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PREFACE
THE papers to be presented to the 9th Congress of the International
Society of Soil Science were submitted to the Programme Committee by
the final date of 1st August, 1967. The papers were refereed, edited and
published as the Transactions of the Congress, ready for Congress members
upon their arrival in Adelaide.
The Transactions have been arranged into four volumes. It has not
proved possible to allot one volume to a particular Commission of the
Congress, because the Programme was arranged with many joint sessions
of two or more Commissions. The arrangement of the volumes is
systematic, however, and is given approximately as follows: —
Volume 1—Transport processes in soils.
Volume 2—Nutrients in soil and plant nutrition.
Volume 3—Colloidal and mineralogical properties of soils and clays.
Techniques in soil science.
Volume 4—Classification of soils.
Weathering and pedogenesis.
Symposium on tropical crops.
The Editorial Committee who were responsible for preparing the
manuscripts for the publishers worked extremely hard in the limited time
available for this task. It is appropriate to thank them, on behalf of all
authors of papers, and on my own behalf as Chief Editor, for their
attention to the details of editorial work. They were R. D. Bond, J. H. A.
Butler, B. Cartwright, A. L. Clarke, R. J. French, E. L. Greacen, C. G.
Gurr, J. T. Hutton, P. S. Muecke, J. M. Oades, C. S. Piper, J. S. Potter,
E. W. Radoslovich, E. H. Ridge, A. D. Rovira, B. Smith, R. C. Stefanson
and B. M. Tucker.
It is a pleasure also to acknowledge the work of the typists, Mrs. K. E.
Dixon. Miss C. J. Griffin and Miss V. H. Rogers. About 100 manuscripts
were revised and rewritten and completely retyped. Many of the figures
and maps submitted were redrawn by Mr. M. C. Coulls and his staff of
the Drawing Office, C.S.I.R.O., to whom I extend my appreciation for
their handling of these urgent jobs.
The publishers of the Transactions, Angus and Robertson Ltd., should
be commended for their attention to the urgency of production, Halstead
Press for the excellence of their printing and both together for their joint
efforts, which culminate in the appearance of these books ready for the
Congress opening.
\
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Finally, on behalf of the Organising Committee, I extend our thanks
and appreciation to all authors for their support of the Congress and for
their adherence to the rules for submission of papers and to the very
tight timetable of preparation and writing.
J. W. HOLMES

Editor
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EXTENDED TECHNIQUES OF CALCULATION OF
SOIL-WATER MOVEMENT, WITH SOME
PHYSICAL CONSEQUENCES
J. R. P H I L I P

C.S.I.R.O., Division of Plant Industry, Canberra, Australia

In general, solution of the non-linear Fokker-Planck equation describing
water movement in unsaturated soils and porous media requires the use of
high-speed computers. Certain solutions, however, may be found by quasianalytical and analytically-based methods, and these have the merits of
comparative simplicity and of leading to a number of general results about
soil-water movement. This paper describes some recently developed quasianalytical and analytical methods of solving the equation, and certain
physical conclusions which follow from some of the new solutions.
1. QUASI-ANALYTICAL METHODS

Absorption in cylindrical and spherical systems
Methods similar to those of Philip (1955 a, 1957 a, b) apply to the
problem of absorption (or desorption) from (or to) a cylindrical or
spherical cavity. The appropriate equation and governing conditions are:
se

, ,,8 f n m l
— = r-fm-v— I Dr
8t
8r\
t = 0, 0 = 0o, r > r0;
t>O,0
= 8i,r = ro.

,36\
— I•
8rJ'
1
J

(1)
(2)

/ (sec) is time and r (cm) is the radial co-ordinate; 0 is volumetric moisture
content, 0O being the initial moisture content and 0i that corresponding to
the moisture potential maintained at cavity surface r = r0 from time t = 0
onward. D (cm-sec" 1 ) is the (strongly 0-dependent) moisture diffusivity.
m — 2 for a cylindrical cavity and m = 3 for a spherical cavity. Methods
similar to those of Philip (1957 a, b) then yield the solution in the form
r(9, t)=r0

+ 0i(0) t * + HO) ~ + HQ) 75" + • • •
(3)
ro
ro
The "coefficient" <£i(0) (the solution of an ordinary non-linear differential
equation) is precisely that found for the corresponding one-dimensional
absorption problem (Philip, 1955, 1957 b ) . </>2(0), 4>A0), etc. are
solutions of ordinary linear differential equations, and are found readily by
numerical methods related to those of Philip (1957 a ) . An economy of
labour follows from the result that <j>2 for m = 3 is exactly twice <p2 for
m = 2.
1
2
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The usefulness of solution (3) is restricted by its limited radius of
convergence. For m = 3, however, a second quasi-analytical solution,
appropriate for large t, is available. As t -» » , the solution of (1), (2) is
given by

ex

e

r(9, oo) = r o ' f / ) d 0 / I D </0 .
0o

(4)

0o

See Philip (1966 c, 1968 d) for further details of these methods.
Steady flows in 2 and 3 dimensions
The steady flow equation is
V .{D^0)~t—z,

(5)

where K (cm sec - 1 ) is the (strongly 0-dependent) hydraulic conductivity,
and z is the vertical ordinate, positive downward. The substitution
0

0* = JDdO

(6)

0o
reduces (5) to
V

°*

U)

DdO 8z •

Now if — -Ts = a constant, a, i.e. if
Z) (70

K oc ««y
(8)
where V is the moisture potential, (7) reduces to the simple linear form
(Philip, 1967 a)
V20*=«^0J^
(9)
(8) is often satisfied reasonably well in the applications. Results obtained
by solving (9) are thus relevant to the final infiltration behaviour of 2and 3-dimensional systems. We observe later the connection between this
result and the "linearized" solution of unsteady problems.
For horizontal systems, and other systems where the effect of gravity
is negligible, the right side of (5) becomes zero, so that (6) leads directly
to Laplace's equation,
V20*=O.

(10)

This is exact, depending on no assumption such as ( 8 ) .
2. COMPARISON TECHNIQUE FOR INTEGRAL PROPERTIES OF SOLUTIONS

Many solutions of the general equation
_

= V

.(Z)

V Ö )

__

(11)
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are available in analytical form for media with two simple and extreme
forms of D (and K)-dependence on 6. We designate these (i) linearized
solutions and (ii) delta-function solutions.
Linearized solutions
These are solutions of the equation
d&
d&
(12)
Tt = D.V**-kTi.
which is a linearized form of (11). The equation is exact for the case where
dK
D(8) = constant = D* and - ~ = constant = k.
Delta-function solutions
These are infiltration and absorption solutions of (11) for the special
case where D (0) = 0 everywhere except near 0 — Oi, where it is very large
(and mathematically describable by a Dirac delta-function) (Philip, 1957
d). The solutions yield the infinitely steep wetting fronts assumed in
approximate models of infiltration and absorption (Green and Ampt, 1911;
Lambe, 1951; Philip, 1954; van Duin, 1955; Hansen, 1955). For onedimensional systems and systems exhibiting cylindrical or spherical symmetry, the "delta-function" assumption reduces (11) to an ordinary
differential equation which is readily solved.
Comparison technique
Figure 1 compares schematically the forms of D(0) dependence for
linearized and delta-function media with that typically encountered during
absorption or infiltration into a soil or porous medium. The usual D{6)
behaviour, which is a marked decrease of D with 6, is intermediate in
character between that for the linearized and the delta-function media.
If then, we consider integral properties of solutions for various media
(i.e. such characteristics as the time-dependence of the absorption rate
or of cumulative absorption), we should expect the solution for a real
medium to be intermediate in character between the linearized solution and
the delta-function solution. It would follow that the linearized and deltafunction solutions would define an envelope of possible behaviour of real
media.
This notion may be "calibrated" by comparing "exact" non-linear
solutions (for particular real media) with the linear and delta-function
solutions for the same phenomenon. Comparisons using an appropriate
normalization process, in which small-time [and, for processes involving
gravity, large-time] integral behaviours are matched, confirm these ideas,
and indicate that the differences between the linearized and delta-function
solutions are quite small.
It appears that, for two- and three-dimensional systems which approach
a steady state at large times, the linearization approximation is increasingly
reliable as t increases. For example, as t -* °o, eq. (12) becomes identical
in form with (9) [which is exact for media satisfying (8)].
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The "envelope" concept of the linearized and delta-function solutions
is valid strictly only for absorption processes. For processes involving
gravity, such as infiltration and capillary rise, the concept is not exact, since
the behaviour is influenced by dK/dO. It is found, however, that the differences between linearized, delta-function, and exact non-linear solutions are
small also in such cases (Philip, 1966 a, b).
It is concluded that:

DELTA-FUNCTION_
MEDIUM

REAL
MEDIUM

LINEARIZED MEDIUM

e

— •

Fig. 1.—Schematic figure comparing mode of variation of D with Q for
(i) the delta-function medium, (ii) the linearized medium, (iii) a typical
real soil or porous medium.

(i) for phenomena where both linearized and delta-function solutions
are readily available, a close estimate can be made of the integral behaviour
of any real medium [and, for absorption processes, the possible error of
the estimate is known].
(ii) for phenomena where only one form of solution is available [this
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will usually be the linearized solution], that solution offers a fairly reliable
estimate of integral behaviour.
A detailed picture of the process of absorption from cylindrical and
spherical cavities has been built up from a comparison of (i) "exact" nonlinear solutions for small t and (for m = 3) large /, (ii) linearized solutions,
and (iii) delta-function solutions (Philip, 1966 c). The corresponding
infiltration problems (i.e. with gravity included) have been studied with the
aid of linearized solutions, and by an examination of properties of solutions
of (9) (Philip, 1966 c).
A slight modification of the comparison technique was applied recently
to the problem of absorption into aggregated media. The study used both
wet-front and linearized models of water movement in the macroporosity
(Philip, 1968 a, b).
3. HETEROGENEOUS MEDIA

These various techniques apply, in general, only to homogeneous media.
The equations for water transfer in heterogeneous media (in which the
y(6) and K(6) functions vary spatially) are much more complicated, and
the scope for quasi-analytical methods is severely limited. For a certain
sub-class of media in which the heterogeneity arises solely from spatial
variation of the characteristic length scale of the internal geometry, however,
a number of quasi-analytical methods may be used. Provided that, at any
given point in such a medium, (i) V is an exponential function of 6 and
(ii) K oc ^p- 2 , equations in ¥ hold which are similar to those for 6 for the
same phenomena in homogeneous media; and methods such as those of
Philip (1955, 1957 a, b, c), as well as those of Sec. 1 above, may be
applied. See Philip (1967 b) for details.
4. PHYSICAL IMPLICATIONS OF THE N E W SOLUTIONS

These new solutions have a number of important implications. Some
of these, concerned with the mathematical character of solutions for onedimensional infiltration and for absorption in cylindrical and spherical
systems, are treated elsewhere (Philip, 1966 c, 1968 c, d ) . Here we
restrict our attention to aspects of the solutions which offer new insights
into the effects of geometry and gravity on the infiltration process.
Table 1 summarizes the large time behaviour found for absorption
(without gravity) and infiltration (with gravity) into one-, two-, and threedimensional, homogeneous, effectively infinite, systems with uniform initial
moisture content. Some explanation of the table is needed. By "ultimate
wetted region" (UWR) we mean the region which undergoes a definite,
non-zero and non-infinitesimal, increase of moisture content if the infiltration process is continued indefinitely. By "complete ultimate wetting" we
mean that, if infiltration continues indefinitely, all points at a finite distance
from the supply surface will ultimately attain the same moisture content
as that at the supply surface; by "incomplete ultimate wetting" we mean
that, even when infiltration continues indefinitely, all points of the system

6

J. R. PHILIP

a definite distance from the supply surface remain at moisture contents
definitely less than that at the supply surface.1
It will be noted that
(i) Gravity has a stabilizing effect. Two-dimensional UWR's without
gravity are infinite, but those with gravity are finite.
(ii) Increasing the number of dimensions has a stabilizing effect. No
one-dimensional UWR's are finite; but two-dimensional UWR's with
gravity are finite and three-dimensional UWR's, either with or without
gravity, are finite.
(iii) The existence of a finite UWR, incomplete ultimate wetting, and
a steady state are intimately connected. The one-dimensional case with
gravity is, in a sense, singular in that it has a quasi-stationary state with
an infinite UWR.
TABLE 1
EFFECTS OF GEOMETRY AND GRAVITY ON INFILTRATION

W thout Gravity
No. of
Dimensions

With Gravity
i

Ultimate
Wetted
Region

Ultimate
Wetting

Steady
State?

Ultimate
Wetted
Region

Ultimate
Wetting

Steady
State?

1

Infinite

Complete

No

Infinite

Complete

QuasiSteady

2

Infinite

Complete

No

Finite

Incomplete

Yes

3

Finite

Incomplete

Yes

Finite

Incomplete

Yes

More specific results which follow from these solutions include:
(i) The relative importance of gravity decreases as the number of
dimensions increases. Moisture distribution during infiltration from a
cylindrical source is strongly distorted by gravity; that during infiltration
from a spherical source deviates relatively little from spherical symmetry.
(ii) In two- and three-dimensional systems, the relative importance of
gravity decreases with the dimensions of the supply surface.
(iii) Final infiltration rates in two- and three-dimensional systems (with
gravity) do not depend only on the hydraulic conductivity, but also on the
capillary properties of the medium.
1
Some modification of the "wetting" definitions is needed when the processes are
complicated by air-entrapment. Also, where water is supplied at a potential in excess
of the air-entry value, it will be understood that there is a finite lower bound to the
"definite distance from the supply surface". Cf. Philip (1958).
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These various conclusions are obviously important in connection with
"trigation methods and with techniques for measuring infiltration characteristics in the field:
(i) It is, for example, clear (at least for a deep homogeneous soil) that
prolonged irrigation from a single furrow can never adequately wet the
soil beyond some definite distance from the furrow.
(ii) Final infiltration rates indicated by ring infiltrometers (or by the
furrow infiltrometers sometimes used in irrigation studies) represent a
complicated melange of hydraulic and capillary properties, and are not
necessarily related to the final infiltration rate for one-dimensional infiltration over large areas (which depend only on hydraulic properties).
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SUMMARY

The paper deals with recently developed quasi-analytical and analytical
methods of solving the non-linear Fokker-Planck equation describing
water movement in unsaturated soils and porous media. The techniques
described are:
(i) the extension of existing quasi-analytical methods to two- and
three-dimensional transient systems.
(ii) an analytically-based method of analysing two- and three-dimensional steady systems.
(iii) an analytically-based method of establishing the envelope of
possible integral behaviour of one-, two-, or three-dimensional transient
systems.
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(iv) the extension of various quasi-analytical methods to a sub-class
of heterogeneous systems.
Techniques (i), (ii) and (iii) lead to a number of important physical
conclusions concerning the interaction of capillarity, gravity and geometry
in the processes of absorption and infiltration. Special attention is given to
"large-time behaviour": the finiteness, or otherwise, of the (suitably
defined) ultimately wetted region; the completeness, or otherwise, of the
wetting process; the existence, or otherwise, of a final steady state. The
results have important consequences in connection with techniques of
surface irrigation, and of measuring final infiltration rates in the field.
RÉSUMÉ

Cette communication traite des methodes récemment développées quasianalytiques et analytiques pour résoudre 1'équation non-linéaire de FokkerPlanck qui décrit Ie mouvement de 1'eau dans les sols non-saturés et dans
les milieux poreux. Les techniques décrites sont:
(i) 1'extension des methodes existantes quasi-analytiques aux systèmes
transitoires a deux et a trois dimensions.
(ii) une methode basée sur 1'analyse pour analyser des systèmes stables
a deux et a trois dimensions.
(iii) une methode basée sur 1'analyse pour établir 1'enveloppe du
comportement integral possible des systèmes transitoires a une, a deux ou
a trois dimensions.
(iv) 1'extension de diverses methodes quasi-analytiques a une sousclasse de systèmes héterogènes.
Les techniques (i), (ii) et (iii) mènent a plusieurs conclusions
physiques importantes concernant I'interaction de la capillarité, de la gravité
et de la geometrie dans les processus d'absorption et d'infiltration. On traite
avec une attention particuliere du "comportement a grand temps": Ie fini,
ou autrement, de la region (définie avec justesse) éventuellement humidifiée;
la plenitude, ou autrement, du processus d'humectation; 1'existence, ou
autrement, d'un état définitif stable. Les résultats ont des consequences
importantes en ce qui concerne les techniques d'irrigation en surface, et
pour mesurer les taux d'infiltration définitifs sur Ie champ.
ZUSAMMENFASSUNG

Diese Arbeit behandelt die kürzlich entwickelten quasi-analytischen
und analytischen Methoden zur Lösung der nicht-linearen Fokker-Planck
Gleichung, welche die Wasserbewegung in ungesattigten Boden und porösen
Media beschreibt. Die dargestellten Methoden sind:
(i) Die Erweiterung der vorhandenen quasi-analytischen Methoden auf
zwei und drei dimensionale, unbestandiger (transiente), Systeme.
(ii) Eine analytisch basierte Methode zur Analysierung zwei und drei
dimensionaler gleichbleibender Systeme.
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(iii) Eine analytisch basierte Methode zur Festsetzung der Umfassung
des möglichen integral Verhaltens ein- zwei- oder drei dimensionaler unbestandiger (transienter) Systeme.
(iv) Die Erweiterung meherer quasi-analytischer Methoden auf eine
Unter-Gruppe der heterogenen Systeme.
Methoden eins, zwei und drei führen zu einer Anzahl wichtiger physikalischer Aufschlüsse im Bezug auf die Interaktion der Kappilaritat, Schwerkraft und Geometrie wahrend des Aufnahme- und Einsickerungsvorganges.
Besonders beachtet ist das "Grosszeitliche Verhalten": die Begrenztheit,
oder andernfalls, der (angemessen definierten) endgültig geniissten Region;
die Gesamtheit, oder andernfalls, des Benetzungsvorganges; das Vorhandensein, oder andernfalls, des gleichbleibenden Schlussstadiums. Die
Resultate ergeben wichtige Schlussfolgerungen im Zusammenhang mit
Methoden der Oberflachenbewasserung, und Messung des endgültigen
Einsickerungsgrades im Felde.

SOME ASPECTS OF TWO-DIMENSIONAL
INFILTRATION
A. J. PECK AND T. TALSMA
CSIRO, Division of Plant Industry, Canberra, Australia
INTRODUCTION

In recent years the diffusion analysis of water flow in initially unsaturated soil columns has provided considerable insight into the dynamics
of infiltration when the surface of land is uniformly wet. However, relatively
little work has been done on water movement in 2-dimensions, such as
infiltration from a furrow.
Neglecting gravity, as a first approximation, the movement of water
from a cylindrical source into an infinite, homogeneous, isotropic and
initially uniformly moist soil can be described by the equation
30

1 9 /

— =

dt

30
(1)

r Z)—

r dr \

dr

subject to the conditions

t =o

e = e0

at

t > 0

0 = e1

at

r>r0

(2)

Here 0 is the volumetric moisture content at time / and distance r
from the centre of the cylinder, D is the diffusivity of water at moisture
content 0, ra is the source (furrow) radius, 0„ is the uniform initial
moisture content, and 0X is the subsequent moisture content of soil at the
source-soil interface.
Equation (1) subject to conditions (2) was considered briefly by
Miller and Miller (1956) who noted that in the limiting case of r0 = 0 the
infiltration rate will be constant. Gardner and Mayhugh (1958) experimented with r0 = 0 • 1 cm and noted that for several soils the total uptake
of water tended to be a linear function of time. Using a computer, Singh
and Franzini (1967) claim to have solved (1) subject to (2) with the
conclusion that the infiltration rate is almost constant regardless of the
source radius. However, their application of a similarity substitution is
unjustified for non-zero r0 (Philip 1968).
Philip (1966) presents one exact and two approximate solutions of
(1) subject to (2) which indicate that for all non-zero source radii a
constant infiltration rate can not eventuate.
It is the object of the work presented here to test the adequacy of these
descriptions of infiltration from a furrow by examining experimental data.
Several measurements of infiltration from furrows or furrow models
have been published (Gardner and Gardner 1951; Gardner and Mayhugh
11
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1958), and other unpublished data (Pennefather 1939, Perkman 1952)
are known to us. Unfortunately, these reports have not been accompanied
by measurements of other soil characteristics necessary in the examination
of Philip's solutions. We report here our measurements in the dimensionless variables introduced by Philip and denned below.
For cumulative infiltration / into unit furrow area, Philip's linear and
delta function solutions respectively take the forms (3) and ( 4 ) :
00

2
4 r i-exp(-H
i-exp(-« r)

I =

J u*[JHu)+YHu)]
6

{ó)

-[(l+2/)ln(l+2/)-27]

(4)

77
T2

T=

o

where u is a variable of integration. In these equations i is the dimensionless
cumulative infiltration, and T is the dimensionless time, defined by

/ = i/r0(e1-e0)
T=nSH/Arl{01-eoy.
Here 5 is the sorptivity (Philip, 1957). We do not consider Philip's (1966)
exact solution here as its range of useful convergence covers little of our
experimental data. Moreover it differs little from the linear and delta
function solutions for T < 0-4.
We note that:
(i) Equations (3) and (4) represent behaviour independent of soil
properties so long as the conditions of the models are satisfied.
(ii) The linear and delta function approximations represent extremes of
known (non-linear) soil-water behaviour, and consequently exact data
points are expected to lie between these solutions.
Philip (1966) also considered gravity affected infiltration from a
horizontal furrow subject to conditions ( 2 ) . We make use of his equation
which, in the notation used above, becomes
/

7-4
0

+ (2R°T+ÏR)

e r f 2R Ti

(5>

o

where
*o = r^K1-K0)(ei-e0)/7rS'

^0-25

is an estimated range of validity. Here K0, Kx are the hydraulic conductivities of the soil at moisture contents 0O and #i respectively.
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EXPERIMENTAL

Measurements of cumulative uptake and observations of wetting front
penetrations were made during infiltration of water from horizontal semicylindrical sources of various sizes into several soils and other porous
media in the laboratory and the field.
Furrow lengths were defined by the separation of vertical trenches or
sheets of acrylic. In practice, field furrows which were 100 to 170 cm long
ended a few cm from the trench face to prevent development of seepage
outflow. Close to, but not touching, one trench face was an acrylic sheet.
Wetting fronts at various times were traced onto the acrylic sheet which
was subsequently photographed. This information provided an indication
of soil homogeneity and gravity effects during infiltration.
During an experiment, the level of water in the furrow was kept about
0 • 1 cm below the centre of curvature to prevent flooding of the soil surface.
Experiments varied in duration from about 15 min to 5 hours depending
on the time taken for the wet front to reach a relatively impermeable layer.
Laboratory experiments were made in a cell about 100 cm long by 50
cm deep and 0-3 or 2-5 cm wide. The wider cell was used when it became
apparent that wall effects and variations of width affected some results in
the 0-3 cm cell. Three furrow radii, 0-65, 1 -60 and 5-0 cm were used. Air
displaced during infiltration was able to escape through a series of holes
drilled through one of the acrylic walls along the sides and bottom of the
cell.
At the three field sites top soil containing much of the root material
and insect holes was removed to a depth of about 10 cm exposing an
undisturbed profile. Furrow radii of 2-2, 5-0 and 9-5 cm were used.
Relevant physical properties of the soils and porous media used are
listed in Table 1. For laboratory experiments, these properties were
measured on samples packed in acrylic tubes of about 2 cm internal
diameter and 30 cm length. In the field, moisture contents were determined
TABLE 1
CHARACTERISTICS OF SOILS AND POROUS MEDIA USED IN THE EXPERIMENTS

Material
100^ Glass Beads
Alundum 400 Powder
Bungendore
fine sand " A "
Bungendore
fine sand " B "
Bungendore
fine sand (in situ)
Glebe loam (in situ)
Ginninderra
silty clay loam (in situ)

Porosity

Hydraulic
Conductivity
cm/min

Volumetric Moisture
Initial

Final

Sorptivity
cm/min*

0-39
0-54

0-91
0019

000
000

0-39
0-52

2-94
1-82

0-39

010

000

0-37

1-88

0-45-0-49

0-16-0-27

0-32
0-38

0037
013

005
010

0-31
0-37

0-70
0-63

0-46

018

011

0-46

0-80—0-90

0 0 1 - 0 0 3 0-35-0-40 1-49-1-76
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of samples taken in the area surrounding the wetted region and adjacent to
the furrow, immediately after an experiment. Sorptivity and hydraulic
conductivity were measured on large samples enclosed within 30 cm
diameter infiltration rings installed 10 cm deep in the soil surrounding the
wetted area. Sorptivities were calculated from plots of initial inflow (during
the first 1-2 min) from the infiltrometers against the square root of time.
Subsequently the infiltrometer rings containing the soil were removed from
the site and hydraulic conductivities were measured in a constant head
permeameter.
RESULTS AND DISCUSSION

Infiltration data were discarded where there was evidence that they
were affected by an insufficiently filled furrow, or by slumping of the
furrow, both of which effectively change r0. The infiltration of water
from partially filled furrows, and from furrows with other than semicylindrical shape is of undoubted practical interest, but it is not considered
here.
Figure 1 shows results in the dimensionless variables 1(T) compared
with the linear (upper) and delta function (lower) solutions shown as
solid lines. The broken lines are gravity affected solutions calculated from
equation (5) assuming always that K0 is negligible in comparison with
Kx which is reasonable for the quite large steps of moisture content in the
experiments (see Table 1).
Numerical values of the solutions are given over a suitable range of T
in Table 2. The integral in the linear solution (3) was evaluated with a
high-speed computer, but the expansion
/ = 2(r/7r)i+r/2-r3'2/677i+rvi6...
(Carslaw and Jaeger, 1959, p. 336), which is suitable for T ?£, 10~2, could
have been used together with desk integration of the values of
ƒ [e-»T/u{J#u)+ Y\(u)}]du
o
listed by Jaeger and Clarke (1942) for 10"2 g. T ^ 10.
The laboratory experiments avoided the complication of heterogeneous
soil which affects some of the field data. Moreover, it appears that gravity
effects were negligible in the laboratory experiments on Alundum powder
and, for the small furrows, the Bungendore fine sand. In the preliminary
stages of infiltration gravity effects will be relatively less in 2- than in 1dimensional flow, because the concentrated flux near the furrow necessitates
a relatively large gradient of water potential there. This is illustrated by the
total potential gradients shown in Table 3 which were computed from
observations of infiltration into the Bungendore fine sand. The gradients
occurred in the sand adjacent to the source of infiltrating water.
A limitation of both the field and the laboratory experiments is that
sorptivities and moisture contents were not measured on the sample of
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Fig. 1.—Dimensionless cumulative infiltration as a function of dimensionless time. Solid lines—(upper) linear, and (lower) delta function solutions;
broken lines—gravity affected solutions.
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TABLE 2

>
-

FURROW INFILTRATION DATA COMPUTED FROM EQUATIONS ( 3 ) AND ( 4 )

r

7-38X10" 3

6-58xl0"2

5 09X10" 1

3-24

1-72x10

8-02x10

3-40 XlO 8

1-36X10 3

ƒ (Linear theory)

1-OOxlfr 1

3-21 x l O " 1

104

3-37

1-10x10

3-61x10

1-I7xl02

3-80X10 2

/ (Delta theory)

1-OOxlO- 1

3-16X10" 1

100

316

100x10

316x10

1-OOxlO2

316xl02
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TABLE 3
TOTAL POTENTIAL GRADIENTS IN BUNOENDORE FINE SAND ' V CLOSE TO THE
WATER SOURCE DURING I - AND 2-DIMENSIONAL INFILTRATION

Time
min
5
10
20
40
60
80

One
Dimensional
Infiltration
3-8
2-8
2-1
1-6

—
—

Two Dimensional Infiltration
r 0 = 5 cm

1 -60 cm

0-65 cm

6
6
5
4
4
4

12
14
12
10
9
9

24
24
24
21
19
13

soil used in the infiltration experiment. Spatial variability in the field, and
packing variations in the laboratory result in standard deviations of
sorptivity of about 1 5 % . As T varies with S~, it may be in error by 3 0 % .
Errors in the difference of moisture contents are likely to be less serious,
particularly on the double-log scale of Fig. 1 where they result in a displacement of a point from its true position in a direction which differs little from
the slope of the I(T) curve. It should be noted that errors in 5 and (0i — 0O)
(or in r0 for that matter) have no effect on the shape of an I(T) curve on
the double-log plot, but observational errors in measuring the cumulative
uptake will affect the curve's shape, most noticeably at small values of /
where the fractional error may be quite large.
Within the limits of these possible errors, the data in Fig. 1 which are
not affected by gravity agree with and support the approximate solutions.
The precision of the data does not allow conclusions regarding the relative
merits of the linear and delta function solutions. However, this is of little
practical consequence as the difference between these solutions amounts to
only 10% at T = 10 which corresponds to about 24 hours of infiltration
from a furrow with r0 — 20 cm.
The difficulties we have experienced with amplification of errors in
sorptivity suggest that the infiltration from a furrow may be a useful means
for determining the sorptivity in situ. This would be done by assuming the
validity of one of the theoretical solutions and matching this with data on
double-log paper. Then knowledge of r0 and (0i — 60) allows the deduction
of S2 and hence 5 with error reduction.
The data of Fig. 1 in double-log form are not readily compared with
other experiments such as those of Gardner and Mayhugh (1958). Fig. 2
shows data for the Bungendore fine sand " B " compared with linear, delta
function and gravity affected solutions on a linear plot. We note that:
(i) Although the linear and delta function solutions do not define straight
lines over this (or any other) T range, the curvature is small and it is not
surprising that Gardner and Mayhugh fitted straight lines to their data
points. In fact, their data indicate the slight curvature predicted in the
theories.
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(ii) The effect of gravity on infiltration from a horizontal furrow further
reduces the curvature of the 7(7") function. Ultimately gravity effects must
dominate infiltration from a horizontal furrow and result in a constant
infiltration rate.
~i

1

1

i

r

BUNGENDORE FINE SAND "B"
• r 0 = 5cm

Dimensionless Time T=TTS't/4ro , (8'-9o) 1

Fig. 2.—Dimensionless cumulative infiltration data for the Bungendore fine
sand "B" in linear form. Solid lines—(upper) linear, and (lower) delta
function solutions; broken line—gravity affected solution with 5 cm radius
furrow.

Gravity effects are clearly evident in much of the data in Figs. 1 and 2
where they are compared with predictions based on equation (5). These
effects are most pronounced in the loam and silty clay loam, especially
where furrows of large diameter were used (compare f, g and h in Fig. 1).
In the glass beads the effect is somewhat less despite the high hydraulic
conductivity (K — 0-9 cm m i n - 1 ) of this material. We see in Table 1 that,
although the field soils have hydraulic conductivities 5 and 7 times less
than that of the beads, their sorptivities are 4 to 3 times less. R0, the gravity
parameter in equation ( 5 ) , varies as K/S2 which explains the greater
gravity effects in the less permeable material. We suggest that this is an
exceptional comparison arising from the vast difference in pore size distributions of these materials. For media with similar pore size distributions,
we would expect R0 to increase directly with the characteristic pore
dimension.
Of the terms added to the linear solution to account for gravity effects,
the first (3RnT/2)
given in equation (5) accounts for most of the
"gravity flow" for T < 10 which, we have argued, is a practical upper limit.
Data points for the loam and silty clay loam follow the gravity affected
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solutions reasonably well. The general tendency of the experimental points
to lie below the theoretical curve at large T is probably due to the general
decrease of hydraulic conductivity in the lower parts of the profiles. This
condition is general rather than exceptional in field soils (Talsma and Flint,
1958). Infiltration in the glass beads also does not provide a stringent check
of the theory as it was characterized by severe instability resulting in long
tongues in the wetting front and little lateral spread relative to the vertical
wet front penetration.
Equation (5) generally predicts gravity affected infiltration into all
materials studied within the limits of the possible experimental errors
discussed above. However, the differences between theory and experiment
evident in Fig. 2 for Bungendore fine sand are not simply explained on the
basis of experimental errors. Perhaps these differences arise from the delta
function model being better at small times, and the linear model better at
large times. It has been argued by Philip (personal communication) that
for a wide class of porous media the linear solution is exact at large times.
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SUMMARY

Experiments on infiltration from a horizontal semi-cylindrical furrow
into several soils and other porous media have provided data to test recently
proposed approximate solutions for the cumulative infiltration. Within the
limits of possible experimental errors, the theories appear to be adequate,
but in the case where two are applicable it is not possible to say which is
the better.
The effects of gravity are less important in furrow than in onedimensional infiltration because of the concentrated flux of water in soil
close to the furrow. After an initial period, and before gravity is important,
the infiltration rate from a furrow is nearly, but never quite, constant.
Gravity effects further reduce changes of infiltration rate.
In a comparison of media with very different pore size-distributions,
gravity effects on cumulative infiltration were greater in the less permeable
material. This behaviour is not expected of scaled media with similar poresize distributions.
RÉSUMÉ

Des experiences sur 1'infiltration d'un sillon horizontal semi-cylindrique
dans plusieurs sols et dans d'autres matériaux poreuses ont produit des
données pour verifier les solutions récemment proposées pour 1'infiltration
cumulative. Dans les limites d'erreurs experimentales possibles les theories
semblent être suffisantes, mais dans les cas oü les deux peuvent être
appliquées il est impossible de dire laquelle est la meilleure.
Les effets de gravité sont moins importants dans 1'infiltration de sillon
que dans 1'infiltration a une dimension a cause du flux d'eau concentre
dans Ie sol prés du sillon. Après une période initiale, et avant que la
gravité soit importante, la vitesse d'infiltration d'un sillon est presque, mais
pas tout a fait, constante. Les effets de gravité diminuent encore plus les
changements de vitesse d'infiltration.
Dans une comparaison de milieux avec repartition tres différente
des pores suivant leur volume, les effets de gravité sur 1'infiltration
cumulative étaient plus grands dans un materiel moins permeable. On ne
s'attend pas a cette conduite dans les milieux échellonnés avec des repartitions similaires des pores.
ZUSAMMENFASSUNG

Versuche über die Einsickerung in mehrere Boden und andere poröse
Medien von einer horizontalen, halb-zylinderförmigen Furche haben Daten
zur Uberpriifung der vor kurzem vorgeschlagenen annaherenden Auflösungen für die kumulative Einsickerung geliefert. Innerhalb der Grenzen
von eventuellen Versuchsfehlern, erscheinen die Theorien ausreichend zu
sein, falls jedoch zwei Theorien anwendbar sind, ist es unmöglich zu sagen,
welche von beiden die Bessere ist.
Die Einflüsse der Schwerkraft sind, im Falie von Furchen weniger
wichtig als bei eindimensionaler Einsickerung, wegen der konzentrierten
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Wasserströmung im furchen-nahen Boden. Nach einer anfanglichen Periode,
und bevor der Einfluss der Schwerkraft Wichtigkeit erreicht, ist der
Einsickerungsgrad von einer Furche beinahe, jedoch niemals vollkommen,
konstant. Schwerkrafteinflüsse verringern weiterhin Veranderungen des
Einsickerungsgrades.
Beim Vergleich von Medien mit sehr unterschiedlichen Porengrossenverteilungen, waren die Schwerkrafteinflüsse auf kumulative Einsickerung
in den weniger durchlassigen Bestandteilen grosser. Dieses Verhalten ist
nicht erwartet von masstablichen Medien mit ahnlichen Porengrössenverteilungen.

UNTERSUCHUNG EINER GLEICHUNG DER
UNSTATIONAREN WASSERÜBERTRAGUNG
IN BÖDEN
S. W. NERPIN, G. I. JUSEFOWITSCH, W. A. JANGARBER
Instilut fiir Agrophysik, Leningrad
In experimentellen Arbeiten verschiedener Verfasser wurde die Tatsache
der Bewegung des Bodenwassers zur Oberflache der Verdampfung in der
Richtung von trockeneren zu den feuchteren Schichten festgestellt (Abramowa, 1948; Hallaire, 1964; Rode und Romanova (1964).
Diese Tatsache lasst sich nicht durch die fiir Profilberechnung oftgebrauchte
Diffusionsgleichung erklaren
du

d

dt ~ dx

du "1
D(u) - + t f |

(1)

wo u = Feuchtigkeit, D = Diffusionskoeffizient, K = Koefïïzient der
Wasserdurchführung, x und t = raumliche und zeitliche Koordinaten sind.
An Hand des von Hallaire (1964) untersuchten Mechanismus, der die
Bewegung des Wassers nach dem Feuchtigkeitsgradienten zur Verdampfungsfront erklart, wurde eine Gleichung der unstationaren übertragung des
Wassers im Boden festgestellt (Nerpin, Jusefowitsch, Jangarber, 1966), die
mit Gravitationsberiicksichtigung folgendermassen aussieht
du _ d
dt

du

d2u

1

dx

Bei der Ableitung dieser Gleichung wurde das Darcy-Gesetz und Unzertrennlichkeitsgleichung benutzt. Dabei sieht der Wasserstrom, Q, folgendermassen aus
du
d2u
D(u)— + A+K
(3)
dx
dt dx

e=

Zur Feuchtigkeitsberechnung u (x, t) als Koordinaten- und Zeitfunktionen
mit Hilfe von Gleichung (2) muss die Randwertaufgabe formuliert werden.
Wenn wir den Anfangsmoment der Zeit fiir r = 0 halten, die Verbreitung
der Feuchtigkeit in der Tiefe ist als folgendes bekannt
u(x, 0) = 4(x)

(4)

Ausser der Anfangsvoraussetzung werden die Bedingungen an den
Randern x = 0 und x = H der Bodenschicht von der Dichte, H, festgestellt.
(Der H— oo —Fall bringt keine wesentlichen Komplizierungen, aber aus
Einfachheitsgründen wird er nicht untersucht.)
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Hiermit analysieren wir zwei Typen der Randbedingungen:
Die erste Randbedingung ist, wenn an diesem oder jenem Randabschnitt
[0, H] die Feuchtigkeitsbestimmung als Zeitfunktion festgesetzt wird

«U-y=/i(0

(5)

Und die zweite Randbedingung ist, wenn die Stromgrösse als Zeitfunktion
festgesetzt wird

fi|.-y

=ƒ»(<)

Indem wir die Formel (3) für Q berücksichtigen, bekommen wir
du
d2u
D{u)-+A-—+K\x
ox
at ax

= y=

-Ut)

(6)

Gesamtheit der Gleichung (2), der Anfangsbedingung (4), und der an
den Randern x = 0 und x = H festgesetzten Randbedingungen (5) und (6)
bilden in jeder Kombination die Randwertaufgabe.
Die Gleichung (2) gehort zu keinem der bekannten Typen (sie ist weder
elliptisch, noch hyperbolisch, noch parabolisch) und ist verhaltnismassig
wenig erforscht. In diesem Zusammenhang solche theoretischen Fragen, wie
die Existenz der Lösungen von der Randwertaufgabe und die Einzigartigkeit
dieser Lösungen, erwecken Interesse. Man nehme an, dass /Tberücksichtigend
klein im Vergleich zu anderen Gliedern in der Gleichung sei (3). Das bedeutet,
dass das Gravitationspotential nicht zu beachten ist. In diesem Falie und in
der Voraussetzung der Konstanz von Koeffizienten D und A ist die Lösung
der zweiten Randwertaufgabe gestaltet, wo der Strom an der Grenze x = H
der Null gleichbar ist (Jangarber, 1967). Die Lösung ist mit Hilfe des
Fourier Verfahrens erhalten worden.
Man kann von der Qualitatsuntersuchung dieser Lösung beurteilen, dass
sich das Wasser bei genügend grossen Bestimmungen des Koeffizienten A
dem Feuchtigkeitsgradienten nach bewegt.
Im Beitrag von Nerpin, Jusefowitsch und Jangarber (1967) ist die Einzigartigkeit der Lösung der zweiten Randwertaufgabe für die Gleichung (2)
bewiesen worden, mit der Annahme, dass das Gravitationspotential nicht
zu beachten ist. Hier können die Koeffizienten D und A variabel sein.
Man nehme an, dass in der Gleichung (2) (bzw. in der Gleichung (3))
der Addend K nicht auszulassen sei. In diesem Falie beweisen wir die Einzigartigkeit der ersten Randwertaufgabe.
Man untersuche die Gleichung (2), die Anfangsbedingung (4) und an den
Randern des Abschnittes [0, H] die Randbedingungen des Typen (5)
Sei

w(0,0=/i(0l
Kx) m Ut)

u(H,t)=f2(t)
m f2(t) ^ 0

Führen wir die Norm || • \\t

«ll2( = ij

/du\

u%x,t)+Ay-\

dx

(7)
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im Funktionsraum ein. Die Funktionen haben kontinuierliche Ableitungen
nach t bis zum ersten Grad und nach x bis zum zweiten Grad einschliessend.
Es ist offensichtlich, dass aus u ( = 0; u(x, t0) m 0 folgt.
Multiplizieren wir die Gleichung (2) mit u(x, t) und integrieren die erhaltene
Gleichheit nach dem Rechteck [0, t] x [0, H], wir erhalten nach Teilweiser
Integrierung,
r du
d2u
dt
D—+A
l!«ll ,-ll«ll o= f «
dx
dt dx
2

x - H

2

+

x = 0

/Bu\2 2
du
/3w\
D[ — \ +K— dtdx
\dx
dx

Kudt

In Kraft (4) und dessenzufolge, dass <j> = 0 bekommen wir ||«|f
Unter Berücksichtigung (7) bei f1 = f2 = 0 bekommen wir
r' r"

0.

/du\2

""" • - \.1. °U d,dx

Da D > 0, folgt daraus l]i/||2 < 0. Unter Berücksichtigung der Ungleichheit
l|u|j2, > 0, bekommen wir |jw||( = 0, woraus folgt u(x, i) = 0.
Die Einzigartigkeit der Lösung der ersten Randwertaufgabe ist bewiesen.
Um die Feuchtigkeitsprofile im quasilinearen Falie, (D hangt von u ab),
zu berechnen, fügen wir zur Gleichung (2) folgende Randwertaufgabe hinzu.
Ausser der Anfangsbedingung (4) wird die Stromgrösse angegeben, (die
Bedingung des Typen (6)).
Am Rande x = 0 ist der Strom der ƒ(?) gleich; am Rande x = H ist
der Strom der Null gleich.
Um solche Randwertaufgaben zu lösen, wird ein System von Differenzgleichungen gebildet
1
1
- ( « < - & ) = —[(l-<T)^2Di<f>i +

1
aA2Diui]+--[A2Ai(ui~<f>1)]
(X)

h

T / ) 1 W « I - « O ) + ( 1 - » ) W 2 - * O ) ] + ^ I ( « 2 - « O - ^ « + ^ ( I ) + 2 ^ I T A = 2rhiJ'+1;
T£)n_1[ff(Mn-M„_2)+(l-(7)(0n-^„_2)]+^n_1(Mn-Mn_2-0n+^n^2) +

IK^rh
wo

A^Ui

= 0;

= A-iw<-i-(A+A-i)«<+A«<+i;

Ut = u[ih, 0 ' + 1 ) T ] ; fa: = u(ih,JT);
Dt = DQt);
h

H

= —;

n

i - 1, 2

At = A(ih);
T

T

= —;

m

K, = K(4t) oder K< = K(ih);

0 < <7 < 1;

n - 1 ; 7 = 0, 1,2, . . . . w - 1 .
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Die Stabilitat des Schemas (8) im Fall Kt = 0 (dementsprechend ist das
Gravitationspotential zu klein, urn es zu berücksichtigen) kann mit Hilfe
vom Maximumprinzip festgesetzt werden.
Zur Zeit gibt es noch keine zuverlassige Methode um den Koeffizienten
A zu bestimmen. Da bei A = 0 die Gleichung (2) in die Gleichung (1)
übergeht, wird es klar, dass nicht bei jedem A > 0 die Lösung der Randwertaufgabe für die Gleichung (2), wo <f> (x) in (4) eine abnehmende Funktion
ist, in dem Moment bei x = H abnehmbar wird, wenn der / = 0 nahe ist.
Deshalb wurde das Programm für eine digitale Rechenmaschine zusammengestellt, wobei sich bei dem festgesetzten D und ƒ die minimale Bestimmung
A finden lasst, bei der solche Abnahme beobachtet wird. Die entsprechende
Bestimmung wollen wir als Aeff bezeichnen. In der Tabelle I wird die
Bestimmung Aeff in der Abhangigkeit von D und ƒ angeführt, die mit dem
Schritt 0, 2 cm2 berechnet ist.
TABELLE I
BESTIMMUNGEN Aetf

N.
D

cm

a

IN DER ABHANGIGKEIT VON D UND ƒ

0,5

1,0

1,5

3.0

5.0

10,0

4,0
4,8
5,4
6.4
7,2
8,8
10,6
12,4
15,0
17,4
20,0

2,8
3,0
3,4
4.0
4,4
5,0
5,8
6,6
7,8
9,0
10,2

2,2
2,6
2,8
3,0
3,4
3.8
4.4
5,0
5.6
6.4
7.2

1,8
1,8
2.0
2.2
2,4
2,6
3.0
3.2
3.6
4,0
4.4

1.4
1,6
1,6
1,8
1,8
2,0
2,2
2.4
2.8
3,0
3,2

1.2
1,2
1,4
1.4
1.4
1,6
1,6
1.8
2,0
2.0
2,2

/st\

0,1

o.:
0.3
0.4
0,5
0.7
0,9
1,1
1.4
1.7
2.0

Da die Art des Koeffizienten A nicht klar ist, wurde eine Reihe von Modellexperimenten mit Hilfe einer digitalen Rechenmaschine durchgeführt, deren
Ziel es war, den Verlauf der Lösung der Randwertaufgabe für die Gleichung
(2) bei verschiedenen Koeffizienten A zu untersuchen. Wir beschreiben
hiermit einige davon.
Es ist klar, dass bei A = 0 die Berechnungen nach dem Schema (8) die
Lösung der Randwertaufgabe für die Gleichung (1) ergibt.
Bei der Festsetzung der abneh menden Anfangsfeuchtigkeit (<£'(*) < 0)
und beim grossen stabilen A(A = 100 cm2) wird die Verminderung der
Feuchtigkeit u bei x = H schon im Moment t = T beobachtet.
Es wird ein solches Qualitatsbild beobachtet, wenn A kontinuierlich von
u oder von x abhangt und einen zahlenmassigen Wert der Ordnung von
100 cm2 hat.
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In allen diesen Fallen wird die Veranderung des Ableitungszeichens
d

dx

«(O, O

für eine ziemlich grosse Zeitdauer t < 20 Stunden nicht beobachtet.
Bei der Angabe von A in der Form einer Treppenfunktion der Tiefe x
wird neben dem Abnehmen u (H, t) auch die Veranderung des Ableitungszeichens
d

- "(0, o
ax

beobachtet (Abb. 1), was qualitatsmassig völlig dem Experiment entspricht
(Hallaire, 1964).
Alle Berechnungen für die machtige Schwarzerde der Kursker Gebiete
wurden mit Hilfe von digitalen Rechenmaschinen ausgeführt.
U

cm

>cm 3

Abbild 1.—Die berechneten Feuchtigkeitsprofile (A ist eine Treppenfunktion
der Tiefe x).
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ZUSAMMENFASSUNG

Es wird eine unlineare Gleichung der unstationaren Wasserübertragung
im Boden angegeben und einige theoretische Fragen der für diese Gleichung
formulierten Randwertaufgaben werden besprochen.
Es wird die Einzigartigkeit der Lösung der ersten Randwertaufgabe
bewiesen.
Für die Lösung der Randwertaufgaben wird ein System von Differenzgleichungen gebildet. Mit Hilfe von einer digitalen Rechenmaschine wird der
Einfluss der Art des Koeffizienten A auf die Aufgabelösung erforscht.
1st der Koeffizient A die Treppenfunktion der Tiefe x, so zeigen berechnete Feuchtigkeitsprofile ein bef ried igendes Zusammenfallen mit den experimentellen Angaben.
RÉSUMÉ

On propose une equation non-linéaire pour Ie mouvement nonstationaire d'eau du sol et certaines questions théoriques sont discutées, concernant les problèmes aux valeurs-Iimites pour cette equation.
Le caractère unique de la solution du premier problème de valeursIimites est prouvé.
Pour la solution numérique des problèmes de valeurs-Iimites on constant une familie des equations aux differences finies.
On analyse 1'influence du coefficient A sur la solution du problème a
1'aide d'un calculateur électronique. Si Ie coefficient A est une function en
gradins de profondeur, les profils d'humidité calculés concordent d'une
maniere satisfaisante avec les données expérimentales.
SUMMARY

A non-linear equation is presented for a description of water flow in
soils in the non-steady state and some theoretical questions are discussed
concerning the problems of boundary values of such an equation.
The uniqueness of the solution of the first problem of boundary values
is proved.
A family of finite-difference equations for the numerical solution of
the problem with boundary values has been established. Using a digital
computer, the influence of the coefficient A on the solution of the above
mentioned problem has been investigated.
If A is a stepwise function of the depth x, then the calculated moisture
profiles agree reasonably with the experimental data.

AVAILABLE AND ACCESSIBLE WATER
H. L. P E N M A N

Rothamsted Experimental Station, Harpenden, Herts., England
Since about 1955 the unresolved disagreements about the availability
of soil water have appeared in a slightly different form that makes the
problem a little easier to specify. In the present paper, it is: Given an
established crop on a soil at field capacity, with no further rain or irrigation,
for how long will the actual rate of evaporation be equal to the potential
rate determined by the air environment, and what will be the subsequent
relationship between the rates? In the field, plant roots grow towards
unused sources of soil water, and there are other biological facts that will
diminish contrasts predicted on the assumption that the root and leaf
systems are static, but it is convenient to make the assumption so that the
part played by the soil environment can be examined: in general, where the
problem really matters, plant root adjustments to drying soil are probably
not rapid enough to have much effect.
The model to be considered assumes a static root system and no
change in stomatal resistance. The basic physical concept is the "diffusivity", D, governing the transport rate, dQ/dt, across unit area normal to
the gradient of water content, m, g g _ 1 (to be written g°: the corresponding volume ratio, 0, will be written cm°) by
dQ/dt = -Dm dm/dx
(1)
The diffusivity varies by a factor of about 10 between soil near field
capacity and soil at the so-called wilting point, and the dependence of D
on 0 can be calculated from the pF curve of the soil (Penman, in preparation, adding a little to papers reviewed by Marshall 1959). Measurements,
using several techniques (Penman and Wangati, in preparation) on a loam
soil confirmed the theoretical prediction, and are the bases of later calculations in which the relationship is adequately given by
£>m = 20 + 5-9 (0 - 0-13) 3 3 , i X 104 cm^ay-1
(2)
for 0-13 < 0 < O - 3 O
To simplify calculations, the bulk density is assumed as unity (so that 0 cm°
and m g° are numerically the same), a condition that was nearly satisfied
in the experiments.
THE MODEL

It is assumed that the roots are in long, thin, parallel vertical sheets,
2/ cm apart, and occupy a depth N X 21, so that N can be considered as a
Root Area Index analogous to the Leaf Area Index used in specifying crop
cover. This corresponds, to some extent, to conditions under a row crop,
29
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and one of the values used is 2/ = 20 cm, the kind of spacing of a drilled
cereal crop. The second choice is 2/ = 2 cm, and for both the root depth,
2M = 40 cm. Other alternatives considered are:—
(i) The root depth is the total depth of soil, or is underlain by a very
deep subsoil with the same physical characteristics as the root
layer;
(ii) the resistance to transpiration is all in the atmosphere, or (at an
impossible extreme) is all in the plant;
(iii) the potential transpiration rate is 0-2 or 0-6 cm per day. The first
is representative of early summer in temperate latitudes when a
period of drought will affect plant growth: the second is near the
average rate for most of the world's major irrigation areas.
Assumptions (Plant physiology)
As the soil dries, the water potential in the leaves decreases. It is
assumed that it can be expressed, at any time, as an equivalent soil water
content, mx> so that if mT is the water content at the root the transpiration
stream can be represented by
È = H (m r - m j ,
(3)
where H is a transport constant. The two cases above correspond to
H = °o (no resistance in the plant) and H ¥• oo (all resistance in the plant).
The diurnal cycle of transpiration is simplified to two equal 12-hour
periods, of zero transpiration by night, and of transpiration at a constant
rate by day.
As long as mx exceeds the value of m„ at wilting point, the transpiration
is maintained at the potential rate, with mx steadily decreasing towards
mw: when mx — mw it remains constant, and it is at this stage that the
actual daily evaporation ceases to be as great as the potential rate.
Assumptions (Mathematics and Physics)
The vertical distribution of water in the root layer is always uniform.
The horizontal distribution is uniform at the start of every day period.
The upward transfer from the subsoil, by day and by night, is governed
by a maintained water content of field capacity at great depth (z = °°),
and by a water content at the bottom of the root layer which is equal to
the average water content at the root layer throughout the period.
In the root layer, movement of water is in a slab, thickness 21, initially
at a uniform water content, m{, and changing to a final average water
content, m{: to find mf it is assumed that m = (m t + mf)/2. At the
surface of a sheet of roots, the flow rate is given by — D dm/dx or by
H (mr — mx), i.e. the boundary condition is
D
or

dm
dx
dm
dx

+ H(m-mcc)

= 0 at x = ±1

+h(m-m00)

= 0 with h = H/D.

(4)
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The solution of the diffusion equation, for constant D and constant h
(Carslaw and Jaeger 1947) gives for the total loss in time r, from both
sides of the slab, per unit area,
Qr = 2l(mi-mOD)\l-

Z

\

(5)

where L = Ih, T = Dt/l2, and fin is the «th root of j8 tan£ = L. For all
the cases to be considered only the first term in the series is important, and
equation (5) becomes
Qr = 2/(m, - woo)( 1 - al-pj:
(6)
For H, h and L = oo, a = 8/TT2 and ^ = TT/2: for the two finite values of
L to be used, a ~ 1, and this value is used to shorten calculations. For
convenience, equation (6) can be written
Qr = <x(mj-Woo).

(6a)

Balance equation
If E is the total evaporation (cm3 cm -2 ) in period t the total loss between
two sheets of roots is HE. The total change in water content in the root
layer is 2A7.2/(mt- — mf). If Qs is the upward flow per unit area from the
subsoil, the total transfer from the subsoil is 21QS, and hence the balance
equation is
21E
= 2lQs + 2l.2Nl(mi-mf)
E-Qa = NQr = 2Nl{mi-m1).
(7)
Hence if E is imposed, and Qs can be calculated then QT can be derived.
Using primes for night values, Qr' = — Qs'/N, and the total 24-hour loss
from the root layer is
Qr + Qr' = (E-QS-QS')/N,

(8)

and the change in mean water content from one day to the next is
-Sm=(Qr

+ Qr')/2l.

(9)

After n days
in = M+Znm,

(10)

where M is the value at the start (field capacity).
Flow From the Subsoil
The upward movement is to the top of a semi-infinite column, initially
at a uniform water content M, the "top", z = 0, being at depth 2NI below
the soil surface. The value of m at z = 0 is in, and this decreases by day,
and increases slightly by night. The formal mathematical equation—even
for constant D—is intractable, and to get an approximate solution it is
assumed that in the periods n to n +± and n +$ to n +1 the diffusive transfer
is what it would have been on day n +1 if at z = 0 the value of ih had been
maintained for n + l days at mn+1. This will always underestimate Qs, but
there is an associated overestimate because of the assumption that the
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mean water content in the root zone is invariant with depth. With these
assumptions the transfer rate is, for constant D,
EQ, = 2(Dt/n)* (M-fn).

(11)

So, for the two parts of day n +1, the transfers are
Qs = 2iD/n)* {(»+*)*-„*} (M-fn)
Qs' = 2iD/n)* {(» + l ) * - ( « + i ) * } (M-fn).

(12)

For simplicity, write
Q. = Bii

where B is the difference between the square roots, and
ix = 2(D/-n)* (M-fn),

(13)

and is dependent on water content only.
The diffusion coefficients
To estimate Qr (eq. 6) a value of D is needed to insert in T — Dt/l2.
Without significant error the value Dm can be used, equal to the known value
(eq. 2) at the mean water content in: so a table of values of a against fh
(eq. 6a) is easily prepared.
To estimate Q, a little more complexity is needed. Because D varies with
m the profile of water content in a drying semi-infinite column of soil
has not the same shape as it would have for constant D, but there will always
be an equivalent mean D which will yield the same area under the profile at
all times. Assuming some form of geometric mean to be appropriate, it
might take the form
D =
Dm(DjDm)n,
where, from equation (2), t) might be about % or \. From the profile measurements of Penman and Wangati, which had a surface value of m smaller
than any used here, the value of -q was found that gave equal areas. It was
rj = 0-30 and hence
V. = 27r-\M-fh) {Dm(DM/Dj>-}*,
(15)
which is formally exact at m = M, is arithmetically correct at w~0-04,
and presumably is not significantly in error over the present working range
0-13 < m < 0-30(= M).
A table of values of /x against fh was prepared for calculations.
The plant transport constant
From the roots to the atmosphere the transpiration stream meets first
a resistance to liquid flow and then resistances to vapour flow. All
experience indicates that the first is negligibly small, and by imposing the
condition of constant potential transpiration rate the values of the resistances in the vapour path need no separate consideration. It is of interest,
however, to see what effect a non-negligible plant resistance would have,

AVAILABLE WATER

33

and going to the extreme, to determine what happens when all of the
resistance is in the plant. To do this, some estimate of the total is needed,
and it is obtained as follows. It is known that exposed to the same weather
the evaporation rates from bare, wet soil and from a complete crop cover
are almost the same, i.e. the total resistance from soil to atmosphere is
the same. From the Penman and Wangati experiments on evaporation from
a deep soil column the whole drying process over a period of four weeks
could be adequately described by using h = 0-1 c m - 1 , with absurd results
at h = 0-01 and h = 1-0 c m - 1 . The order of magnitude is correct, and
use of h = 0-1 c m - 1 will be quite adequate for the biologically and
physically unreal situation for which it is wanted.
CALCULATIONS

There are two phases, needing slightly different treatment, but in
both there is a step by step process, with end conditions for one
half day determining the initial conditions for the next half day. In the
constant rate phase, starting from a known value of w„ a value of fh has
to be guessed (after a day or two a pattern is established and repeat trials
become unnecessary). From the prepared tables, values of /u, and a are
known, and B is known. Then -B/x = Qs is known, E— Qs follows (for a
chosen E), and i(E—Qs)/2Nl gives a value of nii — m from which m is
checked, or amended and the calculation repeated. When this part of the
calculation is self-consistent, then mf follows, and this is the w, for the
next half day. From (E— Qs)/N = Qr, Qr/<y is obtained, and hence Woo
( = rrii—Qr/a) is found. This process is continued until Woo just exceeds
0-1300 (value in soil at wilting point), and then the calculation is re-arranged.
It is now assumed that Woo remains constant and that Qr is given by equation
6a, with ntoo = 0 1300. Then E-Qs = NQr, and E = NQr + Qs.
For some of the imposed conditions the values of (dE/dt) so calculated
decrease very rapidly: for others the day to day change is very slow, but
within these there are some where calculation is rapid because S/x changes
very slowly, and a becomes constant.
RESULTS

Figure 1 shows sixteen curves of accumulated actual evaporation
against accumulated potential transpiration, calculated with the values of
the parameters given in the figure legend.
On each figure the last value at which 2 EA = 2 ET is indicated, and
on those for QK — 0 the available water in the root zone [40 (0-30 —0-13)
= 6-8 cm] is shown. Almost every curve produced by field experience, or
assumed to predict field behaviour is here, including that used by Penman
(1949). A few comparisons can be made without difficulty, and the easiest
are between columns 1 and 2, and between columns 3 and 4 : the effect
of a plant resistance is barely detectable for the dense root system but is
clear for the more open spacing.
Shown on a larger scale, in Figure 2, the upper four curves come most
nearly to farming conditions. These four are for a deep soil profile, and with
s
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no resistance in the plant. Note that, apart from a change in the break-away
point, change of root density has little effect on the curve at a given value
of potential evaporation rate, whereas change of evaporation rate not only
produces a change in the break-away point but also a difference in slope
beyond. The more slowly the water is withdrawn the greater the total
extraction at the constant imposed rate—the kind of behaviour measured
by Makkink and van Heemst (1956).
As a complete contrast, the two lower curves represent extremes. The
upper of the pair is the ideal Veihmeyer curve, here obtained for a dense

Fig. 1—Accumulated actual evaporation v. accumulated potential evaporation
for sets of boundary conditions.

root system occupying the whole depth of profile, with no plant resistance,
and the smaller rate of potential transpiration. The other, below, is for a
sparse root system, limited in the same way, but has a plant resistance,
and the larger rate of potential evaporation: it is very like the Thornthwaite and Mather (1954) curve.
Although "all resistance in the plant" has been used in the certainty
that it is an absurd extreme, the calculation is useful. When stomatal
response to soil dryness is added to improve the model, the effect of
increased stomatal resistance will be the same as that of a finite plant
resistance, so the lowest curve (or one very like it) may be more relevant
to field behaviour when the scope of "plant resistance" is broadened.
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Fig. 2—Enlargement of selected curves from Figure 1.
Top pair: / = 1 or 10 cm, (dE/dt) = 0-2 cm day" 1 , deep-subsoil, Q, > 0
and no plant resistance, A->-oo
Middle pair: as for the top pair, but (dE/dt) = 0-6 cm d a y 1 .
Bottom pair: upper, / = 1 cm. (dE/dt) = 0-2 cm day" 1 , no subsoil
Q, = 0, and no plant resistance, h-*-<x> :lower, / — 10 cm,
(dE/dt) = 0-6 cm day" 1 , no subsoil, Q, = 0, but all
resistance in plant, h = 0 1 cm - 1 .
CONCLUSION

Little further discussion is needed. The analysis has produced drying
curves of various shapes, and by using other values of E, /, and N, with
other values of the diffusivity (and its dependence on water content), there
is little doubt that any known experimental curve could be reproduced.
The concept of soil water as equally available over the whole range
of field water content is valid when the depth of soil is limited (by a
container, or an impervious subsoil) and the roots occupy all the soil, so
that all that is available is immediately accessible. This remains true when
there is a permeable sub-soil, if the "available" water is defined as that in
the root zone only, but nearly all field measurements of soil water profiles
show significant drying below the root zone, and it can be misleading to
state that the usable water is equal to the "available" water per unit depth
(as it might be read off a pF curve) multiplied by the depth of profile
affected by root action. The total usable water is not equally available
because it is not all equally accessible. A similar statement about horizontal
transfer could be made about a sparse root system, particularly when the
potential transpiration rate is large.
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On energetic grounds the Veihmeyer concept cannot be faulted, and the
field evidence arrayed against it (discussion of Veihmeyer and Hendrickson
1955) can probably all be explained by variations in depth of active soil
profile, the diffusivity of the soil and its variation with water content, root
depth and horizontal distribution, without invoking stomatal closure as a
further way of checking transpiration rate.
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SUMMARY

Measurements on a loam soil gave a diffusivity ranging from 20 (wilting
point) to 200 (near field capacity) cm2 day" 1 . Starting with these data,
transfer rates are calculated for a complete crop cover on such a soil, with
the root system arranged in parallel sheets (40 cm deep) at two spacings
(2 and 20 cm); with and without a deep subsoil; for two imposed rates
of potential evaporation (0-2 and 0-6 cm d a y - 1 ) ; and with all further
resistance either wholly in the atmosphere or all in the plant. Drastic mathematical and physical assumptions are necessary.
Results are as curves of accumulated actual evaporation 2E A , against
accumulated potential evaporation, 1ET. The curves vary as greatly as
published field experience. The main results are:
(i) the larger £ T , the smaller the value of XET at which XEA becomes less
than 2 £ T ;
(ii) at close spacing (dense root system) it is immaterial whether the
external resistance is in the plant or in the atmosphere, but at wide
spacing plant resistance (if any) can cause an early check to
transpiration;
(iii) when there is no subsoil, the Veihmeyer concept is very nearly exact,
particularly at the lower rate of potential evaporation.
RÉSUMÉ

Des mesures sur un sol limoneux donnèrent une diffusité s'étendant de
20 (point de flétrissement) a 200 (presque la capacité du champ) cm2
jour _ 1 . En partant de ces données, on calcule des régimes de transfert
pour un recouvrement entier de culture sur un tel sol, avec un système
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de racines place dans des rangées parallèles (40 cm de profondeur) a
des espacements (2 et 20 cm); avec ou sans sous-sol profond; et avec toute
resistance ultérieure soit complètement dans 1'atmosphère soit toute dans
la plante. Des suppositions mathematiques et physiques extremes sont
nécessaires.
Les résultats se présentent comme des courbes de 1'évaporation réelle
accumulée XEA, par rapport a 1'évaporation possible accumulée 2E T . Les
courbes varient autant que 1'expérience en champ publiée. Les principaux
résultats sont: —
(i) Plus ET est grand, plus est petite la valeur de S £ T a laquelle 2 £ A
devient inférieur a 2 £ T ;
(ii) A espacement étroit (système de racine dense) il est peu important
que la resistance extérieure soit dans la plante ou dans 1'atmosphère,
mais a espacement large, la resistance dans la plante (si elle existe)
peut conduire a un arrêt précoce de la transpiration;
(iii) Lorsqu'il n'y a pas de sous-sol, Ie concept Veihmeyer est tres prés
d'etre exact, surtout avec Ie régime plus faible d'évaporation possible.
ZUSAMMENFASSUNG

Messungen an einem Lehmboden ergaben ein Streuungsvermögen im
Bereich von 20 (Welkepunkt) bis 200 (nahe Feldkapazitat) cm2 pro Tag.
Ausgehend von diesen Angaben wurden Übertragungsgrade für eine vollstandige Anbaudecke auf einem solchen Boden kalkuliert. Hierbei wurde
das Wurzelsystem in parallelen Flachen (40 cm tief) und in zwei Abstanden
angelegt (2 und 20 cm), sowie mit und ohne einen tiefen Unterboden, für
zwei angenommene Grade der potentiellen Evaporation (0-2 und 0-6
cm/Tag) und mit jedem weiteren Widerstand entweder ganz in der
Atmosphare oder ganz in der Pflanze. Drastische mathematische und
physische Annahmen sind notwendig.
Die Resultate sind wie die Kurven der angesammelten tatsachlichen
Evaporation 1,EA gegenüber der angesammelten potentiellen Evaporation
XET. Die Kurven variieren ebenso stark wie veröffentlichte Feldbeobachtungen. Die Hauptergebnisse sind:
(i) je grosser ET, desto geringer der Wert von 2 £ T , wobei 2 £ A geringer
als XET wird;
(ii) bei engen Abstanden (dichtes Wurzelsystem) ist es unbedeutend, ob
der aussere Widerstand in der Pflanze oder in der Atmosphare
liegt; jedoch bei grosseren Abstanden kann der Pflanzenwiderstand
(wenn vorhanden) eine frühe Hemmung der Transpiration hervorrufen;
(iii) wenn kein Unterboden vorhanden ist, ist der Veihmeyer'sche Begriff
beinahe exakt, besonders bei dem niedrigeren Grad der potentiellen
Evaporation.

ON THE WATER BALANCE OF GRASSLAND
AND FOREST
J. W. HOLMES AND J. S. COLVILLE
C.S.I.R.O., Division of Soils, Adelaide, Australia

The Gambier Plain of southern Australia is underlain by limestone
and other marine sediments (Sprigg 1952), which serve as excellent
aquifers. The water quality is good, but so far there has been no measurement either of the storage or of the recharge of the aquifers. It is believed
that an appreciable fraction of the discharge from the aquifers occurs
directly into the sea through the sea bed, and so cannot be gauged.
An experiment was conducted during the years 1959 to 1966 to
measure the components of the water balance of grassland and forest upon
the Gambier Plain. Particular aims of the experiment were to discover the
annual recharge of the aquifers, both mode of recharge and amount, and
the role that vegetation plays in the water balance.
The region under study is a coastal plain, about 50 m above sea level,
and of total area about 1 million hectares. The mean annual rainfall from
30 years of records is about 700 mm.
EXPERIMENTAL

Two non-weighable lysimeters, as previously described (Holmes and
Colville 1964) were used in grassland, to measure drainage, D, and change
in soil water storage, AS, which are two components of the water balance
equation,
P = E +D + AS.
(1)
Precipitation, P, was measured with standard 20 cm (8") raingauges.
Evaporation, E, was obtained from Equation (1) by difference.
The water table was approximately 2 • 5 m below the soil surface under
grassland. The lysimeters were 2-4 m deep, to approximate to undisturbed
soil conditions. Their surface area was 3 m2.
Under forest the water balance was determined by measuring the
components of Equation (1), but without the use of lysimeters. The water
table was 6-5 m deep at the Penola Forest site and 40 m deep at the Mount
Gambier Forest site. Surface run-off at each forest site and also at the grassland site was insignificant. Soil water content was measured with the
neutron moisture meter at all sites.
The pasture consisted principally of subterranean clover (Trifolium
subterraneum, L.) and perennial rye-grass (Lolium perenne, L.). It grew
from germination in April to flowering, maturity and the setting of seed in
November, a period which is the wet season in southern Australia. Without
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irrigation, pasture typically becomes brown and physiologically inactive
during the remaining, arid months of the year.
The forest was a plantation of Monterey pine (Pinus radiata, D. Don).
The trees at the Mount Gambier Forest site had a density of 2,200 trees per
ha and canopy had closed. The Penola Forest site had been thinned to
about 450 trees per ha. There was a negligible understorey at both sites.
Water extraction from the soil may be considered to be entirely by the roots
of the pine trees themselves, followed by its transpiration from the tree
canopies.
Measurements were generally replicated several times. For example,
there were three neutron moisture meter access holes at the Mount
Gambier Forest site, five at the Penola Forest site, five in undisturbed grassland and three in each of the lysimeters.
RESULTS

Table 1 shows the annual drainage through the Iysimeter soil profiles
and through the profiles at the forest sites, which in each case is identified
with recharge of the water-table aquifer. Under grassland the recharge
varied from 6% to 18% of the rainfall during the period June to
December, when the rainfall is effective in replenishing soil water storage
or in supplying the immediate demands of transpiration. There was no
recharge beneath the forest in the three years of measurement, although one
of those years, 1964, was unusually wet.
The error shown in Table 1 is the variation in the results from two
lysimeters. The actual measurement of drainage was accurate to about 1
mm, but there was a puzzling difference between the two drainage flows,
which can be accounted for only as a difference in evaporation from the
pasture growing on the lysimeters. The lysimeters were installed to be
duplicates, and there was no discernible difference in pasture composition
or density between the two lysimeters.
TABLE 1
DRAINAGE TO THE WATER-TABLE AQUIFER, IN MM.

1960
Grassland
61 ± 10
Forest
—
Precipitation
over grassland
430
(June to December)

1%1

1962

1963

1964

1965

25 ±3

45±10

—

—

40 ±10
0

134±30
0

72 ±30
0

386

440

42X

74X

515

The profiles of water content of the soil, shown in Figures 1 to 3,
reveal that the seasonal wetting may reach a depth of 4 m in a deep sandy
soil beneath a forest cover, such as at the Mount Gambier Forest site,
where the water table is 40 m below the surface. Note that the water
content was 0-023 g/cc at a depth of 8-7 m. Limestone occurred at that
depth, forming the floor or perhaps part of the core of the dune upon
which the forest was planted. The limestone was powder dry when first
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Fig. 1.—Soil water profiles in Young Sand—Mount Gambier Forest site.

drilled in April, 1963. Subsequently its water content varied between the
limits 0-024 g/cc and 0-015 g/cc. Such a small variation is negligible and
may be taken as proof that there was no flux across the lower boundary.
The limestone is a bryozoal limestone which is very porous. Its water
content when saturated is about 0-5 g/cc and a water content of 0-02 g/cc
would be achieved only for water potentials less than —10 bars.
The seasonal wetting may reach a depth of 2 m in a sand upon clay
profile such as occurs at the Penola Forest site, where the water table is
6 • 5 m below the surface. Wetting will generally penetrate to the water table
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and recharge the aquifer beneath grassland, where the water table is 2 to 3
m below the surface.
It is evident that the recharge of soil water, in the profile above the
water table, beneath the forests is less than it is beneath the grassland,
during the wet season. Suitable summation of the data in Figures 1 to 3
shows that the increment of soil water between the indicated dates in March
and October was 117 mm at the Mount Gambier Forest site, 129 mm at
the Penola Forest site and 226 mm at the grassland site. Considering that
surface run-off is negligible, evaporation from forest must considerably
exceed evaporation from grassland during the period of the year when there
is no soil water stress.
Table 2 shows the evaporation from forest and grassland calculated
from Equation (1). The evaporation from the forest sites was from 1 • 4
to 2-4 times the evaporation from the grassland.
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Fig. 3.—Soil water profiles in Kalangadoo Sand—grassland site.
TABLE 2
THE EVAPORATION FROM GRASSLAND AND FOREST, IN MM, AND EVAPORATION EQUIVALENT
OF RADIATION OVER THE GRASSLAND

Period
5 May — 26 Sep., 1963
12 May — 4 Nov., 1964
1 May — 15 Oct., 1965

Grassland

Forest

Radiation

110
240*
212

260
420f
305

160
267
228

* Possibly an overestimate.
t Possibly an underestimate.

The sites of the experiment were chosen carefully to be as representative as possible of extensive areas of grassland and forest. It is usually
considered that evaporation from an extensive, flat grassland is uniform
and controlled largely by the net radiation absorbed. Wind influences the
evaporation to the extent that it alters the partition of radiant energy
between evaporation, sensible heat transfer to the atmosphere and heating
or cooling of the ground.
The third column of Table 2 shows the net radiation over the grassland
surface, measured with a net radiometer (Funk 1959). The relationship of
evaporation from grassland to net radiation appears to be similar to that
usually observed when soil water is in adequate supply.
There are probably three factors contributing to the larger evaporation
from the forests. Firstly, the albedo of the forests for short-wave radiation
is smaller, as shown in Table 3, which summarises measurements of grassland and forest albedo, taken from an aeroplane during October, 1966.
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More radiation is absorbed by the forests, but it is sufficient to make the
forest evaporation only 20% greater than grassland evaporation.
TABLE 3
THE ALBEDO OF GRASSLAND AND FOREST, MEASURED BY AN AIRBORNE SOLARIMETER

Time of flight on 10th Oct., 1966.

Grassland
Forest

0731 to 0755 hrs

1042 to 1120 hrs

1213 to 1245 hrs

0-24
010

0-23
010

0-27*
0 10*

* Incoming radiation erratic, because of cloudiness, and value is less precise than
the value on the other two occasions.
Secondly, the forests are rougher aerodynamically than the grassland,
which may cause an increase in evaporation at the expense of the amount
of sensible heat transferred to the atmosphere.
Thirdly, although the forests covered an area of thousands of hectares
and the sites of measurement were more than 1 km from the forest edge the
grassland could contribute advected heat to the forests, because the fetch of
the wind was generally across many kilometres of grassy plain.
DISCUSSION

It is difficult to give any quantitative assessment of the effect of
differences in leaf area index of grass and forest upon the evaporation. It
might be suggested that if the grass and clover did not cover the soil surface,
then, during dry weather, the sand would dry and form a patchy dry mulch
surface to the grassland. This was never observed, the soil was entirely
covered by grass and clover by the beginning of May and, in fact, from
comparison of evaporation and net radiation there was no suggestion of
depressed evaporation and enhanced sensible heat transfer at the beginning
of the rainy season.
The two forest sites themselves were quite different in their stocking
rates. Yet the change in soil water storage, from which we derive the
evaporation, did not show any systematic difference between the forest sites.
Support is given to the usual assumption that, in a mature forest, the
ramification of roots in the soil ensures a uniform extraction of soil water.
The results reported above are consistent with some observations by
Stanhill (1962) that evaporation from pine forest near Mount Carmel,
Israel was 65 mm more than that from natural pasture or winter grain
during the season November to May, when there was no soil water stress.
Shachori and Michaeli (1962) analysed results of 26 studies reported
in the literature and showed that there was a significant difference between
run-off from forest and that from grassland. Grassland run-off was the
larger by 120 mm per year. Presumably, grassland evaporation was smaller
in the semi-arid regions to which the analyses applied.
Even in a humid, temperate climate forest evaporaton may be larger,

REGIONAL WATER BALANCE

45

as is shown by the drainage results from the lysimeters at Castricum in the
Netherlands (PWN 1962). There, the mean evaporation was 740 mm per
year from the lysimeter under pine forest, but only 560 mm per year from
the lysimeter under dune vegetation, for the years 1951 to 1962.
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SUMMARY

The investigation employed, as principal techniques, lysimeters for the
measurement of drainage through the soil profile and the neutron moisture
meter for the measurement of soil water content and estimation of drainage.
The water balance of grassland and forest in a region enjoying 700 mm
annual rainfall showed the following contrasts. Recharge to a water-table
aquifer was 60 mm per year under grassland and zero under forest.
Evaporation during winter and spring, which is the growing season free
from soil water stress, was greater from forest than it was from grassland
by a factor of about two. Increment of soil water d uring the same season
was typically about 230 mm in the soil profile beneath grassland and about
120 mm in the soil profile beneath forest.
RÉSUMÉ

Les essais employèrent, comme techniques principales, des lysimètres
pour mesurer le drainage a travers Ie profil du sol et Ie compteur d'humidité
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des neutrons pour mesurer la teneur en eau du sol et revaluation du
drainage.
Le bilan d'eau des prairies et forêts dans une region recevant 700 mm
de precipitations annuelles, présentait les contrasts suivants: la recharge
d'un plan d'eau aquifère était de 60 mm par an sous prairie et de zéro sous
forêt. L'évaporation pendant 1'hiver et le printemps, qui est la saison de
croissance sans tension de 1'eau du sol, était plus élevée dans la forêt que
dans la prairie d'un facteur de 2 environ. L'augmentation de 1'eau du sol
durant cette même saison était normalement d'environ 230 mm dans le
profil du sol sous prairie et d'environ 120 mm sous forêt.
ZUSAMMENFASSUNG

Die Nachforschungen wenderen, als Haupttechnik, Lysimeter zurMessung von Entwasserung durch das Bodenprofil an und das Neutron
Feuchtigkeitsmessgerat zur Messung von Bodenwassermengen und Abschhatzung von Entwasserung.
Die Wasser Balanz von Grassland und Waldland in einer Gegend mit
700 mm jahrlichen Regenfall zeigte folgenden Gegensatze.
Wiederaufnahme von Wasser Grundwasserhorizont betrug 60 mm jahrlich unter Wiesen und Null unter Wald. Verdunstung wahrend des Winters
und Friihlings, welches die Grundwasserspannung freie Wachstunsperiode
ist, war um einen Faktor von ungeführ 2, grosser über Wald als uber
Wiesen.
Zuwachs von Bodenwasser wahrend derselben Jahreszeit betrug
Typischer ungefahr 230 mm im Bodenprofil unter Grassland und ungefahr
120 mm im Bodenprofil unter Wald.

QUANTITATIVE MODEL OF MOISTURE FLOW IN
THE PLANT-SOIL SYSTEM
I. I. SUDNITZIN
Hydrometeorological Service of the USSR
The soil-plant-atmosphere system is a complex one. The geophysical
environment may be completely described by physical laws, but the cybernetic approach is required for plants (Dolgov 1948, Rode 1966, Khilma
1966, Woo et al. 1966). This does not mean however that one should not
attempt to describe plant behaviour by means of some empirical (mathematical or physical) models.
When studying the moisture flow it is convenient to use the thermodynamic potential method (Cowan 1965, Gardner 1960). Assume that
the soil-plant-atmosphere system is an isochorous-isothermal one. Then
developing the approach suggested by Day and Forsythe (1962) we can
describe every part of this system with the equation:
dF = -SdT-pdV+ixdm

+ Z lx'idm' + Eajdsj-gm"dh

(1)

where F is the Helmholtz free energy, S is the entropy, p is the external
pressure, ;u. is the chemical potential of water and m is its content in the
system, ju.';is the chemical potential of substances dissolved in the water, m'
is their content, o} is the surface tension of water, Sj is the area of water
surface, g is the gravitational acceleration, h is the height above standard
level and m" is the mass of solution.
From equation (1) it follows that, at dF = 0, and dT = 0,
1
P- = - (P-Pos-Ps+Po)

1
= - P,

(2)

P

where

dm

fM>M'
P* =

,
dV

gm" dh
, P = P-Pos-Ps+P,
and /?„.„ /7S and p„ are the osmotic,
dV
surface and gravitational pressures respectively.

pa=

If the system is not in equilibrium, all spontaneous processes proceed in
such a way as to equalize P values in different parts of the system. If all the
parameters of this system except m are constant, water flows from points
where P is higher to the points where P is lower. According to the linear
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phenomenological law postulated by irreversible thermodynamics, flux
density (/) is proportional to the gradient of P along current lines:
i = -k—

dP

(3)

dl

where k is the hydraulic conductivity.
If gradients of different components of total pressure make the water
move along the same canal, we can summarize all the fluxes in the following
way,
k
dP
i = — - (dp+dp0s + dps) = -k—(4)
dl
dl
This scheme is the first approximation of the soil-plant system. Experimental data confirm this hypothesis (Sudnitzin 1958, 1966).
DERIVATION OF WATER FLOW EQUATION FOR A
SOIL-PLANT-ATMOSPHERE SYSTEM

For a rather long time, water flux density (i) from the soil to the roots
equals the transpiration rate (T). It is convenient to express T as a part of
T = ar0

(5)

where a is the relative transpiration.
For a soil layer adjacent to the active root surface it is possible, taking
into account (4) and (5), to write,
AP
i = T = «T0 = ~kSr

,
(6)
Al
where Sr is the active root surface, AP = Pr—Ps, and P, is the total soil
moisture pressure at distance Al from the root surface, and Pr is the total
moisture pressure in the roots.
There exists a functional dependence between k and Ps, because both k
and P$ are functions of sizes of capillaries containing water. The simplest
model of the soil pore system is a bundle of parallel capillaries connected
with each other and the atmosphere. When the soil is unsaturated only small
capillaries contain water and conduct water through the soil. The maximum
negative pressure, Pmax, is a function of the capillary radius, r, thus
0

a
Pmax

=

—,

r

where a is a factor which is influenced
Hence,
rP
k = I
JP0

by wettability of the capillary walls.
8k
- dp
8p

(7)

where PQ is the maximum pressure of the capillaries in which viscous flow is
still possible.
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It is obvious that
8k
8p

dn
dp

where dn is the number of capillaries which become empty when the pressure
decreases by dp and kx is the moisture conductivity of one capillary.
According to Poiseuille's law
*i = - r - = bp~*
and

— =
=
dp
dp r2

(9)
(10)

dp

where W is the soil water content, •>? is the viscosity, and
•na*
=

"sT

Substituting (9) and (10) in (8) we obtain
3A:

dWa2b

hp

dp p2

(11)

It is known that for the most loamy soils of the Southern-Western districts
oftbeU.S.S.R.
dW

B

dp

p'

(12)

We substitute (12) in (11) and obtain

where

C =

B a2b
2

8k

Ba2b

8p

p3

= -2Cp-\

(13)

. Integrating (13), we have

rP 8k
[p
„ 7" * =
-2Cp~*dp = C/>"2
(14)
J P 0 8p
Jp0
Empirical data confirm the obtained relationships.
To reveal the relationships between the relative transpiration and soil
water pressure we have carried out a plant growth experiment. This
experiment was conducted at the meteorological observatory "Kamennaya
steep" ("Rocky steep") in Voronejskaya district. The soil is a loamy clay
chernozem. Oats were grown in pots (10 1 volume). For a month the
soil moisture was kept equal to the field capacity, then the pots were
divided into 4 groups, each containing 4 pots. In each group two pots
were not irrigated, and two other ones (control) were wetted to the field
capacity.
k

-
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In 15 days the soil moisture in the pots under experiment decreased
from the field capacity to the wilting point. The plants wilted and some
leaves died off.
Every group of pots was placed in a separate section of a greenhouse.
Potential evaporation in each section was regulated by means of shading.
Potential evaporation in the open light section was 3 times that in the
darkest one.
Evapotranspiration from the pots was determined by regular weighing.
Evaporation from the soil surface was reduced to 0-01 cm water/day by
means of a mulch. The potential transpiration was considered to be equal
to the control plant transpiration (with an ample supply of water) in the
relevant section and so the relative transpiration was calculated as the ratio
of the given plant transpiration to the control plant transpiration.
The assumption that the potential transpiration of the plants under
experiment was equal to that from the control certainly lowered the

-2 Ps(Bar)
34 W (%)
Fig. 1.—Relative transpiration (T/Tn) of oats versus soil water pressure
(Pa) and soil water content (W). WP—wilting point; FC—field capacity
(plant growth experiment).
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accuracy of the estimation; but the error according to tentative calculations
did not exceed 10%.
In the course of the experiment, soil water was estimated from the
weight of the pots; the soil water total pressure was determined from the
soil-water, total-pressure relationship, the latter being obtained with the
cryoscopic method. These data permitted the plot of the relative transpiration against the total moisture pressure to be obtained (Figure 1).
The data obtained in different sections of the greenhouse could be fitted
by one common line. Thus within the considered interval of potential evapotranspiration, the relative transpiration, T/T0, was a function of the soil
water pressure and was independent of the potential transpiration.
At O > P S > - 4 bar T/T0 = 1. At - 25 < P, < - 4 bar this function
can be expressed as follows:
T

1-2
(15)

The correlation coefficient between T/Tn and log Ps within this interval
is - 0 - 9 8 ± 0 - 0 1 .
Differentiating (15) we obtain dT/dPs = -DTJPS.
Thus dT/dPs
depends both on the meteorological conditions (T 0 ) and the total soil
water pressure (P 8 ).
The conditions in the plant growth experiment certainly did not cover
the entire range of the natural conditions. To examine the validity of
equation (15) for a wide range of conditions, information obtained at 10
meteorological stations where winter wheat was grown for 10 years have
been analysed.
The water loss by transpiration was taken to be equal to the sum of
decrease in the soil water in the root zone (1 m profile of soil) plus the
rainfall for the given time period.
Potential transpiration was calculated according to Ivanov's formula:
£ = 0-0018 (25 + / ) - (100

-a),

where E is the potential evapotranspiration per month (mm of water),
/ is the mean monthly air temperature (°C) and a is the mean monthly
air relative humidity (% ).
From this data the relative transpiration was calculated and then T/T0
versus mean soil water pressure in 1 m soil profile was plotted. The
relationship,
T/T0 = D log! — ) within the range Pw < P, < Pent
(where Pcrit is the soil water pressure at T -» T0 and P w is the plant wilting
pressure), appeared to be valid not only for the plant growth experiment,
but also for more complex natural conditions. However the correlation
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coefficient in this case is smaller ( — 0-8 ± 0-1) probably due to the lower
accuracy of determinations of T, T0 and Ps values.
Note that P crit was about —4 bar in the pot experiment and about —7
bar under field conditions. The wilting pressure was —25 bar in the pot
experiment and about —29 bar under field conditions.
This difference can be explained by the fact that under natural conditions there are additional water sources such as water in deep soil
horizons and rainfall.
Thus, substituting (14) and (15) into (6) we obtain:
AP = Pr-Ps = 7W l o g ( ^ ) Al D

(16)

STC
DISCUSSION

From equation (16) it follows that (at constant value of SrAl and T„)
the pressure head between roots and soil (AP) is rather small at large
P„; it increases as Ps decreases (with the maximum at P„ = —15 bar) and
then decreases toward the very small values at Pa = —25 bar (Figure 2).
The P, range where AP increases probably may be considered the
range of the "active regulation" of water movement by plants. Within this
range water pressure in roots drops more rapidly than the soil water
pressure. The Ps range where AP decreases may be called the "passive
adaptation range". Within this range the leaf surface becomes smaller, as
a result of the dying off of the lower leaves caused by the reduction of the
available water.
The actual transpiration, T, becomes less than T„ long before PT reaches
the minimum value at which the plant is still able to function normally.
This regulation of the water lost by plants is caused by partial closing of
stomata. This permits the plants to gain the time required for the gradual
changes of physiological functions leading to drought resistance and the
lowering of water pressure in plants as a result of the transformation of
starch into sugar.
Equation (16) was tested in field conditions with several plant species.
The values of root negative pressure, Pr> were determined with an isoosmotic method and Pa values cryoscopically. The data obtained coincide
satisfactorily with equation (16) (Figure 2).
These relationships are indeed a first approximation of the quantitative
model of water movement in the soil-plant-atmosphere system. Much work
will be needed to determine the range of conditions for which it is valid,
and to make corrections. Such an approximation makes it possible to improve the methods of estimation and the prognosis of available water
resources.
For instance when the soil water pressure and the potential evapo-
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Fig. 2.—Relative transpiration (T/T0) and water pressure head between the
roots and the soil (AP) versus soil water pressure (P g ).
Curves are drawn in accordance with equation (16); points represent data
of A ^ for oats, barley, wheat and corn grown under field conditions.

transpiration are known, one may calculate the water pressure in plants
(this factor affects crops strongly) and their transpiration rate (by which
one may forecast the available soil water).
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SUMMARY

The paper deals with a quantitative model of water movement in the
soil-plant-atmosphere system. The model was based on (1) thermodynamical principles, viz. the second law and the "phenomenological law"
postulating the linear relationship between flux density and the potential
gradient, (2) the relationship between the hydraulic conductivity and the
total soil water pressure, obtained on the basis of soil pore size distribution,
(3) the relationship between relative transpiration and the total soil water
pressure, estimated empirically in a pot experiment and confirmed by
analyzing the meteorological data for many years.
Bv this model it is possible to calculate the relationship between the
water pressure in the plant roots (P r ) and the soil water pressure (P s ), if
the potential evapotranspiration, active root surface and some constants are
known. The experimental control confirms the validity of this model as a
first approximation.
It appears that in the range of O > P > — 15 bar, Pr decreases more
rapidly than P„ and thus the water pressure head between roots and soil
(AP = P r — Ps) increases uninterruptedly (the range of "active" regulation). When P s becomes small, AP decreases and the leaf surface area
becomes smaller by leaf shedding (the range of "passive" adaptation).
At Ps = — 25 bar, AP becomes very small, the water flux density also becomes very small and plants die. Under given meteorological conditions the
value of AP is proportional to the potential evapotranspiration.
RÉSUMÉ

Cette communication traite d'un modèle quantitatif du mouvement de
1'eau dans Ie système sol-plante-atmosphère. Pour Ie modèle, on a utilise:
(1) les principes thermodynamiques (la seconde loi et la "loi phénoménologique" postulant la relation lineaire entre la densité du flux et le gradient
de potentiel), (2) la relation entre la conductivité hydraulique et la pression totale de 1'humidité du sol (obtenue sur la base de la distribution des
pores du sol selon la taille), (3) la relation entre la transpiration relative
et la pression totale de 1'humidité du sol (estimée empiriquement lors de
1'expérience vegetative et confirmée en analysant les données météorologiques pendant de nombreuses années).
Ce modèle permet de calculer la relation entre la pression d'humidité
dans les racines des plantes (P r ) et la pression de 1'humidité du sol (P K ), si
1'évapotranspiration potentielle, la surface active des racines et quelques
constantes sont connues. Le controle experimental confirme la validité de
ce modèle comme première approximation.
Il parait que dans la gamme d e O > P > — 1 5 bar, P r décroït plus
rapidement que P s et par conséquent la charge de tension d'eau entre les
racines et le sol (AP = P r — P s ) s'accroit d'une fagon ininterrompue (la
gamme de regulation "active"). Au fur et a mesure que P s décroit vers les
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valeurs inférieures, AP décroit graduellement et la surface de la feuille se
reduit également (la gamme d' "adaptation passive"). A Ps = —25 bar,
AP devient tres petit également et les plantes meurent. Sous des conditions
météorologiques données, la valeur de AP est proportionelle a 1'évapotranspiration potentielle.
ZUSAMMENFASSUNG

Dieser Bericht befasst sich mit dem quantitativen Modell der Wasser
Bewegung im Boden-Pflanze-Atmosphare System. Für das Modell wurde
von folgendem Gebrauch gemacht: (1) Thermodynamische Prinzipien
(das zweite Gesetz und das "phenomenologische Gesetz" welches die
lineare Verbindung zwischen Strömungsdichte und dem potenziellen
Gefalle voraussetzt), (2) die Verbindung zwischen dem hydraulischen
Leitungsvermögen und dem totalen Bodenfeuchtigkeitsdruck (auf Basis der
Boden Poren Grössenverteilung erhalten), (3) die Verbindung zwischen
der relativen Transpiration und dem totalem Bodenfeuchtigkeitsdruck
(empirisch geschatzt bei vegetativen Versuchen, und bestatigt durch analysieren der meteorologischen Daten über viele Jahre).
Dieses Modell erlaubt es die Verbindungen zwischen dem Feuchtigkeits
druck in den Pflanzenwurzeln (P r ) und dem Boden Feuchtigkeitsdruck
(P s ) zu kalkulieren, wenn die potenzielle Evapotranspiration, aktive Wurzeloberflache und einige Konstanten bekannt sind. Die Versuchskontrolle
bestatigt die Triftigkeit dieses Modells als ersten Annaherungswert.
Es gibt den Anschein, dass innerhalb O > P > —15 bar, P r sich
schneller verringert als Ps und sich folglich das Wasserdruckgefalle zwischen Wurzeln und Boden ( J P = Pr — Pa) ununterbrochen erhöht (die
Reihe der "aktiven" Regelung). Nimmt P s zu den geringeren Werten hin
ab, nimmt AP auch allmahlich ab, und die Blatt Oberflache verringert
sich ebenfalls (die Reihe "passiver" Anpassung). Bei P s —25 bar wird AP
sehr klein, die Wasserströmungsdichte wird ebenfalls sehr gering und die
Pflanzen sterben ab. Unter gegebenen meteorologischen Bedingungen ist
der AP—Wert proportional zu der potenziellen Evapotranspiration.

EVAPORATION FROM BARE SOIL UNDER HIGH
RADIATION CONDITIONS
C. W. ROSE
CSIRO, Division of Land Research, Canberra, A.C.T.,

Australia

I. INTRODUCTION

When water transport in the soil is not limiting evaporation, the
evaporation rate depends entirely on the net energy available for evaporation and on factors determining the flux of water vapour in the atmosphere
(Deacon, Priestley and Swinbank, 1958). The evaporation rate is then
essentially that of a saturated surface, and the theory of Penman (1948,
1956) or Ferguson (1952) for the prediction of evaporation from open
water surfaces using meteorological data may be applied to this problem
with reasonable accuracy. However, this approach is completely inapplicable when evaporation is limited by water transport in the soil (Stanhill,
1965), and Philip (1957) theoretically predicted that if soil were sufficiently dry, bare soil evaporation might be lowest when evaporation from
a saturated surface would be highest.
Our understanding of the relative importance of various processes involved in the loss of water from bare soil under field conditions is incomplete. Further understanding may assist efforts to control moisture in areas
of high radiation levels or low available moisture, and it is known that under
such conditions seed germination after rainfall is frequently restricted by
rapid desiccation of the surface layers of the soil.
This paper presents a theory that enables evaporation from bare soil
to be calculated from water content and temperature profiles. The theory is
of general application, including situations in which diurnal thermal fluxes
interact with and modify the moisture flux, and is applied to data from a
field experiment carried out under fairly high radiation conditions. It is
shown that the evaporation rate does not follow the simple pattern expected
under moist isothermal conditions. The reasons for the pattern are discussed,
and it is shown that vapour phase transport of water is important under
the conditions of this experiment. Possible errors in the calculated evaporation are considered.
II. THEORY

Rose (1968a, b) has shown that under field conditions where temperature gradients were not small, vapour phase transfer of water could be of
comparable magnitude to that in the liquid phase, even at soil water suctions
as low as 200-300 cm water, and that both liquid and vapour fluxes could
be described in terms of the theory presented by Philip and de Vries
(1957) and de Vries (1958).
Consider a volume of soil delimited top and bottom by the soil surface
57
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and a horizontal surface at depth z and enclosed by vertical surfaces.
Assume that the gradient in the total potential "9 of soil water (Rose 1966)
is in the z direction (downwards positive) at every point in the soil. Then
application of the principle of mass conservation of water to this volume
of soil over a period of time from tx to t2 (sec) yields:
<E>(t2-t1)=
where <E>
(AM)0Z

-(AM)0!+V/Pi)

j (qi+qv)dt (cm)

(1)

= mean evaporation rate from soil over time interval
(t2—^) sec (cm sec -1 )
= increase in storage of water for depth interval 0 to z cm,
over time interval (?2 —'i) (cm)

= ƒ ƒ (ddJdOdzdt
where 6t is volumetric water content (cm3 cm -3 )
pt
= density of water (g cm -3 )
o,
= liquid flux density at depth z (upwards positive)
(g cm - 2 sec -1 )
= flux density of water vapour at depth z (upwards positive)
qv
(g cm - 2 sec -1 )
The first term on the right hand side of equation (1) is the decrease in
water stored between the soil surface (z = 0) and depth z over the time
period. The second term represents the total water flux into the soil volume
in both liquid and vapour phases. It follows from Philip and de Vries
(1957) that liquid flux qt is given by:
qJPl = - D8,(d0,ldz) - Dn(dT/dz) + K (cm sec-i)
(2)
2
-1
2
-1
-1
where £>#, (cm sec ) and Dn (cm sec deg C) are isothermal and thermal liquid diffusivities derived and defined by Philip and de Vries (1957);
K is hydraulic (or capillary) conductivity (cm sec -1 ).
Vapour flux density qs- may be written as:
qj9l

= -D.1ldel/dz)-DTtfe./dz)
2

-1

(cm sec -1 )
2

(3)
-1

1

where isothermal (D 8 „, cm sec ) and thermal (DTv, cm sec mm' Hg)
vapour diffusivities are as derived and defined by Rose (1968a).
Since all terms on the right hand side of equation (1) may be determined as described by Rose (1968a), this equation may be used to
calculate evaporation from soil.
III. EXPERIMENTAL

The experimental site was a hand-cultivated and carefully levelled area
in a much-tilled plot at the CSIRO plant introduction nursery, Alice Springs,
Northern Territory, Australia (133°50'E, 23°45' S) the soil being a
sandy loam with no evidence of shrinkage on drying.
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E 0 08-

Dayi
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watering

Fig. 1.—Volumetric water content 0, (cm3 c m - 3 ) for the depth intervals
indicated plotted against days from watering by sprinkler irrigation.
Experimental points shown only on the (0—1-27) cm interval. Night
periods shaded.

Profiles of water content and temperature were measured in the top
15 cm of bare soil for a period of six days and nights following watering to
at least 30 cm by sprinkler irrigation. Water content was measured gravimetrically in eight layers, and duplicated soil temperature measurements
taken at seven depths using techniques described by Rose (1968«).
Figure 1 represents volumetric water content as a function of time from

Doys

from watering

Fig. 2.—Soil temperature (°C) plotted against days from watering for
depths 0-4, 2-0 and 7-0 cm below soil surface. Night periods shaded.
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watering for the depth intervals indicated. The maximum sampling error
is estimated as approximately ± 0 - 0 1 cm3 c m - 3 .
Figure 2 shows, for three depths, the history of mean temperature of
the duplicated profile measurements, which differed by 1-4°C when
averaged over all sampling depths and times.
Data from all depths of the type shown in Figures 1 and 2 were used
to construct profiles of water content and temperature. Vapour pressure
profiles were also derived, being taken equal to the saturation vapour
pressure at soil temperature except in a shallow layer (of the order of
1 cm deep) where relative humidity was lowered below saturation by very
low matric or capillary potentials. This reduction in humidity was appreciable for 0, < 0 05 cm'1 cm^ 3 . Figure 3 gives an example of such profiles
These profiles were used in the analysis of evaporation based on the
theory given in section II. The results of the analysis are presented in
section IV.
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(4.00 hr) and daytime (14.00 hr) profiles of water content,
temperature and vapour pressure on day 4.
IV. R E S U L T S

Using diffusivity and hydraulic conductivity data for the soil given by
Rose 1968a), liquid and vapour fluxes were calculated at z = 3 cm using
equations (2) and ( 3 ) . Water storage change AM in equation (1) was
calculated for the depth interval 0 to 3 cm. Calculations were made with
diffusivities and gradients averaged over time periods from 1 to 4 hours,
chosen to provide a satisfactory compromise between the loss of accuracy
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Fig. 4 (a): History of time averaged evaporation rate < E > (cm s e c - 1
x 10~°). Night periods shaded.
Fig. 4 (ft): History of time averaged liquid < q] > and vapour < qv >
flux densities at 3 cm depth, together with rate of increase of water stored
in the (0-3) cm layer ((^M) 0 3 /(U-t 1 )).
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in the term AM if too short a time interval is used, and the errors which
arise from too coarse time averaging.
The history of qh qv and AM is given in Figure 4 (b) for a period of
six days and nights following watering, and the corresponding variation in
< E > calculated from equation (1) is given in Figure 4 (a).
Liquid flux was upward during the experimental period (Figure 4
(/>)), but the vapour flux oscillated from downward by day to upwards or
very close to zero by night at this depth. These features of the flux were
found to be consistent to a depth of at least 15 cm (Rose 19686), although
nocturnal vapour fluxes could be more strongly upward at other depths in
the profile. The increase in water content of the surface layers by night and
decrease by day (Figure 1) therefore arose from the coincidence of upward
liquid and vapour fluxes by night, and their opposed directions by day
(Figure 4 (b)). Vapour flux was therefore directed from regions of
higher to those of lower temperature (Figures 2, 3 and 4 (b)), except very
near the soil surface where the control of temperature on the equilibrium
vapour pressure of the soil was supplanted by very low matric potentials.
Table 1 gives evaporation by day and night for the experimental period,
obtained by planimeter from Figure 4 (a). Incoming solar radiation,
measured at Alice Springs airport some two miles distant from the experimental site, is also given in the table, together with its evaporation equivalent
which may be interpreted as a crude estimate of potential evaporation under
these conditions.
V. DISCUSSION

Figure 4 (a) presents a fairly complicated and changing diurnal pattern
in evaporation rate, and includes a somewhat unusual feature of small
negative values of < E > indicating condensation from the atmosphere.
Before discussing these features an estimate of errors in the calculated
evaporation pattern will be considered.
Despite the many assumptions that must be made, a detailed analysis
of maximum errors in < E > was performed, using the same assessment of
maximum errors in field measurements and soil characteristics as used by
Rose (19686) in a context where underestimation of errors was judged
undesirable.
It follows from equation (1) that the maximum error in < E > is the sum
of the maximum errors in (AM)0z, <qt> and <qv> (assuming negligible
errors in (t2— tj and />,)• Maximum errors in < E > calculated in this
way were commonly comparable in magnitude to the computed values of
<E>.
Because the many necessary assumptions in this detailed analysis were
purposely made to keep error estimates generous, and since the pattern of
< E > is not the random nonsense it would be if this error estimate is
realistic, it will be assumed that the above estimate of maximum error in
< E > can be rejected as an overestimate.
Before considering errors further, the possibility of negative values of
<E> will be assessed. Screen humidity observations indicate a maximum
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dew point temperature at least 5°C below the minimum surface temperature.
However Figure 3 indicates a very low daytime vapour pressure near the
soil surface, resulting from very high soil water suctions which lower
relative humidity in the top 1 cm of soil approximately. Within the limits
of this shallow surface layer, condensation of water from the atmosphere
could take place in late afternoon or evening. The maximum rate of such
condensation was calculated from the data in Figure 1 and Figure 2 of
Rose (1968a) to be approximately 10~ 8 cm sec - 1 , assuming all vapour
inflow to the layer came from the atmosphere. This estimated maximum is
comparable with the largest time averaged value of condensation rate
calculated (Figure 4 ( a ) ) . Except for day 1, negative values of < E >
were computed for periods from late afternoon to midnight approximately.
Since values of 6t (and so of relative humidity) in the surface layer are a
minimum in the late afternoon (Figure 1), negative values of < E > occur
at the time of day expected.
The above considerations make it reasonable to assume that the
maximum error in < E > may be less than the maximum negative value
of < E >, so that about 10"" cm s e c - 1 may be as good an estimate as can
be made. If this opinion is correct, then doubt is cast only on the finer detail
of the evaporation pattern given in Figure 4 (a). A valid feature of the
detailed analysis should be noted: namely that there will be a general
tendency for errors to be a constant fraction of the magnitude of < E >.
Evaporation at night was higher than might be commonly assumed
(Table 1); the mean ratio of evaporation by night to that of the preceding
day being 0-6. The main reasons for such a high ratio are the directional
opposition between vapour and liquid fluxes by day and their concurrence
at night (Figure 4 (b)), and the relatively large daytime vapour fluxes in
this experiment. Evapotranspirometer records from Arizona in summer
(van Hylckama 1966) indicated that evaporation by night and day from
bare soil was comparable, and although drying of the soil surface was not
visibly detectable in their experiments, the smoothed diurnal pattern in
evaporation rate sometimes led to two minima around midday and midnight.
Though the evaporation equivalent of incoming solar radiation will be
a modest overestimate of potential evaporation, Table 1 indicates that by
the third day after watering, daily evaporation was about an order of
magnitude less than the potential amount. Some comment will now be given
on the reasons for this, and for the history of mean evaporation rate < E >
given in Figure 4 (a).
At night the vapour flux assists or at least does not oppose the upward
liquid flux in either re-charging the 0-3 cm soil layer, or in supplying
moisture for evaporation. Maximum rates of water storage increase occur
relatively early in the night, preceding the period of highest nighttime
evaporation rate (Figures 4 (a), (b)).
Evaporation rate can be high after sunrise, and at this period water loss
is chiefly that stored in the surface layer during the night, though liquid
flux into this layer provides a significant contribution to evaporation at all
times except in the last day or two of this experiment (Figure 4 (b)). The
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TABLE 1
EVAPORATION FROM BARE SOIL FOLLOWING WATERING, COMPARED WITH
INCOMING SOLAR ENERGY

Date in
October
1963

Days
from
watering

7
8
9
10
11
12

1
2
3
4
5
6

Bare soil evaporation

Incoming solar radiation

Night
(mm)

Day
(mm)

(cal c m " )

1-65
0-77
0-25
0-44
017

116
0-83
0-39
0-44

615
645
636
612
533
658

Evaporation
equivalent*
(mm)
10-5
110
10-8
10-4
9-1
11-2

* Calculated assuming a latent heat of vaporization of water of 586 cal g \ corresponding
to 20°C.

common mid-morning drop in < E > (Figure 4 (a)) is associated with the
development of a strong downward vapour flux (Figure 4 (b)), but the
morning pattern of < E > varies from day to day, being modified by the
pattern in AM and qt.
The rise in evaporation rate which occurs within an hour or so either
side of local noon (Figure 4 ( a ) ) is associated with large negative values
of AM (Figure 4 ( £ ) ) .
A very consistent feature of the daily evaporation pattern is that < E >
falls to near zero in the mid- to late afternoon period (Figure 4 ( a ) ) , and
is frequently negative in the late evening. A decrease in rate of water-storage
depletion, and downward directed vapour fluxes of greater magnitude than
liquid fluxes up into the layer are factors determining the low evaporation
rate in this period.
As evening approaches the soil surface cools, the downward vapour flux
therefore decreases in magnitude, reversing at 3 cm depth soon after sunset,
by which time water re-charge of the 0-3 cm layer has commenced (Figure

4(e)).
VI.
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SUMMARY

A theory is proposed enabling evaporation from bare soil to be
calculated from measured water content and temperature profiles, provided
relevant physical soil properties are determined. The theory is of general
application and equates evaporation over any time period to the sum of
upward liquid and vapour phase water fluxes at any depth in the soil and
the decrease in water stored in the soil to that depth over the same interval.
The theory is applied to data from an experiment in which profiles of water
content and temperature were measured for a period of six days and nights
following watering of bare soil by sprinkler irrigation. The mean daily shortwave radiation flux during the experiment was 617 cal c m - 2 , and maximum
soil temperature gradients approached 10° C cm^ 1 .
Reasons for the somewhat complicated pattern of calculated evaporation
rate are discussed, and it is shown that vapour phase transport of water is
important under the conditions of this experiment. The mean ratio of
evaporation by night to that of the preceding day was 0-6. One reason for
this ratio being so high was the directional opposition between vapour and
liquid fluxes by day and their concurrence at night. Possible errors in the
calculated evaporation are considered.
RÉSUMÉ

On propose une theorie pour permettre de calculer 1'évaporation du sol
nu a partir de mesures de teneur en eau et de profils de temperature, pourvu
que les propriétés physiques se rapportant a ce sol soient déterminées. La
theorie se prête a une application générale et égalise 1'évaporation sur
toute période de temps a la somme des flux ascendants de liquide et d'eau
en phase de vapeur a toute profondeur dans Ie sol et a la diminution de
1'eau enmagasinée dans Ie sol a cette profondeur sur la même période de
temps. La theorie est appliquée aux données d'une experience oü les profils
de teneur en eau et de temperature furen* mesurés sur une période de six
jours et de six nuits a la suite d'arrosagc de sol nu par irrigation a
aspersion. Le flux moyen quotidien de radiation a ondes courtes pendant
4
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1'expérience fut 617 cal c m , et les gradients maxima de temperature du
sol s'approchèrent de 10°C c m - 1 .
Nous discutons les causes de la forme quelque peu compliquée du taux
d'évaporation calculé, et nous montrons que le transport de 1'eau en phase
de vapeur est important sous les conditions de cette experience. Le quotient
moyen d'évaporation par nuit a celle de la veille fut 0,6. Une raison du
niveau élevé de ce quotient fut 1'opposition directionnelle entre les flux
liquides et de vapeur le jour et leur concurrence la nuit. Nous évaluons des
erreurs possibles dans 1'évaporation calculée.
ZUSAMMENFASSUNG

Eine Theorie wird vorgeschlagen die es ermöglicht Verdunstung über
baren Boden von gemessenen Wasserinhalt- und Temperatur-Profilen zu
berechnen vorausgesetzt dass angemessene physikalische Bodeneigenschaften bekannt sind.
Die Theorie ist von allgemeiner Anwendung und gleicht Verdunstung
über einen beliebigen Zeitraum zu der Summe von aufwarts fliessendem
Wasser in flüssiger -und Dampf Phase in beliebiger Bodentiefe, und der
Verringerung in dem im Boden aufgespeicherten Wasser über die selbe
Zeitspanne. Die Theorie wird an Hand von Data von einem Versuch
geprüft, in welchem Profile für Wasserinhalt und Temperatur über einen
Zeitraum von 6 Tagen und Nachten nach Wasserung von blossem Boden
durch Berieselungsanlagen gemessen wurden. Die durchschnittliche
üigliche Kurzwellen Ausstrahlung wahrend des Versuches war 617 cal c m - 2
und maximale Boden Temperatur Gradiente naherten sich 10°C c m - 1 .
Gründe für das etwas komplizierte Muster des berechneten Verdunstungsmasses werden besprochen und es zeigt sich dass Dampf Phasen Transport
von Wasser unter der Bedingung dieses Versuches wichtig ist. Das durchschnittliche Verhaltnis von Verdunstung wahrend der Nacht zu der des
vorhergehenden Tages war 0-6. Ein Grund dass dieses Verhaltnis so hoch
ist, war der Gegensatz in der Strömungsrichtung zwischen Dampf und
flüssiger Phase bei Tag und ihre Übereinstimmung bei Nacht. Möglichkeit
von Fehlern in der berechneten Verdunstung wurden in Betracht gezogen.

AN EXPERIMENTAL STUDY OF EVAPORATION
FROM UNIFORM SOIL COLUMNS IN THE
PRESENCE OF A WATER TABLE
A. HADAS AND D. HILLEL
Volcani Institute of Agricultural Research and Hebrew University Faculty
of Agriculture, Rehovot, Israel
THEORETICAL

The steady-state upward flow of water from a water-table through the
soil profile to an evaporation zone at the soil surface was first studied by
Moore (1939). Theoretical solutions of the flow equation for this process
were given by several workers, including Philip (1957), Gardner (1958)
and, more recently, Anat (1965). The basic equation in this case is:
8E

8x
=
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'
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where -g- = e is the evaporation rate (often expressed in mm per day), k is
8z
the hydraulic conductivity and j - the matric suction gradient. This equation
is often written in the form:
e=

-D(6)™z-k

(2)

where D(6) is the diffusivity (a function of the volumetric water content, 0).
Integration of these equations should give the relation between soil depth
and soil-water properties:

•J;

- k(r)
D(6)
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dx
dB
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(3b)

The solution of these equations must be based on knowledge of the functional
dependence of k on r and/or of k and D on 6.
Gardner (1958) provided a solution based on the empirical relation

*>=ï=Tï

(4)

where the parameters a, b and n are constants which must be determined
for each soil. Disregarding the constant "6", Gardner obtained the function
A .a
e

max

jn
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where d is the depth of the water table below the soil surface; a and n are
constants from equation ( 4 ) ; A is a constant which depends on n; and
emax is the limiting (maximal) rate at which the soil can transmit water from
the water table to the evaporation zone at the surface.
This theory states that the evaporation rate can be limited either by
the external evaporativity ("potential evaporation") or by the maximal
rate at which the soil can transmit water, whichever is the less. Where the
water table is near the surface, the suction at the soil surface is low and the
evaporation rate is determined by external conditions. However, as the
water table becomes deeper and the suction at the soil surface increases,
the evaporation rate approaches a limiting value regardless of how high
external evaporativity may be.
Equation (5) shows that the maximal evaporation rate decreases with
water table depth more steeply in coarse-textured soils (in which the «-value
is greater) than in fine-textured soils.
The subsequent contributions of a number of workers (Visser, 1959;
Wind, 1959; Talsma, 1963) generally accorded with the above theory.
More recently Anat (1965) developed a modified theory employing
dimensionless variables. His theory also leads to a maximal evaporation
rate varying inversely with water-table depth to the power of " n " :

-(Hm)"

m

where e,„ is a dimensionless variable expressing the maximum flux and d
is a variable indicating water-table depth.
In our work we found it of interest to test the theory experimentally as
a preliminary stage toward the evaluation of more complex conditions
(e.g. layered profiles). Particular attention was devoted to the possible
effects of surface structural changes during evaporation (especially in
unstable soils) and of hysteresis phenomena such as those resulting from
fluctuations of external evaporativity (Schleusener and Corey, 1959).
EXPERIMENTAL

The experiments were conducted at a temperature of 22 ± 1°C and a
relative humidity of 30-40%. 5 cm diameter tubes, 70 and 120 cm long,
were packed with soil (Gilat loess at 1-45 ± 0-03 g/cm 3 and Rehovot
sand at 1-62 ± 0-03 g/cm 3 ) and connected to graduated Mariotte
cylinders designed to maintain a constant water level at the bottom of each
column and to measure the evaporation flux.
The columns were first wetted to saturation with distilled water containing 5 p.p.m. mercurochrome disinfectant. The column tops were then
covered to allow equilibration with the water table. The columns were then
exposed to an atmosphere of relatively low evaporativity and the daily
evaporation was measured. External evaporativity was measured separately
from an adjacent water-filled tube of the same diameter and elevation.
After attainment of steady-state, external evaporativity was increased and
another cycle begun. To obtain evaporativity values lower than 5 mm/day
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(the condition prevailing in the room), vapor diffusion barriers (e.g.
cotton plugs) were arranged atop the columns. Evaporativity rates exceeding 5 mm/day were obtained by means of variable electric blowers.
Hysteretic effects were tested by alternately raising and lowering the watertable, as well as by periodic variation of external evaporativity. At each
evaporativity value measurements of actual evaporation rate were carried
out continuously for at least one week after attainment of the steady rate.
From time to time the top 1 mm was scraped off to prevent salt accumulation which might clog the soil surface.
RESULTS AND DISCUSSION

The relation of steady evaporation rate to potential evaporativity is
shown for different water-table depths in Figure 1 (sand) and Figure 2
(loess).
At a water-table depth of 120 cm, the sand column evaporated at a
rate which was less than the lowest potential rate provided (i.e. 0-1
mm/day), and which appeared to be independent of the potential rate.
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Fig. 1.—Relation of measured steady evaporation rate to potential evaporativity for a uniform column of sand with the water-table at three depths.
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The other curves first followed the potential rate, but as the potential was
increased the actual evaporation rates fell below it at levels which depended
upon soil texture and water-table depth. These results accorded with existing
theories. However, instead of levelling off at the maximal evaporation rate,
the measured rates dropped considerably below it as the potential rate was
increased still further. Since the drop-off of the evaporation rates occurred
even though external conditions remained constant and the soil surface
was drying monotonically. it is difficult to attribute this phenomenon to a
surface-hysteresis effect such as discussed by Schleusener and Corey
(1959). Rather, it could result from gradual changes in conductivity owing
to salt accumulation and structural effects, or to the changes in boundary
conditions.
Salt accumulation did not appear to be a factor, as the soil surface was
periodically scraped off. Salt content measurements made on the sectioned
columns after the end of the experiment did not reveal significant accumulations of salt within the profile. Structural changes may have occurred in
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the loess columns (Hillel, 1959), but apparently not in the sand columns
which exhibited the same drop-off from the maximal evaporation rate.
We are led therefore to the supposition that the gradual desiccation of
the surface zone resulting from the increase in potential evaporativity
effectively formed a two-layer condition, in which the dry surface layer
eventually acted as a "diffusion barrier" to vapor movement. An alternative
explanation may be based upon the film rupture hypothesis of Hallaire
(1958), Bondarenko and Nerpin (1966) and Nerpin, et al. (1966). This
hypothesis requires critical evaluation.
The measured maximal evaporation rates were compared to the results
of caculations based on the theories of Gardner (1958) and Anat (1965).
Gardner's theory was also modified to take account of the " b " parameter
of equation (4). The results of this comparison are shown in Table 1.
TABLE 1
COMPARISON OF MEASURED MAXIMAL EVAPORATION RATES WITH THEORETICALLY PREDICTED
RATES FOR STEADY EVAPORATION FROM UNIFORM COLUMNS OF SAND AND LOESS

Calculated rates according to:
Soil

Water-table
depth
(cm)

Measured
rates
mm/day

Gardner (1958)
Anat (1965)
Original

Modified

Rehovot
Sand

120
70
35

0-2
20
190

0-28
2-4
38-4

0-39
2'4
34-4

0-38
20
310

Gilat

120
70

80
200

4-2
7-7

8-2
24 0

81
21 0

I ocss

It can be seen that for the sandy soil, both theories gave rather good
estimates for the 120 cm and 70 cm water-table depths, but greatly overestimated the maximal evaporation rate where the groundwater table was
shallowest (35 cm). This apparently resulted from the over-estimation of
conductivity values near saturation. Modification of Gardner's equations
to include the " b " parameter resulted in lower conductivity values near
saturation and a better estimate of maximal evaporation rates at the
shallow groundwater depth. This modification made no appreciable difference at the 120 cm groundwater depth at which the controlling factor is
the conductivity of the soil in the range of water contents well-below
saturation.
In the case of the loessial (medium-textured) soil, Gardner's theory
gave better estimates than Anat's, which apparently under-estimated the
transmitting capacity of this soil. Modification of Gardner's equation to
account for the " b " constant again improved the estimate for the shallower
water-table depth.
An additional trial was held to study the effect of hysteresis at the soil
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surface zone. Columns of loess were initially subjected to relatively high
potential evaporativity. The evaporativity was then decreased and the new
steady-state flow rate was measured. This procedure was repeated in cyclic
fashion, as shown in the lower curve of Figure 3.
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Fig. 3.—Influence of fluctuations in potential evaporativity on measured
steady evaporation rates from uniform columns of loessial fine sandy loam.

Each successive cyclic change in potential evaporativity resulted in a
lower evaporation rate. This attests to the effect of hysteretic phenomena.
The initially high evaporativity strongly desiccated the soil surface zone.
When evaporativity was later decreased (as well as when the water-table
was raised) the dried surface had to be rewetted from below. The soil thus
passed from a drying curve to a wetting curve on which suction values are
lower for given water contents.
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SUMMARY

The paper presents the results of laboratory experiments on evaporation
from uniform soil profiles in the presence of a water-table.
Theoretical solutions describing steady-state evaporation predict that
when external evaporativity is increased the soil eventually attains a
maximal evaporation rate which depends upon water-table depth and
profile transmissivity and which remains constant regardless of how high
external evaporativity may become. Our experiments showed that instead of
levelling off at the maximal evaporation rate, as evaporativity was further
increased the actual evaporation rates began to decrease. This may result
from gradual salt accumulation, structural effects or changes in boundary
conditions (i.e. the formation of a two-layer condition in which a dry
surface layer eventually acts as a diffusion barrier). A comparison of the
measured evaporation rates and those predicted theoretically showed that
both Gardner's and Anat's theories overestimated the maximal rate, especially for shallow water-table conditions. Modification of Gardner's theory
to correct for excessively high conductivity values near saturation improved
the estimate somewhat. Cyclic changes in evaporativity or in water-table
depth apparently induced hysteretic effects which decreased the evaporation
rate.
RÉSUMÉ

Cette communication présente les résultats d'expériences en laboratoire
sur 1'évaporation a partir de profils de sols uniformes en presence d'un
plan d'eau.
Des solutions théoriques décrivant une evaporation a état stable laisse
prévoir que, lorsque 1'évaporativité extérieure est accrue, Ie sol atteint
éventuellement un régime d'évaporation maximale qui dépend de la
profondeur du plan d'eau et de la transmissivité du profil et qui reste
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constante quelque soil la hauteur a laquelle s'élève 1'évaporativité
extérieure. Nos experiences montrèrent qu'au lieu de se niveler au régime
d'évaporation maximale, lorsque 1'évaporativité était encore accrue, les
régimes reels d'évaporation commencèrent a décroitre. Ceci peut être la
consequence d'une accumulation graduelle du sel, des effets de structure
ou des changements dans les conditions de limite (c'est-a-dire la formation
d'une condition a deux couches dans laquelle une couche a surface sèche
agit éventuellement comme une barrière de diffusion). Une comparaison
entre les régimes d'évaporation mesurés et ceux prévus théoriquement
montrèrent que les theories toutes deux de Gardner et d'Anat surestimèrent
Ie régime maximal, surtout pour les conditions de plan d'eau peu profond.
Une modification de la theorie de Gardner qui corrige pour les valeurs de
conductivité excessivement élevées au bord de la saturation, a un peu
amélioré 1'estimation. Des changements cycliques dans 1'évaporativité
ou dans la profondeur du plan d'eau provoquèrent apparemment des effets
hystérétiques qui décrurent Ie régime d'évaporation.
ZUSAMMENFASSUNG

Diese Arbeit stellt die Resultate der Laboratoriumsversuche bezüglich
der Verdunstung aus einheitlichen Bodenprofilen bei dem Vorhandensein
eines Grundwasserspiegels dar.
Theoretische Lösungen, die die Verdunstung im stationaren Zustand
beschreiben, sagen voraus, dass bei einer Steigerung des ausseren Verdunstungsvermögens der Boden schliesslich einen maximalen Verdunstungsgrad erreicht. der von der Tiefe des Grundwasserspiegels und dem Übertragungsvermögen des Profiles abhangt und und der konstant bleibt ohne
Rücksicht darauf wie hoch das aussere Verdunstungsvermögen steigen
könnte. Unsere Versuche zeigten dass, die tatsachlichen VerdunstungsRaten andstatt sich bei der maximalen Verdunstungs-Rate auszugleichen,
sich zu verringern begonnen, wenn man das Verdunstungsvermögen weiter
steigerte. Dies könnte sich aus der allmahlichen Salzakumulation, strukturellen Wirkungen oder Veranderungen in den Grenzbedingungen (d.h. der
Bildung einer zwei-schichtigen Beschaffenheit, bei welcher eine trockene
Oberflachenschicht möglicherweise als Diffusionsschranke wirkt) ergeben.
Ein Vergleich der gemessenen Verdunstungsraten und der theoretisch
vorausgesagten zeigte, dass sowohl Gardner's wie auch Anat's Theorien die
Maximal-Rate überschatzt haben, besonders bei seichten Grundwasserspiegel-Bedingungen. Eine Modifizierung der Theorie Gardner's, und die
übermassig hohen Leitfahigkeitswerte nahe der Sattingung zu berichtigen,
verbesserte die Schatzung etwas. Zyklische Veranderungen des Verdunstungsvermögens oder der Tiefe des Grundwasserspiegels veranlassten scheinbar hysteretische Auswirkungen, die die Verdunstungsrate verminderten.

THE EFFECT OF MULCHING WITH OPAQUE
SHEETING UPON THE SOIL TEMPERATURE
REGIME, AND A THEORETICAL TREATMENT
OF ITS PRINCIPLES
N. G. ZACHAROV, D. A. KURTENER AND G. G. SEMIKINA
Agrophysical Institute, Leningrad
Mulching is one of several possible ways of controlling the soil thermal
regime in the field. Methods of soil mulching with oil products, bituminous
emulsions, straw, peat, mulch-paper and polymer films are becoming widely
known.
Experimental investigations show that one can influence the soil thermal
regime using different mulching covers. In this paper the authors present a
theoretical description of the thermal regime of soil, when it is covered with
an opaque sheeting, but utilising experimental data obtained by Joffe and
Schirobokova (1966), Semikina (1965) and Aleksandrov and Kurtener (1935).
Different mulching materials and possible methods of soil treatment
with them can be presented generally by the scheme shown in Figure 1. A
layer, of thickness 6y, is disposed some distance above the surface of a semi-

Fig. 1.—Sketch of the soil mulched with an opaque cover, 1—cover; 2—air
layer; 3—soil.
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infinite soil medium and confines a flat air layer of thickness 6b- The model
system (soil with mulching cover), for which 6b = 0 and 6y -»> 0, is appropriate to mulching with oil products, bituminous emulsions and paints. If
only Sb -> 0, we have mulching with peat or straw. If only 6V -> 0, we have
the case of mulching with mulch-paper and opaque sheeting.
Under steady state conditions the heat flow from the soil, qv, is the same
as the heat flow through the air layer, <?&, the heat flow through the cover,
qy, or the heat exchange between the outer boundary of the sheeting and
the air, qn. These individual heat flows must be determined.
Analysis of experimental data shows that air spaces between the cover
and the soil surface are formed because of surface roughness, but can be
considered to be represented by a flat air layer of mean thickness 1 cm.
According to the heat transfer theory of Schklover et al. (1956), heat transport
in such a cavity is carried mainly by radiation and heat conductivity. The
heat flow may be represented by,
qb=qi+qg
where qi is the conducted heat and qg is the radiant heat.
The value of qi is defined by
qi=j{T„b-Tp)

(1)

(2)

where Aj is the conductivity of the air, Tp is the soil surface temperature
and Tyb is the temperature of the internal surface of the sheeting.
The radiant heat flow, qg, may be calculated from the Stefan-Boltzmann
law thus,
qi = Ob (Tyb* - V )
(3)
where Ob is the Stefan-Boltzmann constant for an air layer.
Let us represent Tyb4 and Tp* as linear functions, using Tschebischev's
method of heat approximation. The temperature of the soil surface and the
internal surface of the sheeting vary within the range 268 to 308 deg. K, so
that the linear approximation has a maximum error of 7%. Equation (3)
becomes
qi = nab {Tyb — Tp)
(4)
with n = 0 - 9 5 deg. K3.
Substituting into equation (1), we obtain
qb = I nab + j ) (Tyb - Tp)

(5)

The heat flow through the cover is given by
qy = T- (Tyn ~ Tyb)

(6)

Oy

where Xy is the conductivity of the sheeting and Tyn is the temperature of
the external surface of the sheeting.
The heat exchange, q„, is given by
qn=qr

-qg

-qk

- qz

(7)
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where qr is the net incident short-wave radiation, qk is the convective heat
flow and qz is the heat expenditure in evaporation.
Joffe (1966) and Efimova (1963) show that
qk = a (Ty„ — Tb)
(8)
and
qg = LiTb* - U
(9)
with
Lx = 0 - 2 7 ( 1 - 0 - 7 £ ) ( j
(10)
and
(11)
I 2 =0-007(1 - 0 - 7 £ ) e
where £ is the fractional cloudiness, a is a coefficient of heat return by
convection, Tb is the air temperature and e is the water vapour pressure
both at 2 m height.
The short wave radiation is given by
qr=(l-ry)q'r
(12)
where q'r is the incident radiation and ry is the albedo of the surface.
The heat consumed in evaporation may be given by (Slatyer and Mcllroy
1964)
qz = pvAe
(13)
where p is a constant, v is the wind velocity and Ae is a difference in water
vapour pressure in the vertical. Finally, from equation (7) we obtain

with
M = (1 - ry)qr' - LiTb* + L2 + «Tb - pvAe
(15)
In the steady state qp = qb = qy = qn, so from equations (5), (6) and (14)
we can obtain
_l

~T(T~TP)

Xb

nob +-T-

(16)

Xy ^ O C

db

Equation (16) gives the heat flow from the soil, qp, in terms of physical and
thermal characteristics of the covering (ry, öy, ay, X.y) and of the meteorological
factors (q'r, Tb, v, £).
At Sb = 0 and öy ->0, equation (16) gives the solution for a bare soil
surface. If Sy is small and thermal inertia is negligible, equation (16) is
applicable for non steady-state heat exchange. Semikina (1965) considered
the effect of an opaque covering, the temperature difference between the
mulched and unmulched surface being given by
AT(x,

T)

= TM(x,

T)

- T(x,

T)

(17)

where TM and T are the temperatures at depth x and time T, beneath the
mulched and bare soil surfaces respectively.
Using a method due to Joffe (1966) for the solution of the equation of
conduction of heat,
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ë2T

l ë T

dx*

a dr

0

(.8)

with initial and boundary conditions,
T = T0,
-l^x=p

T

= 0 , 0 <x < oo

(™ -T\,X

(19)

= 0, T > 0

(20)

it may be shown that the temperature is given by

- exp (H 2 ar + Hx) erfc ( r ~ = + ^ ^
2
erfc S =-^z

where

f1»

exp(—v2)dv,

p
ƒ/ = j , and

Ah

(21)
(22)
(23)

I

AKTft + -T06

j J

(24)
Ay

a

When /? = a, Equation (21) gives the formula for calculation of the soil
temperature in an unmulched soil. Thus calculating the values TM and T,
and finding the difference as given by Equation (17), one can estimate the
thermal effect upon the soil caused by any form of opaque mulch.
Let us consider some particular cases.
1. Suppose 6b = 0 , öy-^Q, soil conditions and evaporation rate to be
equal and both the mulched and bare soil, and only the values of the albedo
to be different. Equation (17) becomes
._ q'Ar - ry)
AT =
a

{erfc fejfe) - 6XP (H2°T + HX) erfc (ïjZ + HV") }
where

H = -

Figure 2 shows a result of calculating the difference in temperature, AT,
from Equation (25), as a function of (r — ry) for the following conditions:—
a = 1 -3 x 10~3 m 2 /hr, X = 1,000 cal/m/hr, v = 2 m/sec and x = 12 hr. The
thermal efficiency is related to the average value of the short wave radiation,
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Ffc. 2.—Thermal effect in the soil at x = 0, ( A ) ; and x = 10 cm, ( B ) ;
depending on difference of albedo values of unmulched and mulched plots,
with q'T = 50 kcal/m hr, ( 1 ) ; 150, ( 2 ) ; and 300, ( 3 ) .

q'r, for the given time interval of 12 hours. If the albedo for an unmulched
plot is taken equal to 0-25 there is a positive thermal effect (AT > 0) in the
soil mulched with bituminous emulsions and oil products, the value r, of
which is 0 • 1. In the case of soil mulched with a light yellow sand (ry = 0 • 33),
straw (ry = 0 - 3 5 ) or white paint (ry = 0 - 5 ) this value is negative.
These results agree well with experimental data. According to the journal
"Chlopkovodstvo" (1965), soil mulching with oil products gives a value of
AT of about 1 • 1 to 1 -4°C. Unpublished data of the authors show the thermal
effect in soil mulched with these materials is positive and the value of AT
at a depth of 0-1 m is from 1-0 to 2-0°C during day time and from 0-5 to
1 -5°C at night. Treatment of the soil surface with bituminous emulsions by
Makarevski (1937) and Banasevitsch (1941) showed the difference in temperature to be about 0-8 to 1 -5°C at 10 cm depth.
Conversely, covering the surface of a dark chestnut soil with a thin layer
of kaolin sand as was done by N. Veger results in a negative thermal effect
(AT = — 0-7°C). Soil mulching with a thin layer of straw, the albedo of
which according to Galperin (1938) is about 0-52 also causes a negative
thermal effect in the soil.
2. Suppose Sy -*• 0. The values of albedo and the soil conditions on the
mulched and unmulched plots are the same and the thickness of the air
layer varies in the range 0 < Sb < 0-01 m. Suppose also that evaporation
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from the mulched plot is zero and that, from the unmulched plot the
evaporation is given by

0 <qz

<0-5q'r

As in the previous case let us calculate the value AT for the soil surface
and for a depth of 10 cm. The initial conditions are, a = 1 -3 X 10 - 3 m 2 /hr,
X = 1 kcal/m hr grad, v = 2 m/sec, x = 12 hr, a = ab = 4-5 kcal/m2 hr
grad, £ = 0 - 3 , r = 0 1 5 , Tb = 2%5°K and T0 - 280°X. The calculation is
carried out as in the previous case by Equation (17) with the value p given
by Equation (24).

0
2
4
G
8
10
THICKNESS OF AIR LAYER - mm
Fig. 3.—Thermal effect in the soil at x = 0, ( A ) ; and x = 10 cm, ( B ) ;
depending on the thickness of the air layer between the film and the soil
surface, with qjq\
= 0, (curve 1 ) ; 0 - 1 , ( 2 ) ; 0 - 3 , ( 3 ) ; and 0-5, ( 4 ) .

Figure 3 shows a result of calculating AT. The diagrams show that when
evaporation from the unmulched plot is zero (curve 1) or is small (curve 2)
mulching causes a negative thermal effect in the soil. When the flux of heat
caused by evaporation is large zfTcan be positive (curves 3 and 4).
The results show that the thickness of the air layer is important for the
thermal effect of mulching. The role of air layers, as one of the main factors
characterizing the thermal effect of the soil, was shown theoretically by
Semikina (1965). Thus the data of our work, obtained on the basis of various
approaches to the physical mechanism of the effect of opaque mulching
materials upon the thermal regime in soils confirms the data of earlier
published work.
As öb -*• 0 the thermal effect in the soil is always positive because of the
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lower heat expenditure for evaporation on the unmulched plot. All forms
of opaque films, (polymer films, mulch paper etc.) whose value of albedo is
near to that of the soil surface, correspond to the case in question. Black
polyethelene mulching films, the average albedo value of which is about 0-2
can be considered as corresponding to this very case. The results of measurement of soil temperature under this mulch agree well with the theory. In the
case of mulching of medium-loamy sierozem in Central Asia AT is -- 2
to - 3°C (Zacharov, Semikina 1964).
Experimental data of Semikina and Turmanidse obtained in alpine
regions of South-west Georgia show that the thermal effect in the soil can
be positive or negative with the magnitude of AT about i 1°C. The experiments of the authors on the soil temperature regime under a perforated
film mulch with a constant air layer (30-40 mm) also indirectly demonstrates
the influence of evaporation on AT. The total surface area of orifices of the
perforated film was 3% of the whole. The results showed that on the plot
mulched with a non-perforated film AT was — 2 to — 3°C at 10 cm depth,
whereas on the plot mulched with a perforated film it was —3 to — 3-5°C.
Thus on mulching the soil with a perforated non-transparent film, a negative
thermal effect is caused by an air layer and is intensified because of heat
expenditure for evaporation under the film.
3. Suppose that the albedo of mulched and unmulched plots are different,
but all other conditions are the same as in 2 above. These conditions
correspond to the case of mulching the soil with white paper, paper painted
with bituminous paint, or non-transparent polyethylene film with aluminium
powder.
TABLE 1
THERMAL EFFICIENCY, A T , (°C) DEPENDING ON THE ALBEDO OF THE COVER, THE AIR LAYER
THICKNESS AND EVAPORATION FROM THE UNMULCHED PLOT

Nos.

QzlQr
x = 0

x = 10 cm

1-0

0-5

3-5

1 -8

0 1

W)-01

— 3-3
0-2
— 1-5
II

— 1-5
-

0-3

— 0-8
0 6

0 4

"•ooi

— 3-7

— 21

— 1-2

— 0-8
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As in previous cases let us calculate AT using Equation (17). The initial
conditions are the following, a = 1 -3 X \03 m 2 /hr, A = 1 kcal/m hr grad,
v = 2 m/sec, x = 12 hr, x = 10 cm, a = Ob = 4-5 kcal/m2 hr grad, £ = 0-3,
r = 0-20, Tb = 285°K, T0 = 280°/:, q'r = 150 kcal/m2 hr. The results of the
calculation are presented in Table 1.
Table 1 shows that the thermal effect in this particular case is caused by
the simultaneous influence of albedo, the size of the air space between the
mulching cover and the soil surface and the evaporation assigned to the
unmulched plot. When öb = 0, the calculation gives the solution analogous
to that of the first case described above. As is illustrated in Table 1,
evaporation from an unmulched plot and difference in values of albedo can
greatly increase AT.
Now let us compare the results of theoretical calculations with experimental data. The mulching of podzolic soils with black mulchpaper
(Makarevsky 1937) gave a value of AT of 1-2°C during clear weather and
0-5°C during dull weather, at a depth of 10 cm.
A negative thermal effect was produced by using white mulchpaper in
these experiments, AT being — 1-4°C during clear weather and — 1 1°C
during dull weather at a depth of 10 cm.
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SUMMARY

The thermal efficiency of different mulching covers is discussed, with
respect to their control of soil temperature in the field. Mathematical
analysis of a model "soil with mulching cover" is possible for any opaque
mulching cover. The method allows calculation of the soil temperature
under the cover as a function of meteorological conditions and the thermophysical properties of the film.
It is shown that mulching with oil products and bituminous paints
causes a positive thermal effect. Peat and straw cause a negative thermal
effect during day time. Black polymer films can result in negative or
positive thermal effects, depending on the thickness of the air layer between
the film and the soil surface and the evaporation from the unmulched plot.
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RÉSUMÉ

Cette communication étudie l'efncacité thermique des diverses de
mulch couvertures pour Ie controle de la temperature du sol au champ. En
se basant sur les données des analyses expérimentales, un modèle de "sol
avec couverture de mulch" est propose.
Une methode pour calculer la temperature du sol pour n'importe quel
mulching opaque a été établie. Cette methode permet de calculer la temperature du sol sous la couverture en fonction des conditions météorologiques et des propriétés thermo-physiques de la couverture.
On démontre que, avec les produits oléagineux et les peintures bitumineuses, Ie mulching provoque un effet thermique positif; de jour la
tourbe et la paille donnent un effet thermique négatif. Des films noirs
polymères peuvent avoir un effet thermique négatif ou positif, selon 1'épaisseur de la couche d'air sous Ie film et Ie degré d'évaporation dans Ie sol
sans mulching.
ZUSAMMENFASSUNG

Diese Arbeit untersucht den Nutzeffekt verschiedener gemulchter
Decken für die Kontrolle der Bodentemperatur im Felde. Auf Grund der
Versuchsangaben ist ein "Bodenmodell mit gemulchter Decke" vorgeschlagen.
Eine Methode für die Berechnungen der Bodentemperatur unter jeglichen opaken Mulchendecken wurde ausgearbeitet. Diese Methode ermöglicht Berechnungen der Bodentemperatur unter der Decke als eine Funktion
metereologischer Bedingungen und der thermophysischen Eigenschaften der
Decke.
Es ist zu ersehen, dass Mulchen mit Ölerzeugnissen und bituminosen
Farben eine positive thermische Wirkung ausübt; jedoch Stoffe wie Torf
und Stroh ergeben eine negative thermische Wirkung wahrend des Tages.
Schwarze Polymerfilme können negative oder positive Wirkungen haben,
dies hangt von der Dicke der Luftschicht unter dem Film und dem
Ausdunstungsgrad im ungemulchten Boden ab.

THE EFFECT OF TEMPERATURE GRADIENT
ON MOVEMENT OF SOIL WATER
J. SUTOR AND V. NOVAK

Institute of Hydrology and Hydraulics,
Slovak Academy of Sciences, Bratislava,
Czechoslovakia
I. INTRODUCTION

In the ample literature on evaporation from soil, few works deal
explicitly with the effect of a temperature gradient upon evaporation. The
effect may be approached theoretically (see Philip 1957, Budagovsky 1964,
Budyko 1948, Lykov 1954), by direct observation in the field (Fukuda
1956) or by employing phenomenological equations with determined
coefficients. Cary (1965) using the last mentioned approach, considered
the influence of the diurnal temperature regime in the soil upon the movement of water.
It would be desirable to evaluate the effect on water movement of
differing temperatures with the same precision as is now possible in
evaluating water movement under isothermal conditions. See, for example,
the work of Jackson (1964) and Rose (1963, 1966) which demonstrates
that the diffusion coefficients relevant to the problem are variable in the
range of water contents of interest and also gives examples of soil water
profiles during the drying process.
The influence of temperature gradient upon water movement has been
studied so far mainly under conditions of closed systems. Its usefulness
is questionable if the thermal flow of water does not give rise to an
opposite moisture gradient. In such a case the transfer cannot be characterised by the magnitude of the resultant moisture gradient, but rather
by the moisture flow itself or by the velocity of moisture transfer.
The diurnal and yearly temperature regimes possess alike two characteristic situations, being of most marked influence upon the dynamics of
soil water. The first case arises when the surface is hotter than the underlying soil and the second case is when the surface is cooler than the soil
beneath.
Philip (1957) and Budagovsky (1964) came to the conclusion that,
if the process of evaporation develops a dry layer at the surface of the soil,
heat flow, from the lower layers to the surface, intensifies the evaporation
and heat flow from the surface to lower layers diminishes the evaporation.
Quantitative treatment of this phenomenon however has not yet been given.
Let us briefly analyse the following situation. Consider a soil sample of
cylindrical shape with length L and diameter d. Its walls and one of its
ends are impervious to moisture, while the other end is opened to a
humidity chamber. The sample of soil is exposed to the influence of a
K5
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temperature gradient, the flow of heat being in the direction to the sample
surface, which is connected with the humidity chamber. It is possible,
following Budagovsky (1964), to calculate the rate of evaporation from
the following relation:
E = - =

D(p-p0)

(1)

P

where E
qv
p
D
p, p0

=
=
=
=
=

evaporation rate, cm/sec
moisture flow, g/cm 2 sec - 1
water density, g/cm 3
a mass transport coefficient, cm/sec
relative water vapour pressure at the surface of and above
the soil.

Under the action of the temperature gradient the water in the soil
moves from the heated end of the sample to the cold end, whence it
evaporates into the humidity chamber. According to Philip and de Vries
(1957) and de Vries (1958), this flow to the cold end can be expressed
as follows:
v, = — = -Dt

grad t

(2)

P

where vt — moisture velocity in the soil, cm/sec
Dt = coefficient of water flow in response to temperature gradient,
cm 2 /sec deg C _ 1
/ = temperature, deg C
Equations (1) and (2) show that water in the soil column moves under
the simultaneous action of water potential and temperature gradients.
According to our experiments, carried out under the conditions of a
closed system (Sutor 1966), if the relative vapour pressure, pa, in the
atmosphere of the humidity chamber is equal to the relative vapour
pressure, /?s, in a thin surface layer of the soil, then possibly the characteristics of water flow under a temperature gradient in a closed system are
applicable. If however, p.x < ps we may distinguish three separate situations.
If the evaporation rate is smaller than the velocity of soil moisture flow,
water will accumulate at the soil surface under the action of the temperature
gradient, following the function discovered with closed systems. If the
evaporation rate is larger than vt, the rate of flow of water under the
combined gradients to the soil surface will be insufficient to meet losses of
moisture from evaporation, i.e. at the sample surface the characteristic
drying-up curve will apply. Thirdly, the situation may arise, according to
which the moisture flow from the heated section will be equal to the
evaporation rate.
In previous work (Sutor 1966) it was found that the moisture
distribution curves in a closed system were symmetrical with relation to
the centre within experimental error, if the temperature gradient was
uniform. It has also been observed that the shape of the moisture distri-
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bution curves during isothermal drying of the soil samples remains
approximately the same as the moisture distribution curves in the heated
section of the closed system. Therefore, we can say that in a half opened
system there will exist a relative vapor pressure pk (let us say a critical
one) such that the evaporation rate will be equal to the moisture flow to
the surface of the heated section caused by the temperature gradient.
Thus the water content in the sample remains constant for a certain
temporal interval, from the centre L/2 to the surface L = 0, and steady
state flow obtains in this section of the column. That being so, from
Equation (2) we can now calculate the coefficient for flow under a
temperature gradient.
In this paper we present results of the experimental research pertaining
to the abovementioned conclusions and also a quantitative evaluation of
the temperature gradient influence upon the evaporation of water from
the soil.
II.

EXPERIMENTAL

The soil sample was packed into an aluminium cylinder, of length 14-5
cm and diameter 3-2 cm, which was divided into one-cm long sections.
One end of the sample was hermetically sealed by means of a solid metal
disk. The other end opened into a humidity chamber. The relative vapour
pressure in the humidity chamber was maintained at 0-01 to 1-00 by
means of saturated salt solutions Cad,, CaClydHJO,
Mg(_NOa)2'6H20,
KCL, CuSOt-5H-jO and distilled water. The temperature in the humidity
chamber was maintained at 21°C ± 0-1 °C, and the sealed end of the
sample was in thermal contact with a container, through which water
circulated, with a temperature of 36°C ± 0-1 °C. A linear temperature
gradient established itself along the sides of the container that may be
practically taken as 1 °C/cm. This distribution of temperature was measured
by recording thermistors. The moisture of the air and its temperature in
the hunrdity chamber was also continuously recorded by means of wet
and dry thermistors.
A similar experiment was conducted under isothermal conditions with
the sume measuring apparatus, maintaining the temperature at 21°C on
both ends of the sample. Guided by previous experiments under conditions
of a closed system, we restricted the time of the test to 48 hours. At the
end of this time we sectioned the sample, and dried it at 105°C for 36 hours
to determine the water content gravimetrically.
A medium heavy top-soil with bulk density 1 -20 g/cm'!, field capacity
0-452 cm5 HJO/cm\
hygroscopic moisture -093 cm:i H-,0/cmK was
chosen for the experiment.
The soil samples were prepared in the same way as already described
by Sutor (1966). The samples were wetted by adding water, by means
of a pipette, to the dry soil until the required moisture was attained. After
mixing thoroughly and maintaining for some days under conditions of a
moist and temperate atmosphere at 21 °C, the soil sample was packed
into the container, the bulk density being 1 • 19 to 1-21 g/cm 3 , at a moisture
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of 0-10 to 0-28 cm H20/cm\
This procedure was followed with the
isothermal as well as with non-isothermal trials. The soil sample, so
prepared, was placed in the measuring apparatus.
III.

RESULTS

Although a number of experiments were done on soils having initial
water contents of 0-10 to 0-26 cm 3 /cm : \ we present one set of results
obtained with soil having 0-208 cm'/cm 3 initial water content. Figure 1
shows these results for the humidity chamber maintained at seven different
relative vapour pressures, and with the temperature gradient of approximately 1 deg C/cm. Note that when the relative vapour pressure was 0-97
there was a steady state flux condition through the upper part of the
column.
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Fig. 1.—Moisture distribution curves for initial soil water content of 0-208
craVcm 3 , of a soil column evaporating from one end.

A similar set of results was obtained from the soil column when it was
allowed to evaporate into the humidity chamber under isothermal conditions at a steady temperature of 21°C.
The moisture-distribution curves thus obtained were used to calculate
the amount of water evaporated from the soil samples into the humidity
chamber. Detailed computations of the same kind were performed
previously under the conditions of a closed system (Sutor 1967).
Figure 2 shows the evaporation under non-isothermal conditions, £ nl)
the evaporation under isothermal conditions, E„ and their ratio, EHi/E{,
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Fig. 2.—Dependence of evaporations, Eni, E-t, and the ratio Eni/Et upon the
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as a function of the initial water content of the soil, when the relative
vapour pressure in the humidity chamber was 0-53.
Figure 3 shows the dependence of non-isothermal evaporation, and
of the water flux, vt, upon relative vapour pressure, when the initial water
content of the soil was 0-208 cmVcml Here vt is the water flux across
a plane at the centre of the column. The point of intersection of the two
graphs defines the relative vapour pressure at which £ n i = vt. Thus by
employing Equation (2) we can calculate the coefficient for flow of water
under a temperature gradient for the initial soil water content of 0-208
cmVcm'1, the temperature gradient of l°C/cm, the mean temperature
28-5°C and the bulk density 1-20 g/cm'1.
Similarly we obtained other values of Dt corresponding to other initial
soil water contents.
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Fig. 4.—Dependence of the coefficient, Dv for water flow under a temperalure gradient upon the initial water content of the soil.

The coefficient, Dt, for the temperature gradient l°C/cm, for the mean
temperature 28-5°C and the bulk density 1 • 19 to 1 -20 as a function of
the initial water content is shown in Figure 4.
IV.

DISCUSSION

Figure 3 shows vividly the way in which evaporation under nonisothermal conditions can considerably exceed the evaporation under
isothermal conditions, when the temperature gradient is in the sense to
assist flow.
It may be seen, in Figure 3, that the intersection of the Eni curve and
the vt curve occurs at a relative vapour pressure of about 0-96. and this
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corresponds quite well with the steady state curve in Figure 1, i.e. the
curve for relative vapour pressure 0-97.
It is worth noting the results of Figure 4, that there is an optimum
water content of the soil, about 0-21 cm:!/cm:!, a t which the coefficient,
D t , has a maximum. As water content of the soil increases further, the
coefficient, Dt, diminishes. It is not yet known whether there exists a
minimum in Dt at some water content greater than 0-27 cmVcml Further
experiment would be needed to discover if Dt again increases. We have
observed a minimum in the coefficient for water flow under a water
potential gradient at a value of water content greater than 0-27. Comparing
the diffusivity values we have obtained with the data of Philip (1957)
and Philip and de Vries (1957) we can state that there is no suggestion
from the theory that such a minimum occurs.
In connection with the calculated evaporations EBi and E[t it could be
objected that they have been computed from the average value of
evaporated water, over the total of 48 hours, i.e. the mentioned evaporations
correspond, to a certain extent to the mean velocity over this time interval.
It must be stated, however, that our intention has been, by means of a
physical quantity, to evaluate the influence of the water flux due to the
temperature gradient in the direction of the evaporating surface, upon the
total value of evaporation.
Certainly, the maintenance of a uniform temperature gradient along the
whole length of the sample, creates likewise an optimum of conditions,
and simplifies the situation. But on the other hand, we must not forget the
fact that the temperature gradient used was a small one compared to those
commonly observed in nature. Neither is it possible for this reason to
contrast the results with those of Wiegand and Taylor, (1960, 1962),
where the authors were concerned with the depressions of temperature in
soil layers from which water evaporated.
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SUMMARY

The influence of a temperature gradient within a soil column upon
the loss of water from the exposed surface of one end was investigated
experimentally using a packed column 15 cm long. The surface was maintained cooler than the soil beneath it, and a set of water content profiles
in the soil was obtained for the conditions; initial water content of the soil
0-21 cm 3 /cm 3 , temperature gradient l°C/cm, mean temperature 29°C,
bulk density of the soil 1 • 20 g/cm 3 and seven relative vapour pressures
at the evaporating surface between 0-01 and 1 • 0.
Similar experiments were performed with isothermal water movement
in the soil. The evaporation was about three times as large, when the
temperature gradient assisted the flow of water to the surface. By
computation, using the experimentally determined values of temperature
gradient and water flux, the coefficient for water flow under a temperature
gradient was determined to be ~ 3 x 1 0 - 5 cm 2 /sec deg C~x with a
maximum at a water content of 0-21 cmVcm 3 .

RÉSUMÉ

L'influence d'un gradient de temperature dans une colonne de sol sur
la perte d'eau de la surface exposée d'un cöté fut étudiée expérimentalement
en utilisant une colonne tassée de 15 cm de longueur. La surface fut
maintenue plus fraiche que Ie sol au-dessous et un groupe de profils de la
teneur en eau du sol a fourni les données suivantes: teneur en eau initiale
du sol 0,21 cm 3 /cm 3 ; gradient de temperature 1° C/cm; temperature
moyenne 29° C; densité apparente du sol 1,20 g/cm 3 et sept pressions
relatives des vapeurs a la surface évaporante entre 0,01 et 1,0.
Des experiences similaires furent exécutées avec Ie mouvement de
l'eau isotherme dans Ie sol. L'évaporation était environ trois fois plus
grande lorsque Ie gradient de temperature facilitait 1'écoulement de l'eau a
la surface. En utilisant les données déterminées par les experiences du
gradient de temperature et de 1'écoulement de l'eau, Ie coefficient pour
1'écoulement de l'eau sous un gradient de temperature fut défini comme
suit: ~ 3 x 10~ 3 cm-/sec. deg. C " 1 avec une teneur en eau maximum
de 0,21 cm 3 /cm 3 .
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Der Einfluss eines Warmegradienten in der Bodensaule auf die Wasserverdunstung am Ende der entblössten Bodenoberflache wurde mittels einer
verdichteten Saule, 15 cm lang, geprüft. Die Oberflache war kühler als
der tiefer liegende Boden, und eine Wassergehalt-Profilgruppe ergab die
folgenden Werte: Anfangswassergehalt des Bodens 0,21 cm 3 /cm 3 ; Warmegradient 1° C/cm; Durchschnittstemperatur 29° C; Volumengewicht des
Bodens 1,20 g/cm 3 , und sieben relative Dampfdruckzustande auf der
Verdunstungsoberflache zwischen 0,01 und 1,0.
Gleichwertige Versuche wurden mit der isothermischen Wasserbewegung im Boden durchgeführt. Die Verdunstung war ungefiihr dreimal
so hoch, wenn der Warmegradient den Abfluss des Wassers zur Oberflache
förderte.
Mit Hilfe der ermittelten Versuchswerte des Warmegradienten und des
Wasserabflusses, wurde der Koeffizient für Wasserabfluss bei einem gewissen
Warmegradient wie folgt festgelegt: ~ 3 x 1 0 - 5 cm 2 /sec. deg. C _ 1 mit
einem Höchstwassergehalt von 0,21 cm 3 /cm 3 .

THE SIGNIFICANCE OF THE EXTERNAL WATER
POTENTIAL AND OF SALT TRANSPORT TO
WATER RELATIONS IN PLANTS
J. J. O E R T L I

Department of Soils and Plant Nutrition, University of California,

Riverside

It has long been recognized that the water potential, the partial specific
free energy of water (I/I0), at the root surface influences plant behaviour.
There are disagreements whether all components of the water potential are
equally effective (Wadleigh 1945, Wadleigh and Gauch 1948, Eaton 1966).
Considering only the energy status of the external water, additive effects
are expected. However, one should not overlook that a significant osmotic
water potential component such as exists in saline soils is produced by
solutes which can be taken up. Solutes will affect water relations in plants.
Their accumulation in vacuoles will lower the osmotic water potential
component ifi„ and for comparable vacuolar total water potentials >J>, the
vacuolar hydrostatic potential component </>„ (or the turgor pressure) will
be larger in accordance with the equation

4, = ^p+^+...

(l)

Claims for partial or complete osmotic adjustment of cells have been
made (Bernstein 1961, Bernstein 1963, Eaton 1966, Gale et al. 1967, Ruf
et al. 1963, Slatyer 1961, Walter 1955). Many of these claims are based
on a comparison of osmotic pressures of the expressed leaf sap and external
solution. Maintenance of this osmotic differential is called an osmotic
adjustment, and it is interpreted to mean a constancy of turgor pressure
irrespective of external salt concentrations. It is believed that such a turgor
adjustment indicates that the plant water relations have fully adjusted to
the external osmotic moisture stress. Since there is nevertheless a growth
reduction under saline conditions, a different explanation, perhaps a biochemical one, has to be found.
This interpretation of the parallel behaviour of concentrations in
expressed leaf sap and external solution is not necessarily correct. It cannot
generally be concluded that an adjustment of the expressed leaf sap
concentration signifies the maintenance of turgor pressure nor can an effect
of salt water relations on cell elongation be ruled out if turgor pressure
should really be maintained. These claims are based on certain, often only
implied, plant models which do not seem correct. For example, the
expressed leaf sap contains both vacuolar and extracellular solutes. For an
understanding of osmotic relations of the cell it is highly important to keep
internal and external concentrations apart.
The purpose of this paper is to interpret the water potential at the
root surface with the help of a plant model. The model has to be restricted
95
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to a few aspects which seem particularly important. It will first be shown
how the vacuolar water potential depends on the external water potential.
This will immediately explain why interpretations of concentrations in
expressed leaf saps can be erroneous. Thereafter it will be investigated how
cell elongation, an important aspect of growth, depends on the external
water potential and on salt transport within the plant. Finally we shall
investigate effects on plant water relations caused by changes of salt concentrations during the catenary flow from solution to atmosphere. T h e
purpose of the paper is thus to present some important points by which
the effect of the total soil moisture stress is modified by salt water interactions within the plant.
Terminology
The water potential terminology as defined by this society (ISSS 1962)
will be used. However, numerical values will be expressed by the equivalent
in bars.
Symbols
tfi
total water potential of leaf vacuole
>//„
its osmotic component
4>v
its hydrostatic (pneumatic) component
</<„
total water potential at root surface
<!>•„»
its osmotic component
Aifi = A<l>p + At„ = «/.-./.„
—
/k1+k2
\
Aifj
effective driving force I
KH 2 O I
\ kjca
}
a
vacuolar concentration
V
vacuolar volume
c
constant (a = c<jin)
KH 2 O
rate of water flow
water conductivities
k
a
reflection coefficient
sub 1
across root
sub 2
within xylem and leaf cell walls
t
time
dV/dt
rate of cell elongation
The Model of Water Flow across the Plant
The model can be presented schematically
external solution / barrier / xylem and leaf free space / barrier / vacuole
It is generally accepted that there are two barriers to solution flow from
soil into leaf vacuoles, one in the root between external medium and xylem,
probably in the endodermis, the other one somewhere between cell wall and
vacuole. Mass flow is restricted at these barriers and salts and water cross
them in partial or complete independence. Salts can move faster or slower
than water, leading either to salt depletion or accumulation before the
barrier and to opposite effects after the barrier. Xylem and leaf free space
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represent an open system from which salt and water can be removed at any
place and not only at a specific barrier in question.
The Critical Property of Plant Water
For reasons given elsewhere the turgor pressure is considered the most
important property of plant water (Oertli 1966b). We are, nevertheless,
aware that certain plant reactions depend directly on the total water
potential. Mathematically (equation 1) and in physiology, these two
properties can be varied independently, though in physiology they are
usually related. In a mature cell, the total water potential, the vacuolar
solute content, and elastic properties of a cell are given, osmotic and hydrostatic water potentials adjust to these given conditions.
Relation of the Vacuolar Hydrostatic Water Potential, t//p,
to the External Water Potential
Since <>
/ = ifi0 + A<p where A>p is the potential difference between root
surface and leaf vacuole, equation (1) becomes
<£„ = 0o-&r + 4A

(2)

Apparently we can only conclude that turgor pressure is maintained if
^o — 'P-n + Atj) is independent of i/<0. A comparison of expressed leaf sap with
external concentration tests only the constancy of i/« 0 -^ w . However AI/I
will vary when i/r0 induces changes of resistances to water flow anywhere
from root surface to atmosphere, for example, changes of root permeability
or changes of stomatal resistances. A<p can vary further with </<„ through
different salt accumulation or salt depletion in those segments of the catenary
water flow where the reflection coefficient a in the equation
FH2O * k(A^p

+ aA^)

(3)

is less than one (k is the volume flow coefficient, A^v and Aiji^ are hydrostatic
and osmotic water potential differences, KH2O flow rate of water).
A better test for turgor maintenance is obtained when ipp is calculated
from measurements of <p and >fi„ with the help of equation (1) (Gardner
and Ehlig 1965, Gale et al. 1967). In this case the expressed leaf sap is only
used to estimate </% and not i/<B. This approach, even though preferable, is
still open to question not only because the expressed leaf sap contains both
extracellular and vacuolar fluids but also because there is much uncertainty
in measurements of the total leaf water potential. Negative turgor pressures
that are reported in these papers perhaps reflect the difficulties, although
negative vacuolar pressures cannot completely be ruled out.
A Model of Cell Elongation
Lockhart (1965) developed a model of plant cell elongation from rate
equations for osmotic uptake of water and irreversible expansion of the
cell wall. Oertli (1968b) presented a somewhat different model. Instead of
using the rate equation for water uptake, a rate equation of solute uptake
was applied because it was reasoned that salt uptake must precede water
uptake. The use of a rate limiting solute transport is justified because of
5
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evidence that vacuolar and extracellular water are close to osmotic equilibrium (Ordin et al. 1955). It was then reasoned that a certain amount of
salts is required for a volume gain dV. The time dt during which this gain
is reached depends on the rate r of salt entry into the vacuole. The vaculoar
solute content is Va (V = volume, a = concentration). Then, the time dt
required for an elongation dV is
d(Va)
Vda + adV
dt =
=
r

r

Through Van 't Hoff's law, a is proportional to ^ (proportionality constant
c) and using equation (2) one obtains a = c(</<0 + Zli/r-</<„) and da = cd>pP
(ifin is obviously independent and Aifj is assumed to be independent of Kand
a) so that
dt =

(4)
r

where <//„ and r are functions of V and t.
Elongation at Constant Turgor Pressure
First let us assume that «/</<„ is negligible during the elongation of a cell
under a given set of conditions. This means that the turgor pressure does
not change appreciably during cell elongation and equation (4) becomes
dV
r
=
(4')
dt
c(^ o + J 0 - ^ p )

Fig. l.
A. xylem concentration (</>) of decapitated sunflower plants after growing in
4: 1 molar/molar KCl: CaCl2 solutions for 18 hours.
B. average xylem concentration of CI in 24 hour experiment, based on water
use and CI accumulation in tops of barley seedlings.
C. same as B, but conducted in darkness.
D. absorption isotherm for CI (m-equiv./kg) by 1 mm sections cut from barley
leaves exposed for three hours to NaCl solutions.
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The numerator r depends on the kind and concentration of solutes (and
naturally on plant properties). Figure 1 represents xylem concentrations as
a function of external concentrations. It also shows a salt absorption isotherm
into leaf cells of barley seedling. Both types of curve suggest that the efficiency
of the salt transport r into leaf cells decreases as the external supply increases.
Turgor adjustment in case of salinity means that the denominator of
equation (4') becomes a linear function of >po- The denominator will also
have a finite value at zero external concentration. A comparison of equations
(2) and (4') shows that if /!</> and ^o — ipn are both independent of external
concentrations, then these linear conditions will be fulfilled. (At least the
sum of these two terms must be independent of i/f0.) Figure 2 gives the relation between tp0 and 1/% for several experiments. The osmotic water

0-P
0

1

1
"2

1
•
'4
External solution u

r
bars

Fig. 2.—Relation between osmotic water potential component t/>„of expressed leaf
sap and water potential <A„ of external solution. A: barley seedlings grown in 1/5
Hoagland + variable 4: 1 (molar/molar) KCI+CaCI2. Duration of treatment
/I,: 1 day, At: 2 days, A3: 3 days. A,: 10 days. >l>„ determined with Mechrolab
osmometer (Scale II). B: Sunflower plants exposed to similar treatment as A for
10 days. i/r„ measured conductometrically (Scale I). C: Sunflower plants exposed to
1 strength Hoagland solution plus variable 4: 1 KCI+CaCI^ mixtures for one day.
<li„ determined with Mechrolab osmometer (Scale I). D: slope for t^0 —i/r„ =
constant.

potentials of the expressed leaf saps do indeed become more negative with
increasing external concentrations, but there are deviations from the 45°
line, the line at which </•„ — iji^ is constant. Figure 3 presents evidence that
Ai/) = AifiP+ Aifin tends to stay constant over a range of concentrations. A>pv
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Fig. 3.—Effect of external concentration on the water potential difference <4<A
between leaf petiole and external medium of sunflower plants, after at least 40
hours exposure to Hoagland solutions of various strengths.

was obtained by putting leaves into a pressure bomb, AI/I„ was determined
conductometrically between sap obtained from leaf petioles with the pressure bomb and the external solution (Oertli 1968a).
The salt uptake rate r is thus a hyperbolic function of </>„, the denominator
of equation (4') approaches a roughly linear dependence of >fi0. As a consequence of these trends in the numerator and denominator, the growth rate
dV/dt should increase to a maximum, then decrease again as the external
concentration is increased. The rate of cell elongation thus varies even if
there is complete turgor adjustment and even if the mechanism of cell elonga-

*%

•S

I,

50

100
External solution, mc I Na CI

ISO

Fig. 4.—Effect of external solution concentration on rate of top elongation of barley
seedlings.
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tion is directly related to water relations in plants. Experimental evidence
is shown in Figure 4 which gives rates of top elongation of barley seedlings
exposed to solutions of different osmolalities. The trend is consistent with
the conclusions drawn from Figures 1 to 3.
For convenience, different species had to be used in these tests. Barley
seedlings were suited for growth studies because the seed contains sufficient
food to permit linear growth for several days. On the other hand it was not
possible with our equipment to study Aip in barley plants. It seems not unreasonable to propose that evidence presented only for individual species
is more generally valid, particularly because only the shapes of the curves
rather than actual values are important. For example, one can expect that
the hyperbolic absorption isotherm is not restricted to barley leaf tissues.

Absence of Turgor Adjustment
It is expected that in the absence of turgor adjustment to external concentrations, the denominator of equation (4') will increase in a similar way
because compensating responses by Aip and </i0 — <fi„ of an unlikely magnitude
are required before the trend will principally be changed. The salt transport
rate r and turgor pressure can also change with time, but this again should
not principally alter the situation. After all, in distilled water there cannot
be any prolonged growth because vacuolar concentrations should soon become very small. A supply of external solutes should thus stimulate cell
elongation. At sufficiently high concentrations 4>o w 'll dominate the numerator
of equation (4). A growth rate can only be maintained if r increases proportional to i/i0. Such a possibility is neither borne out by the hyperbolic
absorption isotherm into leaf tissues nor by the related extensive information
available from absorption studies with root tissues. As a consequence, one
might expect that an optimum external concentration with maximum growth
rate will more generally be obtained.
Effects of Concentration Changes Within the Plant
Perhaps the turgor pressure does not stay as independent of external
concentrations as has been suggested in the literature. Usually variations of
Ai/i with external concentrations are neglected. Even Figure 3 gives Aip
only from solution to petiole, leaving the possibility open for changes within
the leaf.
The remainder of this paper is concerned with those variations of A>j>
which result from solute concentration changes during the catenary water
flow from root surface to leaf. A model will be considered consisting of
only two steps, namely flow across the barrier into the root xylem and the
subsequent xylem flow to the leaf cell. The principles developed for these
two steps in series are readily applicable to more elaborate models. Equation
(3) can be applied to each of these steps.
KH 2 O = k1(Al<jjp + a1A1<ljn) = k2(A24>P +

across root

aiA2^„)

within xylem
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The following relations also hold
J0„ = A ^ + A ^
A</,„ = A1<p„ + A2>/j7r
A<p = A^ + Ai/ij,
eliminating Atyv, A-$v,
J^

—

A2<j>v and solving for A\fi one obtains

^ H 2 0 — O-jJjl/fTT— CT2,d2j/rJ7 + AIpn = Alp — aXA ^ „ — O2A

2tp*

+ Alfj'«

(5)

where
K i ~\~ K 2

A$ = -——
k^k2

KH2o

is that part of the water potential difference which is proportional to the
water flow rate. It can be considered an effective driving force. Variations
of concentrations during water flow produce a water potential difference
A<\> which differs from this effective driving force by At/i7T—alA1ili7T—(j2A2tjj7T
Only when al = 1 and a2 = 1, then the effective driving force and the water
potential difference are equal. More likely there is a nearly perfect semipermeable membrane for the transport into the xylem with a1 = 1 and
hydraulic flow in the xylem withCT2= 0, so that
A* = Aj+A2t„

(5')

A concentration change during xylem flow produces an additional water
potential difference of A2>p„. Under comparable conditions, (same Vn2o
e.g. high unchanged rates of transpiration) a salt transport across the root
into the xylem will have no effect on the leaf water potential because any
change in Atji„ is compensated in Aiftp.
Extracellular salt accumulation within the leaf will make Aifi more negative
and in accordance with equation (2) a higher vacuolar salt concentration
(a lower ip„) is required to maintain turgor pressure. It is just possible that
under saline conditions the leaf cell cannot continuously transport salts
into vacuoles at a sufficient rate to prevent an eventual extracellular accumulation. The resulting loss of turgor may then cause the characteristic salt
burns.
By the same line of argument it can be shown that salt removal from the
xylar solution will have a beneficial effect on plants. This salt removal from
the xylem stream can produce a highly positive Atpn so that A\\> also becomes
positive and water will flow continuously against the free energy gradient
at the expenditure of metabolic free energy. This process could be called
an active water transport (Oertli, 1966).
Experimental Evidence jor Salt Concentration Changes during
Xylem Flow
In accordance with equation (5') a study of extracellular concentrations
at one point is insufficient, one must look for concentration changes during
flow from root xylem to leaf cell wall. Salt removal from the xylem is
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readily demonstrated with (but not restricted to) bleeding and guttating
plants. Table 1 reports data obtained with corn seedlings that were grown
for a number of days in either 1 or 4 strength Hoagland solutions. Considerable and continuous gains of water potential during xylar flow are
apparent.
TABLE 1
OSMOTIC WATER POTENTIAL COMPONENT (IN BARS) OF GUTTATION SAP (TIP) AND
BLEEDING SAPS IN MIDDLE AND AT BASE OF CORN SEEDLINGS GROWN IN 1 AND 4
STRENGTH HOAGLAND SOLUTIONS

Treatment solution

Location

2Sh

26/,

Treatment period (hours)
271, 2M
29h
50h

54/,

74/,

1 strength Hoagland
0-71 bar

tip
middle
base

00
0-84
1-2

017
0-54
0-93

014
0-51
0-90

012
0-39
0-80

015
0-50
0-88

018
0-68

016
0-22
0-62

0-26
1-35
3-18

4 strength Hoagland
2-5 bar

tip
middle
base

0-17
0-99
1-3

00
0-62
11

004
0-54
0-87

010
0-52
0-88

011
0-65
0-84

008
016
1-4

0-22
0-20
0-58

0-55
0-49
3-95

It is still relatively easy to demonstrate an extracellular salt accumulation with the micronutrient boron because its accumulation in the xylem
sap can be demonstrated under conditions that permit guttation or bleeding.
Results of such an experiment are given in Figure 5 and they suggest a
boron accumulation toward the tip.
It is more difficult to demonstrate the same effect for macronutrients.
Barley seedlings were exposed to saline treatments, thereafter they were
sealed above the seed into a rubber stopper, the roots were then immersed
f :" •

1-

40.S •

-~''~ •

. . - '

U

214

.-'6

lie

o 12

J 10.

J,
s.
Days

Fig. 5.—Boron concentration in guttation sap (o, /) and in the bleeding sap in
the middle (x, m) and at the base ( • , />) 1 cm above the seed of barley seedlings.
External solution: 1 strength Hoagland + 10 ppm B as boric acid. Environment:
25°C, 3000 lux, 90% relative humidity (permitted sinultaneously guttation and
some transpiration).
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into a pressure bomb containing water and pressure was applied to the root
medium. The initial guttation drops (about 2 microlitres) and the initial
bleeding drops about 1 • 5 cm from the plant tip were collected and the
concentration determined conductometrically. The results (Figure 6)
indicate that during initial phases, the plant can keep up with the increased
external salt supply and the xylar concentration is reduced after passage
through the leaf but subsequently the extracellular concentration increases
bui
IS-i
- Q Expressed leal sap
O— — — O Artificial guttation al tip
X
* Artificial bleeding 1.5 im Itclou tip

In

0

1

2
3
Days in soluh':

Fig. 6.—Osmotic water potentials due to ionizable solutes in barley seedlings
growing in 1/5 strength Hoagland solution being also 0125 molar KCt and
and 0 031 molar CaClt. (Osmotic water potentials were determined from conductivities).

towards the tip. At the time that the tip burn becomes visible, there is a
rapid increase of the concentration of this "guttation" sap. This increase
can either be the cause or the result of the tip burn.
This experimental evidence should be treated with caution because the
pressure sap may not be representative for the location where it was
collected, conductivities are not the best assays for osmolalities, etc.
Conclusions
A consideration of soil-plant-water relations must properly include a
treatment of vacuolar as well as extracellular solute relations in plants.
The energy status of the external water is only part of the mechanism
through which salinity affects plant growth. Responses of reaction rates,
such as growth rates to the external water potential, may be determined
primarily by the dynamic aspects of solute relations. On the other hand, a
complete turgor adjustment does not necessitate a conclusion that the
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external water potential has no direct effect on growth. The elongating
cell must continuously adjust its turgor pressure in that volume it is
gaining, and this adjustment takes more time under saline conditions due
to the characteristics of salt transport. Osmotic salt effects (depending only
on osmolality) and specific salt effects (depending also on the kind of
solutes) (USDA, 1954) can be expected from the same mechanism of
salt injury. For example, equations (4) and (4') contain both a term
which is salt specific (r) and a term which depends on the osmolality
(i|»0). Integrated moisture stress versus maintenance of turgor pressure, or
osmotic versus specific salt effects do not necessarily indicate different
mechanisms of salt effects. We have tried to demonstrate that these classes
of observation can all be explained through osmotic water relations in
plants but by this we do not wish to disclaim a possibility of direct biochemical effects caused by excessive internal salt concentration.
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SUMMARY

Effects of the external water potential and of solute-water interactions
on plant behavior are investigated. It is shown that maintenance of turgor
pressure in plants grown in external solutions of different osmolalities does
not preclude a growth reduction under saline conditions through an effect
of water relations. Through solute uptake, elongating cells must continuously adjust the turgor pressure in the volume they are gaining. From
salt transport characteristics, one predicts an optimum concentration at
which this adjustment is most rapid. Both, toward lower and toward higher
saline concentrations, growth rates through cell elongation are reduced.
It is then shown that salt depletion or accumulation during xylar water
flow changes requirements for osmotic adjustment in plants. It is postulated
that salt burns may be the result of such an extracellular salt accumulation.
Conversely extracellular salt depletion should have a beneficial effect. These
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changes of foliar extracellular salt concentrations are not properly considered when the osmolality of the expressed leaf sap is used to test a
possible turgor adjustment.
It is concluded that plant responses to saline conditions can only partly
be explained by the energy status of the external water and that static and
dynamic aspects of solutes in plants, both intra- and extracellular must
properly be considered.
RÉSUMÉ

On étudie les effets du potentiel externe de 1'eau et des interactions
solues—eau sur Ie comportement des plantes. On montre que la conservation de la tension de turgor dans les plantes cultivées dans les solutions
externes de différentes osmolalités n'exclut pas au préalable une diminution
dans la croissance sous des conditions salines par un effet des rapports de
1'eau. Par 1'absorption des dissolues, il faut que les cellules allongeantes
rectifient sans interruption la tension de turgor dans Ie volume qu'elles
prennent. A partir des caractéristiques du transport de sel, on prédit une
concentration optimum a laquelle cette rectification est la plus rapide. Vers
des concentrations a la fois plus basses et salines, il y a une reduction des
taux de croissance par 1'allongement des cellules.
Ensuite, on démontre que 1'épuisement ou 1'accumulation du sel
pendant Ie flux de 1'eau xylar change les besoins en rectifications osmotiques
dans les plantes. On admet que les brülures de sel pourraient résulter d'une
telle accumulation de sel extracellulaire. Par contre 1'épuisement du sel
extracellulaire doit exercer un effet salutaire. Ces changements de concentrations de sel extracellulaire foliaire ne sont pas véritablement considérés
lorsqu'on se sert de 1'osmolalité de la sève renvoyée de la feuille pour
verifier une rectification de turgor possible.
On tire la conclusion que les réponses de plantes aux conditions salines
ne peuvent s'expliquer qu'en partie par 1'état d'énergie de 1'eau et qu'on
doit véritablement tenir compte des aspects statiques et dynamiques des
dissolues a la fois intra-et extracellulaires.
ZUSAMMENFASSUNG

Diese Arbeit befasst sich mit dem Einfluss des Wasserpotentials an der
Wurzeloberflache auf die Pflanze unter Berücksichtigung von Salz-Wasser
Wechselbeziehungen in pflanzlichen Geweben.
Es wird gezeigt, dass eine osmotische Salzwirkung auf das Wachstum
nicht ausgeschlossen werden muss, wenn beobachtet wird, wenn sich der
Turgordruck standig an die aussere Nahrlösungskonzentration anpasst.
lm neu gewonnen Volumen von sich verlangernden Zeilen muss der
Turgordruck standig angepasst werden—zum grossen Teil durch Salzaufnahme. Aus der Kinetik der Salzaufnahme kann geschlossen werden, dass
eine optimale Konzentration existiert bei welcher diese Anpassung am
schnellsten erfolgt, und dass sowohl in mehr verdünnten wie auch in
mehr konzentrierten Nahrlösungen die Zellstreckung sich verlangsamen
muss.
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Es wird weiter gezeigt, dass sich die Bedingungen fiir eine Turgoranpassung verandern, wenn sich die Lösung im Xylem und in Zellwanden
zwischen Wurzel und Blattzelle entweder konzentriert oder verdiinnt. Es
ist möglich, dass die Ursache von Salzverbrennungen z.T. in extrazellularen
Salzanreicherungen zu suchen ist. Umgekehrt muss eine Verringerung der
extrazellularen Konzentrationen einen giinstigen Einfluss auf die Pflanze
ausüben. Diese Veranderungen der extrazellularen Konzentrationen werden
nicht erfasst, wenn die Turgoranpassung mit Hilfe des Pressaftes aus
Blattern untersucht wird.
Es wird daraus geschlossen, dass der Einfluss von Bodensalzen auf die
Pflanze nur zum Teil durch den Energiestatus des Bodenwassers erklart
werden kann und dass statische, sowie dynamische Gesichtspunkte der
osmotisch aktiven Substanzen sowohl intrazellular wie auch extrazelluliir
berücksichtigt werden mussen.

CONSUMPTION OF WATER BY PLANTS
DEPENDING ON THE NEGATIVE
PRESSURE OF THE SOIL WATER
N. A. VZNUZDAEV
Laboratory of Forest Ecology of the U.S.S.R. Academy of Sciences, Moscow
The water regime of plants has so far chiefly been studied within the
limits from saturation capacity to wilting point. However, certain papers
have shown that plants remain viable below wilting point (Karasev 1940,
Slatyer and Mcllroy 1961, Abramova 1963, Slavikova 1967).
In a semidesert, soil water content either equals or stays below wilting
point during the second half of the growing period (July-September).
During growth the plants remain fully viable (Abramova et al. 1966).
This paper deals with the consumption of soil water by plants in the
interval between field capacity and a soil water content lethal to plants and
with the relationship between water regimes of plants and soil.
The experiment was conducted using 3-year old saplings of Pinus
sylvestris, Quercus pedunculata and Ulmus effisa Willd. in pots containing
1 kg of air-dry soil each.
The pine was grown on a sandy soil (with 3-6% of < 0-01 mm
fraction) taken from A t horizon of a moss-lichen pine forest, the oak and
elm on a light-loamy soil (17-3% of < 0-01 mm fraction) taken from Ai
horizon of a walnut oak forest. The field capacity of the light-loamy soil
was 2 2 - 6 % , its maximum hygroscopic moisture 6 - 3 % , wilting point
8-4%, while respective values for the sandy soil were 6 - 5 % , 2-4% and
3-6%.
The experiment was held towards the end of the growing period long
after the young branches had stopped growing.
The soil water content in the pots was brought to field capacity, thereupon the pots were covered with polymer film to prevent evaporation, and
the plants were no longer watered. The normal gas regime in the soil was
maintained through artificial ventilation of above-pot air. The water
removed from the soil through ventilation was caught in an absorber and
recorded.
As the soil dried, measurements were taken of the suction force and
the water content of roots and leaves, the soil water pressure and water
content. Transpiration was determined twice daily (at 7 and 19 hours) by
losses in weight of the pots. In addition, air temperature and humidity
were measured periodically. The water contents of the soil, roots and leaves
were determined by periodical weighing (soil 9 times per pot, roots and
leaves 3-4 times). The pressure of the soil water and the suction force of
the roots and leaves were determined by cryoscopy (in the soil on samples
with intact structure and in live tissues of roots and leaves, 3-4 times).
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WATER CONTENT Fig. 1.—Dependence of soil water pressure on soil water content (w%).
1-Aj of sandy soil, 2-Ax of light-loamy soil.

Figure 1 shows the dependence of soil water pressure on soil water
content. The curve for the sandy soil has a sharper bend as compared with
the light-loamy soil indicating an abrupt transition from capillary forces
prevailing when the soil water content is high to sorption forces in the dry
soil. These soils also differ in water retaining capacity. On decreasing the
soil water pressure to —2 atmospheres, a sandy soil loses 80% of its
available water, while a light-loamy soil loses 50%.
The suction forces of roots and leaves agreed well on repeated sampling
and were closely related to soil water pressure (Figure 2). On increasing
the soil water pressure to 6-8 atmospheres, the suction force of roots and
leaves went up sharply. At this point, the rate of increase was slower, and
from 40-42 atmospheres remained practically constant.
The dependence of the suction force of roots and leaves on soil moisture
pressure for the tree species under study is graphically presented in Figure
2. A single curve can be plotted for all the 3 tree species. This dependence,
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Fig. 2.—Dependence of suction of roots and leaves (S atmospheres) and
water content of pine, oak and elm leaves (w%) on soil water pressure
(P atmospheres).
1 and 2—suction of leaves and roots, generalised for pine, oak and elm,
3, 4, 5—water content of elm, pine and oak leaves.
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expressed by a parabolic curve, shows that the water consumption of these
species in soils with different water-physical characteristics is thermodynamically homogeneous. Hence, the suction force of plants depends on
the energy state of soil water, and evidently not on the properties of soil or
tree species.
The water contents of leaves and roots decreased very little when soil
water pressure was decreased from —0-3 to —44 atmospheres (up to 10%
of the weight of the live leaves and roots). When soil water pressure was
decreased beyond —42 to —44 atmospheres for pine and oak and from
— 44 to —46 atmospheres for elm, the moisture contents of leaves and roots
fell sharply probably resulting from a disturbed self-regulation of the intraplant water regime. At first the plants lose water; then they die.
Figure 3 based on these data, shows changes in the suction force of
roots and leaves resulting from progressive reduction from field capacity to
the point when water is absolutely unavailable. The principal limits of soil
water availability and the reaction of plants to decreasing soil water are
shown along with air temperature and humidity.
At low soil water pressures ( — 0-3 to —2-5 atmospheres), transpiration
was very high (Figure 3a). The fluctuations in transpiration within these
limits were caused by fluctuations in air temperature and humidity. We
designate this range as the "adequate transpiration interval", and the
pressures beyond —2-5 atmospheres, when transpiration no longer changed
with changes in temperature and humidity, as the "inadequate transpiration
interval". From —0-3 to —2-5 atmospheres, soil moisture was highly
mobile and therefore readily available to plants.
Below —2-5 atmospheres, soil water pressure decreased rapidly, while
the soil lost water at a much slower rate. This development was caused by
rupture of the soil capillary ducts and resulted in a sharp decrease in the
mobility of water and its availability to plants. The suction force of roots
and leaves became very high and the pressure gradient in the soil-plant
system increased. As soil water pressure decreased further, the suction
force of roots and leaves changed only slowly and the gradient decreased
to zero when the soil water pressure was —24 atmospheres for roots and —30
atmospheres for leaves. Since it is difficult to establish wilting in pine by
visual observation, we conditionally located it at the point when the gradient
equalled zero. Indeed, when the gradient is zero, water cannot enter plants.
The data obtained from experiments with oak and elm show that plants
do begin to wilt the moment the gradient is zero.
As soil water approaches the value at wilting point, turgor starts to
decline. Therefore, the sucking power of plants, when moisture is close
to wilting point or lower, can be accurately measured by the cryoscopic
method. When water content exceeds the wilting point the cryoscopic
method is not accurate enough, because turgor tends to decrease on
freezing. Initial data showed no appreciable decrease in turgor on freezing.
This stems from the fact that there are two freezing points of plants.
These two points are typical of living cells (Crafts et al. 1949).
From —2-5 to —24 to —30 atmospheres, sorption forces retaining
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water in the soil increase rapidly and the mobility of water decreases. In
this interval, water is not freely available to plants.
Beyond wilting point (—30 atmospheres) up to absolute non-availability, transpiration decreased to almost constant values (20mg/g/hr),
and from —42 to —44 atmospheres the plants dry up.
Such low transpiration is caused by a negligible mobility of soil water
and hence a very low rate of water absorption by the roots in this interval
of soil water pressure. Soil water in this interval may be described as poorly
available, when the plants are still alive. In our experiment, at a high
temperature (18-24°) and a low air humidity (36-44%) the plants
consumed water economically and remained viable for as long as 15-20
days.
Beyond —42 to —44 atmospheres, water was absolutely unavailable to
plants, and they died.
The soil dries further because of exchange of moisture by thermal
diffusion (Globus 1960).
Oak and elm showed a similar relation between transpiration, the
suction force of roots and leaves, and the pressure of soil water. These
species transpired faster, withdrew water faster from the soil, and so
suction forces develop more rapidly (Figure 3, BC). As for pine, oak and
elm also had a zero pressure gradient (soil-plant) at —30 to —32 atmospheres, when leaves began to wilt.
The period from the first signs of wilting to the depth of plants also
lasted 15-20 days. Oak died at - 4 2 to - 4 4 atmospheres, elm at —44 to
~ 4 6 atmospheres. There was a sharp decrease in water content in the roots
and leaves when the plants died.
As soil moisture content decreased, the sucking roots of pine showed
deep morphological and anatomical changes.
When the soil contained enough water (—0-3 to —2-5 atmospheres),
the sucking roots were light-brown in colour. This was visible in cross
sections only in the epidermal layer. The bark and medulla were lightcoloured. Mycorrhiza affected only the outer cells of the bark.
As soil water content decreased (—2-5 to —24 atmospheres), the
epidermal layer and half the bark cells became obviously brown in colour.
Brown grains were clearly visible in the outer bark cells.
As the soil dried further and the soil water pressure exceeded the
suction force of roots and needles, the sucking roots became dark-brown
and even black, while the axial root turned brown or dark-brown. The
entire bark darkened and only the medulla remained light in colour. Darkbrown and black grains increased in number. The light-coloured terminations of sucking roots darkened except for a very small ( 3 / 4 of root
diameter) light-coloured spot at the extreme end of the root. The base of
sucking roots decreased in diameter.
In the opinion of Ivanov (1916), the sucking roots darken while
resisting stress so the intensive colouration is a sign that the root is still
capable of absorbing moisture.
As the soil dried up, with soil water pressure below —42 to —44
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atmospheres, all the roots died out, blackened, became wrinkled and it
was no longer possible to detect the cellular network in the cross section of
roots.
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SUMMARY

Pot experiments with saplings of pine, oak and elm showed that
transpiration rate in the interval of soil water pressure from —0-3 to — 2-5
atmospheres (zero pressure gradient) was determined by air temperature
and humidity. At a soil water pressure less than —2-5 atmospheres, transpiration decreased sharply and became inversely proportion to soil water
pressure, irrespective of environment. The suction forces of roots and leaves
are directly related. Neither moisture characteristics of the two soils used
nor the species of the trees appeared to have any appreciable affect on this
relationship. Plants died when soil water pressure was less than —44
atmospheres. Water deficiency was clearly revealed in changes in the
morphology and anatomy of roots, physiologically active in absorption of
water.
RÉSUMÉ

Des cultures en vases de jeunes arbustes (pin, chênc et orme) ont
montré que Ie degré de transpiration a une pression de 1'eau du sol entre
— 0,3 et —2,5 atmospheres (pression du gradient — 0) est determine par la
temperature de 1'air et par 1'humidité. Lorsque la pression de 1'eau du sol
ctait moins de —2,5 atmospheres, la transpiration a nettement diminué et est
devenue inversement proportionnelle a la pression de 1'eau du sol, indépendamment du milieu. Les forces de succion des racines et celles des
feuilles sont en rapport direct. Ni les caractéristiques de 1'humidité dans
les deux sols utilises, ni 1'espèce des arbres n'ont paru avoir d'effet notoire
sur ce rapport. Les plantes mouraient lorsque la pression de 1'eau du sol
était moins de —44 atmospheres. La carence d'eau était nettement mise en
valeur par les transformations de la morphologie et de 1'anatomie des racines
qui ont une activité physiologique lorsqu'elles absorbent de 1'eau.
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Gefassversuche mit Kiefer, Eiche und Ulmen Schösslingen erwiesen,
dass der Ausdunstungsgrad wahrend der Zwischenzeit des Bodenwasserdruckes von —0-3 bis —2,5 Atmospharen (Null Druck Gradient) durch
Luft Temperaturen und Feuchtigkeit bestimmt wurde. Bei einem Bodenwasserdruck von weniger als —2,5 Atmospharen, nahm die Ausdunstung
stark ab, und wurde unabhiingig von der Umgebung dem Bodenwasserdruck verhaltnismassig entgegengesetzt. Die Saugkraft der Wurzeln und
Blatter ist direkt verbunden. Weder Feuchtigkeitseigenschaften der beiden
Boden von denen Gebrauch gemacht wurde, noch die Baumart, schien
einen merklichen Einfluss auf diese Verbindung auszuüben. Bei weniger als
—44 Atmospharen Bodenwasserdruck starben die Pflanzen ab. Bei Veranderung der Morphologie und Anatomie der Wurzeln welche physiologisch
an Wasseraufnahme beteiligt sind, wurde Wassermangel deutlich bemerkbar.

THE USE OF EXCHANGE ISOTHERMS TO
DETERMINE DIFFUSION COEFFICIENTS
IN SOIL
P. H. NYE
Soil Science Laboratory, Oxford, England
In many earlier measurements of diffusion coefficients of ions adsorbed
by sou, its solid and liquid parts have been treated as a quasi-homogeneous
system. For example Schofield and Graham-Bryce (1960) have measured
the self-diffusion coefficient of Rb+ in soil by measuring the rate of exchange of radioactive Rb+ from soil in one half cell with inactive Rb+ from
identical soil in an adjoining half cell; and Phillips and Brown (1965) in a
similar arrangement have measured the counter-diffusion coefficient of Rb+
against H+ in soil, by studying the variation in concentration of the total
Rb+ with its distance from the soil boundary. This quasi-homogeneous
approach is commonly used in the study of diffusion through ion exchange
resins (see Helfferich, 1962, p. 299).
In a soil, a cation species is distributed between the soil solution where
it is mobile, and the solid where it is less mobile, but is usually much more
concentrated; and the same is true of an anion like HjPO^ . We can gain
more insight into the magnitude of ion diffusion coefficients by treating the
soil as a 2 phase system, for it should be possible to predict the diffusion
coefficient for the whole soil in terms of the diffusion coefficient in each
phase and geometrical factors.
There is a considerable literature on the conduction of heat and
electricity through heterogeneous materials which has been reviewed by
Goring and Churchill (1961), and by Meredith and Tobias (1962). For
steady state conditions, flux of matter is analogous to flux of heat or
electricity: e.g.
material flux = — diffusion coefficient X concentration gradient;
current density = — specific conductivity X potential gradient.
Equations derived for the thermal or electrical conductivity of heterogeneous
materials can readily be adapted to the diffusivity of ions provided the flux
is really continuous across all boundaries, so no local accumulations or
deficits occur, i.e. the two phases are in equilibrium at their boundaries.
The simplest formally correct solution for the conductivity of a medium
in which random sized, non-interacting, spheres are randomly dispersed in
a conducting liquid may be obtained from the corresponding solution for
the dielectic constant published by Clerk Maxwell in 1873. It is:
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2+A: s /A: 1 -2(l-v 1 )(l-* s /A: 1 )
k = *, (

2+^A 1 +(i-v 1 )(i-*,A 1 )

(1)

is the specific conductivity of the heterogeneous material,
is the specific conductivity of the continuous phase (the liquid),
A', is the specific conductivity of the discontinuous phase (the solid),
is the volume fraction of the continuous phase.
Many more refined solutions for different geometries have been given,
but Maxwell's equation will serve to illustrate the main features.
A plot of k against ku with k, held constant, results in a curve that leaves
the origin with decreasing gradient and eventually becomes linear with a
slope of
2
3-v, v,
(sec fig. 1).

where k

k

2

Fig. 1.—Specific conductivity of heterogeneous material [k] against specific
conductivity of the continuous phase [£,]. The specific conductivity of the
discontinuous phase [kj is constant.
Arbitrary units ks =z 1; vx •=. 0*5

Soils form consolidated systems in which there is continuity of solid
as well as liquid, and for such systems rigorous mathematical treatment
even with idealised models is very difficult. When in addition it is known
that "conduction occurs through tortuous paths, fissures and channels which
can hardly be classified . . . the behaviour of their conductivity can at
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present be represented only by empirical equations of rather limited
validity" (Meredith and Tobias 1962). However, since we find that the
diffusion rates of cations in dry soils fall to very low values (Rowell et al.
1967) we are justified in ignoring the continuous solid pathway and may
regard Maxwell's equation as an example of the type of solution to the soil
problem obtained by rigorous methods.
Experimentally, curves of the form shown in Figure 1 have been
obtained for the conductivity and self-diffusion coefficients of Na- and Srsaturated bentonite gels (Gast 1966), and for the conductivity of saturated
porous sands containing ion exchange (clay) material (Spiegler et al.
1956). The last two authors have interpreted their data in terms of a model
consisting of three conducting elements in parallel—a solution conductor,
a solid conductor, and a conductor combining solid and liquid in series.
From a curve such as that in Figure 1 it is possible to calculate the specific
conductivity of the solid and the relative "cross sections" of the three
parallel conductors. I doubt however whether this model has more than
pictorial value; and it introduces three empirical parameters which enable
the model to "fit" the experimental data. In addition there are experimental
difficulties in determining conductivity at low solution concentrations, since
homoionic clays hydrolyse in very dilute solutions, so that the concentration
of the solution in the soil pores will not be the same as that of the solution
added.
In soils, for practical purposes, the theoretical difficulties disappear if
it can be shown that the mobility of the ion on the solid is so small
compared with its mobility in solution that passage through the solution
dominates the whole process. In these circumstances, we may write for the
differential diffusion coefficient of the ion (Nye 1966)—
dC1
D = DlVlfx —- + R
dC

(2)

where D = the differential diffusion coefficient of the soil.
D1 = the diffusion coefficient of the ion in the soil liquid.
f± = an impedance factor.
Cx = concn. of ion in the liquid (g/ml liquid).
C = concn. of diffusible ion in the soil (g/cm 3 soil);
and where the small residual term R takes care of any effect that the solid
has on D by virtue of the mobility of its ions. In self-diffusion
equation 2 is replaced by

dC1
dC

in

to give
Dseif= ZVi/i

Cx

+ R'

(3)

Equations 2 and 3 have been tested by measuring diffusion coefficients
in soils over a wide range of soil solution concentration. The self-diffusion
coefficient of Sr in a SV-saturated and moisture saturated illitic sandy loam
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was found by Mott and Nye (1968) to be linearly related to

, and the

value of R' was 2-Ox 1 0 " cm2 s e c 1 , which compares with a value of Z)self
= 3-5x10~ 7 cm2 s e c 1 when the pores were filled with 10~2 M SrCl2.
The self-diffusion coefficients of Na in a moist TVa-saturated illitic sandy
loam, and of H2PO^ in a moist natural sandy loam were found by Rowell
et al. (1967) to be proportional to

, and the values of R' were negligible.

The differential diffusion coefficients of K+ and of H+ in a predominantly
Co-saturated montmorillonitic clay soil have been studied by Vaidyanathan
et al. (1968) and Farr (unpublished). Both for K+ and H+ there was a marked
increase in

(decrease in differential buffer power) as the amount of
dC

K+ or H+ in the system increased. The differential diffusion coefficient was
dCx
linearly related to

and no contribution to the mobility of either ion
dC
in the soil by the solid could be detected.
It is difficult to deduce the mobility of exchangeable ions on the soil
solid from published work on the mobility of ions in pure clays, because
measurements have usually been made on homoionic clay suspensions or
pastes, where (a) the interlamellar spacing will usually be greater than in
soil, especially when measurements are made at very low electrolyte concentration and (b) the usual complement of other cations, especially Ca, is
missing.
For these reasons, the results of some unpublished work by Mott are
interesting. He has measured the mobility of cations in orientated flakes
of dialysed bentonite of known moisture content and interlamellar spacing,
by diffusion and conductivity methods. As an example, for the Na+ ion in
Na+-saturated bentonite, the mobilities in the interlamellar space are:
3 water layers
2 water layers
1 water layer
between sheets
between sheets
between sheets
34 x 10-5cm2sec-1volt~1
15 x 10 5 cm 2 sec^ 1 volt- 1 50 x 10"cm 2 sec- 1 volt- 1
These should be compared with a mobility of 52 x 10_5cm2sec_1volt~1
in free water.
The mobility of ions in the solid part of the soil is clearly important in
understanding long-term processes such as weathering. However, in the
short-term, for processes such as the movement of nutrients to roots, the
diffusion of nutrients from fertilizer pellets, or their leaching by rainfall,
equation (2). with R negligible, is adequate, and I want to discuss some
of its implications, and the practical difficulties that may arise in using it.
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It is clear that the magnitude of D depends on the isotherm, and on the
moisture level, which acts directly through Vi, and largely determines the
impedance factor j x . Other properties often considered important, such as
aggregation and compaction, are of secondary importance compared with
the isotherm and the moisture level.
The exchange isotherm
It is necessary that the value of

dC1

should be determined as nearly as

possible under the exact conditions in which the diffusion coefficient will be
applied. The following points arise:
(i) The total soil solution concentration
In a typical cation exchange isotherm for a soil, e.g. Mg v. Ca, the
amount or proportion of Mg on the exchanger is plotted against an activity
or concentration ratio, Mg/Ca in solution. Although this plot describes the
adsorption characteristics of the exchanger, for a given amount of Mg on
the exchanger and a corresponding concentration ratio Mg/Ca in solution,
the value for Ci for Mg is not defined unless the total concentration of the
equilibrium solution (Ca + Mg) is also specified. If this is increased, e.g.
by adding CaCl2, the value of d for Mg will also increase, without any
increase in the value of C for Mg. Correspondingly, the value of dd/dC
for the exchange of Mg for Ca at this higher total solution concentration
will increase. The point may be illustrated by a simple experiment made by
my colleague, Dr. Tinker. He measured the flux of Mg from a soil to a
cation exchange resin paper placed on its surface. The flux at a given time
is proportional to CVD. Addition of CaCl-, to the soil (keeping the moisture
level constant) increased the flux of Mg. Since the concentration of Mg,
[C], has not increased, the diffusion coefficient has. It has done so because
the addition of CaClo increased the concentration of Mg in solution, and
therefore dCJdC is increased. (The activity ratio Mg/Ca in solution
actually decreases.) Thus the differential diffusion coefficient depends not
only on the position on the exchange isotherm, but on the total concentration in the soil solution.
(ii) The nature of the ion offered in exchange
This will influence the shape of the exchange isotherm. Thus if a
value for the diffusion coefficient of potassium is required, the isotherm
should normally be measured against Ca since this ion usually dominates
the system. Similarly, phosphate isotherms should be derived in a Ca
solution containing an indifferent anion such as CI or NO~x. In this case,
it is particularly important that the appropriate CO< concentration should
be maintained (Larsen and Widdowson 1964). One ion may also influence
another of differing mobility in the soil solution because of the diffusion
potential set up, but Nye (1966) has argued that in most situations in
natural soil this effect should be small if the concentration in solution of the
ion considered is small in relation to the total solution concentration.
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If the ion offered in exchange is an isotope, then the self-diffusion coefficient is measured. It is in general incorrect to use the self-diffusion coefficient
as a substitute for the differential diffusion coefficient, since in general
dC,
dC

in Equation (2) is not equal to

C,
C

in Equation (3).

(iii) Indefinite equilibration
The derivation of equation (2) assumes that ions equilibrate instantaneously between the solid and liquid in adjacent pores. This is a reasonable assumption for most cations, but for an ion like H->POi~ serious difficulties arise. Drew (1966) added varying amounts of KH-,POA to a montmorillonitic clay soil, incubated moist for 1 month, added P 32 , and incubated
a further 2 months. The labile P (the P exchangeable to P 32 over 2 months)
is plotted against the concentration of P in the soil solution in the pores in
Figure 2. The desorption isotherms also shown in Figure 2 were obtained
by shaking the incubated samples in 1-25 X 10~ 2 M CaCl> for 18 hrs at

3

Cyug/cm SOIL
Fig. 2.—Labile P v. Solution concentration; and P desorption isotherms.
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a wide range of soil : solution ratios. The phosphorus desorbed is derived
from the amount passing into the solution. It will be noted that the curves
differ considerably. Olsen et al. (1962, 1963) have calculated the diffusive
supply of phosphate to roots from the slope of a labile P-soil solution P
relationship. If a diffusion process involving desorption of P is being
studied, the diffusion coefficient calculated from the desorption isotherm
should be more nearly correct; and the one derived from a plot of labile P
against solution concentration may be seriously in error; a conclusion that
has been verified by measuring the release of P from Drew's soils to an
anion exchange resin paper on their surface acting as a sink (Vaidyanathan
et al. to be published).
The impedance factor
The relation between the volumetric moisture content and the impedance factor /x has been determined by Porter et al. (1960). Rowell et al.
(1967) have obtained comparable results on a different soil over a wider
moisture range. In a medium so irregular on the microscale as soil, it seems
unlikely that any fundamental connection between moisture content and
impedance factor can be deduced from first principles, though the value of
fi at a given value of V] may not differ greatly between different soils, at any
rate when they are moist. In a saturated soil, the value of fi should be
nearly the same as that found for gaseous diffusion in dry soil, since in
each case diffusion will occur through pores of the same shape connected
in the same way. Detailed comparisons have been made by Dakshinamurti
(1959) who reports fe and /i equal 0-7 for both gas diffusion in dry
materials and ionic diffusion in saturated materials. The pathways for ion
diffusion in a soil at a given fractional volume of liquid Vi should however,
differ from the pathways for gas diffusion in a soil containing a corresponding fractional volume of gas vg. The values of fg, calculated from Currie's
(1961) data on his HPP soil, and of /i obtained by Rowell et al. (1967)
for Cl~ diffusion, are compared in Figure 3. The differences are not
marked, but more data are required, especially for low volume fractions.
It is important to note the high value of /i in nearly saturated soil.
There is no suggestion that CI' is diffusing slowly through micropores in
aggregates and fast through channels, as in hydraulic flow. Slow diffusion
through aggregates would also imply that the transfer of Cl~ from one half
cell to the other would be relatively too small in the early stages. In fact, the
diffusion coefficient was constant over transfer times of 0.5 to 8 hr. The
value of /i should be nearly independent of the ion species, both cation
and anion, since all the readily diffusible ions are in the soil solution, and
will have access to the same spaces.
Clearly much more work needs to be done to establish more exactly
the relation between /i and moisture content in a range of soils; but in the
field moisture range, it seems likely that the curve shown in Figure 3 will
typify most soils. It would appear therefore that for many practical purposes
concerning diffusive movement of ions over short times of a few days, it
may be possible to derive their concentration dependent diffusion coeffi-
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Fig. 3.—Comparison of impedance factors for diffusion of ions and gas at
varying volume fractions.
cients, which are certainly difficult to measure experimentally, from their
isotherms and moisture contents, which are easy to obtain.
REFERENCES

Currie, J. A. (l96\)—Br.J.appl.Phys. 12, 275-281.
Dakshinamurti, C. (1959)—Soil Sci. 88, 209-212.
Drew, M. C. (1966)—Uptake of nutrients by plant roots growing in the soil. D.Phil. Thesis,
Oxford.
Gast, R. G. (1966)—Proc. Soil Sci.Soc.Am. 30, 48-52.

DIFFUSION IN SOIL

125

Goring, R. L. and Churchill, S. W. (\96\)—Chem.Engng.Prog.
57, 53-59.
Helfferich, F. G. (1962)—"Ion exchange." (McGraw-Hill, New York.)
Larsen, S. and Widdowson, A. E. (1964)—Nature, Lond. 203, 942.
Maxwell, J. C. (1873)—"A treatise on electricity and magnetism." (Vol. 1, 3rd Ed. 1892.
Oxford.)
Meredith, R. E. and Tobias, C. W. (1962)—Adv. Electrochem.Engng. 2, 15-47.
Mott, C. J. B. and Nye, P. H. (1968)—Soil Sci. 105, 18-23.
Nye, P. H. (1966)—J. Soil Sci. 17, 16-23.
Olsen, S. R., Kemper, W. D. and Jackson, R. D. (1962)—Proc. Soil Sci.Soc.Am. 26, 222-227.
Olsen, S. R. and Watanabe, R. S. (1963)—Proc. Soil Sci.Soc.Am. 27, 648-653.
Phillips, R. E. and Brown, D. A. (1965)—Proc. Soil Sci.Soc.Am. 28, 758-763.
Porter, L. K., Kemper, W. D., Jackson, R. D. and Stewart, B. A. (I960)—Proc. Soil Sci.
Soc.Am. 24, 460-463.
Rowell, D. L., Martin, M. W. and Nye, P. H. (1967)—J.Soil Sci. 18, 204-222.
Schofield, R. K. and Graham-Bryce, I. J. (I960)—Nature, Lond. 188, 1048-1049.
Spiegler, K. S., Yoest, R. L. and Wyllie, M. R. J. (1956)—Disc. Faraday Soc. 21, 174-185.
Vaidyanathan, L. V., Drew, M. C. and Nye, P. H. (1968)—J.Soil Sci. (In press.)

SUMMARY

Theories of the conductivity of heterogeneous materials may be used
to derive concentration dependent differential diffusion coefficients of ions
in soils and clays in terms of their mobility on the solid and in the liquid.
In practice, for K+, Na+, H + , Sr++ and H->PO±-, only a small error is
made by assuming that these ions are mobile only in the solution. The
diffusion coefficients then depend mainly on the slope of the exchange
isotherm; and on the soil moisture content, which controls the impedance
factor. In evaluating the slope of the exchange isotherm, the exchanging
ion, the total solution concentration, and the possibility of indefinite
equilibration must be considered. Impedance factors for gas diffusion and
ion diffusion are fairly similar. It should prove easier to obtain differential
diffusion coefficients from the slopes of isotherms and the moisture content
than to measure them directly.
RÉSUMÉ

On peut employer des theories de la conductivité des matières hétérogènes pour tirer des coefficients de diffusion différentielle et qui dependent
de la concentration des ions dans les sols et les argiles en termes de leur
mobilité sur Ie solide et dans Ie liquide. En pratique, pour K+, Na+, H+,
Sr++ et H-,PO± ~, on ne fait qu'une petite erreur en croyant que ces ions
sont mobiles seulement dans la solution. Les coefficients de diffusion
dependent done principalement de la pente de 1'isotherme d'échange, et
de la teneur d'humidité dans Ie sol, qui controle Ie facteur d'impédance.
En évaluant la pente de 1'isotherme d'échange il faut considérer 1'ion qui
s'échange, la concentration totale de Ia solution, et la possibilité d'une
equilibration indéfinie. Les facteurs d'impédance pour la diffusion du gaz
et la diffusion des ions sont assez semblables. On pense trouver plus facile
d'obtenir des coefficients de diffusion différentielle des pentes des isothermes
et de la teneur d'humidité que de les mesurer directement.
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Die Theorien des Leitungsvermögens ungleichartiger Stoffe können
dafür benutzt werden, um konzentrationsabhangige Differential-DiffusionKoeffizienten der Ionen in Boden und Ton im Ausdrucke derer Beweglichkeit im festen und im flüssigen Zustande zu erhalten. In der Praxis macht
man fiir K+, Na + , H+, Sr++ und / / 2 P 0 4 - , nur einen kleinen Fehler mit
der Annahme, dass diese Ionen nur in der Lösung beweglich sind. Die
Diffusion-Koeffizienten hangen dann meistens von der Schrage der WechselIsothermen ab; und von dem Gehalt der Bodenfeuchtigkeit, welcher den
Hinderungsfaktor kontrolliert. Die Bewertung der Schrage der WechselIsothermen, der wechselbaren Ionen, der Konzentration der Gesamtlösung
und die Möglichkeit unbestimmter Ausbalancierung muss beachtet werden.
Hinderungsfaktoren der Gas- und Ionen-Diffusion sind ziemlich gleich. Es
sollte sich leichter erweisen, die Differential-Diffusion-Koeffizienten von
den Schragen der Isothermen und dem Feuchtigkeitsgehalt zu erhalten als
durch direkte Bemessungen.

THE IMPORTANCE OF MASS FLOW IN THE
UPTAKE OF IONS BY ROOTS FROM SOIL
F. H. C. M A R R I O T T * AND P. H. N Y E |

University of Oxford
It is by now a commonplace that nutrients reach roots by diffusion
and mass flow. Nevertheless, the effects of mass flow in increasing nutrient
uptake have not been properly assessed. Nye and Spiers (1964) pointed
out that when mass flow and diffusion occur simultaneously it is not
strictly possible to assign a mass flow contribution and a diffusive contribution to uptake because the two processes interact. It must be recognised
that what is often called the mass flow contribution is a matter of definition. It is usually defined by multiplying the amount of water crossing the
root surface by the concentration of nutrient in the undepleted soil solution.
The residue of the total uptake—if any—is assigned as the diffusive contribution. It would seem equally plausible to define, though more difficult
to calculate, the mass flow contribution by multiplying the amount of
water crossing the root surface by the actual concentration in solution at
the root surface instead of in the unchanged solution at a distance from it.
In order to avoid this arbitrariness, we will consider the increase in flux
of ion across the root surface that will occur as the water flow is increased
from zero. When the flow is zero, supply is by diffusion. Otherwise, supply
is by an indivisible combination of mass flow and diffusion.
Consider 1 cm of root cylinder in soil:
Let C = cone, of diffusible ion (g/c.c. of soil)
Ci = cone, in soil soln. (g/c.c. of soln.)
Cu = initial cone, in soil soln. (g/c.c. of soln.)
v = flux of water at the root surface (c.c./cm2/sec.)
D = differential diffusion coefficient of nutrient in soil (cm2/sec)
= differential buffer power ( defined as -ypr1
F = flux of diffusible ion at the surface (g/sec/cm2)
k = root absorbing power (defined by F = kCi)
r = radial distance from the root axis (cm)
ro = radius of the root (cm)
Following Nye and Spiers (1964), the variation in concentration with distance
from the root surface and time is given by the solution of the equation

-rJr[rDlF+TCl)=-W
* Department of Biomathematics
t Department of Agriculture
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with boundary conditions:
t = 0 r > r0

Ci = Cu

In this equation it is assumed that:
(i) Cj is in a range sufficiently low for the flux across the root surface to
be proportional to it.
(ii) k is unaffected by changes in concentration of other ions during the
period of absorption considered, and by transpiration; usually it will be
affected but such embellishments are best added when the general framework
of the model has been constructed.
(iii) The effective boundary for absorption is the surface of the root if it
has no root hairs, or the imaginary cylindrical surface joining their tips, if
abundant hairs are present (Passioura, 1963; Nye, 1966).
(iv) D and b are constant in a given system. This will in general be true for
anions that are not adsorbed on the soil surface like Cl~ and NO~$. For an
ion that is adsorbed, e.g. a cation or phosphate, -^

and hence D will usually

vary with the concentration of the ion. For simple ions in soil
D^Dlvlfl^

(2)

where v, is the volume fraction of soil solution, fl is an impedance factor,
and Dt is the diffusion coefficient of the ion in free solution (Nye, 1968).
dCi
For cations, the term —^ depends (1) on the form of the exchange isotherm
against other cations present, and (2) on the total concentration of the soil
solution. Around the absorbing root there may be changes both in the
relative proportions of the other cations present, and in the total concentration
of the soil solution. This complex situation will not be analysed in detail
here, and a value of - j p averaged over all changes must suffice, it being
recognised that the results will be more approximate the more variable the
quantities averaged.
Since the rate of ion uptake is directly proportional to the concentration
at the root surface (F = kCt), we are here concerned with the value of Q
at r — /-o- Nye and Spiers were unable to solve equation (1) analytically
and investigated the steady state situation when T- = 0. In the steady state
the ratio -^- at the root surface equals -r. However, they showed a steady
rv
state was attained only when T— > 2, a condition requiring high transpiration and a low value of bD ( = Divifi) found only in dry soils.
We have now solved equation (1) numerically with the aid of a computer
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t sec x 10
Fig. 1.—Concentration
r0 = 0-05 cm

ratio Cl/Cn at the root surface against time for
different rates of transpiration.
D = 10-8 c m 2 s e c - 1
6 = 2
k = 2 X 1 0 ~ 7 cm s e c - 1

(Nye and Marriott 1968). Fig. (1) shows how rapidly the concentration ratio
Ci
v
-pr at the root surface approaches the value j , when the other parameters
Cj,

K

k, D, b are kept constant. Judged by the half-time, the approach is slow
when v = 0 and more rapid the greater v becomes. The curves do in fact
differ only in detail from those obtained by Nye (1967, fig. 1) for absorption
at a planar instead of a cylindrical surface.
EFFECT OF MASS FLOW ON THE RATE OF UPTAKE

Fig. 2 illustrates how the rate of uptake across one cm2 of root surface
may be expected to increase with transpiration rate after 2-5 x 104,
2-5 X 105 and 2-5 X 106 seconds. Values of the parameters have been
chosen so that transpiration will show an appreciable effect, Thus with
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IT cm sec" 1 * I0 7

I
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Fig, 2.—Rate of uptake per cm2 surface against transpiration rate at
different times.
r0 = 0-05 cm D = 10-* cm-' sec * b = 2 k = 2 X 10-7 c m s e c - i
3
and Cu = 1 ng cm .

Db = 2 x 10"8 from eqn. (2) VJ/I = 0-002, a value found by Rowell et a/.
(1967) at pF = 3 - 6 . A: = 2 X 10 7 cm sec ' is a low root absorbing power.
We are remarkably ignorant about the range of values of v we may encounter
in practice. Ogata, Richards and Gardner (1960) found the uptake of water
by lucerne roots to range up to 0-2 cm3 per day per cm. of root when an
evaporating pan was losing 1 cm. a day (a very high figure). This yields a
value of rov up to 3-7 x 10~7 cm2 sec 1. Fig. 2 shows values of r$v up to
1 0 x 10 7 cm2 sec- 1 .
APPROXIMATE SOLUTIONS

Although exact solutions require the computer, an algebraic solution,
introduced by Passioura (1963) can be made much more informative.
Although this solution has been criticized by Nye and Spiers (1964), and by
Passioura (1965), it yields results that are sufficiently accurate over a range
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V

of values of 7 that are important in practice.
The flux across the root surface is assumed (incorrectly) to be made up
of a mass flow and diffusive component. Mass flow is vCu- The diffusive
flux is (Cu — Ci) — 6, where 9 is a term tabulated by Jaeger and Clark
ro
Dt
(1942). It depends on —;. It is derived for the case of diffusion to a constant
ro2
boundary concentration. Although C; at the root surface is not constant,
Dt
it changes rapidly initially (till —==a= 1) and only slowly later (see fig. 1) so
ro

that the error in assuming it is constant may not be large, when the diffusive
Dt
component predominates and — > 1. Following Passioura:
Flux = vCu + (Cu -Ci)

— B

But Flux = kCi
t>D „
Ci

"'

C

»

r0

(3)

TZbDZ

ro
Values yielded by this expression are compared with the computer solutions
in Table 1. It will be seen that the approximate values are within 10% of
v
v
the computer values if -r < 1. At higher values of 7 the approximate values
Ci
v
are too low. It can be shown that they predict 77- will always approach 7
Cu
k
in the way that it does when v = 0, i.e., that at a given time the ratio
f

/-<

•p.
77 has the same value as it has when v = 0; and as we have shown in
Cu — vjk
v
fig. 1 this is increasingly incorrect as - increases.
K

The possible importance of transpiration in increasing nutrient uptake
may now be seen. For nutrients that are being rapidly absorbed by roots,
values of k = 10~6 to 1 0 4 cm s e c 1 are commonly reported for roots with
ro — 0-05 cm. v, as we have seen, should rarely exceed 2 x 10~6 when
r0 = 0-05 cm. Thus for nutrients in demand v < k, and eqn. (3) may be used.
We find:

k + b-Re

Vro

;

ro
Thus the flux increases linearly with v. Further, transpiration increases
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the flux by

x v%, an expression which is independent of the root

absorbing power.
TABLE 1
VALUES OF C//C/; AT THE ROOT SURFACE—COMPARISONS OF NUMERICAL AND APPROXIMATE
(ITALIC TYPE) SOLUTIONS

k = 2 x 10~7 cm s e c 1 : b = 2: D = 10
t (sec) x 1 0 "

Dt

•01

25

250

2500

0 0 5 cm
v (cm s e c 1 ) x 10'
4
10

0

1

•97

•98

105

1-23

20
1-57

60

•1

2-S

cm 2 sec 1:r„=

9

'0

•25

8

•92

•96

108

131

1-69

•86

•93

115

1-73

3-17

•52

•91

I-18

1-73

2-64

•71

•84

1-38

311

7-90

•67

•83

1-33

2-ii

400

•54

•74

1 68

4-68

9-67

5-40

2-2

10

1

10

•52
•5/

•76

1-49

295

•41

•67

1 -86

4-83

•41

•70

1-60

i-5S

(10)

•34

100

6iJ

Further generalisation of this expression for the increase in flux is possible,
since Db — Divifi. Now Di for the main simple cations and anions is 10 5
cm2 sec - 1 within a factor of 2 and fi is, except possibly in very dry soil,
independent of the ion species, as long as a change in the ion does not
Dt
change the structure of the soil. 6 depends on —^ anc ^ D w ' u certainly vary
Dt
between different ions, but provided 1000 > —5 > 1, an important range in
practice, 0 = 0-5 within a factor of 2. Thus we may conclude that the effect
of transpiration on the proportionate increase in flux will be similar for all
major nutrient ions, within the margins of error specified. In particular, the
increase will be independent of the root absorbing power.
An estimate of the practical importance of transpiration is made in
Table 2 for a range of moisture levels taking Cl~ as an example, v is high.
vi and f 1 are taken from Rowell et al. (1967) for a sandy loam soil. For an
Af

1

anion not adsorbed -3= = —, hence from eqn. (2) D = Difi.
At this transpiration rate, and over this moisture range, Gardner's
(1960) calculations indicate there should be little reduction in the moisture
content in the immediate neighbourhood of the root surface. At lower
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TABLE 2
EFFECT OF HIGH TRANSPIRATION RATE ON FLUX AT DIFFERENT MOISTURE LEVELS

D1 = 10"6 cm2 sec"• » :
pF
C|

f

=

105 sees:

r0 = 0T cm:
30
016
009

3-5
011
0035

0-9 x 10"

0-35 x 10-*

20
0-40
0-52

/,
.'. D = Z>,/, = 5-21 x 10

6

v = 10 6 cm sec^1

. 0/
. . - = 52

9

3-5

0 (from Table 1) = 0-39

0-56

0-69

.•.I00^xv =
bD8

120%

380%

r '
1 ii

12%

moisture levels or higher transpiration rates, the moisture gradient to the
root surface would lead to smaller values of/}. Thus we may predict that
when the soil is very moist, transpiration will make little difference to uptake
(provided k remains constant), but when the soil is dry it will have a marked
effect if it is high.
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SUMMARY

Assessment of the relative contribution of mass flow and diffusion to
uptake is a matter of definition, and it is less arbitrary to consider the
increase in uptake caused by increase in rate of transpiration ( v ) . The
concentration at the root surface and the flux are estimated in terms of the
transpiration rate, diffusion coefficient, root absorbing power (k), root
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radius and time, by solving a 2nd order partial differential equation
numerically. An approximate simple algebraic expression, due to Passioura,
is correct within 10% if v < k, which usually holds. When v < k flux
increases linearly with v. With increase in v the proportionate increase in
flux due to mass flow, over the flux when v = 0 is independent of k. It
increases markedly with decrease in moisture level, because the flux when
v = 0 is then low. It is not greatly affected by the ion species.
RÉSUMÉ

L'évaluation de la contribution relative de 1'écoulement et de la diffusion a 1'absorption est une simple question de definition, et il est beaucoup
moins arbitraire de considérer 1'augmentation de 1'absorption qui résulte
de 1'accélération de la vitesse de la transpiration (v). La concentration a
la surface radiculaire et Ie flux sont évalués en fonction du degré de la
transpiration, du coefficient de diffusion, du pouvoir d'absorption des
racines (k), du rayon des racines et du temps, par une solution numérique
d'une equation partielle différentielle du 2ème degré. Une expression algébraïque simple approximative de Passioura, est exacte a 10% prés si
v < k, ce qui est normalement Ie cas. Quand v < k, Ie flux augmente
linéairement avec 1'augmentation de v. L'augmentation proportionnelle du
flux, due a la vitesse de récoulement, au-dessus du flux. quand v = 0, est
indépendant de k. Ceci augmente de facon considerable avec la diminution
de la teneur en humidité parce que quand v = 0 Ie flux est bas. Il n'est pas
beaucoup influence par les espèces ioniques.
ZUSAMMENFASSUNG

Die Einschatzung des relativen Beitrages der Strommenge und der
Diffusion zur Aufnahme ist eine Definitionsangelegenheit und es ist eine
weniger willkürliche Annahme, dass die Verstarkung in der Aufnahme
durch die Zunahme des Ausdünstungsgrades (v) verursacht wurde.
Die Konzentration in der Wurzeloberflache und die Strömung werden
in Begriffen des Ausdünstungsverhaltnisses, Diffusionskoeffizienten, der
Absorbierungskraft der Wurzeln (k), Wurzelumkreis und Zeit durch die
numerische Lösung einer Differenzialgleichung zweiter Ordnung geschatzt.
Der annahernd einfache algebraische Ausdruck von Passioura ist innerhalb von 10% richtig, wenn v < k, welches gewöhnlich zutrifft. Wenn
v < k ist, die Strömung verstarkt sich mit der Zunahme des v in gerader
Linie. Die proportionelle Flusszunahme über die Strömung, wenn v = 0,
ist unabhangig vom k. Es nimmt merkbar zu mit der Feuchtigkeitsabnahme,
denn wenn die Strömung ist v = 0, ist sie niedrig. Es ist nicht besonders
von den Ionenarten berührt.

NUTRIENT TRANSPORT TO PLANT ROOTS
W. R. GARDNER

Department

of Soil Science, University of Wisconsin,
Wisconsin, U.S.A.

Madison,

The rate of nutrient uptake by plant roots is a complex function of
many factors. Not the least important of these factors are rate processes
which take place in the soil surrounding plant roots. The three principal
mechanisms by which plant nutrients reach the surface of a root are (a)
diffusion due to concentration or activity gradients, (b) mass transport in
the transpiration stream, and (c) interception due to root extension through
the soil. Studies such as those by Bouldin (1961) and Olsen et al. (1962)
have examined the diffusion process both theoretically and experimentally.
Shapiro et al. (1960) among others (Fried and Shapiro. 1961) have considered the importance of mass flow. More recently Barber and co-workers
(Barber, 1962; Barber et al., 1963; Oliver and Barber, 1966a and 1966b)
have carried out experiments designed to evaluate the relative importance
of all three mechanisms. As an aid to the interpretation of the experimental
data this paper extends the mathematical analysis to all three mechanisms
operating simultaneously. Solutions of the equations are presented for some
simple boundary conditions.
DIFFUSION

The equation for the diffusion of dissolved substances through soils is
D /d2C
d2C
d2C\
= —
+
+
(1)
dt
b \ dx2
dy2
dz2 J
where C is the concentration of the diffusing substance in the soil solution, t
is time, x, y, and z are the space coordinates, D is the diffusion coefficient,
and b is a parameter describing the absorption of the diffusing substance
by the soil particles. This last factor is defined by Olsen et al. (1962) and
represents the ratio of the total amount of substance per unit volume of
soil to the amount in solution. It is equal to (fl + 1) as used by the author
(Gardner, 1965) where R is the ratio of absorbed to dissolved ions. In this
analysis b will be assumed to be constant, corresponding to a linear adsorption
isotherm. When the isotherm is not linear, b represents the slope of the
isotherm and numerical techniques for the solution of non-linear diffusion
equations are required to solve equation (1). The diffusion coefficient D
represents the diffusion coefficient. This coefficient will not be the same as
that in water because of the tortuous nature of the diffusion path. The
diffusion flux density is given by
/dC
dC
dC\
dC

j=

-oei—+—+—
\ dx
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dy

dz '
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where 6 is the volumetric water content of the soil. It is necessary to evaluate
the diffusion coefficient for a given soil at a given water content. An additional
complication exists when the soil solution is moving. Such motion results in a
dispersion of dissolved substances due to the distribution of velocities
existing in the soil pores. This dispersion results in the enhancement of the
apparent diffusion coefficient, sometimes many-fold (Nielson and Biggar,
1963). A special problem presents itself when one considers the diffusion
of ions adsorbed in the diffuse layer adjacent to the soil particle surfaces.
Appropriate modifications in the diffusion coefficient are required for this
case (van Schaik et al, 1966; van Schaik and Kemper, 1966).
One Dimension
First, we consider the diffusion of nutrients in a semi-infinite soil which
is initially at a uniform concentration C 0 and from which nutrients are
taken up at the boundary x = 0 at a constant rate F per unit area. The
solution of equation (1) is:
(C

°"

C)

IF r/Dt\*

= IB I t )

e

lx

I b \

*P(-^/4i>0-(*/2) erfc(yV-7)

(2)

where erfc is the complementary error function. Equation (2) might represent
the situation below a dense, uniformly deep root system. This solution may
be more appropriate to certain laboratory experimental situations than
to the field. At the root-soil boundary x = 0 we have:
C = C0-(2F/d)V7/bD

(3)

The maximum length of time that a given rate of uptake F can be maintained
is
'max= nCo-C^)*
Dbn/4F*
(4)
and the maximum quantity of a nutrient which can be taken up at this rate is
QmiX = (C0-Cmin)*e*Dbn/4F

(5)

In equations (4) and (5) Cmin is the minimum concentration permitted at
the root surface. An absolute maximum rate can be estimated by taking
Cmin = 0. One important conclusion apparent from equation (5) is that
the larger the number of absorbed ions the faster they can be taken up, or
the longer a given rate can be maintained. This is not surprising, but the
equation gives a quantitative evaluation of this effect.
Two Dimensions
In two dimensions we assume radial symmetry around a single cylindrical
root of radius a and write equation (1) in terms of the distance r from the
axis of the root. If the initial concentration is C0 and the rate of uptake per
unit length of root surface is F the solution for two dimensional diffusion is
(C0-C) = (F/2nD0) [\n{ADt/baF)-y]
(6)
where y = 0-577... = Euler's constant. Equation (6) is not valid for
very short times, in which case the diffusion process is very nearly linear

NUTRIENT TRANSPORT

137

and equation (3) is applicable. The maximum quantity which can be taken
up at a constant rate F is
ö m a x = FtmM = (0-445 Fba*/D) exp [(C 0 -C)^De/F]

(7)

Three Dimensions
Nutrient uptake at the tip of a root or root hair may be considered as a
three dimensional problem to a fair degree of approximation. With the same
conditions as above, namely, an initial uniform concentration C 0 and a
nutrient uptake rate F for a spherical root tip of radius a, the concentration
at the root surface r = a is given by
(C0-C)

= F[l - e x p (Dt/ba2) erfc(VZ)f/6a2)]/47rZ)0

(8)

which, for t = infinity, is
(C0-C)

= F/ATTD6

(9)

In this case, the uptake rate can be maintained indefinitely if it is sufficiently
low. The maximum rate which can be maintained for an indefinite period
of time is
FmaK = (C0-Cmin)47rDd
(10)
When the initial uptake rate exceeds this maximum it can be maintained
for only a finite time. It is possible to calculate the length of time which a
higher rate can be maintained and the amount of uptake during such a time.
This latter turns out to be
Q = F3b/7T[F-47TD6(C0-C)]2

(11)

A crude approximation may be made to the problem in which there is
ion uptake back of the root tip as well as at the tip by applying spherical
geometry to the region beyond the tip and cylindrical to that back of the
tip. Equation (8) is easily modified by replacing F by 2Fh where Fh is the
rate of uptake from the hemisphere beyond the root tip.
DIFFUSION, MASS-FLOW, AND ROOT EXTENSION

If the soil solution itself is moving toward and being taken up by the
plant root at the same time that the root is extending in length, all three
transport mechanisms are operative. This situation will be described in one
dimension for the case in which the rate of root growth U and the water flux
density v are constant. U is taken as positive in the positive x direction and
v as positive in the negative x direction. The origin of our reference system
is now the centre of the hemisphere at the tip of the root or root hair. Instead
of equation (1) we now have
dC
D /d2C\
I dC\
—• = —
)+(v + t/6) ——
(12)
dt
b \ dx* J
\ dx J
Equation (12) can be solved by the method of separation of variables but
involves some rather complex integrals. However, it turns out that if the
uptake rate is low enough, a steady state is eventually achieved. This steady
state solution is obtained quite readily by setting dC/dt = 0 in equation (12)
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and integrating directly. With the same initial condition as above, the
solution of (12) is
(C0-Q=
[F/0(v+Ub)] exp-[.x(v + Ub)/D6]
(13)
The maximum rate at which the nutrient can be taken up indefinitely is
determined by v and U and is
FmaK = (C0-Cmin)(v
+ Ub)9
(14)
If there are no adsorbed ions so that b = 1 it makes no difference whether
the root or the water is moving. However, if b is appreciably greater than
one, it makes quite a difference, as would be expected.
The maximum contribution due to diffusion can be obtained by integrating
b(C0 — C) from equation (13) over all space to obtain the total depletion of
ions from the soil and solution. The result of this integration is
Öma* = (C 0 - Cmin) Db/(V +Ub)e

(15)

It can be shown from equation (13) that when the final steady state is achieved,
transport is entirely by diffusion at x = 0 and entirely by mass-flow at
x = co.
Two Dimensions
The problem becomes much more difficult in two dimensions. Passioura
(1963) obtained an approximate solution by assuming that mass flow and
diffusion could be added directly. He did not consider flow in the immediate
vicinity of the root tip. In this case root extension can be neglected and one
is only concerned with mass flow and diffusion. Let the rate of water uptake
per unit length of root be (^and the initial concentration C0. Again a steady
state will be achieved eventually, for which case the solution of equation (12)
in radial geometry becomes
(C0-C)

= {F/W) (a/r)

W D2

' °"

(16)

where a is the root radius and r is the distance from the axis of the root. The
maximum rate of uptake which can be maintained indefinitely is
Fma, = (C0-Cmin)

W

(17)

In order to obtain the total contribution due to diffusion we again integrate
b(C0—C) over all space and obtain:
Qua = WDd ba2/IY (W-4irDd)
(18)
It should be noted that equation (18) is valid only for W>4-nD9. If this
condition is not met the steady state is approached so slowly that the contribution due to diffusion is not finite. Although the contribution to uptake
due to diffusion becomes increasingly small as time progresses, it will go to
zero in a reasonable length of time only if W is sufficiently large. It should
also be noted that when W is not small compared with D, the two processes
do not add linearly. As W becomes very much greater than D the absolute
as well as the relative contribution due to diffusion decreases. At very high
values of W the water uptake can completely swamp the diffusion process,
in which case the latter can then be neglected.
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Three Dimensions
Treatment of all three mechanisms in three dimensions becomes extremely
involved. A rough estimate of the influence of root extension can be gained
by treating the root tip as an almost infinitesimal sink and using the solution
provided by Carslaw and Jaeger (1959, p. 267) for a moving sink. As a first
approximation, the steady state concentration in the growing root tip is
given by
(C0-C) = (F/4nDda) exp (-Ub/2D6)
(19)
This solution does not give a uniform concentration over the root surface
but does approximate the minimum concentration. In this equation a is the
radius of the root tip and uptake back of the root tip is ignored. At very
low velocities, U, one can simplify equation (19) by expanding the exponential function into a series and retaining only the first two terms to
obtain:
F = 2TTCI(C0 - C) (2 D e + Ub)

(20)

In the last parenthesis on the right hand side the first term represents transport by diffusion while the second represents interception due to root growth.
The two processes are additive in this simple fashion only if Ub/IDd is
sufficiently small.
In the absence of root growth one can obtain the steady state solution of
equation (12) for three dimensions quite readily. It is
C = F/W+(C0-F/W)

exp ( - W/AirDdr)

(21)

where F and W are the rates of ion and water uptake, respectively, for the
entire sphere surrounding the root tip. If the uptake rate F is not too large
it can be maintained indefinitely. The maximum such rate that can be maintained is obtained by setting C = Cmin at r = a so that
F max = W[Ca exp (Wf^Dda)-Cmin]/[exp(^/47rD0«)1]
(22)
If the water uptake rate W is sufficiently small we can expand the exponentials
as above and obtain the approximation
F = bnD da (C 0 - C) + C 0 W

(23)

in which we find the diffusion and the mass transport adding linearly.
Combining the results of (20) and (23) we obtain an expression for uptake
when diffusion, root growth, and mass flow are all operative:
F = 27ra(C0-C)(2D6 + Ub) + C0W

(24)

This expression is only valid at low growth rates and low rates of water
uptake. If either U or W are sufficiently large the effect of diffusion is
swamped out and may be neglected.
In three dimensional geometry the contribution made by diffusion to
uptake is not bound and goes to infinity at infinite time along with that due
to mass flow. This means that, contrary to the situation for one and two
dimensional flow, in three dimensional geometry the steady state uptake
rate is not limited by the mass flow rate but by the sum of the mass flow
rate and the steady state diffusion rate as given by equation (10).
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DISCUSSION

The actual uptake process is not nearly so simple as assumed in this
analysis. The boundary conditions are undoubtedly much more complex.
It is little trouble to introduce different boundary conditions into many of
the steady state solutions but is much more of a problem for the transient
state cases. One of the challenges facing soil and plant scientists is to devise
experiments which are amenable to mathematical analysis. Despite severe
limitations possessed by this analysis, many of the relations between the
different modes of transport can be generalized to more complex boundary
conditions and geometries with considerable confidence. Insight into the
problem of non-linear adsorption isotherms can be gained from examination
of the published solutions of the non-linear water transport equation, which
is similar in form. Evaluation of the diffusion coefficient as it is influenced
by dispersion is a task which needs more experimental study. It is necessary to acknowledge many deficiencies in the analysis as presented but it
represents at least a modest precursor to a quantitative description of the
nutrient mobility concept of soil-plant relationships proposed by Bray
(1954).
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SUMMARY

A mathematical analysis is presented for the transport of nutrients
through the soil to plant roots by diffusion, mass flow, and root extension.
In one dimension the appropriate equation is
BC

D /d2C\

l dC\
+

~dt " ~b \!hc*)

[liTJ

where C is the concentration of the nutrient in the soil solution, D is the
diffusion coefficient, b is the ratio of adsorbed plus dissolved nutrients to
those in solution, v is the flux density of water into the plant roots and U is
the rate of root elongation. Selected solutions of the equation are given
for one, two, and three dimensions.
RÉSUMÉ

Une analyse mathématique est presentee pour le transport des substances nutritives a travers le sol aux racines des plantes par diffusion, par
écouiement de masse et par extension de racines. Avec une seule dimension
1'équation correspondante est
dC

D /d2C\

+( +w)

ir-Tfe) '

1 dC\

(i7)

ou C est la concentration de la substance nutritive dans la solution du sol,
D est le coefficient de diffusion, b est le rapport des substances nutritives
adsorbées plus celles dissoutes en solution, v est la densité du flux de 1'eau
dans les racines des plantes et U est le régime de 1'élongation des racines.
On donne des solutions choisies de 1'équation pour une, deux et trois
dimensions.
ZUSAMMENFASSUNG

Eine mathematische Analyse fiir die Beförderung der Nahrstoffe durch
den Boden zu Pflanzenwurzeln mittels Diffusion, Massenfluss und Wurzel
Ausdehnung ist vorgelgt. In einer Dimension ist die Gleichung:
dC

D /d2C\

17 " 7 M

+iv+m

l dC \

(ir)

wo C der Konzentration der Nahrstoffe in den Bodenlosungen entspricht,
D ist der Diffusion's Coeffïzient, b ist das Verhaltnis adsorbierter plus
aufgeloster Nahrstoffe zu denen in der Lösung, v entspricht der Strömungsdichte des Wassers in den Pflanzenwurzeln, und U ist der Grad der
Wurzelausdehnung. Ausgewahlte Lösungen der Gleichung sind für ein,
zwei und drei Dimensionen gegeben.

LEACHING O F F E R T I L I Z E R IONS IN
SOIL COLUMNS
L. A. G. AYLMORE AND MESBAHUL KARIM
Department of Soil Science and Plant Nutrition,
University of Western Australia
INTRODUCTION

The movement of salt solutions through the soil is subject to the complexities of soil structure and, in addition, to the extent to which splute
ions interact with the various soil constituents. Dispersion and dilution of
solute concentration have been attributed to such factors as ion exchange,
adsorption and molecular diffusion, as well as to hydrodynamic effects due
to the distortion of flow lines and velocity differences within the porous
medium.
Recently attention has been focussed on the ability of a number of
theories of ion exchange, adsorption and dispersion in flow systems to
successfully predict the movement and distribution of salt and fertilizer
ions in soil columns. In these approaches the differential equation describing the material balance at a point within the column is set up on the
assumption of a specific dispersion process, and solved for the particular
boundary conditions applicable.
Two types of experiment are of most general interest. The distribution
of a slug or band of solution moving through the column can be determined
either by sectioning the column at the appropriate time, or by measuring
the concentration of the effluent. The boundary conditions are usually
simpler however, when the displacement of one solution from the column
by another is examined by means of the effluent concentration. Plots of
concentration versus effluent volume for this case are generally referred to
as breakthrough curves.
The velocity of movement of a solution through a porous medium
varies in magnitude and direction from point to point because of the viscous
characteristics of the liquid and the complex geometry of the medium. This
distribution of velocities induces a movement of the solute at diverse rates,
thus causing a spreading of the boundary between solution and pure
solvent, quite independently of diffusive and sorptive effects. Day (1956)
adapted the statistical theory of disordered movement developed by
Scheidegger (1954) to describe the dispersion of a salt water front moving
through a soil column as a result of these effects.
Some controversy exists as to the relative importance of simple longitudinal molecular diffusion and of hydrodynamic dispersion in determining
the amount of spreading which occurs at a boundary during displacement.
Spreading through molecular diffusion should occur for any given solution
and porous structure at a relatively constant rate. Thus, the faster the inter143
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face is displaced from one end of a soil column to another, the less significant will this mechanism be. On the other hand, the process of hydrodynamic dispersion is controlled largely by the range of pore sizes and
distribution of pores in the medium and, for a given length of displacement,
the amount of spreading of the boundary is essentially independent of the
velocity with which the displacement occurs. For any given system the
relative importance of these two factors will thus be determined by the flow
velocity, and it seems logical to expect that there would be a gradual transition in importance from one effect to the other over a certain velocity
range. However, it is not clear at just what flow velocity the diffusion
mechanism becomes significant.
In reactive media the analysis is further complicated by the nature of
the sorption process. Glueckauf (1949) extended the "theoretical plate"
model of Martin and Synge (1941) and obtained solutions to a continuous
mass balance equation on the assumptions of a diffusive mechanism for
dispersion, subject to local equilibrium and a linear adsorption isotherm.
Similarly, Lapidus and Amundson (1952) obtained solutions to a differential equation in which the effects of both molecular diffusion and average
flow velocity through the medium on solute movement are taken into
account. A linear adsorption isotherm is again assumed, and the solution
for the case of local equilibrium is of most practical use.
In contrast to the theories assuming instantaneous equilibrium between
solution and solid, Hiester and Vermeulen (1952) have developed Thomas'
(1944) approach in which an attempt is made to account quantitatively for
dispersion in terms of a finite rate of adsorption in the column. The equation
describing the material balance is solved in conjunction with a Langmuir
isotherm equation, and an equation describing the surface reaction. No
account is taken of molecular diffusion or the effects of flow velocity.
A complete formulation incorporating all possible dispersion mechanisms presents considerable mathematical difficulty, and may not be
warranted in many circumstances. Hence, it is of interest to examine the
relevance of the many mechanisms which can be imagined, to any particular
system. So far, very little information has been obtained on the dynamics of
anion adsorption and desorption during flow in soil columns, and this has
been largely in the nature of qualitative or semi-qualitative comparisons
(Berg and Thomas 1959, Chao, Harward and Fang 1962).
EXPERIMENTAL

The columns used for leaching experiments were constructed from
acrylic tubing of 4-4 cm internal diameter. Simple breakthrough measurements were carried out using a suitable length of the tubing closed at the
bottom end, except for an 0-1 cm internal bore stopcock to control the flow
rate. Sectionable columns for the measurement of solute distribution were
constructed from 2-cm segments of acrylic tubing taped together. The
columns were coated with a thin layer of paraffin wax by immersing the
inverted columns and slowly withdrawing them from a tube containing hot
paraffin. This was done to prevent leakage from the sectionable columns
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and to provide a good seal between the contents and the walls of the
columns.
Before filling the columns, a piece of fine metal gauze was placed on the
bottom of the column to facilitate drainage. The columns were filled by a
standard procedure to maintain as near uniformity of packing as possible.
The material was spread on a plastic sheet and slightly moistened by a fine
water spray. It was thoroughly mixed and then packed into the column by
tamping small constant increments with a steel plunger. Preliminary experiments on sorptive capacity and water content showed that there was no
significant movement of the clay within the sand columns at much higher
flow velocities than those reported here.
The columns were saturated from below by gradually raising the level
of water in a tube attached to the outlet. In general water and solutions
were added to the top of the columns by means of a constant head device
adjusted to maintain a thin layer. Constant flow rates were maintained by
preadjustment of the outlet stopcock. In the experiments involving the
movement of a slug of solution, the slug was applied uniformly to the top
of the column and just allowed to disappear before subsequent leaching.
Sectioning of the columns was carried out as soon as the level of the applied
water reached that of the soil surface. The contents of the segments were
placed in tins, weighed before and after oven drying, and analysed for
solute content.
Chloride contents were obtained by extracting with 50 ml of 0-05N
sulphate solution followed by electrometric titration. Sulphate was extracted
using 0-1A/ sodium fluoride. S88 radioisotope labelled sulphate was used to
facilitate measurements of the concentration of this ion by scintillation
counting.
For studies on sulphate movement, the pH of the column was preadjusted to the required value by continuous leaching with the appropriate
chloride solution of this pH. Both the tracer and non-tracer solutions were
also preadjusted to the required pH, using sulphuric or hydrochloric acid
respectively.
The Clackline kaolinite was obtained as soft blocks of material from the
pallid zone of a laterite, Clackline, Western Australia. The material was
hand ground and passed through an 80 mesh sieve before use. X-ray analysis
indicated that this clay does not contain any significant amounts of iron or
aluminium oxides. The clay was saturated with the required cation by
repeated washing and centrifuging, using a molar solution of the appropriate
chloride and then washed free of chloride with distilled water. It was air
dried and gently hand ground to a powder.
The clay as prepared had a specific surface area of 16-9m-/g and a
cation exchange capacity of 1 -5 me/100g.
Aggregates of Clackline kaolinite were obtained by mixing the powdered
clay with water, forcing the resultant thick paste through appropriate sized
sieves and allowing the globules produced to dry out at 100°C. To restrict
any possible swelling and disintegration on wetting of the aggregates, these
were heated to 300°C in a furnace (Aylmore 1960).
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The sand used in these experiments was a yellow sand from the Swan
Coastal Plain, Western Australia. Before use, the sand was washed
repeatedly with dilute NaOH solution to remove some 0-5% of colloidal
coatings. The particle size distribution of this sand is 99 per cent within the
0-1 mm to 0-5 mm range.
RESULTS AND DISCUSSION

The chloride breakthrough curves obtained for flow velocities of
1-0 cm/hr, 0-75 cm/hr. 0-45 cm/hr and 0-1 cm/hr in a 30 cm column
containing a mixture of sand and 5 per cent powdered Clackline kaolinite
are shown in Figure 1. To prevent any slight adsorption of chloride by the
clay (Berg and Thomas 1959), the columns were pre-equilibrated with a
0-01/V solution of potassium sulphate and the chloride eluting solution
also contained this concentration of sulphate. At higher flow velocities, the
breakthrough curves obtained were essentially the same as that obtained
using 1 -0 cm/hr.

%
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1.00
pore volume

1.25

1.50
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Fig. I.—Chloride breakthrough curves for flow velocities of 1-0 cm/hr, 0-75
cm/hr, 0-45 cm/hr and 0 1 cm/hr in saturated columns containing sand
plus 5 per cent powdered Clackline clay.

With decreasing flow velocity below 1-0 cm/hr, the point of breakthrough is progressively shifted to lower effluent volumes, and the approach
to C/C„ — 1 -0 is substantialy delayed with respect to that of a symmetrical
breakthrough curve. This skewed nature of the curves and their slight
displacement to the right of C/C„ = 0-5 at one pore volume (160 mis),
presumably indicates the increasing effect of longitudinal molecular diffusion in addition to the simple hydrodynamic dispersion effect.
The variation in the breakthrough curves with flow velocity below 1
cm/hr observed here is much less than that observed by Nielsen and
Biggar (1963) for mixing in glass beads. This and the conflicting con-
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elusions reached by authors on the relevance of molecular diffusion and
hydrodynamic dispersion (cf. Gardner and Brooks 1956, Day and
Forsythe 1957, Nielsen and Biggar 1963) suggest that the manner in
which these two phenomena are coupled differs with the pore size distribution of the system. In any event, longitudinal molecular diffusion seems
unlikely to be of appreciable significance at the flow rates which normally
occur during the leaching of soils. The usefulness of Day's relatively simple
approach in predicting both the extent of movement and distribution for
a non-adsorbed species has been well illustrated by comparisons between
experimental and predicted distributions (Karim 1967).
The effects of molecular diffusion are likely to be of most importance
in aggregated soils when there is an appreciable delay between dissolution
of a salt and its subsequent leaching. In Figures 2 a, b and c, the relevance
of molecular diffusion of chloride ions into intra-aggregate pores has been
examined by comparing the differences in the distributions obtained when a
chloride slug is leached immediately after application, and when some 24
hours is allowed to elapse between the addition of the chloride slug to the
top of the column and its subsequent leaching. In Figure 2a, the slugs

20
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Fig. 2.—Chloride distributions in saturated columns containing sand plus
25 per cent aggregated Clackline clay plus 15 per cent powdered Clackline
clay (a) leached immediately after application of slug (3-4 mm aggreg.),
(b) leached 24 hours after application of slug (3-4 mm aggreg.) and (c)
effect of aggregate size when leached with 2 in. water 24 hours after
application of slug.

leached immediately after application move coherently through the column
with virtual complete displacement of the slug from the top sections by
the following non-tracer solution. However, leaving the tracer band overnight before leaching (Figure 2b) allows the chloride to diffuse into the
relatively stagnant intra-aggregate pores. Subsequent leaching moves the
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main peaks downward almost as far as for the columns leached immediately
after placement, but leaves a significant residual concentration in the upper
sections. Increased aggregate size increases the magnitude of this retention
(Figure 2c). The practical implications of this result are illustrated by the
field measurements of Cooke, Bates and Tinker (1957) and of Cunningham and Cooke (1958).
When the solute reacts with the porous medium through which the
solution is moving, e.g. by exchange or adsorption, the change in distri-
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Fig. 3.—Sulphate distributions in columns containing sand plus 5 per cent
powdered Clackline clay with increasing water application at pH 4-6.
Concentration of initial 3 ml slug 37-5 me/1.
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bution with displacement is further modified from that produced by
diffusion or dispersion effects alone to an extent depending on the strength
of the interaction. In a previous paper (Aylmore, Karim and Quirk 1967).
iron and aluminium oxides were shown to have high adsorption capacities
for sulphate ions which were largely irreversible with respect to concentration. Thus, in similar experiments to the previous using columns containing sand plus 2% iron oxide, an identical sulphate distribution profile was
obtained regardless of the amount of water subsequently applied, the
sulphate being irreversibly adsorbed from the band of solution as it moved
through the column. As the concentration in solution was depleted, so the
amount adsorbed in successive sections decreased in accord with a
Langmuir adsorption isotherm.
Figure 3 shows the effect of leaching with increasing amounts of
water up to 100 inches on the movement of bands of potassium sulphate
solution at pH 4-6 through columns containing sand plus 5 per cent
potassium saturated Clackline kaolinite. In contrast to the absolute retention
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Fig. 4.—(a) Simultaneous leaching of sulphate and phosphate in saturated
columns containing sand plus 5 per cent powdered Clackline clay at pH 4-6.
(b) Effect of pH on sulphate distribution.
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of sulphate exhibited by the iron oxide columns, the distribution of sulphate
in the kaolinite columns changes progressively with increasing water application, spreading gradually along the length of the column and decreasing
in peak height. Since the adsorption capacity of the column is some 0-7
mg S/2cm section, the movement of the sulphate distribution occurs by an
alternative adsorption-desorption process similar to that which occurs in
chromatographic columns.
The presence of competitive ions in solution and of an increase in pH
markedly reduce the amount of sulphate ions adsorbed at any given
sulphate concentration (Karim 1967). In Figure 4a, the displacement of
the less strongly adsorbed sulphate from adsorption sites by phosphate ions
results in a displacement of the sulphate distribution to greater depths. As
the concentration of phosphate in the 3 ml slug is increased from 5-0 me/1
to 31-2 me/1, so the sulphate distribution is further displaced. Similarly
in Figure 4b, an increase in pH of the system from 4-6 to 6-5 reduces the
sulphate adsorption capacity to negligible proportions, and the distribution
obtained is almost identical to that obtained for chloride movement in the
same system.
In Figure 5 the breakthrough curves obtained at pH 4-6 for potassium
sulphate through columns containing 5 per cent Clackline kaolinite saturated
with potassium, calcium and aluminium ions respectively, are compared.
The concomitant exchange of potassium for calcium cations on the kaolin
clay appears to exert little influence on the sulphate breakthrough curve,
even though the potassium breakthrough curve lags considerably behind
that for sulphate. The potassium breakthrough curve is flatter and is displaced to higher effluent volumes than the corresponding sulphate break-

Fig. 5.—Sulphate breakthrough curves at pH 4-6 for potassium sulphate
solutions for columns containing sand plus 5 per cent powdered Clackline
clay saturated with potassium, calcium and aluminium. Also potassium
breakthrough curve for potassium sulphate through calcium saturated
column.
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through curve, but it is interesting to note that the potassium ion appears in
the effluent before the sulphate. This can be attributed to differences in the
rates and isotherms governing the exchange processes for S0 4 ~ — OH
and K+ — Ca++ exchange respectively and consequent mixing. The
sulphate breakthrough curve for potassium sulphate in an aluminium
saturated column is displaced to higher effluent volumes by the increased
adsorption capacity due to sulphate exchange with hydroxyls associated
with the exchangeable aluminium ions (Aylmore, Karim & Quirk 1967).
A comparison of the experimental sulphate breakthrough curve for the
potassium saturated column, with the curves predicted by the theories of
Glueckauf (1949), Lapidus and Amundson (1952) and of Hiester and
Vermeulen (1952) when the necessary parameters are obtained from a
point on the experimental curve is given in Figure 6. Qualitatively the
models all give a reasonable prediction of the position and shape of the
experimental observation. The Glueckauf theoretical plate approach gives
the best fit to the experimental data by this means. This method is, however,
somewhat more empirical than are the other two theories, since the parameters are uniquely determined by the shape and position of the experimental curve. In this regard the method is similar to Day's (1956) method
for non-reactive ions and could be of most use in predicting subsequent
distributions from one determined experimentally.
Although somewhat more fundamental in their derivation, both the
Lapidus and Amundson and the Hiester and Vermeulen models contain
parameters which are difficult to evaluate independently, and also require
interpretation from the experimental breakthrough curves. Both predict the
approximate displacement of the breakthrough curve with respect to

i.w

OH

0.6

0.4

0.2

J

0.75

1.00

1.25

I

1.50

L

1.75

Pore Volume

Fig. 6.—Comparison of theoretical (A) Glueckauf (1949), (B) Lapidus
and Amundson (1952), (C) Hiester and Vermeulen (1952), and experimental sulphate breakthrough curves for columns containing sand plus
5 per cent powdered Clackline clay saturated with potassium.
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effluent volume. The Hiester and Vermeulen theory attempts to account for
dispersion in terms of rate dependent processes involved in the diffusion of
ions to adsorption sites and in subsequent adsorption. Such rate dependent
processes are probably of negligible importance in this system, and the
values of the column capacity and solution capacity parameters incorporating an exchange rate constant, estimated from the experimental curve,
would have a doubtful physical significance. Although physically more
reasonable, the Lapidus and Amundson model suffers from the incorrect
assumption of a linear adsorption isotherm and the uncertainty in coupling
of hydrodynamic and any diffusive effects. Use of a Langmuir isotherm in
the equation of continuity presents considerable mathematical difficulty
and will await a satisfactory solution.
The physical models on which these theories have been developed thus
seem inadequate to provide other than approximate descriptions of the
movement of reactive ions through the more complex soil systems. However, much useful information may be obtained for practical purposes
within the limits of their applicability.
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SUMMARY

The movement of non-reactive and of reactive ions through columns
containing artificial soils has been studied and the results compared with the
distributions predicted by the chromatographic theories of Day (1956),
Lapidus and Amundson (1952), Glueckauf (1949) and Hiester and
Vermeulen (1952) for the particular conditions of the experiments.
Evidence has been obtained that the spreading of a solution-solvent
boundary through longitudinal molecular diffusion is only of significance
at flow rates of the order of 1 cm/hr or less. The holdback of non-adsorbed
ions by diffusion into intra-aggregate pores at slow flow velocities has been
illustrated.
Comparatively good agreement between experimental and theoretical
distributions was obtained under these controlled conditions for both non-
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reactive and reactive species. The results, however, illustrate the dependence
of the progressive adsorption-desorption process by which the movement of
a particular ionic species occurs on the presence of other ions, pH value
and the complicities of soil constitution. These factors make a generalized
theoretical approach to the movement of ions in solution through soils
extremely difficult.
RÉSUMÉ

Le mouvement des ions non-réactifs et réactifs a travers des colonnes
qui contenaient des sols artihciels fut étudié et les resultats furent compares
avec les distributions prédites par les theories chromatographiques de Day
(1956), Lapidus et Amundson (1952), Gluekauf (1949) et Hiester et
Vermeulen (1952) sur les conditions spéciales des experiences. Des indices
furent recueillis indiquant que la repartition d'une limite de solution-solvant
comme résultat d'une diffusion moleculaire longitudinale a une signification
seulement a une vitesse d'écoulement de 1'ordre de 1 cm heure ou moins.
La retention d'ions non-adsorbés par diffusion dans les pores intra-agrégats
a des vélocités de courant lents a été illustrée.
Un accord comparativement bon entre les distributions expérimentales
et théoriques fut obtenu sous ces conditions contrölées pour les espèces
non-réactives et réactives. Cependant les resultats demontrent la dépendance
du processus progressif d'adsorption-désorption par lequel le mouvement
d'une espèce ionique particuliere a lieu sur la presence d'autres ions, la
valeur pH, et les complicités de la constitution du sol. Ces facteurs ont
rendu tres difficile la consideration théorique générale du mouvement des
ions dans une solution a travers les sols.
ZUSAMMENFASSUNG

Es wurde die Bewegung von nicht-reagierenden und reagierenden Ionen
durch Röhren, die kuenstlichen Boden enthalten, geprueft und die Ergebnisse, die durch die chromatographischen Theorien von Day (1956),
Lapidus und Amundson (1952), Glueckauf (1949) und Hiester und
Vermeulen (1952) fuer die besonderen Bedingungen der Experimente
vorausgesagt worden waren, wurden mit der Verbreitung verglichen.
Es hat sich herausgestellt, dass das Fortschreiten einer Lösungsmittel—
Grenzlinie durch longitudinale Molekulardiffusion nur bei einer Stroemungsgeschwindigkeit von 1 cm/Stunde, oder weniger, von Bedeutung ist.
Das Zurückhalten von nicht adsorbierten Ionen durch Diffusion in die
Intra-Aggregat Poren bei niedriger Geschwindigkeit ist illustriert worden.
Verhaeltnismaessige gute Uebereinstimmung zwischen experimentellen und
theoretischen Verbreitungen wurden unter diesen kontrollierten Bedingungen fuer beide,—nicht-reagierende und reagierende Arten erzielt. Jedoch
illustrieren die Ergebnisse die Abhaengigkeit des progressiven AdsorptionsDesorptions-Prozesses, in welchem die Bewegung einer besonderen Ionenart
in Gegenwart anderer Ionen vor sich geht, sowie vom p//-Wert und von der
Beteiiigung der Bodenzusammensetzung.
Diese Faktoren machen eine verallgemeinernde theoretische Stellungnahme zur Bewegung von Ionen in Loesung in Boeden besonders schwierig.

LYSIMETRIC OBSERVATIONS ON THE LEACHING
OF ELEMENTS IN PODZOLIC SOILS
V. V. PONOMAREVA, T. A. RoZHNOVA AND N. S. SOTNIKOVA
Central Dokuchaev Soil Science Museum, Leningrad, U.S.S.R.
I. INTRODUCTION

During 1963-1967 the chemical composition of lysimeter water from
two podzolic soil profiles of the Leningrad region was studied.
Profile 1. A sandy illuvial humus podzol from a flat sandy terrace
on the Karelian Isthmus. Spruce-pine forest of the IV bonitet class with
bilberry—long-mossy cover dotted with sphagnum. Lysimeters were placed
under the A,„ Ai, AL>B and B„ horizons.
Profile 2. Loamy soddy-podzolic soil of Ladoga-Ilmen lowland (Lisinsk
forest). Pine-spruce forest of the II bonitet class, bilberry-oxalis cover with
moss and grass participation. Lysimeters were placed under the A,„ A,, A2,
AL.B and B horizons.
Lysimeters of the open type were used (Shylova 1951) made of vinyl
plastic. Their water collecting area was 40 x 40 cm. Water composition
determinations were made four times a year; after winter, spring, summer
and autumn. Irrespective of some variability in annual and seasonal data
there was a clearly pronounced qualitative pattern of leaching in each
profile. This paper considers the bulked means of all data collected during
these observations.
II. T H E NATURE OF THE PODZOLIZING E F F E C T
OF FOREST LITTER ON SOILS

Among conditions under which the podzolizing process takes place.
forest fall decomposition plays a particularly important role. Two opposing
points of view exist with regard to the nature of the taiga type forest
litter podzolizing effect on soils.
(1) Under cold and humid climatic conditions an intensive leaching of
bases from slowly decomposing forest litter occurs, resulting in a strong
decalcification of the litter and the formation of acid podzolizing solutions.
(2) On slow decomposition of forest litters the bases are retained by
slightly decomposing plant tissues and energetically assimilated by abundant
organisms; plant roots, mosses and microbes.
The lysimetric study confirmed the second point of view (Table 1).
It should be noted in advance that the litters under study (of a podzol 6
cm thick and of a soddy-podzolic soil 4 cm thick) contain very similar
quantities of bases per unit area. However, 4-5 times as much mineral
matter, bases in particular, is leached from the soddy-podzolic litter as
from the litter of the podzol. The organic matter:mineral matter ratio of
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TABLE 1
COMPOSITION OF LYSIMETER WATER FROM PODZOLIC SOIL PROFILES
(MEAN DATA FOR 1 9 6 3 - 1 9 6 7 )

Residue, mg/1
Horizon

A„
•AiA 2

A2
B
Brook
water

A„
A,
A2
A2B
B
Brook
water

Depth,
cm

6
12
30
65

4
12
23
40
90

oven mineral
dry

mg/1

Acidity, m-equiv./l

pH

total without HCOs

co2

*
Cx2

107
87
68
54

34
42
37
40

4-27
4-60
4-76
501

0-48
0-90
0-62
0-87

0-42
0-50
0-21
012

0-14
017
014
016

Sandy
60
34
23
7

69

23

4-39 0-51

0-38

011

36

336
152
182
176
190

156
69
98
117
146

406
4-74
4-94
5-91
617

1-26
0-57
0-78
0-95
0-73

0-89
0-36
0-35
019
001

0-23
0-21
0-26
0-58
1-34

146

60

5-82

0-50

019

0-34

*Cx2 = organic matter

N

P

a

Ca

Mg

3-51
4-36
3-46
5-28

5-5
4-3
40
3-8

2-96 3-91

3-5

S

illuvial humus podzol
1 -41
0
4-41
0-98
0
3-88
113
0
4-30
0-40
0
4-60
0-76

0

Soddy podzolic loamy soil
136 2-75 0 0 0 5
230
59 1-35 0 0 0 1
11-2
60 1 -58
0
16-3
38 0-88
0
12-2
16 0-50
0
9-8
60

1-20

0

6-2

K

Na

Fe

Al

0-97
100
0-84
1-40

2-20
1-70
100
0-20

1-67
1-75
1-90
2-30

2-24
2-50
2-86
5-66

114
104
0-78
114

3-32
6-67
5-52
7-38

0-43

0-22

1-60

417

0-61

4-62

Si

7-07 26-3
2-57
8-8
6-96 10-2
8 07 8-7
9 1 0 16-6

8-3
4-5
6-7
6-6
10-7

1300
3-20
4-72
2-55
100

2-64
2-38
3 09
310
7-78

4-88
3-64
5-23
11-50
500

201
1-40
1-30
3 61
2-33

6-55
7-41
5-40
10-30
24-20

100

3-7

100

2-58

4-70

1-25

5-60

5-59
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the lysimeter water from the podzol is about 2 and the pH value about 4.
The characteristic of podzols, slightly decomposing moss-litters (together
with inhabiting organisms), most strongly retain organogenic elements
thus enriching the solution with organic acids which podzolize the soil from
the very surface.
III. DISTINGUISHING FEATURES OF
SODDY-PODZOLIC SOILS

A soddy podzolic soil litter is decomposed more readily than the litter
of a podzol, thus leading to several important consequences: (a) the
leaching of mineral elements from it is, as has been stated above, 4-5 times
that of the podzol litter; the ratio of organic to mineral substances drops
to 0-8, though the pH value remains low (about 4 ) ; (b) due to a high
concentration of migrating ions from the litter solutions the tendency to
flocculate increases and most of the components are retained in the lower
Ax horizon, thus giving rise to the formation of the latter; (c) consequently
the concentration of solutions percolating through the Ai horizon decreases
markedly before emerging and becomes almost as low as that under the
litter in a podzol. It is thus natural that the A 2 horizon is formed under the
Ai horizon, in that part of the profile which is subject to maximum
eluviation because the percolating solutions are the least mineralized. Thus,
the development and location of the podzolizing process in soil profiles is
related not to the leaching of bases from the overlying organogenic horizons
(A 0 or A0 + AO but on the contrary, to their retention in these horizons.
IV. LEACHING LOSSES AND
ATMOSPHERIC ACCESSIONS

A comparison may be made of the leaching losses from the accumulative horizons of podzolic soils (i.e. the A„ horizon in the podzol and the
A 0 + Ai horizons in the soddy podzolic soil) with the accession of
elements, brought in from the atmosphere by rainfall. However small the
leaching losses may be, they are real. Since the superficial root systems of
taiga forests are mainly distributed in the litter and the A0 + A t horizons,
one cannot be sure that the elements leached from there will be again
involved in the biological cycle. In this connection Rodin and Bazilevich
(1965) proposed a "noncompensated" type of biological element cycle in
coniferous forests under which podzolic soils are developed.
There is a reliable naturally occurring "compensator" of these losses
viz. the elements from the atmosphere reaching the soil with dust and rainfall. According to our calculations these not only compensate but often
exceed the leaching losses from the A0 or A„ + At horizons. This is shown
in Table 2, where leaching losses are compared with atmospheric accessions
in kg/ha. Leaching losses were calculated from the water collecting area
of the lysimeter and the annual amount of water collected. The volumes
were 40 1/m2 from the A0 horizon of the podzol, and 30 1/m2 from the
A0 horizon of the soddy podzolic soil (we failed to measure the amount of
water from lower lysimeters). The values for atmospheric accession in the

l/l

<
<
TABLE 2
COMPARISON OF THE AMOUNTS OF ELEMENTS LEACHING FROM THE ORGANOGENIC SOIL HORIZONS WITH THAT OF THEIR ENTRY INTO THE SAME HORIZONS
FROM THE ATMOSPHERE
1

Enters with rainfall
Leachings from the A 0
horizon of the podzol
Leachings from the A 0
+ Ai horizons of the
soddy podzolic soil

Unit

N

Ca

Mg

A:

5

kg/ha

2-8

3-3

32-4

5-0

1-1

kg/ha
% of that entering with rainfall
kg/ha

0-56
20
0-42

0-88
27
0-96

2-20
44
2-64

0-40
36
1-35

% of that entering with rainfall

15

29

1-76
5
3-36
10

53

123

c
z
z

>
<
>

z

N
X

z
c

<
>
>
z
-

z
z
z
<
>

LEACHING IN PODZOLS

159

Leningrad region have been taken from the literature (Tsyganenko 1956).
Even if the amount of meteoric water entering the system is 2-3 times
the amount collected, the losses of elements from, and the accessions to. the
A„ or A0 + A, horizons will be of the same order. This shows that the
biological cycle of elements is more or less balanced in the system being
studied, i.e. in coniferous forests on podzols and podzolic soils.
Quite different is the irreversible removal of organogenic elements from
the eluvial horizons due to the long term effects of podzolization. Calculations show that the amount of this removal is immense, being expressed
in thousands or tens of thousands of kg/ha. Under these conditions, when
the mineral part of the soil has been largely exhausted, the nutrition of the
coniferous forest communities is probably derived mainly not from the
mineral substratum, and the biological cycle then acquires an autonomous
character (Ponomareva 1966).
V. MIGRATION AND ACCUMULATION OF
ELEMENTS IN PODZOLIC SOIL PROFILES

The following method is suggested for the analysis of lysimeter data
when they are obtained from each genetic horizon of the soil profile. If
each element in each horizon is calculated as a percentage of that in the
horizon immediately above, it is then possible to determine
(a) what entering elements are completely leached out of this horizon,
(b) what elements are retained in this horizon, and to what extent,
and
(c) what elements and in what amount are added to the solutions
percolating through this horizon as a result of mineral decomposition.
From this information it may be possible to obtain some indication of the
presence or absence of the lessivage processes in the soil, that is, the
eluviation of clay without its chemical destruction.
The results of these calculations are given in Table 3 and in Figure
1. Values less than 100% indicate the retention of elements from solutions
(the lower the figure, the higher the retention); the figures higher than
100% suggest a supplementary removal of elements by solution, due to
mineral decomposition.
The data obtained for the soddy podzolic soil suggest the following:
(a) Sorption (physico-chemical and biological) by the A t horizon of
not only the organic C compounds (pro-humus substances) but also of al!
other elements, except Si, from the litter solutions appears to be a feature
of current soil processes. The degree of sorption of different elements in the
Ai and AL> horizons of the soddy podzolic soil suggests that very different
processes of formation are operating in these adjacent horizons (Table 3).
(b) The podzolization of the A2 horizon, i.e. the decomposition of
silicate minerals in it, in the recent period of soil development is suggested.
This is proved by the removal of almost all elements in appreciably larger
amounts than their entry here from the AT horizon. Of interest is the
sorption of silicon from solution in the A-2 horizon. This suggests that Si
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may accumulate directly as well as indirectly in this horizon. The nature of
this retention is not clear.
(c) An energetic removal of silicate mineral elements—Si, Fe and Al,
especially the two latter, from the transitional A^B horizon. This horizon
may thus be considered as the horizon of the most active podzolization at
present, probably because it is less weathered than the A 2 horizon, and
therefore liable to more effective mineral decomposition.
(d) An energetic retention of iron and aluminium in the B horizon
and an intensive leaching of Si from it, i.e. the desilication of the B
horizon.

C.N.S.K

Ca,N9,Mg

Si,AI,Fc
C,Ca,Si

A,A 2

N,Na,M

A,

Bh

S.Mg.Fe
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Fig. 1.—Relative changes in concentration of several groups of elements in
podzolic soils, (a) Sandy illuvial humus podzol; (b) Loamy soddy podzolic
soil. The concentration shown for each horizon is expressed as a percentage
of the concentration of the leachate from the immediately overlying horizon.

The composition of the lysimeter water from the sandy podzol has
much less differentiation throughout the profile than has that of the soddy
podzolic soil. Assimilation of elements by organisms may play a role in
retention in different podzol horizons since the mineralization of solutions
migrating from the litter is, in general, very low. Almost all mineral horizons
of the podzol retain the organogenic elements, P, K, N, C, S, Ca, Mg. As
with the soddy podzolic soil, the A 2 horizon of the sandy podzol retains Si,
hence this phenomenon may be more than mere chance. The release of
Si' as well as Fe and Al, distinguishes the sandy podzol B k horizon from
that of the loamy soddy podzolic soil.
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VI.

COMPARISON OF LEACHATES FROM

THE

LITTERS AND THE WHOLE PROFILE

It would have been of interest to compare the elements leaching from
the whole of the profile of a podzolic soil with the amounts entering from
their principal source, namely the forest litter. Unfortunately, due to some
experimental difficulties, the volume of water entering the lower lysimeters
was not measured. Therefore it was possible to calculate only the ratio of
the concentration of the elements in the drainage water at the base of the
profiles, to that in the water from the forest litter.
The results of these calculations are presented in the bottom lines for
the podzol and the soddy podzolic soil in Table 3. This ratio shows that
there is a difference in the behaviour of the two groups of elements, namely
(1) the typical organogenic elements and (2) those silicate mineral elements
taking little part in biological nutrition. The order of removal of the
organogenic elements is similar in both soils and their actual percentages
agree closely. The values show that the main organogenic elements (P, K,
N) are leached out of the soil profiles in negligible amounts. Their removal,
undoubtedly, does not exceed their entry into the soil profile from the
atmosphere since even in litter the amounts of removal of the element and
entry with rainfall are comparable. On the other hand the order of removal
of the silicate elements. Al, Fe and Si, is different for the two profiles. This
may reflect the different chemistry of their profile formation. Silicon and
Fe are removed in maximum amounts from the sandy prodzol profile while
AI appears to be unaffected. This may be explained by the ability of Al to
precipitate with the fulvic acids, which dominate in sandy podzols (Tiurin
1949, Ponomareva 1964). Silicon is largely removed from the profile of
the loamy soddy podzolic soil (could not this be connected with clay
formation in the B horizon, when surplus Si is removed?). Na is also
markedly removed, while Fe is very little removed.
Some conclusions may be drawn from these lysimetric investigations
concerning the lessivage process. Considering the wide molecular SiOz'.AhOz
ratio in the water from the podzol (11-12), very different from that in clay
minerals, and of a sharp profile differentiation of this ratio (ranging from
5 to 18) in the water from the soddy podzolic soil, it may be concluded
that the lessivage process does not occur in the soils of this investigation.
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SUMMARY

The composition of the lysimeter water from different genetic horizons
of a sandy illuvial humus podzol and a soddy podzolic loamy soil, both
from the Leningrad region, has been studied over several years. The
observations are presented and deal with the following:
(i) The amounts of some nutrient elements leaching from the litter of
the podzol were negligible, being of the same order as the amounts entering
the soil from the atmosphere.
(ii) The leaching of the same elements from the litter of the soddy
podzolic soil was greater. In this case the predominant amounts of the
elements leached from the litter were retained by the A, horizon. This
phenomenon may be related both to the formation of the Ai horizon under
the A„ horizon and the AL. horizon under the Ai horizon in the soddy
podzolic soil profiles.
(iii) Certain distinguishing features of the leaching of elements and
their accumulation from solution were observed in the profiles of podzolic
soils, including the B horizons. For example, almost all elements entering
the Ai horizons of the soddy podzolic soil were retained there in amounts
varying from 20 to 80 per cent of that entering. Most elements were
leached from the A^ horizon in greater amounts than that of their entry
from the A, horizon; this was evidence of the current podzolizing process.
The transitional A^.B horizon could be regarded as the horizon of most
active current podzolization due to the high amount of silicate mineral
elements being leached from it. Desilication, together with iron and
aluminium retention, were characteristics of the B horizon of the soddy
podzolic soil. On the other hand the sandy podzol was characterized by
different features of element migration and accumulation from solution.
RÉSUMÉ

Au cours de plusieurs années on a étudié la composition de 1'eau de
lysimètres de différents horizons génétiques d'un podzol humifère illuvial
sablonneux et d'un limon podzolique gazonné, tous deux de la region de
Leningrad. Les observations sont présentées, et traitent de :
1. La quantité de certains elements lessivés de la litière du podzol est
négligeable. et elle est du même ordre que celle des elements venant de
1'atmosphère qui pénètrent Ie sol.
2. Le lessivage des mêmes elements de la litière d'un sol podzolique
gazonné était plus marqué. Dans ce cas, les quantites predominantes des
elements lessivés de la litière étaient retenues par 1'horizon A,. Ce phénomène peut être apparenté a la formation de 1'horizon A, sous 1'horizon A,„
de même qu'a 1'horizon Au. sous 1'horizon Ai dans les profils de sols
podzoliques gazonnés.
3. On a observe certaines caractéristiques du lessivage d'éléments et
de leur accumulation venant de solutions dans les profils des sols podzoliques, y compris les horizons B. Par exemple, presque tous les elements
qui pénètrent les horizons Ai de sols podzoliques gazonnés y sont retenus
en quantites variant de 20 a 80 % de la penetration. La plupart des
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elements sont lessivés des horizons A2 en plus grandes quantités que celles
qui y pénètrent depuis l'horizon Ai; ceci présente l'évidence du processus
podzolisant en cours. L'horizon de transition AjB pourrait être considéré
comme l'horizon oü la podzolisation actuelle est la plus active a cause de
la haute teneur en silicate de 1'élément mineral qui en est lessivé. Une
désilication ainsi qu'une retention de fer et d'aluminium caractérisaient
l'horizon B du podzol gazonné. D'autre part, Ie podzol sablonneux difïère
par d'autres caractéristiques de migration d'éléments et d'accumulation
venant de la solution.
ZUSAMMENFASSUNG

Die Zusammensetzung des Lysimeterwassers von verschiedenen genetischen Horizonten eines sandigen, illuvialen Humuspodsol und eines lehmigen Rasenpodsolbodens aus der Umgebung von Leningrad wurde für
mehrere Jahre untersucht. Die Beobachtungen werden vorgelegt und
ergeben folgendes:
(i) Die Mengen einiger aus der Streuschicht des Podsol ausgewaschener Nahrstofrelemente waren geringfügig und nicht höher als diejenigen,
die aus der Atmosphare in den Boden eindringen.
(ii) Die Auslaugung der gleichen Elemente aus der Streuschicht des
Rasenpodsolbodens war grosser. In diesem Falie wurden die überwiegenden
Mengen der aus der Streuschicht ausgelaugten Elemente durch den A t Horizont zurückgehalten. Diese Erscheinung kann mit der Bildung des
A,-Horizontes unter dem A„-Horizont. sowie des AL.-Horizontes unter dem
Ai-Horizont in den rasenpodsoligen Bodenprofilen zusammenhangen.
(iii) Gewisse unterscheidende Merkmale der Auslaugung von Elementen und deren Akkumulation aus der Lösung wurden in den Profilen der
podsoligen Boden, einschliesslich der B-Horizonte, beobachtet. Zum
Beispiel wurden beinahe alle in die Ai-Horizonte des Rasenpodsolbodens
eindringenden Elemente dort in Mengen von 20 bis 80 Prozent des
Einganges zurückgehalten. Die Auslaugung der meisten Elemente aus dem
Ao-Horizont war grosser als deren Eingangsmengen aus dem Ai-Horizont;
ein Beweis des stattfindenden Podsolierungsprozesses. Der A2B-Übergangshorizont könnte wegen der Auslaugung des hohen Silikatmineralelementes
als der Horizont der aktivsten gegenwartigen Podsolierung angesehen
werden. Entkieselung und gleichzeitige Eisen- und Aluminiumzurückhaltung waren die Merkmale des B-Horizontes des Rasenpodsolbodens.
Der sandige Podsol war dagegen durch verschiedene Eigenarten der Elementwanderung und Akkumulation aus der Lösung gekennzeichnet.

HYDROLOGICAL PROFILE OF THE SOIL
A. A. R O D E

Dokuchaev Soil Institute, Moscow,

USSR

As water is one of its main constituents, the soil could be expected to
include a number of distinct hydrological horizons.
One of the most important properties of soil water is its mobility. It
becomes less mobile with decreasing water content. This fall in mobility
proceeds by "jumps", corresponding to certain values of soil water content.
These are referred to as the soil-hydrological constants. Four main constants
may be distinguished: 1) total capacity (TC); 2) minimum retention
capacity (MC); 3) water of capillary bonds rupture (CBR); 4) wilting
point (WP). Two of these constants may be evaluated in energy units.
The tension is zero at the total capacity and approaches 15 atmospheres
when the water content corresponds to the wilting point.
The tension value at the MC ranges from some hundredths up to some
tenths of an atmosphere, as affected by soil texture and structure. The
tension value of the CBR is not yet established. It may be suggested that
the CBR, as well as the MC, cannot be characterized for different soils by
a single tension value.
The separation of soil hydrological horizons is based on the idea that
each horizon contains only one form of soil water. It is proposed to
distinguish seven soil-hydrological horizons, which are listed and characterized in Table 1.
Water bearing and capillary horizons are subdivided according to their
place in the soil strata. For instance, water bearing horizons may be represented by ground (deep subsoil) water, as well as by the soil ground water.
In the first case the ground water table is never within the soil strata. In the
second, the soil ground water table is sometimes observed within the soil
strata. The temporary soil water horizon, including the impermeable layer,
is wholly located in the soil profile. Cryogenic soil water is found over the
impervious layer, frozen permanently or seasonally.
The capillary horizons above the water-bearing horizons may be
encountered in various layers. They will be spoken as capillary fringes above
the ground water, soil ground water or temporary soil water. Capillary
horizons include also layers, containing percolating gravitational water,
whose water content is higher than MC. When frozen they may retain the
excessive water for a long time.
The water content in the soil as well as in individual layers may change
considerably. These changes induce a displacement in soil hydrological
horizons and their mutual replacement in the profile. Some of these
horizons may disappear and then appear again. Therefore the soil hydrological profile, as opposite to the morphological profile, is changeable.
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TABLE 1
SOIL HYDROLOGICAL HORIZONS AND THEIR PROPERTIES

Intervals of
water content

Total capacity
(TC)

Soil hydrological
horizons

1. Horizons of total
saturation :
a) ground water
b) soil-ground water
c) temporary soil water
d) cryogenic
temporary
water

The forms of
soil water

Free gravitational
water of waterbearing horizons.

soil

From the total capacity up
to the minimal retentive
capacity
(TC — MC)

2. Horizons of capillary
saturation :
a) capillary fringes about
ground water, soil-ground
water and temporary soil
water
b) the horizon with supportedsuspended water (in heavytextured layer underlain by
coarser texture layers = the
reduced capillary fringe)
c) The horizon with percolating
water

a) Free gravitational
capillary supported
water
b) Free gravitational
supported-suspended
water
c) Percolating free
gravitational water

Minimal retentive
capacity
(MC)

3. The horizon of minimal
saturation

The maximum content
of suspended water
(loosely and tightly
bound, with isolated
microaccumulations
of free water or with
isolated
wedges
of
free pendular water)

From the minimal
retentive capacity up to
the water of capillary bond
rupture
(MC — C B R )

From the water of capillary bond rupture up to
the wilting point
(CBR — WP)

The horizon of weak
desiccation

5. The horizon of
intensive desiccation

The same.
The
content of the free
water
in
microaccumulations diminishes
gradually
to
zero from the upper
to the lower limit of
the water interval.

The decreasing content
of loosely bound water
plus the maximum
amount of the tightly
bound water
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TABLE 1 (continued)

Wilting point
(WP)

6. The horizon of total
biological desiccation

Intervals of
water content

Soil hydrological
horizons

Less than the wilting point
(<WP)

7. The horizon of physical
desiccation

Loosely and tightly
bound water.
The
relative humidity of
the soil air is equal to
100%.
The forms of
soil water
The same. The relative
humidity of the soil air
is less than 100%.

The replacement of soil hydrological horizons, that accompanies soil
wetting proceeds in a way different to that of drying. During drying the soil
hydrological horizons replace each other in a strict succession as seen from
Table 1. At the beginning the water content may vary greatly, but usually
it ranges from TC up to MC. Soil drying may be induced by water uptake
by plant roots, by physical evaporation etc. Soil wetting usually proceeds
from above. If the moisture content before wetting is less than MC. the first
stage of wetting results in an increase in water content up to the MC for
the upper layer. The wetting of lower horizons may begin only after the
water content in the upper layers has reached MC. Thus, the moisture
content in the layers is subjected to sudden changes, increasing from a low
water content up to the MC value. For example, the horizon of total
biological desiccation is immediately transformed into a layer wetted up
to MC. Only then does water percolate into the underlying horizons. If
the soil surface is cracked, wetting proceeds in a different way, because the
water moves downward along the cracks directly into the lower layers.
Some examples of soil hydrological profiles and their evolution in the
annual cycle are considered below.
In Figure 1 the simplest hydrological profile of a solonchak-solonetz
soil is shown, the ground water table occurring at a mean depth of 7 m.
There is no essential change in this profile during the year. The sequence of
the soil hydrological horizons from the water-bearing horizon upwards to
the surface is as follows: capillary fringe, the horizon of minimum saturation, the horizon of weak desiccation, the horizon of intensive desiccation,
the horizon of total biological desiccation. The upper 40 cm layer is the
horizon of intensive desiccation. During the autumn and winter it turns into
the capillary horizon 25 cm thick. The latter is formed due to the
percolation of autumn rainfall and to retainment of water on freezing.
Immediately after thawing the capillary horizon disappears because the
water is lost by transpiration and physical evaporation. The profile is never
wetted through, as was shown by long term observations. This type of soil
hydrological profile is formed due to the transpiration of halophytic plants.
Their roots penetrate the soil to a depth of 3-5 m and take up the moisture.
As a result of this extraction of water the water and pressure gradients are
directed downwards. That is why in this soil the conditions favour a
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1955
1956
Fig. 1.—The water regime of a solonchak-solonetz soil (After A. A. Rode,
1963). See legend on Fig. 4.

1952
Fig. 2.—The water regime of a southern chernozem under wheat (After
A. S. Skorodumov, 1959). See legend on Fig. 4.
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permanent upward movement of water. The upward movement of water
proceeds very slowly due to the negligible water conductivity of the strongly
and totally biologically desiccated horizons. Permanent upward movement
of saline ground water proceeds for ages and results in a concentration of
salts in the layer 0-4 - 2 m. The salt content within this layer may reach
2 - 5 - 3 % of the soil weight. In the deeper layers this percentage falls and at
the ground water level it approaches the amount of salts in this water.
The water regime of this soil is said to be of a non-percolative type,
combined with an intra-soil bio-exudative type.
The water regime of a southern chernozem under wheat is presented
in Figure 2. The horizon of weak desiccation covers almost the whole
profile. In summer the upper layers dry out to a state of intensive and total
biological desiccation. The soil remains at this stage up to the middle of
winter. After November the percolation of rain and melt waters (the winter
temperature is about 0°) leads to the formation of a capillary horizon in
the topsoil. At a positive air temperature the capillary horizon turns into
the horizon of minimal saturation, the water content corresponding to the
MC. This horizon is still at the topsoil during May and June due to
abundant precipitation. Later it disappears. In the lower part of the profile
a horizon of weak desiccation occurs permanently as the profile is never
wetted through.
The upward movement of water is induced by the presence of the upper
lying horizons of intensive and total biological desiccation. This upward
movement proceeds till the water content becomes less than CBR. After this

1951

I95Z

Fig. 3.—The water regime cf a southern chernozem under a forest plantation (After A. S. Skorodumov, 1959). See legend on Fig. 4.
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1954

1955

Leaend
Moisture:
= TC

horizons:

H. of maximal saturation

(aquifer)

TC-MC

Capillary horizon

= MC

H. of minimal saturation

MC-CBR

H. of slight i>/olojg. dessic

C8R-WP

H. of intensive biolog.dessic.

\ ^ WP
-Ï—f""*
_•_!_" -

Hydrological

H. of total

Air temperature
precipitation

hiolog dessic

and decade sums of

Pis- 4.—The water regime of a cultivated derno-podzolic soil (After
I. S. Vasiljev, 1958).
the mobility of the soil water is essentially reduced and the water content
in the lower part of the profile equals the CBR value.
Figure 3 shows the water regime of a similar soil but under an artificial
forest plantation. The horizon of weak desiccation occurs only at a depth
of 4 m beyond the root inhabited zone. The upper layer, due to the uptake
of water by plant roots, is dried out to the state of intensive biological
desiccation. Under this horizon the horizon of total biological desiccation
is formed. Vyssotsky (1898) has referred to this layer as the "dead horizon
of desiccation". This horizon is characterized by a high suction force which
is responsible for the weakly desiccated horizon at a depth of 5 m. During
winter the layer of minimal saturation is formed in the top soil. During
February and March (when the soil is frozen) this horizon turns into a

HYDROLOGICAL PROFILE

171

capillary one. Both horizons are very thin and disappear at the beginning
of May due to the uptake of water by plant roots. Even abundant spring
rains do not essentially change the water content, reducing only the rate of
soil desiccation.
The influence of vegetation on the soil water regime can be seen by
comparing the data presented in Figures 2 and 3. The forest is responsible
for the desiccation of the 4 m layer and the permanent presence of the dead
horizon of desiccation, at a depth of 1 -5 — m. Under wheat only the 1 -5 m
layer is subjected to alternative desiccation. Thus the comparison of hydrological profiles under forest and wheat shows a deeper and more intensive
desiccation under the forest.
The water regime of cultivated sod-podzolic ("derno-podzolic") soil
is presented in Figure 4. In this profile the horizon of weak desiccation
dominates. It is formed in summer due to the migration of water in the
horizon of intensive desiccation which coincides with the root zone. In
autumn the horizon of intensive desiccation disappears due to the infiltration
of rain waters but the horizon of weak desiccation is still present in the
profile till spring, when the profile is wetted through. The water regime of
this soil is said to be of a percolative type. In autumn the soil is wetted by
rains up to 0-5 m. Within this layer the capillary horizon and even
temporary soil water bearing horizon are usually observed. During winter
water is here retained in a frozen state. After thawing this water percolates
into deeper layers of the soil and into the subsoil strata. Thus the water
regime of this soil is of a percolative type.
All the data cited indicate the real existence of soil hydrological
horizons in soils. The recognition and investigation of these horizons makes
possible a characterization for all the peculiarities of the soil water regime,
the hydro-ecological conditions for plant growth and the effect of plants on
the soil water regime.
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SUMMARY

The conception of the soil hydrological profile as a system of hydrological soil horizons is introduced. The layers containing the soil water of
a certain form are referred to as the soil hydrological horizons. The values
of water content which fix the limits of soil water forms as well as the limits
of the soil-hydrological horizons are spoken of as the soil-hydrological
constants. Seven types of soil hydrological horizons are distinguished
according to four soil-hydrological constants. The soil-hydrological horizons
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replace each other in time and space and this results in changes in the soilhydrological profile. Representation of the soil water regime by means of
soil-hydro logical horizons makes it possible to estimate the hydrological
conditions for plant growth, to demonstrate all the peculiarities of the soil
water regime, to recognize the direction of the water flow in the soil and to
estimate to some extent the rate of this flow. Some examples of the soil
water regime (solonetzous solonchak, southern chernozem under different
vegetation and derno-podzolic soil) are discussed.
RÉSUMÉ

On présentera la notion du profile hydrologique du sol comme système
d'horizons de sol hydrologiques. On désigne les niveaux que contiennent
1'humidité du sol d'un certain type, horizons hydrologiques du sol. Les
valeurs du contenu d'humidité qui déterminent les limites de 1'humidité
des types de sol aussi bien que les limites des horizons hydrologiques du
sol sont nommées constantes hydrologiques du sol. On distingue sept genres
d'horizons hydrologiques du sol selon les 4 constantes hydrologiques du
sol. Les horizons hydrologiques du sol se remplacent en temps et en
étendue, ce qui amène des changements dans Ie profile hydrologique du sol.
La representation du régime de 1'eau du sol au moyen des horizons
hydrologiques du sol permet d'évaluer les conditions exigées pour la
culture des plantes, de démontrer toutes les particularités du régime de
1'eau du sol, de reconnaïtre Ie sens de 1'écoulement de 1'eau dans Ie sol, et
d'évaluer a un certain point Ie debit de cet'écoulement. On examine
quelques exemples du régime de 1'eau du sol (solonetz-solonchakoïde;
chernozem meridional sous vegetation différente, et sol derno-podzolique.)
ZUSAMMENFASSUNG

Der Entwurf des boden-hydrologischen Profiles als ein System von
hydrologischen Boden-Horizonten wird vorgeschlagen. Die Schichten,
welche die Bodenfeuchtigkeit einer bestimmten Art erhalten, werden zu den
hydrologischen Horizonten gezahlt. Die Werte des Feuchtigkeits-Gehaltes,
welche die Einschriinkung der Bodenfeuchtigkeits-Formeln, wie auch die
Einschriinkung der boden-hydrologischen Horizonte bestimmen, werden im
allgemeinen Boden-Hydrologische-Konstante gennant. Sieben Typen bodenhydrologischer Horizonte werden unterschieden, sich auf vier boden-hydrologische Konstante beziehend. Die boden-hydrologischen Horizonte ersetzen
sich gegenseitig in Zeit und Raum, und dies hat Wechsel in den bodenhydrologischen Profilen zur Folge. Eine Darstellung des Boden-WasserRegimes mittels boden-hydrologischer Horizonte machte es möglich, die
hydrologischen Konditionen für Pflanzen-Wachstum und alle die Eigenheiten
des Boden-Wasser-Regimes anzuerkennen, die Richtung des Wasserlaufes
im Boden zu schatzen und bis zu einem gewissen Grade die Geschwindigkeit
dieses Laufes zu erkennen. Einige Beispiele des Boden-Wasser-Regimes
(Solonetz Solontschak, südlicher Tschernosem unter verschiedenen Vegetationen und derno-podsolischem Boden) werden behandelt.

THE EFFECT OF FLUCTUATIONS IN FLUID
VELOCITY ON HYDRODYNAMIC
DISPERSION
D. A. FARRELL AND W. E. LARSON
C.S.I.R.O., Division of Soils, Adelaide, Australia, and Soil and Water
Conservation Research Division, ARS, USD A, Ames, Iowa
INTRODUCTION

Hydrodynamic dispersion as a mechanism for transporting the components of non-homogeneous fluids has been studied theoretically and
experimentally by many scientists including Taylor (1953), Scheidegger
(1954), and Pfannkuch (1963). These studies have shown that the
effective diffusion coefficient is affected by several factors including the fluid
velocity, the coefficient of molecular diffusion of the dispersing material,
the pore structure of the soil, and the gradients in fluid density and fluid
viscosity in the diffuse zone separating the displaced and displacing fluids
(Biggarand Nielsen 1964).
In previous analytical studies of dispersion the velocity of the convecting
fluid has been assumed constant. The results of these studies are not
applicable to situations where periodic or random changes in the soil
environment produce fluctuations in the velocity of the convecting fluid.
This paper presents the first results of a theoretical study of the effect
of velocity fluctuations on dispersion in soils. It examines the effect of
velocity fluctuations on dispersal in a straight circular capillary tube for the
case where fluid inertia does not significantly affect the Poiseuille velocity
distribution in the tube.
THEORY

The radial distribution in axial fluid velocity, U(r), for steady laminar
flow in a circular capillary tube of radius, a, is
U(r) = U0 ( 1 - r V a 2 )

(1)

where U„ is the fluid velocity at the axis of the tube and r is the radial
coordinate.
For non-steady laminar flow the inertia terms in the Navier-Stokes
equations for incompressible fluids will affect the velocity distribution. However, Sexl (1928, 1930) has shown that for periodic oscillations in the
longitudinal pressure gradient which give small values of the parameter,
a'-oi/v, the velocity distribution in the tube closely approximates the
Poiseuille distribution given by equation ( 1 ) .
The above parameter, a-oi/v, is here termed the generalized inertial
frequency with w. the frequency of the oscillations in pressure gradient and
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v, the kinematic viscosity of the convecting fluid. We have calculated from
Sexl's work that provided the generalized inertial frequency is less than
unity the deviations from the steady-flow laminar distribution of velocity
are less than 3 percent.
For an axially-symmetric distribution of dispersing material in the
capillary tube, and for linear laminar flow of the convecting fluid the
dispersal equation may be written as (Philip 1963)
.r<92C

1 8 I 8C\ T

8C

8C,

In equation (2), C is the concentration of the dispersing material,
x, r, and / are the axial coordinate, radial coordinate and time, respectively; D is the coefficient of molecular diffusion, and V»(t) is the fluid
velocity at the axis of the tube.
By generalizing the variables x, r, and t, equation (2) can be written as
82C

18/
1

8C\
P

8C

=

8C,

a

{1 p2)Uo{T)

p8p\ Tp) -8T+-8C -

(3)

D

where p = rja, C, =- xja and x = Dt\dl.
For steady flow Uo (/) is a constant, say Uo, and the solution of equation
(3) depends on the parameter —=-, commonly termed the diffusion Peclet
number.
(a) Sinusoidal Oscillation in Axial Velocity
If the longitudinal fluid velocity at the axis of the tube is taken as
Uo (0 = Uo COS(CÜO

equation (3) becomes
82C

W

1 S I 8C\
+

8C

p¥\pTp)=-8T

8C
+

, aUo

Jc(ï ~ p ) ~ D

cos(QT)

(4)

where Q = a2a>l D.
The dimensionless parameter, Q, is here defined as the generalized
diffusion frequency to distinguish it from the generalized inertial frequency.
Assuming as in the Taylor (1953) and Pfannkuch (1963) analyses, that
the longitudinal gradient of the concentration of the dispersing material may
be taken as constant and uniform throughout the capillary tube, equation (4)
simplifies to
1 p I 8C\
8C
(5
-p8-p\pTp)=^-ps^-^C0^Q^
>
where P = aU0ID and 8C\8^ = - S.
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Before proceeding to the solution of equation (5) it is worth noting that
the assumption of a constant and uniform gradient in concentration is not
necessarily the only assumption that will yield real solutions of equation (4)
(Philip 1963). Consequently, the results of the following analysis should be
used only when the conditions in the tube approximate the assumed
conditions.
A solution of equation (5) is sought which is analytic in the interval
0 < p < 1 and satisfies the boundary condition of zero radial flux at the
tube wall

[pTp)-0

,-1

(6)

Our immediate concern is finding the steady periodic solution of equation
(5). This solution can be written as
C = 0(p) sin

(QT)

+ x(p) cos (QT) - SC

(7)

By substituting for C in equation (5) and separating the terms containing
sin (QT) from those containing cos (QT) the following ordinary differential
equations are obtained
d^(p)

, 1 d<P(p)

~Qx(p)

+

~W P^P~=
d2x(p)

(8a)

1 dy(p)

The two ordinary differential equations can be combined to give
d*0(p)
dp*

1 d20(p)
p2 dp2

Id^p)
p dp3

1 d0(p)
+ Q20(p) = PÖQ(\ - p2) (9)
p3 dp

The complementary function component of the complete solution of
equation (9) can be written in terms of the Kelvin functions of order zero,
(Handbook of Mathematical Functions, p. 379).
c.f. 0(p) = Aiber(Qip) + A2bei(Qip) + Aiker(Q^p) + A4kei(Qip)

(10)

A particular integral was found by assuming that it would take the form
of a polynomial function in p. For
n

0(p) = X

aiptl

i i

the LHS of equation (9) can be expressed as
n
3

1

n
2

2

a2p- + 9Ü4P" + I {(i - I) (i-3) ai}pi-°
i=5

+ Q

2

£
«1

dtp*'1
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Equating this expression with the RHS of equation (9) gives
p.i.

0(p)=(PSIQ)(ï

-f)

(11)

The complete solution of equation (9) can therefore be written as
0(p) = AiberiQip) + AzbeK&p) + A3ker(Qip) + Aikei(Q*p)
+ (PÖIQ)(l-pt)

(12)

x(p) can be determined by substituting for0(/?) in equation (8a). This gives
X(p) = - A2ber(Qip) + AibeiiQ^p) - Aiker(Qip) + AskeiiQip)
+ 4PÖ/Q2
(13)
With no source or sink of dispersant at the tube axis
/»^)=0

p=0

(14)

For 0(p) and x(p) to satisfy equation (14) the arbitrary constants A3 and AA
in equations (12) and (13) must be zero because
lim {p0'(p)} = lim {AapQiker'(Q*p)} = - A3
p->0
p->0
and
lim {px'(p)} = I'm {— AipQ*ker\Q*p)} = A*
p^O
p^O
The arbitrary constants A\ and Ai are evaluated by making <t>(p) and
x(p) satisfy the boundary condition given by equation (6).
With I p —-— 1

= 0 and I p —z— I

= 0

from equation (6)

0 = AiQtberXQ*) + AvQWei'iQ*) - 2PÖJQ

(15a)

0 = - A2Qiber'(Qi) + AiQibei'(Q'>)

(15b)

Solving these two linear equations in A\ and At gives
A% = bei'(Qi) (2PÖ/Q1 W)l\(ber'(Q*) f + (6ri'(fl») )2]
13 2

2

2

Ai = ber'(Qi) (2PÖ/Q / )l[(ber'(Q*) ) + (bei\Q") ) ]

(16a)
(16b)

The quantity of dispersing material that is transported down the capillary
tube during one complete cycle of fluid oscillation can be obtained from the
known distributions of dispersing material and fluid velocity.
The average flux per unit area, q, with the flux taken as positive in the
+ x direction is
to/fll

I ƒI'

12U0 COS(ÖT) (1 ~p2)

C(p, T) pdpdx

+ D5\a

(17)
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By substituting for C(p, x) in equation (17), separating the time and radius
functions and then evaluating the time integrals, equation (17) can be
reduced to
l

q = U0j{l

- p>) X(P) P dp + DS/a

(IK)

After substituting for x(p) in equation (18) the definite integral can be readily
found using the integral properties of the Kelvin functions
q = -UoiAz^Ü-13/2
ber'(Q*) + 2Q-* bei(Q*)}
l 82
- Ai{4Q~ / fc?i'(fi*) - 2 0 - 1 ber(Q*)} - PS/Q2] + DSja

(19)

Defining the effective diffusion coefficient, K, as the flux per unit gradient
in axial concentration of dispersant gives
K

qdx

qa

TPa2,

where
2n

"•-s

ƒ U0(r)

1(1 - p2) 2/7 dpfdx = W / 8

is the mean square velocity of the fluid in the capillary tube and
f(Q) = - 320-5/2 [MG*) beiXQt) + &?/•(&») ber'(Q*)]l
[ (>r'(fl*) ) 2 + (6«'(fl') )2] + 8*2-2

( 2i)

The Kelvin functions contained in equation (21) have been tabulated
(Jahnke et al. 1960). In Figure 1 ƒ((!) is plotted against fl. The
asymptotes to /(Ü) for small and large values of Ü, respectively, are 1/48
and 8fl~ 2 . Because the ratio v/D for most liquid convecting fluids exceeds
1000, the above analysis is satisfactory for frequencies in fluid oscillation
not exceeding 1000 cycles/sec. For gaseous convecting fluids, v/D is of
0 ( 1 ) and the present analysis which ignores the effect of the inertia of the
fluid on the velocity distribution in the tube has little application.
(b)

GENERAL PERIODIC OSCILLATIONS IN VELOCITY

By using the principle of superposition the effective diffusion coefficient
for periodic oscillations of various wave forms can be found directly from
the foregoing analysis. To proceed, we write equation (20) in the more
general form

K
a2 "
l
D = + ~D2 I

miQt)

= l

TT2a2 "
+ -W E M{Qi)

= l

TFa2
+ ~DT F{Q)

(22)
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where
n
Pt = UflU* and F(Q) = £
i

fiflQt)
i

Then, by describing the wave form in terms of a finite or infinite series
of sine terms of varying frequency and ignoring the effect of fluid acceleration,
IS

F(Q) and — can be readily evaluated. For periodic oscillations in fluid velocity
having a square or triangular waveform, the relationships between F(Q) and
Q have been computed using the infinite sine series expressions for these
waveforms (Byerly 1959, p. 62), and are shown in Figure 1. The curves for
the sinusoidal, f(Q), and triangular, Ft(Q), waveforms never differ by more
than 1.5 percent with f(Q) > Ft(Q). In consequence no attempt has been
made to distinguish Ft(Q) from f(Q) in Figure 1.
(c) RANDOM FLUCTUATIONS IN VELOCITY

If the variation in the fluid velocity at the axis of the tube is represented
by the Fourier integral
QO

U0(t) = 2n

{\\{n) cos(2nnt) + I2(«) sin(2nnt)} dn

(23)

where n is the frequency in cycles per second and Ii(«) and \<(ri) are the
Fourier coefficients, the contribution to the mean square velocity by the
frequencies between n and n + dn is (Pasquill 1964, p. 4 ) .
77-2»* w
-> 2 Km / T O + I 2 2 («)\ J
Uo'F(n) dn = 2n% j . ^ ^ (
j
J dn

(24)

Taylor (1938) showed that F(n) was related to the autocorrelation coefficient R(t'), with t' the time interval between observations, by

F(n) = 4 f R(t') cos(2nnt') dt'

(25)

o
If we assume that the random stationary function describing the velocity
fluctuations has an autocorrelation coefficient that decays exponentially with
time, then
R(t') = exp(- t'/h)
(26)
where t\ is the time scale of the random fluctuations. From equations (25)
and (26)
F(n) = 4/i/{l + AnWh*}
(27)
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Fi'^f. i.—The influence of the generalized frequency and wave form of
periodic oscillations and the generalized time scale of random fluctuations
on dispersal in circular capillary tubes.
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The equivalent form of equation (22) for the continuously varying
frequency function describing the fluid velocity may be expressed as the
integral sum of the products of the contribution to the mean square velocity
of each frequency component of the velocity function multiplied by the
dispersal coefficient for that frequency. This gives
00

D = l + ~W J l + W , / ( - 5 - J

dn

(28)

Equation (28) simplifies to
K
^ =

1

cPU*
+^Tö,('i*)

(29)

where h* = tiDja2, tan(^) = 2nnh
n 2

W)=J

and

f/I^U
ƒ

IT

<P{h*) in equation (29) was evaluated by graphical integration and is plotted
against the inverse of the dimensionless parameter ti* in Figure 1. The two
asymptotes to &(h*) for large and small values of h*, respectively, are
.7 2

lim <£(/i*) _ 2

J /(0) dyt =/(0) = 1/48
0

lim 0(/i*)

2/i* r„

,^0

^ T J / ^ ) ^ - 0-348?i*

'i

It is evident from the similarity of equations (20) and (29) that the inverse
of the time scale of the random fluctuations and the frequency of the sinusoidal oscillations are closely related. Figure 2 contains a plot of the values
of (h*)^1 and Q which give the same effective diffusion coefficient for the
same mean square velocity. Also shown, as a broken line in Figure 2, is the
asymptotic relationship between fi* and Q for large Q.
There is no difficulty in extending this study of dispersal to include
velocity functions comprising a random fluctuation superimposed on an
otherwise steady flow. The total dispersal is simply the sum of the separate
contributions of the randomly fluctuating and steady flow components of
the fluid velocity.
Our theoretical treatment of dispersive transport in capillary tubes has
not been experimentally verified. Scotter et al. (1967) have studied
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oscillatory-flow dispersion of gases through soils of varying structure. In
addition exploratory experiments on dispersion using a water saturated
glass bead system have been carried out by the authors. These studies show
that for low frequency oscillations in fluid velocity with amplitudes in fluid
displacement down to 1 0 - cm the effective diffusion coefficient can be
many times greater than the molecular diffusion coefficient.
Theoretical studies nearing completion will determine the effect of fluid
10'

10'

o

*«r

I02
'/ ^-Asymptote
t!"

1

for l a r q e i l

= 0.0435 SI2

10

I03
H > a2«"/D
Fig. 2.—The relationship between the generalized frequency of a sinusoidal
oscillation and the generalized time scale of random fluctuations that gives
the same effective diffusion coefficient for the same mean square velocity.
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inertia and conduit geometry on dispersal in tubes of uniform cross-section.
This extension of the work reported here has relevance to the exchange
of gases between the soil and the atmosphere (Farrell et al. 1966). Experimental work on steady-flow dispersion shows that dispersion in soils cannot
be quantitatively predicted from dispersion in a single capillary tube
(Collins 1961, p. 209). However, the relevance of capillary tube theory
to dispersion in capillary networks of varying internal structure is currently
being examined. Until these studies have been successfully completed and
their findings confirmed by experiment the value of our simple treatment of
dispersion to dispersive transport in soils cannot be accurately assessed.
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SUMMARY

Previous studies of hydrodynamic dispersion in soils and other porous
media have been limited to analytically or experimentally determining the
effective diffusion coefficient when the velocity of the convecting fluid is
constant. No attempt has been made to examine the effect of fluctuations in
fluid velocity produced by periodic or random changes in soil environment.
This paper presents a theoretical treatment of the effect of fluctuations in
fluid velocity on dispersal in a straight circular capillary tube.
For sinusoidal oscillations in fluid velocity the partial differential
equation describing the changing distribution of the dispersing materals is
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solved by using the method of separation of variables. The use of this
mathematical technique reduces the problem to finding the solutions of two
simultaneous ordinary differential equations.
The analysis is then extended to cover changes in the waveform of the
oscillations by using the method of superposition.
For periodic oscillations in the velocity of the convecting fluid, the
effective diffusion coefficient is shown to depend not only on the diffusion
Peclet number but also on the waveform and generalized frequency of the
oscillations. For random fluctuations that can be characterized by an
exponentially decaying autocorrelation coefficient the effective diffusion
coefficient is shown to depend on the diffusion Peclet number and the
generalized time scale of the velocity function.
RÉSUMÉ

Jusqu'ici, les études sur la dispersion hydrodynamique dans les sols et
dans d'autres milieux poreux se sont limitées a une determination analytique
ou expérimentale du coefficient efficace de diffusion au moment ou la
vitesse du fluide convectif est constante. Personne n'a essayé d'examiner
1'effet des fluctuations de vitesse du fluide produit par des changements
périodiques ou sporadiques dans le milieu du sol. Cette communication offre
un traitement théorique de 1'effet des fluctuations dans la vitesse fluide
dispersée dans un tube capillaire droit et circulaire.
En ce qui concerne les oscillations sinuso'ides dans la vitesse du fluide,
on résoud 1'équation différentielle partielle qui décrit la distribution
changeante des matériaux dispersants en utilisant la methode de la separation des variables. L'utilisation de cette technique mathématique reduit le
problème a celui qui consiste a trouver les solutions de deux equations
différentielles ordinaires simultanées.
Ensuite, on développe 1'analyse afin d'embrasser les changements dans
les ondes des oscillations, en utilisant la methode superpositive. En ce qui
concerne les oscillations périodiques dans la vitesse du fluide convectif, on
démontre que le coefficient efficace de diffusion dépend non seulement du
numero Peclet de diffusion, mais aussi du modèle des ondes et de la
frequence généralisée des oscillations. Pour les fluctuations sporadiques que
1'on peut caractériser par un coefficient d'autocorrélation exponentiellement,
on démontre que le coefficient efficace de diffusion dépend du numero Peclet
de diffusion, et de 1'horaire generalise de la fonction de vitesse.
ZUSAMMENFASSUNG

Bisherige hydrodynamische Dispersions-Untersuchungen in Boden und
anderen porösen Media waren nur auf die analytischen oder experimentellen
Feststellungen der Wirkungs-Diffusions-Koeffizienten beschrankt, wenn sich
die Geschwindigkeit der Übertragungsfiüssigkeit bestandig zeigt. Es wurde
kein Versuch gemacht, die Schwankungswirkung in der Flüssigkeitsgeschwindigkeit, die durch periodische oder zufallige Anderungen in der
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Bodenumgebung erzeugt wird, zu untersuchen. In diesem Bericht wird eine
theoretische Behandlung der Schwankungswirkung in der Flüssigkeitsgeschwindigkeit auf die Verbreitung in einer geraden Zirkular-Kapillarröhre
beschrieben.
Für sinusförmige Oszillationen in der Flüssigkeitsgeschwindigkeit wird
die partielle Differentialgleichung, welche die wechselnde Aufteilung der
Verbreitungs-Materialien beschreibt, durch die Anwendung der VariablenSeparations-Methode gelost. Die Anwendung dieser mathematischen Methode
verringert das Problem, die Lösungen von zwei gleichlaufigen gewöhnlichen
Differentialgleichungen zu finden.
Diese Analyse wird durch die Anwendung der Superpositionsmethode
erweitert, die Anderungen in der Wellenform der Oszillation einschliesst.
Für periodische Oszillationen in der Geschwindigkeit der Übertragsflüssigkeit zeigt sich, dass der Wirkungs-Diffusions-Koeffiziert nicht nur von
der Diffusion-Peclet-Nummer abhangt, sondern auch von der Wellenform
und der verallgemeinerten Frequenz der Oszillationen. Für die zufalligen
Schwankungen, die durch einen exponentiell verfallenden AutokorrelationsKoeffïzienten charakterisiert werden können, ist eine Abhangigkeit von der
Diffusions-Peclet-Nummer und der verallgemeinerten Zeitstufe der Geschwindigkeitsfunktion zu erkennen.
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INTRODUCTION

Dispersion is a simultaneous result of variation in microscopic velocity
and molecular diffusion. It is a rapid phenomenon relative to diffusion
because of the added contribution of the liquid motion. When there is no
liquid motion, dispersion is reduced to diffusion. Solute dispersion studies
have been carried out mainly by civil, chemical and petroleum engineers.
Nielsen and Biggar (1961, 1963, 1967) pointed out the practical implications of dispersion phenomena in soil science in understanding leaching
and exchange processes. However, few soil investigations relating dispersion
to these processes have been published. This study was conducted to
compare the dispersion of chloride, potassium and phosphate ions in the
saturated soil moisture region and to apply a dispersion theory to describe
their transport in two Hawaiian soils.
DISPERSION THEORIES

In porous media, dispersion can be described by capillary tube model,
statistical method and macroscopic analysis. Taylor (1953) analyzed the
dispersion of a soluble substance in a capillary tube and showed the effects
of convection and molecular diffusion. It is difficult, however, to justify the
reduction of porous media into bundles of capillary tubes.
In actual dispersion phenomena, the path followed by the tracer is not
a simplified path but a random and disorderly one. Hence Scheidegger
(1954), Beran (1957), De Jong (1958) and others employed statistical
techniques to analyze dispersion.
A conventional macroscopic approach to the dispersion problem is to
obtain a solution of the differential equation similar to Fick's second law
of diffusion. Danckwerts (1953) showed that the governing differential
equation in a one-dimensional porous medium could be written
dC

= D

d2C

v

dC

(1)
dt
dx
dx
where C is the tracer or solute concentration at time t and distance .v from
2

* Joint publication cf the Water Resources Research Center as Contribution No. 6
and the Hawaiian Agric. Exp. Stn. as Technical Paper No. 900.
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its source; D, dispersion coefficient; and v, average pore velocity which is
defined as Q/pore area, Q being the volume of flow per unit time. Using
the coordinate transformation, z = x-vt, equation (1) is reduced to
BC

= D

dt

52C

(2)

5z 2

Equation (2) has the same form as the heat conduction and molecular
diffusion equation, many solutions of which have been given by Carslaw
and Jaegar (1947) and Crank (1956).
Ogata and Banks (1961) presented a solution of equation (1) that avoided
the transformation, z = x—vt. The result is an asymmetrical concentration
distribution
C
x—vt
/vx\
x + vt
— = + erfc — = +-? exp — erfc — =
(3)
C0
2^/Dt
\D!
l^Dt
where C/C0 is the ratio of the concentration to the original and erfc is the
complementary error function. Equation (3) can also be written in dimensionless form
c
l-i
/i\
l+f
= i erfc
^ + + exp |— erfc
=
(4)

C„

2Vv£ '

\v'

2Vvi

vt
D
where £ = — and -q = —•
x
vx
Neglecting the second term, equation (3) or (4) reduces to the solution of
the diffusion equation. Rifai et al. (1956) and Lau et al. (1957) working with
sands demonstrated that omission of the second term did not introduce
appreciable errors. Hence
C
C0

= i erfc

x-vt
=
2y/Dt

(5)

which makes C/C0 = -50 when x = vt. Biggar and Nielsen (1967) noted
that this is contrary to a large body of both laboratory and field data.
In applying equation (5) to column studies, it would be extremely
difficult to measure variation in distance that a tracer has travelled; so, one
uses the total column length as a single value of x. Lau et al. avoided this
difficulty by transforming equation (5) to conform to certain parameters
measurable in the laboratory. Hence

c
C0

= i erfc

i-v/v0

——2^VV/V0

(6)

where V is the volume of effluent and V0, the effective pore volume.
Equation (6) retains the same characteristic of C/C0 as in equation (5)
when V = V0. This makes it necessary for C/C0 to equal 0-50 when one
pore volume has passed through the column. This requirement has not been
demonstrated for tracers that interact with the medium (Biggar and
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Nielsen 1963). Equation (6) can be modified to a more generalized
expression
C
X-V/V

(7)

— = i erfc ——!—^

where V„ (called here as the effective effluent volume) replaces Va as an
expression for the volume of effluent at C/C0 = -50. This will now exclude
the notion that C/C„ = • 50 occurs only at one pore volume. A theoretical
plot of C/C0 vs. V/Vt. is shown in Figure 1 for various values of TJ.
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MATERIALS AND METHODS

Two Hawaiian soils, the Molokai and Wahiawa series, both Low Humic
Latosols with similar chemical, physical and mineralogical composition but
different in their fabric (Cagauan and Uehara 1965) were used in this
study. They are dominantly kaolinitic. rich in free iron oxides and about
80 per cent clay. Samples were air-dried, passed through a 2-mm sieve, and
packed in flow units as shown in Figure 2. The ends of the lucite cylinder
were fitted with highly porous fritted glass plates to allow uniform solution
entry into the column. A constant temperature of 23 ±0-3°C was maintained for all experiments.

LIQUID TO BE
DISPLACED

X - VALVES
LUCITE
CYLINDER
3"

EFFLUENT

DIAMETER

Fig. 2.—Schematic diagram of apparatus set-up.

Separate tests were carried out on the dispersion of chloride, potassium
and phosphate. The method consisted of saturating the packed soil columns
with a liquid that was later displaced by tracer liquids containing the above
solutes. Entrapped air was minimized by passing CO-, gas for about 30
minutes before saturation. The saturating liquid ( 01 N CaS04 solution for
chloride, -01 N NuCl for potassium and -01 N (NH4)2S04 for phosphate)
was allowed to flow through the column until a constant flow rate was
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attained. The tracer liquid was then introduced at constant head for each
run. The tracer liquids were -10 N CaCl, for chloride, -10 N KCl for
potassium and -10 N NHiH2P04 for phosphate. Effluents were collected
and analyzed for chloride, potassium and phosphate, respectively. Chloride
was determined titrimetrically with a mercuric nitrate solution using
phenol and diphenylcarbazone as indicator for a violet-blue endpoint;
potassium, by flame spectrophotometer; and phosphate, by the vanadomolybdate yellow method.
RESULTS AND DISCUSSION

The breakthrough curves obtained by applying equation (7) are
plotted in Figures 3 and 4. The theoretical curve was obtained by plotting
the experimental points (C/C,t vs. V/Vf.) on log-probability paper and
superposing the plot on Figure 1. The V,, value was first obtained by determining graphically the value of V corresponding to C/C„ = -50, C/C0
vs. V) on the experimental breakthrough curve.
Chloride appeared the earliest in the column effluent in both soils. In
Molokai soil (Figure 3a) the theoretical curves coincide with experiment
and are identical for pore velocities of 17-69 and 5-88 cm/hr, respectively.
This indicates that within this velocity range, neither adsorption nor
molecular diffusion had any influence on the breakthrough curve. Beran
(1955) showed that the effect of molecular diffusion becomes significant
only at velocities less than 1 cm/hr. In the sand experiments conducted by
Rifai et al. (1956) where tracer adsorption and molecular diffusion were
not significant, the linear relationship, D = D,„v, was established in which
Dm = Lr/ and L = x. If this relationship holds, the pore velocity does not
affect the shape of the breakthrough curve. Apparently, this is the case for
the dispersion of chloride in Molokai (Figure 3a) but not in Wahiawa
soil (Figure 4a). The delay in the arrival of chloride in Wahiawa at 4-56
cm/hr could be attributed to adsorption. The K,. value being greater than
the absolute pore volume substantiates this observation (Table 1).
There is a similar pattern in the dispersion of potassium in both soils
although the points at higher concentration in Molokai (Figure 3b) depart
from theory at the higher pore velocity. The occurrence of C/C„ = • 50 at
a volume much greater than the absolute pore volume (porosity X bulk
volume) shows that potassium is being adsorbed during transport.
Phosphate appeared the latest at C/C0 = -50. The delay is more
evident in Wahiawa as the experimental points depart from theory near
C/C0 = -65 and -55 for average velocities of 17-39 and 4-60 cm/hr,
respectively. The close agreement between theory and experiment is shown
in Molokai (Figure 3c) and departure from theory appears only at about
C/C 0 = -85 at the lower pore velocity. Both dispersion and adsorption of
the tracer whvch are taking place in Wahiawa soil cannot be reflected in
the mathematical model. Fox et al. (1968) have shown that Wahiawa soil
has the ability to sorb much greater amounts of P than the Molokai soil
for a wide range of solution concentrations.
Chloride has been established as an effective tracer in estimating pore
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TABLE 1
SUMMARY O F PARAMETERS

Absolute
Pore Vol.*
cm 3

Solute

Molokai

625
625
638
628
628
625

Wahiawa

663
655
661
662
660
593

Soil

ij =

D/Lv**

cm/hr

V.
ml

chloride
chloride
potassium
potassium
phosphate
phosphate

17-69
5-88
16-55
5 07
17-50
4-87

590
590
890
1000
920
1390

0-215
0-215
0180
0145
0-500
0-270

2-64
0-88
216
0-51
608
0-91

chloride
chloride
potassium
potassium
phosphate
phosphate

1916
4-56
16-65
4-35
17-39
4-60

600
670
1020
1080
1250
1420

0-250
0180
0180
0 080
0110
0-230

3-33
0-82
208
0-24
1 -33
0-73

V

cm 2 /secx 10~ !

* Porosity x Bulk Volume.
** L == length of column, 25 cm.

volumes of sand and similar materials since it is stable in solution and is
not adsorbed by these media. The value at which C/C0 = • 50 occurs gives
an estimate of the effective pore volume or volume of readily displaceable
liquid (Orlob and Radhakrishna 1958). An advance knowledge of this
parameter will render the use of equation (6) possible for non-adsorbed
solutes. In soils where chloride is not significantly adsorbed, the parameter
Ve, which was used to fit the experimental data to equation (7) is an
estimate of the effective pore volume. The V,. values for chloride (Table 1)
are always less than the absolute pore volume (except in one case). This
indicates that not all the pore water participates in the flow. F,. no longer
estimates the pore volume if tracers that interact with the media such as
potassium and phosphate, are used. Hence, the limitation of equation (6)
is apparent.
The pattern for the V(, values for the three solutes is consistent for all
velocities tested (Table 1): chloride < potassium < phosphate. The
increase in V,, with a decrease in the pore velocity can be explained by the
fact that the tracer is allowed more time to react with the media. Preliminary
data obtained indicate that Ve is a function of the type of solute, its concentration and of pore velocity. In this regard, the Vt, value may provide a
general picture of the dispersion pattern if the tracer-media interaction is
known.
The dispersion coefficients obtained for the three solutes (Table 1)
range from 0-24 X 10~ 2 to 6-08 X 1 0 - 2 cm 2 /sec. In general, the mathematical model can describe the dispersion of chloride, potassium and
phosphate. The model, however, failed due to strong phosphorus fixation
present in the Wahiawa soil. Other mathematical models should be investigated probably of the type suggested by Ogata (1964) which involves the
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addition to the left-hand side of equation (1) of a linear adsorption isotherm or a general form of a rate equation expressing interphase mass
transfer (Banksand Ali 1962).
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SUMMARY

A study was conducted to investigate the dispersion of chloride,
potassium and phosphate in two Hawaiian soils under saturated flow. A
dispersion theory based on a solution of Fick's second law of diffusion was
used as a mathematical model. Two flow velocities, where diffusion may be
neglected, were selected for each test and the dispersion curves were
compared as calculated from theory. A parameter of volume, V,., occurring
at the arrival of one half of initial concentration, was used to fit the data
to the theoretical. To a certain extent, V,. can reflect dispersion with
adsorption. In general, the breakthrough curves of the solutes used can be
described by the mathematical model. It was suggested that other models
be investigated for soils exhibiting strong adsorption (or fixation) of
phosphate.
RÉSUMÉ

On a examine la dispersion du chlorure, du potassium, et du phosphate
dans deux sols de Hawaii sous écoulement saturé. Une theorie de dispersion
basée sur une solution de la seconde loi de diffusion de Fick a servi comme
modèle mathématique. On a choisi pour chaque test deux vélocités
d'écoulement qui permettent de négliger la diffusion, et on a compare les
X
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courbes de dispersion d'après des caicuis bases sur la theorie. On s'est
servi d'un parametre de volume. V,„ qui se présente a 1'arrivée d'une
moitié de la concentration initiale, afin d'accommoder les données a la
theorie. Jusqu'a un certain point, V,. peut réfléchir la dispersion avec
adsorption. En general, les courbes de dissolution des solutions utilisées
peuvent se décrire en termes du modèle mathématique. On propose
d'examiner d'autres modèles pour les sols forts en adsorption (ou fixation)
du phosphate.
ZUSAMMENFASSUNG

Die Dispersion von Chlorid, Kalium und Phosphat wurde auf zwei
Hawaiischen Boden unter gesattigter Strömung untersucht. Eine, auf der
Lösung von Flick's zweitem Difïusionsgesetz beruhende Streuungsmethode,
wurde als ein Mathematisches Modell benutzt. Zwei Strömung Geschwindigkeiten, bei welchen die Diffusion vernachlassigt werden kann, wurden für
jeden Versuch gewahlt, und die Dispersion-Kurven. wurden zu Folge der
Kalkulationen der Theorie verglichen. Ein Volumen Parameter V,„ welcher
bei der Ankunft einer Halfte der Ausgangskonzentration eintritt, wurde für
die Anpassung der Daten zu dem theoretischen benutzt. Zu einem gewissen
Grade, kann V e Dispersion mit Adsorption widerspiegeln. lm Allgemeinen
können die Durchbruchskurven der benutzten Solute von dem mathematischen Modell beschrieben werden. Die Untersuchung anderer Modelle
fur Boden, welche starke Adsorption (oder Fixierung) von Phosphat
aufweisen, wurde vorgeschlagen.

TRANSPORT OF ATRAZINE IN A LATOSOLIC SOIL
IN RELATION TO ADSORPTION, DEGRADATION,
AND SOIL WATER VARIABLES*
R. E. GREEN, V. K. YAMANE, AND S. R. OBIEN
Department of Agronomy and Soil Science, University of Hawaii, Honolulu
INTRODUCTION

The study of pesticide transport in soils is pertinent to the control of
crop pests and ground water pollution. Increasing use of soil-applied
organic chemicals and the complex nature of their transport in soils
necessitate evaluation of the various soil factors controlling their persistence
and movement. Barba (1967) showed that differences in mobility of two
herbicides, atrazine and ametryne, accounted for the differential toxicities
of these two chemicals to bananas on three Hawaiian soils.
Recent critical studies of solute dispersion in soils and other porous
media by Nielsen and Biggar (1961) have demonstrated the importance of
ionic or molecular diffusion and variable microscopic flow velocities in
relation to average water flow velocity and water content. Theoretical
models which satisfactorily describe the dispersion of non-reactive solutes
were found to be generally inadequate for describing the transport of
adsorbed ions (Biggar and Nielsen, 1963). The unusually high adsorption
of organic herbicides by Hawaiian soils (Hilton and Yuen, 1963) suggests
the application of theories of adsorption chromatography to studies of
pesticide transport. Lambert et al. (1965) found that chromatographic
theory adequately described the movement of some herbicides. Accurate
predictions of such transport are expected to require the added consideration of adsorption-desorption kinetics, variable microscopic flow velocities,
solute diffusion, and in some cases, chemical and biological degradation.
Measurement of the transport of pesticides under varied flow conditions
allows evaluation of the adequacy of a simple chromatographic model
and suggests factors other than adsorption which need to be considered for
realistic predictions.
The transport of atrazine (2-chloro-4-ethylamino-6-isopropylamino-striazine) in a latosolic soil was studied in order to: (1) identify pertinent
soil water variables in the transport of strongly adsorbed organic molecules,
(2) determine the significance of atrazine degradation in relation to movement, and (3) evaluate a simple chromatographic model as a means of
examining the extent to which adsorption alone explains pesticide transport.
* Published with the approval of the Director of the Hawaii Agricultural Experiment
Station as HAES Technical Paper No. 898.
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MATERIALS AND METHODS

Surface soil of the Kapaa series, an aluminous ferruginous latosol, was
used in this study. Its mineralogy is principally gibbsite and goethite with
about 10 percent kaolinite; the organic carbon content is 5-9 percent; the
pH of a 1:1 suspension of the soil after leaching with 0-1 N CaCl, is
4-6; and the CEC is 19-7 meq/100 g. The soil was Ca-saturated to
minimize changes in cation saturation and pH during solute transport
measurements, for which 0-01 N CaCl-, was used as the displacing liquid.
The soil was allowed to dry to 37 percent before it was passed through a
2-mm sieve and packed in flow cells. Bulk densities for handpacked whole
columns were 0-86 ± 0-02 g/cm 3 for six saturated columns and 0-90 ±
0-03 g/cm'1 for four unsaturated columns.
Atrazine Transport Measurements
Flow cells for both saturated and unsaturated measurements were 6-3
cm long, but had cross-sectional areas of 15-24 and 37-45 cm2, respectively. Both types of cells were made of acrylic plastic and were sectioned
to allow determination of atrazine distribution in the column at the end
of elution measurements. The sections of the cells for saturated flow were
sealed with "0"-rings. Drilled acrylic plates covered with glass wool
provided support at the end of the saturated columns, while for unsaturated
units porous fritted-glass plates with an air-entry of 30 to 50 cm water
allowed unsaturated flow when the column was subjected to pressure.
Flow rates over extended periods were kept relatively constant by using
a head difference greater than that needed initially for the desired flow rate
and then regulating flow with a screw clamp on the inlet line. The head
difference between inlet and outlet ends of the column was about 5 cm
for saturated flow and 15 cm for unsaturated flow. Columns for measurements under saturated conditions were in a horizontal position with the
outlet 4 cm above the column. The average flow rates used for saturated
columns, 0-6, 3-5 and 7-0 cm/hour, were sufficiently small compared
to the measured apparent hydraulic conductivity of 60 cm/hour to
minimize errors due to flow along the cell boundary. Average flow velocities
on the duplicate unsaturated columns were 0-29 and 0-40 cm/hour. The
average hydraulic conductivity of the unsaturated columns at 20 cm water
tension was 0-53 cm/hour at the beginning of flow measurements.
Unsaturation at a constant level was achieved by placing the flow units in
a pressure box maintained at 20 mb.
After apparent steady-state flow was reached, an aqueous solution of
ring-labelled ^4C-atrazine (/xg/ml) was introduced to the flow unit. The
application in solution wasequivalent to 118 p.g atrazine per surface cm2
of soil, a quantity equivalent to that commonly used on sugar cane fields in
Hawaii. Triazine concentration in the column effluent was measured by
liquid scintillation.
Degradation Measurements
Complete microbial degradation of 14C-atrazine would result in eventual
liberation of uCO^. Capture of CO, from the unsaturated flow-chamber
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atmosphere allowed assessment of the extent of atrazine degradation by
microorganisms during flow measurement.
After completion of effluent collection, the soil columns were sectioned
and extracted with methyl alcohol to measure the quantity of residual
triazine in the column. The column effluent and methanol extract of soil
from an 18-day unsaturated run were concentrated and subjected to thinlayer chromatography to determine the extent of atrazine degradation. The
relative concentrations of different molecular species were then determined
semi-quantitatively with a radio-chromatogram scanner.
In addition to the investigation of degradation during atrazine movement, an experiment was carried out with incubated samples of the same
soil at room temperature. One milliliter of 40 yttg/ml atrazine solution was
added to 2 00 g moist soil in a 50 ml centrifuge tube and allowed to
equilibrate without shaking for a given period of time. Samples for various
equilibration periods were run in triplicate and compared with control
solutions without soil. At the end of each equilibration period, 20 ml of
methanol were added to each tube, and the sample was shaken for three
hours before centrifuging and counting.
Adsorption Measurements
Atrazine adsorption at eight concentrations and hydroxy-atrazine adsorption at two concentrations were measured by equilibrating moist soil
(0-5 g oven-dried basis) with 5 ml of triazine solution for three hours.
Suspensions were then centrifuged and aliquots were counted by liquid
scintillation for determination of adsorption by change in solution concentration.
RESULTS AND DISCUSSION

Effect of Liquid Flow Velocity in Saturated Soil
The concentrations of atrazine in the effluents from three saturated
columns having different flow velocities are shown in relation to cumulative
flow in Figure 1. The relatively sharp front preceding the peak and the tail
following the peak are characteristic of all three curves. The small variation
between the three sets of data in Figure 1 indicates little or no effect of
flow rate on the elution of atrazine. The average peak concentration for all
six columns was 4-65 yu-g/ml. Although Hance (1967) has obtained
evidence for time-dependent desorption of atrazine from soils, the similarity
in breakthrough curves in Figure 1 indicates little difference in desorption
rate within the employed range of flow velocities.
A trazine Transport with Saturated and Unsaturated Flow
The 20 mb pressure applied to desaturate soil columns resulted in
water contents of 57 percent by weight, compared to 79 percent water in
saturated columns. Experimental data shown in Figure 1 for the lowest
flow velocity are again presented in Figure 2 for comparison with concentration distributions obtained from unsaturated columns. Effluent volumes
are expressed in terms of the depth of solution passing through the columns.
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Fig. 1.—Atrazine elution by saturated Kapaa soil at three average flow
velocities. A volume of 45 ml of 40 Mg/ml atrazine solution was introduced
into a column having a water capacity of 76 ml.

to allow comparison of data from the dissimilar flow units used for
saturated and unsaturated flow.
Higher peak concentrations for the unsaturated columns are evident,
perhaps indicating lower variation in microscopic pore velocities in the
unsaturated state and, consequently, less dilution of the peak concentration
during displacement with atrazine-free solution. It is instructive to consider
the measured elution in relation to the pore-volumes of solution passing
the column. At a given tension, one pore-volume is estimated by the total
volume of water in the column. Atrazine emergence from the column
occurred at a cumulative flow of about one pore-volume on the saturated
columns, but not until 2-3 pore-volumes in the unsaturated columns. The
average peak-arrival volume for the six saturated cores was equivalent to
14-8 cm cumulative flow (3-4 pore-volumes) while that for unsaturated
cores was 15-7 cm or 5-0 pore-volumes. Unsaturation would be expected
to shift the breakthrough curve to the left with a non-adsorbed solute
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(Nielsen and Biggar, 1961), but such an effect is opposed by the interaction of adsorption and water content in the case of adsorbed solutes.
Degradation as a Factor in Atrazine Transport
Recovery of 14C in the effluents of all columns for which data are
presented above was near 100 percent. Amounts extracted from the soil
were small, with only small concentration gradients within the columns.
However, in a preliminary study of atrazine transport through unsaturated
Kapaa soil at a flow velocity of only 0-02 cm/hour, only 4-5 percent of
the 14C applied was recovered in the effluent from a 10-5 cm column in
10 weeks. Another 15-8 percent was recovered by methanol extraction of
the column, about one-third of which was identified as the hydrolysis
product, 2-hydroxy-4-ethylamino-6-isopropylamino-s-triazine. A subsequent
measurement at 0-1 cm/hour in a 6-3 cm-long column over a period of 18
days revealed a much sharper peak and an effluent recovery of 49 percent
of the applied UC. Methanol extraction of the column recovered an
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additional 11 percent. Thin-layer chromatograms of the collected effluent
from the 0 • 1 cm/hour run at the peak and tail concentrations showed
about 5 and 16 percent hydroxy-atrazine, respectively. Armstrong et al.
(1967) showed that chemical hydrolysis of atrazine followed first order
kinetics and was the principal pathway of atrazine degradation in three
soils. They state that the hydroxy-form is more strongly adsorbed than the
parent atrazine. If adsorption of atrazine and its hydroxy-analog differ
significantly, a differential displacement of the two forms would result in
greater spreading of the I4C-triazine elution curve. It is, therefore, important
to understand both the kinetics of atrazine hydrolysis in the flow system
and the extent of adsorption of the two forms in the wide range of concentrations encountered during displacement.
Equilibration of Kapaa soil with a 40 /u.g/ml solution of atrazine for
short periods in the present study showed a near-linear decrease in
methanol-extractable H C with time, the concentration at 12 days being only
78 percent that measured after a 15 hour equilibration. Methanol is thought
to extract only a small fraction of the hydroxy-atrazine. The transformation
from atrazine to hydroxy-atrazine is apparently rapid.
The absence of iiC02 evolution from unsaturated columns in an 0->
atmosphere indicated negligible microbial degradation, further supporting
the role of chemical hydrolysis in removing atrazine from the system.
Adsorption of atrazine from aqueous solution at eight equilibrium
concentrations between 0 • 06 and 30 /u-g/ml was found to fit the linear form
of the Freundlich adsorption isotherm, with a slope of 0-86 and an
adsorption of 4-3 /u-g/g at unit concentration. Adsorption of hydroxyatrazine was nearly the same as that for atrazine at a concentration of
1 -5 /Ag/ml, but was 55 percent higher than that of atrazine at 11 /Ag/ml.
Thus, hydrolysis of atrazine at high concentrations should result in
increased retention of the 14C-triazine by the soil with an attendant spreading of the elution curve.
Calculations of Solute Transport Based on a Simple Model
A computer program was developed to calculate the nature of solute
transport predicted by a simple chromatographic model, assuming only
adsorption-desorption equilibrium, a constant distribution coefficient, and
laminar water flow. If the total quantity of chemical in a given segment at
a given time is distributed between the adsorbed and solution phases, the
solution concentration, C, is given by the equation C = Q/{m (8 + K)},
where Q is the total quantity of chemical in the segment, m is the mass of
soil in the segment, 0 is the water content on a weight basis, and K is the
distribution or partition coefficient. The total amount of chemical in the
Ith segment at the ; th time interval is then given by
Qi,) = Qi, }-i +T6m[Ct-x, l-i - O, j-i].
The purpose of considering such a model was to determine the extent to
which adsorption alone might account for the distribution of strongly
adsorbed molecules during displacement. A hypothetical soil column having
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the dimensions and approximate water content of the experimental saturated
column was considered to be divided into 0-1 cm-deep segments. A
constant distribution coefficient of 3-0 was used in the calculations.
The predicted distribution of atrazine in the effluent is shown in
Figure 3, along with the measured curve for a saturated column having an
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Fig. 3.—Comparison of measured atrazine elution with that predicted by a
simple chromatographic model using a distribution coefficient of 3-0 and a
gravimetric water content of 70 percent.

infiltration rate of 7 • 0 cm/hour. The typical chromatographic peak predicted
by the theory illustrates the spreading of the concentration curve due to
adsorption alone. Such spreading would be considerable in longer columns.
The experimental elution of atrazine at one pore-volume indicates the
failure of the atrazine in solution to equilibrate with the soil while moving
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through the column. Relatively high velocities in large soil pores may be
largely responsible for the early peak arrival, while tailing is probably the
result of both slow equilibration of solution in small pores with incoming
solution and non-linear desorption. Molecular diffusion probably has little
net effect on the transport of highly adsorbed molecules since its normal
action of increasing spreading would be opposed by adsorption and by the
tendency of lateral diffusion to reduce concentration gradients caused by
variable microscopic flow velocities. The use of a constant distribution
coefficient in the model is admittedly unrealistic in view of experimental
adsorption data. As more is learned about the nature of solute dispersion
and the kinetics of adsorption reactions in latosolic soils, an improved
model taking into account both dispersion and adsorption can be developed.
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SUMMARY

Atrazine transport in a latosolic soil was measured in the laboratory
under saturated and unsaturated conditions. Effluent peaks for unsaturated
columns were higher and arrived somewhat later than under saturated
conditions. Atrazine elution from saturated columns was found to be nearly
the same at flow velocities of 0-6, 3-5, and 7-0 cm/hour.
A simple chromatographic model assuming a constant distribution coefficient, instantaneous and reversible adsorption, and laminar fluid flow
was used to examine the extent to which adsorption alone would explain
the transport of adsorbed molecules. The experimental elution curve
arrived earlier and had much greater spread than predicted by the model.
Important factors which were not accounted for by the model are variation
in microscopic flow velocities and non-linearity of the adsorption isotherm.
Chemical hydrolysis of atrazine and the higher adsorption of hydroxy-
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atrazine at some concentrations suggest that degradation is an important
factor affecting atrazine mobility in the field.
In conclusion, atrazine transport was closely related to the cumulative
infiltration with little sensitivity to flow rate or prevailing water content.
A chromatographic approach to the study of pesticide transport appears
promising, but consideration must be given to both adsorption and
dispersion factors.
RÉSUMÉ

On a mesure au laboratoire dans des conditions saturées et non-saturées
Ie transport d'atrazine dans un sol latosolique. Les sommets de décharge
étaient plus élevés et un peu plus tardifs pour les colonnes non-saturées
que dans les conditions saturées. L'elution de 1'atrazine des colonnes
saturées était a peu prés pareille aux vitesses d'écoulement de 0-6, 3-5 et
7-0 cm/heure.
On a utilise un modèle chromatographique simple, présumant un
coefficient de distribution constant, une adsorption instantanée et reversible, et Ie flux laminaire, pour examiner jusqu'a quel point 1'adsorption
seule expliquerait le transport des molecules adsorbées. La courbe
expérimentale d'élution est arrivée plus töt et était beaucoup plus étendue
que n'avait prévu le modèle. D'importants facteurs négligés par le modèle
sont la variation dans les vitesses des flux microscopiques, et la nature
non-linéaire de 1'isotherme d'adsorption.
L'hydrolyse chimique de 1'atrazine et 1'adsorption plus élevée de
1'hydroxyatrazine a certaines concentrations suggèrent que la degradation
est un des facteurs importants determinant la mobilité de 1'atrazine.
Bref, le transport de 1'atrazine était étroitement lié a 1'infiltration
cumulative, et n'était que peu sensible au débit de flux ou a Ia teneur en eau
prédominante. L'étude chromatographique du transport des insecticides
semble tres valable, mais il faut aussi tenir compte des facteurs d'adsorption
et de dispersion.
ZUSAMMENFASSUNG

Der Atrazintransport in einem latosolischen Boden wurde im Laboratorium unter gesattigten und ungesattigten Bedingungen gemessen. Die
Ausfluss-Maxima für ungesattigte Saulen waren höher und trafen etwas
spater ein als unter gesattigten Bedingungen. Die Atrazin-Elution von
gesattrgten Saulen war beinahe gleichwertig bei Fliessgeschwindigkeiten
von 0 • 6, 3 • 5, und 7 • 0 cm/Stunde.
Ein einfaches chromatographisches Modell, welches einen konstanten
Verteilungskoeffizienten vorstellte, eine augenblickliche und umkehrbare
Adsorption und laminaire Strömung wurde angewendet um zu untersuchen,
bis zu welchem Ausmass die Adsorption ailein den Transport adsorbierter
Moleküle erklaren könnte. Die experimentelle Elutionskurve traf früher
ein und hatte eine viel grössere Breite als vom Modell vorausgesagt.
Wichtige Faktoren, die nicht durch das Modell erklart waren, sind die
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Variation in den mikroskopischen Fliessgeschwindigkeiten und die NichtLinearitat der Adsorptionsisotherme.
Chemische Hydrolyse von Atrazin und die höhere Adsorption von
Hydroxyatrazin bei einigen Konzentrationen weisen Degradierung als einen
wichtigen Faktor in der Einwirkung auf die Atrazinbeweglichkeit auf.
Schlussfolgerung: Der Atrazintransport war eng mit der ansteigenden
Infiltrierung verbunden, mit geringer Empfindlichkeit auf die Fliessmenge
oder den vorherrschenden Wassergehalt. Eine chromatographische Annaher.ung an die Untersuchung des Pestizidtransportes erscheint vielversprechend, doch muss den Adsorptions-und Dispersionsfaktoren Beachtung
geschenkt werden.

BINGHAM FLOW IN CAPILLARY-POROUS
MEDIA
N. P H . BONDARENKO

Agrophysical Institute, Leningrad
INTRODUCTION

It has been shown (Bondarenko 1967) for small pressure gradients in
quartz and glass capillaries that the flow velocity of some pure liquids
(distilled water, ethyl alcohol) is not proportional to the gradient; instead,
the velocity increases more than proportionally with the gradient. The
nature of such non-Poiseuille movement may be the result of hydrogen
bonds (H-bonds).
EXPERIMENTAL

To examine this hypothesis, compounds forming H-bonds and those not
forming such bonds (see Table 1) were investigated. In compounds of A,
B and N classes there are no H-bonds; in compounds of AB classes, H-bonds
exist (Pimentel and McClellan 1964). When mixing liquids of A and B
classes H-bonds are formed; when mixing liquids of AB and B classes a
break and formation of H-bonds occurs. Table 2 shows the influence of
mixing on H-bonds changes (Pimentel and McClellan 1964).
TABLE 1
CLASSIFICATION OF COMPOUNDS ACCORDING TO H-BOND TYPE

Molecule contains
Compound Class

A
B
AB
N

Examples
proton-donor
groups

electron-donor
groups

yes
no
yes
no

no
yes
yes
no

chloroform
acetone
water, alcohols
chlorinated carbon, toluene

TABLE 2
THE INFLUENCE OF MIXING ON H-BOND CHANGES

Class of mixed compounds

H-bond changes while

Examples

A+B

formation only

acetone+chloroform

AB+B

both break and formation

water + acetone
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Fig. 1.—Relations between hydraulic conductivity K and hydraulic gradient I.
The numbers labelling the curves indicate different liquids:
1. acetone, / 0
0, T 0 = 0, 2. chloroform, I0 = 0, T 0 = 0, 3. mixture of acetone
and chloroform, /„ = 3 - 3 x l 0 ~ 3 , T 0 = 2 - l x l 0 ~ 2 dyne c m - 2 , 4. chlorinated
hydrocarbon, I0 = 0, T 0 = 0, 5. toluene, I„ = 0, T 0 = 0, 6. water, ƒ„ = 1 x 10~2,
T 0 = 5 - 2 x l 0 - 2 d y n e c m - z , 7. ethyl alcohol, I„ = 2 - 6 x 1 0 - 2 T 0 = 11-OxlO" 2
dyne c m - 2 , 8. mixture acetone and water, I„ = 3 x l(r~3, T 0 = 1 -5 xlO _ 2 dynecm~ 2 .
Radius of quartz capillary, r ~ 1 • 1 x 10" 2 cm, temperature r = 21 °C.

Using the method described by Bondarenko (1967) the flow velocity,
v, through the capillary was measured experimentally. Experimental values
of K(l) are shown in Figure 1. Here, K = v/I; I is the hydraulic gradient
denned by the relationship / = H/L where H is the pressure difference at
the capillary ends (cm of liquid column) and L is the capillary length
(cm).
The data confirm the hypothesis that hydrogen bonds are responsible for
the non-Poiseuille movement of pure liquids and their mixtures through
capillaries. Non-associated liquids and mixtures (classes A, BN, B + B,
A+A, N+N, A+N, B+N) with no //-bonds obey Newton's law of liquid
friction; the flow of such compounds through capillaries is described by the
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Hagen-Poiseuille equation. Swartzendruber (1962) and Kutilek (1965)
supposed non-Newtonian flow of water in porous media to explain deviation
from Darcy's law.
To elucidate this problem experimental investigations of the threshold
gradient were carried out; to avoid the influence of the geometry of the
porous media, single quartz capillaries were used. It was stated (Bonda
renko and Karmanov 1968) that the movement of distilled water through
quartz and glass capillaries takes place if the hydraulic gradient / reaches
some threshold gradient /„; but movement of CCU takes place at any value
of /. Based on the abovementioned data we consider liquids with H-bonds
as Bingham material (instead of non-Newtonian liquids). So, the relation
between flow velocity of liquids with H-bonds and gradient / according
to the Bingham-Reiner equation is.

where K„ is the hydraulic conductivity for a Newtonian liquid.
In the case of capillary tubes K„ may be expressed as
r2Pg

where r—radius of capillary, p—density of liquids, g—acceleration of
gravity, rj—viscosity.
The relation between threshold gradient /„ and yield stress T„ for the
capillary tube is
T0 = irpg I 0
We calculated the value / 0 from equation (1) using the experimental
data given in Figure 1. The calculated values of / 0 were used to find T„
according to the last equation. The values /,, and T„ are given in Figure 1.
A value of yield stress for water of the same order (10~ 3 — 10~- dyne
c m - 2 ) was found earlier (Nerpin and Bondarenko 1957).
Thus one of the reasons for the failure of Darcy's law at low gradients
may be a Bingham behaviour of liquids. As intensity of flow depends on the
rheological properties of liquids (r), r»), the geometry of the porous media
and the effective forces, there are, besides the mentioned reason (Bingham
behaviour of liquids), two groups of factors on the basis of which the
failure of Darcy's law at low hydraulic gradients may be explained:
a. During the experiment the geometry of the pore space changes with
increase in hydraulic gradient,
b. During the experiment there arise differences in solution concentration C, and/or temperature T and/or potential of the electric field E along
the sample. In the latter case anomalies were observed, and the existence of
threshold gradients reflected the coexistence of two flows in opposite
directions: the one is Pouseuille flow caused by the hydraulic gradient and
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the other is osmotic flow of the liquid due to the existence of grad C,
and/or grad T and/or grad E.
Bondarenko and Nerpin (1961) proposed a method of filtration investigation in porous systems which allows the osmotic flow to be determined.
Visco-plastic properties of water influence essentially its equilibrium and
transfer in the saturated and unsaturated zone.
APPLICATION

(a) Systematic Drainage in Homogeneous Soil
The main assumptions in the calculation are the following: (i) the
impervious surface is horizontal, (ii) the vertical component of flow
velocity is negligible, (iii) liquid flow in the capillary fringe is not taken
into account, (iv) the evaporation intensity is low allowing us to neglect
the influence of evaporation on the position of depression curve and ( v ) :
«
3 \I
Hence instead of equation (1) the following expression is valid,
v = -*,[ƒ- -ƒ,] =

-K0(I-i0)

da)

with /„ = 4 / 3 /„.
Suppose the hydraulic conductivity to be more than the precipitation
intensity P, then we may write Dupuit's equation in the form,
K0y(dy/d.x-i0)

= P(S-x)

(2)

(symbols are explained in Figure 2A)

0-2
04
THRESHOLD

08

0-6
GRADIENT

Fig. 2.—(a) C a l c u l a t i o n scheme.
(b) T h e distance between d r a i n s 2 5 versus threshold g r a d i e n t I0.
C a l c u l a t i o n a c c o r d i n g t o e q u a t i o n s (5) a n d (6) using P = 3 x 1 0 "
K = 3 x 10~ 2 m / d a y , H - 2 0 m a n d />„ •- 0.

10

Io

m/day,

Equation (2) may be transformed to
y' =
where

X = S-x,

-(NX+i0y)/y

-dx = dX, P/K0 = N.

(3)
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Defining the variable u by y = Xu, y' = Xu' + u we can write instead of (3)
udu

dX

2

u +i0u+N

(4)

X

Integrating (4) after returning to variable y and using
y = H at X = 0, y = h0 at X = S
we obtain
h02+i0hS +

S2

= H-

A'

2A 0 +(/ 0 -A)5

'o/*

2ha + (i0 + X)S

(5)

AP
— /02 < 0, and
Kn
ho* +

// 2 exp

ioh0S+—S*
^-0

for

2/ 0 /w

T\2

arctan

2h0 + iuS
XS

(6)

4P

4/>

Here,

4/'

^7
1

The value for 5 may be obtained by graphically solving (5) and (6). When
i0 = 0, instead of (5) and (6), we have
r

^(" 2 -V)

(7)

In Figure 2B the graph, 2S versus ƒ„, is shown using equations (5) and (6).
(b) Isothermal Water Transfer in Unsaturated Soil
When the flow in porous media is considered to be Bingham, hydraulic
conductivity is a function of water content, w, and the water content
gradient dw/dz.
Hence, modified Darcy's law may be written as
I
•K(W,

dz)

dw
dw \
d:

IS)

here j> is the potential and t is the time.
Proposed equation (8) takes into account the fact that when the flow is
non-steady the potential <j> is a function not only of water content but also
of the rate of drying at the given point as well.
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It follows from (8), for instance, that
d<f>

©.

(i) there is a threshold value of | — I such that v = 0
0<^<(*
dz
\dz/ o
(ii) calculation of the hydraulic conductivity from non-steady flow data
using the well known Darcy's law for unsaturated soil
v =

-K(wy-—OfZ

is only approximate.
(c) Height and Velocity of Capillary Rise
The condition of a visco-plastic material in a vertical capillary is
Trr2pgHly 2±2nrHXi

2T0

= 2-rrra cos a

which leads to
2CT COS a

Hlt , =

—

(9)

rpg ± 2 T 0

here a is the surface tension, a is the contact angle, and Hlt 2 are minimum
and maximum quasi-equilibrium heights of capillary rise.
The velocity of capillary rise may be calculated approximately using
equation (la) where I is determined by
I=(H1-z)/z

(10)

here z is the height of capillary rise at time /.
On the other hand for the velocity of capillary rise we can write
v = dz/dt

(11)

Combining equations (11) and (H) and using equation (10) one gets
dz
dt

wr

\Hx — z

= Aop^i - i]

(12)

Integrating and using z = 0 at / = 0 leads to
t =

*o(l+'o) 2

/„ #!-(!
"'+i )z
0

(13)
Hjil+Q.

Equation (13) includes Newtonian liquid as a special case.
For porous media the right hand side of equation (13) has to be multiplied
by the porosity, n.
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SUMMARY

Experimental data are presented showing that liquids with hydrogen
bonds (H>0, C2Hr,OH, CH2OH, and a mixture of CH3CO, CH3 and
CHCl3) are strictly non-Newtonian. Full rheological characteristics of the
above liquids include the plastic viscosity 17 and the yield stress T 0 of the
order of 10~ 2 — 10~ 3 dynes cm~-. Flow velocity of the above liquids in
a capillary tube may be described by the Buckingham-Reiner equation.
As for liquids without hydrogen bonds (CCU, CH3COCH3 and CHCl3)
their flow is Newtonian.
Hence for liquids with hydrogen bonds, Darcy's law is not valid in
general.
The influence of r 0 , in producing the threshold gradient / 0, on some
applied problems of soil water movement is considered.
RÉSUMÉ

On fournit des données expérimentales pour démontrer que les liquides
a liaison hydrogénique (H20, C2H5OH, CH2OH et un mélange de
CH3CO, CH3 et CHCl3) ne sont pas Newtoniens. Les caractéristiques
pleinement rhéologiques des liquides ci-dessus comprennent la viscosité
plastique, et la tension de rendement r 0 de 1'ordre de 10_L> — 10~ 3 dynes
c m - 2 . On peut décrire au moyen de 1'équation Buckingham-Reiner la
vitesse de Técoulement de ces liquides dans un tube capillaire.
Quant aux liquides sans liaison hydrogénique, (CC74, CH3COCH3 et
CHCl3), leur comportement est Newtonien. Done, pour les liquides a
liaison hydrogénique, la loi Darcy n'est en general pas valable.
On examine aussi 1'influence du T 0 , productif du gradient de seuil /,„
sur quelques problèmes appliqués du mouvement de 1'eau du sol.
ZUSAMMENFASSUNG

Die vorliegenden Versuchsdaten erweisen, dass Flüssigkeiten mit
Wasserstoffverbindungen (H2Ot C2Hr,OH, CH2OH, und eine Mischung von
CH3CO, CH3 und CHCl3) ausdrücklich Un-Newtonisch sind. Ganzlich
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Rheologische Merkmale der oben angegebenen Fliissigkeiteiten, enthalten
die plastische Viskositat, Griechisch eta, tau, und Anfangsdruck T„ in der
Reihenfolge: 10~ 2 — 1 0 - 3 Dyn c m - 2 . Strömungsgeschwindigkeit der oben
angegebenen Flüssigkeiten, kann in der Buckingham-Reiner Gleichung
beschrieben werden.
Das Verhalten der Flüssigkeiten ohne Wasserstoffverbindungen jedoch,
(CCU, CH3 COCHz und CHCla) ist Newtonisch.
Darcy's Gesetz ist demzufolge für Flüssigkeiten mit Wasserstoffverbindungen im allgemeinen nicht zustandig.
Der Einfluss von T„, der den Anfangsgradienten I0 ergibt, ist in einigen
angewandten Problemen der Bodenwasserbewegung erwagt.

SOME EFFECTS OF DRAG ON THE STRUCTURE
AND HYDRAULIC CONDUCTIVITY OF SOIL
T. J. MARSHALL

C.S.I.R.O., Division of Soils, Adelaide, Australia
I. INTRODUCTION

Energy is lost by water in undergoing viscous shear as it passes through
u porous material. The friction in the water where the shearing occurs
imposes a drag on the solids to which it adheres and this can affect the
structure of a bed of particles such as soil in two different ways. Particles
may be rearranged (reoriented or moved to new positions) or a change in
volume of the bed can take place. Both will influence the hydraulic conductivity.
The most important case of rearrangement is the detachment of
particles from aggregates and their migration to other locations. These
particles can block pores further on in the direction of flow and thus cause
significant changes in hydraulic conductivity (Bodman 1938). If they are
carried out of the soil altogether, the piping of earth dams and the tunneling of natural soil may occur. Zaslavsky and Kassiff (1965) have examined
the mechanics of detachment in cohesive soils in which the drag and
gravitational forces are opposed by a cohesive force, and Emerson (1967)
has set up a classification of aggregates which identifies the susceptibility
of different soils to detachment.
The effect that drag can have on hydraulic conductivity by causing a
change in volume has not received much attention and will be principally
dealt with here. The contribution of drag to the forces acting to compress
the soil can be formulated for downward flow as follows (Terzaghi and
Peck 1948, p. 51). Let Ha and H be respectively the head of water in cm
at the level za at the top of a column of saturated soil where water is
entering and at any level z within the column (Figure 1). The total stress, o-,
in the column at z has two components—the neutral and the effective stress.
The neutral stress arises from the hydrostatic pressure at z. and so has no
effect on the contact pressure between the particles at that level. The
contact pressure at z arises from the overburden of the immersed solids
lying between z and z„ and from the drag of water on the solids corresponding to the drop in head, H.—H. This constitutes the effective stress at z
which is given by
<r'= (p- p w ) g (z. -z)+
pwg(Ha-H)
(1)
where p is the density of the saturated bed, p„ is the density of water, g
is the acceleration due to gravity, and the stress is in units of dynes/cm 2 .
Blackmore and Marshall (1965) have shown that decrease occurred
in spacing of clay plates and in hydraulic conductivity of a thin film of
213
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sodium montmorillonite when water was passed through it under increasing
hydrostatic pressure. Olsen (1966), in a discussion of reported deviations
from Darcy's law, suggests that some of these may have been due to
deformation of structure by drag. Lutz and Kemper (1959) noted that
packing did occur during one of a number of their hydraulic conductivity
measurements. A small change of volume can easily pass unobserved and
may well have affected results obtained by other workers.
In the present work, use is made of long columns of soil in which any
consolidating effects of drag could be readily observed during downward
flow.
II. METHODS AND MATERIALS

A transparent plastic cylinder 5 • 7 cm in diameter and 50 cm long with
outlets for attaching manometers at 10 cm intervals was used as a permeameter (Figure 1). A porous ceramic plate was fixed in the cylinder near its

From supply tank^
at controlled
pressure.
Top of soil
column.

Markers of fibre
glass or be-ads for
indicating soi
movement.

Water manometer

Connection to
mercury manometer

Porous plate

Fig. I.—Permeameter

with numbered outlets 10 cm apart for manometers,
one only of which is illustrated.
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lower end and air-dry soil crushed to pass a 3 mm sieve was poured slowly
into place using a tremie. The cylinder was tapped vertically on the bench
at frequent intervals during filling. Markers of loosely woven fibre glass
were placed horizontally while filling so that bulk movement of the soil
could be observed through the wall of the cylinder during the trials. Some
small glass beads were poured around the edge of each marker to assist
the observation. Caps with O-ring seals were bolted over the ends of the
cylinder which was then evacuated while the soil was slowly wetted from
below with a boiled and cooled solution of M/100 calcium chloride containing 0 - 1 % phenol. This solution was used throughout the trial. The
intention in following these steps was to avoid the complications of air
entrapment, dispersion of soil, and microbiological activity.
The permeameter was set up in a room controlled at 20°C. Flow was
downward with the head of water at the upper end adjusted by means of
a Mariotte bottle to which a controlled air pressure could be applied. The
manometer outlets had a mesh of fibre glass fixed flush with the inside of
the cylinder and they were connected with both water and mercury manometers either of which could be used as required.
After the cylinder had been filled with water, the entry head was
adjusted to the required level and flow was allowed to commence. When
steady manometer readings and flow rates had been established, the entry
head was changed to a new level.
Hydraulic conductivity, k, was calculated from Darcy's law

where v is the macroscopic velocity of water in cm/sec, H is the head, and z
is the vertical distance, both in cm and with the base of the column as the
reference level.
The soils used in the trials were
1. Urrbrae loam, 0-10 cm horizon, from Glen Osmond, S.A., containing
21 % of particles <2fx and 30% between 2 and 20/u.
2. Parafield sandy loam, 0-10 cm horizon, from Parafield, S.A., containing
12% of particles <2/u and 17% between 2 and 20/*.
III. RESULTS

(a) Bulk density
The saturated columns had an overall bulk density of 1-33 #/cm 3 in
Urrbrae loam and 1-40 in Parafield sandy loam before flow commenced.
Up to this stage, they had been exposed only to disturbance from the
wetting process and to settlement under the effective stress arising from the
overburden of immersed soil particles. After flow at an entry head of 20
cm commenced, there was some decrease in height of markers in Urrbrae
loam and the bulk density of the column as a whole increased to 1-34; but
there was little effect on the other column. Flow at 100 cm head caused
further movement of markers and the bulk density increased to 1-36 and
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1 -42 respectively. At 570 cm head it became 1 -40 and 1 -50 respectively
in the two columns. Most of the movement of markers occurred within 5
minutes of commencing flow at an increased head.
The increase in bulk density in different parts of the columns, as calculated from observed displacement of successive markers from this initial
position, is given in Table 1. The data show that bulk density decreased in
the lower parts of the columns with increasing head and that change in
density near the top of the columns was negligible. The trend shown in the
data with height is not smooth because the initial bulk density was not
uniform throughout the columns. In particular it can be seen from the
approximate values of initial bulk density that there was a low initial density

TABLE 1
EFFECT OF FLOW UNDER HEADS OF 1 0 0 AND 5 7 0 CM ON BULK DENSITY OF THE ZONES BETWEEN
SUCCESSIVE MARKERS

Soil
Urrbrae loam

Parafield sandy
loam

Initial height
of marker, cm

Initial bulk
density, g/cm 3

Increase in bulk density, g/cm'1
100 cm head
570 cm head

390
310
24-3
ISO
12-3
6-7
0-0

13
14
1 2
1A
1 4
1-3

000
002
0 07
002
004
003

000
001
012
005
011
013

330
28-8
24-7
20-8
16-6
12-7
8-6
4 3
00

1-3
14
1 -4
14
1-4
1-4
14
1-4

—001
0 00
001
003
0 02
007
004
004

—001
005
007
013
009
0-24
016
017

in the 18 to 24-3 cm zone of Urrbrae loam. This probably accounts for
the large increase found in that zone.
The bulk density of the lower half of the Parafield sandy loam column
was measured also by gamma ray transmission using the method and
apparatus of Gurr (1962). This was done at intervals of 5 mm before and
after all flow measurements had been made. The mean bulk density of this
0-17 cm zone was 1-40 g/cm 3 initially and 1-54 finally by this method.
The initial bulk density was higher below 5 cm where the mean was 1-46
than it was between 5 and 17 cm where the mean was 1 -37. The final data
showed a marked decrease in bulk density, p s , with height, z, which is
represented in the slope of the line fitted by least squares to the data,
p s = - 0 - 0 0 7 0 z + 1-598. The standard error of the slope was 0-0004 and
there were 30 pairs of values.
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(b) Hydraulic Conductivity
The hydraulic conductivity of zones defined by the successive manometer outlets is set out in Table 2. The data show that conductivity
decreased greatly in the lower parts of the columns as entry head increased.
Hydraulic conductivity can change with time for a number of reasons
but it can be shown by means of Figure 2 that the only substantial cause
TABLE 2
HYDRAULIC

CONDUCTIVITY OF ZONES BETWEEN SUCCESSIVE MANOMETERS DURING FLOW
UNDER HEADS OF 2 0 , 1 0 0 , AND 5 7 0 CM

Soil

Hydrau ic conductivity, 10 4cm/sec
570 cm head
20 cm head
100 cm head

Zone

Urrbrae loam

Paraficld sandy
loam

31
21
11
1

cm to top
to 31 cm
to 21 cm
to 11 cm

23
12
36
18

21 cm to top
11 to 21 cm
1 to 11 cm

20
6-9
11
5-5

16
7-3
4-2
0-80

6-9
1-2
20

4-6
1-3
0-49

7-8
6-2
3-7

of the changes recorded in Table 2 was the structure change that accompanied increases in head. In Figure 2, conductivity is plotted against the
amount of outflow. It is evident that relatively steady values of conductivity
were reached after each adjustment of head and hence no other cause of
decline in conductivity was operating strongly.
/U

K-
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a
+ 20cm head cA top of soil column

|
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"
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Fig. 2.- -Hydraulic conductivity of upper and lower parts of soil columns
located above 11 cm (broken line) and between 11 cm and 1 cm (solid
line), ( a ) Urrbrae loam, ( b ) Parafield sandy loam.
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Flow through the columns was continued beyond the stage shown in
Figure 2 up to a total time of 4 days and an additional outflow of about
30 cm'/cm 2 under entry heads which were varied between 20 and 570 cm.
Movements of markers were negligible during these extended runs and
conductivity was independent of entry head in accordance with (2). Conductivity changed little with time in the lower zone but it increased in the
upper zone because of channeling near the outlets of the upper manometers.
IV. DISCUSSION

(a) Hydraulic Conductivity of Easily Dejormable Material
It follows from (1) that a force is exerted on all saturated material
through which water is passing tending to compress it. A zone of lowered
hydraulic conductivity will occur if the effective stress exceeds the compressive strength of the soil material. Such a zone occurring, as it may, at
the bottom of a column of soil can greatly influence the average conductivity of the column as a whole. This average is the harmonic mean of
values for segments of equal length and, as such, it is strongly influenced by
the least value.
Ordinarily the head of water in soil is small and the resulting compressive force is negligible in comparison with the confining force or with
the forces arising from overburden and from matric suction to which the
material has previously been subjected during its history. Nevertheless cases
can arise of laboratory measurements of flow through easily deformable
material where the effect cannot be safely ignored. For example, Greenland,
Lindstrom, and Quirk (1962) found that an effective stress of only 4 cm
applied as a suction to beds of unstable aggregates compressed them sufficiently to reduce their saturated hydraulic conductivity. One case where
material was deformed deliberately during flow measurement and others
where it may have happened unintentionally are cited in I. Also there is
always the risk that too large a head will be used in clay of low conductivity in order to get a readily measurable rate of flow. The simplest
precaution in measuring flow through vulnerable material is to keep the
length of the column to a practical minimum so that the effective stress
arising from overburden of particles or drop in head will not have to exceed
the strength of the material.
(b) Unsaturation and Drag
Large differences in the potential of soil water commonly exist when
water moves through unsaturated soil. It might therefore be assumed from
the present results that drag in unsaturated soil would cause compression.
In these circumstances, the hydrostatic pressure no longer acts to give a
neutral stress. It is replaced by a negative pressure or matric suction in
unsaturated soil which itself acts as a compressive stress. This arises
whether or not there is a gradient causing water to move and thus the drag
is not of consequence.
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(c) Change in Conductivity with Time
The main change occurring with time in the present runs was that
resulting from compression. Detachment of particles followed by migration
and pore blocking did not appear to be important although this is a
common cause of declining conductivity of soil when water flows through
it. The drag force responsible for this is related to the hydraulic gradient,
dH/dz, at z and not to the drag component of effective stress in (1).
However the effective stress can also assist detachment if it causes new and
weakened surfaces to be exposed. Detachment and migration probably
occurred in this way each time the head was increased but, if so, they did
not continue strongly because conductivity came to a reasonably constant
value on each occasion.
Thus, although the columns were only marginally stable with respect to
effective stress, they were little affected by the usual causes of changing
conductivity (Marshall 1958 p. 27; Gupta and Swartzendruber 1962).
Precautions had been taken to prevent dispersion and microbial activity.
Air entrapment was also guarded against except that the use of a Mariotte
bottle in head control may have allowed some risk of this. It may be
concluded from the results in Figure 2 and in the extended runs that the
use of M/100 Ca/Cl-j. and 0 - 1 % phenol together with some precautions
against air entrapment were successful in preventing changes in conductivity
during flow.
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SUMMARY

When water flows through a bed of unstable material, the hydraulic
conductivity can be affected by detachment of particles or by a change in
volume of the material. These two consequences of drag are related respectively to hydraulic gradient at any given position in the bed and to the loss
in head between the surface of the bed and that position.
The bulk density of two columns of artificially packed soil increased
and the hydraulic conductivity decreased with increasing head of water
during downward flow. Within the columns, bulk density decreased and
conductivity increased with height. The effective stress arising from drag
and overburden of particles is discussed in relation to laboratory measurements of conductivity when these have to be made on easily deformable
material.
Although conductivity of the columns was greatly reduced after each
increase of head, it otherwise changed little with time. This is ascribed to
the measures taken to control detachment and the other possible causes of
changing conductivity.
RÉSUMÉ

Lorsque 1'eau traverse un lit de matière instable, la conductivité
hydraulique peut être affectée par le detachement de particules ou par le
changement de volume de la matière. Ces deux consequences de resistance
ont rapport respectivement au gradient hydraulique a une position déterminée sur le lit et a la perte de pression entre la surface du lit et la position
donnée.
La densité apparente de deux cylindres de sol artificiellement tassés
augmentait tandis que la conductivité hydraulique décroissait a mesure que
la pression de Peau augmentait en coulant en bas. Dans les cylindres, la
densité apparente décroissait tandis que la conductivité augmentait selon la
hauteur. L'effort effectif provenant de la resistance et de la surcharge des
particules est discuté par rapport aux mesurages de conductivité faits au
laboratoire quand il faut les faire sur de la matière capable de se déformer
librement.
Quoique la conductivité des cylindres fut beaucoup réduite après
chaque augmentation de pression, elle varia autrement peu avec le temps.
On attribue cela aux mesures prises pour regier le detachement et les autres
causes possibles de la conductivité changeante.
ZUSAMMENFASSUNG

Wenn Wasser durch ein Bett unbestandigen Materiales fliesst, kann die
hydraulische Leitfahigkeit durch Loslösung von Teilchen oder eine Veranderung im Materialvolumen beeintrachtigt werden. Diese beiden Konsequenzen der Verstopfung haben jeweils mit der hydraulischen Steigerung
bei irgendeiner gegebenen Position in dem Bett und dem Verlust des
Wasserdruckes zwischen der Bettoberflache und der Position zu tun.
Das Volumengewicht zweier Saulen künstlich verdichteten Bodens stieg
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an und die hydraulische Leitfahigkeit liess mit zunehmendem Wasserdruck
wahrend des Abwartsfliessens nach. Mit der Höhe stieg die Leitfahigkeit
an und das Volumengewicht verringerte sich innerhalb der Saulen. Die von
der Verstopfung und Überladung der Teilchen herriihrende wirksame
Spannung wird in Verbindung mit Laboratoriumsmessungen der Leitfahigkeit diskutiert, wenn diese an leicht deformierbarem Material durchgefiihrt
werden mussen.
Obwohl die Leitfahigkeit der Saulen nach jedem Anstieg des Wasserdruckes stark reduziert war, veriinderte sie sich in anderer Weise nur wenig.
Dies wird den Massnahmen zur Kontrolle der Loslösung und den anderen
möglichen Ursachen der wechselnden Leitfahigkeit zugeschrieben.

THE ANISOTROPIC NATURE OF LIQUID FLOW
IN CLAY-WATER SYSTEMS
A. V. BLACKMORE

Division of Soils, C.S.I.R.O. Located at the
Irrigation Research Laboratory, Griffith, N.S.W., Australia
INTRODUCTION

Measurements of flow through clay-water systems are frequently made,
both in investigations of the basic mechanisms of particle-water interaction
and in broader studies of the plant-nutrient-soil environment. Often the
data obtained cannot be fully interpreted however because some relevant
parameter of the system is either unknown or is not taken into account.
One of the most complex of these parameters, the spatial arrangement of
the individual clay platelets, expressed as tortuosity or formation factor,
has received a lot of attention in terms of assessment (e.g. Laudelout and
Cremers 1964) but apparently little in terms of control. The purpose of
this work is to demonstrate the extent to which manipulation of the
internal orientation of the clay matrix, with resulting anisotropy, can
influence flow. In addition, the possibility is considered of using electrical
conductance data, which are much easier to obtain than those of hydraulic
conductivity, as a guide to the interpretation. Some basis exists for this
latter proposal in Glasstone's (1942) observation that both processes,
having similar activation energies, depend on the viscosity of the water;
Dutt and Low (1962) confirmed this for clay-water systems. Wyllie and
Spangler (1952) have used the analogy between electrical tortuosity and
hydrodynamic tortuosity but Philip (1957) has rejected on theoretical
grounds any direct proportionality between them, at least for inert media
with certain internal structure.
Not all the variables that are involved in flow are studied; attention is
paid in some degree to clay type, porosity (interparticle spacing), and free
electrolyte concentration. Factors whose variation might be expected to
have a signficant effect but which are nevertheless held constant here
include particle size, pressure gradient, and counterion and free electrolyte
type.
EXPERIMENTAL

The two clays used were a Wyoming bentonite (KWK) from the
American Colloid Company, Chicago, Illinois, and a Georgia (Dry Branch)
kaolin from Ward's Natural Science Establishment, Rochester, New York.
The clays were dispersed and then sodium saturated by use of excess 0-5
molar NaCl. Excess salt was subsequently removed by pressure filtration.
The montmorillonite was size fractionated to < 1-0/A by gravity sedimentation and the kaolin to < 0-2fx. by centrifugation.
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Evaporation of i per cent air-free suspensions to dryness in plastic
petri dishes in a mechanical convection oven at 50°C produced thin films
( < 0 0 1 cm thick) of highly oriented clay. Films of kaolin prepared with
< Q-2fx clay were too delicate to be handled.
Permeability measurements were made in cylindrical cells, 0-5 cm in
both internal diameter and length, constructed of clear perspex. The cells
were packed, either dry or after filling with permeant, with an amount of
clay film sufficient to give the desired final porosity. The clay was placed
either as disks perpendicular to the cell axis or as a series of size-graded
rectangular pieces parallel to the axis. The pieces were cut to size such
that after swelling to equilibrium they would as far as possible match the
appropriate cell dimension. Van Schaik and Kemper (1966) used a somewhat similar technique to obtain oriented samples for chloride diffusion
studies. Gelman membrane filter (Type AM-9) supported on disks of
stainless steel mesh and held in place with O-rings and threaded tubing
fittings formed the ends of the cell. One metre of the inlet pressure tubing
contained de-aired permeant and flow was measured in 1 mm tubing,
calibrated for volume, mounted horizontally on a scale. The work was
done under constant temperature conditions. Sometimes a few gas bubbles
developed after packing the cell but these soon dissolved after flow began.
A pressure of one atmosphere was used throughout. Flow continued until
an equilibrium rate was reached, usually after about two days. The cells
were then dismantled and the contents sampled in three layers for water
content in order to measure the gradient in spacing which develops (Blackmore and Marshall 1965). Flow is expressed as permeability, by use of
Darcy's Law, rather than as hydraulic conductivity to avoid confusion with
electrical conductance. Water content is calculated as an average interparticle spacing (d) for the bentonite using a specific surface area of
760 m-'/g. For kaolin water content on a per cent of oven dry weight basis
(Pu) is used.
Specific conductance was determined by an analogous technique (Blackmore, to be published) in which oriented samples were built up within a
Philips PR/9510/00 conductivity cell. The cell, with 0-8 cm square
electrodes 0-8 cm apart was initially filled with water or electrolyte and
sheets of clay film were packed into it either parallel or perpendicular to the
electrodes. After the clay swelled to equilibrium the resistance was measured
with 1000 cycle a.c. The contents of the cell were then stirred and repacked
so as to destroy the orientation and another resistance reading taken.
Finally the clay paste was sampled for water content. Kaolin films proved to
be too difficult to handle in most cases in the size required to pack the cell
and no conductance measurements are reported on them.
R E S U L T S AND DISCUSSION

Figure 1 shows the flow characteristics of Afa-montmorillonite with
variables of spacing, internal order, and electrolyte content. Points resting
on the spacing axis represent rates of flow too small to be measured reliably
with the present technique. Permeability is greater when the clay particles
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Fig. I.—Permeability of Na-montmorillonite as a function of interparticle
spacing for two types of orientation, parallel and perpendicular to the
gradient direction, and for two permeants, water and 10 t molar NaCl.
Spacing distribution through the indicated samples at equilibrium flow is
shown in the inset.

are aligned parallel to the potential gradient, that is when tortuosity (and
path length) is a minimum, than in the orthogonal situation. In both cases
flow increases approximately with the square of the spacing, as would be
predicted by a Poiseuille-type law for flow channels of flattened rectangular
cross-section (Bird et al., 1960); the true relationship is obscured by the
•>
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variation in spacing distribution through the samples. This gradient in
spacing, as a function of position along the axis of the cell at equilibrium
flow, is given in the inset for some specific samples marked on the Figure.
The difference in spacing gradient between the two orientations at the same
average spacing is not sufficient to account for more than a minor part of
the difference in permeability that is observed.
The presence of free electrolyte causes an increase in permeability of
samples wth parallel alignment but apparently not in the other alignment.
At least two factors are involved with electrolyte in this connection. The
first is that a greater facility for change in spacing distribution exists,
particularly at low average spacing, in the case of perpendicular orientation
where particles have merely to move in the direction of their short axis
than in the other where to achieve a spacing gradient an interleaving of
individual sheets of clay must occur; this is demonstrated in a comparison
of the relatively flat distributions in parallel samples, A, B, and D, with the
more graded ones in C and E. The second factor is that as free electrolyte
content is increased the counterion layers become less dissociated from the
clay surface and, for a given imposed pressure, neighbouring parallel clay
platelets can come closer together. In the parallel case the presence of
electrolyte thus does not cause much difference in spacing (compare A
and B) but because the double layers are less diffuse the region of
unimpeded flow in each pore is effectively wider, and flow increases. In the
perpendicular case this effect of counterion suppression on the flow is
counterbalanced by the greater compression which is possible at the outlet
end of the sample as electrolyte is increased (compare E and C ) ; furthermore, in this case flow has a component which is not parallel to the clay
surface and which is therefore not influenced by the double layers.
Viscosity changes in the bulk fluid because of the presence of free
electrolyte are small enough to be ignored here.
Flow data for the kaolin are shown in Figure 2; the effect of electrolyte
was not investigated. Apart from the actual magnitudes involved, the
relationships are much the same as for the montmorillonite. It is clear that
flow of liquid through both of these clays reflects very sensitively the internal
arrangement of the material.
Electrical conductance data for the montmorillonite are given in
Figure 3; these results have been submitted for publication elsewhere and
some aspects of them (Blackmore 1967) not relevant here will not be
discussed. The conductance is higher in the sample with orientation parallel
to the electrical gradient, both with and without salt. Destroying internal
order from either initial state of orientation, at the same spacing, leads to
similar values, intermediate in magnitude. These puddled samples have
values which agree reasonably well with those for a similar material reported
by Cremers and Laudelout (1966). The conductance of the paste is made up
of two components, one due to the free electrolyte which is present and the
other (the surface conductance) due to the exchangeable cations. These
components are not likely to be intrinsically altered merely by the process
of stirring the oriented sample, or to be different in the two states of
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Fig. 2.—Permeability of Na-kaolin as a function of water content for two
types of orientation, parallel and perpendicular to the hydraulic gradient.
The inset gives spacing distribution at equilibrium flow. The permeant is
de-ionized water,
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F'£. S.—Specific conductance of A/a-montmorillonite as a function of
spacing, with and without electrolyte, for two types of orientation relative
to the gradient. Also shown are the conductance values obtained after
destruction of the orientation.

orientation, and consequently the observed changes in conductance should
be due almost entirely to the changed tortuosity. Taking tortuosity as
length of path divided by length of cell (e.g. Marshall 1959) gives a value
of unity in the ideal case of orientation parallel to the gradient. The ratio
of the value with parallel stacking against that in the transverse stacking,
at the same average spacing, gives the tortuosity in the latter orientation if
path length is the only difference between the two states. These ratios, for
both conductance and permeability, are plotted in Figure 4. Only salt-free
montmorillonite is considered. Where the clay is arranged perpendicular to
the flow direction the path can be envisaged as a stepwise progression, with
a component perpendicular to the gradient between each successive layer
of clay platelets. If this component averages x A, the clay particles are 10A
thick, and d is the distance between them, then the ratio in question, R, can
be approximately written as:
x
R = 1+
•

rf+10
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Fig. 4.—The ratio, for conductance and permeability, of their respective
value with parallel orientation against that with perpendicular orientation
as a function of spacing. N o electrolyte is present.

The curve for conductance is obviously more nearly a relationship of this
kind than the one for permeability. The latter might be expected to depart
from the model because of the gradient in spacing through the paste, quite
apart from any other factor. Over a small part of the spacing range there
is close similarity in the value of the ratio. The electrical tortuosity is
apparently less than the hydrodynamic over the whole range, as was
predicted by Philip for a rather similar model system.
It seems then that it is possible to obtain only an approximate indication
of hydrodynamic tortuosity in any particular state of internal arrangement
in these clay materials by use of the electrical conductance analogue.
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SUMMARY

Methods are described for obtaining permeability and electrical conductance of clay pastes as a function of their particle orientation relative to
the direction of the potential gradient. Measurements are made with montmorillonite and kaolin clays over a wide range of porosity (interparticle
spacing) and the effect of free electrolyte is studied.
The results show that these transport properties are extremely sensitive
to the internal arrangement of the pastes, both properties being several times
larger when the material is aligned parallel to the flow direction than in
the orthogonal situation. It appears that tortuosity is the dominant factor in
this difference.
Conductance data, in association with the simple geometry in the case
of orientation parallel to the gradient, may be used to estimate hydrodynamic tortuosity in some circumstances.
RÉSUMÉ

On décrit des methodes destinées a obtenir la perméabilité et la conductibilité électrique des pates d'argile en fonction de 1'orientation de leurs
particules par rapport a la direction de la pente potentielle. On mesure les
argiles montmorillonites et kaolines a des états de porosité tres divers (interstice entre particules), et on étudie 1'effet de 1'électrolyte libre.
Les résultats démontrent que ces propriétés de transport sont fort
sensibles a la disposition interne des patés, les deux propriétés étant beaucoup plus importantes lorsque le materiel est disposé en parallèle au courant
plutót qu'orthogonalement. Il parait que la sinuosité constitue le facteur
dominant dans cette difference.
Les données de conductibilité, jointes a la simple geometrie, oü 1'orientation se trouve parallèle a la pente, peuvent être utilisées pour estimer la
sinuosité hydrodynamique dans certains cas.
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ZUSAMMENFASSUNG

Es werden Methoden zur Erlangung der Durchlassigkeit und elektrischen Leitkraft von Tonpasten als eine Funktion ihrer Teilchenorientierung, in Bezug auf die Richtung der potentiellen Steigerung
beschrieben. Messungen mit Montmorillonit und Kaolintonen über einem
weiten Bereich der Porösitat (Zwischenteilchen-Anordnung) werden unternommen und der Effekt der freien Elektrolyte untersucht.
Die Resultate zeigen, dass diese Transporteigenschaften besonders
empfindlich für die interne Anordnung der Pasten sind; beide Eigenschaften
sind einigemal grosser als in der orthogonalen Situation wenn das Material
parallel zur Fliessrichtung angebracht ist. Die Windung scheint der vorherrschende Faktor in diesen Unterschieden zu sein.
Angaben über die Leitkraft können, in Verbindung mit einfacher
Geometrie, im Falie der parallelen Anordnung zum Gefalle, zur Veranschlagung der hydrodynamischen Windung in einigen Unmstanden benutzt
werden.

SOLUTE AND SOLVENT FLOW AS INFLUENCED
AND COUPLED BY SURFACE REACTIONS
W. D. KEMPER AND J. LETEY*
Agricultural Research Service, USDA, and Colorado State University,
Fort Collins, Colorado, and * University of California at Riverside
Consider the flow of solvent and
volume element of unit cross section
The change in total specific energy
element may be expressed by equation
dE

one salt in the direction x through a
and thickness dx in a porous media.
(E) per unit time in this volume
[1].

dJH

dt
dx
where dJu/dx represents the thermal energy going into the element minus
the thermal energy coming out; Jv is the flux of the solution as a
whole; Fy is the force causing the solution as a whole to move; Jw is the flux
of the water with respect to the solution as a whole; / B is the flux of salt
with respect to the solution and Fw and FB are the respective forces causing
movement of the solute and the water to be different from that of the
solution. When there is no change in composition of the volume element
with respect to time, the rate of specific entropy change dS/dt is related
to the rate of total energy change by equation [2]
dS

1 dE

=

dt
T dt
Using equation [2] along with the identity expressed in equation [3],
1 dJH JH dT
d(jH/T) i

r

dx

dx

T2 dx

[2]

13]

equation [4] is obtained,
d(JJT)

dS

•In

dT

JF

vtv

+

-+

.

[4]

T
T
T
where d(Jn/T)/dx
represents the reversible divergence of the enthalpy flux
and all of the following terms can act as entropy sources or sinks depending
on whether movement of the component is with or against the respective
force.
We may define an energy dissipation function, or entropy creation
function TdSe/dt which deals only with those processes which create
entropy. The components of this term are expressed in equation [5].
~dt

dx

J

•+

dx

dSc
1~—— =

at

1 dT
Jjf

—

T ox

rJvrv -rJwtw -rJsrs
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In accord with the general theory of linear flux equations describing the
time rate of entropy creation in a localized system near equilibrium, the
thermodynamic function or force associated with each flux is taken as the
driving force for that flux (i.e. see De Groot and Mazur 1962), with the
realization that the driving force or flow of any one single species may also
affect the transport of any other mass or energy species. Equations [6], [7],
[8], and [9] express the relationships between these fluxes and forces.
JH = LlIH(l/T)(dT/dx)+LHvFv

Jw

and

=

+LHsFs,

^wH\^ i-* )\P' /uX)-\-Lswvrv-\-L,wwt

w-\-L,wst

Js = LsH(l/T)(dT/dx)+LsvFv+Ls„Fw+LssFs.

s,

[6]

\o\

[9]

The interaction coefficients L^ represent the effect of the force F3 on J{ (the
flux of component i). We will attempt only to consider "isothermal" flow.
Since we recognize that viscous dissipation converts the energy driving the
motion to thermal energy, it must be admitted that absolutely isothermal
flow does not occur. To gain an estimate of the temperature gradients
which may arise in soils as a result of viscous flow, assume steady state flow
of pure water though an element of unit cross section and length Ax. Since
dE/dt = 0 and the last two terms in equation [1] are 0, we find that the
divergence of the enthalpy flux is equal to the absolute value of the solution
flux times its driving force as expressed in equation [10],
-^ = JVFV.
[10]
ox
The enthalpy flux may be expressed as indicated in equation [11] where
the first term after the equality represents "thermal conduction" (actually
KT must also account for an increased conductivity due to hydrodynamic
dispersion) and the second term represents thermal energy carried by the
flowing solution.
dT
cT
CvPvdT
[11]
JH= -KT——
+ JV\
dx
<i
The divergence of the enthalpy flux is expressed in equation [12]
BJH
dx2
-"- = -Kr~+JvCvPv
ox
d'T

dT
—,
ox

[12]

and consequently equation [10] may be rewritten as equation [13] since in
the range of consideration Cv and pv are practically constant.
d2T
KT—Z—JVCVPV

dT
-r-

AP
= —•fv-r~-

[13]

ox1
ox
Ax
Let it be understood that AP/Ax = Fv and therefore if the movement is
downward AP/Ax = AP'/Ax + pg where P' is the actual pressure in the
solution. As boundary conditions, assume that the solution enters the soil
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at x = 0 having a temperature T = T0 and that as the solution leaves the
block of soil at .v = L the temperature of the solution remains the same as
it was in the soil and consequently the dT/dx evaluated at x = L is equal
to 0. Integrating equation [13], using these boundary conditions and defining
M = KT/CvpJv equation [14] is obtained
T-T0

AP/L

M(l-fi./M)

[14]
CvPv
One fact derivable from equation [14] is that AT/ Ax <
(AP/Ax)/pvCv.
Since the volumetric heat capacity, (p,Cv) is 4-18 x 107 ergs/cc/° C, a
steady state pressure gradient of 1 bar per cm would result in a temperature gradient of less than -024° C/cm.
Since the L vll , L„ n , and L sH coefficients observed (for instance, see
Cary, 1965; Cary and Kemper, 1968) are relatively small, the contribution of this very small self-induced temperature gradient to the movement
of solution, water, and solutes will be negligible and we may drop these
terms from equations [7], [8], and [9] when temperature gradients are not
imposed on the system from outside sources.
The main factor causing water to move with respect to the solution is
the portion of its activity gradient which is caused by a concentration
gradient. The resulting diffusive movement is usually quite slow and moreover since diffusive movements of this type carry along small amounts
of the other components, the L vw and L sw coefficients are small and the
terms associated with these coefficients may be dropped out of equations
[7] and [9] without sacrificing much accuracy. Considering the above
factors we may write the following approximate equations ([15] and [16]
respectively) for the flux of the solution and of the solute with respect to
the solution.
Js — LSVFV+LSSFS

[16]

Equations [15] and [16] will now be analyzed on the basis of
experimentally observed constitutive relationships. For instance, Kemper
and Rollins (1966) found that both pressure gradients and osmotic
pressure gradients caused viscous solution flow through clays, but that
osmotic pressures were not always as effective as pressure gradients. Their
findings may be summarized as,
dP
d(gCs)
K—+ -Ka RT
[17]
dx
dx
where the osmotic efficiency coefficient O =s cr =s 1 0 , C, is the sum of
the molar concentrations of the cations and the anions in solution, g is
the osmotic coefficient, R is the gas constant in ergs/°/mole. dP/dx again
includes the gravitational force acting on the solution, and K is the solution
conduction coefficient. The osmotic efficiency coefficient cr was found to be
a function of the distribution of the adsorbed ions and hydrodynamic
considerations.
Jv=-
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When solution is forced through a soil by a pressure gradient or body
force it tends to sweep adsorbed cations in the direction of flow, building
up a streaming potential in the system which is more positive as the lower
pressure zone is approached. Kemper (1960) calculated that this streaming
potential was proportional to AP/'Ax and that it acted as a force on all the
cations and anions. This force plus that portion of the chemical potential
gradient associated with the concentration gradient probably make up the
main portion of Fa which is causing the solute to move with respect to the
solution. Since there are more cations than anions in the solution the
portion of Fs due to the streaming potential also imparts a force to the
solution as a whole which is proportional to the streaming potential and
reduces the solution flux by as much as 50%. However, since the streaming
potential is proportional to F T this factor would not cause nonlinearity
between Jy and Fv. Consequently, the equation for the flux of a solution
may be written as in equation [17] where it should be remembered that K
is a function of the distribution of adsorbed ions with distance from the
surface as well as a function of the more commonly recognized geometry
of the solid phase and viscosity of the solution. The similar forms of
equations [15] and [17] suggest that

and

Lvv = K,

[18]

Lv, = Ka,

[19]

Fv = dP/dx,

[20]

Fs = RTd(gCs)/dx

[21]

Salt sieving studies (or ultra filtration studies) have shown that when the
media is completely impermeable to the solutes but allows the solvent to
pass
J, = -/«,.
[22]
When the solute is completely unrestricted by the media and moves with
the same velocity as the solvent, Js is equal to 0. Designating the salt sieving
coefficient by /3 (which is a function of the extent of the diffuse layer into
the flow channel) one component of JH will be /3 / v , that is, the movement
(backward) of salt with respect to the solution as salt sieving occurs.
Another component of / s , due to the concentration gradient of the salt, may
be written as (0/Cs)Dh d(gCs)/dx
which includes both the regular
diffusion and the hydrodynamic dispersion of the salt which occurs when
a concentration gradient exists and viscous flow is taking place. The
coefficient Dh is a function of the adsorbed ion distribution as pointed out
by van Schaik and Kemper (1966) and of the solute velocity and density
differences associated with the direction of flow, etc. as pointed out by
Nielsen and Biggar (1962). If the solute is considered to be the free
electrolyte the streaming potential does not impart a net force, on the
solute since the free electrolyte contains equal amounts of plus and minus
charges.
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Consequently from the above considerations
0
d(gCs)
J. = pJv+^-Dh—-—.
Cs
dx

[23]

Using the value o(Jv from equation [17] in equation [23],
dP

I

dx

\

eDh \
RTCj

d(gC,)
dx

[24]

The similar forms of equations [16] and [24] indicate that
Lsv = pK,

[25]

and that
L ss = pKa+9Dh/RTCs.

[26]

According to the Onsager reciprocal relations concept (as outlined e.g.
by de Groot and Mazur 1962) L sv should be equal to L vs , which from
equations [19] and [25] indicates Kcr should be equal to Kfi. That is, cr
the osmotic efficiency coefficient should be equal to /3 the salt sieving
coefficient. It has been observed (for instance, Kemper and Rollins 1966)
that when there is no restriction of the solute, cr (as well as /3) is equal to
O. It has also been observed that when the solutes are completely restricted
(for instance, Kemper and Evans, 1963; or Low, 1955) that fi and cr are
both equal to unity. Letey and Kemper (1968) also noted that f3 and cr
were essentially equal in the case of flow through a compacted bentonite.
To check this relation further the equation proposed by Kemper and
Rollins (1966) to calculate the osmotic efficiency coefficient for flow in a
single thin film as a function of the distribution of adsorbed ions was used
on the identical systems in which Kemper (1960) calculated salt sieving.
The relationship between the osmotic efficiency coefficients and the salt
sieving coefficients for five different systems is shown in Figure 1. The salt
sieving coefficients appear to be slightly, but consistently larger than the
osmotic efficiency coefficients but this may be the result of approximations,
slightly inconsistent assumptions or imprecise calculations. These calculations indicate that except at very low values of cr or f3 there should be a
reasonably good similarity between these coefficients. One of the values
of this relationship is the possibility of measuring /3 and estimating cr when
cr is desired but is hard to measure and vice versa.
Hydraulic conductivities, even as low as 10~ 8 cm 3 /cm 2 /sec indicate
film thicknesses in which water is flowing of more than 100A. Kemper and
Evans (1963) pointed out that there would be practically no geometrical
restriction of salts by a porous media with pores this large. Consequently
the observed salt sieving and osmotic efficiency coefficients can be attributed
to the interaction between the negatively charged clay particle, and the ions
adjacent to the particle. Negative adsorption of free electrolyte from the
thin films connecting the larger capillary "puddles" of water in the soil
provides the restriction to free electrolyte movement which causes salt
sieving and allows salt concentration gradients to move water.
When ihere is only a small degree of negative adsorption, free electro-
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lyte is excluded mainly from the immediate vicinity of the mineral surfaces
where velocity of the solution is slow and where force imparted to the
solution is not as effective in causing water movement as force applied
further away from the surface (i.e. toward the middle of the film).
Consequently if less than 10% of the free electrolyte is excluded from
the critical interconnecting films or pores, the interactions between solute
and solvent flows will be practically negligible.
Most of the data concerning interactions between solute and solvent
flow in soils have been taken in systems saturated with monovalent ions.
In these systems negative adsorption of free electrolyte is generally large.
As shown by Kemper and Rollins (1966) the negative adsorption and the
osmotic coefficients are much smaller when the systems are saturated with
Ca++. In Ca + + saturated soils, the magnitude of the interaction coefficients
(cr and /ï) are usually so small that they are practically negligible. Kemper

SOLUTE TRANSPORT

239

and Rollins (1966) estimated that at soil water suctions less than 8 bars,
the maximum solution movement that could be caused by differences in
solute concentration in a Ca++ saturated soil would be less than the movement caused by 0-07 bars of hydraulic pressure difference. Under these
"normal" conditions salt concentration gradients need not be considered
when studying water movement, and it may be assumed that dissolved
solutes move through the soil almost quantitatively with the water.
Conditions under which the interaction coefficients may be practically
important involve films of water on and between the mineral particles so
thin that even the diffuse double layer of Ca++ saturated surfaces extends
most of the way across these films. Such conditions may occur in the vicinity
of plant roots when soil water suction is greater than 10 bars. Soil
immediately adjacent to the membrane of a pressure membrane cell at 15
bars pressure will also have such thin films, and will often partially restrict
solute movement. Solution moving to an evaporating surface deposits its
solute load at the evaporating surface. When the water content near the
evaporating surface is low (thin films), the solute gradient may be an
important factor maintaining water movement to the surface.
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APPENDIX
C,
C,
C

Symbols and Dimensions
solute concentration (moles/cm 3 soln.)
average solute concentration in the differential volume element (moles/cm 3
soln.)
heat capacity of the solution (ergs/°K cm 3 soln.)
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Dh
E
F,
Fv
Fw
g
JH
J> = Vfi =
Jv = V*0 =
J» = V„B =

K
KT
AP/ Ax
5
R
f
T
/J
8
/>„
a
H
s
v
w
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diffusion coefficient of the salt enhanced by hydrodynamic dispersion
(cm 2 /sec)
total specific energy (ergs/cm 3 )
force exerted specifically o n the solute (ergs/cm s soln. cm)
force exerted specifically on the solution (ergs/cm 3 soln. cm)
force exerted specifically o n the water (ergs/cm 3 soln. cm)
osmotic coefficient (similar t o activity coefficient)
enthalpy flux (heat flux) (ergs/cm 2 sec)
volume flux of solute with respect t o the solution ( c m ' / c m 8 sec)
volume flux of solution with respect t o the p o r o u s media ( c m ' / c m ' sec)
volume flux of water with respect t o the solution (cm 3 /cm 2 sec) where V,
and Vw are the average velocities (cm/sec) in the direction x of the salt and
water with respect t o the solution and K„ is the velocity of the solution with
respect t o the porous media.
water conductivity (cm 3 soln./cm 2 sec)/ergs/(cm 3 soln. cm)
thermal conductivity enhanced by hydrodynamic dispersion (ergs/cm 2 sec)/

CK/cm)
pressure gradient plus gravitational and electrical forces acting on the solution
(ergs/cm3 soln. cm)
specific entropy (ergs/°K cm3)
gas constant (ergs/°K mole)
time (seconds)
temperature (°K)
salt sieving coefficient (0 < /} < 1 -0)
volumetric solution content (cm3 soln./cm3)
density of the solution (gms/cm 3 soln.)
osmotic efficiency coefficient (0 < a < 1-0)
Subscripts
indicates heat or enthalpy
indicates solute
indicates solution
indicates water
SUMMARY

It has been shown that temperature gradients caused by viscous dissipation of the energy driving the fluxes are not sufficiently large to invalidate
an approximate treatment of "isothermal flow". The generalized flux coefficients are related to and discussed in terms of previously observed
constitutive relationships and additional evidence was presented for at least
approximate validity of the Onsager reciprocal relationship. It was pointed
out that interaction coefficients between salt and solvent fluxes in soils are
determined by negative adsorption and hydrodynamic factors rather than
geometrical restriction and steric hindrance factors which are known to be
important in the ultrafiltration of uncharged solutes through relatively uncharged membranes.
RÉSUMÉ

II a été montré que les gradients de temperature causes par la dissipation visqueuse de l'énergie qui pousse les flux ne sont pas assez grands
pour infirmer un traite approximatif de "l?écoulement isotherme". Les
coefficients de flux generalises se rapportent a, et sont discutés en termes de
relations constitutives préalablement notées, et des preuves supplémentaires
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i'urent présentées de la justesse du moins approximative de la relation
inverse d'Onsager. Il fut remarqué que les coefficients de 1'interaction entre
les flux salins et dissolvants dans les sols sont determines par 1'adsorption
negative et par les facteurs hydrodynamiques plutöt que par la restriction
geométrique et les facteurs de l'entrave stérique qu'on sait importants pour
1'ultrafiltration des solutes non chargés par des membranes relativement
non chargées.
ZUSAMMENFASSUNG

Es ist gezeigt worden, dass Temperaturgefalle, die durch viskose
Zerstreuung der Energie, die die Strömung treibt, erzeugt werden nicht
gross genug sind, um eine annahernde Behandlung der "isothermen
Strömung" ungültig zu machen. Die allgemeinen Strömungskoeffizienten
werden verglichen und besprochen im Hinblick auf vorher beobachtete
wesentliche Beziehungen und zusatzlicher Beweis wurde vorgebracht für
eine wenigstens annahernde Gültigkeit von Onsagers wechselseitigem Verhaltnis. Es wurde hingewiesen, dass Wechselwirkungskoeffizienten zwischen
Salz und Lösungsmittelstromung in Boden, vielmehr durch negative
Absorption-und hydrodynamische Faktoren bestimmt werden, als durch
geometrische Einschrankungen und sterische Hinderungsfaktoren, die bekanntlich wichtig sind in der Ultrafiltrierung ungeladener LösungsstofTe
durch verhaltnismassig ungeladene Membranen.

THE SIMULTANEOUS FLOW OF WATER AND
HEAT OR SOLUTES THROUGH SOIL1
A. HADAS2 AND THE LATE S. A. TAYLOR
Dept. of Soils and Meteorology, Utah State University, Logan, U.S.A.
INTRODUCTION

The transfer of energy as a result of thermal gradients and the transfer
of matter as a result of gradients in either osmotic or matric potentials are
the subject of classical studies in soil. In many cases, however, other forces
are involved in producing such transfers. Particularly in the practical
situation, transfers of energy and matter occur simultaneously although not
necessarily in the same direction. It is virtually impossible to imagine the
flow of a single material or a single form of energy in a field situation; for
example, water moving through soil normally carries heat and salts with it.
A few studies have recently been published dealing with various aspects
of the simultaneous transfer of energy and matter in soil. Taylor and Cary
(1964), Cary and Taylor (1962a, b ) , and Cary (1965) studied the
simultaneous transfer of heat and water in soils. Letey and Kemper
(personal communication) and Aziz and Taylor (1965) dealt with the
transfer of salt and water in soils. These works used the thermodynamics
of irreversible processes as the theoretical model for analysis.
Other studies appear in the literature in which simultaneous transfer is
analyzed by other theoretical models. Although some of these models offer
certain advantages over those using irreversible thermodynamics, they are
more cumbersome and much more complicated to handle.
Previous studies using irreversible thermodynamic models have been
limited to linear conditions. In this paper a model is developed for the
nonlinear model.
THEORY

The generalized equations describing the simultaneous transfer of
material and energy were developed by de Groot (1957), de Groot and
Mazur (1962), and Prigogine (1961). Their procedures are outlined
briefly.
Assume the soil is confined to a fixed volume. Heat, salt and water are
allowed to flow in two directions but all other properties are uniform in the
x-y plane. The force fields causing flow are continuous and may be
mechanical, thermal, or electrical in nature, or may be of some other kind
that arises from the interactions between matter and energy fields.
1

Contribution of the Department of Soils and Meteorology, Utah State University.
Approved as a Journal paper No. 705. This work was supported by N.S.F. Grant
No. 541.
- On leave from The Volcani Institute for Agricultural Research, Rehovot, Israel.

243

244

A. HADAS AND THE LATE S. A. TAYLOR

Using these assumptions and laws along with others such as the conservation of mass and energy and the validity of the thermodynamic relations
as stated in the Gibbs' second law of thermodynamics, we get the
generalized transport equations as developed by Taylor and Cary (1964).
The entropy source is given for a linear form as follows:
-Jud(lnT)

n

Jkr

T<*

(M*\l

m

The transport equations or the phenomenological equations are given by:
n

Ju = I Luk [Fk - T± ( f ) ] - LUU [1 (Inr)]

*-£^[A-'S(?)]-^[SH

[2]
[3]

The symbols and notations are given in the appendix.
If the principle of microscopic reversibility stated by Onsager (de Groot
1957, Prigogine 1961) holds, and if our assumptions are valid then we should
have:
Lik = Lu
Liu = LUi
[4]
This is a linear model. Several questions, however, are relevant to this
model:
(i) What is the range of validity of the linear relations?
(ii) What is the range of validity of the thermodynamic relations when
the system is not at equilibrium but near to it?
(iii) Is the entropy source equation unique?
Rastogi et al. (1961) pointed out some deviations from linearity for a
thermo-electric system. Nielsen and Biggar (1962), Swartzendruber (1963),
and Hadas (1964) showed that there are also deviations from linearity
for water flow in soils.
Li (1958, 1962) derived an approach to the problem without assuming
the principle of microscopic reversibility and extended the treatment to a
nonlinear case. He showed that the nonlinear case may be derived by
expanding the transport equations around the equilibrium condition using
the Taylor expansion theorem. This shows the flux Ji to be a function of
the forces XA and is given by:
Ji = Z . La *} + * ƒ f Li» X)Xk +...

[5]

where
Lt}

= 8Y};
d*Ji

Lm

~ 8X}dXk

[6]
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According to the Li theory the following relations hold:
Li] = L],
Lijk = Ljik = Ljki.

[7]

Thus for a horizontal system we get from [5]

'- - -*- H (?) ] - L - \i<™ 1 -*~ H (?) ]'
-w[|(i"ïl]'-i~.[rï(^)][|ao]i

[8]

'. - - *- N (?) ] - *« K <H - *- w (?) i
-<-,.. [Id"'-)]2 -<•... [rjz (f)] [|d«n];

m

In deriving this expansion it is necessary to assume the validity of the
Gibbs and other thermodynamic equations, and that the system is not far
from equilibrium. The latter assumption permits expansion of the flow
equations using the Taylor series.
Since it is difficult or even impossible to check the validity of the
thermodynamic relations, we must look at the coefficients to see if the
relations [4], [7] hold.
This paper reports work done to check whether the nonlinear approach
is an improvement over the linear procedure for soil-water-heat system.
METHODS OF ANALYSIS AND RESULTS

The experimental data used in this paper were taken from Cary (1961)
and include:
(a) two cases of simultaneous movement of vapour and heat.
(b) heat and water movement in Millville silty loam that is near
saturation (a matric potential of —30 mb).
The experimental data were submitted to a computer and the various
coefficients were calculated from equations [2] and [3] for the linear case
and from equation [8] and [9] the nonlinear case.
Experimental data points for thermally induced vapour movement
where the warm side was controlled to produce various thermal gradients
and the cold side was kept at 308°K. are shown in Figure 1. The predicted
curve obtained by Cary (1961) and that obtained from equations [8] and
[9] are also shown.
For the curves given in Figure 1 the equations are [10] for the linear
case and [11] for the non-linear case, namely:
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8.68 X lO-7
2.55 x 10

K(?)]

7

+ 3.32 x 10-

1.14X10-4 [ | ( , nJ)]
8.2

[4m

[10]

Gl^(lnr)]
K<H"

+ 2.3 x 10~2

M.x.0* [!•£(&)][>«]

[II]

Tables 1 and 2, the transfer coefficients, are presented for two cases of
simultaneous transfer of heat and vapor where the cold side temperature
was 288°K and 298°K, and for the simultaneous transfer of heat and
water in saturated soil where the cold side temperature was 308°K. The
details and the experimental procedure are described in the works of Cary
(1961) and Cary and Taylor (1962a).

°C/CM
Fig. 1.—The dependence of the vapour flux Jw on the thermal gradients,
(after Cary 1961) 1. The predicted line. 2. The line fitted using [8] and [9].
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The data presented in Table 2 show that the relations [4] are achieved,
while the relations [7] are not, although the coefficients are quite consistent.
DISCUSSION

Figure 1 shows the second degree equation to fit the experimental data
better than the linear equation. The coefficients presented in Tables 1 and 2
do not show the relations [7] to hold.
As to the ratio LVJL^
which is the relations [4], the values are near 1.
If we assume the theoretical model to be correct, then these small deviations
may be attributed to the fact that the analysis is performed using large
numbers and looking for small differences. This may cause a large deviation
in the end results. This was found by Letey and Kemper (personal communication). The results, upon which this possibility is based, will be
published by them in the future.
In recent literature there were indications for these relations [4] and [7]
not to hold. Rastogi et al. (1964, 1965) found the coefficient L wq to be
temperature dependent. Aziz and Taylor (1965) showed the L ww to be
pressure-gradient dependent. In the work presented, only relations [7] were
found not to hold. These deviations bring a problem—are these coefficients
Ltj force dependent or field dependent? The L ww was found by some workers
to be force dependent, especially under small forces (Swartzendruber 1962,
Hadas 1964, Aziz and Taylor 1965). These findings imply that we may be
dealing with a stationary, non-linear system. The necessary analysis cannot
be performed with the few experimental data at hand.
Among the various types of non-linear relations, the following three
are of special interest:
(i) The flux is force dependent in a relation of a higher degree than
1. This may be caused by a mechanism of flow which is not
accounted for in the present analysis.
(ii) The transfer coefficients, assumed to be constants, are force
dependent.
(iii) The coefficients are field dependent.
The first possibility, that the flux is force dependent in a relation of a
higher degree than 1 is not likely to occur under small forces and pressure
head differences. The second possibility was shown to be in effect for small
force differences by Swartzendruber (1962) and Hadas (1964), and applies
to the analysis carried out on the saturated soil presented in Table 1. The
third possibility, that the transfer coefficients are field dependent (e.g.
temperature dependent) may lead back to the linear case providing a
functional correction within the coefficients. Such an approach was taken by
Cary and Taylor (1962b), but the correction was not found to improve
the predicted line to the experimental data (Cary and Taylor 1962b). The
discrepancy was larger when the vapour movement was dominant. Thus
the better fitting of the non-linear model to the experimental data is still not
proof of its validity as an improvement of the predicted curves for given
data, especially when the linked coefficients of the second degree (relations
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[7]) are not equal to 1 but are around 2 as was found by Rastogi et al.
(1965). According to Prigogine (1961) the validity of the thermodynamic
approach is restricted to the domain of linear phenomenological laws, e.g.
Fourier's law and Darcy's law. For chemical reactions or changes of phase,
it is valid as long as the Maxwellian equilibrium distribution of velocities is
not disturbed too much. In other words, the severe restrictions imposed
on the theoretical model by the mechanisms of transport, are not accounted
for in the present model. Other restrictions (the validity of Gibbs equation
and how far from equilibrium it is safe to use this model) must also be
considered. It may be that by introducing the mechanisms involved in the
simultaneous transfer of energy and water we may change the coefficients
into functions and keep the model in the linear domain.
CONCLUSIONS

It seems to the authors that although the thermodynamic approach is
severely restricted, it yields some useful information on the coupled
transfer processes. But this information is just the first approximation of
the forces, coefficients, and interactions taking place in these processes.
Nevertheless, this approach seems to offer a promising tool for future
thinking and analyzing; a prospect to be fulfilled by more work along these
lines.
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APPENDIX

F/t
J
L
T
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Symbols and definitions
Body force acting on component k.
Flux of energy or material.
Phenomenological coefficient (e.g. L^, £,#*).
Temperature.
The cartesian coordinate axes,
Entropy source function,
Chemical potential.
Forces.

Subscripts
Material components of the system.
heat.
energy.
water.
Units
Lww = [mole c m " sec 1 ]
Lqq = [joule K° c m 2 sec 1 ]
Lwq = hqw = [moles K° cirr 2 sec-1]
Lwww = [moles cm 2 sec"1]
Lqqq = [Joules K°2 cm~2 sec-1]
Lwqq = Lqwq = [moles K°2 cm -2 sec 1 ]
Lwwq = Lqww = | moles K. Joules cm -2 sec^1]
i,j,k
q
u
w

SUMMARY

Energy and matter transfers may be influenced in many cases by forces
other than those of moisture content, matric or osmotic potentials, salt
accumulation, etc. Some work was done concerning the simultaneous
transfer of energy and matter using the thermodynamic of irreversible
processes as the theoretical model. In that work the fluxes were assumed
linearly dependent upon the forces. This paper reports a study carried out
to see if it is possible to further develop the model and extend the treatment
to a non-linear case. Few of the results cited and evaluated are in correspondence to the theory. The discrepancies from the theoretical expectations
are discussed and possible reasons for their occurrence are suggested.
RÉSUMÉ
Le transfert d'énergie et de matière peut être influence dans beaucoup
de cas par des forces autres que celles de la teneur en humidité, des
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potentiels matriques ou osmotiques, de 1'accumulation de sel, etc. On a
étudié Ie transfert simultane d'énergie et de matière en employant Ie
thermodynamique des processus comme Ie modèle théorique. Dans ces
études, on a suppose que les flux dépendaient linéairement des forces.
Cette communication est un compte rendu d'une étude dont Ie but
était de voir les possibilités de développer Ie modèle et d'étendre Ie
traitement a un cas non-linéaire. Peu de résultats cités et évalués correspondent avec la theorie. On discute les contradictions avec les calculs
théoriques et 1'on suggère les raisons possibles pour ces contradictions.
ZUSAMMENFASSUNG

Energie und Substanz Übertragung kann in vielen Fallen unter anderen
Einflüssen stehen, als Wassergehalt, Grundmasse oder osmotischen Potentialen, Salzansammlungen u.s.w. Einige Bearbeitungen wurden ausgeführt
in Bezug auf die gleichzeitige Übertragung von Energie und Substanz, bei
welchen die Thermodynamik von nicht umkehrbaren Prozessen, als das
theoretische Modell angewendet wurde. Bei diesen Bearbeitungen wurde
angenommen, dass die Strömungen linear abhangig von den Kraften sind.
Dieser Bericht beschreibt eine Untersuchung, welche ausgeführt wurde,
um festzustellen, ob eine weitere Entwicklung des Modelies, und die
Erweiterung der Behandlung zu einem unlinearen Falie, möglich ist. Wenige
der Ergebnisse, welche angeführt und berechnet sind, stimmen mit der
Theorie überein. Die Unterschiede von den theoretischen Erwartungen sind
diskutiert, und eventuelle Gründe fur ihr Vorkommen sind vorgeschlagen.

NON-LINEAR THERMODYNAMICS OF
IRREVERSIBLE PROCESSES APPLIED
TO SOIL-WATER SYSTEMS
R. C. SRIVASTAVA AND I. P. ABROL
Punjab Agricultural University, Hissar (Haryana), India
INTRODUCTION

It is now well established that non-equilibrium thermodynamics is
one of the most competent tools to study rate processes in general and it
has been successfully applied in the past to problems of pure physics and
chemistry. But the application of non-equilibrium thermodynamics to the
rate processes occurring in soil systems is only of very recent origin and
has been accomplished by Cary and Taylor (1962), Taylor (1960, 1964)
and Srivastava and Abrol (1966). Following the usual procedure for
deriving fluxes and forces, the phenomenological relations between fluxes
and forces have been written. In order that phenomenological equations
may be used for predicting the matter and energy fluxes one must know
experimentally or otherwise the values of the constants occurring in the
phenomenological equations. How the phenomenological coefficients could
be calculated has been demonstrated by Taylor and Cary (1964).
The non-equilibrium thermodynamics hitherto applied to the soil water
systems is based on linear relationships between fluxes and forces and
Onsager's reciprocal relations. Therefore the results arrived at will be
valid only so long as linear relationships between fluxes and forces are
valid. Since linear relationships between fluxes and forces are only
particular cases of generalised non-linear relationships they are bound to
have limited domain of validity and so will be the results obtained from
the application of non-equilibrium thermodynamics based on linear laws.
This fact seems to have been recognised by Taylor and Cary themselves
in one of their papers (1964).
If one wants to probe into transport processes in soil systems beyond
the domain of validity of linear laws he will have to take into account the
non-linear phenomenological equations and the higher order symmetry
relations in addition to Onsager's. It is obvious that the non-linear
phenomenological equations will have some more phenomenological coefficients in addition to those already occurring in their linear counterparts. Unless these additional phenomenological coefficients are determined
experimentally or otherwise the non-linear phenomenological equations
cannot be used to predict the fluxes. Therefore it will be demonstrated in
this paper how all the phenomenological constants occurring in the nonlinear rate equations could be determined in principle. Such a treatment
will obviously be more general than that of Taylor and coworkers. Non253
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linear rate equations for thermally driven water through soils have also
been obtained. For the sake of completeness of the paper elements of
non-linear thermodynamics of irreversible processes have been discussed
briefly in the beginning along with its limitations because they are not to
be found at any one place.
ELEMENTS OF NON-LINEAR THERMODYNAMICS OF IRREVERSIBLE
PROCESSES

The
(a)
(b)
(c)

thermodynamics of irreversible processes is essentially based on
Linear relationships between fluxes and forces
Validity of Onsager's reciprocal relations, and
Validity of Gibbs' formula for entropy production even outside
equilibrium.
A disccussion of the comparative domain of validity of the above
assumptions is available in the literature (De Groot 1952, Rastogi and
Srivastava 1959) where it has been shown that the domain of validity
of Gibbs' equation is larger than the domain of validity of linear laws
and Onsager's relations. Therefore it is possible to extend the domain
of validity of thermodynamics of irreversible processes beyond the domain
of validity of linear laws by taking into account the non-linear relations
between fluxes and forces. The domain of validity of such a treatment will
no doubt be greater than that of linear laws but will not exceed the domain
of validity of Gibbs' equation because even for writing non-linear rate
equations conjugate fluxes and forces will have to be picked up from
Gibbs' equation for entropy production.
First attempt to suggest the form of non-linear phenomenological
equations was made by Rastogi and Srivastava (1961) who pointed out
that in the non-linear region fluxes can be written as power series of the
forces. However the final form of the non-linear phenomenological
relations was given by Li (1962). Li (1962) has shown, using Taylor's
expansion of flows around equilibrium, that if any flow J^ is a function
of forces x1; x^
,
J{ = ELijXj + i27 27LijkXjXk +...
(1)
1

S

k

where Ltj and Ljjk are the derivatives of various orders of Jt given by
Ly

=

fe)o;

Lm

=

(sjfek)o

(2)

where the subscript o represents the value of the derivative at equilibrium.
It has also been shown that the Onsager's and following symmetry relations
Lij = Lji; Lijk = Ljik = LJU
Lij/ci = Lijik = Locji = Lji/ci

}

follow as a mathematical consequence. The symmetry relations (3) serve
the useful purpose of reducing the number of phenomenological coefficients.
The conditions under which higher order symmetry relations given by
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equations (3) would be obeyed have been discussed by Rastogi, Srivastava
and Singh (1965), Srivastava and Singh (1967) and Srivastava (1967).
For evaluating the steady state in the non-linear region the theorem
of minimum entropy production cannot be used because it is based on
linear laws and Onsager's relations. The theorem given by Glansdorff and
Prigogine (1954), although shown to be valid in the non-linear region
by Rastogi and Srivastava (1960), cannot be used to evaluate the steady
state because it is based on an identity and the differential equation
resulting from its application cannot be solved without knowing the values
of the parameters in the steady state beforehand (Srivastava and Blokhra
1963). Therefore there are only two alternatives if one wishes to evaluate
the values of parameters in the steady state—one should either apply
physical conditions of steady state or make use of the thermokinetic
potential as given by Li (1962).
LIMITATIONS

It is clear from equation (1) that the non-linear terms become negligibly small in comparison to the linear terms in the neighbourhood of
equilibrium, but when thermodynamic forces assume high values, such that
the system is not in the neighbourhood of equilibrium, the non-linear terms
become significant and cannot be neglected. Non-linearity in certain rate
equations (for example, non-linearity of Darcy's law as suggested by
Swartzendruber 1962) also arises when thermodynamic forces assume very
low values. Such situations are of special interest for describing water flow
through soils, but unfortunately causes for such non-linearity cannot be
explained on the basis of equation (1) because there is no justification in
retaining the non-linear terms in equation (1) when the values of the
forces are very low.
However a discussion of lower limit of validity of linear laws on the
basis of regression of fluctuations is available in the literature (De Groot
1952) according to which if a process occurs in a time less than the
characteristic molecular time, for example the time between two successive
collisions of the molecules or the time required to establish a steady flow in
hydrodynamics, the linear laws will not be valid. This cannot explain nonlinearity in cases like flow of water through soils under very low pressure
gradients and the explanation for such non-linearity has to come from
elsewhere.
An excellent discussion on the causes of non-proportionality has been
presented by Swartzendruber (1966). Therefore we wish to emphasise
that rate equations (1) can account for the non-linearity in the rate laws
due to the higher values of thermodynamic forces only.
APPLICATION TO SOIL-WATER SYSTEMS

Let us consider a soil which remains unchanged in the x-y plane though
matter and energy fluxes can occur in z direction. Thermodynamic forces
operating in such a system may be osmotic, electrical, thermal gravitational
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and those arising from the attraction between soil moisture and various
solid surfaces of the soil.
Following the procedure used by Taylor and Cary (1964) the conjugate
fluxes and forces can be picked up from the Gibbs' equation and thus
we have
X^=Fi-Td-±f>
X»=

-

(4)

din T
—

(5)

where Xi is the force conjugate to the flow of matter J\ and Xu is the force
conjugate to the flow of energy Ju, T being the temperature, /HI being the
chemical potential of component 1 and F\ is the external force field acting
on component 1. Now the non-linear phenomenological equations for the
simultaneous flow of matter and energy through a continuous soil system
when the number of matter and energy fluxes is one each can be written
from equation (1).
Ji = L\\X\ + LiuXu + i^inAi 2 + ^LiuuXu2 + LnuXiXu + . . .
Ju

=

Lul Xi +

+ ^ „ n A V + \LmXu*

+ LuluXiXu

+...

(6)
(7)

The first and the higher order symmetries in this case will be
L\u

=

Lul', i-'llU

=

Lull', Lulu

=

Lluu • • •

(8)

Generalised equation for the flow of water through soils under isothermal
conditions in the non-linear region can be obtained by putting —j— = 0 in
equation (6) and substituting therein the value of Xi from equation (4).
Thus considering component 1 as water we get

*-^[«-$]+K~ [*-$]'

(9)

Further by assuming that m the chemical potential of water is a single valued
function of the water content, the term —r- for the soil system can be written
(Guggenheim 1957) as
dm

dP
-VlTz

+

(êm\
dd
{-M)T,p,njTz

<10>

where 6 is the soil water content on the dry weight basis and Vi is the partial
molar volume of water. For a saturated soil
8fii\

dd „

Je)T,P,njd-2=°

W

From equations (10) and (11) equation (9) reduces to

r
dp-\
r
dp i2
Ji = Ln ! ƒ ! - Vi -j-zj + iLm I Fi - Vi -^\ +...

(12)
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for the case of saturated soil. The external force F\ in this case is the force
dP. ,
of gravity and -j- is the pressure gradient.
Equation (12) which is in confirmity with the results obtained empirically
by earlier workers (Muskat 1946) is the generalised relationship between
the flow of water through saturated soils and the pressure gradients. Darcy's
law is only a particular case of equation (12) when Lm approaches zero.
In the linear region Darcy's equation for the water flux would be

-Lnfë)
dxj
where F\ is taken to be negligibly small compared to the water potential
gradient as may be the case when flow occurs along the x axis.
At this stage we can make an attempt to explain non-linearity in terms
of constants occurring in the Darcy's equation. We know from nonthermodynamic considerations (Marshall 1962) that for a system that can
be treated as a pack of cells of uniform porosity the water flux is related
to the water potential by the following equation

*--£(£),
where K is the permeability and rj is the viscosity of the fluid. Comparing
equations (13) and (14) we can write
LVL=-

(15)

is

It is clear that so long as — is constant the flux Ji will remain linearly related
to the water potential —r-. Non-linearity in the relation between Ji and - j must therefore arise only when either K or // or both cease to be constant.
Since K is determined by the nature of the porous medium it should not
vary with water potential gradient to any appreciable extent. Therefore it
appears reasonable to conclude that non-linearity in the first instance must
arise due to non constancy of //. It is obvious therefore that the constant tj
in the non-linear region should take the form
J\)

non-linear

\r\j

linear L

ax

J

where a is a constant.
The temperature dependence of the constant Ln can be seen from equation
(15). The constant K should again not vary with temperature on account
of the reasons already specified. However, the constant r\ is known to vary
with temperature in the following manner (Moore 1965)
// =Ae\p(AEIRT)

(17)

where A is a constant and AE is the activation energy for viscous flow.
10

258

R. C. SRIVASTAVA AND I. P. ABROL

From equations (15) and (17) we can write
Lu =-e\p(-

AEIRT)

(18)

which is the quantitative relationship for the variation of Lu with temperature
for the case of fluid flow through porous media.
EVALUATION OF PHENOMENOLOGICAL COEFFICIENTS

In the phenomenological equation (7) we choose to use calorimetric heat
flow instead of thermodynamic energy flow. This is done for the sake of
convenience. The calorimetric heat flow Jq is defined for our system by the
following relation
A Ju-foJi
(19)
where hi is the specific enthalpy of the water flux Ji. Now it is absolutely
necessary to transform the thermodynamic forces X\ and Xu so that the
value of entropy production written as the sum of the products of conjugate
fluxes and forces remains unchanged. Thus for the system under consideration
where the fluxes take place along the x-axis, in the absence of an external
force the new choice of fluxes and forces will be (De Groot 1952, Taylor
and Cary 1964)

*-*

:*~($)r.
dlnT
r

Jq = Ju — hi J\\ Xq =

ƒ

m

(zu>

dx
With this new choice of fluxes and forces the phenomenological equations
(6) and (7) can be rewritten in the form
Ji = LnXi + LlgXq + iLinA-i2 + \LiqqX?
+ LnqXxXq + . . . (21)
and
Jq = LqlXi + LqqXq + ^LjuAi 2 + \LqqqXq2 + Lq\qX\Xq + . . .
(22)
In view of the first and second order symmetry relations the number of
phenomenological coefficients reduces from ten to seven in equations (21)
and (22) where only up to second order terms have been retained, the values
of which must be known so that the non-linear phenomenological equations
may have the predictive value.
How the coefficients Lu, L\q or Lq\ and Lqq could be determined in the
linear region has been demonstrated by Taylor and Cary (1964). The
phenomenological coefficients Liu, Lqqq, L\qq and L u 9 can be determined
by performing transport experiments in the non-linear region. Lm can be
determined if the simultaneous measurements of water potential and water
flux under isothermal conditions are made in the non-linear region and can
be calculated from the slope of the straight line obtained by plotting
I J\ — Lu I -- - j - J

against + (-j— I ' Since the Fourier law of heat

conductivity is valid over a comparatively large range of values Lqqq may
be taken to be zero for all practical purposes.
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From equation (21) it is obvious that

/ dh \
\cXqj Xx= constant
The quantity on the left hand side of equation (23) is experimentally
measurable which if plotted against Xq should yield a straight line whose
slope will be L\qq and whose intercept on the y axis will be [L\q + Li\qX{\.
Since L\q can be known from experiments in the linear region using the
method of Taylor and Cary (1964) and X\ we already know, since we have
kept it constant during the experiment, there can be in principle no difficulty
in calculating the value of L\\q from the experimental data.
If the experiment is performed in the absence of a pressure gradient
i.e. ^ 1 = 0 equation (23) reduces to

fê)*-o=l4'+l4«*«
•z-y-)

(24)

against Xq will be a straight line

O Xq J Xx = 0

whose slope will be L\qq and intercept on the y axis will be equal to L\q. It
must be noted that, in the foregoing, only methods for evaluating coefficients
in the first and second order terms have been outlined. Thus equation (24)
affords a method for evaluating L\q alternative to Taylor and Cary's (1964)
method.
THERMALLY DRIVEN WATER

Let us consider a discontinuous system which is closed as a whole but
contains two phases of a substance which exchange matter and heat with
each other as a result of temperature difference. It has been shown by
Prigogine (1955) that for such a system thermodynamic forces are given by
•V,

and

(?)

AT
X% = — -j2

<25>
(26)

where Xi is the force conjugate to the flow of matter J\ and X2 is the force
conjugate to the flow of energy J2, n being the chemical potential, T being
the absolute temperature. Following the method of Cary and Taylor (1962)
it can be shown that
A ( ^ ) = RAln^

+ yA ( ± ) - CPAlnT

(27)

where po is the vapour pressure of pure water and p is the vapour pressure
of soil water, R is the universal gas constant, Cv is the heat capacity at
constant pressure and y is a constant. For moist soils whose moisture content
is more or less constant the term Aln [ — ) is negligible compared to the
\PQJ

temperature term. Hence
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^ ) = -CvAlnT

+ yA(pi

(28)

Now, from equations (25), (26), (28) and (1) we can write the non-linear
phenomenological relations for matter and energy fluxes. Thus, we have

+ Lm %
J2 =

+ i ^ f - Liu ^

- Lii2 f 4 ] (/fT? + . . .

L21 -j

+ i-21 ™ — -J^ \ Al + I ii-211 -™" + |i-211 ^T4

+ L 2U ^

+ i ^ | 2 - L212 ^ 3 - L212 ^ ] {AT?+...

(29)

(30)

equations (29) and (30) are the generalised non-linear rate equations for the
mass and heat flux and would reduce to equations obtained by Cary and
Taylor (1962) in the linear region when the higher order phenomenological
coefficients approach zero.
A perusal of J\ vs. AT and / 2 vs. AT graphs in the paper of Cary and
Taylor (1962) reveals prima facie a definite curvature. Since Cp for water is
fairly constant in the range of temperature differences studied it appears
that the non-linearity arises due to the additional higher order terms occurring
in equations (29) and (30), not taken into account by these workers.
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SUMMARY

An attempt has been made to arrive at a generalised theory of transport
processes in soil systems by taking into account the non-linear phenomenological relations and also the higher order symmetry relations in addition
to Onsager's. Interrelated rate equations for the transport of matter and
energy through soil systems in the non-linear region have been obtained.
Methods for evaluating the additional phenomenological coefficients occurring in the non-linear rate equations have been outlined in principle such
that these non-linear phenomenological equations may have a predictive
value. Generalised equation for the flow of water through soils which
reduces to Darcy's law in the linear region has been shown to be a
consequence of such a treatment. The generalised flow equation thus
obtained is in agreement with the empirical finding of earlier workers. The
authors have also attempted to work out the transport of water through
soils under the influence of temperature gradients. Generalised rate equations for thermally driven water through soils have been obtained which
reduce to those derived by Cary and Taylor in the linear region.
RÉSUMÉ

On a essayé d'arriver a une theorie généralisée des processus du transport dans les systèmes du sol en tenant compte des relations non-linéaires
phénoménologiques, et aussi des relations de symétrie d'ordre plus élevé
en plus de celles d'Onsager. On a obtenu des equations de taux en
correlation pour Ie transport de matière et d'énergie a travers les systèmes
du sol dans la region non-linéaire. On a décrit en principe des methodes
pour évaluer les coefficients phénoménologiques supplémentaires qui se
trouvent dans les equations non-linéaires de taux de telle sorte que ces
equations phénoménologiques non-linéaires puissent avoir une valeur de
prediction. Une equation généralisée pour 1'écoulement d'eau a travers
les sols qui se reduit a la loi de Darcy dans la region lineaire a été
démontrée être un conséquent d'un tel traitement. L'équation généralisée
d'écoulement ainsi obtenue s'accorde avec la découverte empirique des
travailleurs plus anciens. Les auteurs ont aussi essayé de calculer Ie transport d'eau a travers les sols sous 1'influence des pentes de temperature. On
a trouvé des equations généralisées pour 1'eau qui est poussée thermiquement a travers les sols qui se réduisent a celles calculées par Cary et
Taylor dans la region lineaire.
ZUSAMMENFASSUNG

Es wurde versucht, zu einer allgemeinen Theorie der Transportprozesse
in den Bodensystemen zu gelangen.indem man die nicht linearen phenomenologischen Beziehungen und auch die Beziehungen der höheren Symmetrie-
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Ordnungen zusatzlich zu denen von Onsager berücksichtigt hat. Verwandte
Verhaltnis-Gleichungen für den Transport von Stoffen und Energie durch
Bodensysteme im nicht linearen Bereich sind erhalten worden. Methoden
zur zahlenmassigen Berechnung der zusatzlichen phenomenologischen
Koefnzienten, die in nicht linearen Verhaltnis-Gleichungen vorkommen,
sind im Prinzip dargestellt worden, sodass die nicht linearen phenomenologischen Gleichungen einen voraussagenden Wert haben würden. Eine
allgemeine Gleichung für die Wasserströmung durch die Boden, die sich zu
Darcy's Gesetz in dem linearen Bereich reduzieren, ist als eine Folge dieser
Behandlung zu betrachten. Die so erreichte allgemeine Strömungsgleichung
stimmt mit den erfahrungsmassigen Befunden früherer Wissenschaftier
überein. Die Autoren haben ebenso versucht, den Transport des Wassers
durch Boden bei verschiedenen Temperaturen auszuarbeiten. Allgemeine
Verhaltnis-Gleichungen für Wasser, das durch Warme durch den Boden
getrieben wird, sind erhalten worden und gleichen denen von Cary und
Taylor im linearen Bereich.

A STUDY OF WATER MOVEMENT TOWARDS THE
DRYING ZONE DEPENDING ON SOIL CONDITIONS
N . A . SOKOLOVSKAYA, I. B. REVUT AND S. V . NERPIN
Agrophysical Institute,

Leningrad

When investigating water exchange in the soil-plant system an important study is that of water flow towards the plant roots. The application
of thermodynamics to this problem (Voronin 1966, Sudnitsin 1964,
1965) is connected with the study of water distribution in the zone of
separate roots. It has its disadvantages, since plant roots compose a
ramified system. Besides, along with the study of moisture content in the
root zone it is necessary to make some additional labour-consuming
experiments to establish the relationship between soil moisture and soil
water tension, as well as between soil moisture and water conductivity.
Nevertheless, several problems connected with water movement in soils
towards plant-root systems (e.g. the role of soil structure and density, and
mechanical composition) may be investigated on soil samples by model
experiments.
A special infiltration apparatus has been constructed for carrying out
such experiments. It is based on measuring water tension in the soil around
a cylindrical suction filter, the latter being a sink for water (Figure 1).
The chamber of the apparatus is a broad cylindrical vessel (1) made
of clear plastic, 42-7 cm dia., 8 cm high. The bottom (2) is double; the
upper bottom plate is perforated for water flow into the soil sample. In
the lower bottom plate there are two pipes: pipe (3) is for supplying water
into the double bottom of the chamber and pipe (4) is for water outflow
after capillary saturation of the sample. In the centre of the chamber
there is a pocket (5) for the suction filter (6), the sink for water; at the
distance of 5, 10 and 15 cm from the filter in four radial directions there
are pockets (7) for tensiometers (8) designed to measure soil water
tension. The chamber is fixed on metal legs (9) on which cover (10) is
fixed by means of bolts. There are some openings in the cover to maintain
atmospheric pressure in the chamber. The outflowing water from the filter
is collected in a burette (11) connected through a branchpipe (12) with a
vacuum vessel. The tensiometers are connected with mercury U-tube gauges
(14) by means of transparent polyvinylchloride pipes (13).
The technique is as follows. A soil sample in the air-dry state is placed
on the chamber bottom that had been previously covered with filter paper.
Water for capillary saturation of the soil sample is supplied into the double
bottom through pipe (3). On saturation, surplus water is let out through
pipe (4), the chamber is tightly covered and the sample is left for a day to
ensure even distribution of water in the soil.
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Fig. 1.—Infiltration apparatus for studying water movement towards the
drying zone. 1—chamber for the sample, 2—double bottom of the chamber,
3 and 4—pipes for supplying water into the double bottom and for draining
off surplus water, 5—pocket for suction filter, 6—suction filter, 7—pockets
for tensiometers, 8—tensiometers, 9—metal supporting legs, 10—chamber
cover, 11—burette for filtrate, 12—burette branch pipe for connecting with
vacuum-vessel, 13—connecting pipes, 14—U-tube mercury gauges.

Several increments of suction, corresponding to some suction power of
a root, are gradually applied to the filter.
As a result of the difference between suction in the suction filter and
soil water tension a radial water flow is directed to the suction filter. In
the filter each suction increment is maintained until equilibrium with soil
water tension is reached, in cases where equilibrium is not reached, suction
is maintained till water ceases to enter the filter, then the next increment
of suction is applied. The filtered water flows into a measuring burette; the
volume of the flowing water is measured with accuracy of 0-1 cc. The
changes in soil water tension arising as water moves to the suction filter are
recorded with mercury gauges connected to the tensiometers. After draining
off water from the sample, mean soil water is determined. The apparatus
may be used for studying water movement in soil samples of different
particle size, structural composition and density.

WATER MOVEMENT AND DRYING

265

This apparatus was used for investigating water movement towards
the drying zone in structured soils (Nerpin, Sokolovskaya and Revut,
1965).
To study water movement in aggregated soils, experiments were made
both with sieved aggregates of different sizes, and natural soil samples.
Mean soil samples ("natural soil") were composed of sieved fractions in
the ratio obtained when sieving natural soil:
Fractions, size in mm: 10-7
%
2-3

7-5 5-3 3-1 1-0-5
2-1 4-4 49-7 12-5

0-5-0-25
9-8

<0-25
19-2

Sample weight 5 kg (air-dry).
The soil was a deep clay-loam chernozem.
Water and physical properties of the samples are characterized by the
following: field capacity determined by S. I. Dolgov's technique (Dolgov,
1948) is 36-8-38-0% for macroaggregate fractions and 40-2% for
natural soils. Wilting moisture varies in the range of 13-7-15-9%.
TABLE 1
MOISTURE DISTRIBUTION IN THE PORE SPACE OF A DEEP CLAY-LOAM CHERNOZEM (PER CENT
OF TOTAL POROSITY)

Soil
Aggregates 5—3 mm
Aggregates 3—2 mm
Aggregates 1—0-5 mm
Natural soil
Compactness 0-96 g/cc

Moisture content in
pores of diameter
• 30/*

Field
capacity

<6(V

44-8
46-6
43-4

46-4
52-1
43-9

44-1
48-8
40-4

36-5
38-3
330

59-4

—

54-54

47-12

<V

Aggregates influence the pore distribution of the soil according to their
size (Table 1). The main part of the porosity in natural soil and macroaggregate fractions is composed of pores <5 micron and >60 micron
dia. The volume of pores with diameters of 60-5 micron is only 9-12%
of the total porosity. The macroaggregates pores <5 micron dia. are intraaggregate. This volume differs for macroaggregates of various size by up
to 5% of the total porosity, and increases considerably in natural soil.
When wetting the natural soil and macroaggregate fractions to field
capacity, water is distributed chiefly in pores <60 or 30 micron dia.,
mainly in pores <5 micron dia. The pF values for field capacity of macroaggregate fractions >0-5 mm are in the range of 1-9-2-2. The value of
pF for field capacity of natural soil is about 1 • 7.
In structured soils water can move from one aggregate to another
through interaggregate pores; this transport occurs through water rings
formed between two adjacent aggregates. In large macroaggregates of 5-3
and 3-2 mm, water moved to the suction filter mainly through intra-
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aggregate pores as interaggregate pores in such samples were not filled with
water under capillary saturation. This is shown by an experiment when soil
water tension in a capillary saturated sample amounted to 10-15 mm
mercury column, i.e. pores up to 300 micron were filled with water.
Computations with the help of a model representing an ideal soil (Rode
1965) show that the diameter of interaggregate pores for aggregates coarser
than 2 mm, even in the case of hexagonal packing, should be above 300
micron, and the compactness of aggregate packing was considerably lower
in the experiment. Thus it is quite reasonable to suppose that under capillary saturation of aggregates 5-3 mm and 3-2 mm water was chiefly distributed in intra-aggregate pores. Interaggregate pores with channels less
than 300 micron could be formed only between aggregates of < 1 mm
fractions. This is confirmed by the fact that the water volume in pores of
300-60 micron in samples of 1-0-5 mm and 0-5-0-25 mm fractions
was twice that of samples of 5-3 and 3-2 mm fractions. According to Polsky
(1948) total aggregate porosity of small fractions is less than that of large
ones. Thus, it is clear that in the smaller fraction twice as large a water
volume could be distributed in pores of 300-60 micron between aggregates.
For this reason in samples of smaller fractions interaggregate water could
move at the beginning of the draining process.
The quantitative changes in time of moisture contents of the sample
at different distances from the filter (especially during drainage from smaller
pores) were insignificant. Thus, deviations in moisture content of the sample
from the mean value at different distances from the filter at the end of the
experiment were generally not more than 0 - 5 % of dry weight. At the
same time there were distinct differences in soil water tension at various
distances from the suction filter. That is why moisture movement in aggregated soil is considered on the grounds of the changes in soil water tension
during water transport to the suction filter. The water tension-time change
was plotted as tension isopleths. The absciss shows time since the application of suction, and the ordinate shows the distance from the suction
filter. For each period of observation the values of soil water tension (mm
mercury column) are the means of the values measured with the four tensiometers placed at the same distance from the suction filter. Tension isopleths
were plotted at intervals of 5 mm mercury column, for each sample, and
each suction value. Some typical diagrams are presented in the paper.
They refer to large aggregates and to natural soil. The diagrams indicate
the change in soil water tension, at different times and distances from the
filter.
The manner of water transport in the soil samples depended first of all
on those pores through which water moved to the suction filter. In capillary wetted soil at moisture contents above field capacity, water moved in
large pores of 300-60 and 60-30 micron simultaneously, from the total
volume of the sample. Water flow to the filter practically ceased after soil
water tension had become equal to the suction applied to the filter. The
changes of water tension occurred simultaneously in the whole sample
(Figure 2). The difference in tension changes for different aggregate frac-
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dia. (c) pF 2-6, pores of 15-75 micron dia. (d) pF 2-8, pores of 7-5-5
micron dia.

tions was manifested mainly in the rate of this process. After soil moisture
fell below field capacity, the difference in water behaviour increased for
soil composed of aggregates of different size. In soils composed of large
aggregates (5-3 and 3-2 mm) the even movement of water throughout
the sample was interrupted at different distances from the filter when the
values of suction were lower than those of 1-0-5 mm aggregates. Water
flow into the filter in the case of large aggregates ceased at greater difference
between soil water tension and suction of the filter.
In capillary wetted natural soil, pores of up to 300 micron were filled
with water. Unlike the case of large aggregates, the even water movement
throughout the samples was observed not only in natural soil with pores of
300-30 micron, but in pores of 30-15 micron as well (Figure 3).

268

N. A. SOKOLOVSKAYA, I. B. REVUT AND S. V. NERPIN

cc

TENSION IN mm MERCURY COLUMN

LU
LX

O

&

20

30

40

50

60

70

80 90100110 WO 130 140

150

l0

r—
IS

00

^

100

200

pF 20

170 180190200 220 240 260

300

400

100

(DF

320 340

200

300

23

360 380

f)F2-<o
pF2-8
TIME IN hr.
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micron dia. (c) pF 2-6, pores of 15-7-5 micron dia. (d) pF 2-8, pores of
7-5-5 micron dia.

Based on the data obtained, we may imagine the process of water
transport to the drying zone in the well structured clay loam chernozem as
follows. At soil moisture content corresponding to field capacity, water
moved to the consumption zone from a comparatively great distance (in
our experiment this distance was 14-20 cm). In pores of 300-15 micron
water moved to the consumption zone uniformly, not depending on the
distance, until there was difference between soil water tension and the
suction of the water sink. Soil water tension also changed evenly at all
distances from the water sink. Such water movement was observed up to
pF 2-3, with soil moisture content decreasing to 3 5 % of dry weight.
When the moisture content was lower, water moved to the consumption zone in pores <15 micron. In pores of such size the regularity of water
movement to the consumption zone was broken; there appeared tension
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gradients: soil water tension decreased with the increase of distance from
the water sink; one could notice a gradual rupture of capillary bonds first
in larger pores, then in pores of smaller size. The water bond between
aggregates remained in structured soil up to pF 2-6, that is until all the
pores larger than 7 micron were emptied. When pores of smaller size were
emptied the rupture of capillary bonds occurred at once. Water tension
decreased with increase of the distance from the filter; there was no time
change of water tension in spite of considerable differences between suction
at the filter and soil water tension.
Water flow to the filter ceased when the difference between suction at
the filter and soil water tension was still significant. For aggregates of 3-2
mm that difference at the end of the experiment was 150 mm, for natural
soil it was 130 mm mercury at 5 cm distance from the suction filter. Thus,
water movement to the suction filter ceased due to the rupture of capillary
bonds in the aggregate pore system. One may suppose that in the case of
removing water from pores of 7-5-5 micron in aggregated soil there was
established a moisture content close or corresponding to that of capillary
bond rupture (MCR). In results obtained by Abramova et al. (1956) it
was shown that for aggregates of deep clay loam chernozem (fraction 3-1
mm) the moisture content at capillary bond rupture was 3 3 - 3 % . About
the same value ( 3 3 - 5 % ) was obtained by us in the case of draining water
from pores larger than 5 micron for aggregates of 3-2 mm. Somewhat
lower values of capillary bond rupture were obtained for other macroaggregates, namely: 30-4% for the fractions of 1-0-5 mm and 31 -6% for
those of 5-3 mm. For macroaggregates the total amount of water transported to the consumption zone reached 12-17% of the field capacity or
20-30% of water available for plants. In pores <5 micron, i.e. pores within
macroaggregates, there remained up to 70-80% of all available water.
With natural soils, the moisture content of capillary bond rupture was
very close to the values observed in large aggregates. The amount of water
movable to the consumption zone was 30% of the total available in the soil,
i.e. close to the values obtained for macroaggregates.
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SUMMARY

Infiltration apparatus has been constructed for studying water movement in soil samples of different particle size, structural composition and
density. It allows measurement of soil water tension while water moves to
a drying zone, the latter being created with a filter where the necessary
suction is maintained. The apparatus may be utilized for determining the
moisture content of capillary bond rupture in soils.
This apparatus has been used for studying water movement in structured soils. Tension isopleths of soil water were obtained for undispersed
samples of a well structured deep clay-loam chernozem, and for fractions
of different size. These allowed consideration of the process of water movement to the consumption zone in a structured soil. It is established that
with soil water reduction below field capacity, regular water movement to
the consumption zone is observed in pores of 60-15 micron. When water
moves in smaller pores, gradual capillary bond rupture occurs first in larger
pores and then in smaller ones. Water bonds between soil aggregates in a
deep clay-loam chernozem remains up to pF 2-6. Capillary bond rupture
in pores of 7-5 micron results in the breaking of water bonds between
aggregates. Moisture content at capillary bond rupture (MCR) in the soil
considered was 32% of dry weight.
RÉSUMÉ

On a construit un instrument d'infiltration pour 1'étude du mouvement d'eau dans les echantillons de sols a granulomere, composition
structurale et densité différentes. Ceci nous permet de mesurer la tension
de 1'eau du sol tandis que 1'eau se déplace vers une zone d'assèchement,
celle-ci étant pourvue d'un filtre qui montre la succion requise. L'instrument
peut être utilise pour la determination de la teneur en humidité de la
rupture de la liaison capillaire dans les sols.
Cet instrument nous a servi dans 1'étude du mouvement de 1'eau dans
les sols structures. Des isoplèthes de tension de 1'eau du sol étaient obtenus
pour des echantillons non-dispersés d'un chernozem limon-argileux bien
structure, et pour des fractions de taille différente. Ceux-ci nous ont permis
de considérer Ie processus du mouvement d'eau vers la zone de consummation dans un sol structure. On a établi que, quand la reduction de
1'eau du sol est au-dessous de la capacité minimum d'humidité, Ie mouvement régulier de 1'eau vers la zone de consommation est observe dans
les pores de 60-15 microns. Quand 1'eau se déplace dans les pores plus
petits, la rupture graduelle des liaisons capillaires a lieu d'abord dans les
pores plus grands et ensuite dans les plus petits. Les liaisons d'eau entre
les agrégats de sol dans un chernozem limon-argileux profond reste a
jusqu'a pF 2,6. La rupture de la liaison capillaire dans les pores de 7-5
microns aboutit a la rupture des liaisons d'eau entre agrégats. La teneur en
humidité a la rupture de la liaison capillaire (MCR) dans Ie sol examine
était 32 % du poids sec.
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ZUSAMMENFASSUNG

Ein Einsickerungsapparat zum Studium der Wasserbewegung in Bodenproben von verschiedener Korngrösse, struktureller Zusammensetzung und
Dichtigkeit wurde konstruiert. Er erlaubt Messungen der Bodenwasserspannung wahrend das Wasser zu einer Trocknungszone lauft; letztere
wurde mit Hilfe eines Filters geschaffen, der die notwendige Saugung unterhalt. Der Apparat kann zur Bestimmung des Feuchtigkeitsgehaltes des
kapillaren Bindungsbruches in Boden benutzt werden.
Dieser Apparat wurde zur Untersuchung der Wasserbewegung in
gefiigten Boden angewandt. Spannungsisoplethen des Bodenwassers wurden
für unzerstreute Proben eines wohlgefügten, tiefen, tonig-lehmigen Tschernosem und für Fraktionen verschiedener Grosse erhalten. Diese ermöglichten die Betrachtung des Vorganges der Wasserbewegung zur Verbrauchszone in einem gefiigten Boden. Es wurde festgestellt, dass mit einer Bodenwasserreduktion unter der Minimum-Feuchtigkeitskapazitat die regulare
Wasserbewegung zur Verbrauchszone in Poren von 60-15 Mikron beobachtet wird. Wenn Wasser sich in kleineren Poren bewegt. tritt ein allmahlicher
kapillarer Bindungsbruch zuerst in den grosseren Poren, und danach in
den kleineren Poren auf. Wasserbindungen zwischen Bodenaggregaten in
einem tiefen, tonig-lehmigen Tschernosem bleiben bis zu pF 2-6. Der
kapillare Bindungsbruch in Poren von 7-5 Mikron hat den Bruch von
Wasserbindungen zwischen Aggregaten zur Folge. Der Feuchtigkeitsgehalt
bei dem kapillaren Bindungsbruch (MCR) in dem behandelten Boden
betrug 32% des Trockengewichtes.

FACTORS DETERMINING THE HYDRAULIC
CONDUCTIVITY OF RED MEDITERRANEAN
SOILS AND DERIVED TYPES
J. E. BEREND AND S. KARY
Tahal, Water Planning for Israel Ltd., P.O. Box 11170, Tel-Aviv, Israel
I. INTRODUCTION

Initially unpredictable facts of considerable generality came to light in
the course of soil investigations into the factors governing the characteristics and development of Red Mediterranean ("Hamra") soils on
Israel's coastal plain. Observations pertain mainly to its northern subhumid
part with an average annual rainfall in excess of 450-500 mm and an
evaporation of approximately 1 • 1 metre per annum.
The soils in question have developed upon sand dunes often hardened
into calcareous sandstone. The silt and clay fractions of the soil are mainly
of aeolian origin (Dan 1965) independent of the sand dunes, which were
washed out from the sea and moved inland with the prevailing wind.
Recently developed dunes may frequently cover the soil formed upon the
ancient dunes. The range of textural variations is rather wide. Coarse and
medium textured soils are excellent for irrigated agriculture and well suited
for citrus orchards.
The investigations served projects of soil and water reclamation in the
course of which:
(a) Areas had to be located with soils of the required hydraulic characteristics. Previous soils are desirable for water spreading (artificial
replenishment of aquifers) and impervious soils are suitable for
reservoirs and sewage lagoons.
(b) The hydraulic conductivity profile of the soils had to be accurately
determined, from ground surface down to the aquifer, since less
pervious layers may limit the vertical movement of water.
(c) Future changes in hydraulic conductivity were to be forecast.
II. DETERMINATION OF HYDRAULIC CONDUCTIVITY

Auger holes to depths ranging from 5 to 40 m were the principal tool
of profile investigation throughout the zone of aeration. Infiltration rings
could only be of limited use due to the thickness of the layers to be tested.
"Undisturbed" samples lead to highly erratic and generally low results,
and so this technique proved to be unacceptable.
Experimental ponds, some of them naturally flooded, proved an
excellent tool (Berend 1962). The horizontal dimensions of the ponded or
flooded area had to be several times larger than the depth to the impermeable layer. Since this depth was usually less than 10 m, pond areas
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would be less than one hectare without significant divergence of flow
being suspected in a test layer.
Two main cases were distinguished among these tests:
(a) The surface stratum is underlain by one of significantly higher
permeability. Usually in this case no significant positive pressure
was observed throughout the profile. Measured seepage rates
could serve as a direct approximation of the expected seepage
from the projected installation, provided some correction was
made where necessary in head and flooded area periphery (lateral
flow). Flow conditions were followed up by piezometer and soil
moisture measurement.
(b) The surface stratum is highly pervious, usually dune sand, underlain by a less pervious soil layer. In a few cases up to three such
"storeys" were encountered above the natural water table. Artificially perched water table surfaces developed above these impermeable layers on ponding, the shape of which enabled the
computation of hydraulic conductivity with unusually high accuracy and by two independent methods (Berend 1962). Since the
water spreads out over the less pervious layers the test area may
be much larger than the visible pond.

III. SOIL TYPES

Two main types of soils were distinguished amongst those investigated:
(a) Regular Red Mediterranean soil, locally called "Hamra". It occurs
in profiles of 1-5 to 3-0 m total thickness above the sand or
calcareous sandstone substratum. It has a uniform red to reddish
brown colour, sometimes with black globules 1-3 mm in diameter.
Texture varies from loamy sand to clay loam. It has excellent
agricultural properties, having a favourable hydraulic conductivity,
and is non calcareous due to leaching by rain.
(b) Pseudogley type, locally called "Nazzaz". It develops from type
(a) through prolonged enrichment in clay particles and leaching
(Dan 1965). A more pronounced differentiation of horizons takes
place, in which fines from the A horizon are totally illuviated into
the B horizon. At low-lying sites runoff water may supply additional fines. The B horizon becomes clogged and anaerobic conditions develop, reducing the metallic oxides and imparting the
characteristic yellow, grey and black colouration. In cases where
clay accumulation and reducing processes become dominant in the
B horizon, the background hue becomes grey instead of reddish.
The A horizon becomes leached sand. These soils are known for
their poor agricultural properties and low hydraulic conductivity.
Our investigations showed a uniformly high hydraulic conductivity in
the "Hamra" (a) soils, there being little difference between an uppermost
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layer of these soils, or one covered by a recent dune, or even by several
cycles of "Hamra" and dune sand. Values of conductivity vary from K —
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0-3 m/day upwards, usually not above 1 0 m/day, and are apparently
unrelated to texture. The hydraulic conductivity usually shows a steady
increase with prolonged infiltration over several days or weeks (Figure 1).
Less uniformity was observed in the hydraulic characteristics of the
pseudogley types (b). Under a dune sand cover this soil was found fairly
permeable, the hydraulic conductivity being close to 0-1 m/day. No
apparent difference in hydraulic conductivity could be detected among a
wide range of subtypes from the reddish sandy loam with mere traces of
mottling to the heaviest blackish mottled clays. When not buried under a
sand cover, pseudogleys were found to be significantly different, with
hydraulic conductivity in the range of 0-01—0-001 m/day, i.e. practically
impervious.

IV. LEACHING PROCESSES

Investigations were initiated to forecast future trends of hydraulic
conductivity of soils in the water spreading areas, and to develop criteria
for determining conditions which lead either to clogging or to a maintained
high hydraulic conductivity. Relevant soil analyses were made for this
purpose (Rinot 1963), and chemical changes in the leaching water were
systematically examined.
(a) Soil analyses
It was found that the percolation of up to about 100 m equivalent
depth of water through the soil did not induce significant changes in the
soil chemical characteristics.
The dune sand, which has a medium fine texture (effective grain size
D 10 = 0-16 mm and uniformity coefficient C„ = 1 -4), is composed mainly
of quartz, with a small amount (3-6%) of alkaline-earth carbonates originating from the shells of snails and other animals. Other minerals represent
only a negligible proportion. At around 5 m-equiv./100 g the cation
exchange capacity is high relative to the very low clay content. The
"Hamra" soils have a wide range of textures, and there is no apparent
relationship between texture and hydraulic conductivity. The dominant
clay mineral is kaolinite, and there are appreciable amounts of sesquioxide.
The main exchangeable cations are Ca++ and Mg+ + while K+, Na + , and
H+ are negligible. The pH values vary within a broad range generally
from 6-0 to 8-3. Carbonate content varies from practically nil to about
5 % . Soils covered by dune sand contain more carbonates and have higher
pH than those without such cover.* The pseudogley types ("Nazzaz" soils)
resemble the reddish loams in most respects, the chief difference being
found in hydraulic conductivity. Only the finest textured types have
proportionally more montmorillonite. Visual classification is still the most
reliable method of differentiation between the "Hamra" and "Nazzaz"
groups of soils. Some of their measured properties are shown in Table 1.
* Since all these soils are well leached, their electric conductivity is always low.
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(b) Percolating Water Analyses
Water samples were collected from piezometers at different depths in
the profile, in order to determine the successive changes occurring in the
different horizons. In the investigation referred to here, the water percolating from the ponds was always of high quality, with low or medium mineral
content and low SAR as given in Table 2.
The infiltrating water tended to dissolve alkaline-earth carbonates from
the uppermost dune layers. This was also found in laboratory experiments
(Hadas and Hillel 1963) conducted on red loam layers containing carbonates in the uppermost layer. Here the carbonate depletion had been
followed by reduction in hydraulic conductivity. No other significant
changes in chemical composition of water percolating through the uppermost layer were detected. Even less change was observed in the underlying
loams, apart from some exchange reactions in which the adsorbed cation
composition tended to reach a new equilibrium. In the pseudogley type

TABLE 2
CHANGES OF WATER CHEMICAL COMPOSITION DURING

Well water
Caesarea 1

Type of water applied
to percolation
Measured

characteristics

E.C.

Units of measurement
Applied water composition

After subsequent percolation through
1—4m of "Hamra"

After percolation through dune sand
and 1—3m of "Nazzaz"

After subsequent percolation through
10—30m of calcareous sandstone

* x — average
s — estimated standard deviation
n — No. of samples

pH

Ca++ Mg++

^mho/cm
X*

s
n
After percolation through 2—6m
dune sand

PERCOLATION

X

s
n
X

s
n
X

s
n
X

s
n

Na+

meq/1
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39
15

7-9
0-4
15

2 1
0-6
15

0-9
0-3
15
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01
7
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32

7-7
0-2
32

2-9
0-4
28

0-7
0-2
28
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0-2
16

1
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15
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0-3
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(
(
1

593
72
9

7-2
0-3
9

3-2
0-6
9

0-8
0-2
9

0-8
4
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rather than in the regular soil there was some carbonate deposition, and
it was apparently accompanied by a rise in the pH value.
V. EVALUATION OF RESULTS

The above observations indicate the influence of a high concentration
of bivalent cations in the soil-water on maintaining the hydraulic conductivity of "Hamra" and "Nazzaz" soils, and a low concentration in decreasing hydraulic conductivity. This influence is largely independent of the
composition of the exchange complex, which in every case was dominated
by the bivalent cations. A probable explanation is that the alkaline earth
carbonates serve as cementing agents of soil aggregates, contributing to
their strength and stability. Thus the absence of these carbonates does not
necessarily indicate a low permeability but only the tendency towards it.
The low conductivity of these soils should therefore be deduced firstly from
the mottling and secondly from the absence of lime and low pH (below

Sewag e lagoon effluent
Ashkc lon(Rinot 1963)

Flood water
Shikma Reservoir
pH

Ca++ Mg++

n

Na+

K+
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E.C.

Ca++ Mg++ Na+

/zmho/cm
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0-8

0-3

1-3

01

5

5

5

5

5
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16
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1-3
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16

8-5
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7
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7

0-4
01
7
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0-2
7

01
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meq 1

2010
30
26
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01
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2020
5
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2-4

5

5

5
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5

K+
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7-2) in accordance with the results of Martin et al. (1964). A mottled
appearance associated with the presence of lime and pH S-- 7-5 indicates
intermediate hydraulic conductivity with K = 0-1 m/day. These are the
characteristics of the pseudogley soils under dune-sand cover.
Since the dune cover prevents some of the essential prerequisites of
the leaching process, such as the extreme drying and cracking which facilitates accelerated illuviation, it must be assumed that the degradation
process took place before the dune invasion. The latter stopped the process
by counteracting the drying and cracking and partially reversed it by
enriching the percolating water with calcium and magnesium, which being
deposited as carbonates, might have stabilized the soil structure. Thus,
these formerly impervious soils became partially reclaimed in a natural
way and are readily able to let all the infiltrating rainwater percolate down
to the underlying aquifer. These sandy areas are extremely important in
the replenishment of groundwater resources. Of course, this natural
reclamation process might have required a long period and lasted for
hundreds or thousands of years, which are significant periods in the life
of the dunes.
Our findings also suggest some conditions and means of preventing
the clogging of water-spreading areas. In the dunes the carbonate content
of the sand has to be protected, although in most cases under local conditions the available reserves will last for generations. It was calculated that
flood water percolating through 4 m of dune sand dissolves up to 0-6 mequiv./l of carbonate. Thus if the sand contains 4% carbonates, the available reserves are sufficient for this process until 8,800 m depth of water
has percolated. This will take many years, since yearly rates are only a few
tens of metres. At some locations there will be a need to add carbonates
and where there is no dune cover an adequate supply of lime should
stabilize the soil aggregates and counteract excessive illuviation. Last but
not least, these findings may indicate the correct principles for reclaiming
low value agricultural land occupied by the pseudogley soils.
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SUMMARY

The hydraulic characteristics of Red Mediterranean ("Hamra") soils,
and the pseudogley ("Nazzaz") soils derived from them were investigated,
using test ponds up to 1 ha area. Two typical situations were encountered,
namely the normal soil profile and a soil profile which had been covered
by dune sand.
The red soils are invariably very permeable (conductivity K = 0 - 3 1-0 m/day). The pseudogleys are much less pervious (K = 0-001-0-1
m/day), the higher figure being that for pseudogley under dunes. The
exchange complex is dominated by Ca + + and Mg+ + . Carbonates are
leached out completely from exposed soils only. Mottling was a useful
criterion for differentiating between the two types.
Chemical changes of percolating water were studied in connection with
possible clogging effects and structural deterioration. Leaching water tended
to dissolve alkaline-earth carbonates from the uppermost layer of the soil
profile which became clogged after the exhaustion of the carbonate reserves.
The accelerated illuviation leading to pseudogley formation does not occur
under dunes, which prevent extreme drying and cracking. Therefore, the
deterioration into pseudogley is assumed to pre-date the dune invasion.
Some increase in permeability of the underlying soil occurred with leaching
of alkaline-earth carbonates from the invading dunes. This process,
probably lasting for hundreds of years, improved the structure of the
underlying soil and increased the hydraulic conductivity up to 100 fold.
The findings indicate that the correct management of water spreading
grounds involves replenishing the carbonate content and avoiding accelerated illuviation in soils not covered with sand dunes. Liming should be
an essential step in the reclamation of the pseudogley described here.
RÉSUMÉ

On a étudié les caractéristiques hydrauliques des sols rouges mediterraneans ("Hamra"), et des sols pseudo-gleys ("Nazzaz") qui en dérivent,
en utilisant des étangs d'essais ayant jusqu'a 1 ha. de surface. Deux
situations typiques se sont presentees:
a) sols réguliers
b) sols couverts de dunes.
Les sols rouges sont invariablement fort perméables (conductivité k =
0,3-1,0 m/jour). Les pseudo-gleys sont beaucoup moins perméables
(k = 0,001-0,1 m/jour), le chiffre plus élevé étant celui des pseudo-gleys
sous dunes. Le complexe d'échange est dominé par Ca + + et Mg+ + . Les
carbonates ne sont complètement lessivés que dans les sols exposes. La
marbrure nous était tres utile pour la différenciation des deux types.
On a étudié les changements chimiques d'eau d'infiltration par rapport
aux effets de colmatage et a la degradation structurelle. L'eau de lessivage
tendait ïi dissoudre les carbonates alcalino-terreux de la couche supérieure
au profil du sol qui, après avoir épuisé les réserves de carbonate, devenait
colmaté. L'illuviation accélérée amenant a la formation des pseudo-gleys
n'a pas lieu sous dunes qui empêchent le séchage ou le crevassement
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extremes. Done, on suppose que la degradation en pseudo-gley anticipe
1'assaut dunaire.
Une certaine augmentation de la perméabilité du sol sous-jacent s'est
presentee avec le lessivage des carbonates alcalino-terreux des dunes envahissantes. Ce processus qui dura probablement quelques centaines d'années,
a amélioré la structure du sol sous-jacent et a augmenté jusqu'a 100 fois
la conductivité hydraulique.
Ces résultats suggèrent que pour aménager comme il faut les terrains
d'eau disséminante, il faut remplacer continuellement la teneur en carbonate
et éviter 1'illuviation accélérée des sols non couverts de dunes. Le chaulage
est indispensable a la recuperation du pseudo-gley ici décrit.
ZUSAMMENFASSUNG

Die hydraulischen Merkmale der roten Mittelmeer Boden (Hamra),
sowie die von ihnen abgewonnenen Pseudogley Boden (Nazzaz) wurden
untersucht, Versuchsteiche von bis zu 1 ha Grosse wurden benutzt. Zwei
typische Situationen wurden festgestellt:
(a) normale Boden,
(b) von Sanddünen bedeckte Boden,
Die roten Boden sind stets sehr durchlüssig (Leitfahigkeit K = 0 - 3 1-0 m/Tag). Die Pseudogleye sind weniger durchlassig (K = 0-001-0-1
m/Tag), die höhere Zahl entspricht dem Pseudogley unter Dünen. Der
Austausch Komplex wird von Ca f + und Mg++ beherrscht. Karbonate
werden nur von blossgelegten Boden vollkommen ausgelaugt. Zur Differenzierung der beiden Typen erwies sich Marmorieren als ein nützliches
Kennzeichen.
Chemikalische Veranderungen der Wasser Durchsickerung wurden im
Zusammenhang mit möglichen Verschlemmungswirkungen und strukturellem Zerfall untersucht. Auslaugungswasser führte zur Auflösung der
Alkalin-Erd Karbonate von der obersten Schicht zu dem Bodenprofil,
welches nach der Erschöpfung der Karbonat Reserven verschlemmte. Die
beschleunigte zu einer Pseudogley Bildung führende Einschlemmung
kommt bei Dünen bedeckten Boden nicht vor, weil sie ausserordentliches
Austrocknen und Zerspalten verhindern. Demnach wird angenommen. dass
der Zerfall zu Pseudogley dem Düneneindrang vorausgeht. Die Durchlassigkeit des unterliegenden Bodens, welche mit Auslaugung der AlkalinErd Karbonate der eindringenden Dünen eintrat, nahm etwas zu. Dieser
Vorgang, welcher wahrscheinlich für hunderte von Jahren dauerte. verbesserte die Bildung des unterliegenden Bodens und erhöhte hydraulische
Leitfahigkeit bis zu 100 mal.
Diese Erkenntnisse zeigen an, dass die richtige Behandlungsweise der
Behandlungsweise der den Infiltrazionsanlagen unterliegenden Boden die
Auffüllung des Karbonat Gehaltes Benötigt, und die beschleunigte Einschlemmung in von Dünen unbedeckten Boden, vermeidet. Kalkung sollte
als wichtige Massnahme im Bezug auf die Widergewinnung der hier
beschriebenenn Pseudogleye sein.

DYNAMIC MEASUREMENT OF THE HYDROLOGIC
CHARACTERISTICS OF UNSATURATED POROUS
MATERIALS
K. K. WATSON
School of Civil Engineering, University of New South Wales, Sydney, Australia
I. INTRODUCTION

Until recently the research worker studying water movement phenomena
in unsaturated porous materials has been limited to equilibrium and steadystate methods in determining the hydrologie characteristics of the material.
These characteristics find quantitative expression in the well known pressure
head (h)—water content (0), and hydraulic conductivity (K)—water
content, relationships. With regard to the former, the equilibrium approach
has been deficient in two major respects. Firstly, the method has only been
able to define readily the primary wetting and draining curves in the
strongly hysteretic relationship, and not the inner scanning curves. Accordingly, this has limited experimental work to systems involving entirely
wetting or draining processes and has excluded those systems where an
intermittency in supply of water to the principal boundary occurs. Secondly,
implicit in the use of equilibrium-derived data in studies involving the
movement of soil water is the assumption that the h-6 relationship can be
considered to be independent of the state of flow. Recent studies by Topp
el al. (1967) and Sedgley (1967) have shown that, at least for sands, this
assumption is not necessarily valid and that quite large differences in h-6
curves can be obtained depending on whether measurements are made
under equilibrium, steady-state or transient conditions.
The position is less critical with regard to the K-6 relationship because
of the lack of significant hysteresis as evidenced in the results of Topp and
Miller (1966) and Watson (1967a). However, established methods have
been confined to those of the steady-state type and comparative studies on
the accuracy of results from such methods in representing transient conditions have not yet been attempted.
The use of dynamic methods for measuring the hydrologie parameters
is therefore necessary if data applicable to any flow situation are to be
provided and if one area of uncertainty is to be eliminated in the
comparison between experimental results and numerical solutions of the
differential flow equation. The dynamic approach requires the measurement
of the water content, pressure head and, in some cases, the pore air
pressure, by nondestructive and rapid response means. This paper describes
briefly the equipment now available for this purpose and discusses correction procedures. In addition, some results from specific applications are
documented.
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II.

INSTRUMENTATION

For a porous material of rigid structure Ferguson and Gardner (1962)
and Gurr (1962) demonstrated that the water content could be inferred
from density changes measured by gamma ray attenuation techniques. The
appropriate form of the attenuation equation for monoenergetic radiation
and for a partly saturated material of density p„ and water content 0 in
a container of material of density pc is
N

=

t .-*(MVlW)-.rc/i I Pc

(1)

where N and N0 = pulse rate through soil and container and pulse rate
through air for the same geometry.
x and xc = thicknesses of soil column and container walls.
[i,., JJLW and JJ.C = mass attenuation coefficients of dry soil, water and
container material.
C„137 is a suitable gamma emitter and collimation is usually provided
on both sides of the soil container. The attenuated radiation is measured
with a scintillation counter connected to either a scaler or ratemeter. Where
the water content change is very slow a scaler can be used, but for most
dynamic measurements a ratemeter-recorder combination is necessary. Such
a unit gives a continuous record of pulse output (and hence water content)
against time. When used in conjunction with a suitable traversing
mechanism water contents at several positions in the soil column can be
measured. The above method satisfies ideally the requirements of the
dynamic measurement of water content.
The rapid response measurement of the pressure head is possible using
pressure transducers of small volume displacement. The bi-directional
differential type of strain gauge pressure transducer is particularly suitable.
Because of their cost, one pressure transducer is normally used in conjunction with as many as twenty tensiometers. The successive hydraulic connections are made through a selector valve such as the wafer type manufactured
by Scanivalve. The transducer output is fed to a potentiometric recorder
thus giving a pressure head-time relationship. Such an experimental arrangement is ideal for the dynamic measurement of pressure head and, although
limited to the tensiometer range, it is nevertheless able to define satisfactorily the moisture characteristics of a wide range of porous materials.
Detailed descriptions of tensiometer-pressure transducer assemblies have
been given by Klute and Peters (1962), (1966) and Watson (1965a).
In addition to the electronic instrumentation discussed above, a wide
range of ancillary equipment is necessary, particularly when the study is
made in the context of column experiments. Figure 1 gives a general view
of the author's experimental arrangement. A column height of 180 cm can
be accommodated and any sequence of wetting or draining operations can
be followed. A more detailed description of the equipment is given in
Watson (1965b). With such an arrangement the h-6 and K-6 relationships
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Fig. 1.—Experimental arrangement for the dynamic measurement of water
content, pressure head and pore air pressure in columns of porous material.

are measured during water movement in the column itself but this is not
essential and a small cell unit specially designed to allow measurement of
the hydrologie parameters can be used. Such units have been described by
Toppand Miller (1966) and Sedgley (1967).
At this time there is no information available on the use of dynamic
methods with fine materials. The exercise is rather intractable particularly
the instrumentation aspects. However, recent developments for determining
the soil water potential in situ in fine materials at low water contents using
either the thermocouple psychrometer (Rawlins and Dalton (1967)) or an
instrument utilizing the depression of the reference potential of water (Peck
and Rabbidge (1966)) are most encouraging and have opened up many
experimental possibilities. In addition, the development of the gamma
absorption method by Gardner and Fischer (1966) for concurrent measurement of soil bulk density and water content using attenuation measurements
made with two different gamma ray energies is very promising.
III.

CORRECTION PROCEDURES

When a ratemeter is used to measure the pulse output from a rapidly
changing system (as with rapid water content changes) a correction for the
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response lag in the output record must be made. If RC is the time constant
of the ratemeter circuit then the appropriate response equation for a linear
ratemeter in terms of the pulse reading is
where

rt = r0+RC(dr0/dt)
r,- = required input reading at time t
ra = recorded output reading at time t

(2)

To reduce the general response error the time constant should be made
as small as possible. However, due to the random nature of radioactive
disintegrations a very small time constant results in an output record
having large random fluctuations. In general therefore it is usual to use
intermediate time constant values. This results in some random fluctuations
and some response distortion in the output. Since for water content calculations the true input to the ratemeter is required, it becomes necessary to
correct the output record. A numerical method for determining these corrections has been detailed by Pilgrim and Watson (1967).
A similar response problem occurs with the pressure measurements,
although the reason for the error is hydraulic and not electrical in nature.
If the conductance of the tensiometer is K(crri*/sec/mb) and the sensitivity
of the pressure transducer is S(mb/cm*) then the hydraulic time constant
( r ) is equal to 1/KS. The response equation of the tensiometer-pressure
transducer system is then
Pe = Pi + T(dpi/dt)

(3)

where pe = pressure on outside of tensiometer in contact with soil
Pi = recorded pressure, i.e. pressure within measuring system
Equation (3) is identical in form with Equation (2) and can be
corrected in a similar manner when r is known. For any given pressure
transducer T can be reduced by increasing the cup conductance, but there
is a limit to this increase. The air entry value of the ceramic must always be
greater than the maximum expected negative pressure so that air will not
enter the measuring system. Since the air entry value decreases as the
hydraulic conductivity of the ceramic increases there is a limit to the r
reduction in any particular experimental situation. The desirability of having
a pressure transducer with small volume displacement characteristics is
apparent from Equation (3).
IV.

SENSITIVITY STUDIES

Two corollaries may result from increases in the response behaviour of
equipment. These are increased sensitivity to environmental conditions and
increased complexity in interpreting results. In this section these corollaries
are briefly discussed in relation to the tensiometer-pressure transducer
system.
In using nylon hydraulic leads (i-inch nominal bore) with such a
system, it was noticed that when the pressure at the tensiometer face was in
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equilibrium under conditions of zero flow in the soil, relatively large
fluctuations occurred in the recorded pressure trace. It became apparent
that these fluctuations in the record were reflections of very small temperature changes above and below the ambient temperature of the temperature
controlled laboratory. Watson and Jackson (1967) have studied this
situation in detail. They developed a suitable model to describe the effect
and solved the appropriate differential equation in terms of the pressure
variation occurring in the system for a sinusoidal pattern of temperature
change. Experiments are described in which the measuring system was
subjected to a sinusoidal temperature variation and the induced pressure
changes recorded. From such records the amplitude and phase shift of
the pressure were determined and compared with those obtained from the
model solution. Excellent agreement was obtained.
When a tensiometer-pressure transducer system is used to measure
the pressure head in a flow situation involving pore air pressure changes the
volume sensitivity of the system necessitates careful interpretation of the
output record. This record incorporates both the hydraulic changes at
the point in question and the effect of the increased air pressure against
the tensiometer face. Accordingly, an additional term must be added
to the response equation to account for the air pressure change and its
effect on the output record. In some experiments this effect can be very
significant. Care must be exercised when using fine ceramics and drier
soil since it is possible for the pore air pressure increase to be only
partially recorded because there is insufficient water available to permit
the necessary diaphragm displacement. Watson (1967b) has considered
the analytical aspects of the problem and has suggested a correction
approach.
V.

APPLICATIONS

Experiments of the type discussed in II are able to give the h-t and 6-t
relationships at several column elevations. By plotting h against 6 for a
particular time and measuring elevation, one point is obtained on the
dynamic moisture characteristic. The process is repeated to obtain sufficient
values to adequately define the curve. By programming reversals of flow in
the column the hysteresis scanning curves can be obtained in similar
manner. As yet, little information is available on the uniqueness of the h-6
relationships. Watson (1965c) obtained dynamic h-6 curves during
drainage of a saturated column of sand for several elevations in the column
and found that one h-6 curve was obtained irrespective of the rate of pore
emptying. However, insufficient data have been collected on this aspect for
conclusive statements to be made. A characteristic of dynamic h-6 data for
sands is the critical definition of the air entry value and air exit value. In
the gravity drainage of saturated sand columns it is clear from dynamic
data that drainage does not occur at a point until the pressure there equals
the air entry value. In addition, very little rounding, if any, of the h-6
relationship in the vicinity of the air entry value has been found. A similar
situation occurs with the air exit value on rewetting.
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One of the most interesting aspects of the dynamic measurement of h
and 0 is the use of the data in determining the K-0 relationship under
unsteady state conditions. Watson (1966) has described one such method
for a draining system. The method makes use of the 0-t relationships at
various elevations and the continuity equation to give flux profiles down the
column at chosen times. From the h-t data, hydraulic gradient profiles at the
same times can be determined. From these sets of information the hydraulic
conductivity can be determined at any elevation and time and plotted against
the water content as measured at the same elevation and time. In this way
the K-0 curve can be compiled.
A recent study (Watson and Whisler 1968) on the drainage of a
stratified column of sand has emphasized a class of problem that can only
be solved using the dynamic approach. In the study 70 cm of sand of air
entry value —35-5 cm were overlain by 30 cm of finer sand having an
air entry value of - 6 1 - 5 cm. Under these conditions the drainage of the
lower layer is very complicated involving two-phase fluid flow. The drainage
of the material just below the interface cannot commence until the pressure
at the interface is equal to the air entry value of the finer material. This
limitation of air access to the lower sand results in an h-0 relationship
characteristically different from that obtained during the drainage of a
homogeneous column of the material; nevertheless, for the particular
physical situation it is a valid relationship. Figure 2 illustrates the measured
relationships for the fine and coarse sands under 'normal' conditions and
for a point 1 cm below the interface during the first 50 minutes of drainage
of the stratified column. Not only is this curve of unusual form but it is
only relevant to the 69 cm elevation and for the particular stratification
geometry. For each elevation in the drainable section of the lower sand a
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Fig. 2.—Pressure head-water content relationships, (a) Sand of air entry
value —35-5 cm draining under normal conditions of adequate air access,
(b) Sand of air entry value —61-5 cm draining under normal conditions of
adequate air access, (c) Sand of air entry value —35-5 cm draining under
stratified conditions with limited air access.
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different h-8 relationship is obtained. The immediate implication of the
work is that current physical approaches cannot predict the time-dependent
pressure and water content profiles in the lower stratification. This problem
requires further detailed study.
Although the last decade has seen considerable advances in our understanding and analysis of soil-water systems there have been few really
conclusive comparative studies of the type that simulate field conditions.
The equipment now available to the research worker enables precise
measurements to be made for any flow regime and opens up what should
prove a most stimulating period of research activity.
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SUMMARY

The increasingly important role of a dynamic approach to the
measurement of the hydrologie characteristics of porous materials is discussed
and the specification for such measurement outlined. This specification is
met satisfactorily by the well known gamma attenuation method for water
content measurement and by a tensiometer-pressure transducer assembly
for pressure head measurement. Correction procedures for response errors
for each system are detailed together with studies on the sensitivity of the
tensiometer-pressure transducer assembly. These studies concern the effect
on the pressure output of temperature variations and the response
behaviour of the unit under conditions of changing pore air pressure. The
application of dynamic measurement to the determination of the hydraulic
conductivity-water content relationship is outlined and a system-dependent
effect in the pressure head-water content relationship as measured in a
stratified column (fine over coarse sequence) is described.
RÉSUMÉ

Le mesurage dynamique des caractéristiques hydrologiques des
matériaux poreux est discuté et les détails de ce mesurage expliqués. Ce
mesurage est obtenu d'une maniere satisfaisante par la methode bien connue
de 1'atténuation des rayons gamma et en utilisant un transducteur de
pression pour mesurer la charge de pression. Les procédés adoptés pour
corriger les erreurs de reaction dans chaque methode sont décrits et la
sensibilité de 1'appareil de pression étudiée. Une explication détaillée est
donnée sur la methode dynamique pour le mesurage du rapport entre la
conductivité hydraulique et la teneur en eau, ainsi que sur 1'étude d'un effet
anormal dans le rapport entre la charge de pression et la teneur en eau dans
une colonne stratifiée oü un sable fin est superpose a un sable plus grossier.
ZUSAMMENFASSUNG

Die dynamische Messung der hydrologischen Eigenschaften von porösen
Materialien wird besprochen und es wird ein Überblick über die Spezifizierung solcher Messungen gegeben. Die Spezifizierung wird also
befriedigend befunden. bei der gut bekannten Methode der GammastrahlenDampfung und beim Gebrauch eines Druck-Transducers für die Messung
des Druckes. Für jedes System werden die Verfahren beschrieben, um
Aufnahme-fehler zu korrigieren; und Studiën über die Empfindlichkeit der
Druckinstrumente werden besprochen. Die Anwendung der dynamischen
Methode bei der Messung der Beziehung zwischen der hydraulischen Leitfahigkeit und dem Wassergehalt wird ausgelegt und deren Anwendung
wird an Hand von Studium eines ungewöhnlichen Effektes in der Beziehung
zwischen Druck und Wassergehalt in einer schichtförmigen Saule beschrieben, in welcher ein feiner Sand über einem grobkörnigen Sand liegt.

WATER CONSERVATION IN THE SUBHUMID,
NORTH LATITUDE PART OF THE CORN
BELT OF UNITED STATES
R. R. ALLMARAS AND R. F. HOLT
Soil and Water Conservation Research Division, USD A, Morris, Minnesota
INTRODUCTION

The subhumid, north latitude part of the Corn Belt is approximately
within the geographic area bounded by 95° and 97° W longitude and 43°
and 47° N latitude. The long-time average annual precipitation at Morris,
Minnesota is 57 cm, with 32 cm occurring during the 130-day average
frost-free growing season and about 12 cm occurring during the period
when the soil is at least partially frozen. Thus, about 13 cm or 2 3 % of
the precipitation occurs in the fall and spring when the soils are not frozen
and the season is dormant for the major crops. The long-time monthly
average air temperature ranges from — 16-6C in January to 22-3 in July;
those for May and October are 12-4 and 13-9C, respectively.
Corn (Zea mays) and soybeans (Glycine max) are the major row
crops for the region, but water deficiency and low early-season temperatures
often limit yields. Small grains (Triticum vulgare, Hordeum vulgare, and
Avena sativia), alfalfa (Medicago sativia), and sugar beets (Beta vulgaris)
are also grown extensively. Without supplemental irrigation, improved production of these crops can only be attained by more efficient water storage
during both the dormant and the growing season. Insufficient stored soil
water at planting often limits corn production. Assuming average rainfall
during the growing season, Holt et al. (1964) found that a minimum of
14 cm of available water at planting time was needed to produce 4-7 metric
tons of corn grain ha~ 1 . They also noted that 14 cm or less of stored available water at planting has a probability of about 0-33.
This manuscript considers soil water storage during different periods of
the year as it is affected by amounts of precipitation and available water in
the soil at the beginning of the period. Also considered is research on the
use of tillage for improving storage immediately after planting and on
alteration of crop spacing and geometry as it relates to water-use efficiency
(WUE), that is, crop production per unit of evapotranspiration ( E T ) .
SOIL STORAGE OF PRECIPITATION

ET commonly exceeds precipitation during midsummer. Holt and Van
Doren (1961) showed that ET by corn, after the plants were 30 cm tall
(about July 1) until completion of kernel formation (about August 15),
was about 13 cm in excess of rainfall or 146% of rainfall. For soybeans,
Timmons et al. (1967) observed an average ET of 6 cm in excess of rain291

TABLE 1
DESCRIPTION OF FIVE SOIL WATER STORAGE PERIODS IN A YEAR OF CORN PRODUCTION IN WESTERN MINNESOTA AND EASTERN SOUTH DAKOTA 1

Average
beginning
date of
storage period

Average
length
of
period
(days)

Number
of
location
years 2

Average
initial
available
water 3
(cm)

Average
precipitation 4
(cm)

Mid to late growing
season

Aug.

36 ± 15

28

12-1 ± 5-4

7-8 ± 7-1

lb
2

Corn maturity to freezeup
Freezeup to thaw

Sept. 15 ± 3
Nov. 18 ± 6

71 ±
153 ±

5
8

14
46

9-5 ± 4-4
16 5 ± 6-7

5-7 ± 5-3
11-9 ± 3-3 5

3
4

Thaw to corn planting
Planting through early
growing season

Apr. 21 ± 3

32 ±

7

18

18-1 ± 5-6

11-2 ± 4-8

May 24 ± 11

41 ± 12

61

18-3 ± 5-7

12-0 ± 6-3

Period
number
la

1

2
3
4
6

Part of season

3 ±28

Cover and tillage
condition

Alfalfa or corn forage removed ; subsequent tillage
variable
Standing corn stover
Corn stover, small grain
stubble, or fall tillage
Fall or spring tillage
Seedbed for corn ;
less than 50 cm tall

plants

In those columns where an average is followed by ± a quantity, the quantity is the standard error taken from variation in the data used to obtain
the average.
Measurements gathered over the period 1958 to 1965.
Available water in 152-cm soil profile.
Eighty-one-year average precipitation for the periods top to bottom : 9-6, 8-9, 11-4, 7 1, and 12-5 cm.
Precipitation for this period includes snowfall, wherein 1 cm of water is equivalent to 10 cm of snow.
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>
>
a
=
c
-
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fall during the same calendar period. Similar observations on corn were
made by Harrold et al. (1959) in the humid portion of the Corn Belt, and
by Willis and Haas (1965) in the more arid Northern Plains. Water for ET
in excess of precipitation is extracted from soil storage of precipitation
received during the dormant season and the early part of the growing
season.
Each year of corn production may be partitioned into the five storage
periods shown in Table 1. They are numbered from 1 through 4 following
the storage sequence normal to row crop production. Period 1 has been
described as la or lb depending on cover (to be discussed later). Soil
moisture was measured to a depth of 152 cm at the beginning and end of
the periods. Available water was that in excess of the water content at 15
bars suction, and storage was the increase of available water during the
period. The soils included in this study are Chernozems and Brunizems.
They have a surface texture ranging from loam to silty clay loam derived
from loess or glacial till, and have a glacial till substratum beginning at
about 70 cm. Water movement through the 152-cm plane was not measured.
Although its effect cannot be evaluated from the data at hand, a unidirectional flux of 0-1 cm day x through this plane over the whole period is
approximately equivalent to the standard error of a storage observation
(Table 2, column 8). Precipitation records were from on site except during
period 2 when they were obtained from weather stations less than 16 kilometers from the site.
The results of a multiple regression analysis (model given in Table 2)
of these storage observations are given in Table 2. The coefficient of determination was 0-40 or greater except for period 2; in four periods, storage
was significantly related to precipitation; and in three periods, initial available water was significantly related to storage.
Even though storage periods la and lb overlapped (Table 1), they
were analyzed separately. In scatter diagrams (common to periods la and
lb) of storage versus precipitation or initial water content, the storages in
standing corn stover were distinctly separated from those where corn stover
was removed with or without subsequent tillage. The precipitation needed
to initiate storage and the slope of the storage-precipitation relation at
storage initiation differed distinctly between these cover conditions (see
columns 9 and 10, Table 2 ) .
In period 2, storage was virtually independent of snowfall because the
estimated 5-9 cm of precipitation needed to initiate storage is approximately equivalent to snowfall. The slope of 1 • 30 is a reflection (although of
low precision) of the storage of spring rains preceding or coinciding with
spring thaw and shortly before soil sampling, and of upward water movement during soil freezing as illustrated by Willis et al. (1964). The above
estimates changed little with different initial available water in the soil,
and different cover and tilled surfaces included in period 2 had no effect on
storage.
Periods la, 3, and 4 had a small slope describing the storage-precipitation relation at initiation of storage, and, except for period 3, the precipi-

IJ
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TABLE 2
COEFFICIENTS IN MULTIPLE REGRESSION RELATION OF SOIL STORAGE OF WATER AS AFFECTED BY PRECIPITATION AND AVAILABLE WATER IN
SOIL AT BEGINNING OF STORAGE PERIOD SHOWN IN TABLE 1

Estimate s of parameters in relation of storage, precipitation, and initial
available water 1
number

a

ft.

)3i

ft

$22

R

2

Std. error
of a
storage
observation
(cm)

Precipitation
to
initiate
storage
(cm)

Slope of
storage-precip.
relation at
storage
initiation 2

la

0-595

0-267

-

0004

— 0195

0 003

0-40

1-86

4-8

0-23

lb

— 2-264

1079

-

0014

0-329

— 0027

0-96

1-27

1-9

1-02

2

— 7-535

2-383

-

0092

— 0-466

0014

0-14

3-27

5-9

1-30

3

4-213

0-296

4

— 6-898

0-715

— 0013
-

0019

0116

-

0019

0-46

4-32

1-2

0-27

0-397

-

0018

0-44

2-72

13-2

0-22

In the model: S = a + Sj P + fin P2 + 82 S; + fi22 S,2; S is the increase of available water in a 152-cm profile, P is the precipitation, S( is
the initial available water, and the a and /3's are parameters. Where the pair of estimates is underlined by a single line, the regression sums of
squares due to that factor is significant at the 5% level; where doubly underlined, significant at 1 % level.
Slope taken as the partial derivative of estimated storage with respect to precipitation at average initial available water—then evaluated at precipitation required to initiate storage.
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tation needed to initiate storage was about 50% of that received during
the period. The predicted small amount of precipitation to initiate storage
in period 3 agrees with that of period lb where ET is also low. The 13-2
cm of precipitation to initiate storage in period 4 is positively biased because of transpiration of corn plants that were < 50 cm tall at the end of
the period. This bias is difficult to assess, but is likely to be less than 4
cm, based on the Harrold et at. (1959) lysimetric measurements of corn
transpiration during June.
TABLE 3
PREDICTED STORAGE OF AVAILABLE WATER AT CORN PLANTING TIME GIVEN SOME COMMONLY
OBSERVED STORED AVAILABLE WATER IN PREVIOUS GROWING SEASON AND REGRESSION
ESTIMATES OF TABLE 2 1

Management practice

Small grain harvested and
tilled in early August
Corn stover cover until
freezeup
Alfalfa growing until
freezeup
Summer fallow ; storage
beginning in early
August
1
2

3

Initial
stored
available
water
(cm)

Predicted storage, cm, during
indicated period
number 2
la

15

0 6
6-8

10
6

20

lb

0-2

2

3

Stored
available
water at
planting
(cm) 3

3-8

0-9

20-3

3-8

0-2

20-8

5-4

4-5

15-9

3-9

—2-4

21 -7

The initial stored available water for the 4 listed management practices is approximate
and was obtained from raw data used in the multiple regression of Table 2.
Long time average precipitation (Table 1, footnote 4) was used. A blank in lines 1 and
4 of period lb indicates that this storage period was not used in the prediction because of
cover considerations ; a blank in line 2 of period la indicates that this period was not
used in the prediction because of cover considerations ; and the blanks in line 3 indicate
that storage did not begin until period 2.
The standard error of these estimates is approximately that given in Table 2 for period 3,
namely, 4-32 cm.

The storage estimates were appraised for systematic prediction of
stored available water at corn planting time (Table 3), given some initial
available water contents in the soil, their associated management during
the previous growing season, and regression estimates of Table 2. Because
storage for a period was estimated as a function of precipitation and initial
available water (Table 2, footnote 1), storage for a sequence of periods
was estimated wherein the initial available water for an ensuing period is
the initial available water plus storage for the previous period. There were
significant storages during periods lb and 2, but those during period 2
were somewhat insensitive to initial available water contents. On the other
hand, storage during period 3 was sensitive to initial available water for
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the period. The management practices associated with the initial stored
water contents demonstrate the inefficient use of dormant-season water
storage with summer fallow, and the danger of low soil water storage at
planting associated with prolonged alfalfa growth. In a different type of
analysis, Haas and Willis (1962) showed dormant season storage of 0-1
cm on fallow as compared with 4-2 on small grain stubble. Voorhees and
Holt (1966) have discussed the management advantages accrued from
conserving stored water for corn production rather than using it for second
and third alfalfa cuttings. From 75-location years, a mean of 17-8 cm of
available stored water was observed at planting (Holt et al. 1964). Thus,
the predictions of Table 3 are close to observed values. The systematic
utility of the estimates of Table 2 may be further tested by considering the
probable storages based on precipitation probabilities. The estimates of
Table 3 were derived using an 81-year average precipitation.
TILLAGE FOR ALTERATION OF WATER STORAGE

It was noted in Table 2 that the slope of the storage-precipitation
relation during period 4 was 0-22 at initiation of storage and that 13-2 cm
of rainfall was required to initiate storage. Moreover, these values change
little if initial available water contents are changed. This is also a high rainfall period, and the initial stored water is less than 12 cm about 20% of
the time. Thus, in view of the work of Holt et al. (1964), storage during
this period must be improved if crop yields are to be maximized.
Tillage results in significantly different total porosity and roughness
(Allmaras et al. 1966). The probable water conservation consequences of
these soil fabric arrangements were given by Larson (1964). Because
many tillage alternatives are possible for the seedbed and planting operation, water conservation during period 4 should be an important tillage
objective. In this physiographic area, about 250 kg of corn grain h a - 1 is
obtained from each cm of stored water at the end of period 4 (R. F. Holt
et al. Unpublished Manuscript, Morris, Minnesota). Thus, the soil surface
condition created at planting must satisfy demands of increased infiltration
and lower evaporation.
Some measured values of water intake and evaporation from different
tillages are shown in Table 4. Burwell et al. (1966) found that cumulative
intake increased more with increases of random roughness than of total
porosity of a Barnes loam (similar results are shown for Nicollet clay loam
of Table 4). Greater evaporation rates are also evident on the rougher
surfaces (Table 4) when the substratum water supply is great. For drier
substratums, the effect of these surface conditions on evaporation is being
studied.
Even though the moldboard plow and plow-disk-harrow tillages both
show more rapid intake and evaporation rates (Table 4) than the more
packed treatments, the water storage during period 4 has consistently been
less in the more packed treatment. These storages have been observed
where runoff did not occur. Hence, intake may be related to water distribution, because volumetric water content-depth curves have consistently
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TABLE 4

TYPICAL VALUES OF TILLAGE INDUCED POROSITY AND ROUGHNESS, INFILTRATION, AND EVAPORATION ON A NICOLLET CLAY LOAM (GRADING TO SANDY CLAY LOAM) IN WESTERN MINNESOTA

Description of
tilled layer1

Tillage description

total porosity

Random
roughness
(cm)

Moldboard plow
Plow-disk-harrow
Plow-tractor wheel
pack
Untilled

(0-64-0-61)
0-61

(4-6-2-1)
(1-5-1-1)

0-53
0-46

0-8
0-5

1
2

3

Intake to
initial runoff
on 4 % slope 2
(cm)

15-9
51
(10)
0-9

Daily evaporation,
mm day - 1 , during
indicated day after
3-9-cm rain 3
Day 2

Day 7

4-6
41

31
2-6

3-8

21

—

Values in parenthesis are the range observed in two-field experiments.
Simulated rainfall applied at rate of 12-7 cm hr_1. The value in parenthesis was estimated from a multiple regression of intake as a function of porosity and roughness taken
from the experiment in which measured values are shown.
Layer below tilled layer was relatively wet, wherein a water table was present at 90 cm.
Evaporation estimates derived from energy balance measurements.

differed among treatments. Thus, water redistribution after intake cessation
may be a limiting factor for water storage. Evaporation measurements
similar to those of Table 4 but in the presence of a smaller substratum
water supply should provide a test of this hypothesis.
A water storage model was used to project the extent of water conservation attainable by tillage during period 4. The model (developed by
Staple and Lehane, 1944, in Saskatchewan) utilizes pan evaporation, and
assumes that the upper 11-4 cm of soil can contain as much as 2 cm of
water subject to evaporation and replenishment. Replenishment in excess
of 2 cm of water storage in the 11 • 4-cm layer is redistributed below this
layer and stored. The model predicted storage to be a linear function of
rainfall, about 8 cm of rainfall to initiate storage, and a slope of about
0-6 at storage initiation. These predictions of storage are more favorable
than observed (Table 2, line 5), and, in view of the high water intake in
Table 4, more water from below 11 -4 cm is susceptible to evaporation than
assumed in the model. Model modification in relation to observed tillage
effects on infiltration and evaporation should provide guide lines on the
possible water conservation from tillage. The present model suggests some
improvement of storage by selection of tillage induced soil fabric, but
treatments other than tillage are needed if water storages better than the
model are to be attained during period 4.
CROP FACTORS INFLUENCING WATER-USE EFFICIENCY

Corn Plant Spacing
Since the period from July 1 to August 15 is usually a period when ET
exceeds rainfall, gains in WUE could be achieved by decreasing ET,
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increasing harvestable yield, or both. Timmons et al. (1966) evaluated the
ET for corn in relation to corn spacing. Evaluations were made in 1963 and
1964, wherein ET was, respectively, 2-3 and 10-9 cm in excess of rainfall
from July 1 to August 15. The respective excess water uses as a percentage
of rainfall were 15 and 212. Even though there were large differences of
dry matter yield (at tasselling) and of grain yield within both years, the
ET differed little. Thus, the WUE was a linear function of yield with all
spacings common to the function (Figure 1). The WUE and yields were,
however, greater in 1963 than in 1964 when corn was extracting more
water from soil storage.
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Fig. 1.—Corn grain and dry matter yield versus water-use efficiency ( W U E )
at various plant spacings in 1963 and 1964 (Timmons el al. 1966).

Even though the ET within a site differed little among spacings, the
different extraction of water from storage in 1963 and 1964 changed the
yield-plant spacing relationship. Dry matter yields increased with decreasing
spacing in both years. However, the optimum grain yielding plant spacing
per site ranged from 0-29 to 0-18 m- per plant in 1963 while in 1964 it
was 0-67 to 0-27 m-. Fortunately, there is only about a 10% variation
in grain yield per site when the spacing is varied ± 0-05 m- per plant about
the optimum yielding spacing. Without a knowledge of rainfall from July 1
to August 15, the planting spacing should be about 0-25 m- per plant when
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stored soil water is =S 14 cm, but a spacing increase to 0-30 to 0-35 mper plant may be in order for soil storages less than 10 cm.
Crop Geometry
WUE is also being evaluated by use of small temporary windbreaks in
soybean fields having an east-west row direction. Two rows of corn spaced
1 meter apart are planted alternately with twelve 1-meter rows of soybeans.
During midsummer the prevailing winds are southerly. Beginning about
July 1, the corn plants become progressively taller than the soybean plants
until about August 15 when they are at least 1 meter taller than the
soybean crop. Figure 2 is a typical example of the corn windbreak effect
on the grain yield of soybeans. Soybean vegetative growth follows a similar
pattern. Preliminary measurements indicate higher daytime air temperature
and water vapor pressure in the sheltered soybeans, and a lower windspeed
at sheltered crop height. No difference of ET by soybeans (July 1 to
August 15) has been observed in the sheltered and open areas. Hence, the
WUE relation follows that obtained by altering spacing of corn (Figure 1).

n

1.5

1965—v

\

+

1.4

Q

id

r

A

V

-t_- ^.
WINDBREAK

MEAN

1965

1.2

OPEN

1964
PREVAILING

I.I

-^

WIND

to

J
CORN
ROW

2

SOYBEAN

3

4

I

5

I

6

I

7

L

8

9

J

10

I
L
12 CORN
ROW

ROW NUMBER NORTH OF CORN ROW

Fig. 2.—Yield of soybeans within corn windbreaks and in homogeneously
planted soybeans. (J. K. Radke. Unpublished manuscript, Morris, Minnesota.)
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Van Eimern (1964) cites examples where the expected evaporation in
sheltered areas is lower because of lower windspeed and net radiation and
higher absolute humidity. Plant growth increases are also well documented
but the resultant ET is not so well understood. Further tests are underway
to investigate the causes for the yield pattern between windbreaks as shown
in Figure 2. A more fundamental understanding of this pattern should
permit an analysis of the potential value of temporary field windbreaks for
modification of ET and WUE.
ACKNOWLEDGEMENTS

The authors express appreciation to D. R. Timmons and W. B.
Voorhees for some of the soil water storage data used in Tables 1 and 2,
to J. K. Radke for the data involving temporary field windbreaks shown in
Figure 2. and to R. E. Burwell for the water intake values in Table 4.
REFERENCES
Allmaras, R. R., Burwell, R. E., Larson, W. E., Holt, R. F. and Nelson, W. W. (1966)—
Total porosity and random roughness of the interrow zone as influenced by tillage.
U.S. Dept.Agr.Conserv. Res. Rpt. 7.
Burwell, R. E., Allmaras, R. R. and Sloneker, L. L. (1966)—Structural alteration of soil
surfaces by tillage and rainfall. J.Soil Wat.Conserv. 21, 61-63.
Haas, H. J. and Willis W. O. (1962)—Moisture storage and use by dryland spring wheat
cropping systems. Proe.Soil Sei.Soc.Am. 26, 506-509.
Harrold, L. L., Peters, D. B., Dreibelbis, F. R. and McGuinness, J. T. (1959)—Transpiration evaluation of corn grown on a plastic-covered lysimeter. Proe.Soil Sci.
Soc.Am. 23, 174-178.
Holt, R. F. and Van Doren, C. A. (1961)—Water utilization by field corn in western
Minnesota. Agron.J. 53, 43-45.
Holt, R. F., Timmons, D. R., Voorhees, W. B. and Van Doren, C. A. (1964)—Importance
of stored soil moisture to the growth of corn in the dry to moist subhumid climatic
zone. Agron.J. 56, 82-85.
Larson, W. E. (1964)—Soil parameters for evaluating tillage needs and operations. Proc.
Soil Sei.Soc.Am. 28, 118-122.
Staple, W. J. and Lehane, J. J. (1944)—Estimation of soil moisture conservation from
meteorological data. Soil Sci. 58, 177-193.
Timmons, D. R., Holt, R. F. and Moraghan, J. T. (1966)—Effect of corn population on
yield, evapotranspiration, and water-use efficiency in the northwest Corn Belt. Agron.
J. 58, 429-432.
Timmons, D. R., Holt, R. F. and Thompson, R. L. (1967)—Effect of plant population
and row spacing on evapotranspiration and water-use efficiency by soybeans. Agron.
J. 59, 262-265.
Van Eimern, J. (1964)—Windbreaks and shelterbelts.
YV.M.O.Tech.Note. 59, (147 T.P.
70) : 188 pp.
Voorhees, W. B. and Holt, R. F. (1966)—August fallowing pays. Agric.Res. 14 (9), 7.
Willis, W. O. and Haas, H. J. (1965)—Dryland soil moisture losses in the Northern Great
Plains. Proc.Great Plains Agr.Council, Laramie, Wyoming, pp. 49-53.
Willis, W. O., Parkinson, H. L., Carlson, C. W. and Haas, H. J. (1964)—Water table
changes and soil moisture loss under frozen conditions. Soil Sci. 98, 244-248.
SUMMARY

The northwest Corn Belt of the United States is a subhumid area in which
corn and soybean yields are often limited by water deficiency and early-
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season low temperature. With average midsummer rainfall, as much as 13
cm of water is used from soil storage. The probability of < 13 cm of stored
available water at planting is about 0-25. Soil storage of water was
measured in each of three dormant-season and two growing-season periods.
Storage predictions show quantitative and systematic aspects of the storage
model for each period and over the whole dormant season. Variation of
plant spacing and use of temporary field windbreaks change water-use
efficiency but do not produce measurable changes of evapotranspiration.
Tillages that show both large evaporation (with ample supply of subsoil
water) and infiltration rates also produce greater net storage even where
no runoff occurs. Water distribution after intake cessation is suggested as a
limiting factor for water storage. A tilled layer water storage model suggests
limits on the possible value of tillage for increasing water storage.
RÉSUMÉ

Le nord-ouest du Corn Belt (zone de maïs) des Etats-Unis est une
region semi-humide dans laquelle les rendements de maïs et de soya sont
souvent limités par un manque d'eau et des temperatures basses au commencement de la saison. Lorsque la quantité de pluie qui tombe au milieu
de 1'été est moyenne, jusqu'a 13 cm des provisions d'eau dans le sol sont
utilises. La probabilité qu'il se trouve < 13 cm d'eau disponibles au
moment de planter est environ 0,25. L'accumulation d'eau dans le sol fut
mesurée dans chacune des trois périodes de saison dormante et deux
périodes de saison sous cultivation. Des predictions d'accumulation nontrent des aspects quantitatifs et systématiques du modèle d'accumulation
pour chaque période et pour la saison dormante entière. Une variation dans
l'espace entre les plantes et 1'emploi dans le champ de barrières temporaires
contre le vent changent 1'efficacité de 1'utilisation de 1'eau mais ne
produisent pas de changements mesurables dans 1'évapo-transpiration. Les
travaux du sol qui montrent en même temps un grand degré d'évaporation
(quand il y a une ample source d'eau dans le sous-sol) et d'infiltration
produisent aussi une plus grande accumulation nette même quand il
n'y a pas d'écoulement. La distribution d'eau après la cessation d'absorption est considérée comme un facteur limitatif dans l'accumulation d'eau.
Un modèle de l'accumulation d'eau dans une couche travaillée suggère
des limitations de la valeur possible du labourage pour augmenter
l'accumulation d'eau.
ZUSAMMENFASSUNG

Der Nordwestliche Korngürtel der Vereinigten Staaten ist ein subfeuchtes Gebiet, in dem die Ertrage von Korn und Sojabohnen oft durch
Wassermangel und frühjahreszeitliche niedrige Temperaturen eingeschrankt
sind. Bei durchschnittlichen Sommerlichen Regenfall, kann bis zu 13 cm
Wasser aus der Bodenspeicherung verbraucht werden. Die Wahrscheinlichkeit von < 13 cm aufgespeichertem verfügbarem Wasser bei der
Pflanzung ist ungefahr 0-25. Bodenspeicherung von Wasser, wurde
wahrend je drei ruhender Jahreszeiten und zwei Wachstums-Jahreszeit-
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Perioden gemessen. Aufspeicherungsvoraussagen zeigen quantitative und
systematische Aspekte des Aufspeicherungsmodelles für jede Periode, sowie
über die gesamte Ruhezeit an. Variationen des Pflanzen Abstandes und
Gebrauch von vorübergehenden Feld-Windabschirmungen. andern den
Wirkungsgrad den Wasserverbrauches, aber erzeugen keine messbaren
Verlinderungen von Evapo-Transpiration. Bodenbearbeitungen, welche
starke Verdunstung (bei reichlicher Zufuhr von Unterbodenwasser) sowohl
als starke Einsickerungsgrade aufwcisen, erzeugen ebenfalls grössere NettoAufspeicherung, sogar in dem Falie in dem kein Abfluss eintritt. Wasser
Verteilung nach Beendigung der Zufuhr wird als einschrankender Faktor
für die Wasser Aufspeicherung vorgeschlagen. Ein Wasseraufspeicherungsmodel, einer beackerten Schicht, deutet an, das der mögliche Wert der
Bodenbearbeitung für zunehmende Wasseraufspeicherung begranzt ist.

A PRELIMINARY FIELD STUDY OF SURFACE
TREATMENTS FOR RUNOFF INDUCEMENT IN THE
NEGEV OF ISRAEL
D. HlLLEL AND E. RAWITZ
Hebrew University, Faculty of Agriculture and Volcani Institute of
Agricultural Research, Rehovot, Israel
INTRODUCTION

The possibility of controlling and increasing the amount of surface runoff from sloping lands can be of great importance, particularly in arid and
semi-arid zones. Where rainfall is insufficient but the soil is otherwise arable,
it may be possible to utilize the land by "runoff farming", in which alternate
"runoff strips" are treated so as to contribute their share of the rainfall as
runoff to adjacent "runon strips" in which crops can be grown.
Runoff inducement is a very old art, practised in the Negev by the
ancient Israelites, Nabataeans, Romans and Byzantines. Even at best, however, the ancients were able to collect not much more than 10% of the
annual rainfall, while the remaining 90% or so soaked into the ground. In
desert areas the latter amount can be considered a complete loss, as it soon
evaporates either directly or through the leaves of useless vegetation.
Modern technology and chemistry promise more effective runoff inducement (Myers 1961). By means of mechanical treatments (stone-clearing,
smoothing and compaction) as well as by a variety of chemical treatments
which seal and stabilize the surface, it may be possible to increase runoff
several fold. The increased yield thus obtained allows significant reduction
of the runoff-to-runon area ratios in runoff farming. Furthermore, even in
areas where runoff farming is impractical or unnecessary, runoff inducement
("water harvesting") can serve as a vital source of water for other uses
(i.e. industrial or municipal).
MATERIALS AND METHODS

Location
The field trials were held at the Gilat Experimental Farm, about 20
km northwest of Beersheba. Gilat is approximately at the centre of the
"marginal area" of the Northern Negev Plains, where the high incidence
of drought makes regular dryland farming unprofitable. The mean annual
rainfall is about 250 mm. The soil is a loessial sierozem, stone-free and
generally several metres deep, with a fine sandy loam texture and an
unstable structure which slakes readily to form a surface crust. The land
slopes gently at grades of 0-8%.
303
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Field runoff plots
Runoff plots 2-8 x 2-0 m in size, with a slope of 4 % , were constructed
and variously treated to induce runoff. Collecting troughs installed at the
lower edges of the plots served to convey the runoff into sunken barrels,
where its quantity could be measured after each rainstorm. A number of
the barrels were equipped with water stage recorders, for the continuous
measurement of runoff accumulation rate.
Surface treatments
Various surface treatments were tested under field conditions with
respect to runoff yield, soil stabilization, and durability. The treatments
applied were chosen on the basis of screening tests under simulated rain
in the laboratory. Only a few of the treatments and their results are described
in this paper. They include
(1) "Control"—the soil surface was left untreated after the initial
smoothing.
(2) "Compaction"—the surface was wetted to a depth of 30 cm, then
compacted by means of a roller (30 cm long, weighted to about 200
kg).
(3) "Salt"—the surface was sprayed with a 41 % solution of NaCl at the
rate of 200 cm 3 /m 2 . This was done to cause colloidal dispersion and
the formation of a sodic crust.
(4) "HFO"—the pre-compacted, dried surface was sprayed with heavy
fuel oil at the rate of 300 cm'/m 2 . This sealed, stabilized and waterproofed the soil surface.
(5) "Cultivation"—the 0-5 cm layer was hand-hoed and raked repeatedly after each rainstorm.
(6) "Aggregation"—the surface soil was treated with krilium (VAMA,
0-15% ) and hand-hoed to a depth of 5 cm.
The last two treatments were applied for comparative purposes to
increase, rather than decrease, infiltration.
Field measurements
Throughout the rainy seasons (October through April) of 1964/65 and
1965/66, measurements were made of rainfall and runoff. The rainfall data
included daily readings of standard rain gauges, and pluviographs. The runoff data included total runoff per rain day per plot and runoff accumulation
with time from plots equipped with water stage recorders.
Analysis of the data
The field data were tabulated and analysed at an I.B.M. computing
centre, where the following computations were made:
(1) Rainfall analysis (per storm and per season):
(a) Time and quantity distribution of rain intensity.
(b) Runoff potential, assuming different "average infiltration capacities" (4>-indices), as well as hypothetical irrigation obtainable
by different runoff-to-runon area ratios.
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(2) Runoff analysis (per plot, storm and season):
(a) Total runoff yield
(b) Runoff ratio (runoff as fraction of rain)
(c) Infiltration by subtraction of runoff from rainfall
(d) 4>-index*, by stepwise numerical integration of the rainintensity versus time data until an intensity is reached that
divides the rainstorm between runoff and infiltration volumes.
The effective seasonal $-index was obtained by interpolating
runoff total to find equivalent $-value in the season's runoffpotential chart
(e) Regression of per-storm runoff on corresponding storm rainfall, and calculation of "threshold-rain" values (i.e. the minimal
rain needed to start runoff)
(f) Actual infiltration rates during each storm, by graphic analysis
of the simultaneous rain and runoff charts.
RESULTS AND DISCUSSION

The complete storm-by-storm data is too voluminous to include in this
paper, hence only the seasonal summaries will be presented and discussed.
Rainfall pattern and seasonal runoff potential
A wide variation in the seasonal rainfall is evident when the totals for
the two seasons are compared (see Table 1). The rainfall during 1964/65
was 140% of the normal rainfall whereas that during 1965/66 was 5 5 %
of normal. It is likely that most seasons will yield results intermediate
between those of 1964/65 and 1965/66. The major contributions to both
seasonal totals arise from wet days whose incidence of rainfall exceeds 10
mm.
As runoff is a function of rainfall intensity, the allocation of both totals
of seasonal rainfall to increments of rainfall intensity is illustrated in Figure
1. This is shown as a distribution of cumulative rainfall with the contributions of rainfall at various levels of rainfall intensity. Comparison of the
seasonal distributions indicates a contrast when the cumulative rainfall is
expressed in absolute terms, but a similarity becomes evident when the
cumulative rainfall is expressed in relative terms (i.e. as percent of each
season's total rainfall).
Figure 2 presents the relative and absolute runoff potentials of the two
seasons. The "runoff ratio", ? (runoff as a fraction of total rainfall) was
calculated from the measured intensity distributions of all the storms of
each season. If a <I>-index of zero is assumed (i.e. a smooth and impervious
soil), all the rain will appear as overland flow and the runoff ratio will
* The <j>-index ("average infiltration capacity") was defined (Linsley et al. 1949) as
the average rainfall intensity above which the volume of rainfall equals the volume
of runoff. Since in fact the maximum rate of surface retention and the infiltration
capacity decrease with time during the storm, the <j>-index is not a true physical
property of the soil but it may serve as a useful index for the comparison of field-plot
treatments.
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TABLE 1
LIST OF RAIN DAYS I GILAT 1964/65 AND 1965/66

1964/65
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Rainfall,
mm

Date
13
14
31
1
8
10
11
12
19
26
5
22
28
12
22
31
4
18

Dec.
Dec.
Dec.
Jan.
Jan.
Jan.
Jan.
Jan.
Jan.
Jan.
Feb.
Feb.
Feb.
Mar.
Mar.
Mar.
Apr.
Apr.

1965/66

64
64
64
65
65
65
65
65
65
65
65
65
65
65
65
65
65
65

Seasonal
Totals

Rainfall,
mm

Date

13-5
5-4
0-3
13-5
39-8
78-5
37-8
100
38-5
0-6
6-9
1-5
2-7
50
35-9
34-6
2-5
5-6

7
16
16
1
9
25
1
2
3
7
17
26
19
22

Nov.
Nov.
Dec.
Jan.
Jan.
Jan.
Feb.
Feb.
Feb.
Feb.
Feb.
Feb.
Mar.
Mar.

65
65
65
66
66
66
66
66
66
66
66
66
66
66

332-5

25
50
RAIN I N T E N S I T Y , m m / h r

Fig. 1.—Cumulative

10-9
2-7
3-2
8-4
3-7
6-6
3-9
3-9
22-4
1-7
6-3
12-1
17-5
390

142-3

°

25
RAIN I N T E N S I T Y ,

50
mm/hr.

rain v. rain intensity: Gilat, 1964/65 and 1965/66.
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Fig. 2.—Hypothetical seasonal runoff potential (runoff ratio and yield) as
function of assumed average infiltration capacity (cf>) Gilat, 1964/65 and
1965/66.

equal 100%. If, however, the O-index is 4 mm/hr, all the rain with an
intensity less than 4 mm/hr will penetrate, whereas all storm increments in
excess of 4 mm/hr will produce runoff. Thus, it is seen that the runoff ratio
decreases as the average infiltration capacity of the soil increases and since
the relative distributions of cumulative rainfall with rainfall intensity are
similar for both seasons, the relative rates of decrease of the runoff ratio
are also similar as shown in Figure 2. From the known total seasonal rainfall (332 and 142 mm for 1964/65 and 1965/66, respectively), the same
curves can be expressed in terms of the absolute runoff yield obtainable.
This is shown in the ordinate scales on the right hand side of the graph.
The data of Figure 2 allow calculation of the hypothetical irrigation
obtainable in a runoff farming system, with different runoff-to-runon area
ratios. Thus, if the ratio is 0:1 then the cultivated land will receive rainfall
(P) only. However, if the ratio is 2:1 then the same ("runon") land will
receive the same rain plus whatever runoff will be contributed by a tract
of "runoff" land twice its size (the latter amount will obviously depend on
the effective infiltration capacity of the soil in the runoff area).
Calculation shows that to provide a crop with 600 mm of water
(roughly the amount of rain which occurs in the northern regions of Israel
where crops can be grown without supplementary irrigation) during the
winter of 1964/65, a runoff-to-runon area ratio of 1:1 was sufficient if the
effective infiltration capacity (<I>) of the runoff area were 0-5 mm/hr. For a
<I>-value of 8 mm/hr, an area ratio of 4:1 would be needed and thus only
20% of the total area could be cropped. By contrast, in 1965/66 an
irrigation of 600 mm with a <1> of 0-5 mm/hr would have needed an area
ratio of 5:1 (instead of 1:1). An area ratio of 1:1 with the same <& would
have provided only 240 mm (instead of 600 mm). As already mentioned,
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the two seasons (one wet, the other dry) deviated considerably from the
average rainfall for the region. Though it is likely that most seasons will
give intermediate results, only long term data and analysis can allow
statistical estimation of runoff potential probabilities.
Runoff plot and treatment results
Table 2 summarizes the runoff plot results for the six treatments during
the two seasons.
TABLE 2
SEASONAL SUMMARY OF RUNOFF DUE TO TREATMENTS GILAT, 1 9 6 4 / 6 5 AND 1 9 6 5 / 6 6

Treatment

Runoff
yield
mm

Runoff
ratio
V

1
2
3
4
5
6

Control
Compaction
Salt
HFO
Cultivation
Aggregation

174-3
235 1
250-4
268-7
155-8
420

52-5
70-8
75-4
80-9
46-9
12-6

2-4
10
0-8
0-6
30
>80

1
2
3
4
5
6

Control
Compaction
Salt
HFO
Cultivation
Aggregation

43-4
58-2
93-5
112-6
13-9
5-4

32-6
43-7
70-3
84-7
10-4
40

3-9
2-8
10
0-5
>80
>80

Plot
No.

1964/65

1965/66

Season

Effective seasonal
0-index (interpolated)
mm/hr

/o

The results show approximately the same runoff ratios and ^-indices
in both seasons for the two best treatments (heavy fuel oil and salt). The
other treatments, however, gave drastically reduced runoff ratios during
the drier season in which the soil maintained a higher average infiltration
capacity. The importance of runoff inducement treatments is seen to be
greatest in drought seasons, when the untreated soil may yield negligible
runoff (except during the heaviest storms of the season).
It is to be remembered that the control plot did not have a truly natural
surface, as the plot had been smoothed during its construction. Ordinarily
the soil surface exhibits depressions which cause surface retention, greater
4>-values and lower runoff. Thus the runoff ratio measured in the control
plot is considerably higher than is to be expected from a natural surface
of the same soil.
Runoff quantities obtained from small plots are known to be relatively
greater than those obtained from extensive catchments (owing to seepage
losses during overland flow). The runoff ratio observed in this study should
therefore be evaluated primarily as a means of comparing alternative surface
treatments.
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The gross seasonal comparison of treatments disregards the possible
differential behaviour between these treatments during large and small
storms, early and late season storms, high intensity and low intensity
storms etc. One of the simplest ways to consider the effects of the season's
various storms is to calculate the linear regression of per-storm runoff (R)
on storm size (P), using the equation R = A + BP where A < O, B < 1, and
= = P0 = threshold rain (i.e. the minimal rain needed to produce runoff).
TABLE 3
COMPARISON OF LINEAR REGRESSIONS RELATING RUNOFF ( R ) AND RAIN ( P ) FOR DIFFERENT

TREATMENTS FOR 1964/65 AND 1965/66 (R = BP — A)
1965/66

1964/65
Treatment
Control
Compaction
Salt
HFO
Cultivation
Aggregation

Regression equation
R
R
R
R
R
R

=0-60P
= 0-80P
= 0-91P
= 0-93P
= 0-69P
= 0-25P

—3 0
—2-4
—3-64
—2-3
— 517
— 3-75

Threshold
rain, mm
5
3
4
2-5
7-5
15

Regression equation
R
R
R
R
R
R

=
=
=
=
=
=

0-57P
0-76P
0-96P
0-85P
0-36P
0-32P

—2-28
—2-75
—2-29
—0-2
—4-2
—5-8

Threshold
rain, mm
4
3-6
2-4
0-2
11-5
18-5

The regressions for both seasons are shown in Table 3. It is seen that
the corresponding regression parameters were quite similar in the plots in
which the same treatments were retained during both seasons. The more
effective treatments gave greater B values and small threshold rain values,
thus increasing not only the total runoff yield but also the number of runoffs
per season. In a runoff farming system this would obviously decrease the
incidence of drought.
Comparison of the results shows the decisive effects which soil surface
treatments can exercise on infiltration and runoff. The formation of a layer
of stable aggregates decreased runoff to near zero (due to increased infiltration and surface retention). Mechanical compaction alone increased the
seasonal runoff yield over control by about one-third, while the sodic (salt)
treatment more than doubled the runoff during the drought season. The
heavy fuel-oil treatment was the best of the runoff-inducement treatments
studied, as it had the dual effect of sealing and water-proofing the soil
surface and remained stable during the two seasons. In future studies it
seems desirable to test various treatment combinations (such as saltspraying plus fuel-oil or asphalt coating), as well as numerous additional
substances for surface sealing and water-proofing.
In addition to the sealing effect, a necessary and important criterion
in the evaluation of runoff-inducement treatments is the surface stabilizing
effect. Increased runoff entails the hazard of increased erosion, hence a
treatment which seals but does not stabilize the surface will probably be
self-defeating. To evaluate this factor, the sediment content of the runoff
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water was determined for each plot after each storm during the 1964/65
season. These trials were replicated in a location less than 10 km from the
trials, and essentially the same results were obtained. The results are
presented in Table 4.
TABLE 4
EROSION FROM FIELD RUNOFF PLOTS, GILAT, 1 9 6 4 / 6 5

Treatment
Control
Compaction
Salt
HFO
Cultivation
Aggregation

Sediment content of runoff
(weighted average), g/1
1-59
1-74
2-25
0-50
2-45
1-22

Estimated seasonal erosion
g/m2
depth (mm)
277
409
563
134
382
51

018
0-26
0-35
008
0-32
004

Greatest erosion occurred in the salt-treated plot. This treatment,
efficient as it may be in inducing runoff, apparently requires an auxiliary
treatment for surface protection.
The highest concentration of sediment was found in the runoff from the
cultivated plot—apparently owing to the unstable nature of the loessial
aggregates. On the other hand, the krilium-stabilized aggregates produced
the lowest amount of erosion. Erosion from the fuel-oil plot was low despite
the high runoff rate, and was apparently due to dust-deposition over this
plot during dry spells rather than to actual erosion of the treated surface
itself.
REFERENCES
Hillel, D. (1964)—Infiltration and rainfall runoff as affected by surface crusts. Trans.Sth
Congr.Int.Soil Sci.Soc, Bucharest, II, 53-62.
Linsley, R. K., Kohier, M. A. and Paulhus, J. L. H. (1949)—"Applied Hydrology."
(McGraw-Hill, New York.)
Myers, L. E. (1961)—Waterproofing soil to collect precipitation. J.Soil Wat.Conserv.
16, 281-282.
SUMMARY

The possibility of obtaining additional supplies of water by the artificial
inducement of runoff can be important in arid regions. Various surface
treatments can affect the infiltration rate and stability of the soil and thus
determine the quantity and frequency of runoff. Several such treatments
were compared in field runoff plots in which the rainfall pattern and runoff
rates were monitored during two seasons. These treatments included:
mechanical compaction, sodic dispersion, fuel oil. cultivation, aggregation,
control. An analysis is presented of seasonal runoff potential and of the
performance of the various treatments (including total runoff yield, runoff
ratio, average infiltration capacity, relation of runoff yield to storm size and
total seasonal erosion).
The formation of a layer of stable aggregates was found to reduce runoff
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to practically zero (especially during a drought season), whereas the
formation of an artificial crust (e.g. with fuel oil, which had the triple effect
of sealing, waterproofing and binding the soil surface) induced runoff in
amounts exceeding 80% of seasonal rainfall.
RÉSUMÉ

La possibilité d'obtenir des provisions supplémentaires d'eau par un
écoulement artifïciellement provoqué peut jouer un röle important dans les
regions arides. Une variété de traitements en surface peuvent agir sur le
taux d'infiltration et la stabilité du sol et ils déterminent done la quantité
et la frequence de l'écoulement. Plusieurs traitements dans ce genre furent
compares au champ sur des lots d'ecoulement oil la distribution des precipitations et les taux d'ecoulement furent controles pendant deux saisons. Ces
traitements comprenaient: une compaction mécanique, une dispersion
soudique, le fuel oil, la cultivation, 1'aggrégation, le controle. On présente
une analyse du potentiel saisonnier d'ecoulement et des résultats des
différents traitements (y compris le rendement total d'ecoulement, le
quotient d'ecoulement, la capacité moyenne d'infiltration, le rapport entre
le rendement d'ecoulement et 1'importance de 1'orage et 1'érosion saisonnière
totale).
On trouve que la formation d'une couche d'agrégats stables réduisit
l'écoulement a presque zéro (surtout pendant une saison de sécheresse),
tandis que la formation d'une croüte artificielle (p.ex. avec le fuel oil, qui
agit dans trois sens: sceller, rendre étanche, et agglomérer la surface du
sol) provoqua un écoulement a des taux qui dépassèrent 80% des
precipitations saisonnières.
ZUSAMMENFASSUNG

Die Möglichkeit der Erlangung zusatzlicher Wasserversorgungen durch
die künstliche Herbeiführung des Abflusses kann in trockenen Gebieten
von Bedeutung sein. Verschiedene Oberflachenbehandlungen können sich
auf die Infiltrierungsmenge und Stabilitat des Bodens auswirken und damit
die Quantitat und Haufigkeit des Abflusses festlegen. Mehrere solcher
Behandlungen wurden in Feldabflussparzellen verglichen, in welchen das
Muster des Regenfalles und die Abflussraten wahrend zwei Jahreszeiten
beobachtet wurden. Diese Behandlungen enthielten: mechanische Verbindung, Natriumverbreitung, Heizöl, Kultivierung. Ansammlung und Kontrolle. Eine Analyse der jahreszeitlichen Abflussmöglichkeit und der Ausführung der verschiedenen Behandlungen wird vorgelegt (einschliesslich
Gesamtabflussertrag, Abflussverhaltnis, durchschnittliche Infiltrierungskapazitat, Verhaltnis des Abflussertrages zum Sturmausmass und gesamte
jahreszeitliche Erosion).
Es wurde gefunden, dass die Bildung einer Schicht stabiler Aggregate
den Abfluss zu praktisch Null herabsetzen kann (besonders wahrend einer
Dürresaison), Dagegen führte die Bildung einer künstlichen Kruste (z.B.
mit Heizöl, welches den dreifachen Effekt des Verschliessens, Impragnierens
und der Bindung der Bodenoberflache hatte) Abflussmengen herbei, die
80% des jahreszeitlichen Regenfalles überschritten.

THE EFFECT OF GYPSUM ON THE WATER
STORAGE IN A SANDY LOAM SOIL UNDER
AN IRRIGATED PERENNIAL PASTURE
B. J. BRIDGE AND THE LATE C. R. KLEINIG
Riverina Laboratory, C.S.I.R.O., Division of Plant
Deniliquin,
N.S.W.

Industry,

I. INTRODUCTION

The levees of prior streams in the Riverine Plain of south eastern
Australia (Butler, 1950; 1958) have smooth gentle gradients and in this
regard are ideally suited for the establishment and maintenance of irrigated
perennial pastures. However their soils, although coarse textured in the
surface horizons, frequently have clay subsoils of low hydraulic conductivity
(Smith, 1945) which leads to low water storage (Sedgley and Rogers,
1963) and unproductive pastures.
On the sodic grey and brown soils of heavy texture of the adjacent
flood plains, both infiltration rate and water storage have been enhanced
by gypsum application after seed bed preparation and deep ripping
(Davidson and Quirk, 1961; Sedgley, 1963). The amount of improvement
depended on the soil type and it was considered that no response to
gypsum could be obtained from coarse textured soils. This paper describes
a field experiment which gave opportunity to study the effect of gypsum
application on water storage, soil physical properties and pasture production on an undisturbed coarse textured levee soil.
II. EXPERIMENTAL METHODS

Field Operations
The experiment was conducted at the Falkiner Memorial Field Station,
Deniliquin, N.S.W., on a white clover (Trifolium repens L.) pasture sown
in July 1962.
The soil, Conargo sandy loam (Churchward, 1958), is a red brown
earth (Haplargid). The sandy loam A horizon (clay content 12%) is
12-18 cm deep with a sharp boundary to a sandy medium clay B horizon
(clay content 3 4 % ) . The bulk density profile is more uniform with
measured values of 1-66 and 1-67 g/cc for the 1-10 and 18-23 cm depths.
The experiment was a split plot design with three replications, the main
treatments being three irrigation frequencies. Main plots were 24 x 7 metres
with irrigated buffer areas at each end. Each main plot was divided into
two sub-plots, one without gypsum and the other with gypsum broadcast at
the rate of 10 metric tons/ha in two equal applications on 18th November
1964 and 13th January 1965.
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The different irrigation frequencies at 3-5, 7 and 14 day intervals were
applied for a 42 day period from 15th January 1965 to 27th February
1965. Evaporation was measured from two Class A pans situated within
the experimental area and averaged close to 10 mm/day throughout the
experimental period. Each irrigation consisted of flooding the plots for
a period of approximately 18 hours.
All plots were grazed and closely mown before commencing the
irrigation treatments; harvests for yield of dry matter were carried out on
the 3rd-4th March, 1965.
Gravimetric soil moisture contents were determined for the three
irrigation frequency treatments on 26th February 1965, one day before
the final irrigation, and again on 1st March 1965, two days after irrigation.
Bulk densities were determined during April 1965. For all determinations,
four cores, each 4-15 cm diam., were sampled from each sub-plot to a
depth of 61 cm at 15-2 cm intervals, using a thin walled sampling tube.
Laboratory Methods
The following analyses were made on samples collected during July
1965 from the 7 day irrigation interval plots:
(1) Exchangeable Na + , K+, Ca+ + , Mg++ by atomic absorption
spectrophotometry (David, 1960) on an ammonium chloride
extract (Piper, 1950).
(2) Exchangeable hydrogen by the meta-nitrophenol method of Piper
(1950).
(3) pH and electrical conductivity on 1:5 soil-water suspensions.
Saturated hydraulic conductivity was measured on undisturbed cores
9 cm diameter by 2 • 5 cm thick, taken from the 1 to 5 cm and 15 to 20 cm
layers of all plots, using a falling head permeameter similar to that described
by Klute (1965). De-aired water of the same composition as the irrigation
water was used for all measurements and each core was examined visually
for abnormalities and leakage around the retaining ring after measurement.
III.

RESULTS

Soil Water
The water content profiles in the soil for irrigation frequencies at 3-5,
7 and 14 day intervals are presented in Figures la, l b and lc. Gypsum
treatment markedly increased the water content of the B horizon (below
15 cm depth) both before and after irrigation at the three irrigation
frequencies. In the case of the 3-5 and 7 day irrigation intervals, gypsum
treatment increased the water content of the subsoil below 30 cm depth
by 0-08 cmVcm 3 , the increased water content probably extending beyond
the depth of sampling at 61 cm (Figs, la, l b ) . In the case of the 14 day
irrigation interval, gypsum treatment increased the water content of the soil
profile below 15 cm depth by 0-05 cnv'/cm 3 , the increase being observed
only after irrigation and extending to a depth of approximately 45 cm.
(Fig. l c ) .
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Fig. la.—Soil water content profiles before and after irrigation. Irrigation
interval 3-5 days.

Water increment at irrigation extended to a depth of 45 cm at the 14
day irrigation interval (Fig. lc) and to 30 cm at the 7 day irrigation interval
(Fig. l b ) , while at the 3-5 day irrigation interval little increment was
measured.
Gypsum treatment had no effect on the bulk density of the soil profile,
the values being uniformly high at 1-66 ± 0-01 g/cc for the A horizon
and 1-67 ± 0-02 g/cc for the B horizon to a depth of 61 cm.
The water content of the 61 cm soil profile for the 3-5, 7, and 14 day
irrigation intervals, based on the data presented in Figs, la, lb, lc, are
presented in Table 1.
Significant differences in the water content of the 61 cm soil profile were
obtained between the various irrigation frequencies and also between the
two gypsum treatments (P < 0-001) but no significant interaction was
observed between them. Significant differences in the water increment at
irrigation were obtained between irrigation treatments (P < 0-001) but not
between gypsum treatments.
The results show that prior to irrigation, more water was present in the
profile as the irrigation frequency increased. After irrigation, differences
were not so marked, more water being present in the profile only at a 3-5
day irrigation interval.
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TABLE 1
WATER CONTENT (CM) IN SOIL PROFILE 6 1 CM DEEP

(a) Before Irrigation
Irrigation Interval (days)
Gypsum Treatment

3-5

7

14

Nil
10 t/ha

15-7
17-6

110
140

9-4
10-6

Irrigation Means*

16-7

12-5

100

Gypsum Meanst
120
141

* L.S.D. ( 0 0 5 ) 1-2 ; ( 0 0 1 ) 1-8.
t L.S.D. ( 0 0 5 ) 0-6 ; ( 0 0 1 ) 0-8.
(b) After Irrigation
Irrigation Interval (days)
Gypsum Treatment

3-5

7

14

Nil
10 t/ha

15-4
18-2

131
15-9

14-6
15-8

Irrigation Means*

16-8

14-5

15-2

Gypsum Means*
14-4
16-6

* L.S.D. ( 0 0 5 ) 1-4 ; ( 0 0 1 ) 2 1 .
t L.S.D. ( 0 0 5 ) 0-7 ; ( 0 0 1 ) 1-0.
(c) Increment Due to Irrigation
Irrigation Interval (days)
Gypsum Treatment
Nil
10 t/ha
Irrigation Means*
* L.S.D. ( 0 0 5 ) 1-4;
t N.S.

3-5

7

14

—0-3
0-6

2-1
1-9

5-2
5-2

0-2

20

5-2

Gypsum MeansJ
2-3
2-6

( 0 0 1 ) 2-5.

Gypsum treatment resulted in higher water contents in the profile both
before and after irrigation. However, the water increment at irrigation,
although significantly different between irrigation frequencies, was not
affected by gypsum treatment.
Hydraulic Conductivity
Measurements of saturated hydraulic conductivity were found to be
log-normally distributed, ranging over 5 orders of magnitude for the A
horizon at 1-5 cm depth and 7 orders of magnitude for the B horizon at
15-20 cm depth. Geometric means for the A horizon were 80-7 x 1 0 - 6
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cm/sec for the gypsum treated plots and 41-4 x 1 0 - 6 cm/sec for the
untreated plots, the difference between the means just failing significance
at P = 0-05. Geometric means for the B horizon were 4-76 x 10~ B cm/sec
for the gypsum treated plots and 0-475 x 1 0 _ 0 cm/sec for the untreated
plots, the difference between the means being highly significant (P <
0-001). Each mean was based on 96 determinations.
The lower hydraulic conductivity of the B horizon, compared to the
A horizon, indicates that the B horizon controls water movement down the
profile. The highly significant increase in the saturated hydraulic conductivity of the B horizon would allow greater infiltration in this layer
resulting in significantly higher water contents of the soil profile.
Field observations have shown the presence of a shallow perched water
table in the A horizon of the nil gypsum plots, two days after an irrigation.
Assuming that for large time periods, infiltration is proportional to
saturated hydraulic conductivity, the geometric mean value for the B
horizon in the nil gypsum plots indicates a water movement of only 0-08
cm in 48 hours whereas Figure lc indicates water movements of much
greater magnitude. Use of the corresponding arithmetic mean of 64-0 x
1 0 - 6 cm/sec indicates a water movement of 11 cm in 48 hours in the
B horizon of the nil gypsum plots, which, although probably still too low,
is a more realistic estimate. In the B horizon of the gypsum treated plots,
calculated water movements are 0-8 cm in 48 hours when the geometric
mean is used and 16 cm in 48 hours when the arithmetic mean of 92-0
x 10~° cm/sec is used. However, no calculations on the depth of infiltration can be carried out unless more information, such as the sorptivity
of the profile, is known.
It is considered that use of laboratory measurements of saturated
hydraulic conductivity on small undisturbed cores in theoretical flow
equations is of doubtful value. Problems of compression and distortion
during sample collection, the presence of cracks in the soil, the quality of
the permeating water, the variability and skew distribution of the values
obtained, all make the choice of a useable value difficult. In this study,
geometric mean values did not represent the true values in the soil horizons
while the arithmetic mean appeared much closer. The value of the
laboratory measurements lay in the comparison between gypsum treated
and nil gypsum plots.
pH, Electrical Conductivity and Exchangeable Cations
Results of these determinations on the 30-5 cm soil profile from
gypsum treated and untreated plots are given in Table 2.
Compared to the nil trreatment, the gypsum treatment resulted in an
increase in electrical conductivity and a decrease in the pH of the 1:5 soil
water suspension, an increase in the exchangeable calcium, and a decrease
in exchangeable sodium and exchangeable magnesium in the soil profile.
The increased electrical conductivity is probably due to the presence
of dissolved gypsum and displaced sodium and magnesium in the profile.
As the values are low, the increase would not be expected to affect plant

TABLE 2
P H , ELECTRICAL CONDUCTIVITY AND EXCHANGEABLE CATIONS OF SOIL

Gypsum
Treatment
t/ha

Mean
PH

0-5—7-6

nil
10

5-86
5-40

7-6—15-2

nil
10

15-2—22-9
22-9—30-5

Depth of
Soil
(cm)

Mean
EC25xl03
(mmhos/cm)

Na

K

Ca

Mg

H

Mean
Total
(m-equiv. %)

0 055
0184

0-22
0-10

0-33
0-29

4-13
5-40

1-47
0-84

4-53
4-39

10-68
11 02

2-1
0-9

5-87
5-39

0 056
0175

0-37
0-13

0-25
0-27

3-93
5-33

1-73
1-29

406
4-49

10-34
11-51

3-6
1-1

nil
10

7-15
6-52

0105
0-233

1-35
0-65

0-73
0-77

7-53
914

6-80
6-33

3-40
3-43

19-81
20-32

6-8
3-2

nil
10

7-82
7-17

0117
0-278

1-59
1-20

0-75
0-89

7-80
9-40

8-13
700

2-25
2-37

20-52
20-86

7-7
5-8

Mean Exchangeable Cations (m-equiv. %)

Mean Exchangeable
Sodium Percentage
(ESP)

Gypsum treatment means for pH, electrical conductivity and exchangeable calcium are significantly different at all depths (P<0-05).
Gypsum treatment means for exchangeable sodium percentage are significantly different for 0-5—7-6, 7-6—15-2 and 15-2—22-9 cm depths
only (P<0 05).

320

B. J. BRIDGE AND THE LATE C. R. KLEINIG

growth. The reduction in pH associated with the gypsum treatment is hard
to explain as the gypsum applied to the experimental plots had a pH ranging
from 7-0 to 7-7 and there was no observed increase in exchangeable
hydrogen. Also, gypsum application tended to slightly increase the total
cation exchange capacity, although the decrease in exchangeable sodium +
magnesium was mainly compensated for by the increase in exchangeable
calcium. These observed discrepancies may be due to the choice of methods
used for the analysis of exchangeable cations. In particular, exchangeable
hydrogen was determined assuming an equivalence point of pH 8-4 while
exchangeable metallic cations were extracted with N ammonium chloride
at pH 4 • 6. This may have resulted in an overestimate of the exchangeable
hydrogen and loss of sensitivity in its determination, which could explain
the observed differences in cation exchange capacity and uniformity of
exchangeable hydrogen between treatments. The degree of base unsaturation is important as Groenewagen (1961) has observed higher hydraulic
conductivities in base unsaturated soils, with similar exchangeable sodium
to exchangeable calcium ratios.
Although the exchangeable sodium percentage (ESP) of the subsoil
is only 7 to 8 per cent, the lowering of the ESP and displacement of
exchangeable Mg++ as a result of gypsum treatment may have contributed
to the laboratory measured increase in hydraulic conductivity. Increased
hydraulic conductivity and porosity due to the application of gypsum
solution to beds of aggregate with ESP varying from 3 to 15 per cent
have been reported by Sedgley (1962), and Scotter and Loveday (1966).
They considered that the basic physical effect was the maintenance during
drying of pore space formed as a consequence of mechanical working
followed by disruption during flooding. In the present instance however,
there was no mechanical manipulation of the soil to create porosity, nor
could any disruptive porosity have been produced in the subsoil as a
consequence of irrigation. No changes in bulk density were detected,
indicating that gypsum application had no measurable effect on total
porosity despite the increase in hydraulic conductivity. The more likely
explanation seems to be that the increased hydraulic conductivity of the
subsoil is due to increased stability of pores caused by a decrease in swelling
of the clay fraction. The reduction in swelling by clays when calcium
replaces sodium on the exchange complex has been demonstrated by several
workers including Rowell (1963), and Fink and Thomas (1964).
Pasture Growth
The average growth rate of the white clover pasture during the
experimental period is given in Table 3.
Significant differences in growth rate were obtained between irrigation
frequencies and gypsum treatments with a significant interaction between
them (P < 0-01). The highest growth rate in the nil gypsum plots was
obtained when irrigation was twice weekly while the highest growth rate
in the gypsum treated plots was obtained when irrigation was once a week.
The reduction in growth rate of the gypsum treated plots for the 3-5
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TABLE 3
AVERAGE GROWTH RATE OF WHITE CLOVER IN k g / h a / d a y

Growth Period 12/1/65 to 3/3/65 = 50 Days

Irrigation Interval (days)
3-5

7

Nil

25-9

180

8-8

10 t/ha

32-3

43-4

16-7

Gypsum Treatment

14

L.S.D. between sub-plot means (P = 0 05) 8-8 ; (P = 0-01) 14-6.

day irrigation interval was probably due to waterlogging, the moisture
content of the soil profile always remaining high (see Fig. l a ) . Nevertheless, the growth rate of the gypsum treated plots at this irrigation
frequency was still higher than that of the nil gypsum plots.
The nature of the soil water profile measurements was such that no
accurate figures could be obtained for the evapotranspiration of the pasture.
Equal opportunity was given for water penetration into all plots and the
results from Table 1 indicate that water increment at irrigation was
similar for both nil and gypsum treated plots at each irrigation frequency.
As through drainage is limited at this site, it is reasonable to assume that
water use over one irrigation cycle was similar for both nil and gypsum
treatments. Under these circumstances it is clear that the higher growth
rate associated with gypsum treatment resulted in increased efficiency of
use of applied irrigation water in terms of clover production. This increased
efficiency of water use is highly desirable as irrigation water is a limited
resource. As gypsum application also resulted in optimum growth of white
clover at a wider irrigation interval, labour requirements would be considerably reduced.
V. REFERENCES
Butler, B. E. (1950)—A us t J.agric. Res. 1, 231-252.
Butler, B. E. (1958)—CSIRO Aust. Soil Publication No. 10.
Churchward, H. M. (1958)—CSIRO Soils and Land Use Series No. 27.
David, D. J. (I960)—The Analyst. 85, 495-503.
Davidson, J. L. and Quirk, J. P. (1961)—Aust.J.agric.Res. 12, 100-110.
Fink, D . H. and Thomas, G. W. (1964)—Proc.Soil Sci.Soc.Am. 28, 747-750.
Groenewagen, H. (1961)—J.Soil Sci. 12, 129-141.
Klute, A. (1965)—"Methods of Soil Analysis", part I, Ch. 16 [C. A. Black Ed. American
Society of Agronomy Inc. Wisconsin, U.S.A.]
Piper, C. S. (1950)—"Soil and Plant Analysis" pp. 154-196 [The University of Adelaide,
Adelaide, Australia.]
Scotter, D. R. and Loveday, J. (1966)—Aust.J.Soil Res. 4, 69-75.
Sedgley, R. H. (1962)—Soil Sci. 94, 357-365.
Sedgley, R. H. (1963)—Proc. 3rd Aust. Grass. Conference 13-5.
Sedgley, R. H. and Rogers, Veronica E. (1963)—CSIRO Field Station Record. 2, 47-54.
Smith, R. (1945)—CSIR Aust. Bull. No. 189.
It

322

B. J . BRIDGE AND THE LATE C. R. KLEINIG
SUMMARY

White clover (Trifolium repens L.) was grown at three irrigation
frequencies with and without a top dressing of gypsum applied at 10 metric
tons/hectare, on a coarse textured soil which had a sandy loam A horizon
of 15 cm depth underlain by a sandy clay B horizon of low hydraulic
conductivity. Field measurements showed that gypsum application significantly increased the soil moisture storage before and after irrigation at all
irrigation frequencies, but had no effect on the bulk density of the soil
profile. Laboratory measurements showed that gypsum application increased
the hydraulic conductivity of the subsoil, increased the exchangeable
calcium in the soil profile, and decreased the exchangeable sodium plus
magnesium.
These soil changes were accompanied by significantly increased production of white clover. At a 7 day irrigation interval, the average growth rate
rose from 18-0 to 43-4 kg D.M./ha/day. At each irrigation frequency,
the water increment in the soil profile at irrigation was similar for both
gypsum and nil gypsum treatments, indicating that gypsum application
resulted in an increased efficiency of use of applied irrigation water in
terms of clover production.
RÉSUMÉ

Du tréfie blanc (Trifolium repens L.) a été cultivé, soumis a trois
frequences d'irrigation, avec et sans épandage de gypse applique a raison
de 10 tonnes/hectare, sur un sol a texture grossière dont 1'horizon A limon
sableux était de 15 cm de profondeur et superposait un horizon B d'argile
sableuse d'une conductivité hydraulique basse. L'application de gypse
augmentait aussi le calcium échangeable dans Ie profil du sol et diminuait le
sodium échangeable plus magnésie.
Ces changements dans le sol étaient accompagnés d'une production
plus élevée de trèfle blanc. Après un intervalle d'irrigation de sept jours, le
degré de croissance s'est élevé de 18 a 43,4 kg/ha/jour. Pour chaque
frequence d'irrigation, la quantité d'eau ajoutée était la même pour les deux
traitements, avec ou sans gypse, ce qui indique que 1'augmentation de
production associée au traitement gypse résultait en un emploi plus efficace
de 1'eau disponible.
ZUSAMMENFASSUNG

Der weisse Klee (Trifolium repens L.) ist under drei Bewasserungsperioden, mit und ohne Gips-Kopfdiingung, in Mengen von 10 Tonnen
pro Hektar, und zwar auf grobkörnigem Boden mit einem 15 cm tiefen
sandigen Lchm-A -Horizont, mit Unterlage von einem sandigen Ton-BHorizont, mit schwacher hydraulischer Leitfahigkeit, angebaut worden.
Die Anwendung von Gips erhöhte betrachtlich den Feuchtigkeitsvorrat
im Boden vor und nach der Irrigation bei verschiedenen Irrigationszwischenzeiten, erhöhte auch die hydraulische Leitfahigkeit des Untergrundes und anderte anscheinend die Porengrösseverteilung des Unter-
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grundes zu grosseren Poren. Gipsdüngung steigerte ebenfalls den austauschbaren Kalziumgehalt im Bodenprofil und verminderte den austauschbaren
Natrium und Magnesium.
Infolge dieser Bodenveranderungen nahm der Ertrag des weissen Klees
zu. Bei einer 7-tagigen Zwischenzeit der Bewasserung stieg der Ertrag von
18 bis 43-4 kg/ha/Tag. Bei jeder Zwischenzeit der Bewasserung blieb
die Wasserzunahme wahrend der Bewasserung, bei Düngung mit oder ohne
Gips, unverandert. Dies weist darauf hin, dass der mit Gipsdüngung
verbundene erhöhte Ertrag, eine erhöhte Wasserausnutzung zur Folge hatte.

WATER CAPTURE IN SOIL SURFACE
MICRODEPRESSIONS FOR CROP USE
R. R. BRUCE,2 D. L. M Y H R E 1 AND J. O. SANFORD1
Soil and Water Conservation Research Division, U.S.D.A.
I. INTRODUCTION

Although rainfall and solar energy are relatively abundant in the southeastern United States, yield-reducing droughts occur during many growing
seasons. The problem is to develop methods for improved use of water and
solar energy by plants.
Macrorelief and microrelief are closely related to runoff and infiltration
as shown by Parr and Bertrand (I960). Macrorelief can be altered by
major land-forming operations which subsequently influence the amount of
water which will penetrate into the soil. One microrelief technique for
balancing water supply with water demand is to create a very rough soil
surface which increases microdepressions for capture of water which will
move into the soil profile. The success of this technique depends largely
on how well the captured water meets both the total and peak requirements.
The objective of the studies reported herein was to test the hypothesis
that a rough soil surface results in a greater surface detention of water and
subsequent soil water supply for crop use.
II. EXPERIMENTAL

(a) Materials
These experiments were located on land which has a gentle slope of
4% facing northeast. The Vertic Haplaquoll soil is classified as Catalpa
clay, an alluvial, alkaline bottomland soil in the Blackbelt land resource
area of Mississippi. The soil has a pH of 6-4 in the top 30 cm and
a cation exchange capacity of 25 m-equiv./100 g. The top 150 cm of
soil has an available water holding capacity of 13 cm and the top 20 cm has
a volumetric water content of 3 3 % at 0-1 bar and 2 1 % at 15 bars suction.
(b) Methods
The experiment was a 3-factor factorial plot design. Whole plots included 2 rates of N, 135 and 270 kg/ha, split plots included 3 row spacings,
50, 75, and 100 cm, and split-split plots included 2 soil surface conditions,
smooth and rough. The factors were combined in all possible combinations
giving a total of 12 treatments, each replicated 5 times. Zea mays L. variety
Dixie 55 corn hybrid was planted May 12, 1964 and May 28, 1965. The
1

State College, Mississippi 39762, U.S.A.
2 Box 555, Watkinsville, Georgia 36077, U.S.A.

325

326

R. R. BRUCE, D. L. MYHRE AND J. O. SANFORD

land was disked in the fall and disk-harrowed and section-harrowed in
the spring. Fertilizer (101N-45P-140A: kg/ha) was broadcast just prior to
the last disking in the spring. The crop was planted by hand in drills and
the plants were later thinned to a uniform stand of 50,000 plants/ha.
Immediately after planting, the entire soil surface was sprayed with a
chemical for weed control. The remaining quantity of N was drilled as sidedressing after thinnng. A rough soil surface condition was created in half of
the total number of plots by spading the smooth interrow zone with a
shovel to a depth of about 20 cm on May 20, 1964 and June 3, 1965.
Some depressions were about 15 cm from valley to crest. The row or
seedling zone of about 20 cm was left undisturbed.
Measurements were made for soil surface roughness with a microrelief
meter at several times during the season by a method described by Burwell
et al. (1963). These data were used to calculate potential temporary
depression water storage capacity in the surface microrelief using a method
described by Allmaras et al. (1964). Soil water was measured weekly at
15-cm depth intervals in the top 122 cm of the soil profile during most of
the growing season, using a neutron moisture meter. Measurements for
corn grain were made at maturity.
III. RESULTS AND DISCUSSION

(a) Soil surface roughness and soil water content
(i) Depression water storage capacity
Several methods have been proposed for characterizing the microrelief
of the soil surface in attempts to describe particular aspects of the surface.
One of these methods, depression water storage capacity as described by
Allmaras et al. (1964), provides a measure of the potential temporary
water storage on the surface although it does not convey the geometry of
the storage volume or its distribution over the surface. In our experiments,
the depression water storage capacities for the smooth and imposed rough
surface treatments, calculated from measurements made immediately after
preparation on June 10, 1964, were 2-3 and 4-1 cm, respectively. By July
13 the smooth and roughened surfaces had values of 2-0 and 2-5 cm,
respectively. Likewise, in 1965 when the surface treatments were imposed
in the first week of June, the depression water storage capacity decreased to
2-5 cm for the rough and 2-3 cm for the smooth surfaces by the first of
July. The rate and extent of rough surface deterioration was dependent
upon amount and intensity of rainfall previous to the development of a
plant canopy. The effectiveness of the roughness treatment in the surface
detention of water, which may thereupon recharge the soil profile, must
normally be of rather brief duration.
(ii) Soil water
In Figure 1 the quantity of water in a 122 cm soil depth at selected
dates in 1964 and 1965, for both the smooth and rough surface treatments,
is shown. In 1964 the rough surface treatment contained a consistently
greater amount of soil water in the profile on June 26, July 8, and July 23.
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The difference amounted to 1 cm of water on June 26 and about 3 cm on
July 23. In 1965 the soil water content under the rough surface treatment
was greater than under the smooth surface on only the June 29 and July
29 dates of measurement.
WATER CONTENT, CM 3 /CM 3 .
30

23 JULY
35 .40 .45

FIGURE I- SOIL WATER CONTENT ON SELECTED D A T E S I N I 9 6 4 AND 1965
AS A FUNCTION OF DISTANCE BELOW SOIL SURFACE HAVING IMPOSED SUR"
FACE ROUGHNESS

0

,

7 AUG.
.30 35 .40

0SMOOTH

«ROUGH

TREATMENTS.

From the date of rough surface treatment application near June 1, 1964
until the July 8 measurement of soil water, 14-3 cm of rainfall occurred
with 12-7 cm of this falling on June 23 and 30. During the period July 8 to
23, 6 cm of rainfall were measured in five separate events. It appears that
the major effect of the additional depression water storage capacity of the
imposed rough surface treatment occurred during the period June 1 to
July 8. Thus, a greater quantity of the rainfall occurred in the soil profile
under the rough surface treatment on these earlier dates of soil water
measurement than under the smooth. From calculations of depression water
storage discussed previously, it must be concluded that after July 8 the
rough surface treatment has performed similarly to the smooth surface.
The 1965 soil water content data may be similarly explained.
(b) Corn yield
In the 1964 experiment the yield of corn grain on the rough soil
surface treatment was significantly greater than on the smooth soil
surface treatment. This was evident at all row spacings and levels of applied
N (Table 1). This difference is at least partly attributed to the additional
quantity of water that infiltrated into the soil profile as a result of the greater
depression storage capacity of the rough soil surface treatment. It is
important to note that this additional soil water was present in the profile
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in the period June 26 to July 23 which was the period between meiosis and
anthesis of the corn in this experiment. Experiments, at this location and
others, have shown this to be the critical water requirement period for corn.
The rough soil surface treatment did not significantly affect yield
of corn grain in 1965. The dates for meiosis and anthesis of the corn in
this experiment were about July 12 and August 8, respectively. It is concluded that the insignificant effect of the rough soil surface treatment was
closely related to the fact that the quantity of profile soil water, as August
8 was approached, was the same for both the smooth and rough treatments
and becoming limited in supply. The supply of profile soil water continued
to be limiting on August 26.
TABLE 1
YIELD OF CORN GRAIN IN RELATION TO APPLIED NITROGEN, PLANT SPACING, AND SOIL SURFACE
ROUGHNESS IN 1 9 6 4 AND 1 9 6 5 AT STATE COLLEGE, MISSISSIPPI

Yield at specified plant spacing and surface roughness
50 cm
75 cm
100 cm
Applied
nitrogen
kg/ha

Smooth

Rough

Smooth
Rough
(kg/ha)10 2

Smooth

Rough

54-6
73-5

490
62-8

52-7
70-3

590
571
640
540a
60-9b
Means for roughness
Smooth
Rough

55-9

Mean

1964
135
270

52'7
65-3

45-8
63-4
54-6

Mean

50-8
640

50 8a*
66 -5b

61 -5
590b

55-2a
61-5b

1965

[35
270

590

540

59-6

58-4

590
Mean

57-7
62 1

590

56-5
57-7
60-3
57-7a
590a
Means for roughness
Smooth
Rough

57-1

55-2
60-9

57-1
57-1

55-2

57-la*
59 0a

57-1
57-la

58-4a
57-7a

* Means followed by a different letter in a given row or column for a given year are
significantly different at the '05 probability level. The N x spacing x roughness interaction was highly significant at the -01 probability level.
IV. CONCLUDING REMARKS

In one of the two years of a field experiment the yield of corn grain
was significantly increased by imposing additional roughness to the soil
surface a few days after planting. It is concluded that this yield increase is
at least partly attributable to additional soil water measured in the soil
profile during the critical water requirement period from meiosis to
anthesis. The greater depression storage capacity of the rough surface treatment early in the season provided increased detention time for the infiltration of water and subsequent temporary storage for plant use. Although
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the rough surface treatment in the other year showed a greater quantity of
water in the soil profile than the smooth surface early in the season, at the
most critical water requirement time for the corn plant this difference did
not exist. The success of a soil surface roughness treatment, imposed at or
near planting of the crop, is dependent upon rainfall amount and intensity,
stability of the rough surface and maintenance of accruing soil water
through the critical water requirement period of the plant. The predictability
of such events is not presently possible.
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SUMMARY

Because the relatively abundant rainfall in the Southeastern United
States is often unevenly distributed, water for plant growth may not be
naturally sufficiently available at times when it is most needed by crops.
This problem could be partly alleviated if a method were developed for
retaining more rainfall for a longer time in the soil profile.
Experiments compared rough and smooth soil surfaces on a Vertic
Haplaquoll soil in Mississippi. The purpose of these studies was to investigate the possibility that a rough soil surface would increase surface
detention of water and subsequent soil water supply for crop use. The
rough surface was created by spading the interrow zone a few days after
planting corn, the test crop; smooth surface plots were conventionally
disked.
In one of two years, the rough soil surface resulted in significantly
greater corn yields. Associated with the yield increase was a larger amount
of soil water in the profile during the critical water requirement period of
meiosis and anthesis. It may be concluded that the greater depression
storage capacity of the rough surface led to an increased amount of rainfall
captured, infiltrated, and temporarily stored in the soil for plant use.
RÉSUMÉ

Parce que la pluie relativement abondante dans Ie sud-est des EtatsUnis est souvent distribuée d'une facon inégale, il est possible qu'il n'y ait
pas suffisamment d'eau naturelle disponible pour la croissance des plantes
au moment oü les cultures en ont le plus besoin. Cette difficulté pourrait
être en partie surmontée, si une methode pouvait être développée pour
retenir une plus grande partie de la pluie pour plus longtemps dans le profil
du sol.
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Dans des experiences, on a compare des résultats sur des surfaces
irrégulières et lisses d'un sol Vertic Haplaquoll dans le Mississippi. Le but
de ces études était d'examiner la possibilité qu'une surface irreguliere du
sol augmenterait la retention de 1'eau a la surface et par la suite dans le sol
pour 1'utilisation par les cultures. On a créé la surface irreguliere en bêchant
la zone entre les rangées quelques jours après avoir planté le maïs, la
culture choisie pour 1'expérience; les terrains a surface lisse ont été
pulverises d'une facon conventionnelle.
Dans 1'une des deux années, le sol a surface irreguliere a donné des
rendements de maïs significativement plus grands. En association avec
l'augmentation du rendement, il y avait dans le profil du sol une plus
grande quantité d'eau pendant la période critique de besoin d'eau de
meiosis et anthesis. On peut conclure que la plus grande capacité d'accumulation dans les depressions de la surface irreguliere a eu comme résultat
une plus grande quantité de pluie captée qui s'est infiltrée et a été
temporairement emmagasinée dans le sol pour 1'utilisation par les plantes.
ZUSAMMENFASSUNG

Weil der verhaltnismassig reichliche Regenfall in den Südöstlichen
Vereinigten Staaten oft ungleichmassig verteilt ist, kann Wasser für den
Pflanzenwuchs, auf natürliche Weise ungenügend vorhanden sein, und zwar
dann, wenn Bedarf für den Anbau am grössten ist. Dieses Problem könnte
teilweise, durch die Entwicklung einer Methode vermindert werden, durch
die mehr Regenwasser für eine langere Dauer im Bodenprofil aufgestaut
werden könnte.
Bei Versuchen wurden rauhe und glatte Oberflachen auf einem Vertic
Haplaquoll Boden in Mississipi verglichen. Diese Forschungen wurden
ausgeführt um die Möglichkeit zu untersuchen, ob eine rauhe Oberflache
die Wasserzurückhaltung und folgliche Bodenwasserversorgung für den
Anbauverbrauch verstarken würde. Durch das Umgraben der Zwischenreihen einige Tage nach der Anpflanzung des Kornes, des Testanbaues,
wurde die rauhe Oberflache gebildet. Glatte Oberflachenparzellen waren
konventionell geeggt.
In einem von zwei Jahren, ergab die rauhe Oberflache bedeutend
grössere Kornertrage. Diese Ertragszunahme war mit einem grosseren
Bodenwassergehalt wahrend der kritischen Wasserbedarfs Periode der
Meioses und Anthese verbunden. Demnach kann als Abschluss gesagt
werden, dass die grössere Depressions Speicherungs-Kapazitat der rauhen
Oberflache eine erhöhte Menge von Regenfall aufnahm, welcher in den
Boden eindrang und vorübergehend für den Pflanzengebrauch aufgespeichert
wurde.

THE INFLUENCE OF SUBSURFACE ASPHALT
BARRIERS ON THE WATER PROPERTIES
AND THE PRODUCTIVITY OF SAND SOILS1
A. E. ERICKSON, C. M. HANSEN AND A. J. M. SMUCKER
Michigan State University, East Lansing, Michigan,

U.S.A.

INTRODUCTION

The producivity of sand soils is often limited by their low water
retention. Although they often need fertilizers also, even in humid climates
and with irrigation, the low water holding capacity and high permeability
limits their usefulness. It has been found that sand soils with slight clay
lenses are more productive than those without lenses. Therefore, it seems
reasonable that if complete moisture barriers could be artificially constructed in sand soils, their water properties and productivity could be
improved.
This principle has been tested in Michigan since 1958 when bentonite
clay and plastic films were placed in a Grayling sand near Kalkaska. A
machine was developed to spread the clay or plastic below a horizontal
blade that lifted the soil as it was pulled through the soil at depths of up
to 70 cm. Difficulty was encountered in joining the individual barriers into
a continuous barrier in the second direction, but in 1961 it was found that
asphalt which could be spread as a liquid would form water tight barriers
that could be joined in the second direction. Asphalt also had a cost advantage. In 1966 the process was perfected to the extent that two field experiments were established.
THEORY

Deep sand soils hold very little water against the force of gravity unless
there is a water table close to the surface of the soil. Sand soils also drain
rapidly and on draining abruptly come to a condition where the moisture
films become discontinuous and water movement becomes very slow and
for all practical purposes ceases. If an impermeable barrier is placed in a
sand and is wetted, the excess water will drain down to the barrier or to the
water table temporarily perched above the barrier and from there will move
off the edges of the barrier. When the "free water" has drained from the
sand above the barrier, the water drainage slows due to the small potential
gradient along the surface of the barrier. After drainage of this "easily
drainable water", an appreciable quantity of water at low tensions, which
would normally drain from the sand, remains above the barrier. In this way
the water holding capacity of sand can be increased. In sands where the
1
Published with the approval of the Director of the Michigan Agricultural Experiment Station as Journal Article Number 4156.

331

332

A. E. ERICKSON, C. M. HANSEN AND A. J . M. SMUCKER

barrier is far above the water table, the sand off the edge of the barrier
drains rapidly compared to that held at low tensions above the barrier. This
causes a capillary discontinuity at the edge of the barrier which further
slows the drainage of low tension water from above the barrier. The water
retention along the edges was studied on sand profiles in the laboratory
and in the field. The data indicate that the water retained above the barrier
is decreased from the maximum it will hold for a distance of two to four
feet from the edge of the barrier depending on the grain size of the sand.
FIELD EXPERIMENTS

Two field experiments were established in May, 1966. The soils at both
locations are very sandy (Table 1). The soil in Alleghan County is
classified Bridgeman fine sand and is formed on an aeolian sand blown
from the beaches along Lake Michigan. The field had been cropped to
TABLE 1
MECHANICAL COMPOSITION OF SANDS

Location
Size in mm
> 2
2—1
1—0-5
0-5—0-25
0-25—01
01—005
< 005

Allegan
County

Montcalm
County

Per cent. by weight
2
2
14
64
5
2
II

6
27
23
21
2
2
IS

vegetables and small fruits using supplemental sprinkler irrigation. The soil
in Montcalm County is a Grayling loamy medium sand developed on
glacial outwash. This field was in hay and considered submarginal for field
crop production.
Each experiment had three one acre (61 m x 61 m) continuous
asphalt barriers and appropriate control areas. The barriers were placed
55 to 60 cm deep. Half of each plot was irrigated with sprinklers and the
other half received normal rain. Precipitation and pan evaporation (1-22
m pan) data as well as total irrigation applied to the different plots during
the growing season, June 1 to September 15, 1966, are given in Table 2.
Allegan County was dry during July and the first two weeks in August but
had enough rain after that so irrigation was not needed. In contrast it was
dry in Montcalm County throughout the season and irrigations were
frequent.
Periodic soil moisture determinations were made with the single probe
neutron method using Nuclear-Chicago equipment. The surface probe
(P-21) estimated the soil water by volume in the upper 15 cm and the
depth probe (P-19) was used with the source at 45 cm depth with a
corresponding estimate of soil water at between 30 and 60 cm deep. The

333

ASPHALT LAYERS
TABLE 2
PRECIPITATION,

PAN EVAPORATION AND IRRIGATION DATA FOR GROWING
TO SEPTEMBER 1 5 , 1 9 6 6

Allegan
County

SEASON JUNE

1

Montcalm
County
mm.

Precipitation
Pan evaporation
Irrigation on control plots
Irrigation on asphalt plots

259
89

213
5 84
216
17S

data is presented in Figure 1 and illustrates the water retention characteristics of barrier plots during the 1966 season. In the 30-60 cm zone, soil
water was greater above asphalt barriers except for the Montcalm nonirrigated plots which never had enough rainfall to fill the water retention
capacity above the barrier. There is usually little difference in the surface
soil water due to the barrier at 60 cm deep on sands of this grain size. The
difference in the rainfall at the two locations is shown by the fact that the
surface moisture measurements at Allegan County follow the rainfall and
never go much below 10 percent while the non-irrigate soils at Montcalm
County are usually below 10 percent.
The most dramatic effect of the barrier was in Allegan County where
an 85 mm rain occurred on August 15. After three days of drainage, the
water content 30-60 cm deep was 23-7% with barrier as compared to
15-5% without the barrier which is an increased water retention of 25
mm. At the same time the surface 15 cm showed a difference of 15-6 for
the barrier as compared to 14-2 without.
Cabbage and cucumbers were the crops used in Allegan County and
potatoes and coloured beans at Montcalm County. The data presented in
Table 3 show a marked increase in yield of both crops at Allegan County
TABLE 3
VEGETABLE CROP YIELDS FROM ASPHALT BARRIER EXPERIMENTS IN MICHIGAN, 1 9 6 6

Location —>

Allegan County

Montcalm County

Cucumbers

Cabbage

Potatoes

Beans

Treatment

t/ha

t/ha

t/ha

t/ha

Control
Irrigated control
Asphalt
Irrigated asphalt
L.S.D. 0 0 1

18-7
19 5
24-9
25-5
3-9

230
18-5
32-7
23-8
4-4

24-3
37-3
25-6
36-8
4-2

13-8
25 1
14-4
25-3
70

Crop—>-

due to the presence of the barrier. Irrigation reduced the cabbage yields,
probably due to the leaching of nutrients on these plots by rainfall after
irrigation. The increase in monetary returns from either crop at Allegan
would have been enough to pay for the barrier in one year.
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Fig. 1.—Soil water variations 0-15 cm deep and 30-60 cm deep during the
growing season on the asphalt barrier experimental plots in Allegan and
Montcalm Counties.
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Under the less favourable rainfall at Montcalm County, there was no
advantage for the asphalt barrier as far as crop yields were concerned.
There was a saving of 38 mm of irrigation water which would have been
greater had the increased water holding capacity of the asphalt barrier soil
been filled by normal rains at the start of the season.
The yield results showed that an increased soil water retention capacity
is only of value if the rainfall distribution or irrigation frequency is such as
to take advantage of this increased capacity in reducing drought injury to
crops. This occurred in Allegan County and did not occur in Montcalm
County in 1966. In almost any year there could be a saving of supplemental
irrigation water by using asphalt barriers under our conditions.
OTHER APPLICATIONS

Upon perfecting the asphalt barrier technique for increasing water
retention in sands, other applications came to mind. Asphalt barriers could
be used to reduce the deep seepage and help the distribution of irrigation
water where sand soils are being flood or furrow irrigated. This is being
tried in Arizona. It is also possible that asphalt barriers could be used to
stop the rise of salt on tidal flats, polders and in similar situations.
The prevalence of sand soils which have heretofore been considered as
unsuitable for paddy rice in some areas of the world prompted the establishment of an asphalt rice paddy experiment at Tainan, Taiwan, in February,
1967. The paddies were square, 4 meters on a side, were hand excavated
and the asphalt was hand sprayed. The paddies were equipped with drains,
were at four different depths and replicated four times. The data in Table 4
indicates the success of these paddies on a fine sand. It was necessary to use
seven times as much water on the control paddies to keep them flooded
during the day.
TABLE 4
RICE YIELDS FROM ASPHALT PADDY EXPERIMENT, TAINAN, TAIWAN, JULY, 1 9 6 7

Yield
t/ha

Treatment
N o asphalt
Asphalt paddy
Asphalt paddy
Asphalt paddy
Asphalt paddy
L.S.D. 0 0 1

20
30
40
60

cm
cm
cm
cm

deep
deep
deep
deep

0-40
4-32
4-79
4-85
5 -38
0-56

All of our results to date indicate that asphalt barriers can be used to
improve the productivity of sand soils. It also appears that in many cases
they are economically feasible as they are a long term investment.
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SUMMARY

Techniques have been developed to place a thin continuous asphalt
barrier which is impervious to water at various depths in sand soils. This
barrier decreases the deep penetration of water and increases the amount of
water held in the plant root zone. The optimum depth at which to place the
barrier depends on the moisture tensions relations of the sand and the
normal rooting pattern of the crops to be grown. The extent of the barrier
is determined by drainage considerations.
Field experiments have been conducted with vegetables and field crops
with and without irrigation in various parts of the humid and arid regions
of the United States, and with rice and sugar cane in Taiwan. The amount
of water held in the root zone can often be doubled. The barriers have
greatly increased the productivity of sand soils in the humid climates. In
arid climates, the barriers have made economies in water use possible by
preventing deep percolation and increasing water retention.
Under present conditions these barriers are economically feasible in
many areas of the world for high profit crops. With the need for additional
land and/or water this technique could be valuable in producing more food
on unproductive droughty sand soils.
RÉSUMÉ

Des techniques ont été développées pour placer une couche fine et
continuelle d'asphalte, impermeable a 1'eau, a différentes profondeurs dans
des sols sablonneux. Ces couches diminuent la penetration profonde de
1'eau, et augmentent la quantité d'eau contenue dans la zone radiculaire
des plantes. La profondeur optimale a laquelle on place la couche dépend
des relations de tension d'humidité du sable ainsi que du système
radiculaire normal des cultures envisagées. On determine I'étendue de la
barrière selon le drainage.
Des experiences au champ ont été effectuées avec des cultures maraïchères ou agricoles, avec ou sands irrigation, dans différentes parties des
regions humides et arides des États Unis, ainsi qu'avec du riz et de la canne
a sucre a Taiwan. La quantité d'eau retenue dans la zone radiculaire peut
souvent être doublée. Les barrières ont souvent augmenté de beaucoup la
productivité de ces sols sablonneux dans les climats humides. Dans les
climats arides, ces couches ont permis des economies d'eau en empêchant
une percolation profonde et en augmentant la retention d'eau.
Dans les conditions actuelles, ces couches sont économiquement
possibles dans plusieures regions du monde pour des cultures a grand
profit. Vu le besoin de terres et d'eau, cette technique pourrait être de
grande valeur dans la production de nourriture supplementaire sur des sols
sablonneux arides non productifs.
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Es wurden Methoden entwickelt um eine dunne, ununterbrochene,
wasserdurchliissige Asphaltsperre bei verschiedenen Tiefen in sandigen Boden
einzuführen. Diese Sperre vermindert das tiefe Eindringen des Wassers und
vermehrt den Wasserbestand, welcher in der Pflanzenwurzelzone gehalten
wird. Die gunstige Tiefe zur Einführung der Sperre hiingt von den Wasserspannungsverhaltnissen des Sandes und dem normalen Durchwurzelungmuster des geplanten Anbaues ab. Die Ausdehnung der Sperre wird mit
Rüscksicht auf Entwasserung bestimmt.
Es wurden Feldversuche, mit und ohne Bewasserung, mit Gemüse und
Feldfrüchten, in verschiedenen Teilen der feuchten und trockenen Gebiete
der Vereinigten Staaten, und mit Zuckerrohr in Taiwan, ausgefiihrt. Der
Wasserbestand, der in den Wurzelzonen zurückgehalten wird, kann sich
oft verdoppeln. Die Sperren haben bedeutend die Ertragsfahigkeit von
Sandböden in feuchten Klimen erhöht. In trockenen Klimen ermöglichten
die Sperren eine Ökonomie im Wasserverbrauch weil sie tiefe Durchsickerung verhindern und die Wasserzurückhaltung steigern.
Unter gegenwiirtigen Verhaltnissen sind diese Sperren in vielen Gebieten
der Welt für hohen Nutzanbau ökonomisch ausführbar. Mit dem Bedarf
für zusatzliches Land und/oder Wasser, könnte diese Methode wertvoll
sein in der Erzeugung von weiteren Nahrstoffen auf unfruchtbaren,
trockenen Sandböden.

WATER REPELLENT SANDS
R. D.

BOND

C.S.I.R.O., Division of Soils, Adelaide,

Australia

INTRODUCTION

The occurrence of water repellent sands has been reported from a
number of countries. Jamison (1942, 1945) observed that sands beneath
old citrus trees at the Citrus Experimental Orchard, Florida, resisted wetting
while sand in the middle of the rows between the trees was wetted easily.
Volcanic ash soils in New Zealand were found by van't Woudt (1954)
to be repellent. Water repellence of sands from South Australia, Western
Australia and Victoria was reported by Bond (1960) and Bond and
Harris (1964).
The cause of the repellence has been attributed to the presence of
essential oils in the soil (Prescott and Piper, 1932); to the nature of the soil
organic colloids (Jamison, 1942); to combination of organic acids and
soil constituents forming insoluble soaps (Wander, 1949); and to organic
substances produced by micro-organisms, particularly the basidiomycetes
group of fungi (Bond and Harris, 1964). The association of dry soil and
basidiomycetes was reported by Schantz and Piemeisel (1917) who discussed the formation and properties of "fairy ring" phenomena in pastures.
The "fairy ring", a circular annulus where plants were either stimulated
or suppressed was always associated with the mycelia of various basidiomycetes. In sands, where many species of fungi grow in close proximity, no
discrete "fairy ring" structures occur but the effects are general, to a
varying degree, over the whole area affected.
The water repellence of the sands in Australia was found to be caused
by an organic coating which was removed by ignition (Emerson and Bond,
1963), but which was insoluble in cold organic solvents such as ether,
methyl and ethyl alcohols, benzene, chloroform and acetone. Sodium
hydroxide and sodium pyrophosphate removed the coating and hydrochloric acid reduced the water repellence of the samples tested.
This paper discusses field investigations in the Tintinara and Meningie
districts of South Australia. These have shown that the characteristic
uneven germination of seeds and subsequent poor growth of pastures is
caused by the water repellent nature of the sandy soil. Penetration of rainwater is difficult and uneven as the water tends to be confined to definite
narrow bands. The intervening dry areas, which remain bare of plant
growth, persist throughout the growing season.
Investigations aimed at measuring the effects of water repellence on
pasture production are continuing and field plots have been established to
assess the importance of some farm management practices.
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METHODS

(a) Estimation of the advancing contact angle of wetting.
(1) Direct measurement.
When the contact angle of wetting of the sand sample is greater than
90°, a drop of water placed on the surface of the sand remains in position
for sufficient time that it may be photographed. A drop of water containing
0-01 ml was carefully released from a hypodermic needle onto the flattened
surface of the sample to be tested. It was photographed as quickly as
possible with the camera positioned level with the sand surface. The contact
angles between the sand surface and the water was measured directly from
the enlarged print.
(2) Indirect measurement by capillary rise technique
(Emerson and Bond, 1963).
The sand sample was dried at 80°C and packed into a plastic tube
which had been closed at one end with a brass gauze. At zero time the
closed end of the tube was immersed to a depth of 20 cm in a container
of distilled water and the tube held vertically. The height of the wetting
front (h) was measured at intervals of 1 min. The rise of the wetting front
per minute, averaged over two successive minutes, was plotted against the
reciprocal of the height. The first 10 to 15 readings follow a straight line
but subsequent readings tend to deviate. The straight line part of the graph
was extrapolated to dh/dt = 0 and the value \/h for this condition was
obtained. The height of capillary rise, below which the water-filled pore
space was constant, was found by subtracting the applied hydrostatic pressure (20 cm) from the value h. The ratio of the heights of capillary rise
obtained for the test sample before and after it had been ignited was
taken as the cosine of the advancing contact angle of wetting.
(b) Water penetration.
(1) Infiltration rates and patterns.
A sharpened ring, 6 in. in diameter was pressed into the soil to a
depth of 3 in. A constant head of water, 1 in. above the surface of the soil,
was maintained within the ring. The amount of water penetrating into the
soil was measured after 5 and 10 min. and then at 10 min. intervals for a
total of 50 min. The infiltrometer ring was then removed and a pit dug with
one face transecting the centre of the site. The pit face was dusted with a
dry mixture of 1% Rhodamine B in finely ground kaolinite until the face
was uniformly covered with the white powder. Within a few minutes
the wet areas developed an intense red colour whereas the dry areas
remained white. The pattern was photographed on colour film to give a
permanent record for comparison.
(2) Penetration of rainwater patterns.
Trenches were dug at various periods of time after rain had fallen and
the faces of the trenches were then dusted with the Rhodamine B—kaolinite
mixture. The patterns produced were photographed for comparison.
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FIELD EXPERIMENTS

(a) Effects of water repellence on plant growth.
A characteristic feature of pastures on water repellent soil is the very
uneven sward: well grassed patches alternate with bare areas over very
small distances. This is illustrated in Figure la.

1 (b)
Fig. 1.—(a) Uneven growth of plants at a water repellent site, (b) Pattern
of moisture content in the sand at this site after rain. The dark areas of the
profile are wet.
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Early in the growing season after germination had begun pits were dug
across these mosaic patterns of growth. These pits showed that the soil
beneath the areas devoid of plants was quite dry while that beneath the
growing plants was wet. Figure lb shows the pattern of wet and dry soil
caused by the uneven penetration of rainwater. The moisture content in
the dry zones was less than 1 % which is too dry for germination to begin.
Measurements on dried samples from these and other profiles showed that
the contact angle of wetting was higher in the dry than in the wet areas
and that the sand was repellent at depths of at least two feet as well as at
the surface.
The amount of water retained in the wet areas depended on the quantity
of rain and the period of drying between the rain and the testing of the soil.
Where the repellence was severe and little rain fell onto soil which was
dry to a depth of at least several inches, the water content of the wet zone
at the surface of the soil remained in excess of normal field capacity of
8-4%. At one site the moisture content was measured at 22% in the top
2 in. of soil, 4 hours after J in. of rain had fallen. When heavier falls of
rain occurred higher areas of the soil surface shed water which moved
laterally through the wet layer or on top of the soil before the water could
penetrate to deeper layers. Subsequently, additional rain passed into the soil
through those zones which were already wet and thus the dry areas tended
to persist. These dry patches are found on severely affected paddocks
throughout the wet winter and no plants grow on them.
Since rainwater is held near the surface above normal field capacity,
the loss from evaporation is increased and the effectiveness of the rain for
plant growth is decreased.
(b) Effect of plant growth on water repellence.
It has been shown (Bond, 1964) that the severity of the water repellence of the sand varies with the type of plant cover. This was explained
by the association of different suites of micro-organisms with the various
plant species. Clearing away one group of plants and replacing it with another caused a temporary decrease in repellence but within a few years the
problem increased in severity again.
(c) Effect of water repellence on infiltration.
The infiltration rates of water into dry sand varied from 0-4 in. to 25 in.
in 50 min. The values obtained were not correlated with bulk density
measurements and the particle size grading of the sands was identical. The
low rates were due to the water repulsion effect of the coating on the sand
grains. When the contact angle of wetting in the soil pores exceeds 90°, the
force of gravity on the liquid is opposed by capillary suction which in such
cases has a negative value. As the angle increases above 90° this capillary
repulsion may exceed the force of gravity and then hydrostatic pressure
must be applied to the water to assist gravity before the liquid will penetrate
into the pores. The effect obtained by adding a drop of water to a sand
with a high contact angle is illustrated in Figure 2. The contact angle
(120°) is measured from the points of contact between the water and sand.
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Fig. 2.—A drop of water remains on the flat surface of a dry sand sample
without penetrating. The contact angle is about 120°.
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4 (b)
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Fig. 4.—Infiltration patterns obtained (a) with alcohol at site 1 (b) with
water at site 1 (contact angle 105°) (c) with water at site 2 (contact angle
85°). The wet zones (dark areas) are sharply defined. The scale indicates
6 in. intervals.

Water is transmitted through wet pores without a high contact angle
exerting any further influence on the rate of transmission through the pores.
Thus, during infiltration tests on repellent sands, as more pores within the
circumference of the ring became wetted, the infiltration rates increased
with time. This is illustrated in Figure 3 where the lines for water infiltrations are curved. By contrast, linear relationships were obtained when
alcohol which has a zero contact angle was used.
The patterns of wet and dry soil after the infiltration tests indicate that
deeper penetration of water occurs where repellence is low but that very
irregular patterns occur under repellent conditions. When alcohol is used,
uniform patterns are obtained. The patterns, found at sites 1 and 2
where the contact angles of the sands were 105° and 85° respectively, are
illustrated in Figure 4.
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SUMMARY

Many sandy soils in Australia are not wetted readily by water. Rainwater penetrates into such soils through narrow columns leaving the intervening soil quite dry. Where the intensity of repellence is high, these dry
patches, devoid of plant growth, may persist throughout the wet winter
period.
The water repellence is caused by organic coatings which prevent the
water films from spreading over the sand as the advancing contact angle of
wetting with water is frequently greater than 90°.
The effect of these water repellent coatings on penetration of water into
soil is discussed and shown to be the factor limiting infiltration rates into
repellent sands.
Field observations and tests have shown that the degree of repellence
varies with the type of plant cover and age of pasture.

RÉSUMÉ

Beaucoup de sols sablonneux en Australië ne sont pas facilement
mouillés par 1'eau. L'eau de pluie pénètre dans de tels sols sous forme de
colonnes minces, laissant complètement sec le sol qui les sépare. Aux
endroits oir la force d'imperméabilité est extrêmement intense, ces taches
sèches, dépourvues de plantes, peuvent persister pendant toute la période
pluvieuse de 1'hiver.
L'imperméabilité est produite par des revêtements organiques qui
empêchent les pellicules d'eau de se répandre sur le sable puisque Tangle
progressif de contact de 1'humectation avancante est bien souvent plus
grand que 90°.
On discute 1'effet exercé par ces revêtements imperméables sur la penetration de 1'eau dans le sol, et on montre qu'ils constituent le facteur
limitant la vitesse d'infiltration dans les sables imperméables.
Les observations et les essais au champ ont montré que le degré
d'imperméabilité varie selon le genre de plantes et 1'age de I'ensemble des
plantes qui constituent le paturage.
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ZUSAMMENFASSUNG

Viele Sandige Boden Australiens sind nicht leicht von Wasser benetzbar.
Das Regenwasser dringt in diese Boden durch enge Spalten ein und lasst
den dazwischen liegenden Boden völlig trocken. Wo eine starke Abstossungsintensitat vorliegt, können diese trockenen Stellen, die frei von Pflanzenwachstum sind, auch die Regenezeit im Winter iiberdauern.
Die Wasserabstossung ist durch organische Belage verursacht, welche
die Ausbreitung der Wasserschichten über den Sand verhindern, da der
steigende Kontaktwinkel der Durchnassung haufig grosser ist als 90°.
Der Einfluss den diese Wasserabstossungsbelage auf die Durchdringung
des Wassers in den Boden ausübt, ist diskutiert, und es hat sich erwiesen,
dass dieser Faktor die Menge der Einsickerung in die abstossenden Sandböden einschrankt.
Feldversuche haben bewiesen, dass der Abstossungsgrad sich je nach
dem Typ der Pflanzendecke und dem Alter des Graslandes andert.

THE ACHIEVEMENTS OF DRAINAGE THEORY IN
RELATION TO PRACTICAL NEEDS: TAKING STOCK
E. C. C H I L D S

Agricultural Research Council, Unit of Soil Physics, Cambridge, England

Thirty-odd years ago a quantitative discussion of the movement of
groundwater, whether to a drainage system or to boreholes for the purpose
of the measurement of the hydraulic conductivity of the soil, tended to be
restricted to various applications of the Dupuit-Forchheimer approximation.
Thus at the Third International Congress of Soil Science held in Oxford
in 1935 it was possible to discuss only the elliptical water table over parallel
drains and the simple logarithmic recovery of the water level in a pumped
well. The former had been rediscovered at intervals since Colding established it in 1872, without further appreciable progress. The intervening
years have seen a burst of activity in a number of different countries which
has transformed this branch of applied soil physics beyond recognition.
At that stage of progress which I have mentioned no physicist could
have made a mistake of choice of a problem. Provided he was prepared to
apply more rigorous physics and mathematics than prevailed at that time,
there was no point at which impact was not worth while. Thus it was in
this atmosphere that analysis of the steady state of the water table over
drains, in circumstances where the permeable soil was of infinite depth, was
made by conformal transformation of the hodograph and the potential
planes. The names associated with this development include Wedernikov
(1936, 1939), Gustafsson (1946), van Deemter (1949, 1950), Engelund
(1951) and Childs (1959). Depiction of the water table and flownet
associated with a parallel drain system in more general circumstances,
including transient stages, by reiterative processes of solution of Laplace's
equation, have been pioneered by Childs (1943) in the case of electric
analogues and by van Deemter (loc. cit) in the case of numerical
integration by relaxation. References may be found in "Drainage of Agricultural Lands", edited by Luthin (1957). Numerical procedures may be
programmed to be performed by digital computers as described by Isherwood (1959). Three-dimensional problems, which include the flow of
groundwater to gappy tile lines and to drains which surround rectangular
fields on all sides, have been elucidated by experiments in the hydraulic
analogue at the A.R.C. Unit of Soil Physics in Cambridge (Childs and
Youngs, 1958; Childs and Youngs, 1961; Youngs and Towner, 1963). The
upshot of all this is that the flow of groundwater to drains is now quite well
understood, and if a degree of groundwater control is specified it is not
difficult to design a drainage system to achieve the requirements if the
relevant soil properties are determined in the field. Further investigations
to throw yet more light on the basic principles of the flow of water to drains
349
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tend to be matters of crossing t's and dotting i's. The serious difficulties
which remain in the path of the practical application of theory relate to the
above words "if a degree of groundwater control is specified" and "if the
relevant soil properties are determined in the field".
The gap which forms between assessing an agricultural need and
interpreting that need in terms of the physical parameters which must be
fed into drainage theory is no doubt wider in some circumstances than in
others. For example, in arid countries where regular irrigation is a sine qua
non and drainage must take care of excesses of application which, in
principle at least, are quite predictable, empiricism may be entirely
adequate. In uncertain climates and under-developed agricultures where,
for example, restriction of drainage in a wet season may be expected to
compensate for inability to irrigate in a subsequent dry season, an inability
to forecast the weather may be the limiting factor preventing an assessment
of drainage need. In any case these are matters which a drainage engineer
may properly expect his agronomist colleagues to take cognisance of and
to study, so that they may present him with a specification. On the other
hand, the field measurement of soil properties is squarely the engineer's
province.
It is true that the measurement of the hydraulic conductivity of soil is
something about which one can feel much happier now than was possible
thirty years ago. thanks largely to the work of Kirkham and his colleagues
(1946. 1948. 1949). Ernst (1950) and Childs and his colleagues (1952,
1953. 1957). Nevertheless such measurement is not cheap and easy, and
may be entirely ruled out on account of cost, since material of low capital
value, such as agricultural land, cannot support much specific research and
survey. For example, the depth at which appreciable velocities of groundwater flow may occur in material of unlimited depth extends to about one
sixth of the separation of parallel drains, and it is required to know the
conductivity down to this depth. It often occurs in irrigated lands that
drains may be separated by as much as two or three hundred metres.
Exploration down to such depths, which is quite feasible technically, is
utterly impossible economically. Again, where depth presents little difficulty,
it may nevertheless occur that variations of conductivity are such that the
survey must be intensive, and again is ruled out on grounds of cost. It is in
fact strange but true that the design of drainage systems on a basis of wellestablished theory has been as well exploited in certain underdeveloped
countries which consist of more or less uniform alluvial plains as in
sophisticated western countries which have been largely responsible for the
scientific advances, simply because in such countries labour is cheap and
well-directed by a few well-qualified consultant engineers, and the
uniformity demands only a vestigial survey. It often happens that a
relatively few existing deep boreholes can enable the engineer to accept a
calculated risk in his estimates of continuity of conductivity to inaccessible
depths.
It seems clear that at the present stage progress in the effective
application of drainage theory is held back by the inadequate development
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of methods of assessment of the relevant parameters, and that work in this
sector ought to take precedence of further refinements of drainage theory.
This is not to say that at the present stage of development drainage theory
is impotent to help the agriculturist. What, as it seems to me, is true is that
while it is not yet possible, in spite of some claims to the contrary, to place
in the hands of field practitioners a manual of practical guidance based on
sound theory which will cover all situations, it is already possible for a
consultant who is himself well versed in the principles of drainage theory
to form opinions and offer advice on large scale problems on a basis which
is much sounder than guesswork based on experience, which must always
be inadequate in drainage work, since the essence of the problem is the near
impossibility of assessing which particular piece of experience is relevant.
The remainder of this paper will be devoted to illustrating this thesis from
experience gained in the land reclamation project of the Lake Mariyut
extension area in the north coastal zone of the U.A.R. to the west of
Alexandria.
The particular area in question is one of about 3 km in width and some
30 km in length in an E-W direction, developed on limestone on rising
ground to the south of the bed of Lake Mariyut, which provides a drainage
basin. The existing natural seepage of groundwater is from south to north
so that the problem is approximately one of two dimensional flow and this
circumstance will not be greatly altered by the proposed pattern of irrigation
from extensions of the canals which at present serve the neighbouring delta
with water from the Nile. A somewhat cursory examination of the hydraulic
conductivity by an infiltration method indicates that the conductivity down
to a depth of a few metres is of the order of 1 metre to 1 -5 metres per day.
with no obvious signs of change as observed in Bedouin wells down to a
depth of some fifteen metres. One of the more important questions which
arises at the stages of design and installation is whether the proposed
intensity of irrigation will call into being a need for artificial drainage.
The first question to settle is whether one can apply the simple theory
of the steady state, since the rate of application and of percolation will
fluctuate seasonally. If the salt concentration of the irrigation water is C
and the tolerable concentration in the percolate is T, then the necessary rate
of percolation q to carry away salt is related to the rate of use by the crop,
U, by the equation
q = UKTIC - 1)
Hence the rate of percolation to groundwater, with which the drainage
system must cope, increases in proportion to the consumptive use.
If one supposes that the seasonal variation of consumptive use is
approximately harmonic in form, then so also is the rate of percolation q,
which may therefore be expressed in the form
q =qm+q0

sin {2ntjT)

(1)

where T is the time period of the oscillation of q, qo is the amplitude, and
qm is the mean value.
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The equation of the transient stage of the water table is
YdZjdt =q -F

(2)

where Fis the drainage flux for the water table height Z and Yis the specific
yield. Arguments have been put forward (Childs, 1960) to show that Y is
not truly a constant but in this context the departure from constancy is not
likely to be great.
There is no well defined natural drainage basin at the southern
boundary, but irrigation may well cause some tendency to seepage toward
the desert to the south to counteract the existing northerly seepage- A
number of alternative hypotheses lead to the conclusion that the natural
drainage system might be interpreted as a system of parallel drains of
which the northerly one is the Mariyut lakebed and the southerly one is ill
defined but distant from the northern drain by about twice the width of the
irrigated area, maybe more. Thus the drain separation, 2D, may be taken
for present purposes to be about 6 Km. The depth of any impermeable bed
that may be present is not known, but at one extreme limit it may be
infinitely great, when the van Deemter solution which relates F to Z may be
approximated by the linear form
ZjD^BFjK

(3)

where K is the hydraulic conductivity of the soil and B is a constant which
lies between 2 and 4, according to the range of FjK. At the other extreme
the bed depth may be vanishingly small, when the Dupuit-Forchheimer
parabolic solution applies, namely
ZjD = (FIK)*
The approximate linear form
ZjD = A + BFjK
fits the parabola
F/K, so that the
case ( 3 ) . In (4)
F / K for which B
in (2) gives

(4)

within about 5% between 20% and 100% of the range of
general form (4) may be held to include the particular
the value of B lies between 2 and 20 over the range of
of (3) lies between 2 and 4. Substitution of (1) and (4)

YdZjdt + (KjB)(ZjD

-A)-qm-qo

sin (2njT)t = 0

The solution is
Z/D = ZmID) + (Z./D) sin (2jr//r + 0)

(5)

where Zm, the mean water table height, and Zo, the amplitude of oscillation
of the water table, are given respectively by
ZmID = A

+BqmIK

ZolD = B(qolK)l(l +
Also the phase angle 6 is given by
tanö -

4n2Y2B2D^K2T2)i

-InYBDjKT
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When T is sufficiently large in comparison with DjK ( Y and B do not vary
greatly from soil to soil), the oscillations of the water table and of the application of the irrigation are in phase and
Z\D = A + Bq/K

(6)

That is to say at each moment the water table height is given by the steady
state formula appropriate to the momentary intensity of percolation.
On the other hand when T is sufficiently small, the water table oscillation
lags behind the percolation oscillation by 90° and the amplitude of oscillation
becomes vanishingly small, so that
ZjD = ZmjD = A+ Bqm\K

(7)

so that the water table height is stationary at a value given by the steady
state formula appropriate to the average rate of percolation.
Substitution of site values appropriate to the Mariyut extension project
( F = 0 1 ; 5 = 1 0 ; Z>= 3000m; K = 1 • 5/n/day) shows that even with
reference to the annual cycle of irrigation (T = 365 days) equation (7) is
relevant, and would remain so even if the estimates of Y, B and D were
revised by any reasonable amount. Thus it is to be expected that the water
table under irrigation will be stationary and calculable by steady state theory,
using annual averages of intensity of percolation.
One now turns to an estimate of the ultimate height of the stationary
water table under irrigation. Since the depth of any impermeable bed that
may be present is unknown, one can only calculate possible limits. Thus if
by bad luck the impermeable bed is only just below the greatest depth
which can practicably be probed, and may therefore be taken to be at zero
effective depth, then the Dupuit-Forchheimer formula gives an acceptable
result
Z\D={qm\KY
With qm given the value postulated by local authorities, namely about 1.0 mm
per day in comparison with a hydraulic conductivity K of 1-5 m per day,
to quote the measured value, and with D being assessed as described at about
3 Km, the result is approximately
Z - 75 m
Since the land surface at its highest point is no more than about 24 m
above the level of the drainage basin of the Lake Mariyut bed, it is evident
that the water table in these circumstances must surface and an artificial
drainage system will be called for.
At the other extreme, if the depth of the impermeable bed should be
greater than about 2 Km it may be taken as effectively infinitely deep so that
the van Deemter result may be applied. For a percolation intensity of 1 mm
per day this result may be expressed with reasonable accuracy by the linear
form
ZjD=AqmjK
so that with the same values of the parameters the result is
Z = 8m
13
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This height would be safely below the land surface. The unsatisfying
conclusion at this stage must be that it is not possible to dismiss the need
for drainage, nor can it be stated categorically that drainage must be
carried out. Had both or neither limits indicated a drainage necessity no
further study would be called for other than for design purposes. However,
some further aid must now be sought.
Suppose that no drainage measures are taken in the early stages of
irrigation and the water table is allowed to rise without restraint. Then the
average rate of percolation over the first year will be divided between
groundwater storage and flux to the natural drains. The groundwater
storage rate may be observed by piezometers. Let it be q„. Then the
drainage flux will be qf where
Qf = Qm -

q,

Since even with a parabolic relationship between qf/K and Z/D one may
assume an approximately linear relationship over limited time intervals,
one may take it as acceptable to relate the average value of qf over the
first year to the average height of the water table over that year, which
again may reasonably be the water table height in the middle of that year.
It must be emphasized that quite crude approximations are acceptable for
the purpose of gaining large scale site information in order to determine
whether drainage works are necessary or not. With this question settled,
much better information may be called for for design purposes.
Similar observations over the second year will give a second pair of
values of qf and Z, both being larger than during the second year since the
increased water table height will impose a greater drainage flux and a lower
rate of groundwater storage. Thus over the early years of irrigation it will
be possible to plot a curve of qf/K versus Z/D. If the impermeable bed is
negligibly deep this curve will be parabolic, as given by the Dupuit-Forchheimer formula, while if the depth of the bed is great, the curve will be
approximately linear with a slope of about 4, as given by the hodograph
analysis described by van Deemter. Thus these early years, if used profitably, may give the information required as to the depth of the impermeable
bed.
The last question which may arise in cautious minds relates to the
length of time which may safely be devoted to observations of an uncontrolled water table. If one takes the worst possible condition and
supposes that there is no natural drainage at all, then all the percolate at
the rate qm of 1 mm per day will accumulate groundwater at the rate
Y d.Z/dt where Y is the specific yield of about 0.1. Thus
dZ/dt = q,„/Y — 1 cm per day
The water table may therefore be expected to rise by not more than 3 • 7 m
per year, although in fact it will be much less than this absolute maximum.
But even at this rate, observation may safely be extended over three years
at least, leaving two more years for design and construction of a drainage
system if the information gained should indicate the necessity.
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SUMMARY

During the last thirty years drainage theory has developed more rapidly
than its application, and until this lack of balance is corrected further
advances must be somewhat academic. Application needs advances in the
estimation of soil parameters and interpretation of agricultural need in
terms of physical requirements. But even now an understanding of theory
helps the consultant to make broad conclusions about large scale land
reclamation projects.
For example, in the project at Lake Mariyut, in Northern Egypt, it has
been possible to forecast a steady water table under irrigation in spite of
seasonal fluctuations of intensity of application, and limits between which
that water table will eventually lie. Furthermore it has been possible to
suggest a programme of water table observations during the early years of
undrained irrigation which will give information as to the depth of any
impermeable layer which may be present, and thus to assess where, between
the estimated limits, the water table will lie.
RÉSUMÉ

Pendant les trente dernières années, la theorie du drainage s'est
développée plus vite que son application, et jusqu'a ce que 1'on puisse
remédier a ce défaut d'équilibre les progrès supplémentaires devront être
plutöt académiques. L'application demande des développements de
l'estimation des paramètres du sol et de 1'interprétation du besoin agricole
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exprimé en termes de nécessités physiques. Mais même aujourd'hui une
comprehension de la theorie aide 1'expert a tirer des conclusion sur les
grands pro jets de mise en valeur des terres.
Par exemple, dans Ie projet du Lac Mariyut en Egypte du Nord il a été
possible de prévoir un plan d'eau régulier sous irrigation malgré les
variations d'intensité d'application, et les limites entre lesquelles ce plan
d'eau se trouvera a la fin. En outre, on a pu proposer un programme
d'observations du plan d'eau pendant les premières années d'irrigation sans
drainage qui fournira des renseignements sur la profondeur de toute couche
impermeable qui pourrait s'y trouver, et estimer ainsi, dans les limites
établies, oü Ie plan d'eau sera place.
ZUSAMMENFASSUNG

Wahrend der letzten 30 Jahre hat sich die Entwasserungstheorie
schneller entwickelt als deren Anwendung, und bis dieser Gleichgewichtsmangel ausgeglichen ist, mussen weiter Forschungen ziemlich akademisch
sein. Die Anwendung braucht Fortschritte in der Abschatzung der BodenParameter und Ubertragung des landwirtschaftlichen Bedarfes in Beziehung auf physikalische Bedürfnisse.
Aber schon jetzt hilft ein Verstandnis der Theorie dem Forscher
weitreichende Entschlüsse, bezüglich grosser Landgewinnungsprojekte zu
fassen.
Bei dem Mariyut See-Projekt in Aegypten zum Beispiel, war es möglich,
trotz jahreszeitlicher Schwankungen in der Intensitat der Bewasserung,
einen bestandigen Grundwasserspiegel vorherzusagen, und ebenso die
Grenzen zwischen welchen der Grundwasserspiegel eventuell zu liegen
kommen wird.
Es war ferner möglich. ein Programm für Beobachtung des Grundwasserspiegels wahrend der ersten Jahre der abflusslosen Bewasserung
vorzuschlagen, welches über die Tiefe jeder, allenfalls vorhandenen undurchlassigen Schicht Aufschluss geben wird, und somit wo, zwischen
abschatzbaren Grenzen, der Grunwasserspiegel liegen wird.

EVALUATION OF THE QUALITY OF IRRIGATION
WATERS WITH HIGH BICARBONATE CONTENT
IN RELATION TO THE DRAINAGE CONDITIONS
ILDEFONSO P L A

Institute de Edafologia, Facultad de Agronomia, Maracay,

Venezuela

In Venezuela irrigation waters generally have a low total salt concentration but a very high bicarbonate content. Table 1 shows the composition
of some of these irrigation waters. Scarcity of naturally well drained soils,
the absence of efficient artificial drainage and a defective irrigation management, has led to the development of saline-sodic and sodic soils in lands
that have been irrigated continuously for periods of ten to thirty years.
The affected areas are increasing and there is a potential danger in areas
recently developed for irrigation, which are mostly located in low alluvial
terraces.
The influence of bicarbonate in irrigation water on sodium accumulation
in soils was recognized by Eaton (1950), who introduced the index "residual
sodium carbonate" (RSC), or excess of CO3 plus HCO3 over Ca + Mg.
Wilcox et al. (1954) tested that index. Hausenbuiller et al. (1960) and Wahhab
(1961) found that soils irrigated with waters having a high content of
bicarbonate, and no RSC also accumulated more exchangeable Na than
would be expected from the "sodium adsorption ratio" (SAR = Na/
V(Ca + Mg)/I) of the water. Doneen and Henderson (1960), Bower (1961),
and Bower and Maasland (1963), proposed several indices to evaluate the
quality of irrigation water, and to predict the Na accumulation in soils.
Eaton (1966) determined the Ca requirements of irrigation water, assuming
that 70% of the bicarbonate will precipitate in the soil.
Most of the indices developed for evaluating the influence of bicarbonate
in irrigation water are highly empirical, and they do not take account of
the drainage condition of the soil. In this paper are reported results of
several laboratory and greenhouse experiments, which together with field
observations are used as a basis for the development of a non-empirical
system for qualifying irrigation waters with bicarbonate in relation to the
leaching percentage. This is defined by Reeve (1957) as the percentage
of the applied irrigation water that is leached through the root zone.
MATERIALS AND METHODS

(a) Laboratory Experiments
Twelve porcelain Richards funnels (16 cm diameter and 3-2 cm
depth) with a porous asbestos filter, were filled with 500 g of air dry
surface sandy loam (soil A ) , passed through a 4 mm sieve. The original
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TABLE 1
COMPOSITION OF SOME IRRIGATION WATERS IN VENEZUELA

m-equiv./l
Location

EC
mmhos/cm.

HC03

a

SOt

Ca + Mg

Na

% Na

%

HC03

RSC

Aragua Valley
(1) Suata reservoir
(2) Taiguaiguay reservoir
(3) Well
(4) Well
(5) Well

0-45
0-48
0-70
0-50
0-29

3-6
3-3
6-8
3-5
2-7

0-6
1-3
0-3
1 -5
0-2

0-6
0-5
0-7
0-5
0-2

3-8
2-4
7-1
1-2
2-5

0-9
2-5
10
4-3
0-4

19
51
12
78
14

75
65
87
64
87

0
0-9
0
2-3
0-2

Guarico Irrigation System
(1) Guarico reservoir
(2) Well

0-23
0-51

20
4-3

0-2
0-4

0-3
0-8

1 -7
4-8

0-4
11

19
19

80
7S

0-3
0

Boconó River
Pao River
Tinaco River
Acarigua River
Orituco River
Well (Orituco area)
Well (Orituco area)

018
0-21
0-34
0-50
0-32
0-73
0-58

1-4
21
3-6
2-8
2-3
3-4
3-2

0-2
0-2
0-1
0-4
0-23
1-4
10

0-4
01
01
20
0-8
2-1
1 -8

1-6
1-9
3-4
5-2
2-4
4-1
3-5

0-3
0-4
0-3
0-2
10
3-1
2-4

16
17
8
4
29
43
41

70
87
95
54
68
49
53

0
0-2
0-2
0
0
0
0

RSC = Residual sodium carbonate.
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soil was not calcareous, and it had a very low content of organic matter,
salts, and sodium. The soil was wetted to saturation (30% dry weight
basis) using the synthetic waters (1), (2) and (3), all with the same total
salt concentration (10 m-equiv./l) but with different contents of bicarbonate and sodium, as shown in Table 2. The soil remained saturated for
24 hours, and after that a fraction, representing 12i, 25 and 50% of the
volume of water applied, was extracted, using vacuum, from each group
of four funnels irrigated with the same water. These fractions represent the
leaching percent for each treatment. After extraction, the soil was dried
to approximately one bar suction ( 8 - 2 % water content) using a fan, and
the wetting to saturation repeated. The leachates were analyzed for cations
and anions using the methods recommended by the U.S.D.A. (1954). The
wetting and drying cycles were repeated until equilibrium was reached, as
indicated by the constant composition of the leachates. After reaching this
point, the soils were air dried, and analyzed. Structural indices in compacted cores of soil, equilibrated to 0-5 bar suction, were determined by
the method proposed by Richards et al. (1960).
In a second experiment, in addition to waters (1), (2) and (3), the
waters (4) and (5) were used with the same proportions of bicarbonate
and sodium as (2 and (3), but with half the total salt concentration. Water
(3G) is the same water (3), but with 4-4 m-equiv./l of Ca added as
gypsum. This proved to be the Ca requirements for reaching an SAR of
ten in the saturation extract with a 25% leaching following the proposals
of this paper. Besides soil (A), a surface silty loam soil (B) was also used,
which was non-calcareous and low in organic matter, salts and sodium.
For waters (1), (2), (3), (4) and (5), leaching of 5-3, 18, 57, 9 and
40% respectively was employed, which according to our calculations was
the leaching requirement for reaching an SAR of ten in the saturation
extract. The wetting and drying treatments were also carried out to
equilibrium.
(b) Greenhouse Experiment
Six brass cylinders, 25 cm in diameter and 60 cm deep, covered with
insulating material, were filled with soil, three of them with soil (A),
TABLE 2
COMPOSITION OF THE SYNTHETIC IRRIGATION WATERS
USED IN THE EXPERIMENTS

m-equiv./l
Water

(1)
(2)
(3)
(4)
(5)
(3G)

Total

Ca

Na

HCO,

CI

10
10
10
5
5
14,g4

6
6
3
3
1,5
7,4

4
4
7
2
3,5
7

6
6
3
3
6

10
4
4
2
2
4

%Na

%HC03

40
40
70
40
70
48,6

60
60
60
60
41,6

RSC

SO,

—
4,4

3
1,5
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compacted to a uniform bulk density of 1 -57, and the other three with soil
(B), compacted to a bulk density of 1 -28. These were planted with Sudan
grass (Sorghum sudanense), and located on a greenhouse bench. The soil
columns were provided with two mercury tensiometers, inserted at 20 and
50 cm depths. The tensionmeters were used for irrigation control which
was practised when the upper tensiometer read 600 to 800 mb, and for
getting directly soil solution extracts through the porous cup, by applying
suction at the top of the tube. The drainage system consisted of a large
(20 cm X 3 cm diameter), very porous filter candle inserted horizontally
at 55 cm depth in the columns, and connected externally to a 100 cm
water column, ending in a container for the collection of leachates. The
water column was maintained unbroken after each irrigation, and provided
a 0-1 bar suction at the bottom of the soil, thus preventing the development
of a water table when leaching was taking place. The volume of water for
each irrigation was regulated to obtain a 2 5 % leaching in all columns.
Waters (1), (2) and (3) were used to irrigate the three columns of each
soil for one year, in a greenhouse with temperature maintained between 20
and 30°C. The total consumptive use was about 250 cm of water in each
column. The leachates and soil extracts obtained periodically through the
porous cups of the tensiometers were analyzed for cations and anions. At
the end, the soil columns were sectioned every 10 cm, and the same
chemical and physical analyses were carried out as for the laboratory
experiment.
(c) Field Observations
The field study consisted of sampling and analysis of irrigation waters
and soils in many sites affected by Na to different degrees. Some of those
sites are being presently used for continuous checking of the salinity and
sodium status, and for obtaining soil solution by extraction through porous
cups inserted at different depths in the soil profile.
1
I
RESULTS AND DISCUSSION

Table 3 presents the chemical composition and structural indices of the
soils, when equilibrium was reached in the different laboratory treatments.
Figure 1 shows the approach to equilibrium, of the different ions in the soil
solution (leachate), in relation to their concentration in the irrigation water.
The accumulation and relative proportion of the soluble and exchangeable
ions was markedly affected by the leaching percentage and this influenced
the exchangeable sodium in much higher degree when waters with bicarbonate were used. These effects could be expected, but they can only be
quantitatively predicted by following separately the change in concentration of the different ions in solution in relation to the leaching percentage.
Using the "leaching requirement" concept of Reeve (1957), based on
the conservation of mass, and derived for the case of steady state water
flow, when there is no precipitation of salts, we have:
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Concentration in soil solution at equilibrium
Concentration in irrigation water

100
% L

In Figure 1 it is evident that for a leaching of 12-5 ( 1 0 0 / % L = 8 ) ,
25-0 ( 1 0 0 / % L = 4 ) , and 50-0 ( 1 0 0 / % L = 2 ) , the relation of Equation
(1) is reached at equilibrium for all non-precipitating ions and salts. These
are the Na (NaCl and NaHCOH) and CI (NaCl and CaCl2) ions in all
cases, the Ca associated with CI (CaCl-2) when water (1) was used, and the
HCO:i associated with Na(NaHCOA) or RSC. in the case of water (3).
Therefore, we have:
CI, = Clr X 100/ %L
Nas =Nar X 100/%L
CaSA , (CaCI2) = CaSAr X 100/% L
(NaHC03)s =(NaHC03)r x 100/ %L

(2)

wher" A- = equilibrium solution in saturated soil, r = irrigation water,
CaSA = Ca associated with anions different from bicarbonates = total
Ca-bicarbonates.

Fig. 1.—Relation between concentration cf the different ions in soil
solution (leachate), and the concentration in irrigation water, approaching
equilibrium in the wetting (to saturation) and drying (to one bar suction)
laboratory experiment, using soil (A) and waters (1), (2) and (3).
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The relation of Equation (1) is not useful (see Figure 1 and Table 3)
for predicting the equilibrium concentration of Ca(//CO ;( )2 when waters
like (2) and (3) are used. In the case of water (2), or (4) without RSC,
after some CaCO:i precipitated in the soil, the concentration of Ca{HCO^)2
in solution remained almost constant, independent of the content in the
irrigation water and the leaching percentage. The value of that concentration
will depend on the partial pressure of CO> predominating in the soil
solution, which may be very variable according to the moisture status maintained in the soil, the texture, depth, organic matter, root activity and
climate. In our laboratory experiments, the concentration oscillated between
7 and 9 m-equiv./l after 24 hours saturation, and 12-15 m-equiv./l after
5 days equilibration in saturated conditions. In the greenhouse experiments,
values from 9 to 25 m-equiv./l were found in soil solution extracted 24
hours after irrigation. Soil solution extracts obtained in irrigated soils in the
field, in places with CaCOz precipitated and no RSC, had Ca(HCO:i)2
concentrations oscillating between 6 and 20 m-equiv./l, the higher values
occurring in soils remaining very wet most of the time, and the lower ones
in soils that were allowed to dry out before irrigation and have a lower
organic matter content. These extracts were obtained in the root zone of
cultivated fields.
With this variability, it is impossible to adopt a precise value of
Ca(HCO:i)j concentration fitting all situations, but on the basis of the
predominance of values close to 10 m-equiv./l under average field conditions, we decided to use that value for our calculations. Therefore, when
the water does not contain RSC, and CaCO:i precipitates in the soil
{Ca(HCOA).2 in irrigation water, 100/%L > 10 m-equiv./l), we have
CaBs «=10 m-equiv./l
where B — bicarbonate ion.
When irrigation waters like (3), or (5), with RSC, are used, the solubility of Ca(HCOa)2 is limited by the accumulation of NaHCO^ in
solution (NaBs = NaBr x 1 0 0 / % L ) to values that are approximately
the same as found in the irrigation water (CaBs/CaBr <=> 1) as is shown in
Figure 1. Therefore, we have:
CaBs * CaBr or Cas ~ Car
The same situation was observed in soil solutions extracted directly
from the soil columns irrigated with water (3) in the greenhouse, and in
several sites in irrigated fields with soils having different proportions of
NaHCOA in solution. It should be mentioned that in no case has there
been detected the presence of Na2COA in soil solutions obtained directly
from sodic soils (up to 30% exchangeable sodium) in the greenhouse or
field, and immediately analyzed, but only of NaHCOM this being in agreement with the theoretical explanation of Kelley (1962). For this reason
some Cu(HCO:i)-2 is maintained in solution.
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The equation fitting all situations would be
Cas = CaSAr X 100/%L + CaBs

(3)

where
CaSAr = 0 in cases of waters like (2), and (3), with
HCOz > Ca,
CaSAr = C'Ar — Br in case of waters like (3G), with
HCOz < Ca.
CaBs « 10 m-equiv./l for waters having Ca > HC03 (no RSC)
and
CaBs * CaBr, for waters having Ca < HCO3 (RSC > 0).
In any case, approach to equilibrium was slower when the irrigation
water contained more bicarbonate, more sodium and the leaching was more
reduced.
In our experiments we did not include Mg and S04 ions, which are
generally present in irrigation waters. We treat Mg and Ca under the
generic name of Ca. The sulphate anion may be considered here as a nonprecipitating anion (SA), because, due to the content of bicarbonate in
relation to Ca + Mg in our irrigation waters, the limit of solubility (35-40
m-equiv./l) of CaS04 in soil solution is never reached before the development of very saline or sodic soils.
Using equations (2), and (3) for calculating the concentrations of Ca
(or Ca + Mg), and Na in the soil solution in equilibrium with a given
leaching percentage, it is possible to predict the SAR of the equilibrium
solution, and therefore the approximate exchangeable sodium percentage
(ESP) of the soil when equilibrium is reached with a given irrigation water.
The SAR and ESP values are very similar in the important range of 5 to 30.
SAR in the solution at equilibrium = Nas\y/Cas\2

(4)

The validity of that reasoning is verified by the coincidence of values of
SAR predicted, and the values of SAR and ESP reached, which are
presented in Table 3 and 4.
From Equations (2), (3) and (4) we have
2(Nar)i X (100/%£)2
2
(SAR)
(CaSAr) x ioo/%L + CaBs
and by rearranging
(SAR? CaBs (%L)2 + 100 (SAR)2 CaSAr %L - 2 x 104 (Nar)2 = 0
Solving the quadratic equation for positive values of °/0L (the real root
of the equation), and simplifying, we have:
o/r _ 50(V(CaSAr)2 + 8(Nar)2 CaB^SARf)
/oL
CaWs

~ CaSAr

...
(5)

which is the leaching requirement for preventing the development of an
SAR considered critical for the practical use of a soil. All values are given
in m-equiv./l.
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TABLE 4

RESULTS OF POT EXPERIMENT ON LEACHING SAR VALUES IN THE SATURATION EXTRACT AFTER
ONE YEAR OF IRRIGATION IN THE GREENHOUSE, AND VALUES EXPECTED AT EQUILIBRIUM

Reached
Soil
0-30 cm.

(A)

(B)

Depth
cm.

ESP

SAR

25

0-10
10-20
20-30

5-8
6-3
60

4-9
51
4-5

4-6
4-6
4-6

(2)

25

0-10
10-20
20-30

10-5
9-4
6-7

10 9
9-8
5-9

7-2
7-2
7-2

(3)

25

0-10
10-20
20-30

24-8
19-2
150

23-4
21-2
16-6

22-8
22-8
22-8

(1)

25

0-10
10-20
20-30

8-4
5-7
4-7

7-2
6-4
4-8

4-6
4-6
4-6

(2)

25

0-10
10-20
20-30

12-2
80
7-6

12-3
10 6
91

7-2
7-2
7-2

(3)

25

0-10
10-20
20-30

19 6
161
12-2

27-5
20-3
17-2

22-8
22-8
22-8

Irrigation
Water

% L

(1)

Expected
SAR

The same procedure may be used for calculating the required Ca
amendments for irrigation water, in order to reduce the leaching requirement. For water (3), the required amendment for reducing the leaching
requirement from 57 to 2 5 % was 4-4 m-equiv./l of Ca.
In the previous deductions there has been assumed a uniform distribution of effects in the root zone, and a leaching efficiency, or relation
between the concentration of the leachate and the concentration of the soil
solution, of 1-0. That situation was true in our laboratory experiments
using thin layers of soil. Under field conditions the leaching efficiency is
closer to 0-5 and the distribution of effects with depth is generally not
uniform. This was tested in the greenhouse experiment, with two soils of
contrasting original hydraulic properties, and with irrigation as the only
source of water. Figure 2 shows the variation with depth of salt concentration, exchangeable Na, and hydraulic conductivity.
In all treatments, a higher salt accumulation occurred close to the
surface, where most of the losses by evapotranspiration occurred. The same
pattern was observed for Na accumulation, differences being much more
marked when waters with bicarbonates were used. A logical explanation
for this is the precipitation of CaCO* as a consequence of the concentration
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SOIL (A)

SOIL (B)
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Fig. 2.—Variation with depth of electrical conductivity of the saturation
extract, exchangeable sodium percentage, and hydraulic conductivity, in
columns of soils (A) and (B), after being irrigated in the greenhouse
for one year, with waters (1), (2) and (3), and 25% leaching.
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TOTAL CONCENTRATION = 10 MEQ./L.
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Fig. 3.—Nomograms for estimating the minimum leaching requirements to
prevent the development of saline (total concentration of the saturation
extract > 40 m-equiv./l or sodic (SAR > 10) soils, knowing the total
salinity (m-equiv./l), bicarbonate %, and Na % of the irrigation water.
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of the soil solution, and the decrease of the partial pressure of C02 when
the surface soil dries out more than the rest of the soil before irrigation.
The amounts of CaC03 precipitated followed the same distribution as
exchangeable Na.
The differential distribution was much more marked in soil (B), one
of the reasons being the lower leaching efficiency in the surface layers of
that soil. This was verified by comparing the concentration of CI in the soil
solution extracted during leaching, at 20 cm depths, with the concentration
of the same ion in the leachate (unpublished data), obtaining a leaching
efficiency of approximately 0-8 for soil (A), and 0-3 for soil (B). In
addition, the contribution by capillarity of the soil solution, from depth to
the surface, after leaching had finished, was much more marked in soil
(B), with more continuity of capillary size pores. This was indicated by
higher readings in the 50 cm deep tensiometer (500-600 mb in soil B,
compared to 200-250 mb in soil A ) , when the readings of the 20 cm
tensiometers reached in both cases values of 700-750 mb before irrigation.
Distribution of salts, Na, and precipitated CaC03, close to that obtained
in the greenhouse have been observed in affected areas in the field, but here
the zone of maximum salt and Na accumulation is generally displaced to
15-30 cm below the soil surface. Isolated observations seem to indicate that
this displacement is due to some percolation of rain water occurring in the
rainy season.
The hydraulic conductivity values reflect the variations in exchangeable
Na and salt concentration. The critical point, with a sharp decrease in
hydraulic conductivity, seems to correspond to an ESP of 10, when the
total salt concentration is not very high. For most of our irrigated soils,
with very low structural stability, and the possibilities of becoming sodic
before a high salt concentration is reached in the soil solution, a maximum
permissible SAR of ten seems to be reasonable. Taking that value as a
limit, and using Equation (5) previously proposed, we calculated the
minimum leaching percentage for irrigation waters having a total salt
concentration of 10-0 m-equiv./l. The nomograms of Figure 3 show the
result. Similar nomograms may be obtained for other concentrations and
different values of SAR.
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SUMMARY

In Venezuela, where most of the irrigation waters have a very high
bicarbonate content, the actual and potential development of sodic and
saline-sodic soils is a limiting factor for the permanence of a successfully
irrigated agriculture. Data obtained in laboratory and greenhouse experiments, with very well controlled irrigation and drainage using different soils
and waters of different composition were used as a basis for developing
a logical and simple method for predicting the effects, and for calculating
the leaching requirements to prevent the development of saline-sodic or
sodic soils, when waters with high bicarbonate content are used for
irrigation. The method is based on the separate calculation of the possible
accumulation of the different ions in the soil solution.
The influence of the leaching conditions on Na accumulation and
structural deterioration was much more marked when waters with high
bicarbonate content were used. With irrigation being the only supply of
water, the effects on salts and Na accumulation were initially higher in
the surface soil, decreasing with depth. These differences were more striking
when the physical properties of the soil were favourable for the capillary
rise of water. In both cases the Na accumulation was related to the existence
of favourable conditions for CaC03 precipitation and concentration of salt
in the soil solution.
The laboratory and greenhouse results are compared with data
obtained at several sites in the field.
RÉSUMÉ

Au Venezuela, oü la plupart des eaux d'irrigation ont une teneur en
bicarbonate tres élevée, Ie développement actuel et potentiel des sols
sodiques et sodiques-salins est un facteur limitant pour 1'établissement en
permanence d'une bonne agriculture irriguée. Les données obtenues au
cours d'expériences au laboratoire et en serre, avec une irrigation et un
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drainage tres bien régies, employant des eaux et des sols de compositions
diflférentes, ont servi de base pour développer une methode logique et
simple pour prédire les effets et calculer Ie lessivage nécessaire a prévenir
et la deterioration structurelle étaient beaucoup plus marquees quand on
eaux a teneur en bicarbonate élevée pour l'irrigation. La methode est
basée sur Ie calcul séparé de 1'accumulation possible des différents ions
dans la solution de sol.
L'influence des conditions de lessivage sur 1'accumulation de sodium
et la deterioration structurelle étaient beaucoup plus marquees quand on
employait des eaux contenant beaucoup de bicarbonate. L'irrigation étant
la seule source d'eau, les effets sur les sels et 1'accumulation de Na
commencaient par être plus élevés dans Ie sol de surface, et diminuaient
avec la profondeur. Ces differences étaient plus frappantes lorsque les
propriétés physiques du sol étaient favorables a 1'ascension capillaire de
d'eau. Dans tous les cas, 1'accumulation de Na était liée a 1'existence de
conditions favorables a la precipitation du CaCO^ et la concentration des
sels dans la solution du sol.
Les résultats du laboratoire et de la serre sont compares aux données
obtenues dans plusieurs emplacements au champ.
ZUSAMMENFASSUNG

In Venezuela wo viele Irrigationswasser einen sehr hohen Bikarbonatgehalt haben ist die tatsachliche und potentielle Entwicklung von natriumhaltigen Boden und natriumhaltigen Salzböden ein begrenzender Faktor für
einen erfolgreichen, dauerhaften Bewasserungsackerbau. Die bei genau
kontrollierter Bewasserung und Dranage in Laboratorium- und GlashausExperimenten erhaltenen Zahlen, bei denen verschiedene Boden und
Wasser von verschiedener Zusammensetzung verwendet wurden, wurden
als Grundlage zur Entwicklung einer logischen und einfachen Methode
gebraucht, um die Wirkungen vorauszusagen und die Auslaugungserforderungen auszurechnen, um die Entwicklung von natriumhaltigen Salzböden
oder natriumhaltigen Boden vorzubeugen. wenn Wasser mit hohem Bikarbonatgehalt zur Bewasserung verwendet wird. Die Methode ist auf
separaten Berechnungen der möglichen Akkumulation verschiedener Ionen
in der Bodenlösung gegründet.
Der Einfluss der Auslaugungsbedingungen auf die Anhaufung von Na
und die Verschlechterung der Struktur war viel grosser, wenn Wasser mit
einem hohen Bikarbonatgehalt gebraucht wurde. Wenn künstliche Bewasserung die einzige Wasserquelle war, waren die Wirkungen auf die Salzund Afa-Anhaufung anfangs grosser in der Ackerkrume und veringerten
sich mit der Tiefe. Diese Unterschiede fielen starker auf, wenn die
physikalischen Bodeneigenschaften für den Kapillaraufstieg des Wassers
gunstig waren. In jedem Falie stand die Na Akkumulation in Beziehung
zum vorhandensein gunstiger Verhaltnisse für die Fallung von CaCOA und
die Konzentration der Salze in der Bodenlösung.
Die Laboratorium- und Glashausresultate werden mit Angabene vergliechen, die von mehreren in Feldversuchen erhalten wurden.

SALT ACCUMULATION PROCESSES IN THE
HUNGARIAN DANUBE VALLEY
G Y . VARALLYAY

Research Institute of Soil Science and Agricultural Chemistry, Hungarian
Academy of Sciences, Budapest, Hungary
INTRODUCTION

One of the most extensive salt affected areas of Hungary is situated in
the region between the Danube and the Tisza rivers extending southward
of Budapest in the Danube Valley and covering an area of about 3000
square kilometers. The main causes of the formation and the low fertility
of these solonchak, solonchak-solenetz and calcareous solonetz soils are
their high content of soluble salt, and their considerable NaHC03 and
Na-jCO.i reserves.
Geological (Siimeghy 1953), geomorphological (Pécsi 1959) and
hydrological (Rónai 1956) investigations have shown that, in the area
concerned, the Pannonian substratum forms a continuous impermeable
layer, except at the tectonic break lines. This layer is covered by calcareous
Danube sediments of substantial thickness (50-100 m ) , stratified with
variable particle size distribution. These sediments constitute the parent
material and store the considerable water reserve of the integral, subsurface
drainage basin of the Danube Valley. The average depth to the water table
is 1-3 m.
SOIL DESCRIPTION

The occurrence of the soil types depends on their distance from the
Danube, on the time elapsed since they were flooded and on the depth of
the water table which is determined by the relief (see Table 1). From the
first condition, the following sequence of soils may be found: recent
alluvial soils —» humus alluvial soils -* alluvial meadow soils -» meadow
soils; while the depth to water table suggests the following hydromorphic
series: chernozem —» meadow chernozem —» meadow soil —> marshy
meadow soil —* bog soil. Furthermore there also exist solonchak (or
saline), solonchak-solonetz (or saline-alkali) and calcareous, solonchakized
(or salinised) meadow solonetz soils (see Figure 1).
The common characteristics of the soils are the A-B-BCa-C profile,
alkaline reaction (pH > 7-5), high carbonate content (10-30%) and
coarse mechanical composition (sand and sandy loam).
The alluvial meadow soils and meadow soils contain only negligible
amounts ( < 2-5 m-equiv./100 g soil) of Ca-HCOa type salt. The soil
profile at increasing depth becomes more and more alkaline, so that the
solubility of alkaline earth bicarbonates decreases. Accordingly, of the
water soluble salts, NaHC03 gradually becomes dominant.
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In the salt profile of solonchak soils the maximum salt content (25-35
m-equiv.) appears at the surface, while in that of solonchak-solonetz
soils it amounts to 6-10 m-equiv. and may be found in the Bo-horizon at
a depth of 20-30 cm. Owing to the strongly alkaline reaction (pH 9-10)
sodium salts, mainly NaHCOa, dominate almost exclusively in these soils.
In salt efflorescences the amount of NaCl is also considerable.
TABLE 1
RELIEF, SOIL TYPE, AVERAGE DEPTH OF WATER TABLE AND CHEMICAL COMPOSITION OF THE
GROUND WATER IN THE HUNGARIAN DANUBE VALLEY

Height
above sea
level
m

Soil type

Recent alluvial soil
Meadow chernozem
Meadow soil,
meadow alluvial f

soil

Average
depth of
the water
table
m

Salt content
of ground
water
g/1

Salt composition of
ground water

94- 97
97-100

2-2-5
3-4

0 - 3 - 0-5
10- 20

Ca-HCO,
Na (Ca)-HC03

95- 97

2-3

10-

20

Na-HC03

94- 95

1-2

20-

50

Na-HC03

9 3 - 94

0-5-1-2

(CI)

J

Solonchak-solonetz, \
Calcareous solonetz ƒ
Solonchak

50-100

Na-HC03

(CI)

Fig. 1.—Correlation of relief, average depth of water table and genetic soil
type in the Hungarian Danube Valley, (a) soil surface, (b) water table,
(c) location of profiles, (d) height above sea level m, (e) Danube, (f)
temporary water-logging. 1. Recent alluvial soil, 2. Humus alluvial soil,
3. Calcareous, solonchakized, shallow meadow solonetz, 4. Meadow alluvial
soil, 5. Solonchak-solonetz, 6. Solonchak, 7. Solonetzic meadow soil,
8. Humus sandy soil, 9. Marshy meadow soil, 10. Humus sandy soil.
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The sodium saturation of the salt affected soils is very high. The ESP
often exceeds 50 in the 5-horizon of solonetz and solonchak-solonetz soils
and 70 on the surface of solonchak soils. In the other soils the ESP is low
( < 5) and Ca2+ is the dominant exchangeable cation, with a considerable
amount of Mg-+, especially in deeper layers which are under the influence
of water from time to time (see Table 1).
SOIL FORMATION

The majority of soils in the Danube Valley have been formed under
hydromorphic conditions as is clearly indicated by the presence of lime
accumulation horizons and by other important hydromorphic features.
As all salt affected soils of Hungary (Szabolcs 1961) those in the
Danube Valley developed under the influence of ground water. The
accumulation of their considerable salt reserve has taken place due to
hydrological and hydrogeological factors mainly (Szabolcs and Jassó 1961,
Somogyi 1964, Varallyay 1967b) and follows the fundamental principles
of geochemical salt accumulation described by Kovda (1946, 1954).
SOURCE OF SALT

Among the primary sources of salts in the Danube Valley, the most
important ones are the volcanic rocks (andesite, rhyolite and mainly their
weathered tuffs) of the mountains around the Lowland.
Among the secondary sources of salt, marine (pannon) deposits in
deeper geological layers, mainly of fossil and abyssal waters, is of local
importance. Their occurrence is restricted to the environment of tectonic
breaks in the impermeable Pannonian substratum.
The importance of biological processes of salt accumulation is limited.
The same is true for salty tube-well waters used for irrigation at some
places, although in certain cases the harmful effect of the latter should not
be overlooked, as it may necessitate preventive measures (Varallyay 1966,
1967a).
The Danube sediments making up the parent material should not be
considered as the most important and only source of the present considerable Na-sah reserve even if we suppose that intense weathering has taken
place. The substantial accumulation of salts in the salt-affected soils of the
Danube Valley may be explained only if we assume that salts originating
in extensive areas have been transported by surface and subsurface waters
to a small area and have accumulated there.
According to Herke (1962) the repeated evaporation of stagnant
waters left behind by the Danube floods is of primary importance in the salt
accumulation process, although he acknowledges that subsurface waters
may also be salt sources. Our studies have proved that in the Danube
Valley the subsurface waters are the most important salt sources. This
is supported by:
(a) the difference in the salt composition of the Danube water and the
soil salt reserve,
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30 CoCO)
16 flgCOs I
0,k N0HCO3
Q08 NaCI

Fig. 2.—Distribution of salts according to their solubility in the profiles of
salt affected soils in the Hungarian Danube Valley. 1, 2. Solonchak-solonetz,
3. Solonchak, 4. Calcareous, solonchakized, shallow meadow solonetz.

SALINE SOIL PROCESSES

375

(b) the soils of other areas formerly flooded by the Danube, where due
to the lack of ground water effect salinization cannot be observed, e.g. in
gravel,
(c) the close correlation between the formation of salt accumulation
horizons and the water table (Varallyay 1966, 1967a),
(d) the close correlation between the salt dynamics and water table
fluctuation (Varallyay 1966, 1967a),
(e) the distribution of salts according to their solubility in the soil
profile. The fact that the maxima of CaCOa, MgCOa, NaHCO* and NaCl
respectively are distributed at decreasing depth towards the surface (Figure
2) undeniably proves that the soil solution has moved upwards under the
influence of subsurface waters. In this way it became gradually more and
more concentrated and resulted in the precipitation of salts according to
their order of solubility.
Our experimental data contradict the suggestion (Ubell 1959) that the
aquifer of the integral, subsurface drainage basin in the Danube Valley is
fed mainly by direct infiltration of local rainfall. If this were true then only
the local weathered products should be taken into account as sources of
salt. The Danube sediments, however, are very poor in sodium, so the
present considerable sodium salt reserve could not have accumulated from
that material. Our experimental results support the theory (Rónai 1956.
Somogyi 1964) that rain water falling on the extensive catchment areas of
the basin periphery plays—or at least played—a primary role in feeding
the ground water reserve of the Danube Valley.
D E P T H TO WATER TABLE AND SALT ACCUMULATION

Part of the rain falling on the extensive catchment areas of the basin
periphery infiltrates into the soil. During its downward movement it
percolates through the various soil layers and by dissolving some of their
soluble salts gradually becomes more and more salty (Figure 3). This
slightly salty water of calcium and/or sodium bicarbonate type—corresponding to the rock material, limestone, loess, rhyolite, andesite, of the
catchment areas—accumulates in the stagnant ground water basin of the
Danube Valley (see Figure 3).
According to an investigation on the ground water regime (Kovacs
1960) with increasing depth to the water table the evaporation of ground
water decreases more rapidly than the rate of recharge of ground water
by infiltrating precipitation. The depth of the "equilibrium water table"—
in other words the "critical water table"—where these two factors compensate each other, depends on the climatic conditions. It is about 180-220
cm in the Danube Valley, depending on the soil texture. At places where
the static ground water is nearer the surface, its evaporation is considerably
greater than water recharge by precipitation under the otherwise relatively
arid climatic conditions (annual precipitation: 550-580 mm, potential
evaporation: 680-700 mm, annual water deficiency: 125-150 mm). The
deficit is especially marked during summer.
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Thus the resultant vertical water movement through the soil layers is
definitely upwards. This results in a gradual concentration of salt in the
ground water and in salts becoming distributed in the soil profile according
to their solubility (see Figure 4 ) . For example, the alkaline earth bicarbonates precipitate to form insoluble carbonate accumulation horizons, and
only the easily soluble sodium salts remain in solution and so migrate to
the surface.
DISCUSSION

In the Danube Valley the main conditions of salt accumulation and
alkalinization are as follows:
1. The water table is above the critical level, i.e. less than 2 m below
the surface, so that evaporation is larger than infiltration.
2. The ground water is stagnant so that the repeated dilution of the
ground water is prevented.
3. Conditions assure large potential evaporation.

Fig, 3.—The process of salt accumulation in the Hungarian Danube Valley,
(a) height above sea level m, (b) Trans-Danubian loess plateau, (c)
Danube, (d) Danube Valley, (e) Sand-ridge between the Danube and the
Tisza, (f) Basin periphery, (g) Hungarian central range of mountains.
1. limestone, 2. rhyolite, andesite, 3. rhyolite and andesite tuff, 4. Impermeable pannon clay, 5. fluviatile gravel, sand, sandy silt, 6. clay lens,
7. loess, 8. pleistocene clay. The direction of the arrows indicates the
direction of water movement, while their width shows the amount of
water. The width of the black arrows and the size of the chemical symbols
indicate the degree of salt content increase.
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(a)

*ïj>ingh£\
C<,(UC0,\

KO,

Fig. 4.—Schematic diagram of salt accumulation in the Hungarian Danube
Valley, (a) change in the chemical composition of water during concentration, (b) chemical composition of the soil solution, (c) sequence of
the salts' precipitation, (d) carbonate accumulation horizon, (e) height
above sea level m, (f) intense salt accumulation on the surface (solonchak
soils), (g) salt accumulation near the surface (solonchak-solonetz soils),
(h) leaching (meadow and meadow alluvial soils), (i) soil surface, (j)
equilibrium (critical) level of water table, (k) actual level of water table,
(1) hydrostatic pressure. The direction of the arrows indicates the direction
cf water and salt movements. The width of the white arrows is proportionate to the intensity of water movement, while that of the black arrows
is proportionate to the salt content of the water.

In salt affected areas the intense evaporation of stagnant ground waters
near the surface is not hindered—or only for a very short time—by waterlogging during the summer. Considerable salt accumulation and alkalinization is prevented where the water-logged conditions of marshy and fen
soils occur, and where the water table is below the critical level as in
meadow chernozem, meadow and sandy soils, and also where sharp
fluctuations of ground water occur as in the alluvial soils along the
Danube.
FIELD APPLICATION

On the basis of the above, methods for the successful agricultural
utilization of the area and for the reclamation of salt affected soils are as
follows:
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1. Prevent ion of further salt accumulation and alkalinization by
(a) checking the ingress of subsurface water, and thus the salt
supply in the Danube Valley, by deep interceptor drains,
(b) lowering the water table below the critical level, and by
(c) preventing the stagnancy of the ground water by installing a
drainage system that assures adequate water change.
2. Decreasing the quantity of salt present by
(a) increasing the leaching efficiency of precipitation by improving
the drainage condition of the soils, e.g. by chemical amelioration, subsoil-loosening, selecting a suitable crop, and by
(b) irrigation. Irrigation may result in substantial leaching if it
intensifies downward water and salt movement and does not
raise the water table, a requirement that is provided by proper
drainage.
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SUMMARY

A considerable part of the salt affected soils of Hungary occurs in the
Danube Valley. Here the main causes of the formation and the low fertility
of the solonchak, solonchak-solonetz and calcareous solonchakized solonetz
soils are their high NaHCOA and A^COa-type salt reserves.
Part of the rain water falling on the extensive catchment areas of the
periphery of the Danube basin infiltrates into the soil and becomes enriched
in calcium and/or sodium bicarbonate-type salts, depending upon the rock
material of the basin periphery. This water moves towards the deeper parts
of the adjacent subsurface drainage basin lined with the Pannonian substratum and then accumulates in the stagnant ground water basin of the
Danube Valley.
At places where the static ground water is within 2 meters of the
surface, evaporation from the ground water greatly exceeds infiltration,
especially during summer. This produces a concentration of salts in the
ground water and subsequent changes in its composition. The alkaline earth
bicarbonates precipitate as insoluble carbonates. Only the easily soluble
sodium salts remain in solution, migrate and become distributed in the
soil profile according to their solubility. Ultimately salt accumulation
horizons develop in the interzone of upward and downward water movement.
RÉSUMÉ

Une part considerable des sols envahis par le sel en Hongrie se trouve
dans la vallée du Danube. La formation et la fertilité réduite des
solonchaks, des solonetz salins et des solonetz calcaires devenus salins sont
dues aux grandes réserves de sel du type NaHCO:i et Na->COx.
Une partie des eaux de pluie des grands bassins versants en peripheric
de la vallée du Danube s'infiltre dans le sol et s'enrichit en calcium ou sels
du type bicarbonate de sodium, selon la matière rocheuse de la peripheric
du bassin. Cette eau s'écoule vers les parties les plus profondes du bassin
de drainage souterrain adjacent, recouvert de substratum pannonien. L'eau
s'accumule ensuite dans la nappe souterraine stagnante du bassin du
Danube.
La oü la nappe souterraine est a moins de 2 metres de la surface,
1'évaporation de la nappe excède largement 1'infiltration, surtout en été.
Ceci produit une concentration de sels dans la nappe souterraine et
provoque des changements dans sa composition. Les bicarbonates alcalinoterreux forment un précipité sous forme de carbonates non-solubles. Seuls,
les sels de sodium facilement solubles restent en solution, émigrent et se
répartissent dans le profil des sols selon leur solubilité. En dernier lieu, les
horizons oü le sel s'est accumulé se développent dans la zone intermediaire
des mouvements ascendants et descendants de l'eau.
ZUSAMMENFASSUNG

Ein betriichtlicher Teil der von Salz beeinflussten Boden Ungarns, ist
im Donautal vorzufinden. Die Hauptursachen der Bildung und massiger
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Fruchtbarkeit der Solontschak, Solontschak-Solonetz sowie kalkhaltiger
solontschakisierter Solonetz Boden, sind ihre hohen NaHCO:i und Na£0Aartigen Salz Reserven.
Ein Teil des Regenwassers welches in den ausgedehnten Auffang
Regionen der Peripherie des Donaubeckens fallt, sickert in den Boden
ein, und wird reich an Kalzium oder Natrium Bikarbonatartigen Salzen, je
nach dem Gesteinsmaterial der Becken peripheries. Dieses Wasser bewegt
sich den tieferen Teilen des angrenzenden mit einem Pannonian Nahrboden belegten Unterboden Dranungsbecken entgegen, und sammelt sich
dann im stehenden Grundwasserbecken des Donau Tales an.
Wo das statische Grundwasser innerhalb zwei Meter der Oberflache
aufzufinden ist, wird, besonders wahrend des Sommers die Einsickerung
von der Verdunstung des Grundwassers bedeutend übertroffen. Dadurch
wird eine Konzentration der Salze im Grundwasser und spatere Veranderungen ihrer Verbindung hervorgeführt. Die alkalischen-Erd Bikarbonate
werden als unlösliche Karbonate abgesetzt. Nur die leicht löslichen Natrium
Salze verbleiben in Lösung, wandern und werden im Bodenprofil je nach
Lösungsfahigkeit verteilt. Es entwickeln sich schliesslich Salz Anreicherungs-Horizonte in der Zwischenzone des sich auf-und abwarts bewegenden
Wassers.

HYDRAULIC CONDUCTIVITY OF SOME TROPICAL
SOILS AS A GUIDE TO IRRIGATION WATER
QUALITY*
S. A. EL-SWAIFY AND L. D. SWINDALE
Hawaii Institute of Geophysics
and
Department of Agronomy and Soil Science
College of Tropical Agriculture
University of Hawaii
Honolulu, Hawaii, U.S.A.
INTRODUCTION

Many generalized standards have been proposed as guides to the quality
of water for irrigation. Several of these were recently reviewed by Wilcox
and Durum (1967). The principles employed to set up these standards
have frequently disregarded the diverse characteristics of irrigable soils or
have considered characteristics of soils commonly encountered in the
temperate zone (Doneen, 1954). On one hand many economic crops
have been shown to tolerate higher salt and sodium levels than considered
suitable in irrigation waters (Bernstein, 1964; Grillot, 1956; Pearson,
1960). On the other hand, expanding water resources by using saline
water for irrigation has been discouraged for fear of the detrimental effects
that may result in the soil, particularly where exchangeable sodium percentages exceed 15% (Kelley, 1963; U.S. Salinity Laboratory Staff, 1954).
However, relatively high levels of salinity and high proportions of sodium
in irrigation waters may be allowed in an irrigation regime involving salttolerant plants if two conditions are met in soils under irrigation: (a)
Allowing sufficient downward movement beyond the root-zone of the large
water applications necessitated by salt balance principles (Reeve and
Fireman, 1967); (b) Resisting detrimental peptization when relatively
high levels of exchangeable sodium (the most abundant cation in saline
waters) are attained, and the concentration of soil solution is lowered by
unexpected rainfall or by occasionally needed fresh water applications.
Because of highly developed structures and the dominance of low swelling
clay minerals, these conditions appear possible in Tropical Red Earths and
Andosols.
Hydraulic conductivity measurements are useful for quantitative studies
of soil response to changes in the chemical properties of irrigation waters.
This was shown by Fireman and Bodman (1940), Quirk and Schofield
(1955), Henderson (1958) and McNeal and Coleman (1966).
* Published with the approval of the Director of Hawaii Institute of Geophysics as
Contribution No. 193, and the Director of Hawaii Agricultural Experiment Station
as Technical Paper No. 897.
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Hydraulic conductivity measurements were also used in the present
investigation because they directly reflect the water and solute movement
behaviour, most important for controlling the salt balance under saline
water irrigation.
This paper reports on quantitative studies made to evaluate the extent
to which Hawaiian soils in these soil groups behave according to the above
mentioned conditions.
T H E SOILS

Samples M,, M 2 , and M:i representing depths of 5-40, 50-80, and 80100 cm respectively, were collected from Molokai silty clay, a Low Humic
Latosol from the island of Oahu. Samples K^ K2, K3, and K4 representing
depths of 0-7-5, 7-5-33, 33-60, and 60-90 cm respectively, were collected
from Kawaihae very fine sandy loam, a Tropical Andosol from the island
of Hawaii.
Molokai soils are highly weathered and occur at elevations from sea
level to about 500 meters. Laboratory analysis showed all horizons to have
clay textures and to be constituted mainly of kaolins and iron oxides.
Kawaihae soils occur at similar elevations and are formed from volcanic
ash. Their textures vary from clay loam in top horizons to clay in lower
horizons. Kaolins, iron oxides, amorphous silicates, and gibbsite are the
dominant mineral species.
Because Molokai and Kawaihae soils receive 40-65 cm and 12-50 cm
of annual rainfall, respectively, both soils require at least supplemental
irrigation for effective development under tropical climate.
EXPERIMENTAL PROCEDURE

A procedure was adopted which is similar to that described by McNeal
and Reeve (1964). Solutions with the desired compositions were applied
to packed permeameters, and hydraulic conductivity data were recorded
after attaining both chemical equilibrium with the soil and a steady state
condition for water percolation. Because each determination lasted only
5-7 days, it was possible to collect all reported data on the same set of
packed soils, thus avoiding critical packing variations in comparing various
treatments. Measurements were carried out using solutions which had the
composition of sea water* (0-61 N) and its dilutions at 5, 25, and 100
times. Hydraulic conductivities were then determined successively for
solutions of MgCl-2, CaCl2, and NaCl at concentration levels of 0-61 N,
0-12 N, and 0-012 N, respectively. Later, the same soil pads were
employed in experiments involving alternate equilibrations with sea water
and distilled water. This is an important test of the changes in physical
conditions of these soils as excess salts are removed from their highly
sodium-saturated forms, and is consequently a necessary verification to
requirement (b) as stated in the Introduction.
* Synthesized to include Na+, Mg++, Ca++, K + , Cl~, S04~-, and HCO~3
ions using values reported by Svedrup, Johnson, and Fleming (I960).
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RESULTS AND DISCUSSION

(a) Effects of Solution Concentration and Composition
Hydraulic conductivities for the various horizons are presented in
Figures 1-4 as a function of electrolyte concentration in applied solutions. A
logarithmic scale is used for salt concentration to allow detailed presentations at low concentrations. Water applications were in the order: (1)
sea water, (2) its progressive dilutions, then (3) the high and low concentrations of MgCl-2, CaClo, and NaCl. Hydraulic conductivities when reduced
at low concentrations did not rebound to their original values upon applying the higher concentrations of the salts that followed. This lack of full
reversibility indicates that direct effects of clay swelling play only minor
roles in causing resistance to water flow in these soils. It is also likely that
time-dependent factors (such as microbial activities and the mechanical
action of percolating solutions on the exterior of soil granules) are partially
responsible for continuing reductions in hydraulic conductivities observed
as experiments progressed.
Figures (2), (3), and (4) show that all subsoils, although they have
clay textures, are highly resistant to salt and sodium hazards as employed
in these experiments. The increases in hydraulic conductivities of M» and
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Fig. 2.—The effect of electrolyte concentration and solution composition on
hydraulic conductivities of M„ and K2 soil samples.

M3 samples upon initial applications of sea water and MgCl2 may be due
to gradual dissolution of C02 present in soil pores rather than to solution
dilutions. Other than viscosity changes which would continue with further
dilutions, a true increase in hydraulic conductivity with increasing dilution
of percolating solutions is hard to explain in view of findings by previous
workers. However, it may be postulated that the higher ability of concentrated salt solutions to displace hydrogen and/or hydroxy-aluminum ions
from positions they occupy on the exchange complex of a natural latosol
may produce structures which are comparatively less stable than that of a
natural soil. Weakening of the cementing or flocculating role of the iron
oxides, abundant in these soils, can also cause structural breakdown
(Koenigs, 1961), and subsequent decrease in hydraulic conductivity. Iron
oxides and hydroxides are nearly uncharged or even may carry weak
positive charges at near neutral pH values. If anions of surrounding electrolytes are chemically adsorbed at their surfaces, a reversal of charge is
likely to occur giving rise to negative charges which increase in magnitude
with increasing electrolyte concentration. The bonds between the oxides and
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the negatively charged clays would then be weakened with resulting
aggregate breakdown. The findings by Thomas (1960) and others that
ferruginous salt free soils were capable of chemically adsorbing chloride
ions, support this statement.
Surface samples, except for the sodium saturated forms, also show little
response to changes in solution concentrations (figure 1). Significant reductions in their hydraulic conductivities resulted only on lowering the NaCl
concentration in percolating solutions to 0-012 N. Due to similarities in
the mineralogical compositions of various soil horizons, these reductions are
probably due to higher contents of organic matter in the surface than in
the subsurface horizons. Peptization or denaturization of the sodium forms
of organic matter at low electrolyte concentration can cause the loss of its
binding power and subsequent disintegration of soil granules. Higher levels
of microbiological activities in surface horizons could also cause direct
resistance to water flow reflected by reductions in hydraulic conductivities.
Reductions observed here are similar but not identical to those reported
previously on other types of soils. At 0-012 N concentration of NaCl, Quirk
and Schofield (1955) reported essentially 100% decrease in the permei
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ability of a Sawyers I soil, a silty loam with abundance of micaceous and
kaolinitic clays. Recalculation of McNeal and Coleman's data (1966) on
Pachappa sandy loam and Waukena clay loam, both rich in mica and
montmorillonite, show hydraulic conductivity reductions of almost 90%
and 100% respectively. While flow essentially ceases in those soils, the low
values observed in the Latosol and Andosol surface samples were 2-85
cm/hr and 0-879 cm/hr, respectively. Leaching requirement involved in
irrigation regimes with salt tolerant crops could be adequately satisfied
with such percolation rates.
(b) Effects of Alternate Sea Water and Distilled Water Applications
Experiments were devised to simulate those conditions in a régime of
saline water irrigation where unexpected rainfall or needed applications of
fresh water may interrupt the irrigation cycle. A soil in chemical equilibrium
with sea water (SAR = 58 and predicted ESP = 46)** is expected to
** Calculated according to the definitions of the U.S. Salinity Laboratory
(1954).

Staff

387

WATER QUALITY FOR IRRIGATION

become impermeable upon removal of excess electrolyte. Table (1) shows
that neither the Latosol nor the Andosol follows this prediction, although
reductions in hydraulic conductivities are encountered upon equilibration
with distilled water. Because these soils had been continually submerged
for several months before alternate applications were started, the magnitudes
of observed reductions are not likely to be approached in an actual
irrigation régime where the presence of drying cycles would induce
structural improvements (Henderson, 1958). Nevertheless, if the level of
exchangeable sodium in soils equilibrated with sea water is near the
predicted value of 4 6 % , both soils appear to withstand consequences of
much higher exchangeable sodium percentages than the commonly proposed threshold value of 15%, even in the absence of soluble salts.
TABLE 1
EQUILIBRIUM HYDRAULIC CONDUCTIVITIES OF VARIOUS MOLOKAI AND KAWAIHAE HORIZONS
UNDER ALTERNATE APPLICATIONS OF SEA WATER AND DISTILLED WATER

Hydrau ic Conductivity, cm/hr

M,
Ma
M3
K,
K8
K3
K4

Sea
Water
Application
(1)

Dist.
Water
Application
(1)

Sea
Water
Application
(2)

Dist.
Water
Application
(2)

Sea
Water
Application
(3)

3-46
5-39
7-61
1-24
1-93
2-02
0-404

1-45
1-70
2-77
0-523
0-792
0-817
0-336

2-72
3 05
3-14
0-812
1-56
1-36
0-322

1-17
1-34
1-28
0-489
0-651
0-993
0-263

2 03
3-51
4-46
0-764
1-49
1-71
0-270

The high resistance of these soils to saline and sodic conditions is due
to the virtual absence of swelling clay minerals, the abundance of free
iron oxides, and their highly developed structural characteristics.
CONCLUSIONS

The results suggest that standards of water quality needed to guide the
irrigation of Low Humic Latosols and tropical Andosols, may be relaxed.
Presently permissible limits of salinity and sodium in irrigation water can
be raised, as appreciably hazardous physical conditions are not likely to
occur. In areas where these soils are widespread, water shortages call for
the expansion of available sources of irrigation water for their effective
development. Additional investigations are now in progress which are
intended to produce a new system of water classification based on the
various factors that affect irrigation practices on these soils.
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SUMMARY

Relatively high levels of salinity and high proportions of sodium in
irrigation waters may be tolerated if the soil (a) allows sufficient downward movement of the large water applications necessary to prevent salt
accumulation, and (b) resists detrimental peptization. A tropical Red Earth
and an Andosol were tested, for these conditions using hydraulic conductivity measurements on beds of surface and subsurface aggregates. Experiments were conducted employing solutions of sea water composition and
homoionic solutions of MgCLj, CaCl>, and NaCl. Electrolyte concentration
in applied waters ranged from a high of 0-61 N to a low of 0-012 N in
homoionic solutions and to 0 006 N for sea water. Subsurface soils
maintained very high and essentially unchanged conductivities under all
applications. Surface samples had significant, but not deleterious, reductions
for the Na-forms when NaCl concentration was lowered to 0-012 N.
Under these conditions (at which many temperate zone soils are practically
impermeable), low values of 2-85 and 0-875 cm/hr were obtained for
surface Tropical Red Earths and Andosols. respectively. Alternate applications of sea and distilled water caused slight structural changes even though
the distilled water removed all soluble salts from highly sodium-saturated
soils. Results suggest that it may be possible to increase the permissible
limits of salinity and sodium in irrigation water for such soils. This finding
has important implications in that these soils are widespread in tropical
regions where additional sources of irrigation water are generally needed
for effective development.
RÉSUMÉ

Des niveaux relativement élevés de salinité et des proportions élevées
de sodium dans les eaux d'irrigation peuvent être tolérés pourvu que Ie
sol: a/ permette un écoulement suffisant des grandes quantités d'eau
nécessaires pour empêcher l'accumulation de sel, et b / résiste a la
peptisation nuisible. Une terre rouge tropicale et un andosol furent examines
a eet égard, en mesurant la conductivité hydraulique sur les couches
d'agrégats de surface et du sous-sol supérieur. Des experiences ont été
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faites avec 1'emploi de solutions composées d'eau de mer et de solutions
homo-ioniques de MgCl>, CaCl< et NaCI. La concentration électrolytique
dans les eaux en question variait entre un maximum de 0,61 TV et un
minimum de 0,012 TV dans les solutions homo-ioniques et de 0,006 TV
dans 1'eau de mer. Les sous-sols supérieurs ont maintenu une conductivité
tres élevée et essentiellement inchangée dans tous les essais. Les échantillons
de surface ont montré des reductions significatives. mais non délétères, dans
les formes Na quand la concentration de NaCl fut réduite a 0,012 N. Dans
ces conditions (lorsque beaucoup de sols des zones tempérées sont presque
imperméables) les valeurs basses de 2,85 et 0,875 cm/heure furent
obtenues respectivement dans les cas de terres rouges tropicales et
d'andosols. En employant alternativement 1'eau de mer et 1'eau distillée
de légers changements structurels se sont produits, bien que 1'eau distillée
ait enlevé tous les sels solubles des sols fortement saturés de sodium. Les
résultats suggèrent qu'il serait peut-être possible d'augmenter les limites
permises de salinité et de sodium dans 1'eau d'irrigation pour ces sols. Cette
découverte a des implications importantes du fait que ces sols sont tres
répandus dans les regions tropicales oü des sources supplémentaires d'eau
d'irrigation sont en general nécessaires pour un développement effectif.
ZUSAMMENFASSUNG

Ein verhaltnismassig hoher Salzgehalt und grosse Natrium-proportionen im Irrigationswasser können unter Umstanden toleriert werden,
vorausgesetzt dass der Boden: a/ genügend Abfluss für die grosse Wasseranwendung bietet, die notwendig ist, urn Salzansammlungen vorzubeugen,
und b / schadlicher Peptisierung widersteht. Eine tropische Roterde und
ein Andosol wurden für diese Bedingungen geprüft, und zwar mittels
Messungen der hydraulishen Leitungsfahigkeit auf Schichten der Oberflachen- und Unterbodenaggregate. Versuche wurden durchgeführt wobei
man Meerwasserlösungen und homoionische Lösungen von MgCl,, CaCl2
und NaCl gebrauchte. Die elektrolytische Konzentration im angewandten
Wasser nahm von 0,61 N bis 0-012 N in homoionischer Lösung und bis
0 006 TV für Meerwasser ab. Unterbodenproben behielten eine sehr hohe
und im wesentlichen unveranderte Leitungsfahigkeit bei allen Versuchen.
Oberflachenproben hatten bedeutende, aber nicht nachteilige, Reduktionen
in TVa-Formen. wenn die NaCl Konzentration zu 0-012 TV geschwacht war.
Unter diesen Umstanden (in welchen viele Boden der gemassigten Zonen
praktisch undurchliissig sind) wurden niedrige Werte erreicht, welche 2-85
cm/Stunde für die tropischen Roterden und 0-875 cm/Stunde für Andosol
betrugen. Abwechselnde Anwendung von Meerwasser und destilliertem
Wasser hatte leichte strukturelle Veranderungen zur Folge, obwohl das
destillierte Wasser alle löslichen Salze aus dem stark natriumgesattigten
Boden entfernte. Resultate zeigen, dass es eventuell möglich sein wird, den
zulassigen Prozentsatz von Salz und Natrium zu erhöhen. Diese Feststellung
ist von grosser Bedeutung, da solche Boden in tropischen Gebieten sehr
verbreitet sind und wo im allgemeinen Zuschusswassermengen für die
Irrigation notwendig sind, um eine wirksame Entwicklung zu erzielen.

QUALITY OF IRRIGATION WATER
J. S. KANWAR AND B. S. KANWAR

Indian Council of Agricultural Research, New Delhi and
Punjab Agriculture University, Ludhiana

The majority of the sub-soil waters in arid and semi-arid areas contain
salts in such amounts or proportions that are considered unsuitable by
conventional criteria of quality of irrigation water. Instances are also not
lacking when water containing high amounts of salts have been used
successfully (Durand 1955. Kanwar and Manchanda 1962). This raises
some serious questions about the criteria of judging the quality of water.
Kanwar (1961) suggested that when determining the quality of irrigation water, besides the chemical composition of the water, the nature and
properties of soils, the crop to be grown, and climatic condition should also
be taken into consideration. He suggested a triangular diagram for determining the quality of water (Figure 1).
The present studies concern the effect of irrigation water containing
different amounts of salts and sodium adsorption ratios (SAR) as judged
by the changes in the soil and effect on the yield of crops grown in
succession. The effect of waters containing different amounts of residual
sodium carbonate (RSC) and different cations is also discussed.
I. MATERIALS AND METHODS

A pot experiment was conducted using 16 types of waters with 4
salinity levels (7-5, 22-5, 50 and 200 m-equiv. salts/litre) and four
sodium adsorption ratios (SAR 4, 8, 16 and 26). The four salinity levels
approximated to EC of 0-75. 2-25, 5 and 20 m.mho/cm at 25°C which
may be designated as C>, C:i, C4 and C-, respectively in accordance with
the standards used by U.S. Salinity Laboratory Staff (1954). The experiment was laid out in a randomised block design with four replicates in
pots for free drainage. Each pot contained 45 lb of soil. Two crops of
maize fodder and one crop of wheat were taken in succession during 1961
and 1962. Basal doses of NPK were applied to all the crops. The amount
of irrigation water applied to the 1st, 2nd and 3rd crop was 22, 34 and
34 inches respectively. The oven dry weight of the first two crops and grain
weight of wheat were recorded. The soil samples from 0-5" were taken after
the harvest of each crop, and analysed for exchangeable cations, pH, EC
and soluble salts. The dispersion coefficient and hydraulic conductivity of
the soil were also determined after wheat.
II. EXPERIMENTAL RESULTS

(a) Effect on Crop Yield
The mean yields obtained in both the soils show that with all three
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crops the yield decreased as the salinity level increased (Table 1). In
the first crop of maize, a C-, level of salinity (200 m-equiv./l) decreased
the yield of maize crop below 50 per cent. Therefore Cr, was too high a
level of salt concentration for the maize crop. Rise of SAR decreased the
yield and Si was significantly better than the other treatments but there
were no significant differences between SL., S3 and SA.
$4/

S3

Ci

VC5

fC2

vCJ

f«

S

/ II

J

MÊÊË-

7c4

ACI

Ui

\

\
V1

S4,

CLAY

,Ci
,C25

IV
S2

/CIS;'::; ^CftB
SANDY/ LOAM \
C? h:

\CJ 5 \
\ , , . ,,\C2

-Top"

i&m

\SAND

c%

SALINITY HAZARD CLASSES OF IRRIGATION WAT5R
LOW
Cl 0-250
C2 250-750
Moderate
micromhos/cm at 25°C
CJ 750-2250
Medium to High
High
C4 2250-5000
C5 5000-20000
\tr\j High
SODIUM HAZARD CLASSES OF IRRIGATION WATE-R
Low
SI
Moderate
S2
High
S5
Very High
S4
J

Water unsuitable for irrigation burboses.

J

Water suitable for irrigation burboses even for sensitive crobs.

HI Water suitable for irrigation burboses for tolerant crobs
d

Water suitable for irrigation burboses for semi-tolerant crobs

Fig. I.—Triangular diagram for determining the suitability of irrigation
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TABLE I
EFFECT OF SALT CONCENTRATION AND SAR OF THE IRRIGATION WATER ON THE YIELD OF CROPS

Sodium adsorption ratio

40

S,

8-0

S, = 160

•V,

260

Yield of various crops grown in succession (g/pot)
Mean

Salt concentration

Yield
index

First Crop, Maize

C

C

>
r

-

•<

4
X
2
8
3

32-8
34-2
34-4
100
27-8

35 0
33 9
32 9
11 • 9

100
97
94
34
34

53 6
31 4
14 •8
33 •3

Second Crop, Maize
48' 8
47-8
24 9
26-2
4 2
110
26 0
28-3

47-2
24-6
31
250

49 •4
26 •8
8 •3

100
55
17

35 8
36 1
35 • 9
35 •9

Third Crop, Wheat
360
34 1
33 0
34-5
32 9
34-5
33 3
350

C2 = 7-5 m-equiv./l
C, = 22-5 m-equiv./l
c, = 50 0 m-equiv./l
c5 = 200 m-equiv./l
Mean

37
.14
34
12
29

C2

c.
Mean
C,
C,

c.
Mean

7
8
5
5
8

350
31 -9
30-7
131
27-7

34
34
32
11
28

34-7
34-1
33-7
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98
97

c
-r.

s
s
5
z

>
-

394

J . S. KANWAR AND B. S. KANWAR

In the second crop of maize, plants failed to germinate at C-, level of
salinity, whereas with the other salt levels the yield varied in the order
C, > Cu > C, and the differences between different levels of salinity were
significant. At C:i and C4 level of salinity, the yield was 55 and 17% of
that at Cj showing thereby that even C s salt level was harmful. The cause
of depression in yield of maize under C 3 and C4 treatments in the second
crop as compared with the first crop is due to the accumulative effect of
salts under these treatments. The failure of the second crop of maize to
germinate under C-, treatment is partly due to high salinity of the soil produced by this treatment and partly due to high salinity of the water itself.
Kearney and Scofield (1936) observed that corn is a most sensitive crop
and may not produce a satisfactory growth even on slightly saline soil.
In the case of the third crop, wheat, the seeds failed to germinate under
treatment Q-, indicating that the level of salinity was too high for wheat.
With other treatments, though the yield decreased as salt concentration
increased, significant depression in yield was produced only by C4 treatment. Another interesting feature was that in the second crop of maize, C:{
treatment decreased the yield more than the C> treatment but in the case
of wheat the difference between C> and C 3 was not significant due to higher
tolerance to salinity of wheat than maize. This is in accord with the findings
of workers of the U.S. Salinity Laboratory Staff (1954).
(b) Effect on Soil
From Table 2, it may be seen that the increase of salt concentration in
irrigation water increased the EC of soil. It increased further with the
increase in SAR of the water. Thus after 90 inches of irrigation and three
crops, the EC of saturation extract of soil rose from 0-54 to 9-37 in
the treatment C4 S4. The increase in EC of saturation extract of soil is in
conformity with the result of Thorne and Thorne (1954), Longnecker
and Lyerly (1959). Jacobs et al. (1961). who observed a highly significant
correlation between the electrical conductivity of irrigation water and
electrical conductivity of soil.
The increase of EC of water lowered the pH of the saturation paste of
the soil but increase of SAR raised it. A similar trend was noticed in
the exchangeable Na percentage (ESP) of the soil which under S, treatment
decreased with the increase of salinity but under S2, S:i and S4 increased.
The increase of SAR had a marked effect on ESP of the soil, which showed
average values of 17-8, 32-6, 41-4 and 45-9% under S,, S2, S3 and S4
treatments respectively after the wheat crop and explains the rise of pH.
The decrease of pH of the saturation soil paste with increase of EC was
also observed by Boumans and Hulsbos (1960).
The increase of pH and exchangeable Na of the soil under treatments
with waters of greater salinity and SAR is due to replacement of Ca + Mg
with Na from the irrigation water. Hilmy and Elgabaly (1954) and U.S.
Salinity Laboratory Staff (1954) also observed an increase in the adsorption of Na by soils with the increase of salt concentration in water. The
results are also in agreement with the findings of Antipov-Karataev et al.
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TABLE 2
EFFECTS O F VARIATION O F EC A N D SAR ON T H E SOIL

SAR of water

s,

Si

st

EC of saturation extract of soil

c2
c,
ct
Mean

c,
c3
c4
Mean

After 2nd crop, maize (EC x 10
1-5
1-36
1-34
4-37
4-39
414
5-43
6-27
611
401
3-66
3-77
After 3rd crop, wheat
1-90
1 -75
1-50
3-90
3-30
3-69
7-80
6-66
8-56
4-40
5-15
3-92

Mean

8 31
7-89
7-38
7-86

C2
C3
C4
Mean

7-99
7-48
7-26
7-58

C2

c3
c4

c,
c,
c4

pH of soil
After 2nd crop, maize
8-28
8-41
8 04
815
7-46
7-60
7-93
805
After 3rd crop, wheat
8 06
8 09
7-68
7-75
7-39
7-55
7-71
7-60
Exchangeable Na (%)
After 2nd crop, maize
26-8
30-5
29 1
37-6
32-6
44 1
29-6
37-4
After 3rd crop, wheat
29-8
330
32-7
42-6
35-3
48-5
32-6
41-4

Mean

19-7
15-6
14-6
16 6

C2
C3
C4
Mean

21-5
161
15-8
17-8

C,

Dispersion coefficient of soil
After 3rd crop, wheat
60-9
65-2
73 0
63-9
68-8
49-6
360
42-2
24-5
45 0
550
61 -4

c3
c4
Mean

( .
C,

c4
Mean

Hydraulic conductivity (cm/hr)
After 3rd crop, wheat
1-73
1-42
0-983
2-72
1-47
0-422
316
1-21
0-279
2-54
1-37
0-561

Mean

1-77
5-34
6-89
4-63

1 49
4-53
618

2-27
5-72
9-37
5-72

1-93
4-63
805

—
Mean

8-33
8-23
7-70
809

8-33
8-07
7-54

808
7-89
7-54
7-64

8 06
7-70
7-43

33-2
41 -1
47-7
40-7
35-7
46-3
55-6
45-9

"

—
Mean
27-6
30-9
34-8

—
30 0
34-4
38-8

—
Mean

780
750
52-5
68-5

69-3
64-3
38-9

—
Mean

0-559
0-280
0-233
0-357

1-17
I 22
1-22
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(1939) and Kanwar et al. (1963). who reported a linear relationship
between ESP and pH. The increase of SAR in irrigation water decreased
the hydraulic conductivity and increased the dispersion coefficient of the
soil as is evident from the data obtained after the wheat crop (Table 2).
This is a natural corollary of increase of exchangeable Na by the increase
of SAR of water. Quirk and Davidson (1959) also observed a marked
reduction in the permeability of soil with an increase of Na on the exchange
complex. Puri (1949) and Chang and Dregne (1955) observed an increase in dispersion ratio of soils with increasing levels of ESP.
A significant adverse effect of the interaction between salts and SAR
in decreasing the yield of the second crop of maize fodder was observed
in treatments C, S3 and C4 S4. Agarwal and Yadav (1956) also observed
a similar effect. This could have been modified as was suggested by
Bernstein and Pearson (1958), if the physical conditions of the soil, such
as the hydraulic conductivity and the dispersion coefficient, were not
allowed to deteriorate.
(c) Effect of residual sodium carbonate (RSC) on crop and soil
One of the widely used methods of classifying water is that of Wilcox
et al. (1954). It is based on the concept of residual sodium carbonate
(RSC) introduced by Eaton (1950) in which RSC = (Ca + Mg) - (CO.,
+ HCO.<). In this concept C0 : i and HCO* are rated equally harmful. Likewise Ca and Mg are rated equally effective which does not seem to be
borne out by experience. Agarwal et al. (1956) reported that prolonged use
of well water in U.P. has not been as damaging as one would imagine from
the calculated RSC. Kanwar (1961) reported that in Gurgaon district,
irrigation waters containing high amount of RSC were being used successfully without any deleterious effect. Evidently, these results are contrary
to expectation. Very few critical studies on the evaluation of this concept
have been reported in the literature.
To determine the effect of RSC in irrigation water, an experiment was
conducted using two maize and one wheat crop in succession. The total
salinity of the water was kept constant at 12 m-equiv./l in all the treatments. The RSC values of water were made 0 0 . 1-25. 2-5 and 5-0
m-equiv./l by adding suitable amounts of salts.
The data (Table 3) show that at the same salt concentration and RSC
of the irrigation water, the EC. the soluble Na percentage (SSP) and ESP
of the soil were higher with waters containing CO.t than those containing
HCO.t ions as the source of RSC. The water with 5-0 m-equiv. of RSC
as bicarbonate produced almost the same ESP in soil as the one with 1 -25
m-equiv. of RSC as carbonate. These results clearly show that the concept
of RSC as advanced by Wilcox et al. (1954) is not, without other considerations, a suitable index for determining the quality of irrigation water.
Firstly, the safe limit of RSC proposed is meaningless unless the safe limit
of EC is also considered since water with zero residual sodium carbonate
proved harmful. Secondly, at the same level of salinity and RSC of water,
CO.-, ions are more harmful than HCO:i ions.

TABLE 3
EFFECTS ON THE SOIL OF RSC DERIVED FROM CO,

Composition of irrigation water
Na
m-equiv./l

Ca + Mg
m-equiv./l

SSP

Soil treated
with bicarbonate
water

00
1-25
2-50
50

6-36
6-36
6-36
6-36

5-44
5-44
5-44
5-44

530
530
530
530

Soil treated
with carbonate
water

00
1-25
2-50

11-30
11-30
11-30

0-50
0-50
0-50

—

Soil treated
with distilled
water

HC03

O

c>

Effect of irrigation water on soil

RSC
m-equiv./l

Source of
RSC

OR

Mean ESP

Mean EC
m. mhos/cm

Mean hydraulic
conductivity
(cm/hr)

34-5
390
46-2
59 1

6-70
5-77
4-59
4-20

0-490
0-359
0-277
0124

97-2
97-2
97-2

49-0
59-4
62-8

12-25
1000
8-80

0-111
0 089
0 084

—

18-3

0-56

613

r

—
•<
c
-

%
-

->
c
z
-

>
-—

•c

-~1
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(d) Effect of different cat ionic composition of water
The concept of SAR is based on the beneficial effect of Ca and the
detrimental effect of Na on the soil but in this concept the effect of Mg is
considered equally beneficial as Ca and this is doubted by many workers.
K is ignored though there is also controversy about its effect. An experiment
was conducted with a loam soil to test the effectiveness of different cations.
Irrigation waters with EC of about 5-0 m.mhos/cm were made by
adding appropriate amounts of salts. The composition of the waters is
given in Table 4.
TABLE 4
COMPOSITION OF IRRIGATION WATERS

Irrigation water

Ca

Vfl

Mg
m-equiv • 1

K

3 09

2-34

1 -7

0-2

1-52

2-34

1 -7

0 2

0-46

1-7

0-2

32-46

500

0-2

0-46

50-0

1-52

A.

Control

B.

Ca dominant

C.

Na dominant

3 09

D.

Mg dominant

3 09

E.

K

dominant

500

3 09

500
2-34
2-34

1 -7

SAR

Soil was irrigated with 120 acre-inches of the waters mentioned above.
Forty irrigations of 3 inches each were applied, thereafter two wheat
crops were grown. Soil data after the crop and the yield of wheat are
given in Table 5. It is apparent that after the soil had been treated with
120 acre-inches of water containing a different dominant cation, the yields
of wheat, which is considered a salt tolerant crop, varied in the order
Ca > Na > Mg > K. The adverse effect of cations on yield could be
partly due to their detrimental effect on the soil and partly due to imbalance
of nutrients. Soil analyses revealed that the EC, pH, exch. Na and dispersion
coefficient of soil were the highest and hydraulic conductivity was the lowest
in the case of Na treatment. K treatment closely followed Na, whereas Mg was
slightly better than Na and K but not as good as Ca. These results show that
as the effect of Mg is different from that of Ca, the value which is assigned
to Mg in SAR may not be useful for practical purposes. The results
obtained by Chadda (1967) corroborate these observations. He has calculated the value of 0-80 for Mg. The effect of K is also not easy to
appreciate and there is a case for its proper evaluation as was observed
by Heiman (1958). Probably the ratios of K/Ca, K/Na may also be
important as is evident from some unpublished data by the authors. Thus
from practical considerations, the SAR concept has many limitations.
Handa (1964) has rightly pointed out that the classification system
particularly the SAR concept proposed by the U.S. Salinity Staff needs
modification.

•c
•z
>
-

TABLE 5
ACCUMULATIVE EFFECTS OF WATER ON SOIL AND WHEAT CROP

Treatment
Control
Ca dominants
Na dominants
Mg dominants
K dominants

Yield of
wheat
g/pot
17-69
1610
13-73
12-53
1206

Yield
expressed
as %age of
control

Electrical
conductivity
of soil
EC x 103

PH

100
90
76
69
67

2-30
8-50
11-70
7-46
1808

7-63
7-40
8-08
7-58
7-85

]Exchangeable cations
percentage composition
Mg
K
Ca
Na

"

%

/o

/o

72-2
75-0
660
53-2
48-9

1-69
1-48
7-88
1-24
1-32

12-9
11-2
13-7
280
3-4

3-8
4-9
3-6
4-6
32-5

Hydraulic
conductivity

Dispersion
coefficient

><
0

—
oS
->

3

0-50
0-79
001
0-67
012

5-3
51
6-3
4-7
5-5

0

7.

>
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III.

DISCUSSION

According to the standards proposed by U.S. Salinity Laboratory Staff
(1954) the irrigation water with EC greater than 2-25 m.mhos/cm corresponding to 22-5 m-equiv./l of salts is considered unfit even for salt tolerant
crops on soils of good drainage. The EC of 0-75 m.mhos/cm is considered
as a safe limit for growing crops of medium salt tolerance on soils of good
drainage. In the present study a 50 percent reduction in the yield of the
first crop of maize occurred only by the application of 22 inches of irrigation water containing 200 m-equiv./l salts (EC = 20 m.mhos/cm). The
salt concentration of 50 m-equiv./l did not produce any significant reduction
in yield in the first crop, but in the second crop of maize which exhibited
the accumulative effect of 56 inches of water it reduced the yield by about
50 per cent. These differences cannot be explained on the basis of EC alone
of the water as this was equal in the two cases, but in addition the EC
of the saturation extract of the soil must be taken into consideration as this
had changed from 0-54 m.mhos/cm in the beginning of the first maize
crop to 6-18 m.mhos/cm at the end of the second maize crop and fully
explains the reduction in yield. It follows that the effect of irrigation water
with a given salt concentration alters with the change in salt concentration
of the soil. Thus the EC alone of the water cannot be used as criteria for
the determination of quality of water; rather it has to be interpreted in
relation to the EC of the soil. The irrigation water with the same salinity
will behave differently in soil of different salinity levels. Moreover, it is
the accumulative effect of the salt both in the soil and the irrigation water,
which will determine the effect of water on the crop. In this experiment, it
was also observed that after two crops of maize when the third crop,
wheat, was grown in the same soil with the same irrigation water, the
yield of wheat grain was not reduced by 50 per cent though the salinity
level of the soil rose to 8-05 m.mhos/cm under this treatment. This shows
that wheat is more tolerant to salt than maize and irrigation water which
is unsafe for maize, is quite safe for wheat. However, if irrigation with the
same water were continued even the wheat would have been affected. These
results indicate that when judging the quality of water, the nature of the soil
and the crop to be irrigated must be taken into consideration. The triangular diagram suggested by Kanwar (1961) appears to be a more
useful guide than the consideration of EC and the SAR of the irrigation
water alone.
Another factor which modifies the effect of irrigation waters of the
same EC and comparable SAR is the nature of cations present in water.
The effect of Mg is not the same as of Ca; and likewise K is not identical
with Na in its effect on soil and crop, as is evident from the data in Table 5.
There is also evidence that the effect is modified by the cationic ratio
(Heiman 1958).
The residual sodium carbonate standard (RSC) as prescribed by
Wilcox et al. (1954) also does not hold good as the effect of water with the
same RSC will depend on the EC of the water and nature of ions whether
£ 0 8 or HCOs from which the RSC is derived. Thus it can be concluded
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that besides the EC, SAR, RSC and even nature of RSC, the nature of salt
contributing to EC of water is also an important factor for judging the
quality of water. The nature of soil, and its pH, salinity and alkali level
along with the nature of crop will determine how a particular water will
behave under given conditions. These observations support the view of
Kelley (1963) who concluded that owing to multiplicity of the factors
involved, fixed rules concerning permissible salinity of irrigation water cannot be laid down. Thus from practical considerations, the objective of
quality rating of water is fulfilled if advice could be given to the farmer on
the basis of complete chemical analysis of the water, type of soil and the
nature of the crops. Assuming that the water quality and the soil can be
modified only within a limited range, greater choice lies in the proper
selection of crop, together with soil and water management practices. Thus
for practical purposes due attention needs to be given to the interaction of
soil, water and crop in assessing the quality of water.
IV.
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SUMMARY

The effects of irrigation water containing four levels of salts (7-5,
22-5, 50-0 and 100 m-equiv./l) and four sodium adsorption ratios (4, 8,
16, 26) on the soil and crops were studied. In all, 90 acre-inches of water
were applied and two crops of maize and one of wheat were grown in
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succession. In a second experiment the effects of various levels of residual
sodium carbonate ( 0 - 1 . 1-25. 2-50 and 5 0 m-equiv./l) on the soil and
crops were studied. In another experiment the effects of different compositions of cations in the irrigation water were investigated.
It was observed that the yields of all crops decreased as the salt concentration of water increased. Even the germination of the second crop of
maize and third crop, wheat, could not occur under the treatment of 200
m-equiv./l of salts. A reduction in yield of 50% in the second crop of
maize occurred with a treatment of 50 m-equiv./l of salts. The effect of
increase of SAR of water on the crop yield was not so marked but the
combined effect of EC and SAR was quite marked. Evidence has been
presented that the concept of residual sodium carbonate is meaningless
unless the source of RSC whether carbonate or bicarbonate is taken into
consideration. It is further concluded that besides the EC, SAR and RSC
of water, its ionic composition is also important. Moreover, it is the nature
of the soil and the accumulative effect of a given water on the soil which
will determine its effect on the crops. From practical consideration a case
has been made for the use of triangular diagram methods involving the
consideration of soil, water and plant in determining the quality of water
for irrigation purposes.
RÉSUMÉ

On a étudié sur sol et culture 1'effet d'eau d'irrigation contenant 4
niveaux de sels (7,5; 22.5; 50.0 et 100 me/l) et 4 rapports d'adsorption
de sodium (4. 8, 16, 26). Un total de 90"/h d'eau a été applique, et 2
récoltes de maïs et une de blé ont été cultivées en suite. Dans une seconde
experience, on a étudié sur sol et culture l'effet des niveaux divers du
carbonate de soude résiduelle (R.S.C.) (0.1; 1.25; 2,50 et 5,0 me/l). Une
troisième experience a permis ['investigation de la composition différente
des cations de 1'eau d'irrigation.
On a observe que les rendements de toutes les récoltes ont diminué a
mesure que la concentration du sel dans 1'eau a augmenté. Un traitement
de 200 me/l de sels a même rendu impossible la vegetation d'une 2ème
culture de maïs et d'une 3ème culture de blé. Un traitement de 50 me/l de
sel a reduit de 50% les rendement de la 2ème culture de maïs. L'effet de
1'augmentation du SAR de 1'eau sur Ie rendement n'était pas si prononcé,
mais l'effet de EC et SAR ensemble était prononcé. On voudrait démontrer
que Ie concept du carbonate de soude résiduelle est sans signification a moins
que la source du RSC, soit carbonate ou bicarbonate, soit aussi considérée.
On déduit aussi que, outre les EC. SAR et RSC de 1'eau, sa composition
ionique est aussi importante. De plus, c'est Ie caractère du sol, et l'effet
cumulatif d'une eau donnée sur Ie sol qui déterminera son effet sur les
cultures. D'après une consideration pratique, on voudrait encourager
rutilisation de methodes utilisant Ie diagramme triangulaire, ce qui implique
la consideration de sol, eau et plante. pour determiner la qualité d'eau a
utiliser pour 1'irrigation.
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ZUSAMMENFASSUNG

Die Auswirkung von Irrigationswasser, welches vier verschiedene Salzmengen (7-5, 22-5, 50-0 und 100 me/lt) und vier Natrium-AdsorptionsVerhaltnisse (SAR) (4, 8, 16, 26) enthalt, wurde auf Boden und Anbau
untersucht. lm Ganzen wurden 90 acre Inch. (101332 It) Wasser verwendet und zwei Maisernten und eine Weizenernte hintereinander angebaut.
Bei einem zweiten Versuch wurde die Wirkung von verschiedenen Stufen
von residuellem Natrium-Karbonat (R.S.C.) 0 1 , 1-25, 2-50 und 5-0
me/Liter auf den Boden und die Ernte untersucht.
Ein anderer Versuch untersuchte die Wirkung verschiedener KationenZusammenstellungen des Irrigationswassers.
Es wurde festgestellt, dass sich der Ertrag aller Ernten bei Zunahme
der Salzkonzentration des Wassers verminderte. Sogar die Keimung des
zweiten Mais- und des dritten Weizenanbaues, konnte bei einer Behandlung
mit 200 me Salz/Liter nicht eintreten. Eine Abnahme von 50 Prozent im
Ertrag der zweiten Maisernte trat bei der Behandlung mit 50 me Salz/Liter
ein. Die Wirkung von zunehmender SAR des Wassers auf die Ernteartrage
war nicht so ausgepragt wie die kombinierte Wirkung von EC und SAR.
Es wurde bewiesen, dass der Begriff von residuellem Natrium-Karbonat
(RSC) bedeutungslos ist, ausser in dem Falie, wenn der Ursprung von
RSC entweder Karbonate oder Bikarbonate, in Betracht gezogen wird.
Weiterhin wurde gefolgert, dass ausser dem EC, S.A.R. und R.S.C. des
Wassers, auch seine ionische Zusammensetzung wichtig ist. Ausserdem
bestimmt die Bodenart und die akkumulative Wirkung des verwendeten
Wassers auf den Boden den Einfluss auf die Ernten. Infolge praktischer
Erwagungen wurde vorgeschlagen, dreieckige Diagramm-Methoden zu
benutzen, welche die Berücksichtigung von Boden, Wasser und Pflanze bei
der Bestimmung der Qualitat des Irrigationswassers umfassen.

THE PROBLEM OF MAKING WASTE WATER SAFE
AND ITS USE IN IRRIGATING LIGHT CHESTNUT
SOILS IN THE POVOLZHYE AREA
V.

F.

SHUBIN

Volgograd Agricultural Institute,
I.

U.S.S.R.

INTRODUCTION

The treatment of waste water from chemical plants and other industrial
enterprises and its rational use in irrigating agricultural fields are exceptionally important problems of our time. There are several practical advantages in solving the problem, among which the two of particular interest
are:
(1) The prevention from poisoning natural water by the toxic waste
water, and
(2) Waste water can be rationally used to increase the yield of valuable
farm crops.
Cleaning waste water by means of field irrigation is the most economic and
effective method. In the zone of Middle and Lower Volga in the U.S.S.R.
there may be irrigated with such water an area of about 500.000 ha.
The Volzhsk Industrial Complex, where this problem is being investigated, puts out about 120,000 m:1 of water per day:
(1) Sewage water
(2) Conditionally clean water
(3) Chemically contaminated water

55,000 m3
55.000 m:i
10.000 nr'

The annual total amount of waste water is 45-50.000,000 nr'. In the near
future the debit of such water will amount to 250.000 m* per day or
about 100.000.000 m:! annually.
(a) Brief Characteristics of the Waste Waters
Sewage water of the Volzhsk Industrial Complex does not differ
greatly from that of other towns and industrial centers. It has a weakly
alkaline reaction (pH 7-2) and comparatively low salt concentration
(approximately 400-430 mg/1), bicarbonates and sulphates prevailing. The
ratio of Ca-+ : Na+ is about 1 0 . The fertiliser content of the sewage
is not high: N - 35-40, P.O:, = 10-15, K = 6-7 mg/1. According to the
irrigation coefficient sewage is considered worthwhile (Table 1).
Conditionally clean water is that water which does not participate in the
technological processes of chemical enterprises. It is alkaline or neutral in
reaction (pH 7-4) and has a relatively low concentration of mineral and
405
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TABLE 1
CHEMICAL COMPOSITION OF THE WASTE WATER OF THE VOLZHSK
INDUSTRIAL COMPLEX (mg/l)

Dry residuum
Tempered residuum
C02~3 + HC03~

a-

so2i+,

Ca

Na+

+ Mg"

+

K
Total N
P2Ob

CR02
Irrigation
Coefficient

Sewage
water

Conditionally
cleaned water

400
300
825
70
100
60
65
10
30
2-4
185

575
460
140
1 10
160
65
85
5

30-3
good

18-6
good

15
nil
20

Mixed water
after cleaning

3650
1100
300
115
600
45
285
10
17
65
325
113
la i r

Mixed
water from
biological
ponds
1450
970
260
130
2X5
60
190
10
14
10
118
12-7
fair

organic compounds (400-600 mg/l), with bicarbonates, chlorides and sulphates. The fertiliser content is negligible: about 20 mg/l nitrogen, 3-5 mg/l
K and no P2Os. The quantity of soluble Na salts is 80-95 mg/l. The ratio
of Ca-+ : Na+ is more than 1 -0. This water is quite eligible for irrigation
(Table 1).
Chemically contaminated water is waste from such plants as synthetic
rubber, organic synthesis, synthetic fibre, technical rubber articles, thermoelectric power stations, and other enterprises. They contain high concentrations of organic and mineral complexes and are not suitable for irrigation
even after biological cleaning. To eliminate toxicity these waters should be
diluted with conditionally clean and sewage water, which have had
mechanical and biological cleaning, in the ratio 1 : 4, 1 : 6. Experiments
on irrigating farm crops, fruit trees and shrubs, show that the best results
are obtained from irrigation with chemically contaminated water which
has been mixed with treated conditionally clean and sewage waters. Such
mixed water produces higher yields than conditionally clean water or even
normal water from the Volga.
The dry residuum of the waste water contains about 50% complex
organic compounds, the nature and toxicity of which have not yet been
completely studied. The permissible concentration of organic matter is
fixed by the chemical requirement of oxygen (CR 02) which is about
150-200 mg/l. This water also contains an increased concentration of the
microelements Co. Mn. Zn, Mo and Cu.
Suitability of waste water for irrigation (Irrigation Coefficient) can be
characterised according to Stebler's Coefficient:
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Irrigation Coefficient
>18
18-6
6-1-2
<l-2

Quality of irrigation water
good
satisfactory
unsatisfactory
bad

This is based on the total salt concentration and the equivalent ratio of
sodium to calcium. On light chestnut, medium and silty clay soils this
ratio must not be more than 2 : 1 . Estimation of water quality used for
irrigation of chestnut soils is based on the degree of their mineralization
(Table 2).
TABLE 2
GRADATION OF QUALITY VALUE OF WASTE WATER

Mineralization
Soils
Clay loamy
Loamy
Light loamy
Sandy loam
Sandy
II.

g/1

M-equiv/l

10
15
2-0
3 0
40

15
20
30
40
50

Equivalent
correlation
Na:(Ca + Mg)
2
2-5
3
3-5
4

1
1
1
1
1

\a

M-equiv/l
10
15
30
25
25

EXPERIMENTAL MODEL AREA

The area of the experimental plot proper is 100 hectares. The soils are
clay loams, light chestnut with an alkaline-saline complex; solonetzes of
various depths make up 20-40% of the territory. These are underlain at
1 m by Khvalyn "chocolate" clay with a thickness of 0-8-2-0 m.
Mechanical composition of this clay is very fine, 80% less than 0-01 mm.
The residue from a water extract is about 0 - 9 % . The filtration coefficient,
which is 8-9 cm/day, is determined by pumping from wells. Field water
capacity is 40-50%, and the amount of water not available for plants is
17-24%. The upper horizons of bedrock in the irrigation zone are
derivatives of the chocolate clays. They are comparatively good filters of
irrigation water, especially in places of block disintegration, and as a
result good irrigation causes demineralization of the soil profile.
The upper soil horizons (0-50 cm) contain 0-2-0-5% water-soluble
salts. This increases in the mid-profile (50-100 cm) to 0-7-1 - 0 % . Abrupt
isolation of the salt horizon with water-soluble salts 1 -5-3-0% begins at a
depth of 1 m from the soil surface. The isolation depth of the salt horizon
in light chestnut soils is at 120-180 cm, in solonetzes 100-120 cm.
Reduction of water-soluble salts (1-2-1-5%) begins at 2 m and
deeper; chlorides but mostly sulphates predominate with a low bicarbonate
concentration. The quantity of alkaline cations in the upper horizons is
two times more than the quantity of alkali-ground ones. The quantity of
adsorbed sodium in the 0-20 cm layer is 21-34% as far as absorption
capacity is concerned.
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The fields and experimental plots under irrigation are in the Priscaspian
lowland where the bench marks are +20, +30 m. This area (0-10 m thick)
is formed by the Khvalyn sea sediments of the Khazar age. The latter lie
on the rocks of the Apsheron layer. The ground water in the irrigation area
spreads continuously in the Khazar alluvial sediments which are at a depth
from 10 to 20 m or more. Sands and sandy loams form the main reservoir.
The average water-bearing thickness is 32-40 m. The area under irrigation
is drained well. Deep bedding, low mineralization and good runoff of
ground waters into the rivers Volga and Akhtuba as well as the presence
of weakly salined soil grounds make it possible to use the main area
without expensive melioration and draining arrangements.
The experimental plot is a model of huge tracts of land (11,000 ha).
It has two pumping stations. There is also a biological pond (60,000 m:t)
for irrigation water of any desirable composition and a distributing canal
(D-l) with hydrotechnical constructions for releasing water from the
reservoir onto plots of check irrigation. There is also a temporal irrigation
canal which distributes water from the hydrants of a pumping station to a
plot (30 hectares) of a new irrigation technique.
Further, there is a plot (50 ha) at the experimental field where
irrigation is carried out by planned checks. The size of each check is 10 ha.
In addition, there are laboratory and field experiments. The purpose of
these is to study the effects of water of various composition on growth,
development, yield and quality of yield of farm crops. There is also a
lysimetric pavilion at the experimental field. The latter is of great importance where filtration and cleaning capacity of the main soil types is studied.
The experimental results (1964-66) showed that there was no increase,
but a reduction in salinization and solonetzization of soil on the checks
under the influence of irrigation with waste water. There was a displacement of salts into the deeper horizons of the soil profile.
The flooding method was used to irrigate the checks (5), the rate
being 3.000-6,000 m :i /ha. It was found that carbonates and sodium
chlorides were washed out more intensively than calcium sulphates, in
fact the content of the latter increased. For example check No. 3 was
irrigated only once, in July 1965, at 3,000 m :! /ha. In the 0-50 cm layer
alkalinity, chloride, and sodium were reduced 62%, 69%, and 32%
respectively. On the other hand, there was an increase of 24% in calcium
and sulphates. Total reduction of salts was 10-5%. Gradual desolonetzization occurred in connection with desalinization since exchangeable
sodium content depends upon total concentration of soil solution and on
the ratio of Na+ and Ca+ +.
III. T H E MAIN AREA UNDER IRRIGATION

The main area to be irrigated consists of 11,000 ha, divided into 20
crop rotation plots, each of them occupying an area of 550 ha. There are
8 fields in each crop rotation. Checks having the size of 10 ha each are
irrigated separately. Check levelling is done so that the difference between
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maximum and minimum levels of a check surface is no more than 30 cm.
This gives a mean depth of 15 cm water. All the crop rotated plots, fields
and checks have rectangular forms; for each plot in a crop rotation there
is a separate distributing canal into which the waste water is run. The main
steel pipe line is 1.000 mm in diameter. Pumping stations No. 16 and 17
are responsible for feeding the pipe line, the former being main. There are
3 control tanks (60,000 m:i each) with concrete wet slopes. The use of
these tanks is organized as follows: one of them is a filter, the other is
under analyses, and the last is for irrigation. If the water analysed is unsuitable for irrigation, it is fed into an evaporator. The water from the
main steel pipe line is transported onto the irrigation fields by open earth
canals which can pass 0-7 m :i /sec of water. Irrigation canals have two kinds
of water outlet, with a crossing and partition. Water transfer from one
canal into another canal and from a canal onto a check is done with pipes
having a carrying capacity of 0-7 nr ! /sec. Open canals have board type
gates with a water transmissivity of 0-7 mVsec. There are 20 water outlets,
i.e. one for each rotation plot.
The scheme has been planned to cope with the continuous flow of waste
water from the industrial plants. Irrigation is possible throughout the year.
The water temperature at the outlets is 18-20°C, there being only 72
days in a year when the average temperature is — 10°C; at this time water
can freeze in the open canals. The waste water at times is stored in a
reservoir (6-8,000.000 m:!) which is near the irrigation area, until such
time as it can be used for irrigation.
IV. PRINCIPLES OF IRRIGATION WITH WASTE WATERS

The irrigation project for the Northern Pricaspian semi-desert is based
on the flooding of large checks (10 ha). There is no draining arrangement
or collector network. The irrigation area is a peneplain, the annual amount
of precipitation being 250-280 mm and the evaporation from an exposed
water surface 900-1.000 mm. Such conditions make two methods of
irrigation possible:
(1) sprinkling and (2) flooding.
Because of sanitary requirements it is not possible to sprinkler irrigate
with waste water. Furthermore sprinkling is not effective enough to make
salt leaching possible. Another disadvantage is that owing to high evaporation losses salt tends to accumulate on the soil surface even at irrigation
rates of 300-400 m :! /hect. In addition, sprinkler irrigation is low-productive
and unprofitable.
On the other hand, the method of flooding large checks is most
economic in construction and easily operated. One man can irrigate 5060 ha per working shift with an application, depending on field ability and
size of irrigation stream, of 1,800-2,500 m:1/ha. It makes salt leaching in
a soil profile possible and the large volumes of irrigating water can improve
the microclimate. The cost of labour and irrigation equipment is noticeably lower.
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The original plan allowed for one irrigation at a rate of 4,000 nr/ha.
This meant that there would be no danger of waste water with its toxic
compounds coming in contact with the ground waters, and polluting the
Volga and Akhtuba. However, because of the low penetration rate of the
chocolate clays a single application of 4,000 m :t /ha was not feasible. It was
found that technically and agronomically it was better to divide the
irrigation rate of 4,000 m :! /ha into 2-3 portions, i.e. one irrigation before
autumn or spring sowing (rate 1,500-2,000 m :i /ha) and one or two
irrigations during vegetation (rate 1,000-1,500 m : ! /ha).
However, irrigation by check flooding has not proved itself to be the
most effective way of influencing the water-physical properties of soil and
' i getting maximum yields of farm crops. The most effective way is strip
Hooding: a check is divided into several strips by means of ridges passable
to farm machines, each strip being 20 m wide and 400-500 m long. Due
to ice formation late-autumn and winter irrigation is the most effective for
leaching salts. It has been found that a lowering of the salt horizon 1 -52 • 5 m can be effected.
The choice of suitable crops and varieties is important. They should
be most resistant to high salinity. Experiments carried out in 1964-1967
show that the highest yields are produced by winter wheat, particularly
the unlodging varieties with short and durable straw (Awnless No. 1
selected by acad. Lukyanenco). Winter wheat sown with irrigation develops
in autumn, forms a thick root system and shades the soil well. As a result,
minimum evapotranspiration from the soil surface occurs and there is no
surface salinization.
In 1967 the average yields of winter wheat "Awnless No. 1" were as
follows:
35 centners/ha from plots which were irrigated twice, i.e. before sowing
and during vegetation;
24 centners/ha from plots which were irrigated once, i.e. before sowing;
6-0 centners/ha from plots which were not irrigated.
The major part should be sown with perennial grasses for grass meal.
The thick grass cover prevents secondary salinization, and irrigation with
waste water produces high yields. Hybrid alfalfa produces 3 cuttings, the
total amount of hay being 140-150 centners/ha. Experimental results
suggest that it is undesirable to sow alfalfa and other grasses under the
cover of other crops, in particular under winter wheat, or barley.
Yields of fodder and cereal crops which have been harvested from
plots irrigated with waste water were subject to detailed biochemical
analyses. The products were fed to experimental animals: guinea pigs,
rabbits, hens, sheep, and dairy cows. There was no toxicity in the products.
The choice of crops cultivated under irrigation with waste water should
be more varied than under irrigation with normal waters. Early spring
(i.e. fodder, industrial and food) crops of close row sowing, which
develop strongly and produce good soil cover, should be preferred. The
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sowing of late warm season crops (corn, sorghum) in wide row-spacings
is not recommended. In early growth stage, these crops develop slowly,
ind the intensive evaporation from the bare soil surface enhances soil
salinization. Also, it is not desirable to irrigate row crops by furrow
rrigation, since local concentration of salt occurs on the furrow tops. OilDroducing sunflowers yield well too. This early broad-leaved crop makes
*ood shade for the soil and prevents salinization.
The pioneer crop for light chestnut soils with close bedding of chocolate
mpermeable clay is rice. Flooding is used to cultivate this valuable crop
which yields 50-60 centners/ha. It supplies a large amount of 02 to the
ivaste water and upper soil horizons which quickly destroys organic
substances and encourages useful microorganisms. Irrigation plots for rice
should be used for only 1-2 years and then other crops should be sown.
After early maturing crops have been harvested it is necessary to use
iummer seedings to produce green fodder, silage, hay, and green manure,
rhis makes it possible to keep irrigation fields under vegetative cover for
ong periods.
In order to use the waste water throughout the whole year it is
•ecommended to turn some fields into commercial orchards and vineyards.
Io prevent secondary salinization, row spacings in orchards should not be
cept as clean fallow but should be seeded with perennial grasses and green
nanure crops. Also, it is desirable to plough straw and other crop residues
nto the soil to improve drainage. This helps to prevent the danger of
vater stagnation after check flooding and reduces evaporation losses.
It is important to maintain the surface of the plots in good condition
iince unevenness causes increased evaporation. Correct organization of
ield irrigation will help to effectively utilize all waste water from towns
ind industrial centres. It will help to reduce, and later to stop contamination
)f natural water resources by toxic waste.
SUMMARY

1. The experimental results confirm that it is advisable to develop
ipecial irrigation fields on which to apply waste waters of industrial enterprises and towns.
2. Purifying the waste water by means of field irrigation is the cheapest
ind most effective method. Waste waters not only become nontoxic, but
ire useful for irrigation and fertility.
3. Irrigation with waste waters after biological purifying, allows inten>ive cultivation of valuable food, fodder, oil-producing, fibre, fruit, and
obacco crops. Also, it is possible to grow forest-park plantings applying
rrigation throughout the year.
4. All waste waters can be used with caution for field irrigation. For
his purpose, they should be free of toxicity and mixed with sewage and
conditionally cleaned waters. There would be no danger of contamination
ind poisoning of rivers, lakes, ponds and other natural water resources.
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5. It is necessary to conduct more research upon the effects of waste
waters on soil, plant, animal and man.
6. The experiments should be integrated. Soil scientists, agromeliorative
engineers, agronomists, physiologists, microbiologists, hydrobiologists, toxicologists and sanitary inspectors ought to collaborate.
7. The problem of cleaning and using waste waters is not only of
regional interest but of international concern.
RÉSUMÉ

Les résultats d'expériences confirment que Ie développement de champs
d'irrigation particuliers est a conseiller pour 1'apport des eaux usées des
entreprises industrielles et des villes.
La purification de 1'eau usée au moyen de l'irrigation au champ est a
la fois la methode la plus économique et la plus efficace. Les eaux usées
deviennent non seulement non toxiques, mais elles ne présentent pas de
problèmes de non-humectation, et servent d'engrais.
L'irrigation a eaux usées après une purification biologique permet la
culture intense d'aliments, de fourrages, de plantes oléagineuses, de fibres,
de fruits et de tabacs précieux. Il est également possible de cultiver des
plantations forestières en appliquant l'irrigation pendant toute 1'année.
Toutes les eaux usées sont utilisables avec prudence par l'irrigation au
champ. Avant Futilisation, elles devraient être libérées de toxicité et
•Tiélangées avec des eaux fécales et eaux nettoyées. Il n'y aurait pas de
danger de contamination et d'empoisonement de rivières, lacs, étangs et
autres réserves naturelles d'eaux.
Il faut maintenant entreprendre des recherches ultérieures sur les effets
de ces eaux sur sols, plantes, animaux et hommes. Ces experiences devraient
être intégrées. Pédologues, ingénieurs agricoles, agronomes, physiologues.
étudiants de micro-biologie, d'hydro-biologie, de toxicologie, et inspecteurs
d'hygiène, tous devraient collaborer.
Le problème du nettoyage et de Futilisation des eaux usées est d'importance non seulement régionale mais internationale.
ZUSAMMENFASSUNG

Die Versuchsergebnisse bestatigen, dass es ratsam ist, besondere Bewasserungsfelder zu entwickeln, zu denen die Abwasser von Industrieunternehmungen und Stadten geleitet werden können.
Reinigung des Abwassers durch Feldirrigation ist die billigste und
wirksamste Methode. Ölfreie Abwasser werden ungiftig, bieten keine
Problème der Unbefeuchtbarkeit und haben einen brauchbaren Düngungseffekt.
Die Bewasserung mit Abflusswasser nach der biologischen Reinigung
erlaubt intensive Kultivierung für wertvolle Nahrungs-, Futter-, ölproduzierende, Faser-, Obst- und Tabakanpflanzungen. Es ist ebenso möglich, Wald-
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und Parkpflanzungen anzulegen mit einer Bewasserung das ganze Jahr
hindurch.
Alle Abwasser können mit Vorsicht für Feldirrigation benutzt werden.
Zu diesem Zwecke sollten sie frei von Toxiditat und mit Fakalien und
konditionell geeigneten Wassern vermischt sein. Es würde keine Gefahr der
Verunreinigung und Vergiftung von Flüssen, Seen. Teichen und anderer
natürlicher Wasservorkommen bestehen.
Es ist notwendig. mehr Forschungsarbeit über die Wirkung von Abwiissern an Boden, Pflanze. Tier und Mensch durchzuführen.
An den Experimenten sollten Bodenwissenschaftler, agromeliorative
Ingenieure, Agronomen, Physiologen, Mikrobiologen. Hydrobiologen.
Toxikologen und Sanitarinspektoren zusammenarbeiten.
Das Problem der Reinigung und Nutzbarmachung von Abwassern ist
nicht nur von regionalem Interesse, sondern eine internationale Verantwortung.

SOIL AND SALINITY FACTORS IN IRRIGATION
AND DRAINAGE OF MALLEE LANDS
F. P E N M A N

CSIRO, 314 Albert Street, East Melbourne, Victoria 3002, Australia
In south-eastern Australia there is a considerable expanse of Mallee
land, in New South Wales, Victoria and South Australia. This occurrence
is shown on the map of Soils of Australia in the brochure for the 9th
International Congress of Soil Science as "Solonized brown soils". This
amounts to 81,000 square miles or one quarter of the area of south-eastern
Australia south of latitude 32° (Northcote 1956).
A minor proportion of this land is irrigated, chiefly close to the River
Murray. Included are Australia's oldest irrigation settlements at Mildura
and Renmark, together with many irrigation areas developed later. This
means that irrigation experience over periods up to almost 80 years is
available.
Production from these irrigated areas is important in the Australian
economy. This belt, with its low rainfall (10" to 13" annually) and high
evaporation (60" annually from a free water surface), is the chief producer of Australian dried vine fruits—sultanas, currants, lexias—together
with grapes for wine, brandy and fresh fruit, high quality citrus fruits of all
kinds, a variety of other fruits and nuts and a wide range of vegetables.
Some of the irrigated land is used for pasture and lucerne for animal
production.
The irrigated lands consist essentially of sand dunes with heavier soils
up to clay texture in the surface at the lowest levels of the swales and
plains, and with soils of intermediate texture on the flanks.
SOILS

Mallee soils, other than those of the River Murray flats and terraces,
cover a wide range of texture and show horizons of visible lime accumulation. They become heavier with depth and are typically alkaline—pH
values up to 10 and above are common in subsoils. At depth, soluble salts
in virgin soils may range to more than 0-5% of the soil. Water-soluble
boron in significant concentration occurs in Mallee profiles (Penman and
McAlpin 1949).
Texture
Clay contents of surface Mallee soils range from 3 % to more than
40% and in the subsoils to about 5 5 % . The clay minerals are illite and
kaolin in the ratio 70:30 (K. Norrish, quoted by Northcote, 1951).
The silt fraction is only minor in typical Mallee soils, while fine sand
content is usually greater than coarse sand.
415
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Calcium Carbonate
Calcium carbonate, together with varying proportions of magnesium
carbonate, occur in Mallee profiles as roundish concretions or rubble, as
cemented stony pan material and as soft lime. Often a high proportion of
the soft lime can be readily dispersed to particles of clay size. Thus Prescott
and Piper (1932) found the situation shown in Table 1 for two soils of
the South Australian Mallee. They also found that calcium carbonate in
TABLE 1
CALCIUM CARBONATE IN CLAY FRACTIONS AT VARIOUS DEPTHS

Pinnaroo

Roseworthy
i

10-18"

30-36"

12-20"

24-30"

Calcium carbonate per cent in fine earth

24-8

5-2

8-6

23-3

Percentage of above CaC03
fraction

47

in clay
73

50

85

the fine earth of a wide selection of Mallee soils ranged up to greater than
50% in both soils and subsoils, with median values around 6 to 9%. When
limestone rubble occurs in a horizon it may constitute 4 5 % or more of the
field soil sample. Although soft lime may be largely of clay size, field
texture determinations and presumably other soil behaviour appear to be
determined largely by the non-calcareous mineral portion of the clay
fraction (Northcote 1951).
Water Relations
A selection from the data of Penman, Skene and Walters (1937) is
given in Table 2, which shows that a 4 " irrigation should suffice for
similar soils if watering times are suitably spaced.
TABLE 2
MOISTURE PROPERTIES OF MALLEE SOILS

Tatchera Sand
F.C.

W.P.

0- 6"

15-3

91

0-36"

16-2

10-5

U.M.R.

3-3

Tatchera Sandy Loam
F.C.

W.P.

19-9

10-3

22-5

14-2

U.M.R.

4-8

Woorinen Loam
F.C.

W.P.

23'2

101

25 0

16-9

U.M.R.

4-7

F.C.
= Field Capacity.
W.P.
= Wilting Point.
U.M.R. = Useful moisture range, inches.

For deep Winkie sand, Marshall (1945) found field capacities of only
5-2% at 18" depth and 5-6% at 36". For wilting points in three South
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Australian sandy loams, Tisdall (1939) found 3-5, 4-6 and 6-8% for
successive one-foot depths from the surface.
Infiltration rates for light South Australian soils were examined by
Stirk (1949). Soils which had not been irrigated at all were compared
with adjacent soils cultivated and irrigated for about 25 years. A condensation from the data is given in Table 3, together with findings for
Coomealla and Merbein by S. F. Bridley (personal communication). All
TABLE 3
MINIMUM INFILTRATION CAPACITIES OF MALLEE SOILS

Non-irrigated
inch/hr

Irrigated
inch/hr

14-2

17-6

Sandy Loams (four types)

8-6

5-6

Coomealla Loams (two types)

3-8

South Australia Sands (four types)

Merbein Sand

18-2

170

Sandy Loams (two types)

10-9

2-7

these infiltrations are uncorrected for the lateral spread of water in the soil
beyond the limits appropriate to the ring infiltrometer used. It appears
that infiltration is little affected by irrigation practice on sands, but on
heavier soils there may be notable diminution, although green manuring
every second year is general.
Soluble Salts
In virgin Mallee soils, there is usually a considerable increase in soluble
salts in the B sub-horizon of main lime accumulation, as compared with
overlying soil. As pointed out by Northcote (1951), the main zone of
soluble salt concentration may coincide with the advent of the less
permeable horizons. In other virgin profiles, soluble salt concentrations
increase or are maintained with increasing depth to 10 feet (Skene 1951).
When total soluble salts are more than 0-30% of soil, sodium chloride
constitutes about two-thirds of the total with lower proportions at lower
total salt contents. All unirrigated profiles examined at Robinvale and
Walpeup contained soluble carbonate below 12" and virtually all had
appreciable contents of soluble sulphate (Skene 1951, Newell 1961).
Water-soluble boron is present in many Mallee soils in amounts
significant for the growth of irrigated crops. In virgin soils at Robinvale,
water-soluble boron content is usually about 0-5 to 1-0 p.p.m. in horizons
down to 12" from the surface, but rises to 6 p.p.m. in deeper horizons of
light soils and to 20 or more p.p.m. in those of heavier types. The rise
with increasing depth is gradual until the B-lime sub-horizon is reached,
is
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where there may be an abrupt rise, continuing then at the higher levels at
greater depths.
IRRIGATION

Waterlogging and Salinity
Enough has been said to indicate that the irrigator of Mallee land is
far from dealing with deep uniform soils such as loess or certain kinds of
alluvium. Many irrigators have had to face the problem of surface flow of
water from the high points of their farms over light soils to intermediate
types and then to heavy land. This is a consequence of the dune and swale
topography and the catenal distributions of soil types in the landscapes.
The change from the well-drained systems of the more elevated sites to
the danger spots of the lower slopes frequently occurs over short distances
(Churchward 1960). These danger spots are of course those associated
with the development of waterlogging and salt concentrations damaging to
plants. Great difficulty has been experienced with surface irrigation in
avoiding excessive water intake on the higher lands with high infiltration
rates, and insufficient intake on the lower heavier land. Re-distribution
of underground water, general elevation of water-tables, and movement of
salts towards the soil surface converted many Mallee irrigation settlements
within a few years to reclamation projects in which waterlogging and
secondary salinization were the overriding problems.
In the Mildura Settlement, troubles of this kind developed within 10
years. Badly salted areas there contained up to 2-9% total soluble salts
in the surface soil (Penman et al. 1940).
The problem of over-watering of light lands led naturally to the
adoption of sprinkler irrigation for the more sandy types in more recent
settlements. Sprinkler irrigation is easy to control and is adaptable to
uneven topography. With an efficient sprinkler set-up and normal variations
in direction of wind, much more uniform water distribution may be
achieved than under the furrow system, with notable benefit when soil
salinity is in evidence. Changing from an inefficient furrow system to a
sprinkler system has given 500% increase in citrus fruit yield (Spurling
1962) and has shown considerable effect on salinity as judged by analysis
of citrus leaves.
Especially since 1956, higher salinities in Murray River water have
caused concern to irrigators, particularly those using sprinklers. This is
because of toxic effects of salts from evaporation of irrigation droplets
directly on plant leaves, especially with low application rates for water in
conditions of strong sunshine. Trouble from this source has been found in
South Australia by Spurling (1962) when irrigation water contains 290
p.p.m. of total dissolved solids.
Irrigation Routine
Irrigation required on the soils used for citrus is about 3 " per watering.
Till (1965) has found that citrus at Berri loses water at one-third of the
rate found in a black pan evaporimeter. This implies ihat in midsummer,
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citrus will need 3 " of water about every 3 weeks, in winter about every 10
weeks, totalling 10 or more irrigations per annum.
For vines, the broad requirements in irrigation in the eastern Mallee
were established by Penman, Skene and Walters (1937). Individual
waterings from 3 i " to 4 " were found desirable, the lower figure being for
Tatchera sand and the higher for various sandy loams, loams, and clay
loams. Durations of individual waterings for specified flows in furrows
were established for the main soil types. It was found that the heavier soils
needed water at intervals of about three weeks in mid-summer, whereas
the lighter types might go to four weeks.
Irrigation Improvement
In addition to the use of sprinklers on the higher land there still
remains the need for more efficient practice on furrow-irrigated land. As
against the requirement of a 3 " watering for citrus. Spurling (1952) found
that average applications by furrow up to 10"-12" on light soils with poor
irrigation design were common.
For communities requiring about a 4 " watering, amounts pumped may
even now correspond to anything up to 9". The implications are that much
redesign of irrigation systems on individual farms is needed, including use
of shorter irrigation runs and greater flows in furrows. That it is possible
to irrigate light lands efficiently by furrows was shown by Lyon and
Pennefather (1946), but initial flow and soakage flow has to be adjusted
carefully.
Large savings of water, and reduction of over-loading of drainage
systems, could be achieved at the two first spring irrigations if a substantial
role could be found for rolling to compact the soil (Bridley, Taylor and
Webber 1965) to replace in part the heavy irrigations given to vines at
this time. Usually vines are in little need of extra water then, but the
settlements are irrigated in accordance with an industry recommendation
to protect the newly emerging vine shoots from frost. This is done by
taking advantage of the increased thermal conductivity and heat capacity
of irrigated land (which is also compacted by irrigation) as compared with
land which is merely cultivated.
Soil Changes Under Irrigation
In the absence of waterlogging, marked changes in soils due to
irrigation are the loss of soluble salts from the root zone by leaching and
and increase in pH throughout the profile associated with this, although
exchangeable sodium may be decreased. Marshall and Hooper (1935)
found that for the 5' to 6' depth of soil, 47 profiles from irrigated land
averaged 0-024% sodium chloride compared with 0-146% for 27 profiles
from un-irrigated land. Thomas (1939) found that passage of 34' of
applied water reduced exchangeable sodium at depth 3' to 4' from 0-100%
to 0-018%; at 4'-5' from 0-162% to 0-076%. Increases in pH up to
about 1 unit after a period of irrigation are commonly found (Marshall
and Walkley 1937, Thomas 1939).
Settlements irrigated for many years without adequate drainage gave
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opportunity for re-distribution towards the soil surface of soluble salts and
boron following partial waterlogging. Crops reflected these effects. A survey
by Sauer (1958) revealed that 94 Sunraysia sites out of 270 carried
sultana leaves with more than 0-6% of chloride ion in dry matter. Of
these sites 44 had leaves with more than 300 p.p.m. of boron in dry matter.
These figures are thresholds above which toxicity symptoms may be
manifested. Very low yields of fruit are associated with severe toxicity
(Woodhaml956).
Culciimi Carbonate
Lime is known to be mobile under irrigation (Botkin and Shires 1939).
Prescott and Piper (1932) stated that the relatively high proportion of
exchangeable sodium in Mallee soils appears to contribute to the ease of
dispersion of calcium carbonate. The data given by Thomas (1939) for
four areas at Merbein irrigated for six years show average reductions in
calcium carbonate content in the top foot of soil from 15-0% to 13-3%
in the fine earth. In several parts of the Sunraysia region, outlet pipes
conveying drainage water from agricultural tile systems set at about 5'
depth to main drains have been blocked with considerable accumulations
of material consisting largely of calcium carbonate with some magnesium
carbonate. These findings lend support to the idea of mobility of calcium
carbonate under irrigation in these soils.
Metallic Nutrition of Irrigated Crops
Common deficiencies of irrigated Mallee crops are in iron and zinc.
Foliage sprays of zinc compounds to citrus are standard practice in Mallee
areas to control what would otherwise be widespread zinc deficiency in the
form of "mottle leaf". For vines and some deciduous tree fruits, zinc
deficiency in the form of "little leaf" is common, controllable in vines by
zinc applications to the plant.
As would be expected from the generally high pH of soils, application
of zinc to the soil is not effective. The soils to a depth of 15" contain about
40 p.p.m. of zinc (Alexander and Woodham 1964) so that it seems clear
that soil conditions may engender very low availability of this zinc.
High-alkalinity chlorosis occurs in somewhat patchy distribution in
most of the irrigated fruit crops of the Mallee. This "lime-induced"
chlorosis is amenable to treatment by application of chelated iron,
EDDHA*, to the soil (Biggs 1960). Lack of available iron at the usually
high pH values of soils appears to be the main problem involved. There
is no lack of total iron in the soils. Free ferric oxide alone ranges in various
horizons from 0-50 to 1-77% (Northcote 1951).
DRAINAGE

Drainage is required to maintain soil aeration and salinity in the root
zone at levels that can be tolerated by the crops. In undrained areas,
Tisdall (1937) found rises of water-table of as much as 8', more com* EDDHA sodium ferric ethylenediamine-di-hydroxyphenylacetate
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monly 2' to 3' immediately after irrigation, starting from levels 5' to
11' below the surface. Dropping of such elevated water-tables is slow.
Thomas (1939) showed that the rate of recession of water-table was very
much faster in drained land. His data show also that, as a mean of five
experiments on land tile-drained at 3'6" to 5'6" and given single heavy
irrigations, chloride ion in sections above drain level was reduced from
0-143% in the soil to 0-065%.
In normal practice, much longer times are required for desired reduction in water-soluble constituents. After 20 years of leaching, drainage
waters still contain about 100 p.p.m. of chloride ion and 2 p.p.m. of boron
(Penman 1966) at the time of their peak flows. The settlements continue
to lose chloride, sodium and boron at diminishing rate as the years of
drainage increase.
For Sunraysia areas drained about 1934, P. Malloch (personal communication) estimated sultana yields for five years ended 1935 at 22-6 cwt
per acre; for five years ended 1940 at 28 • 8 cwt.
Apart from drainage at Waikerie into shafts put into hydraulic
contact with deep limestone horizons by bores about 100' deep, and a
few cases of drainage by pumping from deep bores, agricultural tile pipe
drains have been employed for artificial under-drainage. Lyon and Tisdall
(1942) specified depths and spacings for tile drains for Mallee soils, based
on consideration of the various soil profiles. Recently, such findings have
been checked when desirable by determinations of soil permeability by
the auger-hole method which allows estimation of depth and spacing for a
specified rate of recession of water-table.
Overloading of drains, especially in spring, is a hazard in furrow irrigation, when furrows follow the same course as underlying tile drains
between rows of plants. This is because of the "trench effect" of the soil
excavation needed for laying the tiles. Avoidance of furrowing directly
over drains is the best way of minimizing this effect.
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SUMMARY

With dune and swale topography and catenal sequences from very light
soils on ridges to heavy soils on flats, Mallee soils under irrigation are
specially subject to problems of waterlogging and salinity. Minor problems
associated with the saline-sodic soils are depressed availability of zinc and
iron to plants and the presence of potentially toxic concentrations of watersoluble boron.
Artificial under-drainage, mostly by agricultural tile, has alleviated the
major problems of excess soil water and toxic salinity and also that of
boron toxicity. Removal of water-soluble boron by leaching these soils is
however a slow process. Zinc deficiency in such crops as citrus and vines
is controlled by application of zinc compounds to the plants. High-alkalinity
chlorosis due to iron deficiency is best controlled by application to the
soil of a particular type of chelated iron.
There is still much scope for improvement in irrigation practice to
minimize overloading of drainage systems. Necessary steps include separate
handling of light land, preferably by sprinkler irrigation. Where furrow
irrigation is still preferred on such land, restriction of length of irrigation
run and use of larger flows is indicated. Especially for the first two
irrigations in the spring, running of watering furrows directly above
drainage trenches should be avoided.
RÉSUMÉ

Dans le cas d'une topographie a dunes et a bas-fonds, et d'une succession caténaire qui va des sols légers des crêtes aux sols lourds des
depressions plates, les sols de Mallee soulèvent des problèmes de sous-sol
aqueux et de salinité dès que 1'on essaye de les irriguer. Un rapport
insuflisant de zinc et de fer aux plantes ainsi que la presence de concentrations potentiellement toxiques de bore hydrosoluble sont des problèmes
secondaires lies a 1'existence de sols salins et sodiques.
Un système artificiel d'écoulement souterrain des eaux, le plus souvent
au moyen de "carreoux agricoles", a allege les problèmes majeurs:
quantités excessives d'eau dans le sol, salinité toxique et toxicité du bore.
Toutefois, 1'évacuation du bore hydrosoluble par la lixiviation de ces sols
est un processus lent. L'insuffisance de zinc dans des cultures telles que les
agrumes et la vigne peut se compenser par 1'application aux plantes de
composes de zinc. La chlorose a 1'alcalinité élevée, provoquee par
1'insuflïsance du fer, se compense au mieux par 1'application au sol d'un
genre particulier de fer chelate.
Il reste beaucoup a accomplir dans le domaine de 1'irrigation pour
restreindre au minimum le surchargement des systèmes d'écoulement des
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eaux. Parmi les mesures qui s'imposent. figure Ie traitement séparé des sols
légers, préférablement au moyen d'arrosage. La oü 1'irrigation a sillons est
encore préférée pour ce genre de terres, il est recommandé de réduire la
longueur d'écoulement tout en augmentant les quantités d'eau utilisées.
L'utilisation de sillons d'irrigation directement au-dessus des conduites
d ecoulement des eaux est a éviter, surtout au cours des deux operations
d'irrigation auxquelles on se livre au printemps.
ZUSAMMENFASSUNG

Versumpfungsprobleme und Salzhaltigkeit spielen eine grosse Rolle in
bewasserten Mallee Boden, dort wo Dünen und Talmulden die Topographie
bestimmen und catenate Folgen von sehr leichten Boden auf Bergkammen
bis zu schweren Boden in der Ebene erstrecken. Weitere Probleme die in
salz- und sodareichen Boden auftreten sind die kleinen Mengen von Zink
und Eisen die den Pflanzen zur Verfügung stehen und die Anwesenheit
von wasserlöslichem Bor in möglicherweise toxischen Konzentrationen.
Künstliche Untergrund-Entwüsserung, hauptsachlich mittels landwirtschaftlicher Entwasserungsröhren, hat die wesentlichen Probleme des überschüssigen Grundwassers, der toxischen Salzhaltigkeit und auch der Bortgiftigkeit teilweise gelost, aber die Entfernung von wasserlöslichem Bor
durch Auslaugen dieser Boden ist ein sehr langsamer Prozess. Zink-Mangel
in Citrus Pflanzen und Weinreben kann durch Verabreichung von Zinkverbindungen an die Pflanzen ausgeglichen werden. Stark-alkalinische
Chlorose, verursacht durch Eisenmangel, kann am besten durch Anreicherung des Bodens mit einer besonderen Art von Eisenkelat bekampft werden.
Die Irrigationsmethoden könnten noch wesentlich verbessert werden um
die Uberlastung des Entwasserungssystems zu verringern. Einer der notwendigen Schritte zu diesem Zwecke ware die separate Behandlung von
leichtem Boden, am besten durch Sprinkler-Bewasserung. Wo Furchenbewasserung auf solchem Boden bevorzugt wird, ist die Verkürzung des
Bewiisserungsgrabens und Durchfluss grösserer Wassermengen angezeigt.
Bewasserungsgraben sollten nicht direkt über Entwasserungsgraben laufen.
was besonders für die ersten zwei Bewasserungen im Frühjahr gilt.

SOIL FORMATION AND SALT MIGRATION IN
THE MURGAB RIVER DELTA
N. G. MlNASHINA
Dokuchaev Soil Institute, Moscow, USSR
I. SOIL FORMATION

The Murgab river forms a dry delta in the South-Eastern Kara-Kum
desert. The delta began to form at the end of the middle Quaternary and in
the beginning of upper Quaternary. The earliest formation occupies the
largest area. The thickness of alluvium, about 100 m, comprises fine loamy
sands and sands. Later the area of the delta grew smaller and four new
surfaces were created. The total thickness of these recent deposits of the
modern delta exceeds 40 m, their texture is sandy and sandy loam and
they contain clay and loam lenses.
The soil cover during the process of desiccation of the ancient delta
areas developed from a hydromorphic phase to a desert one. Its evolution
in the first phase proceeded in the same manner as in coastal deltas (Egorov
1959). Under the dry delta conditions, however, the hydromorphic soil
formation was frequently interrupted and replaced by a desert process due
to river channel migrations and alterations in the amount of flow.
Ground water recharge is maintained by superficial streams. Depth to
groundwater on flooded areas is less than 3 m; on the periphery of the
desert delta it increases to 10 to 20 m below the soil surface.
Hydromorphic soils are represented by an association of light-textured
"tugai" soil types on levees with meadow and swampy clayey soils in
depressions. At the present time such associations are characteristic of the
youngest terrace.
With the drying of the surface and cessation of flooding not only the
water regime but also the thermal regime changes as well. Soils lose their
moisture, become degraded and are easily wind-blown. The undulating
relief of the delta and the light texture of the soil accelerate this process.
Gallery forests on levees soon die because of water deficiency in the soils;
the vegetation in depressions persists for a longer time owing to the ground
water. Soils in depressions receive more water due to the run off of rain
water from the levees. The latter have sandy wind-blown soils, which bury
the former meadow and swampy soils. The vegetation on the levee dies also.
As the formation of the desert proceeds, the wind-blown soil masses
are involved in new cycles of blowing and redeposition. The truncated dry
horizons of former meadow and swampy soils denuded of sand and having
no protective vegetative cover, are fractured, crumble into pseudosandy
clayey aggregates and are, in their turn, wind-blown.
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TABLE 1

COMPOSITION OF THE SOILS CF MURGAB OASIS

Profile

Depth
cm

Fine sand
and coarse
silt
0-1 to 0 0 1
mm

Fine silt
0 01 to 0 001
mm
%

Clay
:0 001 mm

Humus on
dry soil

Exchange
capacity,
m equiv./
lOOg

Carbonates
% CO,

Total
soluble
salts

z
0

Tugai solonchaks
on levee

Dark meadow
soils in the
depression
between levees

Oasis old irrigated
soil from agricultural

0-17
17-30
30-54
54-110
110-210

91
89
89
92
94

8
7
5
2
4

5
5
7
7
3

1-3
1 -5
0-6
0-3
n. d.

n. d.

0-22
22-32
45-55
85-95
116-126
140-170

62
32
II
18
95
97

17
34
47
46
2
1

21
34
42
37
3
2

1 5
0 8
0-5
0-4
n. d.

130
13-6
181
20-2
n. d.

"

0-23
23-40
40-60

65
66
44

19
19
30

17
16
26

1 -2
0-4
0-5

5-3
6-5
6-8
5-9
5-9

218
2-86
1-45
0-45
010

"

5-2
7-8
9-7
9 8
5-6
5-4

016
0-08
0-26
0-51
011
013

9-7
10-4
9-8

8-2
8-7
9-8

014
011
01S

,,
„
»

z

>
X

X
z
>
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The barren patches of the dry delta were periodically influenced by
river flow. The wind-blown sediments were partly eroded by flood water
from the river and covered by new alluvium. Hydromorphic soil evolution
revived but was terminated with the next dry period. The deltaic deposits
have a clear stratification with locally preserved hydromorphic buried soils,
aeolian sands with takyr crusts and superficial desert formations.
The questions arise: why does not the desert vegetation follow directly
the tugai and meadow vegetation and why does a phase of physical disintegration of dried hydromorphic soils with aeolian processes prove to be
necessary? The only answer may be that the physical properties of alluvium
cannot entirely meet the demands of desert vegetation and the alluvial soils
are unable to resist deflation.
Desert soils (Table 1) have practically no silt fraction as this is blown
off by wind from the alluvial soils. The humus is destroyed and soluble salts
are wind-blown. However, clay still remains in amounts from 1 to 5% of
the sands. The clay fabric, as seen in thin sections, is different in alluvial
soils from that in desert soil. Tn alluvial soils clay usually forms aggregates
and microaggregates which are isotropic or opaque with frequent fine sandy
or silty inclusions. In desert soils, clay is highly dispersed and anisotropic.
In sandy soils it forms films with optical orientation around sand particles
and aggregates. Clayey textured takyr desert soils are characterized by
considerable optically oriented clay accumulations in the form of lumps and
films around pores and aggregates. The same types of clay fabric were
observed in grey-brown desert soils developed on eluvium derived from
crystalline rock on the Tertiary plateaus (Lobova 1960).
Thus, together with decomposition of humus and aeolian removal of
silt and most of the clay, the important alteration of the soil mass is the
subsequent transformation of the clay; its peptization and adsorption by
surfaces of sand particles and aggregates. Chemical analyses of clay and
colloidal fractions disclosed an accumulation of magnesium silicate in
desert soils, probably in the form of palygorskite (attapulgite). The
prevailing mineral of the clay fraction of alluvial sediments remains a
hydromica (of an illitic type), which predominates in the desert soils too.
Thin clay coatings on sand particles favour good water-adsorption from
rainfall and moisture condensation from the air with better retention
against evaporation. At the same time, due to these clay films, a desert
sandy soil acquires an ability to accumulate nutritive elements as well as
becoming more stable. The films of oriented clay on sand particles indicate
the beginning of a new phase of development of desert soils. Coatings help
to consolidate separate particles into a united mass. These links while
extremely weak still contribute to the surface stabilization which is a
necessary condition for amelioration of sandy areas by desert vegetation.
Without vegetation the stabilization due only to weak links between coatings
is short-lived. The links may be destroyed by strong drying and the action
of wind and the soil is again blown. With the advent of vegetation surface
stabilization becomes more prolonged. A complete stabilization of the sand
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due to fixation only by roots would be impossible unless sand particles were
linked by clay, carbonates or gypsum.
Great accumulations of peptized clay adversely affect soil properties
which are important for plant growth. This is clearly seen in the compactness and low permeability of takyrs.
Our sandy deserts (they are semideserts as compared with tropical
deserts like the Libyan desert) have a plant association which is adapted
to local environmental conditions. The main representatives are Carex
physoides, Haloxylon persicum, Salsola Subaphylla etc.
In the Kara-Kum 3 years in 10 are favourable for improvement of the
sand for plant growth. Stabilization of the soil surface contributes to the
development and differentiation of the soil cover on the desert area. In
depressions between ridges and in deflation basins, where fine silt and clay
are deposited during heavy rains, the soils become enriched by clay particles
and takyrs may be formed. On the crests, sandy soils develop. In small
separate wind-blown hollows and on slopes, desert loamy sandy soils are
formed.
The most convenient sites for vegetation prove to be sandy soils,
stabilized by it and becoming a dominant landscape. However, the creation
of a stable desert landscape with predominantly sandy and loamy sandy
soils and with the occurrence of separate takyr patches appears to take a
long time and requires not less than several centuries.
Irrigation brings about considerable changes in this scheme: distribution of salts and mud is altered. The largest particles (about 30 to 35%
of the total mass of deposits) accumulate along the irrigation canals.
Consequently, soil texture becomes heavier and more homogeneous all
over the irrigated territory with the exception of depressions which are filled
with clayey particles from the waste water. Soil homogeneity increases still
more due to ploughing, amendments and other agrotechnical measures.
Irrigation preserves the hydromorphic phase of soil evolution, but the
artificial hydromorphism is not identical with the natural one as already
explained. In oases a specific group of soils (types and subtypes) is formed.
The main type is the oasis irrigated soil with associated solonchaks, oasismeadow, oasis-swampy, and oasis sandy or loamy sandy soils along the
canals. The formation of these types on a dry delta proves to be mutually
related. The proportion of areas of the various types in the absence of
drainage is a function of climatic, irrigation and hydrogeological combinations. The worse the natural drainage, the greater area of waste lands which
must be provided near irrigated and cultivated areas. Waste lands on a
drainless area play the role of dry drainage, receiving leaching and drainage
waters from irrigated fields and accumulating salts when ground and leaching waters evaporate.
The degree of oasis soil formation, of secondary salt localization as well
as of other elements of oasis landscape expression depend on the time the
soil has been under irrigation. This varies on the different parts of the delta.
The most ancient agricultural settlements dated by the bronze age (middle
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part of the second Millennium B.C.) were in the northern part of the delta
where irrigation was irregular and existed only for some centuries before the
area became a desert and was sand-blown (Minashina 1965).
The agricultural activity with irrigation lasted for a longer time (some
thousands of years) on the lands of the same deltaic terrace to the south
of the bronze-age settlements. The depth of the irrigation layers attains 3
to 4 m; locally they were found at the depth of 5 to 6 m below the alluvial
strata. This oasis, known in Ancient Greece as Margian Oasis, was destroyed by the Mongols in the 13th century. Its lands became a desert with
takyrs and was partly sand-blown.
In the central part of the delta (second deltaic terrace) irrigation began
later, in the beginning of our era. Depth of the irrigation layers varies
between 1 • 5 and 2 • 5 m.
The first terrace has the most recent irrigation with a period of regular
agriculture not exceeding 2 centuries. Depth of cultivated layers is approximately 30 to 40 cm, rarely 50 cm. Locally, the deltaic flood plain is used
periodically.
The first and second deltaic terraces are irrigated up to the present time.
After a long break the older terraces are again used for irrigated agriculture
due to the building of the Kara-Kum canal.
SALT ACCUMULATIONS IN THE DRY DELTA

The main source of salt for the Murgab Oasis is the river water. A
lateral underground flow is considered insufficient although the evidence is
inconclusive (Rogovskaya 1959). The delta receives annually about 1-6 x
10" cubic meters of river water with an average salt content of 0-5 g/1.
These salts move to the ground water and are partially stored in the soil.
The outflow of ground water is rather small: 1-25% of the river inflow
(Gorbunova 1958). Almost all the water coming to the oasis is used in
maintaining the ground water and it evaporates through the soil. An
average salt content of the ground water in the peripheral part of the oasis
is equal to 25 g/1 but ranges between 10 and 40 g / 1 . According to
calculations made by hydrogeologists about 2 5 % of the total quantity of
salt brought by river waters flows away. The salts coming to the oasis are
predominantly sodium sulphate and calcium bicarbonate, while the outflowing water is enriched by sodium and magnesium chlorides (Table 2).
In the areas supplied with natural or irrigation water local factors are
of especial importance in both horizontal distribution and vertical exchange
of salt solutions. These factors are determined by microrelief, lithology of
soil and parent material, irrigation or natural stream pattern, intensity of
irrigation or flooding and the sites of the irrigated or flooded plots.
The greatest salt accumulations in the non-irrigated modern delta are
observed on slopes of depressions and on levees, i.e. places without ponded
surface water and at the same time with some recharge of the ground water
from depressions.

TABLE 2
SALT COMPOSITION OF THE MURGAB SOILS, IRRIGATION AND GROUND WATERS

Source of Salts

Total soluble
salts (water : Total solu ble
soil extract as salts of waters,
5 : 1)
g/1
% of dry soil

s

HCO 3 SO-,
% of total anions

a

++

Mg++
Ca
% of total cations

Na+ K+

Total
salts
tons/ha

>
—

i:

>

River water
Ground water, discharge
Oasis ground water
Oasis soil layer 0-100 cm
Oasis soil layer 0-12 m

—
—
0-71
0-62

0-5
25
12-3

—

29
1
5
8
7

43
42
53
52
52

2S
57
4:
40
41

30
10
9
22
15

2}
29
36
22
29

47
61
55
56
56

-

Z

z
119
1000
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By desert-forming processes and aeolian reworking of sediments, the
main part of the salts is blown by the wind. Consequently, sandy desert
soils contain a very small amount of salts.
The salt distribution in the irrigated territories inside the oasis is also
irregular, but the differentiation depends on the solubility of the salts and
the water balance. Soils used constantly for irrigation are leached of the
readily soluble salts and only a part of the salts with low solubility, mainly
carbonates, is stored in the profile. Readily soluble salts reach the ground
waters and move into the soils of neighbouring non-irrigated areas, usually
situated in poorly drained places such as depressions.
In the Murgab oasis from 10 to 60% of soils of its various sections are
used for irrigation, an average figure for the oasis being 2 5 % . As water
supplies are insufficient for the whole territory, land situated along canals
on the higher places were first irrigated. The data of hydrochemical
analyses show that with a weak outflow of the general ground water in the
oasis, salts migrate actively in the upper 10 to 13 m, the ground water table
being at 1 to 3 m. Therefore the calculations for ameliorative treatment
should not be limited to the soil profile with its depth of 1 • 5 to 2 m.
The change of salt concentration in the zone 10 to 13 m takes several
years. Over longer periods it may be extended over a considerable depth, as
was shown by A. T. Morozov and V. A. Kovda. Irrigated soils and
sediments along the canals are leached to the depth of tens of metres, while
in the depressions they are salinized up to the same depth. In the leached
zone the content of soluble salts in the irrigated soils does not surpass 0-4%
and in the ground water usually is not greater than 2 to 5 g/1. The land in
the intercanal and oasis depressions which is intermittently irrigated, has
salinized soils with salt content of 1 to 3 % throughout the soil and ground
water with 20 to 40 g/1 and sometimes up to 100 g/1.
Three quarters of the total amount of salts coming in is retained in the
oasis. One third of them (carbonates and partially sulphates) accumulates
in the leaching zone or in a transitional one, both zones combined occupying 70% of the total oasis territory. The remainder (mainly sodium and
magnesium chlorides and sulphates) accumulates in the intercanal depressions and various knobs.
The total salt content in soils and ground waters in the central part of
oasis is equal to 0 - 7 1 % in the upper metre and 0-65% in the 2 m. Salt
content decreases with depth.
Despite the accumulation of 3 x 108 tons, calculated for the active
exchange zone of 12 m during the previous thousands of years, the problem
of salinization was not so acute in the past as it is now—after the construction of Kara-Kum canal. Previously, the -8 to 1 x 10"' hectares of
land irrigated were selected in the most favourable situations for local
drainage. The remaining territory served for its evaporation, thus dry
drainage was realized. The problem of preventing salinization had been
solved by dispersion of fields all over the delta. Only when cotton fields
were enlarged were some areas subjected to local secondary salinization.
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After the construction of Kara-Kum canal, the amount of irrigation
water increased two fold and irrigated territories were enlarged 1 • 5 times.
Salts stored in the soils and ground water of former waste lands were
included into the new cycles of redistribution inside the oasis. Owing to
the rise of the ground water table, processes of local secondary salinization
of upper soil horizons revived. For the improvement of the water balance,
the construction of collector and drainage systems was instituted, but it has
not yet solved the problem completely. With drainage waters 2 million
tons/year of salt are carried away but 1 -2 x 10" tons/year come in with
the irrigation water. It is necessary to remove from the oasis all the soluble
salts in the soil to a depth of 3 m (1 x 10K tons) and then from all the
active exchange zone (3 x 10s tons). This would require a considerable
reinforcement of the drainage system.
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SUMMARY

With desiccation of the dry delta the soil cover develops from hydromorphous, towards a desert stage. The first hydromorphous stage does not
last long because the river channel migrates and the amount of its flow
alters. The desiccated parts of the delta are destroyed and deflated by wind.
Most of the silt and clay particles of the soil are blown away. The sand
particles are redeposited and accumulate. Some of the clay particles (1-5
to 5% of sand by weight) are adsorbed and form optically oriented clay
films on the sand particles. The clay films bind the sand particles enabling
the growth of plants and stabilizing the surface of the sand desert. The sand
ridges and hills covered by desert vegetation are the main element of the
Kara-Kum desert landscape. Irrigation preserves or returns the hydromorphous phase of soil formation. In cases, a specific association of soils is
formed. The main type is the oasis irrigated soil in association with oasismeadow, oasis-swampy, solonchaks and, along the canals, oasis loamy
sandy soils.
The main source of salts in the oasis is the river water. Part of the most
soluble salts flows out with the ground water to surrounding desert lands.
The remaining salts are redistributed in the oasis, according to the water
balance of the sites. The salts accumulate in the soils and ground water of
non-irrigated plots and in depressions occupying about 30% of the total
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area of the oasis. The upper 10 to 13 m of soil and the ground water strata
is a zone of active migration of the salt solution. The storage of salts in any
zone should be taken into account for land reclamation.
RÉSUMÉ

Dans le cas de la dessication du delta sec, la couverture du sol se
développe du stade hydromorphe vers celui du désert. Le premier stade
hydromorphe n'est pas prolongé a cause de la migration du lit fluvial et de
la quantité des changements de 1'écoulement. Les parties désséchées du
delta sont détruites et déflatées par le vent. Le limon de sol fin et les
particules d'argile sont emportés par le vent. Les particules de sable sont
redéposées et s'accumulent. Mais quelques-unes des particules d'argile
(1,5%-5% du poids du sable) sont adsorbées, en formant des films
argileux optiquement orientés sur les particules de sable. Les films argileux
lient les particules de sable permettant ainsi aux plantes de pousser et
stabilisant la surface du désert sableux. Les rides et les coteaux de sable
couverts par la vegetation désertique sont 1'élément principal du paysage
désertique de Kara-Kum. L'irrigation rétablit ou bien preserve la phase
hydromorphe de la pédogenèse. Dans les oasis une série de sols spécifiques
est formée, le principal est le sol d'oasis irrigué auquel sont associés les sols
d'oasis suivants: prairies, marais, solonchaks et, le long des canaux, les sols
limoneux sablonneux.
La source principale des sels des oasis est 1'eau de rivière. Les sels les
plus solubles s'écoulent avec 1'eau souterraine dans le terrain désertique
environnant. Les sels qui restent sont redistribués dans les parcelles de
1'oasis selon leur teneur dans 1'eau et s'accumulent dans les sols et dans
1'eau de fond des parcelles non irriguées et des depressions qui constituent
environ 30% du domaine total de 1'oasis. Les couches supérieures (1013 m.) du sol et de 1'eau souterraine forment une zone de migration active
des solutions de sels. Il faut tenir compte de 1'accumulation du sel dans
les regions lorsqu'il s'agit de recuperation des terres.
ZUSAMMENFASSUNG

Mit der Austrocknung des Trocken-Deltas verandert sich die Bodenoberflache vom hydromorphischen zum Wüstenzustand. Der erste hydromorphische Zustand dauert nicht lange wegen der Verlagerung des Flussbettes und der Menge der Fliessveranderungen. Die ausgetrockneten Teile
des Deltas werden durch den Wind verwiistet und flach gemacht. BodenSchluff- und Tonteile werden verweht. Die Sandteile werden abgesetzt und
sammeln sich an. Aber einige der Tonteile (1,5-5% des Sandgewichtes)
werden aufgenommen und formen optisch orientierte Ton-Filme auf den
Sandteilchen. Diese Tonhaut bindet die Sandteilchen und macht so Pflanzenwuchs möglich und festigt die Oberflache der Wüste. Die Sandkamme und
Hügel, die mit Wüstenvegetation bedeckt sind, sind die Hauptelemente der
Kara-Kum Wüstenlandschaft. Bewasserung bringt die hydromorphische
Phase der Bodeneigenschaft zurück oder erhalt sie. In Oasen wird
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eine spezifische Art der Boden gebildet. Die Hauptart ist der in der
Oase bewasserte Boden, im Zusammenhang mit der Oasen-Wiese, Oasensumpfigen-, Solontschaken- und, entlang der Kanale die Oasen-lehmig.
sandigen Boden.
Die Hauptquellen der Oasen-Salze sind die Fluss-Gewasser. Teile der
löstbarsten Salze verbreken sich mit dem Grundwasser im ungebenden
Wüstenlande. Der Rest des Salzes ist in Taschen über die Oase verbreitet.
je nach deren Wasserbalanz und sammelt sich im Boden und Grundwasser
der nicht bewasserten Teile und Senkungen, die ungefahr 30% der GesamtOasengegend ausmachen. Die oberen 10-13 m. der Boden- und Grundwasserstrata ist eine Zone, wo die Salzlosung sich aktiv fortbewegt. Die
Aufspeicherung von Salzen in der Zone sollte für die Wieder-Urbarmachung
in Betracht gezogen werden.

SALINIZATION OF SOILS OF PIEDMONT PLAINS
V. V. EGOROV

Dokuchaev Soil Institute, Moscow.

USSR

There are vast areas in the territory of the USSR with insufficient
rainfall. These areas may be used for agriculture only with irrigation, but
this practice, despite the experience gained, is still hindered by certain
difficulties: particularly by the presence in the soil of salts which are
difficult to remove. At the present time, the best lands are already irrigated.
Now land with a high secondary salinity hazard, which is more difficult to
leach and artificially drain, is to be used. Among the areas where reclamation is difficult are the lands of piedmont oblique plains of Middle Asia
and Eastern Transcaucasia. Formerly, because of absence of water sources,
they were almost never irrigated. The construction of very large irrigation
canals or the raising of water with pumps has permitted irrigation to begin.
The structure of piedmont plains is, as yet, insufficiently studied and this
influences the results of already developing large irrigation works unfavourably.
Engineers have applied the same methods of reclaiming the piedmont
plains as were successful for other surfaces such as river deltas and terraces,
and intermontain plains. The lack of success obtained with these methods
demonstrated that irrigation and desalinization measures must be adjusted
more to natural peculiarities of the terrain. New investigations by pedologists, geographers and hydrologists should be taken into account more
thoroughly.
Up to recent times the ideas of the structure of the piedmont plains
were somewhat too simplified. The soil formation has been considered as
follows:
(1) The top series of sediments as parent material are new and of the
same age over the whole area of a piedmont plain. They are deposited by
deluvial or proluvial streams flowing on the plain surface.
(2) The existing salinity was explained by a deluvial form of salt
accumulation. The salts are supposed to concentrate by evaporation of
flowing water after the deluvium was deposited (i.e. by evaporation of
rain water flowing on the surface).
Within the limits of this hypothesis many facts cannot be explained.
For example:
(1) The usually observed distribution of the salts in the upper and
lower patches of piedmont plains according to their solubility is difficult
to correlate with a superficial form of salt accumulation. Before infiltration
each stream contained the whole stock of dissolved substances.
(2) Salt accumulation from waters coming to the surface must enrich
the upper soil horizons. The main part of piedmont plains is, however.
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salinized not from the surface, but from a particular depth of maximum
wetting down to the ground water. Such a pattern of salt distribution in
the profile excludes a special salt differentiation based on relative solubility.
(3) Ground waters of many piedmont plains have a high or a very
high salt content. Under other conditions saline ground waters may be a
result of their intensive evaporation, but the piedmont plains usually do
not possess the necessary conditions. The ground water table is situated
at such a depth that evaporation practically ceases. Down the slope of
the plain the total salt content generally increases and is accompanied by
alterations in chemical composition: the chloride concentration increases
on the lowest parts. Without evaporation, high salinity and alteration in
the chemical composition of the soil cannot be explained.
(4) Reasons for the predominantly sulphate salinization on most parts
of piedmont plains are not quite clear. The deluvial hypothesis does not
explain it.
(5) In the intermediate parts of some Middle Asia piedmont plains
belts of higher salinization are frequent.
(6) The list of problems which are difficult to explain by deluvial
hypothesis in its previous form may be continued by the lithological
problems. Sometimes the general order of increasing content of small
particles down the slope is interrupted. Below the zone of the soils with
the finest texture, deposits enriched with coarse particles may occur. Inside
oblique patches under the deluvium strata lacustrine sediments may be
found at a higher elevation than the modern water level.
(7) Frequently the surface of the piedmont plains is not in equilibrium
with the gradually decreasing accumulation of the deposit. Comparatively
even surfaces alternate irregularly with steep ones.
(8) It is difficult to explain the appearance of erosional processes
followed by accumulative ones in the upper parts of the plains.
On account of all these considerations the deluvial-proluvial hypothesis
of piedmont formation in the Quaternary needs some clarification. It is
obvious that there must be other reasons for salinity. Without an understanding of the salinization process it is difficult to foresee the true consequences of irrigation procedures.
New ideas on the structure of piedmont plains and on causes of their
salinization are discussed below. These ideas provide an explanation for
the above difficulties.
During the Quaternary, in the Alpine orogenesis zone, the piedmont
plains were sometimes involved in weak tectonic uplifts. Indirect evidence
for such movement is (1) the differently aged generations of fans enclosed
in the same plains (e.g. Veber, Skvorzov, Pankov, Egorov. Gussak and
others) (2) the presence of terraces in valleys of neighbouring rivers (3)
observation of the plains themselves where rough or rounded cliffs and
change of slope gradients indicate uplifts.
Each uplift contributed to enlargement of the plain in the direction of
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the lower surface due to deluvial processes. Each uplift caused renewed
deluvial activity with gradual formation of a new deluvial train. The
number of uplifts may correlate with or be less than the number of
mountainous river terraces, and of generations of fans. Such a point of
view supposes the existence of steps (terraces) more or less smoothed and
concealed by deluvial processes on the piedmont plains of some mountainous systems.
The age of piedmont areas at different altitudes is therefore different.
The intensity of deluvial-proluvial processes on the plain as a whole
increased after each uplift and decreased at the end of the cycle. In the
phase of high intensity, a new surface which enlarged its train part was
created on the plain. These new surfaces were partly superimposed on
previously formed parts of the plain and partly adjacent to them. Old and
new deposits remained independent as to the textural differentiation
process. In each one its own textural profile was created. At the same time
the accumulation on the uplifted areas ceased or was replaced by
denudation.
Due to the weak tectonic uplift the ground waters of piedmont plains
received new stimulus to further movement. From an uplifted region, where
formerly any migration had stopped and evaporation was active, the
ground water began to move towards a newly forming area (deluvial trains)
of the piedmont plain. It transported mainly chlorides which are most easily
dissolved and mobile. The ground water impregnated the recently deposited
sediments and quickly salinized them. At the end of the piedmont plain
after the ground water movements had ceased, a new evaporation zone
appeared with further salt concentration and higher salinization of soils
and sediments. The recently uplifted zones where evaporation had been
active, maintained their greater salinization, mainly of sulphates usually
with precipitated gypsum. However, being freed from the influence of
ground waters, this salinization may be regarded as a relic one. Due to
rainfall, salts from the upper soil horizons are gradually leached and
accumulated at some depth. The salt-free layer may be enlarged by accumulation of new deluvial deposits. The existence of ancient solonchaks was
not once noted in the literature.
Further uplifts led to still greater complexity of piedmont plains.
Various elements of the scheme discussed were observed on some piedmont
plains of the mountainous systems of Tian-Shan, Kun-Lun and Minor
Caucasus. Omitting further argument about this scheme we may consider
some conclusions.
(1) A strong soil salinization on the piedmont plains should be connected with the former influence of ground waters.
(2) High mineralization of deep ground waters is explained by
evaporation through soils in an earlier geological period. The spread of
ground water from the same sources over the enlarged area of the piedmont
plain leads to a general lowering of the water table. This is accentuated
by transpiration of deeply-rooted desert plants and partly by slow
evaporation.
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It is difficult to enumerate now all the necessary details in the methods
for reclamation of salinized soil on piedmont plains. However, some of
them are already definite and may be stated. The usual loss of irrigation
water through infiltration considerably increases the ground water flow.
On moving from one concealed step at an oblique piedmont plain to the
next, the ground water flow is detained and a weak secondary pressure
occurs or the existing one becomes stronger. This phenomenon is due to
textural changes which are present towards the end of each separate step.
The secondary pressure has a retarding influence on the leaching of salinized
soils. The pressure of the leaching water was not always sufficient in
practice. In such cases for soil desalinization of the most difficult patches
both horizontal and vertical drains are recommended. Vertical drains are
used to eliminate or reduce the ground water pressure, but they cannot
provide for the lowering of the ground water table nor for the removal of
the leaching solutions. The reason for this lies in the low permeability of
the soils on deluvial trains of piedmont plains. Horizontal drains are
needed for the removal of salt solutions and for lowering the ground water
table. These drains are installed close together where soil salinization is
most severe. After the pressure is eliminated the horizontal drains are more
effective.
The above-mentioned recommendations are being applied on newly
irrigated lands in the Hunger Steppe—a piedmont plain in the foothills of
the Turkestan range.
SUMMARY

Up to recent times the ideas of the structure of the piedmont plains
were somewhat over-simplified. There are many vague theories of the origin
of soil salinization on the plains. During the Quaternary in the Alpine
orogenesis zone, the piedmont plains were sometimes involved in weak
tectonic uplifts and new terraces were formed. Subsequently some of the
terraces were buried under Recent proluvial-deluvial sediments. High soil
salinization is observed at the lower part of each terrace. Saline soils have
been preserved as residual soils from times when ground water tables were
high and water evaporated from them through the soils.
The secondary ground water pressure appeared due to influence of
irrigation at the extremities of fine textured sediments of the terraces.
Leaching of saline soils in such conditions is not successful.
For the most difficult conditions, the recommendation is to use a
drainage system of combined horizontal and vertical drains.
RÉSUMÉ

Longtemps nos concepts sur la structure des plaines de piémont
restèrent un peu simplifies. II existe plusieurs opinions, plutót vagues,
qui ont trait a 1'origine de la salinisation du sol de ces plaines. Pendant
le Quaternaire dans la zone orogénique des Alpes, les plaines de piémont
avaient subi de faibles soulèvements tectoniques et de nouvelles terrasses
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furent formées. Actuellement quelques-unes de ces terrasses sont ensevelies sous des sediments proluviaux-diluviaux récents. Une forte salinisation du sol a été observée dans la partie inférieure de chaque terrasse.
Les sols salins sont preserves en sols autochtones. Quelquefois le niveau
d'eau montait et I'eau s'évaporait a travers les terres. Une pression
secondaire de I'eau souterraine parait être due a 1'irrigation aux extremites
des sediments a granuloniétrie fine des terrasses. Dans ces conditions le
lessivage des sols salins ne peut pas s'effectuer avec succes. Dans les cas
les plus difficiles on conseille d'utiliser un drainage compose, comprenant
des types horizontaux et verticaux.
ZUSAMMENFASSUNG

Bloss vor kurzem war die Vorstellung der Struktur der Piedmontebene
etwas vereinfacht. Es existieren viele unklare Ansichten über den Ursprung
der Erdversalzung dieser Ebenen. Wahrend des Quartars waren die Piedmontebenen in der alpinen orogenen Zone manchmal schwachen tektonischen Erhebungen ausgesetzt, wobei neue Terrassen gebildet wurden.
Einige der Terrassen sind heute unter den vor kurzer Zeit entstandenen
proluvial-diluvialen Sedimenten begraben. Eine hohe Erdversalzung ist am
unteren Teil jeder Terrasse beobachtet worden. Salzhaltige Boden verbleiben als Ortsböden. Von Zeit zu Zeit waren Grundwasserspiegel hoch
und das Wasser verdunstete durch die Erde. Der sekundare Grundwasserdruck schien durch Irrigation der aussersten Ende der Schwertextursedimente der Terrassen verursacht worden zu sein. In solchen Fallen ist die
Auslaugung der Salzböden nicht erfolgreich. In den schwierigsten Fallen
wird empfohlen. ein kombiniertes Entwasserungssystem in horizontaler und
vertikaler Richtung einzulegen.

EXPERIENCE IN ACCELERATED IRREVERSIBLE
DESALINIZATION OF SOILS IN
GOLODNAYA STEPPE
V . E . BOBCHENKO AND A . A . SYDKO
All-Union Scientific-Research Institute of Irrigation Engineering and
Reclamation after A. N. Kostiakov, Moscow

The Golodnaya Steppe is located in the Middle Asian part of the
USSR. It is a plain about 1 million ha in area surrounded by mountains
except in the north-west where it adjoins the Kizilkum desert.
The climate of the area is hot and dry. The total annual precipitation is
200-300 mm, while the evaporation reaches 1500-1600 mm. Precipitation
is not observed in summer. Semi-arid soils on loess loams prevail and are
suitable for crop cultivation under irrigation. However, because of the high
evaporation of the mineralized shallow ground water whose flow is mainly
directed from the Turkestan mountain ridge, the soils of that part of the
area where the so-called "debris fan" is observed are saline and crops
cannot be cultivated here without reclamation.
The soil salinity is largely due to chloride and sulphate with Na and Mg
as the major cations. The salts are present in the soils to 1% to 3 % of the
soil dry weight and of this chloride ion contributes 0 - 1 % to 0 - 5 % . These
readily soluble salts are removed by water flow through the soils.
In addition, the soil contains from 5% to 2 5 % of the dry weight as
sparingly soluble calcium salts. CaSOA and some Ca(HCO*)>. The presence
of salts in the solid phase does not adversely affect crops to any considerable extent.
The mineralization of the upper ground water layer is from 15 to 60
g/1Under the present conditions removal of toxic salts from the soil is
possible by lowering the ground water level and promoting demineralization
through horizontal drainage and soil leaching. The drainage flow may then
be diverted beyond the boundaries of the area to the Kizilkum desert.
For this purpose a drainage-collecting network has been constructed
on the saline lands of the Golodnaya Steppe and leachings have commenced. Cotton which is the main crop of this zone is cultivated on the
leached soils.
The research of our Middle-Asian scientific research institutes has
shown that cotton can normally grow on leached soils when the level of
toxic salts remaining in the soil does not exceed 0 - 3 % , and 0 - 0 1 %
chloride, and when restoration of salts is not observed on cultivation. This
content of salts in the soil is termed the Damaging Limit, which is the level
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that must be reached by leaching. We have adopted the value of 3-5 g/1
as the damaging level of salts in ground water.
Studies of the effect of leaching have shown that during leaching the
soil gradually releases salts and the desalted soil layer becomes deeper with
increasing amounts of water delivered for leaching. The problems to be
solved were as follows: what is the depth of the soil layer which must be
free of excessive amount of salts after the initial leaching; what should be
the level of the leaching rate and how long will the leaching last; what
measures may prevent secondary salinization of soils under crops after
leaching.
These problems were solved with the help of experiments carried out
on the territory of a newly constructed state farm. Here over 1000 ha of
lands were leached. The leaching was based on an efficient horizontal open
drainage system. Drains were placed at a depth of 3 m and from 120 to
500 m apart. Soils were leached in winter, summer, autumn and in summer
with simultaneous rice cultivation. The following leaching rates were
studied: 8-2, 17-1, 30-3, 64 and 71 x 10 3 m 3 /ha (gross).
The desalting effects of water depending on the drainage intensity of an
area and on leaching rates are given in Table 1.
According to the above data, at leaching rates of 8-2 and 17-1 X 103
mVha (Treatment Nos. 1 and 2) the salt content of the soil was reduced,
in depth from the surface to about 1 m, to the critical amount considered
to be the damaging limit. Ground water was either not desalted or
desalted to an insignificant extent. Additional lysimetric investigations have
shown that at leaching rates lower than these, mineralization of the upper
ground water layer increased after leaching. At the leaching rate of 30-3 X
103 m 3 /ha (Treatment No. 3) the depth of the desalinized soil layer (as
compared to Treatment Nos. 1 and 2) was not increased in spite of the
high leaching rate due to the low drainage intensity of the area. But at the
leaching rates of 64 and 71 X 103 m 3 /ha (Treatment Nos. 4 and 5)
and higher drainage intensities both during summer-autumn leaching with
simultaneous growing of flooded rice, the soil was desalinized through the
entire depth of the 3 • 5 m aeration zone and in the 6 m layer of the ground
water. On the whole, the desalinization was spread through the soil and
subsoil layer to a depth of 9-5 m.
The relationship between soil and subsoil desalinization in the aeration
zone and the irrigation rate at a relatively high and a relatively low drainage
intensity is shown in Figure 1.
However, it has been noticed that with increases in the amount of water
delivered for leaching (including in the gross rate water losses from
evaporation, spillage during conveyance, etc.) the amount of water required
for each consequent unit of removed salts increases.
Thus, the intensification of leaching of saline soils by means of heavy
applications of water is characterized both by positive (the depth of desalinization) and negative (water requirements) factors.

TABLE 1
DESALTING EFFECT OF WATER IN RELATION TO DRAINAGE INTENSITY AND LEACHING RATE

Treatment
No.

Interdrain
distance
m

Drainage
intensity
lin.m/ha

1
2
3

360
120
500

63
70

4

300

57
60
5

175

92

Season

winter
winter
autumnwinter
summerautumn
summer,
rice is
growing

Leaching rate,
x 103 m 3 /ha
net*

Amount of salts
removed from
3-5 m aeration
zone, t/ha

Depth of soil
desalinization
up to damaging
limit, m

Depth of
ground water
layer desalting,
m

8-2
171
30-3

7-2
15-8
26 0

158-6
1680
2121

0-7
10
0-8

not reached
not reached
not reached

163

64-0

54-5

245-9

3.5**

6

133

71 0

41 0

302-4

3-5

6

Duration
of leaching,
days

gross

34
45
110

* The leaching rate (net) does not include water losses from evaporation and emergency spills.
* Maximum depth of aeration zone.
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Fig. 1.—Toxic salt content in the aeration zone: 1—before leaching, 2-6—
after leaching at a rate of (2) 1-5, (3) 3, (4) 4 and (6) 7 x 104 nvVha.

We carried out research aimed at finding out measures to prevent the
secondary salinization of leached soils and to provide for their further
desalinization when cotton is grown.
As the process of salt restoration in the soil is mainly conditioned by
vertical water movement due to evaporation from the soil surface, and as
the intensity of this process depends on the depth of occurrence of mineralized ground water and the salt content in the lower soil horizons, the
methods worked out for the research have been based on the following
factors:
—application of drainage, that could keep ground waters at the critical
depth (2-5-3 m) where their evaporation is low and can be easily overcome;
—studies of the restoration process in soils with different salt contents
in their profiles as a result of different leaching rates;
—application of the desalting irrigation regime to cotton cultivated on
these soils when the descending flow of soil moisture dominated the ascending one.
For this purpose it is necessary that the rate of vegetative irrigation
should exceed the rate of deficit of soil moisture in the aeration zone. The
irrigation regime for cotton which meets this requirement was applied
during 3 years with all the treatment variations of the experiment. The
irrigation rate reached 7 • 6 to 9 x 103 m 3 /ha over four water applications
at the following rates: the first water application—2-1 to 2-5 X 103 m 3 /ha
and the remainder 1-3 to 1-5 X 10:! m 3 /ha. The drainage flow appeared
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at the end of May (the beginning of irrigation) and ceased at the beginning
of October (the end of vegetation period). The maximum modulus of the
drainage flow was 0-3 1/sec/ha. As a result of irrigation the ground water
level rose from a depth of 3-5 m to 1 m from the ground surface (Figure
2).

04

JUNE

DATE
OF
JULY

OBSERVATION
AUGUST
SEPTEMBER

Fig. 2.—Fluctuation
of ground water level and modulus of drainage flow
when irrigating cotton: 1—ground water level; 2—modulus of drainage flow.

The total annual drainage flow under the treatment variations of the
experiment varied from 0-87 to 1 -4 X 103 m 3 /ha.
Comparison of incoming and outgoing data on the water balance under
the various treatments has shown that the irrigation regime would have a
desalinization effect, provided that part of the irrigating water went to
ground water recharge. This is indicated by the temporary rise of the water
level. Part of this recharge evaporates and thus cannot be used for
desalinization needs while part is diverted beyond the boundary of the
plot removing the salts dissolved in this water. Consequently, it is only this
latter part that fulfills the function of desalinization, thus determining the
value of the difference between descending and ascending flows, which we
expressed as a coefficient. Values for the coefficient greater than 1 mean
that the given irrigation regime is desalting.
The higher the irrigation rate—the greater the desalinization effect. But
one should take into account that excessively heavy irrigation rates result
in high evaporation losses and deprive the soil of nutrients, thus affecting
the yield of cultivated crops.
The calculated optimal irrigation regime for cotton under the given
conditions in view of the abovesaid circumstances should consist of four to
five water applications during the vegetative period, provided that the
effective pre-irrigation soil moisture level is maintained. The first water
application should equal 2-1 X 103 m 3 /ha and the remainder—1 -3 X 103
m 3 /ha each. Altogether they should make up an irrigation rate of 6 to
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3

7-3 x 10 m /ha. Under this regime the volume of additional ground
water due to the irrigation will total 1 • 1 to 1 • 3 X 103 m 3 /ha, while 0 • 8 to
1 x 10 3 m 3 /ha, i.e. 12-15%, will be diverted by the drainage system.
The coefficient of descending flow will thus be equal to 1-12. Under all
the variations in the irrigation regime where the coefficient of the descending flow was greater than 1, the amount of toxic salts expressed in weight
units in the aeration zone did not increase, on the contrary it had a tendency
towards a slight annual decrease. In the salinized soil and subsoil profiles of
the aeration zone, however, one could notice a slight redistribution in salt
content between the different horizons: in the lower horizons adjacent to
the ground water the amount of salts became slightly smaller while in the
upper ones it became slightly larger. Moreover, this phenomenon was
observed in soils with high contents of salts, leached with low rates of water
as well as in soils, containing low amount of salts, leached with high rates
of water (Figure 3).
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Fig. 3.—Toxic salt content in the aeration zone: 1—before leaching, 2—
after leaching, 3—after 3-year irrigation of cotton.

The reason for desalinization of lower horizons of the aeration zone is
quite obvious: their desalinization occurred by salt removal with drainage
flow during irrigation. As for the upper horizons the increase of salt content
was due to the irrigation water which contained 1 g/1 of salts, including 0 • 1
g/1 of chloride. The above conclusion was made from computations based
on the observations of the dynamics of salt and moisture in horizons.
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Thus the salt balance was formed in the following way: the annual
increase of salts due to irrigation water made up 6-7 t/ha, salt removal
with drainage flow was 10-12 t/ha, giving a net loss of 4-5 t/ha.
The computations made on the basis of the observed data have shown
that under an irrigation regime having a coefficient of descending flow
equalling 1 • 1 further intensive desalinization would be observed for about
10 years in those places where the soil was not desalinized to the limit
in the lower horizons. But in the upper horizons the content of salts derived
from the irrigation water will rise to 0-4% and will affect cotton. This may
occur in soils of higher or lower degrees of desalinization.
This phenomenon may be easily avoided either by means of intensification of the irrigation regime (which is undesirable from the economic
point of view) or by the application of additional low non-vegetative irrigation (once per 3-5 years).
The results of these studies have shown that the choice of the most
effective rate of leaching of saline soils could not be determined by physical
properties only, as restoration of salts in the upper soil horizon which could
be expected from the ascending flow of the soil moisture may not be overcome by the descending flow. That is why differences in the residual
amount of salts in the lower horizons of soil under different treatments did
not influence salt restoration. To solve the problem concerning effective
rates of leaching we were forced to make an economic evaluation of the
alternatives under study.
One should pay attention to the yield of cotton cultivated after leaching.
It turned out that after 2 and 3 years the cotton yield had hardly changed
irrespective of the leaching rate and of further gradual removal of salts
with irrigation water from the root zone. In accordance with average data
the yield varied within 18 -5-25 -6 metric quintals/ha. Viewing this one
may conclude that desalinization of soil and subsoil is sufficient, if the soil
has been desalinized to a residual level of toxic salts below the adopted
damaging limit and to a depth of about 1 m and if there is no salt
restoration from the lower horizons. Further increases in cotton yield
depend not on measures ensuring further desalinization of soil and subsoil
(though these measures are necessary to complete soil reclamation and then
to pass over to a more economic irrigation regime) but on fertilizers (as the
leached soils are usually poor in nutrients), as well as on proper soil treatment and other farming practices.
According to our computations (Table 2) the application of heavy
leaching rates is not economically feasible because under all the experimental treatments the expense of drainage and leaching are only justified
in the sixth year. Besides, the application of relatively low rates makes it
possible to accelerate land development thus increasing the production
output, thereby justifying in a short period of time not only the capital
invested in drainage and leaching but the total expenses of irrigation.
The studies carried out in this field have shown that decreased rates of
leaching which do not provide for sufficient depth and degree of desaliniza16

TABLE 2
ECONOMIC EVALUATION OF LEACHING RATES

Treatment
No.

Leaching rate,
x 103 m 3 /ha
gross

drainage

leaching

total

Mean annual
net income,
roubles/ha

1
2
3
4
5

8-2
17-1
30-3
64-0
71 0

222
246
201
212
324

155
185
286
414
536

377
431
487
626
860*

65
68
70
80
951**

Cost, roubles/ha

Mean annual
coefficient of
profitableness

* Costs of rice growing are included.
** High income has been received due to realization of rice, grown during leaching period with inconsiderable additional expenses.
*** Capital invested in leaching is justified during one year because of return from rice crop.
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tion, are not reasonable. This results in poor yield and cotton growing
incurs losses.
Under the given conditions characterized by a medium salinization and
with a seepage factor of 2-4 m/day, the optimal rate approximates 10 X 103
m :i /ha, for a leaching period of 30-40 days. Under other more complicated
soil conditions, when the degree of salinization is higher and the seepage
factor is lower, the optimal irrigation leaching rate should be increased
correspondingly to about 20-30 X 103 m 3 /ha.
In the USSR there exist different views on this problem. Some experts
consider that to guarantee the prevention of the secondary salinization of
leached soils it is desirable to apply heavy rates of leaching, which would
ensure accelerated desalinization of the entire aeration zone and the upper
layer of ground water. Their recommendations are based on the fact that
there are soils which could be rapidly desalinized and that there are
engineering and economic facilities to achieve this.
The authors of the present Report also support desalinization measures,
that guarantee the prevention of secondary salinization. Intensive and deep
drainage that weakens the ascending flow from ground water should be the
main basis of these measures but not heavy rates of leaching. It is also
necessary to apply optimal leaching rates, when crops are not affected by
residual salts, and to utilize the desalting irrigation regime of crops. These
measures provide for the achievement of the same aim but with higher
economic feasibility.
Now this problem is under discussion in the USSR.
SUMMARY

The research done by the authors in the Golodnaya Steppe was aimed
at determining effective measures for accelerated irreversible desalinization
of the virgin lands which are now being developed. The research has
resulted in the following:
Soils containing up to 1% of toxic salts and having a seepage factor
of 2-4 m/day were desalted by drainage and leaching at the rate of 8-2
to 71 X 10:i m : 7ha (gross). The above soils were desalinized to a depth
of 0-7 to 9-5 m during 1-5 months and the amount of the unleached toxic
salts within this depth was below the damaging limit.
The observations have shown that increasing the leaching rate results in
an increase in the amount of water that must be delivered for each
consequent unit of salt removal. Also, increasing leaching rates slow down
the progress of land reclamation and make the capital investments less
profitable. Therefore application of very high leaching rates was found to
be economically unfeasible. Very low leaching rates are also economically
unfeasible because they do not provide for sufficient soil desalinization nor
for beneficial crop yields.
The authors believe that under the present conditions a leaching rate
of about 10 X 103 m 3 /day applied during 30-40 days is economically
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feasible. This rate of leaching provides for soil desalinization to a depth
of 1 m. Prevention of secondary salinization of the leached soils and their
further desalinization in the lower horizons can be guaranteed by the
following measures:
—rather intensive (60-70 m/ha) and deep (3 m) drainage which
considerably decreases the intensity of the ascending water flow from the
ground water;
—application of the desalting irrigation regime to crops cultivated on
the leached lands. Such a regime means higher rates of vegetative irrigation
in the annual cycle to ensure that the coefficient of descending water flow
exceeds 1;
—application (once per 3-5 years) of non-vegetative irrigation at a
low rate in order to remove the salts retained in the upper soil horizon from
irrigation water.
The leaching which occurs during rice cultivation is an exception. At
high rates such leaching provides for deep desalinization of soil and quick
repayment of capital investments.
RÉSUMÉ

A la suite des études effectuées par les auteurs sur Ie territoire de la
Steppe Golodnaya aux fins de determiner des moyens efficaces du dessalement accéléré irreversible des terres vierges mises en culture, on a mis en
evidence ce qui suit:
Les sols contenant des sels toxiques jusqu'a 1% avec Ie coefficient de
filtration de 2 a 4 m/jour ont été dessalés a 1'aide du drainage et du lavage
a grande eau avec normes de 8,2 a 71 mille mVha (brut) jusqu'au residu
des sels toxiques inférieur a la limite de nocivité au cours de 1 a 5 mois a
la profondeur de 0,7 a 9,5 m.
Les observations ont démontré qu'avec l'augmentation de la norme de
lavage d'accroissent les dépenses d'eau pour chaque unite suivante des sels
éliminés; la possibilité du rythme de la mise en culture de la superficie et
la rentabilité des investissements de capitaux se réduisent. Aussi 1'application de trop grandes normes s'est-elle trouvée économiquement injustifiée.
De trop petites normes de lavage se justifient tout aussi peu économiquement. Elles n'assurent pas de dessalement suffisant du sol et de récolte
avantageuse des cultures.
Dans les conditions données les auteurs trouvent les normes de lavage
environ de 10 mille m 3 /ha économiquement admissibles, leur durée étant
de 30 a 40 jours, et on y atteint Ie dessalement du sol a la profondeur
d'environ 1 m. La prevention de la salinisation reiterative des sols lavés
et leur dessalement ultérieur des horizons sous-jacents y sont assures:
par Ie drainage assez frequent (60-70 m/ha) profond (3 m) réduisant
bien 1'intensité d'ascension de 1'humidité en provenance des eaux souterraines; par 1'application du régime de dessalement de 1'irrigation des cultures
cultivées sur les terres lavées, 1'essence du régime consistant en plus grands
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apports d'eau de croissance assurant que Ie coefficient de mouvement
descendant dépasse une unité au cours du cycle annuel; par 1'application,
une fois au cours de 3 a 5 ans, des apports d'eau (non végétatifs) de petite
norme aux fins de 1'élimination des sels restant dans la couche supérieure
du sol aprèsl'eau d'irrigation.
Le lavage effectué pendant la cultivation du riz représente une
exception.
En effectuant ce lavage par grandes normes. on atteint le dessalement
en profondeur du sol et les investissements de capitaux se justifient vite.
ZUSAMMENFASSUNG

In der Golondnaja Steppe wurden Versuche durchgeführt mit dem Ziel,
die effektivsten Massnahmen der verkürzten unumkehrbaren Nutzbarmachung von Salzböden festzusetzen. Die Ergebnisse lassen folgendes
erkennen:
Die toxischen Salzböden ( 1 % Salzgehalt) wurden in Laufe von 1-5
Monaten bis in Tiefen von 0-7-9-5 m entsalzt. Durchlassigkeitsbeiwert des
Bodens betrug 2-4 m/T. Die Driinung und das Ausspülen mit den Wassergaben von 3-2 bis 71 Tausend m :i /ha trugen auch zur Entsalzung bei.
Bei der Versuchsdurchführung erwies sich. dass mit der Vergrösserung
von Wassergaben sich auch Wassermenge für jede darauffolgende Gewichtseinheit vergrössert. Gleichzeitig wird das Tempo der Bodenerschliessung
und Eintraglichkeit der Investitionen herabgesetzt.
Von ökonomischem Standpunkt aus sind die hohen Wassergaben beim
Ausspülen nicht empfehlenswert. Die Anwendung der geringen Wassergaben ist auch unzweckmiissig. Mit den geringen Wassergaben ist es
unmöglich, die völlige Entsalzung zu erreichen und hohe Ertrüge zu
erzielen.
Die Verfasser sind der Meinung, dass bei den entsprechenden Verhaltnissen die Wassergaben beim Ausspülen rund 10 Tausend m :! /ha betragen
sollen; die Ausspülzeit betriigt 30-40 Tage. Die Boden werden bis in Tiefen
von 1 m entsalzt. Verhinderung der secundaren Versalzung von ausgewaschenen Boden und die weitere Entzalzung in den unteren Horizonten
wird durch die Dichte (6-70 m/ha) und Tiefe (3 m) der Dranung gewahrleistet. die Intensitat von aufsteigender Bewegung der Feuchtigkeit von
Grundwasser herabsenkt; durch die Anwendung von Entsalzungsregime bei
der Bewasserung von Kulturpflanzen auf den ausgewaschenen Boden. Der
Hauptgedanke besteht in den erhöhten Wassergaben bei der Wachstumbewasserung. Bei diesen Wassergaben wird der Faktor von herabsteigender
Bewegung des Wassers im Jahreszyklus > 1 sein; durch die einmal in 3-5
Jahren durchgeführte Bewasserung mit geringen Wassergaben ausserhalb
der Wachstumperiode, mit dem Ziel. die Salze in den oberen Schichten des
Bodens zu entfernen, welche nach Bewasserung zurück blieben.
Eine Ausnahme besteht in der Auswaschung, welche bei gleichzeitigem
Reisanbau durchgeführt wird. Bei so einer Auswaschung mit den hohen
Wassergaben wird eine tiefe Entsalzung erreicht. Der Rückflussdauer der
Investitionen ist sehr gering.

MELIORATIVE EFFECT OF DIRECT ELECTRIC
CURRENT ON LEACHING SOLONCHAKOUS
SOLONETZ
A. F. VADYUNINA

Faculty of Biology and Soil, Moscow State University,

U.S.S.R.

INTRODUCTION

Favourable influence of direct electric current on soil properties has
been shown in many papers (Kravkov 1898, Puri and Anand 1936,
Vershinin and Kirilenko 1940, Voznesenski, Karaev and Mzareulova 1956,
Collopy 1958). It should be noted that the experiments were carried out
principally in the laboratory and partly on small model soil samples. Field
experiments were made in only some cases. The method of electromelioration needs further development for the treatment of salinized soils.
For many years the action of direct current on the properties of alkaline
and saline soils under conditions of leaching has been studied at the
Department of Physics and Melioration of Soils of the Moscow University.
The experiments were carried out both on monoliths mounted after
Astapov and on poured samples in electrolytic baths made of organic glass
15 x 15 x 100 cm. Perforated metallic or carbon plates were used as
electrodes. In 1966 a field experiment on soil plots 10 x 10 m was started.
Metallic nets 9 and 16 m- were used as anodes while the cathodes were
represented by 16 iron tubes 120 cm long disposed in a circle at a distance
of 30 m from the anode (soil plot IV); in an alternative arrangement the
cathode tubes were placed in the drain. The current was provided by a
welding plant (CaK-100) supplied with a generator of direct current
(GSO-300). The mean value of the current power was equal to 130 A at a
voltage of 34 V. Current treatment lasted 300 hours.
Both solonchakous soda-sulphate solonetz (Karabakh) and chloridesulphate solonetzes from different regions of the U.S.S.R. were subjected to
current treatment.
EXAMPLES OF APPLICATION

(a) Desulinizution of Soil under Current Action
It was shown experimentally that application of the current during
leaching accelerates desalinization of soils. In the course of electrolysis the
ions acquire a directed movement: the anions move to the anode whereas
the cations are directed to the cathode. The soil solution as a whole, due
to electro-osmosis, moves towards the cathode—the drain. The current
increases the dissociation of the salts. Simultaneous action of these
phenomena causes an increase in the salt and water output, thus increasing
455
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the efficiency of leaching. For instance, leaching a soda-sulphate solonetzsolonchak containing 1-5-2-3 per cent of salts and 75-80 per cent of
exchangeable Na (in percentage of TEC) could not be realized since the
control soil did not filter water for more than three months. Consequently
leaching such soils with water only is almost impossible (Agaev 1960)
since increased amounts of water or gypsum applications are required.
Leaching of such soils combined with current action 4 mA/cm- (current
density) resulted in desalinization of the soil up to a depth of 85 cm with
water usage equal to 6,000 m3 for 189 hours. A similar result was obtained
at a current density of 0-9 mA for 854 hours and a water expenditure equal
to 4,500 m 3 /ha. The current expenditure in both cases was of the same
order, equal to 189-171 Ah. In the case of soil gypsumed at a rate of 80
ton/ha. a similar desalination was observed after 5570 hours (Vadyunina
1966).
On leaching soda solonchakous solonetzes, the soda content often
increases due to replacing of exchangeable Na and the hydrolysis and dissociation of compounds containing alkaline and alkaline-earth elements
(Kovda 1946). Current action eliminates this phenomenon. Normal soda
in the soils was completely removed.
Leaching chloride-sulphate solonetz-solonchak as well as the solonchak
from the Caspian depression was carried out at a current density of 1 mA
and 2 mA/cm 2 .
Direct current of 1 mA/cm-, together with water amounts ranging from
1 water capacity (3,400 m 3 /ha) to 4 (Table 1), increased desalinization
of the solonetz-solonchak by 37-57 per cent in comparison with the control.
TABLE 1
REMOVAL OF SALTS ON ELECTROMELIORATION

Computed from total soluble salts of filtrates
Solonetz-Solonchak
Volume
leaching
water

control without current

1 mA/cm2

Solonchak
2 mA/cm2

control without current

1 mA/cm2

(ton/ha) (%) (ton/ha) (%) (ton/ha) (%) (ton/ha) (%) (ton/ha) (%)
1 x Water
capacity
2 x Water
capacity
3 x Water
capacity
4 x Water
capacity
Time of leaching
(day)
Rate of salt
removal (ton/
ha/day)
Relative rates

212

290

137

240

113

191

350

145

280

115

223

252

390

154

311

123

260

410

157

355

136

240

100

223

117

244

110

233

255

110

245

263

108

100

550

50

22

2S

15

0-5
1

7-5
15

15
30

8-7
1

17-5
2
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Desalinization is somewhat lower at current density equal to 2 mA/cm 2 .
However, the leaching rate with a higher current density is twice as high.
The time of contact of water with the soil is correspondingly less. Evidently
this is the reason why less desalinization is observed in the case of higher
current density. Removal of salts is almost proportional to electrical expenditure. Thus the total soluble salts of the soil water extract after leaching
the 0-30 cm thick layer with water was equal to 0-4 per cent, while after
leaching with water plus electric current of 0-2 Ah/cm 2 it was equal to
0-25 per cent, and at 0-4 Ah/cm 2 was found to be 0-14 per cent.
The efficiency of the action of the current on solonchak is lower due to
a higher hydraulic conductivity of the initial soil.
In a field experiment where freshly ploughed, friable soil was leached
in all treatments desalinization of the plough layer (0-30 cm) was almost
the same on leaching with water and with water in combination with current
treatment (leaching quantity—6,000 m:i) (Table 2). On Plot II, without
TABLE 2
SALT BALANCE OF A SOLONETZ-SOLONCHAK ACCORDING TO FIELD EXPERIMENT DATA

Depth
(cm)

Salt Reserves
(ton/ha)

Treatment

Plot II without
drainage
Current expenditure
510Ah/m2
Plot VI with
drainage
Current expenditure
650 Ah/m*

Removal of Salts
(ton/ha)

After Leaching
Initial

water
only

water +
current

Total

Water

Current

0-30
30-70
70-120
0-120

34
97
122
253

II
77
72
160

10
50
110
170

24
47
12
83

23
20
50
93

1
27
—38
—9

0-30
30-70
70-120
0-120

25
79
117
221

10
50
100
160

8
27
88
123

17
52
29
98

15
29
17
61

2
23
12
37

drainage, the current induced intensive desalinization of the layer 30-70 cm
thick. In this case the salts are removed to a depth of 70-120 cm where
their concentration is even increased due to the displacing and dissolving
action of the current.
On Plot VI, with drainage, the salts were removed outside the soil layer
1 -5 m thick. From a layer 0-120 cm thick 98 ton/ha of salts were removed,
of which 37 were due to the action of the current.
After leaching combined with current action the composition of the
salts present in the soil is altered causing an increase of calcium bicarbonate
and sulphate in the total soluble salts of the soil water extract which
improves the meliorative state of the soil.

458

A. F. VADYUNINA

(b) Desolonetzisation of Soils
Along with desalinization during leaching combined with current treatment, desolonetzisation of solonetzes takes place, connected with calcium
activation in carbonate soils during electrolysis. This process is facilitated
by displacement and destruction of the diffuse double layer due to the
influence of the current. This enhances the release of exchangeable Na from
the soil absorbing complex and its replacement by Ca.
According to Aristarkhov's data (1964) during an experiment with a
soda-sulphate solonetz-solonchak carried out in electrolysis baths, at a
current density equal to 0-4 mA/cm 2 for 360 hours, the composition of
exchangeable cations in percentage of TEC was altered in the following
way:
Ca
Mg
Na
Control
9-8
5-1
85-2
After electrolysis
62-88
11 • 1-30-2
1-5-8-2
Variations of the amounts depended on the distance of the sample from
the anode. Substantial desolonetzisation took place during the field experiment also (Table 3). Desolonetzisation under the influence of the current
considerably increases the efficiency of solonetzic soil leaching.
TABLE 3
COMPOSITION OF EXCHANGEABLE CATIONS IN A SOLONETZ-SOLONCHAK

After washing with water (I) and water plus current (II)
(Field experiment, plot VI)
Exchangeable cations meq/100 g
I
11

Depth
(cm)

0 -10
10 20
28 36
40 50

Na in %CEC
I
II

Ca

Mg

Na

Ca

Mg

Na

—

—

14-0
13-5
16 5
21 -5

5-8
5-4
6-9
7-6

6-9
111
130
12-9

16-2
17-3
16-8
23 0

3-9
3-7
4-4
9-2

0-9
0-9
30
10-6

160
28-5
30-0
310

3-4
3-5
7-4
27-0

(c) Improvement of Soil Physical Properties
Under the effect of direct current mechanical composition of the soil
changes. The amount of particles <0-005 mm decreases while the number
of coarser particles increases.
Due to breakdown of the diffuse layer by the current and an increase
in the calcium ion content, the soil solution now allows mutual attraction
between the elementary soil particles and their coagulation results in soil
aggregation. Thus the content of particles >0-01 mm in soda-sulphate
solonetz-solonchak after current processing amounting to 110 Ah was
considerably increased in comparison with the control, especially in the
anode zone. The number of particles <0-001 mm decreased correspondingly (Figure 1).
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Fig. 1.—Influence

cf electric current on the microaggregate distribution of
a soda solonetz-solonchak.

Due to the effect of the direct electric current on soils saturated with
water and their subsequent drying, water-stable structural units are formed.
Structure-formation under the gradual influence of the current passes
through a series of stages: at first a flocculated thixotropic gel-like weak
water-stable structure is formed; thereafter along with a decrease of the
zeta-potential and replacement of exchangeable Na by Ca, water-stable
structural units are formed.
The content of water-stable aggregates >0-25 mm increases in a
soda-sulphate solonetz-solonchak from 1-3 to 50-65 per cent after treatment with a l l O Ah electric current.
Lomize (1956), Mzareulova (1956) and others consider the electrode
material (iron, aluminium) responsible for aggregation in soils. In our
experiments aggregation takes place almost in the same way no matter
whether the electrodes are made of carbon or iron. The content of microaggregates was somewhat higher in the case of iron electrodes. Consequently
alteration of the degree of aggregation is due mostly to the transforming
role of the current itself. The aggregates formed under the effect of the
current are more porous and water-stable which becomes manifest by the
effect on water conductivity. During six hours of observation, water conductivity in a gypsumed soda solonetz-solonchak decreased 19 times (from
1-9 to 0-1 mm/min) in a layer of 0-20 cm, while in a non-gypsumed
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sample the decrease was only twice as low (from 13-5 to 6-7) after treatment with 171 Ah.
The current in clay soils causes water movement (electro-osmosis) thus
facilitating leaching of almost impermeable soils. Along with the electroosmotic water current which diminishes with desalinization of the soil, an
increase of the hydrodynamic filtration is observed due to an improvement
of the structural state of the soils. This was confirmed both in laboratory
and field experiments: the water flux into the drain in the field was 9-5 1/h
before the current was applied; after application of the current an increase
of 16-5 1/h took place. Twenty days later the discharge of the drains with
the current and without it was equal and about 15 I/h, mainly due to
hydrodynamic filtration. In field experiments bearing on water-stability of a
freshly tilled solonetz-solonchak the total outflow was only 19 mm of water
after leaching for 6 hours, whereas the output was 386 mm after leaching
with application of a current equal to 650 Ah/m 2 (Figure 2).
Thus the electric current treatment produces a manyfold improvement
of various properties of salinized alkaline soils and increases the efficiency
of their leaching.

Initial soils
After washing in the
absence of a current

100 i
90

Washing with water*

a current

' 60>, 50

f 3M
*

20

100

1

2
Hours

3
4
5
of observation

6

Fig. 2.—Influence of treatment with electric current on hydraulic conductivity of soils in the field experiments: a — 570 Ah/m-, b — 650 Ah/m-.
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SUMMARY

The manyfold meliorative effect of a direct electrical current on alkaline
and saline soils by increasing the efficiency of leaching has been described.
The electric current accelerates leaching of salts from the soil due to a
directed movement of the ions (electrolysis) and the soil solution (electroosmosis) to the cathode—the drain.
Rate of salt removal at a current of 1 mA/cm 2 is twice as low compared
to desalinization at a current of 2 mA/cm 2 . The electric current, depending
on its density, reduces 15 times the time of solonetz-solonchaks leaching; in
the case of permeable soils such as the solonchak in our experiment the
efficiency of the current is considerably lower.
On the other hand, efficiency of the water used at lower current density
is higher owing to slower movement of water and its prolonged action on
the soil. Simultaneously with desalinization, desolonetzisation also takes
place which in the course of usual leachings results in much larger water
and time requirements especially in soda-salinized solonetzic soils.
In the case of leaching of solonchaks with water combined with electric
current no solonetzisation takes place, usually observed when leaching with
water alone.
The current influence substantially improves the physical properties
of soils; the content of fine particles is reduced, and that of water stable
micro- and macro-aggregates increased and the water conductivity of soil
also increased thus facilitating leaching of impermeable soils.
Meliorative effect of the current is almost proportional to the quantity
of the electricity passed through the soil.
RÉSUMÉ

Les nombreux effets favorables d'un courant électrique direct sur les
sols alcalins et salins en accroissant 1'effïcacité du lessivage sont ci-dessus
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décrits. Le courant électrique accélère le lessivage des sels du sol grace a
un mouvement direct des ions (electrolyse) et de la solution du sol
(électroosmose) vers la cathode placée dans le drain.
Le degré de la désalinisation a un courant de I mA/cm 2 est deux fois
moindre compare a la désalinisation a un courant de 2 mA/cm 2 . Le
courant électrique, selon sa densité, abaisse de 15 fois le temps du lessivage
des solonetz-solonchaks; en cas de sols perméables, tels que le solonchak
dans 1'essai en question, 1'effet du courant est considérablement moindre.
D'un autre cöté, 1'efficacité de 1'eau utilisée a un courant de densité
moins élevé est plus grande grace aux mouvements ralentis de 1'eau et a
son action prolongée dans le sol. En même temps que la désalinisation, on
observe le lessivage du solonetz qui a pour resultat, au cours des lessivages
courants, de plus grandes quantités d'eau et des délais de temps plus longs,
en particulier dans les solonetz salins a carbonate de soude.
En cas de lessivage des solonchaks par eau et courant électrique, il n'y
a pas de formation de solonetz alors qu'elle a lieu lorsque 1'eau seule est
employee pour le lessivage.
L'influence du courant améliore les propriétés physiques des sols. La
teneur en particules fines est réduite et la teneur en micro et macroagrégats stables dans 1'eau a augmenté de même que la conductibilité de
1'eau dans le sol, ce qui facilite le lessivage des sols imperméables.
L'effet bienfaisant du courant est presque proportionnel a la quantité
d'électricité qui passe dans le sol.
ZUSAMMENFASSUNG

Der vielfaltig gunstige Einfluss elektrischen Gleich-Stromes auf alkalische und Salzböden durch steigern des Nutzeffektes des Auslaugens wurde
beschrieben. Der elektrische Strom beschleunigt das Auslaugen der Salze
von Boden, infolge einer gelenkten Ionen Bewegung (Elektrolyse) und
Boden-Lösung (Elektroosmose) zu der Kathode -der Dran.
Bei einer Stromstarke von 1 mA/cm 2 ist der Entsalzungs Grad zweimal
so niedrig im Vergleich zur Entsalzung bei einer Stromstarke von 2 mA/
cm2. Je nach Dichte verringert der elektrische Strom die Dauer des
Solonetz-Solontschak Auslaugens 15 mal, im Falie durchlassiger Boden wie
Solontschak war die Wirksamkeit des Stromes bei unseren Versuchen
entschieden niedriger.
Andererseits ist die Wirksamkeit des Wassers bei niedrigerer Stromdichte höher, infolge langsamerer Wasserbewegung, und seiner ausgedehnten Auswirkung auf den Boden. Entsalzung findet gleichzeitig mit der
Entsalzung des Solonetz Bodens statt, welches wahrend der üblichen Auslaugung viel mehr Wasser und Zeit beansprucht besonders in Soda-salzigen
solonetzischen Boden.
Bei Auslaugung der Solontschak Boden mit Wasser sowie mit elektrischem Strom, fand keine Solonetzion statt, welches bei Auslaugung nur
mit Wasser meistens beobachted werden konnte.
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Durch den Einfluss des Stromes wurden die physikalischen Eigenschaften der Boden wesentlich verbessert; der Gehalt feiner Teile wird
verringert, und der wasserbestandige Mikro -und Makro Aggregaten Gehalt
erhöht, Wasser Leitfahigkeit der Boden wird ebenfalls erhöht, demnach
wird die Auslaugung der undurchlassigen Boden gefördert.
Der gunstige Einfluss des Stromes steht beinahe im Verhaltniss zur
Quantitat der durch den boden geleiteten Elektrizitat.

UTILIZATION OF SOIL MOISTURE AND
GROUNDWATER BY COTTON PLANTS IN
THE CASE OF SALINE GROUNDWATER
O. G. GRAMMATICATI AND Z. D. POLIKARPOVA
All-Union Scientific and Research Institute of Hydrotechnics and
Amelioration named after A. N. Kostyakov, Moscow, USSR
It is known that agricultural plants can utilize fresh groundwater but
as the salt concentration increases they have difficulty in using such water
and in case of high concentration they find it impossible.
The limit of salt concentration in soil solutions and in groundwaters
before damage to cotton plants occur was established by Kovda (1947),
Legostayev (1956) and Stroganov (1949, 1962). However, until now it
was not clear how much water was utilized by cotton plants from groundwaters with differing salt contents and at differing depths. The distribution
in soil layers of salts rising from groundwater under evaporative conditions
has not been investigated sufficiently.
This paper presents results of water consumption by cotton plants
when mineralized groundwater is close to the surface and the soil surface is
protected from evaporation. The project was to investigate the effect of a
mulch on the salt distribution within soil layers of salt from the groundwater and to measure water utilization by cotton plants in such conditions.
The research was carried out in 1965 and 1966 in Golodnaya Steppe
(Uzbeck S.S.R.) on meadow-sierozem soils. The cotton plants were grown
in lysimeters. Polyethylene film served as a lysimeter casing; soil monoliths
were covered with polyethylene film. The monolith square section and its
height were 0-36 m- and 2 m respectively. The constant groundwater level
(fresh or mineralized with 20 g/1 salts consisting of 16 g/1 Na2SOi and
4 g/1 NaCl) was maintained. Polyethylene film was used as mulch.
This report shows results of experiments carried out in 1966, which
were similar to those obtained in previous experiments.
Before sowing, the soil in the lysimeter was moistened up to field
capacity. Four irrigations took place during growth. Five variants were
used. In the first variant (control) fresh groundwater was maintained at
1-9 m depth. In the second variant mineralized groundwater (20 g/1) was
maintained at the same depth. The third variant had mineralized groundwater (20 g/1) at 1 -4 m depth. In all these variants water loss occurred by
transpiration by the cotton plants as well as by evaporation from nonprotected soil. The soil surface was mulched in the lysimeters of the fourth
variant, which had mineralized groundwater (20 g/1) at 1-9 m depth. The
main reason of water loss from these mulched lysimeters was transpiration
by the cotton plants, as evaporation was eliminated. In the fifth variant,
only evaporation occurred since this variant was without plants.
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The experiments showed that the presence of the mulch as protection
against water loss by evaporation changed the character of salt distribution
in soil layers when the salt was rising from groundwater and it increased
the amount of soil water utilized by cotton plants.
It was stated that a mulch prevents salt movement in soil and salt
accumulation in the upper layers. In the mulched lysimeters, the chloride
ion concentration on the soil surface was one-seventh that in the lysimeters
without mulch and only one-twentieth that in the lysimeters without mulch
and plants (Table 1). Table 1 shows that at the end of the growth period
TABLE 1
CHLORIDE CONTENT (IN G / 1 0 KG OF DRY SOIL) IN SOIL LAYERS AT THE BEGINNING AND THE
END OF EXPERIMENT

Variants
Depth

cm
0—2

2—10
10—20
20—30
30—40
40—50
50—60
60—70
70—80
80—90
90—100
100—110
110—120
120—130
130—140
140—150
150—160
160—170
170—180
180—190
190—200

III

II

1

IV

V

June

Oct.

June

Oct.

June

Oct.

June

Oct.

June

Oct.

20

8

20

8

20

8

20

8

20

8

0-4
0-4
0-5
14

1-2
0-5

0-5
0-5
0-8
11
1-4
2-1
21

20
0-7
0-9

0-4
0-4
0-5
0-7
0-7
0-7

0-4

0-3
0-4
0-4
0-4
0-6
0-7
0-8

0-4
0-4
0-5
1-1

5-8
0-7
0-5
0-5

1 6

1 -1
1 -6
1 -9

1 -9

2-8
3-2

3-5
0-7
0-5
0-5
3-3
3-6
3-9
70
8-1
5-6
6-3
6-3
6-5
6-7

1 -6
2-1
2-3
2-3
2-3
2-3
2-3
2-3
1-6

1 6
1 -4
1 4
1-6

1
1
1
1

8
-4
-8
-6

11
1-8
2-3

1 -9
2-5
2-6
3-2
3-2

3 0
1 -8
II

1 -2
11
0-9
0-9
0-9
0-7
0-7

1 1

2-3
2-2
20

1 -7
1-3
1-5

1 4
1 4
1-6
1-7

1 -8
1 -9
1 -5

1 6
2-3
2-7

2 6

1 -1
1 1
1 -6

3 0

2-1

3-4
2-6
2-8

2 1

3 0
3-4
4-6
5-2
5-2
5-2

6 0
5-5

21
1-4

1 6
1 4
2 6

6 0
6-3

0 6
0-6
0-8
0-8
0-9
0-9

1 5

1 0

1-4
1-5

2-4

1 6

2-5
2-9
2-6
3-3
3-7
4-3
41
4-4
4-4
5-2
4-8

1-8

1 6
1 -8
13
1-7
1-6

1 -4
1 -6
1-8
1-8

3 0

2-6
3-5
3-5
3-9

3 0
3 0
1-6

1 4
11
11
0-9
0-9
0-7
1-2
1-2
14

2-6
3-3
3-7
3-3
2-8
21
1-6

1 -6
1-9
2-3
2-1
2-8
3-9
4-2

of the cotton plants a certain accumulation of chloride in the upper soil
layers occurred as the result of ion movement from the deeper soil layers
even in the lysimeters with fresh groundwater. Substantial soil salinization
by chloride was seen in the second, third and fifth variants. In the fourth
variant where mulch was used no accumulation of chloride in the upper
soil layers was found. Chloride contents were reduced from the original
values in the 0-80 cm layer and were less than in the second variant
throughout the soil profile down to 90-100 cm. The salinization of the
upper soil layer was greatest in the lysimeter without plants; during the
experiment chloride content in the 0-2 cm soil layer increased from
0-004% to 0-058%.
Figure 1 shows the chloride distribution at the end of the experiment
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Fig. 7.—Chloride content in soil layers at the end of experiment. 1 —
Chloride content in variant 4. 2—Chloride content in variant 2. 3—Chloride
content in variant 3.

in the lysimeters of the second, third and fourth variants. In the lysimeter
where groundwater was maintained at 1-4 m depth, the whole soil profile,
except the 10-30 cm layer, was substantially salinized. Comparing the
lysimeters of the second and the fourth variants we can see that a zone
of chloride accumulation developed in the first metre of soil when the soil
was not protected by mulch. Similar results were obtained with respect to
the distribution of sodium (Figures 2, 3, 4 ) . A zone of extensive sodium
accumulation occurred in the second and fourth variants to 100 cm height
above the groundwater. Nevertheless in the lysimeters without mulch,
sodium was accumulated in the first metre of soil especially in the surface
layers whereas in the variant with mulch the sodium contents in the first
metre of soil decreased during the experiment. The most marked salinization of the soil by sodium occurred in the lysimeters with the shallow
groundwater. In the first variant, insignificant changes in the distribution of
NaCl and Na2S04 occurred. The total NaCl salt content in the first lysi-
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Fig. 2.—Sodium content in soil layers at the beginning and the end of experiment. Variant with mulch. 1—Initial content of sodium. 2—End content
of sodium.

meter increased by only 0 095 t/ha whereas in the second variant, the
salt content increased by 8-00 t/ha. In the third variant where groundwater was maintained at a depth of 1-4 m, maximum accumulation of
NaCl (11-30 t/ha in 0-150 cm) took place. In the variant with mulch,
accumulation of 5-99 t/ha of NaCl occurred. However, this accumulation
was due to the increase of salt in the second soil layer. NaCl content in
the layer 0-50 cm decreased by 0-28 t/ha. In the fifth variant (without
plants), the content of NaCl increased by 2-77 t/ha. The maximum increase of Na-iSOi occurred in the lysimeters of the second and third
variants. In the second variant accumulation of Na^SO^ was 37-57 t/ha
and in the third, 52-15 t/ha (in the layer 0-150 cm). In the variant with
mulch, Na-2S04 content decreased by 0-87 t/ha in the first metre and
increased by 24 • 66 t/ha in the second metre. The total content of Na^SOi
in this variant increased by 23-20 t/ha. In the lysimeter without plants,
the content of Na2S04 increased by 15-4 t/ha.
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Water loss differed between variants. At the end of the experiment
maximum desiccation of the soil was visible in the lysimeters of the fourth
variant where water loss was equal to 50-2 1. The minimum loss of water
(18-41) was from the second variant. The maximum uptake from the
groundwater (101-9 1) was in the lysimeters of the third variant where
evidently the loss was chiefly due to evaporation since the growth of the
plants was severely depressed. The water consumption of the cotton plants
in the lysimeters with the mulch averaged 233-1 1 and in the lysimeters
without mulch 208 • 1 1. Water consumption in the fourth variant increased
due to the most extensive use by the cotton plants.
Observation of the root system of the cotton plants showed that roots
obtained groundwater not only in the lysimeters with fresh groundwater
but also in the lysimeters where groundwater was saline. At the end of the
experiment, single roots of the cotton plants were discovered in the
mineralized ( 2 0 g / l ) water.
The use of a mulch contributed to the best development of the plants
and the highest cotton yield. The average yield of the cotton plants in the
lysimeter of the first variant was equivalent to 38 -12 centners/ha. in the
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second variant to 27-95 centners/ha and in the third variant where saline
groundwater was maintained at a depth of 1-4 m, the yield was equivalent
to 15-43 centners/ha.
The average yield in the lysimeters with a mulch amounted to 37-12
centners/ha and was equal to that in the lysimeters with the fresh groundwater.
The results of the experiment show that effect of salt damage occur
only when physical evaporation is present. When evaporation is prevented
the cotton plants may utilize soil moisture and valuable yields are obtained
when saline groundwater occurs at a depth of 1-9 m.
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SUMMARY

This project was to investigate the effect of a mulch on the salt distribution within soil layers of salt from a saline groundwater and to measure
utilization of water by cotton plants in such conditions. The cotton plants
were grown in lysimeters where the level of the groundwater, either fresh
or mineralized with 20 g/1 salts (16 g/1 Na-^SOi and 4 g/1 NaCl), was
maintained.
A mulch of polyethylene film prevented the salt movement in the soil
and salt accumulation in the upper layers. In the mulched lysimeters the
chloride content on the surface of the soil was one-seventh that in the
lysimeters without a mulch. A decrease in the content of chloride was
measured throughout the soil profile from the surface down to a depth of
100 cm. Similar results were obtained with respect to sodium.
Average yields of the cotton plants, expressed per hectare, were 38-12
centners in the variant with fresh groundwater, 27-95 centners in the
variant with mineralized groundwater at 1-9 m level, and 37-12 centners
in the variant with the mulch.
The results of the experiment show that when physical evaporation is
prevented the cotton plants may utilize soil moisture and a valuable yield
is obtained when the groundwater is at a depth of 1 -9 m.
RÉSUMÉ

Le projet fut d'étudier I'effet d'un paillis sur la distribution dans les
couches du sol, du sel provenant d'une eau souterraine saline, et de mesurer
1'utilisation de 1'eau par les cotonniers dans de telles conditions. Les cotonniers furent cultivés dans des lysimètres oü le niveau de Peau de fond, soit
fraiche, soit minéralisée de 20 g/1 de sels (16 g/1 Na2S04 et 4 g/1 NaCl)
fut maintenu.
Un paillis de film polyethylene empêcha le mouvement du sel dans le
sol et son accumulation dans les couches supérieures. Dans les lysimètres a
paillis, la teneur en chlorure sur la surface du sol ne fut que le septième de
celle dans les lysimètres sans paillis. Une décroissance en contenu de
chlorure fut mesurée a travers le profil du sol, depuis la surface jusqu'a
une profondeur de 100 cm. Des résultats semblables furent obtenus en ce
qui concerne le sodium.
La production moyenne des cotonniers, exprimée par hectare, fut 38,12
quintaux dans la variante a 1'eau de fond fraiche, 27,95 quintaux dans la
variante a 1'eau de fond minéralisée au niveau de 1,9 m, et 37,12 quintaux
dans Ia variante a paillis.
Les résultats des essais montrent que, lorsque 1'évaporation physique
est empêchée, les cotonniers peuvent utiliser 1'humidité du sol, et qu'un
rendement précieux est obtenu quand 1'eau souterraine est a une profondeur
de 1,9 m.
ZUSAMMENFASSUNG

Dieses Vorhaben untersuchte den Mulch—Einfluss auf Salz—Verteilung innerhalb der Salz Bodenschichten eines salzhaltigen Grundwassers,
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sowie die Messung der Wasserausnutzung bei Baumwollpflanzen unter
derartigen Bedingungen. Die Baumwollpflanzen wurden in Lysimetern bei
einem entweder frischen oder mineralisierten mit 20 g/l Salzen (16 g/l
Na2S04 und 4 g/l NaCI) gehaltenen Grundwasserspiegel gezüchtet.
Ein Polyethylenischer Film Mulch verhinderte die Salzbewegung im
Boden, sowie Salzanreicherung in den oberen Schichten. In den gemulchten
Lysimetern war der Chlorid Gehalt auf der Bodenoberflache ein Siebentel
von dem in den Lysimetern ohne Mulch. Eine Verminderung des Chlorid
Gehaltes wurde durch das ganze Bodenprofil gemessen, von der Oberflache
zu einer Tiefe von 100 cm. Ahnliche Ergebnisse wurden in Bezug auf
Natrium erzielt.
Durchschnittliche Ertrage der Baumwollpflanzen, in Hektar ausgedrückt, betrugen 38,12 Zentner in der frischen Grundwasser Variante, 27,95
Zentner in der mineralisierten bei 1,9 m liegenden Grundwasser Variante,
und 37,12 Zentner bei der Mulch Variante.
Die Ergebnisse der Versuche weisen auf, dass die Baumwollpflanzen
bei Verhinderung der physikalischen Verdunstung die Bodenfeuchtigkeit
ausnützen können, und ein wertvoller Ertrag bei einer Grundwassertiefe
von 1,9 m zu erreichen ist.
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FOREWORD

The Turan Plain (Berg 1913) occupies a very big area in Soviet Middle
Asia and South Kazakhstan, extending from the shore of the Caspian Sea
to the Djungarian mountains, and the Hi River on the eastern frontier of
the U.S.S.R. The extent from east to west is 2400 km and from north to
south about 1400 km. The south, and south-east borders of the plain are
formed by the great mountain ridges, the Tien-Shan, Pamirs-Alai and
Copetdag.
Economically it is a very important region of the U.S.S.R. There are
7 million hectares of irrigated land, more than 60% of the total irrigated
land (12 million hectares) in the U.S.S.R. Farm production comprises
cotton—90%, astrakhans—57%, wool—16%, fruits—12% of the total
in the U.S.S.R. (Babaev et al. 1967), together with a considerable amount
of rice, maize, alfalfa and sugar-beet.
Of the irrigated soils 7 5 % are inclined to secondary salinisation, and
therefore the reclamation of saline soils, and the prevention of arable
soils from salting are of paramount importance in this area.
THE NATURAL CONDITIONS OF THE TURAN PLAIN

The present structure of the earth's crust in the Turan Plain and its
neighbouring mountains was a consequence of the closing of the Tetis
geosyncline during Gerzinsk time. In the Palaeozoic and Mesozoic Eras the
mountains had been destroyed and the area was transgressed by the sea.
During the Tertiary and the Quaternary, following the Alpine orogenic
cycle, new mountains grew in about the same region as before. This stage
marked the beginning of a new continental regime of climate, which has
continued to the present day.
The old marine sediments were covered with fluvial and proluvial
deposits and a great alluvial plain was built up. Local wind erosion formed
the sandy deserts of the Turan Plain, known by the names Kyzyl-Kum.
Kara-Kum, Sary-Ishyc-Otrau, Mujun-Kum and others.
Fundamentally it is necessary to distinguish two main parts of Turanian
land, possessing a close connection between themselves. The mountains are
being progressively eroded, and the erosion debris is being deposited upon
the plains. The transport of these eroded materials is accomplished by the
rivers, by groundwater in aquifers and by ephemeral streams. The total
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flow in the rivers from mountains to the plains is about 1 -6 x 10" cubic
metres/year, of which 1-1 x 10" m:Vy is accounted for by the flow of the
Amu-Darya, Syr-Darya and Hi Rivers (Zvonkof 1962). The main sediment
load is carried by the Amu-Darya which discharges about 228-0 x 10"
tons/year, as measured near the town Kerky. The Syr-Darya discharges
about 22-7 x 10" t/y as measured near St. Begovat (Cuvshynova and
Chubukov 1958).
The concentration of solutes in the river water is not constant. In
summer flood it is not more than 0-4 g/1 but in drought periods it
increases to 0-5 and even to 0-9 g/1 total salts. The salts are mainly
sulphates and bicarbonates. with typical composition in Syr-Darya water
as follows, in mg-equiv.%; HCO:i—17; CI—8; SO,—25; Ca—27; Mg—
8; (Na + K)—15. As the total content of salts increases, so does the
relative proportion of sulphate, sodium and calcium ions. About 7 5 % of
the total salt content in the proportion contained in the river water is not
harmful for plants. Analytical data has shown that there is a tendency for
the salt content to increase in irrigation waters, as a result of building many
storage reservoirs in which highly mineralized water accumulates during
drought periods, aggravated by groundwater inflow. The total chemical
flow in the Aral enclosed drainage basin is 29 x 10" tonnes of salts annually
(Alekin and Bragnikov 1964).
Rivers of the Turan Plain have no tributaries and part of their water
is lost by percolation into the underground basin, by diversion for
irrigation, and by direct evaporation. The average discharge of the SyrDarya River near St. Begovat is 677 cu.m/sec but near Kasalinsk it is only
474 cu.m/sec or less. Calculation of the time required for accumulation of
the alluvial deposits, which overlie marine sediments on the lower part of
the Syr-Darya basin, has given the same results as other geological methods
(Borovskiy and Pogrebinskiy 1958). The alluvial deposits typically show
two layers, the combined thickness of which is variable from 80-100 m
in the middle part of Syr-Darya and Amu-Darya valleys, to 60-70, and as
little as 10 m in other parts (Borovskiy and Pogrebinskiy 1958, Rabochev
1964, Krylov 1959). In some of the piedmont plains where there were
pre-mountain depressions, alluvial fan deposits are up to 700-800 m thick
(Krylov 1959). Near the mountains the lower layers of the alluvial deposits
are more coarse-grained. With increasing distance from the mountains the
particle size decreases to fine sand with lens-like alevritic layers in the plain.
On the piedmont plains the parent material is colluvial detritus over the
pebbly layer, in the deltaic and river valley regions (plain) it is the alluvial
deposits, which are light textured on the levee banks and heavy-textured in
the depressions (Borovskiy and Pogrebinskiy 1964).
The climatic conditions are typically continental, with a prolonged
dry, hot season and a short winter with freezing temperatures. The total
hours of sunshine are about 2500-3000, and the total radiation is about
1 -3-1 -4 x 10"' cal/cm- annually.
Mean annual temperature ranges from 7-8° in the north, to 16° in the
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south. The periods of the year with temperatures more than 5°, 10°, 15°
are respectively 250-300, 200-250 and 150-200 days.
Annual precipitation is 75-150 mm on the dry plain, 300 mm on the
piedmont plain, 500-700 mm in the foothills and 1000 mm or more in
the mountains. Precipitation falls mainly in the winter-spring time, and there
is no rain in summer. Potential evaporation is 10-20 times more than
precipitation, ranging from 1200 to 2500 mm annually (Kuvshynova and
Chubukovl958).
The nature of the underground water depends upon geohydrological
processes, developed under exogenetic factors and human activity. It has
been shown (Krylov 1959) that, on this basis, Turan land can be
separated into two groups. On the slopes of the mountains, on the upper
parts of the alluvial fans and in the pre-mountain depressions the groundwater flow is unhindered, because the hydraulic conductivity of the gravels
is high and there is ample thickness of the aquifers. In the middle parts of
the alluvial fans, the deposits are much thinner and the hydraulic conductivity is less. The groundwater flow is more sluggish, the water table rises
and in places reaches the surface of the soils, creating swampy areas. In
the lowest parts of the alluvial fan deposits, furthest from the origin of
the sediments, groundwater flow is very slow. Unlike in the pre-mountain
depressions, the river beds do not provide outflow of water from the basin.
The two divisions of the Turan Plain may therefore be summarised as,
firstly, the higher land where the main expenditure in the water budget is
outflow, either surface or subsurface; and secondly, the lower land, where
the main expenditure is evaporation.
In the river valley and deltaic regions generally, water infiltrates
through the stream beds to the underground water. Occasionally, during
drought periods, there is a component of flow in the direction of the
stream courses, for a relatively narrow strip along each levee bank. The
groundwater has no outlet except by evaporation and plant transpiration.
The depth to the water table depends only upon distance from the rivers
and any other water spreading areas. Near rivers, irrigation channels and
irrigated fields, the depth to the water table is from 1 to 3 m, and with
distance it increases through 10 m to up to 30 m.
On the piedmont and alluvial-deltaic (desert) plains of Turanian land,
vegetation belongs to the cereals—ephemeral on the first, and galophyticwormwood types on the second. Near rivers, in areas subject to flood,
various grasses occur, together with some shrubs, known as "tugay" association. It has been shown (Kovda 1946), biogeochemically that this association does not develop where there are accumulations of harmful salts
in the soils. The total mineral content in the annual litter fall of all vegetation in the Aral Sea basin has been estimated at 17 x 10fi tonnes soluble
salts, i.e. more than half of the total chemical flow from the whole catchment area of this basin. Not all this salt would be leached, but some
would be taken up by the roots of vegetation and be returned to the
biological cycle.
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SOILS OF THE TURAN PLAIN

Sierozem soils situated on the piedmont plain, contain 1 to 1-5%
humus and much calcium carbonate (C02 about 1 0 % ) , the quantity of
lime increasing down the soil profile. The parent material is loess. Plant
nutrition is particularly deficient in nitrogen. These soils characteristically
have a high porosity, large content of microaggregates, much silt, high
hydraulic conductivity, high moisture retention capacity and height of
capillary rise of about 2-5-3 m. Rosanov (1951) stated that sierozems
are among the best soils for irrigation and are much used for growing
cotton.
Takyr-like soils are situated in the desert part of the old deltaic plains.
On the surface they are covered with a porous, brittle crust, separated into
polygons by cracks. Beneath, there is a plate-like structured horizon, passing
into massive, blocky clay. Humus content is less than 1%. Parent materials
are layered alluvial deposits, with silt-loamy layers predominant. The
hydraulic conductivity is low, but moisture retention capacity is good.
Height of capillary rise is not more than 1 • 5 m.
Between takyr-like soils there are sites where takyrs occur in depressions
on the plains. Higher plants do not grow here, but only algae and fungi,
temporarily during the humid season. These soils are practically impermeable and unsuitable for cultivation.
Near the rivers, on the levee banks subject to flooding, are situated
alluvial-meadow "tugay" soils. They have a light-textured, granular composition and contain from 3 to 6% humus. Heavy textured alluvial soils occur
in depressions between the stream channels, and swampy and meadowswampy soils occur in the reed beds under continuous inundation. They
have a deep humus horizon containing up to 3 % humus.
All these soils have developed on the layered alluvium and they possess
a deep, sandy sub-soil. They are widely used for irrigation, for cropping
rice, cotton (in the south), and other crops. Between the hydromorphic
soils there are many sites where solonchaks occur. These are alluvial soils
containing much calcium carbonate from surface down the profile.
On the desert table-lands there is a large area occupied by grey-brown
hammada soils, with a very high content of gypsum, and much soluble
salt (Lobova 1960). These soils are not suitable for irrigation. On the
middle parts of the alluvial fans, where the groundwater level comes to the
surface, meadow soils are formed, named "saze", which occupy a relatively
small area. They contain about 3 % humus, have a loamy texture, crumbly
structure, and at a depth of about 1 m there is a calcareous hardpan. They
are widely used for cultivation of sugar-beet and orchards.
SALINISATION PROCESSES IN THE SOILS OF THE TURAN PLAIN

Salinisation processes in soils, rocks and waters of the Turan Plain are
very complicated, and have a long history. Harmful salts, which may enter
the biological cycle, have three origins, viz. connate salt remaining from the
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last geological epoch, salt brought in by the river and stream flow from the
mountains, and salt release by weathering of the sediments of the plain.
It is well known that migrations of salt take place mainly as solutions,
and that the hydrology of a region determines the salt budget. On the
mountain slopes, the upper parts of the alluvial fans and on the piedmont
plains, the underlying aquifers are permeable, the groundwater is not saline
and there is no secondary salinisation. Water does not accumulate in subsoil
after irrigation, because increased flow in the aquifers is able to carry away
the additional water.
The area with complicated conditions of groundwater flow is the long
sloping plain from the foothills to the depressions. In "Golodnaia steep",
for example, Pankov (1962) demonstrated that there was an equilibrium,
before widespread irrigation was practised, between the inflow from the
mountains, infiltration of local precipitation and groundwater discharge to
local depressions and to the river beds acting as drains. The depth to water
table varied from 15 to 20 m near the piedmont plain to as little as 3 m
near the local depressions. The soils were not saline, but there was some
salt reserve in the subsoils and in the groundwater, remaining from the
past geological epoch.
After the beginning of extensive irrigation, the natural equilibrium was
disturbed, because the increase in the amount of deep infiltration could
not be taken away in an increased groundwater flow. The water table rose
to the critical height in many parts of the area with the poorest drainage
conditions. Secondary salinisation began, first in isolated patches, but then
it spread extensively over wide unbroken areas. This type of salinisation
is caused by the translocation of salt from the salt reserve of the subsoils
to the soil surface, by capillary rise from the water table.
In recent years, in "Golodnaia steep", large drainage works have been
put into effect. The drains were designed to have sufficient capacity to carry
off the increase in infiltration to the groundwater. Soil conditions improved
and the harvest steadily increased.
For a long time in the lower reaches and deltaic regions large amounts
of salts were brought in by the rivers and have accumulated in this area
since there is no natural drainage. The complicated regime of the salt
movement in soils, subsoils and groundwaters has been shown earlier
(Borovskiy and Pogrebinskiy 1958-1959). The old deltaic region of SyrDarya river, for example, could be separated into two parts, namely an
area which is subject to present-day river floods, and an old dry area.
The salt reserves to a depth of 2 m in the soils in the first area, in
alluvial-meadow "tugay" soils, alluvial-old-meadow, or "old-tugay" soils,
meadow-swampy soils and solonchaks were estimated to be respectively
118, 78, 80 and 832 tonnes/ha. In the upper 0-5 m layer the percentage of
the total salt reserve of the 2 m thickness is respectively 61, 42. 44 and
4 0 % . It is evident that most of the salt is located in the upper part of the
soil profiles.
In the ancient, dry area of the Syr-Darya delta, the salt reserves are. in
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t/ha to 2 m depth, as follows: Takyr-like highly saline soils—240; takyrlike soils with sandy surface—193; takyr-like alkali soils—139; takyrs—
302; takyr-solonchaks-—385; residual solonchaks—455; takyr-like soils
remaining from old irrigation systems—173. Distribution of salts in the
soil profiles here is more uniform, being about 20% in the top 0-5 m of
the profile in takyr-like alkali soils, takyr-like soils with sandy surface,
takyr-like remaining from old irrigation, and takyrs, whereas in takyr-like
highly saline soils and solonchaks this percentage is 34 to 4 7 % .
In the first area, highly saline soils occupy 17% of the area, but
contain 70% of the total salt reserve of the soils. The type of salinisation
is chloride-sulphate. As the content of salts in the soils increases, the
proportion of sulphates in the soil solution increases also. The soils with
the highest salinity have typically sodium sulphate salinisation.
Depth to the water table in this area is variable, 27% of the area
having the ground water within 1 to 2-5 m and 59% of the area having
groundwater at depths 2-5 m to 10 m below the surface. The salt content
of the groundwater is from 2 to 10 g/1 over 6 3 % of the area. The type of
mineralisation is chloride-sulphate, but as the content of salts increases, the
proportion of chloride becomes relatively larger. When the salt content is
higher than 40 g/1 its composition is mainly sodium chloride.
In the second area, the old, dry deltaic regions, groundwater at depths
of 10 to 15 m occurs on 6 5 % of the area. The content of salts here is
higher, from 10 to 50 g/1 on 64% of the area. Evidently, the first region
is more suitable for irrigation.
For this region we calculated the total salt reserve contained in the
whole depth of sediments from the soil surface to the groundwater bed to
a depth of 50 m. Such salt reserves are as follows: —
For solonchaks: in groundwater (depth—4-5 m. mineralisation 14
g/1) —2520 t/ha; in soil layer from surface to the water table—1632 t/ha;
total—4152 t/ha.
For alluvial-meadow "tugay" soils: in groundwater (2 m and 8 g/1)
—1540 t/ha; in soil—118 t/ha; total—1658 t/ha.
For alluvial-old-meadow "old tugay" soils: in groundwater (6 m and
11 g/1)—1935 t/ha; in soil—174 t/ha; total—2109 t/ha.
For meadow-swampy soils: in groundwater (2 m and 8 g/1)—1540
t/ha; in soil—80 t/ha; total—1620 t/ha.

Our data given above show that the greater part of the total salt
reserve in the active thickness from the soil surface to the groundwater
beds is concentrated in the groundwater. It contains 66 to 9 5 % of the
total salt. In solonchaks and meadow-swampy soils, the salt content in the
top 2 m is very variable, even as much as 20-fold, but in the groundwater it
varies only 1 • 6-fold. Hence it follows that the groundwater in this drain-less
area could be examined as an equalising factor, but also providing the
greatest danger of secondary salinisation.
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After irrigation the groundwater level rises and the soils become saline
after one or two years. In the Turanian Plain secondary salinisation is
closely connected with the natural conditions of drainage, and the
scientific study of the water and salt budgets is a first necessity in irrigation
practice.
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SUMMARY

The Turan Plain occupies vast areas of the deserts in Central Asia
and South Kazakhstan. More than 60% of the irrigated soils of the USSR
are situated here. The plains are surrounded by high mountains from the
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south and the east. The climate is continental, with dry, hot and long
summers, and short, frosty winters. Potential evaporation is 10 to 20 times
larger than the average precipitation.
The layer in which migration of the water-soluble salts takes place varies
in depth from 100 to a few metres and consists of colluvial gravel covered
with loess and alluvium of a binary structure derived from schists. The
accumulation of salts in the soil, rocks and water is associated with the
natural drainage.
In the piedmont region where there is gravel and drainage is adequate,
salts do not accumulate and there is no danger of secondary salinization.
In the regions with less adequate drainage, there is an accumulation of
salts, and secondary salinization is a danger after the development of
irrigation. Very large quantities of salts have accumulated in the drainless
alluvial-deltaic plains, where a high concentration of salts is found in the
ground water. On irrigation strong salinization takes place and differences in
the original condition of the soils disappear. Regulation of the water-salt
system is necessary to prevent salinization. The salt reserves and the
hydrologie properties of the entire layer from the surface of the soil to the
water table must be taken into account. The soils, the terrain and the
ground water form an interdependent active zone in which processes of
salt-migration develop, that are of decisive importance in the amelioration
of land.
RÉSUMÉ

La Plaine de Turan remplit de vastes regions des deserts de 1'Asie
Centrale et du Kazakhstan du sud. Plus de 60% des sols irrigués de
1'U.R.S.S. se trouvent ici. Les plaines sont entourées de montagnes hautes
au sud et a Test. Le climat est de type continental, avec un été long sec et
chaude et un hiver court gele. L'évaporation potentielle est de 10 a 20 fois
plus grande que la precipitation moyenne.
La couche dans laquelle se passe la migration des sels solubles dans
Peau varie en profondeur de quelques metres a 100 m., et se compose de
gravier colluvial couvert de loess et d'alluvions de structure binaire derives
de schistes. L'accumulation de sels dans le sol, les roches et 1'eau se rapporte
au drainage naturel.
Dans la region de piémont, oü il y a du gravier et oil le drainage est
suffisant, les sels ne s'accumulent pas, done il n'y a pas de risque de
salinisation secondaire. Dans les regions a drainage moins suffisant, il y a
une accumulation de sels et la salinisation secondaire est un danger a la
suite du développement de 1'irrigation. De tres grandes quantités de sels
se sont accumulées dans les plaines alluviales de delta sans drainage, od
on trouve une forte concentration de sels dans 1'eau souterraine. Une forte
salinisation se passe a la suite d'irrigation et les differences de la condition
originelle du sol disparaissent. Une regulation du système du sel dans
1'eau est nécessaire pour empêcher la salinisation. Il faut tenir compte des
réserves de sel et des propriétés hydrologiques de la couche entière. depuis
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la surface du sol jusqu'au plan d'eau. Les sols, le terrain et la nappe
phréatique forment une zone active solidaire dans laquelle se développent
les processus du déplacement des sels, qui sont d'une importance decisive
pour Amelioration des terres.
ZUSAMMENFASSUNG

Riesige Flachen der Wüsten in Zentral-Asien und Süd-Kasakstan sind
von der Turan-Ebene eingenommen. Mehr als 60% der irrigierten Boden
der UdSR sind hier situiert. Die Ebenen sind vom Süden und Osten mit
hohen Gebirgen umgeben. Das Klima ist kontinental mit trockenen, heissen
und langen Sommern und kurzen, frostigen Wintern. Potentielle Verdunstung ist 10 bis 20 mal höher als die durchschnittlichen Niederschlage.
Die Schicht, in welcher sich die wasserlöslichen Salze niederlassen,
variiert in Tiefe von 100 bis zu ein paar Metern und besteht aus kolluvialem
Kies, welches mit Loss bedeckt ist, und Alluvium mit einer binaren durch
Schisten entstandenen Struktur. Die Ansammlung der Salze im Boden,
Gestein und Wasser ist mit der natürlichen Entwasserung verbunden.
In der Piedmont-Region, wo ausreichend Kies und Entwasserung
vorhanden ist, Salze sammeln sich nicht an und es besteht keine Gefahr
der sekundaren Salinierung. In den Regionen mit weniger ausreichender
Entwasserung, durch Ansammlung von Salzen eine Gefahr der sekundaren
Salinierung nach der Entwicklung von Irrigationen besteht. Grosse SalzMengen haben sich in den entwasserungslosen, alluvialdeltaischen Ebenen
angesammelt und eine hohe Konzentration der Salze wird im Grundwasser
gefunden. Durch Irrigation ergibt sich eine starke Salinierung und Unterschiedlichkeiten in dem urspriinglichen Zustand der Boden verschwindet.
Regulation der Wasser-Salz-Behandlung ist notwendig, um Salinierung zu
vermeiden.
Die Salzvorrate und die hydrologische Eigenschaft der gesamten Schicht,
von der Oberflache des Bodens bis zur Wassertafel, muss in Betracht
gezogen werden. Die Boden, das Terrain und das Grundwasser bilden eine
von einander abhangige Zone, in welcher Prozesse der Salzniederlassung
entstehen, die von entscheidender Wichtigkeit in der Amelioration des
Landes sind.

17

SALINE SOIL CLASSIFICATION USING THE 5:1
AQUEOUS EXTRACT
O. CARPENA, M. G. GUILLEN, F. G. FERNANDEZ AND M. CARO
Centro de Edafologia y Biologia Aplicada del Segura, Murcia (Espana)
I. INTRODUCTION

In the southeast of Spain naturally saline soils occupy an area of about
10,000 ha.
Moreover in large areas of soil with fruit and horticultural crops, salting
is increasing, reaching in some cases dangerous levels because of the use of
irrigation water of bad or doubtful quality and by the inadequate usage of
the water (Guillen et al. 1964).
With this paper we want to make a contribution to the knowledge of
the intensity of these anthropogenic processes of secondary salinization,
studying the relation between aqueous soil extracts so that it may be
possible to substitute the usual saturation extract estimation of soil salinity,
by an easier method, particularly the 5:1 extract, and use it to classify soils
for salinity.
Several limits have been suggested to define soil salinity. The U.S.
Salinity Laboratory, using the work of Hilgard, de Sigmond and Scofield
as a basis, have given a definition of "saline soils" to those for which the
electrical conductivity of the saturation extract is more than 4 mmho/cm,
at 25°C, and the exchangeable sodium percentage is less than 15. Previously
they established a relation between the soil salt content and the electrical
conductivity of the saturation extract.
The electrical conductivity of the saturation extract has been generally
used as a method of appraising soil salinity in relation to plant growth.
Nevertheless the extracting of the soil solution at the saturation point is
difficult and therefore in practice more diluted extracts are employed
especially those of the ratios 1 : 1 , 2 : 1 , 5 : 1 and 10:1 (Butter 1960, Castro
1950, Chaves y Romero 1962, Chevalier 1951, Gonzalez y Chaves 1956,
Jackson 1964, Merkle and Dunkle 1944, Pleven 1955 and U.S. Salinity
Laboratory Staff 1954). The higher the water/soil ratio the easier it is to
obtain the corresponding extract. However the extracted solution will be
less comparable with that to which the plant roots are exposed in the soil,
because of the possibility of separating a greater amount of the readily
dissolved salts, and also because the ionic species could be different
(Magistadera/. 1954, Reitemeier 1946).
Besides aqueous extracts, the electrical conductivities of the suspensions
resulting from the mixing and agitation of appropriate amounts of soil and
water are used for salinity estimations.
In all these methods in which the saturation extract is not employed, the
483
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question arises of relating the values obtained to the salinity deduced from
the saturation extract, or on the other hand, to establish new criteria to
classify the saline soils.
With the Scofield classification (Magistad et al. 1954) based on the
electrical conductivity of the saturation extract, it is not necessary to distinguish whether the salinity was due to the presence of chlorides or
sulphates; thus the extreme case of gypseous soils would be classified as
lightly saline when the conductivity of their saturated extract is not very
much greater than 2-20 mmho/cm.
When because of greater simplicity, more dilute extracts are used, it is
not sufficient to establish the relationship between the corresponding electrical conductivities, EC, of the saturated and more diluted extracts, as the
values of the electrical conductivity due to the presence of sulphates could
be classed as very high on the Scofield scale. Therefore both the conductivity and the concentration of the ions associated with this conductivity
are taken into account.
II. RELATIONSHIP BETWEEN THE ELECTRICAL CONDUCTIVITIES
OF THE AQUEOUS EXTRACTS

Several workers have related the electrical conductivity of the saturated
extract to the electrical conductivity of other extracts in which the water:soil
ratio is higher.
Pleven (1955) studied the electrical conductivities of both saturated
and 10:1 extracts. The values of the relation C £ s / C £ i 0 ranged from 5-2 to
10 • 7, with a mean value of 7 • 52.
Butters (1960) found a direct relation between the pC, the negative
logarithm of the conductivity in mhos, of both the saturated and the 2-5:1
extracts, excluding the soils which are high in gypsum. They were related
by the equation
pC2.6=pCs+
0-56
Chaves and Romero (1962) have studied the electrical conductivity
values of the 5:1 extract compared with that of the saturated paste. They
found that the ratio between them was 2-5.
Jackson (1964) gives the following equation to relate the electrical
conductivities of the saturated and 2:1 extracts:
ECa = EC2 • 200/PS
where PS is the percentage saturation.
Finally, Agarwal et al. (1961) found that the relation between the
electrical conductivities from the saturation as well as those of the 5:1
extracts remains uniform between certain limits, when the soils were
grouped according to their total salinity and the origin of the salt. For
soils with high salinity, the CEJCE-, value varies between 2-9 and 8-7, and
for soils of low salinity, between 6 • 8 and 3 • 1.
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(a) Experimental
The electrical conductivities of a series of eleven extracts (from saturation to 10:1) were determined, for 14 soils of variable salinity, and the
corresponding pC values were correlated with the different water/soil ratios.
The extractions and the analyses were made according to the methods
described in the U.S. Salinity Laboratory Staff, Handbook No. 60 (1954).
(b) Results
Table 1 shows the regression and correlation coefficients obtained. The
general equation is
pC = b log d + />C,
(1)
where d is the water/soil ratio and pCx is the pC for d = 1:1.
TABLE 1
CORRELATION COEFFICIENTS r AND PARAMETERS OF THE REGRESSION EQUATION

pC = b log (1 + pCi
Sample No.

h

pCx

r

1
2
3
4
5

0-692
0-721
0-693
0-680
0-713
0-690
0-717
0-699
0-717
0-723
0-730
0-752
0-755
0-787

3-299
3-162
3-072
3055
3-044
3 027
2-867
2-841
2-825
2-650
2-648
2-517
2-303
2-234

0-985
0-993
0-997
0-991
0-993
0-999
0-996
0-990
0-993
0-997
0-996
0-998
0-999
0-999

<>

7
8
9
10
11
12
13
14

All the correlation coefficients are significant at the 0-1 % probability level.

These results show that in calcareous soils, when the pCr, value reaches
3-5, it is stabilized for extracts with a water/soil ratio higher than 5,
because the electrical conductivity comes only from the original bicarbonate
in the solubilization of calcium or magnesium carbonate. Therefore, when
the regression equations were established the stabilized values were disregarded.
The slope factor increases with the salinity of the soils.
It is possible to generalize the regression for calculation of the pC value
of one given extract (x), knowing the pC value of every other one (a), by
means of a general equation of the following form:
pCx = pC.tl - b. log (a/x)

(2)

When it is applied to the saturated and the 5:1 extracts, using the slope
factor mean values (0-719) and the saturation percentage values (37-3),
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which are in this case a, from the studied samples, equation (2) is reduced
to:
(3)
PCS = pCs - 0 - 8 1
which agrees with that given in another paper (Abrisqueta et al. 1962).
III. COMPOSITION AND ELECTRICAL CONDUCTIVITY OF
THE 5:1 AQUEOUS EXTRACT

The electrical conductivity of the 5:1 extract is due essentially to three
anions: chloride, sulphate and bicarbonate, the last one originating from
the solution of the alkaline earth carbonates of the soils by CO>. Consequently the same conductivity value can be due to high concentrations of
chloride and low sulphate or vice-versa, if bicarbonate is considered as
constant. In each case the salinity would be more or less dangerous for
plant growth, due to the high toxicity of the chloride ion and to the limited
solubility of gypsum. It is important to know therefore, the contribution to
the extract conductivity of each of the named ions.
(a) Experimental
The 5:1 extracts were obtained from 73 soil samples, and the electrical
conductivities at 25 °C were determined as well as the concentrations of
Cl~,SOi= and HCOa-.
TABLE 2
ELECTRICAL CONDUCTIVITY AND CONCENTRATIONS OF C I " , S O J - AND H C O 3
AQUEOUS EXTRACT OF 7 3 SOILS

EC 6 mmho/cm
(CI') m-equiv./100 g
(SCV) m-equiv./100 g
( H O V ) m-equiv./100 g

Min.

Max.

Mean

017
014
019
0-69

4-9
120
180
1-48

1-1
1-45
4-38
0-97

IN THE 5 L 1

(b) Results
It can be observed from Table 2 that the variation is minimal for the
(HCO:i~) values, being practically the same as the mean and the most
frequent value (0-95 m-equiv./100 g), which is 49% of the studied
samples.
A multiple regression equation was established relating the concentrations of the three main anions occurring in the soil extracts to EC?,, viz.,
EC, = 1 2 3 + 2 0 3 (CI-) + 144 (S04=)

+ 65-6 (HCOH~) . . . . (4)

significant for P = 0-001. The ECr, is expressed in p mho/cm at 25°C, and
the anion concentrations in m-equiv./100 g of soil.
Because of the uniformity of the (HCO:i~) values, this variable can be
eliminated in the regression. The new equation:
ECr, = 189 + 200 ( C / - ) + 144 ( 5 0 4 = )

(5)

allows the prediction of the electrical conductivity over the studied range.
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The multiple correlation coefficients of both equations (.Ry.123 =
0-9972 and Ry.V2 = 0-9970) show that the HCO-c concentration has no
effect on the electrical conductivity prediction, as it contributes only a very
small improvement to the equation approximating to the regression plane.
IV. SOIL CLASSIFICATION AS A FUNCTION OF SALINITY

The soil salinity classification as a function of the electrical conductivity
of the 5:1 extract proposed in another paper (Abrisqueta et al. 1962) is
only of application to soils whose salinity is due essentially to chloride ion.
Soils are frequently found which have salinity originating from sulphate ions
from gypsum in the irrigation water or from the soil itself, and more often
still, to the simultaneous occurrence of both chloride and sulphate ions.
As shown in the last section, the contribution of the bicarbonate ion to the
electrical conductivity has been found to be constant and its value small
compared with chloride and sulphate. Consequently, for a general soil
classification in terms of the electrical conductivity of the 5:1 extract the
occurrence of both anions must be taken into account. In practice, it has
been sufficient to take into account the effect of one of them (chloride, in
this case), as the two have a combined effect.
(a) Experimental
The Cl~ and S04= concentrations as well as the electrical conductivity
of both saturated and 5:1 extracts were tested in 88 soil samples. The
extreme values are given in Table 3.
TABLE 3
CONCENTRATION OF CL~ AND SOJ™ AND ELECTRICAL CONDUCTIVITY
5 : 1 EXTRACTS

ECS mmho/cm
EC5 mmho/cm
(CI") m-equiv./100 g
(SCV) m-equiv./100 g

Min.

Max.

1-4
017
007
0-28

16-1
2-6
4-5
15-5

OF SATURATED

AND

(b) Results
Using the electrical conductivities of the saturated extracts, equation
(3), and the Scofield scale, a soil classification diagram was plotted against
the electrical conductivity of the 5:1 extract and the chloride ion in the
soil. This is shown in Figure 1.
The line / shows the dependence of the electrical conductivity of the
5:1 extract versus chloride in the absence of sulphate. In fact, the points
corresponding to soils with salinity due essentially to the presence of
chloride, are near line // and not near /, showing that the minimal concentrations of sulphates attain values of 0-4 and 1-5 m-equiv./100 g respectively at the ends of the considered interval. Naturally at the left of line /
there will not be any points corresponding to soil samples, and between the
lines / and // there are only deviations of the regression given by the latter.
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Fig. I.—Soil salinity classification diagram.

The vertical lines represent the salinity intervals established in the
classification of soils with salinity due essentially to the presence of chloride
and corresponding to those of the Scofield scale. The intersections of these
lines and line / / are evidence for the correspondence of those intervals with
those established in the proposed classification. This diagram allows, therefore, the establishment of the salinity grade of a given soil as a function of
both the electrical conductivity of the 5:1 aqueous extract and its chloride
ion content. It can be seen in this classification that soils with less than
0-42 m-equiv./100 g of chloride ion (150 p.p.m.), are considered as low
saline if the conductivity of the 5:1 extract is less than 0-40 mmho/cm.
Soils are classed as moderate saline even where the conductivity of the 5:1
extract increases to 2-5 mmho/cm due to the presence of calcium sulphate.
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SUMMARY

The electrical conductivities were determined in a series of 11 water
extracts from saturation to 10:1 water:soil ratio for each of 14 soils of
different salinity; the correlation between the electrical conductivities and
the water:soil ratio was determined. The linear regression permits the
calculation of the electrical conductivity of a given water extract pCx
knowing the electrical conductivity of another one pCn by means of the
equation
pC x = pCa - b. log {a/x)
where a and x are the corresponding water: soil ratios.
The 5:1 extracts of 73 soil samples were also studied; the electrical
conductivities at 25 °C were measured as well as the concentrations of the
CI, S04 and HCO; ions. A highly significant multiple regression equation
was established, which relates the electrical conductivity of the 5:1 extract
to the concentrations of the above named anions. The concentration of the
bicarbonate ion, is practically constant, and only slightly improves the
regression.
Finally, 88 soil samples were tested for electrical conductivities of the
saturated as well as the 5:1 extracts, and the concentration of the CI
and S0 4 ions of the latter. Using the intervals suggested by Scofield, and
from the electrical conductivity in the 5:1 extract, and the amount of CI
in the soil, a diagram for the classification of soils was drawn up suitable
for soils with salinity due to the simultaneous presence of CI and 5 0 4 ions.
RÉSUMÉ

On a determine les conductivités électriques d'après une série de 11
extraits d'eau, de saturation au rapport 10:1 eau:sol pour chacun des
sols de salinité différente. On a également determine la correlation entre les
conductivités électriques et Ie rapport eau:sol. La regression lineaire permet
de calculer la conductivité électrique d'un extrait d'eau donné, pCx, quand
on connaït la conductivité électrique d'un autre, pCa, au moyen de
1'équation
pCx — pCa — b. log (a/x)
oü a et x représentent les rapports correspondants eau: sol.
On a aussi étudié les extraits 5:1 de 73 échantillons de sol; les
conductivités électriques a 25 °C furent mesurées, aussi bien que les concentrations des ions Cl, SO+ et HCOA. On a établi une equation a regression
multiple fort signifiante, laquelle rapporte la conductivité électrique de
1'extrait 5:1 aux concentrations des ions ci-dessus mentionnés. La concentration de 1'ion bicarbonate est pratiquement constante, et n'aide que peu la
regression.
Enfin, on a examine 88 échantillons de sol pour les conductivités
électriques des extraits saturés aussi bien que les extraits 5:1 et les concentrations des ions Cl et S04 de ces derniers. En utilisant les intervalles
proposes par Scofield. et d'après la conductivité électrique dans 1'extrait 5:1
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et la quantité de Cl dans Ie sol, on a dressé un tableau pour la classification
des sols, covenant aux sols ayant une salinité due a la presence simultanee
des ions Cl et SO4.
ZUSAMM EN FASSUNG

Das elektrische Leitungsvermögen von 14 Bodentypen mit verschiedenem
Salzgehalt wurde ausgerechnet, indem eine Serie von 11 Wasserextrakten
aus Wasser-Bodenmischungen geprüft wurde (Wasser-Bodenverhaltnis von
10:1 bis zur Sattigung); die Beziehung zwischen elektrischem Leitungsvermögen und dem Wasser-Bodenverhaltnis wurde berechnet. Die LinearRegression ermöglicht die Berechnung des elektrischen Leitungsvermögens
eines bestimmten Extraktes (pCx), wenn man das Leitungsvermögen eines
anderen (pC„) kennt, indem man die Gleichung:
pCx = pCa - b. log (a/x)
berechnet, wo a und x die entsprechenden Wasser-Bodenverhaltnisse darstellen.
Die 5:1 Extrakte von 73 Bodenproben wurden ebenfalls untersucht;
sowohl ihr elektrisches Leitungsvermögen bei 25 °C als auch die Konzentration der Cl, SOi und HCO:i Ionen wurde gemessen. Eine sehr bedeutungsvolle, vielfache Regressionsgleichung ergab sich, die das elektrische Leitungsvermögen der 5:1 Extrakte mit der Konzentration der obengenannten
Anione in Verbindung steht. Die Konzentration des Bicarbonat-Ions ist
praktisch konstant und verringert die Regression nur wenig.
Schliesslich wurden 88 Bodenproben auf elektrisches Leitvermögen
in gesattigten und in 5:1 Extrakten untersucht, wie auch die Konzentration der Cl und SO^ Ionen der letzteren. Durch Anwendung der von
Scofield vorgeschlagenen Abstande des elektrischen Leitvermögens der 5:1
Extrakte und des Cl Gehaltes des Bodens konnte ein Diagram für die
Klassifizierung von Boden, deren Salzgehalt auf das gleichzeitige Vorhandensein von Cl und S0 4 Ionen zurückzuführen ist, aufgezeichnet
werden.

SALT BALANCE AND SALT TRANSPORT
PROCESSES IN IRRIGATED SOILS
I. SZABOLCS AND K. DARAB
Research Institute of Soil Science and Agricultural Chemistry of the Hungarian
Academy of Sciences; National Institute for Agricultural Quality Testing,
Budapest, Hungary

Knowledge of the salt dynamics of soils is very important, regardless
of whether the examined areas are irrigated or not. The salt regime of
soils and its dynamic change determine the nature of the formation of saltaffected soils, the degree of salinization or alkalinization and the rate of
alkalinization or dealkalinization processes.
Although the study of the salt regime supplies important data on the
dynamics of salt affected soils, it does not present in itself any further
information. The next step is to compare the salt contents of the soil
measured at given times and to express them as salt balances. Salt
balances express the periodical changes in the salt content, the direction of
change and the degree as well as the causes inducing the changes and the
quantitative correlations among them (Jackson et al. 1956, Kovda 1946,
Israelsen 1950). This makes it possible to adopt the necessary measures
to prevent or to slow down the increase in the salt content of the soil and
to promote processes which will decrease the salt content (AntipovKarataev 1955, Szabolcs 1961). Therefore salt balances may serve as a
basis for the elaboration of utilization and amelioration methods for salt
affected soils as well as for the prevention of secondary salinization or
alkalinization (Szabolcs and Darab 1961). The establishment of salt
balances requires a prior knowledge of the cause, degree and effect of salt
accumulation or leaching (Durand 1960, Darab 1962).
When establishing the salt balance, we must take into account the
soluble salt content of the soil, the changes occurring in it during a given
time, its possible sources and the factors diminishing it (Egorov and
Zaharina 1954, Van der Molen 1958).
I. MATERIAL AND METHODS

For the characterization of the soil properties, we determined the
particle size distribution and the main chemical properties of the soils.
The qualitative and quantitative changes in the soluble salt content and
the changes in the soil moisture were determined periodically every month
or every third month, and the chemical analysis of the soil solution was
carried out with Komorova's method (Komorova 1955).
II.

RESULTS

All soils are of heavy texture. The degree of salinization or alkalini491

492

I. SZABOLCS AND K. DARAB

zation, the soluble salt content and composition varied within a wide range
in the soils examined (Sigmond 1923, Herke 1934). The data given in
Table 1 reflect the changes of both the soluble salt and moisture contents
of profile 1003 in the various horizons during a vegetation period. The
TABLE 1
CHANGES IN THE SALT AND MOISTURE CONTENT OF A SHALLOW,
SOLONCHAK-LIKE MEADOW SOLONETZ SOIL

Date of
sampling

The salt content
of a 1 • 5 m thick
soil layer, t/ha

The moisture content
of a 1 • 5 m thick
soil layer, m3/ha

May 1956
June 1956
August 1956
Sept. 1956
October 1956

151
103
170
103
65

4320
5670
5500
6000
6050

values of the moisture content, the soluble salt content, the soluble Nasalt content and the Na+ concentration of the soil solution in the various
horizons in the same period are presented in Table 2.
It may be seen from data given in Table 1 that in this case the increase
of the soil moisture content resulted in a decrease of the total salt content,
or alternatively drying up of the soil caused an increase of the soluble salt
content due to the rising salty ground water. From the data in Table 2
it may be established, that not only the direction of the salt movement
changed during the test period, but also the distribution of the soluble salts
in the various horizons and that the zone of the maximum salt accumulation shifted. This example indicates that the salt regime of soils reflects
the changes occurring in the moisture properties and that the salt content
of a soil may change at a given place, depending on the prevailing direction
of water movement during the observation period.
During a longer period, the salt content of salt affected soils and the
zone of maximum salt accumulation are determined by the accumulation or
leaching of salts. The soluble salt content of a salt affected soil is recorded
in Table 3 for a two year period, to demonstrate the periodical changes in
the salt content of soils. The data clearly show the seasonal nature of the
changes in the salt content of the profile. The accumulation of the soluble
salt content is characteristic of the spring-autumn period and the value
of Kovda's salinization coefficient is greater than 1. During the autumnspring period, however, leaching out of salts takes place and, accordingly,
the value of the salinization coefficient is less than 1.
The characteristics of the annual seasonal dynamics of salts might be
observed—to a small degree—with irrigation practice, too. Just after
irrigation the salt reserve diminished, but later, salt accumulation took
place.

TABLE 2
ANALYTICAL DATA OF THE MOISTURE AND SALT DYNAMICS OF A SHALLOW, SOLONCHAK-LIKE MEADOW SOLONETZ SOIL

Examinations
(a) Moisture content %

(b) Soluble salts %
(from the 1:5 aqueous
extract)

(c) Na+, me./100g
(from the 1:5 aqueous
extract)

+
(.1) Na concentration of the
soil solution me./l

Sampling depth
cm

May 1956

0—20
20—40
40—60
60—80
80- 100
100—120
120—140
0—20
20—40
40—60
60—80
8 0 - 100
100—120
120—140
0—20
20—40
40—60
60—80
80—100
100—120
120—140
0—20
20—40
40—60
60—80
80—100
100—120
120—140

19-4
15-4
16-9
151
17-2
21-8
19-4
0-57
1-59
0-43
0-59
0-5
0-46
0-33
6-6
19 8
10-2
9-25
7-3
6-3
4-2
168-4
180-8
181-9
178-7
174-9
141-9
96-1

June 1956
37-2
23-2
25 1
24-7
161
170
18-8
0-38
0-4
0 41
012
0-24
0-22
0-20
5-7
7-5
9-2
3-5
5-2
5-5
5-4
78-8
118-2
119-8
124-3
114-9
98-3
56-1

Date of taking samples
August 1956
September 1956
22-6
26-4
19-8
21-7
22-8
23-6
23-4
0-63
110
0-52
0-66
0-88
0-39
0-39
8-6
140
140
100
9-3
6-5
60
127-4
179-2
187-8
180-3
180-3
141-9
99-3

26-5
300
22-2
23-9
22-7
22-2
28-8
0-65
0-32
0-4
0-55
0-37
0-32
0-27
70
5-1
6-2
8-2
5-4
5-6
4-4
115-5
144-7
1781
172-7
1360
64-8
42-6

October 1956
39-5
30-7
200
20-1
20-3
20-9
25 0
0-5
0-32
0-3
0-3
019
016
012
3-8
51
4-5
41
2-7
2-2
1-8
34-3
46-6
340
24-3
16 2
13-8
11-8

4-

TABLE 3
CHANGES IN THE SOLUBLE SALT CONTENT OF A MIDDLE MEADOW SOLONETZ SOIL

Date of
sampling
November
December
January
March
April
May
June
July
August
September
October
November
December
January
February
March
May
June
July
August
September
October

The salt content
of a 1 -5 m thick
soil layer, t/ha

1953
1953
1954
1954
1954
1954
1954
1954
1954
1954
1954
1954
1954
1955
1955
1955
1955
1955
1955
1955
1955
1955

206
177
156
156
90141
137
151
91
167
145
183
170
224
191
I6S
207
151
181
I S3
138
189

Nov. 1953—April 1954

115-8

0-442
s.
N

>
03

0

April 1954—Nov. 1954

+92-5

201

Nov. 1954—March 1955

15-5

0-92

March 1955—October 1955 +

21 0

1-12

salt cont. at the end of the period
x 100
initial salt content
Regime and formation of alkaline soils". (Academy of Sciences Publishing House, Moscow).

* Kovda's salinization coefficient =
see, Kovda, V. A. (1946)

Changes in the salt content
in the periods of accumulating
and leaching

n
w
>
-

a
>
>

TABLE

4

SALT BALANCES OF SOIL PROFILES CHARACTERISTIC OF THE EXAMINED AREAS

Salt content
t/ha
No. of
profile

33
17
16
14
13
301
1003

Irrigation
water
m 3 /ha

—
—
700
1,800
2,600
15,000
2,900

At the
At the
end of
beginning
of experiment experiment
57-69
42-58
33-07
206 00
141-23
45 16
15100

56-78
33-07
26 02
18900
144-5
60-47
103-00

Change
in salt
content
of the soil
t/ha

—
—
—
+
+
—

0 91
9-51
7-26
1700
3-27
15-31
4800

Factors increasing
the salt content

Amount of salt leached
out of the soil

Salt
Salt taken
Salt
introduced up from introduced
with the the ground with the
irrigation
water
irrigation
water
water

—
—

0-21
0-54
0-78
1300
1-45

—
—
—
—

2-49
2-31

—

V.

Leached
out of
the soil

Total

io-2g
100 g soil

—
—

0-21
0-54

0-91
9-51
7-26
1700

0 91
9-51
7-47
17-54

—
—

—
—

—
—

1-45

Salt regime
constant " d "

48-00

49-45

0-38
— 3-96
— 3-02
— 5-30
+
1-07
+ 0-96
+ 20-60

>
r
C
0
-i

4-
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On the basis of these data it may be established that, in spite of the
intense seasonal dynamics, the soluble salt content of the soil did not
essentially change during the two years' observation, the salt balance was
nearly in equilibrium, and this fact may be attributed to the relatively
advantageous drainage conditions of the area.
If we study the salt balances of the soils examined (data given in
Table 4) it may be seen that the salt content of non-irrigated salt affected
soils diminished or did not change during the observation period. In the
irrigated areas the salt balances of profiles 1003 and 16 were also
negative, the salt content of profile 14 did not change, its salt balance was
in equilibrium during the observation period. On the other hand the salt
reserves of profiles 13 and 301 increased, so their salt balances were
positive. If the quantity and the salt concentration of the applied irrigation
water are taken into account, it may be established to what extent the
ground water and the irrigation water contribute separately to the increase
of the salt content in the soil. According to calculations, in the case of
both profiles, the soluble salt content was increased by the ground water
to nearly the same extent. The increase of the salt content caused by the
irrigation water is proportional to the amount of the applied irrigation
water and to its salt concentration.
The comparison of the salt balances of profiles 17, 16, 14 and 13 is
especially interesting. Their properties are almost identical and they are
relatively near to each other. The area represented by profile 17 was not
irrigated during the observation period, while the others received increasing amounts of irrigation water, 700 rnVha, 1800 m' ! /ha, 2600 m :! /ha
respectively, during the vegetation period. The salt concentration and the
chemical composition of the irrigation water were the same. In the case of
the non-irrigated soil and of the soil receiving the lowest amount of
irrigation water, the salt balances were negative; in the soil receiving 1800
m :i /ha irrigation water the salt balance was in equilibrium, that is, about
as much salt was leached out as was introduced by the irrigation water.
The salt balance of the area receiving the highest amount of irrigation
water was positive. This indicates that the introduced salt was not leached
out and, in addition, a considerable amount of salt got into the soil from
the ground water at the same time. The analytical data reveal that in
this case the drainage of the area was not sufficient to maintain the
equilibrium of the salt balance and the salts added with the irrigation water
could not be leached out.
III. DISCUSSION

The results show that the soluble salt content of the soil changes with
time. In a given period, the direction and degree of the change follow the
prevailing course of water movement. The factors influencing water movement (change in the depth of the water table and in drainage, irrigation
and its characteristics such as the amount of irrigation water, the frequency
and type of irrigation) may exert an influence on the salt regime of the
soils in a shorter period, too. This change may prevail for a short period,
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for the time of one or two irrigations, for a wet or a dry period, without
essentially influencing the salt content of the soil during a longer period.
In some cases, however, the change may reach such an extent that it
essentially alters the characteristics of the salt regime, that is, either leaching
or accumulation becomes dominant.
The instability of the salt content in the soil indicates that salt content
cannot be characterized on the basis of one or two examinations and that
a profound knowledge of the salt regime is a precondition for the establishment of a salt balance. Expressing the salt regime of the soil as a salt
balance also enables us to indicate, at least approximately, the numerical
value of the correlation between the main factors influencing the salt
regime and the degree of their effect (Mados 1943).
The salt balance of soils may be established for both larger (for
example a river-basin or an irrigation system) and smaller territorial units.
The total salt balance shows the changes in the salt content of the whole
profile for a period of several years, it also indicates the main direction of
the salt regime, that is, whether leaching or accumulation takes place, and
in the case of accumulation, the character of the salt sources as well as
their approximate proportion in the total figure.
Total salt balances, referring to the whole soil profile and established
for longer periods, although providing valuable data, fail to give satisfactory
information about the details of the processes and effects. Since these
partial processes often throw light on certain problems, they should not
be disregarded. That is why, in the case of a more thorough characterization
of salt affected soils, especially when judging the effect of certain agronomical or amelioration processes on the salt regime, it might also be
necessary to establish:
(a)
season,
(b)
(c)

salt balances for shorter periods (one year, half a year, growing
irrigation period, etc.);
salt balances of soil horizons (salt balances of salt profiles);
balances of the salt composition.

It must be emphasized that a true and complete picture can be obtained
only if these partial processes are studied intensively. If the partial processes are known, the total salt balance of the soil may be established for
a longer period on the basis of salt balances for certain periods and soil
horizons.
On the basis of the simultaneous evaluation of the total salt balances
for shorter periods and for soil horizons, it can be ascertained that:
1. In the case of a positive salt balance under the given conditions of
a given area, amelioration and other agronomical methods can be successful
only if the equilibrium of the salt balance tends to be negative as the result
of the regulation of the water regime, the control and lowering of the
water table, and if this tendency is promoted by proper irrigation.
2. Without controlling and lowering the water table, irrigation in itself,
even if water of good quality and large amounts of it are applied, cannot
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bring about a significant decrease of the salt content, because a saline and
rising ground water table prevent it.
3. Where the salt balance is negative, the main conditions of its continuance are the following: the existing drainage should be maintained
and if the area is to be irrigated, the drainage system should be enlarged
or a new system should be constructed.
The knowledge of salt balances enables us to calculate with good
approximation the probable scientific tasks of amelioration followed by
utilization. From this point of view, the salt regime of soils is well
characterized by the "salt regime constant" which gives the amount of the
leached or accumulated salts for a chosen period, on the basis of the
following equation:

where a = soluble salt content of the soil at the beginning of the observation,

g/100gsoil.
b = soluble salt content of the soil at the end of the observation.
d = amounts of salts leached or increase of the salt content in the soil
during one year or after one irrigation.
c = salt concentration of the irrigation water, g / 1 .
v = quantity of the irrigation water, m :! /ha.
M = thickness of the soil layer for which the salt balance was established, m.
tfs = bulk density of the soil, g/ml.
On the basis of this equation, the three different salt balances under
irrigated conditions may be characterized by the salt regime constant, as
follows:
1. The salt regime constant is negative and the salt content of the soil
decreases during observation. Consistent leaching takes place and some of
the soluble salts of the soil as well as those introduced with the irrigation
water are washed out of the soil (see Table 4, profiles 16 and 1003).
2. The salt regime constant is negative but the salt content of the soil
increases during observation. This means that the salts introduced with
irrigation increase the salt content of the soil—directly or indirectly—on
such a large scale that leaching cannot keep up with it. In such a case it is
advisable to diminish the salt concentration of the irrigation water. If this
is impossible, then the drainage of the area should be improved.
3. The salt regime constant is positive and the soluble salt content of
the soil increased during observation. This indicates that salt accumulation
takes place in the soil. The source of the salts is the saline subsoil or the
saline ground water. In cases like this, amelioration and utilization require
the improvement of drainage (see Table 4, profiles 13 and 301).
When we know the salt regime constant, the above equation enables
us to calculate the permissible maximum value of salt concentration in
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the irrigation water while maintaining a stable salt balance of the soil. In
this case
a = b and c =

d Mtf,
— X 10'.
v

In the case of profile 33 (Table 4 ) , if 3000 m :! /ha irrigation water is
applied yearly, the permissible salt concentration of the irrigation water is
0-3 g/1. If the salt concentration of the irrigation water is higher than 0-3
g/1, then—in spite of the negative value of the salt regime constant—the
soluble salt content of the soil increases.
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SUMMARY

The exact knowledge of the salt dynamics of soils—regardless of
whether they are irrigated or not—is highly important. The usual studies
of the salt economy of soils, however, do not give an overall picture of
the dynamics of the process. If we wish to get an inside view of the nature
of changes in soils following various methods of amelioration, irrigation and
crop production in order to prevent secondary salinization, we must study
their salt balance.
If the salt dynamics of soils is expressed in salt balance, the changes in
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the salt content of the soils to be expected in one or more years may be
approximated by calculations. Moreover, the permissible maximum salt
concentration of the irrigation water may also be determined for any soil
in the light of its salt balance.
(a) If the salt balance is negative, leaching of the soil is effective and
the salt concentration in the irrigation water is lower than that required
for the maintenance of an equilibrium.
(b) If the salt balance is positive, then the amount of salt retained in
the soil is higher than that leached out by the irrigation water.
(c) If the salt balance is positive and salts accumulate in the surface
layer the primary source of these salts is the saline ground water and not
the irrigation water.
The joint action of all the factors influencing the salt balance of soils
is expressed by a single index, the salt regime constant (d). This constant
may be calculated for any period, usually for a year or for a single
irrigation, from the following equation:
d = b

Mt„

X 10"

Where a = soluble salt content of the soil at the beginning of the observation, g/100 g soil.
b = soluble salt content of the soil at the end of the observation.
c = salt concentration of the irrigation water, g / 1 .
v = quantity of the irrigation water, m 3 /ha.
M = thickness of the soil layer for which the salt balance was established, m.
tfs = bulk density of the soil, g/ml.
If this coefficient is known, the amount and salt concentration of the
irrigation water necessary for maintaining the existing salt content or for
inducing a predetermined change in it may be computed.
RÉSUMÉ

La connaissance precise de Ia dynamique des sels est tres importante,
aussi bien dans Ie cas des sols irrigués. Pourtant les études usuelles
de 1'économie des sels des sols ne donnent pas une image complete de la
dynamique de ce processus. Si nous voulons obtenir une vue intrinsèque
de la nature des changements qui suivent les différentes methodes
d'amélioration pour prévenir une salinisation secondaire nous devons
étudier la balance des sels.
Si la dynamique saline des sols est exprimée par la balance des sels 1'on
peut estimer approximativement par calcul les changements a attendre
de la teneur en sels des sols dans une ou plusieurs années. Et encore la
concentration maxima admissible de 1'eau d'irrigation peut aussi être
déterminée pour un sol quelconque par la consideration de sa balance
en sels.
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a. Si la balance des sels est negative une éluviation continue du sol
est en cours, c'est-a-dire la concentration saline de 1'eau d'irrigation est
moindre que celle qui est nécessaire pour le mainten d'un équilibre.
b. Si la balance des sels est positive la quantité des sels retenue par le
sol est plus grande que celle enlevée par 1'eau d'irrigation.
c. Si la balance des sels est positive il y a accumulation des sels dans
la couche supérieurs. Mais la source primaire de ces sels est constituée par
la nappe souterraine et non par 1'eau d'irrigation.
L'action réunie de tous les facteurs influencant la balance des sels du
sol est emprimée par un indice unique, la constante du regime des sels.
L'on peut calculer ce coefficient, d, pour une période quelconque, ordinairement pour une année ou pour une seule irrigation, en partant de
I'équation suivante:
cv
5
Mtf!t x 10Dans cette equation a — teneur en sels solubles du sol au commencement de 1'observation, g/100g,
b = teneur en sels solubles du sol a la fin de la période expérimentale,
c = concentration saline de 1'eau d'irrigation, g/1,
v = quantité de 1'eau d'irrigation, m 3 /ha,
M = épaisseur de la couche de terre considérée, m,
?ƒ„ = poids de volume du sol, g/ml.
Si ce coefficient est connu l'on peut facilement calculer la quantité et
la concentration saline de 1'eau d'irrigation nécessaire pour maintenir la
teneur en sels existante ou pour effectuer un changement predetermine
de la salinité du sol.
ZUSAMMENFASSUNG

Die genaue Kenntnis der Salzdynamik in Boden ist,—unabhangig
davon, ob sie bewassert werden oder nicht—ausserst wichtig. Die allgemeinen Studiën über den Salzhaushalt der Boden geben jedoch kein
umfassendes Bild über die Dynamik diesos Vorganges. Wenn wir das
Wesen der Anderungen, die als Folge der verschiedenen Meliorationsverfahren, der Bewasserung und des Pflanzenbaues auftreten, niiher kennenlernen mochten, urn einer sekundaren Versalzung vorbeugen zu können,
muss die Salzbilanz der Boden unbedingt untersucht werden.
Wenn die Salzdynamik der Boden durch eine Salzbilanz schon
beschrieben ist, dann können die in einem oder mehreren Jahren zu
erwartenden Anderungen des Salzgehaltes durch Berechnen geschatzt
werden. Ja sogar der zulassige maximale Salzgehalt des Bewiisserungswassers kann a.uf diese Weise für jeden Boden—in der Kenntnis seiner
Salzbilanz—bestimmt werden.
a, 1st die Salzbilanz negativ, so wird der Boden standig ausgelaugt, das
heisst, der Salzgehalt des Bewiisserungswassers ist niedriger, als zur
Auf rechterhaltung des Gleichgewichts.
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b, 1st die Salzbilanz positiv, so ist die Menge der im Boden zuriickbleibenden Salze grosser als diejenige, die durch das Bewasserungswasser
ausgewaschen wurde.
c, 1st die Salzbilanz positiv, so haufen sich die Salze in der Oberflachenschichte an. Die primare Quelle dieser Salze ist jedoch nicht das
Bewasserungswasser, sondern das salzhaltige Grundwasser.
Die Gesamtwirkung all dieser Faktoren, welche die Salzbilanz der
Boden beeinflussen, wird durch einen einzigen Index, die Konstante des
Salzhaushaltes.
d, ausgedrückt. Dieser Koeffizient kann fiir jede beliebige Zeitspanne,
im allgemeinen fiir ein Jahr, oder fiir eine einzige Bewasserung, mit Hilfe
folgender Gleichung berechnet werden:
d = b

cv

ur

x 10

wo a = der Gehalt des Bodens anMtlöslichen
Salzen am Beginn der
fs
Beobachtung; g/100g;
b = der Gehalt des Bodens an löslichen Salzen am Ende der Versuchsperiode;
c = der Salzgehalt des Bewasserungswassers; g/1;
v = die Menge des Bewasserungswassers; m:Vha;
M — die Tiefe der beobachteten Bodenschicht; m;
tfS = das Volumgewicht des Bodens ist; g/ml.
1st dieser Koeffizient bekannt, so kann die Menge und die Salzkonzentration des Bewassorungswassers, welches zur Aufrechterhaltung des
vorhendenen Salzgehaltes oder fiir eine Indiktion eines vorherbestimmten
Wechsels in demselben notig ist, leicht berechnet werden.

POLYMERS AND SURFACE-ACTIVE SUBSTANCES
FOR STABILIZING SOIL CONDITIONS
I. B. REVUT, G. L. MASLENKOVA AND A. A. IONAVICHUS
Agrophysical Institute, Leningrad
Conversion of dispersed soil into a structured crumbly condition leads
to a change of soil water- air- and heat-regimes. As a result there are some
changes in measured properties as well as in the exchange of matter and
energy in the soil-plant-air system. Many authors (Bekarevich et al. 1964,
Vershinin 1958, Revut 1960, 1964) consider soil structure to be a
regulator of soil processes. Soil structure is mainly influenced by agrotechnical means, but this is not effective enough and the resulting structure
is ephemeral. This is the reason for forming soil structure artificially.
Investigations on artificial soil structure formation were first proposed
in the Soviet Union by Academician A. F. Ioffe in the thirties. P. F.
Vershinin, F. E. Kolyasev, D. L. Talmud and others (Vershinin 1958,
1960) were pioneers in this field. New ideas arose also from work on
humic acids. Cellulose, hemicellulose, lignin, bitumens, peat glue and resin
glue were tested as soil conditioners, but their rate of application for
obtaining a high structure index was so great (10-20 t/ha) that practical
use was impossible.
Production of synthetic high molecular weight compounds (polymers)
has changed the situation as 10-20 times less in amount are required for
structure formation. Such compounds are: polyacrylamide (PAA) copolymer VIII (C-VIII) (60% meta-acrylic acid + 40% meta-acrylamide).
hydrolysed polyacrylonitrile, and others.
Cation surface active substances are of interest. They may be used too
as artificial soil conditioners. Of cation surface active substances (SAS)
there may be mentioned tetra-substituted ammonium salts as used for
consolidating the soil. We have chosen dimethyl alkyl ammonium chloride
(sample 37) and investigated the hydrochloride of primary amine (chlorhydrate).
Investigations on the soil conditioning action of SAS were carried out
with three podzolic soils: clayey soil (particles < 0-01 mm—58-4%;
sp. gr. 2-59; pH of salt extract 4-8-5-0; humus—4%), loam clay
(particles < 0-01 mm—41-5%; sp. gr. 2-66; pH of salt extract 6-46-8% humus—2-8% medium loam clay (particles < 0-01 mm—31-3%;
sp. gr. 2-65; pH of salt extract 6-3-6-8; humus 3 - 3 % ) .
Before starting the experiments soil specimens had been disaggregated
and sieved through 0-26 and 1 -0 mm mesh. Data on aggregate water
stability are given in Table 1. These results were obtained when treating
soil with SAS and PAA. All the SAS examined increased the amount of
water stable aggregates, as compared to the control, in both soils tested.
503

504

I. B. REVUT. G. L. MASLENKOVA AND A. A. IONAVICHUS
TABLE 1
WATER STABILITY OF AGGREGATES PRODUCED BY SOIL TREATMENT WITH SAS AND
PAA (% OF DRY WEIGHT)

Preparations

Dose of
Water stable aggregates,
preparation
size in mm
(% of air-dry
weight)
7 — 1
1 — 0-25

Total
water
stability

Water stability
increase
compared to
the control

Clayey soil
Control

—

—

15

15

—

Sample 37
(pure)

001
005
010

8
13
27

29
38
42

37
51
69

22
36
54

Sample 37
(technical)

001
005
010

3
7
19

25
36
40

28
44
59

12
28
44

Chlorhydrate

001
005
010

.
42
60

29
29
23

29
71
83

14
56
67

001
005
010

36
54
63

28
19
17

64
73
80

49
58
65

—

—

24

24

—

Sample 37
(pure)

001
005
010

II
32
46

19
17
14

30
50
60

6
26
36

Sample 37
(technical)

001
005
010

6
26
47

18
15
10

24
41
58

0-3
17
34

Chlorhydrate

001
005
010

13
40
59

36
23
16

49
63
75

25
39
51

PAA

0 005
001
0 05
010

10
19
40
57

31
29
16
10

41
48
56
67

17
24
32
43

PAA

Loam Clay
Control

Chlorhydrate possesses good structure forming properties. Its action at
0-05 and 0-10% dry weight is nearly the same as in the case of polyacrylamide.
Depending on physical and chemical nature of the preparation there
are observed two completely different types of soil structure formation.
Polymer soil conditioners add mechanical strength, besides water stability.
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to aggregates; but when using SAS mechanical strength decreases while
water stability increases. The latter is caused by the resulting hydrophobic
properties. Apart from aggregation of soil particles (soil structure formation, type I) and their stabilization (type II), there is a third type of
structure formation, namely consecutive treatment of soil with polymers and
SAS. This allows a considerable increase in water stability using smaller
amounts of soil conditioners. Thus using 0 0 1 % of PAA plus 0 - 0 1 % of
dimethyl alkyl ammonium chloride on clay soil results in 69% of water
stable aggregates against 70% with 0-05% of PAA alone. For loam clay
the combination gives 10% more water stable aggregates than 0-05% of
PAA alone.
To study the cause of water stability increase of soil aggregates on
treating soil with SAS only, and in combination with PAA, we measured
zeta-potential after SAS-treatment.
The data obtained showed that the sequence of soil treatment with
SAS and PAA has no significant influence on water stability. Consequently,
the decrease of zeta-potential of the soil as a result of its treatment with
SAS does not promote better action of PAA. Thus aggregation of soil
particles by polymers cannot be explained by electrostatic interaction.
As well, the study of exchangeable cation composition (H, Ca, K)
and its influence on the interaction of polyacrylamide with soil particles
in the processes of adsorption, coagulation and aggregation (water
stability) showed (Maslenkova 1965) that interaction of polymer with
soil particles during artificial soil structure formation cannot be accounted
for by the electrostatic effects clearly shown during the interaction in suspensions (adsorption, coagulation). To explain the properties of polymers
responsible for creating water stable aggregates, we have changed polymer
properties by hydrolysis and ionization of functional groups, and studied
their influence on processes accompanying artificial soil structure formation
(Maslenkova 1961).
When investigating the interaction of polyacrylamide, copolymer VIII
and polyacrylonitrile by infra-red spectra it was shown (Maslenkova 1961 )
that polymers form hydrogen bonds with kaolinite particles. It appeared
that most hydrogen bonds were formed by polyacrylonitrile, less by copolymer VIII, and least of all by polyacrylamide. All these polymers will
coagulate also, and the ability of polymers to form hydrogen bonds is in
inverse relationship to their coagulating ability. Polyacrylamide possesses
the greatest coagulating ability and polyacrylonitrile—the lowest.
Comparing the observed dependence with the data obtained while
testing these polymers on different soils, one may notice that polymer
ability to form hydrogen bonds is in direct relationship to their aggregating
ability, i.e. ability to form water stable macroaggregates. Thus we may
conclude that aggregating ability of polymers is connected with their
macromolecular form and that aggregation is carried out through hydrogen
bonds.
If polymers are responsible for aggregation of soil particles, then SAS
stabilize soil aggregates by making them hydrophobic. The degree to
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which the hydrophobic property is manifested depends on the nature and
amount of SAS, and on the mechanical composition (specific surface) of
the soil. It can be determined by the rate of absorption of water by a
powdered specimen using a seepage method. When treating soil with SAS
together with PAA the hydrophobic properties vary considerably, PAA
being a hydrophilic soil conditioner. One can therefore control the hydrophobic property because PAA decreases it, and SAS increases it, with
appropriate changes in concentration (Ionavichus 1965).
Choosing the method of artificial soil structure formation depends on
the particular problem. If one is to solve the problem of meliorating some
physical conditions in the whole root zone one should follow the first means
of soil structure formation (i.e. type I, aggregation with PAA). As a result
we obtain a satisfactory water stable structure; the latter is hydrophilic
and provides high moisture capacity and water conductivity. When aggregates are hydrophilic and of low water stability it is reasonable to use the
third type of soil structure formation (i.e. consecutive treatment with PAA
and SAS) resulting in an increase of water stability and of the hydrophobic
properties of the aggregates. Such a property of aggregates is particularly
valuable when a thin aggregate layer needs to be formed on the soil
surface to control overcrusting, wind erosion and high soil water evaporation.
To improve water and physical conditions of the soil it is desirable to
make an aggregate layer which would let water flow into the lower layers
of the soil and at the same time minimise evaporation. In this connection
we have investigated the influence of the depth of the hydrophobic structured layer, the aggregate size, SAS-concentration in soil, and the hydrophobic properties of SAS on hydraulic conductivity and evaporation.
The influence of hydrophobic aggregates on water conductivity was
investigated in a cylindrical vessel, the lower part of which was filled with
unaggregated soil compacted to 1 • 1 g/cc. A 20 mm-layer of hydrophobic
TABLE 2
WATER UPTAKE RATE BY AGGREGATE AND COMPACTED LAYERS (MM/SEC) OF A CLAYEY SOIL

Preparations
and their dose
(% of dry weight)

Aggregates of 3 — 0-25 mm

Aggregates of 7 — 0-25 mm
Aggregate
layer

Compacted
layer

Aggregate
layer

Compacted
layer

PAA 0 1 +
chlorhydrate 0-1

0018

0019

0 024

0 059

PAA 0 1 +
chlorhydrate 0 05

0 025

0031

0 026

0 054

PAA 0 1 +
chlorhydrate 0 01

0 042

0 036

0031

0 052

PAA 0 1

0041

0 053

0 035

0 053
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aggregates was placed on the surface of the compacted soil. Over that layer
water was supplied for 5 minutes under a hydrostatic head of 1 • 5 cm.
Water surplus flowed out through an overflow pipe. The rate of water
uptake by the layer located directly under the aggregates depends on the
rate of water flow through the aggregate layer. Table 2 (7-0-25 mm aggregates) shows that, when the aggregates become more hydrophilic (decrease

I 1 I 4 5 6 7 8 9 10 II 12
TIME — hours
Fig. 1.—Amount of water imbibed by the aggregate layer and dynamics of
aggregate drying.
I—clayey soil, II—loam clay, III—medium loam clay.
1—aggregates prepared with PAA. 2, 3, 4—aggregates prepared with sample
37 (technical) at doses, 0-01, 0-05, 0-1%. 5, 6, 7—aggregates prepared
with chlorhydrate at doses, 0-01, 0 0 5 , 0-1%.
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in chlorhydrate), water uptake of the aggregate layer increases and is
greatest with PAA alone. The slight decrease in water uptake of the compacted layer is due to a decrease in flow through the aggregate layer. PAA
( 0 - 1 % ) alone gives a total uptake which is about 2-0 mm greater than
the lowest value (PAA 0 • 1, chlorhydrate 0 • 1 % ).
In the case of the 3-0-25 mm aggregates insufficient interaggregate
porosity of the hydrophobic aggregates reduces the water absorption of
the compacted layer below that for 7-0-25 mm aggregates, but as the
hydrophilic property increases (decrease in chlorhydrate) water uptake by
both layers increases. Comparison of the last two preparations shows that
the increased rate of uptake by the aggregate layer for PAA 0 - 1 % ,
chlorhydrate 0 - 0 1 % , plus some hydrophobic effect, decreases water
absorption of the compacted layer for these smaller aggregates.
Thus, we may state that preparing 2 cm-structured layer with aggregates
of 7-0-25 mm on the soil surface using hydrophobic soil conditioner and
PAA does not decrease the rate of water uptake by the soil, whereas water
stability of the aggregates is considerably increased.
Figure 1 shows that the desiccation rate of wetted hydrophobic aggregates is in inverse relationship with their SAS-content. It was determined
by allowing the soil to dry at a thermostatically controlled temperature of
40° C.
To comprehend capillary phenomena in the layer of hydrophilic and
hydrophobic aggregates, experiments were carried out in glass tubes of 10
cm- cross section. One end of the tubes was covered with gauze and the
tube was filled with dispersed soil to a depth of 10 cm at 1 • 1 g/cc density.
The soil was saturated with water by capillary rise to constant weight.
Layers of 0-25-3 and 0-25-7 mm diameter aggregates were placed on the
surface of the wetted soil. The tubes were covered to prevent evaporation.
Water rise (mm) was determined each 24 hours, and after 10 days the
aggregate layer was taken off and the amount of the imbibed water was
determined by weighing.
The dynamics of capillary water rise are shown in Figure 2. SAS
significantly influenced the amount of imbibed water. At 0-05-0-1%, the
imbibition of water is 2-3 times lower than in the case of hydrophilic
aggregates. Thus, a layer of hydrophobic aggregates decreases the amount
of capillary water rise and keeps dry part of the aggregated soil above the
wetted horizon.
To elucidate the influence of hydrophobic aggregates on physical
evaporation, pot experiments were carried out. Soil was screened through
a 1 mm mesh and placed in pots at 1 • 1 g/cc density. The surface layers
1-2 cm deep were made structured with polyacrylamide, SAS, and polyacrylamide in combination with SAS.
Table 3 shows that in experiments I and II, the upper structured layer
consisted of hydrophobic aggregates of 3-0-25 and 7-0-25 mm, respectively. After wetting all pots to 76% total water content, the amount of
evaporation was determined by weighing the pots.
High evaporation from the structured and unstructured soil surfaces
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TABLE 3
INFLUENCE OF SOIL SURFACE LAYER ON EVAPORATION

Variants of experiments

Evaporation
(mm) for
1 month

Experiment I. Aggregates
Surface layer not structured
Upper layer of 20 mm is structured with
0 0 5 % PAA
Layer of 10 mm is structured with 0 1 %
of sample 37 (pure)
Layer of 20 mm is structured with 0-1 %
of sample 37 (pure)

Evaporation compared with
control, %
unstructured
surface layer

structured
surface layer

of 3 — 0-25 mm
100
53
37

71

100

26

49

6S

8

16

23

Experiment II. Aggregates of 7
Surface layer not structured
38
Upper layer of 22 mm is structured with
0 - 1 % PAA
34
22 mm of aggregates are treated with 0-1 %
PAA and 0-05% sample 37 (technical)
19
22 mm of aggregates are treated with 0 1%
PAA and 0 • 05 % chlorhydrate
13
22 mm of aggregates are treated withO-1 %
PAA and imbibed with 0 1 % chlor11
hydrate
20 mm of aggregates (3 — 0-25 mm) are
treated with 0-1 % PAA and 0-1 %
chlorhydrate
3

0-25 mm
100
90

100

50

56

34

37

28

31

used as controls may be explained by the soil surface being constantly wet
as a result of capillary rise. In the process of capillary rise hydrophobic
structured separates of soil become wetted too and for some time evaporation occurs from the structured soil surface. After the upper layer has
dried, the level of the capillary rise drops and further evaporation is
carried only by water vapour diffusion through the pores of the dry structured soil.
A 1 cm thick layer of structured hydrophobic soil reduces evaporation,
but because the layer is shallow and the level of capillary wetted soil is
close to the surface, evaporation through vapour diffusion is more intensive
than through pores of a 2 cm thick structured layer.
When using the materials mentioned above it is important to elucidate
not only their influence on physical properties but to investigate too their
effect on plants and soil microorganisms. For that purpose microbiological,
pot and field experiments were carried out, which showed a favourable
effect of SAS on plant yields.
For example, treatment with a 2 cm thick structured layer (sample 37)
increased the green material yield of beans by 34% and treatment with
chlorhydrate increased the yield by 54%. This experiment clearly shows
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the negative influence of the crust. However, comparing bean yield in a
treatment with hydrophilic aggregates containing PAA, to the yield from
hydrophobic aggregates containing chlorhydrate it may be seen that use
of SAS increased green material yields by 24%.
A test with barley showed that aggregates treated with sample 37 and
chlorhydrate gave 7% and 18% increase in grain yield, respectively, and
6% and 22% increase in straw, compared to the control, where aggregates were treated with PAA.
The increase of plant yields in tests using SAS compared to PAA under
nearly similar water conditions demonstrated that SAS probably had some
chemical influence on soil.
It should be pointed out that in all pot experiments using SAS, there
were some differences between the plants. In all cases with SAS, plants
were taller, and the tillering coefficient of barley was 1-2-1-5 times more
compared to the control. All stages of bean development in treatments with
chlorhydrate started earlier, including flowering. With chlorhydrate barley
flowering started 2-3 days earlier than in other treatments and there were
more flowers.
The increase in plant yield in pot experiments suggests the idea of
possible direct influence of the SAS investigated on plants and microorganisms. For this reason we studied the influence of SAS on soil microorganisms and the products of their metabolism.
The investigations showed that the preparations used do not greatly
affect the number of microorganisms. The differences in the amount of
microflora were not significant. However, this does demonstrate that SAS
is not toxic to the main groups of soil microorganisms.
From the above it is seen that SAS in combination with polymers may
be successfully utilized for stabilizing soil conditions. It is particularly
beneficial to use them for control of water- and physical soil conditions by
preparing 2 cm-layers of artificial aggregates which are highly hydrophobic.
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SUMMARY

The possibility of using surface active substances (SAS) as artificial
soil conditioners is shown in the paper. These substances are: dimethylalkyl ammonium chloride and hydrochloride of primary amine. Soil structure formation by consecutive treatment of soil with polymers and SAS
proved to be particularly effective. The mechanism of soil-conditioner action
is considered. While polymers are responsible for aggregating soil particles,
SAS stabilize soil aggregates by making them hydrophobic.
Three types of soil structure formation and their use, depending on
particular requirements are examined by the authors. Some data is given
showing the influence of artificially prepared aggregates upon water- and
soil physical conditions. The influence of the depth of a hydrophobic
structured layer, of hydrophobic aggregate size, SAS-concentration in soil,
and hydrophobic properties of SAS. on water permeability, capillary rise
and evaporation are investigated. SAS is shown not to be toxic to plants
and soil microorganisms.
RÉSUMÉ

L'emploi de substances actives en surface (SAS) comme moyen
artificiel de conditionner le sol est examine dans cette communication. Ces
substances sont le chlorure d'ammonium dimethylakthyle et 1'hydrochloride d'amine primaire. La formation des structures du sol traitée
consécutivement avec des polymères et des SAS s'est avérée particulièrement efficace. Le mécanisme du conditionnement du sol est observe.
Pendant que les polymères causent 1'agrégation des particules du sol. les
SAS stabilisent les agrégats du sol en les rendant hydrophobiques.
Les auteurs considèrent trois types de formation des structures du sol
et leur emploi selon les besoins particuliers. Quelques données montrent
1'influence des agrégats prepares artificiellement sur les conditions physiques
de l'eau et du sol. On a fait des recherches sur Tinfluence de la profondeur
d'une couche hydrophobique structurée. de la dimension des agrégats
hydrophobiques, de la concentration des SAS dans le sol et des propriétés
hydrophobiques des SAS sur la perméabilité de l'eau, l'ascension capillaire
et 1'évaporation. On a montré que les SAS n'ont pas d'effet toxique sur les
plantes et sur les microorganismes du sol.
ZUSAMMENFASSUNG

Die Möglichkeit aktive Oberflachen Substanzen (SAS) als künstliche
Boden Konditionierung anzuwenden wird in diesem Bericht erlautert. Diese
Substanzen sind wie folgt : dimethylalkyl Ammonium Chlorid und
Chlorhydrat der Grund Amine. Bildung des Bodengefüges durch aufeinander folgende Behandlung des Bodens mit Polymer und SAS erwiess sich
als besonders wirksam. Der Mechanismus der Boden-Konditionierungsfahigkeit ist in Betracht gezogen. Wahrend Polymere für die aggregatierenden Bodenteile verantwortlich sind. stabilisiert SAS die Boden Aggregate
indem es eine hydrophobische Wirkung ausübt.
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Drei Arten der Bildung des Bodengefüges und ihre Anwendung, welche
von besonderen Bedingungen abhangen, wurden von den Verfassern untersucht. Einige ausgeführte Daten zeigen den Einfluss künstlich vorbereiteter
Aggregate im Bezug auf Wasser -und Boden physikalische Bedingungen.
Der Einfluss der Tiefe einer hydrophobisch gebildeten Schicht, von hydrophobischer Aggregat Grosse, SAS Konzentration im Boden, und hydrophobischen Eigenschaften des SAS auf Wasserdurchlassigkeit, Kapillaraufstieg sowie Verdunstung wurden untersucht. SAS erwiess sich nicht als
giftig im Bezug auf Pflanzen und Boden Mikroorganismen.
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INFLUENCE OF DIPYRIDYL CATIONS ON THE
SOIL STRUCTURE STABILITY
A. MALQUORI AND L. RADAELLI
Institute of Agricultural and Forest Chemistry, University of Florence (Italy)
In a previous paper on the interactions between soil and herbicides,
(Malquori and Radaelli 1966), it was confirmed that "diquat" (1:1'ethyIene-2:2'-dipyridylium dibromide) and "paraquat" ( 1 : l'-dimethyl4:4-dipyridylium dichloride), the main constituents of "Reglone" and
"Gramoxone" (*), respectively, are strongly adsorbed by soil colloids.
Owing to the presence of two quaternary nitrogens in these dipyridyl
cations the adsorption occurs exclusively by ion exchange and it has been
ascertained that the strength by which they are retained is remarkably
higher than for normal soil cations.
In view of the unusual behaviour of these cations, we have carried out
research on the influence which the adsorption of diquat or paraquat may
exert on some physical properties of the soil. We report here the results
obtained on the influence of dipyridyl compounds on the soil structure
stability.
MATERIALS AND METHODS

The trials have been carried out with 12 Italian soils (arable layer),
described in Table 1. For each soil, a sample of 5g (1-2 mm aggregates)
was wetted with 1 -5 ml of Gramoxone (or Reglone), dried at 60°C for 24
hours and the structure index was then determined. Sometimes the determination was performed immediately after the wetting, omitting the drying.
On some soils a fractionated treatment (five alternate wettings and dryings)
was also tried. The blank test was carried out by treating the soils under
the same conditions with distilled water.
The structure stability determination was performed by a wet sieving
method (Malquori and Cecconi 1962), which allows the calculation of a
structure index, variable between 0 and 100. According to this method, the
soils having an index greater than 50 are classified as "well structured" and
those with an index greater than 70 as "very well structured".
DISCUSSION OF RESULTS

The results are reported in Table 2. These data show that:
(1) The dipyridyl treatment (either with the pure compound solutions
or with the technical formulation), improves the structure stability.
(*) produced by Plant Protection Ltd. (U.K.).
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TABLE 1
SOIL PHYSICAL AND CHEMICAL CHARACTERISTICS

Soil

CaC03

Clay

Silt

%

%

%

16-2
15-4
2-3
tr.
12-5
5-7
4-6
131
1-7
0-6
nil.
nil.

37-3
30-6
58-7
58-4
441
21-5
61-3
34-5
20-6
24-6
28-5
160

35-5
41-3
39-3
30-2
42-8
25-8
15-8
28 0
29-3
40-8
371
22-5

Sand

%

C.E.C.
m-equiv.
lOOg

0 054
0 080
0041
0 058
0 080
0189
0 148
0 090
0120
0-210
0-226
0 093

141
151
34-5
330
16-6
33-8
370
32-6
28-7
26-4
17-2
8-8

N

pH
No.
1
2
3
4
5
6
7

s

9
10
11
12

Origin

Nature

Pisa
Modena
Bologna
Bologna
Siena
Sassari
Cagliari
Foggia
Bari
Gorizia
Firenze
Torino

Gully soil
Gully soil
Gully soil
Pliocene clay
Pliocene clay
Black earth
Black earth
Black earth
"Terra rossa"
"Terra rossa"
Alluvial soil
"Ferretto"

7-8
8-2
81
9-6
8-6
8-2
8-3
7-9
7-8
7-7
7-2
5-7

*K = Kaolinite ; I = Illite ; M = Montmorillonoids
culite ; Mc/V = Interstratifled Mica-Vermiculite.

/o

27-2
281
20
8-4
131
52-7
22-9
37-5
50-1
34-6
34-4
61-5

Clay minerals*
K

I

M
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+
+ +++
+
+ +++
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(2) The degree of improvement depends on the soil type. The dipyridyl
compounds have proved particularly effective in increasing the structure
stability of the soils collected on clay formations, with little or no natural
cement and therefore with a very low structure stability. With all soils
except those with ferric cements the effect is negatively related to the C.E.C.
since a higher C.E.C. corresponds to a smaller improvement of structure.
(3) The effect of subsequent treatments is generally cumulative. Therefore a single or several treatments of the soil with the same total amount
of herbicide, cause similar effects.
(4) The effect is generally slightly more marked if the treated sample
is dried before the determination of the structure index. However structure
improvements are also found when the determination is made immediately
after the treatment.
(5) Diquat and paraquat behave similarly.
I ABI I 2
STRUCTURE INDEX OF SOILS TREATED WITH HERBICIDES ( 1 5 m l / 5 g

OF SOIL) AND DRIED AT

60°C.
Structure Index
Treated with Gramoxone (20"„ Paraquat)
diluted
1 : 10
Soil
No.

1
2
3
4
5
6
7
8
9
10
11
12

Treated
with HX>
only

10
111
1-6
0
1-3
37-6
54-8
47-5
32-2
530
16-5
50-8

Not
diluted

89-4
90-5

With drying
Without
drying

Single
treatment

591
72-7
27-1
310

72 •()
90-4
34-1
38-3
71-4
65-6
72-7
72-8
48-8
72-3
58-6
71-4

73 1

Fractioned 1 :25 1:100
treatment
92-4

78-5

44-3

30-8
75-8
66-8

51-6

7-3

Treated
with
Reglone
(33-3%
Diquat)
dil.1 : 10

90-7
33-7
37-3
690

560

CONCLUSIONS

The amounts of herbicide used were considerably greater than those
normally employed (not exceeding 10 kg/ha for each treatment). Furthermore, only a fraction of this amount reaches the soil, since dipyridyl weedkillers are usually sprayed on the aerial parts of the weeds.
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Therefore, one should not expect that the remarkable effects on the soil
structure found in our trials will be obtained through chemical weeding.
In addition the high price of the product prevents its use as a structure
conditioner.
Since the effect is cumulative, one could expect that several herbicide
treatments would produce an appreciable improvement of soil structure
stability, especially where the amount required by the particular soil is
relatively low. It should be added however that owing to the very poor
mobility of the chemical, the treatment will affect only the most superficial
layer of the soil.
However, some degradation of dipyridyl compounds in the soil by
microbiological action (Baldwin, Bray and Geogehegam 1966) and by
ultraviolet radiation (Funderburk, Negi and Lawrence 1966) has been
observed and this could be a limiting factor in the continued improvement
of structure with time. Therefore we intend to investigate this subject
further.
REFERENCES
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SUMMARY

Trials were performed for testing the influence which the use of two
herbicides, "Reglone" and "Gramoxone", containing dipyridyl cations, may
have on some soils with different structure stability.
The structure index, determined by a wet-sieving method on the 1-2
mm soil aggregates showed that the adsorption of the herbicides caused a
great improvement of the structure stability, which was related to the
amount of chemicals added.
The conditioning effect was due almost exclusively to the dipyridyl
cation contained in the liquid formulation. This effect has been found to
vary with the different soils and to be greater for clay soils containing few
or no water-stable aggregates.
Diquat and paraquat were both equally effective in improving soil
structure stability.
RÉSUMÉ

Des essais ont été faits pour determiner 1'influence que deux herbicides,
"Reglone" et "Gramoxone", contenant des cations dipyridyl, pourraient
avoir sur certains sols de stabilité structurale différente.
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Le coefficient de la stabilité de la structure, determine par une methode
de tamisage mouillé des agrégats de 1 a 2 mm, montre que 1'adsorption
des herbicides améliorait de beaucoup la stabilité de la structure, ceci en
rapport avec la quantité utilisée de produit chimique.
L'effet conditionnant était dü presque exclusivement au cation dipyridyl
contenu dans la formulation liquide. Cet effet variait avec les différents
sols et était plus marqué sur les sols argileux contenant peu ou pas
d'agrégats stables a 1'eau.
Diquat et paraquat amélioraient autant 1'un que 1'autre la stabilité de
la structure du sol.
ZUSAMMENFASSUNG

Versuche wurden ausgeführt zur Feststellung der Einwirkung, welche
die Anwendung zweier Herbiciden, "Reglone und Gramoxone", mit dipyridylen Kationsgehalt, auf einige Boden mit unterschiedlicher Struktur
Stabilitat haben kann.
Der durch eine Feucht-siebende Methode auf den 1-2 mm Boden
Aggregaten bestimmte Struktur Zeiger envies, dass die Adsorption des
Herbicides eine starke Verbesserung der Struktur Stabilitat verursachte.
Dieses stand im Verhaltnis zu dem beigegebenen Chemekalien Betrag.
Der Konditionierung Nutzeffekt war beinahe ausschliesslich auf den
dipyridylen Kation Gehalt in der Flüssigkeit formulierung zurückzuführen.
Dieser Nutzeffekt verandert sich bei verschiedenen Boden und ist starker
bei Tonböden mit einem kleinen oder keinem wasserbestandigen Aggregatgehalt.
Diquat sowie Paraquat hatten eine gleichmassige Wirkung auf die
Verbesserung der Boden Struktur Stabilitat.

DIE ANWENDUNG VON P O L Y M E R E N
FÜR BODENKRÜMELUNG UND M E L I O R A T I O N
N. A. KATCHINSKY, A. I. MOSOLOWA UND L. KH. TAIMURASOWA

Moskauer Universiteit, UdSSR
In den letzten Jahrzehnten hatte die Anwendung von Polymeren
(Kriliums) zur künstlichen Bodenkrümelung und Erhöhung der Ernteertrage
die grösste Bedeutung erlangt. Insofern in dieser Frage vieles noch nicht
klar bleibt, werden zahlreiche und griindliche Untersuchungen weitergefiihrt.
Es wurde von den Autoren die Natur der Wechselwirkung der Polymere
mit dem Boden und Mineralen, sowie der Einfluss verschiedener Polymere
auf die Strukturbildung und andere physikaiische Bodeneigenschaften, den
Stickstoffhaushalt und pH des Bodens, mikrobiologische Aktivitat und
Ernteertrage erforscht. Importpolymere: PAN, PAA, UAMA (Lawson
chemicals. Ltd), Separan (Monsanto chemical Co.), Verdickung AN
(DDR), sowie Inlandspolymere: PAN, PAA, GIPAN, K4, AK-I und
AK-7* wurden auf rasen-podzoligen und hellen Kastanienböden geprüft.
Da die Aufklarung der Frage über die Natur der Wechselwirkung der
Polymere mit dem Boden (polydispersen und heterogenen Medium) viele
Schwierigkeiten bietet, wurden diese Untersuchungen an verschiedenen
Mineralen als Zwischenstufe durchgeführt. Dazu wurden folgende feingemahlte Minerale angewandt: Rauchquartz, Kaolinit, Muskovit, Bentonit.
Von den Boden wurde für die Untersuchungen eine Probe des lehmigen
tonig-grobstaubigen hellen Kastanienbodens (Hor.B,)** gewahlt.
Die Natur der Wechselwirkung wurde mit Hilfe dreier Methoden
untersucht.
1) Die Erforschung der Polymeradsorption von verschiedenen Mineralen und vom Boden. Die Intensitat der Adsorption wurde nach den
Restkonzentrationen der zentrifugierten Substanz beurteilt, die nach der
Wechselwirkung der Mineral- oder Bodensuspension ( 4 % ) mit den Polymerlösungen bestimmter Konzentrationen erhalten wurde. Die Menge
adsorbierter Polymere wurde durch die Differenz ihrer Konzentrationen
vor und nach der Wechselwirkung mit dem Adsorptionmittel bestimmt.
Interferometer ITR-1 diente für die Bestimmung der Konzentrationen der
zentrifugierten Substanz. Das Volumen der Polymerhaltenden Suspensionen
war standig (10 ml.). Um die Dauerhaftigkeit der Polymeradsorption vom
Adsorptionmittel zu ermitteln, wurde der Niederschlag nach der Zentrifuge durch aqua. dest. durchgewaschen und im Filtrat wieder der Gehalt
an Polymeren bestimmt.
* GIPAN, K4—hydrolysierte Polyakrylnitrile.
AK-1, AK-7—Ammonium-und Calciumlignosulphonate.
** Die Probe wurde aus dem Bj Horizont entnommen, um Beimengung von
organischen und Mineralen Dünger zu vermeiden.
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2) Die Anwesenheit der Wasserstoffbindung bei Wechselwirkung der
Polymere mit den Mineralen wurde im Gehalt der O-H Valenzschwankungen (3800-2500 c m - 1 ) 1 mit Hilfe der Infrarot-Spektrometrie untersucht. Dazu wurde Spektrometer IKS-2 (Typ IKS-14) mit zwei Strahlen
und LiF Prisma angewandt.
3) Die Mikromorphologie der Wechselwirkung der Polymere mit
Mineralen und Boden wurde unter dem japanischen Elektronenmikroskop
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Bild I.—Adsorptionskurven
des hydrolysierten Polyakriloamids von Mineralen und Boden. 1—Bentonit, 2—Kaolinit, 3—Boden, 4—Muskovit, 5—
Quartz. I und II—Perpendikulars in der Zone der Mono-und Polymolekularadsorption.
1
Diese Untersuchungen wurden im Lehrstuhl der Optik physikalischer Fakultat
der Moskauer Universitat durchgefiihrt.
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mit 10000, 18000, 30000 und 80000-facher Vergrösserung erforscht.
Diese Untersuchungen zeigten einen komplizierten Charakter der Wechselwirkung der Polymere mit Mineralen und Boden. Der Kurvenverlauf der
"summarischen" Adsorption- ist auf Bild 1 dargestellt. Diese Kurven sind
S-förmig, dabei können einzelne Abschnitte unterschieden werden, die der
Bildung der Mono-und Polymolekularschicht entsprechen. Der Verlauf
dieser Kurven zeigt, dass die Preparate zur weiteren Adsorption geeignet
sind. Nach ihrer Adsorptionskapazitat (in mg der Polymere pro lg des
Adsorptionmittels) bilden die untersuchten Minerale und der Boden folgende Reihe: Quartz < Muskovit < Boden < Kaolinit < Bentonit.
Die summa rische Adsorption der Polymere wachst mit der Vergrösserung der spezifischen Oberflache des Adsorptionmittels, aber nicht
proportional. Die mit Hilfe der Wasserdampfadsorption Methode bestimmte
spezifische Oberflache betragt z.B. 424,4 m 2 /g für Bentonit und 29,7 m 2 /g
für Kaolinit (Litwinowa, 1960). Das Verhaltnis zwischen "aktiven Oberflachen" von Kaolinit und Bentonit ist nur 1:7. Daraus folgt, dass Polymere Makromoleküle bei der Wechselwirkung mit dem ultra porösen Adsorptionmittel sich auf der Oberflache seiner Teilchen anordnen und in
Ultraporen nicht hineindringen. Darum hangt die "summarische" Adsorption der Polymere nicht von spezifischer Oberflache des Adsorptionmittels,
sondern von seiner Dispersitat ab.
Wie schon früher bemerkt wurde, nehmen die Wasserstoffbindungen
einen bedeutenden Anteil an der "summarischen" Adsorption der Polymere
von Bodenmineralen. Das Bild zeigt eine der mit Hilfe der InfrarotSpektrometrie gewonnenen Kurven (Bild 2). lm Spektrum von Bentonit
unterscheidet man zwei Streifen (Bild 2-A): einen schmalen intensiven
Streifen mit Frequenz 3590 c m - 1 , der den Schwankungen der nicht
zusammenwirkenden Hydroxyle entspricht, und der andere Streifen mit
Frequenz 3430 cm- 1 , der den im Abstand 3 A gelagerten zusammenwirkenden Hyroxylen entspricht.
Nach der Adsorption von Bentonit des hydrolysierten Polyakrilonitrils
wird der Streifen der O-H Schwankungen breiter und verschiebt sich ins
Gebiet der kleineren Frequenzen (etwa 3220 c m - 1 ) , wahrend der Streifen
der freien Hydroxyle vollstandig verschwindet. Das ist für die Bildung der
Wasserstoffbindung zwischen den Mineralhydroxylen und Funktionalgruppen der Polymere charakteristisch. Dasselbe kann man auch bei der
Polyakrilamidadsorption beobachten, der Streifen verschiebt sich aber bis
zur Frequenz 3140 cm" 1 (Bild2-B).
Ausser den Wasserstoffbindungen wird ein Teil der Polymere an der
Oberflache des Adsorptionmittels chemisch durch Restvalenzen gebunden.
Diese Bindung ist die starkste. Ein anderer Teil der Polymere, der in der
Lösung dissoziiert, kann die Bodenkolloide aber auch selbst (sein Anionenteil), unter dem Einfluss der Bodenlösungskationen koagulieren. Danach
beginnen beim Aggregierungsprozess die Van-der-Waals'sche Krafte zu
wirken.
2
Unter "summarischer" Adsorption verstehen wir die ganze Summe des Chemosorption, Wasserstoffbindungen und Van-der-Waals'sche Krafte befestigten Polymeres.
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Bild 2.—Infrarot-Spektren
von Bentonit: A-l—ungegliihter Bentonit; 2 —
gegliihter Bentonit bei t 500°C. B-l—reiner geglühter Bentonit bei t 500°C;
2—mit adsorbiertem Polyakrilonitril; 3—mit adsorbiertem hydrolysiertem
Polyakriloamid.

Mit Hilfe der Elektronenmikroskopie wurde es festgestellt, dass die
Polymere sogar in niedrigen Konzentrationen, Briicken zwischen den Bodenteilchen bilden können. Das zeigt sich besonders deutlich bei optimalen
Gaben der Polymere, die der vollendeten Bildung der Monomolekularschicht
entsprechen (Bild 3).
Der Überschuss der Polymere verbindet sich nicht mit der Oberflache
der Bodenteilchen, sondern füllt freie Bodenporen aus. In diesem Fall
steigt die Wasserstabilitat der Aggregate nicht an, dagegen wird sie
schwacher sein, da das Wasser nicht die Polymer-Boden Verbindung,
sondern die viel leichter zerwaschbare Polymer-Polymer Verbindung
angreift.

POLYMEREN FÜR BODENKRUMELUNG

Bild 3.—Elektronenmikroskcpische
Aufnahmen mit hydrolysiertem Polyakriloamid bearbeiteten Muskovit und Boden. A—"Polymerbrücken"
zwischen Muskovitteilchen (x 120000); B—"Polymerbrücken" zwischen
Bodenteilchen (x 45000).
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Es wurde die strukturbildende Wirkung vieler Polymere und Mitpolymere untersucht und ein ahnlicher Charakter ihrer Wechselwirkung mit
dem Boden festgestellt. Die meisten der Polymere entfalten ihre beste
Wirkung auf die Bodenstruktur bei 0,05% bis 0,1% bezogen auf das
Trockengewicht des Bodens. Bei diesen Gaben erhóhen sie den Gehalt an
wasserstabilen Aggregaten (grosser als 0,25 mm) in Abhangigkeit vom
Polymer auf 20-50-100% und mehr (Bild 4 ) . Es ist besonders wichtig
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Bild 4.—Der Einfluss von Separan auf die Wasserstabilitat der Bodenaggregate (nach Andrianow), Hellkastanienboden ist solonetzartig, schwer-lehmig.
Aj (0-20 c m ) . 1—Natürliche Aggregate; 2—Kiinstliche Aggregate.

dabei, dass die Mikrostruktur des Bodens (ihre Fraktion 0,05-0,25 mm)
verbessert wird.
Der Einfluss der Polymere auf das spezifische Bodengewicht und entsprechend auf die Bodenporositat und Wasserstabilitat der Aggregate hangt
von der Intensitat der Bodenvermischung bei Polymerzufuhr ab. Mit der
Verstarkung der Bodenvermischung steigt das spezifische Gewicht an,
verringert sich die Porositat und nimmt die Wasserstabilitat zu. Es ist
zweckmassig so eine Vermischung durch Bodenbearbeitung anzuwenden,
die die Wasserstabilitat der Aggregate vergrössert, aber ihre Porositat nicht
verringern (niedriger als 40-45% ) könnte.
Die Entwicklung der Polymere auf die Bodenkriimelung ist bedeutend
starker auf Boden mit natürlicher, sogar unbestandiger Struktur wie auf
zerstaubten Boden (Bild 4 ) . Die Anwendung der Polymere (in Gabe von
0,05% bis 0,1%) bei PK Düngung führte zum gesicherten 42-670%
Erntezuwachs mit Gerste, Futterbohnen und Hafer auf rasen-podzoligen
Boden und mit Mais und Luzern auf solonetzartigen lehmigen hellen

DER EINFLUSS DER POLYMERE ( i N GABE 0 , 1 % AUF BODENGEWICHT BEZOGEN) AUF ERNTEERTRAG VON HAFER IM VEGETATIONSVERSUCH
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Kastanienböden. Der Erntezuwachs bei NPK Düngung überstieg nicht
38% (Tabellen 1 und 2). Die Bearbeitung der Ernteangaben wurde mit
Hilfe der Dispersionsanalyse durchgeführt (Nach N. A. Plochinsky 1961).
Das zeigt, dass die Polymere (Polyakrilonitrile und hydrolysierte Polyakrilamide) nicht nur strukturbildende, sondern auch dauernd wirkende Stickstoffdünger sind.
Absolute Grosse des Ernteertrages in Varianten mit NPK und NPK +
Polymere waren immer höher, als in anderen Varianten des Vegetationsversuches mit Polymeren.
Der Ersatz des Polymerstickstoffes durch Mineralstickstoff bei PK
Düngung führte zu grosseren Erntezuwachs von Hafer, nach Anwendung
von Polymeren, die dieselben Mengen an Gesamtstickstoff enthielten
(Tabelle 1). Daraus folgt, dass der Stickstofï des Polymeres nur teilweise
löslich ist. Die Polymere in Gaben von 0,05-0,1% (auf das Bodengewicht
bezogen) verandern die p//-Werte des Bodens nicht und üben auf dieser
Weise keinen Einfluss auf den Ernteertrag aus.
Die Wirksamkeit verschiedener Polymere und ihrer Gaben ist ganz
verschieden und hangt von Boden, Dünger und Pflanzenart ab. Die in
Gabe von 0,05% bis 0,1% geprüften Polymere unterdrücken die Entwicklung der Bodenmikroflora nicht, sondern stimulieren sie.
Zunehmende Gaben der Polymere (grosser als 0,8-1,0%) üben eine
toxische Wirkung auf die Entwicklung der Mikroorganismen aus und unterdrücken die Pflanzenkeime.
In der landwirtschaftlichen Praxis ist es sehr wichtig, die Langlebigkeit
der durch Polymeren verbesserten Bodenstruktur zu kennen. Das wurde
von uns in folgender Weise geprüft:
1, Die von den Polymeren gebildeten Bodenaggregate wurden im lufttrockenen Zustand zerstört und dann wieder aggregiert (ohne Zufuhr neuer
Polymere). Das wurde vielmal wiederholt und in jedem Falie wurde die
Wasserstabilitat der neugebildeten Aggregate bestimmt. Die Untersuchungsergebnisse sind in Tabelle 3 dargestellt. Aus dieser Tabelle ist zu sehen,
dass alle Bodenstruktur-Verbesserungsmitteln ihre zementierende Fahigkeit
ganz verschieden bewahren, Separan ist z.B. am höchsten, hydrolysierte
Polyakrilonitrile und Verdichung AN am mindesten. Die zementierende
Wirkung dieser Polymere wurde nach dem vierten Aggregierungsprozess
völlig vernichtet. Eine grosse Rolle spielen in diesem Fall auch die Bodeneigenschaften. So, z.B., Separan bewahrt standhaft seine zementierende
Fahigkeit auf rasen-podzoligen Boden, die sich nach der vierten Aggregierung nur urn 3-4% vermindert hatte. Auf hellen Kastanienböden hatte
aber dieses Bodenstruktur-Verbesserungsmittel nach der vierten Aggregierung seine zementierende Fahigkeit fast völlig verloren (von 92 bis
31 %, bei der Kontrolle nur 23 % ).
2. Die Nachwirkung der Polymere auf die Struktur des rasenpodzoligen
Bodens wurde im Feldversuch mit kleinen Parzellen durch wiederholte
Analysen der Wasserstabilitat der Bodenstruktur im Laufe von 1963-1966
untersucht. Es wurde festgostellt, dass die strukturbildende Wirkung der
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TABELLE 3
DIE VERMINDERUNG DER WASSERSTABILITAT DER KÜNSTLICHEN AGGREGATE1 BEI
WIEDERHOLTER ZERSTÖRUNG UND AGGREGIERUNG (ANALYSE NACH
ANDRIANOW, BERECHNUNG DER WASSERSTABILITAT NACH KATCHINSKY)

Wiederholung
der Aggregierung

Wasserstabilitat,
% des rasen-podsoligen Bodens (A 0-20)

Wasserstabilitat, %
des hellen Kastanien
bodens (A! 0-15cm)

1
2
3
4

73
86
75
74
75

23
73
34
25
22

Verdickung AN

1
2
3
4

89
75
73
73

92
51
32
31

Separan

1
2
3
4

100
100
98
97

84
70
51
32

Vama

1
2
3
4

100
96
93
84

—
—
—

Polymere

Kontrol
Polyakrilonitril

'Künstliche Aggregate (5-7 mm im Durchmesser) wurden aus Fraktion 0-25 mm. bei
Vermischung 1 -5 Min. bei relativer Feuchtigkeit 60-70% hergestellt. Sie wurden in Boden
in Lösung (Gabe 0 - 7 % auf Bodengewicht bezogen) eingebracht.

Polymere K4, PAN, PAA sich vier Jahre nach ihrer Zufuhr noch bewahren.
So, im Jahre 1966 betrug der Gehalt wasserstabiler Aggregate (grosser als
0,25 mm) in der Ackerkrume 23,3%, auf Parzeilen mit K4 war der Gehalt
an Makroaggregaten 66,8%, mit PAN—49% und mit PAA—41,9% (in
Gabe 0,2%).
Nach Angaben der amerikanischen Forscher (Nielson, Kirkham,
Phillips, 1959) hatten Separan und Vama (Monsanto chemical C°) ihre
strukturbildende Wirkung im Laufe von 6 Jahren bewahrt.
Also, die Nachwirkung der Polymere auf Bodenstruktur schwacht sich
mit der Zeit ab. Das ist auf die Tatigkeit der Mikroorganismen und
chemische, thermische und mechanische Vernichtung zurückzuführen.
Danach sind neue Gaben der Polymere notwendig.
Zum Schluss ist zu sagen, dass Polymere in der Bekampfung der Bodenerosion, der Zerstaubung von Flugplatzen sowie im Irrigation-und Wegebau
erfolgreich angewandt werden können.
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ZUSAMMENFASSUNG

1. Der Einfluss verschiedener Polymere auf die Strukturbildung und
andere physikalische Bodeneigenschaften, den Stickstoffhaushalt und pH
des Bodens, die mikrobiologische Aktivitat und Ernteertrage wurde
erforscht.
2. Es wurden Importpolymere: PAN, PAA, Varna, Separan, Verdickung
AN sowie Inlandspolymere: PAN, PAA, GIPAN, K4, AK-1 und AK-7
auf rasen-podzoligen und Kastanienboden und PAN, PAA—auf verschiedenen reinen Mineralen geprüft.
3. Es wurde festgestellt, dass Polymere drei Bindungsarten mit Mineralen
und Boden bilden: chemische Bindung (durch Restvalenz auf der ausseren
Oberflache der Kolloidteilchen), Wasserstoffbindung (durch HydroxylIonen) und physikalische Bindung (durch Van-der-Waals'sche Krafte).
Ihre Festigkeit ist in der Reihenfolge ausgedrückt: chemische Bindung >
Wasserstoffbindung > physikalische Bindung.
4. Die Polymere entfalten ihre beste Wirkung auf die Strukturbildung
des Bodens bei 0,05% öfter 0,1% auf das Bodengewicht bezogen.
5. Die Einwirkung der Polymere auf die Bodenkrumelung ist bedeutend
starker auf Boden mit natiirlicher, sogar unwasserbestandiger Struktur als
auf zerstaubten Boden.
6. Die Anwendung der Polymere (in Gabe von 0,05% bis 0,1%) bei
PK Diingung führte zum gesicherten Erntezuwachs (42-670% ) mit Gerste,
Futterbohnen, Hafer auf rasen-podzoligen Boden und mit Mais und
Luzerne auf hellen Kastanienboden. Bei NPK Diingung überstieg der
Erntezuwachs 38% nicht.
SUMMARY

1. The effect of different polymers on the structure formation and other
physical soil properties, the nitrogen status, pH value, the microflora
activity and crop yields has been investigated.
2. Imported polymers: PAN, PAA, Varna, Separan, Verdickung AN,
as well as local polymers: PAN, PAA, GIPAN, K4, AK-1 and AK-7 on
soddy-podzolic and chestnut soils and polymers PAN and PAA on different
minerals have been tested.
3. It has been established that three kinds of bonds are formed as a
result of interaction of polymers with the minerals and soils: chemical
residual valence bonds on the external surfaces of colloidal particles—
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hydrogen-hydroxyl-ion bonds, and physical under the effect of Van-derWaals's forces. The bond strength follows the order: chemical bonds >
hydrogen bonds > physical bonds.
4. The greatest aggregative action is obtained with polymers in dosages
from 0 • 05 % to 0 • 1 % of soil weight.
5. Their aggregative action is stronger on soils with natural though
water-unstable structure than on structureless soils.
6. The use of polymers in dosage 0-05-0-1% with PK fertilizers on
barley, food beans, oats (on soddy-podzolic soils) and on maize and newly
sown lucerne (on light-chestnut soils) increased the yields by 42-670%.
The increase in yield of these crops with NPK fertilizers alone did not
exceed 3 8 % .
RÉSUMÉ

1. L'influence de divers polymères sur la structure et les autres propriétés du sol, la teneur en azote et le pH du sol, 1'activité microbiologique
et les rendements des cultures a été étudiée.
2. Les polymères importés: PAN, PAA, Vama. Separan, "Verdickung"
renflcment AN, ainsi que les polymères indigenes: PAN, PAA, GIPAN,
K4, AK-1 et AK-7 sur les podzols gazonnés et les sols chatains ainsi que
PAN, PAA sur divers minéraux purs, ont été examines.
3. Il a été constaté que les polymères forment trois sortes de liaisons
avec les minéraux et les sols: liaison chimique (par Taction de la valence
résiduelle sur la surface des particules colloïdales), liaison hydrogénique
(par les ions d'hydroxyle) et liaison physique (les forces de Van der
Waals). Leur stabilité est exprimée dans la série suivante: liaison chimique
> liaison hydrogénique > liaison physique.
4. La meilleure influence des polymères sur la structure du sol se
manifeste a un taux de 0,05%, plus souvent 0 , 1 % , par rapport au poids
du sol.
5. L'influence des polymères sur 1'agrégation du sol est beaucoup plus
importante dans les sols de structure naturelle, même non stable a 1'eau,
que dans les sols diffuses.
6. L'utilisation des polymères (en doses de 0,05% a 0,1%) avec PK
fumure assure une augmentation de la récolte (42%-670%) de 1'orge,
avoine et féveiole sur les podzols gazonnés, et du maïs et de la luzerne sur
sols chatains. En utilisant 1'engrais NPK 1'augmentation de la récolte n'a pas
dépassé 3 8 % .

THE ENERGY OF ACTIVATION OF CLAY
SUSPENSION CONDUCTANCE
N. STREET,1 R. J. MILLER, AND KOOK-NAM HAN2
University of Illinois, Urbana, U.S.A.
INTRODUCTION

The conductance of a suspension, Ks, arises from contributions of the
electrolyte solution, (K1), the electrophoretically moving particles, (Kp),
and the "surface" conductance (K^).
The contribution of the electrolyte solution
The influence of non-conducting particles is limited to their effect on
the cell constant of the conductivity cell used. Since the effective length
between the electrodies is increased, and the cross sectional area available
for current movement is reduced by the presence of the particles, the cell
constant ( L / A ) , is always increased. The formation factor, F, can be
expressed as:
F

-

X + p

for a suspension of volume concentration p.
The value of x is a function of the axial ratio of the particles and is
2 for spherical ones.
The contribution to the overall conductance from the electrolyte
solution is:
K1 = k/F
where A is the conductivity of the electrolyte solution.
The electrophoretically moving particles
This contribution amounts to NQU where
N =

= the number of particles/cc,
4na3
Q = particle charge,
U = particle mobility under unit field, and
a = particle radius.
By expressing Q and U in terms of zeta potential, Henry (1948) shows that
Kv= 1 -5x 10-13 £2ƒ(«*)( 1 +xa)/a2
where K = reciprocal of the double layer thickness.
This contribution is very small except for very small particles with relatively
high zeta potentials, £.
1
2

Now at University of Papua and New Guinea, Port Moresby.
Now at University of California, Berkeley, U.S.A.
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The surface conductivity
It is convenient to ascribe the contribution from exchange cations to a
"surface conductance" effect whether it is in fact calculable from measured
surface potentials by double layer theory (Street, 1961) or due to the
conductance of a swollen gel layer (Overbeek, 1952; Street, 1958). We
will refer to this contribution as the surface conductance, K^.
XS
AF
where A is the area of cross section, A is the surface conductivity, and S
is the perimeter of wetted surface available in any cross section, i.e. for a
S
2
capillary tube: — = — •
A
r
For a porous medium or a suspension
S
Swp
Sgp
A

\-P

{\-P)d

where 5W is the surface area per cc of solid, Sg is surface area per g of solid,
p is the volume concentration of solid and d is the solid density.
Thus when contribution from the electrophoretically moving particles
is negligible we have:
k

XSppx

Ks = —
F +-d(x + P)
or

A

(l-P)d

=L-J2-(FKt-k)

SgP
The energy of activation of surface conductance
The energy of activation of surface conductance is given by
dlnX
E A = Rd(\/T)
By substituting the above values for A and rearranging (Street, 1966) we get:
EK =

F-k/Ks

—-—[FE-(k/K,)Et]

where the subscripts A, .? and ƒ refer to surface, suspension and filtrate respectively. The energy of activation of surface conductance can be estimated
from measurements of suspension and filtrate conductance (Street, 1966).
Expressed entirely in terms of filtrate and surface conductance the energy
of activation of a suspension would be
(l-p)+dSgPX
k
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or for spherical particles
0-p)
E. = Ex

\Ef. — Et)
K
(l-p)+3PX/ka
'
These expressions indicate that when A is the overwhelming contributor
to the total conductance Es -> En, and conversely when it is small E, -*• Et.
Cremers and Laudelout (1964) have recently published data on the
effect of solids concentration on the energy of activation of sodium and
calcium montmorillonites. They find for the sodium clay suspended in
1-0, 0-1 and 0-01 N sodium chloride solutions and calcium clay suspended
in 0-8, 0-1 and 0-01 N calcium chloride solutions that Es increases with
increasing clay concentration, i.e. it moves towards a higher E value.
Their results agree fairly well with those of Chernogorenko (1960)
for Chasov Yar clay (Illite?) which showed an increase of the temperature
dependence of conductance up to about 50% by weight with a decrease
beyond that point. However, Chernogorenko's results were obtained for
suspension dispersed in distilled water (conductivity = 1 -5 X 10~ 6 o h m - 1
c m - 1 ) and not in dilute chloride solutions. Cremers and Laudelout
extended their measurements to distilled water systems and found that at
low clay concentration EH was very high, that it fell to a minimum with
increasing clay concentration (at about 20% for sodium, 40% for
calcium) and then increased at about the same rate as clays dispersed in
chloride solutions. Differentiation of equation 1 with respect to p shows
that no minimum will develop and some explanation of the extremely high
value at very low clay concentration is called for.
EXPERIMENTAL

Two clays were used in this investigation, Wyoming bentonite (Volclay
from American Colloid Company) and a kaolinite (A.P.I. Project 49
kaolinite 4 from Macon, Georgia, Oneal Pit).
Preparation
(a) Bentonite: The less than 2 micron fraction was prepared by sedimentation and the potassium, lithium and sodium forms prepared by three
extractions with normal chloride solutions. The clays were then washed
with distilled water until the filtrate conductivity was less than 1 X 10~ 3
o h m - 1 c m - 1 . These mono-ionic slurries, at a volume concentration of
approximately 1 • 5 % were stored in a refrigerator.
(b) Kaolinite: This was received as lump clay and dispersed in
distilled water with the aid of sodium orthophosphate and the 2-5 micron
fraction separated by sedimentation. This fraction was then washed in
distilled water as was the bentonite.
Measurements
A Wilkins-Anderson temperature bath was used and tests indicated that
temperatures could be controlled to ± 0-05°C as measured inside a
conductivity cell. Conductivities were measured with a Serfass Model
RCM15B1 conductivity bridge, or a General Radio type 1650-A Imped-
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ance bridge. The Serfass bridge could measure resistances to 108 ohm and
the General Radio bridge up to 107 ohm. These were used as indicated in
the appropriate ranges, frequently the resistance was measured on both
bridges when the ranges overlapped. The conductivity cell (of 25 ml
capacity) used silver-silver chloride electrodes. During measurements of the
resistance of a suspension, the cell was stirred continuously with an
immersible magnetic stirrer ensuring that the solids were kept in suspension
and to minimise temperature differences.
RESULTS

The energies of activation shown in Table 1 are for potassium and
lithium bentonite slurries, they were prepared from the refrigerated clays
by dilution with filtrate. In this table the activation energy values were
calculated from experiments in which the direction of measurement was
from lowest to highest temperature. Table 2 shows the results for a second
sample of lithium clay but in this case includes also EK calculated from a
TABLE 1
ENERGY OF ACTIVATION OF BENTONITE SUSPENSIONS

Volume concentration
20
1-5
1-0
0-5
0-25
Filtrate

E, Cal. mole '
(A'-bentonite)
(Zi-bentonite)
4417
4645
4629
5254
5796
6087

5694
5902
6140
7499
6859

TABLE 2
ENERGIES OF ACTIVATION (L/-BENTONITE) FOR UPAND DOWN-CURVES

Volume concentration
1-523
1-052
0-466
Filtrate

Es Cal. mole - 1
(up-curve)
(down-curve)
4897
5330
5536
3960

3591
3701
3752
3960

TABLE 3
EFFECT OF HOURS OF CENTRIFUGATION OF
FILTRATE ON ENERGY OF ACTIVATION

(16,000 R.P.M.)
Hours

Ef Cal. mole - 1

0-5
1-5
3-5

6959
3845
3776
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Fig. I.—The effect of time on the conductance activation energy for a
freshly washed sodium montmorillonite (002417 gm/ml). Circles—increasing temperature, triangles—decreasing temperature. Temperatures were
obtained at approximately equal time intervals covering a total of about
12 hr. Line B was obtained 24 hours after A, line C, 5 days after A and
line D after a total elapsed time of 12 days.

curve obtained with decreasing temperature after the initial curve had been
obtained with increasing temperature.
Figure 1 shows typical results obtained (sodium clay at 0-02417
g/ml) for repeated heating and cooling cycles. Figure 2 shows the results
obtained for 1-503% (by volume) potassium bentonite dispersed in 0-01
N KCl solution. Figure 3 shows the change in specific conductance for a
sodium bentonite (0-00545 g/ml) with time at 25°C and 40° C. Table 3
illustrates the effect of increased centrifuge time on measured apparent
energies of activation.
DISCUSSION

It is fundamental to the measurement of the energy of activation of
conductance of any system that the number and kind of conducting species
remain constant throughout the temperature range. It seems likely that this
will not be the case in these experiments on clay systems. Firstly, there is
some indication that the surface charge density is temperature dependent,
and secondly, and more important, it seems possible that the type of ionic
species changes.
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Fig. 2.—The conductance activation energy for 1-503% K-montmorillonite
(vol. %) in 0-1 N KCI.
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Fig. 3.—The change in specific conductance of a freshly washed Namontmorillonite (0-00545 gm/ml) with time at 25 and 40°C. The samples
were not stirred continuously, only immediately before and during readings.

In water of very low conductivity any dissolution of clay material will
have a large effect on the measured conductivity. Since these measurements
are made at pH\ close to neutrality the systems lie in the range 4-9 where
the Al(OH)s is very insoluble and any that does dissolve from the clay
lattice will with time saturate the solution in the case of even the lowest
clay concentration. At equilibrium the filtrate from these suspensions or
their interstitial solutions, should be constant in concentration of AP+
(and its hydrolysis products) for all suspensions. Although this may
represent a large contribution to the overall conductance for the lowest
concentration suspensions, it will be a negligible contribution for the higher
concentrations.
Both time and temperature will affect the ionic concentration of the
solution, thus AP+ ions going into solution from the clay lattice may
replace exchangeable ions already present on the clay surface altering both
the surface properties of the clay and the conductance of the interstitial
solution. This is brought out in Figure 1 where not only do the slopes
change, but the suspension conductance increases on each cycle, presumably
as the ionic concentration of the solution is increased by the release of
exchange ions.
Figure 3 shows that there is a rapid initial rise in conductance at both
25 and 40°, followed by a continuing increase. At 40°C the increase in
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conductance is greater for approximately 50 hours. The initial conductance
increase is probably due to clay dissolution products going into solution and
the later increase by the continuing replacement of exchange ions after
the solution is saturated with the aluminium products. This is similar to the
observations of Banin and Ravikovitch (1966) who showed that the
amount of AI on the exchange complex of a //-clay in water increased
whilst the Al in solution stayed relatively constant with increasing time.
The lattice Al going into solution will not remain as simple Al3+ ions;
the simplest sequence of hydrolysis reactions that may occur is:
AP+ + H20 ?± Al(OH)2+ + H+
which has a pK of 4-98 - 0-03 units/°C (Schofield and Taylor, 1954).
As temperature is increased during the activation energy determination the
H+ concentration will increase. The much greater ionic mobility of H+
over either Al3+ or Al(OH)2+ would cause a considerable increase in
conductivity even in the absence of increased mobility with temperature.
Brosset (1952) and Brosset, Biedermann and Sillen (1954) (see also
Raupach, 1963) point out that the hydrolysis products are much more
complex than this. Brosset, Biedermann and Sillen observed that the
hydrolysis rate was extremely slow at 25 °C and they conducted their
measurements at 40°C. This difference is seen in Figure 3. Even at this
higher temperature many hours were required for equilibrium. As temperature is increased, before chemical equilibrium is attained, we both increase
the amount of AI and its products in solution and alter its degree of
hydrolysis with consequent release of highly mobile H+ ions. The filtrate
results (Table 3) also support this conclusion, the original filtrate was not
free of solids since it exhibited a Tyndall effect, it had a high energy of
activation. Subsequent batches of filtrate subjected to considerably greater
centrifuge times snowed an energy of activation of about 3,800 cal. mole - 1 .
Ths initial high value was caused by some increasing solubility of the solids
with increased temperature or by hydrolysis. Surface conductance cannot
be a factor m even the dirtiest filtrate because of the extremely low volume
concentration, of solids involved.
The curves for potassium bentonite in 0-01 N KCl solution (Figure 2)
show virtually the same slope f(.r suspension and filtrate and the suspension
curve is reproduced on repeated up and down curves. The concentration of
KCl in this solution is sufficient to swamp the small contribution to
conductance of the dissolved Al.
The experiments on kaolinite gave values for energy of activation of
about 2,800 calories per mole, the kaolinite curves did not show the
same trend as the montmorillonite, i.e. the up and down curves were
identical. This is probably due to (a) the greater resistance of the kaolinite
lattice to dissolution and (b) the fact that by treating this particular clay
with orthophosphate the potentially available AP+ has been rendered more
insoluble. Michaels (1958) has indicated that treatment with phosphate
results in a combination of adsorptive and metathetical precipitation processes that yield an aluminium phosphate that is less soluble than the kaolin
mineral itself.
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CONCLUSIONS

Suspensions of montmorillonite initially free of ions, other than
exchange ions, undergo a continual increase in conductivity. This change
is probably due to dissolution of the clay. The dissolution products both
remain in solution and replace the exchange ions. In the use of such
suspensions it is necessary to know what the past history of the slurry is.
If the slurry is in chemical equilibrium activation energies approximately
equal to those of aqueous solutions will be obtained. If they are not in
equilibrium anomalously high Es values may be obtained.
Possibly the reason that Cremers and Laudelout obtained high activation energies at low concentrations is that their systems were not at
equilibrium and their values were obtained with increasing temperature.
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SUMMARY

Dilute montmorillonite suspensions in distilled water exhibit apparent
activation energies of conductance which depend on the age of the slurry
and its thermal history.
Freshly prepared slurries show a higher apparent activation energy on
the first upcurve gradually decreasing with repeated cycles. After the
suspensions have reached equilibrium, the activation energies are similar
to those found for aqueous solutions. By this time the conductance of the
filtrate has increased considerably, presumably because its concentration
has been increased by the solution of exchange ions released by exchange
with aluminium; purely surface effects are then masked.
These results appear to indicate that the results of Cremers and
Laudelout, showing that the energy of activation of a clay plotted against
clay concentration is initially high and goes through a minimum is in the
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nature of an artifact. At very low clay concentration it is suggested that
dissolved aluminium and its hydrolysis products make the major contribution to conductance, whereas at high clay concentration the surface
conductance of the clay itself is the main contributor.
Phosphate treated kaolinite gave more consistent measurements and
an energy of activation of surface conductance of approximately 2,800
calories.
RÉSUMÉ

Des suspensions de montmorillonite diluées dans de 1'eau distillée
démontrent des energies apparentes d'activation de conductibilité qui
dependent de 1'age de la boue (slurry) et de son histoire thermique.
Les boues récemment préparées démontrent une énergie d'activation
apparente plus élevée lors de la première montée de la courbe, et diminue
petit a petit a mesure que les cycles se repetent. Après que les solutions
aient atteint 1'équilibre, les energies d'activation sont semblables a celles
des solutions en eau. A ce point, la conductivité du filtrat est augmentée
de maniere considerable, probablement parce que sa concentration a été
augmentée par la solution d'ions d'échange déchargés par 1'échange avec de
l'aluminium; els effets purement superficiels sont alors masqués.
Ces résultats semblent indiquer que les résultats de Cremers et de
Laudelout, qui démontrent que 1'énergie d'activation d'une argile comparée
a la concentration argileuse est haute au début, puis passe par un minimum,
sont en quelque sorte un artifice. A une concentration tres basse d'argile,
l'aluminium dissout et ses produits d'hydrolyse forment la contribution
principale a la conductibilité, tandis qu'a une concentration d'argile élevée,
la conductibilité superficielle de 1'argile forme en elle-même la contribution
principale.
Le kaolinite traite au phosphate a donné des mesures plus consistantes
et une énergie d'activation de conductibilité superficielle d'environ 2.800
calories.
ZUSAMMENFASSUNG

Verdünnte Montmorillonit-Suspensionen in destilliertem Wasser zeigen
ersichtliche Aktivierungsenergien des Leitungsvermögens, die vom Alter
des Schlammes und von dessen thermischen Geschichte abhangen.
Neu-praparierte Schlamme zeigen zuerst eine höhere ersichtliche Aktivierungsenergie in aufsteigender Kurve, die jedoch nach wiederholten
Zyklen nachlasst. Nachdem die Suspensionen ein Gleichgewicht erreichten,
sind die Wirkungsenergien denen der Wasserlösungen gleich. Zu dieser Zeit
hat das Leitungsvermögen des Filtrates wesentlich zugenommen, wahrscheinlich weil dessen Konzentration gesteigert worden war, und zwar durch
die Lösung der, durch Austausch mit Aluminium, freigesetzten Austauschionen; Oberflacheneffekte werden dann maskiert. Diese Angaben scheinen
anzudeuten, dass die Ergebnisse von Cramers und Laudelout inkonsequent

ENERGY OF ACTIVATION

545

sind, denn sie haben gezeigt, dass die Aktivierungsenergie des Tones den
Tonkonzentration gegeniiber anfangs hoch ist und durch ein Minimum
geht. Man kann daraus schliessen, dass bei sehr niedriger Konzentration
des Tones das Geloste Aluminium und seine Hydrolyse-Produkte am
meisten der Leitfahigkeit beitragen. Dagegen ist bei hoher Tonkonzentration die Obernachenleitfahigkeit des Tones selbst der Hauptbeitrager.
Der mit Phosphat behandelte Kaolinit ergab mehr übereinstimmende
Messungen und eine Wirkungsenergie der Oberflachenleitfahigkeit von ca.
2.800 Kalorien.
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SURFACE CONDUCTANCE AND FILM THICKNESS*
R. SANTAMARIA AND M. TSCHAPEK
Instituto de Edafologia e Hidrologia de la Universidad National del Sur,
Avda. Alem 925, Bahia Blanca, Repüblica Argentina
INTRODUCTION

Soil minerals with their specific bulk conductance of less than 10~ 1 0
_1
f l c m - 1 , belong to the group of the solid dielectrics with ionic conductance.
The "total" specific conductance (/ct") of the surface covered with
water film is composed of the specific conductivities of the film (Kh"h) and
of the surface itself (K 8 °),
Kt° = KS° + Kb°h

where: Kb"—specific bulk conductance of the film solution;
h—film thickness.
The surface conductance appears to be a consequence of the existence
of the ionic double layer on the surface, or in other words, a consequence of
the existence of an excess of ions close to the surface. The excess of ions is
responsible for an excess of conductance along the surface. This excess of
conductance is surface conductance (*»")•
The conductance of the ionic double layer depends on the nature of
the surface and the thickness of the film. Water on the surface plays a
double role: (a) as an immediate current conductor and (b) as a medium
which conditions the conductance of the ionic double layer.
The specific surface conductance of many alumino-silicates covered
with thick water films (or submerged in water) is nearly l O - 9 ! ! - 1 . Thus,
for montmorillonite 3-5 X lO" 9 fl - 1 (van Olphen and Waxman 1958),
for kaolinite 1 x 10" 9 il - 1 (Street 1960, 1963) for quartz 2 X 10" 9
ft - 1 (Tschapek et al. 1967). Assuming that the specific conductance of
pure water is 4 X 1 0 - 8 ft ^ x c m - 1 , we arrive at the conclusion that in
order to influence the surface conductance, the water film thickness should
be > 0-1 mm. Even at specific conductivity of the film solution of 1 0 - 5 ft-1
c m - 1 due to the solubility of minerals, the thickness of the film should be
> i/M, in order to influence the surface conductance.
The presumably high dissociation of adsorbed water must be limited to
1 -2 molecular layers and, in any case, no great part of the current may be
conducted by the products of dissociation of the adsorbed water.
The authors have attempted to obtain experimental information concerning dependence of the specific surface conductance (K S °) on the film
thickness (h).
* Contribution No. 70 of I.E.H.
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METHODS AND RESULTS

Due to the fact that the conductance of the surface covered with a
film of concentrated electrolyte solution depends principally on the Kb°h,
it is possible to calculate the approximate value of the film thickness (h).
The thickness of water film on the quartz surface was determined with
a quartz inverted U-tube, formerly used by Tschapek and Natale (1966).
Determination of the conductances of the electrolyte solution that fills this
inverted U-tube and of the film which remains after drainage, allows the
film thickness to be calculated. We have
Kt_ _
~K

K^hlirrl
Kb°7rr2l

whence:
h =

2 A'

where K and Kt are the conductivities of the tube filled with a solution and
covered with the film, respectively, r is the radius of the tube, h is the film
thickness, and / is the length of the tube.
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Fig. 1.—The dynamics of the conductance of quartz surface covered with
water and with KCl solution films. Upper, middle and lower curves correspond to water films, 10- : i N KCl and N KCl solutions, respectively.

As the curves in Figure 1 show, the specific conductance of a surface
covered with a film of electrolyte solution decreases according to time ol
drainage, that is to say, it decreases with decreasing film thickness, whereas

549

SURFACE CONDUCTANCE

the specific conductivity of a surface covered with a water film remains
constant during three days of drainage.
Knowledge of the hydrodynamic properties and the film thickness for
any electrolyte solution allow us to calculate the thickness of the water
film. This shows that there must be a very small difference between the
film thicknesses of the electrolyte solution and of water.
Determination of the water film thickness (/i) for the quartz tube
surface gave the results presented in Figure 2.
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P'S- 2.—Film thickness on the surface of a quartz tube as a function of
the time of drainage.

In order to obtain films < 0-1 p. the inverted U-tube was equilibrated
at different relative vapour pressures, and the specific surface conductance
was determined. Platinum wires were used to apply current to the ends of
the tube. To eliminate conductance inside the tube, the ends were sealed
at high temperatures.
In Figure 3 the curve KS° = f (p/p0) is presented.
As may be seen the slope change of the curve occurs at approximately
p/Po = 0-2. Water sorbed at relative vapour pressures above and below
0-2 is different as a current conductor and as a medium for ionic double
layer ions. Due to the fact that such behaviour of water films has not been
observed before, it is interesting to observe it also on the surface of
disperse particles.
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Fig. 3.—The specific surface conductance «-,0 of quartz (flat surface)
as a function of relative vapour pressure (plp0).

Samples of monocationic soil and of disperse quartz attapulguite,
vermiculite and halloysite were put in the cell which was adjusted on the
Keithley Resistivity Adapter 6104. The Resistivity Adapter was put in the
desiccator with saturated electrolyte solution with determined relative
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Fig. 4.—The electric resistance (/?) of some soil minerals as a function of
relative vapour pressure (p/p0): x Halloysite, o Illite and • Attapulguite.
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t1r

Fig. 5.—The electric resistance (i?) of Chernozemlike soil (Castelar) as a function
of relative vapour pressure.
ABSCISSA: pjp0 — relative vapour pressure
x
tf+-soil
• Ca++~ soil
CURVES:
o Na+ — soil

vapour pressure. Changing the electrolyte solutions in the desiccator, without alteration of the particles position, it was possible to obtain the curve of
resistance as a function of p/pt>. The results of some of these measurements
are presented in Figures 4 and 5.
DISCUSSION

The curve presented in Figure 1 shows that the specific surface conductance of a flat quartz surface remains constant when the water film thickness
decreases to 0-1 jii. This indicates that as the water film thickness diminishes
from 5 jj. to 0-1 //,, the conductance of the ionic double layer does not
change. The film thickness is nearly 5 \x immediately after draining.
As may be seen even after three days of drainage, the remaining thickness is nearly of 0-1 /x. Probably the dust particles adsorbed by the surface
and its roughness are principally responsible for such thickness of films.
Bikerman (1962) emphasized that "the depth of the stagnant liquid layer is
almost equal to the height of the elevation of the surface".
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The data presented in Figures 3, 4 and 5 show clearly that at p/pu
nearly 0-2, the curves change their slope. Such dependence of resistance on
p/pa is explainable in two ways: (a) the adsorbed water at p/p0 < 0-2 is
more dissociated than that adsorbed at p/p„ > 0-2, (b) the slope of the
curve for a surface not completely covered with water must be different
from that covered with water (at p/p„ = 0-2 the surface is completely
covered).
At this point it is interesting to present the KS" (specific surface conductance) as a function of h (film thickness). In Figure 6, such a curve for a
flat quartz surface is given.
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Fig. 6.—The specific surface conductance (K,°) of quartz (flat surface) as a
function of film thickness (h).
ORDINATE: log. «c,°— log. of specific surface conductance in Q~x.
ABSCISSA:
log. h ( A ) - l o g . of the film thickness, in A.

The curve corresponds to the film thickness from 3 A up to 10 p. The
water film thickness formed at p/p„ = 0-2 was assumed to be 3 A. The
distance between 3 A and 1000 A remains without examination; the dotted
line in Figure 6 must be considered as the most probable one.
As may be estimated from the curve of Figure 6, the specific surface
conductance of the flat quartz surface increases up to 5-5 orders with
increase in the thickness of the water film.
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SUMMARY

1. The surface of soil and its minerals conduct current even at low relative
vapour pressures, by ions of their ionic double layer and not by the
water film. The calculations show that in order to influence surface
conductance the water film thickness must be > 0-1 mm.
2. The water film influences the specific surface conductance through the
electrical double layer ions.
3. The curve of the specific surface conductance of flat quartz surface as a
function of the water film thickness is given. The specific surface conductance of dry quartz surface is nearly 10~ 15 ft - 1 , whereas covered
with 1 molecular layer it is nearly 1 0 - 1 8 ft _ 1 and covered with a water
film thickness of 0-1 - 10 p. it is 2-10~ 9 ft ~\
4. The curves of electrical resistance of a flat quartz surface, soil and soil
minerals as a function of the relative vapour pressure show that their
slope changes at p/pa about 0 • 2.

RÉSUMÉ

1. La surface du sol et ces minéraux conduisent Ie courant électrique
même a une pression de vapeur relativement basse, par les ions de
leur double couche ionique et non par le film d'eau. Les calculs montrent
qu'afin d'agir sur la conductance de surface, 1'épaisseur du film d'eau
doit être > 0,1 mm.
2. Les films d'eau agissent sur la conductance d'une surface specifique par
l'intermédiaire des ions de la double couche électrique.
3. On donne la courbe de la conductance d'une surface specifique d'une
surface plate de quartz en tant que fonction de 1'épaisseur du film d'eau.
La conductance de la surface specifique d'une surface sèche de quartz
est presque 10 ir' ft ~ \ tandis que recouverte d'une couche 1
moleculaire, elle est presque 10~ 13 ft _ 1 et recouverte d'une épaisseur
de 0,1 - 10 JK d'un film d'eau, elle est 2,10-» ft - 1 .
4. Les courbes de la resistance électrique d'une surface plate de quartz
de sol et des minéraux du sol en tant que fonction de la pression de
vapeur relative montrent que leur pente change lorsque p/p0 est
environ 0,2.
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ZUSAMMENFASSUNG

1. Die Bodenoberflache und ihre Minerale leiten elektrische Strömung
selbst bei niedrigen relativem Dampfdruck durch Ionen ihrer ionischen
Doppelschicht; und nicht durch den Wasserfilm. Die Kalkulationen
zeigen, dass die Wasserfilmdicke > 0-1 mm sein muss, um die Oberflachenleitfahigkeit zu beeinflussen.
2. Die Wasserfilme beeinflussen die spezifische Oberflachenleitfahigkeit
durch die elektrisch doppelschichtigen Ionen.
3. Die Kurve der spezifischen Oberflachenleitfahigkeit der flachen Quarzoberflache als eine Funktion der Wasserfilmdicke ist gegeben. Die
spezifische Oberflachenleitfahigkeit der trockenen Quarzoberflache ist
beinahe 10_1,r> il_1; wenn sie jedoch mit einer molekularen Schicht
bedeckt ist, sie beinahe 10~~1:! f l _ 1 und wenn sie mit einer Wasserfilmdicke von 0-1-10 ju, bedeckt ist, beinahe 2-10~ ! ' O - 1 .
4. Die Kurven des elektrischen Widerstandes der flachen Quarzoberflache,
Boden und Bodenminirale als eine Funktion des relativen Dampfdruckes
zeigen, dass sich ihr Gefalle bei einem p/p0 Wert von ungefahr 0.2
verandert.

FILM CONCENTRATION POTENTIAL AND
FILM THICKNESS*
M . TSCHAPEK AND I. NATALE
Instituto de Edafologia e Hidrologia de la Universidad Nacional del Sur—
Avda. Alem 925—Bahia Blanca—Rep. Argentina
INTRODUCTION

The liquid phase of soil (water) is subject to several force fields
>riginating in soil (adsorptional, osmotic, capillary) as well as outside of
t (gravitational and atmospheric pressure). The resultants may be expressed by corresponding potentials: adsorption, capillary, osmotic, gravitaional and external gas pressure.
The total potential curve of soil water as a function of water content is
iimilar to the barometric curve: the potential increases exponentially with
vater increase. This fact signifies that there are no discontinuities between
lifferent groups or categories of soil water: chemically bound, physically
>ound, etc.
Usually, water contents in "normal" soil vary between 1/3 and 15
itmospheres percentages.
The pore diameters, corresponding to 1/3 and 15 atm. percentages are
5-7 and 0- 19/u,, respectively. These data are not consistent with the known
!
acts about film thickness. According to the BET theory, when the relative
/apor pressure p/pQ = 0-2 a monomolecular water film, of nearly 2-7 A
hickness, is formed. The ratio between 1/3 atm. or 15 atm.) percentage
ind the percentage that corresponds to 1 molecular layer is much smaller
han the ratio between the thickness of films at these moisture percentages.
The apparent disagreement between pore diameter values and film thickïess (pore radius can be considered as equivalent to the film thickness) is
:xplained by the fact that while pores have a concave meniscus the films
lave a convex one. Due to the different curvatures, water tends to drain
owards the contact points between particles. Nevertheless, this does not
:ompletely occur due to the tendency of the film to increase in thickness,
hat is to say, the tendency to decrease in its free energy. Owing to the fact
hat the water film is in thermodynamic equilibrium with the meniscus
vater, in the film there exists a negative pressure equivalent to the capillary
pressure in the meniscus.
Richards (1960) has emphasized that all agriculture is conducted in
;oil water film thickness ranging from 20 A up to 60 A.
The thickness of the water films on the surface of the soil minerals
lepends on the properties of the electrical double layer formed. Information
)n these properties may be derived by measuring the diffusion potential
* Contribution No. 69 of I.E.H.
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when the films separate two solutions of different electrolyte concentration
It may be assumed that the influence of the surface charges upon th<
distribution and behaviour of ions of the disperse medium is very similai
in the pores and in the film. In both cases the distance (radius and thick
ness, respectively) appears as the principal factor of the behaviour of tht
ions in the solution.
If the assumption about similarity of behaviour of ions in pores and ir
films is valid, then putting into contact two water films (on every type oi
surface) containing different concentrations of KCl, there should appear a
diffusion potential similar to the dialysis potential (or membrane concentration potential), although U K + = Vci-, where U K + and Vci_ are the
ionic mobilities. Such diffusion potential was measured by Tschapek (1963
1964) and Tschapek et al. (1966) in various disperse systems and on a
flat quartz surface covered with thin films.
THEORY

The film concentration potential (F.C.P.) is the liquid junction potential
which appears due to the existence of the electric double layer, when twc
KCl solutions of different concentrations are brought into contact through
thin films. The cell of this potential can be presented in the following way.
Hg, Hg.z Clt | KChat | KClc, : KClCi \ KClsat \ Hg2CI2, Hg
E/
E/"
Ej"

where: Ej', Ej" and Ej'" are the liquid junction potentials.
The change in Gibbs free energy for this cell, by passing one faraday o!
electricity, is given by:
AG = tK+RT\n^Since AG = — nEE and tK+ + tcl

a K*
= 1

+ tcl- RTXn0-^a cl-

E = (2ta- - l ) ^ V - >
r

a

(1

(2;

KCl

where: tK+ and tcl~ — transference numbers of cation and anion; R — gas
constant; T — absolute temperature; a"KCl and a'KCl — mean activities ol
KCl solution; F — faraday constant; E -- sum of three liquid junctior
potentials, and // — valence.
Equation (2) is correct if the transference numbers are independent of
electrolyte concentration. This is justified only if the difference in the
concentrations of the solutions is small.
The transference number of chloride ion, tcl-, in the film may be
evaluated if it is assumed that the surface conductance in the film is
entirely carried by the exchangeable cations, then:
0-5/Q, 0 /;
cl

'
0

~ KS° + Kb°h

where: KS° and Kb are the specific surface conductance and specific bulk
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:onductance, respectively and h is the film thickness. Substitution of the
/alue of ta- in the equation (2) gives
K°
\RT
^
\n-i^
(3)
a'KC
Ks°+Kboh) F
In a similar case, Overbeek (1953) derived an equation for the liquid
unction potential taking into account the dependence of tcl- on the
ilectrolyte concentration. He considered the case of two KCl solutions of
lifferent concentrations connected within a capillary tube.
The general equation for liquid junction potential (Mclnnes, 1939)

LrdMt
J:'I>

EF=-\

Ji

(4)

/ >h

s confined to single-ion activity, which therefore presents difficulties for
:alculation. By using a method, which allows the substitution of d/.iKCl for
t/H, Overbeek arrived at the following equation for "capillary effect":
1 fCa
E (capillary effect) = =
\tcv- (in capillary) — tcl- (in wide tube)] dfiKCl (5)
r J ci

^Jow, considering the KCl as an ideal solute
(6)
HKci=H° + 2RT\nc
ind assuming that the surface conductance is independent of the electrolyte
:oncentration, the E of "capillary effect" becomes
h

/capillary\ _2RT
\ effect / = F

[ C2
J

/

]

\

I

'.'+£
de

2RT .

-c-

(7)
C2

(Cl+Ar)

-rtln^r^

vhere: a -- specific surface conductance; A -- equivalent conductance;
• — capillary radius, and / — transference number of bulk solution.
The substitution KS° for a, Kb0 for XC and h for r gives:

(l+—)
METHOD OF DETERMINATION OF THE F.C.P.
Part of the apparatus used for determination of the F.C.P. in soil and
n similar disperse systems is shown in Figure 1.
The essential feature is that two solutions of KCl of different concenxations are brought into contact through the disperse system, that is to say,
;he disperse system plays the role of a membrane or diaphragm. Trie
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'iim/wmimii/m.
soil plug
Fig. 1—Schemes for measuring the F.C.P.; Ci and ca are the concentrations of
KCI solutions (cjc^ = 10).
The electrodes are submerged in the KCI solutions.
potential is measured with two calomel electrodes submerged in both KCI
solutions (c-2 and c t ) . To eliminate the symmetry potential, electrolyte
concentrations > 10^r> N were used. The Keithley Voltmeter 662 which
allows measurement in systems with a resistance up to 1014 Ü was used. It
is evident, that systems must be flushed well with water to eliminate the free
electrolytes.
RESULTS OF INVESTIGATION

From the foregoing it follows that E^E
KS"

max if tK+ -»• 1 (tcl- ->0) or if

9
..
1. Assuming that KS° for soil minerals is nearly 10 Qr\ and
KS" -t- Kb°h
minimum value of /cs° is nearly 10 -5 Q~l cm" 1 , we arrive at the conclusion
that the values of h must be < 10 4 cm in order to obtain E -> EmaxTo form an idea about the dependence of F.C.P. on the electrolyte
(KCI) concentration in the film, some calculated and determined data for
different film thicknesses on a flat quartz surface are compared in Figure 2.
The points in this figure, between curves 0-1 and 10/x correspond to
the experimental values determined with thin films with thicknesses varied
between 1 and 2fi. The film thicknesses as well as F.C.P. were determined
by conductivity method in an inverted U-shaped quartz tube, according to
Tschapek and Natale (1966).
It may be seen that the experimental values agree well with calculated
ones, particularly those calculated according to the Overbeek equation.
If the results for a flat quartz surface may be extended to clay minerals,
then the films of solution in soil with thicknesses varying between 10 and
100 A may behave as perfect membranes with E -» E Mnx . Although the
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Fig. 2—Film concentration potential (F.C.P.) as a function of the concentration
of diluted KCl solution.
ORDINATE: E—film concentration potential, in mV.
ABSCISSA: Cx—concentration of diluted KCl solution.
CURVES: Dotted and continuous curves correspond to F.C.P. calculated
according to equations (3) and (8), respectively, for films of thicknesses:
0-1, 1 0 and 1<V.
Points correspond to experimental values of F.C.P. for films of thickness
1 — 2fi on flat quartz surface.

origin of surface charges of quartz and clay minerals is different, their
specific surface conductances are the same order ( « 10~ 9 fl _ 1 ) .
Next, the results of measurements of F.C.P. in various disperse systems
will be presented.
To sieved and ignited sand (c£> = 0-1-0-2 mm) KCl was added in
solution (Ci) 1 0 - 2 N, in amounts equivalent to 1%, 2 % , etc. by weight,
followed by thorough mixing. Both ends of the sand column in the tube,
as shown in Figure 1, were brought into contact through filter paper with
solution of KCl: one end with concentration c2, the other with concentration C], the ratio being c>/c\ = 10.
The filter paper strips as well as the two calomel electrodes were submerged in KCl solutions and the potential difference (F.C.P.) was
measured. In Figure 3 the results for quartz sand are given.
The determinations of F.C.P. were carried out rapidly, and it is considered that no significant changes occurred during determinations. Most
of the solution in quartz sand is held at the points of contact of the particles,
so that it is difficult to calculate a film thickness.
With a homogeneous distribution of 1 % KCl solution ( d ) in quartz
sand, the film thickness must be in any case < 0-1 fi. For film thicknesses
between 0-1 fi and 0-01 fi and at KCl solutions ( c ^ 10~ 2 N, the value
of F.C.P., according to the curves presented in Figure 2, varies between 5
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Fig. 3—Film concentration potential (F.C.P.) of quartz sand as a function of the KCI
solution content (10 2 —10 1 , NKCI)
ORDINATE: E—film concentration potential in mV.
ABSCISSA: fV%—content of KCI solution in sand, in %.
The film thickness considered to be between 0 0 1 and 0-lju.
(The sign of F.C.P. related to the diluted KCI solution; c,/d = 10).

and 25 mV. The maximum voltage measured was nearly 20 mV, which is
in accordance with theoretical calculation.
Monocationic (K+ and Ca + + ) samples of kaolin* were obtained by
treatment with chloride solutions followed by centrifugation in a Sharpies
centrifuge. Assuming homogeneous distribution of water, or KCI solution,
the film thickness must be 0-03-0-04 //..
The results of the measurements of two monocationic kaolins are
presented in Figure 4.
The appearance of the negative potential is explained by the formation
of CaCl2 due to the exchange Ca + + for K+. More CaCl> may be formed in
concentrated KCI solution than in a dilute one. Due to the fact that UCa++
< Vci- the diluted solution may become negatively charged.
The F.C.P. values for kaolin paste are in accordance with calculated
ones. Thus, as Figure 4 shows, the F.C.P. values for a film 0-05 /JL thickness
and for 1 0 - 2 and 10~ 3 N KCI solutions are 15 and 40 mV, respectively,
in agreement with the experimental values.
Monocationic (Na+ and Ca+ + ) samples of chernozemlike soil of La
Pampa (Castelar), prepared as previously described, were equilibrated
with a known relative vapour pressure p/p0 and then F.C.P. was measured.
* Courteously furnished by Georgia Kaolin Co. (Dry Branch, Georgia).
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If it is assumed a monolayer is formed at p/p0 = 0-2, then the film thickness at any other value of p/p0 may be calculated from the relevant water
content. The results of these measurements are presented in Figure 5.
The 1/3 atmosphere percentage of this soil is 2 8 % . Calculation shows
that even at 1/3 atmosphere percentage the film thickness does not exceed
30 A.

Fig. 4—Film concentration potential (F.C.P.) of kaolin plugs as a function of
the KCI solution concentrations.
ORDINATE: E—film concentration potential, in mV.
ABSCISSA: log Cj—log. of the concentration of the diluted solution of
KCI.
CURVES: 1 and 2 correspond to values for K+ and Ca++—kaolin plugs,
respectively.
The film thickness considered to be between 001 and 0-1/i.
(The sign of the F.C.P. related to the diluted solution; c 2 /c, = 10).

It is believed that during determination of F.C.P. in soil, as in the case
of quartz sand, no changes in the water content can occur. The maximum
values of F.C.P. for Na+ and Ca++ soils correspond to film thicknesses
greater than one monomolecular layer.
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Fig. 5—Film concentration potential (F.C.P.) of soil plug as a function of water
film thickness.
ORDINATE: £—film concentration potential, in mV.
ABSCISSA: h—water film thickness, in A. The h calculated according
to the formula h = WxIWü.ï.h„, where: Wx and WV2—correspond to
water content at p/p0 : x and 0-2, respectively; h0—thickness at p/p0 =
0-2, taking 3A.
CURVES: 1 and 2 correspond to Na+ and Co++ soil, respectively.
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SUMMARY

The film concentration potential (F.C.P.) for a flat quartz surface,
quartz sand, kaolin and soil are measured.
The method is based on measurements of the potential difference which
appears by diffusion of KCl solution in the thin films.
The equation relating the value of the F.C.P. to the specific surface
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(K,°) and specific bulk (K,,") conductivities and the film thickness (h)
are derived.
4. The maximum values of F.C.P. as a function of the film thickness
correspond to a thickness greater than that of a monomolecular layer.

RÉSUMÉ

1. On mesure Ie potentiel de la concentration du film (P.C.F.) pour une
surface plate de quartz, pour un sable de quartz, pour un kaolin et pour
un sol.
2. La methode est basée sur des mesures de difference de potentiel qui
apparaït lors de la diffusion d'une solution de KCl dans les films minces.
3. On derive 1'équation donnant la valeur du (P.C.F.) en fonction des
conductivités de la surface spécifique (/c„°) et du volume spécifique
(K 6 ") ainsi que de 1'épaisseur du film (h).
4. Les valeurs maximales (P.C.F.) en tant que fonction de 1'épaisseur du
film correspondent a une épaisseur supérieure a celle d'une couche
monomoléculaire.
ZUSAMMENFASSUNG

1. Das Filmkonzentrations-Potential (FCP) für eine flache Quarzoberflache, Quarzsand, Kaolin und Boden wurde gemessen.
2. Die Methode beruht auf Messungen des potentiellen Unterschiedes, der
durch die Diffusion von KC/-Lösung in den dunnen Filmen erscheint.
3. Die Gleichung, welche sich auf den Wert des F.C.P. für die spezifische
Oberflache (K S °) und die specifischen Massen (/o,")Leitungsfahigkeitvermögen und Filmdicke (h) bezieht, wurde abgeleitet.
4. Die Höchstwerte des F.C.P. als eine Funktion der Filmdicke entsprechen
einer Dicke, die grosser als die einer molekularen Schicht ist.

PHYSICAL CHEMISTRY O F CATION E X C H A N G E
IN CLAYS
H. LAUDELOUT, R. VAN BLADEL, M. GILBERT AND A. CREMERS

Faculté des Sciences Agronomiques, University of Louvain, Belgium
The study of cation exchange in soils undoubtedly represents the first
attempt towards an understanding of the physico-chemical processes that
determine soil fertility. More than one hundred years have elapsed since
Way described the first laboratory experiment on an exchange between
ammonium and calcium. The title of his paper "On the power of soils to
retain manure" justified an interest in ion exchange experiments that has
not diminished ever since.
Before proceeding to outline the present state of the physical chemistry
of cation exchange in clays, it is imperative that we first define the object
of our study.
An exchange reaction consists in the replacement of a cation in the
surface phase of a material with negative surface charge by another cation
from the electrolyte solution in which the material is suspended. Clearly this
definition only has meaning if the surface phase mentioned above is
defined. If the exchange process had been defined in terms of adsorbed ions
stoichiometrically replaced by cations from the solution, then the meaning
of the term adsorption should have been defined. Consequently defining
extent of surface phase amounts to defining adsorption and vice versa. It is
perhaps more obvious that a definition of the extent of the surface phase is
imperative since any physical object subject to measurement has to have
three dimensions: thickness as well as breadth and length.
Before we proceed to any measurement on the amounts of ions found
in the surface phase of a clay particle, we have to know how far from the
clay surface a cation may be and still be located in the surface phase. Any
definition of the extent of the surface phase whether it comes from a
preconceived idea about the microscopic distribution of cations in the
vicinity of a clay surface or from an entirely arbitrary convention such as,
say, 10 A, has to be reconciled with the possibility of carrying out the
measurement of the excess amount of cations in it. The solution to that
problem has been found many years ago by Gibbs: it is the method chosen
for the measurement of the excess quantity which will define the extent of
the surface phase, in other words, the latter receives a purely operational
definition. No other alternative is possible, unless we want to remain in the
domain of a purely conceptual treatment of the problem. The excess
quantity in the surface phase will thus be determined by the method we
choose for separating the equilibrium solution from the clay suspension and
by the reference point we take for calculating that excess quantity. We may
565
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for instance decide to separate the equilibrium solution of a clay suspension
by centrifugation, nitration, dialysis, columning, or some other method. All
methods are in principle perfectly valid and for none may it be said that
it gives the "true" equilibrium solution. This is in essence the problem of
obtaining from a given soil its "solution" by which is meant the electrolyte
solution with which it is in equilibrium. All methods are valid since the
definition of the surface phase is purely arbitrary but some of them may be
more easily carried out than others and above all, a given method will allow
more or less easily the true equilibrium values for the distribution of
cations between the surface phase and the solution to be attained either
directly or by extrapolation of observed values. We will return to this later.
An excess quantity has to be referred to something or in other words, the
adsorption concept is essentially relative.
There is an excess of cations in the surface phase with respect to the
composition of the electrolyte solution in equilibrium with it. We may
equally well refer the amount of cation found in the clay suspension to its
amount in the dialysate or refer it to the amount of anion in the surface
phase. As pointed out by Thomas (1965) the advantage of the latter
method of denning excess cation concentration is that an important
parameter in cation exchange studies the "base exchange capacity" remains
constant since the negative adsorption of anions in the clay suspension is
denned out of the description of the distribution of two electrolytes with a
common anion between the surface phase and the solution.
For an exchange between K+ and Ca++ which is carried out by using
chlorides of the two cations, we have thus for the defined excess amounts
in the surface phase, ns,
WK
mca
nsK = nK-nCi
, nsCa = « c a - « c ;
mci
met
where «K, « C and nci are the amounts found in the clay suspension while
ffiK, mcn and mci are the molalities in the equilibrium solution. In other
words the negative adsorption of the common anion is apportioned between
the two cations according to their concentration in the equilibrium solution.
The total number of equivalents in the surface phase is thus
« s K+2« s c„ = « K + « C « - « C ;

which shows that the total excess of cations in the surface phase is
expressed with respect to the salt concentration therein. In other words, salt
concentration in the surface phase is taken to be zero, in contradistinction
to the usual practice in adsorption studies where solvent concentration in
the surface phase is taken to be zero. It is of course only a matter of
convenience whether the concentration of the solvent or that of the solute
is taken as zero in the surface phase, thereby defining its extent.
The experimental method which is used for determining the distribution
of a pair of cations between the surface phase and the equilibrium solution
has to be such that the true equilibrium distribution is reached or may be
calculated.
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It is well known that when the results of a study of this distribution
are plotted as an exchange isotherm, the general rule is that hysteresis is
found to occur: the shape of the isotherm observed when cation A is
substituted by cation B is rarely identical to what is observed when B is
replaced by A, the preference for the displaced cation being seemingly
enhanced.
This phenomenon is easily explained by aggregation of the clay
platelets which considerably decreases the rate at which equilibrium is
reached. This is evidenced by the fact that any treatment which increases
the aggregation of the particles in the clay suspension leads to an increase
of the apparent irreversibility of the exchange (Tabikh et ah, 1960).
Whatever the causes of the exchange hysteresis may be, the fact remains
that no thermodynamic treatment of primary experimental data showing
irreversibility of the process is justified. If one wants to make use of the
conciseness which the thermodynamic approach allows for describing
experimental results and of its predictive value, then one has to make use
of systems which have reached their true equilibrium state. In order to
illustrate how true equilibrium values may be reached by way of observations on partially equilibrated systems, we will describe the calorimetric
determination of the standard enthalpy change for an ion exchange reaction
in a clay suspension.
The heat for complete exchange may be measured in two steps: in a
first experiment clay-/4 is made to react with an equivalent amount of salt
BCl: in the second experiment clay-B is made to react with salt ACl, the
algebraic difference of the two heats of reaction being equal to the heat for
total exchange. After a small correction for the apparent relative molar
enthalpy difference of the two salts, we obtain the standard enthalpy of
exchange if we have chosen as standard state the homoionic clay in
equilibrium with an infinitely dilute solution of the corresponding salt.
Clearly, if the extent of exchange falls short of what corresponds to the
equilibrium distribution, then both heats will be too low and the calculated
enthalpy change also too low. Repeating the experiments at progressively
lower concentrations of clay (and salt) shows an increase of the molar
enthalpy change. The fortunate fact that this increase is linear with the
square root of the clay (and salt) concentration allows an easy extrapolation to vanishing clay concentration where incomplete equilibrium due
to aggregation of clay platelets is no longer a problem. Furthermore the
extrapolated value is the standard heat of exchange since vanishing clay
concentration in experiments of this type also corresponds to an infinitely
dilute salt solution.
Figure 1 illustrates this type of plot for calorimetric data obtained in
clav suspension. The fact that the slope of the straight line is larger when
a divalent cation was present seems to indicate that aggregation effects are
indeed responsible for the incomplete equilibrium observed. A more
complete illustration of this method has been presented elsewhere (Laudelout et al. 1968). The problem of obtaining free energy changes from
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2.8-

Vcïay

conc.

Fig. 1.—Evolution of measured heat of exchange (in kcal per equivalent)
as a function of the square root of amount of clay (and salt) (in microequivalents) reacted in a constant volume in the calorimeter cell. Top:
NH4 + - S/-2 + , bottom: NH4+ - K+.

isotherms which exhibit hysteresis has been solved in a similar fashion (Van
Bladel and Laudelout 1967).
When AG° and AH 0 are obtained for a certain number of exchange
reactions, the pairs in which a common cation occurs may be used for
calculating the corresponding changes between the other two. In other
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words if the reactions for the exchange of A by B and that for the exchange
of A by C have been studied, then the values for the exchange of B by C
need not be determined unless one wants a check on the consistency of the
data. This is the predictive value of the thermodynamic method which has
been alluded to above. Figure 2 illustrates how a number of experimental

Fig. 2.—Standard free energies of exchange in a montmorillonite clay (in
kcal per eq.). Full line indicates experimentally studied exchanges. Broken
line corresponds to changes that have not been studied experimentally; from
Laudelout, Van Bladel, Bolt and Page (1968), Martin and Laudelout
(1963), Gilbert and Laudelout (1965). The graph illustrates the consistency
of the free energy data and the predictive value of the thermodynamic
method.

determinations may be combined for predicting the free energy or enthalpy
changes of reactions which may be more difficult to study.
In contradistinction to the problem of predicting selectivity of exchange
in synthetic ion exchangers, the relationship between ion properties and their
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tfA(A°)3.
Fig. 3.—Correlation between the standard enthalpy of exchange (kcal per
equivalent) and the polarizability of cation substituting for ammonium in a
montmorillonite clay.
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relative affinity for a clay surface seems to be fairly simple. AG and AH°
seem to be linearly related to the polarizability difference of the cation
pair studied, or what amounts to the same thing, the displacing power of
the cations in a homologous series with respect to a single cation increases
linearly with their polarizability.
Figure 3 shows the type of correlation observed between the enthalpy
change, which takes place when various cations are substituted for
ammonium, and the polarizability of the substituting cations. As a first
approximation of the relative substituting power of different cations of a
homologous series, two determinations should be sufficient since the linear
relationship between AG° or AH° and polarizability is accurate enough.
The slopes of the correlations observed vary from one clay type to another,
a fact which was to be expected since among other factors the surface
density of charge may vary. The latter factor is of paramount importance
in calculating the free energy change which should be observed in heterovalent exchange according to the theory of the diffuse double layer. It is
well known that in this theory the finite size of the ions in the double layer
is not taken into consideration. Accordingly, when comparing experimental
results found for AG° in exchange reactions between alkaline earth and
alkali cations, only those results pertaining to the exchange between the
smallest cations should be considered or better still the observations extrapolated to an exchange between cations of vanishing polarizability, this
being feasible by virtue of the linear relationship mentioned above.
In a clay mineral with a surface density of charge of one elementary
charge per square millimicron, the standard free energy of exchange
between mono- and divalent cations should be very nearly —0-03 kcal per
equivalent. This value is in very good agreement with what has been found
for the exchange between Na+ and Mg++ (Laudelout et al., 1968).
It thus seems possible to compensate for varying surface charge density
of a clay by shifting the correlation between AH° and the polarizability of
the substituting cation by an amount which can be calculated from the
double layer theory.
It must be recognized that the predictive value of the thermodynamic
method has been paid by an appreciable loss of information in presenting
the primary experimental data as free energy changes. For practical
purposes, one is mostly interested in the selectivity coefficient characterizing
the distribution of two cations between the surface phase and the solution
at various compositions of the latter, i.e. the exchange isotherm. On the
other hand, the shape of the exchange isotherm will be influenced by many
factors such as nature of exchanging cations, properties of clay lattice,
temperature, total normality of the equilibrium solution.
The problem of reconstructing an exchange isotherm for a given cation
pair on a given clay for a range of temperature and at various concentrations of the salt solution seems to be hopelessly complicated. However,
when the thermodynamic equilibrium constant of an ion exchange reaction
is known at a given temperature, it may be calculated for any other
temperature from Van't Hoff's equation if AH° has been determined.
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Consequently, at any temperature, the composition of the surface phase
corresponding to any infinitely dilute electrolyte solution may be calculated
if the activity coefficients of the cations in the surface phase are known.
Corrections for the finite electrolyte concentration are easy to apply if the
hydrations of the homoionic clays are known (Laudelout and Thomas,
1965). The problem in reconstructing an ion exchange isotherm is essentially
that of finding an empirical or semi-empirical rule for predicting the value
of the activity coefficients in the surface phase. A first attempt in that
direction has been made using excess thermodynamic functions in analogy
to what is customary in the thermodynamics of mixtures. The exchange
process is thus considered as the mixing of a pure ,4-clay with pure B-clay
in such a proportion as to give the required /IB-form. The excess free
energy of mixing for the partial substitution of a monovalent by a divalent
cation is given by
AGJRT = 2a In/+ + (1 - a ) In ƒ++
where a is the fraction of the exchange sites occupied by monovalent
cations, and ƒ+ and ƒ + + are the activity coefficients of the adsorbed monoand divalent cations respectively.
Excess free energy functions are readily calculated since activity coefficients in the surface phase may be obtained from exchange isotherms
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Fig. 4.—Excess free energy of mixing (in kcal per equivalent) as a function
of the equivalent fraction of adsorbed ammonium for the exchange of
ammonium by strontium at 7° (A), 25° (B), 37-5 (C). Broken lines are
theoretical.
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Fig. 5.—Excessive free energy of mixing (in kcal per equivalent) as a
function of the equivalent fraction of adsorbed ammonium for the exchange
of ammonium by calcium at 7° (A), 25° (B), 37-5 (C) and 50° (D). The
broken lines are theoretical. The full lines follow the experimental points.

(Gaines and Thomas 1953). Other excess functions such as the enthalpy
of mixing or the excess entropy of mixing may also be calculated. When
they are plotted against surface phase composition, they are found to
exhibit the well-known parabolic shape often found for excess functions of
mixtures (Figures 4 and 5). The curves are definitely asymmetrical and
this prompted an investigation of the suitability of Scatchard's (1931)
formulation of the excess free energy of mixing for components having
unequal molal volumes. Scatchard's formula may be written as
AGF = constant x

a(l-a)
ap + ( l - a )
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where p is the ratio of the volumes (polarizabilities) of the two cations
studied.
This equation describes the variation of AGE very well at all or most
temperatures studied for some cation pairs (Figure 4 ) . For other pairs
(Figure 5 ) , the fit is good at low temperature while at higher temperatures
the change in excess free energy obviously cannot be described by
Scatchard's formula. The reasons for this are unknown.
As a conclusion we may say that if a simple empirical or semi-empirical
formulation such as the one above had been valid for describing the variation of excess free energy of mixing with composition, then the problem of
predicting a complete exchange isotherm would have been greatly simplified.
However, the fact that the behaviour of all cation pairs studied may be
described by such an equation at some temperature shows that the approach
may not be an entirely fruitless one.
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SUMMARY

Methods and results pertaining to the physical chemistry of cation
exchange in a montmorillonite clay are described. After emphasizing the
difficulty and the need of obtaining true equilibrium values for the cation
distribution between the electrolyte solution and the clay suspension, two
methods are mentioned which allow the calculation of the enthalpy or free
energy changes from calorimetric data or exchange isotherms showing
hysteresis effects. The observed changes can be correlated with the polariz-
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ability of the cation displacing a given cation on the clay surface. The
problem of predicting an exchange isotherm is discussed and the possibility
of using excess thermodynamic functions for that purpose is illustrated.
RÉSUMÉ

On décrit les methodes et les résultats concernant la chimie physique
de 1'échange cationique d'une argile montmorillonite. Après avoir souligne
la difficuité et Ie besoin d'obtenir les vraies valeurs d'equilibre pour la
distribution des cations entre la solution electrolyte et la suspension
d'argile, on mentionne deux methodes qui permettent Ie calcul des
variations d'enthalpie ou d'energie libre a partir des données colorimétriques ou des isothermes d'echange montrant des effets d'hystérèse. Les
changements observes peuvent être mis en correlation avec la polarizabilité
du cation qui déplace un cation donné a la surface de 1'argile. On discute Ie
problème de prédire un isotherme d'echange et la possibilité d'employer
des fonctions thermodynamiques d'excès dans ce but, est illustrée.
ZUSAMMENFASSUNG

Man beschreibt die Methoden und Resultate hinsichtlich der physikalischen Chemie des Kationenaustausches in einem Montmorillonit-ton. Die
Schwierigkeiten und die Notwendigkeit, echte Gleichgewichtswerte für die
Kationenverteilung zwischen der Elektrolytlösung und der Tonsuspension
zu erhalten, werden nachdrücklich betont. Dann erwahnt man zwei
Methoden, welche die Berechnung der Enthalpie oder freier Energiewechsel
aus kalorimetrischen Angaben oder Austausch-Isothermen, welche
hysteretische Effekte zeigen, gestattet. Die wahrgenommenen Wechsel
können mit dem Polarisierungsvermögen der Kation, welche eine gegebene
Kation auf der Tonoberflache verdrangt, in Korrelation gebracht werden.
Man bespricht das Problem der Voraussage eines Austausch-Isotherms, und
die Möglichkeit des Gebrauches thermodynamischer Exzessfunktionen zu
diesem Zwecke wird erlautert.

ELECTROCHEMICAL PROPERTIES OF NA+ AND
CA++ MONTMORILLONITE SUSPENSIONS
I. SHAINBERG

The Negev Institute for Arid Zone Research, Beer-Sheva, Israel

When a soluble chloride is present in a clay system its activity and
electrochemical potential can easily be determined directly by the use of
one electrode reversible to cation combined with a second electrode reversible
to chloride. The electromotive force (emf) of such a cell is given by the
equation:
RT /
E = E°-—(lnacl

/
\
+ -lnaM)

(1)

where E is the emf of the cell, E{> the standard emf of the cell, R the molar
gas constant, T the absolute temperature, F the Faraday constant, v the
valency of the cation and aM and aCi are the activities of the cation and the
chloride anion respectively near the interfaces of the electrodes.
The concentration of ions in a clay suspension is known to vary considerably with their position in the system. The existence of a negative
surface charge on clay particles requires the presence of an equal and
opposite charge in the adjacent liquid phase. This counter charge is made
up by an excess of counterions over the amount of co-ions near the clay
surface. Conversely, the equilibrium condition requires that the electrochemical activity of the salt should be constant throughout the clay suspension. Thus the exact site of the reversible electrode, whether far from or
close to the clay surface, is not important. One may choose any convenient
plane to which the measured activity of the salt can be attributed. The
plane most convenient from the theoretical point of view is the plane
midway between the clay platelets.
When the concentration of clay in the suspension is low the average
distance between the clay platelets is large. At the plane midway between
the clay platelets, the electrostatic interaction with the negative surfaces is
very small, that is, the diffuse layer potential between the plates, "9t, is very
small, and the activity coefficient of the salt there should be approximately
the same as in an equi-concentration salt solution. Thus the activity and
concentration of the salt at the midway plane can be determined from the
measured electrochemical activity of the salt in dilute suspension.
THEORY

Several investigators (Schofield 1947, Bolt and Warkentin 1958) have
applied the diffuse double layer theory to the determination of the extent of
ion repulsion by negatively charged surfaces when the latter are immersed
577
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in electrolyte solution. Bolt and Warkentin (1958) derived the following
equation, which is equivalent to the approximation derived by Schofield
(1947), for dilute clay suspensions where the diffuse double layers do not
overlap.
r-

Wt

q
=

vVWa ~ ö

(2)

where r is the negative adsorption in m-equiv./cm2, Ca is the molar concentration of salt far away from the surface, q is a factor depending on the
valency ratio of repelled and attracted ions (e.g. for NaCl q = 2, for CaClz
q = 1-46), and ö is the distance between the surface of the clay and the
imaginary plane of infinite potential. As was shown by Schofield ö can be
approximated by the relation ö =- 4/v/?r, and ƒ? is defined by the equation
871F2

P

=

1000. eRT

(3)

where e is the dielectric constant and the other terms have been defined.
When a solution of known concentration (Co) of salt is mixed with dry
clay the salt is excluded from a certain volume near the clay surface as
shown in equation (2). Thus the concentration of the salt far away from
the particles increases to Ca- In equation (2), both the anion exclusion, r~,
and the concentration of the salt far away from the surfaces are unknown.
Shainberg and Kaiserman (1967) have eliminated one of the unknowns and
derived the following quadratic equation to calculate Ca

VcT
Cd(D +S)-

q^=

- A = 0

(4)

where D is the half distance between two clay platelets (assuming that the
plates are parallel to each other), and A is the amount of salt associated
with each cm2 of clay surface {A = C„D).
Using equation (4), the concentration of salt at the midway plane can
be calculated for any clay and initial salt concentration in the system.
Most investigators (Schofield 1947, Bolt and Warkentin 1958, and
Edwards and Quirk 1962) analyzed their experimental data according to
equation (2) by plotting the volume of exclusion against the first term on
the right in equation (2). By doing so, the surface area of the clay could be
determined. When this approach was applied to montmorillonite some
deviation was observed and the surface areas were significantly lower than
the expected values. Bolt and Warkentin (1958) attributed this deviation
to the presence of positive charges. Edwards and Quirk (1962) attributed
it to the overlapping of the diffuse double layers in moderate (above 0 01
N) concentrations of salt. According to Norrish (1954), the average
distance between clay platelets at salt concentrations above 0-01 N is not
determined by the moisture content in the suspension but, because of van
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der Waals and electrostatic attraction forces, is determined by the salt
concentration according to the equation
d = 2l + 11-4 C 1 /-

(5)

where d is twice the thickness of the water film on each surface plus the
thickness of the silicate sheet.
Thus, at moderate concentrations of salt some overlapping occurs and
this restricts the volume from which anions are excluded, resulting in
decrease in the apparent surface area. There is an advantage in the treatment suggested by equation (4) in that the half distance between the clay
platelets, which depends on the clay concentration in the low ionic strength
solution used, changes and, correspondingly, the exclusion volume changes.
Plotting the experimental points against the clay concentration enables one
to determine whether or not the exclusion volume can be predicted from
the diffuse double layer theory.
MATERIALS AND METHODS

A clay size fraction of Wyoming bentonite was obtained by allowing
larger size fractions to settle out of suspension and then siphoning off the
suspension. M-clay (M = Na+ or Ca'-^) was prepared by saturating the
colloid fraction with normal MCI solutions. This treatment was repeated
three times. Thereafter the clay was washed with distilled water in a high
speed centrifuge until the equilibrium solution was free of chlorides. Salt
was presumed to be absent when the supernatant liquid gave a negative test
with AgNO:i. The salt-free gel was freeze-dried and stored in the desiccator.
The desired suspension was prepared by mixing known weights of dry clay
with equal volumes of MCI solutions of various concentrations. The MCI
solution concentrations were 0-5, 1-0 and 5-0 mM/\ for NaCI solutions
and 0-1, 0-3, and 1 -0 BIM/I for CaCl, solutions. The concentrations of
the clays were 0-1, 0-5, 1 0, 3-0, 6-0 and 10-0 g/100 ml. These suspensions were equilibrated to a temperature of 29-8°C in a constant temperature water bath. All the potentiometric determinations of MCI activity were
made by using a Keithley 610B Electrometer and the following electrodes:
a. Beekman No. 39278 Sodium Ion electrode.
b. Beekman No. 39261 Silver Billet electrode with silver chloride. The
silver electrode was coated in a saturated KCl solution, using a H-volt
dry cell with another silver electrode as the cathode.
c. Corning No. 476230 Miniature calcium electrode. This electrode is
filled with a liquid ion exchanger which comes in contact with the sample
solution through a porous glass membrane. An electric potential is
developed across the junction of the exchanger and the sample. An
internal Ag/AgCl electrode provides a stable potential between all the
interfaces inside the electrodes so that any variation in potential is due
only to the variation in calcium ion activity in the sample solution. It
was found that stirring the sample resulted in an error of a few milli-
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volts as a result of streaming potentials. Extra care was used to measure
the emf while the suspension was stirred at a moderate and constant
speed.
RESULTS AND DISCUSSION

The activity (~ concentration) of the salt in the suspension was determined from the emf measurements by use of a calibration curve. The
change in the salt activity, as affected by the increases in the clay concentration, is summarized in Table 1.
TABLE 1
THE MEASURED ACTIVITY OF NaCI AND CaCl2 IN Na- AND Ca-MONTMORILLONITE SUSPENSIONS

Clay percentage
Salt

Initial salt
cone. (C0)
mmoles/l

NaCI

0-5
10
50

CaCI2

010
0-30
10

0-1

0-5

10

30

60

100

Salt concentra ion in the suspension (Cd) mmoles/l
0-54
102
5 00

0-59
1 10
500

0-68
1-20
5-32

0-97
1-62
5-90

1-50
2-25
6-90

—

0108
0-310
104

0110
0-315
105

0130
0-350
110

0155
0-410
115

0-200
0-490
1-30

These results for A'ü-montmorillonite suspensions are compared with
the theoretical curves, as expressed by equation (4), in Figure 1. The
agreement between the experimental and theoretical predictions is good. The
success of the model described in explaining the emf of NaCI solution in
clay systems is due to the validity of the Gouy theory as applied to the
interfaces of Na-montmorillonite clay. On the basis of the exclusion of salt
from the vicinity of clay surfaces, as expressed quantitatively by the Bolt
and Warkentin equation, it was possible to predict the electro-chemical
potential of NaCI in Na-montmorillonite suspensions.
The experimental points for CaCl> in C«-montmorillonite suspensions
are much below the values predicted by the Bolt and Warkentin equation,
assuming parallel plate model (N = 1 in Figure 2). It is evident that the
volume from which salt is excluded in Ca-systems is much less than the
corresponding volumes in Afa-montmorillonite. This can be explained as
follows. X-ray diffraction data obtained by Norrish and Quirk (1954) and
Blackmore and Miller (1961) indicate that Ca-montmorillonite exists in
packets, or "tactoids", the latter being microscopic or submicroscopic layers
within which several (4 to 9) clay particles are in parallel array, with a film
of water 4-5 A thick on each internal surface. If a diffuse ion layer is
present, it will act on the external surface of these tactoids and the clay will
have the properties of a system with a much lower particle surface area
(Figure 3). Blackmore and Miller (1961) found that the observed swelling

MONTMORILLONITE SUSPENSIONS

581

C=
D

CL

I0" 2

o

o
0

I
Concentration

2
of

3
clay

4
( g m / 100 ml

5
6
suspension )

Fig. 1.—The concentration of NaCI in Na-montmorillonite suspensions giving
experimental points and theoretical curves. (The lines are the theoretical
curves.)

pressures of Ca-clays could be predicted by diffuse layer theory if they took
account of this "condensed" phase and assumed that only the external
surface of the packets was active in swelling. Van Olphen (1959) came to
the same conclusion and observed that more clay is required to obtain a
gel or a certain sediment volume with Ca-bentonite than with Na-bentonite.
This result was quantitatively interpreted on the basis of a larger particle
thickness in the calcium bentonite suspension. He concluded from Theological and sedimentation studies that there are 3-8-4-0 particles in a
packet. Van Olphen also concluded that the interparticle forces are of the
same order in both calcium and sodium bentonite suspensions.
The results of this study can also be interpreted in terms of tactoid
formation. The packet formation in Ca-montmorillonite restricts the extent
of active surfaces that exclude salt. If the number of single clay platelets
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/•"/#. 2.—The concentration of CuCL, in Cu-montmorillonite suspensions
giving experimental points and theoretical curves. (The theoretical lines are
for N = 1, 4 and 6 platelets on a tactoid.)

in a tactoid is N, then the specific external surface, Sext, and the specific
internal surface, 5 illt , of the system are (see Figure 3)
1

(6)

N —1
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Fig. 3.—The salt distribution at the external and internal surfaces of a Catactoid, with N = 5 platelets. (See text for symbols.)

where S is the specific surface of the clay. The volume of water associated
with the internal surfaces of the tactoid is
N - \
Vint — Sint.

«0 =

77— S «0

(7)

where d0 is the film thickness on each platelet inside the packets. Thus, the
specific volume of the solution associated with the external surface of the
tactoid is
V,e

it

V

Vint =

N - 1
N

V

S do

(X)

where V is the volume of solution per g of clay and the average half
distance between tactoid is
Dt =

VN

ext

(N-

I) do

(9)

If the initial concentration of the solution is C,„ then the amount of salt
associated with 1 cm- of external surface is
A=

V Co _ VN
&ext

»J

Co

(10)

In Ca-montmorillonite suspensions of very low salt concentrations
( l x l O - 4 — 1 X 1 0 - 3 M ) , it is assumed that the salt is completely excluded
from the internal volume.
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Therefore, as can be seen from Figure 3, the amount of salt associated
with 1 cm- of external surface is equal also to
D
A =-- C- dx

(ID

where C _ is the concentration of salt in the diffuse double layer. It can
be seen from Figure 3 that
A = Cd Dt - r

(12)

Combining equation (12) with equation (2) gives
A = Cd Dt - q —fir- + övCd
VP

Cd(Dt | Sv) - -^-0VCdA =0
(13)
VP
Substituting the appropriate values from equations 9 and 10 in equation
13 gives

[ VN

~\

a

VN

—
(N - 1) do + övj - - ^ v'Cd - y C o = 0
(14)
The numerical values for the constants for the Ca-montmorillonite system at
25°C are /3 = 1 06 X 1015 mmoles cm- 1 , d0 = 4-5 X 10-* cm,
8 = 2 X 10-* cm, q = 1-46, and S = 800 X 104 cm 2 A'. By assuming
different values for N, the number of platelets in a tactoid, the concentration far away from the clay surface Cd, can be calculated. The results
of these calculations are summarized in Figure 2 together with the experimental points for the CaCU activity. The curves show that the experimental
points fall between the curves of N — 4 and N = 6, thus indicating that in
the range of electrolytes and clay concentrations studied, the average
number of platelets in a Ca-montmorillonite tactoid is about 5.
CONCLUSIONS

Electrometric measurements, involving only reversible electrodes, are of
great value in colloid chemistry in giving quantitative measures of the ionic
properties of these systems. It was found that the activity of NaCl solutions
increased with addition of A'a-montmorillonite. This increase in salt
activity could be due to two factors: (/) the increase in ^61+ concentration
as the result of adding Na clay, and (ii) the exclusion of salt from the
surface of the charged particles. Analysis of the experimental data according
to the diffuse double layer equations reveals that, in /V«-montmorillonite
systems, exclusion of salt is the main factor.
The degree of exclusion of CaCU from Ca-montmorillonite is very much
smaller than the double layer theory would predict. This was interpreted
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according to the tactoid model: C«-montmorillonite exists in packets
containing about five platelets each, and diffuse double layers develop on
the external surfaces only. Due to the reduction in the active surface, the
increase in CaCU activity with addition of Ca-montmorillonite is only about
one fifth of the values found for Na systems with the same ionic strength.
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SUMMARY

Suspensions containing different concentrations of MCI (M = Na+ or
Ca + + ) were prepared by mixing known volumes of MCI solutions with
various weights of M-montmorillonite. The homoionic clay was prepared
by saturating the clay with normal MCI solutions, then washing with
distilled water in a high speed centrifuge. The salt-free gel was freeze-dried.
Potentiometric measurements were made on the above systems using
commercially available sodium and calcium electrodes in conjunction with
a silver/silver chloride electrode. The activity of the salt (MCI) was found
to increase with the concentration of clay. Na-clay showed the steepest
slope; the increase in the CaCU activity due to the addition of Ca-clay was
much smaller.
The results for /Va-montmorillonite have been satisfactorily analyzed
in terms of a parallel plate model and exclusion of salt as predicted by the
diffuse double layer theory. The results for Ca-montmorillonite indicate that
the clay exists in tactoids, each of which includes 4-6 platelets, and that the
exclusion of salt from the external surfaces of the tactoids can be described
by the diffuse double layer theory.
RÉSUMÉ

On prépara des suspensions qui contenaient différentes concentrations
de MCI (M = Na + ou Ca+ + ) en mélangeant des quantités connues de
solutions de MCI avec différents poids de M-montmorillonite. Afin de
preparer Fargile homoionique, on satura d'abord 1'argile avec des solutions
normales de MCI et puis on lava 1'argile avec de 1'eau distillée dans un
centrifuge a grande vitesse. On fit sécher le gel sans sel par refrigeration.
On fit des mesures potentiométriques sur les systèmes ci-dessus a 1'aide
d'électrodes de sodium et de calcium, telles qu'on peut les trouver dans le
commerce, avec une electrode d'argent et de chlorure d'argent. On remarqua
une augmentation de 1'activité du sel (MCI) avec la concentration d'argile.
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L'argile-/Va fit preuve de la pente la plus marquee, tandis qu'une augmentation de 1'activité du CaCU provoquée par 1'addition d'argile-Ca fut bien
moins importante.
On a fait une analyse satisfaisante des résultats pour le montmorilloniteNa en consideration d'un modèie de plateau parailèle et de 1'exclusion de
sel comme on Ta prédit dans la theorie de diffusion de double couche. Les
résultats pour le montmorillonite-Ca indiquent que 1'argile existe sous
forme de tactoïdes dont chacun contient 4-6 petits plateaux et que 1'exclusion de sel des surfaces externes des tactoïdes peut être décrite par la
theorie de diffusion de double couche.
ZUSAMMENFASSUNG

Suspensionen, die unterschiedliche Konzentrationen von MCI (M =
Na+ oder Ca+ + ) enthielten, wurden, indem man bekannte Volumen von
MCI Lösungen mit verschiedenen Gewichtsmengen von M-Montmorillonit
mischte, erhalten. Der Homo-Ionen-Ton wurde durch Sattigung des Tones
mit normalen MCI Lösungen erhalten, der dann mit destilliertem Wasser
in der Hochgeschwindigkeits-Zentrifuge gewaschen wurde. Das salzfreie Gel
wurde durch Ausfrieren getrocknet.
Die potentiometrischen Messungen an den vorerwahnten Systemen
wurden ausgeführt, indem man im Handel erhaltliche Natrium- und
Kalzium-Elektroden in Verbindung mit einer Silber-Silberchlorid-Elektrode
verwendete. Man fand, dass die Aktivitat des Salzes {MCI) mit der Konzentration des Tones zunahm. Na-Ton zeigte den steilsten Anstieg, wahrend
die Steigerung in der CaC/^-Aktivitat, die auf Zusatz von Ca-Ton beruhte,
viel geringer war.
Die Resultate für TVa-Montmorillonit sind durch ein Modell paralleler
Tafeln und Ausschluss von Salz ausgedrückt, wie durch die Theorie diffuser
Doppelschichten vorausgesagt wurde. Die Resultate für Ca-Montmorillonit
zeigen dass der Ton in Taktoiden besteht, von welchem jedes 4-6 Tafelenen
einschliesst, und dass der Ausschluss von Salz von den ausseren Oberflachen
der Taktoide durch die Theorie diffuser Doppelschichten beschrieben
werden kann.

THE pH DEPENDENCE OF ALKALI METAL CATION
SELECTIVITY ON WYOMING BENTONITE 1
R. G. GAST
Agricultural Research Laboratory of the University of Tennessee,
Oak Ridge, TennesseeThe nature of cation selectivity in clays is not well understood although
it appears to be closely related to the nature of ion binding by the clay
surface. This report concerns the pH dependence of alkali metal cation
selectivity on Wyoming bentonite. It was undertaken with the expectation
that it would contribute to a better understanding of the nature of ion
binding by clays.
THEORY

Theoretical treatments of ion-exchange selectivity commonly include
the simplifying assumption that all exchange sites have identical selectivity
properties. Clays are expected to deviate from this ideal behaviour because
their exchange sites originate both from isomorphic substitution and from
broken bonds on the edges of the crystal lattice. Furthermore, the sites
originating from isomorphic substitution may occur either in the tetrahedral or octahedral layer of the crystal lattice. These different exchange
sites may explain part of the polyfunctional behaviour of clays which is
reflected by their pH titration curves.
According to the theory of Eisenman (1962), examination of the pH
dependence of alkali metal cation selectivity would provide at least a
qualitative test for any effect of varying exchange sites on ion exchange
behaviour. This theory postulates that the primary factors involved in
determining cation specificity are the free energies of interaction of the
cations with water on the one hand and with anionic sites of the exchanger
on the other. The following summary, patterned after that of Reichenberg
(1966), gives a brief outline of the theory for the exchange reaction
involving monovalent cations, A + and B+.
B+ (clay) + A+ (aqueous) ^ A+ (clay) + B+ (aqueous)
(1)
The free energy per site for the electrostatic interaction of A + with the
fixed site, /, on the exchanger, calculated using Coulomb's law, is

1
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Here e is the electronic charge, re the radius of the anionic site and rA the
atomic radius of A +, respectively. For simplicity both the counterion and
fixed exchange site are considered to be non-polarizable point charges each
at the centre of an incompressible sphere.
Hydration energies involved are the free energies required to remove or
rearrange the necessary number of water molecules from the fixed site and
cation thereby allowing contact or proximity of the cation to the exchange
site. It is assumed that the free energies are proportional to the standard
free energies of hydration of the fixed site and cation. If these free energies
are AG,, and AGA the free energy of removal or rearrangement of water
molecules is {AGe+AGA).
The total gain in free energy of the system when A+ is brought from
the bulk of a dilute aqueous solution into contact with the fixed exchange
site is
AGA

=

°

\j~^~<

+ AGc +

AGA

(3)

To maintain electroneutrality the above process must be combined
with a similar but reverse process involving another cation, B + . The gain
of the free energy of the system due to this process is

AG

°° = fcrd - AG< ~ AG»

(4)

where r B and AGB have the same significance as the quantities for ion
A+. The total gain in free energy of the system for the exchange reaction
in eq. (1) is
AGAB^{7^y{7^T)-{AGB-AGA)

(5)

The standard free energy of exchange, AGAli°, is related to the thermodynamic equilibrium constant KiB by
AGAB* = -RT In RAB

(6)

The value ofAGAB° in eq. (5) and (6) is determined by the relative values of
the electrostatic interaction term, (
:
1—(
;
), and the ion
\re+rj
\re+rBJ
hydration term, {AGB — AG A). The partial free energies of hydration
characteristics of each cation are fixed and known experimentally so that
{AGA — AGB) can be calculated. From this, plus the fact that rA and rB are
also fixed quantities characteristic of the cations, it follows that the relative
value of the two terms is determined by re. Where re is large, resulting in a
low anionic field strength, the electrostatic interaction term will be small
and {AGB+ — AGA+) will determine AGAB°. Where re is small, indicating a
high anionic field strength, the electrostatic interaction term will determine
AGAB°. Thus according to this theory, the anionic field strength of the
exchange site is the principal factor governing the sequences and to a large
extent the magnitude of selectivity.
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It is these variations in anionic field strengths that account for the
differences in the selectivity behaviour of strong and weak acid exchangers.
Strong acid exchangers have low anionic field strengths and hence are
highly dissociated in acid media. Weak acid exchangers have high anionic
field strengths and are only slightly dissociated in acid meda. Similarly the
electrostatic interaction term in eq. (6) would be small for strong acid
exchangers and the free energy of exchange and hence selectivity would
be determined largely by the difference in the energies of hydration of the
cations. Thus the selectivity sequences follow the Hofmeister series,
namely, Cs > Rb > K > Na > Li. In the case of weak acid exchangers the
opposite is true and selectivity sequences follow the order of increasing
crystal radii or Li > Na > K > Rb > Cs. A polyfunctional exchanger, or
one having exchange sites with a range of anionic field strengths, would be
expected to have intermediate selectivity sequences, depending on the
relative proportion of strong to weak acid exchange sites. This was found
to be the case by Tien (1964) who studied the alkali metal selectivity on
phosphoric acid resins. By varying the pH of the exchange media, and
hence the proportion of strong to weak acid sites, he found the predicted
changes in selectivity sequences.
As mentioned previously, clays have potentially variable exchange sites
and their titration curves generally show polyfunctional characteristics. The
extent to which this polyfunctional nature affects ion exchange behaviour
of Wyoming bentonite has been qualitatively evaluated by determining
equilibrium selectivity coefficients for the exchange of Na with Li, K. Rb
and Cs as a function of pH of the exchange media.
Any differences in selectivity and hence the standard free energy of exchange, AGAB°, with pH are reflected in the thermodynamic-equilibrium
constant KAB. This quantity is evaluated from the experimentally determined equilibrium selectivity coefficients K AB in the relationship
(7)
I In KABd.Xi
Jo
when .V, is the equivalent fraction of the preferred cation on the exchanger.
It is clear from eq. (7) that \n KAB is a kind of average of KAB over all ionic
compositions of the exchanger. Therefore, an exhaustive study of the pH
dependence of AG AB° for a given exchange reaction would require determination of KAB at a sufficient number of A\ values ranging from nearly
zero to nearly unity. Observations here were limited to five cation ratios
in solution and hence five values of xt. The results should indicate the
general pH dependence of alkali metal cation selectivity but in most cases
the results are not sufficiently complete to evaluate KAB accurately.
lnKAB=

MATERIALS AND METHODS

Clay Preparation
The clay used was a < 0-2 /x. fraction of bentonite separated from a
sample of Vol-clay obtained from the American Colloid Company. Excess
—S04 = was removed and the clay was Na saturated using a resin column
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procedure described previously (Gast and Spalding. 1966). The Na clay
suspension was concentrated to about 4% gel using Pasteur-Chamberland
filter candles and then freeze-dried. The desired systems were prepared by
adding appropriate volumes of solution to the freeze-dried clay. Measurements of electrical conductance showed that the freeze-dried clay recovered
its surface properties on rehydration.
Determination oj Selectivity Coefficients
Selectivity coefficients were determined using a dialysis technique. An
appropriate amount of a 5% by volume bentonite gel was placed in dialysis
tubing and equilibrated with 2 1 of solution containing the desired cation
ratio. The solutions were prepared using the chloride salt of the respective
cations with a combined cation concentration of 10~:1 N. The dialyzing
solutions were renewed until equilibrium was obtained as evidenced by
absence of any further detectable change in the solution composition. This
involved a minimum of three weeks with the solutions being changed seven
or eight times. The clay was in contact with the final solution for at least
one week before analysis. Temperature was maintained at 25 ± 1 °C.
The equilibrium solutions were adjusted to a pH of 3-5. 5 to 6. and
> 9-5 with at least five different cation ratios in solution at each pH. The
3-5 value was obtained by preparing the solutions using an appropriate
HCl solution, and the 5-6 value by using distilled water. The observed pH
of the latter system was typically 5-7 to 5-8. The pH of > 9-5 was
obtained by adding 10~ 4 N NaOH and adjusting the total Na concentration
appropriately. Theoretically this should have resulted in a pH value of 11,
but since the solutions were unbuffered the observed pH was typically 9 • 5
to 9-7 due to C02 absorption from the air. This was true both before and
after equilibrium with the clay. There were no detectable changes in pH
nor cation composition of the solutions at the termination of the dialysis
period.
At the termination of the dialysis, the clay was removed from the
solution and the cation compositions of both the solution and gel determined
using either a Perkin-Elmer Model 303 atomic absorption spectrophotometer or a Jarrell-Ash emission spectrometer. The Jarrell-Ash instrument
was equipped with a grating blazed for maximum resolution at 750 mp,
and a red sensitive phototube to allow maximum sensitivity for Cs, K and
Rb analyses. The cation composition of each gel was determined by
analyzing ammonium acetate extracts of five replicate samples. The five
samples were weighed into centrifuge tubes, extracted with three successive
aliquots of 1 N ammonium acetate and three aliquots of water, and taken
to 100 ml volume. Extraction of Cs-134 from samples equilibrated in a
similar manner showed this procedure to be efficient in removing at least
99-5% of the Cs present. Five additional weighed samples of the gel were
dried at 1 10 C to determine the clay concentration. Equilibrium selectivity
coefficients, KM+Na, were then calculated using the expression
N

(M+) /Va4
' ~ {Na') M"

(8)
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where M+ = Li, K, Rb, or Cs. The quantities (M+) and {Na ' ) represent
the equivalent fractions on the clay and M ' and Na + represent the equivalent fractions in solution.
Accuracy of Selectivity Coefficient Values
Selectivity coefficients reported here are subject to several uncertainties
which must be considered carefully in evaluating the accuracy of the
results. Three of the more important of these will be briefly examined.
Uncertainties in the atomic absorption and flame emission analysis of
the cation concentrations were in the range of 1 to 2 % . When necessary,
corrections were made for the interference of one cation on the analysis of
another. These corrections were minimal and readily established since
there were only two cations present and their approximate concentrations
known.
The consistency of the 5% clay gels was such that there was no mixing
of the gel in the dialysis tubing. Hence, the ion exchange process in the
gel was diffusion controlled, requiring longer periods of time to reach
equilibrium. A minimum of three weeks was allowed for the process, with
the gel being in contact with the final solution at least one week before
termination of the dialysis. The system was assumed to be at equilibrium
when there was no detectable change in the cation composition of the
solution phase over the last few days. The conclusiveness of this test for
equilibrium depends on the accuracy of the solution analysis and the
relative amounts of a given cation on the clay and in solution. The accuracy
of the solution analysis was in the range of 1 to 2 % . There was about
2-5 g of clay in the dialysis bags with a total exchange capacity of about
2-3 me. This was in equilibrium with 2 1 of solution of 10~H total
normality or a total of 2-0 me of cation other than H + . A change in the
cation composition of the clay surface should then be reflected by a change
of similar magnitude in the solution phase. Therefore this means of
checking for equilibrium should be sensitive to changes exceeding 1 to
2% over the period of observation, which was usually the last three or four
days of dialysis.
It is necessary to correct the total cation composition of the gel phase
for those cations present as free electrolyte before the selectivity coefficients
can be calculated. The total electrolyte concentration in the equilibrium
solution was 1 0 - 3 N. If the pore space of the 5% gels was uniformly filled
with this solution (i.e., no negative adsorption), the cations present as free
electrolyte would constitute about 2-2% of those on the clay surface. This
percentage would be decreased proportionately to the amount of negative
adsorption. The extent of negative adsorption of NaCl by 5% Nabentonite gels was determined as a function of the solution concentration.
The results showed 60% negative adsorption at 10 :l N external solution
or an average concentration of 4 x 10~ 4 N in the pore solution. This value
was used in making corrections for electrolyte inclusion for all systems. It
was assumed that the cation ratios in the pore solution were the same as in
the equilibrium solution phase. Since failure to allow for free electrolyte in

TABLE 1
EQUILIBRIUM SELECTIVITY COEFFICIENTS FOR EXCHANGE OF LI, K, RB AND CS WITH NA ON WYOMING BENTONITE AT VARIOUS PH VALUES AND CATION
RATIOS IN THE EQUILIBRIUM SOLUTION

M+

1

Na
<in solns >
pH

3-5

Cation
Li
101
Va 1 0 0
A
1-90
Rh 3 03
6-45
Cs

± •03
± •06
± •29
± •29

9+

5—6
0-94
100
1-77
3-31
7-45

±

5
5

3
7

9

03

± 06
± •11
± •55

0-97
100
1-98
3-54
7-43

H

3-5
•04

± •14
± •13
± •15

9+

5—6

0-98 ± 02
100
1-67 ± 06
3-89 ± •04

0-99 ±
100
1-78 ±
3 03 ±

•C

u

03

0-92 ± •03
100
1-86 ± •06
3-58 ± •05

07
08

5—6

3-5
0-95
100
1-59
3-36
3-70

± •03
± 06
± •03
± 13

100
100
1-67
3-17
3-96

± •01
± •04
± •07
± •30

9+
0-83 ± •05
100
1-77 ± •05
3-74 ± •07
3-55 ± •89

>
s
M+

7
3

Na
(in solns)

9
1

pH

3-5

5—6

9+

Cation
Li
Na
K
Rb
Cs

0-87 d • 0 2
1 •00
1 •48 ± 01
2 •88 ± •02

0-96 ± •01
100
1-59 ± •03
2-95 ± • 0 4

0-89 ± •04
100
1-76 ± •07
3-12 ± •02

3-5
0-80
100
1 -21
2 03
1-53

± •06

5—6

0-81
1 00
± •03 1-43
± •05 2-21
± 14 1-88

± •02
± •03
± •03
± •07

9+
0-80
1 00
I -51
2-72
1 83

± •02
± 04
± •06
± •07

M+ = Li, Na, K, Rb or Cs. The indicated ratios in solution are only approximate values.
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the gel phase would result in a maximum error of about 2 % , this uncertainty should be reduced to well within 1 % with the correction as outlined.
RESULTS AND DISCUSSION

The selectivity coefficients for the exchange of Li, K. Rb, and Cs with
Na on Wyoming bentonite are given in Table 1 as a function of pH and
cation ratios in the equilibrium solutions. The indicated solution ratios are
only approximate values. The exact values observed at equilibrium, which
were used to calculate the selectivity coefficients, varied somewhat between
systems. Attached to each mean is the coefficient of variation for analysis
of the five replicate clay samples taken from each system. As such they
can only be considered as a measure of the combined uncertainties involved
in analyzing the cation composition of the gel phase. These were generally
less than ± 5 % , being least in the Li:Na systems and greatest for the
Cs:Na exchange. They cannot be considered as a measure of the reproducibility of the selectivity coefficients. Reproducibility was checked for the
Cs.Na exchange at pH 5-6 and was found to be within the accuracy of
the elemental analysis.
M*-Cs
I 0

;.

08

___

'°-r£=

.r\—

06
5

04

o
E

0 2

J

J

J

L

I

I

I

•

L

^

08

|

oe

I

i

i

>

i

i

i

M + =Rb

M*

+ 'w

(

•^T 4 °_»

»

*-

0.4
0.2
0

...
1

01

•
1

1

•
1

1

02 0.3 0 4 0 5

•
1

1

•—
1

J

1

0.6 0 7 0 8 0 9

10

I

1

L_

01 0 2 0.3 0.4 0 5 0 6 07 0 8 0.9 10

XNQ

Fig. 1.—Combined saturation of Wyoming bentonite with Na and Li, K, Rb,
or Cs as a function of equivalent fraction of Na on the clay, xNa, and pH
of the exchange media.
O = PH 9 + , A = pH 5 - 6 , » = p / / 3 - 5 .

The cation saturation of the clay with Na and Li, K. Rb, or Cs,
expressed as m-equiv. per g of clay, is shown in Figure 1 as a function of
pH and equivalent fraction of Na, xNa, on the clay. This cation saturation
varied from about 0-29 m-equiv. per g for the Li:Na systems at pH 3-5
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up to 1-0 m-equiv. per g for the same systems at pH 9+. The Sr exchange
capacity of the clay used is 0-93 ± 0-02 m-equiv. per g as determined by
saturating the clay with sr'SrCl2 and washing with alcohol. Cation saturation
of the homoionic clays prepared using the resin treatment procedure is also
within this range.
Thus the alkali metal cation saturation at pH 3-5 was 30 to 40% of
that at pH 9. If this increased saturation with pH is the result of greater
dissociation of weak acid exchange sites it should be reflected in the
selectivity behaviour. That is, with increasing pH there would be alkali
metal cation saturation of those exchange sites with higher anionic field
strengths. Increasing pH from 3-5 to 9+ would either result in a decrease
in selectivity difference within the Hofmeister series, Cs > Rb > K >
Na > Li, or a reversal of the selectivity sequences depending on the
magnitude of the anionic field strength and relative proportion of strong
to weak acid sites.
The equilibrium selectivity coefficients in Table 1 show very little, if
any, significant variation with pH. Where there were changes greater than
the coefficients of variation given, they were always in the reverse order to
that expected from the above reasoning. It is doubtful, however, whether
any of the observed differences would result in significant differences in
the standard free energies of exchange AGAB° as calculated using eq.
(5) and (6). According to the Eisenman concept these results indicate
then that Wyoming bentonite is not polyfunctional with regard to ion
exchange characteristics but behaves as a strong acid exchanger.
There were significant changes in the equilibrium selectivity coefficients with alkali metal cation composition of the clay at a given pH.
This general phenomenon has often been explained as resulting from
non-uniformity of the exchange sites due to either a basic difference between
individual sites or a variation in site spacings. One effect of varying site
spacings or arrangements is the overlapping of electrical fields and in turn
the effective field strengths and re values in eq. (5). Such effects should
also be reflected in the pH dependence of alkali metal cation selectivity.
Since there was no appreciable pH dependence, the variation in selectivity
coefficients with surface composition appears to be the result of other
factors such as entropies of mixing.
The absolute values of the standard free energies of exchange, AG{\
in eq. (5) and possibly even selectivity sequences will depend upon the
simplifying assumptions involved concerning ion size and hydration effects.
Hopefully accurate and complete information concerning the J G " values
will shed light on the validity of these assumptions. This will require
more data than is available here. However, as long as the effect of these
assumptions remains constant for a given cation pair, any significant
variations in anionic field strength would still be reflected in the pH
dependence of alkali metal cation selectivity.
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SUMMARY

Titration curves of clays generally show polyfunctional characteristics
which could potentially affect the selectivity sequences for the alkali metal
cations. The extent to which this polyfunctional nature affects ion exchange
behaviour of Wyoming bentonite has been determined by measuring
equilibrium selectivity coefficients for the exchange of Na with Li, /C, Rb,
and Cs as a function of pH of the exchange medium and cationic composition on the surface phase. The pH of the chloride solutions used in the
exchange reactions were 3-5, 5-6, and > 9-5. Determinations were made
on at least five varying cation compositions of the surface phase at each pH.
Equilibrium selectivity coefficients for a given cation tended to increase
as its fraction on the surface decreased. However, pH had very little, if
any, significant effect on the selectivity coefficients for any of the cations
at all surface compositions studied. The order of equilibrium selectivity
coefficients which was Cs > Rb > K > Na s: Li did not change with the
pH of the system. The relative values within the sequence varied quantitatively with the surface phase composition. These results indicate that
Wyoming bentonite is not polyfunctional with regard to ion exchange
characteristics, but behaves as a strong acid exchanger.
RÉSUMÉ

Les courbes de titrage des argiles montrent en general des caractéristiques a plusieurs fonctions qui auraient des possibilités de modifier
les sequences de sélectivité pour les cations de métal alcalin. On a
determine Ie degré de la modification exercée par cette diversité de
fonctions sur les procédés d'échanges d'ions effectués par la bentonite du
Wyoming; la methode employee consiste a mesurer les coefficients de
sélectivité a 1'état d'équilibre, pour 1'échange du Na avec Li, K, Rb et Cs
en fonction du pH des milieux d'échange et de la composition cationique
sur la phase de surface. Le pH des solutions de chlorure utilisées dans les
reactions d'échange était de 3,5; 5-6; et 9,5. On a fait des determinations
sur au moins cinq compositions cationiques variées de la phase de surface
a chaque pH.
Les coefficients de sélectivité a 1'état d'équilibre pour un cation donné
tendaient a augmenter a mesure que sa fraction a la surface diminuait.
Néanmoins, 1'on peut constater un effet tres faible (si aucun effet n'existe)
du pH sur les coefficients de sélectivité de tous les cations presents dans
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toutes les compositions de surface que nous avons étudiées. L'ordre des
coefficients de sélectivité a 1'état d'équilibre qui était de Cs > Rb > K
> Na — Li n'a pas change avec Je pH du système. Les valeurs relatives qui
forment la sequence ont varié quantitativement par rapport a la composition de la phase de surface. Ces résultats indiquent que les caractéristiques pour 1'échange des ions dans la bentonite du Wyoming ne se
manifestent pas a plusieurs fonctions, mais que la bentonite fonctionne
comme fort moyen d'échange d'acide.
ZUSAMMENFASSUNG

Die Titrationskurven von Ton zeigen im allgemeinen polyfunktionelle
Merkmale, die wesentlich auf die Auswahl-Reihenfolgen der Alkali-MetallKationen einwirken könnten. Der Grad, bis zu welchem diese polyfunktionelle Beschaffenheit das Betragen des Ionenaustausches des Wyoming
Bentonits beeinflusst, wurde bestimmt, indem man die Gleichgewichtsauswahl-Koeffizienten für den Austausch von Na mit Li, K, Rb und Cs
als eine Funktion des pH der Austausch-Media und der kationischen
Zusammenzetzung auf der Oberflachenphase mass. Die p//-Werte der
Chlorid-Lösungen, die bei den Austauschreaktionen verwendet wurden.
waren 3-5, 5-6 und > 9-5. Es wurden Bestimmungen an wenigstens fünf
abweichenden Kations-Zusammensetzungen auf der Oberflachenphase bei
jedem pH ausgeführt.
Die Gleichgewichtsauswahl-Koeffizienten für eine gegebene Kation
hatten die Tendenz zuzunehmen, wenn ihre Fraktion auf der Oberflache
abnahm. Jedoch der /;//-Wert selbst hatte entweder gar keine, oder eine sehr
geringe Wirkung auf die Auswahl-Koeffizienten irgendeiner der Kationen
bei all den Oberflachen-Zusammensetzungen, die untersucht wurden. Die
Anordnung der Gleichgewichtsauswahl-Koeffizienten, die Cs > RB > K
> Na ^ Li war, veranderte sich nicht mit dem pH des Systems. Die
relativen Werte innerhalb der Reihenfolge veranderten sich quantitativ
mit der Zusammensetzung der Oberflachenphase. Diese Resultate zeigen
an, dass Wyoming Bentonit nicht polyfunktionell im Hinblick auf die
Ionenaustauschmerkmale ist; er benimmt sich jedoch als ein starker SaureAustauscher.

HEATS OF WETTING OF COMPLEXES BETWEEN
MONTMORILLONITE AND ALKYLAMMONIUM
COMPOUNDS
JACOB W. K I J N E

Department of Agricultural Biochemistry and Soil Science,
Waite Agricultural Research Institute,
The University of Adelaide, Australia

When water is adsorbed by montmorillonite, both surface and ion
hydration occurs. The van der Waals attraction between the unit layers, the
hydration energy of exchangeable cations, and the electrostatic energy
between the charged layers and the exchangeable cation affect the energy
status of sorbed water molecules in the interlamellar region. The role of the
cations is uncertain, at least at low levels of hydration of the clay particles
(Martin, 1960; Mackenzie, 1964). In some clays and for certain species of
exchange cations ion hydration may dominate and in others surface
hydration. It is unlikely that the effect of the ions on the water structure
will be the same in aqueous solution as when the ions occupy exchange
positions on the clay.
It has bsen proposed by Martin (1960) that kaolinite particles act as
very large molecules with localised positive and negative sites and that they
therefore have a net structure-breaking effect on the water structure. This
was in accordance with the values of the integral entropy of sorbed water
on Li and Na kaolinite, calculated from adsorption isotherms. Insufficient
data were available on mortmorillonite to draw any conclusions on the
arrangement of water molecules in the vicinity of those surfaces.
Integral entropy data of sorbed water can be calculated by combining
heat of wetting data and adsorption isotherms. For the present study
methylammonium ions were chosen. Alkylammonium ions are readily
idsorbed by exchange for inorganic ions. The adsorption isotherms indicate
that reversible adsorption takes place in which a fixed number of exchange
sites participate. It was expected that the mono-, di-, tri-, and tetramethylimmonium ions would provide a range of ionic charge densities lower than
that of the inorganic cations and would therefore permit an assessment to be
made of ionic versus surface hydration effects.
EXPERIMENTAL PROCEDURE

Montmorillonite, obtained from the Fuller's Earth Company, Redhill,
Surrey, England, was saturated with calcium by repeated flocculation in
Nf CaCL. solutions. Each flocculation was followed by separation in a
:entrifuge and washing with double distilled water until the suspension
redispersed.
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TABLE 1

HEATS OF WETTING, H OF CA-MONTMORILLONITE AND OF COMPLEXES OF CA-MONTMORILLONITE
AND METHYLAMMONIUM IONS

Sample

Treatment
meq/lOOgram
clay

Ca-montmorillonite

Ca-montmorillonite
1 methylammonium

85-9

78-4

57-8

12-3

Ca-montmorillonite
2 methylammonium

85-6

660

57-4

10-2

Ca-montmorillonite
3 methylammonium

73-4

710

611

p/p„
%

/;
joules/gram
clay

<f>
joules/mole

0
3-2
15
32-3

94-6
71 7
31 7
13 0

0
1-6
139
339

0
3-2
15
32-3
0
3-2
15
32-3
0
3-2
15
32-3
0
3-2
15
32-3

38
2X
17
9
46
37
17
10
60
45
25
12
80
70
39
16

7
9
4
6
7
1
7
5
1
6
9
1
.1
3
9
2

0
9-3
126
260
0
118
142
2SX
0
12-8
163
333
0
22-8
222
447

0
3-2
15
32-3
0
3-2
15
32-3
0
3-2
15
32-3
0
3-2
15
32-3

39
26
17
12
41
29
18
9
53
36
29
12
71
61
.11
15

1
1
3
2
9
7
9
2
4
0
9
4
3
9
9
X

0
1 -7
65-4
166
0
5-4
82-4
193
0
9 1
104
231
0
46-3
216
397

0
3-2
15
32-3
0
3-2
15
32-3
0
\-7

48
30
24
13
39
31
25
13
53
49

0
6
6
4
6
6
4
4
4
1

0
10 6
105
264
0
16-8
121
291
0
294
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TABLE 1 (continued)

Sample

Treatment
meq/lOOgram
clay

43-8

Ca-montmorillonite
4 methylammonium

89-6

611

38-4

370

p/p„
%

h
joules/gram
clay

<f>
joules/mole

15
32-3
0
3-2
15
32-3

32-3
160
82-6
56-9
36-8
18-7

152
353
0
43-6
184
443

0
32
15
32-3
0
3-2
15
32-3
0
3-2
15
32-3
0
32
15
32-3

45 0
35-3
23-2
12-6
43 1
37-4
26-7
15-3
55-1
52-4
28-5
16 6
62-6
58-2
34-6
16-5

0
81
III
224
0
13 0
132
254
0
17-4
169
326
0
22-3
212
440

The clay-organic complexes were prepared by placing a measured
quantity of the adsorbent with different amounts of weak solutions of
monomethyl-. dimethyl-, trimethyl- or tetramethyl-ammonium chloride in
polyethylene bottles. The purity of the compounds, obtained from Fluka
A.G. Chemische Fabrik. was checked by running a paper chromatogram.
Only minute amounts of impurities were present and the compounds were
used as received. Each mixture was shaken for 16 hours, centrifuged. the
supernatant decanted and the centrifugate dried at 60°C for 12 to 18 hours.
The residue was ground and placed in vacuum desiccators in atmospheres of
known constant relative humidity. The amount of methylammonium present
was calculated from a determination of the total N content per g of the
complex dried in a vacuum oven at 35°C, using a Coleman nitrogen
analyzer. Water vapor sorption isotherms at 20 ± 0-5°C were determined
from measurements of the amount of water taken up by the samples in
the desiccators after equilibrium had been established.
The heat evolved when a sample was immersed in liquid water was
measured in a calorimeter that was a modification of the one described by
Pierce et al. (1950). Between 0-2 and 0-8 g of sample, depending upon
the expected heat of wetting, was placed in a small glass bulb blown from
pyrex tubing 6 mm in diameter to a final volume of about 4 cc. The bulbs
were filled inside a glove box maintained at the appropriate relative
humidity. The sample bulbs were placed in the calorimeter below the water
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level, and the calorimeter in a constant temperature bath at a temperature
slightly below the initial temperature of the water in the calorimeter. The
difference between bath temperature and initial calorimeter temperature
caused the temperature of the water in the calorimeter to decrease at a
steady rate after a period of two hours. The temperature of the water inside
the calorimeter was monitored with a 100,000 fi thermistor in a Wheatstone bridge circuit and recorded on a millivolt recorder. The temperature
rise that resulted from the sudden wetting of the sample was calibrated
against the temperature rise resulting from applying a known constant
voltage across a heater contained in the calorimeter. Two different voltages
were applied to the calibration heater, one of which generated less heat and
the other more heat in the calorimeter than resulted from the wetting of
the sample. The recorded slope of the cooling curve after the calibrations
or after the bulb breaking was extrapolated back to the time at which the
heater current was switched on or the sample bulb was broken. The
vertical distance between the point at which the heat was initiated and the
point on the same abscissa (the time scale) of the extrapolated line corresponded to the change in temperature. Heats of wetting were measured in
this manner with a precision of ± 0-05 joules per g clay.
RESULTS

The average heats of wetting of four to six samples of the clay organic
complexes which had been equilibrated at four different relative humidities.
p/p», are presented in Table 1.
The standard error is between 3 and 8%. The surface chemical potential
(Taylor and Kijne. 1964) (j> also given in Table 1. was calculated from
the adsorption isotherms using
<>
/ = RT ["wdlnp

(1)

* O

where p is the equilibrium vapor pressure, w the amount of water adsorbed
(g water per g clay), R the gas constant and T the temperature (°K)
(Taylor and Kijne, 1964). Equation (1) is the Gibbs surface excess
equation, more commonly written in terms of TT. the spreading pressures
(e.g. Harkins and Jura, 1944). The term <f> equals 7r/r, where T is the
surface excess (moles of water adsorbed per cm- of surface). It was
necessary to extrapolate the relation between w and p to zero vapor pressure
for which purpose the extrapolation procedure suggested by Hill et al.
(1951) was used. The values of 4> obtained may be in error by ± 1-0
joule/mole because of uncertainties in the relation between p and w in the
low pressure range.
The difference between the integral entropy of sorbed water and pure
liquid water was calculated from the adsorption isotherms and the heats of
wetting from the relation given by Jura and Hill (1952)
7XS S -S,) = — ~ + 4,-RT

Inp/p 0

(2)

in which S„ is the average molar entry of sorbed water, S^ is the entropy
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of pure liquid water, h„ the heat of wetting of the clean dry adsorbent and
h„ the heat of wetting of the clay organic complex with C moles of water
per gram preadsorbed on it and p„ is the vapor pressure of water at
temperature T. The derived entropy values are presented in Table 2. The
TABLE 2
THE DIFFERENCE BETWEEN THE AVERAGE ENTROPY OF SORBED WATER AND OF PURE LIQUID
WATER

FOR CA-MONTMORILLONITE

AND

SOME

CA-MONTMORILLONITE-METHY

LAMMONIUM

COMPLEXES (SEE TEXT)

p/p„
°/

Sample
Ca-montmorillonite

Complexes with low coverage
Medium coverage
High Coverage

3-2
15
32-3
51
3-2
15
32-3
3-2
15
32
3-2
15
32-3

Os

Oj

e.u.
—

45
7-9
5-7
4-8
21
4-2
2-5
81
4-2
30
8-8
21
2-3

differences between the values for adsorbed water on the four methylammonium-clay complexes were statistically not significant. They are therefore grouped according to the amount of amine adsorbed, low coverage for
less than 15 meq/100 gram of clay, high coverage for more than 57
meq/100 gram, and medium coverage for the intermediate values.
DISCUSSION

The heats of wetting of the clay organic complexes listed in Table 1
show the characteristic rapid decrease with increasing amounts of preadsorbed water. The variability, expressed as a standard error with a
maximum value of 8%. probably results from the slight differences in the
amount of water adsorbed by the clay during handling of the samples when
weighing and filling the sample tubes.
For the four different clay organic complexes studied, the heats of
wetting decreased with an increase in the amount of methylammonium
adsorbed. The difference in heats of wetting of the monomethylammonium
clay complex and the dimethylammonium clay complex at 85 meq of
methylammonium ion per 100 g of clay is statistically not significant. Likewise, the differences between other complexes at comparable treatment
levels are not significant, except that the heat of wetting of the monomethylammonium montmorillonite with about 10 meq per 100 g adsorbed
was significantly larger than the heat of wetting of the corresponding
dimethylammonium montmorillonite. This was expected since the hydro-
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phobic property of the organic cations is known to increase as the number
of alkyl groups per molecule increases.
Integral entropy values are presented in Table 2. The average entropy
of water adsorbed by the clay samples. 5S is in all cases less than the entropy
of pure liquid water. Si, at the same temperature. The entropy of sorbed
water appears to approach the entropy of pure water as the water content
of the clay sample increases. The decrease in entropy of sorbed water with
a decrease in amount is most pronounced for Ca montmorillonite. The
lowest value obtained at 3-2% relative humidity (r.h.) is nearly the same
as the entropy value for water on Na and Ca kaolinite obtained by Fripiat
and Dondeyne (1964) for the lowest surface coverage (0-2) of their
samples. These low entropy values imply that the adsorbed water molecules
have no degrees of freedom. The entropy values of the samples at 3-2%
r.h. are especially sensitive to small changes in the actual water content of
the sample. For example, underestimating the amount of water adsorbed by
Ca montmorillonite by 10%, which equals about 3 X 1 0 - 0 moles of water
per g of clay at 3-2% r.h., would result in an underestimate of the entropy
value, i.e. A S would be —40 rather than —45 e.u. The negative values of
the entropy of sorbed water on Ca montmorillonite with respect to pure
liquid water are in agreement with the behaviour of Ca ions in solution,
where they are known to induce additional order in the water structure.
They are also compatible with the conclusion by Hutcheon (1966) from
cation exchange studies that the entropy of interlamellar water of Ca
montmorillonite is at least 0-5 e.u. below that of pure liquid water. Perhaps
part of the large increase in apparent entropy from 3-2% to 15% r.h.
should be attributed to a change in location of the Ca ions with respect to
the clay surface. At 3-2% r.h. the exchangeable Ca ions may reside directly
on the clay surface, whereas at 15% they may be separated from the
surface by one molecule of water. (Shainberg and Kemper, 1966.)
The entropy of sorbed water for clay organic complexes with low
amounts of methylammonium ions at 3-2% r.h. is significantly higher than
the entropy of complexes with medium and high coverage. This would not
have been expected if at low coverage the entropy of sorbed water reflected
both the influence of Ca ions and methylammonium ions. There are two
possible explanations for this relatively high entropy value. The variability in
the heats of wetting of the clay organic complexes (especially the monomethylammonium montmorillonite) at low coverage at 3-2% r.h. was
higher than that of the complexes at greater coverage or higher relative
humidities. This is reflected also in a higher variability of the entropy value
of the complexes with low coverage at 3-2% r.h. The higher variability
might possibly result from transitions from a thermodynamically unstable
state where both organic and inorganic cations are contained between the
alumino silicate sheets, to a metastable state where Ca layers and alkylammonium ion layers are randomly interstratified (Barrer and Brummer.
1963). The transition from a thermodynamically unstable state to a stable
state in itself would lead to higher apparent entropy values. In this case it
would not be correct to assign the entire entropy change to the adsorbed
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water molecules but part of it would result from perturbations of the clay.
The stated uncertainty in the </> values of 1 joule/mole is not reflected in the
entropy values at 3-2% r.h. since the first term on the right hand side of
equation 2 dominates the calculations of the entropy differences.
Structure making effects have been found for alkylammonium ions in
solution (Kavanau, 1964). Wood and Anderson (1967), however, point
out that from their heat of mixing studies the tetra-alkylammonium ions
appear to have a structure breaking effect on the water molecules in an
aqueous solution. The negative entropy values obtained in this study do not
necessarily imply that the methylammonium ions when adsorbed on montmorillonite exhibit net structure making effects on subsequently adsorbed
water. The large monovalent methylammonium ions are poorly hydrated in
solution and their hydration energies are probably only one-third to onequarter of those of Rb or Cs. Fripiat and Dondeyne (1960) observed that
the hydration energies of the exchange ions Na and Ca were only 7 and
17% respectively of the hydration energies of the ions in solution. If the
same were true for the organic cations, the hydration energy of the methylammonium ions might possibly be much lower than that of the silicate
sheet. This latter value has been assumed to be c. 10 kcal/g "unit cell"
(Mackenzie, 1964). On this basis the entropy data of the methylammonium
clay complexes reflect mainly the influence of the clay particles on the
adsorbed water. Apparently the montmorillonite sheets have a net structure
making effect on the water structure. Van Olphen (1965) has observed
negative values for the entropy of sorbed water on Na vermiculite with
respect to liquid water but there it is not known whether the dominant
influence on the water structure is by the Na ions or by the clay surface.
The present data lead therefore to the conclusion that the influence of
the montmorillonite surface on the structure of water differs from that of
the koalinite surface (Martin, 1960). Further studies are needed to substantiate the differences between the clay surface with respect to their influence
on the adsorbed water.
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SUMMARY

Different amounts of mono-, di-, tri-, and tetramethylammonium ions
were adsorbed on Ca montmorillonite. Isotherms for the sorption of water
vapor by the samples were determined. Furthermore, the heat evolved when
a sample was immersed in water was measured in a calorimeter. From
the adsorption isotherms, values of the surface potential were calculated
using the Gibbs surface excess equation.
The heats of wetting decreased as increasing amounts of methylammonium ions were adsorbed. An increase in the number of methyl
groups in the adsorbed cation decreased the heats of wetting after about
10 meq/100 gram had been adsorbed. The average entropy of the sorbed
water was calculated from the surface potentials and the relevant heats of
wetting. It was concluded that the average entropy of water in the adsorbed
phase on the clay organic complexes was less than the entropy of free
liquid water. This difference gets less when the amount of water adsorbed
on the complex is increased. The entropy relations of water adsorbed on
the clay organic complexes are compared with those of water on Ca montmorillonite.
RÉSUMÉ

Différentes quantités d'ions mono-, di-, tri-, et tétraméthyl-ammoniurr
furent adsorbées sur Ie Ca montmorillonite. Des isothermes pour la sorptior
de la vapeur d'eau par les échantillons furent déterminées. De plus, la
chaleur dégagée quand un échantillon fut plongé dans 1'eau fut mesuréc
dans un calorimètre. D'après les isothermes d'adsorption, les valeurs di
potentiel de surface furent calculées en se servant de 1'équation d'excès de
surface de Gibbs.
Les chaleurs d'humectation diminuèrent lorsque des quantités croissante:
d'ions méthylammonium furent adsorbées. Une augmentation du nombrt
des groupements méthyles dans Ie cation adsorbé réduisit les chaleur:
d'humectation après 1'adsorption d'environ lOmeq/100 grammes. L'entropit
moyenne de 1'eau sorbée fut calculée a partir des potentiels de surface e
des chaleurs d'humectation correspondantes. On conclut que l'entropi»
moyenne de 1'eau dans la phase d'adsorption sur les complexes organique:
argileux était inférieure a 1'entropie de 1'eau a 1'état de liquide libre. Cettt
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difference s'amoindrit lorsque la quantité d'eau adsorbée sur Ie complexe
est accrue. Les relations entropiques de 1'eau adsorbée sur les complexes
organiques argileux sont comparées avec celles de Peau sur Ie Ca montmorillonite.
ZUSAMMENFASSUNG

Verschiedene Mengen von Mono-, Di-, Tri- und TetramethylammoniumIonen wurden auf Cu Montmorillonite adsorbiert. Die Isothermen für die
Sorption des Wasserdampfes durch die Proben wurden bestimmt. Ferner
mass man in einem Kalorimeter die Hitze, die sich entwickelte. wenn eine
Probe in Wasser eingetaucht wurde. Aus den Adsorptions-Isothermen
wurden die Werte des Oberflachen-Potentials unter Verwendung der Gibbs
OberfUichen-Überschuss-Gleichung berechnet.
Die Benetzungshitzen nahmen ab als zunehmende Mengen von Methylammonium-Ionen adsorbiert wurden. Eine Erhöhung der Anzahl der
Methylgruppen in der adsorbierten Kation verringerte die Benetzungshitzen.
nachdem ungefahr 10 meq (Milligramm-Aquivalent)/100 Gramm adsorbiert worden waren. Die durchschnittliche Entropie des sorbierten
Wassers wurde aus den Oberflachen-Potentialen und den angemessenen
Benetzungshitzen berechnet. Es wird beschlossen, dass die durchschnittliche
Entropie des Wassers in der adsorbierten Phase von tonig-organischen
Komplexen geringer war als die Entropie von freiem flüssigen Wasser.
Dieser Unterschied verkleinert sich. wenn die Menge des vom Komplex
adsorbierten Wassers gesteigert wird. Die entropischen Beziehungen des
von tonig-organischen Komplexen adsorbierten Wassers werden mit denen
des Wassers auf Ca Montmorillonite verglichen.

CLAY-WATER INTERACTION AS AFFECTED BY
HYDROUS ALUMINUM OXIDE FILMS
B. G. DAVEY AND P. F. LOW
Department of Soil Science, University of Sydney, Australia
and
Agronomy Department, Purdue University, West Lafayette, Indiana, U.S.A.
INTRODUCTION

When results obtained by Jorgensen' on the density of water and the
activation energy for ionic conductance in suspensions of Na-Wyoming
bentonite failed to agree with those obtained earlier by Anderson and Low
(1958) and by Low (1958), a reasonable explanation was sought. It
soon became apparent that the disagreement could be due to changed
methods of clay preparation. Formerly, homoionic clays were prepared by
first //-saturating them in ion-exchange columns and then titrating them
with the hydroxide of the appropriate cation. Recently, they have been
prepared either by washing with sodium chloride solutions followed by
washing with distilled water or by repeated passage of the clay through a
column of A/a-saturated cation-exchange resin followed by washing with
distilled water. The method of //-saturation and titration results in the
presence of hydrous aluminum oxide impurities. The latter methods,
especially the A/«-resin treatment, are effective in removing such impurities.
In order to test the idea that hydrous aluminum oxide impurities affect the
properties of clay suspensions, especially those dependent on clay-water
interaction, the following experiment was conducted.
EXPERIMENTAL METHODS

The Na-saturated Wyoming bentonite prepared by titrating the acid
clay with NaOH will be referred to as the Na/Al clay; that prepared by
repeated passage through the A/a-saturated cation exchange resin will be
referred to as the A'a-clay. Both kinds of clay were studied in the form of
suspensions which were extruded through an 18-gauge hypodermic needle.
Extrusion assured a reproduceable, probably parallel, arrangement of
particles in those suspensions with consistency. Thus any effects of differences in particle orientation between various experimental systems were
eliminated. This statement is justified by measurements of the heat of
gelation of clay suspensions. The measurements were made in a Calvet
microcalorimeter which is able to detect heat transfers as low as 10^:1 cal./
hour. We have been able to show that clay suspensions placed in the
calorimeter after thorough stirring release small but measurable amounts of
1

Jorgensen, P. Density, conductance and infrared studies of clay-water systems.
Unpublished Ph.D. Thesis, Purdue University.
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heat over periods as long as 6-8 days. However, suspensions prepared by
extrusions from an 18-gauge hypodermic needle release no measurable
amount of heat. We therefore conclude that the reorganization which leads
to heats of gelation in stirred systems does not occur in extruded systems.
All the systems studies were prepared in 10~ 4 M NaCl solution.
RESULTS AND CONCLUSIONS

The data in Figure 1 were obtained at room temperature with a Fann
(Model 35) Viscosimeter using the Rl-Bl rotor-bob combination. This
Viscosimeter, as used, measures viscosity down to about 200 centipoise
with a reproducibility of about ± 3 % . The data show that, in the range
of measurement, the viscosity of the Na/Al-c\ay suspensions increased
continuously with increasing clay content; whereas, the viscosity of the
Na-c\ay suspensions increased only slightly until a critical clay content of
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4 percent was reached, and then it increased abruptly. Also, at equal cla>
contents, the viscosities of the suspensions of Na/Al-clay were higher than
those of Na-cfay. These observations can be explained, as will be shown
elsewhere (Davey and Low, 1968), by the existence of a greater number
of strong bonds in the Na/Al-c\ay. These bonds exist at all clay contents in
suspensions of Na/AI-c\ay but, in significant numbers, only above a cla)
content of 4 percent in suspensions of Na-clay.
In Figure 2 the specific heat capacity of 25 °C. obtained by means of a
Calvet microcalorimeter, is plotted against clay content for both kinds ot
suspension. The experimental data in Figure 2 are reproducible to about
± 0 - 1 % , as indicated by duplicate measurements. For comparison, a
theoretical curve, calculated by using the proportions and specific heat
capacities of the pure components, is included. It is apparent that the plots
for both clays deviate significantly from the theoretical one and from each
other, even at clay contents as low as 0-5 percent. Tentatively, it is concluded that positive deviations from the theoretical curve can be attributed
to the heat consumed in order-disorder transitions in the lattice-ordered
water near mineral surfaces; negative deviations can be attributed to the

-o Na-clay (batch n )
A

Na/AI-clay

— Theoretical (non-interacting components)

20
CLAY CONTENT (percent by wt.)

Fig. 2.—Specific heat capacities of suspensions of Na/AIbentonite at different clay contents.
21

and /V«-Wyoming
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loss of degrees of freedom in this water. Evidently, the Na/Al-cfoy has a
more profound effect on the associated water than does the /Va-clay.
Detailed reasoning on which these conclusions are based will be presented
in another paper (Davey and Low. 1968).
Presented in Figure 3 are curves of water tension versus clay content
for the respective suspensions. These curves were obtained by using a
tensiometer in which pure water, in contact with the diaphragm of a
pressure transducer, was separated from the clay suspension by a Visking
membrane. Now, we have shown elsewhere (Banin, Davey and Low, 1968)
that the measurement of water tension in clay suspensions may be affected
by the permeability of the membrane to the particles and. hence, by the
state of agglomeration of the particles. In view of the viscosity data
presented earlier, it is likely that the Na/AI-c\ay is more highly agglomerated than the Na-c\<iy. Nevertheless, it is improbable that differences in the
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Fig. 3.—Water tensions in suspensions of Na/AI- and A/a-Wyoming bentonite at different clay contents.
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state of agglomeration can account for the differences in water tension
indicated in Figure 3. A higher water tension in the Na/A /-clay is consistent
with the concept that this clay has a greater influence on the associated
water.
Note that, in the case of the TVa-clay suspensions, water tension
developed at a clay content (4 percent) at which the viscosity increased
suddenly. This is in keeping with the results of Leonard and Low (1964).
They observed that water tensions developed only in those suspensions that
had a high enough clay content to cause gelation. However, as shown by
Kolaian and Low (1962), the development of tension is not due to
capillary effects associated with a rigid gel framework. Such effects have
been postulated by Cashen (1966).
Figure 4 contains curves of specific conductance and optical density
versus clay content for the Na/Al-cfay suspensions. Figure 5 contains
similar curves for the TVa-clay suspensions. The data on specific conductance
were obtained with a Mullard (S75-905/35) conductivity cell of 0-5-ml.
capacity and a Marconi TF 2700 bridge. Those on optical density were
obtained with a E.E.L. colorimeter using white unfiltered light from a
Tungsten bulb. Examination of the two figures reveals that, in the former,
the curves break at a clay content of 0-2-0-3 percent. In the latter, they
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Fig. 4.—Optical densities and specific conductances of suspensions of
Na/A/-Wyoming bentonite at different clay contents.
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break at a clay content of 0-4-0-5 percent. Now. a break or departure from
linearity in the optical density curve indicates the initiation of particleparticle clustering or agglomeration (M'Ewan and Mould, 1957; van
Olphen and Waxman, 1958). Presumably, a break in the specific conductance curve arises from the same cause. Hence, we conclude that particleparticle clustering is initiated at a lower clay content in Na/Al-d&y suspensions than in A/a-clay suspensions. This is consistent with the conclusion,
based on the measured viscosities, that the Na/Al-day has a higher
proportion of strong bonds.
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Fig. 5.—Apparent specific gravities, optical densities and specific conductances of suspensions of Na-Wyoming bentonite at different clay contents.

At this point it is of interest to compare the data in Figures 4 and 5
with those in Figure 2. Observe that the breaks in the curves of Figures
4 and 5 occur at clay contents approximating those at which maxima
occur in the curves of Figure 2 2 . This fact indicates that the nature of the
water in suspension changes as the particles form clusters or domains. The
same indication is obtained from the curve in Figure 5 which relates the
apparent specific gravity of the clay to the clay content of the suspension.
- A more exact comparison cannot be made at this time because there are insufficient
data to locate precisely the maxima in the curves of specific heat capacity versus clay
content in Figure 2.
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The latter curve was obtained by Hauser and Le Beau (1938) for a
carefully-sized fraction (mean diameter = 28 m^i) of Wyoming bentonite.
It can be explained by assuming that the lattice-ordered water associated
with the individual clay particles decreases in extent as the particles come
closer together; after clusters or domains form, and the particles assume
equilibrium positions with respect to each other, there is relatively little
change in the amount of this water. From the fact that the apparent
specific gravity of the clay increases toward the true specific gravity
( ^ 2 - 8 g/cm :t ), it can be inferred that the water associated with the clay
is less dense than normal water. This inference is in keeping with the
results of Anderson and Low (1958).
Plotted in Figure 6 are two kinds of curves for the Na/Al- and Na-ch\y
suspensions. One is that of weight conductance versus clay content, which
was obtained by dividing the specific conductances by the corresponding
clay concentrations. The other is that of y±, the mean ionic activity
coefficient of NaCl, versus clay content. It was obtained by measuring the
NaCl activities with a pair of Na-glass and Ag/AgCl electrodes (which had
been calibrated previously in NaCl solutions of known NaCl activity) and
combining the results with the known Na+ and Cl~ concentrations. To
insure the proper functioning of the Ag/AgCl electrode, the NaCl concentration of each suspension was brought to 10 4 N.
Also plotted in Figure 6 is a curve of i7S|,/c versus clay content, where
T7sP is the specific viscosity and c is the clay concentration. Points on the
latter curve were calculated from data of Hauser and Le Beau (1938)
for natural Wyoming bentonite. All three curves show the same trends,
suggesting that they are inter-related. This is not unexpected. As Na+
dissociation from the clay surface decreases y± should decrease, as should
the electrical conductance of the Na+. Gast and Spalding (1966) have also
noted a relationship between the activity coefficient and the ionic mobility.
Further, as Na+ dissociation from the clay surface decreases, electrical
interaction between the particles and. hence, the viscosity of the suspension,
should decrease. But the factor that causes the dissociation of Na+ to
change with clay content, especially in such dilute suspensions, is unknown.
Also unknown is the reason for the obvious difference in the curves for
the two suspensions. However, one is tempted to postulate that the higher
values of y± and the lower ionic conductances in the Na/AI-c\ay suspensions are due to a greater integrity in the water structure on surface films
of hydrous aluminum oxide in these suspensions. As the water structure
increases in integrity, the tendency for it to exclude the exchangeable
cations, and thereby enhance their dissociation, increases; also, the tendency
for it to impede ionic movement increases. Credence is given to the
postulate that Na+ encounters more difficulty in moving through the water
associated with the Na/Al-cVay than through that associated with the Naclay by the data of Low (1958) and of Jorgensen which are accumulated
in Table 1. These data are supported by the recent observations of R. J.
Miller'.
• Private communication.
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TABLE 1
EFFECT OF THE METHOD OF PREPARATION ON THE ACTIVATION ENERGY FOR NA+ CONDUCTANCE
IN NA-WYOMING BENTONITE SUSPENSIONS AT A CLAY CONTENT OF 3 8 PERCENT BY WEIGHT

Method of Preparation

Electrodialyzed and titrated
Exchanged with H-resin and titrated
Washed with NaCl solution and water

Relative Abundance
of
Hydrous Aluminum Oxide

++ +
+ +
|

Activation Energy
for
Na+ Conductance
(cal. mole)
5157
4486
4050

From the data presented in this paper it is evident that the physicochemical properties of suspensions of Na/Al- and iVcv-clay are markedly
different. This difference probably depends on the existence of surface films
of hydrous aluminum oxide in the former. It appears that these films
affect interparticle bonding as well as the properties of the associated water.
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SUMMARY

Ntf-saturated Wyoming bentonite, pure and by contrast containing a
small amount of hydrous aluminum oxide precipitated on its surfaces have
been prepared, and the following determinations have been made on
aqueous suspensions of the two clays at different clay contents: viscosity,
water tension, specific heat capacity, mean ionic activity coefficient of
NaCl, specific conductance, weight conductance and optical density. The
results, along with those of other workers, show that the presence of
hydrous aluminum oxide has a marked effect on the properties of the
system. Evidently, this effect arises largely from an enhancement of the
water structure produced by the hydrous aluminum oxide.
RÉSUMÉ

On a préparé du bentonite de Wyoming saturé de Na et du bentonite
de Wyoming saturé de Nu dont les surfaces avaient recti par precipitation
une quantité réduite d'oxide d'aluminium hydrate. On a ensuite determine
les facteurs suivants sur des suspensions saturées en eau des deux argiles
a teneurs en argile différentes:—viscosité, tension d'eau. capacité de chaleur
spécifique, activité moyenne des ions, coefficient NaCI. conductibilité
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spécifique, conductibilité de poids et densité optique. Les résultats, lies
a ceux d'autres pédologues, démontrent que la presence de l'oxide
d'aluminium hydrate a un effet considerable sur les propriétés du système.
Evidemment, cet effet provient surtout d'un rehaussement de la structure
d'eau produit par l'oxide d'aluminium hydraté.
ZUSAMMENFASSUNG

Na—gesattigter Wyoming Bentonit und Na—gesattigter Wyoming
Bentonit, mit einem niedrigen wasserhaltigen Alluminium Oxyd Betrag,
welcher sich auf seinen Oberflachen abgesetzt hat, wurde vorbereitet. Die
folgenden Festsetzungen wurden auf wasserhaltigen Suspensionen der zwci
Tonarten bei verschiedenen Tongehalten ausgeführt: Viskositat, Wasserspannung, besondere Warmekapazitat, mittlerer Ionischer Aktivitat-Koeffizent von NaCl, besondere Leitfahigkeit, Gewichts Leitfühigkeit und optische
Dichte. Die Ergebnisse, gemeinsam mit denen anderer Forscher, erwiesen.
dass die Anwesenheit des wasserhaltigen Alluminium Oxides eine bemerkungswerte Auswirkung auf die Eigenschaften des Systemes hat. Offenbar
entsteht diese Auswirkung grösstenteils durch eine Erhöhung der Wasserstruktur, welche durch das wasserhaltige Alluminium Oxyd erzeugt wurde.

THE DISPERSION OF CLAY FROM SOIL
AGGREGATES
W. W.

EMERSON

C.S.I.R.O., Division of Soils, Adelaide, Australia
I. INTRODUCTION

It is known that dry aggregates of Ca-illite and Ca-montmorillonite
swell when immersed in water but do not disperse (Aylmore and Quirk
1962) i.e. there is an equilibrium average spacing between the clay crystals
or packets of crystals (Blackmore and Miller 1961). However, if the
average spacing between the crystals in the aggregates is increased sufficiently before the aggregates are immersed in water, then on immersion, the
aggregates disperse spontaneously. The initial average spacing between the
crystals can be varied by adding water to dry aggregates and then remoulding them with a spatula. The initial water contents of remoulded Ca-illite
and Ca-montmorillonite aggregates which just show perceptible dispersion
when immersed in water have been determined in this way (Emerson
1967). Water contents derived from such measurements will be referred to
as water contents for dispersion. In contrast to Ca-illite and Ca-montmorillonite, suspensions of Ca-kaolinite in water flocculate (Schofield and
Samson 1954). This means that aggregates of C«-kaolinite cannot be dispersed by increasing the spacing between the crystals.
Most soils contain not only a mixture of clay minerals of various
particle sizes, but also organic matter. In this paper, the dispersion of the
two component system, kaolinite-illite, is studied and the modifying effect
of organic matter determined. The water contents for dispersion of mixtures
of Ca-kaolinite and C«-illite were first measured. Two kaolinites were used,
one a fine grained soil kaolinite, the other a coarser ceramic kaolinite. The
results were then compared with the water contents for dispersion of three
surface soils, whose clay fractions consisted predominantly of kaolinite and
illite and from which organic matter had been removed by peroxide. The
effect of organic mater was shown by the difference in the water contents
for dispersion of remoulded natural aggregates and remoulded oxidised soil.
The water content of natural aggregates at 100 cm suction (wetting) was
used as a reference water content.
The practical use of the water content for dispersion of a soil is then
discussed, with particular reference to preventing surface crusting.
II. EXPERIMENTAL

illite'

(a) Clays Used
<2fA fraction of a calcareous subsoil from Willalooka, S. Australia.
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Kaolinite is the only impurity. The N-2 surface area of the clay is
160 m 2 /g.
'Soil kaolinite' <2/x fraction of an acid subsoil (pH 5-4) from Rocky
Gully, W. Australia. There is a small amount of iron oxide present.
The N-, surface area of the clay is 41 m2/g.
'Ceramic kaolinite' <2p. fraction of Peerless No. 2 (Vanderbilt Co. New
York) from S. Carolina. The N-> surface area of the clay is 17 m-/#.
(b) Soils Used
Samples from a depth of 0-5 cm were taken from continuous wheat and
continuous pasture plots at Urrbrae, S.A. and also from cultivated soils at
Cleve, S.A. and Katherine. N.T. As well as kaolinite and illite. the clay
fraction of the Urrbrae soil contains some smectite, the clay fraction of the
Katherine soil, a little haematite. Some other properties of the soils are
listed in Table 1. Total carbon was determined by dry combustion. The
pH given is that of a 1:5 soil:water suspension. The exchangeable sodium
is expressed as a percentage of the total exchangeable basic cations present
(Tucker and Emerson 1968).
TABLE 1
LOCATION AND PROPERTIES OF SOIL AGGREGATES USED

( 0 - 5 cm depth)

%c

pH

% exch.
Na+

%<2F

Red-brown earth

16

5-9

1-4

18

Red-brown earth

2-3

61

—

20

Arid red earth
Grey-brown podzolic

1-6
2-8

6-8
7-1

1-6
1-8

34
27

Location

Soil profile*

Urrbrae, S.A.
(wheat)
Urrbrae, S.A.
(pasture)
Katherine, N.T.
Cleve, S.A.

* Stace et al. (1968)

(c) Preparation of Clays and Soils
The three clays were washed with NuCl. The illite only was then treated
with H202. Next the pH was adjusted to 8-5 and the <2/u fractions
decanted off. These were flocculated with NaCl, then washed with 100 mM
CaCl-2 followed by 1 mM CaCU until in equilibrium with this last solution.
Next the clays were filtered, dried at a relative humidity of 76% and
lastly passed through a 0-25 mm sieve.
Samples of the soils passing a 2 mm sieve were washed with NaCl.
peroxidised. washed with 100 mM CaCl, and then brought to equilibrium
with 1 mM CaCl-K The samples were filtered, dried at a relative humidity
of 76% and passed through a 2 mm sieve. Other samples were washed with
CaCI2 alone before being filtered and dried.
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(d) Water Contents for Dispersion of Clays and Soils
A volume of water about equal to the maximum water uptake (at 10
cm suction) of dry clay was added to 2 # of dry clay in a vial. After 24
hrs, more water was added and the clay remoulded with a spatula to form
a uniform paste. A lump of the paste about 3 mm dia. was then immersed
in a beaker of water, and another lump taken to determine the water
content. If, after 24 hrs, no clay had dispersed from the lump immersed in
water, more water was added to the paste and the process repeated. The
water content for just perceptible dispersion was determined. A similar
method was used for oxidised soil.
For natural aggregates, and for aggregates washed with CaCI2, the
amounts of water to be added for dispersion were usually found to be less
than the maximum water uptake of unsheared aggregates at 10 cm suction.
Water contents for dispersion were expressed as #/100 # of O.D.
clay or soil. They could be determined reproducibly to ± 1 % by wt.
III. RESULTS

(a) The Water Contents for Dispersion of Ca-kaolinite-illite Mixtures
For these mixtures, dispersion was unaffected by further remoulding
after a uniform paste had been formed. This usually took less than \ min.
With 50% kaolinite present, the remoulded C«-clay mixture dispersed
at about the same water content as remoulded CVillite (see Figure 1). For
the soil kaolinite, above a kaolinite content of 70% (i.e. a K/I ratio of
2-3) the water content for dispersion increased rapidly. A similar increase
did not occur for the coarse grained kaolinite until a kaolinite percentage of
80 was reached (a K/I ratio of 4 ) . The results suggest that only a small
percentage of fine grained illite is required to be present in a coarse grained
kaolinite before the water content for dispersion is reduced to a value more
characteristic of illite.
TABLE 2
PROPERTIES OF SOILS AND CLAYS

The A'8 surface areas and estimated K/I ratios of the clay fractions of the soils, the
water contents for dispersion of treated and untreated soils, and the water contents of
untreated soils at 100 cm suction.
Properties
<2fi fraction

Water content for
dispersion of soil

K/I

Treated / / 2 0 2
Washed CaCI2

Washed CaCI%
or untreated

Water
content
of soil,
100 cm
suction

80

4/6

30

8

18

—

4/6

31

18

20

62
15

5/1
8/1

98
19

17
6

18
18

i

Soil
description
Urrbrae
(wheat)
Urrbrae
(grass)
(Catherine
Cleve

Area
(m»/g)
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(b) The Water Content for Dispersion of Oxidised, CaCl>-washed Soils
The ratios of kaolinite to illite ( K / I ) in the clay fractions of the soils
are listed in Table 2. The ratios were derived from the sharpness of the
X-ray reflections, from electron micrographs and from the N-, surface areas
of the clay fractions. The illite present in all three soils is fine grained,
similar to the Willalooka illite. The kaolinite present in the Katherine and
Urrbrae soils is similar to that of the 'soil kaolinite', but the kaolinite in
the Cleve soil is even coarser than the 'ceramic kaolinite'.
Water contents for dispersion were unaffected by time of remoulding
once a uniform paste was formed. The water content for dispersion of the
oxidised Katherine soil with a K/I ratio of 5/1 was 98% compared with
3 1 % for the oxidised Urrbrae soil (column 4. Table 2). The oxidised
Cleve soil dispersed at a water content of 19%. despite a K/I ratio of 8 / 1 .
These water contents should be corrected for differences in the clay contents
of the soils (Table 1). Based on a clay percentage of 3 0 % , the water
contents would be 46, 87 and 21 for the Urrbrae, Katherine and Cleve
soils respectively. These results are in qualitative agreement with those for
mixtures of the pure clays. The coarser the kaolinite present in soils, e.g.
Cleve, the smaller the amount of illite required to reduce the water content
for dispersion to a low value.
It will be noted that, after treatment with peroxide, the soil from two
Urrbrae plots dispersed at about the same water content.
(c) The Water Content for Dispersion of CaCl>-washed Soils
and Untreated Soils
In contrast to the results with the clays and oxidised soils, the water
content for dispersion of natural soil aggregates was found to be lower, the
longer the time the aggregates were remoulded prior to immersion in water,
i.e. the soils dispersed more easily with continued remoulding. Therefore
for these aggregates and the CaCl-2 washed soil, the time of remoulding was
standardised at i min. The results so obtained are given in Table 2, column
5. There was no difference between the water content for dispersion of
natural aggregates and aggregates washed with CaCU. As anticipated, the
small amounts of exchangeable sodium present in the soils (Table 1) did
not affect dispersion.
The water content for dispersion of the natural soil was always less than
those of the same soil after treatment with peroxide (cf. columns 4 and 5.
Table 2 ) ; i.e. the presence of organic matter enabled the aggregates to be
dispersed more easily. The difference was greatest for the Katherine soil.
The water contents for dispersion of the natural soil from Cleve and the soil
from the Urrbrae wheat plot were much lower than the water contents of
unsheared soil wetted at 100 cm suction (column 6, Table 2). The water
content for dispersion of aggregates from the grass plot was about twice
that of aggregates from the wheat plot.
Natural aggregates remoulded at water contents 10% above their water
contents for dispersion were dried at a relative humidity of 7 6 % . Again
there was no dispersion from the dried aggregates when they were immersed
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in water. Dispersion of the remoulded, wet aggregates was inhibited if the
aggregates were immersed in a CaCl> solution of concentration >1 mM
instead of water.
IV. DISCUSSION

After water is added to a clay paste, the initial remoulding may force a
few of the clay crystals sufficiently far apart for them to disperse spontaneously in water. However, after further remoulding, the added water will
become uniformly distributed and the result is only a small increase in the
average spacing between crystals. Thus if dispersion depends only on the
spacing between the crystals, once a uniform paste has been formed, further
remoulding will have no effect. On the other hand if additional bonds
between the crystals are being broken by further remoulding, then the
susceptibility of the clay to dispersion will be increased. The results show
that the dispersion of the clay mixtures and oxidised soils is governed by the
first condition, that of the natural aggregates by the second.
Remoulding natural aggregates probably breaks the organic matter
bonds linking the clay crystals together (Emerson 1959). This would result
in a polymer chain being bonded to one clay crystal only. Fiedler and
Torstensson (1957) and Flaig and Söchtig (1959) have shown that
kaolinite suspensions in water can be dispersed by the addition of 0 - 1 %
of low molecular weight polymers. However dry clay-polymer aggregates
formed from the suspensions did not disperse when immersed in water
(cf. 111(c)).
The more strongly the clay crystals in soil aggregates are bound together
initially by organic matter, then the more work that would have to be done
to break the bonds. Greenland et al. (1962) have shown that surface
aggregates from the Urrbrae grass plot are more strongly bonded together
by organic matter than aggregates from the wheat plot. This would explain
why it was more difficult to disperse clay from the grass plot than from the
wheat plot (cf. Table 2 ) .
Peroxidising a soil will not remove all the organic matter present
(Burford et al. 1964). The Katherine soil used here still contained 0-29%
C after treatment with peroxide. It is not known whether this residual
organic matter was still reducing the water content for dispersion. A sample
of the same soil at 100 cm depth, with similar clay mineral composition, but
containing only 0 1 % C, could not be dispersed in water by remoulding.
One difference between the oxidised soils and the Ca-kaolinite-illite
mixtures will be the presence of exchangeable /I/-ions. The pH of the
kaolinite and illite was raised to pH 8-5 during preparation of the clay in
order to remove these ions. Al-\ons, by increasing the attractive forces
between the clay crystals as compared with Ca-ions, would be expected to
increase the water content for dispersion. Thus quantitative agreement
between the water contents for dispersion of the oxidised soils and the
corresponding Ca- clay mixtures would not be expected.
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(a) Field Application
During cultivation aggregates are sheared. If cultivation is carried out
when the water content of the soil is greater than that required for
dispersion, then clay is liable to be dispersed from sheared aggregates by
subsequent rain. The method used here of determining a water content
for dispersion has the merit of simplicity. It has the disadvantage that the
method of shearing aggregates used is arbitrary. Direct determinations
should also be made on field samples. For example, samples from the
Urrbrae wheat plot, which crusts severely in wet seasons (Mclntyre 1955),
were taken while the soil was still wet after cultivation (water content 2 1 %
by wt.). The wet aggregates dispersed completely when immersed in water
(cf. Table 2).
Dispersion of a soil aggregate is a process distinct from slaking. Slaking
is the macroscopic break-up of an unsaturated aggregate when immersed
in water. Dispersion means that a part of the aggregate goes int< suspension.
Slaking is commonly measured by wet sieving. Using this method the Cleve
soil was found to contain 97% of water stable aggregates >2 mm, nevertheless the surface soil crusts severely (French, priv. comm.). Therefore
dispersion rather than slaking is the primary cause of surface crusting.
For soils containing a sufficient excess of kaolinite over illite in the
clay fraction the water content for dispersion will be very high (cf. Figure
1) unless it is reduced by organic matter present. If crusting is a problem
on such soils, e.g. the Katherine soil (Arndt 1965). then consideration
could be given to reducing the organic matter content of the surface soil.
The method used here to measure the water content for dispersion of
remoulded aggregates in water could be equally well used to measure a
water content of a soil for dispersion in a given irrigation water. If a water
content for dispersion is less than the minimum water content at which the
soil can be cultivated, dispersion can be prevented in two ways. The soil
may be allowed to dry out after cultivation, before irrigation water is
applied. Alternatively the salt concentration in the soil solution or in the
irrigation water can be increased. The method can be used to determine
the concentration required. For example, graded amounts of gypsum can be
added to dry aggregates followed by sufficient water to bring the aggregates
to the minimum water content for cultivation. The aggregates would then
be remoulded, and subsequently checked for dispersion when immersed in
the irrigation water.
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SUMMARY

The water content of a uniformly remoulded clay or soil at which the
clay or soil show just perceptible dispersion when immersed in water is
called the water content for dispersion. The water contents for dispersion of
mixtures of Ca-illite and Ca-kaolinite have been measured. One of the
kaolinites used was fine grained, the other coarse. As the proportion of
kaolinite in the mixtures was increased, the water content for dispersion
increased more rapidly with the finer grained kaolinite.
The water contents for dispersion of surface soil aggregates, whose clay
fractions consist mainly of kaolinite and illite, have been measured. The
ratio of kaolinite to illite and the coarseness of the kaolinite present in the
aggregates differed. The percentage of exchangeable sodium present in the
aggregates was very low. After treating the aggregates with peroxide, the
water contents for dispersion were found to be related to the composition
and size of the clay crystals present.
In contrast to the clay and oxidised soil, the water content for dispersion
of natural aggregates was found to depend on the time of remoulding.
Therefore the time of remoulding was standardised at i min. The water
content for dispersion of natural aggregates was always less than that of
oxidised soil, i.e. clay was more easily dispersed from aggregates when
organic matter was present. In two cases, the water content for dispersion
was much less than the water content of unsheared aggregates at 100 cm
suction.
The determination of the water contents for dispersion in water or in
an irrigation water is a simple method of estimating how wet a soil can be
cultivated, without the risk of dispersion from sheared aggregates in
subsequent rain or irrigation water. Dispersion can be prevented by allowing
the soil to dry out before irrigation, or by maintaining a sufficiently high
salt concentration in the soil solution. Surface crusting appears to be due to
dispersion from surface aggregates rather than the slaking of aggregates.
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RÉSUMÉ

La teneur en eau d'un argile ou d'un sol uniformement remanié qui
démontre dans 1'argile ou le sol une dispersion a peine visible a rimmersion
dans 1'eau, est denommée: teneur en eau pour dispersion. On a mesure les
teneurs en eau pour dispersion des mélanges C«-illite et Cw-kaolinite. Un
des kaolinites utilises était microgrenu. 1'autre grossier. Lorsque la proportion du kaolinite dans le mélange était augmentée, la teneur en eau pour
dispersion augmentait plus rapidement avec le kaolinite microgrenu.
On a mesure les teneurs en eau pour dispersion des agregats du sol
de surface dont les fractions d'argile consistent pour la plupart de kaolonite
ou d'illite. Le rapport du kaolinite a 1'illite et la grossierté du kaolinite
présent dans les agregats étaient différents. Le pourcentage du sodium
échangeable présent dans les agregats était fort bas. Après avoir traite les
agregats avec du peroxyde, on a constaté que les teneurs en eau pour
dispersion étaient liées a la composition et au volume des cristaux argileux
presents.
Contrairement a 1'argile et le sol oxydé, on a trouvé que la teneur en
au pour dispersion des agregats naturels dépendait du temps de remaniement. Par conséquent le temps de remaniement était fixé a i minute. La
teneur en eau pour dispersion des agregats naturels était toujours moindre
que celle du sol oxydé, c'est-a-dire 1'argile se dispersait plus facilement des
agregats en presence de matières organiques. Dans deux cas la teneur en
eau pour dispersion était beaucoup moins importante que la teneur en eau
des agregats non-cisaillés a une succion de 100 cm.
La determination des teneurs en eau pour dispersion dans 1'eau ou dans
1'eau d'irrigation est une methode simple d'évaluer le degré d'humidité
maximum auquel on peut cultiver un sol sans risque de dispersion des
agregats cisaillés par les pluies ou les eaux d'irrigation subséquentes. On
peut éviter une telle dispersion en laissant le sol sécher avant de commencer
1'irrigation, ou en maintenant une concentration de sel suffisamment haute
dans la solution du sol. L'encroütement semble résulter de la dispersion des
agregats superficiels plutöt que de 1'hydratation des agregats.
ZUSAMMENFASSUNG

Der Wassergehalt eines gleichmassig umgeformten Tones oder Bodens,
bei dem der Ton oder Boden eine kaum merkbare Dispersion bei Immersion
unter Wasser zeigt, wird als der Wassergehalt für Dispersion bezeichnet. Der
Wassergehalt für Dispersion von Mischungen von Ca-Illit und Ca-Kaolinit
wurden gemessen. Einer der benutzten Kaolinit war feinkörnig. der andere
grob. Mit Zunahme der Kaolinitproportion in der Mischung nahm der
Wassergehalt für Dispersion bei dem feinkörnigen Kaolinit schneller zu.
Der Wassergehalt für Dispersion der Bodenoberflachenaggregate, deren
Tonfraktionen hauptsiichlich aus Kaolinit und Illit bestehen. wurde
gemessen. Das Verhaltnis Kaolinit-Illit und die Grobkörnigkeit des vorhandenen Kaolinits in den Aggregaten, sind unterschiedlich. Der Prozentsatz des austauschbaren Natriums, welches in den Aggregaten vorhanden
ist, war sehr niedrig. Nach Behandlung der Aggregate mit Wasserstoff-
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peroxid, wurde eine Verwandtschaft zwischen dem Wassergehalt für
Dispersion und der Zusammenstellung und Grosse der vorhandenen
Tonkristalle festgestellt.
Es wurde auch festgestellt, dass im Gegensatz zu den Ton- und
oxydierten Boden, der Wassergehalt für Dispersion der Natürlichen Aggregate von der Umformungszeit abhangt. Demzufolge wurde die Umformungszeit auf eine halbe Minute festgesetzt. Der Wassergehalt für Dispersion der
natürlichen Aggregate war geringer als die der oxidierten Boden, d.h. der
Ton war leichter zerstreut beim Vorhandensein von organischen Stoffen. In
zwei Fallen war der Wassergehalt für Dispersion viel niedriger als der
Wassergehalt der ungescherten Aggregate bei 100 cm Saugwirkung.
Die Bestimmung der Wassergehalt für Dispersion im Wasser oder im
Irrigationswasser ist eine einfache Methode der Nassegrad des Bodens zu
berechnen, bei dem der Boden bebaut werden kann, ohne die Dispersion der
gescherten Aggregaten in darauffolgenden Regenfallen oder Irrigationswasser zu gefahrden. Die Dispersion kann vermieden werden, wenn man
den Boden vor der Irrigation austrocknen lasst, oder wenn man eine
genügend hohe Salzkonzentration in der Bodenlösung beibehalt. Die
Oberrlachenverkrustung scheint eher von der Dispersion der Oberflüchenaggregate, als von der Hydratation der Aggregate abzuhangen.

ADSORPTION STUDIES O F A D E X T R A N ON
MONTMORILLONITE*
C. E. CLAPP, A. E. OLNESS AND D. J. HOFFMANN
Soil Structure Laboratory,

University of Minnesota, St. Paul, U.S.A.
INTRODUCTION

The importance of organic matter in improving soil crumb stability and
in maintaining good soil tilth has been well established and adequately
reviewed (Martin et al., 1955; Harris, et al., 1966). For many years
attention has been focused on relating naturally-occurring polysaccharides
to binding action and crumb stabilization (Martin, 1946; Geoghegan and
Brian, 1948). More recently attempts have been made to prove the direct
association of soil polysaccharides with crumb strength (Mehta, et al.,
1960; Greenland, et al., 1962; Clapp and Emerson, 1965). Only a very
few investigators have studied the basic aspects of inorganic-organic interactions in soils, i.e., the clay-organic complexes. These experiments are
covered in excellent fashion in review articles by Greenland (1965) where
he discusses the interaction between clays and organic compounds in soils,
including both mechanisms of interaction between clays and defined
organic compounds and adsorption of soil organic compounds.
Unfortunately even fewer workers have attempted to look at adsorption
of polysaccharides on clay minerals (Greenland, 1956; Lynch, et al., 1956;
Emerson. 1963; Finch, et al., 1967), the systematic study of which is
essential in defining the components and mechanisms of soil crumb stabilization. Papers by Greenland (1963) and Emerson and Raupach (1964)
dealing with adsorption and reaction of polyvinyl alcohol with montmorillonite provide a good basis for comparison of adsorption of uncharged
organic polymers with polysaccharides. Similar treatment of our data
should give worthwhile information that can be used to explain the
properties of montmorillonite-dextran complexes.
Our objectives in this paper were first, to measure the amount of
adsorption of the dextran. B-512F, on Na-montmorillonite clay by both
direct and indirect methods; second, to study the effect of clay pre-treatment and preparation on adsorption; and third, to characterize the claydextran complexes by X-ray diffraction analysis.
EXPERIMENTAL

Materials
The polysaccharide studied was a purified dextran described by Jeanes,
et al. (1954) and produced by Leuconostoc mesenteroides (NRRL strain
* Contribution from the Cornbelt Branch, Soil and Water Conservation Research
Division, Agricultural Research Service, USDA, in cooperation with the Department
of Soil Science, University of Minnesota. Paper No. 6300, Scientific Journal Series.
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B-512F). The polymer has a molecular weight of approximately two
million and consists entirely of glucose units with 9 5 % 1 -» 6 and 5%
1 -» 3 linkages.
The montmorillonite clay was a bentonite obtained from Ward's
Natural Science Establishment (API no. 25 from the John C. Lane Tract,
Upton, Wyoming). Batches of clay were treated with H.O* and the < 2u
fraction siphoned off from aqueous suspensions. The clay was then flocculated with 1 M NaCl, washed five times on a Buchner funnel with 1 M
NaCl {pH 3 with HCl). and resuspended in water (equivalent to 0 - 0 3 M
NaCl) for storage. Aliquots of the /Va-montmorillonite suspensions were
washed free of excess salt with acetone and freeze-dried before preparing
complexes.
Methods
Montmorillonite-dextran complexes were prepared by mixing on a
magnetic stirrer solutions of the polysaccharide with clay suspensions to
give the desired quantity of polymer in a final 1 % clay concentration. In
an example of a nominal 5 "percent" ( " % " ) complex preparation, 5 ml
of 0 - 1 % (w/v) dextran solution were added to 5 ml of 2% (w/v) clay
suspension to give 5 mg of polymer per 100 mg of clay. A quantity of
Na>SOi was added to bring the concentration to 0-1 M and the mixture was
stirred 30 minutes. The 0- 1M Na2S04 was the salt chosen since it gave no
interference with the anthrone procedure, but served to keep the complex
flocculated during centrifuge-washing. The complex was centrifuged at
15,000 RPM for 20 minutes in a Servall RC-2 centrifuge and the supernatant solution removed. The complex was washed 10 to 12 times by
adding 0 - 1 M NaS04, resuspending by use of a magnetic pellet which
remained in the centrifuge tube, stirring for 10 minutes, and recentrifuging
at 15,000 RPM for 10 minutes. The original supernatant and wash solutions were made to volume for analysis. The washed complex was resuspended in water, freeze-dried, and stored for analysis and characterization.
Carbohydrate was determined by a modification (Olness, 1967) of the
anthrone procedure of Scott and Melvin (1953). Hydrolyses were carried
out for 6 hr at 105°C in I N H>S04 in sealed hydrolysis tubes (Olness,
1967). Carbon analyses were run by a modified Pregl method. Periodate
was determined by measuring optical density at 222-5 m/j. (Dixon and
Lipkin. 1954) with a correction for iodate (Aspinall and Ferrier, 1957)
when required.
The amount of dextran adsorbed on the clay was determined by three
separate procedures: first, by difference, i.e., subtracting the amount of
polysaccharide recovered in the supernatant and washing solutions from
the total amount applied; second by direct hydrolysis of the clay-polysaccharide complex and analysis of the clay-free solution for carbohydrate;
and third, by direct carbon determination on the complex. Results are
expressed either in terms of amounts of polymer adsorbed in mg per 100
mg of clay, oven-dried at 105°C or in terms of the percent complex
prepared.
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X-ray analyses of the clay-polymer complexes were run on a General
Electric XRD-5 diffractometer using copper Ka^ radiation. Oriented
samples were prepared by pipetting suspensions onto glass slides and
allowing to dry in air. Patterns were obtained after equilibrating the specimens at 20°C and approximately 50% relative humidity and then after
heating at 105°C for 7 days.
TABLE 1
ADSORPTION OF THE DEXTRAN B-512F ON NA-MONTMORILLON1TE AT VARIOUS
CONCENTRATION RATES OF POLYSACCHARIDE ADDED TO 1 0 0 MG OF CLAY*

Complex**

Polysaccharide
Complex

"%"
5
Id
2(1
50
KM)

Applied

Adsorbed

mg/100 mg clay
5-l±0-2
51±0-2
10-3±0-3
10-2 0-2
20-2±0-9
19-2±l-0
481±01
34-4±l-0
94-4±0-l
45-7-1-5

Difference

Hydrolysis

Carbon

4-8
9-2
16-3
25-6
31 -4

3-8
6-9
11-4
16-6
16 9

4-2
6-5
11 -9
18-6
190

* Values for the 5, 10, 50, and 100 " % " complexes are the means of four preparations,
while those for the 20 " % " complex are the means of six preparations. The range
of amounts of polymer applied and adsorbed is shown by the _; values.
** Complex composition expressed as percentage dextran in the complex by difference,
by hydrolysis, and by carbon determinations.
RESULTS AND DISCUSSION

Adsorption
A summary of the adsorption results for a series of complexes prepared
with /Vu-montmorillonite and the dextran B-512F appears in Table 1. As
reported earlier by Olness (1967) the 5 " % " complexes show complete
adsorption of the dextran, retaining the polymer against up to 12 washes.
As greater amounts of polysaccharide were added to the clay, more material
was adsorbed, but complete retention no longer occurred. Average percentage adsorption values for the 10 to 100 " % " complexes decreased from
99 to 4 9 % , respectively.
The results are also expressed in terms of the percentage complexes
produced, e.g., for the 5 " % " complex, 5-1 mg of dextran were adsorbed
on 100 mg of clay to give a complex of 5-1/105-1 mg or 4 - 8 % , by
difference. This calculation allows a comparison with the direct determinations of polymer adsorbed on the clay. Of course, the absolute percentage
complexes will vary somewhat from the nominal "percentage" values of
4-8, 9 • 1, 16-7, 33-3. and 50-0% because of variations in the total amount
of polymer added. The comparisons are valid for the values determined on
the same complexes, but will deviate for different preparations. The direct
values are estimated either as glucose hydrolyzed and extracted from the
clay complex or as carbon oxidized from the complexes. These results are
then expressed as the percentages of dextran in the original clay-polysac-

630

C. E. CLAPP, A. E. OLNESS AND D. J. HOFFMAN

charide complex. There is an obvious discrepancy between the direct determination and the indirect difference values. The lower values obtained by
the direct methods may mean that more polymer becomes increasingly
unavailable for removal by hydrolysis or oxidation as the concentration of
dextran added increases. The polymer apparently is progressing from
primarily external adsorption at the 5 " % " level to both external and
interlamellar adsorption at the higher rates (as shown later by X-ray
evidence). The darkening of the complex during carbon oxidation at 700°C
supports the suggestion of entrapped polymer.
The series of curves shown in Fig. 1 illustrate the removal of polymer
from one replicate set of complexes after preparation and washing with
0 - 1 M NaS04. After a rather high initial dextran concentration in the
supernatant solution (wash number " s " ) , the curves drop sharply so that

NUMBER
Fig. I.—Effect of washing A/(/-montmorillonite-dextran complexes with
0 - 1 M Na.,S04. The arrow denotes the wash where salt was added to reflocculate the clay.
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after 3 washes, the polymer being removed from the clay is less than 2%
of the total remaining on the clay. For the 100 " % " complex after the
third wash, some dispersed clay appeared in the supernatant solution.
Additional salt to about 0 - 5 M Nti-SOi was added to reflocculate the clay.
The resultant sharp increase in polymer appearing in the fourth wash
solution and subsequent decrease along the normal pattern suggests a displacement of dextran from interlamellar positions probably caused by a
salt-controlled reduction in double-layer swelling. This observation on the
relation of salt concentration to adsorption for Na-montmorillonite agrees
with the previous results of Greenland (1963) and Emerson and Raupach
(1964) for polyvinyl alcohol.
Complexes were prepared using the same Na-montmorillonite samples,
but lower molecular weight polymers (71.000 and 127.000) of the
dextran B-512F. We thought that the much smaller molecules would more
easily enter the interlamellar positions and form higher concentration complexes. The products at the 20 " % " rate, however, gave percentage complexes by the difference method of only 2-7 and 2 - 9 % , respectively.
Some additional experiments were conducted to investigate the effects
of different mixing and washing treatment times on adsorption at the 20
" % " application rate. Longer mixing times up to 24 hr gave no significant
difference in adsorption from the standard procedure. Longer washing times
of 1 and 24 hr showed that more dextran could be washed off. but each
wash after number three represented less than 3 % of the total polymer
remaining on the clay.
The following clay pretreatments thought to influence adsorption were
studied: procedure for excess salt removal, method of drying, and Casaturation. There was no difference between washing salt out with acetone,
ethanol, or water in the percentage complexes produced. The drying process
similarly gave no differences when water was removed by freeze-drying or
by flash-evaporation. Drying is important, however, since undried Namontmorillonite preparations that were resuspended and mixed with
dextran formed complexes of only about 8-5% at the 20 " % " application rate. One complex prepared with freeze-dried Ca-montmorillonite
resulted in a 12-9% complex at the 20 " % " rate.
Characterization
X-ray diffraction data for /Va-montmorillonite-dextran complexes are
shown in Table 2. The pure clay alone gave d(001) spacings of 11 -4 ±
0-2 A when air-dried at 20°C. but collapsed to 9-7 ± 0-1 A after being
oven-dried at 105°C. The series of complexes from 5 to 100 " % " gave
first order </(001) spacings after oven-drying from 10-0 to 16-9 A. The
diffraction patterns obtained showed rather intense symmetrical first order
peaks with no higher orders. These values suggest that with increased
adsorption of polymer, there is a corresponding increase in the proportion
of higher basal spacings.
Periodate oxidation studies on the series of complexes prepared confirm the data previously obtained (Olness. 1967). Dextran adsorbed on
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TABLE 2
X-RAY DIFFRACTION DATA FOR NA-MONTMORILLONITE-DEXTRAN COMPLEXES

d(00l)*
Complex

0
5
10
20
50
100

Air-dry
20 °C

Oven-dry
105°C

ll-4±0-2
12-8±0-2
140 0 1
15-4 0-4
16-6±0-6
17-6±01

9-7±0-l
1 0 0 0-2
13-8 0 1
14-6±0-4
15-8±0-2
16-9 0 1

* The range in d(00\) values are shown for the replicates of complexes
prepared.

the clay required increasingly longer oxidation times. Values for percentage
dextran in the clay-complexes were equal to or slightly higher than the
values calculated by hydrolysis or carbon determination. These results
indicate that the polymer held in the interlamellar positions may be partially
shielded from periodate attack.
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SUMMARY

A well-characterized bacterial polysaccharide. B-512F, produced by
Leuconostoc mesenteroides was added in solution to suspensions of Namontmorillonite at rates of 5, 10, 20, 50, and 100 mg per 100 mg of clay.
The complexes were centrifuged, washed with 0 - 1 M Na-jS04, and freezedried. Carbohydrate analyses were performed using the anthrone method.
The amount of polymer adsorbed on the clay was determined by both
indirect and direct procedures. The indirect difference method for calculating adsorption gave complexes of 4-8, 9-2, 16-3, 25-6, and 31 -4% (by
weight), while the direct methods gave mean values of 4-0, 6-7, 11-6.
17-6, and 18-0%, respectively.
Variation in adsorption for different pretreatments of clay appears to be
related to degree of dispersion of the clay at the time of mixing. Two
factors influencing dispersion were salt concentration and saturating cation.
Maximum adsorption was obtained for each rate of polymer added when
Nö-clay was stored in less than 0-03M NaCl followed by salt removal and
drying.
Characterization of the clay-polysaccharide complexes included X-ray
analysis and resistance to periodate oxidation. First order X-ray diffraction
spacings, </(001), for the complexes dried at 105°C were 1 0 0 , 13-8,
14-6, 15-8, and 16-9 A. Periodate oxidation studies indicated that the
dextran adsorbed on the clay required longer oxidation times and was
partially shielded from periodate attack.
RÉSUMÉ

Un polysaccharide a caractère nettement bacteriën, B-512F, produit
par des Leuconostoc mesenteroides a été ajouté en solution a des suspensions de yVa-montmorillonite, ceci a un taux de 5, 10, 20, 50, et 100 mg par
100 mg d'argile. Les complexes ont été centrifuges, laves avec 0 1 M
Na>SO±, et congelés a sec. Les analyses de carbohydrate ont été effectuées
a 1'aide de la methode anthrone. La quantité de polymer adsorbé sur 1'argile
fut déterminée, par une methode directe et par une methode indirecte. La
methode indirecte de difference pour calculer 1'adsorption a produit des
complexes de 4-8, 9-2, 16-3, 25-6, et 31-4% (en poids), tandis que la
methode directe a donné des valeurs moyennes de 4-0, 6-7, 11-6, 17-6,
et 18-0%, respectivement.
La variation en adsorption en regard des différents pré-traitements de
1'argile semble être reliée au degré de dispersion de 1'argile au moment du
mélange. Deux elements influencant la dispersion sont les suivants: concentration du sel et saturation du cation. Le maximum d'adsorption a été
obtenu pour chaque dose de polymer en addition, lorsque la TVa-argile a
été placée dans moins que 0 0 3 M NaCl action suivie par l'enlèvement du
sel et la dessiccation.
La caractérisation des complexes argile-polysaccharide a compris des
analyses par rayons X et une resistance a 1'oxydation periodate. Les
intervalles du premier ordre de diffraction des rayons X, d(00\), pour les
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complexes dessèchés a 105 °C furent de 10 • 0, 13 • 8, 14 • 6, 15 • 8, et 16 • 9 A
Les études sur l'oxydation periodate ont indiqué que Ie dextran adsorbé
sur 1'argile demandait une oxydation plus longue et était en partie protégé
d'une attaque periodate.
ZUSAMMENFASSUNG

Ein wohlcharakterisiertes, bakterielles Polysaccharid, B-512F. durch
Leuconostoc mesenteroides erzeugt, wurde als Lösung zu Suspensionen des
A/a-Montmorillonits in Raten von 5, 10, 20, 50, und 100 mg pro 100 mg
Ton hinzugefügt. Die Komplexe wurden zentrifugiert, mit 0 , 1 M Na-^SO^
gewaschen und durch Frieren getrocknet. Die Kohlenhydratanalysen
wurden mit der Anthron-Methode durchgeführt. Die Menge des Polymers,
auf dem Ton adsorbiert, wurde durch indirekte und directe Vorgange
bestimmt. Die indirekte Methode zur Bestimmung der Adsorption, durch
Differenzen berechnet, ergab Komplexe von 4,8; 9,2; 16,3; 25,6; und
31,4% (Gewichtsprozente), wahrend die direkten Methoden einen durchschnittlichen Wert von 4,0; 6,7; 11,6; 17,6; und 18,0% ergaben.
Die Variation bei der Adsorption für verschiedene Vorbehandlungen
des Tones scheint dem Grad der Tondispersion zur Zeit des Mischens verwandt zu sein. Zwei Faktoren, die die Dispersion beeinflussen, waren die
Konzentration von Salzen und sattigende Ration. Eine maximale Adsorption wurde für jede Rate von hinzugefügtem Polymer erhalten, wenn NaTon in weniger als 0 , 0 3 M NaCl aufbewahrt wurde, gefolgt durch Salzenfernung und Trocknung.
Die Characterisierung der Ton-Polysaccharid-Komplexe schliessen
Röntgenanalyse und Widerstand zur periodaten Oxidation ein. Komplexe.
getrocknet bei 105°C, hatten Röntgendiffraktionsraume der ersten Ordnung, d(001), von 10,0; 13,8; 14,6; 15,8; und 16,9 A. Versuche mit
periodater Oxidation zeigten, dass das auf dem Ton adsorbierte Dextran
langere Oxidationszeiten erforderte und z.T. von periodaten Angriffen
geschützt wurde.

REACTIONS BETWEEN ORGANIC MATTER AND
INORGANIC SOIL CONSTITUENTS*
M . SCHNITZER
Soil Research Institute, Canada Department of Agriculture, Ottawa, Ontario

In soils, organic matter and inorganic constituents such as metal ions,
hydrous oxides and clay minerals are intimately associated. Thus, the fate
of a particular metal ion, that is, whether it will be translocated or
deposited, or under what conditions it will be available to plant roots and
other biological systems, may be influenced by the relative stability of the
combination that it forms with the organic matter. Products resulting from
such interactions are of fundamental significance to soil scientists because
they are likely to affect the physical, chemical and biological properties of
soils. During the past decade we have investigated the chemistry of these
compounds in order to better understand their role in the soil system. The
purpose of this paper is to summarize our findings and to discuss their
possible significance.
ORGANIC MATTER

The organic matter that we used in all our studies originated from a
Podzol Bh horizon. After extraction and purification, this organic matter
was soluble in both base and acid, so that according to the definition
generally accepted in soil science it was fulvic acid (F.A.); it will be so
referred to herein.
The F.A. was practically free of carbohydrates and contained only
0-75% N. The chemical structure of this F.A. has been extensively
investigated in this laboratory by means of chemical (Schnitzer and
Wright. 1960; Schnitzer and Desjardins. 1962; Barton and Schnitzer.
1963), spectroscopic (Schnitzer, 1965), thermogravimetric (Schnitzer and
Hoffman, 1965) and more recently. X-ray methods (Kodama and Schnitzer,
1967). These investigations provided valuable information on the chemical
structure of this F.A. We felt that by using this same material we might use
this knowledge in order to interpret more intelligently metal-organic matter
interactions than has so far been possible when organic matter about which
little was known was employed. Also, in view of its ubiquitous distribution
and its chemical properties it is likely that F.A. is the most prominent
humic compound in the "soil solution" and that it thereby affects practically all reactions that occur in soils.
STABILITY CONSTANTS OF METAL-F.A. COMPLEXES

The ion-exchange equilibrium method of Schubert (1948) was found to
be well suited for determining stability constants of water-soluble complexes
* Contribution No. 236.
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formed between F.A. and nine divalent metal ions, all known to occur in
soils (Schnitzer and Skinner, 1966; Schnitzer and Skinner, 1967). Log K
(stability constant) values were higher at pH 5-0 than at pH 3-5 (Table 1).
This can be ascribed to increased ionization of functional groups, especially
carboxyls, with increase in pH. The order of stabilities at pH 3-5 was Cu >
Fe > Ni > Pb > Co > Ca > Zn > Mn > Mg. At pH 5-0, this order
changed to: Cu > Pb > Fe > Ni > Mn > Co > Ca > Zn > Mg. Regardless of pH, the order of stabilities of complexes formed between F.A. and
divalent metal ions deviated significantly from the Irving-Williams (1948)
series. Especially noteworthy are the relatively high stability constants of the
Fell-F.A. complexes and the low stabilities of the Zn-F.A. complexes.
Log K for the Al-F.A. complex at pH 3-5 was 6.45, which was higher
than that for any of the F.A.-divalent metal complexes. Because of metal
hydroxide formation, log K values for Al-F.A. complexes at pH 5-0 and
for Fe"'-F.A. complexes at both pH 3 • 5 and 5 • 0 could not be measured
by this method.
TABLE I
STABILITY CONSTANTS (LOG K)

OF METAL—F.A. COMPLEXES

Metal in complex

Log K
pH 3-5

Cu
Pb
Fe»
Ni
Mn
Co
Zn
Ca
Mg
Al

5-78
3 09
5 06
3-47
1-47
2-20
1-73
2-04
1-23
6-45

pH

50

8-69
613
5-77
414
3-78
3-69
2-34
2-92
209

—

THERMOGRAVIMETRY OF METAL-F.A. COMPLEXES

Using a different approach (Schnitzer and Hoffman. 1967) we prepared
metal-F.A. complexes by dissolving 0-37 mmoles of F.A. in 25 ml aliquots
of water to which we added 2-5 mmoles of dilute chloride solutions of the
nine divalent ions and of ferric iron and aluminium. The pH of each
divalent system was adjusted to 5.0, the solution stirred for one hour at
room temperature, then transferred to dialyzer tubing and dialyzed against
distilled water until free of chlorides. The dialyzed solutions were then
dried. For the preparation of Fe'"- and Al-F.A. complexes, the formation of
hydroxides was minimized by adjusting the pH. after mixing of reagents,
to 2-5 and 4-0 respectively.
Molar metal-F.A. ratios of the divalent metal-F.A. complexes prepared
in this manner ranged in the following order: Cu > Pb > Fe11 > Ni >
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TABLE 2
CHEMICAL COMPOSITION OF COMPLEXES AND TEMPERATURES AT WHICH ALL F.A. HAD
DECOMPOSED

Metal in complex

Cu
Pb
FeM
\i
Mil

Co

/,<
Ca
Mg
Fe\\\

1/

F.A.
(mmoles)

Metal
(mmole)

010
008
Oil
012
012
012
0-12
012
012
008
009

0-34
0-23
0-23
019
018
014
017
016
017
0-49
0-49

mmole metal Temperature at which
all F.A. had decomposed
mmole F.A.
°C
3-4
2-9
21
1-6
1 -5
11
1 4
1 3
1 4
6-1
5-4

360
440
430
460
470
520
500
520
550
340
570

Mn > Mg = Zn > Ca > Co (Table 2). The remarkable similarity between
this order and the order of stability constants at pH 5-0 (see preceding section) suggests a definite relationship between the two measurements. Both
trivalent metal ions displayed high metal-F.A. ratios (Table 2). It is likely
that these metal ions had reacted either in mono- or di-hydroxylated or in
polymeric forms. The thermogravimetric behaviour of these complexes has
been described in detail (Schnitzer and Hoffman, 1967). Probably the most
interesting finding was the observation that the thermal stabilities of the
metal-F.A. complexes were inversely related to log K values of the same
complexes. The data in Fig. 1 show a practically straight line inverse relationship between log K at pH 5-0 and the temperatures at which all F.A. in the
complexes had decomposed, that is, the temperature at which the differential
thermogravimetric trace returned to the base line. Thus, the thermal stabilities
of these complexes tended to be inversely related to the stabilities of these
complexes as derived from the mass-action law. While at this time we have
no satisfactory explanation for this relationship, we attempted to use it to
approximate a log K value for the Fem-F.A. complex (see Fig. 1). The
log K value for a Fem-F.A. complex prepared as described above was
9-4 (see Fig. 1), which made the Fe"'-F.A. complex the most stable of all
those so far determined. Attempts to estimate a log K value for the ,47-F.A.
complex were unsuccessful because of the complexity of the differential
thermogravimetric curve. The data presented in this and in the preceding
section suggest that both Fe111 and Al form more stable complexes with
F.A. than do the divalent metal ions.
MECHANISM OF METAL-F.A. INTERACTIONS

From the relative abundance of oxygen-containing functional groups in
the F.A., it seemed reasonable to assume that these groups were involved
in the metal-F.A. interactions. To obtain more specific information,
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measurements were made of the metal uptake capacity of F.A. in which
were blocked selectively alcoholic OH. phenolic OH and COOH groups
(Schnitzer and Skinner. 1965). Alcoholic OH groups were found to play
no part in the metal-F.A. interactions. Essentially two types of reactions
occurred between humus and metal ions or hydrous oxides: a major one,
involving simultaneously both acidic COOH and phenolic OH groups, and
a minor one, in which only less acidic COOH groups participated.

10

* 6

O

300

400

500

600

/
Tdecomp. O°C

Fig, I.—Relationship between log K. (stability constant) and temperature
at which all F.A. had decomposed (T decomp.).
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CHEMICAL COMPOSITION OF MODEL METAL-F.A. COMPLEXES

To investigate the chemical composition of the metal-F.A. complexes,
and to develop analytical methods for their characterization, model compounds containing between 0-1 and 6 0 moles of metal per mole of F.A..
were prepared. The metals used for these models were ferric iron and
aluminium. Each model compound was analyzed for metal, carbon and
moisture contents, and also by infrared spectroscopy and by thermogravimetry. In addition, the F.A. in each model compound was freed of metals
and characterized by ultimate and functional group analyses, by infrared
spectroscopy and thermogravimetry. The chemical and thermogravimetric
methods so developed were then used as diagnostic tools for the metalorganic matter complexes extracted from natural soils and occurring as
distinct deposits in soil profiles.
Methods for the analysis of oxygen-containing functional groups
(COOH, phenolic and alcoholic OH, C=0) have been described in detail
(Schnitzer and Gupta. 1965; Schnitzer and Skinner, 1965).
Differential thermogravimetry (DTG) was found to be one of the most
useful tools for the study of metal-organic matter complexes (Schnitzer
and Skinner, 1964). The main decomposition reaction of untreated F.A.
was characterized by a well-defined peak at 430°C. As more and more
iron was complexed, this peak was shifted to lower temperatures; it
occurred at 270' C for the 6:1 molar Fe"'-F.A. complex. By contrast, the
thermogravimetric behaviour of AI-F.A. complexes was quite different from
that of the Fe'"-F.A. complexes. The DTG curve for the 1:1 molar Al-F.A.
complex was similar to that for the original F.A., whereas the 3:1 and 6:1
AI-F.A. complexes showed poorly defined broad maxima between 350 and
450"C. Thus, it was possible to differentiate between 3: 1 and 6:1 Fe1"- and
Al-F.A. complexes on the basis of DTG curves.
Another useful diagnostic tool was infrared spectroscopy. The spectra
of the metal-F.A. complexes differed from that of untreated F.A. in the
1700-1600 cm ' and in the 1400 and 1200 cirr' regions. In general, the
1725 and 1200 cm ' bands decreased but those at 1625 and 1400 cm"1
increased. This indicated conversion of COOH to COO' groups to which
metal ions and positively charged partially hydroxylated iron and aluminium
compounds were bonded by electrovalent linkages. The formation of stable
complexes of metal ions with organic ligands usually involves both electrovalent and coordinate covalent bonds. While the formation of electrovalent
bonds was indicated in the infrared spectra, the formation of coordinate
covalent bonds involving oxygen of phenolic OH groups could not be
demonstrated by this technique since the intensity of OH adsorption near
3440 cm 1 remained virtually undiminished.
To uncover which metal species was predominant in the laboratoryprepared models, we prepared molar 1:1, 3:1 and 6:1 Fe'"- and Al-F.A.
complexes and used the following approach (Schnitzer and Skinner, 1964):
after subtracting the F.A., metal and moisture contents from the total
weight, we were left with a portion of the total weight which was most likely
due to hydroxyls of partially hydroxylated iron and aluminium compounds.
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We found that in the 1:1 and 3:1 Fe'"-F.A. complexes, the Fe occurred as
Fe(OH)- + , while in the 6:1 complex it was present as Fe(OH)2+.
Al
occurred as Al(OH)'2+ in the 1:1 complex but as Al(OH)2+ in 3:1 and in
the 6:1 complexes. Thus, both iron and aluminium in these complexes were
present in partially hydroxylated forms.
PROPERTIES OF MODEL COMPLEXES

As increasing amounts of Fe"' and AI were added to F.A. solutions at
pH 2-5 and 4 0, respectively, the complexes became more and more
water-insoluble. While 1:1 molar Fe m -F.A. complexes were completely
water-soluble, 6:1 molar Fe'"- and Al-F.A. complexes were water-insoluble.
These observations offer a reasonable explanation for the genesis of Podzol
soils which are characterized by a downward movement of organic matter
(mainly F.A.), iron and aluminium from the upper horizons and by their
accumulation in the B horizon. Thus, after being produced in the Ao
horizon. F.A., on its path down the profile, forms at first water-soluble
complexes with metal ions and with hydroxylated metal compounds. The
water-solubility of the metal-F.A. complexes decreases as more and more
metal reacts with the complex until the complex becomes completely insoluble and precipitates in the B horizon. Whereas in Podzols the metals
involved are predominantly iron and aluminium, Cu, Pb and Zn are also
known to accumulate along with organic matter in Podzol B horizons
(Wright et al.. 1955). This is consistent with the data for stability constants
listed in Table 1.
To evaluate the probable availability to plant roots and biological
systems of Fe'" and AI in the 1:1. 3:1 and 6:1 molar metal-F.A.
complexes, each complex was extracted with water, with a number of
organic acids such as citric, malic, tartaric, succinic, oxalic and lactic acids
and with EDTA. Most extractions were done at pH 5-0. The highest
proportion of metals was extracted from the 1:1 and lowest from the 6:1
molar complexes, suggesting that metal ions in complexes having low metalF.A. ratios are more available than those in complexes with high metal-F.A.
ratios (Schnitzer and Skinner, 1964).
METAL-F.A. COMPLEXES IN SOILS

In order to demonstrate the occurrence of metal-F.A. complexes in soils,
a Podzol Bh soil sample was shaken for 1 hour with 0-1 N HCl solution.
The dark brown extract, after removal of chlorides by dialysis and drying
contained 25% of the organic matter in the original soil sample. Chemical,
spectroscopic and thermogravimetric properties of the extract were very
similar to those of synthetic 3:1 molar Fe"'- and Al-F.A. complexes
(Schnitzer and Skinner, 1964).
Ironpans occur in soils of many regions having cool climates. We were
interested in determining the nature of such a pan in a Humic Podzol from
Newfoundland. By means of methods that we had developed for this
purpose we were able to identify the ironpan as being essentially a 6:1
molar F^'"-F.A. complex (McKeague. Schnitzer and Heringa. 1967).
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REACTIONS BETWEEN F.A. AND SODIUM-MONTMORILLONITE

Because relatively little is known about reactions of clays with soil
humic compounds, we investigated interactions between F.A. with Namontmorillonite at pH levels ranging from 2-5 to 7-0 (Schnitzer and
Kodama, 1966). The d{m of the original Na-montmorillonite was 9.87A;
after interaction with F.A. at pH 2-5 it increased to 17-80A (Fig. 2).
Interplanar spacings were ^//-dependent and decreased with increase in
pH. The steepest decrease occurred between pH 4 and 5. It is noteworthy
that the apparent pk value of the COOH groups in the F.A. was 4.5, which
suggests that the magnitude of the dn<n was related to the degree of
ionization of the COOH groups in the F.A. At pH <4-0, relatively few of
these groups had ionized, so that the F.A. behaved essentially like an
uncharged molecule that could penetrate the interplanar spaces and
displace water from between the silicate layers. As the pH rose, more and
more functional groups ionized to result in an increased negative charge;
thus at pH > 5-0, d,m was less than 11 -0 A, indicating repulsion of negatively charged F.A. by negatively charged clay. The curve depicting
adsorption o f C (%C X 2 = F.A.) resembled that showing d(m values
22
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(Fig. 2). The increase in dIW\ spacing depended in addition to pH also on
the amount of F.A. added.
The controversy in the literature (Greenland. 1965) as to whether or
not organic matter is adsorbed in the interlamellar spaces of 2:1 type layer
silicates, appears to be related to the use by most workers of water-insoluble
humic compounds and to a failure to observe the effect of pH. At pH 2-5,
33-2 mg of F.A. was adsorbed in and on 40 mg of yVa-montmorillonite.
While distilled water, adjusted to pH 2-5, desorbed only 24% of the F.A.
adsorbed, 0-1 N NaOH solution desorbed 9 3 % of the F.A. similarly
adsorbed (Schnitzer and Kodama. 1967). We estimated that slightly more
than one half of the F.A. adsorbed at pH 2-5 was in the interlamellar spaces
of the clay, while the remainder was adsorbed on the external surfaces.
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SUMMARY

The order of stabilities at pH 5 -0 of complexes formed between a watersoluble Podzol fulvic acid (F.A.) and nine divalent metal ions was Cu >
Pb > Fe > Ni > Mn > Co > Ca > Zn > Mg. Log K (stability constant)
values ranged from 8-69 for the Cw-complex to 2-09 for the Mg-complex
and were higher at pH 5 0 than at pH 3-5. The Irving-Williams series was
not followed. Selective blocking of functional groups indicated two types of
reactions with metal ions and hydrous oxides: a major one, in which both
COOH and phenolic OH groups reacted simultaneously, and a minor one,
involving less acidic COOH groups. Infrared spectra showed the formation
of electrovalent bonds between COO~ and positively charged ions and partially
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hydroxylated iron and aluminum compounds. The thermal stabilities of
these complexes were inversely related to the stabilities derived from the massaction law. From thermogravimetric and chemical data it appeared that
F.A. formed more stable complexes with iron and aluminum compounds
than with divalent metal ions.
The interlamellar adsorption of F.A. by A'ü-montmorillonite depended
on pH and on the amounts of F.A. in the system.
RÉSUMÉ

L'ordre des stabilités, a un pH de 5,0, des complexes formés entre un
acide fulvique de Podzol soluble a 1'eau et neuf ions métalliques divalents
était Cu >Pb>Fe>Ni>Mn>Co>Ca>Zn>Mg.
Les valeursde log ATstabilité
constante) variaient entre 8,69 pour le complexe Cu et 2,09 pour le
complexe Mg et étaient plus élevées a un pH de 5,0 qu'a 3,5. La série
Irving-Williams n'a pas été suivie. Le bloquage sélectif des groupes
fonctionnels indiquait deux types de reactions avec des ions métalliques et
des oxydes hydrates: 1'une importante, dans laquelle COOH et les groupes
OH phénoliques réagissaient simultanément, et 1'autre moins importante,
touchant des groupes COOH moins acidiques. Des spectres infrarouges
montraient la formation de liens électravalents entre COO et les ions
positifs, et les composes de fer et d'aluminium partiellement hydroxylatés.
Les stabilités thermales de ces complexes étaient en relation inverse aux
stabilités dérivées de la loi d'action des masses. D'après les données
thermogravimétriques et chimiques on trouve que le A.F. formait des
complexes plus stables avec les composes de fer et d'aluminium qu'avec les
ions métalliques divalents.
L'adsorption interlamellaire de A.F. par la montmorillonite de sodium
dépendait du pH et de la quantité de A.F. dans le système.
ZUSAMMENFASSUNG

Die Reihenfolge der Stabilitaten bei pH 5-0 von Komplexen, welche
zwischen einer im Wasser auflösbaren Podsolfulvosaure (F.S.) und neun zweiwertigen Metallionen gebildet wurden, ergaben Cu > Pb > Fe > Ni > Mn
> Co > Ca > Zn > Mg. Die Werte von Log K (gleichbleibende Stabilitat)
reichen von 8-69 für den Cu Komplex bis zu 2-09 für den Mg Komplex und
waren höher bei pH 5-0 als pH 3-5. Die Trving-Williams Reihenfolge
wurde nicht gefolgt. Die selektiven Sperrungen von funktionellen Gruppen
weisen auf zwei Typen von Reaktionen mit Metallionen und wasserhaltigen
Oxyden (Sauerstoffverbindungen) hin und zwar: eine hauptsachliche, in
welcher COOH und auch phenolische OH Gruppen gleichzeitig reagieren,
und eine geringere, welche Gruppen, die weniger Saure enthalten, umfasst.
Infrarote Spektren weisen Bildungen von Elektrovalenzbindungen zwischen
COO~ und positiv geladenen lonen auf, sowie von teilweise hydroxylierten
Eisen- und Alluminiumverbindungen. Die thermischen Stabilitaten dieser
Komplexe standen in umgekehrter Beziehung zu den Stabilitaten, welche
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von dem Massenwirkungsgesetz abgeleitet waren. Die thermogewichts anlytischen und chemischen Unterlagen gaben den Anschein, dass F.S. mehr
bestandige Komplexe mit Eisen-und Alluminiumverbindungen bildete, als
mit zweiteiligen Metallionen. Die Zwischenlamellenadsorbierung von F.S.
bei Na—Montmorillonit hing von pH und den Mengen von F.S. in dem
System ab.

THE INFLUENCE OF ORGANIC COMPOUNDS ON
THE FORMATION OF IRON OXIDES
U . SCHWERTMANN, W . R. FlSCHER AND H . PAPENDORF
Institut fiir Bodenkunde der Technischen Universitat, Berlin, BRD
INTRODUCTION

Soils often contain large quantities of X-ray amorphous hydrous ferric
oxides. This is surprising in view of the fact that crystallization in vitro
of freshly prepared amorphous ferric hydroxide to goethite or haematite
is virtually complete after a few months or years, even at room temperature.
Since this cannot be explained in terms of pH or temperature of the ageing
environment we suggest that it is important to consider the role of secondary
and accessory compounds in the ageing solution.
The influence of this kind of compound on crystal growth has been
investigated with numerous substances. Very often this influence consists
of a drastic retardation of the crystal growth. Excess salts, which are left
with freshly precipitated ferric hydroxide, reduce the crystallization speed
(Kataoka 1959) compared with a hydroxide purified by dialysis (Gastuche
et al. 1964). Certain compounds exert this retardation effect even at a
very low concentration, e.g. phosphate (Scheffer et al, 1957, Krause et al.
1963), silicate (Schellmann 1959) and some organic compounds (e.g.
Kataoka 1959, Kuntze 1966). The high efficiency of these compounds
suggests a possible reaction with the growing crystals.
Since the accessory compounds mentioned above occur in most soils
it seemed worthwhile to investigate their influence in more detail. After a
preliminary experiment the interest was focussed on citrate.
PRELIMINARY EXPERIMENT

In the preliminary experiment (Schwertmann 1966) we tried to
crystallize amorphous ferric hydroxide from a bog soil by boiling it in a
strong alkaline aqueous solution. Under these conditions, freshly precipitated artificial ferric hydroxide will crystallize to goethite within a few
hours. However, in the natural sample goethite did not form unless most
of the organic matter had been destroyed (10-23 -* 1-03% C) by
hydrogen peroxide. Thereafter the amount of goethite increased with time
of ageing whereas the amorphous portion decreased. A parallel experiment
showed, on the other hand, that freshly prepared artificial ferric hydroxide
did not crystallize in boiling N KOH extract of the natural sample (1-24 g
carbon/1).
From this it may be concluded that the inhibitional effect is more
likely to be due to organic rather than inorganic compounds in the sample.
Assuming that this effect is due to an anion adsorption, it is still surprising
645
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that this occurs under strongly alkaline conditions (pH 13-14), because in
this range competition of OH ions is supposed to be quite considerable.
In view of the possible role of organic compounds, and in order to gain a
better understanding of the mechanism of the process, it was decided to
investigate the problem further, using citrate.
METHODS

50 ml of 0-1 M (Fe(NOx):i solution were precipitated at room temperature with 7 ml cone. NH*. The ferric hydroxide was thoroughly washed
until dispersion started, and after adding citrate and adjusting to the
required pH, was diluted to 150 ml and aged by heating in a temperaturecontrolled water-bath at 80°C for 2 or 3 days. After ageing, total (Fet)
as well oxalate-soluble (Fe„) iron were determined. X-ray diffractograms
were obtained from glass slide specimens using Co Ka radiation (20 mA,
34 kV) and a Norelco instrument. Electron micrographs were obtained
with an Elmiscope I (Siemens).
RESULTS AND DISCUSSION

(a) Influence of citrate concentration
The amorphous hydroxide was aged at various pH values under
increasing citrate concentration. The ratio of oxalate-soluble to total iron
(Fe0/Fet) was then used as a measure of the proportion of amorphous
hydroxide (Schwertmann 1964). This is justified because only the
amorphous material is oxalate-soluble, not the crystalline one, as shown by
electron micrographs and X-ray diffractograms.
In Figure 1 the amorphous proportion was plotted against log. citrate
concentration. It is obvious that under alkaline conditions crystallization is
completely inhibited above a certain narrow range in concentration of
the citrate. This has been checked by X-ray diffraction. The critical citrate
concentration is higher at pH 12 than at pH 10.
In the neutral pH range the influence of citrate, although significant,
is much less pronounced. The curves flatten, approaching a linear
relationship between Fe„/Fet and p (citrate). In evaluating this result one
has to keep in mind that in this pH range ageing velocity is low even in
pure systems (see values for p (citrate) = °o in Fig. 1). This corresponds to
results obtained earlier (Schwertmann 1959, 1965) and applies also to
iron oxides in soils (Schachtschabel and Heinemann 1965). In contrast to
ageing without citrate, the relative proportion of haematite to goethite
appeared to be higher. Hence citrate may preferentially retard the via
solution formation of goethite by influencing the solubility of the amorphous
hydroxide, as pointed out earlier (Schwertmann and Fischer 1966).
(b) Influence of pH
The influence of pH and concentration mentioned above led to the
assumption that some kind of citrate retention by the hydroxide may be
significant. Since the hydroxyl anion will probably compete with the citrate
anion it appeared promising to study the influence of pH in more detail.
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Fiji. I-—Relationship between the amorphous proportion of aged ferric
hydroxide and citrate concentration at various pH values during ageing
(3 days at 80°C).

Amorpher
Anted

Citrat.sorb

(% dZugabe)

14

pH

Fig. 2.—Relationship between pH and citrate adsorption and amorphous
proportion of ferric hydroxide aged at 80°C for 2 days in a citrate concentration of 6-7 x 10-3 mol/1. Total citrate addition 1 mmol per sample.
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For this purpose the amorphous hydroxide was aged at a citrate concentration of 6-7 x 10~ :i molar at pH values between 8 and 14. The alkaline
range was chosen first because it is easier to obtain crystalline material
at high pH values. Future experiments will be conducted at pH values
closer to soil conditions. After ageing, the citrate retained by the hydroxide
was determined, as well as the crystalline forms and the amorphous portion
of the hydroxide.
Figure 2 shows the results. The amorphous proportion as well as the
citrate retained were plotted against pH after ageing (slight pH decrease
during ageing) for two series of experiments. It is obvious that both curves
are roughly parallel. From this it seems reasonable to assume that citrate
retards crystallization predominantly by adsorption onto the hydroxide.
The mechanism of this adsorption is not known in detail. However, the fact
that its amount decreases with increasing pH suggests a reaction of the
following general type where the Fe is a 6-coordinated atom within the
hydroxide surface:
-Fex(OH)mn

+ m(citr.y-

^ -Fex(citr.)m

+ m.nOH~

pH nd Amorph
Alttrg
Anteil

mv^M'^v^^

098

V k *^vv^'V A ^^

9.37

0 96

10.67 0S7

12 55

20

30

40

2 9

003

(CoKt)

Fig. 3.—X-ray diffractograms and amorphous proportion of aged ferric
hydroxide in the presence of citrate (6-7 x 1 0 - : t m o l / 1 ) at various pH.

Typical X-ray diffractograms are shown in Figure 3. Below pH 10 the
hydroxide remained X-ray amorphous in the presence of citrate whereas
without citrate (not shown) goethite and haematite were formed (Schwertmann, 1959, 1965). At pH above 12 only goethite was formed, there
being no difference to systems with and without citrate. This seems logical
since no citrate was retained at this pH. Between pH 10 and 12, in the
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presence of citrate, the crystalline material was haematite only, whereas,
in the absence of citrate the formation of goethite as well as haematite was
observed. Thus, goethite formation is suppressed by citrate, so that considerable proportions of the hydroxide remained amorphous (oxalate soluble).
Under the electron microscope the "citrate haematite" appeared to be
lath- or needle-shaped (Figure 4 b-d) instead of forming hexagonal plates
as expected (Figure 4 a, e) (Mackenzie and Meldau 1967). Therefore
its crystal habit is very similar to goethite (Figure 4 f).

•
Fig. 4.—(a) Ageing cf amorphous hydroxide at ca pH 11 without citrate:
Mixture of goethite, haematite and residual amorphous hydroxide (20000 x)
(b) same as a, but with citrate (citrate cone. 2-5 x 10-;t mol/1):
Haematite with modified crystal habit (20000 x)
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Fif;. 4.— (c. d) Two further haematite samples with modified crystal habit
(20000 x)

A detailed study of the X-ray diffractograms of hexagonal and lathshaped haematites offers an explanation of this crystal modification
(Figure 5). The ( 1 0 4 ) / ( 1 1 0 ) intensity ratio of oriented X-ray specimens
(Figure 5) has changed considerably. With hexagonal crystals this ratio
is usually higher than 1. Larger haematite plates (micaceous haematite)
favour better orientation which in turn increases the (104) / (110) ratio.
A value of 1-4 was measured with a non-oriented specimen (mixed with
cork powder). This value increased to 5-0 by careful orientation of large
flakes (Figure 5 d ) . This is due to an increased participation of basal or
near basal planes in the reflection of X-rays.
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Fig. 4.— (e) Natural haematite from a latcsol (Borneo) (20000 x)
(f) Synthetic goethite (40000 x).

With lath shaped haematite, on the other hand, the reflected intensity
of a prismatic plane (110) is increased. Consequently the ratio ( 1 0 4 ) /
(110) falls below 1 (Figure 5 b). This shows that on the glass slide
haematite crystals are no longer lying on a basal plane (which is the case
of the hexagonal crystals) but on a prismatic plane. Avoiding orientation
the difference between the diffractograms of the two different crystal habits
disappears.
From these results it may be justifiably concluded that in the presence
of citrate the haematite crystal grows preferentially in the c-direction. i.e.
at the basal planes, whereas the growth at the prismatic planes is partly
inhibited. This is probably caused by a preferential citrate adsorption on
prismatic planes. A more detailed examination of this problem is necessary.
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Fig. 5.—(104) and (110) reflections cf various haematites in samples with
preferred orientation
(a) Synthetic haematite prepared by ageing cf amorphous ferric
hydroxide
(b) as a, but prepared in the presence cf citrate
(c) Haematite (micaceous) from Elba, ground
(d) same as c, but unground (large flakes).

CONCLUSIONS

Although these experiments should now be extended to lower pH
values common for soils it may be concluded that the retention of organic
compounds by the amorphous ferric hydroxide may prevent it from
crystallization and explain the high amounts of amorphous hydroxide in
soils. This is especially true for temperate humid soils where conservation
of organic matter is rather good. This confirms results obtained with
numerous soils of the temperate region in which soil profile horizons with
an accumulation of organic matter (e.g. surface horizons, podsol illuvial
horizons) have higher ratios of oxalate- to dithionite-soluble Fe, indicating
higher proportions of amorphous hydroxide. The same applies to concentrations of hydromorphic soils containing more organic carbon than the
surrounding material.
The organic compounds influence not only the rate of crystallization
of iron oxides, but also the type of oxide formed and its crystal habit.
Therefore it seems reasonable to assume that the ratio of goethite to
haematite formed in soils might also be governed by the presence of
certain organic compounds. In view of the fact that the difference in the
stability of these two compounds is very low (Wefers 1966) small changes
in the system may lead to a significant change of the ratio in which they
will be formed.
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SUMMARY

The crystallization of artificial and natural amorphous ferric hydroxide
is significantly retarded or even inhibited by organic compounds. This was
confirmed by experiments using citrate as a model organic compound. In
I he alkaline range crystallization is inhibited above a certain narrow range
of citrate concentration, this concentration being lower at pH 10 than at
pH 12 (A p [citrate] ~ 2).
The inhibition can be explained by some kind of citrate retention by
the hydroxide as shown by parallel measurements of the citrate remaining
in solution. Ageing and citrate retention are strongly pH dependent
showing an OW-citrate competition.
In the neutral pH range where ageing is relatively slow, even without
citrate, the same influence of citrate was recorded although the concentration range appeared to be much broader.
Lath- or needle-shaped haematite crystals are formed in the presence
of citrate instead of the usual hexagonal plates.
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X-ray diffractograms showed that this modification is due to a typical
preferential growth along the c-axis, whereas the growth along a and b
axes is retarded, presumably due to preferential citrate adsorption on
prismatic planes. The significance of these results regarding iron oxide
formation in soil is discussed.
RÉSUMÉ

La cristallisation de 1'hydroxyde ferrique amorphe artificiel ou naturel
est retardée d'une maniere significative, ou même interdite par des composes
organiques. Cela fut confirmé par des essais utilisant le citrate comme
compose organique modèle. Dans le domaine alcalin, la cristallisation est
interdite au-dessus d'une certaine gamme étroite de concentration de
citrate, puisque cette concentration est plus basse a pH 10 qu'a pH 12
(A p [citrate] ~ 2 ) .
On peut expliquer cette interdiction par quelque sorte de conservation
du citrate par 1'hydroxyde, démontrée par des mesurages parallèles du
citrate restant en solution. Le vieillissement et la conservation du citrate
dependent beaucoup du pH, et montrent une concurrence entre YOH et le
citrate.
Dans 1'étendue de pH neutre ou le vieillissement est relativement lent,
même sans citrate, on pourrait noter la même influence de citrate, bien que
le domaine de la concentration parüt beaucoup plus large.
Des cristaux de hematite de forme d'aiguille ou de latte sont formes en
presence de citrate, au lieu de la forme usuelle de plaques héxagones.
Des diagrammes de diffraction par rayons X montrèrent que cette
modification est due a une augmentation préférentielle typique le long de
1'axe c, tandis que 1'accroissement le long des axes a et b est retardé, du
probablement a 1'adsorption préférentielle de citrate sur des plans prismatiques. On discute ici la signification de ces résultats a 1'égard de la
formation d'oxyde ferrique dans le sol.
ZUSAMMENFASSUNG

Die Kristallisation von natiirlichem und synthetischem amorphen
/*>III-hydroxid wird durch organische Substanzen verzogert oder sogar
verhindert. Dies wird in Versuchen mit Citrat als Modellsubstanz bestatigt.
Im alkalischen Bereich wird oberhalb eines engen Citrat-Konzentrationsbereiches die Kristallisation des frischgefallten Hydroxids bei mehrtagiger
Alterung bei 80-90°C verhindert. Die Grenzkonzentration ist bei pH 10
um ca. 2 Zehnerpotenzen kleiner als bei pH 12. Der Kristallisationsverhinderung geht eine Citratsorption durch das Hydroxid parallel. Alterung
und Citratsorption sind />W-abhangig und lassen auf eine Citrat- OHKonkurrenz schliessen.
Im neutralen Bereich, in dem die Alterung ohnehin wesentlich langsamer erfolgt, ist der Citrateinfluss zwar deutlich, erstreckt sich jedoch
aufeinen grosseren Konzentrationsbereich.
Die Hamatitkristalle, die in Gegenwart von Citrat entstehen, bestehen
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nicht aus sechseckigen Blattchen wie beim normalen Hamatit sondern aus
Nadeln oder Leisten. Röntgenbeugungsdiagramme lassen den Schluss zu,
dass dies durch bevorzugtes Wachstum in Richtung der c-Achse bedingt
ist, wahrend das Wachstum in der Bliittchenebene verzögert wird. Dies ist
wahrscheinlich durch eine bevorzugte Zitratsorption an den Prismenflachen
bedingt.
Die Bedeutung dieser Befunde fiir die Eisenoxidbildung im Boden wird
erörtert.

IRON HYDROXIDES AND CLAY SURFACES
D. J. GREENLAND AND J. M. OADES
Department of Agricultural Biochemistry and Soil Science, Waite Agricultural
Research Institute, University of Adelaide, South Australia
INTRODUCTION

Recent work on the changes in physical properties associated with the
removal of free iron oxides from a number of red soils (Deshpande, Greenland and Quirk, 1964a and b, 1968) showed that most of the iron was
present in small, discrete, negatively charged particles which had relatively
little effect on the physical and physico-chemical properties of the soil.
Aluminium oxides and hydroxides and a small part of the free iron could
however be present in an active form coating the clay particles. Studies of
the clay fraction of these soils using the electron microscope (Greenland,
Oades and Sherwin, 1968) confirmed that much of the free iron was
present as small, discrete particles, and treatment of the soils with 0-5 M
calcium chloride at pH 1-5 was shown to remove the "active" oxides
which were responsible for most of the positive charges developed by
the soil (Tweneboah, Greenland and Oades, 1967). The active material
removed consisted predominantly of aluminium oxides, with some iron
oxides and silica.
Freshly formed iron hydroxides are known to be active in the sense
that they have high isoelectric points and are therefore predominantly
positively charged up to about pH 8 (Parks, 1965) and have very large
surface areas (Mackenzie and Meldau, 1959). They have also been shown
to associate with kaolin surfaces, at least at pH's below 5 (Follett, 1965)
and may impart a predominantly positive charge to the iron-hydroxidekaolinite complex (Sumner, 1963). However, little information is at
present available to indicate what factors control the association between
clay surfaces and iron hydroxides. Until these are established it is impossible to know whether iron hydroxide coatings on clays will be stable
in different soil conditions. The present work was undertaken to provide
more information on this point.
EXPERIMENTAL

The four clays used were: (a) from St. Austell, England, supplied by
English Clays Ltd.; (b) from Mesa Alta, U.S.A., supplied by Ward's
Natural Science Establishment, New York, and No. 9 of the clays described
in the American Petroleum Institute Project No. 45; (c) from Rotorua,
New Zealand, and (d) from Malone, Victoria. Both the Rotorua and
Malone clays have been previously described by Greenland and Quirk
(1962). Each of these was a well crystallized kaolinite free of any other
minerals which could be detected by X-ray diffraction powder photography.
657

658

D. J . GREENLAND AND J . M. OADES

Prior to use, they were washed with 1M NaCl either at pH 3, or at pH 6,
and then distilled water until the washings were C/-free. Three methods
have been used to precipitate iron hydroxides on the clay:
A. Oxygen was bubbled through a 0 - 5 % suspension of the clay in
0-2% Na2CO:i and 1-5% FeS04 solution added dropwise over about 2
hours. The suspensions of pH 8 to 9 were washed free of salt with distilled
water and dried at 60°C. X-ray examination of the complexes indicated
only very poorly crystalline goethite to be present in addition to the kaolin.
B. To 0 - 5 % suspensions of clay, FeS04, Na^Os,
and KIO^ were
added to make the solution 0-2M, 0-4M and 0- 1M with respect to each.
The pH of the suspensions was close to 3. They were shaken for 30
minutes, allowed to stand 16 hours, washed free of salt and dried at 60°C.
The complexes contained kaolinite and lepidocrocite.
C. 0 - 1 % FeCl.i solution was added to dry clay to make a 0 - 1 %
suspension and then concentrated (0-88) ammonia solution added dropwise
until the pH reached the required value. The suspensions were shaken for
1 week, the pH being adjusted if necessary during that time, washed with
distilled water and dried at 60°C. X-ray examination of the complexes
revealed no diffraction lines other than those of kaolinites.
X-ray powder photographs of the kaolinite-iron oxide complexes were
obtained using an 11 cm. camera and Co radiation. Specific surface areas
were obtained from the nitrogen adsorption isotherm at —196°C, after
outgassing the samples for several days at 70°C. For electron microscopy
drops of 0-02% suspensions in distilled water were spotted onto carboncollodion coated grids and examined in a Philips EM 100 electron microscope. Total chemical compositions of the kaolinite-iron complexes were
determined by X-ray fluorescence spectroscopy after ignition of the complexes at 1.000°C.
RESULTS AND DISCUSSION

The precipitation of iron at pH's above 9 produced a mass of very
small particles, acicular when they were goethite (Figure 1) and spherical
when a non-crystalline gel was formed (Figure 3). For the St. Austell,
Malone and Rotorua kaolinites there appeared to be little direct association
of clay and iron hydroxide beyond that to be expected when a mass of very
fine particles are dried in a mixture with fewer, larger ones. The specific
surface areas of the kaolinite-goethite complexes increased approximately
linearly with increasing amounts of iron (Table 1), in accord with the
apparent independence of the kaolinite and iron hydroxide. The specific
surface areas calculated for the iron hydroxides were in satisfactory agreement with the observed crystal sizes, and provided evidence that the
material observed in the electron microscope was typical of the whole.
The values obtained for the iron hydroxides precipitated with the
Rotorua kaolin were lower than the others (Table 1). The electron micrographs gave no indication of why a lower apparent area should be obtained
for the complexes with this clay. One possibility is that there is a layer of
ferric hydroxide on the clay surface, only a few atoms thick and not suffi-
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cient to make any observable difference to the electron density of the
particles. If the specific gravity of the adsorbed layer is taken as 4 the
amount of iron required for a layer 9A deep covering completely a clay of
surface area 38 m-'/g is 12% by weight of clay.
TABLE 1
SURFACE AREAS OF KAOLIN1TE-IRON HYDROXIDE COMPLEXES

Kaolinites + Poorly Crystalline Goethite
St. Austell
a/w
+
-

Malone

Fe

Ax

A2

16-9
16-9
23-4
33-2

29
38
69
95

103
156
250
258

ajw
+

Rotorua

Fe

A,

A2

15-7
15-7
22-1
32-4

53
55
61
80

246
258
215
213

ajw
+
+
+

Kaolinites + Lepidocrocite
St. Austell

Fe

A-L

A%

ajw

Fe

Ai

A2

17-7
17-7
24-1
23-4
34-2
34-2

42
45
59
55
75
76

60
77
125
112
146
149

+

17-5
19-2
31-5

60
38
74

259
123
196

+

Kaolinites + Iron Hydroxide Gel

Mesa Alta

St. Austell

ajw

Fe

Ax

ajw

Fe

A,

+
+
+

16-1
19-4
30-0

24
26
20

+

15-5
17-7
29-2
29-2

12
16
20
27

+

Mesa Alta

ajw

Fe

+ 5 - 9
+
6-8
+
10-5
+
12-0
+
12-1

Mesa Alta

pH

At

ajw

Fe

3
4
5
6
7

4
18
37
46
49

+
+
+
+

8-9
11-9
10-9
110

pH

A,

3
5
6
7

53
59
42
51

Specific surface area of kaolinites:
St. Austell, 14 m2/g. Mesa Alta, 18 m2/g. Rotorua, 38 m2/g. Malone, 17 m2/g.
ajw = + , kaolinite washed at pH 3 prior to Fe precipitation; —, no prior pH 3 washing
of kaolinite.
Fe = g Fe2Oa per 100 g of ignited complex.
Ax = area of complex determined by ity2 adsorption, m2/g.
A2 = derived area of Fe hydroxide in m2/g. F<?20;, calculated from

A2 = —

S.-

Se(l-WFe)

WK.
= wt Fe2OJg ignited complex, S„ = area of complex, and Sc = area

where WFe
of clay.
pH = pH at which gel was precipitated.

The Mesa Alta kaolinite behaved somewhat differently. While the mass
of independent iron hydroxide crystals was still present, the electron micrographs invariably showed the kaolinite particles to be embedded in an
electron dense mass (Figure 1). In spite of this the derived areas were
only slightly less than those for the iron oxides in the complexes with the
Malone and St. Austell clays.
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Fig. I.—Rotorua kaolinite (upper) and Mesa Alta kaolinite (lower) with
15% by weight of goethite. Line in print indicates 1M.
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Fig. 2.—St. Austell kaolinite (upper) and Mesa Alta kaolinite (lower) with
2 0 % by weight of lepidccrocite. Line in print indicates 1M.
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The precipitation of lepidocrocite using method B occurs at about pH 3.
In this instance well formed needles of lepidocrocite were present with the
kaolinite and in addition poorly organised electron dense material could
be observed scattered over the surfaces of the clay particles (Figure 2).
The specific surface areas of the complexes were less than, or only slightly
greater than those of the original kaolinites (Table 1) confirming that only
part of the iron hydroxide was present as a separate phase. Where the area
is less than that of the kaolinite some of the kaolinite crystals must be
cemented into a larger mass by the lepidocrocite, since the lepidocrocite
needles were invariably smaller than the kaolinite particles.
Again the Mesa Alta kaolinite complexes appeared to behave somewhat
differently, many particles appearing which were quite free of electron dense
material on their surfaces (Figure 2), although the surface areas of the
complexes again were in line with those of the other clays.
One factor in the association of lepidocrocite with the surfaces of the
kaolin particles could have been the low pH at which precipitation occurred.
At this pH the hydroxide has a relatively large positive charge so that it is
attracted by the negatively charged surfaces of the kaolin particles. The
poorly crystalline goethite was precipitated at pH 8-9 where it carries
little charge.
To examine the effect of pH more systematically ferric hydroxide gels
were precipitated on the St. Austell and Mesa Alta kaolinites at pH's
between 3 and 7. At pH 3 a fine "pepper" of iron hydroxide coated the
clay particles (Figures 3a and 4a) and no separate phase was apparent,
although a few particles embedded in an electron dense gel were observed
(Figure 5). Formations such as those shown in Figure 5 tended to break up
in the electron beam, and as they were uncommon some uncertainty must
remain regarding their origin. Occasionally the carbon film was seen to tear
away from the underlying collodion and form electron dense spots and
masses. It is possible but unlikely that the gel in Figure 5 was formed in
this way. After precipitation at higher pH's the surface "spots" were less
common (Figures 3b and 3c and 4b and 4c) and a fine mass of tiny
crystals was apparent, similar to that seen when the gel was precipitated at
pH 8-5 or when goethite was precipitated.
For the St. Austell kaolin the surface areas of the complexes increased
with increasing pH (Table 1). They did not contain equal weights of iron,
but if the area per unit weight of Fe+O,,, was calculated as for the goethit
preparations the results again increased rapidly as the pH increased. This
could be due entirely to the effect of pH on the association of iron with the
clay, the increasing proportion of non-associated iron at higher pH's giving
rise to the larger surface areas. However the results obtained with the
Mesa Alta clay show that other factors must be considered. While the
electron micrographs show that at low pH the iron was almost entirely
associated with the clay surface, the particles on the surfaces were much
finer, and the surface area did not fall to the low value shown by the St.
Austell clay. Also at pH 7 the clay particles appeared to be mostly
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5a

3b

*

3c

Fig. 3.—St. Austell kaolinite plus 6 to 12% of ferric
hydroxide gel precipitated (a) at pH 3 (b) at pH 5
(c) at pH 7. Line in print indicates 1M.
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4a

4b

4c

Fig. 4.—Mesa Alta kaolinite plus 8 to 12% cf ferric
hydroxide gel precipitated (a) at pH 3 (b) at pH 5
(c) at pH 7. Line in each print indicates 1M.
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Fig. 5.—St. Austell with ferric hydroxide gel precipitated at pH 3. This
form of gel is unstable in the electron beam. Line in print indicates 1M.

enveloped by the iron hydroxide gel, as when goethite was precipitated at

pH&5.
The St. Austell and Mesa Alta clays on which iron hydroxide was
precipitated at low pH were almost completely freed from iron by treatment
with 0-02M sodium citrate or 0-02M NaH-.PO^. Some iron hydroxide
remained adhering to the kaolin surfaces but large areas were completely
"cleaned" by these procedures (Figure 6). Fulvic acid at pH 4 also
removed the apparent surface coatings. This observation is important, since
it indicates that in surface soils with a relatively high content of organic
acids iron hydroxide coatings on clay particles are unlikely to form. This
does not imply that translocation of iron necessarily occurs in the soil.
It seems more likely that the organic acids are adsorbed on the surfaces
of the iron hydroxide particles, so that they develop a negative charge and
do not associate with the clay. It has been suggested elsewhere (Tweneboah,
Greenland and Oades, 1967; Greenland, Oades and Sherwin, 1968) that
the "free iron oxides" have an apparent negative charge due to sorption of
silica and phosphate. The present work and that of Schwertmann (1966)
indicates that adsorption of organic acids is also an important process
determining the characteristics of the iron oxides and hydroxides in soil
clays.
All the results considered refer to the freshly formed complexes.
Further changes probably occur as they are aged.
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Fig. 6.—St. Austell kaolinite with ferric hydroxide gel precipitated at pH 3,
stood for 48 hours in 0 - 0 2 M Na citrate and washed with distilled water.
Line in print indicates 1M.
CONCLUSIONS

The association of iron hydroxides with clay surfaces is dependent on
the surface characteristics of the iron compound and the clay and the
properties of the medium in which they are dispersed. The mineralogical
form of the iron compound appears to be of little importance in comparison with the influence which sorbed anions have on its charge charac-
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teristics. The behaviour of the clays studied shows that important differences occur between apparently similar, well crystallized kaolinites in their
ability to accept surface coatings of iron hydroxide. Probably the extent
and charge characteristics of the clay surfaces are involved. Sorption of the
iron hydroxides occurs more readily when the pH of the surrounding
medium is low, but with some clays and in some circumstances it appears
that sorption can occur irrespective of the pH of the medium. Previous pH
3 washing of the kaolins did not affect their subsequent behaviour towards
the iron compounds. These conclusions generally accord with those of
Fripiat and Gastuche (1952), except that no evidence was obtained that
pretreatments of the clay with dilute acid (pH 3) made any difference to
its ability to accept a coating of iron hydroxide.
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SUMMARY

Iron hydroxides have been precipitated in the presence of four
kaolinites. The preparations were examined in the electron microscope.
Goethite precipitated at pH 8-5 mostly showed little association with the
clay surfaces, and the surface areas of the complexes indicated that most
of the iron was present as a separate entity. Lepidocrocite precipitated at
pH 3 was at least in part associated with clay surfaces and surface areas
indicated that some of the clay surfaces had been bound together by the
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iron hydroxide. Ferric hydroxide gels form a "pepper" on the clay surface
at pH 3, but are removed from the clay surface readily by citrate,
phosphate or fulvic acid solutions.
RÉSUMÉ

Des hydroxides de fer furent précipités en presence de quatre
kaolinites. Les preparations furent examinees dans un microscope électronique. La goethite précipitée a pH 8,5 montra, pour la plupart, peu
d'association avec les surfaces argileuses, et les zones de surfaces des
complexes indiquerent que la plus grande partie du fer etait présente comme
entité séparée. La lépidocrocite précipitée a pH 3 fut, au moins en partie,
associee avec des surfaces argileuses, et les zones de surface indiquerent que
quelques-unes des surfaces argileuses avaient été liées par 1'hydroxide de
fer. Les gels d'hydroxide ferrique forment un "poivre" sur la surface a pH
3, mais ils sont faciles a enlever avec des solutions de citrate, de phosphate,
ou d'acide fulvique.
ZUSAMMENFASSUNG

Eisenhydroxyde wurden in Anwesenheit von vier Kaoliniten ausgefallt.
Die Prliparate wurden in einem Elektronenmikroskop untersucht. Goethit,
ausgefallt bei PH 8,5 zeigte meistens wenig Gemeinsames mit den Tonoberflachen, und die Oberflachen des Gesamtkomplexes zeigten, dass das
meiste Eisen als separate Einheit vorhanden war.
Lepidocrocit, ausgefallt bei PH 3, war wenigstens teilweise mit den
Tonoberflachen verbunden, und Oberflachen zeigten dass einige der Tonoberflachen zwangslaufig mit Eisenhydroxyd gebunden waren.
Eisenhydroxyd-Gele formen einen "Pfeffer" an der Tonoberfl'ache bei
PH 3, werden aber leicht von der Oberflache durch Lösungen von Zitrat,
Phosphat oder Fulvosauren entfernt.

SPECIFIC ADSORPTION O F ANIONS
ON G O E T H I T E
F. J. HINGSTON*, R. J. ATKINSON, A. M. POSNER AND J. P. QUIRK
Department of Soil Science and Plant Nutrition,
University of Western Australia
I. INTRODUCTION

The surface of goethite consists of a layer of Fe>+ ions octahedrally coordinated with OH ions and H20 molecules. OH~ and H>0 ligands constitute the inner Helmholtz plane (I.H.P.) and as such are specifically
adsorbed at the surface (Grahame 1947; Bockris, Devanathan and Muller
1963). Non-specifically adsorbed ions are either in the diffuse GouyChapman layer or at the outer Helmholtz plane, separated from the surface
by at least one water molecule.
At hydroxide surfaces H+ and OH are potential determining ions
(Parkes and de Bruyn 1962) which are adsorbed at the I.H.P. A net
positive charge causes non-specific adsorption of anions and a net negative
charge adsorption of cations. In contrast, specific adsorption of anions can
occur irrespective of the sign of the net charge (Hingston, Atkinson, Posner
and Quirk 1967a; Hingston, Posner and Quirk 1967b). In a mixed system
of non-specifically adsorbed anions, at constant ionic strength, the positive
charge of the surface is independent of the nature of the anions and the
proportion of each anion bound to the surface is the same as it is in
solution. If. however, one of the anions is specifically adsorbed (e.g. phosphate, sulphate) the charge is decreased and the anion is bound to a greater
extent than would be expected from its proportion in solution.
II. METHODS

(a) Preparation and properties of goethite
Goethite was made from ferric chloride solution, which was aged at
pH 12 and 60°C for 48 hours. The precipitate was washed free from
chloride and stored as a suspension. It consisted wholly of goethite as
needle-like crystals about 1/u, long and 0 03/u wide with a surface area
(B.E.T.) of 32m-/g(b) Analysis for anions
Silicate, arsenate and fluoride were determined by standard colorimetric
procedures (Boltz 1958). Pyrophosphate and tripolyphosphate were hydrolysed to orthophosphate which was measured colorimetrically (Murphy and
Riley 1962). Selenite solutions were standardised gravimetrically (Vogel
1962) and changes in concentration were measured by counting Se7r'.
* C.S.I.R.O., Division of Soils, Regional Laboratories, Western Australia.
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(c) Adsorption isotherms
NaCl was used to maintain constant ionic strength and small quantities
of NaOH or HCl were added to adjust the pH. The adsorption of anion
was determined from the decrease in solution concentration.
Curves at constant pH were found by interpolation from the results of
experiments carried out at a number of pH values and solution concentrations.
(d) Reversibility
Adsorption of selenite and phosphate was checked for reversibility at
equilibrium using isotopic exchange of Seir' and P:i~.
Desorption was attempted by removing the equilibrium solution and
replacing it with a solution at the same pH and ionic strength but without
phosphate or selenite.
III. RESULTS

(a) Reversibility and Washing at Constant pH and Ionic Strength
Isotopic equilibrium was established in about 7 days for both selenite
and phosphate adsorption. Hence, a dynamic equilibrium exists between the
adsorbed anions and those in solution.
However, as shown previously for phosphate by Kafkafi, Posner and
Quirk (1967), and Muljadi, Posner and Quirk (1966), decreasing solution
concentration of selenite at constant pH and ionic strength resulted in very
little desorption.
(b) Adsorption "Envelopes"
At any particular pH there is a maximum adsorption for specifically
adsorbed ions (Muljadi et al. 1966). When the maxima were plotted
against pH, curves termed adsorption "envelopes" (Figure la) were
obtained. The "envelopes" also showed maxima and/or breaks in slope at
pH values which were well correlated with pK values of the acid forms of
the anions (Figure l b ) .
(c) Isotherms at Constant pH
At constant pH, adsorption for most anions (e.g. phosphates, selenite,
silicate) conformed to the Langmuir isotherm (Figure 2a).
KL (Total Anion Cone.)
Amount adsorbed = Maximum amount adsorbed-,
1 -f-A^_ (Total Anion Cone.)
The variation in the maximum amount adsorbed with pH is described under
(b). The points for fluoride (Figure 2b) deviated from the Langmuir curve.
KL is a function of pH which can be derived by application of the law of
mass action, e.g. to the reaction,
Ke
Surface — OH + SeOz~ ^ Surface — Se03 + OH- or the equivalent,
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KeK

Surface - OH +

HSe03

Kw

Surface - Se03~ +

H20

to give the relationship,
KiK (/ƒ+)
(H+)+K

A,

(1)

where,
A: is the dissociation constant for HSe03 ,
*£
( 0 / / - ) ( 5 e 0 3 = adsorbed)
K
=
1
~~ Aw' e ~ (Se0 3 = ) (Ö7F adsorbed)
Ke is the exchange constant, and Kw is the dissociation constant for water.
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The effect of pH on KL, predicted by equation ( 1 ) , was found to agree
with the results for adsorption of selenite (Hingston et al. 1967b) and
phosphate (unpublished data). Figure 2c shows that the pK of the anion
is probably related to the Ke. An analogous relationship is observed between
the ligand exchange constant and the basicity (pK) of the ligand for
complex formation in solution (Bailar 1956).
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(d) Competition between Specifically Adsorbed Ions
The results given in Figure 3 show that (i) the effects of the anions
are complementary rather than additive (Figure 3c), and (ii) the ion,
which when present alone increases the negative charge to the greatest
extent, is adsorbed preferentially.
Similar results have been obtained for mixtures of phosphate and
selenite.
Studies of competition between weak organic acids or bicarbonate and
phosphate (Nagarajah, personal communication) and between silica and
phosphate (Raupach and Piper 1959) have shown also that the amount
of an anion that can be desorbed by a competitor depends on the sequence
of adsorption.
IV. DISCUSSION

The correlation (Figure l b ) between pK values and pH for changes in
slope of the adsorption "envelope" could arise because specifically adsorbed
spscies, able to donate and accept a proton, must exist simultaneously on the
surface. Protons associated with the adsorbed species lower the average
negative charge on the bonding atom of the anion below its maximum value.
A lower average negative charge on the anion permits a coordinate link
to be formed between the anion in the I.H.P. and Fe3+ in preference to a
link between OH~ and Fe* + . At pH values where only fully charged
anions (e.g. POf ) are present in solution adsorption is not favoured
because the average charge on the bonding atom of the anion is too
negative. However at pH values not too far from the pK of the acid, fully
charged anions are able to accept a proton from a surface with a net positive
charge to be specifically adsorbed (e.g. S04-~, F~). Where only undissociated acid (e.g. H4Si04, HF) is present, specific adsorption is not
favoured because the species has no charge to allow binding with Fe 3 + .
A consequence of the involvement of a proton is its partial neutralisation
by exchanged hydroxyl to give the surface an increased negative charge.
Taking into account the charge requirements for specific adsorption, the
shape of the adsorption envelope for a simple weak acid, e.g. HF, should be
described by a function 2 F \ / a ( l —a), where a is the degree of dissociation
of the acid and V is the maximum adsorption at pH = pK (Hingston et al.
1967a). For polybasic acids the envelope shape is described by the same
function as for monobasic acids at pH values where the most highly
charged species or the undissociated acid predominate in solution. But,
between pH values where partially protonated species (e.g. HPOi-~)
predominate in solution, the envelope is less affected by pH (Figure la)
because partially protonated species can either donate or accept a proton.
Interactions between partially protonated anions on the surface would
depend on the charge on the anion, and breaks in slope of the envelope
would occur as the lower pK values are negotiated (Figure l b ) .
Examples of possible reactions at the surface and consequent changes
in net charge are illustrated in the following equations, in which the
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braketed ions are octahedrally coordinated with Fe* + hence the average
charge binding each ligand is +i.
(a) Reaction at a positive site.
OH2+0b

i

Ct

NaF

0// 2 +o.5

f-0-5

NaCI

0//2+

05

(b) Reaction at a neutral site and at pH values greater than the 3rd pK
for H3PO4.
All the following reactions can occur but the average charge added to the
surface/anion adsorbed is always less than — 3.
O// 2 +0.5- ° + Na3P04

OH

^POiH'-i-s

- 3 . . 3A/Ö+

"

05

+ NaOH

0 5

OH -

+ H20

and

om+0-5'
OH -o-s 1

°+

NQZHPOA

^ POiH2-0-b
0Hr-0.5

- 1 . . /Va+

?=iPOiH-™'

+ NaOH

OH'

05

- 2 . . 2M?+
+ H2O

The surface charge and amount of anion adsorbed can be varied independently, therefore both charge and anion concentration must be specified
to describe the system fully. In the presence of excess anion the amount
adsorbed is limited by the charge the surface can attain.
The surface can induce ionization of some species (e.g. H4Si04) to
allow adsorption outside the expected range of pH values. Although H +
ions are produced by this ionization the amount is always less than stoichiometric because some of the OH~ from exchange is always retained by the
surface to increase the negative charge.
Comparing anions at their highest PK (Figure 1), arsenate and the
three phosphates are adsorbed to the same amount on a molar basis. This
could arise because the part of the anion coordinating with Fe?,+ is about
the same size in each case. The large amount of replacement of OH~ by
F probably reflects the similarity in size and properties of the ions. Size,
though important cannot be the only factor involved, for example selenite
and phosphate are similar in size yet selenite is adsorbed to a much greater
extent.
Competition between Specifically Adsorbed Anions
The observations made from the results indicate that anions are
desorbed by competitors only when the competitors can occupy sites in
addition to those already occupied by the anion and hence increase the
negative charge in the surface; for example, the increase in negative charge
produced by adsorption of selenite allows phosphate to be desorbed by
surface hydrolysis. Leaching at constant pH with chloride or nitrate
solutions cannot cause desorption by hydrolysis, because non-specific
adsorption of anions cannot increase the negative charge in the surface.
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V. SOIL TESTING

Application of the ideas suggested by studies of specific adsorption of
anions should give an improved basis for soil testing, and enable transport
properties of anions to be predicted in a manner discussed by Crank (1957
p. 121).
Consider a model anion-soil system (e.g. phosphate) for which the
isotherms at constant pH could be represented by those in Figure 2a.
At any point A, the solution concentration of phosphate in equilibrium
with the surface phosphate corresponds with the concentration that is
obtained in measurements of phosphate potential (Beckett and White 1964;
Barrow, Ozanne and Shaw 1965). The desorption experiments of Muljadi
et al. (1966), Kafkafi et al. (1967) and the present work show that at
constant pH the concentration of phosphate in the soil solution can be
decreased without changing the amount of surface phosphate (Figure 2a).
Therefore for some soils, Q/I (Beckett and White 1964) measured for the
part of the curves where phosphate is apparently desorbed, could be more
a function of dilution of the soil solution than of the isotherm. Although
there are too few data in the literature for this to be verified for soils in
general, Barrow et al. (1965) showed that the curves for desorption
differed from those for adsorption. In fact it would not be possible to move
along the isotherm from A to O because adsorption is reversible only with
respect to phosphate concentration and the concomitant change in charge.
Point E, for example, could only be reached by raising the pH, thus increasing the negative charge on the surface and allowing phosphate to be
desorbed to D. Part of the phosphate must then be removed from solution
and the pH lowered again, decreasing the surface negative charge and
allowing phosphate to be readsorbed to E.
Adsorbed phosphate can be taken up by plants (Lewis and Quirk
1967) in which case another specifically adsorbed anion (e.g. HCO-A~,
citrate) must be supplied by plant roots. Plants probably differ in their
ability to supply suitable anions and hence the phosphorus "available"
would differ from one plant to another. Adsorption studies indicate that the
only phosphate immediately "available" would be that in the soil solution.
These ideas are consistent with those discussed by Mattingly (1965).
The most reliable methods for determining the amount of potentially
available phosphate would be those using reagents which increase the
negative charge of the surface. The extent of the increase should approximate that possible by a plant-root through its exudate, either by increasing
the pH or by specific adsorption of another anion.
The most successful correlations between soil tests and uptake of phosphate by plants have been obtained for combinations of phosphate potential
measurements and bicarbonate soluble phosphorus (Olsen, Cole, Watanabe
and Dean 1954; Mattingly 1965). These properties are closely related to
the phosphorus specifically adsorbed at the surface of soil minerals and the
equilibrium concentration of phosphate in soil solutions. However, if
isotherm data include effects of competing anions they should provide an
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even better basis for predicting variations in both surface and solution
phosphorus.
VI.
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SUMMARY

The characteristics of adsorption support the idea that when some
anions are adsorbed on goethite they are co-ordinated with Fes + .
The maximum adsorption and the Langmuir constant relating the
amount of anion adsorbed to its solution concentration, are strongly pH
dependent. This dependence is accounted for by adsorption of both proton
donating and accepting anionic species. It is shown that (a) maximum
adsorption of anions of simple weak acids occurs at pH values corresponding with their pKs, and (b) that polybasic acids show inflexions in their
adsorption "envelopes" which are most marked at the highest and lowest
pKs.
Competition between specifically adsorbed anions depends on their
relative ability to increase the negative charge on the surface.
The ideas presented are used as the basis for discussion of soil testing,
particularly in relation to phosphorus potential measurements, bicarbonate
soluble phosphorus and use of isotherms for predicting the behaviour of
specifically adsorbed anions.
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RÉSUMÉ

Les caractéristiques de 1'adsorption appuient 1'idée que, en étant
adsorbés par Ie goëthite, quelques anions sont coordonnés avec Ie Fe 3+.
L'adsorption maximum et Ie constant Langmuir qui rapporte la
quantité d'anion adsorbée a sa concentration en solution, dependent fortement du pH. Ceci s'explique par 1'adsorption des deux espèces anioniques
donatrice et receveuse de proton. On démontre a) que 1'adsorption
maximum des anions des acides faibles simples s'effectue a des valeurs de
pH correspondant a leurs pKs et b) que les acides polybasés présentent
dans leurs 'enveloppes' d'adsorption des flexions qui sont accentuees Ie plus
aux pKs les plus hauts et les plus bas.
La competition entre les anions adsorbés spécifiquement, dépend de
leur capacité relative d'augmenter la charge negative a la surface.
Les idees présentées sont utilisées comme base pour une discussion des
études du sol, surtout par rapport aux mesures du potentiel du phosphore,
au phosphore soluble du bicarbonate, et a 1'utilisation des isothermes pour
la prevision du comportement des anions spécifiquement adsorbés.
ZUSAMMENFASSUNG

Die Adsorptionseigenschaften unterstützen die Idee, dass manche
Anionen, wenn sie auf Goëthite adsorbiert sind, mit Fe+ + + eingeordnet
sind.
Die Höchstadsorption und die Langmuirische Konstante, die das Verhaltnis zwischen der Menge adsorbierter Anionen und der Kozentration der
Lösung ausdrückt, sind stark /^//-abhangig. Diese Abhangigkeit wird der
Adsorption der Protoneu-schenkenden und—aufnehmenden anionischen
Spezies zugeschrieben.
Es wurde gezeigt, dass
(a) eine Höchst-anionenadsorption einfacher schwacher Satiren bei pHWerten, die mit ihren pK harmonisieren, stattfindet und, dass,
(b) polybasische Sauren Biegungen zeigen in ihren "Adsorptionshüllen", die sich bei den höchsten und niedriegsten pK am meisten
bemerkbar machen.
Eine Konkurrenz zwischen speziell adsorbierten Anionen hangt von
ihrer Fahigkeit, die negatieve Ladung zu vergrössern, ab.
Die vorgelegten Ideen werden als Grundlage für die Besprechungen von
Bodenuntersuchungen benützt, hauptsachlich mit Bezug auf Phosphorpotential-messungen, auf den in Bikarbonat löslichen Phosphor, und auf die
Benützung von Isothermen für die Voraussage des Benehmens der speziell
adsorbierten Anionen.

SURFACE FIELDS AND TRANSFORMATION OF
ADSORBED MOLECULES IN SOIL COLLOIDS
J. J.

FRIPIAT

Laboratoire de Physico-Chimie Minerale, Institut des Sciences de la Terre,
42 de Croylaan, Hever'.ee-Louvain (Be'gium)
INTRODUCTION

Of the various surface phenomena, the electrical field arising from the
charge balancing cations is considered to be responsible for the peculiar
behaviour of clays, zeolites and alumino-silicates. Their colloidal behaviour
in dilute aqueous solutions has been satisfactorily explained by the doublelayer theory. However, in a more dehydrated state, new effects are observed
which may be classified in the peculiar domain of surface chemistry. The
aim of this paper is to explore this domain and. in particular, to show the
effect of strong surface electrical fields on the properties of adsorbed
species. It is therefore essential to obtain quantitative estimates of the
magnitude of these fields.

0.866

0.693

0.520

0.346

0.173

Fig. J.—Field variation as a function of distance from site II and III cation
surfaces in various zeolites according to Dempsey (1967).
Full line: monopole; dashed line: total (monopole + dipole) field.
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A first and very rough approximation suggests that they are rather
strong since a unit positive point charge would create at a distance of 1A a
field of 0-48 X 107 esu, that is 1500 million volts per cm or 15 volts per A.
Such an estimate, however, is very questionable for two main reasons: (a)
the positive charge is not at a point and its action is to some extent balanced
by that of the negative site, and (b) the cations are surrounded by polarizab!e atoms which exert a "buffering" effect.
In a very few cases numerical calculations have been carried out in
order to obtain a theoretical estimate of the field arising from ionic surfaces.
In the special case of alumino-silicates a first attempt has been made by
Piekert et al. (1964) for calcium X-zeolites and a more detailed analysis
has been performed by Dempsey (1967) for Na and Ca X-zeolites.
Figure 1 shows the variation of the electrical field along the ternary
axis. The curve has been plotted in terms of the distance in Angstrom units
from the surface of the relevant cation. The dipole contribution of oxygen
decreases to some extent the total field, but, at first sight, important
variations are observed depending on the situation under consideration.
The values are of the expected order of magnitude, i.e. one to several volts
per A.
Although these results are useful, more direct evidence is needed in
view of the assumptions made in the theoretical calculations.
DIRECT MEASUREMENTS OF THE SURFACE FIELDS IN ZEOLITE

Uytterhoeven et al. (1965) have shown that on heating a Y-zeolite
saturated with NH+± ions, silanol radicals are produced as follows:
NH 4 +

<r

^>.!(-)^
/
^0(K

S

i

\
—
^ 0

>

^
0 ^

A

' \
/
^OCK

S

+

' \

NH

*

^ 0

Two kinds of OH groups are obtained in this manner: i.e. those directed
towards the large zeolitic cage and those directed towards the cubooctahedron. These two groups are subject to different electrical fields and
they therefore appear at two well defined frequencies in the infrared region
of the spectrum. The stretching vibration of the OHin„ (inside the cubooctahedron) has a frequency of 3570 cm^ 1 whilst that of the OH,, (in the
zeolitic cage) appears at 3680 c m - ! .
The theory of the surface field allows the following computation. The
fundamental Schrödinger wave equation applied to an oscillator of total and
potential energy E and K (x) , respectively, is
8VW

8772U

v+y|£_KWWl)

=0

(1)

The usual Morse relationship applicable to such an oscillator has to be
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corrected by an additional term (— qEvx) which represents the electrostatic
energy developed by the electrical field, parallel to x (and thus to the OH
direction) applied to the charge q, which experiences the displacement x:
Vu)=
where

D{\-e-"*f-qEvz

a = [2n2fiv20/D]1/2
D = dissociation energy

(2)

fi = reduced mass
v0 = the mechanical frequency of
the oscillator

The mechanical frequency is very close to the optical frequency v" obtained
for the classical oscillator for E]t = O. For Ev ¥ O the optical frequency v
appearing in the infrared region is related to v0 by relationship (3)
a / D \* /
TT\ 2/W

\

1-w
(l-w/2)

\
+

/

where
u = qEJaD

(4)

The stronger the electrical field, the lower is the frequency v with respect
to v„. It may be directly concluded that the field acting on OHms is stronger
than the field operating on OH,.. From the frequency shift, ;/ may b2
directly derived since from (3)
« = l - i ( v / v 0 ) 2 - ( v / v 0 ) V i + UtfXv/Vo)*

(5)
-1

The frequency of an unperturbed OH oscillator being 3750 c m a and D
being known. qEv is derived from n.
In order to obtain Ev, q must be known. It has been shown that the
absorption coefficient of the integrated intensities Av and A„ of the
perturbed and unperturbed OH oscillator is

AJAU = (v/v0)(qp/quYp

(6)

where p is a function of the square of the matrix elements

From (6) it follows that the ratio of the charges brought by the oscillators
in the two situations may be obtained from the change in intensity. Now,
consider an ellipsoidal cavity immersed in a continuous dielectric of
dielectric constant e and let the external electrostatic field be parallel to
the long axis of the cavity. A polarizable dipole M is placed at the centre
of the cavity. Let a be the polarizability of the dipole. Boucher (1952) and
Schoite (1949) have shown that a reaction field R is produced and that R
induces a dipole aR in the polarizable dipole such that:
—>
—> —>
R=f(M
+ xR)

(7)

ƒ is a function of e and of the geometry of the considered ellipsoid. Such a
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situation may be obtained by immersing the OH dipole in a physically
adsorbed inert gas.
Under the influence of the field the dipole moment has increased to a
new absolute value M* such as M*/M = (1 — fa)-1. Therefore, if it is
accepted that the length of the dipole does not change.
(M*)t

qPl

I-/2*
—
(o)
(M*) 2
qv%
1 -/i«
where subscripts (1) and (2) refer to two different physically adsorbed
inert gases. It may be concluded that physically adsorbed gases will change
both the intensity and the frequency of the OH oscillator in contact with
the liquefied species.
This has been clearly shown by White el al. (1966) from whom Figure
2 has been obtained. Since the OH., hydroxyls are those which are surrounded by the physically adsorbed species it is clear that the low frequency
OHinK band is not affected.
Table 1 shows a comparison between computed and theoretical values
for various adsorbates.
—

TABLE 1
"OBSERVED" AND "THEORETICAL" </„I/<7„2 A N D

EJEX

Observed
<{OHz)

0,
1/

CH,
Kr

3640
3643
3573
3617

Theo ret ical

£„/£,

<ivtllv\

EJE1

from
(6)

from
(5) and (6)

from
(8)

from
(8) and (6)

1-31
1-37
1-75
1-46

Ml
107
1-42
1-22

Irt/lvl

1 -36
1-37
1 -60
1-51

1-22
1 -23
1 -32
1 -28

This good agreement supports strongly the electrostatic model proposed to
explain both the frequency shift and the variation in intensity of the OH
bands due to physically adsorbed species. Moreover it substantiates the
computation of the field intensity.
If the charge of a proton in an OH oscillator, whatever its location in
the lattice, is assumed to be equal to that of the proton in water as proposed
by Burnelle and Coulson (1957). i.e. 0-2 X 1 0 - " ' esu, the electrostatic
field would be 6-5 V/A in the cubo-octahedron. These values are
the zeolitic cage and 16 V/A in the cubo-octahedron. These values are
higher by a factor of 3 when compared with those of Figure 1. To obtain
a better agreement, the charge of a proton of an OH group should be
0-6 X 10" 1 " esu. This is a reasonable approximation in view of the fact
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Methane
3576 Cm'

Krypton
1

-1

3570 Cm

Fig. 2.~Absorption of CHX and Kr by a F-zeolite which contained initially
31-77 and 9-97 NHt+ and Na+ cations respectively per unit cell (136 Si02;
57-076 A102). The numbers beside each spectrum indicate the numbers of molecules absorbed per unit cell at — 170°C.
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Fig. 3.—See opposite page for caption.
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that the repulsive effect arising from the trivalent AP+ cation is stronger
that that of the second hydrogen atom in a water molecule.
It may be concluded that an electrical field of the order of magnitude of
10s—I O" volts per cm is acting on OH groups present at ionic aluminosilicate surfaces. The next step is to describe some of the effects produced
by these high surface electrical fields.
CHEMICAL EFFECTS OF SURFACE ELECTRICAL FIELD

Consider a polarizable molecule characterized by a polarizability equal
to 10" 2 4 cm3 submitted to an electrical field of 1 volt per A, or 10s volt/cm
or 0-33 X 10' esu. The induced dipole amounts to 0-33 Debye unit (10~ 1 8
esu), i.e. a noticeable increase compared to the usual range of permanent
dipoles. The chemical consequences of such a situation result in loosening
some chemical bonds. It has been shown by Mortland et al. (1963) that
the water molecules at monolayer coverage on a montmorillonite surface
have a degree of dissociation higher than in bulk water. Fripiat et al.
(1965) obtained, from thermodynamic and electrical conductivity measurements, a value of about 1 0 - 2 for this degree of dissociation. Various
chemical reactions induced by this high acidity have been reported elsewhere. They are briefly summarized below:
(a) decomposition of Co(NH:i),?+ into N2, Co(OH)2, NH:< and NH4 +
(Chaussidon et al. 1962, Fripiat and Helsen 1966)
(b) formation of triphenylcarbonium ion from triphenylcarbinol (Fripiat
etal. 1964)
(c) decomposition of amines (Calvet and Chaussidon 1965)
(d) polymerization of amino-acids (Cloos et al. 1966, Fripiat et al. 1966).
As the transformation of organic molecules is of particular relevance to
soil chemistry, a more detailed example will be described below. The
sxperimental data are taken from unpublished results obtained by Poncelet.
Pennequin and Helsen (1967). Figure 3 shows the infrared spectrum of ethylammonium cations adsorbed by montmorillonite. together with the assignment of the main bands. Upon moderate heating in the air, as already

Fig. 3.—Infrared spectra of the ethylammonium-montmorillonite complex;
I: aged at room temperature; 3: heated in the air for 25' at 120°; 5: heated for
75' at 120°; 6: heated for 60' at 180°:
The proposed band assignment is as follows:
7 - 12/Li.
1402 c m : CH%
torsion
1420 cirr ] : NHt+
deformation
7M
+
6-9/x
1445 c i r r
: NHt
influenced by residual water
1480 crrr
: CH%
deformation
6-76^
6-62|u
1515 c m - 1 : NH3+
symmetric deformation
: H20
deformation
1618 c m 611M
5-80^
stretching
1725 crrr 1 : C = 0
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shown by Calvet et al. (1965), the first step of the reaction seems to be a
cleavage of the C-N bond with the formation of NH4 + cations balancing
the lattice negative charge. In agreement with the high acidity of the
residual water, such a reaction may be visualized as
C2HbNH3+ + H30+

> C 2 // 5 + + 7V//4+ + / / 2 0

As usually assumed in carbonium chemistry, the transient cation is destroyed probably according to the following reactions:
H

H

+

H

\

II
Cn//5+ + / / 2 0 - • H-C-C

: OH -» H30+ +

/
C = C

I I
H

H

/
H

H

\

H
*
with regeneration of H30 * and formation of ethylene.
Figure 4 gives the gas chromatographic analysis of samples collected
upon heating ethylammonium montmorillonite in the presence of 0>- As
suggested above ethylene was formed in both cases but methane was also
obtained and its concentration is much higher in the presence of 0>- The
formation of alkanes involves the presence of free radicals and this reaction
is strongly favored by 0>:

C2H.NH,+ + 02 + H,0

H

II II
1
HC- C : 0:01
\
II //

+NHS + OH

followed by
H20

2-OH

2

"~*

H20+\02

or
H

//

H

H-C-C

: O : O- +OH

-> H-C-C

II""
H H

II
: O : O : OH

II""
//

1

H-C-

1

//

O
/

C
\

H H
+ H20

OH

and
//

H-C-

1

//

O

C
\

-> C02 + CHt
OH
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CH2 = C — C H 3

(X10)

CH3

nC4H10(xiO )

CH3-C-CH3
I
CH3

C3 H 6

(X1CT)

(xl° )

C 3 H 8 (X3.10 )

!

C 2 H 4 (X3.10
C2 H 5 (x3o;
CH4(xicf)

Fig. 4.—Gas chromatographic analysis of the gases up to C4 obtained after the
complete decomposition of ethyl-ammonium-montmorillonite complex heated
for 6 hours at 300°C. The multiplier beside each peak indicates the intensity
a ttenuation coefficient.
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The presence of a transient carbonyl linkage is indicated by the C=0
stretching band which appears in the infrared spectrum of the alkylammonium clay after heating to 100°C in the presence of 02. The formation of COj might be more active at higher temperatures. The light
hydrocarbons found by gas chromatography represent only a fraction of the
organic materials formed by decomposition of amines. The main fraction,
which is not volatile, probably consists of a mixture of polymers formed by
a reaction such as
2HJC = CH2 •* CH:i -CH = CH - CH,
etc. . . . or cyclization leading to higher molecular weights and lesshydrogenated substances and finally to graphite. It is not the writer's
intention to suggest that this is the only manner by which soil organic
matter is formed but it is believed that the formation of carbonium cations
and alkyl radicals are, in general, very important features in this process.
In the last instance, all the mechanisms described may be related to
the high electrical field present in the vicinity of charged surfaces.
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SUMMARY

It has been recently shown that it is possible, by studying the vibration
band of surface OH groups, to evaluate the intensity of the electrostatic
field on a surface. In the case of decationated zeolites the intensity is of the
order of magnitude of 6-5 volts/A or 650 X 10!1 volts/cm at the vicinity
of the adsorption sites. Moreover, it has been shown that water and
ammonia molecules, adsorbed on similar surfaces, have dissociation
constants much higher than usual. Of course, both effects are intimately
related to one another, and the aim of this paper is to provide the basis for
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an explanation of these phenomena. Some instances of chemical transformations are given, which may be explained by the catalytic action of
surfaces.
RÉSUMÉ

On a montré récemment qu'il est possible par 1'étude de la bande de
vibration des OH superficiels d'évaluer rintensité du champ électrostatique
en surface. Dans Ie cas de zeolites decationisées 1'intensité est de 1'ordre de
6-5 volts/A ou 650-10" volts/cm a proximité des sites d'adsorption. Par
ailleurs on a montré que les molecules d'eau et d'ammoniac adsorbées sur
les mémes types de surfaces ont des constantes de dissociation beaucoup
plus élevées que la normale. Il est évident que ces deux effets sont étroitement reliés, et Ie but de ce papier est de fournir les bases qui permettent de
les comprendre. A titre d'exemple on montré quelques transformations
chimiques qui peuvent s'expliquer par Taction catalytique des surfaces.
ZUSAMMENFASSUNG

Es ist letzhin gezeigt worden, dass es möglich ist, durch Untersuchung
des Vibration bandes von OH Oberflachengruppen die Intensitat des
elektrostalischen Feldes auf einer Oberflache zu berechnen.
lm Falie der entkationisierten Zeolite liegt die Intensitat in der Grössenordnung von 6-5 Volt/A oder 650-101' Volt/cm in der Umgebung der
Adsorptionsstellen.
Es hat sich ausserdem gezeigt, dass Wasser-und Ammoniakmoleküle,
die auf ahnlichen Oberflachen adsorbiert sind, viel höhere Dissoziationskonstanten als üblich haben. Beide Wirkungen sind natürlich verwandt.
und das Ziel dieser Arbeit ist, die Basis für eine Erklarung dieser
Phanomene zu erbringen. Einige Beispiele für chemische Transformationen
sind gegeben, die durch die katalytische Wirkung von Oberflachen erklart
weiden können.
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The residual water present on montmorillonite has been shown to be
more acidic than ordinary water by several workers (Mortland et al. 1963,
Fripiat, Helsen and Vielvoye 1964, Russell 1965). Residual water as used
here refers to water remaining on the clay under air-dry conditions, with
one or two layers of water at the most, depending upon the exchangeable
cation. It includes that water remaining up to the dehydroxylation of the
mineral. This paper is an attempt to synthesize the results obtained with
various proton acceptors into a single viewpoint of this phenomenon and
its causes.
The following equilibrium describes the acid strength of hydrated ions:
[M(H20)x]+n

+ H20 ^ [M OH(H20)x_l]

+

"~l + / / 3 0 +

Thus, the production of protons from water molecules coordinated with a
central metal ion depends upon the nature of the metal ion. The extent to
which an O-H bond is weakened determines the extent to which the
equilibrium is displaced to the right. Thus, if the central metal ion is small
and has a high positive charge, a displacement of electrons towards it might
be expected, resulting in relatively easy removal of a proton by a base.
Conversely, if the metal cation is large and of low charge, the hydrated
system would be only weakly acidic. Table 1 presents some dissociation
constants indicating the acid strength of some hydrated cations in water.
TABLE 1
HYDROLYSIS DATA FOR SOME METAL IONS ( H u n t

Acid

Conjugate base

{.Fe (H,0)x J

[ Fe OH(H20)x x J

1963)

pK (25 C)
217

I

\_A10H(H,0)X ! J

502

[ Mg (H,Oh J

L Mg OH(H20)x_! J

11 -4

[ca(H20)x J

[caOH(H20)x

12-7

\_Na(H20)x J

I Na OH(H20) *_, J

[AI(H20)X

691

>J

14-6
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When these ions exist as the exchangeable cations in air-dry montmorillonite films, the acidity of these systems seems to be much greater
than that deduced from Table 1. Evidence for this lies in the observation
of proton transfer to basis such as ammonia to form ammonium ion on
Ca + +, Mg++, and even, to more limited extents, on Na+ and Li+
saturated montmorillonite films (Mortland et al. 1963, Russell 1965). For
example, considering the dissociation constant for the hydrated Ca++ ion
in Table 1, one would not expect much NH4r ion formation upon reaction
with NHj, yet according to Russell (1965), 65 me of NHi+ per 100 g
of clay are formed on relatively dry calcium montmorillonite when it
adsorbs NH:i. When Ca + + ~ montmorillonite water suspensions are reacted
with NH.i, no such proton donation occurs. But as water is removed, the
remaining water molecules around the metal cation become more and more
polarized and forces that were dispersed through a large number of water
molecules in the suspension are concentrated on these residual molecules
resulting in their increased dissociation and resulting acidity. Another case
in point is the data presented by Farmer and Mortland (1966) showing
that adsorbed pyridine is not protonated on hydrated yV/#-montmorillonite
but, upon partial dehydration, pyridinium ion is formed, proving that the
remaining water has become more acidic than it was in the more highly
hydrated state.
»J00-

•

0.8
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1.0

!
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1.2

'•

'

1.4

!

1

1.6

!
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1.8

'
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2.0

ELECTRONEGATIVITY (Pauling)
Fig. I.—Extent of proton donation by residual water in montmorillonite to
three different bases (ammonia, pyridine, urea) as related to the electronegativity (Pauling) of the exchangeable cation. Ammonia data from
Russell (1965). pyridine data from Farmer and Mortland (1966), urea data
from Mortland (1966).
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The property of electronegativity is commonly associated with acid
strength. The more electronegative the cation on the clay, the more strongly
electrons associated with the oxygen of surrounding water molecules will
be pulled toward the ion and the more readily a proton may be accepted
by a base. Figure 1 shows the amount of proton donation by montmorillonite films of varying cation saturations to three nitrogen bases of
varying basicities as a function of the electronegativity (Pauling) of the
exchangeable cations. A relatively good relationship can be observed
between this property of the exchangeable cation and the protonation of
nitrogen bases. In addition, the correlation between the degree of protonation and the strength of the bases (pK) appears. For example, for each
100 g of Mi,'-montmorillonite 80 me of NH:i (pK 4-74), 41 me of
pyridine (pK 8-85), but no urea (pK 13-82), was protonated. The
amount of protonation was obtained from a combination of chemical and
infrared absorption data. Use of infrared absorption permits one to distinguish between uncharged molecules and their protonated forms. The
urea observations are only semi-quantitative for the AI+++, Fe+++ and H+
systems; thus the dotted line in Figure 1. The absence of protonation of
urea in the alkali metal and alkaline earth-montmorillonite systems was
easily observable in the infrared spectra. Primary, secondary, and tertiary
amides were found by Tahoun and Mortland (1966a) to protonate in
air-dry AV ' ' and //-montmorillonite films but not in Na+ or Ca++
films. The fact that acetamide will protonate on the clay suggests the
development of extreme acidity on these surfaces since ordinarily a pH
of less than 0-8 is required before acetamide will accept a proton.
Figure 2 is a hypothetical plot of the negative logarithm of the dissociation constants (pK) of four hydrated cations as a function of the amount
of water in the clay-water system. At high water contents, the pK's are
suggested to be similar to those reported for aqueous systems, as in Table 1.
As water content decreases to some point where there are insufficient
water molecules to dilute the polarization forces exerted by the exchangeable metal cation, the remaining water molecules then become able to
donate protons more easily and the pK decreases. As dehydration proceeds,
the remaining water molecules become more and more polarized and better
proton donors. It is extremely difficult to obtain quantitative data on the
actual pK values as a function of the water content since we are dealing
with water contents from one or two layers thickness at most down to the
last few remaining molecules. Thus exact information on reactant and
product activities at equilibrium is not easily obtained. However, the
author, together with Dr. Raman, made some studies on the proportion of
water, NH:i, and NH4 <• on the surface of C«-montmorillonite at equilibrium
resulting from the following reaction:
[Ca(H20)x}2+

J NH3 ^ [Ca OH(H20)x_,]

+ + NH* +

It was possible to vary the water and NH:i vapor pressures by altering the
concentration of NH4OH and by using salt solutions of NH4OH. Table 2
shows the amount of A7/4 + formation on Ca-montmorillonite films over
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13
I?
II
10

H20

Content of Clay

->

Fif>. 2.—Hypothetical
plots of negative logarithm of hydrolysis constants of
exchangeable cations in montmcrillonite as related to the water content of
the clay.

NH4OH as a function of the amount of water on the clay. The amount of
NH:i is also given, this concentration being determined from the difference
between total nitrogen as determined by micro-kjeldahl and the NH, '
determination from infrared absorption by a technique similar to that of
Russell (1965). Since the amounts of reactants and products for the above
reaction at equilibrium were determined, it was possible to calculate
equilibrium constants at various levels of reactants and these data are given
in Table 2. While these equilibrium constants are derived from concentrations rather than activities, the fact that there is a relatively large increase
with decreasing water content is significant and supports the foregoing
hypothesis that the proton donation properties of the clay surface increase
with decreasing water content. Since protonation of various nitrogenous
bases occurs on relatively dry montmorillonite films, suspensions of which
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TABLE 2

PROPORTION OF H20,
NH3
AND NHT'
ON CA-MONTMORILLONITE FILMS AT EQUILIBRIUM
AFTER EXPOSURE TO VARYING VAPOR PRESSURES OF WATER AND AMMONIA

Per cent. H20
on clay*
40-7
390
311
5-9

millimoles H..O
per 100 g clay
2-26 - 10-'
2 1 7 x 103
1-73 x 103
3-27 •: 102

mill imoles A///,
100 g clay

mill imoles NHt*
per 100 g clay

26
33
108

16
26

per

163

51
SO

Equilibrium
constant K,.
4-4
9-4
13-9
120

x
x
x
x

10"»
10-"
10- 3
103

*Oven dry basis (105 C).

may not permit similar protonation, it is proposed that the residual water
molecules in these systems are more acidic. These ideas agree with results
of Chaussidon et til. (1962) who observed that in montmorillonite whose
exchange complex was saturated with [Co(NH8)a]s+, there was decomposition of the complex as dehydration progressed with resulting formation
of NH4+ ions. This shows that at some point in the dehydration, the
remaining water molecules become acid enough to decompose the complex.
Fripiat, Helsen and Vielvoye (1964) showed that triphenyl carbinol is
transformed into triphenylcarbonium ion by reaction with protons produced
by the dissociation of water on the surface of montmorillonite.
When the amount of the adsorbed base, B, exceeds the number of
protons available for cation formation, one of the following may occur:
(1) the protonated molecule retains its proton against attraction by the
non-protonated molecule and the proton identifies itself with one of the
molecules; (2) two molecules compete for the proton on an equal basis
and it does not identify with either one but belongs equally to both forming
a symmetrical hydrogen bond and a cation of the [B-,H\+ type.
An example of the first case is when NH:i is adsorbed by H-montmorillonite or by NH4 + -montmorillonite (Cloos and Mortland. 1965; Russell.
1965). The infrared spectra show that the deformation band (i^) of
AW4+-montmorillonite occurs at 1428 cm '. When NH:i is adsorbed by
this system, the deformation band of the NH4 + ion is still present although
shifted to 1460 c m - ' by interaction with the NH:i; the proton remains
identified with one NH:i molecule rather than being shared equally by two
molecules. An illustration of this is shown in Figure 3 for NH:i adsorption
on Ca+ + -montmorillonite where considerable NH4+ ion is formed and
shows the shift in the deformation band in the presence of excess NH:i.
Upon removal of the excess NH:i by degassing, the deformation band of
the NH4+ ion returns to 1428 cm '. Thus some interaction (hydrogen
bonding) occurs between NH:i and NH41 but the proton remains identified
with one NH:] molecule. Spectrum D shows perturbation of the NHj+ (v 4 )
band by water upon rehydration in the atmosphere.
Examples of the second case are evident in results of Farmer and
Mortland (1965) on ethylammonium-ethylamine montmorillonite, on
pyridinium-pyridine montmorillonite (Farmer and Mortland, 1966), ureamontmorillonite (Mortland. 1966) and an amide-montmorillonite complex
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Fig. 3.—A. Ca-montmorillonite film treated with liquid NHH, evacuated 2
hours and scanned with infrared spectrophotometer. B. Same film after
heating at 105°C for one hour. C. After heating at 105°C for 60 hours.
D. Rehydration in air after heat treatment.

(Tahoun and Mortland, 1966). In the ethylammonium-montmorillonite, a
strong infrared absorption band appears at 1510 c m - 1 which is the
symmetric deformation vibration of NH:i+. When ethylamine is adsorbed
on this system, the infrared spectrum changes drastically, the 1510 cm^ 1 band
disappears and strong, broad, featureless absorption appears from 3300 to at
least 1200 c m - 1 . Similar results were obtained on the pyridine, urea, and
amide systems where the infrared spectra of the mono-protonated forms were
completely lost and spectra typical of symmetrical hydrogen bonds
appeared. In such systems the proton is shared equally by two of the
molecules with resulting great changes in the infrared spectrum compared
with the mono-protonated form. The existence of such "hemisalts" has
been well established in the literature for urea and the amides. As an
illustration of this phenomenon, infrared spectra of urea-W-montmorillonite
complexes are given in Figure 4 showing the change from the monoprotonated form [B-H] + in spectrum I to the [B2-H] + type in spectra 2
and 3 as urea in excess of the number of available protons is adsorbed.
The main changes in the spectrum in going from the [B-H] + to the
[B-2-H]+ form is the disappearance of the OH stretching band at 2600
cm^ 1 (urea protonates on the carbonyl group) and the great increase in
the background in the 1700-1200 c m - 1 region. These changes are typical
for urea hemisalts.
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Fig. 4.—Infrared spectra of urea in //-montmorillonite (1) 50 millimoles
urea/100 g clay, (2) 100 millimoles urea/100 g clay, ( 3 ) 200 millimoles
urea/100 g clay.

The existence of protons in the hydrated condition on air-dry montmorillonite films has been shown in infrared studies of complexes of clay
with urea (Mortland, 1966) and amide (Tahoun and Mortland, 1966).
Evidence for this was indicated in the change in the spectra of the
protonated forms upon evacuation and heating to 90°C. Upon dehydration
the OH stretching vibration near 2600 c m - 1 and the OH deformation band
disappeared; the resulting spectra appeared more like the molecular form
or the \B>H]+ type. This phenomenon is explained by proposing either
or both of the following reactions:
2[B-H30]

+

Partial dehydration
. [Clay-] ^ [B2H30] + [Clay-] + //.Clay + H20 f
[BH30]

+

Complete dehydration
. [Clay"] ^ B + //.Clay + H20 f

(1)
(2)

The protonated form of the urea or amide bases was easily reconstituted
by allowing the clay film to rehydrate in the air as indicated by the infrared
spectra, thus suggesting the complete reversibility of the above reactions.
Explanation for the preceding observations may lie in the relative basicities
of the amide or urea in comparison with the clay mineral. When the proton
is hydrated (//,sO + ) its size requires that it reside on the surface of the
clay mineral at a distance from the negative charge in the lattice where the
amide or urea molecule can compete successfully for it. When the molecule
of water is lost upon dehydration, the bare proton can penetrate the clay
lattice and maintain, on the average, a closer proximity to the negative
charge site within the mineral. Thus, the attraction of the clay for the bare
proton exceeds that of the urea and amide molecule. Upon adsorption of
water from the atmosphere however, the bare protons, which are in a
constant state of flux, become rehydrated and again are restricted to the
mineral surface where the urea and amide molecules may compete success-
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fully for them and become reprotonated. The case of ammonium and ethylammonium-montmorillonite is different in that they maintain their protonated condition upon dehydration. This may be explained by their much
stronger basicities in comparison with the clay mineral than is the case for
the amide or urea.
CONCLUSION

The "residual" water associated with exchangeable cations in air-dry
montmorillonite films functions as an efficient proton donor. This property,
which classifies it as a Br0nsted acid site, is dependent upon the nature
of exchangeable cation, the water content, and the basicity of the interacting molecules. This suggests that in soils and sediments certain reactions
requiring protons may proceed or be accelerated under dry conditions and
that the chemical properties of the relatively dry clays differ appreciably
from those properties of the clay in suspension.
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SUMMARY

Water molecules in air-dry montmorillonite are more acidic than
ordinary water as indicated by their proton donating abilities to such bases
as ammonia, ethylamine, pyridine, urea, and amides. The production of
protons from water molecules depends upon the nature of the exchangeable
ion being well correlated with the electronegativity of the ion as well as
with the basicity of the nitrogenous compound. Where the number of
nitrogen bearing molecules exceeds the amount of available protons, two
molecules such as ethylamine, pyridine, urea, and amides may share a
proton forming a symmetrical hydrogen bond. In other cases, as for
example, the NHo.NHA+ system, the proton identifies itself with one of
the NH:i molecules, but the resulting NHi+ ion is strongly perturbed by
hydrogen bonding with the associated NH^. Dehydration-rehydration
studies show that the proton on the air-dry surface exists as the hydrated
proton from which it may be split into the bare proton and HJO by rather
mild dehydration treatment. The bare proton may go to the clay lattice
or remain with the nitrogen base depending upon the relative basicity.
The HzO+ is reconstituted merely by adsorption of water from the atmosphere.
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RÉSUMÉ

Les molecules d'eau dans Ie montmorillonite séché a 1'air sont plus
acides que 1'eau ordinaire, ce qu'indique leur capacité de présenter leurs
protons aux bases telles que 1'ammoniaque, 1'éthylamine. la pyridine, 1'urée
et 1'amide. La production des protons provenant des molecules d'eau
dépend de la nature de 1'ion échangeable; elle est d'autant meilleure que
celle-la est en bonne correlation avec 1'électronégativité de 1'ion ainsi
qu'avec la basicite du compose d'azote. La oü Ie nombre de molecules
azotées dépasse la quantité de protons disponibles. deux molecules, telles
1'éthylamine. Ie pyridine, 1'urée et 1'amide. peuvent partager un seul proton,
formant ainsi un lien symétrique d'azote. Dans d'autres cas, comme, par
exemple, Ie système NH:iNH^+,
Ie proton s'identifie avec 1'une des
molecules NH:i mais 1'ion NH4+ qui en résulte est sérieusement dérangée
par la liaison de 1'azote avec Ie NH:i associé. Les études de déshydratationrchydratation montrent que Ie proton sur la surface séchée a 1'air subsiste
sous forme du proton hydraté dont il peut être séparé en proton simple
(nu) et HX) par moyen d'un processus de déshydratation plutót doux. Le
proton simple (nu) peut ou s'attacher au réseau argileux, ou bien rester
avec la base azotée, selon la basicite relative. Le H^O est reconstitué tout
simplement par la suite d'une adsorption d'eau atmosphérique.
ZUSAMMENFASSUNG

Wasser Moleküle in lufttrockenen Montmorillonit sind saurer als
gewöhnliches Wasser was durch ihre Protonenabgabefahigkeiten an
solchen Basen wie Ammoniak, Aethylamin, Pyridin, Harnstoffe und Amide
angedeutet wird. Die Produktion von Protonen aus Wasser Molekülen
hangt davon ab, dass die Beschaffenheit des answechselbaren Ions gut mit
der Elektronegativitat des Ions, und ebenfalls mit der Alkalinitat der
stickstoffhaltigen Verbindung korreliert ist. Wo die Anzahl von stickstoffhaltigen Molekülen die Anzahl von verfügbaren Protonen übertrifït.
können zwei Moleküle wie beispielsweise Aethylamin. Pyridin. HarnstofT
und Amide zusammen ein Proton binden und eine symmetrische Wasserstoffbindung bielden. In anderen Fallen, wie zum Beispiel im NH..NH4 +
System, identifiziert sich das Proton selbst mit einem der NH>, Moleküle.
aber das sich ergebende NH4+ Ion ist stark durch die Wasserstofrbindung
mit dem assoziierten NH:i gestort. Dehydrierungs-Rehydrierung studiën
deuten an, dass das Proton auf der lufttrockenen Oberflache als hydriertes
Proton besteht aus wlechem es durch ein zielmich mildes Dehydrierungsverfahren in das blosse Proton und H >0 gespalten werden kann. Das blosse
Proton kann entweder zum Tongitter übergehen, oder bei der Stickstoffbase bleiben, was von der relativen Alkalinitat abhangigist H:iO+ wird
einfach wieder durch Adsorbtion von Wasser aus der Atmosphare
aufgebaut.

PROTON MIGRATION IN KAOLINITE*
J. L. WHITE
Department of Agronomy, Purdue University, Lafayette, Indiana, U.S.A.

Dehydroxylation of minerals implies proton movement prior to and
during this process. Fripiat and Toussaint (1960, 1963) studied the predehydroxylation state of kaolinite using electrical conductivity measurements and infrared spectroscopy and obtained evidence for derealization
of constitutional protons within the octahedral layers. These workers used
kaolinite deuterated in a bomb at 290°C under a D,0 vapor pressure of
90 kg/cmL'; approximately 50% of constitution hydroxyls were exchanged.
This deuteration technique resulted in uniform or non-selective exchange
of OH by OD and did not permit observations on the actual migration
of protons or deuterons from one environment to another.
Fripiat, Rouxhet, and Jacobs (1965) have reported results of infrared
studies of proton derealization in micas. The decrease in intensity of OH
fundamental stretching vibrations of kaolinite and mica at elevated temperatures was interpreted as being due to a reversible derealization process
which moves the constitutional protons towards interstitial positions or
vacancies of the crystal lattice.
Ledoux and White (1965) have recently reported direct infrared
evidence for migration of protons in kaolinite from one environment to
another at elevated temperatures. Weiss and Hard (1966) have described
electrical conductance measurements for kaolinite which suggest proton
migration.
Fripiat. Bosnians, and Rouxhet (1967), in an infrared study of
boehmite, have shown in an elegant manner that the decrease in intensity
of the fundamental modes of vibration observed on heating is accounted
for by a tunnel effect and by an increase in the populations of the higher
vibration energy levels. They indicate that it would be hazardous to
conclude whether the proton movement is restricted to a narrow domain or
is extended through the whole crystal.
This paper reports a more detailed infrared study of proton migration
in kaolinite which has been selectively deuterated. In such a system direct
spectroscopic evidence for proton migration may be obtained if heat
treatment produces a redistribution of the protons and deuterons among
the various OH and OD environments.
EXPERIMENTAL

The < 2-0 jx fraction of kaolinite from the Georgia Kaolin Co.
(Hydrite 10) was used in this study (Ledoux and White, 1965). It was
* Journal paper, No. 3133 Purdue University Agricultural Experiment Station,
Lafayette, Indiana.
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selectively deuterated by treatment of the kaolinite-hydrazine complex
with D.O (Ledoux and White, 1964).
An oriented film of deuterated kaolinite was prepared by sedimentation
on a cover glass. Compensation was achieved in the infrared spectrophotometer by use of a matching cover glass in the reference beam.
The kaolinite specimen was placed in a special heated infrared cell
which allowed spectra to be recorded while the sample was being heated at
the desired temperature. The temperature was monitored by means of a
thermocouple positioned directly behind the specimen. Infrared spectra
were recorded (a) with a plane of the specimen perpendicular to the beam,
and (b) at 45° to the beam. The cell was open and no attempt was made
to control the atmosphere in the cell.
After the initial spectrum was recorded at room temperature (28°C),
the cell was heated to the desired temperature and the spectrum recorded.
The cell was then cooled to room temperature and the spectrum again
recorded. In order to measure quantitatively the decrease in intensity of
OH and OD stretching frequencies resulting from heat treatment, the
spectrum recorded at a given temperature was compared with the spectrum
recorded at room temperature immediately following the specific heat
treatment. Any loss of hydroxyl due to the heat treatment would thus be
compensated for by this procedure.
The infrared absorbance spectra were recorded on a Beekman IR-12
spectrophotometer. In the Beekman instrument the infrared beam is
chopped between the Nernst glower and the sample and a second time
between the sample and detector. Fripiat. Bosmans, and Rouxhet (1967)
have reported that no significant effect due to emission of radiant energy
by the heated sample was observed for the stretching modes of boehmite
below 370°C when the Beekman IR-12 was used to record the spectra.
The instrument settings were as follows: Gain = 4 % , Slit = 2 X Std..
Speed = 20 cm '/min.. Period = 2. Spectra were recorded between 2600
and 2800 cm ' for the OD bands and between 3500 and 3800 cm '
for the OH bands. Peak heights above background were measured as well
as integrated intensities.
RESULTS AND DISCUSSION

Selective deuteration of kaolinite (Ledoux and White, 1964) produces
a nonuniform distribution of protons and deuterons among the various
hydroxyl and deuteroxyl environments. Proton and deuteron mobilities
should increase at higher temperatures. Provided the temperature is increased sufficiently, the protons and deuterons should be redistributed so
that the high frequency/low frequency intensity ratio for the OH and OD
spectra should become equal.
The following designations for the OH and OD fundamental stretching
vibrations will be used (Fripiat and Toussaint, 1963): —
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Frequency Designation

v(OH)

LF
MF,
MFt
HF

3620
3650
3670
3695

v(OD)
cm

l

2675
2700
2710
2725

Figure 1 shows the infrared spectra for the OH and OD fundamental
stretching vibrations initially and after heat treatment at 386°C. Prior to
heat treatment the LF hydroxyls (3620 cm ') are deuterated to a very
slight extent. The intensity ratio for the OD/OH LF bands is initially 0-04;
heating the specimen to 386°C increases the intensity ratio to 0-27. This
suggests that the population of deuterons in the low frequency environment
is increased by a factor of six or more as the result of proton and deuteron
migration induced by the heat treatment. The increase in intensity of the
LF OD band (2675 cm^ 1 ) with a concomitant decrease in the intensity of
the LF OH band (3620 cm" 1 ) is direct evidence of migration of deuterons

o
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Fig. /.- -Infrared absorbance spectra of the OH and OD stretching regions

of deuterated kaolinite before and after heating to 386°C.
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into this hydroxyl environment and migration of protons away from the
LF environment into the MFU MF2, and HF environments.
The overall effect of heat treatment on the intensities of the OH spectra
was an increase in the intensities of the 3695, 3670, and 3650 cm^ 1 bands
and a decrease in the 3620 c m - 1 band. The opposite effect was observed
for the OD spectra—heating produced a decrease in the intensities of the
2725, 2710, and 2700 cm ' bands and in increase in the 2675 c m - 1
band. These effects are explained by the migration of deuterons and
protons as discussed above.
Figure 2 illustrates the effect of temperature on the HF/LF intensity
ratio for the OD and OH spectra. The HF/LF intensity ratio for the OD
bands is initially quite high (approximately 6) but decreases rapidly with
increasing temperature to a limiting value of 0-5. The HF/LF intensity
ratio for the OH bands has an initial value of about 0-3 and increases to a
limiting value of 0-5 at about 300°C. The fact that both the OD and OH
HF/LF intensity ratios reach the same value indicates that the deuterons
and protons behave in a similar manner and that redistribution of protons
and deuterons is essentially complete at 310°C.
The effect of temperature on the intensities of the OH and OD fundamental stretching frequencies may be expressed as the ratio of the intensity

200
300
TEMPERATURE °C

400

Pig- 2-—Influence of temperature on the intensity ratio HF band/Z-F band
for the OH and OD stretching vibrations.

50C
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of a specific band at an elevated temperature (/ t ) to the intensity of the
same band recorded immediately after cooling the sample to room temperature (/ 0 ) ( 3 ) . Let this ratio be designated a. The loss in intensity of the
OH and OD stretching bands as a function of heating is shown in the
variation of a — ljla with respect to temperature (Figure 3).
From Figure 3 it can be seen that the LF OD band shows a greater
loss of intensity than the HF OD band between 150°C and 350°C. The
intensity of the MFx OD band at 2700 cm" 1 appears to be unaffected by
temperature up to 386°C; the MFi OH band (3650 cm" 1 ) behaves in a
similar manner. This suggests that the environment of the protons or
deuterons associated with the MF± band is unique. Alternatively, the HF
and MF-> bands might shift at elevated temperatures and partially overlap
the MFi band, thus compensating for any decrease in intensity of the MFi
band produced by heating.

100

200

300

400

TEMPERATURE °C.
Fig. 3.—Effect of heating on intensity loss for OD bands expressed as
variation of a = lt/l0 with temperature. LF = 2675 c m - 1 , MF. = 2700
c m - i , and HF = 2725 c m - i ,
24
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Assuming the decrease in intensities of the OH and OD fundamenta
stretching frequencies at elevated temperatures to be due to proton anc
deuteron derealization (Fripiat et al. 1965), then the relationship a =
h/I0 gives the fraction of protons and deuterons not delocalized. The
fraction of protons or deuterons delocalized is given by 1 —a. Following
the treatment of Fripiat et al (1965), derealization can be considered as
a transition of the proton to an excited state and the Boltzmann reiatior
may be written thus:

1 - a = B exp

(-E/RT)

where E is the activation energy for derealization. From a plot of loj
(1 — a) against \/T the following values of E for delocalization of proton
and deuterons in the deuterated kaolinite were obtained:
HF
LF
HF
LF

OH (3695
O//(3620
OD (2725
OD (2675

cm1)
cm" 1 )
cm1)
cm- 1 )

7 • 6 kcal. /proton gram
4-4 kcal./proton gram
4-5 kcal./deuteron gram
5 0 kcal./deuteron gram

All except the value for the HF OH band compare favorably with th
values of 4 kcal. obtained for kaolinite by Fripiat and Toussaint (1963
from conductivity measurements, and 4-3 kcal. obtained for muscovite b;
Fripiat et al. (1965).
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SUMMARY

Direct infrared spectroscopic evidence for the migration of protons i
kaolinite from one environment to another at elevated temperatures ha
been obtained from observations on the behavior of selectively deuterate
kaolinite. The intensity ratio of the high frequency (HF) OH band (369
c m _ 1 ) / l o w frequency (LF) OH band (3620 cm^ 1 ) is approximately 1:1
Through selective deuteration techniques the OH groups vibrating at 369
c m - 1 were preferentially exchanged so that the intensity ratio of the hig
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frequency (HF) OD band (2725 cm" )/low frequency (LF) OD band
(2675 c m - 1 ) for the kaolinite was approximately 6:1. The OD HF/LF
intensity ratio decreased rapidly with increasing temperature to reach a
limiting value of 0-5 at about 300°C. The OH HF/LF intensity ratio
increased from an initial value of 0-3 to a final value of 0-5 as the
temperature was increased to 300°C. The curves for the OD and OH
HF/LF intensity ratios intersect at 310°C, indicating that redistribution of
protons and deuterons is essentially complete at 310°C.
RÉSUMÉ

Des observations portant sur le comportement du kaolinite deutéré
selectivement ont fourni des preuves spectroscopiques infra-rouges directes
pour la migration des protons du kaolinite d'un milieu a un autre, dans
des conditions de temperature élevée. Le rapport d'intensité de la bande
OH a haute frequence (HF) (3695 cm _ 1 )/bande OH basse frequence
(LF) (3620 cm~') est approximativement 1:1. Au moyen de techniques
sélectives de deutération les groupes OH, vibrant a 3965 c m - 1 , ont été
échangés selectivement, et, par conséquent, le rapport d'intensité de la
bande OD a haute frequence (HF) (2725 c m - 1 ) / b a n d e OD a basse
frequence (LF) (2675 c m - 1 ) pour le kaolinite était approximativement
6:1. Le rapport d'intensité OD HF/LF, ayant diminué rapidement par
suite de temperatures montantes, a atteint a la valeur limite 0,5 a 300°C
environ. Le rapport d'intensité OH HF/LF a augmenté a partir d'une
valeur initiale de 0.3 jusqu'a une valeur finale de 0,5, a mesure que la
temperature a été élevée jusqu'a 300°C. Les courbes pour les rapports
d'intensité OD et OH HF/LF s'intersectent (s'entrecoupent) a 310°C, on
constate par la une redistribution essentiellement complete des protons et
des deutérons a 310°C.
ZUSAMMENFASSUNG

Ein direkter infraroter, spektroskopischer Beweis fur die Wanderung
von Protonen in Kaoliniten von einer Umgebung zur anderen bei erhöhten
Temperaturen wurde durch Beobachtungen des Verhaltens ausgesuchter,
deuterierter Kaolinite erbracht. Das Intensitatsverhaltnis des Hochfrequenz(HF) O/7-Bandes (3695 c m - 1 ) zum Niederfrequenz-(AZF) CW-Band
(3620 c m - 1 ) ist ungefahr 1:1. Durch auzgewahlte-Deuterationstechniken
wurden die O/7-Gruppen, die bei 3695 c m - 1 vibrieren, ausgetauscht, sodass
das Intensitatsverhaltnis des Hochfrequenz-(//F) OD-Bandes (2725
c m - 1 ) zum Niederfrequenz-tNF) OD-Band 2675 c m - 1 ) für die Kaolinite
ungefahr 6:1 betrug. Das OD HF/NF Intensitatsverhaltnis fiel mit ansteigender Temperatur rasch und erreichte einen Grenzwert von 0,5 bei rund
300°C. Das OH HF/NF Intensitatsverhaltnis stieg von einem anfanglichen
Wert von 0,3 auf einen Endwert von 0,5, als die Temperatur auf 300°C
erhört wurde. Die Kurven für die OD und OH HF/NF Intensitatsverhliltnisse schneiden sich bei 310°C, wodurch angezeigt wird, dass die Neuverteilung der Protone und Deuterone im Grunde genommen bei 310°C
abgeschlossen ist.

PREPARATION OF DIOCTAHEDRAL VERMICULITES
FROM MUSCOVITE AND SUBSEQUENT
EXCHANGE PROPERTIES
H. GRAF V. REICHENBACH* AND C. I. RICH
Virginia Polytechnic Institute, Blacksburg, U.S.A.
In experiments concerning the release of interlayer cations from
muscovite a slight but steady decrease of exchange rates was observed
with increasing degree of alteration from A-muscovite to Ba-vermiculite.
Hence, the question arose, whether the rate of exchange is influenced by
the mobility of cations in the expanded portion of the interlayers. Since the
diffusion path in the interlayer space increases with shifting of the
exchange front from the edge to the center of the minerals, this decrease
should be expected if, due to low mobility of the exchanging cations,
particle diffusion becomes the rate-limiting step of the reaction.
As found by Barshad (1954), Ba is most effective in exchanging
K from micas. Cotton (1965) extracted nearly all of the interlayer K
from dioctahedral micas of soils by using BaCU solutions. In experiments
by Rausell-Colom et al. (1965), the exchange of K from different trioctahedral micas came to an equilibrium at higher /^-concentrations in the
solution phase if Ba was used instead of other cations. In exchanging K
with alkaline earth cations, they obtained the sequence: Ba > Mg > Ca
= Sr regarding the critical ^-concentrations. On the other hand, from
experiments with trioctahedral vermiculite, Keay and Wild (1961) derived
the sequence Ba > Sr > Ca > Mg for the effectiveness of these ions in
exchanging K. It was assumed by these authors that interionic forces
hampering the mobility of ions become increasingly effective with an
increase of ion hydration.
In consideration of results obtained on experiments with bentonite
pastes, Lai and Mortland (1962) discussed the factors determining selfdiffusion coefficients. In applying their considerations to diffusion in
dioctahedral vermiculite of high charge density, the conclusion can be
drawn that the diffusion coefficients should be lowered by the higher
number of exchange sites per unit volume. On the contrary, the shorter
hopping distance between exchange sites should lower the energy barrier
and thereby accelerate diffusion.
Due to their higher charge density, dioctahedral vermiculites tend to
collapse more easily than their trioctahedral counterparts. As a result, lower
spacings might be expected not only to decrease interionic forces but also
to decrease diffusion rates in the interlayers due to merely steric effects.
* Present address: Institut fiir Pflanzenernahrung u. Bodenkunde der ChristianAlbrechts-Universitat Kiel, Germany.
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TABLE 1
CHEMICAL COMPOSITION, BASAL S P A C I N G S , A N D W A T E R C O N T E N T S O F D I O C T A H E D R A L V E R M I C U L I T E , S A T U R A T E D W I T H V A R I O U S C A T I O N S
O
SB

Chemical composition (me/100 g)*
Saturating
cation
(Me)

K

Na

Mg*

K
Ba
Na
Rb
Cs
Mg***
Ca
Sr

223-4
18-3
14-7
15-1
17-7
22-6
12-2
12-5

18-3
100
203-3
60
14-2
3-1
81
5-8

n.d.
47-2
49-5
46-8
440
264 0
53-3
47-2

Ba
212-5
10-4
73-6
21 -9

—
—
—

>

Me

Total
interlayer
cations

223-4
212-5
203-3
130-9
162-4
2160
217-5
194-9

241-7
240-8
228-4
225-6
216-2
241-7
237-8
213-2

* Based on weight of minerals after heating to 300 C, without correction for saturating cations.
** Values in brackets give spacings after drying at room temperature and rehydrating.
*** Overall composition : (/</,.,74/:i?o-ioü7"'o-o4iW^o.io5) (S'VIHO^/O-SM) Ol0 ( 0 / / ) 2 (A/^0-427*o-o»iA'Oo-oi2)-

d(001) (A)
(100%
rel. hum.)
9-96
12-44(10-58)**
9-67
1012
10-60
14-30
14-79
11-5-131(12-30)**

Water
content*
/o

0-36
7-68
1-44
219
1 -33
17-93
14-99
10-52

z
>
n
PC

>
-

X
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In the present paper some preliminary results obtained in measuring
self-diffusion of alkali and alkaline earth cations in dioctahedral vermiculite
will be reported. In order to relate the diffusion data and mineral
properties, a detailed description of the material used shall be presented.
Conversion of muscovite to Ba-vermiculite
Pure muscovite flakes from Amelia, Virginia were wet ground and
fractionated. Samples of 1 g each of the 5-20 fi fraction were placed in
4 / Nalgene bottles. Three / of 0 1 N Bad-, solution was added and the
suspensions heated at 120°C in an autoclave. After 3 days of treatment,
the suspensions were centrifuged, the solutions were decanted, and fresh
BaCl2 solution was added. This treatment was repeated 20 times. In order
to determine /C-contents of the treated minerals, samples were taken after
various reaction periods and analyzed after HF fusion. The kinetics of
Zta-A^-exchange will be described elsewhere.
More than 90% of the original interlayer K was exchanged by Ba as
shown by the K- and Ba-contents of treated and untreated samples (Table
1). The equivalent sum of K and Ba in the reaction products is approximately equal to the X-content of untreated muscovite. Hence, the total
charge of the minerals was not lowered by the treatment.
The basal spacings of the minerals were increased from 9-96 to 12-44
A by B«-saturation. The 10 A reflection of muscovite disappeared completely in the X-ray diagram. Only a slight broadening on the base of the
12-4 A reflection was observed, suggesting that the remaining K is located
in a more random distribution in the expanded interlayers rather than in
portions of the minerals with an intact muscovite structure.
Chemical and X-ray analysis therefore lead to the conclusion that by
treating muscovite with BaCi> solutions in a batch type exchange procedure
at 120°C, minerals were produced consisting essentially of dioctahedral
vermiculite with the high charge density of muscovite.
Exchange of interlayer Ba
Vermiculite samples saturated with different alkali and alkaline-earth
cations were prepared by treating 80 mg portions of Ba-vermiculite in 100
ml Nalgene bottles with 50 ml portions of the respective chloride solutions
(0-01 N for Rb and Cs, 0-1 N for Na, Mg, Ca, Sr). After reaction periods
of one day with repeated shaking, suspensions were centrifuged and Ba
determined in the decanted solutions. Fresh solution was added 5 times at
room temperature. Additional treatments were made at 120°C in the
autoclave until no further Ba could be detected in the extracts.
Ba concentrations were determined using the Model 303 Perkin-Elmer
atomic absorption instrument. La ( 1 % ) and, in the case of alkaline-earth
elements, Na (500 ppm) was added to solutions prior to analysis. The
determination of Ba turned out to be impossible in solutions with relatively
high Ca concentrations.
The rates of Ba exchange are shown in Figure 1. After two treatments
at room temperature, the exchange of Ba by Rb and Cs was terminated.
Obviously, the interlayer cations were almost completely immobilized by
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100

Number of treatment
Fig. 1.—Progress

of Ba-exchange from dioctahedral vermiculite by various
alkali and alkaline earth cations.

contraction of the layers around the edges of the minerals. With temperatures increased to 120°C, the Ba exchange was again activated. A reversal
of exchange rates for Rb and Cs can be seen. In contrast to the relation at
25°C much more Ba was exchanged by Cs than by Rb at 120°C. However,
even at increased temperature Ba exchange was not completed. With
steadily decreasing rates, the exchange approached Rb and Cs saturations
of 64 and 8 8 % , respectively.
Nearly constant high exchange rates were obtained for Na-Ba exchange
at 25°C. Although exchange rates were significantly lowered at 120°C,
the exchange proceeded with almost constant rate until complete Na
saturation was reached.
Mg and Sr were similar to Na with respect to their effectiveness in
exchanging Ba at room temperature. At increased temperature the exchange
of Ba was raised slightly for Mg and to some higher degree for Sr. With
both cations, complete exchange of Ba was obtained.
Chemical analysis
The vermiculites saturated with various cations were washed with
water until chloride free and duplicate samples of 30 mg each were digested
with HF for chemical analysis using the method of Jackson (1958).
Analyses of exchange solutions were made as described earlier. For the
determination of alkaline earth elements, La ( 1 % ) and Na (500 ppm)
was added to the solutions. Rb and Cs were analyzed after K addition
(1%).
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The results are listed in Table 1. As compared to the Ba-saturated
sample, the remaining K contents were not significantly lowered by
subsequent saturations. The high Mg contents of the samples saturated
with cations other than Mg are attributed to Mg from octahedral position.
The average amount of 48 me Mg/100 g was subtracted from the total
Mg content of the Mg-treated sample in order to determine the exchangeable Mg. Ba was completely exchanged by alkaline earth cations. However, considerable amounts were trapped by the collapse of the silicate
layers after saturation with Rb and Cs. There is no simple explanation
for the fact that Ba was incompletely exchanged by Na.
As shown by the equivalent sums of exchangeable cations giving a
mean of 229-1 me/100 g for the different saturations, the total charge
of the vermiculite is close to the values usually obtained for unweathered
mica.
X-ray analysis
Samples were prepared for X-ray analysis by drying 40 mg of the
minerals suspended in 1 ml water on glass slides at room temperature.
The analysis was made using a chamber in which the relative humidity was
adjustable within the range from 10 to 100%. When necessary, equilibration of the sample with the atmosphere was continued for up to 24 hours.
Basal spacings obtained at relative humidities of 100% are shown
together with the respective water contents in Table 1. Spacings between
9-67 A (Na) and 10-60 A (Cs) were found after saturation with alkali
ions. Obviously, the contraction of Na-vermiculite was induced by drying
the minerals during their preparation. The energy of hydration of Na ions
seems to be insufficient to ensure rehydration after contraction of minerals
has taken place. However, the observed rates of Na-fia-exchange as well
as the rapid isotopic exchange in the Na-saturated sample clearly indicates
that, during the exchange experiments, the undried vermiculite must have
been in an expanded state.
The vermiculites saturated with alkaline earth cations were expanded
after equilibration with air of 100% relative humidity. In contrast to Srand Btf-vermiculites with only one water layer, Mg- and Ca-vermiculites
contained two water layers per interlayer. Additional measurements of
basal spacings at different humidities and of the reversibility of dehydration indicate that swelling properties of the vermiculite are related to the
diameter of the saturating cation. One of the two water layers in Mgvermiculite was only released when the relative humidity was lower than
10%, whereas with Ca-vermiculite the release had already occurred at
50% relative humidity. After rewetting the sample, the basal spacing of the
previously-dried Ca-saturated sample was increased to 12-3 A. Under the
same conditions B«-vermiculite expanded only to 10-6 A.
Compared to the data given for trioctahedral vermiculite by Walker
and Milne (1950) these results show that dioctahedral vermiculite tends to
collapse more easily and to rehydrate less easily. Obviously, this has to be
regarded as a consequence of the higher charge density in dioctahedral
vermiculite.
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Isotopic exchange of interlayer cations
Isotopic exchange of interlayer cations was followed by adding radioactive isotopes to the solution phase of equilibrated mineral suspensions
and by measuring the decrease of specific activity in the solution. Portions,
60 mg each, of vermiculite were repeatedly washed with 0-001 N
chloride solutions of the respective saturating cation. Then they were placed
in 100 ml plastic bottles together with 50 ml of the respective solutions.
Radioactive solutions, the concentration of which was also adjusted to
0-001 N were added in 1 ml portions to each bottle. According to the halflife of the isotopes used (Na-22, Rb-86, Cs-137, Mg-28, Ca-45, Sr-90,
Zta-131) activities varied between 0-8 and 2 fj,C per sample.
Samples were taken over a period of six weeks, starting two hours after
addition of the radioactive solution, by pipetting 2 ml aliquots from the
solution phase after centrifuging the suspensions. Because of the half-life
of only 21-3 hours, M^-28-exchange was measured for only 7 days.
The Packard Tri-Carb Liquid Scintillation Spectrometer was used for
counting of /3-emission together with a liquid scintillator described by Bray
(1960). The Ba-\3l, C.s-137-system was counted after equilibration in a
well type scintillation counter (Nuclear Chicago, Model 183-B).
In order to correct for decay, the activity of blank solutions was
currently determined. Tritium was found as an active impurity in the
Mg-28 sample. Therefore, tritium activity was determined after complete
decay of Mg-28 and subtracted from the total activity in the sample.
The exchanged portions of the various counter ions as related to
reaction time are shown in Table 2. No isotopic exchange was observable
between cations in solution and interlayer cations at Rb and Cs saturation.
In this case the exchange seems to be restricted to cations held on the
external surfaces of the minerals. Even after increasing the temperature to
120°C, an exchange of interlayer cations could not be observed under the
conditions of the experiment.
However, Na and Ca ions in the interlayers of dioctahedral vermiculite
were almost completely exchanged within the first two hours after the
reaction started. The exchange was delayed for the other alkaline-earth
cations, the time increasing in the order: Sr, Mg, Ba. The exchange of Ba
was only completed after six weeks of reaction.
From the fractional exchange and related reaction times, self-diffusion
coefficients were calculated using the method outlined by Keay and Wild
(1961). This method is based on an equation describing diffusion into
regular cylinders. The radius of the mineral particles was assumed to be
equal to the mean of the particle size limits 5-20 fi, that is, 6-25 ft.
Since the reaction was completed within the shortest reaction time
determined in the experiment, only minimum values can be given for the
self-diffusion coefficients of Na and Ca (Table 3).
Self-diffusion coefficients calculated from the data in Table 2 for
Mg, Sr, and Ba exchange vary with reaction time and tend to decrease with
increasing time. Therefore, in Table 3 mean values are listed together with

TABLE 2
FRACTIONAL ISOTOPIC EXCHANGE OF ALKALI AND ALKALINE EARTH CATIONS, ADSORBED ON DIOCTAHEDRAL VERMICULITE, AFTER VARIOUS
REACTION TIMES

Reaction

Fractional exchange

(days)
01
1
3
10
21
42

Na

(2)
(4)
(6)
(7)

0-997
0-982
0-990
1000

Rb

Cs

0 023
0-021
0 026
0-024
0 023

0014
0 006
0012
0016
0 005

Numbers in brackets indicate reaction times for Mg exchange.

Mg
0130
0-702
0-825
0-858
1000

Ca

Sr

0-997
0-997
0-989
1000

0-753
0-799
0-882
0-984
1000

Ba
0 042
0-290
0-533
0-705
0-843
1000

z

n
>
>
<
-

TO

-
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TABLE 3
SELF-DIFFUSION COEFFICIENTS OF CATIONS IN DIOCTAHEDRAL VERMICULITE

Saturating
cation
Na

Mg
Ca
Sr
Ha

Self-diffusion
coefficient
(cm*sec_1)
40
7-2
40
1-8
8-9

x
±
x
±
±

10 1 1
2-9 x 10 1 3
10" u
3 0 x lO""
2-3 x 10" u

standard variations calculated from the different exchange-rate reactiontime relations.
Discussion
Even self-diffusion, considered as the most simple kind of diffusion, is
a heterogeneous reaction consisting possibly of several interrelated mechanisms (diffusion in the free solution, diffusion along external mineral
surfaces, diffusion in the interlayers). Therefore, comparison of results
with data reported in the literature seems only justified, if self-diffusion was
in each case restricted to the interlamellar space by experimental conditions.
Very low reaction rates for the isotopic exchange of K between solution
and interlayers have been found by Sumner and Bolt (1962) in illite.
Investigations of the Rb exchange in trioctahedral vermiculite by one of
the authors (1965) also led to the conclusion that ion exchange in the
interlayers is made completely impossible by contraction of the minerals to
10 A spacings. These findings agree with the results reported in this paper
for the Rb and Cs exchange. In addition, it is shown here that mobilization
of cations in the contracted structure cannot be initiated by raising the
temperature to 120°C. This is not necessarily contradictory to the course of
Rb-Ba- and CVBa-exchange shown in Figure 1. In this case the fact seems
to be important that a saturation of the exchange sites of only about 17
and 9%, respectively, by Rb and Cs is insufficient to prevent redistribution
of cations in the interlayers of minerals with merely a marginally collapsed
structure. The redistribution is then accompanied by the release of
previously entrapped Ba ions, mobilized by the temperature increase.
Self-diffusion coefficients of 1-3 to 4-5 X 10~ 7 cm-sec - 1 have been
reported for the Ba exchange on trioctahedral vermiculites by Keay and
Wild (1961). Thus, the difference for the respective result found in our
experiment is in the range of six orders of magnitude. This may partly be
due to the fact that the experiment described here was conducted on
samples having a wide particle size range and consisting of irregularly shaped
minerals with a comparatively much smaller diameter. However, the most
important difference between the samples used exists in the degree of
expansion. Layer distance of the fia-saturated trioctahedral vermiculite was
found to be 15-3 A, whereas for dioctahedral vermiculite it was only
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12-3 A. The combined decrease of basal spacings and hydration should
increase the interaction between diffusing cations and surrounding water
molecules as well as the interaction between counter ions and the charged
mineral surfaces.
Oster and Low (1963) showed that at high water content the activation
energies of three monovalent ions in montmorillonite were in the sequence
Na > Li > K, whereas at low water content the sequence was reversed.
Water content and nearness of negative charge at the surface of the
silicate sheets are seen as factors in this reversal.
Keay and Wild (1961) found that the activation energy for the
NH4 ion on vermiculite was positively correlated with the degree of NH4
saturation.
Likewise, as compared to the more hydrated cations, diffusion coefficients for Sr are assumed to be lowered by partial dehydration and reduced
basal spacings.
The expected reverse relation between ion mobility and hydration is
only reflected by the diffusion coefficients of Mg and Ca.
Hence, the order of diffusion coefficients observed with this dioctahedral
vermiculite (Ca > Sr > Mg > Ba) seems to be determined by the interrelated factors of charge density, layer separation, cation size, and
hydration. Among the mineral properties differing between di- and trioctahedral micas, the higher charge density in dioctahedral vermiculite
obviously has to be regarded as the one most causally responsible for the
differences in diffusion rates.
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SUMMARY

Muscovite was made nearly free of K by extractions with BaCI2
solution at 120°C. Portions of dioctahedral Ba-vermiculite (5-20 fj.)
produced by this exchange reaction were subsequently saturated with Na,
Rb, Cs, Mg, Ca and Sr, and equilibrated with CI solutions (0-001 N)
of the respective cations.
In order to determine the mobility of cations in interlayer position, the
isotopic exchange was studied in the equilibrated suspensions, using the
isotopes Na-22, Rb-86, 0 1 3 7 , Mg-28, Ca-45, Sr-90, and Ba-Ul.
For Na and Ca the isotopic exchange between cations in solution and
adsorbed cations—mainly held in the interlayers—was completed within
two hours. The minimum diffusion coefficients for Na and Ca were both
4-0 x 1 0 ~ n cm 2 sec - 1 . Even at temperatures of 120°C, however, no
provable exchange of interlayer- Rb and -Cs was observed within reaction
periods of four weeks. Self diffusion coefficients calculated from the intermediate exchange rates for Mg, Sr, and Ba were found to be 7-2 X 10~ 13 ,
1-8 X lO" 1 -', and 8-9 X 10~ 14 cm-sec^ 1 respectively.
The observed exchange rates and supporting data obtained by X-ray
analysis indicate that the mobility of interlayer cations in dioctahedral
vermicuiite is determined by layer separation, layer charge, cation size, and
hydration acting as interrelated factors.
In contrast to trioctahedral vermicuiite, the lower self diffusion rates in
dioctahedral vermicuiite are attributed to its higher charge density.
RÉSUMÉ

On a procédé a des extractions au moyen d'une solution de BaClo a
120°C pour libérer du muscovite de presque tout son K. Des portions de
vermicuiite Ba (5-20 /x) produits par cette reaction d'echange ont été
ensuite saturées de Na, Rb, Cs, Mg, Ca et Sr, et équilibrées avec des
solutions de CI (0,001 N) des cations respectifs.
Pour determiner la mobilité des cations places entre les couches,
1'échange isotopique a été étudié dans des suspensions équilibrées, en
employant les isotopes Na-22, Rb-86, C.v-137, Mg-28, Ca-45, Sr-90 et
Ba-131.
Pour Na et Ca, 1'échange isotopique entre les cations en solution et les
cations adsorbés—retenus principalement entre les couches—s'est accompli
en deux heures. Les coefficients de diffusion minimums pour Na et Ca
étaient chacun de 4,0 X 1 0 _ n cm-sec - 1 . Cependant. même a des temperatures de 120°C, on n'a pas observe d'echange prouvable des couches Rb
et Cs durant les périodes de reaction de 4 semaines. Les coefficients de
diffusion calculés a partir du taux d'echange intermediaire pour Mg, Sr et
Ba étaient de 7,2 X 10 - , : ! , 1,8 X 10- 1 2 , et 8,9 X 10- 1 4 cm 2 sec- 1 respectivement.
Le taux d'echange observe et les données supplémentaires obtenues
par une analyse aux rayons X indiquent que la mobilité des cations des
couches dans le vermicuiite dioctahédrique est déterminée par une série de
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facteurs lies réciproquement, c-a-d. la separation des couches, la charge
de la couche, la grandeur du cation et 1'hydratation.
Différant du vermiculite trioctahédrique, les taux de diffusion inférieurs
du vermiculite dioctahédrique sont attribués a sa densité de charge plus
élevée.
ZUSAMMENFASSUNG

Das Zwischenschicht-K eines Muskovits wurde annahernd vollstandig
durch Behandlung mit BaC/^-Lösungen bei 120°C freigesetzt. Anteile des
durch diesen Austauschvorgang hergestellten Ba-Vermiculits wurden anschliessend mit Na, Rb, Cs, Mg, Ca und Sr belegt und mit 0,001 N
Chloridlósung der entsprechenden Kationen ins Gleichgewicht gesetzt.
Zur Bestimmung der Kationenbeweglichkeit in den Zwischenschichten
der Minerale wurde der Isotopenaustausch in den Vermiculit-Suspensionen
verfolgt. Für die Messungen wurden die Isotope Na-22, Rb-$6, Cs-137,
Mg-28, Ca-45, Sr-90 und Ba-\ 31 benutzt.
Bei Na und Ca war der Isotopenaustausch Zwischen Kationen in der
Lösung und den—vorwiegend in den Zwischenschichten—adsorbierten
Kationen innerhalb von zwei Stunden beendet. Der minimale Diffusionskoeffizient war sowohl für Na als auch für Ca 4,0 X 10~ n cm-sec - 1 .
Dagegen fand sogar bei Temperaturen von 120°C innerhalb der Versuchsdauer von vier Wochen kein messbarer Austausch von ZwischenschichtRb oder -Cs statt. Die aus den Austauschraten ermittelten Selbstdiffusionskoeffizienten für Mg, Sr und Ba lagen bei 7,2 X ÏO" 18 , 1,8 X 10- 1 - und
8,9 X l O - ^ c m ^ e c " 1 .
Die ermittelten Austauschraten und Ergebnisse erganzender röntgenographischer Untersuchungen zeigen, dass die Beweglichkeit der Zwischenschichtionen in dioktaedrischem Vermiculit von der Aufweitung der
Minerale, ihrer Ladung, sowie von der Hydratation und der Kationengrösse
abhangt.
Die im Vergleich zu trioktaedrischem Vermiculit geringeren Selbstdiffusionsraten in dioktaedrischem Vermiculit werden auf die höhere
Ladungsdicht zurückgeführt.

DYNAMICS OF SALINITY AND CATION EXCHANGE
EQUILIBRIA IN SOME IRAQI SOILS
A. KADOW, FATHI AMER, AND L. KADRI
Agricultural Radioisotope Laboratory, Iraq and University of
Alexandria, U.A.R.
INTRODUCTION

Salinity is so widespread in central and southern Iraq that most of the
land is submarginal or out of cultivation. Salt accumulation is caused by a
combination of several factors (Buringh 1960): (a) groundwater is
usually saline and generally occurs near the surface, (b) evaporation is
high due to the dry hot summer, and (c) capillary rise, permeability and
seepage are high, the latter two because of the light texture of the soils. A
study of the salinity of the ground water in relation to the soil and drainage
is a necessity for reclamation and sound management. The dynamics of
soil salinity have not yet received sufficient attention in soil research. The
purpose of this study was to investigate the dynamics of salinity with respect
to four different Iraqi profiles where salt accumulation was caused by
capillary rise from groundwater or by salts derived from irrigation water.
Cation-exchange equilibria in the saline soils were also investigated. The
Gapon equation as used by the U.S. Salinity Laboratory (1954), the
validity of treating Ca++ and Mg++ as a single divalent ion (Singh and
Moorthy 1965), and the effect of associating anions on cation-exchange
equilibrium (Babcock and Schulz 1963) were critically evaluated.
MATERIALS AND METHODS

(a) Soils
The profiles investigated (Figure 1) represent four different physiographic regions in Iraq (Buringh 1960), namely, Saklawia profile—a silty
clay loam north-west of Baghdad representing the flood plain between the
Euphrates and Tigris rivers. Nasiriya profile—a typical hydromorphic soil
in the marsh region, about 40 km south-east of Nasiriya city near the
Hamar lake. The selected site bordered shallow marshes which were
covered with reeds and rushes. Surface layers were characterized by gleyed
greenish-grey clay, which indicated anaerobic conditions. Basra profile—
typical of the tidal flats of the estuary region west of Shatt Al Arab, about
20 km from Basra. The microrelief consisted of a series of intersecting
ridges and depressions with an elevation difference of 1 to 2 m. The
selected site was in one of these depressions, which were less saline than
the ridges. Zubeir profile—typical of the groundwater irrigated Zubeir area
in the south-eastern part of the southern desert, bordering the lower
Mesopotamian plain. The soil consisted of sand and gravel at the selected
721
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Fig. 1.—Map of part of Iraq. The numbers refer to the location of the
profiles studied.

site and groundwater for irrigation was pumped from a depth of about
20 m.
(b) Methods
Procedures described by the U.S. Salinity Laboratory (1954) were used
for NaAc cation-exchange capacity, groundwater, and saturation extract
measurements except for SO= 4 which was determined by the benzidine
method (Eldridge 1943). Exchangeable Mg was measured by the procedure recommended by Bower (1955) for soils containing dolomite.
Exchangeable Na was determined by NHAAc and MgAc extraction, as well
as by isotopic dilution (Bower and Hatcher 1962). In the isotopic dilution
procedure, a 50 g soil sample was adjusted to the saturation water
percentage by addition of water containing carrier-free -2Na. The saturation
extract obtained by vacuum filtration was counted in a gamma well scintillation counter and analyzed for total Na. In calculating exchangeable
Na, water soluble Na was corrected for negative adsorption (Bower and

SOIL CHEMICAL ANALYSIS

Sampling
Depth

Saturation Extract
Ca++

Mg++

Na+

cm
Saklawia
0—20
20—50
50—80
80—110
—110*
Nasiriya
0—15
15—45
45—75
75—105
105—150
—105*
Basra
0—15
15—45
45—75
75—105
105—150
—90*
Zubeir
0—15
15—45
45—75
75—105
105—150
—20m*

so-t

SAR 1

m-equiv./1

Na2

Ca

Mg

Gypsum

CEC 3

Kca, Mg

ESP 4

ESR 5

m-equiv./ lOOg

m-equiv.
/100g

111 •
73-6
50-4
400
111 •

5911421278437-3

420180140120194-

920290227177275-

182690
600
51-5
65-3

180
160
18-0
180
60

22-3
17-3
150
15-3
22-5

60
7-2
5-2
3-9

14-3
120
9-2
8-9

12-3
11-5
9-2
8-5

29 0
26-3
24-1
24 0

6 08
219
2-50
2-27

20-7
27-4
21-6
16 3

•23
•31
•28
•22

13-5
4-2
4-3
9-2

14212210510082-3
132-

558298155158162448-

700600361340310600-

1100875490441441 •
247-

274187141 147137860-

17-3
10-5
10-5
10 5
10-5
10-5

37-6
41-4
31-6
29-9
27-9
35-3

15-3
11-3
8-8
7-6
7-5

10-3
8-1
8-3
80
8-2

10-3
8-9
9-5
9-8
8-2

33 1
29-6
28-2
26-5
24-1

400
2-22
1-28
1-30
1 -96

45-3
38-2
311
28-7
311

•74
•66
•49
•43
•46

160
9-2
9-2
80
15-5

7158256006256803000-

8308407008008202620-

127203175590
88-0
830-

150
23-1
11 -5
11-5
11 -5
2-5

61 -7
70-4
61-7
65-8
75-0
1830

121
12-7
115
12-7
15-3

6-6
5-1
4' 1
4-5
3-3

9-6
7-5
7-6
8-2
7-3

280
25-7
24-7
25-1
26-3

103
1-23
117
1-28
1-36

43-2
49-3
46-5
50-5
58-1

•75
101
•98
100
1-44

600
25-0
310
31 0
36-2
45 0

4-6
4-8
4-6
3-6
4-6
21

2-1
30
0-8
0-8
1-2
7-8

11
1-6
•9
10
1-3

2-3
2-8
•9
IX
2-4

2-3
1-9
2-9
2-3
21

50
5-9
4-2
4-1
50

1-21
•39
•36
•28
•23

220
27-1
21-4
24-3
26 0

•24
•34
•24
•24
•29

107161 •
980
600
5 4 0 12641 0 12497-5 443-

nono-

350
340
18-5
310
350
34-4

420
90
21-5
110
7-0
12 6

* groundwater sample
sodium adsorption rates

1

o-

Exchangeable
HCO-3

130
140
3-6
3 6
5-9
380

34-6
24-8
9-8
14-8
14-8
360

1

exch. Na by isotopic dilution
cation exchange capacity

exchangeable sodium percentage
exchangeble sodium ratio

3-4
Traces
Traces
Traces
Traces

15-5
20
80
7-0
4-5
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Hatcher 1962). All sodium determinations were made using a sodium
electrode and a Beekman expanded range pH meter. A standard curve was
obtained using NaCl concentrations ranging from 0 1 to 100 m-equiv./l,
after adjusting to pH 8 with a few drops of 4% Ca(OH)2. Exchangeable
Ca was determined by isotopic dilution, raising a 50 g sample to saturation
with water containing 4*Ca. Activity in the extract was measured by a GM
end-window counter after precipitation of 4r>Ca as oxalate (Blume and
Smith 1954).
RESULTS AND DISCUSSION

(a) Soil Salinity in Relation to Groundwater
Chemical analyses of the selected profiles are given in Table 1. Groundwater salinity, as well as the sodium adsorption ratio (SAR) increased
considerably in the southern direction from Saklawia (profile 1) to Basra.
Table 2 gives the ionic balance in the profiles as a result of groundwater
evaporation, adsorption of ions by soil colloids and the precipitation of
salts. Calculations were based on the assumption that the entire CI content
TABLE

2

THE IONIC BALANCE IN THE SOIL PROFILES

Sampling
Depth

Ca + +

Mg++
i

so-.

Na+

HCO~3

m-equiv./l OOg

cm
i

Saklawia
0—20
20—50
50—80
80—110

- 15-6
— 2-6
— 2-4
1-9

+ 28-1
+
6-2
+
5-8
+
3-6

—
—

Nasiriya
0—15
15—45
45—75
75—105
105—150

— 28-6
- 22-2
- 101
— 8-7
— 9-8

—
—
—

91 8
82-3
47-9
411
40-8

- 126-5
- 97-6
— 53-2
— 46-7
- 49-3

Basra
0 15
15—45
45—75
75—105
105—150

+
+
+
+
+

4-3
3-8
2-4
1-7
-8

+
+
+

1-2
1-9
-8

—

10

13-5
7-9
— 14-3
- 20-6
18-4

+

1-5
00
-9
-3
-1

+
+
+
+
+

-2
-4
-5
-9
1-1

Zubeir
0—15
15—45
45—75
75—105
105—150

+
+
+

•6

—

—
—
—

13-7
1-4
11
-3

11
-7
-3
•6
•4

2-2
00
•6

+
+
+

•1
-6
-8
-8

— 234-2
— 183-5
— 100-5
— 88-8
— 89-7

+
—
+
+
+

-1
-2
-3
-3
-3

+
+
+
+
+

-8
1-3
-8
-8
-8

+
+
+
+
+

-1
-2
-2
1
-2

+

-4

—

14-3

—

140

—
—
—

3-3
13-8
12-2

+
—
+
—

10
-5
10
-7
•7
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of groundwater remained in the soil solution. Negative and positive signs in
the table indicate deficits and excesses, respectively. The Saklawia profile
shows a deficit of Ca and Na, and an excess of Mg. NaCl is the dominant
salt in Saklawia groundwater (Table 1). As evaporation progresses, the
capillary NaCl stream causes a partial replacement of exchangeable Ca and
Mg by Na, and carries increasing concentrations of soluble Mg and Ca
upwards. HC03~ present in the soil solution may enhance differential
translocation of Mg as soluble Mg(HCO:<)-2 and favour inactivation of Ca
by precipitation as CaCOA. Thus Na adsorption, Ca precipitation, and
higher solubility of Mg salts may account for Na and Ca deficits, and Mg
excess, respectively.
The sum of the Na deficits in the four horizons of the Saklawia profile
is 16-5 m-equiv./100 g (Table 2), whereas the sum of isotopically exchangeable Na is 22-3 m-equiv./100 g (Table 1). The difference of 5-8
m-equiv./100 g may represent the sum of the initial exchangeable Na in
the profile before salinization started. Distribution of Na deficit and exchangeable Na through the profile is not comparable, however, because
of the difference in the downv/ard movement of Na and CI accumulated
at the surface. Surface accumulation of NaCl gives rise to a concentration
gradient which causes the salt to move downward by diffusion (Doering
et ul. 1964). Na adsorption in the subsoil maintains a greater concentration
gradient and downward movement with respect to Na than to CI. As CI has
been taken as the reference for the ionic balance calculation. Na deficit
would be greater in the surface than in the lower horizons.
The Basra and Zubeir profiles show a deficit in Na and a general
excess in Ca and Mg (Table 2), but the equilibrium between groundwater
and soil in Basra has probably been affected by surface drainage from
surrounding ridges. The local topography of the Nasiriya profile, which is
in the vicinity of the Hamar tidal marshes, has to be taken into consideration to account for the great ion deficit shown in Table 2. In comparison
with groundwater, the Nasiriya profile shows a high accumulation of CI, a
slight accumulation of Na, Mg, and Ca and a reduction in SO4 (Table 1).
The lateral and upward movement of CI from the adjacent marsh area
presumably contributed to the high CI concentration at the surface. The
relative abundance of Mg and £04 in Nasiriya groundwater may be
accounted for by the lateral migration of these ions from the marshy water.
The great deficit in S04 and the presence of greenish-grey clay in the
profile suggest that anaerobic reduction of SO, may have taken place. These
combined factors invalidate ion deficit calculations based on the assumption
of an established equilibrium between the soil and groundwater.
(b) Cation Exchange Equilibria
Differences in the exchangeable Na content by NH4Ac and MgAc
extraction and by 22N equilibration were found to be small although the
equilibration method gave lower values for some samples. These samples
may contain a solid form of Na which dissolves or decomposes in normal
extracting solutions but not in water. However, no samples showed any
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evidence for sodium fixation and the zeolitic mineral, analcime, responsible
for such fixation (Schulz et al. 1965) was probably absent from the Iraqi
soils examined. Only the exchangeable Na values obtained by isotopic
dilution are given in Table 1 and they were used for calculating the
exchangeable sodium ratio (ESR) and the exchangeable sodium percentage
(ESP).
The following Gapon (1933) equation was used to describe cation exchange equilibrium between Ca and Mg
\Ca]
[Mg]

(Mg)
(Ca)

where square brackets represent moles of exchangeable Ca or Mg, parentheses the molar concentration of Ca or Mg in the saturation extract, and K
the ion-exchange constant. Values of K (Table 1) were generally greater
than unity, except for subsurface horizons of the Zubeir profile. For
these profiles the Gapon constant varied in the order Saklawia > Nasiriya
> Basra, the average values being 3-26, 2-15, and 1-21 respectively. In
other words, in these profiles exchangeable Mg was less strongly held than
exchangeable Ca. Singh and Moorthy (1965) also found that the activity
coefficient of exchangeable Mg was generally higher than that of Ca. Such
results cast some doubt on the accuracy of the U.S. Salinity Laboratory
(1954) procedure of treating calcium and magnesium as a single divalent
ion in describing the SAR-ESR relationship.
Data in Table 1 were subjected to statistical analysis to find the
relation between ESR of soils and the SAR of the saturation extracts. The
following regression equation was obtained
ESR - -1540 + -012SSAR

(2)

where

ESR = r
""?*•>
,
Ca(ad.) + Mg(ad.)
and SAR is expressed in (m mol//) ! .

This equation is similar to the one published by Bower (1959) for 59
soil samples representing 12 areas in western United States,
ESR = -0057 + -0173 SAR

(3)

The solid line in Figure 2 represents equation (3) while the dotted line
is that for equation (2). Points corresponding to the Zubeir profile are
clearly above both lines, especially the one representing U.S. soils. The
Zubeir profile is characterized by the dominance of S04= over Cl~ in its
soil solution, leading to higher exchangeable Na than for soils having
dominance of CI (Babcock and Schulz 1963). Restricting regression
analyses to the Saklawia, Nasiriya, and Basra profiles gave the following
equation
ESR = - -0078 + -0159 SAR

(4)
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SAR = N a + / v / C a + + + M g + +
Fig. 2.—Exchangeable sodium ratio (ESR) as related to the sodium adsorption ratio (SAR) of the saturation extract for some Iraqi soils.
The coefficients of determination (r 2 ) for equations ( 2 ) , (3) and (4)
were -866, -828 (calculated from Bower 1959) and -902, respectively.
In other words, about 90% of the variation in ESR may be accounted for
by the variance in SAR when the effect of the anion species in soil solution
is taken into consideration.
REFERENCES

Babcock, K. L. and Schulz, R. K. (1963)—Proc.Soil Sci.Soc.Am. 27, 630-632.
Blume, J. M. and Smith, D. (1954)—Soil Sci. 77, 9-17.
Bower, C. A. (1955)—Proc.Soil Sci.Soc.Am. 19, 40-42.
Bower, C. A. (1959)—Soil Sci. 88, 32-35.
Bower, C. A. and Hatcher, J. T. (1962)—Soil Sci. 93, 275-280.
Buringh, P. (1960)—"Soils and soil conditions in Iraq." (Ministry of Agriculture, Baghdad.)
Doering, E. J., Reeve, R. C. and Stockinger, K. R. (1964)—Soil Sci. 97, 312-319.
Eldridge, T. (1943)—"Laboratory manual for chemical and bacterial analysis of water
and sewage." (McGraw-Hill Book Company, Inc. London.)
Gapon, E. N., (1933)—J.gen.Chem.USSR 3, 144-152.

728

A. KADOW, FATHI AMER AND L. KADR1

Schulz, R. K., Overstreet, R. and Barshad, I. (1965)—Soil Sci. 99, 161-165.
Singh, S. S. and Moorthy, B. R. (1965)—Lantbr Högsk.Annlr 31, 93-101.
U.S. Salinity Laboratory Staff (1954)—"Diagnosis and improvement of saline and alkali
soils." Handbook 60 (U.S. Dep. Agric. Washington.)
SUMMARY

Four Iraqi soil profiles were investigated with respect to salinity in
relation to groundwater, and to cation exchange equilibria. Profiles studied
represented four different physiographic regions; the flood plain, the marsh
region, the estuary region, and the Zubeir groundwater irrigated area in the
southern desert.
Groundwater salinity as well as the SAR increased considerably, from
central to southern Iraq. Calculations of ionic balance in the profiles showed
that Na in the capillary stream caused a partial replacement of exchangeable Ca and Mg. The presence of HC03~ enhanced the differential translocation of Mg as soluble Mg(HCOA)> and favoured inactivation of Ca as
CuCO:i. Lateral migration of soluble ions was suspected in the marshy
region and anaerobic reduction may have taken place. Exchangeable
sodium measurements were somewhat lower by isotopic dilution than by
NH4Ac and MgAc extraction. The Gapon constant for the exchange
equilibrium between Ca and Mg varied for the different soils and was
generally greater than unity. A higher proportion of the variance in ESR
was accounted for by variance in SAR, when the effect of the anion
species in the soil solution was taken into consideration.
RÉSUMÉ

On a étudié quatre profils de sol en Iraq pour examiner la salinité par
rapport a 1'eau phréatique et aux équilibres d'échange des cations. Les
profils étudiés représentent quatre différentes regions physiographiques: la
plaine d'inondation. la region de marécage, la region de 1'estuaire et la
zone de Zubeir dans Ie désert du sud, qui est irriguée par un système
de puits et pompes.
La salinité de 1'eau phréatique ainsi que la proportion de 1'adsorption
du sodium augmentait en allant du centre vers Ie sud de 1'Iraq. Les calculs
d'équilibre ionique dans les profils ont montré que Ie Na dans Ie courant
capillaire a cause un remplacement de Ca et Mg échangeables, et la presence
de HCOè- a augmenté la translocation différentielle de Mg en Mg(HCOs)2
soluble, et a favorisé 1'inactivation de Ca en CaCOA. La migration laterale
des ions solubles a été soup?onnée dans la region marécageuse et une
reduction anaérobie a peut-être eu lieu. Les mesures de Na échangeable
étaient un peu plus basses dans la dilution isotopique que dans les extractions de NH4Ac et MgAc. La constante Gapon pour 1'équilibre d'échange
entre Ca et Mg a été différente dans les différents sols et en general a
dépassé 1'unité. Une variante plus élevée dans la proportion du sodium
échangeable est expliquée par la variante dans la proportion de 1'adsorption du sodium lorsqu'on tient compte de 1'effet des anions dans les
Solutions du sol.

CATION EXCHANGE EQUILIBRIA

729

ZUSAMMENFASSUNG

Die Untersuchung von vier Bodenprofilen Iraks wurde in Bezug auf
ihre Salzhaltigkeit im Verhaltnis zum Grundwasser und dem KationenAustauschverhaltnis ausgeführt. Die untersuchten Profile reprasentieren
vier verschiedene physiographische Gebiete und zwar: die Flutebene, das
Marschland, das Flussmiindungsgebiet und die in der südlichen Wüste
liegende Zubeir Gegend, die mit gepumptem Quellwasser bewassert wird.
Die Salzhaltigkeit des Grundwassers sowie auch das Natrium-Adsorptionsverhaltnis nahm bedeutend von den mittleren zu den südlichen Teilen
von Irak zu. Durch Berechnungen des Ionengleichgewichts in den Profilen
geht hervor, dass Na im Kapillarstrom einen partiellen Austausch von
auswechselbarem Ca und Mg verursachte, und die Anwesenheit von
HC03~, die eine differentiale Umstellung von Mg als lösliches Mg(HCOJ>
steigerte und die Inaktivierung von Ca als CaCOs begünstigte. Seitenwanderung von löslichen Ionen wurde in den marschigen Gebieten vermutet, und es ist möglich, dass eine anaerobe Reduktion stattgefunden hat.
Messungen von austauschbarem Na waren etwas geringer in isotopischer
Verdünnung als in NH4Ac und MgAc Extraktionen. Die Gapon Konstante
für das Austauschgleichgewicht zwischen Ca und Mg zeigte Unterschiede in
den verschiedenen Boden und war im allgemeinen grosser als die Einheit.
Ein höherer Anteil der Variante im Natriumaustauschverhaltnis wurde
durch die Variante im Natrium-Adsorptionsverhaltnis erklart, nachdem die
Einwirkung der Anionen in Bodenlösungen in Betracht gezogen wurden.

SURFACE OF SOIL ALLOPHANIC CLAYS
S. AOMINE AND H . OTSUKA
Faculty of Agriculture, Kyushu University, Fukuoka, Japan
INTRODUCTION

I.

During investigations into the specific surface area of some soils and
clay minerals in relation to other physical and chemical properties some
exceptional features were observed for allophanic clays, indicating the need
for further study.
Only a little information on the specific surface area of allophane has
been published. Gradwell and Birrell (1954) reported that allophane
resembled montmorillonite in possessing a large surface area as measured
by glycol desorption, but in contrast to montmorillonite this area remained
virtually unchanged after ignition at 650°C. Aomine and Yoshinaga (1955)
determined the ethylene glycol retention of five soil allophanic clays and
showed that 133 to 236 mg of glycol were retained per gram of oven dry
clay compared with 39 to 64 mg after ignition at 600°C. Egawa et til.
(1955) described a large amount of ethylene glycol retained by the clays
separated from volcanic ash soils. Kinter and Diamond (1960) measured
the surface area of an allophane separated from a Japanese Ando soil by
their glycerol method and noticed that the glycerol retention was unchanged
after saturation with triethylammonium. They found it to be as high as
montmorillonite and considered that all the surface area was external.
Greenland and Quirk (1962) found an exceptional behaviour in the adsorption of cetyl pyridinium bromide by an allophane, suggesting that much of
the surface exists in stable pores which are too small to accommodate a
double layer of the bromide molecules on opposite surfaces. Thus the data
on the surface area of allophane are limited and the nature of the surface
of allophane is uncertain.
II.

CLAY SAMPLES

Table 1 shows the sources of soil and bentonite samples and their
principal clay minerals. Clay samples were prepared as usual by sedimentation and centrifugation after removal of organic matter with hydrogen
peroxide. Ultrasonic vibration was used to disperse the allophanic clays.
Homoionic Na- or C«-clays were used in the experiments.
III.

METHODS

In the measurement of the total surface area of clays the ethylene glycol
monoethyl ether (EGME) method of Carter et al. (1965) was chiefly used.
Cetyl pyridinium bromide (CPB) (Greenland and Quirk 1964), o-phenanthroline (OP) (Bower 1962), glycerol (Kinter and Diamond 1958) and
731

732

S. AOMINE AND H. OTSUKA
TABLE 1
CLAY SAMPLES

Clay minerals*
Principal
Minor

Sample

Description

Gunma
Mizuwake
Menda
Kodonbaru
Kawaminami
Morioka
Choyo

Hojun-bentonite
Bentonite, Oita
Ando soil D, Kumamoto
Ando soil D, Kumamoto
Ando soil D, Miyazaki
Ando soil B, Iwate
Ando soil B, Kumamoto

Mt
Mt
Alio, Imo
Alio, Imo
Alio, Imo
Alio
Alio

kl

Kl, Mt

•Alio = allophane, Imo = imogolite (Wada 1966), Kl = kaolin, Mt = montmorillonite.

water adsorption (Quirk 1955) were also used in comparison with the
EGME method. The external surface of samples was determined by
adsorption of nitrogen at — 195°C in conjunction with the BET equation,
using a self-recording type of surface-area measurement apparatus (Shibata
Co., Tokyo).
IV.

RESULTS AND DISCUSSION

The total and external surface areas measured are shown in Table 2.
The CPB and OP methods were obviously inapplicable to allophanic clays.
TABLE 2
THE TOTAL SURFACE AREA OF CLAY FRACTIONS ( < 2 F L ) MEASURED WITH POLAR LIQUIDS, AND
THE EXTERNAL SURFACE AREA BY THE 7V,-GAS METHOD

Total surface
Sample
CPB

OP

EGME

Glycerol

Water

External
surface

/v 2
2

Gunma
Mizuwake
Kodonbaru
Choyo
Morioka

n.d.
n.d.
n.d.
50
20

424
690
0
0
0

601
750
434
434
449

m /g
520
602
536(475)
481(459)
n.d.

51')

(,(!()
533
474
529

m 2 /g
71
98
169
\M
143

Values in parenthesis were obtained by calculation with the external surface area
measured by the A/2-gas method.

These materials appear not to be fully adsorbed on such a positively
charged colloid as allophane. Greenland and Quirk (1962) found that an
allophane from a New Zealand soil adsorbed no CPB at pH 4 and only
a little at pH 7-8. Kinter and Diamond (1960) found no retention of
triethylammonium by allophane, probably due to the allophane being
positively charged.
Provided that the surface of allophane consists of the external and
internal surfaces and that the latter are similar to the internal surfaces of
montmorillonite, the total surface area could be calculated by measuring
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the external surface by the glycerol method with samples heated at 600°C,
or by the low-temperature nitrogen method. The data obtained with the
heated samples (glycerol method) were appreciably larger than those from
the unheated ones (nitrogen method). Kinter and Diamond (1960) considered that all the surface area of allophane was external and a reduction
of glycerol retention by heating was due to sintering. Little difference in
adsorption of nitrogen was found between samples dried over PjO^, evacuated at room temperature and preheated up to 300°C (data not shown).
In accordance with the results by Greenland and Quirk (1962) about twothirds of the total surface area of allophane is accessible to polar liquids
such as ethylene glycol monoethyl ether, ethylene glycol, and water, but not
to nitrogen gas. This surface might be regarded as the internal surface,
although its nature would be expected to be quite different from that of
montmorillonite.
In general the particle size of clays greatly affects the external surface
area but not the internal surface area. Since the nature of allophane surface
has not been fully understood, useful information might be provided by
investigating the surface area of clay fractions of varying particle sizes.
The surface areas of whole (coarse and fine) clay fractions, determined by
the EGME and A^.-gas methods, are presented in Table 3, together with
the mechanical composition of the whole clay. The difference in the surface
area with EGME between the coarse and fine clays was small. Although
this small difference possibly resulted from the fact that allophane particles
are essentially very small and the coarser ones are aggregates, it would
seem more probable that the structure of allophane is porous, like honeycomb. The surface area of the whole clay, calculated from the data of
coarse and fine clays and the mechanical composition, is in good accord
with the observations, confirming thorough penetration of EGME moleTABLE 3
THE SURFACE AREA OF COARSE AND FINE FRACTIONS OF ALLOPHANIC CLAYS

EGME

Mechanical
composition*

Obs.

Cal.

AVgas

100
60
40

m ! /g
434
405
483

m 2 /g
436

Choyo

<20
20—0-2
<0-2

m 2 /g
169
135
132(144)

<20
20—0-2
<0-2

100
63
37

434
405
477

434

Kodonbaru

<20
20—0-2
<0-2

[00
54
46

462
451
474

463

Morioka

Sample

Diameter

^

—
—
—
—
__
—

169
200
200(200)
143
155
21(22)

Values in parenthesis were determined by the kaolinite admixing method of GreeneKelly (1964).
* As per cent of the <2fi material.
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cules into internal spaces of allophane particles as well as between the
particles.
On the other hand, the A^-gas adsorption measurements gave a similar
or rather smaller area for the fine clays. The kaolinite admixing procedure
proposed by Greene-Kelly (1964) barely increased the area of the fine
clay. Changing the exchangeable cation and suspension liquid from which
the air-dried, homoionic clay samples were prepared did not appreciably
enhance accessibility to nitrogen gas (data not shown). This evidence leads
to the inference that allophane particles, particularly finer ones, are able
to produce fine aggregates so compact that the interior of the interparticles
is not accessible to nitrogen gas, and similar cohesion might occur between
a kaolinite platelet and fine allophane particles.
It is well known that montmorillonite and allophane manifest a very
high hygroscopicity. This could be in part understandable from their
enormous surface area. The adsorption of water molecules by the clay
would be dependent not only on the species of exchangeable cations but
also on the nature of the surface. Table 4 shows the relationship between
relative humidity and the hygroscopic moisture content for montmorillonite
and allophanic clays.
The moisture content of the allophane samples was notably high within
the whole range of humidity compared with that of montmorillonite, particularly at lower relative humidities. X-ray diffraction analyses of montmorillonite indicated the basal spacing of 12-9 A and 14-7 A at relative
humidities of 17-8 and 67-2 percent, respectively, showing the monoand di-layer of water molecules in the interlamellar spaces at the respective
humidities. At the lower humidity, i.e. 17-8 percent, the formation of the
monolayer of water must be incomplete in part of the interlamellar spaces,
because the intensity of the reflections of basal spacing was rather low.
Allophanic clays retained much water at little more than a monolayer under
the same humidity. Allophane is able to adsorb a quantity of water which
covers up the total surface as a monolayer under a humidity far less than
20 percent as mentioned by Ouirk (1955). Since the charge density on the
surface of allophane is normal for the clay (0-80 to 1 • 19 unit per m/t 2 ),
a greater adsorption of water by allophane might be accounted for by a
large amount of OH and a unique pore size distribution as suggested by
Fripiat (1964) for a cracking catalyst. Wada (1966) concluded from
exchange experiments with deuterium that all the structural OH groups
of allophane were located at the surface. This evidence supports the above
conclusion.
Assuming that the surface of allophane is all external and that the
shape of the particles is spherical, the diameter of allophane must be less
than 50 A in order to account for about 500 m 2 /g of specific surface area.
According to electron micrographs of allophanic clays, this is not always
true; they are very often larger than 50 A in diameter, suggesting the
presence of an internal surface which is accessible to polar liquids such as
glycerol, ethylene glycol, ethylene glycol monoethyl ether, or water but
inaccessible to nitrogen gas.

TABLE 4
MOISTURE RETENTION BY MONTMORILLONITES AND ALLOPHANIC CLAYS

Sample

Total
surface
area

Gunma
Mizuwake
Menda
Kodonbaru
Kawaminami
Morioka
Choyo

m'/g
601
750
523
434
569
449
434

Gunma
Mizuwake
Menda
Kodonbaru
Kawaminami
Morioka
Choyo

Cationexchange
capacity
me/g
0-78
115
0-78
0-77
0-76
0-89
0-79

Relative humidity (%)
Charge density

10-3

17-8

29
37
121
114
136
117
119

49
64
181
165
192
155
145

0-48
0-49
2-60
2-63
2-39
2-61
2-74

0-80
0-87
3-46
3-80
3-37
3-45
3-43

e/mji 2

0-78
0-92
0-90
106
0-80
119
109

27-5

37-4

47-3

67-2

Moisture content on oven-dry basis (mg/g)
62
83
104
142
130
200
90
104
267
289
244
195
197
296
241
261
286
212
272
344
269
1X4
233
275
270
172
245
308 .
Average thickness of water on the surface (A)
103
1 -38
1-73
236
1-20
1 -39
2-67
1-73
4-67
3-73
511
5-54
4-52
5-55
601
6-82
3-73
4-78
5 03
605
410
5-19
5-99
612
3-96
5-65
6-24
710

88-7
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258
328
330
409
306
315
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343
377
362
435
445
366

3-88
3-44
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7-64
7-26
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4-57
7-21
8-34
7-64
9-91
8-43
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SUMMARY

Soil allophanic clays ( < 2fi) separated from Ando soils have a total
surface area of about 500 m-'/g, measured with polar liquids such as
glycerol, ethylene glycol monoethyl ether or water. Cetyl pyridinium
bromide and o-phenanthroline are not applicable to allophane, probably
due to the allophane being positively charged. Assuming that all the surface
area of allophane is external and that the particles are spherical, the size
of allophane particles should be less than 50 A in diameter, but electron
microscopy does not always reveal such a small size.
On the other hand the surface area, derived from low-temperature
nitrogen adsorption and application of the BET equation, is about one-third
of that measured with polar liquids, indicating that two-thirds of the
allophane surface is accessible to polar liquids but not to nitrogen gas. In
this sense, the surface of allophane could be divided into external and
internal surfaces. The fine particles of allophane are able to form aggregates whose interspaces are inaccessible to nitrogen gas.
Considerable adsorption of water by allophane might be partly due to
a large quantity of OH on its surface.
RÉSUMÉ

Les argiles allophaniques de sol (<2/J.) séparés des sols Andos ont une
surface totale d'environ 500 m 2 /g en moyenne, mesurée avec des liquides
polaires tels que le glycerol, 1'éthylène glycole, l'éther monoéthyle ou de
1'eau. Le cétyle pyridine bromure et le o-phénanthroline ne peuvent être
appliques a l'allophane, probablement parce que l'allophane a une charge
positive. Si nous admettons que toute la surface de l'allophane est externe
et que les particules sont sphériques, la dimension des particules d'allophane
devrait être de moins de 50 A de diamètre, tandis que la microscopie
électronique ne révèle pas toujours une dimension si petite.
Par contre. la surface obtenue de 1'adsorption de 1'azate a une tem-
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pérature basse et 1'emploi de 1'équation BET est a peu prés un tiers de la
surface mesurée avec des liquides polaires, ce qui indique que deux tiers
de la surface allophanique sont accessibles aux liquides polaires mais pas
au gaz d'azote. Dans ce sens la surface d'allophane pourrait être divisée en
surface externe et interne. Les particules fines d'allophane sont capables de
former des agrégats dont les inter-espaces ne sont pas accessibles au gaz
d'azote.
Une adsorption considerable de 1'eau par 1'allophane peut être en
partie Ie résultat d'une grande quantité de OH sur sa surface.
ZUSAMMENFASSUNG

Boden von Allophanischem Ton (<2/t), die von Ando Boden getrennt sind, haben einen Gesamt Oberflachenbereich von ungefahr 500
m-/g, wenn sie mit Polar Flüssigkeiten wie Glycerol, Aethylen Glycol,
Monoathyl Aether oder Wasser gemessen wurden. Cetyl Pyridinium Bromid
und O-Phenanthrolin sind nicht für Allophan anwendbar, möglicherweise
wegen dem positiv geladenen Allophan. Wenn angenommen wird, dass das
gesamte Oberflachenbereich von Allophan öusserlich liegt, und die Partikel
spharisch sind, dann sollte die Grosse der Allophanpartikel weniger als
50 A im Durchmesser sein, und Elektron Mikroskopie zeigt nicht immer
derartige geringe Grossen an.
Anderseits betragt das Oberflaechenbereich, welches von einer Stickstoff
Adsorbierung bei niedriger Temperatur und der Anwendung von der BET
Gleichung abgeleitet wurde, ungefahr ein Drittel der Flache, die mit Polar
Flüssigkeiten gemessen wurde. Diesses deutet an, das zwei Drittel der
Allophan Oberflache den Polar Flüssigkeiten zugünglich sind, jedoch nicht
dem Stickstoffgas. In diesem Sinne könnte die Oberflache von Allophan in
ausserliche und innerliche Oberflachen eingeteilt werden. Die feinen
Partikel von Allophan sind fahig Aggregate zu bilden, deren Zwischenraume den Stickstoffgasen nich zuganglich sind.
Eine starke Adsorbierung von Wasser an Allophan, kann teilweise die
Folge einer grossen Quantitat von OH in ihrer Oberflache sein.
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SOIL RESISTANCE TO CUTTING WITH A WIRE
G.

STEFANELLI

Farm Machinery Institute, Florence University,

Italy1

I. THEORY

As the cutting edge of a knife advances uniformly in soil a global
reaction of the soil against the knife is produced. This reaction comprises:
(a) the sum of the reactions of the soil on the cutting edge (resistance to
cutting, or to detaching, or "pure tenacity"),
(b) the frictional resistance on the faces of the knife,
(c) the resistance due to adhesion on the faces of the knife and
(d) the resistance corresponding to the work of deforming the soil (compression) due to the thickness of the knife.
In the present investigation we consider only (a) the resistance to
cutting or pure tenacity acting on the cutting edge.
The resistance to total detachment acting on the cutting edge is
obviously the resultant of the local unit reactions (unit loads) parallel to
the direction of advancement (in the case here considered, perpendicular to
the edge itself). The edge can be schematically simplified as a thin inextensible wire, stretched by high intensity forces applied to the ends and
loaded by the soil unit reactions which are generally variable along the wire.
On the other hand, if the wire is not stretched taut and is in dynamic
equilibrium with the drawing forces RA and R,s applied at its ends A and B
respectively, it bends and gives rise to a line that is obviously the funicular
curve or connection line (see Figure 1). Such a curve is symmetrical about
the centre line if the distribution of the soil unit reactions is uniform, but
is asymmetric in the general case. Where the reaction is concentrated at
one point the wire gives rise to a funicular polygon; where there is more
than one reaction, as with a plough sole, the curve would present equally
as many peaks.
Physically, the symmetrical curve corresponds to the case of a wire proceeding with rectilinear and uniform motion in a homogeneous medium
(constant soil unit reactions). The asymmetrical curve corresponds to a
non-homogeneous medium (non-constant soil unit reactions). The first
condition can occur in a uniform agricultural soil when the wire is placed
horizontally, the second condition, when the wire is placed vertically, would
arise from variation down the profile. In general the form of the funicular
curve obviously depends on the distribution of the soil local unit reactions.
1
This work has been done under the Foreign Agricultural Research Grant Programme of United States Department of Agriculture,
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Fig. I.—The funicular curve with the distribution of local soil reactions p v
and the position of the resultant R.

Hence, from the form of the funicular curve it is possible to go back to
the distribution of the soil reactions themselves. Given this, and following the
theory of inflected beams M = Hx, the coordinates x of the funicular curve
beginning from the straight line A B (see Figure 1), can represent to suitable scale the moments of flexure M of the soil local reactions on the wire.
A diagram of this sort also allows the determination of the total reaction
R resulting from the local soil reactions p on the wire: R = Sh0pdx\ where
/; is distance between A and B, and v the coordinate Ap.
Under conditions of dynamic equilibrium, with RA and RB the drawing
forces at the extreme ends, obviously we also have R = — (RA + R,i).
Thus from the flexure diagram:
cIM/dy = T and dT/dy = -p
and so.
d-M/dy- = d-(Hx)/dy2

= -p

It is possible therefore to find the variation of the local soil reactions along
the cutting wire.
It follows that, if with suitable experimental device it were possible to
determine the funicular curve caused by the soil local reactions /; on the
wire, this curve defines the moment-flexure diagram. From this diagram,
with a double derivation (either analytic or graphic), it is possible to find
the variation of /; as a function of the depth y; that is, to find the distribution of the local reactions p from the surface of the soil to the maximum
depth h' of the cut (Figure 2).
Whereas, in relation to the several hypotheses that can be inferred concerning the variation of /; as a function of the depth of the cut, different
forms of the function p = p(y) are possible and hence different forms of
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^B
Fig. 2.—Funicular

B

curve of a wire cutting through soil of depth /;.

the function M = M(y) and therefore of the corresponding funicular
curve. This problem can be solved with a double integration (either analytic
or graphic), when the function /; = p(y) is known.
For example, if the soil local unit reactions were proportional to a
power 1/ of the depth, i.e. p = ay", we would have d-M/dy- = —ay" from
which, integrating a first and a second time, we obtain
—a
i.B + 2
+ cy + ci,
(M + 1)(« + 2)the constants of which are determined as follows. Being by hypothesis,
M = 0 for y = 0, we get c\ = 0;
M

M = 0 for y = h, we get 0 =

ahu+2

(«i+ ! ) ( « + 2 )

ch\

or, for h — 0:
alju+i

(« + l)(« + 2)
It follows that we obtain
a
u
,,u+2
M = Hx = (u + l)(w + 2)• (yh ^
which furnishes the equation of the funicular curve.
Thus the funicular curve is represented by an equation of degree (u + 2)
in y. If in particular we suppose u = 1, we would obtain p = ay, that is,
for the case of simple proportionality between p and u we would have
M = Hx = -„ (h2y y3)
j2),
o
6(/'
and the funicular curve in such a case would be represented by an equation
of the third degree in y (parabola of the third degree).
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If instead we suppose u = 0, we would obtain p = a = const (a constant
sou local reaction on all points of the cutting wire), we would have
M = Hx = \ (hy -y*)=a2(h-

y),

and the funicular curve is represented by an equation of the second degree
in y, i.e. a parabola.
Thus it is clear that the examination of the law of variation of p as a
function of the depth, y, can allow a prediction of the form of the funicular
curve, and that vice versa—and this is much more important—the study of
the form of a funicular curve obtained experimentally can be considered
a useful means of gaining information on the variation of the soil local
reaction, p, as a function of the depth, y, a problem of considerable interest
and not always solvable in other ways.
II. EXPERIMENTAL METHOD

The method consists essentially of determining the configuration that
the wire acquires during its motion, a determination that as a general rule
can be obtained with the following methods:
(a) mechanical (checking the configuration of the wire directly or indirectly
by means of photographs),
(b) magnetic (rendering the wire magnetic),
(c) X-rays (radiographs at suitable intervals) and
(d) electrical (by a scanning coil, for example, with oscillographs).
In the work reported here the mechanical method was used. In concept
it is a matter of making a flexible and inextensible wire move into the soil,
drawing it at its extreme ends (kept at a constant distance apart) and
measuring the reactions (generally oblique) on the points of traction, and
the form of the curve acquired by the wire.
For soil tillage applications the investigation is considered on vertical
planes (the case of coulters) as well as on horizontal planes (the case of
shares). But it is obvious that in the investigation on horizontal planes, at
gradually increasing depths the variation of the soil unit reactions along the
vertical can be determined. However, only horizontal planes are considered
here. The methodology outlined above can be applied in the laboratory as
well as in the field.
The method has so far been limited to laboratory experimentation,
carried out on sand and different kinds of soil. For this purpose a special
apparatus has been designed and constructed in the workshop of the FarmMachinery Institute (see Figure 3). The longitudinal and transverse forces
applied to the terminals A and B of the cutting wire are measured by means
of four strain gauges connected to a galvanometric multichannel apparatus
with a photographic recorder (OTE—Galileo—type R 103, Italian make).
The strain gauges are placed into two low-friction slides (teflon on teflon).
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Sliding shoe with
Strain gauges

Fig. 3.—Apparatus of Farm Machinery Institute for soil cutting experiments.

fitted on the sides of the container. The container contains the soil being
tested and is made of metal with wooden sides. It is subdivided into two
sections, each side having a slit for the cutting wire. The two terminals of
the cutting wire are clamped to the two slides and pulled by two cables
wound around electrically driven drums.
Figure 4 shows the details of one of the two slides, fitted with the
traction strain gauges (one for the component in the direction parallel to
the motion and the other for the component normal to it).
The cutting wire is advanced into the soil in the container for a distance
of a few decimeters and then stopped. Then the outline of the wire in the
soil is traced by determining its abscissae and ordinates with a simple
mechanical device with feelers and sliding pointers, that reproduce the
curve formed by the wire.
It is thus possible to draw to scale on paper the funicular curve and thus
the distribution of the soil local reactions along the wire.
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To OTE Recorder

Sense of advance

/

Pulling wire

Cutting wire
Diagram showing an enlargement of sliding shoe from Fig. 3, with
strain gauges for measuring the forces on the ends of the cutting wire.

Fig. 4

Iir.

RESULTS

In preliminary experiments (1963-64) observations were limited to a
homogeneous medium (siliceous river sand). These tests show that the
experimental funicular curve in the various cases (wet or dry sand) reproduces very well the parabolic trend indicated by theory.
Subsequent tests (1964-65) have been made on sand and on farm soils
of Bologna Region (Le Budrie, Ozzano, Cadriano).
In these tests besides the form of the curve always having almost a
parabolic form, the following quantities have been determined also:
—the resultant R of the soil local reactions on the wire,
—the unit stress, t (kg/cm), referred to the length unit of the projection
of the cutting wire on the normal to the direction of advancement. This
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stress—but for the very limited slide friction—represents the "pure
tenacity", as defined in I,
—the vertical pressure, z0, existing on the soil in relation to the sliding
plane of the wire,
W
—the apparent specific weight, c = —, of the soil under test conditions,
where W is the weight of soil and V is the volume of the container and
—the relative percentage moisture of the soil under test conditions (w).
The results of the tests are shown in Table 1.
Values of t can be related to w, c, and z<„ and it is possible to plot the
corresponding points as is shown in Figure 5. The siliceous river sand is
seen to be very different from the three farm soils in its reaction to the
cutting wire.
TAHI.I

I

CUTTING RESISTANCE AND SOIL REACTION RESULTANT UNDER PACKING CONDITIONS SPECIFIED
BY WATER CONTENT, DENSITY AND NORMAL PRESSURE*

>f(%)

Normal
pressure
z 0 (kg/dm 2 )

Soil
Reaction
Resultant
«(kg)

Cutting
Resistance
r(kg/cm)

1-50

13-6

1-55

39—42

0-87—0-94

B -farm soil
(Le Budrie)

1-20

9-8

[•24

15 5

C- -farm soil
(Cadriano)

1-20

11 -9

1-44

16—18

0-36—0-40

D —farm soil
(Ozzano)

1 00

12-7

107

13—15

0-29—0-33

Specific
weight
f(g/cm J )

Water
content

A -siliceous
river sand

0-34

(* Researcher, A. Cioni, Engineer)

In some of the tests on the Bologna Farm soils the funicular curve was
not symmetrical and this was confirmed by the fact that R was not at the
centre of the wire. This was caused by a non-uniform soil density as well as
by a slight relative slipping of the two terminals of the wire in the direction
of advancement.
In conclusion, on the basis of the laboratory tests performed, it seems
that the results obtained can be considered to prove that the method
proposed here for determining the "pure tenacity" can be regarded suitable
for the purpose, even though improvements in method and devices are
possible.
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SUMMARY

The author proposes the study of the resistance to soil cutting by a
thin steel wire. The distribution of soil reaction is studied by means of the
funicular curve acquired by a flexible and inextensible wire during its
uniform motion through the soil.
From the form of the funicular curve, it is possible to obtain the
variation or distribution of soil reaction along the wire with a double
derivation (analytic or graphic), and therefore determine the resulting
force position. For instance, if the funicular curve is a parabola, the local
soil reaction is constant along the wire.
A special laboratory apparatus is described by means of which it is
possible to determine the form of the funicular curve of the wire as it cuts
the soil and to measure the forces, both in the direction of the motion and
perpendicular to it, acting on the two wire terminals. The forces are
measured by means of a strain-gauge system and galvanometer recorder.
The funicular curves obtained for homogeneous soils practically coincide
with second degree parabolas, in agreement with the theory, and a brief
account is given of some experimental results obtained with a sand and
several soils.
RÉSUMÉ

L'auteur propose 1'étude de la resistance du sol au coupage au moyen
d'un mince fil d'acier. La distribution de la reaction du sol est étudiée au
moyen de la courbe funiculaire acquise par un fil souple et inextensible
pendant sa penetration uniforme a travers le sol.
Suivant la forme de la courbe funiculaire. il est possible d'obtenir, avec
une derivation double (analytique ou graphique), la variation de la
distribution de la reaction du sol le long du fil; par suite de ces observations,
il est possible de determiner la direction (position) de la force resultante.
Par exemple, si la courbe funiculaire est en forme de parabole. la reaction
local du sol est constante le long du fil.
L'auteur décrit par la suite un appareil spécial destine aux experiences
au laboratoire. Grace a cet appareil, il est possible de determiner la forme
de la courbe funiculaire du fil au cours du mouvement coupant du fil qui
pénètre le sol, et d'en mesurer les forces aussi bien dans la direction du
mouvement même que dans la direction perpendiculaire au mouvement.
Ces forces s'appliquent aux deux bornes de fil; elles sont mesurées au
moyen d'un système spécial pour estimer la tension, et d'un enregistreur
galvanométrique.
ZUSAMMENFASSUNG

Der Verfasser schlagt die Untersuchung des Widerstandes vor, welcher
sich ergibt, wenn Boden mit einem dunnen, schneidenden Stahldraht
geschnitten wird. Die Verteilung der Boden-Gegenwirkung wird mittels der
von einem biegsamen und ausdehnbaren Draht wahrend seiner gleich-
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massigen Bewegung durch den Boden erworbenen funikularen Kurve
untersucht.
Von der Form der funikularen Kurve ausgehend ist es möglich, die
Veranderung oder Verteilung der Boden-Gegenwirkung langs des Drahtes
mit einer doppelten Ableitung (analytisch oder graphisch) zu erhalten und
daher die sich ergebende Kraft-Position zu bestimmen. Wenn z.B. die
funikulare Kurve eine Parabel ist, so ist die lokale Bodengegenwirkung
langs des Drahtes unveriinderlich.
Ein spezielles Laboratoriumsgerat wird beschrieben, womit es möglich
ist, die Form der funikularen Kurve des Drahtes wahrend der Bodenschneidung zu bestimmen und die Krafte—sowohl in der Richtung der
Bewegung als auch senkrecht zu dieser—die auf die beiden Drahtenden
wirken, zu messen. Die Krafte werden mittels eines SpannungsmesserSystems und eines Galvanometer-Registrierapparates gemessen.
Die funikularen Kurven, die man bei homogenen Boden erhielt,
stimmen tatsachlich und gemass der Theorie mit Parabeln des zweiten
Grades überein, und man berichtet kurz über einige Versuchsresultate, die
man mit einem Sand und mehreren verschiedenen Boden erlangt hat.

STUDIES OF GROWING ROOTS BY TIME-LAPSE
CINEMATOGRAPHY
G. C. H E A D

East Mailing Research Station, Kent, England
INTRODUCTION

The construction of a new underground root-observation laboratory at
East Mailing in 1960 (Rogers and Head, 1963) made it possible to
continue studies on root life-history and periodicity of root growth; and in
1966 these studies were extended to include a wider range of crops, with
the completion of a second laboratory shown in Fig. 1. Roots of apple,
plum, cherry, quince, black currant, raspberry, strawberry and hop are now
visible, through glass panels, growing in a sandy loam soil and may be
measured, observed with a microscope or photographed as often as
required without disturbance.
The periodicity of root growth has been shown to be influenced by soil
temperature and soil moisture (Rogers, 1939) and also by other controlling
factors within the tree (Head, 1967). Studies of root life-history have been

Fig. 1.—An underground root-observation laboratory at East Mailing
Research Station with apple, pear (on quince), cherry and plum trees and
strawberries, raspberries, black currants, and hops planted along the sides.
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made with a low-power microscope and time-lapse cinematography has
been particularly valuable for the demonstration and investigation of
changes which occur relatively slowly. Apart from drawing attention to
slow movement or change unnoticed by the human eye this technique also
has the advantage that the recording on film may continue for several
weeks or months under the control of an electric time-clock, without an
observer being present. Subsequent irame-by-frame analysis may be used
to obtain quantitative data.
EQUIPMENT

The two root observation laboratories are basically similar in design and
consist of underground concrete tunnels, 96 ft. long, each with 48 plate
glass panels, i in. thick, 42 in. wide and 48 in. high, supported along the
sides of the tunnel. In the second chamber, half of each panel is made up
of smaller panels, Fig. 2, which may be easily removed for sampling or the
application of local treatments.
Cine cameras have been specially modified for operation by an electric
motor, to take single exposures on 16 mm. film at time intervals regulated
by an electric clock (Yoxall Jones, 1965). The modified cameras may be
mounted in front of any of the windows and can be arranged either to film
a relatively large area of glass panel occupied by roots or through a microscope to film the emergence of root hairs and the activities of the soil microfauna. The single exposures are made by electronic flash synchronised with
the camera shutter.
RESULTS

Extension roots of cherry (Primus avium) grew about 1 cm per day
and detailed analysis showed that the growth rate was more rapid during
the night than during the day (Head, 1965). The extension roots produced
lateral roots after about 2 weeks and at first all the new roots were white
in colour. Natural browning of the root cortex started after about 3 weeks
and the brown outer tissues later started to decay.
The changes occurring on the root surface were followed in detail in a
film of a single apple root. The separation of cell fragments from the root
cap was observed as the root tip grew across the field of view and these
fragments remained apparently unchanged in the soil for 21 weeks until
they were obscured by soil particles. Browning of the cortex of apple roots
usually begins after 2-3 weeks, in the summer months (Head, 1966), but
often starts later in those regions of the root surface not in close contact
with soil particles. The region of apple root being filmed, in this instance,
was in one of the many air spaces in the soil and here the colour change
did not commence until after the root was 30 days old. Browning of the
outer tissues spread along the root from the older region towards the roottip, but the spread was not a continuous process. The brown area was
sharply delimited and the boundary extended in irregular jumps, proceeding
along the root 2-3 mm within the hour between exposures, the new brown
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area gradually darkening in colour during the following 3-4 hours. One or
more days later the brown patch extended rapidly again to include another
adjacent area of cortical tissue.

Fig. 2.—An observation panel showing roots of a black currant bush. Note
the small removable panels on the left, and the i in. grid engraved on the
glass.
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Fig. 3.—(a) Extension root of apple, 10-11 days old, with the cortex just
turning brown in the centre and one lateral root 3-4 days old, photographed
on 22nd July, (b) The same roots on 9th October. Soil arthropods and
enchytraeid worms have eaten away most of the decayed cortex and caused
considerable soil disturbance. The larger channel at the left is the result of
earthworm activity.
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Fig. 4.—Root of plum showing groups of root hairs close to soil particles
and the absence of hairs in the intervening air spaces in the soil.

Various species of the soil fauna were present throughout the film but
activity increased markedly once the cortical tissue had become completely
brown. Nematodes and enchytraeid worms fed on the degenerating tissue,
opening channels which allowed collembola and mites to continue the
process of breakdown and dissemination of the cortical remains. As a
result of continued feeding over a period of months the decayed cortex was
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removed completely, leaving the living central vascular cylinder exposed, as
shown in Fig. 3. The activity of the soil fauna decreased noticeably in the
winter once the soil temperature had fallen below 5°C.
Close-up films of individual roots also demonstrated circumnutation of
apple root tips (Head, 1965) and the deposition of mucilage in the soil
from black currant roots.
Root hairs have been studied in a number of films and certain features
of their development varied among the different species studied. Development of root hairs occurred more or less uniformly over the whole surface
of apple roots and the hairs were not more than 0-1 mm in length. Root
hairs on plums (Primus cerasijera) were longer than this but were not
uniformly distributed over the root surface, being abundant in regions close
to soil particles and absent where roots crossed some of the small air spaces
in the soil, as shown in Fig. 4. Root hairs of black currant are much longer
and are also more abundant in regions close to soil particles. The films
showed that black currant root hairs are sometimes up to 1-0 mm long and
may take 15-20 hours to reach their full length.
The formation of droplets of exudation on the surface of apple roots
has been filmed and the results have been analysed in detail (Head, 1964).
Droplets of exudation are nearly always present on regions of apple roots
where root hairs have just completed their growth, as shown in Fig. 5, but are
not seen on plum roots under similar growing conditions. A few droplets

Fig. 5.—Root of apple nearly 2 days old covered with droplets of exudation.
Small droplets on the tips of individual root hairs are present to the right
and larger globules, formed by the coalescence of smaller droplets, may be
seen to the left.
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were seen on the tips of some black currant root hairs but these were
associated with the shrivelling of these hairs and were not seen at other
times.
One of the most obvious features in all the films of root growth has been
the activity of the soil fauna. Activity and feeding of collembola, millipedes,
symphilids, mites and enchytraeid worms were most obvious in regions
where dead cortical tissues were undergoing decomposition, but they were
also present on or near white extension roots and spur rootlets but so far
there has been no evidence of injury by these species. Much earthworm
activity was also recorded.
Individual nematodes, probably saprophagous species, were visible on
the surfaces of most roots and a special study has been made, including
the use of films, of large infestations by Trichodorus viruliferus on apple
roots (Pitcher and Flegg, 1965; Pitcher, 1967). This species congregated in
large numbers just behind the growing tips of white extension roots and
their feeding on the surface layers of the root caused damage and brown
discolouration.
The films show rhythms of root growth and the emergence of root hairs
and provide a valuable indication of some of the relationships between roots
and the soil particles under more or less undisturbed conditions. They also
demonstrate most strikingly the natural disintegration of the root cortex and
in particular the important role of the soil fauna in this process.
The author proposes to show a film in the conference room on the
occasion of the 9th Congress which illustrates the points described above.
The film runs for 20 minutes and is entitled 'Roots and the Soil'.
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SUMMARY

Roots of fruit plants growing in a sandy loam soil were filmed through
glass panels in an underground root-observation laboratory and the films
were analysed to study various aspects of root life-history. Root tips
exhibited nutational movements and mucilage and cell fragments were
deposited in the soil as they grew. The development of root hairs was not
uniform over the surface of black currant and plum roots and exudation
occurred from the root hairs of apple. After the emergence of lateral
branches the natural degeneration of the root cortex was observed; the
removal and dissemination of the decayed tissue resulted from the feeding
of soil arthropods and enchytraeid worms. Nematode infestation of certain
roots was also studied.
RÉSUMÉ

On a filmé, par des panneaux d'observation dans un laboratoire souterrain, les racines de plantes fruitières dans un sol de limon sableux. On a
ensuite analyse les pellicules afin d'étudier divers aspects de la vie des
racines. Les pointes des racines ont montré des mouvements de nutation,
et ont déposé du mucilage et des fragments de cellules en croissant. Le
développement des poils radiculaires n'etait pas uniforme sur les surfaces
des racines du prunier et du cassissier, et des exsudations ont apparu des
poils du pommier. Après 1'émergence des branches latérales, on a observe la
degeneration naturelle du cortex de la racine; l'enlèvement et la dissemination du tissu putréfié ont resulté des repas des arthropodes du sol et des
vers enchytraides. On a étudié également 1'infestation de certaines racines
par des nematodes.
ZUSAMMENFASSUNG

Wurzeln von Obstpflanzen, in sandigem Lehmboden gezogen, wurden
durch Glasfenster in einem unterirdischen Wurzelbeobachtungslaboratorium gefilmt und die Filme auf verschiedene Aspekte der Wurzellebensgeschichte analysiert. Wurzelspitzen zeigten Nutationsbewegungen, und
Pflanzenschleim und Zellenbruchteile wurden wahrend des Wachsens im
Boden abgelagert. Die Entwicklung von Wurzelhaaren erfolgte uneinheitlich
über die Wurzeloberflache bei schwarzen Johannisbeeren und Pflaumen,
und Ausscheidungen wurden von den Wurzelhaaren des Apfelbaumes
abgesondert.
Nach dem Abzweigen von Seitenwurzeln, wurde die natürliche Degeneration der Wurzelkortexe beobachtet. Das Entfernen und die Verteilung von
vermoderten Geweben erfolgte durch Frass bei Boden-Athropoden und
Enchytraeiden-Würmern. Nematoden-Plage an gewissen Wurzeln wurde
auch studiert.

DEFORMATION OF THE SOIL BY THE GROWTH
OF PLANTS
K. P. BARLEY

Waite Agricultural Research Institute, Adelaide,

Australia

Whenever plant organs grow through or within peds or horizons that
lack wide channels they have to deform the soil. As the stress work
performed by enlarging organs is generally less than 0-5 per cent of the
energy released during respiration of the organ concerned, it seems likely
that volumetric growth can proceed in a resistant soil with only a marginally
greater expenditure of energy. Even if this is so the mechanical resistance
offered by the soil cannot be ignored, as the stresses applied to the plant by
the reaction of the solid matrix readily distort the enlarging cells. Cell
distortion in turn reduces the rate of elongation of roots and underground
shoots, and distorts the final shape of underground storage organs such as
tubers. When the soil is unusually strong, penetration by roots or shoots
may be prevented (Lutz 1952), and organs that had penetrated at a time
when the soil was weaker may be unable to enlarge (Taubenhaus et al.
1931). If we accept that the need to deform the soil can strongly influence
the growth of plants, it is tempting next to invert the question and ask 'to
what extent can plants deform the soil?'
PROCESSES THAT DEFORM THE SOIL

The processes by which plants deform the soil are shown in Table 1,
together with the chief parameters and coefficients needed to characterize
TABLE 1
PRINCIPAL PARAMETERS AND COEFFICIENTS FOR VARIOUS DEFORMATIONS

Tensile failure
Shear failure
Elastico-plastic strain
Consolidation'3*
Creep

aT
tensile strength (bar = 106 dyne cm 2 )
c
apparent cohesion (bar)
4>
angle of internal friction <°)
E
Young's modulus W
v
Poisson's ratio W
I, I', compression indices '2'
k
permeability (cm sec _1 )
t\
plastic viscosity (Poise)
T0, T! relaxation times (sec) (4)

(1) for al<a,, where a, is the major principal stress at which curvature of the stressstrain curve first becomes apparent.
(2) accompanying compression; the indices are the slopes de/d(lno,) of the compression
(I) and rebound (I') curves, where e is the voids ratio.
(3) compression rate limited by the viscous flow of pore water.
(4) distinct relaxation times exist for constant strain (T„) and for constant stress (T^).
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each kind of deformation. Generally the strains required to accommodate
the volumetric growth of a plant organ are known, and we wish to find the
force that the plant must apply. Similarly, if time-effects are important, we
need to find the force required for a given rate of growth (strain rate).
When dealing with roots we also need to consider the effects of the
suction associated with water uptake. Because of its osmotic properties and
hydraulic connection with the sites of evaporation in the shoot, the turgid
root can simultaneously compress the solid phase of the soil and transmit
suction to the pore water. The suction changes the effective stress, and can
deform the soil even in the absence of volumetric growth. Although of
considerable importance deformations due to water uptake will not be dealt
with here. We note, however, that the strength of the soil is highly dependent
on effective stress and hence on root suction. Perhaps the reason why the
root system reduces the pore water pressure (/<„) to approximately —15
bar* after prolonged drying is not that the root is unable to transmit larger
suctions—suctions of 50 bar or more exist in the plant when transpiration is
rapid (Slatyer and Denmead 1964)—, but rather that, by the time
//„. = —15 bar, osmoregulation has reached its limit, and the root, having
lost turgor, can no longer overcome the mechanical resistance of the soil.
As the capillary conductivity, k, is very small at low values of ww, there
is little further flow of water to the now stationary root.
Tn porous media we need to distinguish the macro-stress operating over
surfaces large enough for average values to be employed from the microstress operating at any point. Similarly we distinguish the macro- from the
micro-strain. Even when a soil is isotropically compressed distortion
(micro-shear) occurs near intergranular contacts (McMurdie and Day
1958). Stress-strain relationships measured with bulky samples, and the
theories employing such relationships, can be applied with confidence only
when effective grain size is small compared with the extent of the deformation. In coarsely structured soils, tests and theories need to be based on
the behaviour of individual aggregates rather than on that of bulk samples
(Rogowski 1964). As this is a complicated matter, it is fortunate that
excessive strength is generally more of a problem in finely structured or in
massive soils.
Each deformation shown in Table 1 has its own denotation, but it is
often difficult to separate the processes in soils as considerable overlap
occurs both in space and time. For this reason, and because so many kinds
of deformation occur, analytical models of the general rheological behaviour
of soils become excessively complicated. For most purposes it is more profitable to employ an integrative approach based on tests conducted under
conditions relevant to the deformation of immediate interest. In soil-plant
systems this generally means that slow drained tests should be used.
An integrative approach takes time-effects into account implicitly by
* The usual sign conventions of soil physics are particularly inconvenient when the
mechanical environment of the root is not ignored, as pressures above and below
the atmospheric datum exist simultaneously. uK = —h, where h is the suction in
the soil water.
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adopting realistic strain rates during testing; but there may well be systems
where an explicit treatment is required. The simplest method of determining the importance of time-effects is to find whether the stress work
performed during a test is significantly altered by varying the strain rate.
It is generally found that time-effects are negligible in unsaturated coarse
textured soils, intermediate in undisturbed clays, and large in saturated
remolded clays. In the present context the intermediate time-effects in
undisturbed clays are of most interest. Tests with small diameter probes
penetrating various undisturbed clays show that the point pressure, qv, rises
by from 5 to 15 per cent for a twenty five fold increase in rate (Thomas
1965). The opposite trend (</„ decreasing as rate of penetration increases)
may be found in probe tests with saturated, remolded clays, due to local,
transient elevation of //„ (Cockroft personal communication); but this is
unlikely to happen in the field as undisturbed clays are much more
permeable than remolded clays, and, when we are dealing with roots, the
plant organ itself acts as a drain. Even if the soil is fully drained, creep
strain (ec) always accompanies elastico-plastic strain to some degree. The
strain rate de,./dt observed shortly after the application of a shearing stress
( T ) increases exponentially with T after the onset of progressive failure,
when increases of a few per cent in T often suffice to double the initial
value of dec/dt. The data on relaxation times (T) at various levels of stress
are so scanty for top soils, however, that it would be rash to disregard
creep.
In addition to straining and fracturing the soil, plant organs overcome
friction as their surface elements extend. For example, axial extension of
any zone within the proximal part of the root tip displaces the whole of the
distal part, causing this to move through the soil. Friction at the boundary
between the soil and extending surface elements of plants appears to be
small however, as it is uncommon for such elements to adhere to the soil.
Although direct measurements of friction can be attempted (Barley 1962),
more reliable data may be obtained by matching the local deformation of
soil adjacent to the plant part with that produced by probes or other models
of known frictional properties.
DEFORMATIONS CAUSED BY PARTICULAR GROWTH PROCESSES

Elongation of roots and underground shoots
Elongation growth in finely structured or massive horizons is generally
accommodated by the local elastico-plastic strain associated with compression. In soils with distinct peds or cracking patterns, after penetrating
a ped or part of the matrix, elongating organs sometimes fail the soil by
tensile rupture (Barley, Farrell and Greacen 1965). But even when this
happens the initial penetration is accommodated by elastico-plastic strain.
Deformations similar to those around the tips of elongating roots or
rhizomes have been studied intensively by foundations' engineers concerned
with the 'bearing capacity' of building piles. Conventional engineering
theories of bearing capacity (Meyerhof 1951) are unsatisfactory for topsoils as the compressibility of the soil is not considered explicitly. Following

762

K.P.BARLEY

the approach of Bishop, Hill and Mott (1945), Farrell and Greacen
(1966) reduce the problem of finding the value of qv for channel elongation to that of finding the internal pressure needed to enlarge a cavity so
that its radius is made equal to that of the channel. Moreover they provide
an explicit treatment of compressibility. Friction at the boundary is
considered as an additional term. The theory is idealized insofar as,
following Fröhlich (1934), a sharp transition from an elastic to a plastic
distribution of stress is postulated to occur at some radial distance from the
centre of the cavity. In fact an intermediate region exists between the elastic
and the plastic zones. The stress distribution in this intermediate region is
not specified, and / and /' have undetermined values. Although the theory
of Farrell and Greacen does not fit all the facts, it has considerable
heuristic value as it reveals the influence of compression on qv and the
contribution of friction to qv. Greacen, Farrell and Cockroft (1968)
discuss these matters in some detail, and obtain the important result
that less internal pressure is needed for cylindrical than for spherical
enlargement of a soil cavity. They show that root tips widen their channels
in the most mechanically efficient way, and suggest that for this reason they
meet with less resistance than rigid probes. We are left with the problem
'how can the tips initiate the cavity?' In this connection it is interesting to
note that when roots elongate through strong soils, instead of being prolate,
the root tips are sometimes strongly inflected in the zone of cell enlargement.
The projecting cap and meristem may be a little narrower than usual, but
the proximal part becomes wider than usual—see Figure 1. In addition to
keeping the point resistance, Qp, as small as possible, this form of growth
increases the likelihood of tensile failure. If this does occur, the crack may
be propagated ahead of the apex so that the cap and meristem encounter
little resistance.
Frictional resistance to elongation is generally minimized by the localization of elongation growth in a short zone immediately behind the
meristem. In rhizomes the meristem itself is often protected from mechanical
damage with hard bracts; but a very different adaptation is present in roots
where the cells of the cap are replenished at a rate that matches the wastage
or wear of cells at the outer margin of the cap (Stalfelt 1920). The cells of
the cap continuously produce and secrete mucilage in a highly organized
way (Jones et al. 1966), the simplest though not necessarily the only
explanation for this being that the viscous gel acts as a lubricating fluid.
Elongation of root hairs
In structured soils root hairs elongate mainly through the existing voids;
but mechanical resistance has to be overcome if the hairs penetrate
structureless clays or the cutanized surfaces of peds. The first question to be
asked is whether the root hairs can in fact deform the soil; it is known that
they penetrate lightly consolidated clays or viscous agar gels (Champion,
unpublished data), but the limiting resistances have yet to be determined.
For bodies as thin as root hairs (r = 5fj,m) skin friction is potentially
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Fig. 1.—Pea radicles penetrating an unsaturated loam of moderate strength
(X 4). The cap and meristtm project beyond the zone of cell enlargement
and root hair zone.
L.H.S. Radicle growing down on inclined glass plate at the soil boundary.
R.H.S. Radicles grown within the bulk of the soil.

by far the largest resistance. The elongation growth of hairs is well
adapted to minimize friction as it is confined to the extreme tip of the
hair. Perhaps it is not too fanciful to suggest that the need to minimize
friction may also explain Scott's (1950) surprising discovery that root hairs
have an external layer of fatty material, as many fatty acids are efficient
boundary lubricants.
The growth of root hairs undoubtedly assists the penetration of the root
from which they arise as the hairs provide anchorage immediately behind
the zone of elongation. For pea radicles growing in a moist loam, the
force required to pull the root from the soil increases rapidly from 4 g wt
per mm length of root along the hairless tip to 20 g wt per mm where the
hairs are fully developed (Stolzyand Barley 1968).
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Gross radial enlargement of bulbs, tubers, and other
underground organs
The radial enlargement of bulky underground organs is generally slow
but long sustained. Rates are one order of magnitude lower than the rates
of elongation of roots and underground shoots (10~ 6 c.f. 10 _ r ' cm sec - 1 ) .
Time effects may play a part in some soils, but, as many of the organs
concerned attain a large size and develop near the surface of the ground, the
soil is likely to slip upwards. We then have Rankine's passive state of stress,
and the maximum radial pressure that the soil can withstand is appoximately {( 1 + sin </>)/(l — sin <f>)} cot <f> (Farrell and Greacen 1966).
In anisotropic or in heterogeneous soils of moderate to high strength
the non-uniform reaction of the soil frequently distorts the shape assumed
by the enlarging organ. A high proportion of misshapen tubers (Adams
et al. 1960; Flocker et al. 1960; Beveridge 1966), found in potatoes grown
on compacted soils for example, is more likely to reflect the distribution
of the stress applied during growth than any other factor. As mentioned at
the beginning, the main process responsible for anomalous changes in the
shape of plant organs is the distortion of the growth of cells. At least in
relatively undifferentiated tissues like the periderm of the potato tuber, the
direction of cell division can also be influenced by an applied stress (Kny
1896), so that the arrangement of the cells may be changed as well as
cell shape.
Emergence of shoots
Shoots generally grow upwards through the soil by lengthening their
channel in the manner described by Farrell and Greacen (1966). But
when they approach the surface the soil is likely to slip upwards, failing
along the surface of an inverted cone. General shear failure of this kind is
more conspicuous in compacted soils. If a discrete crust develops on the
seed bed, emerging shoots often either fail the crust by tensile rupture or
are found to have grown laterally beneath the crust until reaching a crack.
Even fine cracks are important as they concentrate the stress and increase
the likelihood of rupture. The effect of holes on the stress distribution in
elastic plates is well known (Holgate 1944); and, as fine cracks are
generally present in natural crusts, it is questionable whether rupture tests
performed on remolded soils have much predictive value. The plates
formed by rupture of a crust sometimes become jammed together when
they are displaced upwards, increasing the force needed for emergence
(Arndt 1965). In considering the mechanics of emergence the effects of
MW on the soil and on the plant have both to be taken into account. The
influence of pore water pressure on effective pressure cr' = cr — x«w. where
X is a non-linear function of the water content, and hence on shearing
strength is well known. Similarly, crT = crT(,—X'Av. where crTo is the tensile
strength at datum pore pressure. Etiolated shoots are bent easily when their
turgor decreases (see Figure 5, Lockhart 1959), so that they are unlikely
to penetrate a crust if ww is large and negative.

ROOT GROWTH AND SOIL DEFORMATION

765

Burial of seed
Certain legumes of considerable economic importance—for example
peanuts (Arachis hypogea L.), and subterranean clover (Trifolium subterraneum L.)—are geocarpic, as are isolated species of a number of other
plant families (Ulbrich 1928). In such plants seed set may occur only after
the fruiting body has been buried, or is much improved when the plant is
able to bury the fruiting body.
Point resistance, qp, becomes fully mobilized when a body has penetrated several diameters into the soil, and the steady maximum value of
qp often exceeds 5 bar in ordinary, moist soils. As fruiting bodies are
usually wider than flower stalks even early in their development, interesting
questions are raised about the mechanics of seed-burial, or more strictly,
fruiting body-burial. If the body is simply pushed into the soil by the
flower stalk, as in the peanut, penetration is likely to be limited by the
pressure that the stalk can develop. As there is no evidence that growth
pressures are unusually high in flower stalks, it seems likely that the
developing ovary of the peanut will be buried only in weak (loose) or
soft (highly compressible) soils. In practice side cultivations are continued
until just before the plants begin to 'peg'.
The only obvious mechanical adaptation in the peanut is the slender,
tapered shape of the tip of the young, developing ovary. In contrast, the
pasture legume subterranean clover has to bury its fruiting body or 'burr'
in undisturbed soils, and is highly adapted to this task. After fertilization
the flowers reflex, and the peduncle elongates and turns downwards to press

Fig. 2.—Stages in the burial of the "burr" of subterranean clover (Schematic).
(1) Full bloom; peduncle short and straight.
(2) Florets reflexed; peduncle elongating and turning downwards;
1st whorl of sterile calyces penetrating soil.
(3) 1st whorl of sterile calyces reflexed.
(4) 1st whorl of sterile calyces growing upwards around the seeds;
successive whorls of sterile calyces developing—10 or more
whorls are formed in strongly geocarpic varieties.
The peduncle continues to elongate during stages (3) and (4).
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the most distal part of the inflorescence onto the soil. Successive whorls
of thin but strong sterile calyces next develop at the apex, the calyces at
first elongating downwards and then reflexing to form the burr—see Figure
2. The calyces penetrate and then rupture the soil. Meanwhile the inflorescence is both pushed downwards by the peduncle and pulled downwards by the reaction of the soil on the reflexing calyces. In this way burrs
become buried to depths of 2-3 cm in soils that are far too strong for burial
to result from peduncle pressure acting alone (England and Barley, unpublished data).
CONCLUSION

The discussion of the processes described above shows that mechanical
factors operate widely in soil-plant systems including a number of considerable agronomic interest.
As pointed out by Barley and Greacen (1967) the reasons why the
mechanical environment of the plant has been relatively neglected in the
past are academic rather than scientific, having more to do with the
separation of 'soil mechanics' in schools of engineering from 'soil physics'
in schools of agriculture than with the real world being studied. Because
of this neglect there is considerable scope for the analysis of particular
systems in terms of soil and plant mechanics.
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SUMMARY

The parameters needed to characterize the mechanical resistance met by
underground parts of plants can be chosen only when we know the way in
which plants deform the soil. The chief types of deformation produced by
volumetric growth are shear failure, often with appreciable elastico-plastic
strain, and tensile failure. The soil parameters and coefficients associated
with each type of deformation are identified.
A brief account is given of the deformations associated with the following growth processes: elongation of roots and underground shoots, elongation of root hairs, gross radial enlargement of underground organs,
emergence of shoots, and burial of seed.
RÉSUMÉ

Les paramètres nécessaires pour caractériser la resistance mécanique
rencontrée par les parties souterraines des plantes ne peuvent être choisis
que lorsque nous connaissons la facon dont les plantes déforment Ie sol. Les
principaux types de deformations produits par la croissance volumétrique
sont des ruptures de cisaillement, souvent avec une fatique élastico-plastique
considerable, et des ruptures de traction. Les paramètres et les coefficients
du sol associés avec chaque type de deformation sont identifies.
Un bref compte-rendu est donné des deformations associées aux
processus de croissance suivants: prolongement de racines et de rejetons
souterrains, prolongement de poils radiculaires, Ie gros agrandissement
radial des organes souterrains, 1'émergence de rejetons, et 1'enterrement de
semence.
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ZUSAMMENFASSUNG

Die Parameter zur Charakterisierung der mechanischen Resistenz
denen unterirdische Pflanzcnteile ausgesetzt sind können nur gewahlt
werden, wenn wir wissen, in welcher Weise Pflanzen den Boden deformieren. Die Haupttypen der durch volumetrisches Wachstum hervorgerufenen sind Schiebenversagen, haufig mit merkbarer elastisch-plastischer
Formanderung. und das Versagen der Spannkraft. Die mit jedem Deformationstyp verbundenen Parameter und Koeffizienten werden identifiziert.
Eine kurze Aufzahlung der mit folgenden Wachstumsvorgangen verbundenen Deformationen wird gegeben: Verüingerung der Wurzeln und
unterirdische Sprosse, Verlangerung der Wurzelhaare, starke radiale Vergrösserung der unterirdischen Organe, Auftauchen von Sprossen und
Eingraben des Samens.

SOIL RESISTANCE TO METAL PROBES AND
PLANT ROOTS
E . L. GREACEN*, D . A . FARRELL*, AND B . COCKROFTf
* C.S.I.R.O., Division of Soils, Adelaide, and t Wai'.e Agricultural
Research Institute, Adelaide, Australia

I. INTRODUCTION

The rate of growth of plant roots in soil decreases with increasing soil
resistance; they are however still able to penetrate soils which have a
resistance to metal penetrometers as high as 30 bar (Barley et a\, 1965).
Since much of the evidence available suggests that the maximum pressure
that roots can exert is approximately 8 bar (Barley and Greacen, 1967)
it is obvious that the properties of the roots allow penetration by some
mechanism other than that of an ordinary metal penetrometer.
Farrell and Greacen (1966) have given an analysis of the forces
acting on the point of a metal probe. This was based on the model of the
spherical expansion of a cavity at the point of the probe. Compression of
the soil was assumed to occur in two main zones, a zone of compression
with plastic failure surrounding the probe and outside this a zone of elastic
compression. The total point resistance was assumed to be made up of the
pressure component required to expand the cavity, and a point frictional
component determined by the properties of the probe. For a steel probe
with an included semi-angle a = 30° ('blunt' probe), they showed that
point resistance could be predicted for different soils over a wide range of
conditions.
In this paper we show that the above analysis does not fit the case of
a gently tapered (a = 5°) probe ('sharp' probe). The movement of soil
by the point of a sharp probe more closely approximates the expansion of
a cylinder and so the analysis is extended to cover the case of cylindrical
expansion of the cavity. Evidence is presented in support of the models for
both the blunt and the sharp probes, and the performance of plant roots is
considered in the light of these results.
II» THEORETICAL

The analysis given by Farrell and Greacen was for an infinite system.
The present analysis for the cylindrical model is given for a finite system.
i.e. a core of soil confined in a metal cylinder. Where this differs from the
original analysis the new expressions for the spherical model are given
along with the treatment of the cylindrical model.
769
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Following Farrell and Greacen the stress relation in the plastic zone for
a cohesive friet ional soil is
2ccos<£
;'11 —sin
— Sin ^>\
(f>\
(!)
\l+sin<i/
\</>/
l+sin<£
wnere o, and er, are the radial and tangential stresses, c is the cohesion and
<f> is the angle of internal friction.
The differential equation of equilibrium for both the plastic and elastic
zones reduces in the cylindrical model, to
dar/dr=-{aT-at)/r

(2)

where r is the distance from the centre of the probe. The solution of
equation (2) that satisfies the stress relation in the plastic zone (r < R) is
//? \ 2 sin <£/(!+sin<£)
a, = ,4(1+sin ^) — I
+B^
(3)
R \ 2 sin d>/( 1 + sin d>)
a, = ,4(1-sin0)'(7)
—
+B >
where R is the radius of the cylinder of plastic zone and A and B are
arbitrary constants to be determined. From equations (1) and (3) B =
—c cot <f>.
In the elastic zone the distribution of stress induced by an inner pressure
[>i at R and an outer pressure p„ at D. the radius of the confining cylinder,
is:
for the cylindrical model
p.RÏ-pM1
R*D°-(p0-p() 1
a,. =
— +—
£> 2 -/? 2
r1
D--R1
(4a)
PDHPo-p,)
1
PiR'-pM1
D2-R2
r2
D2-R2
and for the spherical model
3
3 3
p„D3(r3-R3)
PiR (D -r )
•+ -

r3(R3-D3)
3

3

3

p„D (2r +R )

r3(R3-D3)
p,R3(2r3+D3)

2r\R3-D3)
2r\R3-D3)
At /• = D the tangential strain is zero and
for the cylindrical model
ot— vor = 0
and for the spherical model at— v(ff(+trr) = 0

(4b)

(5a)
(5b)

where v is the Poisson's ratio for soil, and is taken as 0-33. From equations
(4) and (5) we get the relation between pt and p„:
cylindrical
pL/p0 = (1 + v)/2+ D2(\ + v)/2/?2
(6a)
3
3
3
spherical
pt/p0 = {/? (1 + v) + 2D (l -2v)}/3/? (l - v)
(6b)
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Assuming complete continuity of stress between the elastic and plastic
zones at R, from equations (6) and (3) we get, for the plastic zone
A(\ +sin<i) —c cot</>

a,./at = —

(7)

.4(1 —s\n<f>)-c cot<£

and for the elastic zone in the case of the
fl2(l + v)+£> 2 (l-v)
cylinder
oja, =
(8a)
/?2(l + v ) - £ 2 ( l - v )
#>(l + v) + 2£> 3 (l-2v)
G
sphere
^rl t =
(8b)
1
/?3(l + v ) - D : , ( l - 2 v )
from which A can be evaluated in terms of D and assumed values of R.
The value for R is obtained by equating the change in voids in the
various zones with the volume of the probe; see Farrell and Greacen (1966)
their equations (7) and ( 8 ) . The last term in their equation (7) which
gives the volume change due to compression in the elastic zone for r > R
becomes, for the confined cylindrical case:

-7rpAD*--R*-)

(l-v2)/£

and for the confined spherical case:
-

2TT/;„

(D* : , -R* : i ) ( l - 2 v ) (l+v)/3ER

(1-v)

where E is the measured Young's modulus for the soil and the asterisk
signifies that the quantity has been generalized by dividing by the radius
of the probe. In their equation (8) the expression for F changes because of
changes in the constant A. It becomes for the cylindical case
F =

Al,(l+sin^>)l
c(\ +sin</>)

/fl*\
\R*\2sin<£/(l+sin</>)
2 sin <£/(!+sin .£)

i

and for spherical case
F =

K*\4sinMl+sin*)
^„(l+sinfl—
-1

The above analyses give values for the pressure required to form a
cavity in the soil where the soil is confined at any radius D. The total point
resistance, qp, must also include frictional resistance on the conical surface
of the point. Following Farrell and Greacen, qp is obtained as
QP = ON (1+tan </>'cot a )
where as is the normal force on the face of the probe, and cf>' is the angle
of soil-probe friction. It should be noted that the original equation given by
Farrell and Greacen is not correct; a term, cos <f>, was wrongly included
during the final preparation of their manuscript; their results were calculated
however using the correct expression.
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In the present work values of the radial pressure required to expand
the cavity were computed for both the cylindrical and spherical models.
These were used to obtain values of point resistance for the blunt
probe assuming spherical compression and for the sharp probe assuming
cylindrical compression.
III. EXPERIMENTAL METHODS AND RESULTS

(a) Calculated and measured point resistance
Soil cores of Parafield loam I, 3-8 cm in diameter and 7-6 cm in
length were prepared at three bulk densities (1-5, 1-6 and 1-7 g/cm?)
and two suctions (0-3 and 0-7 bar). Measurements of compressibility and
strength characteristics were made in the triaxial cell using the methods
described by Farrell and Greacen, but with one exception. It was found
that the rebound compression curve could be obtained with better accuracy
by measuring the actual change in voids of the soil while the core was
being compressed in the triaxial cell. The important strength and compression characteristics are given in Table 1.
Penetrometer tests were made with the blunt and the sharp probes
using the floating-point penetrometer described by Barley et ul. (1965).
The measured values of q„ are given in Table 2 along with the theoretical
values. The latter were calculated for a probe 3 mm in diameter in confined
cores of Parafield loam I 3-8 cm in diameter. Values were calculated for
both the blunt probe (a = 30°) and the sharp probe (a = 5°), with a
coefficient of soil-probe friction tan cj>' equal to 0-4.
Point resistance was also computed for a second batch of soil (Parafield
loam II at 1 -7 g/cm* bulk density and 0-3 bar suction) for the same two
probes in cores of different radii D. The results are given as solid lines in
Figure 1. Penetrometer measurements using the sharp probe were made on
3-8 cm and 7-6 cm diameter cores of the same soil (8 replicates). The
measured values of q„ are also shown in Figure 1.
(b) Distribution of bulk density around penetrometers and roots
Seedlings of garden peas (Pisum sativum L.) were grown above
confined cores of the same soil and a single radicle was allowed to penetrate
several centimetres into the soil. Cores that had been penetrated by the
metal penetrometers and by pea roots were then oven dried and the density
distribution of soil around the holes was measured using an X-ray technique
described by Greacen et al. (1967).
Radiographs of 2 mm slices of soil along the penetration holes are given
in Figure 2 for (a) the blunt probe and (b) the sharp probe, and of a 1
mm slice for (c) a pea radicle. In the same figure the measured bulk density
patterns are given (plotted points) as a function of r* the radial distance
from the centre of the penetration hole. Here r* = r/a, where a is the radius
of the hole. The theoretical distribution of bulk density around the holes,
based on the analysis for the particular probe type and soil conditions, are
given as solid lines.

TABLE 1
PROPERTIES OF SOIL CORES

Suction
(bar)

Density
(s/cm a )

Voids
ratio

Water
content
(g/100g)

Cohesion
- Wcm!)

Friction
angle

O

Compression indices
(Farrell and Greacen, 1966)
Rebound line

0

V.R.F. line

Parafield Loam I
0-3

0-7

£
1-5
1-6
1-7

0-767
0-657
0-559

13-3
12-9
12-7

80
120
160

37
39
41

•0057
•0045
•0035

•1820
•1820
•1820

1-5
1-6
1-7

0-767
0-657
0-559

12-1
121
120

120
170
230

39
40
41

•0038
•0034
•0025

•1820
•1820
•1820

V.

>

7-

0
C
C

-

s
Parafield Loam 11
0-3

1-7

0-559

11-50

160

41

•0033

1070

-J
-J
4-

TABLE 2
COMPARISON OF CALCULATED WITH MEASURED POINT RESISTANCE

>
n
-

Point Resistance
(bar)

Density
Won')

ar (bar)
Spherical

Parafield Loam I
0-3

0-7

Blunt penetrometer—Spherical
QP (bar)

Cylindrical

Calculated

Measured

Sharp penetrometer—Cylindrical
qp (bar)
Calculated

Measured

1-5
1-6
1-7

4-3
7-4
11-9

1-8
2-9
3-2

60
10-3
16-6

7-7
11-6
19-4

8-4
13-4
17-4

10-5
14-3
20-7

1-5
1-6
1-7

6-9
11-5
19-9

2-9
4-5
6-7

9-7
16-1
27-9

11-8
19-7
27-6

13-4
21-3
31-5

150
23-9
38-3

>
r
z

-

n
0
n
o
-r
-

SOIL RESISTANCE TO ROOTS

775

40

1

I

0

I

I

1

1

1

10

20

30

40

5C

RADIUS OF CONFINED CORE D* (=D/a)
Fig. 1.—Point resistance as a function of the radius of the confined core.
The solid lines are calculated for (a) the blunt probe and (b) the sharp
probe. The points are experimental values for cores 3-8 cm and 7-6 cm in
diameter using the sharp 3 mm probe.
IV.

DISCUSSION

Farrell and Greacen (1966) showed that for an infinite soil, point
resistance of a blunt probe could be predicted from the compressibility and
strength characteristics of the soil. Spherical compression of the soil was
assumed to occur at the point of the probe, the pressure to effect this
compression was calculated and the vertical component of this and the
resulting frictional resistance was taken as the total point resistance.
As can be seen from a comparison of the theoretical and measured
values (Table 2) their analysis for the spherical model, when modified for
a finite system, predicts the point resistance of the blunt probe in confined
cores (D* = 13). However when this pressure is applied to the greater
surface of the sharp probe the spherical model overestimates point resistance by a fcator of about 3. In Columns 7 and 8 measured value of qp
for the sharp penetrometer are compared with theoretical values computed
on the basis of cylindrical compression of soil around the probe. This
model predicts the results for the sharp probe with a precision equally as
good as the spherical model does for the blunt probe (Columns 5 and 6).
The difference between the measured values of q„ for the two probes is
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2

4

6 '

8

10

DISTANCE FROM CENTRE OF HOLE ( r * )
Fig. 2.—Distribution of bulk density around the penetration hole
(plotted points) from the accompanying radiographs for ( a ) 3
probe, a = 30°, (b) 3 mm sharp probe, <* = 5°, and (c) 1 mm
in Parafield Loam II (bulk density 1-5 g/cm : ) , suction 0-3 b a r ) .
lines represent the theoretical distributions.

measured
mm blunt
root hole,
The solid
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not great and further confirmation of the validity of the two theoretical
models was considered desirable. This was obtained from measurements
of the distribution of bulk density around holes made by the two types of
penetrometer. It will be seen from Figures 2a and b, that the density is
higher at the edge of the hole, and falls off more rapidly with distance from
the hole in the case of the blunt probe than it does in the case of the sharp
probe. The distributions agree well with those predicted by the appropriate
theoretical model.
The ideal case for the cylindrical model would be that of a probe with
an infinitely fine taper. It would be expected therefore, that the model
would underestimate the measured point resistance for the sharp probe,
and there is some indication from Table 2 that this is so. A more critical
test is a comparison of the resistance to the sharp probe in confined cores
of different sizes. In Figure 1 calculated values of q„ for the two types of
penetrometer are given as a function of D*, the radius of the core. The two
plotted points are the measured values of q„ for the sharp probe in cores of
two sizes, 3-8 and 7-6 cm diameter. The cylindrical model in this case
again underestimates the measured point resistance and, what is more
significant, predicts a greater effect of core size than that measured. The
cylindrical model predicts values of q„ of 24 and 15 bar at D* equal to
13 and 26 respectively, while the experimental values are 29-4 and 21-7
bar. This suggests that the type of compressions for the sharp penetrometer
lies between ideal spherical and cylindrical compression but is much closer
to the latter.
The behaviour of the two types of penetrometer offers an explanation
for the mechanism of root penetration in soil. In Figure 2c, the distribution
of bulk density around the root hole is shown.
The distribution appears to follow that predicted by the model for
cylindrical compression.
Barley et al. (1965) found that the growth of pea roots is restricted in
soil where the point resistance of a blunt penetrometer is 30 bar. From
Table 2 it will be seen that this situation is approached in Parafield Loam I
at a bulk density of 1 -7 g/crnK and 0-7 bar suction. Although the point
resistance of the sharp penetrometer is greater than 30 bar for the soil in
this condition, approximately 80 per cent of this arises from frictional
resistance. The theoretical pressure required to expand the root cavity is
only 6-7 bar which is less than the maximum pressure it is thought a plant
root can exert. It is tempting to conclude that the plant root penetrates a
soil by cylindrical compression and possesses some mechanism for avoiding
practically all soil-root friction.
V.
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SUMMARY

The point resistance of a metal penetrometer is assumed to arise from
(i) the pressure required to expand the penetration cavity, and (ii) the
resulting soil-metal friction on the conical surface of the point. Theory
based on the model of an expanding spherical cavity predicts the resistance
of a blunt probe (cone angle 60°), whereas the model of cylindrical expansion is shown to be more appropriate in the case of a sharp probe (cone
angle 10°). The use of the two models is supported by radiographs showing
bulk density distribution around the penetrometer holes.
Radiographs showing the distribution of bulk density around root holes
suggest that roots penetrate soil by cylindrical compression. In soils that
just stop root penetration this pressure is approximately 7 bar. Since this
is close to the maximum pressure that it is thought roots can exert, it seems
that roots have some mechanism for avoiding soil-root friction.
RÉSUMÉ
II est a présumer que la resistance du point d'un pénétromètre en metal
provient de (i) la pression nécessaire pour étendre la cavité de penetration,
et (ii) de la friction sol-métal sur la surface conique de la pointe de
penetration. La theorie basée sur Ie modèle d'une cavité sphérique qui
s'ctend, prédit la resistance d'une sonde émoussée (angle de cöne 60°),
tandis que Ie modèle de 1'expansion cylindrique se montre plus a propos
dans Ie cas d'une sonde aigue (angle de cöne 10°). L'emploi des deux
modèles est soutenu par radiographic qui montre la distribution de la
densité apparente autour des trous de penetration.
La radiographic qui montre la distribution de la densité apparante
autour des trous de racines donne a croire que les racines pénètrent Ie sol
par compression cylindrique. Dans les sols qui arrivent juste a empêcher
la penetration des racines, cette pression est approximativement de 7 bar.
Puisque ceci s'approche de la pression maximum que les racines sont
supposées pouvoir déployer, il semble que les racines auraient un
mécanisme pour éviter la friction sol/racine.
ZUSAMMENFASSUNG
Es wird angenommen, dass der Punkt-Widerstand eines Metall-Penetrometers auf den folgenden Ursachen beruht: —
1) dem Druck, der erforderlich ist, um das Eindringungs-Loch zu schaffen,
2) der sich ergebenden Reibung zwischen dem Boden und dem Metall der
Kegeloberflache des Punktes.
Die Theorie, die auf das Modell einer sich verbreitenden spharischen
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Aushöhlung begriindet ist, gibt den Widerstand einer stumpfen Probe an
(Kegelwinkel 60°), wahrend das Modell einer zylindrischen Verbreitung
sich im Falle einer scharfen Probe (Kegelwinkel 10°) als besser angemessen
erwiesen hat. Die Anwendbarkeit der beiden Modelle wird durch Röntgenbilder unterstützt, die die Raumgewichtsverteilung um das Eindringungsloch
zeigen.
Rontgenbilder, die die Verteilung des Raumgewichts um Wurzelkanale
herum zeigen, schlagen den Gedanken vor, dass die Wurzeln den Boden
durch zylindrischen Druck durchdringen. In Boden, welche die Wurzeldurchdringung gerade noch verhindern, betragt dieser Druck ungefahr 7
bar. Da dies nahe dem Maximaldruck ist. den wie man glaubt die Wurzeln
ausüben können, scheint es, dass die Wurzeln irgendeinen Machanismus
besitzen, um die Reibung zwischen dem Boden und den Wurzeln zu
vermeiden.

RESISTANCE OF SOILS IN THE USSR TO
DEFORMATION AND PLOUGHING
P. U. BAKHTIN, YU. K. KIRTBAYA, I. N. NIKOLAEVA AND
V . I. VOLOTSKAYA
Dokuchaev Soil Institute, Moscow, USSR

The data on resistance of soils to different deformations are presented
in the form of seven complex diagrams.
The principal genetic soil types of the USSR have been studied. Besides
the arable horizon, the study concerned the lower lying genetic horizons.
The mechanical characteristics under consideration included (1) shear
strength, (2) cohesion, (3) inside friction and (4) outside friction, (5)
consistency and plasticity, (6) soil-to-steel stickiness, (7) specific resistance of soil to ploughing, (8) crumbling of soil on ploughing, etc.
A mathematical dependence and empirical equations for the above soil
characteristics were calculated. The curves on complex graphs were plotted
according to theoretical data, while the dots correspond to experimental
data.
As shown by Figures 1 to 6 for six soil subtypes, change in the shear
strength, TS, in the arable layer and genetic horizons depending on water
content, w, is expressed by the hyperbolic equation:
r s = a/wb
An analysis of the curves showed that a sharp fall in the shear strength
of a coherent soddv-podzolic medium-loamy soil (Figure 1) in the arable
layer occurred in the interval of 5-11% and essentially ended with a
moisture content of some 15%. For a grey forest medium-loamy soil, the
turning point in shear strength value came with a moisture content of some
2 2 % . These two soils are characterised by very gentle curves of the
hyperbolic equation and low values of shear strength (not exceeding 4-5
kg/cm 2 ).
For a typical deep leached heavy-loamy chernozem, shear strength is
very high, especially in the arable layer (over 13 kg/cm-), owing to its
compactness. Sharp changes in shear strength occur at a water content of
20-30%. For a southern chernozen this interval drops to 18-25%, for a
dark-chestnut heavy-loamy soil to 10-22%, for a dark-chestnut mediumloamy soil to 5-15%.
Inclination angles and changes of the curves of hyperbolic equations
depend on soil types, the genetic horizons and previous cultivation.
The graphs show that whatever the soil type, the rapid reduction in
shear strength ends before the water content reaches the lower plastic limi»
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characteristics of soddy-podzolic soil, Moscow
region.

1, 2, 3—specific resistance of soils to ploughing for furrow of perennial
grasses, stubble of winter and spring crops;
4—soil shear strength (A arable);
5, 6—friction coefficients: soil-steel (A arable, A..B,);
7—cohesion (A arable);
8, 9, 10—sliding friction: soil-steel (A arable, A^Bj.B,);
11—crumbling of furrow;
12, 13—plastic limits;
14, 15—stickiness (stubble of rye, stubble of barley).
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The curves for cohesion and internal friction coefficient for different
soils follow a similar pattern of change which also conforms to the
hyperbolic equation.
Changes in the specific resistance of different soils to ploughing depending on changes in water content are shown in Figures 1 to 6. Numerous
studies in the USSR of the specific resistance of soils depending on water
content show the parabolic dependence to be typical of most of the soils
Bakhtin 1950, Kirtbaya 1957), a dependence with an obvious minimum
of resistance with their water content being average.
The parabolic dependence of specific resistance on water content is
characteristic of other kinds of soil cultivation by tractor.
In our graphs (Figures 1-6) specific resistance is calculated from the
p
quadratic equation —r-=aJrbw-\-cw2 suggested by Mogilny (1957) where a,
b and c are coefficients and w is water content in per cent.
In the left part of the parabola, the specific resistance of soil to ploughing
mainly arises in overcoming cohesion between soil particles, while in the
right part of the parabola it derives adhesion at the contact between soil
and the surface of the implement.
The minimum in specific resistance for different soils occurs at different
moisture contents. For one and the same soil the minimum specific resistance increases with ploughing rate, and with increasing water content.
Hence, the higher the ploughing rate the higher is the physical-maturity
moisture content (Bakhtin 1950, Vershinin and Kosarchuk 1960. Darjimanov 1963).
Figures 1 and 2 show the specific resistance curves of a soddy-podzolic
and grey forest podzolised loamy soil on ploughing. Curves 1, 2 and 3
in Figure 1 and curves 9 and 10 in Figure 2 reveal characteristic minima
which correspond to a water content somewhat less than the lower plastic
limit. The maxima of the convex parabolic curves reflect changes in the
coefficient of sliding friction between soil and metal and the maximum yield
of optimum soil lumps (1-10 mm in diameter) on ploughing. These
maxima occur at the same water content as the minimum specific resistance
(Figure 1). The minimum specific resistance and the maximum friction
and the yield of optimum lumps (1-10 mm in diameter) correspond to the
water content at which soil begins sticking to steel. They also correspond
to the greatest rate of change in the hyperbolic curves which reflect the
dependence of shear, cohesion and internal friction on soil water content.
Figures 1 and 2 show that specific resistance in grey forest soils is
higher than in soddy-podzolic soils, while in the sod of perennial grasses it
is much higher than in the stubble layer. In the interval of plastic consistency, the stickiness of soil sharply increases and its resistance to deformation falls.
Figure 3 shows changes in the resistance to various deformations and
ploughing of a typical deep compact chernozem. As against soddy-podzolic
and grey forest soils the physico-mechanical and production constants of a
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15—lower plastic limit;
16—upper plastic limit.
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typical chernozem (Moldavia) are much higher in absolute value. The
minimum specific resistances and the maximum friction coefficients occur
with the water content approaching the lower plastic limit for this soil.
Figure 4 shows the specific resistance, shear strength, cohesion and
other characteristics of a dark-chestnut heavy-loamy soil after winter wheat
sown on maize stubble. The changes of physico-mechanical characteristics
of this soil are similar to those on a typical compact chernozem. The darkchestnut soil on this plot was slightly alkaline and very compact because
the winter wheat was sown on a maize stubble and the soil was very
compacted by inter-row cultivation of the maize. The minimum specific
resistance and the maximum coefficient of sliding friction occurred when
the water content reached the lower plastic limit. The curves of physicomechanical characteristics rise very steeply.
Previous cultivation was influential in changing the physico-mechanical
characteristics of the dark-chestnut soils of the Odessa region. Other data,
not shown here, record the improved structure following a period in alfalfa
before winter wheat, and the consequent smaller specific resistance and shear
strength compared with the soil on which winter wheat followed maize.
Figure 5 shows how the texture of a dark-chestnut soil influences its
physico-mechanical characteristics. Unlike the heavy-loamy variety, the
medium-loamy dark-chestnut soil is subject to sudden changes in properties
at lower water content and within much wider limits of water content. Yet,
in shape, the curves approach those of the well structured dark-chestnut
heavy-loamy soil.
Despite the sharply reduced moisture content at the lower plastic limit,
the pattern remains the same, i.e. the water content at the minimum of
specific resistance on ploughing and the maxima of coefficients of sliding
friction (soil-metal) is somewhat lower than this limit. On reaching this
moisture content, the curves of shear strength and other characteristics
become gently sloping.
The effects of experimental high speed ploughing are shown in Figure
6. The useful, specific resistance to ploughing in the soil increases in a
manner resembling the right part of the concave parabola for most of the
arable soils that we considered earlier, when rate of ploughing is slow
(Kikvadze) and for gradually increasing water content. However, as
ploughing gains speed, specific resistance in the same interval of water
content changes at first along an almost straight line and then along a
parabolic convex curve. The higher the speed the more convex are the
parabolas. The maxima of the parabolas occur at the same water content
as the maximum coefficients of sliding friction (soil-metal) for various
genetic horizons of the light-chestnut soil.
Despite such difference in the behaviour of specific resistance curves, the
maxima of specific resistance and friction coefficient either occur at the
same average values of water content or at a value somewhat lower than the
lower plastic limit.
Minimum specific resistances at different ploughing rates, minimum
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4, 5, 6, 7—useful specific resistance to ploughing at ploughing rates:
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8—specific resistance of soil (Kikvadze);
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11—upper plastic limit.
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friction coefficients and minimum soil hardness occur when the soil consistency becomes plastic. Figure 7 shows the dependence of specific resistances
of different Ukrainian soils on water content. The main parts of the curves
are expressed by a parabolic equation. The parabolas have characteristic
minima and maxima. Maximum specific resistances are of little practical
consequence since, with water contents at this level, cultivation can only
serve to ruin the soil for years to come.
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CONCLUSIONS

There is a close physical relationship between soil resistance to deformation and soil water content. This relationship is commonly expressed
analytically by hyperbolic, parabolic, rectilinear and other equations. The
behaviour of these curves is determined by the forms in which soil water
occurs, the initial structure of arable and genetic horizons, the texture and
other soil characteristics.
Combination diagrams of physico-mechanical and production characteristics of different soils show that these characteristics are closely interrelated. The patterns established may facilitate the design of working parts
of implements, the calculation of fuel consumption and the improvement of
production processes to give increased crop yields.
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SUMMARY

Physico-mechanical characteristics of basic soil types occurring in the
USSR have been studied. There is a close regular connection between the
resistance of soils to deformation and their water content. Shear strength,
cohesion and coefficient of internal friction change according to a hyperbolic equation, while sliding friction with steel, and crumbling, specific
resistance to ploughing change according to a quadratic parabolic equation.
For soddy-podzolic and grey forest soils, low in humus and silt,
these curves are gently sloping while the maxima and minima of parabolas
and acute hyperbolas were recorded when water content had dropped below
the lower plastic limit. For humus-rich and silty soils, such phenomena were
recorded at a moisture content close to the lower plastic limit.
The higher the compactness and the deformation rate of a soil the
higher are the values of minima and maxima of parabolas and hyperbolas
and the closer are they to the lower plastic limit of the soil.
The established patterns should facilitate the improvement of production processes of land tillage, the design of working parts of implements,
the estimation of energy requirements of land tillage and fuel consumption.
RÉSUMÉ

On a étudié les caractéristiques physico-mécaniques des types de base
des sols de l'URSS. Il y a un lien étroit et régulier entre la resistance des
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sols a la deformation et leur teneur en eau. La puissance du cisaillement,
la cohesion, et le coefficient du frottement interne varient selon une
equation hyperbolique, tandis que le frottement de glissement avec acier, et
la resistance spécifique et d'émiettement au labourage varient selon une
equation parabolique quadratique.
Pour les sols podzoliques-gazonnés et gris forestiers. faibles en humus
et en limon fin, ces courbes ont des pentes douces. tandis que les maxima et
les minima des paraboles et des hyperboles aiguës étaient enregistrées quand
la teneur en eau avait baisse au-dessous de la limite inférieure de plasticité.
Pour les sols riches en humus et limoneux, de tels phénomènes étaient
enregistrés a une teneur en humidité prés de la limite inférieure de plasticité.
Plus la compacité et le taux de deformation d'un sol sont élevés, plus
sont élevées les valeurs maxima et minima des paraboles et des hyperboles,
et plus prés sont ces dernières de la limite inférieure de la plasticité du sol.
Les modèles établis devraient faciliter 1'amélioration des processus de
production des travaux du sol, le dessin des outils. revaluation des besoins
d'énergie des travaux du sol, et la consummation d'essence.
ZUSAMMENFASSUNG

Physisch-mechanische Merkmale von Grundbodentypen in der USSR
wurden untersucht. Es besteht eine enge regelmassige Verbindung zwischen
Widerstand der Boden zu der Formveranderung und deren Wassergehalt.
Die Scharkraft, Kohasion und Koeffizient der inneren Reibung wechselt je
nach der hyperbolischen Gleichung, wahrend gleitende Reibung mit Stahl
sowie bröckeliger spezifischer Pflugwiderstand sich nach der quadratischen
parabolischen Gleichung gemass iindert.
Bei durchnassten podsolischen und grauen Waldböden mit einem
niedrigen Humus und Schlamm Gehalt. haben die Kurven eine leichte
Neigung. wahrend das Maximum und Minimum der Parabel und ausgepragten Hyperbel aufgezeichnet wurden, bei einem Wassergehalt, welcher
unter dem niedrigen plastischen Grenzwert gefallen war. Bei humusreichen
und Schlammböden, wurden derartige Phenomen bei einem Feuchtigkeits
Inhalt nahe der niedrigen plastischen Grenzwerte aufgezeichnet.
Je höher Dichte und Formveranderungsgrade des Boden's, desto höher
sind die Werte des Minimum und Maximum der Parabel und Hyperbel und
desto naher sind sie dem niedrigen plastischen Grenzwert des Bodens.
Die festgestellten Vorlagen fördern die Verbesserung der ProduktionsVorgange der Bodenbearbeitung, den Entwurf der Werkteile der Gerate,
die Schatzung der Leistungsbedingungen der Bodenbearbeitung und Kraftstoffverbrauch.

E F F E C T O F SOIL STRENGTH ON R O O T
P E N E T R A T I O N IN COARSE-TEXTURED SOILS*
JOHN G. A. FISKELL, V. W. CARLISLE,
R. KASHIRAD, AND C. E. HUTTON
Institute of Food and Agricultural Sciences
University of Florida
Gainesville, Florida

Impedance of root penetration below the tilled depth has been found
at many locations of coarse-textured soils in Florida and in other southeastern states. From penetrometer measurements, increased soil strength
was measured at the juncture of the Ap and A2 horizons. Coincident
with this increase was the increase in soil acidity and decrease in levels
of nutrients. This was partially the result of fertilizer and lime incorporation
made in the Ap horizon. With adequate fertilizer and moisture, good crop
yields are obtained on these soils. However, when short, severe, droughts
occur restricted root systems usually result in poor yields.
Factors affecting root penetration of a porous medium have been
recognized by many experiments with seedlings. Using rigid pore systems,
Wiersum (1957) and Aubertin and Kardos (1965) showed that a root
is only able to penetrate a pore which has a diameter exceeding that of
the young root. From the classical study by Pfeffer (1893), roots of Zea
mays L. were known to develop longitudinal pressures as great as 1 1 bars
and radial pressure of 7 bars. In soil, therefore, root pressures could
modify the structural configuration of peds and sand grains. Veihmeyer
and Hendrickson (1948) noted that root penetration in coarse-textured
soils nearly ceased where bulk density was 1-75 g per cm3 under favourable moisture conditions for growth. The gaseous diffusion through peds,
clods, and pans may limit root growth. A relationship between oxygen
supply and the ability of roots to overcome resistance was found in
laboratory studies by Gill and Miller (1956) and Barley (1963), in pot
studies by Bertrand and Kohnke (1957), and in field studies by Phillips
and Kirkham (1963).
Mechanical stress on roots delayed growth and increased the size of
maize root tips in studies by Barley (1962. 1963). Assuming that roots can
be considered as fine probes. Farrell and Greacen (1966) explained the
mechanism of root penetration in soils having high strength as an inner
zone of compression with plastic failure surrounding the probe and an
outer zone of elastic compression. In their mathematical model, they used
such soil variables as cohesion, friction angle, stress and strain values, and
voids ratio. According to calculations by Barley and co-workers (1965).
* Florida Agricultural Experiment Stations Journal Series Number 2724.
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for a particular loam at a bulk density of 1 -6 g per cm3 and 0-3 bar suction,
a probe having a radius of 1 mm or more is required to crack a core of
3-6 cm x 2-0 cm. They noted that total length of pea or wheat roots
grown in prepared cores was principally a function of soil strength.
Aubertin and Kardos (1965) found maize roots were adversely affected
by imposed rigidity even when pores were larger in diameter than 138 fim.
Meredith and Patrick (1961) established that a close linear relationship
existed between bulk density and root penetration by sudangrass. Taylor
et al. (1966) reported that penetrometer readings and vane shearing
evaluation of soil strength were both good indexes of root penetration by
cotton roots into compacted soil. Root growth and yields of sugar cane
were sensitive to soil strength variability according to Monteith and
Banath (1965).
The present study of root growth on or within the compacted zone,
termed the tillage pan. deals with the effects of soil strength on root
morphology under field conditions. A pot experiment provided a means
of distinguishing chemical factors from the physical effects.
MATERIALS AND METHODS

(a) Sampling Procedures
Undisturbed cores of Ultisols and Entisols containing roots of maize
were obtained from field sites where a tillage pan had been identified by
Kashirad et al. (1966, 1967). Soil strength, given as the average unconfined
compressive strength, was measured with a 0-635-cm diameter pocket
penetrometer described by Davidson (1965). Seamless iron cylinders
having a 1-mm wall thickness, 15-7 cm in length, 16-7 cm in outer
diameter, and a cutting edge with a 30° bevel were employed. The stalk
was cut flush with the soil surface and the cylinder centered on the
residual stalk. A wooden framework was placed over the cylinder and a
mallet used to drive the cylinder into the tillage pan. Where cultivation
had bedded the soil about the plant, the surface soil was removed until
feeder roots were encountered, reducing soil to a depth where the cylinder
could be driven into the tillage pan. The cylinder was dug from the soil
and the base examined for root penetration and uniformity. One or more
such samples were taken at each location in order to obtain a representative
sample. These cores were wrapped in polyethylene bags and placed in
lined cardboard cartons for shipment. Between sampling sites, maize
growth varied from one-half full height to that of early tasseling. At all
these locations, a period of drought had existed sufficient to cause
temporary wilting of the leaves by midday. After a period of heavy rainfall
and at the tasseling or early-ear stage, additional samples were taken at
several sites to study root penetration under moist conditions.
(b) Laboratory Procedures
Soil cores were removed from cylinders after passing a serrated blade
along the inner surface of the casing. The compacted soil split easily from
the remaining soil. Where present, clods were taken for moisture and bulk
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density determinations as described by Blake (1965). Roots, if present,
were separated, washed, weighed, photographed, and sections taken for
light-microscopy examination. Roots matted at the pan interface were
also washed free of soil, weighed, and ashed for analyses.
The soil from the pan and above the pan was weighed and then passed
through a 2 mm sieve. A portion was analyzed for acidity and extracted
with 1 N ammonium acetate at pH 4-8. One maize seedling was grown
in 220 g of sieved soil moistened to near field capacity and harvested at
the 4-leaf stage. Roots and shoots were separated, weighed, ashed, and
analyzed. Methods for the chemical determinations were previously
reported by Kashirad et al. (1967).
RESULTS AND DISCUSSION

Field and laboratory examinations of maize roots located above the
pan showed no abnormal morphological features. At the tillage pan interface, root distribution was always concentrated and individual roots were
often flattened. Numerous examples of swollen and malformed root tips,
often with extensive lateral growth near the tip were observed. Where roots
had penetrated a short distance into the pan, lateral roots were also
grossly distorted or inhibited. Where a root succeeded in penetrating the
pan, there were no laterals found within the pan but lateral growth was
as extensive below the pan as above the pan. As the authors previously
reported (1966), soil strength rather than decreased fertility or toxic
conditions was the primary reason for poor penetration. Distorted root
systems at or in the pan were found in all the coarse-textured soils
studied. Sample sites included a variety of soil conditions and management
practices. Upon examination by a nematologist, none of these root distortions were found to be attributable to nematode damage or diseased
conditions. The common factor involved was adverse soil strength.
In Figure 1, examples of roots from tillage pans are shown. Figures
1A and IB illustrate the drastic reduction in roots found penetrating the
pan compared to those above the pan. Apparently soil strength seriously
confined the roots but did not prevent meristematic growth in that swelling
and distortion proceeded to the limit of the confinement. The size of a
root tip compared with sand grains and numerous sand particles imbedded
on the root surface are shown in Figure IE. The bending of roots encountering the adverse soil strength is indicated in Figures IB and 1C. Typical
root distortions are shown in Figures ID, IE, IF, and 1G. Magnification
of lateral root distortion is shown in Figure 1H. A cross section of a root
tip that had ceased to elongate is shown in Figure II where abnormal
lateral development is within the cortex of the primary root. Obviously
such root systems are unable to use the full soil potential in supplying
nutrients or water.
Seedlings grown in sieved soils developed no abnormal root morphology.
Soil from the tillage pan was usually lower in nutrients and higher in
acidity than soil above the pan but adequately supported maize growth.
Table 1. The growth and calcium uptake by shoots and roots varied
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Fig. I.—Maize
(A)
(B)
(C)
(D)
(E)
(F)
(G)
(H)
(I)

root morphological effects exhibited where soil strength of
tillage pans prevented normal root elongation.
Tillage pan exposure (left) and root mat above this pan (right)
found in Norfolk fine sandy loam.
Altered rooting pattern found at the interface of the tillage pan in
Orangeburg loamy fine sand.
Brace roots turned aside by soil strength of pans in a Norfolk loamy
fine sand.
Distorted root growing in tillage pan of Orangeburg fine sandy loam.
Root tip penetrating into soil pore in tillage pan of Lakeland fine
sand.
Deformed root terminal growth from area of high soil strength in
Orangeburg fine sandy loam.
Aborted root tip and associated abnormal morphology of lateral
roots found in area of increased soil strength in Orangeburg fine
sandy loam.
Low magnification view of compressed lateral root development
along a root from area of high soil strength in Orangeburg fine
sandy loam.
Primary root cross-section excised 4 cm from tip showing secondary
lateral growth enveloped by cortex. Root is from pan in Orangeburg
fine sandy loam.
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greatly with the different samples and between soil depths used. Table 1.
Calcium removed from the seed was 15 /ng per plant or about 2 per cent
of that found in the seedling. Aluminum content of the seedlings varied
from 9 to 210 /xg per g of fresh shoot weight and was in most cases higher
in shoots from the sieved subsoil than from topsoil samples. The seedling
study showed that in sieved soil chemical and physical factors which
caused growth variation did not induce root abnormalities found under
the field conditions. The calcium factor in cotton root penetration reported
by Howard and Adams (1965) was not a serious limiting factor to root
growth when the soils were sieved. However, under field conditions that
existed for roots in tillage pans, calcium was in limited supply because
roots from the pan at all sites were much lower in calcium content than
roots taken above the pan. Table 1. Although the data are not reported,
roots at the interface were also low in calcium. Under the dry soil
conditions, replenishment of calcium and other ions to such roots might
be expected to be much less than in wet soil where free water movement in
the profile occurred.
We conclude that the morphological abnormalities of roots entering
or in the pans resulted primarily from soil strength impedance. Secondary
nutritional insufficiency or imbalance might be expected since roots were
confined by soil strength and therefore contacted, with difficulty, nutrient
supplies. This effect would be enhanced by dry soil conditions. However,
our previous study (1967) made after an extended period of moist soil
conditions also showed poor or no root penetration into these tillage pans
under conditions that favoured nutrient replenishment from soluble fertilizer
salts. Oxygen supply was not likely to be limiting in the drier soil and
root growth was equally abnormal as that found under moist conditions.
From thin-section studies of these tillage pans. Kashirad et al. (1966)
found large voids were absent and concluded that root penetration was
restricted by small pore size. For penetration to be possible, the roots must
of necessity rearrange the soil matrix to provide an opening of sufficient
diameter to permit penetration. With closely compacted, coarse-textured
soil, friction between particles and roots might prohibit such an event
whereas, in fine-textured soils, lubricating properties of clays and their
compressibility might be more favourable to root penetration under moist
or wet conditions. At field capacity, soil strength measurements greater
than 1-75 kg per cm- were found where root growth was impeded by
tillage pans. Under extreme drought conditions, probe resistance of these
pans exceeded 4-5 kg per cm-. As shown in Table 1. clod bulk densities
of the pans ranged from 1-49 to 1-87 g per cm3. Since maximum soil
strength and maximum moisture stress on crops occurred under droughty
soil conditions, tillage pans acted as an effective barrier to crop utilization
of subsoil moisture and nutrient supply. Where cumulative compaction
of coarse-textured soils has occurred, the increased soil strength and
associated cementation were not likely to be corrected except by destruction
of the pan.
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SUMMARY

Field samples of maize roots in Ultisols and Entisols were obtained
using 16-7 cm sharpened cylinders forced into the soil over the excised
plant to a depth including several centimeters of the tillage pan. Studies
from 21 sites of coarse-textured soil showed a root mat at the surface
of the pan and poor root penetration of the pan both under droughty and
moist soil conditions. At every site, roots at or in the pan were morphologically abnormal with grossly swollen root tips and profuse, distorted
branching a few millimeters from the primary root tip. Nematode damage
was not responsible for the root distortions. The abnormalities were
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attributed to soil strength and root confinement. Field maize roots were
low in calcium content. Seedling maize grown in sieved soil taken above or
from the pan showed that, without addition of nutrients, roots developed
free of morphological distortion. Calcium content of shoots and roots
grown in sieved soil above the pan was usually more than in those grown
in soil from the pan. Unconfined compressive soil strength greater than
1 -75 kg per cm2, measured at field capacity, impeded penetration of coarsetextured soils by maize roots.
RÉSUMÉ

Des échantillons de racines de maïs pris de champs Ultisols et
Entisols ont été obtenus au moyen de cylindres aiguisés de 16,7 cm.
enfoncés dans Ie sol au-dessus de la plante retranchée. a une profondeur
qui comprenait plusieurs cm de 1'horizon labouré. Les études faites sur 21
sites de sol a texture grossière montraient une natte de racines a la surface
de 1'horizon d'accumulation et une mauvaise penetration des racines dans
1'horizon, dans des conditions de sécheresse ainsi que d'humidité. A chaque
site, les racines se trouvant prés de, ou dans 1'horizon d'accumulation
ctaient morphologiquement anormales, presentant les extrêmités des racines
tres enflées et une quantité de ramifications déformées, a une distance de
quelques mm du bout de la racine primaire. Les dégats düs aux nematodes
n'étaient pas la cause de la deformation des racines; on attribue ces
anomalies a la "force" du sol et au manque d'espace des racines. La
teneur en calcium des racines du maïs au champ était basse; les plantons
cultivés dans du sol pris au-dessus ou dans 1'horizon, puis tamisé, ont
montré que. sans 1'addition d'éléments nutritifs, les racines se développaient
sans deformation morphologique. La teneur en calcium des pousses et des
racines cultivées dans Ie sol tamisé au-dessus de 1'horizon d'accumulation
était en general plus élevée que pour celles qui venaient du sol de 1'horizon
même. Un sol non restreint comprimé a une force de plus de 1.75 kg/cm-,
mesure a la "capacité au champ", empêchait la penetration des racines de
maïs dans un sol grossier.
ZUSAMMENFASSUNG

Feldproben von Maiswurzeln in Ultisols und Entisols wurden durch
das Eintreiben von 16-7 cm langen, geschaften Zylindern über der
aufgeschnittenen Pflanze in den Boden bis zu einer, mehrere Zentimeter
der Ackermulde enthaltenden Tiefe. erhalten. Untersuchungen von 21
Standorten auf grobgefügten Boden zeigten eine Wurzelmatte auf der
Oberrlache der Mulde und eine dürftige Wurzeldurchdringung der Mulde
sowohl unter trockenen als auch unter feuchten Bodenbedingungen. Auf
jeder Flache waren die Wurzeln auf oder in der Mulde morphologisch
abnorm, mit dickgeschwollenen Wurzelspitzen und übermassiger, verzerrter
Abzweigung einige Millimeter von der ursprünglichen Wurzelspitze.
Nematodenschaden war nicht für die Wurzelverzerrungen verantwortlich.
Die Abnormitaten wurden der Bodenstiirke und der Wurzeleinschriinkung
zugeschrieben. Die Feldmaiswurzeln hatten einen niedrigen Kalziumgehalt.
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Maiskeimlinge, gezogen im liber oder aus der Mulde entnommenen Boden,
zeigten, ohne Zusatz von Nahrstoffen, eine von morphologischen Verzerrungen freie Wurzelentwicklung. Im gesiebten Boden über der Mulde
gezogene Kleinpflanzen und Wurzeln hatten im allgemeinen einen höheren
Kalziumgehalt als solche, die im Boden aus der Mulde gezogen waren.
Unbeschrankte, konzentrierte Bodenstarke grosser als 1-75 kg pro cm-'.
bei Feldkapazitat gemessen, behinderte die Durchdringung grobgefügter
Boden durch Maiswurzeln.

EFFECTS OF SOIL STRENGTH ON ROOT GROWTH
AND CROP YIELD IN THE SOUTHERN
UNITED STATES
H. M. TAYLOR AND R. R. BRUCE
Soil and Water Conservation Research Division,
Agricultural Research Service, U.S. Department of Agriculture.
Auburn. Alabama, and Watkinsville, Georgia, respectively

During the past few years, research workers at several locations in the
Southern United States have investigated effects of high-strength soil layers
on the rooting habits and yields of crops. This communication summarizes
findings from this experimentation.
SOIL STRENGTH CHARACTERIZATION

Most studies have employed a penetrometer to characterize the strength
of soil material. Although various penetrometer designs and procedures
have been used, it appears from available evidence that soil strength has
been rather well characterized by such measurements. Empirical as this
approach may be, many informative and useful relationships have been
established between penetrometer resistance measurements and growth of
plant roots and shoots.
To define the nature of penetrometer resistance measurements, Camp
and Lund (1967) and Taylor et al. (1966) have determined the relationship between penetrometer resistance data, bulk density, and soil water
content or suction. In Fig. 1, data are plotted for selected soils of the Southwestern United States. The general pattern for all soils is similar. However,
when the soils are compared at a specific soil suction and bulk density,
large variations in the resultant penetrometer resistance occur. For example,
at 1/3 bar soil suction and a bulk density of 1-55 g/cm 3 , the penetrometer
resistance is 19 bars for Columbia loam and 6 bars for Miles loamy fine
sand.
Taylor and Burnett (1964) compared penetrometer and vane shear
strength measurements and found a high linear correlation (correlation
coefficient of + 0 - 9 7 ) . Although an indentation type of penetrometer has
been most commonly used in the experiments herein discussed, cone
penetrometers with a shaft of reduced diameter have also been used (Camp
and Lund, 1967).
ROOT ENTRY INTO HIGH-STRENGTH SOIL

When a plant root grows through the loosened cultivated layer and
encounters a soil layer of greater strength, the root may be diverted horizontally, it may grow into the layer a short distance and then almost cease
803
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further elongation, or it may elongate essentially in the same direction but
at a lower rate. The root's reaction to the layer depends, among other
factors, upon the layer's strength and the root's lateral support.
Wiersum (1957) has shown that roots will enter high-strength layers
if a pore or crack larger than the root cap is available. Even if no such void
exists, roots can enter soil volumes by forcing aside low-strength materials
such as waxes (Gardner and Danielson 1964). Even though voids are not
necessary for root entry, they are necessary in the supply of water and air
to sustain root elongation. In addition, soil void space is an appropriate sink
for the material moved by the root in creating its passageway.
Soil strength usually is increased when soil bulk density is increased or
when a coherent soil loses water. Taylor et al. (1966) investigated the
effects of soil strength on cotton root entry into and penetration through
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2-5-cm-thick cores of four medium to coarse textured soil materials each
at five bulk densities and three or more soil water suctions. They measured
soil strength with an indentation penetrometer where the 0-5-cm-diameter
cylindrical tip was forced 0-5 cm into the soil surface. More than 60% of
the taproots penetrated cores where penetrometer resistance was 5 bars
(Fig. 2 ) , but penetration percentage was only 3 5 % when penetrometer
resistance was 10 bars and ceased entirely at a resistance of 22 bars. Only
small differences existed among the four soils in their relation between
penetrometer resistance and root penetration percentage. In an independent
investigation, Camp and Lund (1967) found similar effects of soil strength
on cotton root growth through cores of three soil materials.
ROOT ELONGATION RATES THROUGH HIGH-STRENGTH SOIL

Taylor and Gardner (1963) showed that cotton roots penetrated
through 2-5-cm-thick soil cores faster when soil strength was low than
when strength was high. However, that experiment did not provide quantitative data on root elongation rates.
To directly observe root lengths as functions of time and soil strength,
a four-compartment acrylic plastic box was constructed. The interior
dimensions of each compartment were 15 cm in width, 5 cm in depth, and
45 cm in height. To form the front plate, a glass panel slid into vertical
grooves on the side panels separating the four compartments. When in
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experimental use, the entire assembly of compartments was tilted 15 degrees
from the vertical to assure that all roots stayed near the glass-soil interface.
Chesterfield loamy sand was wetted to a gravimetric water content of
5-3% (soil suction of 0-5 bar) and equilibrated 10 days in a sealed polyethylene bag. Equilibrated soil was packed in layers, 4 to 5 cm thick, to
within 7 cm of the compartment top. Each layer of soil was packed by blows
on the surface until the packed surface gave a penetrometer reading characteristic of that compartment. Penetrometer resistances of 0, 2-5, 5-0, or
7-5 ± 0 - 3 bars were used in the four compartments.
Cotton seed {Gossypium hirsutum L. "Empire") were pregerminated.
Germinated seeds were selected for uniform emergence of the radicle and
six were planted in each compartment. The seeds were covered with 2-cm
depth of loose soil at 5 - 3 % water content. The soil was then lightly compressed with the fingers to provide for sufficient anchorage for the elongating
taproots to penetrate the high-strength layers. To prevent substantial water
losses from occurring, a polyethylene sheet, 3 mil thick, was used to seal
the assembly top. Cumulative length of each taproot was measured as a
function of time. The planted apparatus was maintained in a lighted growth
room where air temperature was controlled at 32 ± 1°C. One hundred and
sixty-seven hours after transplanting, the apparatus was disassembled and
bulk density determined on the packed soil of each compartment. Bulk
densities were 1-16, 1-48, 1-62, and 1-70 g cm :1 in the four compartments.
In all four compartments, root growth followed an "S"-shaped elongation
pattern (Fig. 3). At 167 hours after transplanting, root length was 31-9.
18-0, 4-6, and 2-1 cm, respectively, in the soil at 0. 2-5, 5 0, and 7.5
bars penetrometer resistance. During the 24-hour period beginning 40 hours
after transplanting, the average root elongation was 8-5, 4-3, 1-2, and
0-4 cm, respectively, in the soils at 0, 2-5, 5-0, and 7-5 bars resistance.
These root elongation rates for the 2-5-, 5-0-, and 7-5-bar treatments were
51, 14, and 5 % , respectively, of that in loose soil.
CROP YIELDS ON HIGH-STRENGTH SOIL

A large number of experiments have been conducted in the Southern
United States to determine effects of compacted soil layers on crop yield.
Results are contradictory. In some cases, crop yields were increased when
the compacted layers were loosened, but in other cases yields were not
affected or were even reduced as the compacted layers were tilled. The
effects of compacted or high-strength soil layers on crop yield seem to
depend upon the environmental stress levels to which the plant is subjected. If the increased root proliferation brought about by tillage substantially reduces the stress level at which the plant can obtain water or
nutrients, crop yields will be increased (Raney et al. 1954, Bruce and Jones
1963).
In an irrigated experiment, Carter et al. (1965) found that seed cotton
yield decreased linearly from 3600 kg/ha, where penetrometer resistance
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measured at field capacty with a cone penetrometer was 3 bars, to 1450
kg/ha, where resistance was 40 bars. Thus, yields of irrigated cotton grown
in the arid environment found at Shafter, California, increased as soil
strength was reduced by tillage.
In the semi-arid environment found in the Southern Great Plains, yield
of non-irrigated cotton was reduced as penetrometer resistance of the soil
pan increased (Taylor et al. 1964). Penetrometer resistance was measured
at field capacity with an indentation penetrometer. Yield of lint cotton was
about 560 kg/ha where no soil pan existed within the upper 30 cm of
soil and was 280 kg/ha where penetrometer resistance was 25 bars.
Penetrometer resistance increases to levels above 25 bars did not further
reduce yield.
Dry matter yields of Sorghum vulgare. Pers. (grain sorghum) (Taylor
et al. 1964) and reseeded rangeland grasses (Barton et al. 1966) were
highest when no soil pans existed within the upper 20 cm of sandy soil
and decreased as soil pan penetrometer resistance increased to 25 bars.
Increases in penetrometer resistance levels above 25 bars did not cause
further yield reductions.
Even in the semi-arid Southern Great Plains, a high-strength soil pan
within 20 cm of the soil surface does not always reduce yield. Grain
sorghum was grown for 6 years on Pratt fine sandy loam soil at Woodward,

^+ °
BARS
PENETROMETER
RESISTANCE

TIME AFTER

TRANSPLANTING

(HOURS)

Fig. 3.—Cumulative cotton taproot length as a function of time after transplanting while elongating into soil at four different penetrometer resistances.
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Oklahoma (Taylor et al. 1964). Penetrometer resistance levels at 20-cm
depth varied from 5 bars to about 30 bars when measured at field capacity
with an indentation penetrometer. Grain sorghum yields were not significantly affected by soil strength levels in any of the 6 years. Visual differences
in plant wilting between low and high strength treatments occurred only a
few times during the 6-year trial.
Effects of soil pan strength on root growth and yield of sugar beets
(Beta vulgares L.) on Amarillo fine sandy loam and Pratt fine sandy loam
were investigated at Bushland, Texas. Physical arrangement of the site, soil
pan preparation and method of measuring penetrometer resistance were
described by Taylor et al. (1964) in their cylinder experiment with grain
sorghum. Five beet seeds were planted in each of 36 cylinders containing
soil pans 10 to 15 cm below the soil surface. Thirty days later, the stand
was reduced to a single plant per 30-cm-diameter cylinder. Between the
planting date and harvest, each cylinder received 122 cm of water through
rainfall or 2-5-cm irrigations. Twice during the growing season, 100 ml of
full-strength Hoagland's solution (Hoagland and Arnon 1950) were added
to each of the 12 cylinders of Amarillo soil and to half of the 24 cylinders
of Pratt soil.
All plants wilted severely several times during the growing season, but
those growing on the high-strength pans in fertilized Pratt soil usually wilted
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first. Generally, the soil of all cylinders was irrigated when about half of
the plants showed severe water stress.
Pan strength only slightly affected wet weight of the sugar beet roots
grown in the cylinders of Amarillo fine sandy loam (Fig. 4 ) . Apparently,
the frequent additions of water and the two fertilizations allowed the beets
to develop even where the roots did not extend below the high-strength
layer. However, root shape was drastically affected by soil strength. At low
penetrometer resistances, the portion of the root 2 cm or larger in diameter
was about 35 to 40 cm long. At intermediate resistances (about 10 bars)
length of this enlarged portion was about 20 to 25 cm long and at resistances of 20 to 30 bars the enlarged portion did not extend into the pan
layer. At high resistances, the enlarged portion was about 16 to 20 cm
long, but the upper 3 to 8 cm of root extended above the soil surface. If
the beets had been machine harvested, this above-ground portion of the
root probably would have been discarded during the harvest operation.
In the Pratt soil, root weight decreased as soil pan resistance increased
to about 20 bars, but further increases in resistance did not further reduce
yield (Fig. 5). The two fertilizations increased beet root weight at a
particular soil pan resistance but did not alter the general shape of the
curve relating root weight to penetrometer resistance.
In the subhumid environments of Alabama, experiments have been
conducted to evaluate the effects of high-strength soil pans on cotton root
.50
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growth and yield. Eight soil areas were selected at widely separated locations
on the basis of the criteria that (a) within 30 cm of the surface a soil pan
existed where penetrometer resistance exceeded 15 bars when measured at
field capacity with a cone penetrometer, and (b) soil pH at the time of
tillage was 5 • 3 or above in and immediately below the high-strength layer.
At each location plots of soil were chiseled to a depth of 35 cm immediately
below the rows of planted seeds. At all eight locations early season taproot
elongation was fastest in the plots where the high-strength layer was disrupted. At two of the eight locations, the cotton grown on the chiseled areas
yielded about 40% more than that grown on the areas containing the highstrength pan. At four locations, there were no significant differences in yield
between the two treatments and at two locations, the chiseled cotton yielded
about 30 to 40% less than the nonchiseled cotton. Obviously, cotton yields
were limited by some factor other than the high-strength pan in six of the
eight locations.
There are several possible explanations for the inconsistent effect of soil
pan strength on yield. First, the penetrometer is a rigid probe larger in
diameter than the root tip. The plant root may grow into soil cracks or soil
voids not adequately sampled by the penetrometer measurements. Second,
crop yield may not be closely correlated with root growth. The root's
primary functions are to provide the entire plant with the necessary water
and nutrients. If the supply of water or nutrients is not the limiting factor in
yield, then a reduced volume of soil explored by roots will not affect yield.
Similarly, if the root system, even though reduced in volume by highstrength soil, can obtain sufficient water and nutrients at low stress levels,
yield seldom will be affected by the high-strength soil.
In the Southern United States, high-strength soil pans should reduce
crop yields most frequently on non-irrigated sandy soils in semi-arid
environments. Soil pans found in these soils possess relatively few cracks
and water supply almost always limits yield. As soil water supply, soil
nutrient supply, or extensiveness of soil cracking increases, the probability is
reduced that a given soil strength level will reduce crop yield.
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SUMMARY

In laboratory experiments, entry of cotton roots into soil pan layers and
root elongation through soil pans was reduced as penetrometer resistance
was increased. At about 20 bars penetrometer resistance, no cotton roots
entered the soil layers.
In field experiments, the effects of decreased rooting volume associated
with high-strength soil pans were investigated for several species of plants.
High-strength soil pan layers apparently reduced crop yield only when water
or nutrient stress levels were substantially increased.
RÉSUMÉ

Dans des experiences au laboratoire 1'entrée des racines de cottoniers
dans des couches de sol a horizon durci et l'allongement de racines a
travers les sols a horizon durci a été réduite alors que la resistance pénétromètriques a été agrandie.
A environ 20 bars de resistance de pénétromètre, aucune racine de
cottonier n'est entree dans les couches du sol.
Dans des experiences aux champs les effets d'amoindrissement du
volume d'enracinement associé a des sols a horizon tres durci ont été
investigués pour plusieurs genres de plantes. Les couches de sol a horizon
tres durci ont diminué apparament la récolte seulement quand les niveaux
de tension de 1'eau ou des nutrients ont été bien augmentés.
ZUSAMMENFASSUNG

Laboratoriumversuche ergaben, dass sich der Eintritt von Baumwollwurzeln in die Boden Verdichtungshorizont-Schichten, und Wurzelausdehnung durch Boden Verdichtungshorizonte verminderte, sobald sich der
Penetrometer-Widerstand erhöhte—Bei einem Penetrometer-Widerstand
von ungefahr 20 Bars drangen keine Baumwollwurzeln in die Bodenschichten ein.
In Feldversuchen wurden Auswirkungen von verringertem Wurzelvolumen, verbunden mit hochgradigen Boden-Verdichtungshorizonten, fiir
verschiedene Pflanzenarten untersucht. Hochgradige Boden-Verdichtungshorizont verminderten die Anbauertriige offensichtlich nur, wenn Wasser
oder Nahrstoff-Stressgrade erheblich erhöht waren.

GROWTH OF CORN AND SOYBEAN SEEDLINGS AS
RELATED TO SOIL COMPACTION AND MATRIC
SUCTION*
A. P. MAZURAK AND K. POHLMAN
Nebraska Agricultural Experiment Station, Lincoln, Nebraska, U.S.A.

Terracing, land shaping and bench leveling are common practices in
developing irrigation and conservation plans on farms in Nebraska and in
other areas of the world. These practices together with the use of heavy
tillage equipment are conducive to soil compaction.
Observation of top growth of plants in the initial stages does not always
indicate if the roots are penetrating into the deeper layers of soil. Root
penetration at this early stage of growth under field conditions is difficult
to investigate because of the variable conditions attributed to the weather.
It is much easier to investigate the effect of soil compaction on plant
growth in the early stages under controlled laboratory conditions.
The objective of the experiment reported here was to study the effects
of different levels of soil compaction, and soil matric suctions and their
interactions on the growth of corn and soybean roots through a compacted
soil layer.
I. PROCEDURE

Soil cores of topsoil and subsoil from Tripp and Sharpsburg B-horizon
were prepared in the laboratory. Tripp soil, a member of the Chestnut Great
Soil Group (Typic Haptustolls), is found in the Western Nebraska. Sharpsburg soil, a member of the Brunizem Great Soil Group (Typic Agrudolls),
is found in the Eastern Nebraska.
(a) Preparation of soil cores
Each soil was sieved and wetted on a ceramic plate to a moisture
content equal to 0-33 bar suction. A predetermined amount of this moist
soil to give bulk densities of 1 -0, 1 -2, 1 -4, 1 -6 and 1 -8 g/cm 3 was placed
into a plastic cylinder of 4-4 cm diameter. The soil was compressed to
core lengths of 2-5 and 5 cm. Soil used for soil cores with a bulk density
of 1 -0 g/cm' ! was first stabilized with 0-05% Krilium in order to maintain
a loose compaction during the experiment.
Sets of soil cores of different bulk densities for plant growth and soil
strength measurements were placed on a 15-bar ceramic plate and wetted
* Published with the approval of the Director as Paper No. 2080, Journal Series,
Nebraska Agr. Expt. Sta. The research was supported in part by the Consolidated
Hatch Act Regional Research Funds as contributing project of NC-56 Regional
Funds.
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overnight. The following day a suction of 0-15 bar was applied to the plate
(in a pressure-cooker). When the soil cores reached equilibrium with
respect to drainage, they were removed from the plate. Similarly, soil cores
were wetted to suctions of 0 • 33. 1-7 and 8 • 6 bar.
(b) So/7 strength measurements
Soil strength was determined with a Proctor needle penetrating soil
cores (in plastic cylinders) of 5 cm in length. A Proctor needle with a 3-mm
diameter flat-surface face was forced 1 cm into the centre of core. The
needle was mounted above the platform of a solution balance. Lead shot
was poured at a constant rate onto the end of lever arm, forcing the needle
into the soil core. The force required to push the needle into the soil core
was determined for 3 replicates at five bulk density levels and at four
suction levels. Measurements were taken at both ends of the soil core and
averaged for the single core.
(c) Plant growth
After the soil cores on the ceramic plate had reached equilibrium with
respect to drainage, they were removed from the ceramic plate. Hoagland
nutrient solution No. 2 was poured into a 7-5 cm length plastic cylinder
which was fitted with a rubber stopper and then attached to the soil core.
Roots emerged from the soil core and grew into the nutrient solution. A
7-5 cm length plastic cylinder was also fastened on top of the soil core.
Four pre-soaked seeds of corn or soybeans were placed on top of the
soil core. Seeds of corn "Wf9 x Hy" (Zeu mays L.) or Ford soybeans
(Glycine max (L.) Merrill) were planted and covered loosely with soil
prewetted to 0-3 bar suction. A watch-glass cover was placed on top of the
cylinder to prevent evaporation of water.
Soil cores with planted seeds were placed in a growth chamber in series
of runs. Each run consisted of 20 soil cores representing one soil, one
suction level, two lengths of soil cores, two crops, and five bulk densities for
Tripp soils. Since only four bulk density levels for Sharpsburg soil were
possible, 16 soil cores constituted a run. Each run was replicated three
times.
At the end of a ten day growing period the plastic cylinders were disassembled. The number of roots and their total lengths emerging below the
soil core were recorded. Roots inside the soil core were washed free of
soil and oven-dried. The plant portion above the soil core was harvested
and weighed after being oven-dried at 70° C.
The data obtained were treated statistically by analysis of variance.
II.

RESULTS

Chemical and physical characteristics of Tripp topsoil, Tripp subsoil,
and Sharpsburg B-horizon are presented in Tables 1 and 2. Tripp topsoil is
sandy loam with a low clay content of 12%. Tripp subsoil is a loam with
18% clay, and Sharpsburg B-horizon is a silty clay loam, bordering to a

815

SOIL COMPACTION AND PLANT GROWTH
TABLE 1

CHEMICAL AND PHYSICAL CHARACTERISTICS OF TRIPP TOPSOIL, TRIPP SUBSOIL AND SHARPSBURU
B-HORIZON

Characteristic

Tripp
topsoil

Tripp
subsoil

Sharpsburg
B-horizon

pH
Calcium carbonate %,
Organic matter, %
Cation exchange capacity,
meq per 100 g of soil

6-8
0-2
IS

80
20
15

6 0
none
3-5

153

17-2

25-2

Particle size composition :
sand (2000—50/t diameter), %
silt (50—2^ diameter), %
clay ( < 2/i diameter), %

63
25
12

41
41
18

3
59
.is

15 bar moisture percentage

6-5

Upper plastic limit, %
Lower plastic limit, %
Plastic index
Particle density, g/crn3
Shrinkage from sticky point to
oven-dry state, %

9-5

23
23
0
2-64

27
20

5-4

12

211

7/

2-66

52
32
20
2-71
32

TABLE 2
SOIL WATER CONTENT AT DIFFERENT MATRIC SUCTIONS AND BULK DENSITIES AND POROSITY
OF THE SOIL CORES

Matric
suction

Moisture content on volume basis at bulk density (g/cm3) of
10
1-2
1-4
1-6
1-8

bars
015
0-33
1-7
8-6

14%
12
7-2
6-3

Tripp topsoil
20%
17%
17
15
8-3
8-2
7-5
7-4

23%
20
9-2
8-9

26%
23
9-3
8-8

015
0-33
1-7
8-6

19
15
77-

Tripp subsoil
23
28
19
23
8-9
101
8-6
9-5

34
29
10-3
101

39
31
10 5
101

015
0-33
1-7
8-6

32
31
18
17

Sharpsburg B-horizon
38
47
37
46
21
23
20
22

51
5(1
26

25

Porosity
Tripp topsoil
Tripp subsoil
Sharpsburg

62%
62
63

54%
55
56

47%
47
48

39°
40
41

32"
32
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silty clay, with 38% clay and 59% silt. Tripp subsoil has sufficient amount
of clay so that packing the sample at bulk density of 1 • 8 g/cm:f and wetting
it to 0-15 bar suction caused the sample to swell. All the pores were filled
with water (Table 2).
Owing to the high clay content of Sharpsburg soil, it was not possible
to pack the soil to bulk density 1 -8 g/cm :i . Even at a bulk density of 1 -6
g/cm :! for the 0-15 and 0-33 bar suction, the soil swelled so that particles
did not pack as closely as soil particles wetted at 1 -7 and 8-6 bar did. The

O.I

0.5

I

5

10

MATRIC SUCTION, BAR
Fig. 1.—Soil strength for soil cores compacted at different bulk densities,
wetted at different matric suctions
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amount of water in the soil exceeded the pore space available (Table 2)
causing the soil to swell.
Tripp topsoil is non-plastic with a Plastic Index of 0. The P.I. for Tripp
subsoil is 7, and that for Sharpsburg B-horizon is 20. Shrinkage (Table 1)
for the three soils is 5-4%, 12% and 32%, respectively.
Penetrometer measurements are shown in Fig. 1. The penetrometer
resistance increased as the bulk density increased (at constant suction) and
as the suction increased (at constant bulk density). Values of resistance for
Tripp soils were larger than those for Sharpsburg B-horizon. Tripp soils
showed a much larger increase in penetrometer resistance per unit increase
of suction than did the Sharpsburg soil. Values for resistance of subsoil of
Tripp are higher for each matric suction than those for topsoil.
The plant responses to soil compaction are summarized in Table 3.
Bulk density of the soil did not affect the weight of plant tops at the end of
the first 10 days of plant growth. However, it did have a pronounced effect
on the number of roots emerging from the bottom of the soil core, the total
length of roots below the soil core, and the weights of roots inside and
below the soil core. A bulk density of 1 • 6 g/cm a or greater for the Tripp
soil markedly restricted root growth. Sharpsburg B-horizon did not affect
TABLE 3
SUMMARY OF ANALYSIS OF VARIANCE OF THE EFFECT OF CORN AND SOYBEANS, LENGTH OF
SOIL CORE, MATRIC SUCTION, AND BULK DENSITY ON SEVERAL PLANT MEASUREMENTS

Between
crops

Soil
Tripp topsoil
Tripp subsoil
Sharpsburg B-horizon
Tripp topsoil
Tripp subsoil
Sharpsburg B-horizon

Length of
soil core

Matric
suction

Number of roots emerged from soil core
n.s.
**
**
n.s.
n.s.
***
Total length of roots below the soil core
*
n.s.

:;:

***

Weight of roots below the soil core
*
n.s.
n.s.
n.s.
n.s.
n.s.
Weight of roots inside the soil core
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
Weight of tops
***
n.s.
*
n.s.
***
n.s.

Tripp topsoil
Tripp subsoil
Sharpsburg B-horizon
Tripp topsoil
Tripp subsoil
Sharpsburg B-horizon
Tripp topsoil
Tripp subsoil
Sharpsburg B-horizon
Level of significance
*
**
***
n.s.

— 10%
5%
— 1%
— not significant

•••
***

Bulk
density

*•*
***

U.S.

n.s.

***
***

***
***
***

U.S.

***
***
***

n.s.

n.s.
U.S.

***
*
*

***
***
+ **

**
***

n.s.
n.s.
n.s.

U.S.
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the roots in the soil packed at 1-6 g/cnr1. In fact, the number of soybean
roots emerging from Sharpsburg soil were similar regardless of the compaction. Evidently, the Sharpsburg soil was sufficiently plastic for the roots
to displace the soil particles and grow, whereas the Tripp soils were not
sufficiently plastic.
Total length of roots per plant in the early stages of plant growth
appears to be the best criteria to measure root response to soil properties
(Table 3). Fig. 2 shows the total root length of corn and soybeans per
plant emerging from 5-cm lengths of soil cores as related to soil strength,
keeping the matric suction of the soil constant. Root length decreased as
soil strength increased. In plotting the data as shown in Fig. 2, an interesting
CORN
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Fif>. 2.—Influence of soil strength on the total length of roots emerging from
soil cores of 5 cm length.
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relationship becomes evident. The roots were able to grow into soil with
greater strength at the higher matric suction. Root growth at a suction of
0-15 bar ceased between 10 and 20 bar penetrometer resistance for Tripp
soil and at even lower values for Sharpsburg. At a matric suction of 0-3
bar the root growth ceased near the 25 bar penetrometer resistance. At high
suctions of 1 -7 and 8-6 bar the roots ceased growing near the 50 bar value.

III.

DISCUSSION

The investigation on the effect of physical condition of soil on plant
growth after 10 days' germination embraced a wide range of bulk densities,
matric suctions, and plasticity. Laboratory results obtained are applicable to
field conditions in that soil compaction below the surface would affect the
early growth of roots to a greater extent that it would the top growth.
It has become evident from the literature that a measure of soil
strength should be included in studies relating plant growth to the physical
condition of soil. The data obtained in this investigation support this idea.
In addition, the data suggest that a soil strength measurement should be
considered in the study of plant growth and water relations. At equal soil
strength the root growth increased with decreased moisture content of the
soil (to 8-6 bar suction). It should be mentioned here that the roots were
measured as the roots emerging from the soil core and growing in nutrient
solution. Nevertheless the data of Barley et al. (1965) show that the rate
of pea root growth in soil cores increased from 0-3 to 0-7 bar suction.
Evidently, the free pore space as well as the impedance was associated with
the root growth.
Root length after 10 days germination was a better measurement of
root response to the physical condition of soil than was the weight of roots
or the number of roots. In similar experiments Barley et al. (1965)
measured root growth in compacted soil cores while Taylor and Gardner
(1963) counted the number of roots penetrating a soil layer. Our data, like
those of Barley et al. and Gardner, show that soil strength influenced the
growth of seedling roots. In our experiment the differences in root growth
may be associated with the fact that only the very early growth period was
studied; with additional time of growth the effect of the restricting layer may
become less.
Taylor and Gardner (1963) state that a penetrometer resistance of 25
bar limits the root growth in coarse- and medium-textured soil. The data
for corn and soybeans agrees with their data on soils for the same matric
suction of 0-3 bar. However, at low matric suctions the root growth is
restricted by a penetrometer resistance of less than 25 bar; at high suctions
the root growth was restricted by a soil strength greater than 25 bar. The
implication here is that soil strength and matric suction should be specified
when dealing with the restriction of growth in soils.
Phillips and Kirkham (1962) showed that for clay soil the root growth
was independent of free pore space and related to mechanical impedance.
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They worked with clay soil at low suctions; in this condition the soil would
be plastic and would be similar to our Sharpsburg B-horizon in plasticity.
Evidently, if highly compact soils are plastic and have sufficient aeration,
roots are able to shift the soil particles, whereas in non-plastic to slightly
plastic soils roots are not able to shift the soil particles.
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SUMMARY

Samples of Tripp topsoil, Tripp subsoil and Sharpsburg B-horizon were
compacted to bulk densities of 1-0, 1-2, 1-4, and 1 -6 g/cirr\ In addition,
samples of Tripp were compacted to 1-8 g/cm :i . Matric suctions of
compacted soil cores during the growth of corn and soybean seedlings were
0-15,0-33, 1-7 and 8-6 bar.
Soil treatments did not greatly influence the top growth of soybean and
corn seedlings but did influence root growth. As the degree of soil compaction increased, root growth in the Tripp topsoil and subsoil decreased.
Soil cores with bulk densities of 1 • 6 g/cm :! severely restricted root growth.
No roots penetrated soil cores with a bulk density of 1 • 8 g/cm 3 .
Root growth in Sharpsburg B-horizon samples was also reduced with
an increase in bulk density. Roots were able to penetrate soil cores with a
high bulk density if sufficient water were present.
High bulk density depressed root growth more in soils with a low
content of clay (Tripp) than in soil with a high clay content (Sharpsburg).
Taproots of soybeans were able to penetrate soil cores with a high
bulk density; fibrous corn roots did not penetrate these cores.
Penetration of a steel needle into soil cores was used to measure soil
strength and was related to root growth. As the matric suction of the soil
increased, the bulk density being constant, the soil strength increased and
the total length of roots decreased. However, at a constant soil strength
values, the total length of roots increased as the soil matric suction
increased.
RÉSUMÉ

Des échantillons de la couche arable Tripp, du sous-sol Tripp et de
1'horizon B Sharpsburg ont été rendu compacts pour fournir des densités
apparentes de 1,0; 1,2; 1,4 et 1,6 g/cm-3. De plus, des échantillons du sol
Tripp ont été rendu compacts pour fournir, 1,8 g/cm'. Les succions capil-
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laires des monolithes de sol compacts pendant la croissance des jeunes
plants de maïs et de soya étaient de 0,15; 0,33; 1,7; et 8,6 bars.
Les traitements du sol n'ont pas beaucoup influé la croissance au-dessus
du sol des jeunes plants de soya et de maïs, tandis qu'on constate une
certaine influence sur la croissance radiculaire. A mesure que Ie degré de
compaction du sol augmentait, la croissance radiculaire dans la couche
arable Tripp diminuait, ainsi que celle dans Ie sous-sol. Les monolithes de
sol avec densité apparente de 1,6 g/cm 3 avaient sérieusement restreint la
croissance radiculaire. Aucune racine n'a pénétré les monolithes de sol
ayant une densité apparente de 1,8 g/cm 3 .
La croissance radiculaire dans les échantillons d'horizon B Sharpsburg a
été également réduite par rapport a une densité apparente augmentée. Les
racines ont pu pénétrer les monolithes de sol ayant une forte densité
apparente a condition qu'une quantité suftïsante d'eau s'y trouvait présente.
La croissance radiculaire dans les sols pauvres en argile (Tripp) était
plus déprimée par une forte densité apparente qu'en sol avec teneur
importante en argile (Sharpsburg).
Les racines pivotantes du soya ont pu pénétrer les monolithes de sol
ayant une forte densité apparente; les racines fibreuses du maïs n'ont pas
pénétré ces monolithes.
La penetration par une aiguille d'acier dans les monolithes de sol a
été étudiée pour mesurer la resistance du sol ainsi que Ie rapport entre cette
penetration et la croissance radiculaire. A mesure que la succion capillaire
du sol augmentait, la densité apparente étant constante, la resistance du sol
augmentait et la longueur totale des racines diminuait. Néanmoins, quand
la valeur de la resistance du sol était constante, la longueur totale des
racines augmentait a mesure que la succion capillaire du sol augmentait.
ZUSAMMENFASSUNG

Proben von der Tïipp-Bodenflache, Tripp-Unterboden und Sharpsburg
B-Horizont, wurden zu Raumgewichten von 1,0, 1,2, 1.4. und 1,6 g/cm 3
verdichtet. Zusatzlich wurden Proben von Tripp zu 1,8 g/cm 3 verdichtet.
Die Kapillarsaugung der verdichteten Bodenmonolithe, betrug wahrend des
Wachstums von Mais—und Sojabohnen-Setzlingen 0,15, 0,33, 1,7 und 8,6
Bars.
Die Bearbeitung des Bodens hatte keinen bedeutenden Einfluss auf das
obere Wachstum der Setzlinge der Sojabohnen und des Mais, jedoch
beeinflussten sie das Wachstum der Wurzeln. Mit der Zunahme des Grades
der Bodendichte wurde das Wachstum der Wurzeln in der TrippBodenflache sowie in dem Unterboden vermindert. Bei Bodenkernen mit
scheinbaren Dichten von 1,6 g/cm 3 ergab sich eine ernsthafte Einschrankung bei dem Wachstum der Wurzeln. Keine Wurzeln waren fahig, Bodenmonolithe von 1,8 g/cm 3 zu durchdringen.
Das Wachstum der Wurzeln, bei Sharpsburg B-Horizont Proben,
wurde ebenfalls durch eine Zunahme der Dichte vermindert. Bei einem
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geniigendem Vorhandensein von Wasser, konnten Wurzeln die Bodenmonolithe mit einer grossen Dichte durchdringen.
Höhere Dichte unterdrückte das Wachstum der Wurzeln mehr in Boden
mit einem niedrigen Tongehalt (Tripp), als in Boden mit einem hohen
Tongehalt (Sharpsburg).
Die Hauptwurzeln von Sojabohnen waren fahig, die Bodenmonolithe
mit einer grossen Dichte zu durchdringen; faserige Maiswurzeln dagegen
konnten diese Monolithe nicht durchdringen.
Durch das Eindringen einer Stahlnadel in die Bodenmonolithe wurde
die Starke des Bodens gemessen und auf das Wachstum der Wurzeln
bezogen. Sobald die Kapillarsaugung des Bodens bei gleichbleibender
Dichte zunahm, erhöhte sich die Stürke des Bodens und die Gesamtlange
der Wurzeln wurde vermindert. Bei gleichmassigen Werten der Bodenstarke
jedoch, nahm die Gesamtlange der Wurzeln mit Erhöhung der Kapillarsaugung des Bodens zu.

ROOT GROWTH AND OXYGEN DISTRIBUTION
IN SOIL
D. J. G R E E N W O O D

National Vegetable Research Station, Wellesbourne, Warwick, U.K.
INTRODUCTION

No method of assessing the aeration status of soil in a way that is
widely related to plant growth appears to exist (Grable 1966). Many
workers have attempted to correlate certain easily measurable properties of
soil with the extent to which plant growth is restricted by poor aeration.
Almost all the properties that have been studied, including gas-filled pore
space, oxygen content and diffusion coefficient were related to plant growth
in different ways in different soils (Grable 1966, Mclntyre 1967). More
detailed investigations into the oxygen relations of plants and soils appeared
to be required before any more satisfactory measure of soil aeration could
be obtained. Direct measurements of oxygen concentration at points around
plant roots and in soils have been made at Wellesbourne and the purpose
of the paper is to show how the results when taken in conjunction with
previous information, lead to the conclusion that unless the oxygen concentration at least somewhere in the rooting zone of soil is almost zero, plant
growth will be unimpeded by lack of oxygen. Assessments of the extent
of oxygen-free zones may, therefore, provide a useful measure of the
aeration status of soil.
MEASUREMENT OF OXYGEN CONCENTRATION

Oxygen partial pressures at chosen points on root surfaces, in agar-gel
and in soil, were measured by a modification (Greenwood and Goodman
1967, Greenwood 1967a) of the micro-electrode technique of Naylor and
Evans (1960). The electrode was 0-5 mm. diam. and permitted the
measurement of oxygen partial pressure at its tip. Oxygen partial pressures
were converted to the equivalent concentrations in the gas phase expressed
as ml of On/ml of gas space.
OXYGEN REQUIREMENTS OF PLANT ROOTS

The metabolic processes in roots can only function properly if large
quantities of oxygen are absorbed. It is generally accepted that the terminal
oxygen acceptor in roots is a cytochrome (Hackett 1959, Lieberman and
Baker 1965) and that the activities of cytochrome oxidases are unaffected
by lowering of oxygen concentration until extremely low values of about
one thousandth of that in air (2 x 1 0 - 4 ml/ml) are reached (Hayaishi
1962). Thus unless the minimum oxygen concentration at any point in the
root is very low, no restriction of metabolic activity or of root growth is
823
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likely. The oxidases are distributed throughout the root and any oxygen
they require travels through the roots to the enzyme surfaces. In consequence, the oxygen concentration at the point of entry into the root is
greater than at the site of enzyme activity. If oxygen enters the root
surface and diffuses towards the centre of the root the largest difference
in oxygen concentration will be between the concentration at the surface of
the root and that at the centre of the root. This difference has been
denned (Lemon 1962) by the equation

cR-cc

OR2

=4 AD

(1)

where CR is the oxygen concentration at the root's surface, Cc the concentration at the centre of the root, Q is the rate of oxygen uptake of the root
and D is the diffusion coefficient of oxygen through the root. At 25 °C, the
mean of the values recorded in the literature (Lemon and Wiegand 1962)
for Q is 1 x 10~ 4 ml/ml/sec and for R is 3-7 x 10~ 2 cm. According to
equation (1) the concentration difference between the surfaces and centres
of such 'average roots' would be 0-01 ml/ml (equivalent to 2-8 x 10~ 4
ml/ml in water) when the diffusion coefficient of oxygen through them was
1 -2 x 1 0 - 4 cm 2 /sec or about 5 times greater than the diffusion coefficient
of oxygen through water.
DIFFUSION OF OXYGEN THROUGH ROOTS

The diffusion coefficient of oxygen through the roots of bog plants is
almost certainly much greater than through water because the roots of such
plants get all the oxygen they require from the aerial organs by diffusion
through the plant. There is also evidence that rapid oxygen diffusion
occurs through the roots of several species normally grown in soil (Grable
1966). Our own work suggests that this occurs in the roots of most vegetable seedlings.
To detect oxygen transport through mustard seedlings the roots were
encased in agar-gel to exclude oxygen while the stems and leaves were in
the gas phase. Changing the gas atmosphere around the aerial parts from
nitrogen to oxygen induced rapid increases in oxygen concentration at
the root surfaces. For example, 100 sec after 'change-over' the concentration 1 cm from the junction between stem and root was increased from zero
to 0-5 ml/ml. Increases in the upper 3 cm of the roots were in agreement
with those calculated theoretically by assuming that transport was by
gaseous diffusion through the root and that metabolic uptakes were negligible compared with the amount of oxygen transported. The latter assumption
certainly did not hold at the root tips and this presumably explained why
the increases in concentration at the tips were less than those predicted
theoretically. Similar results were obtained with 12 different species of
vegetable seedlings which suggests that gaseous diffusion of oxygen may
occur through the roots of most mesophytic seedlings (Greenwood 1967a,
1967b).
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To study how far such diffusion could contribute to the oxygen requirements of the roots, more detailed studies were carried out with mustard
seedlings. The roots of whole plants were embedded in large volumes of
agar-gel that had previously been equilibrated with nitrogen gas. Entry of
oxygen into the gel other than via the plant was prevented and after
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Fig. 1.—Oxygen concentrations in agar-gel around mustard roots.
—• O — 0' 5 cm from stem
— • — 2-5 cm from stem
—• A — ^ 4 - 2 cm from stem*
* These seedlings were grown in a different way from the others.
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incubating for 5 hr with the stems and leaves in air, the oxygen distribution
in the gel was measured.
Figure 1 gives the oxygen concentrations measured around the roots at
different distances from the junctions between stem and root. The data
show that oxygen diffused out of the upper 2-5 cm of some roots and out
of the upper 4-2 cm of others. Because the terminal oxidases have a high
affinity for oxygen this is strong evidence that the oxygen concentration/
distance gradients down the roots cause sufficient oxygen to flow from the
aerial parts to satisfy the respiratory requirements of at least 2-5 cm of
root. This finding permits an assessment of the diffusion coefficient of
oxygen through the roots. If it is assumed that the respiration rate along
the root is approximately constant (Lemon and Wiegand 1962) and oxygen
enters at one end of the root only, the diffusion coefficient of the root is
given by solving
Q =

D^j

with boundary conditions
C = C 0 at x = 0
dC
— = 0 and C = d at x = 1
dx
Then

D

= scoter)

™

The drop in oxygen concentration over the length 1 = 2-5 cm, was
approximately 0-17 ml/ml which is equivalent to 4-7 x 10~ 3 ml/ml of
water. The value of Q was found by independent experiment to be 1-7 x
10 4 ml/ml/sec. Substitution of these values in equation (2) gives D =
11 -4 x 10~ 2 cm 2 /sec which is almost 1000 times greater than the minimum
value 1-2 x 10~ 4 cm 2 /sec necessary for the 'average root' to obtain all its
oxygen from a concentration of 0-01 ml/ml in the surrounding medium.
Thus it would be expected that the oxygen uptakes of roots in general would
be unimpeded unless the concentrations at the root surfaces were very low.
E F F E C T OF OXYGEN CONCENTRATION ON ROOT RESPIRATION

To provide a test of the foregoing hypothesis, attempts were made to
correlate the rates at which the roots of mustard seedlings removed oxygen
from the surrounding medium with the concentrations at the root surfaces.
It was, of course, essential, to prevent oxygen reaching the roots from the
aerial parts and this was done by using roots from which the stems and
leaves had been removed and the wound sealed. Oxygen concentrations
were found to drop sharply towards the surfaces of respiring roots in
aqueous medium which made the simultaneous measurement of oxygen
uptakes of roots and the concentrations at their surfaces difficult. The
problem was largely overcome by circulating 13-5 ml of nutrient solution
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around excised roots in a gas-free enclosed system at high speed (about 25
cm/sec), so that the mean concentrations in the solution were only slightly
greater than those at the root surfaces. The roots removed oxygen, the
oxygen concentrations fell and the rate at which they did so was almost
constant until very low values were reached (Fig. 2). The mean concentration at which the rate of uptake was half that under optimum aeration
conditions was about 0 005 ml/ml. The maximum rate of oxygen uptake
of the roots, 1-4 x 10 4 ml/ml/sec, and the mean radius 0-04 cm were
both similar to the values for the 'average roots'. This evidence therefore
confirms that there should be no inhibition of metabolic activity unless the
oxygen concentration at the root surface is low, i.e., less than 0-01 ml/ml.
Support for the wide applicability of the conclusion is the rapid rates
of diffusion through the roots of all twelve species of vegetable seedlings
studied. But indirect support is also provided by measurements of the
effect of oxygen concentration in the gas phase on root elongation. Examination of 51 sets of measurements on different mesophytic species of different
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ages taken at random from the literature indicates that the mean oxygen
concentration at which root growth was 70% of maximum was the comparatively low value of 0-06 ml/ml. Also several workers (Cannon 1925,
Hopkins et al. 1950, Gingrich and Russell 1956, Tackett and Pearson
1964) have reported instances where elongation was almost unaffected by
lowering of oxygen concentration until the concentration was less than
0 02 ml/ml. In all these experiments little attempt was made to minimize
the thickness of water films around the root, so that the concentrations at
the root surfaces must have been less than in the gas phase. Our direct
measurements of oxygen concentration in water around roots have shown
that when roots are removing oxygen from the surrounding medium the
concentrations can drop by as much as 0-05 ml/ml per 0-1 cm. Some of
the experiments involved the use of moist soils and, as will be demonstrated
later, the concentration gradients in these can be as high as 0-1 ml/ml per
0-1 cm (Fig. 3). Thus, in the experiments reported in the literature the
actual concentrations at the root surfaces when root elongation was reduced
by 30% would be much less than the 0-06 or 0-02 ml/ml found in the
gas space. It therefore appears that the conclusion that no restriction of
metabolic activity is likely unless the concentrations at the root surfaces
are very low applies to many plants of many different ages.
SOIL METABOLIC ACTIVITIES

Another way in which poor aeration can restrict growth is by influencing the products of microbial metabolism. Whereas the products of aerobic
metabolism are generally beneficial to plant growth those of anaerobic
metabolism are often harmful. Anaerobic incubation of soil can induce the
formation of substances that completely inhibit root elongation and can
result in considerable losses of nitrate. The activities of soil micro-organisms
have been correlated with concentrations at their surfaces. It has been found
that, in general, aerobic microbial processes are not inhibited and anaerobic
ones not induced unless the concentrations fall to the extremely low value
of about 2 x 1 0 - 3 ml/ml (Quastel 1965, Greenwood 1967c).
DISTRIBUTION OF OXYGEN IN SOIL

Any oxygen reaching the roots or micro-organisms must travel first
through a gas phase and then through a liquid phase. Oxygen diffuses ten
thousand times more slowly through water than through air and the pore
space occupied by water is of the same order as that occupied by air so that
low oxygen concentrations are most likely to result from inadequate
diffusion through the soil water.
Direct observations (Williams 1967) of water in translucent materials
suggest that water is very unevenly distributed in soil. Particle segregation
according to size, the enclosure of large pores by smaller ones, and the
isolation of water-saturated regions from the drainage sink during drainage, all tend to create appreciably sized water-saturated pockets in moist
soils. It is therefore reasonable to visualize moist soils as consisting of
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fully water-saturated pockets surrounded by gas-filled, unsaturated regions.
Measurements of oxygen concentration in water-saturated aggregates of
soil have shown that the concentrations fall sharply over short distances
and fall to zero if the aggregates or the respiration rates are large (Greenwood and Goodman 1967). By contrast, the oxygen concentrations in
samples of gas extracted from soil are invariably high; the mean of those
recently recorded in the literature was 0-185 ml/ml (Hack 1956, Yamaguchi et al. 1962, Hanan 1964), almost the same as in air. Therefore moist
respiring soils would be expected to consist of regions which are watersaturated, where the concentrations drop sharply with distance and may
even fall to zero, and regions which are unsaturated, where the concentrations are high. There is a serious difficulty in testing this hypothesis by
inserting a micro-electrode into soil because the process of insertion disturbs
the soil which greatly influences the measured concentration. Nevertheless
the few micro-electrode measurements that we have made in soils, for
example those in Figure 3, do conform with the prediction that in most
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soils low oxygen concentrations only occur in water-saturated pockets and
that the concentration/distance gradients at the boundaries of these pockets
are large. Thus, it seems reasonable to assert that low oxygen concentrations
would be unlikely to occur in normally respiring soil unless there are also
steep oxygen concentration/distance gradients.
CONCLUSIONS

The three main conclusions of the foregoing work are: —
(a) that roots can satisfy their entire oxygen requirements from the
surrounding medium provided the oxygen concentration at the root surfaces
is above the low value of 0-01 ml/ml.
(b) that anaerobic and thus harmful microbial metabolism in soil only
occurs at lower concentrations.
(c) that low oxygen concentrations only occur in moist respiring soil
if there are also steep oxygen concentration/distance gradients.
It follows from these conclusions that no great error will result by
assuming that the soil aeration conditions are adequate for optimum root
growth unless the concentration at some point in soil is almost zero. Thus,
as far as the effects of aeration on plant growth are concerned, we are
interested solely in the extents of the anaerobic regions and not at all in the
mean concentrations in the aerobic regions, for irrespective of what they are,
they will have no effect on growth. Measurements of the extents of oxygenfree regions, by using ferrous iron or other metabolic products as indicators,
should therefore provide meaningful measures of the aeration status of soil.
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SUMMARY

Studies have shown that large quantities of oxygen entered the leaves
of intact mustard seedlings and were rapidly transported through the stems
and roots. When entry of oxygen from the aerial parts was prevented by
removing the leaves and stems, the roots were able to obtain their entire
oxygen requirements from the surrounding medium provided that the
concentration at the root surface was greater than the low value of 0-01
ml of 0-./m\ of gas space. Evidence is presented that this is also true for
other species. It is argued that the concentrations in soil must be even lower
than the above value before toxic products are formed or nitrate lost by the
activities of soil micro-organisms.
Direct measurements of the distribution of oxygen in soil were consistent
with the hypothesis that in most soils low oxygen concentrations only
occur in water-saturated pockets and only if there are large concentration/
distance gradients.
Inhibition of plant growth is therefore unlikely unless the soil contains
regions which for all practical purposes are oxygen-free.
RÉSUMÉ

Les études ont montré qu'une grande quantité d'oxygène est absorbée
par les feuilles des jeunes plants intacts de moutarde et transportée tres
rapidement a travers les tiges et les racines. Lorsque 1'entrée de 1'oxygène
dans les plants a la surface est empêchée par 1'enlèvement des feuilles et des
tiges, les racines peuvent obtenir Ie total de leur besoin en oxygène du
milieu environnant, si la concentration a la surface des racines est supérieure
a la valeur minimum de 0,01 ml de 0 2 /ml de 1'espace gazeux. Il a été mis
en evidence qu'il en est de même pour les autres espèces de plantes. Il a
été aussi démontré que la concentration dans Ie sol doit être inférieure a
la valeur ci-dessus avant que 1'activité des micro-organismes du sol puisse
former des produits toxiques ou occasionner des pertes d'azotate.
Les mesurages directs de la distribution de 1'oxygène dans Ie sol ont
confirmé 1'hypothèse que dans la plupart des sols. de faibles concentrations
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d'oxygène se trouvent seulement dans les poches saturees d'eau et seulement
s'il existe des gradients importants de concentration/distance.
Une inhibition de la croissance des plantes est par conséquent peu
probable, a moins que Ie sol contienne des endroits pratiquement dépourvus
d'oxygène.
ZUSAMMENFASSUNG

Versuche haben gezeigt, dass grosse Sauerstoffmengen von den Blattern
der unversehrten Senfsetzlinge absorbiert und dann sehr rasch durch die
Stengel und Wurzeln befördert werden. Wenn der Sauerstoffzugang zu den
oberirdischen Teilen der Pflanzen durch Entfernen der Blatter und der
Stengel verhindert war, konnten die Wurzeln dennoch ihren gesamten Sauerstoffbedarf aus dem umliegenden Milieu erhalten, sofern die Konzentration
an der WurzeloberfUiche höher als der Mindestwert von 0 01 ml von C^/ml
des Gasraumes war. Es wird darauf hingewiesen, dass dies auch in anderen
Pflanzenarten der Fall ist. Es wird ferner gezeigt, dass die Konzentration im
Boden sogar schwacher, als der obenerwahnte Mindestwert sein muss, ehe,
durch die Wirkung der Bodenmikroben, giftige Produkte entstehen oder
Nitratverluste auftreten.
Unmittelbare Messungen der Sauerstoffverteilung im Boden entsprachen
der Annahme, dass in den meisten Boden schwache Sauerstofïkonzentrationen nur in von Wasser gesattigten Taschen auftreten und nur wenn grosse
Konzentration/Abstand Gradiente vorhanden sind.
Hemmung des Pflanzenwachstums ist daher kaum möglich, sei es denn,
dass der Boden stellenweise praktisch überhaupt keinen Sauerstoff besitzt.
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