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SUMMARY

In situ measurement of undisturbed soil hydraulic properties may be achieved by analysing
the unconfined efflux from disc tension infiltrometers, once consistent infiltration equations can be
derived.
In this paper an analytical, three-dimensional infiltration equation is developed, based on the
use of parameters with sound physical meaning and adjustable for varying initial and boundary
conditions. The equation is valid over the entire lime range. For practical purposes, a simplified
solution is also derived.
The full and simplified equations give excellent agreement with published experimental
results and are particularly useful for determining soil hydraulic properties through application of
inverse procedures.
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INTRODUCTION

In a paper of Smettem et aj. (1993) dealing witn infiltration from a disc
infiltrometer, a three-dimensional cumulative efflux of water from a disc source was
analyzed and the following equation was derived :

i 3 ^ = i u l + 7ir d Va3S 0 2t/(e 0 -8 n )

(1)

where the subscripts 3-d and 1-d refer to the three-dimensional unconfined cumulative
infiltration (L3) and and the one-dimensional cumulative infiltration flow (L3) respectively; rd is the
disc radius (L); 80 is the volumetric water content (L3L"3) corresponding with the supply potential, h0,
(L); 8n is the initial volumetric water content and S0 is the sorptivity (LT1/2) given by the
simplified equation:

;

2(e 0 -e n ) jD(Q)dQ

(2)

where D = Kdh/d6, is thediffusivity (L2T>).

A

At this stage it should be noted that S 0 (Eq.2) is an estimate of sorptivity; a more precise
expression of sorptivity, S0, can be given by (Parlange, 1975):

S 0 : = f(e 0 + e-2ën)D(8)<fl
"il

(3)

The obvious and practically important feature of Eq.(l) is that the difference between threedimensional and one-dimensional flow is linear in time t and independent of gravity. Although this
result was fully confirmed by the experiments described by Smettem et al. (1993), the
proportionality constant, Vo.3 , was shown to be slightly too small. A more favourable comparison
between experimental and analytical results was obtained for a proportionality constant of 0.75. This
slight underprediction of the analytical solution can be explained partly by the fact that gravity and
the effect of disc curvature were neglected for the 3-d analysis and partly by the fact that a simple, first
order wetting front assumption was used for Eq.(l), together with the simplified estimation of
A

sorptivity by 5 0 .
The aim of this paper is to extend the theory developed by Smettem et aj. (1 993)
in order to derive a physically-based equation for infiltration from the disc infiltrometer
that is valid for all times and accounts for the corrections of the proportionality constant
\ / 0 . 3 . In addition, we derive a simplified infiltration equation for practical use.

THEORY

Writing Eq. (1) in terms of infiltration per unit area, we obtain:

• I - * * - .

(4)

r„ (e 0 -e n )
where I is the cumulative infiltration (L3L"2); S 0 is the sorptivity given by Eq (3) and y is
the proportionality constant corrected for the use of simplified wetting front, sorptivity and gravity
assumptions. Evidently, the range of possible variations of y is limited by y > VÖTJ.
The water content 0U being less than or equal to the water content at natural saturation , 0 , ,
the one-dimensional infiltration can be expressed in the quasi-exact analytical form (Parlange et al.,
1982):
5
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P

where K0 and K,, are the hydraulic conductivity values corresponding to 80 and 9n
respectively and p is a shape constant introduced through the expression (Haverkamp et al., 1990):

K-o - Kn

60 - 8„

A 2

J

(6)

where 8 is a variable of integration.
Although Eq.(6) is only exact if dK/Dd8 is a constant, equal to 2p (K0 - K^XS,, - 9n) / S02
(i.e. when the conductivity behaves like an exponential function of pressure head; Gardner, 1958), it
is claimed to represent K very well over the pressure head ranges of interest in soil water studies
(Philip, 1969).
If |5 is considered as an integral shape constant and calculated through a cumulative
infiltration identification analysis, rather than from Eq.(6), then the argument as to how well Eq (6)
represents the hydraulic conductivity function is less important. Referring to a recent paper by Fuentes
et al. (1992), which derived an analytical expression of the second term of the infiltration time series
solution independent of any particular choice for the soil characteristic equations, the shape parameter
p can be calculated by:

f ( y^ )( irir )D(e)d9
J

P - 2 - 2 -^

A0 —

ft,
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(7)

Once the exact description of the one-dimensional infiltration has been defined, substitution
of Eq.(5) into Eq.(4) yields the three-dimensional infiltration equation:

(K0-K„)2

yS02

_ 2 K0-Kn r

,
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l

P

(8)

'

In spite of its relative complexity, Eq.(8) has the advantage of being valid for the entire time
range from t = 0 to t ->°°. However, since disc infiltromcter experiments do not require very long
time ranges of application, we now consider a simplified but highly accurate expansion of Eq.(8). This
expansion is of particular interest when we consider inverse procedures for characterizing soil
hydroclynamic properties.

i) Simplified lime expansion

In a first stage we transform Eq.(8) into a flux/time equation:

I3,-Knt—Z££-

a

-JgL-,„ { t+

* * - * ) }

(9)

with the flux (LT1) at ihc soil surface defined by

q3d=

A(/3-j)

(10)

Substituting a scries expansion for the term in 'In' into Eq (9) and simplifying, we get:
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"""^jSs
Expressing Eq.(l 1) in a time series form, we obtain the simplified, explicit, threedimensional infiltration equation:

I3.d = S0Vt + [K„ •

Is°\

+ ^(*,-«,)(2-P)] I

(13)

Which is identical to one-dimensional infiltration with a supplementary term proportional in
time t, accounting for the geometrical 3-dimensional effects.

ii) Short time behaviour

As time t -> 0 , Eq.(13) takes the form:

I3^ = S0Vt

(14)

Since this short time behaviour is often used infieldexperiments for estimating sorptivity S 0
from the slope of I3^ versus t1/2 (White et al., 1992), it can be important to estimate the time over
which the shon time relation is valid. Expressing the second term of Eq (13), proportional with time t,
as a small percentage (e %) of the term in the square root of time, the time t* for which S0V7 is (100E)% of the 3-d infiltration is given approximately (K„ • 0) by:

8
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As the sorptive term in the denomination of Eq.(lS) is bigger than the gravity term, it is
evident that the short time behaviour Ij^ = S0VF may break down far more quickly than for the case
of 1-dimensionalflow.It also becomes questionable whether the routine method of estimating S0 may
still be applied without generating errors in the values of S0.
Taking as an example the soil and infiltration case for the paper of Smettem et aj. (1993),
S0VF already represents only 90% of ^ after 58 seconds and only 80% after 230 seconds.

Hi)

Long lime expansion

The derivation of the long time behaviour of the 3-d infiltration equation (8) is
straightfoward. Considering (P -1) as negligible when compared to the term in 'exp' for times tending
towards infinity, the term in 'In' can be simplified considerably, yielding the expression:

•vS
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M

2
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2

1

I Ko+ — — — ] ' +
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2(K 0 -K„)(l-p)
V

(16)

This equation shows that I3HJ - [K0 + y S02 / rd(90 -8n)] ; approaches a constant as t -» °°,
which is perfectly consistent; it indicates at the same time the existence of a water content profile at
infinity.
Differentiating Eq.(16) in time gives the steady-state infiltration flux as t —» °°.

q3,= K
3
^
°

0

+ ^
^(8,-9.)

(17)
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iv) Proportionality constant y

The proportionality constant y was introduced to correct the earlier value VÖT (Eq. 1) for
possible gravity effects on the profile edges, as well as for the somewhat crude approximations for the
water content profile and sorptivity used in the initial derivation of the equation.
From experimental measurement an optimal value of y = 0.7S was found. This result is
compared with some values obtained for particular soil conditions.
The most evident y -value can be derived for the case of steep water content profiles and a
diffusivity with delta-function behaviour (see Smcttem et al., 1993). For this case we obtain:

< 18 >

Y = VO.3 | 4
Jo

Depending on the type of real soil characteristics the fraction S 0 2 / S0Z is approximately
1.06 to 1.12, which increases the value of y to y = 0.6. However, this correction is only for the
sorptivity estimation; gravity corrections may give a further increase in the value of y . Note that the
A

ratio

S 0 2 / S02 is twice the capillary scale parameter ,b, discussed by White and Sully (1987),

who gave a reasonable estimate of b = 0.S5 for four different soils tested. However, it should be
remembered that the ratio (and thus b) is a function not only of soil type, but also of initial ( 9n) and
boundary (8^ conditions.
Once the lower limit of y has beenfixed, the upper limit can be approached by considering
the behaviour of a 'linear' soil. Neglecting gravity effects in Eq.(13) we have:

I 3 . = SQVt+ — 1 - ^ ~ t
W
°
r d (6 0 -e„)

(19)

•:

j

.

This can be compared with the particular solution given by Chu et al., (1975) which is
relevant for two-dimensional edge effects in linear heat diffusion. Using a constant diffusion
coefficient, D*, an equivalent flux expression can be developed (Warrick, 1992):

10

q ^ 2 0.5 S 0 r l f l + 0.885 ^ ^ -

(20)

Comparing Eqs.(19) and (20) together with the sorptivity equation for constant linear
diffusivity (Philip, 1969):

D , = «S 0 2 /4(e 0 -a B ) 2

(21)

gives a value of y = 0.784. Although this value is remarkably close to the optimal value
obtained from the experimental results, we have still not corrected for gravity effects on the profile
edges. Thus, the upper limit of y may be slightly greater than 0.78. An alternative possibility for
estimating the value of y is through the long time steady-state flow equation (Eq. 17).
Wooding (1968) presented a full solution for steady-state flow from a shallow circular pond
for soils with exponential conductivity behaviour (Gardner, 1958):

K =K, exp(cth)

(22)

with a a constant > 0 and h is the soil water malric potential. The simplified form of the
Wooding (1968) solution is given by:

q3^ = K0 + 4 - ^

(23)

TiTd

with
h0

Bo

•i-Jic(A)«ft-j/?(e)rfe
h.

8.

or, after combining Eqs.(2), (22) and (24)
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(24)

a
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Comparison of Eqs(17) and (25) gives

- |4
TT

C2«
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which is close to y = 0.7, depending on the ratio of S 02 / S02 (see Eq. 18).

Wooding (1968) expressed his steady-state flux in a dimensionless form by use of the scale
parameter:

a = ard/2

(27)

which can expressed in a more general form, independent of the a parameter as:

rd(Ko-Kn)(Q0 — 9n)
a=

2

So

„.„
(28)

On careful examination, Weir (1987) found the simple approximation of Eq (23) to be
somewhat imprecise. He proposed an alternative approximation valid for the realistic range of values:
a<0.4, which increases.the steady-state flux of Eq.(23) by about 6%.

Q3-d _ (K0 - K^) (—:——— —
, . , . . . , .—, ._, ,)
a*7t sui(a)cos(a)+2a' : sin l(a) ln(a)- 1.073a4

The corresponding y becomes:
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(29)

= SA f
2sinHa)
So2
<ntsin(a)cos(a)+2asin2(a)ln(a)-1.073a3

i
'

which makes the value of y vary between

0.751< 7 < 0.792

(31)

for the range of scale factors 0.1< a < 0.4 and 5 0 2 / S02 = 1.1. Moreover, combination of
Eqs(28) and (30) clearly shows that for increasing radius, but identical initial and boundary
conations, the value of y increases slightly.
As a result we may conclude that from both 'limited time' and long time' analyses, the value
of y for normal working conditions is reasonably bounded by

0.7 <y <0.8

(32)

Furthermore, this value agrees with the experimental results reported in the paper of
Smettem et aj. (1993).

RESULTS

Simulations were performed using the experimental results of Quadri et al., (1993) for the C
horizon of Manawatu fine sandy loam. These experiments were conducted using a disk of 60 mm
radius at a supply potential of -50 mm H 2 0. The initial water content, 8n, was 0.09 m3nr3 and the
water content at the supply potential, 90, was 0.375 m3m"3- Additional measured hydrodynamic
parameters were sorptiviry, S0 = 63.2 mm h""2; hydraulic conductivity at the supply potential, K0. =
72 mm h"1; hydraulic conductivity at the initial water content^,, = 0. The value of (3 was calculated
13

through Eq.(7) as 0.563 and the value of y was obtained from the paper of Smettem et aj.
(1993) as 0.75. The experimental I j ^ data were obtained from Fig 6 of QuadrietaL (1993).
Fig. (1) compares the behaviour of the full infiltration equation (8) and the simplified time
equation (13) with experimental data over the experimental time range of t<900 s. Agreement
between experimental and simulated results shows that Eq.(8) gives an excellent description of 3dimensionai infiltration from a disc infiltromcter. The simplified equation (13) is as accurate as the
full equation over the time period of this experiment.
The fact that the parameters entering the 3-d infiltration equation have a sound physical
meaning and can be adjusted (where necessary) for varying initial and boundary conditions, makes
Eq.(13) particularly suitable for predictive purposes and also for possible characterization of
hydrodynamic soil properties through inverse procedures.
In Fig.(l) we also show the progressive contribution of each infiltration component entering
Eq.(13): a) the short-time expansion (Eq.14); b) the influence of sorptive flow

I - , = S0Vt+ — ^ 2

(33)

and c) the full equation as given by Eq.(13).
Comparing b) and c) the relative importance of the sorptive term proportional in time t with
respect to the gravity term, is clearly demonstrated. Comparison of a) and b) illustrates the danger of
using only the short-time expansion (Eq. 14) for determination of sorpüvity for three-dimensional flow
experiments.
In order to compare the validity of the different infiltration equations for longer times, we
extended the simulation to time t = t

, with

tgrav = ( S / y 2

(34)
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being an estimation of the time at which gravity begins to dominate the flow process (Philip,
1969). It can be considered as a reasonable time limit beyond which disc-infiltration experiments
should not be carried out.
Plot a) of Figure 2 represents the relative contribution of the short time term S0 V7 to the total
3-dimensional infiltration flow as a function of time. Again, we note therapiddecline in the influence
of S0V7 over times that may often be used to obtain estimates of S 0 from the slope of I3^ at early
times.
Plot b) in Fig.(2) shows the validity of the limited time expansion (Eq.13) as compared with
the full 3-d infiltration equation (Eq.8) over long time periods. It clearly shows that the simplified
equation can be used for 3-d disc infillrometer experiments without serious loss of precision.

CONCLUSIONS

A three-dimensional infiltration equation for disc infiltrometers has been developed, together
with a simplified, limited time solution. Both equations give excellent agreement with experimental
results, showing that the equations are appropriate for describing three-dimensional flow from disc
infiltrometers.
The parameters entering the equations have a sound physical meaning and can be adjusted
(where necessary) for varying initial and boundary conditions. This presents the possibility of using
the equations to obtain soil hydrodynamic properties through application of inverse procedures. A
correction constant, y, is introduced to account for gravity effects at the edges of the
water content profiles. A theoretical estimate of this correction constant has been
presented.
It is shown that the field determination of sorptivity from the slope of cumulative infiltration
(IJ^J) versus square-root-of-time (t"2) is questionable, since the validity of the short time expansion
'3-d = S0Vf may only be maintained for very short times; much shorter than for one-dimensional
infiltration flow.
IS
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Abstract
The Guadalquivir river marshes (SW Spain), situated in the old estuary extend to some 140,000
ha. Soils formed in this zone are alluvial, very clayey, saline-sodic and of vertic character with a
shallow very saline water table. Part of these marshes, reclaimed since 1979, is the object of this
study. In the present work a detailed study have been carried out on some physical and chemical
properties of soil and the influence of irrigation (sprinkling and furrow irrigation) on the drainage
characteristics and salt leaching during the crop periods of 1988, 1989 and 1990. Experiments with
surge flow irrigation were carried out during 1991. A 1 ha experimental plot has been used for this
purpose. It is situated within the area being used for agricultural practices, equipped with a
drainage system of ceramic pipes buried 1 m depth and 10 m spacing, ending at an open ditch
collector perpendicular to them. The following measurements have been carried out: bulk density
changes, hydraulic conductivity and sorptivity, water content and water tension profiles changes,
water table level, drainage outflow and salt content of soil, soil solution and drainage water. Cotton
has been used as crop (the most common in the area). The results obtained show that after ca. 10
years in reclamation the electrical conductivity and exchangeable sodium percentage decreased in
the 0-90 cm layer of this soil, particularly in the top 50 cm. During irrigation a rapid response of
the drain pipes was observed as a consequence of the particular soil fissure and crack network due
to the shrinking and swelling processes. Maximum drainage outflow was reached when the
irrigation stopped. Water movement in this soil is characterized by a first rapid phase due to the
soil fissures and cracks and a second slow one controlled by the soil matrix. The efficiency of
irrigation in salt leaching was higher in the case of furrow irrigation (16 g of salt leached per 1 of
applied water) than in the case of sprinkling irrigation (10 g 1-1). Salinity of soil and soil solution
decreases after irrigation starts, the length of time to reach a minimum value for the different soil
layers and irrigation method used, being different.

Introduction
The Guadalquivir river marshes (Marismas del Guadalquivir) in SW Spain cover an area of
140,000 ha. They were formed by the accumulation of fine material dragged by the river into the
large estuary (Lacus Ligustinus, open to the sea in roman times) excavated in the Dilluvial Era. The
sediments originated from Miocene and Triasic formations in the medium and high river basin, are
mainly calcareous marls, and sometimes also chalk marls. The materials forming the Guadalquivir
marshes are typical for sediments deposited at different levels, according to Leyva Cabello (1976).
The most recent sediments, 0-2 m thick, were deposited on the lower parts, in depressions with
11

water-logging or run-off phenomena, enriched with salts by evaporation.
In most cases, soils developed in this area are of clayey nature, mainly Ulite type under a very
advanced degree of alteration (Gonzalez Garcia et al., 1956; Moreno et al., 1980). They are
difficult to manage in agriculture due to their high clay and salt contents (GiraUdez and Cruz
Romero, 1975; Moreno et al., 1981) and to the presence of a shallow very saline water table. For
this reason they were initially used as natural meadows. A series of reclamation projects have been
undertaken since the beginning of this century and since 1940 basic studies of these soils and of the
water table fluctuations have been carried out. These studies were considered in all future
reclamation projects in various zones within the general marshy area (Grande Covian, 1967 ).
In 1970, reclamation was initiated to irrigate the zone of Lebrija (15000 ha). In this zone called
sector B-Xn work to install an irrigation and drainage system was begun. This work terminated in
1979, the irrigated zone being divided into 12.5 ha plots for agricultural use. The study presented
in this paper corresponds to this zone.
Management of these reclaimed soils (tillage and irrigation) is very important in order to achieve
efficient salt removal and to maintain the electrical conductivity and the exchangeable sodium
percentage of the root zone below 4 dS m-1 and 15% respectively.
In this region, in some years, water supply for irrigation is strongly limited due to the scarcity of
rainfall. A knowledge of the effects of water limitation on irrigation is important in order to
improve the use of available water and prevent resalinization of soil top horizons. Similar situations
for soils and agricultural practices occur in other parts of the world, for these reasons the problem
is of general interest
In this work a detailed study has been carried out on some soil physical and chemical properties,
the change of salinity and the exchangeable cations after reclamation, and the changes in these
properties and leaching of salts in the drainage water during irrigation, in order to provide data for
better use of soil and irrigation. All these properties and processes were studied under both
sprinkling and furrow irrigation. A preliminary study using surge flow irrigation was carried out.
Material and Methods
Experiments for the present work were carried out on a 1 ha plot (40 x 250 m) situated in the
area of the marshes on the left bank of the Guadalquivir river, near Lebrija (SW Spain). The soil of
the plot is of clayey texture and its general characteristics are given in Table 1. The mineralogical
composition of the clay fraction (70% alterated illite; 15% smectite; 10% kaolinite; <1%
interstratified) is very homogeneous throughout the profile. The experimental plot is situated within
an area of 12.5 ha, in which a drainage system has been installed, consisting of ceramic pieces (30
cm long) forming a pipe 250 m long buried at 1 m depth and 10 m intervals, discharging into a
collecting channel perpendicular to drains, as shown in the scheme of Fig. 1. This drainage system
controls the water table level which remains at approximately 0.9 m depth and whose electrical
conductivity is > 80 dS m-1.
The plant used was cotton, one of the main crops in the zone. Subsoiling to 55 cm depth was
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Table 1. General characteristics of the soil.
Depth
Soil particle size

CaCC>3

O.M.

EC

SAR

%w/w; mm
cm

>50

50-2

<2

%

%

dSm" 1

cmolc^l-^

0-30
30-60
60-90

1.0
1.0
1.0

32.0
30.0
30.0

67.0
69.0
69.0

16.0
16.0
19.0

1.03

3.0
7.5
11.0

5.8
20.5
36.5
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applied once per year in order to improve the drainage. Sprinkling and furrow irrigation were used
during 1989 and 1990 respectively, quantities of water applications and rainfall being given in Fig.
2. Experiments with surge flow irrigation were carried out during the crop season in 1991.
Several measurement sites were situated in the experimental plot (Fig. 1) in which water content
profile, tensiometric profile, water table level, and salinity of soil and soil water were followed.
Drainage water discharge flow was also measured and the salinity of water analysed periodically.
A neutron probe was used to measure water content in the soil. Field calibration curve for
neutron probe was obtained taking into account the change of bulk density with water content.
Measurements of counts with neutron probe, gravimetric water content and bulk density were
carried out in the different measurements site (Fig. 1) and at several depths in the plot. The
calibration curve is 6 = 0.707 n + 0.112 (r = 0.95), where n is the count rate ratio. Mercury
tensiometers were used to measure water tension at different depths. Drainage water flow was
measured by means of a limnigraph. Soil bulk density was deduced from samples taken in 4 cm
high x 8 cm diameter (201 cm3) cylinders. Measurements of hydraulic conductivity and sorptivity
were carried out with the disc permeameters, using the dual-disc technique (Smettem and Clothier,
1989). Characterization of the cracks network was also carried out.
Soil water was periodically extracted by means of ceramic porous suction caps located at six
sampling sites (Fig. 1) 30, 60 and 90 cm depth. Soil samples (0-30, 30-60 and 60-90 cm depth)
were taken periodically in ten sampling sites throughout the experimental plot
To study the effect of reclamation on soil salinity and on the composition of the exchange
complex, a grid of 6x6 sampling points was established during 1988 on the experimental plot under
bare conditions. Soil was sampled at 0-30, 30-60 and 60-90 cm.
Electrical conductivity (EC), alkalinity (Alk.), Cl-, SC«4=, Na+, K+, Ca2+ and Mg2+ were
determined in water samples,in 1:5 soil/water extracts, and in saturated paste extracts. Soil water
content was also determined.
For the determination of the cation exchange capacity (CEC) and the exchangeable cations
(Nax, Kx, Cax and Mgx) soils samples were saturated with 1 N NH4CI in 60% (v/v) EtOH at pH
8.5 (Tucker, 1974). The CEC was determined by ammonia desolation of ammonium saturated
samples previously washed with EtOH to remove NH4+ entrained in the soil. Exchangeable cations
were estimated by the difference between the Na, K, Ca and Mg extracted by the Tucker reagent
and those in the saturated paste extract.
Results presented in this paper correspond to the crop periods of 1988,1989 and 1990. Detailed
studies of the evolution of the salinity and of the amounts of exchangeable cations resulting from
irrigation are presented for the periods 14-7-89 to 1-8-89 and 3-7-90 to 11-7-90. Some results
obtained with surge flow irrigation are also presented.
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Results and discussion
Physical properties of the soil
Due to the smectite content in the soil fine fraction, bulk density changes as the moisture
content varies, specially in the surface layer, 0-40 cm, as shown in Fig. 3. The consequent swelling
and shrinking processes (Moreno et al., 1981) create a large system of interconnected cracks along
vertical and horizontal planes. Soil prismatic blocks limited by the fissures presented a high degree
of microporosity. A preliminary survey estimated the average distance between cracks, at the soil
surface, several days after irrigation, in 7.1 ± 1.5 cm, with a mean crack width of 1.2 ± 0.2 cm,
although the width of cracks is larger as intervals between irrigations become longer, reaching
more than 2 cm. These cracks as well as tillage operations originate preferential flow paths through
which irrigation or rain water quickly find their way towards drain pipes. Below 40 cm depth the
crack system is connected with tubular macropores of several mm diameter in a vertical direction,
and others of smaller diameters in horizontal direction. Surface tillage works carried out during the
growing period make fissures to apparently dissappear from the top layers but they remain open in
depth.
Changes of hydraulic conductivity and sorptivity versus pressure potential for the soil surface
and for 30 cm depth are shown in Fig. 4. Hydraulic conductivity in the soil surface shows a large
decrease with the decrease of pressure potential. On the contrary, at 30 cm depth, the decrease
observed is smaller. This difference may be attributed to a larger amount of macropores and
fissures in the surface than at 30 cm depth. For a pressure potential of -100 mm hydraulic
conductivity, in both cases, show narrower values. Changes of sorptivity with pressure potential, in
both cases, show a similar pattern to that of hydraulic conductivity, although values are very close
when pressure is lower than -30 mm. The values of hydraulic conductivity showed in Fig. 4 are
higher than those reported by Thony et al. (1991) for the same soil using the same technique.
These differences are due to the different initial soil water content. Measurements were made by
Thony et al. (1991) when the soil was initially wet, so that the effect of dessication cracks was
probably minimized.
Soil salinity and composition of the exchange complex
Table 2 shows that the mean values of electrical conductivity, ECi:5 and the concentration of
Na in the 1:5 extracts increase down the profile. Both ECi:5 and Na are lower at the drain- (D)
than at the interdrain-position (I) (P<0.05), reflecting the influence of the distance to the drain on
the leaching of salts.
To determine the exchangeable cations 10 soil samples were taken within the range of ECi:5.
Mean values of EC sp and concentrations of Na, K, Ca, Mg, CI-, and S04= of the saturated paste
extracts of these samples increase down the profile and are lower at the drain- (D) than at the
interdrain-position (I), although differences were only significant in the 30-60 layer, except for
S04= (Table 3). The significant higher values observed at 30-60 cm depth in the interdrain-position
could be due to the position of the water table level which was always higher than in the drainposition.
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Table 2. Gravimetric water content (0m), and ECi:5 and Na concentration in the 1:5 extracts of the
soil at drain (D)- and interdrain (I)- positions (mean values of 18 determinations).

depth

cm

0-30
30-60
60-90
D
I
D
I
D
I__
9m
%(w/w)
22.5 a
21.8 a
33.2 a
33.7 a
35.4 a
34.3 a
ECi;5
dSm-1
0.4 a
1.6 b
1.6 a
3.1b
4.1a
5.5 a
mmolcl-1
3.4 a
4.5 b
13.3 a
25.2 b
34.8 a
51.1b
Na
In each horizon, values followed by the same letter in the same row do not differ significantly
(P<0.05).
Exchangeable-K, (Kx), and -Mg, (Mgx), are practically constant throughout the profile, whilst
exchangeable-Na, Nax, increases down the profile and -Ca, (Cax) decreases. Mean values of Nax
and Kx are higher at the interdrain- (I) than at drain- position (D), whilst for Cax, and Mgx the
opposite occurs, however differences are not significant (P<0.05) (Table 3).
Exchangeable sodium percentage values calculated based on values determined by the Tucker
method, 100Nax/CEC, are similar to those calculated by the SAR-ESP relationship of the U.S.
Salinity Lab. (1957).
Comparing results of EC sp and Nax of 1988 with those reported by Moreno et al. (1981) for the
same soil before the reclamation works, it can be observed that both EC sp and Nax decreased after
reclamation in the 0-90 cm layer of the profile (Fig. 5).
Drainage under irrigation.
The behaviour of this soil as regards drainage during sprinkling irrigation in 1989 is shown in
Fig 6a. This figure shows five examples of hydrographs corresponding to five dates of irrigation
during the crop cycles. Two maxima appear in the drainage flow rate as a consequence of each
drain being affected by the water supplied in two consecutive sprinkler line positions with a 10
hour interval between them according to the general irrigation schedule in the area corresponding
to the experimental plot. Only during the irrigation on 16-8-89 the two maxima are not clearly
separated due to a smaller time interval between the two consecutive sprinkler line positions. Drain
discharge starts two hours after the beginning of water application. The maximum drainage flow
rate was reached approximately when irrigation had stopped. The main drainage volume discharge
takes place in the first 12 hours after the beginning of water application in each position. This
means that approximately 30% of the total drainage volume in each irrigation occurs in the first 24
hours.
As the irrigation period progresses and consequently the soil gets wetter, the maximum drainage
outflow rate diminishes, as shown in Fig. 6a for irrigation on 26-8-89. The total drainage volume in
relation to the total water applied is lower as irrigation period period progresses. This ratio varies
from 67% for the irrigation on 15-7-89 to 32% for the irrigation on 16-8-89. The decrease of
drainage may be related to the progressive closure of soil cracks in depth (Bouma et al., 1978) and
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Table 3. Composition of the saturated paste extracts and of the exchange complex of the
soil at drain (D)- and interdrain (I)- positions (mean values of 5 determinations).

depth

cm

0-30
D

1.9 a
dSm-1
11.6 a
mmolc H
0.8 a
mmolc 1"!
4.1a
mmolc 1-1
2.8 a
mmolc H
2.5 a
mmolc 1-1
6.9 a
mmolc 1-1
a
7.1a
SO4
mmolc 1-1
SAR
mmolc*41-** 6.2 a
ESP
%
7.2 a
CEC
cmolc kg-1 22.6 a
1.2 a
cmolc kg-1
Nax
2.0 a
cmolc kg-1
Kx
cmolc kg-1 11.0 a
Cax
Mgx
8.5 a
cmolc kg-1
lOONax/CEC %
5.3 a
ECsp
Na
K
Ca
Mg
Alk.

30-60
I

2.6 a
15.1a
1.0 a
6.1a
4.2 a
2.6 a
9.0 a
12.5 a
7.1a
8.3 a
22.8 a
2.1a
2.2 a
10.3 a
8.2 a
9.2 a

60-90

D

I

6.9 a
54.1a
1.2 a
6.2 a
7.6 a
2.0 a
39.0 a
21.6 a
21.4 a
22.2a
22.9 a
5.1a
1.9 a
6.6 a
9.2 a
22.3 a

11.9 b
99.6 b
1.9 b
13.3 b
17.5 b
1.8 a
92.6 b
36.4 a
25.4 a
26.3 a
22.3 a
5.6 a
2.3 a
5.8 a
8.6 a
25.1a

D

I

20.1a
162.0 a
2.5 a
12.8 a
31.1a
1.6 a
155.6 a
43.3 a
35.1a
33.5 a
19.9 a
5.3 a
2.1a
4.3 a
8.3 a
26.6 a

23.1a
215.6 a
2.9 a
21.6 b
41.3 a
1.5 a
229.7 a
35.1a
38.2 a
35.3 a
21.8 a
8.3 a
2.3 a
3.5 a
7.9 a
38.1a

In each horizon, values followed by the same letter in the same row do not differ
significantly (P<0.05).
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at the same time to the decrease of the effect due to subsoiling. The closure of fissures is a slow
process and in many cases incomplete (Beven, 1980; Kamphorst, 1988) in a similar way as the
effect of subsoiling.
In the case of furrow irrigation (1990) the drainage hydrographs corresponding to five irrigation
dates during the crop cycle are shown in Fig. 6b. These hydrographs present only a maximum due
to the fact that the water applied in this type of irrigation covers all the area affecting the drain. The
drain discharge starts half an hour after the beginning of irrigation and as in sprinkling irrigation the
maximum drainage flow rate was reached when irrigation had stopped. Approximately 40% of
drainage volume occurs in the first 24 hours. In a similar way, as in sprinkling irrigation, as the
irrigation period progresses the maximum drainage flow rate diminishes, as shown in Fig. 6b for
irrigations on 31-7-90 and 8-8-90. The total drainage volume in relation to the total water applied
in each irrigation is lower as irrigation period progresses, being this ratio 58% for the irrigation on
17-6-90 and 31% for the irrigation on 8-8-90.
Water and salts dynamics under sprinkling and furrow irrigation
In order to show the water and salts movement occuring after irrigation we present detailed
studies corresponding to sprinkling irrigation on 15-7-89 and furrow irrigation on 4-7-90. The
hydrograph, cumulative drainage and electrical conductivity (EC) of drainage water are shown in
Fig. 7. As mentioned before, the hydrograph corresponding to sprinkling irrigation (Fig. 7a) show
two maxima. The maximum drainage flow rate was reached approximately when irrigation had
stopped (1.36 and 1.39 mm h-l for the two maxima respectively). In the case of furrow irrigation
the hydrograph (Fig. 7b) presents only a maximum (0.98 mm h-l) that was also reached when
irrigation had stopped.
Water table
Changes of the piezometric level from before the application of an irrigation until several days
after, in various sites in the plot for both sprinkling and furrow irrigation, are represented in Fig. 8a
and 8b respectively. In both cases, the piezometric level after irrigation rose in such a way that it
was nearer the surface the farther the sites from the collecting drainage channel. However, whilst
under sprinkling irrigation the piezometric level practically reached the surface, this did not occur
under furrow irrigation. Results from a series of piezometers inserted to different depths in the soil
showed that the rise-of piezometric level was due to the existence of a perched water table in both
type of irrigation systems. This is in agreement with the low values for electrical conductivity (EC)
observed in the water of piezometers inserted down to 1 m depth. Several days after irrigation, the
piezometric level returned to the situation prior to irrigation being coincident with the end of
drainage flow, as shown in Figs. 7a and 7b. This behaviour is similar to that reported by Van
Hoorn (1984) and Martinez Beltrah (1988) for soils of this area with similar drain spacing and
depth.
Saturated hydraulic conductivity calculated from the measured drainage outflows and water
table heights, using Boussinesq equation for free water table aquifer, reached values between 100
and 300 mm h-l which are one order of magnitude higher than those obtained with the disc
permeameter (about 30 mm h-l) on the upper horizon. These differences could be due to the
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relative small size of disc permeameter, but also probably to the existence of widely spaced cracks
which dominates in the aquifer domain, as this was clearly demonstrated by the pedological study.
Soil water content
Water content in the profile, measured immediately after irrigation stops, shows a situation near
saturation in the sprinkling irrigation (Fig. 9a). This is followed by a decrease of water content in
the layer 0-50 cm, as illustrated by the profiles measured three days after irrigation.
Water content profiles, measured at different times, after furrow irrigation (Fig. 9b) show
similar evolution as those for sprinkling irrigation.
Salinity of the drainage water, soil water and soil
Figures 7a and 7b show the evolution of the EC of drain water (EC(jw) during sprinkling
irrigation and furrow irrigation, respectively, with an irrigation water whose mean EC and SAR
values are 0.96 dS m-1 and 2.0 mmoU'2 1-1/2 respectively. The change of ECdw shows high values
when the drainage starts, this may be due to the leaching of salts accumulated in the surface of
cracks. Afterwards decreases to a minimum value when the drainage outflow reaches the highest
value, due to a dilution effect. As the drainage outflow decreases the EC,j w increases reaching the
highest values when the drainage rate is again low. This high salinity of the drainage water is
probably due to the contribution of the very saline water table. Total salt leached in 120 h,
computed by the integration of cumulative drainage and salt concentration, was similar for both
irrigation methods: 10,370 and 11,250 kg ha-1, for sprinkling and furrow irrigation respectively.
The efficiency of salt leaching calculated as quantity of salts per volume of applied water was 10 g
l-l in the case of sprinkling irrigation and 16 g 1-1 for the furrow irrigation (Andreu, 1992).
In terms of soil water, during the sprinkling irrigation the electrical conductivity obtained from
suction cups, ECsw. (mean value of five sites) reaches a minimum three days after the start of
irrigation (Fig. 10a). Later on, it increases, especially in the deeper layers, probably due to the
rising of salty ground water . In the furrow irrigation, the behaviour of the ECSW is different for
each layer (Fig. 10b). At 30 cm and 60 cm depth, minimum values are found the day after irrigation
begins. This is probably due to the fact that irrigation water quickly reaches the ceramic cups
throughout the cracks. Later on it increases at 30 cm until the day before the next irrigation, while
at 60 cm it remains practically constant until the next irrigation. At 90 cm the change of ECSW was
not significant from the day before irrigation to the days after irrigation.
A similar analysis was done on soil sample, considering the electrical conductivity of the 1:5
soil/water extract (ECi:s). For the conditions of the sprinkling irrigation (Fig. 10c) minimum values
are obtained immediately after the start of irrigation, followed by an increase during 6 days, to
change weakly until the next irrigation. In the furrow irrigation (Fig. lOd), the evolution of ECi:5 is
similar in the upper layer to that found for sprinkling irrigation, and for the other two layers ECi : s
tends to increase throughout the irrigation period according to the evolution of the soil water
content.
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Total salt contents were estimated from the composition of the saturated paste extracts. For the
sprinkling irrigation, the total salt loss in 96 h (between the day before irrigation and four days after
irrigation) in the 0-90 cm layer estimated by the composition of the saturated paste extract (10,332
kg ha-1) is similar to the salt leached in the drain water in 120 h (10,370 kg ha-1).
Taking into account that for the furrow irrigation the irrigation water did not seem to contribute
to increase the soil water content of the 60-90 cm layer, the salt loss in the profile can be estimated
from the loss in the 0-60 cm layer. This loss estimated by the composition of the saturated paste
extract is 11,425 kg ha-1 in 96 h, similar to the salt leached in the drain water in 120 h (11,250 kg
ha-1).
Table 4 shows mean values of some soil chemical properties the day before and the day after the
start of irrigation. Generally, mean values of EC sp , SAR and ESP, under both sprinkling and
furrow irrigation, tend to decrease after irrigation, although the differences are not significant
(P<0.05). Mean values of Ca x 2+ tend to increase the day after irrigation, while mean values of
Mg x 2+ and Na x + decrease, and those for Kx+ do not follow a clear tendency. However, differences
are not significant (P<0.01).
Experiments with surge flow irrigation.
Preliminary experiments with surge flow irrigation were carried out during the crop season in
1991. We used the "variable on-time / constant advance distance" approach to surge management
in our experiments. The constant distances used in the furrow were 1/4, 1/2, 3/4 and the end of the
furrow length. Advance and recession were monitored by recording the arrival and disappearance
of water at increments of 10 m. The surge advance and recession results (Fig. 11) show that water
travelled rapidly over the soil wetted by previous surges but then slowed dramatically once dry soil
was encountered. The application time of water was approximately 70% of the application time
used in the traditional furrow irrigation (continuous flow) in 1990. Due to the fact that inflow rate
was a little higher in surge flow than in continuous flow the total water applied was practically the
same in both types of irrigation.
The behaviour of this soil as regards drainage during surge flow irrigation is shown in Fig. 12.
The hydrograph is very similar to those corresponding to traditional furrow irrigation. The drain
discharge starts 45 min. after the beginning of irrigation. The maximum drainage flow rate (0.9 mm
h-1) was reached approximately one hour after the last surge had stopped. The total drainage
represents 29% of the water applied in the four surges. This represents a slight decrease in
comparison with drainage during the traditional furrow irrigation.
In the case of surge flow irrigation the water table level only rose to 45 cm depth (Fig. 13)
which is very different to the situation mentioned before for sprinkling and traditional furrow
irrigation.
Water content profile changes (Fig. 14), after irrigation, were similar to those after sprinkling
and furrow irrigation. In contrast, observations carried out at several points of the plot seem to
show that water redistribution in the soil is more uniform with this irrigation system than with the
traditional furrow irrigation.
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Tabla 4. Comparison of some chemical properties of the soil the day before (1) and after
(2) the start of irrigation (mean values of 6 replicates).
sprinkling
irrigation on 15/07/89
(2)
(1)
depth
**-sp
SAR

furrow
irrigati on on 04/07/90
(2)
(1)

cm
dSm-1
mmolc'/» l"Vi
ESP
%
cmolc kg-1
C^
cmolc kg-1
Mgx
Na,
cmolckg-l
cmolc kg-1
Kx
100Nax/CEC %

4.3 a
9.8 a

3.7 a
8.7 a

4.1 a
8.0 a

0-30
4.6 a
7.4 a

11.7a
9.8 a
8.2 a
2.4 a
1.8 a
10.7 a

10.6 a
10.7 a
7.5 a
2.0 a
1.8 a
9.0 a

10.0 a
9.4 a
10.0 a
1.9 a
1.2 a
8.0 a

9.5 a
8.8a
9.4 a
1.7 a
1.4 a
7.4 a

depth
E^-sp
SAR

0-30

30-60

cm
dSm-l
mmolcV2 \-Vi
%
ESP
Cax
cmolc kg-1
cmolckg-l
Mgx
cmolc kg-1
Nax
cmolc kg-1
Kx
100Nax/CEC %

8.5 a
18.5 a

8.8 a
20.1a

7.6 a
18.0 a

6.1a
15.7 a

19.4 a
7.8 a
7.6 a
4.7 a
1.7 a
21.5 a

20.6 a
8.4 a
7.2 a
3.5 a
1.9 a
16.3 a

18.7 a
6.4 a
9.7 a
4.8 a
1.4 a
22.0 a

17.0 a
7.0 a
9.5 a
3.0 a
1.1 a
14.4 a

depth
**-sp
SAR

16.1a
30.4 a

60-90
14.3 a
28.2 a

11.4 a
23.3 a

60-90
11.2a
26.4 a

27.9 a
6.1a
8.2 a
6.7 a
1.6 a
25.6 a

26.5 a
6.4 a
7.0 a
5.7 a
1.8 a
26.7 a

22.8 a
4.5 a
9.2 a
7.1a
1.4 a
31.6a

24.8 a
4.5 a
8.0 a
5.2 a
1.2 a
27.7 a

cm
dSm-l
rnrnolc^2 H*
ESP
%
Ca,
cmolc kg-l
cmolc kg-1
Mgx
Na,
cmolc kg-1
cmolc kg-1
Kx
100Nax/CEC %

30-60

In each irrigation method, values followed by the same letter in the same row do not
differ significantly (P<0.05).
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Fig. 11 Measured advance and recession trajectories for the four
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The evolution of the electrical conductivity of drainage water, ECdw, (Fig. 12) shows a similar
pattern to those of the other irrigation systems. In contrast the EC at the beginning of drainage
discharge, during surge flow irrigation, shows values much lower than those during sprinkling and
furrow irrigation. The minimum EC value reached in surge flow (10.5 dS m-l) was lower than in
furrow irrigation (18.0 dS m-l). Total salt leached in 120 h, computed by the integration of
cumulative drainage and salt concentration, was 2,547 Kg ha-1. This amount is much lower than
those for sprinkling and furrow irrigation, indicating lower efficiency in salt leaching (3 g per litre
of applied water (Andreu, 1992)).
The electrical conductivity values of the 1:5 soil/water extracts (ECi:5) from samples taken the
day after irrigation and the day before the next irrigation were identical (1.2 and 1.2 dS m-l,
respectively) for the soil layer 0-30 cm depth under surge flow irrigation, but différents under
furrow irrigation (0.95 and 1.2 dS m-l, respectively). For the soil layer of 30-60 cm depth the
ECi:5 increased from 2.5 to 2.9 dS m-l under surge flow irrigation and from 1.75 to 2.95 dS m-l
under furrow irrigation. These changes were, for the soil layer 60-90 cm, from 3.7 to 4.2 dS m-l
under surge and from 4.0 to 5.2 dS m-l under furrow irrigation. These show lower increases of
EC i:5 in the soil profile under surge flow than under furrow irrigation, which means lower
resalinization of the soil profile, between two consecutive irrigations, for the case of surge flow
than for furrow irrigation. This can be related to the rise of the water table, which is different under
both irrigation systems as mentioned before.
.
Conclusions
The main conclusions that can be deduced from the results obtained in this work are the
following:
Shrinking and swelling of the soil studied originate changes of bulk density according to the
water content status, developing a network of vertical cracks horizontally interconnected. This
fissure network offer preferential paths for the passage of water to deeper soil layers, being

responsible for the rapid effect of the drainage system. Water infiltration is thus controlled in a first
step by cracks and macropores, and is very rapid; when cracks and macropores are filled, a slow
redistribution process controlled by the soil micropore matrix takes place as shown by the
measured values of hydraulic conductivity. The rise of the piezometric level is due to the
occurrence of a perched water table, dissapearing when drainage is completed.
The drainage behaviour of this soil, with a rapid passage of water through the cracks only
washed in a first step the salts concentrated on the crack surfaces. Salinity in the 0-90 cm soil layer
decreased inmediately after the irrigation started (with both sprinkling and furrow irrigation) and
then increased up to the original pre-irrigation values one day before next irrigation. Based on drain
water flow measurements and the composition of drain water, it was calculated that both irrigation
methods produced similar salt leaching. Salt leaching can also be estimated from the composition
of the saturated paste extracts. Efficiency of salt leaching is higher with furrow irrigation than with
sprinkling irrigation. In contrast, the efficiency of salt leaching with surge flow irrigation was much
lower than that with sprinkling an furrow irrigation. Under surge flow irrigation the water table
level remained deeper than under sprinkling and furrow irrigation. This can prevent the movement
of salts from the water table to the upper soil layers.
Comparing results obtained in this work with those reported by Moreno et al. (1981) for the
same soil before reclamation it can be deduced that salinity decreased significantly in the 0-90 cm
soil layer.
From results of both soil and crop water status (data not included in this paper), irrigation
should be applied with shorter intervals and lower inputs.
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Soil and Plant Factors that Determine Efficient Use of Irrigation Water and
Act to Minimise Leaching Losses
Brent Clothier1, Steve Green1, and G.N. Magesan u .
environment Group, HortResearch & 2Massey University,
Palmerston North, New Zealand.
Introduction. Roots of plants ramify the soil to extract sustenance in the form of water and
nutrients. By exploration, plants establish a volume of soil capable of exploitation by their roots.
When this volume is small, relative to the frequency of rainfall, irrigation can be used to maintain
a consistent supply of water. In many areas of the world, the erratic nature of the rainfall means
that irrigation is necessary for the agricultural and horticultural production of food, fibre, fruit and
flowers. Over the last several decades there has been a surge in the development of irrigation
schemes that rely on intensive watering practices. However latterly, pressure has been steadily
mounting for improved efficiency in the intensive use of irrigation water. The demand for change
emanates from two sources. There is increasing competition for water resources from nonagricultural users, as well as from conservationists. Furthermore there is a rising tide of
environmental anxiety due to concerns that irrigation is facilitating a degradation in the quality of
those ground and surface waters that receive leachates from irrigated soils. The intensity of these
dual pressures is such that the National Research Council of the United States has constituted a
committee, under the chair of Dr Wilford Gardner, on "The Future of Irrigation in the Face of
Competing Demands". Its mandate is to "... conduct a careful study of the pressures affecting the
availability of water for irrigation and ... some issues that might be considered include ...
environmental quality; deliveries of agricultural chemicals to water bodies; ... and opportunities to
induce greater irrigation efficiency" (1). Earlier, in his "Musings on a Rapidly Changing [irrigation]
Scene", Dr van Schilfgaarde (9) noted that in response to the mounting pressures on irrigation, "...
we [must] now turn to some options. First in importance is on-farm water management. Increased
irrigation efficiency, reduced leaching fractions ...". In our paper for this symposium on "Impact
of Intensive Irrigation Practices on Degradation of Soil Quality", we wish to focus on these two
complementary topics: the efficient application of irrigation water to the active roots of the plants,
and the concomitant minimisation of leaching losses of irrigation water and passenger chemicals
beyond the grasp of these roots.
Irrigation design and operation should ensure that the roots of plants always have available to them
an adequate supply of water and nutrients. Commonly this adequacy is simply derived from an
assessment of the volumetric capacity of the root-zone soil to store water. Minimal reference is
currently given either to the topology of rooting, or to root function. But improved efficiency of
water use in irrigation will arise through a better understanding of root functioning, whilst less
emphasis is simply given to replenishing just some fixed volume of soil-water storage capacity.
Rather than focus on merely wetting the soil, irrigation should seek to supply just sufficient water
to active roots to meet the requirements of the plant. We present direct observations of active rootwater uptake using the heat-pulse technique for measuring sap flow that we have previously used
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in the stems of plants (3). But now we have located miniaturised probes directly within the roots
of kiwifruit vines. These results indicate that a more-dynamic approach to modelling root water
uptake needs to be taken. To complement our observations of root functioning, TDR measurements
of the soil's changing water content, 8(r,z,f), are used to infer the depthwise (z) and radial (r)
pattern of water uptake by roots following an irrigation.
Meanwhile, the porous nature of root-zone soil not only permits the infiltration of irrigation water
and water-borne fertilisers, plus their subsequent storage, it may also facilitate the wasteful passage,
directly past the roots, of applied water and its passenger solutes. Once beyond the reach of the
roots, such water and chemicals are despatched to depth, eventually to enjoin any underlying
groundwater, often with deleterious environmental consequences (4). It is thus necessary that we
are able to parameterise the ease with which solute can traverse the root zone of irrigated soils. The
disc permeameter (6) is a device well-suited to the measurement of those hydraulic properties of the
soil which control the infiltration of irrigation water. Furthermore, the permeameter can now be
used to infer the volume fraction (8„) of the soil's water content (8) through which invading
chemicals are transported (2). Here we extend their results to demonstrate the impact of the
hydraulic regime on the partitioning of the soil's water between the apparently mobile phase, and
that which acts as if it is immobile. A knowledge of this mobile-fraction's behaviour (6m/8), with
respect to hydraulic regime, can be used for the development of management strategies that might
minimise the likelihood of leaching losses of applied chemicals. Also this mobility information can
provide a basis for an assessment of the efficacy of leaching to remove unwanted salts from the root
zone.

Fig 1. A schematic of the arrangement of the heat-pulse probes used in the stem, as well as in the
roots, for measuring the flux of sap in the kiwifruit vine every 20 minutes during the day.
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Materials and Methods. Heat-pulse measurements of sap-flow in the stem are commonly used to
determine the instantaneous rate of transpiration of plants. By miniaturising the equipment we
already used in kiwifruit vines (3), we have now been able to monitor sap-flow in two of the twentyor-so large roots that radiate from the stump (Fig 1). The contribution to the vine's total water use
of these diametrically-opposite roots was monitored over several irrigations. The experimental study
was carried out on a seven-year-old kiwifruit vine near Palmerston North, New Zealand. The vine
was enrobed by an understory ground-cover to exclude rainfall. In one irrigation only half of the
vine's root zone was wetted by mini-sprinkler emitters, whereas in the next, complete root-zone
wetting occurred. Following these irrigations, we used a multiplexed system of TDR to measure
the changing field of 8 at 22 locations within the rootzone.
A disc permeameter was used to infer solute transport characteristics of the soil in the orchard,
nearby to the kiwifruit vine described above. The soil, the Manawatu fine sandy loam, is that on
which preliminary tests of this technique were made (2). The method relies on using the
permeameter to supply a tracer solution to the soil. If tracer is added to a permeameter at
concentration cm, then from the observed solution concentration c* in soil samples extracted from
underneath, 8m can be calculated from the dilution caused by the water of the immobile phase that
must have remained in place during the passage past it of the invading solution of tracer. Hence
the mobile fraction is directly proportional to the concentration of solute found in the soil, relative
to that applied; 8m=8(c*/cm) (Fig 2). The disc had a radius of 100 mm, and 5 equi-spaced profiles
across the diameter were obtained from cores (r=3.5 mm) centred on the depths 5, 20, 35 and 105
mm.
MEASURING THE
MOBILE FRACTION
Array of soil samples
from the face excavated
after disc removal

Solute at c_

Fig 2. Measurement by a tracer-filled disc permeameter of the partitioning of the soil's water into
an apparently-mobile fraction, and the complementary part which acts as if it is immobile.
Results and Discussion. During the latter part of the summer of 1992, on day-of-year 70, after
the vine had been covered for 4 weeks and irrigation withheld, minisprinklers were used to wet just
one half of the rootzone. Measurements by TDR of the changing 8(r,z) emphasised the
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disproportionate effectiveness of roots close to the soil surface (1). Between days 42-70, root water
uptake (dQ/dt) was locally throughout the rootzone uniformly about 2 x 10"3 m3 m"3 d"1. So the 5
x 2.5 m area of rootzone down to 0.8 m was thus supplying the vine with about 20 L d"1, similar
to that recorded by the stem sap-flow (24.4 L d'1). But following the demi-irrigation, the roots at
depth, even those wetted by the demi-irrigation, stopped taking-up water. However those roots
wetted at the surface now worked at over 7 x 10"3 m3 m"3 d'. This indicates a great flexibility in
the pattern of root water uptake, and the 'wish' of the plant to use preferentially its near-surface
roots. Thus frequent irrigation of small amounts of water should be used to take advantage of this
enhanced effectiveness of surface roots.
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Fig. 3 The ratio of daily totals of water flow, measured by the heat-pulse technique, in root 2
relative to that in the stem. Root 2 remained dry at the demi-irrigation of day 70, but was wetted
by the full-root zone irrigation on day 84.
Direct observation of root-sap flow also revealed the great flexibility that roots possess in varying
their uptake functioning. The daily total of sap flow in the root that remained 'dry' on day 70 is
shown in Fig. 3, relative to the sap flow recorded in the stem. The relative value is under 5%,
which is reasonable since there were more than 20 or so such roots emanating from the stump.
Following the demi-irrigation on day 70, not surprisingly the proportion of the water carried by this
'dry' root dropped from about 2.5%, to around 1 %. On day 84, the entire root zone, on both sides
of the vine, was irrigated. The 'previously-dry' root, now upon rewetting not surprisingly
responded by taking up a greater proportion of the vine's water. What was surprising however was
the speed of the response, about 2 days. Also the 'previously-dry' root came back 'stronger' than
it had been beforehand (Fig. 3). It was now taking up about 3.5% of the vine's water. A growthspurt of near-surface roots in the newly-wetted soil is considered the reason for this enhanced
effectiveness. Such abilities to change rapidly the apparent structure and function of the root system
will present challenges to those who seek to model the biological aspects of the impact of irrigation
practices on the degradation of soil quality.
The partitioning of the soil's water into mobile and immobile fractions was determined here as a
function of the hydraulic regime. In the first case (Fig. 4a), at the pressure head of h0 =-20
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Xianawatu fine sandy loam
Pre-wet: h = -40 mm
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Fig. 4 Five profiles of the relative concentration of KBr under three disc permeameters after
infiltration of / mm of solution, (a) Here the disc was at h0 =-20 mm, and the soil had been prewet
at this h0 by pure water, (b) As for (a), but with direct invasion into dry soil of KBr, without
prewetting. (c) As for (a), but for the more-unsaturated pressure head of h0 =-40 mm.
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mm, following (2), a disc permeameter at this h0 was used to wet first the soil with pure water prior
to the addition of the tracer solution of 0.1 mol L"1 KBr. We then calculated the mobile fraction
from the top sample of each of the 5 profiles taken immediately under the disc after the infiltration
of / = 22.9 mm of the KBr solution. Here then 8m/80 = 0.31, and so em = 0.13. A simple 1-D
calculation of the invading front of Br", z*, = I/6m, would indicate a penetration of about 180 mm.
The 5 profiles are in general accord with this. But as (2) also found at -20 mm, these data highlight
the spatial variability in the pockets of mobile water at this near-saturated h„. Solute invades
preferentially to depth in this pre-wetted soil during infiltration under near-saturated conditions. In
the next experiment (Fig. 4b), the tracer-filled permeameter was brought directly into contact with
the soil, still at h„ =-20 mm, but without prewetting. Thus the tracer solution was now drawn into
the soil by capillarity, as well as gravity. Now the mobile fraction rose by over two times to 6m
= 0.291, thanks to the direct, capillary-induced movement of the invading solute into more of the
soil's microporosity. Under these two discs, the mean 6 = 0.44. Solute invasion was now more
uniform, and the depth of penetration was less than half that of the former case at h0 =-20 mm in
which the prewetting that destroyed the capillary attractiveness of the micropores. This 'dry-soil'
effect on fertilizer retention that we have been able to parametrise here, has already been clearly
demonstrated in the field experiments of (8). Thus fertilizer should be applied to dry soil, and
subsequently washed into the soil with just a small amount of water. The applied chemical is thus
drawn by capillarity into more of the soil's microporosity, where it is rendered less likely to leached
by subsequent heavier irrigations, or by rainfall.
When the pressure head was dropped to h0 =-40 mm, despite prewetting at this lower head, during
the more-unsaturated flow, the mobile fraction increased further, up to 0m = 0.346. Here under
this disc, 6 = 0.47. Thus in spite of I here being greater than in case (a), the penetration of the
solute front was just 40% of that more-saturated case. Also, the leaching of unwanted salts from
the rootzone would have been enhanced in this latter, more-unsaturated case. This then demonstrates
the advantage of applying irrigation water as a flux by sprinklers, rather than by flooding, and
especially at a low enough rate so that the surface remains unsaturated.
Conclusions The impact of intensive irrigation practices on the degradation of soil quality will be
minimised, and "... most effective use of our water, land and fertilizer resources [will be achieved]
by using high-frequency irrigation" (7). Our root water-uptake results reinforce this. Furthermore
we have shown that fertilizer efficiency will be enhanced if the fertilizer is first washed into dry soil
by a small amount of water so that it ends up residing in the soil's microporosity near the soil
surface, where the roots are more active. In the micropores it is there more likely to be resistant
to leaching by subsequent irrigations and heavy rains. Also if irrigation water is applied by
sprinklers, at a sufficiently-low rate that keeps the surface unsaturated, our mobile-immobile water
data support existing evidence that salt leaching from the near-surface zone of active roots will be
enhanced.
Above all, with intensive irrigation practices, it is essential that only the apposite amount of water
be applied to meet the short-term demands of the plant, rather that application of that amount one
might consider that the soil has the ability to store. In this way, water-use efficiency will be
increased, whilst environmental degradation will be minimised.
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Measuring the Impact of Intensive Irrigated Cotton
Production in Australia - Using New Methods of Image
Analysis to Detect the Degradation of Soil Structure
E. A. Roesner, A. J. Koppi & A. B. McBratney Department of Agricultural Chemistry
and Soil Science, The University of Sydney, N.S.W., 2006, Australia.
Introduction. One major limiting factor in any intensively irrigated agricultural crop is the
degradation of soil by compaction. During cotton production in Northern N.S.W. Australia,
intensively irrigated soil can become compacted from heavy traffic passes. This compaction can cause
declines in yield due to the restriction of root growth. The most common soil type in which furrow
irrigated cotton is grown in Australia is the cracking clay (Vertisol); this soil is weak when wet and
is prone to damage by machinery.
There are various methods in use to measure the extent of compaction in this soil. Traditional
techniques such as bulk density and air-filled porosity measurements have been used but they do not
fully characterise the structure of the soil (1). Improved methods such as air permeability, oxygen
diffusion and clod shrinkage have been applied but they don't relate well to plant performance partly
because of biased sampling that tends to exclude the important macropores such as cracks and root
channels (2).
To overcome these problems digital image capture and processing techniques have been used (3 & 4).
The images, highlighting the soil pore-space, can be used to investigate the effects of tillage systems,
crop rotations, irrigation practices and increased traffic on soil structure. With these images we are
able to quantitatively measure and characterise soil structure in terms of pores and aggregates and
relate them to direct visual assessment. The digital images allow for the direct measurement of total
macroporosity, surface area, pore and aggregate size, shape and distribution.
The established method of impregnation (5) involves saturating the soil in the field with a resin
containing U V sensitive dye, grinding the hardened sample and photographing it under UV lights, this
method is laborious and takes about 3 days from field to image. Investigations have been made to make
this method quicker and easier.
The method proposed here involves the use of acrylic paint for discriminating between macropores
and solid soil. Once the paint has permeated the soil (overnight), the saturated layer is removed and
a photograph taken of the exposed, highlighted soil structure. The ability to acquire good, quick
images of the soil structure, means that management decisions can be made promptly.
Materials and Methods. Experiments were conducted at Auscott, Pty. Ltd. in Warren, N.S.W.,
Australia (148° 50' East; 32° 40' South). Five replications of the new paint method were compared
to the standard resin method. To provide contrasting physical conditions, the techniques were
compared under an artificially compacted and a well-structured ridge on which cotton plants were
grown.
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Horizontal and vertical resin-saturated and hardened blocks were taken from the field to be analysed.
In the laboratory, the back of these blocks were saturated again for strength purposes and lc fl to harden
for 24 hr. The blocks were individually ground until the soil structure was exposed and photos were
taken in the dark under ultra-violet lights. For the paint samples, vertical and horizontal sections
were saturated in thefieldwith a diluted acrylic paint solution (overnight), thi' -.uurated layer was then
removed and a thin araldite peel was taken in order to get an unsmeared photo of the soil structure in
the field.
Images were produced from 35 mm slides of the exposed soil surface highlighting the structural
aggregates. The slides were scanned into a computer using a digital slide scanner at 2700 dots per
inch. The image was segmented in order to obtain a binary image (where black and white represent
pore space and solid soil respectively). The binary image was analysed to give quantitative data
relating to the soil porosity, surface area and solid and pore sizes.
Results and Discussion. The statistical comparison of the quantitative results from images taken
of the resin and paint impregnation methods shows that they do not give significantly different results
under the same soil conditions. This suggests that the paint method would be successful in obtaining
images that differentiate the soil pores from the aggregates in both vertical and horizontal sections.
The paint images show the structural aggregates well, as shown here (20 cm x 20 cm horizontal faces).

The resin method is however still the superior of the two methods as it can be used to distinguish the
fine pores and aggregates far better than the paint method. The resin is therefore far better as a precise
research tool whereas the paint saturation method could be used as a quick routine management
assesment tool as it measures aspects of the pore space important for crop growth. It is particularly
good at quickly detecting compaction problems.
For the management of cracking clays under cotton, visual assessment of soil structure by an
experienced person has been the routine diagnostic tool. However, using this image analysis approach
to quantify soil pore structure tends to give the user a more practical and reliable tool that also gives
more detail than is possible by visual field observations.
Literature Cited.
(1) McGarry, D., & Chan, K.Y. (1984) Aust. J. Soil Res. 22: 99-108.
(2) Daniells, I.G. (1989) Aust. J. Soil Res., 27:455-469.
(3) Moran, C. J., McBratney, A. B. & Koppi, A. J. (1989) Soil Sci. Soc. Am. J. 53: 921-928.
(4) McBratney, A. B. & Moran, C. J. (1990) Soil Sci. Soc. Am. J. 54: 509-515.
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Prediction of Moisture, Salinity and Sodicity Profiles
in Soil Under Wheat Irrigated With Poor Quality Waters
M.K. Sharma, S.R. Poonia, R.K. Gupta, and R.S. siyag*. Department of Soil
Science, CCS Haryana Agricultural University, Hisar-125004, India
Introduction. Computer simulation modelling approach is an alternative to
the experimental approach to assess the hazardous effects of the use of
poor quality irrigation water on soil. Whereas the mathematical models
serve primarily as research tools, the layer models are more widely used
as management guides (Addiscott and Wagenet, 1985). Recently, Pal et a l .
(1990) developed a layer model, based on easily determinable soil, plant
and
weather parameters, to predict moisture content, salinity
and
sodicity profiles in soils under wheat irrigated with saline-sodic waters.
The objective of this study was to validate this model by conducting field
experiments at a site with different soil and weather conditions.
Materials and Methods. Wheat crop was raised in 2.5m x 2.5m plots
at R.B.S. College of Agriculture, Bichpuri, I n d i a . The crop was irrigated
with artificially prepared waters of electrical conductivities 5 and 12
dS m - 1
and
sodium
adsorption
ratios
5,
10,
20,
30
and
40
mmol 0 . 5 L - 0 . 5 . s 0 ii samples were collected from 7 soil layers of 15 cm
each before each irrigation as well as at harvest of the crop, and were
analyzed for moisture content (MC, % weight b a s i s ) , electrical conductivity
(EC1:2.5) and soluble Na and (Ca+Mg) in 1:2.5 soil-water e x t r a c t s .
The predictive model was a field capacity layer model incorporating
soil parameters (saturation percentage, field capacity and wilting point),
plant parameters (green leaf area and root distribution) and weather
parameters (rainfall, evaporation and t r a n s p i r a t i o n ) . Cation exchange
equilibria between the cations in solution and on the exchange complex
were established using Gapon equation.
Results and Discussion. Because 65 to 95% roots were observed in 0-15cm
layer, loss of MC due to evapotranspiration was maximum from this l a y e r .
In general, the mean profile MC at harvest was less than the i n i t i a l MC. A
statistical analysis of the pooled data of MC for sampling depths, sampling
i n t e r v a l s and irrigation water qualities ( i . e . , 7x4x10) gave the following
regression equation between the experimental (x) and predicted (y) values
of MC: y = 0.903 + 1.138 x (r = 0.770).
The experimental and predicted EC 1:2.5 profiles did not follow a
particular
trend.
The
highest
value
(i.e.,
peak)
of
EC 1:2.5
decreased with each successive i r r i g a t i o n . By and large the predicted peaks
were smaller than those observed experimentally. Though no specific trend
was observed for the mean profile experimental as well as predicted
EC 1: 2.5 values for irrigation waters of EC 6, EC 1:2.5 values for waters
of EC 12 and different SARs increased gradually with each successive
i r r i g a t i o n . A plot between the experimental and predicted values of EC 1:
2.5 showed that the data points were almost evenly scattered around the
line of perfect agreement, but some of them lay significantly away from the
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diagonal (Fig. 1). A s t a t i s t i c a l analysis of the pooled data gave the
relationship between the experimental (x) and predicted (y) values of EC 1:
2.5 a s : y = 0.489 + 0.500 x (R = 0.690).
The experimental as well as predicted values of SAR 1:2.5 increased
gradually from 2nd soil layer to 7th layer for a l l sampling d a t e s . The
experimental and predicted values of mean profile SAR 1:2.5 increased
gradually with increase in SAR of the irrigation water before each
successive i r r i g a t i o n and at h a r v e s t . At a p a r t i c u l a r EC of i r r i g a t i o n
water, the increase in SAR 1:2.5 was more for increase in SAR of water
from 5 to 20 than that from 20 to 40 mmol 0.5 L - 0 - 5 . ' A plot between the
experimental (x) and predicted (y) values of SAR 1:2.5 showed t h a t the
data points lay close to the line of perfect agreement (Fig. 2 ) . The l i n e a r
regression equation developed for the pooled data between the experimental
(x) and predicted (y) values of SAR 1:2.5 was: y = 0.0481 + 0.967 x (r =
0.958). A negligible intercept ( i . e . , 0.0481) and the slope close to unity
( i . e . , 0.967) showed that the model predicted SAR 1:2.5 fairly accurately.
Literature Cited
(1) Addiscott, T.M. and Wagenet, R.J. 1985. Concepts of solute leaching in
soils : a review of modelling approaches. J. Soil Sci. 36: 411-424.
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Water Penetration Manual for California Soils
J. D. Oster, M. J. Singer, A. Fulton, W. Richardson, and T. Prichard. Soil and
Water Specialist, University of California, Dept. of Soil and Environmental
Sciences, Riverside, CA 92521; Professor of Soil Science, LAWR/Hoagland,
University of California, Davis, CA 95616; Farm Advisor, Cooperative ExtensionKings County, 680 N. Campus Drive, Hanford, CA 93230; Farm Advisor,
Cooperative Extension, P. O. Box 370, Red Bluff, CA 96080; Irrigation Water
Management Specialist, Cooperative Extension, 420 S. Wilson Way, Stockton, CA
95205.
Abstract
Slow water penetration in irrigated soils is a complex problem of major importance in California's
$18 billion agricultural industry. Slow water penetration was the focus of the Kearney Foundation
of Soil Science during its 1986-91 mission in order to fill gaps in research knowledge, develop
improved diagnostic methods, explore innovative management options, and publish a manual that
deals with managing soils with water penetration problems. The manual written by a team
including professional writers, academic department members, and Cooperative Extension
specialists and farm advisors, is designed to help the farmer, farm advisor, and consultant prevent,
diagnose and solve problems of slow water penetration. It combines research information with the
experience of California farmers, who have been coping with slow water penetration of irrigated,
arid zone soils for a long time. Flow charts direct the reader, based on answers to key questions,
to short sections that describe diagnostic methods and solutions to problems. An index provides
another method to locate information, and a resource directory provides a list of experts on
various aspects of water penetration problems.
Introduction
The intended audience for the manual, Water Penetration Problems in California Soils:
Prevention. Diagnosis and Solutions (1), includes farmers, farm advisors, and consultants. It
applies research where appropriate but makes no effort to be comprehensive. Research is
combined with the experience of California farmers, who have been coping with slow water
penetration for a long time. Each subsection deals with soil, water, and plant aspects of slow
water penetration. Although this results in repetition, it reflects how a farmer considers various
management options and their interactions within a production system. The three-ring notebook
format makes it simple to update subsections with new research or technologies as they become
available. The system of units is that commonly used by California farmers; measurements are
expressed in the foot-pound-minute (hour or day) system.
The publisher, the Kearney Foundation of Soil Science, is a privately endowed research entity of
the Division of Agriculture and Natural Resources of the University of California. "Water
Penetration Problems in Irrigated Soils" was chosen as the 1986-91 mission of the Kearney
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Foundation of Soil Science, partially in response to a technical report prepared by a LAWRCooperative Extension Joint Infiltration Committee (2), co-chaired by M. J. Singer and J. D.
Oster This report indicated that about one-fifth of the irrigated cropland in California suffers from
slow water infiltration and permeability, causing annual losses of $50/ha in 1985 dollars for
irrigated pastures to $3000/ha for orchards. The Kearney Foundation chose to tackle this problem
in order to fill gaps in research knowledge, develop improved diagnostic methods, explore
innovative management options, and transfer findings to farmers, farm advisors and consultants
with a manual. Copies of the manual are available from Dr. Jim Oster, Department of Soil and
Environmental Sciences, University of California, Riverside, CA 92521, at a cost of $30 each.
(Checks should be made out to the Regents of the University of California.)
Scope and Format
The manual addresses the California grower's inability to recharge the soil water content through
normal irrigation operations. If, during normal irrigation, not enough water enters the soil to meet
crop needs, there is a water penetration problem. The words water penetration refer to both water
entry into soil and water movement through it. Symptoms of slow water penetration include:
Dry sub soil after long periods of irrigation.
Stunted plant growth due to the lack of water.
Required irrigation time that is so long that it prevents or interferes with other cultural
operations or soil aeration.
Crops suffering from poor soil aeration and increased problems with root diseases.
"Prevention," Section 2, (Table 1) is the most important section. Its purpose is to help the farmer
prevent or cope with water penetration problems and it is the only section of required reading.
Section 3, "Diagnosis," (Table 2) lists ways to determine what the problem might be. Section 4,
"Solutions," (Table 3) lists solutions to various problems that cause slow water penetration.
Flow charts are included to help readers use the manual efficiently. Based on answers to key
questions, readers are directed to short sections that help them diagnose and solve their particular
problems. The first chart, located in the Introduction (Figure 1) asks what type of irrigation
system is used. Depending on the answer, which can be either surface, sprinkler or drip, the reader
is directed to the appropriate flow chart. This chart asks what symptoms of slow water
penetration are evident (Figure 2, is the diagnostic flow chart for sprinkler irrigation). The
symptoms are described according to soil, water, and plant characteristics that are associated with
different irrigation systems. Using the flow charts in the Introduction subsection is the quickest
way to begin using the Diagnosis and Solutions sections.
Reading the Prevention section is recommended if the reader does not find a solution after reading
the Diagnosis and Solutions section. It describes ways to cope with penetration problems through
management of water, tillage, vegetation, and crop selection. It stresses the need to answer two
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questions in order to develop management steps to prevent or to "live with" slow water
penetration problems:
How much water does the crop need?
How much water infiltrates and is available for the crop?
These are also the first diagnostic questions that must be asked when a farm advisor or consultant
confronts a water penetration problem. Consequently, the "Prevention" section is required reading
for anyone who uses the manual.
The "Diagnosis" section provides five flow charts to guide the reader to appropriate places in
either the Diagnosis or Solutions sections of the manual. Simple methods are described in detail
and short descriptions of some complex methods are included along with appropriate references
to publications. For example, measuring soil water content is encouraged whereas measuring
infiltration is discouraged. In both cases, alternative methods are described briefly along with
literature citations for those interested in greater detail. Because low infiltration rates are often the
result of poor physical conditions at the soil surface, seven pages are devoted to irrigation water
quality effects on soil chemical and physical properties, and on interpretive guidelines for the
chemical diagnostic procedures.
Subsurface conditions such as soil stratification, claypans, and cemented hardpans that cause
water infiltration problems are illustrated with color photographs. Seven pages are devoted to the
use of soil survey reports prepared by the USD A Soil Conservation Service.
The "Solutions" section is divided into three subsections: 1. surface problems, 2. subsurface
problems, and 3. changing irrigation systems. The first subsection focuses on chemical
amendments, organic matter management and tillage. The second focuses on tillage methods to
loosen compaction caused by traffic, or to loosen and mix naturally occurring stratification or
hardpans. The third, changing irrigation systems, recommends this option as a last resort
Consequently, it begins with the admonition to reconsider other options first, along with a brief
summary of other appropriate sections in the manual. Most topics within each subsection end with
a brief description of recent research findings.
Concluding Comments
Much of the research and farmer experience gathered for this manual has been on the soils of the
Central Valley of California where soils from eight of the eleven soil orders (within Soil
Taxonomy) are found. These soils have the low organic matter, poor aggregation and low
aggregate stability that are shared characteristics among soils of arid and semi-arid regions
(Singer, 1991). Although it is inaccurate to make specific conclusions about the wide variety of
arid region soils that are susceptible to crusting and sealing based on the properties of these
California soils, it is not inaccurate that the properties of these California soils are broadly
representative of properties found in soils of the 6.5 x 10^ hectares of aridic, xeric and ustic soil
moisture regimes found in arid regions around the world. Thus, the methods of prevention,
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diagnosis and remediation of slow water penetration recommended in this manual should be
usefully applied to many soils worldwide.
Favorable comments about the manual have been received from consultants and farmers. They
like the writing style. They also like having a single reference which covers the broad spectrum of
crop, soil, and water management factors and alternative management options which are related
to water infiltration problems.
Literature Cited
1. LAWR Joint Infiltration Committee. 1984. Water penetration problems in California soils.
Land, Air and Water Resources Paper 10011. University of California, Davis. 94 p.
2. Oster, J. D., M. J. Singer, A. Fulton, W. Richardson, and T. Prichard. 1992. Water
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and B. Gable, eds. Kearney Foundation of Soil Science, Division of Agriculture and Natural
Resources, University of California, Riverside. 165 p. Revised 6/93.

Table 1. SECTION 2--PREVENTION
2.0
2.1
2.1.1
2.1.3
2.1.4
2.1.5

INTRODUCTION
WATER MANAGEMENT
CROP WATER NEEDS
INFILTRATION CHARACTERISTICS
WATER QUALITY
IRRIGATION SYSTEM EVALUATIONS

2.2
2.2.1
2.2.2

TILLAGE MANAGEMENT
TILLAGE PRACTICES
TRAFFIC CONTROL

2.3

VEGETATION MANAGEMENT FOR TREE AND VINE CROPS

2.4
2.4.1
2.4.2

CROP SELECTION
ROW OR FIELD CROPS
TREE AND VINE CROPS
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Table 2. SECTION 3-DIAGNOSIS
3.0
3.1
3.2
3.2.1
3.2.2
3.2.3
3.3
3.3.1
3.3.2
3.3.3
3.4
3.4.1
3.4.2
3.5
3.5.1
3.5.2
3.6
3.6.1
3.6.2
3.7
3.7.1

INTRODUCTION AND FLOW CHART
WATER CONTENT OF SOIL
MEASURING INFILTRATION
RING INFILTROMETERS
INFLOW-OUTFLOW METHOD
RAINFALL SIMULATOR
IRRIGATION WATER QUALITY
SALINITY
SODICITY
COMBINED EFFECT OF SALINITY AND SODICITY
SOIL SALINITY AND SODICITY
SOIL ANALYSIS
INTERPRETATION
SOIL TEXTURE
DETERMINATION
INTERPRETATION
SURFACE CONDITIONS
CRUSTING
COMPACTION
SUBSURFACE CONDITIONS
STRATIFICATION

3.7.2

CLAYPAN AND CEMENTED HARDPAN

3.7.3
3.8
3.8.1
3.8.2
3.8.3

BEDROCK
SURVEY REPORTS
PUBLISHED REPORTS
UNPUBLISHED REPORTS
FIELD INVESTIGATIONS

Table 3. SECTION 4-SOLUTIONS
4.0
4.1
4.1.2
4.1.3
4.2
4.2.1
4.2.2
4.3
4.3.2
4.3.3

INTRODUCTION
SURFACE PROBLEMS
ORGANIC MATTER MANAGEMENT
TILLAGE
SUBSURFACE PROBLEMS
BREAKING CEMENTED LAYERS
MIXING CLAY LAYERS AND STRATIFIED SOILS
BORDER AND FURROW IRRIGATION
SPRINKLER IRRIGATION
DRIP IRRIGATION
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Figure 1. Flow chart 1: Introductory flow chart from Water Penetration Manual (Oster et al.,
1992).
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Flow Chart 1:
Introductory Flow Chart

58

Figure 2. Flow chart 3: Sprinkler system (from Water Penetration Manual, Osteretal., 1992).
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State-Space Approaches to Estimate Soil Physical
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M. V. Folegatti4 and M. B. Parlange1
1 Department of Land, Air and Water Resources. University of California,
Davis, California 95616, USA.
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School of the Environment, Duke University, Durham, North Carolina
27708, USA
3

Institute for Soil Science, Center of Agrolandscape and Land Use
Research, Wilhelm-Pieck-Strasse 72, D-15374 Müncheberg, Germany.
4

Escola Superior de Agricultura "Luis de Queiroz," University of Sao
Paulo, Piracicaba, Sao Paulo, Brazil.
Introduction.
The recognition of previous achievements and potential future contributions
based upon the discipline of soil physics has never been greater than it is today. And,
it is especially appropriate for Commission I to have planned this symposium on
"Soil Physics and Environmental Protection." Indeed, the increasing recognition of
soil physics stems from the fact that when the world community of scholars started
to address what was known about monitoring and managing the quality of our soil
and water resources, the centroid of information and activity was dominated by soil
physicists.
Before the environmental conscientiousness of our global population was
heightened to its present level, most soil physicists conducted research to improve
our knowledge of the fundamental processes occurring in soils; they were not
always in the mainstream of crop production as were many of our other soil science
colleagues. We were knowledgeable of the fundamentals of water and solute
transport within the rhizosphere and root zone of crops, but were seldom
confronted with a problem or opportunity to use our knowledge to improve crop
production. Theoretical and practical alternatives for improving crop production
were apparently more attractive and abundant in other sectors of soil science. And if
confronted to apply our expertise to improve crop production, we soil physicists
were seldom prepared to ascertain the values of the parameters needed in our
theoretical equations for simulating soil behavior at a particular location where crop
production needed to be improved.
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During the past decade, we finally recognized that our efforts to analyze water
and solute movement within agricultural fields (and naturally occurring biomes)
are thwarted by the ever-present heterogeneity of soils. Agricultural scientists,
including our colleagues in the other sub disciplines of soil science, were not yet
frustrated by its presence owing to the nature of their field research. Their methods
generally utilize small plots receiving different treatments randomly distributed on
a "uniform" experimental site. Being aware of soil heterogeneity, they successfully
analyzed their data with analysis of variance methods provided that the variability
between plots is not too great! On the other hand, our colleagues in soil genesis and
morphology long recognized the spatial and temporal nature of soils, and dealt with
this type of heterogeneity by dividing the landscape into different mapping units
based upon modal characteristic pedons. However, today they recognize that a
special effort must be made to more effectively deal with soil heterogeneity if they
are to use and interpret their soil maps for managing soil at any particular location.
Soil scientists, initially led by soil physicists and soil geneticists, are now being
joined by ecologists, geologists, hydrologists, engineers and others interested in
ascertaining naturally-occurring and anthropogenically-induced rates of change in
landscape and subsurface attributes of our environment. That interest, coupled with
new and continually improving opportunities for instrumentation and data
acquisition, renders the topic of this symposium intellectually stimulating and a
challenge to each and every one of us. The speakers and authors of other
presentations being made at this symposium will provide up-to-date knowledge of
chemical, physical and microbiological aspects of chemical retention and transport
in soils, treat equilibrium and nonequilibrium concepts of solute transport, describe
our knowledge of multiphase flow and present new methods, instrumentation and
other progress to link soil physics to environmental protection.
Our contribution to this symposium is to stress the need for new
methodologies for simultaneously examining (1) alternative formulations of
differential equations to describe soil processes, (2) alternative functions for soil
parameters contained in those equations, (3) alternative frequencies of spatial and
temporal measurements to match the theoretical considerations in (1) and (2), and
(4) the adequacy of accepting different levels of uncertainty always inherent in
observation instruments and their calibration including human errors. We tend to
believe that soil processes included in many theoretical descriptions too often match
the academic specialty of the scientist rather than an on-site assessment of a
spectrum of soil processes having various levels of importance that indeed impact a
particular field soil or problem. We also note that the choice of a particular model
(chemical equilibrium versus nonequilibrium, mobile versus immobile soil water,
zero-order versus higher-order kinetic reactions e. g.) is somewhat arbitrary and
often made on the basis of criteria not specifically applicable to a given soil.
Justification for the adoption of empirical functions for the description of soil
properties and related parameters remains inadequate and waiting for
improvement in the majority of field studies. An optimal frequency in time and
space for making observations of a soil attribute remains an enigma for most all soil
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scientists. This puzzle persists owing to our inadequate characterization within
fields of spatial and temporal variances which embrace the uncertainties of our
measurement methods and those of soil taxonomy. An examination of any one or
all of the above four points, particularly for water and solute transport in the vadose
zone, is exacerbated by a lack of sufficient data. See, for example, reviews by Jury
(1985) and Knight (1988).
Today, soil physicists have yet to develop a technology sufficiently mature to
ascertain the appropriateness of different transport models to realistically describe
the retention and movement of solutes within field soils. With a myriad of
statistical methods already available and new methods continually being reported in
the literature of other disciplines to match observations with theoretical concepts,
our discipline of soil physics is poised for rapid progress. Here we present examples
of the application of state-space models that are capable of simultaneously
examining a theoretical equation, its empirical parameters, and observations which
embrace the uncertainties of soil heterogeneity and instrument calibration. We
show how to transform a nonlinear differential equation into a state space
formulation, and how to use state-space formulations to describe the time evolution
of the mean and the variance of the state-space variable. The usefulness of this
approach lies in its capability to incorporate the uncertainty in both the model and
state measurements.
Theory.
Let Y(z, t) be a state variable (e.g. soil water content, temperature, pH, solute
concentration) that is a function of soil depth z and time t. In general, the
conservation of mass (or heat) results in an equation of the form
dY(z,t)=
dt

dqY(z,t)
dz

K

where qy is the mass (or energy) flux density of the state variable. Equation (1)
simply states that within a control volume, the rate of change of quantity Y in time
is caused by the rate of change of the flux density of V with depth (here we consider
only a 1-dimensional problem).
In virtually all field investigations, instruments measure a state variable
averaged over a finite domain or soil depth (e.g. neutron probes, thermocouples,
TDR, etc.). Therefore it is desirable to write (1) for the depth-averaged Y rather than
Y(z,t) at a point z in the soil profile. We can achieve the use of such average values
by integrating both sides of (1) with respect to soil depth (e.g. from 0 to some depth
Z) and interchanging the time derivative with the depth of integration to give

- # < * •

t)dz = qY(Z)-qY(0).
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(2)

We define W(f) by
W{t)=ÏY{z,t)dz

(3)

Jo

which we choose, for example, to be the soil water stored at any time t within the
profile of depth Z. With W(t) (2) reduces to
-

^

= <?r(Z)-<?.(0).

(4)

For many subsurface transport phenomena, the relation between the flux qy and the
state variable Y(z,t) is either known or approximated. These approximations, for
example, rely on the flux being directly proportional to the state-variable gradient.
If we assume that the relation between the state variable Y(z, t) at depth Z and
W is known, (4) becomes an ordinary differential equation that describes the
evolution of IV in time. Hence,

where ƒ is some function of W which in the case of soil water typically includes a
hydraulic conductivity or diffusivity function that is nonlinear with W. Inasmuch
as (5) includes various assumptions about the transport dynamics of Y, it is more
appropriate to write (5) as
^ l

= f(W)

+

e(t)

(6)

where e is a noise signifying that the dynamics of (5) are not exact. If the
approximations in (5) neglect many other considerations (salinity effects,
temperature effects, swelling or shrinking) we may assume that these neglected
considerations contribute randomly to the uncertainty in (5) and by the central limit
theorem, e(t) is zero-mean unit variance Gaussian. That is, on the average, (5)
should adequately capture the overall trend in Y.
In brief, the solution of (1) might well be approximated by a solution to an
e q u i v a l e n t ordinary differential equation that is easier to apply for field
measurements inasmuch as only the state variable W is required. This equation is
not identical to the original partial differential equation, and therefore, at any
instant in time, an error e(t) is generated. Hence, from (6), W(t) cannot be a
deterministic variable and has to be treated as a random variable X as a function of
time.
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State-Space Formulation. The combined predictive/observation equations can be
written as

S®-/m+«f>
Z»(**)"X(0+v(0

(7)

*-0,U,3,-N

where Zm{tk) is the measurement of the state variable X (that represents W in the
state-space representation) at discrete time tk, and v is the measurement error with
zero-mean (assuming that the measuring device is unbiased) and variance Q, and N
is the number of available measurements. For the purpose of this study, we will
assume that the measurement error is Gaussian, which is indeed the case for many
instruments.
Estimation of the Mean <X(t)>. By applying the ensemble averaging operation <•>
on (7), we obtain
(^)

= <f(X)>

+

<e(t)>.

(8)

In order to obtain an ordinary differential equation for <X>, we assume that the
averaging and differential operators are interchangeable and that <e> = 0 as
discussed above. Hence, (8) can be written as

±±f>=<f{X)>

+

0.

(9)

The difficulty in applying (9) is related to the ensemble average <f(X)> when
f(X) is a nonlinear function as we indicated earlier. To evaluate </(X)>, all moments
(including the average) have to be provided. Facing a closure problem of computing
the mean when we need all moments of X(t), we make the following necessary
closure approximations. We approximate </(X)> by a Taylor series expansion
around <X>, i. e.,
(X-<X>) + 0[(X-<X>)21.

/(X)=/(<X>) + - ^
aA

L

x=<x>

(10)

J

By applying <•> on (10), we have
</(X)> = < / ( < X > ) > = / ( < X > ) .
With (11), a closed equation for <X>
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(11)

^p=/(<X>)

(12)

can be constructed and solved numerically or analytically. Equation (12) is the
simplest closure scheme and should be tried first before attempting more
sophisticated schemes. If necessary, more sophisticated closure schemes (e.g.
truncation at higher orders, or setting up a cumulant discard method) are available.
Estimation of the Variance P(t). The variance P(t) is defined by
P(0 = <[X(t)-<X({)>] 2 >.

(13)

In order to derive a time evolution equation for P(t), we differentiate (13) to obtain

*ffii,|((X-<X>)').

<H,

By expanding the right hand side of (14), using (7) and (12) for dX/dt and d<X>/dt,
respectively, and subsequently expanding the nonlinear terms about <X> using a
first order Taylor series expansion, we have
dP(t)
df(X)
= -2P(t)
+ Q.
dt
dX x=<x>

(15)

Notice that (15) contains the model error variance Q.
First Example - Kid) from observations within a single profile.
Description of infiltration and drainage in unsaturated soils is generally
complicated by uncertainties in estimating the hydraulic conductivity relation K(6).
The sources of uncertainty in estimating the hydraulic conductivity function at a
particular location in a field include: 1) simplifying the description of the physical
processes that are used indirectly to infer the hydraulic conductivity function, and 2)
the measurements used to determine the hydraulic conductivity function.
The details of our experimental setup have been fully described by Katul et al.
(1993). A small field plot of Yolo light clay [whose properties are fully described in
Buchter et al. (1991)] was delineated by a steel sheet 20 cm in depth to hold water
ponded at a depth of 3-5 cm on its surface during an infiltration period of 10 days.
The infiltration rate after 10 days of ponding corresponded to a field-saturated
infiltration rate of 0.06 cm min"1. Subsequently, the soil surface was covered with a
plastic sheet to impose a no-flux surface boundary condition at z = 0. One neutron
probe access tube and 3 tensiometers per depth located 15 and 30 cm below the soil
surface were used to monitor the stored water in the surface 22.5 cm and the
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hydraulic gradient at 22.5 cm, respectively. Neutron probe and tensiometric
observations were recorded every 6 hours for the first day and every 12 hours
afterwards for a total period of 43 days.
Because the accuracy of the neutron probe affects the observation noise, a
study on the instrument and its calibration was required. Generally, the noise in soil
water content measurements obtained from a neutron probe is the result of two
sources: (1) instrumental noise which depends on the radioactive source (type and
strength), the detector type, and count time (for more details, see Cuenca, 1989;
Dickey, 1990; Stone, 1990), and (2) calibration noise due to the instrumental noise,
access tubing, air gap between the probe and the access tube, and the soil sampling
method used to obtain the volumetric water content. The neutron probe contained
a 50 mCi source of 2 4 1 Am/Be located at the midpoint of the detector with a preset
count time of 32 s. For a specific neutron probe the instrument noise may be reduced
by averaging an increasing number of readings per depth (Parlange et al., 1992a). In
order to select a reasonable number of readings per depth and to determine the
instrumental noise during calibration and subsequent readings, 214 readings at the
75-cm soil depth were recorded during a separate experiment (see Parlange et al.,
1992a). During the 214 readings, the soil water content was assumed to be constant.
The readings of count rates were found to be uncorrelated in time indicating that
the instrumentation noise could be approximated by a white noise which was much
smaller than the calibration noise. These calibration errors were assumed to be
independent of time and, therefore, of soil water content (hypothesis of
homoscedasticity, see Haverkamp et al. 1984). The standard error of estimate of the
calibration curve was equivalent to a soil water content of 0.021 cm 3 cm"3, which was
considered to be the standard deviation of the instrument calibration.
We construct an optimal nonlinear filter that provides hydraulic
conductivity function parameters that minimize the mean square error of a
differential equation describing the redistribution of soil water content relative to
measured soil water content with the data observed in the above experiment
(Gardner, 1990; Milly and Kabala, 1986; Milly, 1986 Katul et al., 1993; Parlange et al.,
1993). A simple scheme accounts for both measurement and system uncertainty for
processing and updating the time sequence of measurements of soil water content 9
and hydraulic gradient dH/dz.
The method presumes that the simplifying
assumptions for the soil water transport equation result in a random noise to an
initial value differential equation characterizing the water stored within the soil
profile. The hydraulic conductivity parameters stemming from discrete stored water
and hydraulic gradient measurements can then be determined iteratively from a
sequence of prediction-updating steps to maximize a defined objective function (the
likelihood function).
Simplifying Richards' equation for one-dimensional soil water flow to an
equation in terms of stored water W, we have

f -KHfh

(16)

where K(W) is the hydraulic conductivity function. In the derivation of (16), the
following assumptions were made: 1) horizontal transport is neglected, 2) a linear
relationship exists between depth-averaged soil water content ö'and the soil water
content 6 at z and 3) thermal and salinity effects on K(W) are neglected. Here we
assume that K(9) is of the form Aexp(BO), but the results can be generalized for any
analytic form of the function. In state-space formulation, these assumptions
generate a stochastic noise component in the description of time variation of stored
water
In state-space notation, (1) may be written as
dX(t) = -Aexp[BX(t)]^jdt

+ es(t)dt.

(17)

A corresponding discrete observation equation at time f* (k = 0, 1, 2, 3,-) may be
written as
Zm{tk)=X(tk)+vm{tk)

(18)

where X(t) is now a stochastic state variable representing the stored water W, and
Zm(tk) is the measured stored water (between 0 and b) at time tk- The state noise es(t)
results from the various simplifications invoked in the derivation of the soil water
transport equation, which for the purpose of this study, approximate a Wiener noise
(Arnold, 1974, pp. 202-203; Sobczyk, 1991, pp. 60-61). As was demonstrated by Jones
and Wagenet (1984), (1) on the average reproduces field-measured soil water
content. It is reasonable then to assume that (16) does describe the main dynamical
characteristics of soil water flow so that the zero mean state noise assumption is
appropriate.
The stored soil water is measured by a neutron probe with measurement
noise vm(tk) at time tk, which is approximated by a zero-mean Gaussian distribution.
The product esdt defines a Wiener increment dlt of the Wiener process (Gardiner,
1990, pp. 80-82; Gardner, 1990, pp. 124-125) with zero-mean and covariance function
defined by Q[5(t - s)]dt. Q is the variance per unit time of the state noise process for
which we treat as an unknown to find, and S is the Dirac delta function. We also
assume that (17) satisfies the existence and uniqueness conditions for the time
interval [0, °°] so that its solution is well behaved and does not "explode" at time
infinity.
The noise components in the observation and state equations permit separate
accounting for measurement errors and model structure errors (Gelb, 1974, pp. 105-
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107). Given the random nature of the additive noises, the state variable X{t) and the
neutron probe water storage observations Z(tk) become random variables in time.
For the reader's convenience, we adhere in the following derivation to Gelb's (1974)
notation inasmuch as various details and proofs are elaborated upon in this
reference. To determine the evolution of the mean and the variance behavior of
X(t) in time, we take the expectation of (2) and use the zero mean property of the
Wiener increment to obtain

(M)} H , e x p [ B X ( t ) 1 ) [f

(19)

where <•> denotes the expectation operation. Note that <X(()> is defined inasmuch
as the stochastic differential equation in (17) satisfies the existence and uniqueness
conditions. In (19), the hydraulic gradient is treated as a deterministic input which
excites the state variable of the system. Because the differential and the expectation
operators are interchangeable, an expression for the state mean may be obtained as
<[dX(t)/dt]> = d<X(t)>/dt.. On the right hand side of (19), a closure problem arises
because all moments of X(f) are required for the evaluation <A exp [B X(f)]> . That is,
in order to solve for d<X(t)>/dt all the moments of X(t) are needed to evaluate the
<•> of the exponential term. To develop an approximate closure scheme we expand
the stochastic function f[X(t)] (in this case/[X(Y)]= A exp[B X(t)]) around <X(f)> with
the first order Taylor series expansion
f[X(t)] = f[< X(t) >] + fx [X(t)-< X(t) >] + 0{[X(t)-< X(t) >f}.

(20)

Applying the expectation operator on both sides of (20) and neglecting higher order
terms, (19) becomes
-+-!— = -Aexp[B < X(t) >]

dz

(21)

Equation (21) approximates the dynamic evolution of the mean behavior of the
stored water in time between z = 0 and z = b. If another expression for the hydraulic
conductivity function is used, a similar approach can be employed to arrive at a
dynamic equation that only depends on the mean <X(t)> and the hydraulic
conductivity parameters. See Wendroth et al. (1993) for such an example.
The variance P(t) is given by
P(t) = ([X(t)-<X(t)>f).
(22)
A dynamic equation for P(t) may be constructed by differentiating (22) and
interchanging the expectation and differentiation operators,
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dP(t)_/d[x(t)-<x(t)>f\

(23)

Linearization of the right hand side of (23) around the mean given in (20) yields

f . - 2 f « i (

l M

(24)

at
dz
dx
where Q is the state spectral density function or error variance per unit time (Gelb,
1974, pp. 122). The derivative df[X(t)]/dx in (24) is evaluated at <X(t)>. The extended
Kalman filter equations for continuous dynamic and discrete observations,
respectively, become
d<X(t)>
_-,A AdH
fD
-£-!— = -Aexp[B<X{t)>\—

.„_,
(25)

and
dP(t)
dt

= - 2J^j>lBexp[B < X(t) >]W) + Q

(26)

which constitute coupled predictions for both < X(t) > and P(t).
In order to integrate (25) and (26) for <X(t)> and P(t), the coefficients A, B, and
Q as well as the initial conditions for the mean <X(f0)> and the variance P{t0) need
to be known. Once the initial conditions are specified, (25) and (26) can be
simultaneously integrated to yield a prediction of <X(t)> and P(t) at time tk when an
observation Z(tk) is available. At time tk predictions of <X(t)> and P(t), denoted by
<X(tk)>' and P(tk)~, respectively, are corrected by employing the information
contained in the neutron probe measurement Z(tk). Because of the measurement
error variance R in Z(tk), the predictions and measurements have to be weighted
according to their respective variances in the updating steps. As shown by Gelb
(1974, pp. 107-110), the optimal solution path requires the updating equations to be
given by
<X{tk)>+=<X{tt)>-+Kg[z{tk)-<X{tk)>]

(27)

p(tky = (i-Ks)p{tky

(28)

and
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where <X(tjt)>+ and P(fjt)+ are the updated mean and variance, and Kg, the Kalman
Gain

Kg=-P^—

(29)

which defines how to weigh the two sources of information - predictions and
observations.
The structure of the nonlinear extended Kalman filter defined by (25), (26),
(27), (28) and (29) is shown in Figure 1. The procedure is stable in practice because the
linearization trajectory is being computed throughout the calculations (Puente and
Bras, 1987). It should be noted that (25) and (26) are conservation equations which
respect the "physics" of the model while (27) and (28) are "statistical" corrections,
which redistribute water content in a statistical (non-physical) manner.

Kalman-Gain

Xo , A, B, Q

Observation Z ( t . )
Variance R

Figure 1. Structure of the prediction-updating scheme for the extended Kalman
filter.
For determining the hydraulic conductivity, values of <X(0)>, P(0), A, B, R,
and Q are needed for the extended Kalman filter equations. The initial mean <X(0)>
was taken as the water storage between 0 and b after the period of prolonged
ponding, and the observation error variance R was determined from the neutron
probe calibration curve which is discussed below in the experimental setup. The
hydraulic conductivity parameters A and B as well as Q and P(0) were determined
following an iterative multivariate optimization scheme. This optimization
procedure computes the unknown parameters U = [A, B, P(0), Q]T by maximizing
the joint distribution of all observations. This Likelihood function / is defined by

{Ü,Z{tA,Z{t2),--Z{tn)\ = nV[z(^)|< * ( 0 >","]
where
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(30)

exp{-[Z(0-<X(0>-]22P(0 }
pZ(f^X(g>-,U =

L

,

'

L

(3D

(Shumway, 1988, pp. 178-180; Gelb, 1974, pp. 103). It should be noted that Ü appears
implicitly in (30) and (31). Equations (30) and (31) require that the coefficients A, B,
P(0), and Q result in a path of state means <X(tjt)> which maximizes the probability
of occurrence of the measurements Z(fjt). Maximization of (30) may be achieved by
minimizing the quantity L{[Z(fjt) - <X(£jt)>~]2}/P(tjt)~ whose individual term appears
in the exponential bracket of (31). This results in an objective function L defined by
the weighted least squares

[Z(tk)-<X(tk)>-f]
*=0

m

J

(]

in which the weights of the residuals are [P(t)~]~l and n is the number of stored water
observations sampled during the experiment.
Starting with initial estimates of A, B, P(0) and Q, (25) and (26) are integrated
from tk until tk+\ for k = 0,1,2, ••• (n -1). The predicted <X(tk+\)>' is compared to the
measurement Z(tk+\) to compute one term of the summation defining L, then the
updating procedure is performed using (27) and (28) to obtain <X(tk+\)>+- Inasmuch
as four parameters [A, B, Q, and P(0)] are required to minimize one objective
function, a multidimensional optimization scheme is necessary. In this study, the
Multidimensional Simplex Method (see Press et al., 1990, pp. 289-293) was used to
recursively estimate A, B, Q, and P(0). Because the Multidimensional Simplex
Method is a simple unconstrained optimization, the objective function L was
artificially penalized to insure that A,B, Q, and P(0) were positive. The filtering
computation scheme is outlined in the Appendix.
Values of the initial mean <X(0)> and R used in the optimization scheme
were (0.478 x 22.5 cm) and (0.021 x 22.5 cm) 2 which correspond with the measured
saturation moisture content and the observation noise, respectively. The measured
field saturated water content in this experiment was close to the value reported by
Buchter et al. (1991).
The raw data for 6' and the hydraulic gradient dH/dz are displayed in Figure
2 for the 43-day redistribution period. The estimated values of A, B, Q, and P(0) that
resulted in the maximum Likelihood estimate were 1.244xl0"8 cm d"1, 1.625 cm"1,
2.413xl0"2 cm 2 d"1 and 1.504xl0"2 cm 2 , respectively. With these final estimates of A, B,
Q, and P(0), the predicted average soil water contents and their standard deviations
are also shown in Figure 2 which indicates that all the probability mass is contained
within ±1 standard deviation.
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Figure 2. Measured values of average soil water content d' and hydraulic gradient
dH/dz, and predicted values of 6' including ±1 standard deviation (solid
lines).
The variation of the standard deviation in time indicates that the proposed
dynamic equation performs better during rapid drainage (Figure 2), which is
consistent with other studies (Flühler et al., 1976). Also in this near saturated range,
most of the water content fluctuation is caused by drainage during redistribution,
and the instrumental error noise is not critical. However, the instrumental noise
becomes more noticeable as the drainage flux at z = b (22.5 cm) becomes smaller
when steady-state conditions are approached (Figure 2). This is described well by an
increase in the predicted variance. The computed initial standard deviation
[P(0)l/2/b] around the field saturation value is 0.0055 cm 3 cm"3 indicating that the
assumed value of the initial mean <X(0)>/b = 0.478 cm 3 cm"3 was very reasonable in
the optimization scheme. The variance per unit time Q of the white noise e w a s
assumed to be stationary and treated as a fitting parameter in the optimization
scheme. An equivalent water content variation of 0.0069 d"1 was obtained for Q[/2/b
indicating that the model prediction uncertainty for quantifying daily stored water
due to drainage is 0.0069. Note that the observation uncertainty is much greater and
equal to 0.021.
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The parameters A and B estimated by the nonlinear Kalman filter are given
in Table 1 together with those estimated by the Theta, Flux and CGA methods
(Libardi et al., 1980) and the classical method (Jones and Wagenet, 1984).
Table 1. Values of parameters A and B of the hydraulic
conductivity function estimated by the five methods.
K(W)=Aexp(B W)
Method

A (cm d1)

B (cm ')

NonLinear Filter

1.24xl0-°8

1.625

Classical

1.20X1009

1.872

Flux

1.56X1009

1.865

Theta

2.45xl0-09

1.818

CGA

8.13x10"

2.212

The Flux, Theta and CGA methods assume a unit hydraulic gradient and only
require soil water content observations, while the classical method also requires
matric potential observations. A major disadvantage of all four methods is the fact
that an arbitrarily smoothed monotonically decreasing relation between 6 and t is
required. The raw soil water content and matric potential data were smoothed by
eye prior for the latter four methods. The smoothing insured a monotonie decrease
in soil water content with time, and an attempt was made to preserve local trends
observed in the data. With the exception of the CGA, all the methods provided
comparable estimates of A and B, with those of the classical method being well
within the 67% confidence band of the Kalman filter predictions of P(t) for all of the
observed soil water content ranges (Figure 3). The CGA, Theta and Flux methods
resulted in larger hydraulic conductivity values than those from the Kalman filter
and the classical method, especially for 6' > 0.43. These differences were attributed to
deviations from the unit gradient (see Figure 3) assumed for the CGA, Theta and
Flux methods.
Unlike current field methods which provide K(6) relations in the mean from
arbitrarily smoothed field observations, this example of Kalman filtering provides
mean estimates of K(9) as an exponential function of soil water content and their
variances based on direct raw measurements. It also allowed a quantitative
assessment of the validity of equation (16) on a daily basis, based on the state
variance per unit time Q. For a daily time step, the isothermal and nonhysteretic
assumptions invoked were not inappropriate for this transient field experiment.
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Figure 3. Comparison of different field methods for determining the hydraulic
conductivity function. The predicted standard deviation using the extended
Kalman filter is also shown.
Second Example - D(9) from observations within several profiles.
The applicability of an approximate solution to the desorptive diffusion
equation (Gardner, 1962) to compute evaporation between irrigation events as well
as to determine a diffusivity function from field-measured soil water profiles is
examined. The simple initial and boundary conditions imposed in laboratory
column studies seldom, if ever, exist in the field. Also other variables play a role in
the field, such as redistribution of water during evaporation, rainfall, hysteresis,
salinity, temperature and nonuniform initial soil water profiles [e.g. Black et al.,
1969; Jury et al., 1978; Lima et al., 1990; and Dane and Klute, 1977]. Moreover, local
natural variations of soil properties further complicate an assessment of
evaporation and the diffusivity function (e.g. Nielsen et al., 1973).
The details of the experimental setup located near the site of the first example
described above have been fully described by Parlange et al. (1993). Five neutron
access tubes positioned every 18 m along a transect allowed soil water content to be
monitored with a neutron probe at 15-cm depth intervals within the soil profile at
each location. The level site was free of vegetation and equipped with a sprinkler
irrigation system that was used to apply 15 small irrigations (each <20 mm) during a
period from September 4 to December 12. In addition to the neutron probe
measurements of soil water to estimate evaporation, 20-min weighings of a 50-t
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capacity lysimeter in the same field were integrated to obtain daily values of
evaporation.
The spatially averaged amounts of water stored within
intervals of the soil profile measured with the neutron probe as a
together with the amounts of water applied with the sprinklers are
4. Notice that the water stored in the lower depth intervals does
change during the entire experiment.

W ^ ^ H W * ^ ^ , ^ , ^

V+K^+m

Q

5

ÏT^f»tffrr^^

40

the five depth
function of time
shown in Figure
not appreciably

T>HHiirTTrri("f

o
H
b

O
w
D

20-

Tl l l l l i i i i i i l l

245

267

O
<
>
<

TTTTT

ft n n ï i m V m i n i i T i i i i i i T m n i i i i i i i i i m i rmrTi rrrrr

289
JULIAN DAY

317

339

Storage Depth Range (cm)
-e— [0-22.5]
-*— [52.5-67.5]

•*— [22.5-37.5]
[67.5-82.5]

[37.5-52.5]
Applied Water

Figure 4. Depths of water stored within the soil profile averaged across the five
locations measured with a neutron probe together with depths of water
applied during the experiment.
Evaporation and infiltration from the applied water are the primary physical
processes that create changes in stored water and those changes occur primarily in
the 0-22.5 cm depth. Variations in soil water stored in the top 22.5 cm of the profile
as a function of time as well as location are shown in Figure 5.
The hydrologie balance in the absence of lateral flow and negligible drainage
is

dS
= P -£
dt

(33)
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where S is the depth of stored water between the soil surface (z = 0) and some depth
b (b is the depth assumed to be uniformly wet), E( the evaporation rate and Pt the
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Figure 5. Depths of water stored within the 0-22.5 cm topsoil at each of five field
locations measured with a neutron probe.
rate at which water is applies to the soil surface (precipitation or irrigation). The
evaporation rate can be calculated using the diffusion equation (assuming
isothermal and homogeneous soil conditions)
d$=d_
D(9)
dz
dt
dz

(34)

where D(0) is the soil water diffusivity which is a highly nonlinear function of 6.
Gardner (1962) obtained the approximate solution of the depth-integrated form of
(34)
7i2SD{S/b)
Dt
>0.3
(35)
4b2
where the diffusivity is a function of stored water S. Combining (33) and (35) the
hydrologie balance becomes the ordinary differential equation

77

f.p,-g)W

(36)

For an exponential diffusivity function D(S/b) = Aexp(BS/b), the state-space
equation for (36) is
dX,=

( V
P,-\J^jXtAexp{BXt/b) dt + vsdt

(37)

where Xt is the state variable representing the stored water S and v$dt is a stochastic
noise owing to the uncertainties in the proposed equation. The noise Vsdt arises
owing to the various simplifying assumptions of the physical model such as
neglecting thermal and salinity effects, swelling and shrinkage, hysteresis, etc. The
corresponding observation equation at time tk (k = 1, 2,3,-) is
(38)

Zm{tk) = Xtt + vm{tk)

where Zm is the observed amount of stored water at time tk and vm is the observation
noise.
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Figure 6. Observation variance owing to spatial averaging of measured soil water
storage for the 0-22.5 cm topsoil as well as the neutron probe calibration
variance.
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Following a procedure similar to that for the first example above, the
diffusivity parameters A and B were calculated with the Kalman filter assuming
that the observation variance Rt can be estimated from spatially averaging the
neutron probe readings from the five access tubes located 18 m apart. It can be seen
in Figure 6 that the observation variance Rt is much larger than the neutron probe
calibration variance. Values of A and B were estimated to be 0.0292 mm2 d~* and
32.59, respectively, with the state variance per unit time Q being 18.87 mm2 d"1. The
value of Q is of the same order of magnitude as the neutron probe calibration
variance, while the model uncertainty for stored water prediction on a daily basis is
within the neutron probe noise. The agreement found between the Kalman filter
estimation of cumulative evaporation and that measured with the lysimeter (r2 =
0.98, Figure 7) indicates that the estimated diffusivity function provides an adequate
description of evaporation and the soil water transport process. Hence, the
approximate solution to the transient flow equation by Gardner (1962) may be
satisfactorily extended to the field with variable water content.
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Future Examples.
In irrigated agriculture, the potential for soil salinization to occur is
omnipresent. Salinization commonly occurs when irrigation applications exceeding
evapotranspiration cause the ground water table to rise sufficiently to continually
maintain an appreciable evaporation rate at the soil surface. It also occurs on very
slowly permeable soils that do not manifest sufficient leaching below the root zone
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to preclude salt accumulation within the soil profile. In each case, a measure of the
magnitude of the soil water flux density and its direction below the root zone could
provide adequate information to predict different levels of salinity buildup
associated with specific irrigation and cropping practices. Estimating the soil water
flux below the root zone is plagued with difficulties arising from the heterogeneity
of field soils and inadequate instrumentation. Moreover, changes in soil salinity
that occur slowly within spatially variable field soils are usually subtle and difficult
to reliably ascertain. We believe a technology to improve our ability to know how
frequently in space and time we should sample field soils to reliably detect changes
in salinity or the soil water flux below the root zone can be developed using statespace approaches.
We illustrate its use by extending the initial work of Rose et al. (1979). They
considered the long-term solute dynamics in an irrigated soil that was slowly
permeable and characterized by swelling. Neglecting the exact distribution of soluble
salts within the profile, they described the rate of change of the salinity averaged
over a soil profile of depth b as
bës^

= %C0-c,aCa

(39)

where 0S and C are the saturated soil water content and soil solute concentration
each averaged over the depth of the profile, q0 is the average water flux density at
the soil surface caused by irrigation, C0 the average solute concentration of the
irrigation water, qa the soil water flux density at the bottom of the profile at depth b
and C„ the soil solute concentration at depth b. For this example, we shall assume
that values of b, 9S, q0 and C0 are deterministically known and reliably measured.
The rate at which the mass of salt moves below the root zone {qaCa) and the
magnitude of C are not reliably known. We assume that qaCa is some function C„,
say f(CJ or some other function of C, say g(C). With the latter function, (39)
becomes
b6s^

= q0C0-g(C).

(40)

Any formulation of g(C) can be used. Here, arbitrarily choosing a function for
illustrative purposes, we have
&ës^=- = <foC„-A[l-exp(BC)].

(41)

We seek values of C from our field measurements. The discrete observation
equation (38) now has the stochastic state variable X,t representing the average
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solute concentration C, and Zm is the measured average solute concentration
(between 0 and b) at time f*. The state-space equation for (41) is

dx ^

\q0C0-A\l-exp(BXt)}}

>=\ v

+v

y ^

(42)

Solving for parameters A and B, we calculate the rate at which the solute
mass is leaving the soil profile and the magnitude of the model variance. Having
measurements of vm and calculations of vsdt, the spatial sampling scheme for the
soil solute concentration, the formulation of (39) as well as that of f(C„) or g(C)and
the design or performance of the instrumentation can each be improved. A simple
variation of this example would have been to seek a quantitative estimate of qa or
C„. Another helpful variation would be to determine optimal times for sampling
based upon the magnitudes of change of solute concentrations that can be reliably
detected considering sampling errors and the variability of the field soil.
The state-space approach could also be used to address the thermal properties
and regimes of field soils. Starting with
d(cT) = d
dt
dz Xdz

(43)

where c is the volumetric heat capacity, T the soil temperature and A the thermal
conductivity. Integrating (43) from z = 0 to z = b, and assuming that as
z->b, (dT I <?z)=0, we have

which after additional assumptions reduces to
b c ^ - = /lexp(Bf)

(45)

where c is an averaged value of c and A chosen to be an exponential function of the
mean temperature T. Here again, inasmuch as any function could be used, we use
an exponential function merely for illustration. The discrete observation equation
(38) now has the stochastic state variable X(i representing the average soil
temperature T, and Zm is the average soil temperature stemming from
thermocouple measurements between z = 0 and z = b at time fjt- The state-space
equation for (45) is
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dX,=

Aexp(BXt)
bc

dt + vsdt.

(46)

Calculated values of A and B provide a field estimate of A within prescribed
fiducial limits according to the formulation and assumptions for the physical
equation, the temporal and spatial readings of the thermocouples and the
heterogeneity of the soil.
Discussion and Conclusions.
For analyzing field measurements we make an early assumption that
retention and transfer processes are one dimensional. Many are not, and hence the
theory starts out with that approximation. We also recognize that the details of
many processes are best described with partial differential equations. However, in
order to use the presented state-space approach, the original partial differential
equation must be reduced to an ordinary one. This reduction is achieved by adding
more information, e.g., providing a functional behavior of transfer coefficients,
neglecting second order or less important features of the processes, and
deterministically defining magnitudes of more complicated initial and boundary
conditions. With these and other approximations, the simplified ordinary
differential equation is certainly not exact, but on the other hand, no equation is
absolutely exact, particularly when it is used to describe a soil phenomenon related
to environmental protection. The advantage of the proposed methodology over
most all other field methods is that we acknowledge that the equation used is
definitely approximate and contains a model error. Indeed, we explicitly solve for
the model variance, and through its examination, ascertain the impact of our
simplifications, and potentially identify improvements for a more realistic equation.
Another desirable feature of the state-space approach is the inclusion of an
observation error which can be treated as a known and measured quantity as was
done above with the neutron probe calibration, or alternatively, treated as an
unknown for which a solution is found in the numerical scheme. The magnitude
of a known observation error allows a reconsideration of the state variable in the
equation or an improvement in instrumentation or calibration. On the other hand,
treating the observation error as an unknown, its behavior in space and time can be
related to spatial and temporal correlation lengths that may manifest themselves
within the domain of the field being studied.
Regardless of the instrument or field sampling technique used to observe a
soil physical, chemical or biological process, most samples represent some sort of
depth-averaged value. Hence, it is not only convenient but more correct to use
equations that describe depth-averaged phenomena. In the future we envision such
equations to be increasingly used not only in soil physics but in other sub disciplines
of soil science. The development of soil horizons, growth and water extraction of
plant roots, and soil depths over which chemical and microbiologically-induced
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t 'reactions predominantly occur are some examples. We also expect that progress
could be made using time-averaged equations to examine critical periods during
which soil processes occur; these soil processes may be related to particular soil
locations, mapping units or regions. A large array of combinations of state and
observation variables together with different functions for parameter estimation
used in a state-space approach provides attractive opportunities to enhance the
maturation of our field technology in soil physics and soil science.
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Appendix: Operational Procedure to Determine the Parameters of the Hydraulic
Conductivity Function using the Nonlinear Filtering Approach.
Once the soil water content and hydraulic gradient measurements have been
carried out and the variance of the neutron probe calibration R is known, the
following procedure can be used to determine the optimal hydraulic conductivity
parameters A and B, the initial variance P(0), the state spectral density Q and the
time evolution of the standard deviation P(t) 1 / 2 .
1) Set the initial mean <X(0)> = Z(0) the stored water neutron probe reading at
t = 0.
2) Assume initial values for A, B, P(0) and Q (see discussion below).
3) With [A, B, P(0) and Q ] known, integrate numerically (25) and (26) from
t = 0 to t = t\ to determine <X(*i)>~ and P(t\)'.
4) From neutron probe measurements Z(t\), compute L\ = [Z(t\) - <X(*i)>~
]2/W5) Compute the Kalman Gain Kg from (29).
6) Determine the updated values <X(fi)>+ and P(t\)+ from (27) and (28) using
<X(fi)>", P(ti)- and Kg.
7) These updated values serve as initial values to (25) and (26) at t\ and hence
steps (3 through 6) are repeated to obtain Lj, <X(ti)>+ and P{ti)+.
8) Carry out the above procedure through time t„. Compute the objective
function L from (32).
9) Try another set of initial conditions [A, B, P(0) and Q ] and determine
another value for L using steps (3 through 8).
10) Continue step (9) until L cannot be further minimized. The values
computed [A, B, P(0) and Q ] are the optimal values.
Because the minimization of L is based on four parameters, it is
computationally inefficient to use a trial and error approach. Alternatively one may
use a multidimensional optimization scheme such as the Multidimensional
Simplex Method (see Press et al., 1990, pp. 289-293 for a description of the algorithm)
in order to efficiently search for the optimum combination of A, B, P(0) and Q that
minimizes the objective function L. This method requires only function evaluation,
not derivatives. Note that if a hydraulic conductivity function with more than two
parameters is selected (say 4), then the value of L is affected by 6 parameters, and
therefore, the optimization scheme is applied in six dimensions. In this case, other
optimization schemes such as Powell's method (Press et al., 1990, pp. 294-301) or the
Conjugate Gradient methods (Press et al., 1990, pp. 305-307) could be more efficient,
but require derivative calculation.
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Physical Basis of Nonequilibrium Solute TVansport in Soil
D. A. Barry* and L. Li. Department of Environmental Engineering, Centre for Water
Research, University of Western Australia, Nedlands 6009 Western Australia.
Abstract
Nonequilibrium solute transport results from both chemical and physical mechanisms. In saturated
porous media the physical causes are usually taken to be film diffusion and intra-particle diffusion.
Experimental data shows that nonequilibrium is affected by flow velocity, a dependence which
would not be inferred from the diffusion-based mechanisms listed. Dimensional analysis of a tracer
moving in a porous medium leads to various Damköhler numbers which, in turn, suggest different
physical causes of nonequilibrium. It is concluded that both diffusion/dispersion and local variations
in the soil-water flow velocity lead to the velocity dependence observed in laboratory experiments.
Based on the dimensional analysis, it is also shown that small scale physical modelling of a full scale
prototype is feasible under certain conditions. For unsaturated flow, the situation is more complicated in that additional mechanisms, funnelling and fingering, affecting the soil-water flow come
into play. These mechanisms are described in some detail, as is experimental data on their occurrence. Commonly, models of solute transport through the unsaturated zone rely on the assumption of
steady flow. Then, funnelling and fingering will act as additional physical mechanisms leading to
nonequilibrium solute transport.
Introduction
Contaminants can move through soils as either separate liquid or gaseous phases, or as components
within phases. There has been considerable research effort aimed at understanding, predicting and
ameliorating pollution due to all types of contamination, a common type being that due to NAPLs
(e.g., 1-5). Large volume NAPL losses to the subsurface zone have occurred in and around refineries,
and from underground storage tanks. Recovery of petroleum products by direct pumping is possible
for NAPLs that are less dense than water. However, trapped residual will be left behind in the soil
profile. Because industrial processes have been around for a lot longer than environmental awareness, it is common to find that waste chemicals have been dumped into the soil over many years in
industrial areas. Chlorinated hydrocarbons like trichloroethylene (TCE) and tetrachloroethylene
(PCE) have many industrial uses, e.g., as solvents. In unsaturated soils, these chemicals will volatilise and sorb to organic material. Within an aquifer, they will sorb to organic matter, although the
amount of the latter will usually be low. Both TCE and PCE are relatively immiscible with water.
They do, however, have solubilities that lead to water degradation. Again, this residual material,
even in relatively small volumes, nevertheless acts as a long term source of pollution due to its low
aqueous solubility.
Clearly, separate liquid phase or gaseous phase contaminant transport does occur. However, in the
case of environmental pollution it is the movement of the water which is frequently of overriding
importance. This holds whether immiscible or slightly miscible phases are present, or if chemical
species dissolved in the aqueous phase are being transported. In natural porous media dissolved
chemical species encounter large solid phase surface areas. Thus, reactions with the solid phase
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(sorption), as well as other dissolved species, must be considered. The natural heterogeneity of
porous media renders both the type of reaction site and the spatial distributions of sites subject to
uncertainty. More generally, the natural variability of soil profiles leads to uncertainty in attempts to
predict chemical transport processes. It is usually not possible to model with much precision the heterogeneous physical and chemical characteristics of the soil nor, in most cases, is such detail of any
interest in practice. For example, it is often of more interest to estimate the rate at which a dissolved
chemical enters an aquifer from the unsaturated zone or passes a given plane within an aquifer. One
approach is to estimate the effective properties of the medium at the scale of interest.
How are these effective properties to be estimated reliably? Typically, soil samples are collected and
laboratory experiments are carried out. The experimental data are analysed using a mathematical
model in which the model parameters are determined by a combination of fitting and independent
experiments. These parameters are then used in the same model or as part of some larger (e.g., catchment) model to make predictions upon which management decisions are based. Are the laboratorybased parameters appropriate in making predictions at the larger, prototype scale? Apart from the
question of scale changes, other differences could be considered. In particular, even though the same
soil has been used, the natural flow conditions are unlikely to be replicated. Aspects of these issues
will be discussed below in more detail.
The question of scale cannot be divorced from considerations of whether model simplifications are
appropriate. For example, long term contaminant leakage from a landfill through 10 metres of the
vadose zone to an aquifer is quite different from catchment wide nutrient loading of an aquifer as a
result of non-point source pollution, even though the landfill may lie within same catchment. The
consideration of scale is further complicated by the type of chemicals being transported. The landfill
may contain persistent organics or heavy metals, while at the catchment scale nutrients like phosphates or nitrates are often of more concern. Predictions of solute movement at the local scale ( «
catchment scale) rely on knowledge of the local transport mechanisms, and below it is mainly this
scale that is considered.
The heterogeneity of natural soils imposes uncertainty in the water flow field and the types of reactions dissolved solutes may undergo. The former is parameterised as the variability of the hydraulic
conductivity, K (a complete notation list is included at the end of the paper), while parameterisation
of the latter depends on the type of reaction. Perhaps the most simple case is that of a single species,
ion exchange process characterised by a spatially variable retardation coefficient, R. These parameters may be correlated with each other via, e.g., the clay content of the soil. In more complicated solute reaction scenarios, there are many more parameters involved. Although sophisticated models
coupling reaction and transport have been developed (e.g., 6-9), it is likely that such models will be
useful most often in research applications due to the numerous parameters that must be known prior
to simulation.
A more pragmatic modelling approach is followed here, that of nonequilibrium solute transport models. The most simple nonequilibrium transport model is that for a nonreactive tracer. In addition to
the usual dispersion and flow velocity parameters, there is an additional nonequilibrium rate parameter. There is ample evidence that this single additional parameter produces a model that is sufficient
to describe most experimental data sets, at a variety of scales. However, we show that physical
explanations of this parameter are somewhat unsatisfactory, and do not permit laboratory-based
results to be transferred to larger scales.
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Another type of uncertainty is due to uncertainty in boundary and initial conditions. Before any modelling approach can be implemented, it is necessary to have detailed knowledge of the initial distribution of, e.g., water pressure heads. Further, boundary condition uncertainty can lead to gross
under- or over-estimation of water and solute transport. For example, vadose zone flow and transport
is markedly affected under some circumstances by periodicity in the surface recharge and near-surface hysteretic water flow (10-12).
For applications, it is neither practical or desirable to monitor the physical system and boundary conditions to the extent necessary to predict in detail every transport process that is occurring. For this
reason, it is useful, again, to adopt a pragmatic, or phenomenological, approach to solute transport
modelling. As indicated, nonequilibrium models fall into this category. The approach taken is based
on the assumption that the flow of water is the dominant mechanism for transporting solutes, and that
local variability of the water flow is responsible for solute spreading. Discussion will focus on the
physical processes controlling the solute transport, on the presumption that physical heterogeneity
controlling the flow outweighs heterogeneity of the chemical reactions that may occur. In addition,
no detailed mathematical models will be developed. Rather, the nonequilibrium transport processes
are considered in the light of dimensionless variables inherent in the problem. Finally, we discuss
briefly possible causes of nonequilibrium in unsaturated zone transport.
Saturated Water Flow and Solute Transport
Chemical Nonequilibrium
For saturated soil the governing steady flow model is (e.g., 13)
V.(KV4>) = 0,

(1)

where the hydraulic conductivity, K, varies with position. Solving the flow equation, Eq. (1), with
appropriate boundary conditions gives the piezometric head, <j>, from which the local groundwater
flux, q, can be calculated from Darcy's law. The flux vector is used in the governing solute transport
equation (e.g., 14)

^ f £ H

=V. ( eDVc- q c)

(2)

where c is the solute concentration in the fluid phase, s is the solid phase concentration (in liquid
phase concentration units) and there are no sources or sinks of solute within the medium. In Eq. (2)
only a single solute species has been assumed. The quantity s + c represents the total solute mass in
the solid and liquid portions of the porous medium, while the terms on the right hand side model the
diffusion/dispersion and advection of solute within the liquid phase. Multispecies models can be
written; but for consideration of the physical properties of nonequilibrium transport, a single species
is sufficient. Note that Eqs. (1) and (2) are coupled through the density changes induced by the dissolved species. It is assumed here that the concentration is dilute and that the density coupling can be
ignored. An additional equation for s is needed to solve Eq. (2). If the sorption to the solid phase is
instantaneous, then
s = f(c),

(3)

where f is a sorption isotherm, e.g., the Freundlich, Langmuir or S-curve isotherms (e.g., 7, 15). If
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Eq. (3) applies, then the soil and liquid phase solute concentrations are always in equilibrium. On the
other hand, if the sorption is time dependent, then Eq. (3) is replaced by a rate equation, e.g.,
|=a[f(c)-i],

(4)

where a is the "reaction rate". Equation (3) is a special case of Eq. (4) resulting for a —¥ °°. Setting a
= 0 in Eq. (4) reduces Eq. (2) to a tracer transport model.

Figure 1. Schematic diagram showing the internal pore diffusion and surface film diffusion concepts. For internal pore diffusion, solute migrates from the bulk solution into soil aggregates to reach a sorption site within, whereas for film diffusion only the stagnant layer
attached to the soil grain surface limits the reaction rate.
The nonequilibrium rate parameter, a, has been conceptualised in different ways (e.g., 16). For ionexchange reactions on soil particles, a is affected mainly by three processes: (i) the time-dependent
reaction at the exchange site, (ii) film diffusion and (iii) internal pore or intra-particle diffusion. The
latter two processes are physical, rather than chemical, but they are mentioned here for convenience
because they occur at the scale of the soil aggregate, or less. In Figure 1 the film diffusion and intraparticle (or internal pore) diffusion mechanisms are displayed. These mechanisms (and detailed discussions on their effect on solute adsorption) are given elsewhere (e.g., 17-19).
Although Eqs. (3) and (4) can be derived for certain simple systems, they are best considered as phenomenological equations. It is not difficult to extend the basic transport model presented here. A
popular choice is to assume that there are two different types of sorption sites available in the soil.
On some volume fraction of the soil equilibrium reactions occur, with rate-limited reactions taking
place elsewhere. Clearly, the fraction of sites becomes another parameter in this so-called "two-site"
model (20, 21). Of interest, however, is that diffusion is the most likely controlling mechanism in
"chemical" nonequilibrium.
Physical Nonequilibrium
Classical physical nonequilibrium occurs when a tracer encounters two different flow regimes in the
soil, a mobile region where advection and diffusion/dispersion occur and an immobile where diffusion alone occurs (22). Equation (1) still holds for the piezometric head, while Eqs. (2) and (4)

become, respectively,

3(c m e m + c i m e i m )
at
d(c i m 9 i m )

5t

=

= V. (6 D V c - q c )

(5)

a C

(6)

( m-Cim)-

Here, a is the mass transfer rate between the mobile and immobile regions. Equation (6) is somewhat
different from the corresponding equation presented by Russo et al. (12), who consider the transfer
rate to be proportional to the concentration difference in units of solute mass per unit volume (of soil
and soil water). However, Eq. (6), which assumes the transfer rate to be proportional to the difference between the solute concentrations in the two regions, is more reasonable and widespread in the
literature (e.g., 18). Again, the model consisting of Eqs. (5) and (6) can be modified to account for,
say, equilibrium solute sorption. Under appropriate conditions (uniform flow, linear sorption isotherm, constant 6 m and e ^ , etc.), the one dimensional form of Eqs. (2) and (4) is mathematically
identical to Eqs. (5) and (6) (23, 24).
Like the intra-particle and film diffusion concepts discussed above, the mobile-immobile region
model is appropriately termed physical nonequilibrium. The (somewhat artificial) distinction is made
that in this model there is no chemical reaction occurring; the effect is purely physical. Clearly, the
model of a soil with "mobile" and "immobile" zones will break down except, perhaps, in certain specialised situations like aggregated soils. But, there is ample evidence that models like Eqs. (5) and
(6) have proved remarkably versatile. The key parameter is the mass transfer rate, a. As an apparent
parameter, its meaning will change according to the physical characteristics of the transport problem.
However, in order to transfer results from one situation to another, the meaning of a and similar
parameters should have some physical basis. Below, possibilities are examined in conjunction with
dimensional analysis.

Table 1. Parameters and length scales affecting physical nonequilibrium solute transport models.
Dimensions

Property

Symbol

Dispersion Coefficient

D

LM

Molecular Diffusion Coefficient

Dm

L2^

Apparent Reaction/Transfer Rate

a

T1

Pore Water Velocity

V

LT 1

Local Length Scale

/

L

Macroscopic Length Scale

L

L
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Dimensional Analysis of Nonequilibrium Solute Transport
The different meanings for the transfer/reaction rate parameter, a, in Eqs. (4) and (6) are best differentiated by the physical and chemical processes affecting the solute. The conceptual models outlined
in Figure 1, however, are, at best, idealised representations of the heterogeneous nature of soil material and structure (and hence pore spaces within the soil). It is possible, nonetheless, to use dimensional analysis to help characterise and elucidate the nonequilibrium solute transport process.
For the purpose of illustration consider some unknown sorption reaction. It is assumed that there is
some characteristic value (or perhaps distribution) for the reaction rate. This can be determined by
standard batch experiments. Then, the fundamental parameters that are involved are essentially those
contained in, or derived from, Eq. (2), plus appropriate length scales, as listed in Table 1.
Table 2. Dimensionless groups derived from the parameters in Table 1. The quantities below the
heavy line are derivable from those above.
Group

Name

Symbol

a/

Damköhler
Group I

Dar

Damköhler
Group II

Dan

Diffusion/Dispersion ratio

d

/
L

Length scale
ratio

X

v/

Local Péclet
Number

P;

vL
D

Macroscopic
Péclet Number

Pz.

aD

Damköhler
Group III

Da m

V

a/ 2

D

The two length scales in Table 1 are L, the macroscopic length scale imposed on the system, e.g., the
length of a laboratory column, and /, the local length scale controlling the apparent reaction rate. For
the cases in Figure 1, / can be taken as the size of the aggregate for intra-particle diffusion and the
stagnant layer thickness for film diffusion. The molecular diffusion coefficient is used rather than the
longitudinal dispersion coefficient alone because the conceptual models are clearly based on diffusion processes, as is the mobile-immobile region model. From Table 1 the dimensionless groups in
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Table 2 are derived. Note that the Damköhler group number definitions in Table 2 are similar to those
given by Boucher and Alves (25). In Table 2 a distinction has been made between local and macroscopic quantities. For the present the appropriate length scales are the pore or grain size scale for the
former, and the laboratory column scale for the latter. Clearly, for intra-particle diffusion, the conceptualisations given above (Figure 1) are appropriate at local scales, suggesting that Dan *s t n e
appropriate description of the transfer mechanism. In other words, the intra-particle conceptualisation leads to the conclusion that the apparent transfer rate, a, is independent of the mean pore water
velocity, v.
Generally, the same considerations lead to Dajj being the appropriate dimensionless number describing the film diffusion through a fixed layer. An upper bound for / is the typical pore size in the
medium. However, this correspondence will be associated with Daj if the variation of the stagnant
layer thickness with local velocity is taken into account. The local length scale, /, is the layer thickness which would scale as I ~ v/v, where v is the kinematic viscosity of soil water. Because the solute
must diffuse through the layer, the appropriate dimensionless number is again Dajj. We have
„

a/ 2

av2

a

v

v

where the final term in parentheses is nearly constant. Because v/v - / the right hand side then proportional to Daj. A somewhat "black-box" conceptualisation of Daj is shown in Figure 2, in which
there are two relevant time scales. Clearly Daj is the ratio of the advective time scale, tg, to the reaction time scale, tp Some physical attribute of the system must be invoked before the appropriate
length scale, /, can be determined. In typical applications of Eqs. (5) and (6) / is replaced by the macroscopic length scale, L. In such cases the soil is treated as an unknown system. If nonequilibrium
effects are observed in a soil sample of length L, i.e., ta = tj-; then, if no obvious soil structural causes
are evident, a reasonable conclusion is that the variability of the local flow paths is responsible for
the observed nonequilibrium effect. Such a mechanism, while not fitting particularly well the conceptual models of Figure 1, is discussed further below.
ii

ta = //v

Soil
/

t r = 1/oc

H

Figure 2. The basis (or lack thereof) of Daj. Two time scales are shown, ta, the advection time scale
and tp the reaction time scale.
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For the conceptual models presented in Figure 1 typical time scales for a can be calculated. Suppose
a laboratory experiment is carried out on a sandy soil with a pore (grain) size of 10 m at a pore
water velocity of 10 m s . Then from Daj the typical transfer time across the stagnant fluid is 10 s.
Because the travel time through the laboratory column is much greater than this, the characteristic
tailing of the breakthrough curve (BTC) resulting from nonequilibrium effects should not be
observed. Instead, a symmetric BTC will be produced, albeit with a possibly enhanced dispersion
coefficient. If, instead, the soil is composed of aggregates with a size of 10"2 m, then for D m = 10"9
m s" the transfer time scale is, using Dajj, approximately 10 s. Nonequilibrium effects acting on
this time scale will thus be observed in most laboratory experiments. However, because the nonequilibrium effect in this case is a diffusion-dependent phenomenon, it is independent of the flow velocity.
Flow velocity effects on a have been detected in several independent experiments (26, 27). Processes which follow the Dan scaling cannot show velocity dependence of a. Further, it is clear that
film diffusion alone is unlikely to cause the nonequilibrium effects observed in laboratory experiments, and the black-box shown in Figure 2 offers no physical mechanism to explain velocity
effects. As the conceptual models discussed above do not allow for velocity dependence, an alternative approach is needed.
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• 1—I
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0.03
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0.10

v, mmm
Figure 3. Relationship between apparent reaction rate, a, and the mean pore water velocity, v,
deduced by Herr et al. (26) from their laboratory experiments. The solid circles represent
the fitted values of a and solid line is a fitted curve with a slope of 0.4 m .
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Velocity-Dependent Nonequilibrium
Herr et al. (26) reported laboratory experiments carried out using an artificial heterogeneous
medium. The porous medium was constructed by taking a uniform sand and randomly placing within
it ceramic blocks of various shapes and permeabilities. The ceramic inclusions had a different permeability to the surrounding sand, but were not immobile regions. Nevertheless, the mobile-immobile model was fitted to the BTCs (breakthrough curves), with excellent fits. In addition, they plotted
the relationship between a and v for one experimental setup. These data are reproduced in Figure 3,
where a linear relationship between a and v is evident. Clearly, Daj is the appropriate Damköhler
number in this case. In addition, a length scale which could be used in Daj is of the order of the
inverse of the slope of the line drawn in Figure 3, about 2.5 m. Unfortunately, this length scale is of
the order of the column length and so cannot be related directly to the length scale of the porous
ceramic inclusions.
Another study along these lines indicated by has been reported by Li (28). In this case the experiments consisted of tracer transport through a saturated silt soil column within which porous polyethylene segments were placed in fixed proportions. Breakthrough curves from the column experiments
were fitted to solutions of the mobile-immobile model given above using a modified version of the
CXTFIT code (29). For each experiment, polyethylene segments and silt were mixed. Then, a BTC
was generated using an arbitrary initial flow rate. This initial BTC was used to fit the mobile-immobile model parameters. In subsequent experiments, the flow rate was increased. However, in fitting
the BTC only v and a were fitted, with previously computed parameters held constant. In all cases
the BTC fits were satisfactory. The results of two experimental runs are shown in Figure 4, along
with curve fits of the data. Two features in the results are apparent. First, the proportionality between
a and v observed in Figure 3 has been replicated. Second, in some experiments the data suggest that
a is proportional to v , rather than v.

Figure 4. Experimental results from Li (28). In each case the symbols represent data from different
soils for different pore-water velocities while the lines represent fitted curves. Each data
set was obtained from soil (silt) columns with the following proportions of polyethylene
inclusions: small circles - 11%, large circles - 12% and squares - 18%.
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Taken as a whole, the data in Figure 4 demonstrate that, in laboratory columns at least, the appropriate scaling for the transfer rate is a <* v /D, i.e., Dam w ^ be constant for a given soil. This scaling
automatically includes the case of proportionality between a and v. When P/ > 1 (/ is the typical
grain size in this case), the dispersion coefficient, D, is proportional to v (30, 31), or a <* v. In addition, Dam yields a « v when P; < 1 since then D « D m . These results, while they have been
obtained using an artificial soil, provide evidence that velocity scaling of the nonequilibrium transfer
rate may be given by Dam under certain circumstances. Velocity scaling according to Dam has a
somewhat different conceptual interpretation to the mechanisms proposed in Figure 1. One interpretation is that the length scale, /, in Daj is of the order of the dispersivity, D/v, in which case Daj and
Dam a r e identical. Another related interpretation is that there is a nonequilibrium mixing length
characteristic of the soil. Such a length would have to be related to the variation of the velocity field.
In this conceptualisation, both velocity variations and diffusion/dispersion play a role since the
(apparent) transfer rate (a) would increase with the former (which is proportional to yr), while diffusion/dispersion would act to mix solute between flow paths and so reduce the nonequilibrium mechanism. In other words, the effect of velocity variations is in balance with that of dispersion, i.e., a «=
v2/D.
Connection with Stochastic Solute Transport Theory
Based on the preceding discussion, it is not surprising that there is a close connection between the
two-region models and the solute transport models based on the assumption of a random velocity
field. Indeed, the mobile-immobile conceptualisation is simply a medium in which there are two different pore water velocities, rather than a range. The case of a tracer moving in a random velocity
field is perhaps the most simple as there are no chemical reactions or transformations to be considered. The governing equation is then a simplification of Eq. (2):
3c

j - = V. (DVc) - v . V c ,

(8)

where steady flow and a uniform moisture content have been assumed, and D is a local dispersion
coefficient (possibly a tensor). Sposito and Barry (32) considered the case that v is a wide-sense stationary stochastic process, i.e., having uniform mean and a correlation function that depends on differences in position and time alone. Ensemble averaging of Eq. (8) leads to the governing equation
for the ensemble-averaged concentration. This equation has the same form as Eq. (8) except that v is
replaced by the mean (constant) velocity, and D is replaced by a macrodispersion tensor with timedependent diagonal elements. From this approach it was shown that the macrodispersion coefficients
of, e.g., Gelhar and Axness (33) and Dagan (34), could be derived.
The details of these analyses are not important. An approximation for the general behaviour of the
longitudinal time-dependent macrodispersion coefficient, D L , takes the functional form:
D

L = D|+(DM-Dl)

i

/

v t

\

(9)

l-exp(—p)

where Dl is the local (or laboratory) dispersion coefficient, D M is the asymptotic value of the fieldscale dispersion coefficient, v is the mean pore-water velocity and ls is the correlation length scale of
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the velocity field. Similar models to Eq. (9) can be derived by making use of the well known result
(35):

o

where X is the position of a tracer particle moving in the flow field, D M is now time dependent and
A(t) is the autocorrelation function for the particle. The time dependent part of Eq. (9) results from
Eq. (10) if A(t) is proportional to exp(-vt/ls).
Equation (9) is usually not an exact result. Rather, it displays the characteristic increase with time of
the dispersion coefficient, as well as the time scale for the increase, that is predicted by the ensemble
averaging procedure. Thus, ftn *ime scales t » l s / v the asymptotic dispersion coefficient is obtained
from Eq. (9).
Spatial moments can be calculated for tracer transport using the mobile-immobile region model. In
that case an expression is obtained that can be written in a form similar to that of Eq. (9). For illustration, an infinite one-dimensional domain is considered. Taking the one-dimensional version of Eqs.
(5) and (6) as the governing model, the effective dispersion coefficient is (28)
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Clearly, Eq. (11) is of the same form as Eq. (9). For a stochastic model that has a dispersion coefficient with generic form of the latter equation, a roughly equivalent representation can be determined
using Eq. (11), the parameters of which become fitting constants. In other words, because the dispersion coefficient is closely related to the variance of a solute plume, the mobile-immobile transport
model will reproduce the dispersion observed by a plume at the field scale at which Eq. (9) applies.
This type of relationship between models is discussed elsewhere (36). For the present, it is the scaling a - v/ls implied by Eqs. (9) and (11) which is of interest. Note that, if ls is constant, using this
scaling means that the dispersion coefficient in Eq. (5) does not vary with time or, equivalently, position if steady flow is considered.
Numerous experiments have shown that, in the field, the apparent dispersion coefficient increases
with the observation scale. A recent compendium of the available field data was presented recently
by Gelhar et al. (37) where this trend was observed, although the reliability of very large scale dispersivities is not great. These data suggest that the length scale, ls, in Eq. (9) depends on the observation scale, and hence that the apparent nonequilibrium effect will be persistent. Clearly, ls has little to
do with the conceptual models of Figure 1. It is, however, consistent with the black-box approach
shown in Figure 2. It is possible to treat ls as a scale dependent dispersivity, in which case Daj
reduces to Dam-
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Physical Modelling of the Nonequilibrium Transport Process
A standard engineering design method is to analyse the behaviour of a full scale prototype using a
small scale laboratory model. The possibility of physical modelling of the prototype depends on
whether appropriate force, time and length scales can be maintained in the scale model. If an exact
scaling is feasible then the results from the laboratory model can be directly scaled to the prototype
without recourse to a mathematical model.
Most laboratory experiments on solute transport in soils reduce the time scale for the process by
increasing the flow rate (relative to that of the prototype) through the sample. For two-region transport models such as Eqs. (5) and (6), it has been shown that the main conditions for similarity
between model and prototype are that the grain Péclet number, P/, is less than unity and Dam *s con ~
stant (28). Note that the P; restriction sets an upper limit for the flow velocity in the laboratory experiment. If these conditions hold and the velocity in the model (relative to that of the prototype) has
been increased by a factor of N, the experimental results apply to a prototype that is N times larger.
The time needed to perform a laboratory experiment is N less than a corresponding prototype experiment.
For saturated flow and transport the above discussion indicates that the nonequilibrium effects commonly observed in natural soils are most likely a manifestation of a variable flow field. The scaling
of the apparent sorption rate, a, from dimensional analysis will certainly help in estimating model
parameters or constructing a physical model for the purpose of predicting contaminant movement in
an aquifer. This will remain the case even for reactive transport unless independent (e.g., batch)
experiments reveal a relatively slow reaction rate. The question then naturally arises whether similar
deductions can apply to unsaturated flow.
Unsaturated Water Flow
Movement of water in the unsaturated zone is a phenomenon affected by both medium heterogeneity
and nonlinearity. Furthermore, it is prone to instability, and temporal variability at the soil surface.
Two properties are used to model such flows: the soil moisture characteristic curve relating moisture
content to soil water capillary pressure and the hydraulic conductivity as a function of moisture content. In heterogeneous media, these two properties will vary with position as well as water content.
Kung (38, 39) reported an experiment where 30 cm of dyed water was added to two 3 x 3.6 m plots
of loamy sand over an 80-day period. The site was excavated, and the dye patterns noted. The significant impact of relatively minor soil textural differences (heterogeneity) on the unsaturated flow pattern was evident. The flow was funnelled by the layering so that, at a depth of 3 m, the percolating
fluid passed through only 10% of the soil matrix. This figure reduced to 1% for the 6 m depth. Significant lateral displacement of the dyed liquid was observed also. The funnelling occurred when a soil
layer was overlain by a finer grained layer. Water in the finer material will pass into the coarser material only when the difference in capillary suction is overcome. This, of course, is the principle of capillary barriers used to channel subsurface flows.
The results revealed that the effect of the soil layering was significant in that, with increasing depth,
the dyed liquid passed through progressively less of the soil matrix. However, a mass balance of the
liquid was not attempted and, given that the funnelling could introduce undyed water into the soil
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profile from adjacent locations, it is not possible to quantify the accuracy of Kung's estimates of thé
volume of the soil matrix transmitting the percolating water. Again, the question of scale is relevant.
If it is necessary to predict the local behaviour of the infiltrating water, then Kung's experiment, carried out at the scale of a few metres, shows well the effects of local heterogeneity on the unsaturated
flow patterns. It does not, however, indicate the possible averaging effects of larger horizontal and
vertical scales.
Various other unsaturated zone solute transport experiments have been performed (e.g., 40-42).
Quite recent studies using relatively large scale plot sizes have been reported (43-46). These studies
were designed to determine the effects of field scale variability on tracer transport. Butters et al. (43)
applied a bromide tracer pulse across a 0.64 ha loamy sand field. Like Kung, they observed that the
volume of the soil matrix responsible for transporting the applied water reduced with depth below
the soil surface. White et al. (47) define the transport volume as the fraction of the wetted pore space
through which the solute moves. Butters et al. (43) defined the depth-averaged transport volume as
ê ( z ) = -9-,

(12)

s

where 8 is the depth-averaged porosity, q is the steady water flux and vs is the mean solute velocity.
Both quantities on the right side of Eq. (12) were calculated from the experimental data, with vs calculated from analysis of solute breakthrough curves at sampling sites within the soil profile. In Figure 5 data from Butters et al. (43) are reproduced along with the simple curve fit:
0

( z ) = -Ö3(13)
z'
Apart from the value at 30 cm, Eq. (13) fits the experimental data satisfactorily. Although Butters et
al. (43) have presented the depth-averaged porosity, the change in the transport volume with depth is
somewhat obscured. The definition of depth averaging is
z

ë ( z ) = -fe(z")dz".

(14)

zJ

o
From Eqs. (13) and (14) the transport volume porosity for the Tujunga loamy sand is approximated
by
0 77
0(z) = ^ f .

(15)

z

Equation (15) indicates that between the surface layer (between 0 and 60 cm depth) and the 4.5 m
depth, the transport volume through which the solute moves is reduced by a factor of 2. Although
this reduction factor is less than that reported by Kung (38), the trend is identical, i.e., with increasing depth the solute is transmitted through smaller proportions of the available soil matrix. Consequently, if it is assumed that the average liquid flux passing through any given depth is constant (i.e.,
water, on average, does not accumulate within the profile), then the mean velocity of the solute must
increase with depth. This is, of course, precisely what was observed, as the data shown in Figure 5
are based on the mean solute travel time.
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Figure 5. Depth-averaged volumetric water content as a function of depth below the soil surface for
the Tujunga loamy sand (43). The line is a fit (by eye) of the data (excluding the value at
30 cm) using Eq. (13).
These experiments show that the available volume of pore space is not utilised by the percolating
water. An alternative mechanism to funnelling for this observation is discussed below.
Unstable Flow
Early analyses of unstable flow systems in porous media were provided by SafTman and Taylor (48)
and Chuoke et al. (49). Since then, numerous experimental and theoretical studies have been
reported (50-64). Fingering, the result of unstable flow, occurs in situations when the hydraulic conductivity of the medium increases with depth. There is considerable experimental evidence for fingering phenomena. Figure 6 shows a typical instability experiment. Water is added (not necessarily
ponded) to the surface of a dry soil with a well defined textural interface between the upper (fine) and
lower (coarse) layers. Fingers form at the interface and propagate downwards, generally following a
vertical path, although splitting and joining of fingers is possible. The interior of the fingers is close
to saturation, whereas outside the fingers the soil remains dry. Over time, however, lateral diffusion
wets the areas surrounding the fingers. The cores remain very moist and transmit the majority of the
water moving through the system. Fingers form even if the soil is initially moist, but they are very
broad (60). An increased surface flux also leads to broader fingers (65). Field evidence of fingering
has been presented by Starr et al. (66) and Glass et al. (60), who found that fingers persist in the subsurface over length scales of a metre or more.
Funnelling and Fingering
The combination of the experimental evidence reviewed above indicates that both textural heterogeneity (leading to funnelling) and instability (giving rise to fingering) play a role in transporting solutes in the vadose zone. Relative to the saturated zone, heterogeneity in the unsaturated zone will
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have a greater influence on water movement. The theoretical and laboratory data on fingering show"
that the conditions for instability are predictable, and that the individual finger properties and behaviour can be quantified. Funnelling will occur when unsaturated moisture flow, either in the form of a
finger or a uniform front, encounters a sloping coarse layer. The funnelling will continue until the
layer finishes or another finger is produced due to instability at the interface. The heterogeneity in
even relatively uniform natural media will both promote fingering and attenuate it by the funnelling
mechanism. With increasing initial moisture content these effects will be diminished as the fingers
broaden and the funnelling is reduced. However, the laboratory experiments of Diment and Watson
(59) and Glass et al. (65) show that the fingering does not disappear. In the field, if similar conditions
exist, then unstable fingers will form.

Base of chamber
Figure 6. Typical development of fingers (after 59). At the textural interface an instability is established leading to finger formation. The successive lines in the fingers represent the finger
location at successive times.
The data from the field experiments of Butters et al. (43) and Ellsworth et al. (45) were analysed
quite successfully neglecting any fingering or funnelling. However, the data show the transport vol100

üme changing with depth. These experiments were carried out under a controlled irrigation regime
after initial prolonged irrigation to remove profile salts. This suggests that the soil profile was relatively wet, which would tend to broaden any fingers that formed. These authors did note, however,
that textural changes in the soil profile did affect the solute movement. Both these mechanisms
would cause an apparent nonequilibrium in the solute transport process, as evident in the analyses of
Butters et al. (43) and Ellsworth et al. (45). Since the processes involved are much more complicated
than in the saturated flow system, in the unsaturated zone it will be more difficult to derive the nondimensional parameter groups controlling the apparent nonequilibrium solute transport. This analysis
will not be pursued here (see 67 an illuminating dimensional analysis on the scale of a single finger).
However, we suggest that dimensionless analysis similar to that for the saturated flow system can be
carried out to help define nonequilibrium solute transport in the unsaturated zone. Possible length
scales include the characteristic finger size (68), the distance between fingers, and a soil heterogeneity length scale.
Concluding Remarks
For saturated flow, the mobile-immobile (or two-region) model is the simplest nonequilibrium model
available, and many applications suggest that it, or slightly more complicated versions of it, have
enough free parameters to model a wide range of solute transport phenomena. However, merely
using the model as a fitting tool limits its possible applications. For example, in spite of good fits
being obtained, experimental data show that fitted parameters vary with flow velocity, contrary to the
common stagnant layer and internal pore diffusion conceptualisations. Dimensional analysis has
been used here to help understand the mechanisms leading to nonequilibrium effects. We have suggested that, provided some relatively simple checks are made, it should be possible to scale correctly
laboratory results to prototype situations where the flow velocity may be substantially different.
Modelling unsaturated flow and transport using simple models is more difficult due to the effects of
heterogeneity and instability. Both of these mechanisms are accentuated compared with saturated
flow. The likely net result is that apparent nonequilibrium effects will be increased. Thus, simplified
models which do not incorporate a method for simulating nonequilibrium effects will not be particularly useful.
Notation
A
BTC
c
qm
cm
d
D
Daj
Dan
Dam
Deff
D[
DL

autocorrelation function
breakthrough curve
solute concentration in the liquid phase, ML"solute concentration in the immobile liquid phase, ML
solute concentration in the mobile liquid phase, ML""
diffusion/dispersion ratio
dispersion coefficient, L T
Damköhler number (Group I)
Damköhler number (Group II)
Damköhler number (Group III)
effective dispersion coefficient derived from the mobile-immobile model, L T
local dispersion coefficient, L T
effective longitudinal dispersion coefficient, L T
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Dm

molecular diffusion coefficient, L T
9

1

DM
field
scale dispersion coefficient, L T
f
sorption isotherm, ML"3
K
hydraulic conductivity, LT 1
/
local length scale, L
L
macroscopic length scale, L
ls
longitudinal correlation length scale for the random velocity field, L
NAPL
nonaqueous phase liquid
P;
local Péclet number
Pi
macroscopic Péclet number
q, q
water flux, LT
R
retardation coefficient
s
solute concentration in the solid phase (in liquid phase units), ML"3
t

time, T

ta
advection time scale, T
t,
reaction time scale, T
v, v
pore water velocity, LT
vs
solute velocity, LT
X
length scale ratio
X
particle position, L
z
position, L
a
apparent (sorption) rate constant, T '
0
volumetric moisture content
9
depth-averaged moisture content
8j m
immobile liquid volumetric moisture content
6m
mobile liquid volumetric moisture content
V
kinematic viscosity, L T
<T V
standard deviation of the random velocity field, LT
<|>
piezometric head, L
Var
variance operator, L 2
V
del operator, L"1
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Abstract
Our understanding of field transport is limited by the lack of experimental data on soil properties
which vary in time and space. This paper presents an overview of the time domain reflectometry
(TDR) method of measuring solute transport properties. Examples are given for field measurements
using vertically installed probes, and for undisturbed columns using horizontally installed TDR
probes. Advantages of the TDR method include; (1) non-destructive measurements, (2) the
measurement does not interfere with water flow, (3) resident concentration is measured, (4) quick
measurements which can be automated, (5) simultaneous measurement of soil water content.
Disadvantages include; (1) vertical probes are limited to 1-2 m depths, (2) measures the mobile
electrolyte, (3) calibration for transient flow conditions is difficult and (4) it is limited to soils with
low to moderate bulk electrical conductivity.
Introduction
Understanding the physics of flow and transport through natural soils is often difficult
because of the spatial and temporal variability of soil parameters. It is also partly because of this
complexity that prediction of transport generally requires the use of numerical models. A major
requirement of modeling transport is the need to determine the input parameters. In some systems,
such as homogeneous columns with well controlled boundary conditions, deterministic approaches
have provided useful quantitative predictions. The deterministic approach assumes that the input
parameters are known and specified at every point in the solution domain. However, statistical
analysis of soil properties have revealed coefficients of variations ranging from 50 to 200% for the
saturated hydraulic conductivity, with smaller variations in other properties (Warrick and Nielsen,
1980; Jury, 1985).
The impact of spatially variable soil properties on transport has been illustrated in the classic
studies of Biggar and Nielsen (1976) and van der Pol et al. (1977). In both studies, pore water
velocities, v, and dispersion coefficients, D, obtained by optimizing solutions of the advectivedispersive equation with measured solute breakthrough curves showed lognormal distributions rather
than single values. The optimized values varied both in the horizontal and vertical directions. Field
studies have also shown that variations in soil hydraulic properties (Bakr et al., 1978; Russo and
Bresler, 1981; Byers and Stephens, 1983) and transport properties (Butters and Jury, 1989; van
Wesenbeeck, 1991) are spatially dependent.
The limiting step in understanding vadose zone transport, whether stochastic or deterministic,
remains a lack of sufficient data (Knight, 1988). For decades, soil scientists have relied on soil
coring with subsequent pore water extraction to determine the spatial distribution of solute. Although
this is one of the few methods in which the concentration model is precisely known, it is destructive

and time consuming. It provides only a snapshot in time of the resident concentration at a given
sampling location and usually limits use of the site for additional studies. Solutions samplers are now
widely used but face limitations (Hansen, and Hayes, 1975). Concentration profiles derived from
solution sampler measurements may not be representative of the entire water-filled pore space and
must be carefully interpreted. Their use under conditions of low soil water content, 6, is also
limited, both by the air entry potential of the ceramic cups and by the volume of water that may be
extracted. Solution samplers are generally believed to detect flux concentrations, however, the
uncertainty involved, which usually increases with degree of disruption of the flow field, is usually
overlooked (Parker and van Genuchten, 1984). In both stochastic and deterministic models, the
choice of the mathematical solution is influenced by the concentration model with resident and flux
concentrations giving different results. Thus, the incorrect assumption of the concentration model
may lead to incorrect conclusions about the physics of transport and erroneous estimates of the
transport parameters.
All soils have horizons which are characteristic soil layers formed by the biological, chemical
and physical transformations of the original parent material. It is usually assumed that soil horizons
can be represented by independent layers and their behaviours linearly combined (Barry and Parker,
1987; Kachanoski et al., 1991). However, transport across horizon boundaries, is not necessarily
linear and correlation lengths of transport parameters may be uninterrupted at the interface (Hamlen
and Kachanoski, 1992; Jury and Roth, 1990). Horizon thickness is also variable in space and the
scale of this variation can affect the scale dependence of field solute transport (van Wesenbeeck and
Kachanoski, 1991). The validity of physical models describing transport through the soil profile will
depend on the nature of the transport process across horizon boundaries. Thus, neither the effect of
layering nor the correct interface boundary condition can be known a priori (Jury and Utermann,
1992) and the use of undisturbed columns is one way in which the uncertainty can be removed
(Ward etal., 1994a).
In view of the requirements and limitations expressed above, there is need for rapid, reliable,
and accurate methods for estimating transport parameters in unsaturated, heterogenous soils. The
methods should also be sufficiently simple and efficient to permit estimation of the mean, variance
and correlation lengths of transport parameters in both laboratory and field environments. A new
technique based on time domain reflectometry (TDR) has been shown to meet these requirements
(Ward and Kachanoski, 1988; Kachanoski et al. 1992). In this method, it is explicitly known that
resident concentrations are measured and flux concentrations are easily derived. The technique is
applicable to both field and laboratory measurements. The objective of this paper is to illustrate the
flexibility and cost effectiveness of the technique citing examples from field and undisturbed column
measurements.
Materials and Methods
Time domain reflectometry is an established method for measuring volumetric water content,
6, based on the travel time of the electromagnetic (EM) wave generated by a cable tester (Topp et
al., 1980). An EM wave is propagated through the soil along metal rod or probes, of which there
are several designs (Zegelin et al, 1989). The wave moves through the soil along the probes and is
reflected back, in phase, from the end of the rods to the TDR unit. It has been shown that an EM
wave propagating in a conductive porous medium undergoes some loss due to attenuation (Dalton
et al., 1984). In homogeneous, non-conductive media, the amplitude of the launched wave, is equal
to that of the reflected wave. However, in conductive media, the wave is attenuated due to
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conduction losses and the amount of the signal available for reflection is reduced. A number of
studies have used the attenuation of the EM wave to estimate bulk electrical conductivity, a (Dalton
et al., 1984; Zegelin et al., 1989; Nadler et al., 1992). Commercial cable testers such as the 1502
series of Tektronix testers (Tektronix, Beaverton, OR)1. These cable testers can compute and display
average load impedance, Z (ft), which, at low frequencies or long times, is equivalent to the load
resistance, R. The resistance, R, is inversely related to the bulk conductivity, a (Nadler et al.,
1992).
The application of TDR measurements of resistance to estimate solute transport properties
using horizontally installed probes was first demonstrated by Ward and Kachanoski (1988).
Measurements of field solute transport properties using vertically installed TDR probes was outlined
in detail by Kachanoski et al (1992). Briefly, the TDR-measured resistance depends on the average
soil water content, 6, and electrical conductivity of the soil solution, <rw, along the length of the
rods. At a given 6, a linear relationship exists between aw and the average concentration of an added
electrolytic tracer (e.g. CI"). The linear relationship depends on 6, the probe length, L, the
separation distance of the rods, d, and soil type. For constant L and d, the relationship can be
written as

c«=p0(6)+p1(e)/?-1

m

where CR is the average resident solute concentration, and @0 and /J, are calibration constants which
are probe and soil specific. The method of obtaining the coefficients also vary depending on the
probe orientation. Thus, in any experimental setup, the major task is to obtain the calibration
coefficients. However, under certain boundary conditions, they can be eliminated from the analysis.
Vertical Probes
If CR is taken as the concentration of an added tracer, then /3O(0) may be eliminated and

c>P,(e)[/r'-/e: 1 ]

[2]

where R( is the TDR-measured resistance before the tracer was applied. Under conditions of a
constant surface flux density of water, Jw, measurements of solute mass flux past the end of a
vertically installed probe can be obtained from measurements of R with time, R(t). Water is applied
to the soil surface at a constant rate until steady-state conditions (30/dt) are attained. At this time,
an electrolytic tracer is added to the soil, either as a pulse or step input, and leached through the
soil. The specific mass, ML(t) [g cm 2 ], of the tracer present from the surface to depth L (the TDR
probe length), at time t and mean water content, 6 is given by (Kachanoski et al., 1992)
ML(t)=CKLWL
Substitution of Eq. [2] into [3] gives

Company and product names, included for the benefit of the reader, do not imply endorsement.
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[3]

[4]

Mt(ö = M W - W ]

where RL(ti) is initial resistance over length L before tracer application, RL(t) is the resistance as a
function of time over length L, and /3L is the calibration constant for depth L and is equivalent to
/3,(ö)6 L. Thus, the calibration constant, /3L, is different for each TDR probe and depends on the
steady-state 6 and the probe length, L. It incorporates the linear relationships between electrolyte
concentration, soil water content, soil water electrical conductivity, and signal attenuation (inverse
resistance, RL-1)The total specific mass of tracer, MT L, added to the soil is given by

^PJW'-W1]

[5]

where RL(to)is the resistance over length L after tracer application, but before any solute has moved
past L, and j3L and RL are as defined previously in Eq. [4]. The relative solute mass, MR ,(t)/MT
L, is then given by
M„L(t)

RL(tyl-RL(t)-

16]

w'-w

The relative solute mass flux, fL(t), is calculated from the first derivative of MR,(t) with
respect to time, i.e.
[7]
of

This is equivalent to the amount of solute, relative to the amount applied, that fluxes past the end
of the TDR probe and represents the solute travel-time probability density function (pdf)- In addition
to obtaining the relative shape of the travel-time pdf, the flux concentration, CF L(t), can be
estimated from the TDR measurements. This is accomplished by defining the relative solute mass
flux, fL(t), as

A(0

JwCF<L(t)

[8]

M.T,L

Substitution of Eq. [7] into Eq. [8] and rearranging gives

CF L(t) = - —^at

[RL{ty - RL(tfl]

MTLjJ

[9]

Thus, the predicted flux concentration is given by the rate of change of the relative TDR-measured
resistance, scaled by the ratio of the specific mass of applied tracer to the constant water flux
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density. The predicted values of a transect-averaged flux concentration calculated from Eq. [9] can
be compared to the measured average concentration from solution samplers.
Horizontal Probes
In vertically heterogeneous soils, vertical probes cannot conveniently provide information on
the variation of transport parameters with depth. These data are best obtained from measurements
made with horizontally installed probes. However, procedures for calculating or eliminating the
calibration constants are more involved. These are discussed in detail by Ward et al. (1994a) and
are briefly reviewed here. Under a constant flux surface boundary condition, the time evolution of
a surface-applied electrolytic tracer at depth z, may be tracked by measurements of load resistance,
R(z,t), obtained from horizontal probes installed at depth z. Time estimates of resident concentration
as a function of time at a fixed depth, CR(z,t), are then obtained from Eq. [2] in which /3, is now
influenced by soil texture and becomes a function of depth, z. Because of the dependence of /3, on
z, it must be calculated for each probe. The most convenient approach for calculating (3, is based
on the convolution theorem. It is possible to obtain a theoretical step response, h(t), from the
convolution of an impulse response function, g(t), with a theoretical step function input, f(t). The
convolution of g(t) and f(t) is defined as
h(t) =M *g(t) = f'fix)

g(t-z)dz

[10]

Jo

Thus, for a pulse of concentration, C0, and duration, 5(t), it is possible to obtain the calibration
constant by numerically convolving the TDR-measured pulse response with a theoretical step
function input to obtain the theoretical step response. For narrow pulse inputs, the measured
response approximates the impulse response and Eq. [10] can be applied directly. For pulses of
larger duration, to, it is imperative that the value of to be known or can be calculated. If
R(z,t;C0,Ci,t0)"1 is the resistance response at depth z to a solute pulse of concentration C0 and
duration to, the convolution principle predicts a step response, CsR(z,t), given by

c&,o=— [' [R(z,*yl R(z,t-?yl]dx

[in

where 0i is the calibration constant, specific for a probe and measurements of R have been corrected
for the initial resistance, R(z,tj). In the limit of convolution, C'R(z,t) = C0 and jo, can be easily
calculated after rearrangement of Eq. [11] to give

Jo

For non-Dirac surface inputs of solute, successful convolution requires knowledge of the pulse
duration, to. The calibration constant is obtained from Eq. [12] and profiles of resident concentration
are predicted from Eq. [2]. An area-averaged set of concentrations sampled at time, t, may also be
thought of as an observation of the depth component of the distribution of travel depths reached by
solute applied at time t0 (Jury and Sposito, 1985). Thus, the travel-depth pdf, f(z,t), is defined as
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the pdf of travel depths after time t and is defined as

•/fe.') = 7T J ?

C

[13]

ƒ„ ^)dz
The parameters describing f(z,t) are specific for the flux density of water for each spatial location
and each experiment. To remove the variability due to fluctuations in irrigation rates in the field and
to facilitate comparisons between the different experiments, tracer concentrations were described as
a function of net applied water, I [L3 L 2 ]. Under steady-state conditions, 1= Jwt, where J„ [L T 1 ]
is the steady water flux density at the surface. Thus, f(z,t) may be expressed as a travel-volume pdf
calculated from f,(z) as

which is rate-independent and can be analyzed by moment analysis. This approach is well suited to
undisturbed columns but may also be used in the field, after construction of a pit to allow insertion
of the probes.
Method Application
Characterization of an Industrial Site
The TDR technique, using vertically installed probes, was applied to the in-situ measurement
of transport parameters at an industrial site. At the site, the soil was highly variable, consisting of
a mixture of soil, man made building materials and sand of various textures. There was a surface
organic layer (0-0.15 m) underlain by a layer of fine sand to silt of about 0.50 m thickness which
contained considerable amounts of concrete based material and metal. Below this layer, the profile
contained medium- to coarse-textured sand. The amount of debris at the site severely limited
conventional instrumentation.
A 3 x 7 m area was cleared of surface vegetation and levelled. The experimental area was
instrumented with TDR probes at depths of 0.25, 0.50, 0.75, 1.0, and 1.5 m and solution samplers
at 0.5 and 1.0 m. A total of 64 probes were installed vertically, with 14 at 0.25 m, 12 each at 0.5
and 0.75 m, 14 at 1.0 m and 12 at 1.5 m. The plot was enclosed with a portable greenhouse to
protect it from the elements. Irrigation system consisted of series arrangement of 20 square pattern
nozzles spaced at 0.2 m intervals and connected, via pressure regulators, to two parallel jet pumps.
The height of each nozzle above the soil surface was fixed at 1.5 m and the combination wetted an
area of 2 x 6 m.
Transport experiments were repeated at two constant flux densities, J w =2.0 and 0.7 cm hr',
but only the higher flux is of relevance to this paper. The plot was brought to steady-state conditions
(do/dt=0) at the higher flux after which a uniform pulse of KC1 corresponding to a specific mass
of 45 g m "2 of CI' was sprayed onto the surface. The mass flux of solute was monitored by TDR
by measuring the change in load resistance with time at each probe. The sampling protocol of the
solution samplers was governed by the progress of the tracer determined from TDR measurements.
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Characterization of a Field Soil
Several field transport experiments have been conducted on a Typic Hapludalf soil with
variable horizon thickness in S.W. Ontario (Kachanoski et al., 1991; van Wesenbeeck and
Kachanoski, 1991; Hamlen and Kachanoski, 1992; Younie, 1993). The soil is a loamy sand
comprised of Ap, Bm, Bt, and Ck horizons. The mean thickness of the Ap horizon is 0.25 m with
coefficient of variation of 0.22. The mean thickness of the Bm and Bt horizons is 0.57 m and 0.10
m respectively. Independent measurements of the saturated hydraulic conductivity, K,,,, gave values
of 18.0 cm h'1 in the Ap horizon, 23.0 cm h ' in the B horizon, 13.0 cm h"1 in the Bt horizon and
106.2 cm h"1 in the Ck horizon. The thickness of the B horizon (Bm+Bt) is characterized by a
spatially periodic tonguing into the underlying Ck horizon and may vary from 0.30 to 3.0 m. The
Bm horizon also has a higher proportion of large pores and the ability to transport water and solute
at high rates (Kachanoski et al., 1990). Thus, the study of solute transport in this soil must address
movement through at least four layers of different transport properties with unknown interfacial
boundary conditions.
In order to study transport across the horizon interfaces in more detail and to characterize
the spatial distribution of the soil hydraulic properties, fifty (50) undisturbed soil cores (0.15-m i.d.,
and 1.5-m long) were used in a series of transport studies. Polyvinyl chloride casings (0.15-m i.d.,
and 1.6-m long) were inserted into the ground, using a vibratory coring device, to a depth of 1.5
m at 0.4 m intervals along a 20 m transect. A trench was excavated adjacent to the cores and the
horizon interfaces identified for each core. The cores were extracted and transported to the
laboratory where each was fitted with a vacuum chamber containing a porous plastic plate (1.5 m
air entry pressure) to permit the application of a vacuum to ensure unsaturated flow conditions. Each
core was instrumented at 0.1 m depth increments from the surface to 1.5 m with horizontally
installed, TDR probes (2.0-mm o.d., and 148-mm long) and porous ceramic tensiometers (0.5-cm
o.d., 6.0-cm long). The columns were irrigated under a constant flux density Jw = 2.6 cm day'. At
each depth, z, the TDR was used to obtain the time distributions of water content, 0(z,t) and to
determine the onset of steady-sate conditions (d0/df). At steady-state, a pulse of KC1 corresponding
to specific mass of 191 g m2 of CI" was applied over a period of 32 seconds and resistance, R(z,t),
measured as a function of time with the TDR. Measurements of R(z,t) were used to calculate CR(z,t)
using Eq. [1]. The details of the calibration procedure and experimental setup are discussed by Ward
et al. (1994a,b). Figure 1 shows a schematic of the sampled profile and the sampling grid defined
by instrumentation of the undisturbed columns. A total of 750 locations (50 cores x 15 depths per
core) were monitored during the experiment. The experiment was repeated at three flux densities,
but only one is used here to illustrate the method.
The data from the column experiment have been compared with a large field transport
experiment conducted under similar steady-state constant flux conditions (Ward et al., 1994b). The
field tracer experiment is discussed in detail by van Wesenbeeck and Kachanoski (1994). Briefly,
a 5 m wide, 13.2 m long plot was brought to steady-state conditions under a constant flux density
of 4.0 cm day 1 . At steady-state, irrigation was stopped and a pulse of tracer corresponding to a
specific mass 49.1 g m'2 of CI" was applied at the surface. Irrigation was resumed at the same flux
and the tracer leached through the profile until the center of mass was estimated to be at a depth 0.8
m. The irrigation was ceased after a total of 13.13 cm of had been applied and a trench excavated
along the plot to a depth of 2.0 m. Horizontal soil cores (5 cm diam., 5 cm long) were taken every
20 cm along the trench face at 10 cm increments to a depth of 1.5 m. After sampling the entire
trench face, it was cut back 15 cm to expose a new face which was also sampled. Three trench faces
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were sampled every 10 cm to a distance of 10 m and five faces were sampled every 20 cm for a
horizontal distance of 5 m to give a total of 4,635 cores (309 locations x 15 cores per location) (van
Wesenbeeck, 1993). The cores were transported to the laboratory where they were weighed and
oven dried to determine the bulk density and water content. Chloride was extracted content with 100
ml of distilled water and the extracts were analyzed for CI" using a TRAACS autoanalyzer according
to the method of Tel and Hesseltine (1990). These measurements provided the horizontal and
vertical distributions of resident CI" concentrations [mg CI' kg"1 soil] for the entire soil profile and
are discussed in detail by van Wesenbeeck (1993).
Data Analysis
For the purpose of this paper, transport was characterized by moment analysis of the traveltime probability density functions (pdfs). For distributions of CF(z,t) and CR(z,t), the local scale
pdf s of solute travel-time and depth were estimated from each field-measured BTC according to
Eqs. [7] and [12] respectively. The first moment of the pdf, M[ represents the location center of
mass in time or space. For the travel-time pdf, it is given by
MrfjL(t)t dt

[15]

The second moment of the distribution, M2, which corresponds to variance of the distribution and
quantifies the spread about the center of mass is given by
M =

2 / 0 AW[«-W,] 2 dt

[16]

Under the assumption of ergodicity and second order stationary, an ensemble average can
be represented by the spatially averaged pdfs and treated as a single realization of the transport
process (Gillham et al., 1984). The first and second moments of the individual pdfs are
representative of the smallest scale of observation, from which the local-scale values can be obtained
from the spatial average of these moments. To obtain the field-scale pdf, the solute BTC's from each
individual location were averaged over all the locations to produce the large-scale concentration
curve, C(z,t). The large-scale pdf, f(z,t), was calculated by normalizing the large-scale
concentration curve, i.e.
fL<J)-—Z

f C(z,t)dt

[17]
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The resident concentration curves from the trench experiment were analyzed in a similar fashion.
Substitution of f,(z) into Eqs. [15] and [16] provided estimates of the expected travel-depth, E[z],
after 1 = 13.13 cm of water had been infiltrated, and the expected variance, Var[z], respectively for
the large-scale curves.
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Results and Discussion
Industrial Site
Figure 2a shows a typical plot of TDR resistance readings measured with the 0.25 m probe
at the industrial site. From these data, estimates of the relative solute mass were obtained for each
measurement location using Eq. [6]. An example of the time dependence of relative mass within
zone of influence of the probes is shown in Figure 2b. These curves show the degree of temporal
resolution that may be obtained with TDR method. Figure 2c show examples of field-averaged
breakthrough curves (BTC's) obtained from the TDR data at 0.25 m under a constant flux, J w =2.0
cm hr'. The effect of preferential flow is a rapid decrease in the relative mass remaining. After only
1 hour of leaching, 10% of the solute had passed the 0.25 m depth and about 20% had passed after
2 hours. However, the center of mass took about 4.3 hours to pass this depth. This behaviour was
observed in all of the field averaged BTC's at all depths, suggesting the occurrence of significant
preferential flow at this site. The spatial and temporal resolution allowed accurate calculation of the
relative mass flux, fL(t) according to Eq. [7]. Figure 3 show plots of fL(t) versus the horizontal
sampling coordinate at 0.25 and 1.0 m. Since there was a high degree of uniformity in the
application of water and solute, the observed variability in fL(t) can be attributed to variability in
average vertical transport properties across the site. The increased heterogeneity beyond 0.25 m due
to large amounts of buried debris is reflected in the increased variability and incidence of early
breakthrough at the 1.0 m depth (Figure 3b) compared to the 0.25 m depth (Figure 3a).
Table 1 shows the results of time-moment analysis and the corresponding effective transport
parameters and their coefficients of variation. The data illustrate the variability of both the mean
travel time, and the variance of travel time (spread) at the site. Mean travel time did not increase
linearly with depth, suggesting a heterogeneous medium. At each measurement depth, z, mean travel
time, E[t], was used to calculate the effective solute velocity, v. The incremental velocity, which
is the effective solute velocity between two measurement depths, was relatively constant except in
the 0-0.25 m and 0.75-1.0 m ranges where it decreased. The lower velocity in these two depth
increments is probably due to the fine textured material present at these depths.
Variation in solute velocity is usually related to variation in the steady-state volumetric water
contents, 0, in the profile. Table 2 shows the mean TDR-measured 0 from the surface to the
measurement depth and the water content for each depth increment, 0Z. With vertical probes, 6Z is
calculated from the difference in water stored between two measurement depths, L, and L2. The
water content in a layer is given by

In a heterogenous medium, differences in 0Z may be expected due to differences in the water
content-matric potential relationship and are easily measured by TDR. There was a general decrease
in 0Z with depth, although 0Z was higher in the 0-0.25 m layer and the 0.75 -1.0 m layer. This
reflects the lower velocities observed in these two zones (Table 1).
Since 0 was measured in the same volume of soil in which solute transport occurred,
relationship between the measured velocity in a layer and 0Z may provide insight into the transport
process. Under the assumption of piston displacement, the velocity of solute moving in response to
constant flux infiltration is given by v=J w /0. In most situations, piston displacement does not occur
because flow and transport rarely occurs in the entire matrix. The presence of blocked pores or
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preferential flow reduces the effective volume of water in the soil available for solute transport, and
causes an apparent increase in solute velocity to a value greater than that predicted Jw and the
measured 8. The pore volume that is actively involved in advective transport of solute is referred
to as the transport volume, 0„ and is defined as Jw/v where v [cm/h] is the measured mean pore
water velocity. Differences between 8 and 8U at the various depths ranged from 4.0% to 9.6%
(Table 2). This suggests the occurrence of preferential flow. Relative to the total porosity of the
medium, blocked pores occupied a significant proportion of the soil matrix. For example, in the
0-50 cm layer the blocked pores represented over 33% of the total porosity. From the surface to 1.5
m, as much as 36% of the water-filled pores may not have participated in transport. The ease of
instrumentation and data collection would permit similar measurements to be carried out at different
fluxes. Such data would provide information on the effect of Jw on the pore regimes contributing
to flow and transport. Such information would be invaluable in remediation procedures.
Since solute moves in the water-filled pore space, the rate of change of spreading with depth
should also reflect the heterogeneity of the matrix caused by changes in texture. This effect is clearly
shown by the change in apparent dispersivity, X, with depth (Table 1). The effective dispersivity
decreased between the 0.25 and 0.50 depths and increased between the 0.5 an 1.0 depths. This
behaviour is analogous to the compression-expansion phenomenon observed in a heterogenous field
soil (Butters and Jury, 1989; Ellsworth and Jury, 1991). Compression of the solute plume usually
occurs when the plume enters a zone of low velocity, while expansion occurs when the plume
travels in a zone of higher velocity. Thus the observed behaviour is consistent with the measured
water contents and known stratification at the site.
Field Soil
Figure 4 shows an example of the type of detailed data that was obtained for each
undisturbed column using the TDR and tensiometer measurements. Across the A-B interface, 8
showed a gradual reduction to a relatively constant value in the B horizon (Figure 4a). This gradual
change does not support the treatment of all soil layers as independent entities and will affect
interpretation of the physics of transport in this soil. The hydraulic head (Figure. 4b) shows a
constant rate of decline with depth without any major anomalies. The gradient, HT/dz, showed only
a slight departure from unity (dHT/dz= 1.13 cm cm'1, r 2 =0.98). The fluctuations in matric potential,
i/s even when 8 remained constant reflect the variability in the hydraulic properties that can be
measured within the 0.1 m increments (Figure 4c). This emphasizes the need for the spatial
distribution and structure of these properties in the validation of mathematical models. Figure 3d
show differences in K(^) which reflect changes in texture.
Figure 5a show a typical plot of the TDR-measured BTC in a single column. With the
temporal resolution of the data, it may be possible, through deconvolution of successive curves, to
estimate transport parameters for each depth increment. The spatial resolution also allowed
construction of the spatial distribution of CR after fixed values of time or cumulative infiltration
(Figure 5b). These profiles were combined to produce the contour plot in Figure 5a. Figure 6
compares the spatial distribution of CR, after a cumulative infiltration of 13.13 cm of water in the
column with that of the field study of van Wesenbeeck (1993). Note that the transect lengths are
different in the two plots. The field data is generally more diffused when compared to the compact
and continuous solute plume observed in the columns. Figure 6b also shows the effect of variable
horizon thickness on the distribution of solute. Because flow was restricted to the vertical direction
in the columns, this type of data is useful for evaluating the most appropriate interface boundary
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conditions and the conditions under which they are operative.
Figure 7 compares the large-scale average CR(z) curves obtained from the column experiment
and the resident concentration field experiment of van Wesenbeeck (1993), both after 1 = 13.13 cm.
These curves are remarkably similar in their general shape, considering that the column
concentrations were obtained by scaling the TDR-measured curves to the specific mass applied in
the field. Results of the moment analysis are shown in Table 3. Moment analysis gave a mean
depth E[z] =0.845 m for_the large-scale field curve and 0.850 m for the large-scale column curve.
The mean water content,6 in the columns was similar to that in_the field (0.161m3 m 3 ). The value
of E[z] predicted based on the assumption of piston flow and 9 =0.16 m3 m 3 was 0.821 m (van
Wesenbeeck, 1993). The similarity in the measured and predicted values is remarkable since the
variability in hydraulic and transport properties and horizon thickness would probably lead to a 3dimensional flow field. The accuracy of the piston flow prediction suggests that on average the
effect of this variability on the location of the center of mass was minimal (Ward et al., 1994b).
Although E[z] was similar for the two curves, the spread about the centroid was higher in
the field measured curve (Table 3) as shown in Figure 7. At the local scale, Var[z] of the field
curve was 67% higher than the column curve at the local scale and 58% higher at the large scale.
The increase in Var[z] from the smallest to the largest spatial scale was 27% in the columns and
21 % in the field. An increase in Var[z] from the local-scale to the large-scale is not unusual (Schulin
etal., 1987; van Wesenbeeck and Kachanoski, 1992) since the large scale variance encompasses all
of the local scale variability plus the variation between local scales.
The coefficient of variation for measured field measurements of solute concentration usually
ranges between 60 and 130% (Jury, 1985). This suggests a need for between 40 and 70 samples to
obtain confidence levels of 20% for the mean value. Since it is relatively easy to monitor resistance
changes with the TDR the location of the solute pulse is always known. Thus, it is possible to
change the sampling protocol, increasing or decreasing the frequency of measurements at different
depths, depending on the time or depth evolution of the solute pulse. This permits better definition
of solute BTC's.
Another advantage of the TDR is its cost effectiveness. In the column experiment, a total of
fifty undisturbed columns were each instrumented with seventeen probes (N = 850). To date, this
experiment has been repeated at three flux densities. Assuming the collection of at least 40 solution
samples at each measurement depth, a total of 102,000 solution samples would have been collected.
The time and cost for CI" analysis, even at a minimum cost of $2.00 per sample, would be quite
prohibitive (at least 3400 hrs and approx. $204,000).
Summary and Conclusions
This paper discussed different approaches for using time domain reflectometry in the
measurement of soil transport properties. The technique was illustrated using vertically installed
probes to obtain measurements from an industrial site. Undisturbed columns from an agricultural
field were used to illustrate the method using horizontal probes. Measurements of resistance and
subsequent calculation of the relative mass flux permits the estimation of transport parameters and
flux concentration measurements from vertical probe measurements. With horizontal probes, the
TDR can be calibrated to predict resident solute concentration. This method is invaluable in the
study of transport in layered soils.The method overcomes many of the limitations associated with
the use of soil solution samplers, allowing frequent measurements at close spacing and at low soil
water contents. The concentration model applicable to the transport measurements is also precisely
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known. Given the spatial and temporal resolution of the data that can be collected with the TDR
method will enhance the understanding of the physics of flow and transport in unsaturated,
heterogenous soils.
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Schematic of soil profile showing variable horizon thickness and the instrumentation
grid used for the columns. At each point, measurement of hydraulic and transport
properties were made.
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Table 1.

Field-scale transport parameters obtained from time moment analysis of TDR data
from industrial site.

Depth
(m)

Mean
travel
time, E[t]
(hr.)

Mean
solute
velocity,
E[v]
(cm hr')

Incremental
velocity,
E[vJ
(cm hr')

Coefficient
of
variation, C
V
(%)

Travel time
variance,
Var[t]
(hr.2)

Dispersivity,
X
(cm)

0.25

4.3

5.7

5.7

0.34

8.2

1.44

0.50

5.9

9.5

15.6

0.13

11.1

0.42

0.75

7.3

10.8

17.9

0.15

13.8

0.87

1.00

10.2

9.9

8.6

0.15

16.9

1.18

1.50

12.6

11.3

20.8

0.10

14.4

0.76

Table 2.

Comparison of volumetric water content, 0, and estimated transport
volume, 6n, for the industrial site.
Depth
(m)

Measured soil
water content,
(m3 nr3)

Estimated
transport
volume, 0„
(m3 m'3)

0.25

0.302

0.351

-

0.302

0.50

0.256

0.211

0.045

0.210

0.75

0.243

0.186

0.057

0.217

1.00

0.242

0.202

0.040

0.239

1.50

0.230

0.177

0.059

0.206

e

Table 3.

(m3 nr3)

(m3 nv3)

Moment analysis parameters for undisturbed columns and field experiment.
Local Scale

Large Scale

Steady state
water
content, 6,
(m3 m3)

Mean travel
depth, E[z]
(m)

Travel
depth
variance,
Var[z]
(m2)

Mean travel
depth, E[z]
(m)

Travel depth
variance, Var[z]
(m2)

Columns

0.825

0.069

0.850

0.088

0.161

Field

0.844

0.115

0.845

0.139

0.160

Experimental
method
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Figure 2.

Typical measurements obtained with vertical TDR probes of length, L=0.25 m, at
industrial site (a) load resistance versus time, (b) relative mass of solute within zone
of influence of probe and (c) field-averaged BTC's at depths L=0.25, 0.50, 0.75,
1.0 and 1.5 m. Flux density of water, Jw =2.0 cm hr"1.
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Figure 4.

Measured hydraulic properties for a single core during steady infiltration (J w =2.6 cm day"1), (a) soil water
content, 0, (b) hydraulic head, HT, (c) matric potential, i, (d) unsaturated hydraulic conductivity, K(^).
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Typical distributions of TDR-measured concentrations obtained with horizontal
probes (Jw=2.62 cm day') (a) CR(z,t), z=0.10, (b) CR(z,I), 1=13.13 cm.
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al., 1994b).
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Abstract
In this paper we review our efforts to model the production and transport of carbon dioxide
and multicomponent transport of major ions in variably saturated porous media. We present
the development and demonstrate the use of the finite element codes SOILC02 for modeling
C 0 2 transport and UNSATCHEM for describing major ion equilibrium and kinetic nonequilibrium chemistry in soil. Since the solution chemistry in the unsaturated zone is
significantly influenced by variations in water content, temperature and C 0 2 concentrations in
the soil gas, all these variables are calculated by the model. Transport of C 0 2 in the
unsaturated zone can occur both in the liquid and gas phases. The equation for C 0 2 transport
accounts for both microbial and root respiration of CÓ2 which is dependent on water content,
temperature, salinity and plant and soil characteristics. The major variables of the chemical
system are Ca, Mg, Na, K, Al, S0 4 , CI, N0 3 , alkalinity, silica, organic matter and C0 2 . The
model accounts for equilibrium reactions between these components such as complexation,
cation exchange and precipitation-dissolution. Either equilibrium or multicomponent kinetic
expressions are used for the precipitation-dissolution of calcite and dissolution of dolomite.
Dissolution-precipitation reactions are also included for gypsum, hydromagnesite, nesquehonite,
and gibbsite. Both modified Debye-Hückel and Pitzer expressions were incorporated into the
model to calculate single ion activities, because of the large variations in the ionic strength of
soil solutions. Two examples are presented to demonstrate the applicability of SOILC02 for
modeling C 0 2 transport and of UNSATCHEM for simulating the reclamation of a sodic soil.
The model provides quantitative predictions of the water, time and amendment requirements,
as well as representation of the solute and exchanger composition with time and depth.

1. Introduction
Modeling the transport of major soluble ions in the unsaturated zone is required for prediction
of ground water quality, and the proper development of irrigation and fertilization practices.
Realistic modeling of root zone chemistry requires consideration of processes in the gas, liquid
and solid phases. Many factors may influence the transport and reaction parameters of the
chemical system. The most important factors influencing the soil chemical dynamics are water
flow, heat transport, and the dynamic changes in C0 2 concentrations. Water is the transport
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medium for dissolved chemicals and also significantly affects the production and concentration
of C 0 2 . Soil temperature affects thermodynamic equilibrium constants and reaction rates and
the production of C0 2 . The C 0 2 concentration exerts a major control on the biological and
chemical processes in the soil and has a direct effect on the solution chemistry of the entire
subsurface. Variations in soil C 0 2 concentration produce changes in soilpH (for all but acid
soils), and thus alters the solubility of many solid phases such as carbonates and oxihvdroxides.
Many models have been developed over the past two decades to quantify the physical and
chemical processes affecting the transport of major ions. The hydrological models for water
flow, solute transport and aqueous equilibrium chemistry were developed independently, and
only recently has there been a significant effort to couple these models. In the past, solute
transport models mostly considered only one solute and greatly simplified the different
chemical processes. For example, the complex processes of adsorption and cation exchange
were usually accounted for by linear [Huyakorn et al, 1991] or nonlinear Freundlich isotherms
[Yeh and Huff, 1985; Simünek and van Geruchten, 1993], where all reactions between solid and
liquid phases were lumped into the distribution coefficient KD [Liu and Narasimhan, 1989] and
possibly into the nonlinear exponent. Other processes such as precipitation, biodegradation,
volatilization or radioactive decay were simulated by simple first- or zero-order rate constants.
Several models were developed which simulate several solutes involved in sequential first-order
decay reactions [Gureghian, 1981; Wagenet and Hutson, 1987; Simünek and van Genuchten,
1993].
The problem of coupling hydrological models for water flow and solute transport with chemical
equilibrium models has been addressed only in the last decade. Recent reviews on the
development of hydrogeochemical transport models of reactive multichemical components were
given by Yeh and Tripathi [1989] and Mangold and Chin-Fu Tsang [1991]. Most of the
modeling effort has so far been concentrated on the saturated zone, where changes in water
velocity, temperature and pH are relatively gradual and hence less important than in the
unsaturated zone. Therefore, most models were based on one-dimensional steady-state
saturated water flow with fixed water velocity, temperature and pK [Valocchi et al, 1981;
Jennings et al, 1982; Walsh et al., 1984; Cederberg et al, 1985; Kirkner et al., 1985; Bryant et al,
1986; Forster and Gerke, 1988; among others]. Only recently several models were published
which can be applied to problems that include multicomponent solute transport and variably
saturated water flow [Liu and Narasimhan, 1989; Yeh and Tripathi, 1991]. Robbins et al.
[1980a,b] developed chemical precipitation-dissolution and cation exchange subroutines using
equilibrium chemistry and coupled them with a one-dimensional water movement-salt
transport-plant growth model. Robbins' equilibrium chemistry model was also the basis for the
numerical code LEACHM of Wagenet and Hutson [1987].
These chemical and
multicomponent transport models use either the total inorganic carbon as a conservative
property and/or fixed pH as an input variable. This approach can be used only for closed
systems (because of the interaction of C0 2 gas with the solution), i.e. for the description of the
chemistry of groundwater systems [Suarez, 1994]. However, in a soil environment the C0 2
concentrations fluctuate, resulting in increases in dissolved inorganic carbon and soil pH when
C 0 2 increases. Use of the open system condition which allows for transfer of carbon into or
out of the system and use of alkalinity as an input variable is preferable since alkalinity is
constant during changes in soil C0 2 in the absence of precipitation [Simdnek and Suarez, 1994].
The second limitation is that these earlier models consider only equilibrium reactions, while
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published data for natural systems indicate that kinetic reactions often control solution
composition. For example, studies of major ion compositions in and below the root zone of
calcareous soils in arid zones show that calcite equilibrium is not a reasonable assumption for
predicting water composition [Suarez, 1977; Suarez and Rhoades, 1982] and that a kinetic
expression yields values closer to field measurements [Suarez, 1985].
Since the assumption of time invariant C0 2 is often not realistic, there is also a need for
coupling multicomponent models not only to variably saturated water flow and solute transport
models but also to a C0 2 transport model [Simünek and Suarez, 1994]. Modeling of the spatial
distribution and fluxes of CO, has been limited and attempted mostly by statistical correlation
with specific parameters such as air temperature, soil temperature and soil water content.
Only recently, process-oriented models were developed which are suitable to predict the
transport and distribution of C0 2 [Ouyang and Boersma, 1992; Simünek and Suarez, 1993a].
Simunek and Suarez [1993a] developed the SOILC02 model, which considers variably saturated
water flow, heat and C0 2 transport and biological C0 2 production. In a companion paper,
Suarez and Simünek [1993] presented a sensitivity analysis for the input parameters as well as
a discussion on the selection of the parameter values.
Simunek and Suarez [1994] coupled the two-dimensional variably saturated water flow and
solute transport model SWMS2D of Simünek et al. [1992] with an expanded version of the
speciation model CARBCHEM of Suarez [1977] and the CÖ2 transport and production model
of Simünek and Suarez [1993a]. The modification of the speciation model consists of inclusion
of the rate equations for calcite precipitation/dissolution and dolomite dissolution, addition of
several solid phases, and calculation of the activity coefficients by either extended DebyeHiickel [Truesdall and Jones, 1974] or Pitzer's equations [Pitzer, 1979]. The resulting
multicomponent transport model for variably saturated porous media, UNSATCHEM-2D
[Simünek and Suarez, 1993b], is applicable only for nonacid environments withpH>6. This
model thus couples gas, liquid and solid phase processes, while describing solid phase reactions
with kinetic expressions. A new multicomponent transport model that is applicable to the full
range of pH values and includes silicate weathering reactions has also been developed [Suarez
and Simünek, 1994].
In this paper we review our work on multicomponent transport, major ion chemistry and C0 2
dynamics in soils. We present only the basic equations and a brief discussion of the variably
saturated water flow and multicomponent solute transport sections of the model. Further
details are given in the referenced papers and reports. More attention will be given in this
review to the development of the C0 2 transport and production model and to the major ion
speciation model. At the end of the paper, two examples are provided that demonstrate the
applicability of SOILC02 for C0 2 transport and production and of UNSATCHEM-2D for
reclamation of a sodic soil.
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2. Model Development
2.1. Variably Saturated Water Flow
Governing Equation
Two-dimensional isothermal Darcian flow of water in a variably saturated rigid porous medium
is described by a modified form of the Richards equation with the assumptions that the air
phase plays a negligible role in the liquid flow process and that the compressibility of both soil
matrix and fluid can be ignored

™- * [*(V|*+X?)]-S
dt

dxt

(1)

* dXj

where 8 is the volumetric water content [L3L3], h is the pressure head [L], S is a sink term
representing the root water uptake [T 1 ], x, (i = 1,2) are the spatial coordinates [L], t is time [TJ,
KyA denotes components of a dimensionless anisotropy tensor KA, Kis the unsaturated hydraulic
conductivity function [LT 1 ], and z represents the vertical coordinate [L].

Root Water Uptake
The sink term, S, in (1) represents the volume of water removed per unit time from a unit
volume of soil due to plant water uptake. The expression proposed by Feddes et al. [1978] and
subsequently modified to include salinity stress [van Genuchten, 1987] is

S(h)=a{h)aJh.)Sp

(2)

where the dimensionless water and salinity stress response functions a(h) and ajih^) depend
on the soil water pressure head, h, and osmotic head, ht ( 0 < a < 1), respectively, and Sp is the
potential water uptake rate [T 1 ], which is equal to the water uptake rate during periods of no
water and salinity stress when a(h) =a^(ht) = 1. Values for the osmotic head are obtained using
osmotic coefficients and a modified form of the van't Hoff equation [Suarez and Simunek,
1994].

2.2. Multicomponent Solute Transport
Governing Solute Transport Equation
The partial differential equation governing two-dimensional advective-dispersive chemical
transport under transient water flow conditions in partially saturated porous media is taken as
[Èimünek and Suarez, 1994]
/

d K( 0 c )
de
dêu
r)
dc.
*' + p _ i + p _ j = - g - ( f l £ >
*-g.c.)
dt
dt
dt
8x,
' dXj ' k'

k = \,2,...Fe

(3)

where ck is the total dissolved concentration of aqueous component k [ML 3 ], ck is the total
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sorbed concentration of component k [MM"1], êk is the total precipitated concentration of
component k [MM"1], p is the bulk density of the medium [ML3], Dt is the "effective"
dispersion tensor [L^T1], q, is the volumetric flux [LT1] and Nc is the number of aqueous
components. Solute uptake by plant roots is not considered in (3) as plants take up a
negligible fraction of the salts present in the soil water. The second and third terms on the
left side of eq. (3) are zero for components that do not undergo ion exchange or
precipitation/dissolution.
23. Carbon Dioxide Transport
Governing C02 Transport Equation
A detailed development of the one-dimensional carbon dioxide transport model and
justification of respective assumptions were given in Simünek and Suarez [1993a]. We present
only the major equations without discussing the boundary conditions and the specifics of the
C0 2 production submodel.
The C0 2 transport in the unsaturated zone occurs in both the liquid and gas phases.
Furthermore, we considered that the C0 2 concentration in the soil is governed by two transport
mechanisms [Patwardhan et al, 1988], convective transport in the aqueous phase and diffusive
transport in both gas and aqueous phases, and by C0 2 production and/or removal. Thus the
two-dimensional C0 2 transport is described by the following mass balance equation

Hcj.+cj) __±(eD K)
dt

dx,

a

+

±{9D,^).±i

' dxj' dx,

* dx/

lw

)- 5c

+P

(4)

dx, '

where cw and ca are the volumetric concentrations of C0 2 in the dissolved phase and gas phase
[L3L3], respectively, Df is the effective soil matrix diffusion coefficient tensor of C0 2 in the
gas phase [L2T'], Df is the effective soil matrix dispersion coefficient tensor of C0 2 in the
dissolved phase [L2^1], qt is the soil water flux [LT1], 0a is the volumetric air content [L3L3]
and P is the C0 2 production rate [L3L3T1]. The term Scw represents the dissolved C0 2
removed from the soil by root water uptake, i.e., when plants take up water the dissolved C0 2
is also taken up by the plant roots. The volumetric concentrations of C0 2 in the dissolved and
gas phases are related by the following equation
cw=Kcca
(5)
where Kc is the distribution constant [-], which is strongly dependent on temperature. Simünek
and Suarez [1993a] defined the total aqueous phase C0 2 , c„, as the sum of C02(aq) and H2C03,
and related it to the C0 2 concentration in the gas phase with Henry's Law. However, aqueous
carbon also exists in the form of HC03", C032", and other complexed species, such as CaC03°,
and these species should be included in the expression for cw. Determination of these species
cannot be made without use of a complete chemical speciation program.
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Production of Carbon Dioxide
•

Since processes other than biological ones are generally of minor importance for C 0 2
production in the soil, we did not include them into our model for C 0 2 production. We
consider two processes for C 0 2 production, production by soil microbes and production by
plant root respiration. We assume that the C 0 2 production by these two processes is additive
and that it is possible to superpose the effects of environmental variables that alter production
from the reference value [Simdnek and Suarez, 1993a]. The production of C 0 2 is then
considered as the sum of the production rate by the soil microorganisms, ys [LJL"3T'1], and the
production rate by plant roots, 7, [L'L^T 1 ]
^=7,

+

7,=7

J 0

n^

+

^n^

(6)

where the subscript s refers to soil microorganisms and the subscript p refers to plant roots,
lift is the product of reduction coefficients dependent on depth, temperature, pressure head
(the soil water content), C 0 2 concentration, osmotic head and time. The parameters 7^ and
7^ represent, respectively, the optimal C0 2 production by the soil microorganisms or plant
roots for the whole soil profile at 20°C under optimal water, solute and soil C 0 2 concentration
conditions [L'L"2!""1]. The individual reduction functions are given in Simdnek and Suarez
[1993a] and a discussion of the selection of values for optimal production as well as coefficients
for the reduction functions is given in Suarez and Simdnek [1993].

2.4. Solution Chemistry
Elements of the Chemical Submodel
As mentioned in the introduction Simdnek and Suarez [1994] and Suarez and Simdnek [1994]
presented two multicomponent chemical models. UNSATCHEM-2D is applicable only for
nonacid environment with a p H > 6 [Simdnek and Suarez, 1993b, 1994] and UNSATCHEM-1D
can be used for acid as well as alkaline environments [Suarez and Simdnek, 1994]. The
chemical species which are considered in the models are given in Table 1; species that are only
considered in the second model are highlighted. The chemical system for predicting major ion
solute chemistry of the unsaturated zone includes either 37 or 55 chemical species (depending
on the pH range). These are divided into five groups as listed in Table 1: 10 chemical
components (calcium, magnesium, sodium, potassium, sulfate, chloride, nitrate, aluminium,
silica, and organic matter), 25 complex aqueous species, seven possible solid species (calcite,
gypsum, nesquehonite, hydromagnesite, dolomite, sepiolite, and gibbsite), six sorbed species,
and seven species constituting the C0 2 -H 2 0 system. In the following sections we present some
of the equations that define this chemical system.

Mass and Charge Balance Equations
Mass balance equations for the major components in the first group of Table 1 are defined as
the sum of the corresponding constituent species. In addition to ten mass balance equations
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Table 1. Species Considered in the Chemical Submodel
Aqueous components

10

12

Ca 2+ , Mg2*, Na + , K + , S0 4 2 \ CI, NO,, H.SiO,0,
Al3*, Org*

Complexed species

25

CaCOj0, CaHC0 3 + , CaSO«°, MgC03°, MgHC0 3 + ,
MgS04°, NaCOj, NaHC0 3 °, NaS0 4 , KS0 4 ,
H 2 Si0 4 2 ,H 3 Si0 4 ,
A1S0 4 + , A1(S04V, A1HS042*, AlOH 2+ , Al(OH) 2 + ,
Al(OH), 0 , Al(OH) 4 \ AlOrg0, AlHOrg + , HOrg2-,
H2Org\ H j O ^ H S O ,

3

Precipitated species

7

CaCOj, CaS0 4 2H 2 0, MgC0 3 3H 2 0,
CaMg(C0 3 ) 2) Mg2Si307 5 (OH) • 3H 2 0,
Mg5(C0 3 ) 4 (OH) 2 4H 2 0, Al(OH) 3

4

Sorbed species

6

Ca, Mg, Na, K,A1, H

5

Additional species

7

Fco2, H 2 C0 3 ', C0 3 2 , HCO,, H + , OH , H 2 0

1

for major components, two mass balance equations for the total analytical concentration of
carbonate and bicarbonate are defined
C 0 3 = [CO,2"] + [CaC03°] + [MgC03°] «• [NaC0 3 ]
(7)
H C 0 3 T = [ H C 0 3 ] + [CaHCO/] + [MgHCO,*] + [NaHC0 3 °]
where variables with subscript T represent the total solution concentration of that particular
variable, and brackets refer to molalities (mol kg"1). The expressions given above are used to
calculate carbonate alkalinity, Alk (mo^kg 1 ) as
yMfc=2C0 3 T +HC0 3 T + [ O H - ] - [ H * ]

(8)

In addition to the mass balance equations, the charge balance equation for the solution is
2[Ca 2 *] + 2[Mg2*] + [Na *] + [K*] + [CaHC03*] + [MgHCO/] + [H *] +3[A13*]
+ 2 [AlOH2* ] + 2 [AlHSO,2* ] + [A10H2* ] + [AlHOrg * ] + [A1S04* ] - 2 [CO,2" ] - [HS04~ ]
- [HCO; ] - 2 [SO,2" ] - [CV ] - [NO; ] - [OH" ] - 2 [H2Si042" ] - [H 3 SiO; ] - 3 [Org3" ]
- [NaC0 3 -] - [NaSO/] - [KS0 4 ] - [A1(S04)"] - [Al(OH) 4 ] - 2 [HOrg 2 ] - [H2Org ] = 0
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(9)

CO2 - Hfi System
The activities of the species present in solution at equilibrium are related by the mass-action
equilibrium equations. The dissociation of water is represented by the following expression

^.(H'KOH-)
W
(HP)

(10 )

where Kw is the dissociation constant for water and parentheses denote ion activities. The
solubility of C02(g) in water is governed by Henry's law

. (HpcY)
where the activity of C02(l) is expressed in terms of the partial pressure PCQJ, A ^ is Henry's
Law constant and H2C03* represents both aqueous C0 2 and H2C03. The equilibrium
expressions for the dissociation of carbonic acid are written as
K •

*•

(H

*)(HC°3'>

K =^n^2
02

(12)

(^CO/)
( i3)

(HCOj)

where Kal and Ka2 are the first and the second dissociation constants of carbonic acid.
Complexation Reactions
Each complexation reaction for species in the second group of Table 1 is represented by an
equilibrium expression. For example, for calcium sulfate:
_ (Ca^XSO;-)
(CaS04°)
where Kt is the equilibrium constant of the complexed species.
Cation Exchange Selectivity
Partition between the exchanger (solid phase) and the solution is described by the Gapon
equation [White and Zelazny, 1986]
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K

°r

(c

'" )lfc

(15)

where y and x are the valences of species i and ƒ, respectively, and X^ is the Gapon selectivity
coefficient. Adsorption concentrations are expressed in moles of charge per mass of dry soil
(molckg'). It is assumed that the cation exchange capacity, cT (molckg"'), is constant and
independent of the pll. The assumption of constant exchange capacity is not valid for soils
containing large amounts of variable charge, such as oxisols, but is necessary in the present
models to maintain conservation of mass.
Precipitation-Dissolution Reactions
We consider five solid phases that constrain the solution to equilibrium whenever the solids
are specified or approached from oversaturation: gypsum, nesquehonite, hydromagnesite,
sepiolite, and gibbsite. Precipitation-dissolution of calcite is optionally treated with either
equilibrium or kinetic expressions. In the latter case, the equation corresponding to calcite
equilibrium is omitted from the equilibrium system and the rate of calcite precipitationdissolution is calculated from a rate equation as described later. Dissolution of dolomite, also
discussed later, is always considered to be a kinetic process and never included into the
equilibrium system, since true ordered dolomite does not precipitate under earth surface
conditions. Discussion on the selection and consideration of these solids is given in Suarez and
Èimünek [1994]. The precipitation or dissolution of gypsum, calcite (if considered in the
equilibrium system), nesquehonite, hydromagnesite, sepiolite, and gibbsite in the presence of
C0 2 is described in terms of the corresponding solubility products K&,
K

SP

(Ca2*)(C032-)

= (Ca^)(S0 4 2 ")(H 2 0) 2

^

K£ = (Mg><)(co;-)(KiOy
A" * = (Mg2t Y (C032- )4 (OH - )2 (Up)*
(Mg2*)2(H4Si04)3(OH-)<
SP =
TTT^n

K

(Al'-XHfl)3
K

sp-

(Al(OH)3)(H-)3

calcite

(16)

gypsum

(17)

nesquehonite

(18)

hydromagnesite

(19)

sepiolite

(20)

gibbsite

(21)

where indexes G, C, N, H, S, and B refer to gypsum, calcite, nesquehonite, hydromagnesite,
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sepiolite, and gibbsite, respectively.
The equilibrium concentrations of Ca2+ and SO42" in a gypsum system are obtained by solving
the quadratic algebraic equation corresponding to (17). The concentrations of Ca2+, Mg2*, and
HCO3" in equilibrium with carbonate solids, as well as Al3+ for gibbsite, are determined by
solving cubic algebraic equations, as described in Simünek and Suarez [1993b].
Kinetic Model of Calcite Precipitation-Dissolution
The reaction rate of calcite precipitation-dissolution, Rc, in the absence of inhibitors such as
"foreign ions" and dissolved organic matter, can be calculated with the rate equation of
Plummer et al [1979]

* C = *,(H-) • M ^ C C V ) • M H P ) -* 4 -^(Ca 2 *)(HCCV)

(22)

K

SP

where
(Hs )

and ku k2, and k, are temperature dependent first order rate constants representing the forward
reactions (mmol cm"V') and kA is a function dependent on both temperature and C0 2
concentration representing the backward reactions (mmolcm'V). The dissolution-precipitation
rate Rc is expressed in mmol of calcite per cm2 of surface area per second. The term (Hs+)
is the H + activity at the calcite surface and is assumed to be equal to the (H+) of the solution
at calcite saturation.
For the condition where/?H>8 and PCo2< 1000 P*» at 25° C, the following precipitation rate
expression is considered more accurate [Inskeep and Bloom, 1985],
R c = -11.82 [ (Ca2*) (C032-) - K£\

(24)

The precipitation or dissolution rate of calcite is reduced by the presence of various inhibitors.
Éimünek and Suarez [1993b] developed a function for the reduction of the precipitationdissolution rates due to surface poisoning by dissolved organic carbon, based on the
experimental data of Inskeep and Bloom [1986]. These surface reaction precipitationdissolution models simulate under and supersaturated conditions, such as those existing in field
environments, but are questionable from a mechanistic point of view for precipitation.
Pedogenic calcite forms as a microcrystalline cement, often with occlusions of clay and organic
matter, which suggests a heterogeneous nucleation mechanism.
Kinetic Model of Dolomite Dissolution
The reaction rates of dolomite dissolution, RD (mmol cm'V), are calculated with the rate
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equation of Busenberg and Plummer [1982]
RD^kl(K*)0i*k2(H2CO3'

) 05 +* 3 (H 2 0) 05 -Jfc4(HC03)

(25)

where the temperature dependent first order rate constants Jfc„ kj, k3 (mmol cm'V1),
representing the forward reactions, and k4 (mmol cm'V), representing the back reaction, are
given by Busenberg and Plummer [1982]. The dissolution rate /?" is again expressed in mmol
of dolomite per cm2 of surface area per second. As mentioned earlier, we do not consider the
precipitation of dolomite. Formation of protodolomite, which has been observed in hypersaline
environments, can be treated as a mixture of magnesium carbonate and calcium carbonate,
both of which are considered in our chemical model.
Activity Coefficients

Calculation of the single ion activity coefficient is specified by using either an extended version
of the Debye-Hiickel equation [Truesdell and Jones, 1974] or Pitzer expressions [Pitzer, 1979].
The extended version of the Debye-Hiickel equation [Truesdell and Jones, 1974], which can be
used in the dilute to moderately saline concentration range, is given by
ln T = -

A z

^
+bl
1+BaJT

(26)

where A and B are constants that depend only on the dielectric constant, density, and
temperature; z is the ionic charge, a and b are two adjustable parameters, and J is the ionic
strength
ƒ-0.5 J » ,

(27)

i-l

where M is the number of species in the solution mixture, m, is molality and z, is valence. The
adjustable parameters a and b for individual species are given by Truesdell and Jones [1974].
Activities of neutral species are calculated as
ln7=a'/
(28)
where a' is an empirical parameter. The values of this parameter for neutral species are listed
in Simünek and Suarez [1993a].
At high ionic strength, activity coefficients are no longer universal functions of ionic strength,
but are also dependent on the relative concentration of the various ions present in solution
[Felmy and Weare, 1986]. The activity coefficients can then be expressed in a virial-type
expansion of the form [Pitzer, 1979]
ln 7 , = lnyf" + £ BJ!)mj • £ £ C^m,
j

J

+...

(29)

*

where yPH is a modified Debye-Hiickel activity coefficient which is a universal function of ionic
strength, and B« and C^ are specific coefficients for each ion interaction. This model is
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considered accurate even for solutions with very high ionic strength (up to 20 molal) and can
be used down to infinite dilution.
3. Solution Strategy
The Galerkin finite element method with linear basis functions is used to obtain a solution of
the water flow (1) and solute (3) and C 0 2 (4) transport equations subject to the imposed initial
and boundary conditions. The "mass-conservative" iterative method proposed by Celia et aL
[1990] is used for evaluating the water content term in equation (1). This method has been
shown to provide excellent results in terms of minimizing the mass balance error. A detailed
description of the solution of Richards' equation was given in Simünek et aL [1992]. The finite
element method is also used to solve the heat, C0 2 , and multicomponent solute transport
equations. A detailed description of the numerical solution for these transport equations is
given in Simdnek and Suarez [1993b].
Computation of the solution species composition is accomplished in a fairly similar way as in
the chemical model WATEQ [Truesdell and Jones, 1974], a speciation model that does not
consider solid and adsorbed phases.
The inputs into the chemical submodel of
UNS ATCHEM-2D are the analytical concentrations of the major ions, alkalinity, adsorbed and
solid phase concentrations, water content, temperature, bulk density, and C 0 2 partial pressure.
The governing solute transport equation (3) contains time derivative terms for the total
dissolved, sorbed and solid phase concentrations. Because of the second and third terms, the
solute transport equation (3) is highly nonlinear and an iterative process must be applied to
obtain its solution.
Coupling between the transport and chemical submodules was described by Walsh et al. [1984],
Cederberg et aL [1985], and Bryant et aL [1986] (also used by Yeh and Tripathi [1990]). First,
the discretized solute transport equation (3) is solved by setting the second and third terms
equal to zero for the equilibrium case or by calculating the third term from equations (22) and
(25) for the kinetic case. The newly calculated dissolved concentrations are then compared
with the initial concentrations for this iteration and the chemical module is called for those
nodes where changes in concentrations were higher than a prescribed concentration tolerance.
When the kinetic reactions for calcite or dolomite are used, the chemical module is called for
all nodes at the first iteration. The chemical module provides us with updated values of
aqueous, solid phase and adsorbed concentrations. The new aqueous concentrations are
checked against those calculated before the chemical module was called and if substantially
different, a new iteration is started. This iteration process is continued until the difference
between the new and old concentration is less than the prescribed tolerance for all nodes.

4. Examples
In this section we present two examples. The first example demonstrates the applicability of
the model SOILCÓ2 for the prediction of C0 2 concentrations in the soil profile and C 0 2 fluxes
to the atmosphere [Suarez and Èimünek, 199"*]. The second example demonstrates the
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application of the model UNSATCHEM-2D to the reclamation of a sodic soil.
4.1. Missouri C0 2 transport experiment [Suarez and Simünek, 1993]
The predictive capabilities of SOILC02 were evaluated by comparing simulations to the field
data published by Buyanovsky and Wagner [1983] and Buyanovsky et al [1986] for wheat grown
in Missouri. Buyanovsky and Wagner [1983] presented data for the year 1982 on C0 2 dynamics
in soil under three different cropping systems; these data were discussed with regard to crop
effects, microbial activity, and relevant abiotic factors including soil water content and
temperature. In a subsequent paper, Buyanovsky et al [1986] investigated annual cycles of C0 2
evolution into the atmosphere from a soil cultivated to wheat and related the C0 2fluxto plant
development considering the effects of temperature and water content. Figure 1 shows the
excellent agreement between the measured C0 2 concentrations at the 0.2 m depth and the
corresponding values calculated with the SOILC02 model. In all instances the calculated
values are within one standard deviation of the mean of the measured values. There are no
statistically significant differences between the measured and predicted C0 2 concentrations at
the 90% confidence level. The irregular pattern of the C0 2 concentrations shown in Figure
1 reflects the fact that within the dry periods (first half of May, second half of July and all of
October), the C0 2 concentrations decrease to very low values. During the wet periods the C0 2
concentrations are relatively high.
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Fig. 1. Measured [Buyanovsky and Wagner, 1983] and calculated C0 2 concentrations at a
depth of 0.20 m for the Missouri wheat experiment (after Suarez and Èimünek [1993]).
Figure 2 shows the comparison of the calculated daily and weekly C0 2 fluxes to the
atmosphere with the flux measurements reported by Buyanovsky et al [1986]. We present the
weekly values in addition to the daily values, since these rates fluctuate significantly on a daily
basis due to changes in the water content of the upper soil layer. The largefluctuationsshown
in Figure 2 indicate that the accurate determination of C0 2fluxrequires an excessive number
of measurements if the surface water content is rapidly changing. This change is important for
rain events or whenever frequent water applications are made. As with the C0 2 concentration
data, there is an excellent correspondence between measured and calculated fluxes.
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Fig. 2. Measured [Buyanovsky and Wagner, 1986] and calculated daily and weekly C 0 2
fluxes to the atmosphere for the Missouri wheat experiment (after Suarez and Èimünek
[1993]).
4.2. Two-Dimensional Furrow Reclamation Irrigation Problem
A furrow irrigation system was used to simulate the two-dimensional infiltration of water into
a sodic soil undergoing reclamation. The simulation of sodic soil reclamation demonstrates
the cation exchange feature of UNSATCHEM-2D and illustrates some of the unique features
of the model. The schematic representation of the flow domain for the considered furrow
irrigation together with the finite element mesh is presented in Figure 3. It is assumed that
every other furrow is flooded with water and that the water level in the irrigated furrow is kept
at a constant level of 6 cm. Due to symmetry, it is only necessary to carry out the simulation
for the domain between the axis of two neighboring furrows. Free drainage is used as the
bottom boundary condition, while a zero flux condition is used for the rest of the boundary.
The initial pressure head is -200 cm and the soil hydraulic properties for a hypothetical loam
soil [Simdnek and Suarez, 1993b] were used.
The calculation was run at a constant temperature of 25 °C, with an optimal C 0 2 production
value 7,0 of 0.007 m3m"2d"'. Production decreased exponentially with depth with a maximum
at the surface as described in Suarez and Simünek [1993]. These production values were
modified by the model according to environmental conditions (in this case pressure heads and
C0 2 concentrations). Root water uptake and evaporation were neglected. The bulk density
of the soil was taken as 1.4 g cm"3, while a molecular diffusion coefficient of 2 cm2day"' was
chosen. Longitudinal and transverse dispersivities values were 2 and 0.2 cm, respectively.
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Fig. 3. Schematic representation and finite element mesh of the flow domain for the
furrow irrigation system for example 2.
The solution composition of the water initially present in the soil profile is that of a highly
sodic water: Car=0.2, Nar=4.8, C1T=4.6, Alkalinity=0.4 mmolj; 1 , with other concentrations
equal to zero. The cation exchange capacity is 100 mmolckg"1 (Ca=5.0, Na=95.0 mmolckg"').
The Gapon selectivity coefficient from Wagenet and Hutson [1987] was used for calciummagnesium exchange (Kn = 1.158). Two different irrigation water compositions were used.
One irrigation water was almost gypsum saturated: Car=32.6, Nar=4.8, C1T=5.0, SO4T=32.0,
Alk=0A mmolc L"1 and zero for other concentrations. The second water is of the following
composition: Cap =1.5, Nar=2.0, C1T=1.0, S04T=2.0, Alk=0.5 mmolcL_1 and zero for other
concentrations. Reclamation was attempted in three different ways. In the first case, gypsum
saturated water was applied to a soil without consideration of calcite dissolution. In the second
case, high quality water was applied to a soil, again, without consideration of calcite
dissolution. In the third case, high quality water was applied to a soil where the soil solution
is in equilibrium with calcite. Cation exchange is treated as an instantaneous process.

a)

c)

b)

Fig. 4. C0 2 concentration (%) profiles at times: a) 0.5, b) 1, and c) 5 days for example 2.
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Steady state water flow was reached after approximately 1.5 days. Figure 4 shows the change
in C0 2 concentration in space and time. The C 0 2 concentration increases with time and depth
with diffusion occurring predominantly in the direction of the dry furrow. The distribution of
a hypothetical tracer is shown on Figure 5. The concentration front of the tracer reached a
depth of one meter approximately after one day.

0.05 0.35 0.65 0.95
:v:-i;|:::j:;!;ï?"

Fig. 5. Tracer concentration profiles at times: a) 0.5, b) 1, and c) 5 days for example 2.
Figure 6 presents the exchangeable concentrations of calcium for the three scenarios after five
days. There is a sharp exchange front reaching to approximately 70 cm for the gypsum water
(Figure 6a). In contrast to Figure 6a, Figure 6b demonstrates reclamation to a depth of less
than 10 cm when irrigating with the high quality water. After 50 days the reclamation front
(exchangeable Na less than 10 %) extended to a depth of 40 cm (data not shown). Irrigation
with the high quality water allowing for calcite equilibrium showed a diffusive exchange front
extending to a depth of 50 cm with complete reclamation down to 15 cm (Figure 6c).
Reclamation of the region below the furrow was essentially completed down to one meter after
25 days of leaching. This figure demonstrates the importance of calcite dissolution during
reclamation. Reclamation with calcite is often dismissed because of a lack of consideration
of elevated C0 2 concentrations in the soil and the enhanced dissolution of calcite during
:)

b)

10

30

70

90

IHIH
Fig. 6. Exchangeable calcium concentration (mmo^kg 1 ) profiles at 5 days for a)
infiltration with gypsum saturated water, b) infiltration with high quality water,
and c) infiltration with high quality water into a profile containing calcite.
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the reclamation exchange. For example calcite dissolution contributed 300 eq per m2 of soil
surface area to reclamation within the first five days of leaching. Selection of a higher
exchange capacity and associated hydraulic properties of a finer textured soil would enhance
both the time required for infiltration, as well as quantity of water required for reclamation.
5. Summary and Conclusion
The process-based C0 2 production and transport model combined with variably saturated water
flow, SOILC02, was described. Comparison of the model tofielddata demonstrates its ability
to predict both C0 2 concentrations in the soil and C0 2 fluxes to the atmosphere for a growing
crop with changes in crop development, temperature and soil water content. The
multicomponent water and solute transport model UNSATCHEM-2D was also reviewed. This
model is particularly suited for simulation of major ion solute chemistry of arid zone soils. The
model considers the transport of C0 2 thus allowing for calculation of soil C0 2 concentrations.
Soil COj concentrations are used in the chemical subroutine to calculate solute composition.
The model utilizes both extended Debye-Hiickel and Pitzer activity coefficients, thus it is
suitable for use in extremely saline environments. The chemistry subroutine includes both
equilibrium and kinetic expressions for various solid phases. The reclamation example
demonstrates the importance of elevated C0 2 concentrations combined with ion exchange in
enhancing the solubility of calcite. Use of the model for reclamation and soil water
management should enable more efficient use of amendments and water resources.
Future research will incorporate the chemistry of oxyanions, such as B, Se, and As. The
concentrations of these anions is important when considering the potential reuse of agricultural
drainage waters in arid environments. A more detailed plant growth model will be
incorporated to better predict plant response to environmental conditions.
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Abstract
Soil and groundwater contamination by petroleum products is a problem of growing concern in
many countries. This contamination problem involves flow of multiple fluid phases in porous media.
Such flows are also encountered in unsaturated flow in agricultural engineering and during oil recovery in petroleum engineering. To evaluate the migration of an oil spill and to implement cost-effective remediation programs simulation models is needed. Several models have been proposed in the
literature; however, few have been convincingly validated due to the lack of reliable quantitative
field and laboratory data. The paper discusses the mechanisms of multiphase flow in homogeneous
and heterogeneous media with reference to some recent flow experiments in large two-dimensional
flumes.

Introduction
Multiphase flow in porous media involving the simultaneous flow of two or three separate fluid
phases has been a research topic in many scientific and engineering disciplines. In petroleum engineering multiphase theory is applied to predicting the production of oil and gas from oil reservoirs.
In hydrology and agricultural engineering the problem of water flow in the shallow subsurface
where water and air coexist has been of research interest for many years, motivated by the need to
optimize agricultural production, water resource management, and environmental protection. In
recent years contamination of groundwater by hazardous industrial chemicals has become a problem
of growing concern. A wide class of environmental contaminants consists of highly toxic organic
compounds of low water solubility, and they can therefore exist as a separate non-aqueous phase
liquid (NAPL) in the soil. Such liquids include diesel, jet fuels, chlorinated solvents, and PCB oils,
and generally they enter the subsurface unintentionally as accidental surface spills or as seepage
from underground storage facilities and pipes. Such contamination problems resemble petroleum
reservoir engineering problems in the sense that three mobile phases are involved: water, NAPL,
and air. Although the mathematical framework and the flow mechanisms are similar in both cases,
the physical conditions under which flow occurs in the shallow subsurface are very different compared to those prevailing in deep reservoir rocks, particularly with respect to the ambient pressure.
Non-aqueous organic fluids are virtually always composed of several constituents with different
chemical characteristics which as a rule have a small but finite solubility in water and volatility to
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air. Thus, besides being transported as a separate fluid phase organic compounds can also migrate
as a soluble component of the aqueous phase and as a mobile fraction of the air phase. Despite the
diminutive solubility in these phases, the components are generally highly toxic and therefore
permitted only at very low concentrations in drinking water. Therefore the fate and distribution of
the soluble components are important in evaluating the groundwater hazard, and thus both immiscible and miscible transport need to be considered.
The migration of a NAPL in the subsurface depends on several soil and fluid properties. The fluid
density has a significant influence on the general migration pattern because a lighter-than-water
nonaqueous liquid (LNAPL) after reaching the groundwater zone will float upon the water table,
while a denser-than-water nonaqueous liquid (DNAPL) has the ability to penetrate deep into the
groundwater zone. Below, the migration in the subsurface of both LNAPL and DNAPL following
a near-surface leakage will be discussed in general terms and for idealized homogenous conditions.
Figure 1 provides a schematic illustration of the infiltration of a LNAPL such as gasoline in the
subsurface environment. Initially, the contaminant moves predominantly downward through the
unsaturated zone under the influence of gravity, but due to capillary forces lateral spreading also
occurs. In the unsaturated zone some residual or immobile NAPL will be left trapped in the pore
space. This entrapment is caused by disconnection of the NAPL phase as the saturation decreases.
The residual phase may serve as a source of contamination to infiltrating water or a fluctuating
water table. Besides the migration of the NAPL as a separate phase, light volatile components may
form a gaseous envelope outside the main NAPL body. If the spill is sufficiently large to exceed
the residual capacity of the unsaturated zone, the contaminant may reach the water table and spread
within the capillary fringe zone. Depending on the leakage rate the fluid may eventually penetrate
below the water table beneath the spill site forming a lens that gradually becomes more of a pancake
form in the downstream direction. As the lens is in direct contact with the flowing groundwater,
soluble components from the NAPL may dissolve into the water phase to form a solute plume
migrating with the groundwater. As in the unsaturated zone some of the NAPL is trapped in the
pore space as a residual phase in the saturated zone and therefore acts as a long-term source of contamination to the groundwater depending on the solubility of the NAPL components.
If the organic fluid is denser than water (DNAPL), the water table will not stop the organic fluid
from penetrating into the groundwater, Figure 2. It will displace the water and migrate further
downwards until it reaches a low permeable boundary where it will move under influence of its own
hydraulic head gradient along the barrier. As for the LNAPL case, some fluid will be retained as
residual organic both in the unsaturated zone and in the groundwater. Also, volatilization and
dissolution may take place.
The two scenarios of NAPL migration discussed above represent the traditional case of homogeneous geological conditions, which as a rule never occur in the field. All natural geologic formations are heterogeneous in their hydraulic properties, which may have a significant influence on the
spreading by creating hydraulic instabilities in the form of fingering, preferential pathways, and
large-scale entrapment. Such phenomena not only complicate the numerical modelling of the immiscible and miscible NAPL migration, but due to prediction uncertainties it is difficult to define
effective strategies for remediating the contamination.
This paper reviews some fundamentals in relation to multiphase flow in porous media including the
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governing equations and the constitutive relations entering these equations. Particularly the flow
complications arising from the heterogeneity of the geological formations will be discussed referring
to the results of flow experiments in heterogeneous media carried out in laboratory flumes in Denmark and Colorado.
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Principles of immiscible flow
Governing equations
Both in petroleum reservoir engineering, hydrology, and contaminant hydrology it is generally
assumed that immiscible flow in porous media can be described by a generalized form of Darcy's
equation which originally was developed for single-phase flow. By invoking Darcy's law, a macroscopic continuum description is introduced in which overlapping continua occupy the same physical
space. Assuming that the driving force for phase a is the gradient in phase pressure for that
particular phase and that the permeability to that phase is a function of the saturations of the phases
involved, Darcy's equation can be expressed in the following form [Aziz and Settari, 1986]
Q* = — 2 - ^ ( V P . + p„gVz)

(1)

where q„ is the volumetric flux of phase a, k,,, is the relative permeability of phase a, k is the
intrinsic permeability of the porous medium, n„ is the viscosity of phase a, P„ is the pressure of
phase a, pa is the density of phase a, g is the gravitational acceleration, z is the vertical coordinate
(positive up), and V is the differential operator. Note that in hydrology and soil physics it is more
common to use fluid heads instead of pressure; however, when dealing with several fluids simultaneously it is more convenient to use pressure. For a subsurface contamination with an organic fluid
(we will use the term oil in the following) up to three fluid phases may coexist and flow in the
porous media: water, oil, and air, and Darcy's equation can be applied to each phase.
To describe the flow dynamics of a multiphase system the mass conservation for each phase can be
written as

••^«r

=

"v"(p«g«)

(2)

where <t> is the porosity, S„ is the saturation of the a phase, and t is time and assuming the medium
to be incompressible and with no transfer between phases.
Substituting Darcy's equation into the continuity equation yields
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Considering now a three-phase porous medium with water (w), oil (o) and air (a) Equation (3)
becomes
^dpg*

m
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149

(4)

*%r = v'{p°^fr

{ V p + Po9 z) ]

°

*

« t » - ^ 2 = V - ( p . % £ (VPa t pagVz))

(5)

(6)

Assuming that porosity, intrinsic permeability, phase densities, and porosities are given, six unknown variables remain. To solve this set of coupled equations three additional relations are required.
From saturation-continuity reasons the following equation immediately appears
S.

+

So

+

Sa = 1

(7)

and two other relations can be specified in consequence of the interdependence between the phase
pressures as discussed below. Furthermore, the differential equations become strongly coupled
because saturation and relative permeability for each individual phase in a complicated manner may
depend on the phase pressures.
When considering immiscible flow in the shallow subsurface it is justifiable to eliminate the equation
for air flow, because due to the direct contact with the atmosphere and the large mobility of air, the
phase pressure will remain nearly constant at atmospheric pressure. Although the flow of air under
this assumption is not considered explicitly, air will still influence the flow dynamics of the other
phases due to its presence in the pore spaces.
In the complete absence of oil, the flow equation for this phase obviously can be omitted, and only
the flow equation for water flow remains. The original set of equations thus reduces to Richards'
equation which is the conventional model for analysis of water flow in the unsaturated zone.
When two or three phases coexist in the pore space, they are separated by curved interfaces across
which a discontinuity in pressure exists. Considering the phases in pairs, one wets the porous medium more readily than the other. They are referred to as the wetting and non-wetting fluid, respectively. The wetting phase is in direct contact with the solid grain surfaces and preferentially wets
the grains. In water-oil-air systems, water is usually the wetting phase with respect to oil on the
particle surfaces, and oil is the wetting phase with respect to air on the surface of water enveloping
the soil particles [Hochmuth and Sunada, 1985; Parker et al., 1987]. The pressure difference across
fluid-fluid interfaces present at the pore scale level is termed capillary pressure Pc defined as
Pc=

P

n*~P*

(8)

where Pnw is the pressure in the nonwetting phase, and Pw is the pressure in the wetting phase,
which is less than Pnw. The curvature of the interface is related to the capillary pressure by
Laplace's equation of capillarity
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where a is the interfacial tension between the two fluids, and rm is the mean radius of curvature of
the interface. Equation 9 suggests that for increasing capillary pressure the wetting phase will be
displaced from the larger pores by the nonwetting fluid and gradually expelled into smaller and
smaller void spaces leading to smaller saturations. This relationship is termed the saturation-capillary pressure curve in petroleum reservoir engineering and contaminant hydrology, while it is
generally known as the retention curve in soil physics where water and air are the only phases
involved.
For the water-oil-air system with the wettability order water over oil over air two independent
capillary pressures can be defined
P

= P
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while the third capillary pressure is defined as
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Based on this wettability assumption one can argue [Lenhard and Parker, 1988] that the total liquid
saturation in the porous material S,=SW+S0 is a function of the capillary pressure between air and
oil alone. Similarly the water saturation can be determined entirely by the capillary pressure between
oil and water. These assumptions can be written as
?cao=

Pcao(St)

(12)
P
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=

P
(<7 )
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which then define the pressure-saturation relations in the three-phase system.
Based on the same rationale the relative permeability to water in a three-phase system can be assumed to depend on the water saturation alone and thus is independent of the relative proportion
between the other phase saturations. Also, if the dynamics of air is considered, one could assume
that the permeability of air is a function of air saturation alone. Hence, these two functions can be
established from two-phase experiments. On the other hand, it has been observed that the permeability of oil (the intermediate wetting phase) is dependent on the saturation of both water and oil implying that the permeability of this phase cannot be determined from a single two-phase experiment.
Various formulas have been proposed for predicting the intermediate phase relative permeability,
see e.g. Stone [1973] and Parker et al. [1987]. In summary, based on these assumptions the constitutive relationships for the relative permeabilities can be formulated as
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Saturation-capillary pressure relationships
Modelling of multiphase flow requires that the functional relationships between saturation and
capillary pressure are known. Invoking the simplifying assumptions that the three-phase behavior
can be derived from two-phase relations, it is possible to establish these relationships from the
traditional methods used in soil science.
It is convenient to fit a parametric function to the experimental data before entering into a numerical
model. Several functional relationships have been proposed over the years; however, the models
developed by Brooks and Corey [1964] and in particular van Genuchten [1980] have been most
widely applied because both models also provide closed form expressions for the relative permeability function.
The van Genuchten model reads

3?

[l+(aPcij)n]

•

Pcij*0
(14)

where Sf is the effective saturation of wetting fluid j in a two-phase system ij, S/* is the saturation
of wetting fluid j , Sr is the residual saturation, Pcij is the capillary pressure of fluid system ij, and
both a and n are empirical parameters.
Parker et al. [1987] have proposed a scaling procedure by which capillary pressure curves for
different two-phase systems can be transformed to a uniquely scaled function valid for a given
porous medium. The scaling is based on the rationale that (1) saturation-capillary pressure relationships reflect the underlying pore size distribution of the porous medium and (2) LaPlace's equation
(Equation 9) suggests that these relationships for a given porous medium depend on the interfacial
tension of the fluids involved. For a given wetting phase saturation in a non-deformable porous
medium, a linear transformation can be applied to all the two-phase capillary pressure curves such
that all merge into the same curve
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where B^ is the scaling factor for phase pair ij, P c . is the scaled saturation-capillary pressure function, and S is the effective wetting phase saturation. Often the water-air curve is used as a reference
function in which case /3,w=1 while the two other scaling factors can be derived from the interfacial
tensions as follows [Lenhard and Parker, 1987]

(16)

where <rs is the interfacial tension for phase pair ij.
Lenhard and Parker [1987] and Hest-Madsen and Jensen [1992] have validated the scaling theory
against measurements. Despite that scaling is an oversimplification of the system behavior it nevertheless provides a convenient methodology for at least an approximate quantification of the capillary
pressure curves needed in models for multiphase flow.
Permeabilit\-saturation relationships
Relative permeability as a function of saturation has been a research topic for many years in both
soil science and petroleum engineering, and some of these results can be utilized in the area of
NAPL transport in the near subsurface. Yet, in soil science only the movement of water is usually
considered while the movement of the nonwetting phase, air, often is neglected. Since oil behaves
as the nonwetting fluid in relation to water little information can be extracted on the behavior of this
phase, which is the important fluid from the perspective of contamination. In petroleum engineering
the porous media characteristics are often very different from the ones encountered in contaminated
aquifers, and therefore the measurement techniques may not be directly transferable between the
disciplines.
In both petroleum engineering and contaminant hydrology difficulties have been experienced in
measuring relative permeability which have motivated the development of predictive hydraulic
conductivity models that use the information in the more easily measured saturation-capillary pressure data. Of these models, those proposed by Burdine [1953] and Mualem [1976] are mostly used
because they can be combined with parametric models for the saturation-capillary pressure relationships to arrive at close-form expressions. Van Genuchten and Nielsen [1985] and Parker et al.
[1987] applied Mualem's model and combined it with van Genuchten's model for two-phase saturation-capillary pressure relation which results in the following expressions

153

kIW =

S1J2[i-{l--3rJm)m]2

kIO = ( 3 e - 3 J 1 / 2 [ ( l -r 1 / m ) m - ( l -S1/"") * ] 2

(17)
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where m = l-l/n, n is the empirical parameter in van Genuchten's parametric model, and S, is the
effective total liquid saturation St=(Sw+S0-Sr)/(l-Sr).
Miscible transport
Organic fluids are composed of several different chemical constituents which have different solubility and volatility characteristics with respect to the aqueous phase and gas phase, respectively. The
water-soluble components are of concern in relation to the groundwater quality, and although the
dissolution rate often is very low, these components are generally highly toxic, and their existence
even in very low concentrations can make the water unsuitable for drinking purposes.
The traditional approach for describing transport of soluble components is the advection-dispersion
equation which can be written as

where c„ is the concentration of the considered component in phase a, and D is the dispersion
coefficient. In case of degradation and adsorption of the soluble component additional terms need
to be included in the equation to account for these processes.
The coupling between the descriptions for the immiscible flow of the organic fluid and the miscible
transport of soluble and volatile constituents is through interphase transfer terms. There is conflicting evidence whether this process can be described by kinetic or equilibrium transfer. Traditionally,
it has been assumed that local equilibrium exists between the concentration of a constituent in any
phase and its concentration in other phase(s) at the same spatial location [Abriola and Pinder, 1985].
However, field data have often shown that concentrations of constituents are lower than the equilibrium values, suggesting that some chemical or physical processes restrict the mass transfer between
phases [Powers et al., 1992]. A phenomenon of significance for these observations is the bypassing
of water around contaminated regions due to a reduced relative permeability or aquifer heterogeneities.
Numerical models
Numerical codes for simulating flow of immiscible fluids have been used for many years in petroleum reservoir engineering, but only in recent years have similar codes been used for contaminant
problems. In principle can the codes developed for simulating the behavior of deep petroleum reservoirs also be applied to near-surface spill problems, but since the presence of the oil phase has
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different meanings in the two cases, the reservoir models may not be of direct use in contaminant
hydrology. In a study reported by Hest-Madsen and Jensen [1992] a numerical black-oil reservoir
model ECLIPSE [Exploration Consultants Ltd., 1984] was successfully applied to simulate the
migration of oil plumes in laboratory experiments.
Abriola [1988] has reviewed the multiphase models presented in contaminant hydrology literature.
In the earliest model developments immiscible flow of an organic fluid was treated as a sharp
interface problem, see e.g. van Dam [1967], Mull [1972], Schiegg [1977] and Dracos [1978]. Although improvements to these simplified models have been proposed by lllangasekare and Reible
[1987] and Reible and lllangasekare [1989], the latest developments are based on numerical solutions to the governing equations. The differences between the individual models proposed are
primarily related to the dimensionality, the number of mobile fluids considered, the interphase mass
transfer mechanisms, and the number of constituents involved. Faust [1985] and Kuppusamy et al.
[1987] have presented numerical models that simulate three-phase flow under the assumption that
the pressure in the gas phase remains atmospheric. One of the first multiphase flow and transport
models was presented by Abriola and Finder [1985]. This one-dimensional finite difference model
considered an organic phase composed of two constituents, one of which was considered reactive
and the other non-reactive. The reactive constituent was allowed to partition between the phases and
transport in each phase was considered. Kaluarachchi and Parker [1990] presented a two-dimensional finite element multicomponent flow and transport model and demonstrated simulation results for
a two-component oil phase. Recently Sleep and Sykes [1993] have presented a comprehensive model
that simulates the simultaneous flow of all three phases and interphase partitioning, and transport
of several organic and inorganic constituents may also be considered. Furthermore, phase densities
are functions of pressure and phase composition. Common to most of the presented models is that
the validation has been limited due to lack of reliable experimental data particularly for conditions
that resemble the heterogeneous conditions always present under field conditions.
Experimental investigations
Several experimental studies describing the qualitative behavior of multiphase flow in porous media
have been reported from the late 1960's onwards, see e.g. Schwille [1967, 1981, 1988], Schiegg
[1979, 1980] and Kueper et al. [1989]. Although qualitative experimental studies provide insight
into the basic physics of the flow phenomena, they are of limited use for validation of numerical
models. Only a few studies have been reported in which quantitative observations of fluid saturations and pressures have been carried out. Lenhard et al. [1988] presented a one-dimensional flow
experiment and Hest-Madsen and Jensen [1992] provided data from a two-dimensional experiment
in a 1 meter x 1 meter flume. In these and similar studies of more quantitative nature homogeneous
conditions were considered and the experimental scale was rather small, which makes it difficult
to transfer the results to field-scale conditions.
In recent reviews of multiphase flow and transport in the near subsurface [Abriola, 1988; HUM,
1988; Kueper and Friend, 1992] the lack of quantitative experimental data for validation and improvements of models has been emphasized. To contribute to filling this gap the recent research
activities at our two institutions have been directed toward contributing to a quantitative data base
of multiphase flow behavior at a scale and under geological conditions which resemble those existing
in field-scale systems.
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Our experimental facilities consist of four flow flumes:
Flume 1. Dimension 985 cm x 125 cm x 5 cm (CO).
The flume is constructed of two walls each of which consists of four transparent plexiglass sheets (244 x 122 x 1.9 cm) bolted onto a steel frame of 3.8 cm steel boxing. The
end pieces and base are bolted onto the wall frames and sealed by a rubber lining. Flow
of water through the flume is controlled by adjustable external constant head tanks
connected to wells at the end of the flume.
Flume 2. Dimension 300 cm x 100 cm x 8 cm (DK).
Constructed of two 15 mm thick plexiglass sheets bolted onto a PVC bottom plate with
separate PVC endplates. The walls are reinforced with 15 mm plexiglass plates to permit
direct observations of the migration of oil across the entire flume. Flow of water
through the flume is controlled by adjustable external constant head tanks connected to
wells at each end.
Flume 3. Dimension 122 cm x 183 cm x 5 cm (CO).
Constructed of two 19 mm transparent plexiglass plates lined with 6 mm tempered glass
on the inside to enable application of corrosive organic chemicals. A rigid steel frame
with horizontal and vertical steel supports bolted to steel end plates enclose the front and
rear walls to restrict expansion when the flume is filled with soil and water.
Flume 4.

Dimension 100 cm x 100 cm x 8 cm (DK).
Constructed from two transparent reinforced plexiglass walls bolted onto a PVC frame
and shored up to two end chambers for controlling the water flow through the flume.

At both institutions dual gamma attenuation systems are available for non-destructive determination
of the fluid saturations within the flumes. A dual gamma device consists of two gamma sources, a
detector and counter unit connected to a data acquisition system. The gamma sources and detector
are mounted on opposing sides of the flume on a mobile frame. By traversing the frame along the
horizontal and vertical directions of the flume it is possible to monitor the spatial and temporal
variations of fluid saturations. Two gamma sources are used: Americium 241 and Cesium 137,
which have different half lifes and energy emission characteristics. The degree to which the gamma
energies are attenuated provides information from which the phase saturations can be determined,
see e.g. Hest-Madsen and Jensen [1992]. To determine fluid saturations from the measured gamma
counts several parameters require independent determination: system count rate, attenuation coefficients for the solid phase and the fluid phases for both sources, porosity, and path length. As discussed by Butts [1993] these parameters affect the accuracy of the gamma measurements, and
special procedures need to be applied to measure these parameters accurately. Other possible
sources of error may also affect the results of the gamma attenuation system; yet, presently it is the
best technology for quantitative or at least semi-quantitative mapping of an organic fluid in a threephase system. Application of the gamma system requires a certain count time for each of the two
gamma sources at each spatial location, and for most experiments a complete instantaneous mapping
of the oil distribution is not possible. However, by using a time-lapse video camera concurrently
with gamma measurements at certain locations the migration of the oil plume within a flume can
be monitored.
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LNAPL spill in a homogeneous porous medium
The experiment [Butts, 1993] was carried out in Flume 2 packed with homogeneous sand with the
following characteristics: d» = 0.51 mm, AJAl(> = 1.42, porosity 4> = 0.423, saturated hydraulic
conductivity K, = 7.5 x 10"4 m/s. After filling the flume with dry sand the system was saturated
from below over 3 days and then flushed for another 3 days before allowing it to drain to a water
table established at the bottom of the flume over a period of 14 days.
A syntetic, white lubricating oil (LNAPL) manufactured by STATOIL was used as the base fluid
for the flow experiment. To improve the density contrast for gamma attenuation 1-Iodoheptane was
added, and to enhance the visual identification of the plume migration the oil was dyed red using
Sudan red crystals. The oil was injected at a constant rate in the unsaturated zone over a period of
2 hours and 20 minutes above a sloping water table, and the migration of the plume was monitored
by continuous video recording and gamma scanning at selected locations.
Figure 3 shows the development of the oil plume recorded by the time-lapse video camera. Most
of the oil remained in the unsaturated zone, and the plume only penetrated about 10 cm into the
saturated zone. Once oil injection is discontinued, lateral migration takes place essentially at the top
of the capillary fringe where the oil permeability is still relatively high because of lower water
saturations and because the more mobile air phase is easily displaced by oil. The temporal variation
of phase saturations was measured at selected spatial locations using the gamma system to provide
detailed data on the evolution of the plume saturations, Figure 4. During the passage of the oil
plume water and air are displaced as reflected in increasing values for oil saturation and decreasing
water and air saturations. After the oil plume has passed, the phase saturations redistribute slowly
toward the initial phase composition.
To examine the flow of groundwater in the capillary fringe and saturated zone a red water-soluble
dye was injected near the water table at the upstream end of the flume. Figure 5 shows the path of
the dye after 56 hours. Rather than flowing through the oil plume, the water in both the capillary
fringe and saturated zone is diverted around the oil plume, and thus the water flux through the spill
is very low. This phenomenon arises from the reduced water permeability within the oil plume and
has important implications for chemical and biological remediation following an oil spill, and also
for the dissolution of water-soluble hydrocarbon contaminants. In consequence of the low water flow
through the oil plume, the transfer by dissolution of water-soluble components into the water is
likely to be diffusion-limited, and the solute plume will be confined to a narrow vertical interval.
The water flow around the plume and upwards toward the water table and capillary fringe at the
downstream end will move this narrow solute plume into a zone centered around the capillary
fringe. This mechanism explains the results of another flow experiment in which the partitioning
of a soluble component from an experimental oil was investigated and where the solute was confined
to a narrow band within the capillary zone Butts et al. [1993]. These findings are important when
adding surfactants or other substances to reduce or degrade the entrapped oil. Due to the permeability reduction a significant part of chemicals injected upstream of the plume may bypass the oil they
were supposed to react with.
LNAPL spill in a heterogeneous porous medium
This experiment [lllangasekare et al., 1993] was carried out in Flume 1 to examine the effects of
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Figure 3

Distribution of the oil plume after (a) 5, 12, 30, 60, 120 minutes and (b) 3, 15, 48
hours.

layered heterogeneities on vertical and horizontal movement of a LNAPL (Soltrol 200). The experiment included two heterogeneities in the form of a coarse and fine sand lens, respectively, packed
into a medium sand, Figure 6.
The coarse lens was fully submerged by the groundwater while the fine lens intercepted the water
table. The NAPL was spilled above the coarse lens in a sufficient amount so that the water table
was adequately depressed and the NAPL would enter the lens. Upon breaking into the coarse layer
the vertical front velocity increased and the downward movement continued until the interface to
the finer sand was encountered. At this point the downward migration ceased and the oil now moved
predominantly in lateral direction and spread quickly through the lens. Except for one small finger
that penetrated into the primary sand material the oil became permanently entrapped in the coarse
sand.
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Temporal variations of phase saturations at selected locations.
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Figure 5

Flowline of groundwater near oil plume.
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Distribution of oil front (LNAPL) in heterogeneous soil.

The fine sand lens was placed near the water table, and unsaturated conditions existed in the upper
parts of the lens. When the oil plume encountered this heterogeneity, the migration was impeded
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and the oil began to pool up at the upgradient side. Ponding of the oil continued until the top of the
plume was at an elevation higher than the top of the lens creating a narrow flow channel above the
fine sand lens. Very little oil penetrated into the saturated part of the fine layer, but some
entrainment took place in the unsaturated part as evidenced by gamma scans over vertical profiles.
This experiment shows that the presence of heterogeneities in a soil traversed by an oil plume can
alter the migration part significantly in comparison with homogeneous conditions. A coarser sand
layer may act both as a preferential pathway and eventually also lead to an increase in the amount
of residual oil in groundwater by creating a large-scale entrapment mechanism. The experiment also
shows that a finer sand formation can decrease the velocity of an advancing oil front and also
change its direction.
DNAPL spill in layered saturated porous medium
This experiment [Ramsey, 1992] was performed in Flume 3 and it was designed to observe the
migration of a DNAPL (TCA) through a water-saturated heterogeneous porous medium. A single
20 cm layer of finer and coarser material, respectively, was positioned in an otherwise homogeneous
sand matrix, Figure 7.
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The DNAPL was injected continuously over a period of 45 minutes from a line source placed 100
cm from the base of the flume by maintaining a constant head at the injection point. Gamma scans
were taken along a vertical in the middle of the flume to obtain quantitative data on the organic
plume migration; however, the photographs included in Figure 8 provide a better overview of the
migration characteristics. Initially the DNAPL spread in all directions because of the pressure
applied at the injection point. Later the movement of the plume was predominantly vertical because
the organic fluid has a density considerably higher than that of water. When the plume encountered
the fine layer, the downward movement ceased, and the organic fluid started to build up and spread
at the interface. During the experiment the organic fluid was unable to exceed the entry pressure
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of the fine layer and penetrate as a front. However, when excavating the flume, penetration into the
fine layer could be observed as isolated fingers. It is expected that small local heterogeneities at the
interface and within the layers generated this flow instability leading to small channels through
which the organic fluid was flowing.
The second experiment was identical to the previous one except that a layer coarser than the surrounding sand matrix was inserted. The initial migration pattern was essentially identical to the first
experiment. When the plume reached the coarser layer, fingering was triggered immediately, and
the organic fluid moved through this layer in isolated flow channels. Upon reaching the interface
between the coarse layer and the surrounding sand matrix the organic fluid was not able to exceed
the entry pressure, and it started ponding and spreading along the base of the coarse layer, Figure
9.
This set of experiments also showed that heterogeneities influence the migration pattern of DNAPL
in a water-saturated medium and that instabilities as fingers occur under certain conditions.
LNAPL spill in unsaturated layered porous media
These experiments [Butts, 1993] were carried out in two-layer systems of fine sand overlying coarse
and coarse sand overlying fine, respectively. After filling the flume with dry sand the pack was
saturated from the bottom over a period of 10 days. The flume was then allowed to drain over the
same period, and a water table was established 4 cm from the bottom of the tank thus creating
unsaturated conditions in most parts of the flow region. The organic fluid used was a refined
mineral oil from STATOIL colored by saturating the oil with Sudan red crystals to facilitate visualization of the spill. Oil was injected through a T-pipe buried at the top of the sand pack. Gamma
scans were taken during the experiment; however, the video records of the experiment provide a
better impression of the migration pattern.
In the first experiment oil was injected in a fine sand layer overlying a coarse sand. The distribution
of oil after 0.9, 4.4 and 7.2 hours are shown in Figure 10. Initially the distribution of oil appears
to be controlled by capillary forces. Upon reaching the slightly wetter, fine sand region above the
interface after approximately 4 hours the oil spread laterally due to a decrease in oil permeability.
After some build-up in oil pressure the breakthrough occurred as oil fingers in the coarser layer.
Apparently these fingers were created by some instability phenomena initiated by the jump in
permeability at the interface. As more oil reached the boundary, new fingers were formed. Excavating the tank after the experiment revealed that the distribution of fingers was three-dimensional with
the highest density directly below the outlet. The cross-section of the fingers was nearly circular
with diameters between 1 - 2 cm.
In the second experiment the layering was reversed, and injection took place in a coarse sand layer
overlaying a fine sand. Figure 11 shows the oil distribution after 0.8, 3.0 and 5.5 hours, respectively. The oil formed fingers immediately at the point of injection, because the outflow flux is much
less than the critical flux for stable flow. The fingers channeled rapidly down to the interface
between the two layers. In the fine layer the permeability to oil is much less, and some lateral
spreading took place. On entering the fine sand capillary forces dominated the further migration,
and a diffusion-like spreading took place. Both these experiments demonstrate that interfaces between contrasting soil layers can have a significant influence on the spreading pattern of infiltrating
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contaminants. When the flow occurs as fingers, the contaminants can readily migrate through the
subsurface and appear at locations much more rapidly than predicted by a diffusion-type flow.
Conclusions
This review has presented the general principles and mathematical framework for multiphase flow
in porous media. Also the constitutive relationships between saturation and pressure and relative
permeability and pressure are presented and discussed.
During the past decades much progress has been made in the development of numerical solutions
to multiphase flow problems, and several numerical models have been presented in the literature.
However, few have been convincingly validated against field or laboratory data. Several parametric
models have been proposed for three-phase permeability-saturation-pressure relations, but as with
the flow models they have not been rigorously validated partly because the experimental techniques
for measuring these relations are not fully developed yet.
In our opinion there is a lack of quantitative experimental data for validation and improvement of
numerical flow and transport models and functional models for the constitutive hydraulic relations.
The current research at our two institutions attempts to contribute to filling this gap by performing
experiments in groundwater tanks and collecting quantitative data for the flow of immiscible organic
fluids in porous media.
In natural field systems the soil composition will always exhibit spatial variability, and our latest
research has therefore focussed on heterogeneous systems by tracking organic plumes through
layered soil configurations. All experiments in such systems have demonstrated that the presence
of heterogeneities in the soil considerably alter the migration path and velocity of a plume.
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Abstract. Reactive solute transport in physically and chemically heterogeneous porous media
may be characterized by spatial and statistical moments. Analytical expressions have been
derived recently for the statistical moments in case of linear adsorption. The agreement between
these solutions and numerical results is shown to be good. For nonlinear adsorption isotherms
such analytical solutions are not available. Different from linear adsorption, nonlinear solute
plumes reveal an asymmetric shape and a time dependent velocity. Spatial moments analysis of
displacement reveals similarities between homogeneous and heterogeneous flow domains.
Introduction. During the past decades, experimental evidence has been provided of the spatial
variability of physical and chemical properties of natural porous media, such as soil and aquifers
[3,4,11,12]. Large scale experiments have indicated the effect of such variability on flow and
transport [11,13]. Hence, models also need to account for spatial variability in order to capture
the observed phenomena.
Analytical solutions that describe the three-dimensional displacement of nonreactive solutes in
physically heterogeneous formations have been developed by Dagan [8,9]. These solutions have
recently been generalized [2] to account for reactive solute displacement in formations that are
both physically and chemically heterogeneous. Numerical studies [1,14,15] illustrated the main
transport behaviour and the applicability of available solutions for nonreactive solutes. For
reactive solutes that are subject to linear adsorption, the applicability of the solutions derived by
Bellin et al. [2] has been demonstrated by Bosma et al. [6].
The cited modeling approaches use the method of moments (statistical as well as spatial
moments) to describe solute displacement in heterogeneous media. The first moment is related
with the mean plume position, whereas the second spatial moment is a measure of the size of
the plume. The second statistical moments are related to confidence intervals of the expected
position of the plume. Both the first and the second moments in the longitudinal and transverse
directions (of mean flow) appear to depend on time. The scope of this paper is to illustrate how
the different moments change as a function of time and the differences between two and threedimensional flow domains as predicted by theory. In addition, we show the accuracy of the
analytical solutions for a reacting solute plume that moves through a heterogeneous formation.
Whereas analytical solutions have been provided for the case of heterogeneity and linear
adsorption, this is not the case for nonlinear adsorption. Recently, numerical results revealed that
the behaviour for solute plumes with nonlinear adsorption may be different from plumes with
linear adsorption [16]. The distinct effect of nonlinearity of adsorption has been shown earlier
for one-dimensional situations [5,17], and recently for two-dimensional formations [7]. In this
paper, we examine the latter results [7] for nonlinear adsorption using analytical results for a
homogeneous two-dimensional domain.
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Theory. Reactive solute transport in a two-dimensional, heterogeneous porous medium is given
by
dc(x,t) + dg(x,t) = v ,
dt
dt

[D.vc(Xj0]-v(x).yc(x,0

(1)

where c is the concentration in solution, q is the adsorbed amount, D is the diffusion/dispersion
tensor, v(x) is the heterogeneous velocity field, with x=(;c,,x2). Initially, no solute is present and
at time t=t0, c(a,f0)=c0 at the injection point a. We assume equilibrium adsorption according to
the Freundlich equation, given by
q(x,t)=KF(x)[c(x,t)T

(2)

where Kf(x) represents the position dependent adsorption coefficient due to spatially variable
chemical properties. The parameter n is a constant, 0<n<l.
The spatially variable velocity field is obtained by solving

v^+vy-v^j-vr

(3)

<D(x) = -J-x+<t>(x)

W

v(x) = - ^ " ( X ) V<i>(x)
6

(5)

where 4> is the hydraulic head, with mean gradient J=(7,0), and random head fluctuation ty with
zero mean, 0 is the water filled porosity, KH is the position dependent hydraulic conductivity due
to spatially variable physical properties, and Y is its natural logarithm, y=ln[^f„(x)].
The effect of spatial variability on transport is studied assuming the log-conductivity (Y(x)) and
the log-adsorption coefficient, W(x)=\n[KF(x)], are normally distributed, with means <Y> and
<W> and variances aY2 and aw2. Spatial dependency is expressed with an isotropic first order
exponential autocorrelation, with integral scales ly and lw.
Due to spatial variability of the physical and chemical parameters, solute displacement occurs
along a tortuous path. Hence, an irregular plume shape will develop, that will be different in
shape as the injection point has a different location. Because in general only the statistics of Y
and W are known, and not the actual realization of the flow domain (i.e., which Y and W values
are found at a particular place) the prediction of transport in a particular realization is of little
interest. Rather, we are interested in the transport behaviour that may be expected. In principle
we have two ways of expressing the expected behaviour. To grasp the difference between these
two approaches, it is useful to mention that the numerical results in this paper are obtained with
a particle tracking method. Thus, we release a designated number of particles that have a fixed
mass at the injection point. We follow each particle as a function of time as it displaces due to
convection and pore scale diffusion, which enables us to assess the plume position and shape as
a function of.time. The position of a particle at designated time is given by its trajectory X(f) =
(Xt(t), X2(t)), where the subscripts denote the longitudinal (1) and transverse (2) directions. The
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mean plume position (or centre of mass) is obtained by averaging over all particles of a
realization, which yields (<X[(0>, <X2(t)>). The plume variance, given by the second central
moment in the principle direction of interest, equals Xu(t) and X22(r) for the longitudinal and
transverse directions. Because the development as a function of time of <X,> and Xu (i'=l,2) is
usually rather erratic, we may perform the above computation a large number of times, for
different realizations of the spatially variable flow domain. Over this ensemble of plumes we
may average the moments, which yields <X,(f)> and <Xu(t)> (i=l,2). These averages give the
expected displacement and dispersion about the centre of mass for a flow domain with
designated variability and are less erratic than in a single plume is considered. For the averaging
a large number of independent realizations is required, to ascertain the stabilization of the
expected behaviour (plume position and dispersion).
A second way of averaging is obtained when we take all the different plumes and project these
in an overlay map. This enables us to quantify the centre of mass of all plumes, which is again
equal to <X,>, and the dispersion of mass about this mean position. For the dispersion, or
variance, we find the contribution Sj[9 due to differences in the mean plume positions.
For the case that the Freundlich power, n, equals one, analytical solutions have been provided
[2] for the statistical moments, i.e., the trajectory of the centre of mass and the variance of an
ensemble of plumes, which were based on the retarded velocity field, v"(x), with
v*(x)=v(x)//?(x);

/?(x) = l +n/sTf(x)[c(x,0]"

(6)

(where for n=\ the retardation factor is simply R(x)=l+Kf(x)). Of main interest is the
development of the second statistical moment, denoted by S 2, as the first moment follows
directly from the mean velocity V divided by the mean retardation factor <R>. The result was
obtained for perfect positive or negative correlation between the hydraulic conductivity and the
adsorption coefficient by assuming a functional dependence between Y and W. For this case the
variance in the longitudinal direction is

S<x,>(T)=2

<R>'

.exp(oy) [Ei(CT,r2)-Y-ln(o1,2)]t+^
<R>

arX

(o- y 2 r exp(-mT)-£

-a 2exp(o 2 /2)(T -ln(t) +Ei( -x) -y) +

2x -31n(t) +(3/2) -3y+3(£j( -x) + ex P( t)(1+TQ 1)

(7)

(+ for negative and - for positive correlation). For uncorrelated hydraulic conductivity and
adsorption coefficient, the result is
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2

<R>

L ^ (awY
-L[Ei(aw2) -Y-ln(a w 2 )]t + £• ^(O"
_ e x p ( -m-Jlx) - £ 2
m m\

O

2

/

2

2x -31n(x) +(3/2) -3y+3(£i( -x) +

exp(

+

t)(l t) 1)

(8)

for uncorrected cases. For the second moment in the transverse direction, the same expression
results for correlated and uncorrected cases, i.e.,
ex ( T)(1+T)
)
S4>(T) =Oy2ly2W)-(3/2) + 7 -£/(-T)+3(l- P -

(9)

as it is affected only through the mean retardation factor <R> in the dimensionless time
T=tV/<R>lr. The function Ei(x) is the exponential integral and y is Euler's constant (7*=0.577).
The numerical approximation of transport requires the generation of a random field of Y(x) and
W(x) according to the specified statistics and the solution of v(x) using a Galerkin finite element
method [5]. Subsequently, the retarded velocity field is calculated which is used for the
assessment of the solute displacement. Transport is approximated with a particle tracking
method, by solving for each injected particle
X(f+AO=X(0+v*(X(0,0-Af+X.(X(fUAf)

(10)

where X(f) denotes the position of a particle at time t, At is the time step, and the displacement
due to pore scale diffusion/dispersion is modeled as a Brownian motion and represented by Xd.
Likewise as the retarded velocity, retardation is implicit in the pore scale diffusion term, Xd,
which makes this term time dependent in the case of nonlinear adsorption.
In case of nonlinear adsorption, the retardation factor of (6) is dependent on the concentration
[17]. This complicates the situation considerably, because the retarded velocity becomes
concentration dependent and, in view of concentration changes caused by dispersional spreading,
v" becomes time dependent. In that case, the overlaying of results of different realizations can be
used to quantify the variation of plume centroids. In addition, we may calculate the mean
displacement and plume variance by averaging these properties for many realizations. Analytical
solutions for nonlinear displacement in multidimensional heterogeneous media are not yet
available. For homogeneous media, expressions may be derived for the time development of the
spatial moments, using results of asymptotic analysis [10]. Omitting mathematical details, we
only give the expressions for the limiting (f-»°°) behaviour of the time dependency of the
moments. For the mean position in the longitudinal direction of the nonlinear plume we obtain
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which reveals the time dependence of the longitudinal plume velocity, due to nonlinear
adsorption. Considering that flow in the homogeneous case is directed perfectly in longitudinal
direction, we find that the transverse position of the centre of mass is /j2(t) = 0 for all times. For
the plume variances in the longitudinal and transverse directions (1,2 respectively), we obtain
o, 2 (0 - t

(12)

<J22M

Using these expressions, we may assess whether nonlinear heterogeneous displacement behaves
essentially different with regard to plume shapes and velocity from the homogeneous case.
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Results and Discussion: Linear adsorption. In Figure 1 we present the development of the
longitudinal and transverse displacement covariances (i.e., S ^
i'=l,2) for correlated and
uncorrelated cases in a two-dimensional flow domain. We observe that in particular a negative
correlation results in a profound increase of the covariance, as the different sources of
heterogeneity enhance the longitudinal dispersion. On the other hand, the transverse variances
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are unaffected by chemical heterogeneity, which is in agreement with the theory. Hence, the
tortuous path of the plume of particles due to spatial variability of the hydraulic conductivity
determines the width of the zone where the plume may be found. The length of this zone is
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Second statistical moments in longitudinal (a) and transverse (b) directions for
two and three-dimensional domains (aw2=0.2).

determined by the smearing effects of both spatial variability of Y and W. Practically, this
implies that in case of a negative correlation, the area where the plume may be,found is much
larger than in case of a positive correlation. In the latter case, the uncertainty is therefore smaller
than for the earlier case. The results of Figure 1 also reveal that the agreement between the
analytical solutions and the numerical calculations is good. Other examples of the close
agreement between analytical and numerical results were provided recently [6].
Although we have only given the two-dimensional analytical solutions for S2(t) in the Theory
section, three-dimensional solutions have also been obtained [2]. In Figure 2, we show a
comparison of the displacement covariances for two- and three-dimensional isotropic domains
for three degrees of heterogeneity. Three-dimensional solute spreading appears to result in only
slightly larger longitudinal variances than in case of two dimensions. Transverse spreading is
affected significantly by the dimensionality of the transport problem. The effect corresponds with
the much stronger sensitivity of the transverse moments for the dimensionality for the
nonreactive case [8,9]. Whereas in Figure 2 the value of Gw2 is 0.2, an increase of chemical
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heterogeneity does not affect the close correspondence between the longitudinal covariances for
the two- and three-dimensional cases as is revealed by Figure 3.
Nonlinear adsorption. Of considerable interest is the applicability of the derived analytical
solutions, and the understanding that can be obtained from them, for the case of nonlinear
adsorption. This applicability is not obvious, in view of the profound effect of nonlineanty of
adsorption on the transport behaviour of an individual plume. Thus, for 0<n<l in (6) the
downstream part of the plume tends to a sharp front, whereas the upstream part tends to show
considerable tailing [10,16,17], The distinct difference in displacement concerning the individual
plume shape for the linear and nonlinear cases is shown in Figure 4. Whereas for n=\ an
irregular but still quite ellipsoidal shape results, the corresponding plume with same parameters
except that n=0.35 appears to be practically equally wide but much longer. Hence, it is likely
that the development of <XH> as a function of time is quite different for individual linear and
nonlinear plumes. Furthermore, due to the effects of both pore scale dispersion and adsorption
nonlinearity, the concentrations in the nonlinear plume decrease as a function of time. This
implies (eq. 6) a deceleration of plume displacement which does not occur in case of linear
adsorption.
Considering the effect of adsorption (non)linearity on the displacement and dispersion of plumes
may be done best by showing the time dependency of the expected values <X,> and <XU>, as
the development for one particular plume (<X,>, Xu) may be very erratic. First we show in
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Second statistical moments in longitudinal direction for two and three-dimensional
domains (a/=0.2).
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Figure 5 the development of the moments for two cases of pore scale dispersion and n=0.8,
where the straight lines represent the time dependence under limiting conditions (t—»°°)
according to (11)-(12). For the front position (<X,>) differences are small and in agreement with
the slower velocity for the most dispersed (lower concentrations) plume. The larger dispersion
occurs predominantly in transverse direction, as differences are minor in the longitudinal
variances (Xn). From the correspondence between the numerical and analytical results at larger
times we conclude that convergence to the limiting behaviour occurred for this n value and
domain length.
In Figure 6, we show the development of the moments as a function of time for the n value of
0.35. For this case we observe that the long term time dependence of the moments is not in
agreement with the expressions of (11)-(12). Apparently, a larger flow domain and time is
needed to obtain convergence to the limiting behaviour.

Figure 4.

Plume shapes for linear (a) and nonlinear (b) adsorption. Coordinates expressed as
number of integral scales.
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In Figures 7 and 8 we present the growth of the moments as a function of time for tinhie/
heterogeneous flow domains, in case of uncorrelated hydraulic conductivity and adsorption
coefficient. For n=0.8 the time dependence appears in agreement with the expressions for the
homogeneous case (11)-(12) for large enough times. The absolute values of the moments differ
from those of the homogeneous case as may be expected. As adsorption becomes more distinctly
nonlinear (n=0.35, Figure 8), also for the heterogeneous flow domain the long term time
dependence of the moments is not yet attained. Interestingly, it seems as if the rate of
convergence (on a log(f)-scale) is quite similar for the homogeneous and the heterogeneous
plumes.
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Development for homogeneous domain of /u, a t 2 and o22 for two D values and
n=0.8. Also shown the limiting behavior (solid lines).

Conclusions. In this paper, we studied the spreading behaviour of plumes that migrate in
heterogeneous porous media. The analytical solutions for the statistical moments in the case of
linear adsorption are found to be in good agreement with the numerical calculations. Chemical
heterogeneity appears to affect the longitudinal second moment (or variance) whereas it has no
effect on the transverse variance. The effect of the dimensionality of the flow domain on the
statistical moments has never before been demonstrated for a flow domain that is both physically
and chemically heterogeneous. We showed that the longitudinal variance is relatively unaffected
by this dimensionality. For the transverse variance we observe a profound reduction when we
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Figure 6.

Development for homogeneous domain of p, a,2 and o22 for D=10"3 and «=0.35.
Solid lines give the limiting slopes.

consider a three-dimensional domain instead of a two-dimensional domain. We also provide the
first results of the development of spatial moments as a function of time for the case of
nonlinear adsorption. The shape of the plumes is quite different from the shape found for linear
adsorption, which was observed earlier [16]. As a first attempt to obtain quantitative
understanding of nonlinear plume dispersion in heterogeneous media, we relate the time
dependence of the spatial moments for a heterogeneous flow domain with the result for
homogeneous media. To do this we derived the asymptotic time dependence of the spatial
moments from recent analysis [10]. We find that for our choice of parameters the asymptotic
behaviour occurs when we have only slight nonlinearity (n=0.8). In case of profound
nonlinearity (n=0.35) the asymptotic behaviour of the spatial moments is not reached.
Nevertheless, the agreement between the time dependence of the spatial moments for the
homogeneous and the heterogeneous cases is promising. This suggests that nonlinearity of
adsorption rather than heterogeneity may control the time dependence with which the spatial
moments grow for well developed plumes. Heterogeneity is probably important for the absolute
values of the different moments.
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FAST AND EARLY APPEARANCE OF SOLUTES
IN GROUNDWATER
BY RAPID AND FAR-REACHING FLOWS
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University, Ithaca N.Y. 14853, U.S.A. and S.C.-DLO Winand Staring Centre for
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The Netherlands.
ABSTRACT
Groundwater pollution occurs rapidly and can be detected shortly after application of pesticides
and with the first rainfall. However, unfortunately very few models exist that can predict the
fast transport of pesticides. In this paper, we derive expressions for distance travelled, arrival
time and concentration of preferentially moving water. They are based on a conceptual model
in which a layer near the surface becomes saturated and distributes the water and solutes to the
preferential flow paths. The preferential flow paths below the so-called distribution layer consist
of a) either fingers in layered but otherwise homogenous sand soils and locally high conductive
flow paths through cracks or b) earth worm burrows in structured clayey or loamy soil with a
low conductivity of the matrix. Examples are given of preferential flow of tracers and pesticides
in sandy and structured soils for various locations in the United States and in the Netherlands.
Also the derived expression for preferential solute concentrations and width of fingers in sandy
soils are tested for various situations known to have preferential flow. The equations presented
can form a basis for a preferential module in a convective dispersive model.
INTRODUCTION
Simulation models are widely used for predicting water and solute transport through unsaturated
soil (Gee et al., 1991; van Genuchten, 1991). However, discrepancies between model results
and actual field measurements often occur (Jury and Fliihler, 1992: Steenhuis et al., 1994a). In
particular, many studies have found high concentrations of pesticides in tile lines or shallow
groundwater shortly after application (Kladivko et al., 1991; Gish et al., 1991; Smith et al.,
1990). Traditional management models using "averaged" transport parameters with the
convective-dispersive equation predict a much larger travel time. This is unfortunate since
models are supposed to be reliable predicting tools.
Rapid transport of pesticides is associated with preferential flow through cracks in structured soils
(Lawes et al., 1882), unstable wetting fronts (Hill and Parlange, 1972), and funnel flow (Kung
et al., 1990a,b). Models based on the convective-dispersive equation are unable to predict this
fast transport through preferential paths to the groundwater (Sposito et al., 1986; Parlange et al.,
1989b). New models have been developed that attempt to include preferential flow transport

184

(Steenhuis et al., 1990; Chen and Wagenet, 1992; Ahuja, 1991; Workman and Skaggs, 1990).
These models, although very precise, are complicated and provide little insight into the critical
processes governing the transport of chemicals through preferential flow paths. The objective
of this paper is to develop a conceptual model to predict the concentration and time of arrival
in shallow groundwater of pesticides and other toxics, for which even small quantities that arrive
early with the preferentially moving water are important. Because the data are scarce, the model
is hypothetical and sketchy in nature.
MODEL
The following transport model is partly based on the observations by Lawes et al. (1882) that
water arriving at the groundwater table or collected in drains can be separated into two
constituents: preferential flow ("direct drainage") and matrix flow ("general drainage"). The
conceptual framework for the model is presented in Fig. 1. As shown schematically, rainfall
enters a distribution zone (Ritsema et al., 1993; Steenhuis et al., 1994b) here it flows laterally
and mixes with the water and solutes in this layer. During the time that the distribution layer
becomes saturated (Fig. la), adsorption of surface-applied solutes takes place in the distribution
zone. Once the distribution layer becomes saturated, water and solutes are desorbed and released
to the subsoil as preferential and matrix flow (Fig. lb). The preferential flow passes with little
modification through the soil channels to the deeper soil or groundwater. The chemical
composition of this water thus reflects the concentration of chemicals in the water near the
surface. Matrix flow is water that flows slowly through the soil while sampling all pore spaces,
obeying the convective-dispersive equation. Because of their slower movement, pesticjdes are
usually degraded by the time they arrive at the groundwater. In this paper, we are especially
interested in the early arrival of chemicals and, thus, will only consider preferential flow.
Therefore, although matrix flow may contribute significant quantities of solutes (and especially
nitrates) some time after application (and is well represented by the convective-dispersive
models), in this paper we will concentrate on the part that models poorly simulate: the fast and
early arrival of solutes.
DISTRIBUTION FLOW IN THE SURFACE LAYER
Significance and Occurrence
Distribution (or lateral) flow takes place in layers with high moisture content where downward
movement is impeded. Many studies have shown the existence experimentally (Mosley, 1982;
Bathke and Cassel, 1991; Kung 1990a,b; and others) and in computer simulations (Hurley and
Pantelis, 1985; Wallach and Zaslavsky, 1991; Jackson, 1992). These studies all involve water
flow and only recently the effect of lateral (and distribution) flow on solute transport has been
considered (Cameron et al., 1979; Beven 1989; Jury and Roth, 1990).
A band of high moisture, in which lateral flow of water and solutes takes place, can be caused
by several different soil profiles. The first configuration is where a highly permeable layer
overlays a soil with a very low overall conductivity but that may be high locally in cracks or
wormholes (Ahuja and Ross, 1982; Selim, 1987; Parlange et al., 1989b). In this configuration,
the downward flow is restricted until the soil is almost saturated and the matric potential is close
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enough to zero so that the water can enter the larger pores. A different process (but with similar
results) takes place when a less permeable horizon overlays highly permeable soils. This results
in unstable wetting fronts with fingers Glass et al., 1989a,b). Ritsema et al. (1993) showed that
this also occurs in water repellent soils. Finally, Selker et al. (1992 a,b,c) showed that unstable
wetting fronts can occur under laboratory conditions in homogeneous coarse grained soils when
the rainfall rate is much smaller than the saturated conductivity of the soil. Also, in the case of
the unstable wetting front, the matric potential in the soil has to reach a value close to zero
(water-entry value) before the fingers form. Thus, in all cases we have a nearly saturated layer
in which the distribution flow funnels the water into the preferential flow paths (Fig. lb). In the
next section, we will discuss the types of preferential flow paths, their density, and the travel
time through them. Two aspects are especially important for prediction purposes. First, we
discuss the distance travelled per rain storm which makes it possible to calculate the time it takes
for the solutes to reach (shallow) groundwater or tile line. Next, we calculate the concentration
of solute when it reaches the groundwater in the preferentially moving water. Finally, we look
at the density of the preferential flow paths.
Distance Travelled by Solutes for a Rainstorm
In calculating the arrival time (and the distance travelled) of the solute, it is important to know
what the cross-sectional area of flow is. Traditionally, the convective-dispersive approach would
suggest that the cross-sectional flow area is constant (i.e., all the soil or a fixed portion thereof)
and that the moisture content of the soil adjusts itself such that the product of conductivity and
hydraulic gradient becomes equal to the flux. The average distance travelled (which needs to be
adjusted for dispersive effects) can then be expressed as:

(1)

where L distance travelled by non-adsorbing solute |L]
<xm the fraction of the total pore space taken up by the mobile fraction of the soil. am =
1 for the convective-dispersive equation
0e moisture in the soil or mobile fraction after the water is drained 24 to 48 hours after
the rainfall event [L3/L3]
q downward flow per unit area or specific discharge [L/T]
t, duration of rainfall event [T]
Various experiments have shown that for preferentially moving water, the wetted cross-sectional
area is not a fixed portion of the soil. We, therefore, suggest that the following mechanism might
operate: water moves down at a velocity approximating the saturated conductivity of the soil.
The wetted portion of the cross-sectional area, aw, adjusts itself such that the product of the
saturated conductivity and the wetted cross-sectional area equals the flux:
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which was earlier proposed by Baker and Hillel (1990). Under this scenario, the distance
travelled depends on the saturated conductivity and the duration of the storm but not on the flux,
and can be expressed as:
L =0

for

L - 'J* ( ' , - U )

tr< td

fortr>td

(3)

(4)

where Ks saturated conductivity [L/T]
td time it takes to fill up the distribution layer [T]
aw wetted portion of cross-sectional area [L2/L2]
Thus, there is a fundamental difference between preferential and the convective-dispersive flow
in terms of velocities and distances travelled. During the rainfall event, the velocity of the solute
for preferentially moving water, in which we consider separate flow paths, is independent of the
rainfall intensity and is equal to the quotient of the saturated conductivity and the saturated
moisture content, while for the "convective-dispersive average-flow-path" the velocity is equal
to the rainfall intensity divided by the moisture content behind the wetting front.
Eqs. 2 through 4 are simplistic, but they give a first hypothesis that obviously needs to be tested
and further refined. For example, in sandy soils, fingers grow slightly slower than saturated
conductivity because of a gradient less than unity behind the finger tip (Selker et al., 1992a,b).
Despite its simplicity, many field experiments suggest that the proposed mechanism is valid. In
sandy soils of Delaware, for example, pesticides were found in the groundwater at 3 m depth
shortly after sampling with less than 5 cm of precipitation (Ritter et al., 1987). In order to
verify the findings, we applied blue dye #1 to the site and observed dyed water in a suction cup
sampler at 2.5 m depth in less than an hour. Consequent examination of the cross-sectional
profile revealed tiny dyed fingers, usually with a root hair in the middle. In the sandy soils of
Long Island in an experiment with Mocab, increased pesticide concentrations were found with
suction cup samplers in the capillary fringe at 2 m depth shortly after application (Bailey, et al.,
1989 ). Finally, in a sandy clay loam soil (Illitic, mesic Aerie Ochraqualfs) in northern New
York with a hardpan from 25 to 70 cm punctured with many macropores, Shalit and Steenhuis
(1994) found that 2,4-D appeared in the tile line at a depth of 1 m with an outflow of less than
0.5 cm with the first rainfall event 1 day after application (Fig. 2a). Subsequent rainfall events
brought again higher concentrations with the preferentially moving water, while the periods in
between, when matrix flow dominated, the pesticide concentrations were low (Fig. 2a). Also,
Atrazine was found at higher concentrations as soon as the tile flow increased, in response the
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rain (Fig. 2b). Atrazine
was applied at the beginning of the growing
season in the first week
of May. It is likely that
the high concentrations
were also originating
from the distribution
layer, because the concentration decreased to
background levels between rainstorms.
Concentration
Preferentially
Water

of the
Moving

08/18

08/19

08/20

— Hydrograph — 2,4-D

08/21

08/22

08/23

Irrigation

In the previous section,
we determined the dis100
tance travelled by the
solutes during (and short80 •
ly after) a rainstorm. In
this section, we calculate
the concentration in the
^ 60
preferentially moving
water.
We will first
show for a sandy soil (the
Ouddorp site) and then
for a structured soil, that
20
the distribution layer
funnels water and solutes
in distinct flow paths and,
subsequently, we will
08/19
08/23
08/18
08/20
08/21
08/22
present a theory for
— Hydrograph — Atrazine
—- Irrigation
predicting the concentration and validate the
model with several experiments that have appeared Figure 2: Concentration of pesticides in tile line for 2,4-D applied
on August 17 and Atrazine applied in then first week of May.
in the literature.

{«,

This process is well demonstrated by an experiment carried out in the fall of 1988 at the Ouddorp
site with a bromide tracer on a 4 m x 30 m plot. The Ouddorp soil is a Typic Psammaquent (De
Bakker, 1979) and consists of a 5 cm thick organic topsoil, with a transitional layer to 9 cm
depth overlaying a non-calcareous fine dune sand. The organic matter content of the topsoil is
around 20%, the transitional layer is 4%, and below the 9 cm depth is less than 0.5%. The
upper part of the soil above about 45 cm is water repellent. Based on samples collected at 80
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locations, the mean bromide application was
8.47 g/m2 with a standard
deviation of 0.51 g/m2.
The unsaturated soil, to a
depth of 1 m, was sampled using cylindrical soil
samplers with a diameter
of 10 cm. Twenty soil
cores were collected on
each of the sampling days
11, 17, and 45 days after
the tracer application.
Bromide and water content were determined for
each core for the 0-5 cm
depth and then every 8
cm.

soil water content (vol.%)
10

20

30

40

100

As an example, the water
and solute distribution are
given in figure 3a and 3b.
Br concentration (g.m-3)
High water contents were
70
20
30
40
50
found in the top layer
(the distribition layer!).
The soil between 10 and
50 cm, which was water
repellent and remained on
average relatively dry.
This part of the profile
had a few preferential
flow paths in otherwise
dry soil (see also Fig. 8)
with a high water content. The subsoil was
again wetter. The bromide concentration in the
100
soil (Fig. 3b) followed a
similar pattern as the
moisture content: high
concentration
in the
distribution zone; lower Figure 3: Moisture content (3a) and bromide concentration (3b) for
concentrations at interme- Ouddorp 17 days after tracer application.
diate depth, and high
concentrations in the lower part of the profile. In Fig. 4 the total bromide content per soil core
are shown together with the average amount of bromide applied and the upper and lower 95%
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confidence limits. Six cores out of the 20 sampled contained significantly more bromide than
applied, and six significantly less. The high concentration cores were wetter and the bromide
concentration were at greater depths than the low concentration cores. Thus, this experiment
confirms the hypothesis that the distribution layer funnels water and soluted into the (wetter)
preferential flow paths.

20
A second example of the
mean bromide applied
18
funnel ing caused by the
CM
distribution layer was
E 16
demonstrated in a tracer
O)
study that was performed 0) 14
in the summer of 1991, •o
in the Cornell University E 12
Orchards on a Hudson o
1silty clay loam soil (Udic m 10
hapludalf) having a »o 8
mowed sod cover with
6
very fine roots in the c
O
3
upper 30 cm and no
4
cracks larger than 1 mm. E
Below the 30 cm depth, <
2
the original structure of
the soil was undisturbed
0
1
5
10
15
20
and water could flow
through structural cracks
Soil Core Number
between the peds. The Figure 4: Distribution of bromide content of soil cores for Ouddorp
peds had a hexagonal 17 days after tracer application.
shape and were approximately 20-30 cm in diameter. Roots and wormholes had established themselves in the cracks, which were filled with a
sandy material, causing a much higher conductivity in the cracks than in the peds (Merwin et al.,
1992). Water was sprinkled on a 4 m by 6 m plots at a rate of 1 cm/hr for 3-4 hours dayly for
up to twelve days. Bromide at a concentration of 6 g/1 was applied with the first 3.5 cm of
irrigation. The percolating water was collected with wick and gravity pan samplers installed at
a depth of 60 cm. Each sampler had 25 cells arranged in a square pattern with 5 cells (each
measuring 6 cm by 6 cm) on a side.
•—•
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The distribution of the amount of bromide collected for each grid cell is shown in Fig 5a. The
main cause for the spatial variation was the differences in the amount of water collected per grid
cell, which varied between the highest and lowest cell by a factor of 10 (Fig 5b) and not by the
differences in bromide concentration which varied less than threefold (Fig. 6). Moreover, there
was no relationship between the amount of water collected per cell and the average concentration
(Fig. 6), which is similar to the Ouddorp experiment that the distribution layer funnels most
water and solutes into the most conductive preferential flow paths. Fig. 7 shows that the highest
concentrations occured during the first day, thus traveling the 60 cm distance in less than one
day. (Actually we observed that for some of the sampling bottles, the first water, that was
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collected within one hour
after the tracer application
already contained the blue
dye tracer).
To calculate the solute
concentration of preferentially moving water, we
make the assumption that
water enters the macropores at or near atmospheric pressure (Phillips et al.,
1989).
Thus, surface
runoff and macropore flow
starts at the same time and
we can equate the concentration in surface runoff to
that in macropores (Jarvis
et al., 1991). Our earlier
simple surface runoff
model (Steenhuis and
Walter, 1980), was consistent with the conceptual
framework of Lawes and
coworkers (1882) discussed
above.
The model assumed that free water at
the surface and percolating
water "mix" with all or
part of the water in a socalled distribution layer,
and that the adsorption and
desorption characteristics
of the chemical were the
same.
However, this
assumption of similar
adsorption and desorption
behavior is not valid for
pesticides moving in macropores.
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Figure 5: Distribution of total amount bromide (5a) and water
collected per grid cell for the Cornell Orchard (5b).

Assuming that the depth of
the distribution zone is constant, the solute concentration in the preferentially moving water may
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Figure 6: Plot of average concentration versus water discharge per grid cell for samplers
located in the Cornell Orchard.
be expressed as (Steenhuis et al (1994b):

fqdt
Cw ^

I5|

exp-^W,

where C0w (M/L3) is the concentration of the solutes in the water at the end of the mixing phase"
(Fig la) in distribution zone and before the distribution starts (t = td), and can be expressed as:
Mo

IM

where M0 is the amount of solutes applied per unit area and W., and Wd (L3/Lr) are the apparent
water contents per unit surface area in the distribution layer during adsorption and desorption
phases. These are equal to:
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W

PK )

[?1

W„ = 4 » ( 9 , + P *« )

f8'

a = 4 * . ( 9,

+

where ka is adsorption partition coefficient during absorption of water and solutes in the mixing
stage and kd the adsorption partition coefficient during the distribution stage and ddis, the depth
of the distribution layer. For nonadsorbed solutes, the apparent water contents per unit surface
area are, as expected, both equal to the amount of water in the distribution zone. For adsorbed
solutes, the use of different k's during sorption and desorption is obviously only approximate.
Conceptually, the distribution kd value is the tangent to the desorption isotherm, while ka is an
average over the whole range. Taking kd as the tangent is a reasonable assumption since the
amount of adsorbed solutes lost is usually only a small portion of the total amount. However,
modeling hysteresis this way, while maintaining continuity in the water phase solute concentration in Eqs. 2 and 3, causes a mathematical artifact such that M(t) at time zero, M(0), is less
than M° (i.e., only a portion of the solutes is initially available for loss in macropore flow).
The data for the orchard experiment discussed above are used to show the validity of the
equation. Separate experiments showed that the water content of the distribution layer was
reasonable. Using this value and the above equations, we see in Fig 7a that the data are
reasonably fitted for both the wick and the gravity pan sampler for the first 10 days of the
experiment, representing about 25 cm of outflow. The prediction for the blue dye in Fig. 7b is
more difficult but, assuming a adsorption value of 2 during the mixing phase and zero during the
distribution phase (which seem to be valid for more than this experiment, Steenhuis et al.,
1994b), we again obtain a reasonable fit.

Frequency of Preferential Flow Paths
Knowing the frequency (or density) of preferential flow paths is important to estimate elementary
representative volumes for sampling purposes. As discussed earlier, the density only marginally
affects the transport velocity. The mechanism that forms preferential flow paths are different
in sandy soils and structured soils with macropores. The density of the preferential flow paths
for the two high conductivity soil types at both ends of the spectrum (i.e., the sandy soil and
structured soils with macropores) are discussed separately.
Sandy Soils: For sandy and water-repellent soils, the density of fingers can be found by dividing
the wetted cross-sectional area by the wetted area of each finger:
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where ff frequency of fingers
Af the cross-sectional area of the finger [L2]
Note that the wetted portion of the soil (and, thereby, the number of fingers) is determined by
the largest rainfall event into the dry soil (Selker et al.,1993). Once formed, fingers are
persistent, but more fingers form when the carrying capacity of the existing finger network is
exceeded (Nektarios, 1994).
The cross-sectional area of the finger, as characterized by its diameter, has been studied widely
in the laboratory. In the approach of Parlange and Hill (1976), finger width predictions were
based on the ratio of the sorptive and gravity forces and resulted in rainfall rates much smaller
than the saturated conductivity (Parlange et al., 1990; Liu et al., 1994a):

d = L&

[io]

Kfef

where 15
0,
Kf
Sf0

constant and equal to 4.8 for three-dimensional fingers,
water content at the fingertip [L 3 /L 3 ]
conductivity of the fingertip [L/T]
sorptivity [L/T*] at the fingertip for an initially dry soil and can be found as (Liu et
al. 1994a)

S% = 2 (0/12

where K
h

["'

(0)1'2 A- dh

[11]

unsaturated soil hydraulic conductivity function [L/T]
matric potential [L]

Liu et al. (1994a) simplified Eq. 10 further and obtained an expression for finger diameter,
which is equally valid whether the soil is initially dry or wet:

2
1

"V ( f>

«2»

Tl + 1.5

where dh/dö is the slope of the wetting branch of the soil characteristic curve at 6t. rj is related
to the pore-size distribution of soil with values ranging from 3.3 and 4. Liu et al. 1994b suggest
that the slope may be found:
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dh
dB

(13)

where e is the soil porosity and may be found from the bulk density of the soil.
Note that although the initial moisture content of the soil does not enter into the equation, the
diameter is not the same as the wetting branches of the soil characteristic curves (under which
the sorptivity calculated, see Eq. 11) for different initial moisture contents. In general the wetter
the initial moisture content, the steeper the curve and the wider the finger (Liu et al., 1994c).
Thus, under field conditions one might expect that fingers, once established, will widen over time
as the soil becomes wetter after the summer.
In order to find out how
well the laboratory
derived finger width
equations predict sizes
under field conditions,
we tested the equation
above for the Ouddorp
site in the Netherlands.
To determine the moisture distribution, the
soil was sampled intensively several times per
Moisture content (vol.%)
year with 5 cm diameter
20-25
|
| 0- 5
Mt% 10-15
steel cores over a 5.5 m
H H 5-10
U U 15-20
transect at 5 depths up
to 0.50 m depth. When
water infiltrated into the
dry soil on July 12, Figure 8: Moisture distribution in soil transect, clearly showing
several distinct fingers fingers (hatched areas) for the Ouddorp site on July 12.
could be distinguished
(Fig 8). Later in the season the fingers became wider and finally the whole profile became wet.
To find the finger diameter for the Ouddorp site, the wetting branch of the soil characteristic
curve and unsaturated conductivity are needed. The average wetting and drying branches for
three different soil samples is shown in Fig. 9 and corresponding hydraulic conductivity curve
for the wettin branch in Fig. 10. With the sorptivity values calculated from Fig 10, finger
diameters of around 10 cm are calculated with Eqs 10 and 11. For a soil porosity of 1.5 g/cm3,
df = 0.33 and hf = -4 cm, we find a slope of 38 cm and a diameter of 23 cm.
Because the starting point of the wetting loop was 0.05, which was the same as the initial
moisture content for the July 12 measurement, the finger width predictions are valid for this date
and, indeed, we find that the predicted finger width equation agrees very well with those found
under the field conditions which are also between 10 and 25 cm. To confirm that our findings
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were reasonable,
we similarly
computed the
finger diameter
for a loess soil in
Limburg
in
which a stable
wetting front was
observed.
In
this case, the
finger size was
wider than the
section over
which the moisture contents
were taken, thus,
confirming the
validity of the
equations.
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Structured Soils:
There are no Figure 9: Wetting and drying branches of the soil characteristic curve for
equations
for the Ouddorp site
structured soils
to predict what portion of the soil participates in the transport process. Dye studies have clearly
shown that only a tiny fraction of the larger type of pores take part in the downward transport
process (Nektarios, 1994). One hypothesis is that once enough macropores carry down the
imposed flux, no additional macropores are wetted. The flux and travel times in macropores are
determined with the Poiseuille Law by some researchers. In general, however, the times are so
fast that flow is always carried to the bottom of the pore. In dye studies we carried out, where
we dug a hole almost immediately after water was applied, we found dye as deep as the backhoe
could dig. Thus, travel times of a meter per minute might not be uncommon.
DISCUSSION AND CONCLUSIONS
We have shown, in this paper, that preferentially moving water rapidly can move small but
significant quantities of pesticides to groundwater. In this process, a saturated surface layer (the
distribution layer) in which the water is distributed to the various flow paths, is an important
phenomenon. The distribution flow occurs in both low conductivity soils with locally high
conductivity paths and on the coarse grained soils, but not might not occur in the loess soils, as
indicated by observed and stable wetting front on the Limburg site.
We speculated that, under preferential flow conditions, the velocity of the solute is almost
independent of rainfall rate but depends on the duration of the storm and the saturated
conductivity of the soil. Under this scenario, a low intensity storm could cause more pollution
than a high intensity storm.
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We also showed
that the concentration in the
preferentially
moving water
decreased exponentially with
time.
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Determining the Fate of Contaminants Following Land
Disposal of Mine Waste Water
W.J. Bond*, I.R. Willett, and K. Verburg. CSIRO Division of Soils, Canberra,
Australia.
Abstract. The fate of contaminants in mine waste water disposed of by land application near
Ranger Uranium Mine is a sensitive issue because the mine is surrounded by a national park. As part
of a comprehensive study of this issue, a field experiment was conducted to determine the likely fate
of the mobile contaminants in the water. A combination of measured ion concentrations in the soil
solution and water fluxes estimated with a simulation model validated for the site was applied to
determine the leaching fluxes of the major ions. These estimates were then corroborated by mass
balance calculations.
Irrigation with retention pond water for 16 weeks in the Dry season (at a rate of 8.8 mm day 1 )
resulted in a significant increase (64%) in drainage of water below the bottom of the soil profile at
0.5 m. Large percentages of the ions applied in the irrigation water leached below the 0.5 m depth.
The ability of the top 0.5 m of the soil to retain the major ions was exhausted before the end of one
irrigation season. In subsequent irrigations, all of the ions applied would be leached from the soil.
The good agreement between the mass recovered and the mass applied for most ions showed that
the combined measurement and validated modelling approach for estimating the ion leaching flux is a
useful one.
Introduction. Ranger Uranium Mine, at Jabiru in Australia's Northern Territory, is located in one
of the country's most significant Heritage Areas and National Parks. Strict conditions have been
imposed on its discharge of water into the surrounding Park. The considerable amount of runoff
water generated within the mine area during the monsoonal Wet season is therefore collected and
stored for evaporation in the Dry season. Since 1985, excess water unable to be evaporated has
been disposed of by land application on bushland near the mine. This water is contaminated with
low levels of radionuclides and heavy metals, a high concentration of sulphate, and moderate
concentrations of other major ions. Because of the environmental sensitivity of the area, a
comprehensive field and laboratory study (9) of the fate of the irrigation water and its contaminants
was carried out.
An earlier investigation (3) identified leaching from the land application area to the groundwater
as an important pathway for contamination of nearby waterways in the National Park surrounding
the mine by the more mobile contaminants in the irrigation water. Of particular concern was the
sulphate and accompanying cations that are potentially toxic to aquatic organisms. This paper
reports results from a field experiment that was undertaken to determine the fate of the ions apphed
and in particular the percentage of them that was leached from the soil. This was carried out by
combining measurements of soil water composition with soil water fluxes obtained by modelling,
having first validated the model by comparison with tritium tracer measurements. The resultant
cumulative ion fluxes were corroborated by a mass balance approach based on changes in the
quantities of ions stored in the soil during the experimental period.
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'Materials and Methods. A field experiment was conducted to simulate land application under
controlled conditions on a 60 m2 plot (13.5 m x 4.5 m) adjacent to the Ranger Uranium Mine land
application area (9). This plot was established on a previously un-irrigated patch of the dominant
soil type of the area (3). The soil, classified as a Torrox, was 0.5 m deep overlying ferruginous
schist. It had an average CEC of 0.042 molc kg"1 and an average bulk density of 1700 kg m~3. The
plot was monitored as described below for a total of 38 weeks during a Dry season irrigation and the
subsequent Wet season.
The plot was irrigated with simulated retention pond water at an average rate of 8.8 mm day 1
for 16 weeks during the 1988 Dry season, giving a total application of 989 mm. This irrigation
regime was chosen to imitate the irrigation practices of Ranger Mine, except that care was taken to
ensure a high degree of uniformity of application using a close-spaced array of overhead microjet
sprinklers. The irrigation water was produced by adding known quantities of salts and radionuclides
to a specified volume of water from the town water supply, so that the resulting concentrations of
the major ions were very similar to that of the retention pond. During weeks 1, 2, 5, 6, 7, 11, 12,
and 13 of irrigation, tritiated water was also added to the irrigation water to produce three discrete
pulses of tritium to act as a tracer of water movement. Each pulse had an activity of approximately
240 MBq m 3. Seven shorter but more intense (900 MBq m~3) pulses of tritiated water were applied
during the Wet season. These were applied every three weeks over three days each in a total of 188
mm of water. During every irrigation, water was collected from 18 sampling vessels distributed
semi-randomly across the plot for measurement of composition and quantity added. Rainfall
commenced in week 9 of the irrigation experiment and continued sporadically until week 37,
reaching a total of 1524 mm. Pan evaporation at the site was 687 mm during the 16 weeks of
irrigation, and a total of 1305 mm for the 38 weeks of the experiment. The irrigation measured on
the plot and rainfall received at the site, on a weekly basis, are shown in Fig. 1. The average
composition of the irrigation water and the total quantities of the major ions applied are presented in
Table 1.
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Fig. 1. Irrigation and rainfall incident on the plot in each week of the
experiment.
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For sampling purposes, the plot was divided notionally in halves longitudinally and in thirds
laterally, to produce six cells. Soil solution samplers (as described in 8) were installed in the centre
of each of the six cells at depth intervals of 0.1 m down to the bottom of the soil profile at 0.5 m.
Samples were withdrawn from these for chemical analysis at weekly intervals during irrigation, and
at reduced frequency during the subsequent Wet season. These samples were analysed for electrical
conductivity (EC), pH, Na, K, Ca, Mg, S0 4 , CI and tritium. The cations were determined by atomic
absorption spectrometry, the anions by liquid ion chromatography and tritium by liquid scintillation
spectroscopy.
Table 1.

Composition of irrigation water incident on the plot
and total mass of ions applied.
pH

EC

Mg

Ca

Na

S0 4

CI

35

mg L
30
5.7

509

29

34.1

g nr 2
29.5 5.7

503

28.3

1

Mean
Total mass
applied

7.4

dS nr
0.90

K
1

91
89.7

In addition soil cores were extracted from the plot on each of four separate occasions to
determine the distribution of exchangeable cations (M NH4C1 extraction), CEC, pH, organic carbon,
soil bulk density and water content. The sampling times were: before irrigation commenced, after 9
weeks of irrigation, at the end of irrigation and at the end of the Wet season (38 weeks after
commencement of irrigation). At each sampling time one core 0.1 m diameter and 0.5 m deep was
extracted from each of the six plot cells and sectioned for analysis. Soil cores taken from outside the
plot at the beginning of the experiment and after the Wet season were also analysed to serve as
controls.
At the end of the experiment soil hydraulic properties were determined within the plot area.
Saturated hydraulic conductivities of the A and B soil horizons were measured at 10 locations using
the borehole permeameter technique (7). The means of the 10 measurements were 1.12 and 0.17
m day 1 for the A and B horizons, with standard deviations of 0.26 and 0.11 m day 1 , respectively.
A limited number of points on the soil moisture characteristic were obtained from three cores
extracted from the experiment plot immediately following irrigation. The cores were divided into
0.1 m increments, from each of which duplicate samples were taken to measure both the water
content and the water potential. Water potentials were determined using the filter paper technique
(4), while water contents were obtained gravimetrically and converted to a volumetric basis using
the average soil dry bulk densities of the plot for the appropriate depth intervals. The resulting data
were parameterised using the Brooks and Corey method (2), as required for input into the soil water
flow model described later, viz.
(0/0s) = (\|/A|/e)1/ft
where 0 is the volumetric water content, 0S is the water content at saturation, \|/ is the soil water
potential, \|/e is the air entry water potential and b is an empirical constant. In the absence of
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information close to saturation, which was rarely reached during irrigation, 6S and \\tc were set to
0.35 and -1 cm of water, respectively, for all depths. The values of b obtained by fitting the above
equation to the measured 0, \|/ data for each depth interval are given in Table 2.
Table 2. Fitted Brooks and Corey b parameters.
Depth (m)

0 - 0.1

0.1 - 0.2

0.2 - 0.3

0.3 - 0.4

0.4 - 0.5

b

3.87

3.49

2.91

3.49

4.46

Results and Discussion.
Soil water fluxes. The activities of tritium measured in the soil solution samples are shown in Fig. 2
for the 16 weeks of irrigation, together with the tritium input in the irrigation water. Data from the
pulses applied during the Wet season are not presented here; few of the pulses were adequately
delineated in the soil solution samples in the Wet season because the sampling interval was too long
relative to the tritium travel times. Soil water velocities were estimated from the measured travel
times for the peaks of tritium pulses to move through the soil, and showed that water moved
Input
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Fig. 2. Activities of tritium in the applied irrigation water and measured at
the Ave soil solution sampling depths. The solid lines are the model
simulations.
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downward through the soil at approximately 0.14 m per week under irrigation in the absence of
rainfall, and more rapidly when it rained.
Calculation of solute fluxes through the soil requires a more continuous record of soil water
fluxes than it is possible to obtain from monitoring the movement of tritium pulses. A soil water
simulation model was therefore used to obtain this information, but only after it was validated for
this site by confirming that it adequately predicted the observed tritium behaviour. The soil water
model used was SWTM (5). This model simulates unsteady water movement in soils subject to
arbitrary initial and boundary conditions, but does not include solute transport. It was therefore
modified to include predictions of solute movement using analytical solutions of the solute transport
equation for unsteady flow (e.g. 1, 6). The main inputs required by SWIM include the parameters
describing the soil moisture characteristic, the saturated hydraulic conductivity, and the irrigation,
rainfall and evaporation records over the 38 weeks of the experiment. The extra inputs required for
the tritium transport prediction are the tritium application record and an estimate of the diffusion
coefficient of tritium, taken to be 2 x 10~9 m 2 s 1 .
Tritium activities predicted with this modelling approach are plotted in Fig. 2 for comparison
with the measurements. It can be seen that the simulations agreed satisfactorily with the observed
data; in particular, the arrival of each tritium peak was predicted quite well. A sensitivity analysis
showed that the model simulations were insensitive to variations in the moisture characteristic, so
that the minimal moisture characteristic data collected were adequate for the current purpose. It
was concluded that the simulation of soil water and solute flow provided a reasonable representation
of actual transport occurring in the irrigation experiment, and that it could be used to interpolate and
extrapolate water fluxes at the site.
The simulation model was used to estimate the flux of soil water moving beyond the 0.5 m
depth (i.e. out of the soil) on a weekly basis and the results are presented in Fig. 3. As expected, the
pattern of variation of the flux at 0.5 m closely followed the total water input by irrigation and
rainfall (Fig. 1). There was a net downward water flux predicted during each of the 38 weeks of the
experiment, even towards the end of the Wet season when there was little rainfall.
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Cumulative irrigation, rainfall and flux at 0.5 m are shown in Fig. 4. The total drainage below
0.5 m arising from the combined rainfall and irrigation input of 2701 mm was 1752 mm, i.e., all but
949 mm of the applied water drained through the profile. For comparison, the drainage flux that
would result without irrigation, obtained byre-runningthe simulation model with only the rainfall as
input, is also shown in Fig. 4. After 38 weeks, 1068 mm of the 1524 mm of rainfall had drained
below 0.5 m. The extra drainage resulting from the 1177 mm of irrigation was therefore 684 mm,
which represents 58% of the irrigation water applied These data also show that 1177 mm of
irrigation led to a 64% increase in drainage below 0.5 m during the 38 week period of the
experiment.
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Fig. 4. Simulated cumulative drainage fluxes at 0.5 m in response to rainfall
only and rainfall plus irrigation.
Composition of the soil solution. Soil solution pH showed no change with time, merely varying by
± 0.5 units about a value of 7. The values of electrical conductivity (EC) measured in the extracted
soil solutions are presented in Fig. 5 as a function of time at each depth of measurement. The EC
responds to the total concentration of ions in solution and as such is a good indication of the major
changes occurring in the soil solution. The EC increased, reached a broad peak and then decreased
and levelled off. The time taken for the increase in EC to occur was longer for the greater depths,
reflecting the increased time taken for the solutes in the irrigation water, which had a much higher
EC than the initial soil solution, to reach deeper depths. The peak values of EC were generally 2 to
3 times greater than the value in the applied irrigation water (0.9 dS or 1 ; Table 1) as a result of the
concentrating effect of evaporation. Very high concentrations at 0.2 and 0.3 m correspond to
samples from plot cells that were observed to dry out more quickly than other parts of the plot. The
EC values started to decrease away from their peak values before the end of the irrigation phase of
the experiment. Comparison with Fig. 1 shows that this decrease corresponds with the onset of
rainfall resulting in dilution of the soil solution near the soil surface which soon propagated to depth.
The final values of EC reached at the end of the Wet season were greater than the initial values of
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EC, indicating a slow and continuing desorption of ions adsorbed by the soil during the irrigation
phase of the experiment
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Electrical conductivity from each of the six soil solution samplers at
the five sampling depths as a function of time.

It is interesting to compare the behaviour of EC (representing the total ionic concentration of
the solution) with that for tritium presented in Fig. 2. Although both the tritium and the other ions
were applied at the same time, the increase in tritium activity in the soil solution preceded the rise in
EC at all depths. At 0.5 m, for example, the first pulse of tritium arrived after about 4 weeks, while
the rise in EC did not occur until 10 weeks. While this might be expected for an individual ion
undergoing exchange or adsorption, it is unusual to observe it for the total ionic soil solution
composition. Two possible explanations for this observation are adsorption of all ionic species or
precipitation. It cannot be attributed to different flow paths followed by the tritium compared with
the solution ions because the measurements were made on the same samples. Similarly, precipitation
is not likely to be the mechanism responsible for the observation. For the ions present in the soil
solution the most likely precipitate would be CaSO4-2H20, but the concentration of Ca in solution
was always well below the concentration required for its precipitation (= 15 mmol L"1). Adsorption
of anions and cations by the soil without their replacement in the soil solution by other ions could
explain this observation. Some support for this is provided by the increase in the sum of the four
cations measured in the exchange phase described below, but it is still difficult to explain why these
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were not replaced in solution by other ionic species. Variations in the cation and anion exchange'
capacities in response to pH and ionic strength do not appear to provide a simple explanation. Full
interpretation of this observation requires further experimental work.
Measured concentrations of CI and S0 4 follow the pattern described above for the total solution
concentration as reflected by EC. The arrival of S0 4 at each depth lagged slightly behind that of CI.
This would be expected because it is generally observed that S0 4 undergoes stronger and more
specific adsorption to soil surfaces than CI.
The concentrations of the four major cations in the soil solution samples (Mg, Ca, Na and K)
also followed a pattern qualitatively similar to that of the EC. Because of their competition for the
soil exchange sites, the arrival times of the cations at any particular depth differed. Sodium arrived
before Mg which preceded Ca. There was no clear pattern of arrival time of K, the concentration of
which was much less than the other cations. Interpretation of the competition between the cations
and of the influence of irrigation on the composition of the soil solution is assisted by re-calculating
the cation concentrations as charge fractions. The charge fraction is defined as the ratio of the
charge concentration (moles of positive charge per unit volume of solution) of an ion to the total
charge concentration of cations. The charge fractions of each cation in the irrigation water
(calculated from the concentrations in Table 2) were:
Mg : 0.70
Ca : 0.16
Na : 0.12
K : 0.014
The behaviour of the charge fractions in the soil solutions (smoothed for clarity) are shown in Fig. 6
for the 0.4 m depth, which is representative of the behaviour at other depths. This figure
demonstrates the complex nature of competitive cation exchange in natural systems, but is consistent
with expected exchange preferences. The most obvious feature is the strong displacement of Na by
Ca and Mg initially reflected by the peak in Na after about 4 weeks. This resulted in an initial
decline in Ca and Mg in solution, followed by a recovery. The recovery was slower for Ca than for
Mg because a re-equilibration between Ca and Mg as conditions stabilised resulted in some redisplacement of the Mg, as evidenced by the peak in Mg. Because of its low concentration in the
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'irrigation water, K played little role in the cation dynamics; it slowly declined and levelled off at the
input value. Thus for these conditions Ca was the most strongly retained cation, followed by Mg, K
and Na. By the end of irrigation, the charge fraction of each cation in the soil solution had attained
its value in the irrigation water. It then remained constant for the remainder of the measurement
period, despite the dilution effects of rainfall on the actual concentration of each ion. This pattern
was reflected at other depths but, as expected, all changes occurred earlier at shallower depths.
Exchangeable cations and CEC. The cation exchange capacity (CEC) of the soils was unaffected
by irrigation with simulated retention pond water, which is consistent with the observation that pH
and organic carbon content also remained constant. However, the fraction of the CEC occupied by
the four major cations measured changed considerably. The ratio of the sum of exchangeable Mg,
Ca, Na and K to the CEC is presented as a function of depth for each sampling time in Fig. 7. In
this and subsequent figures the data presented are averages of the measurements made on the six
individual cores on each sampling occasion.
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Distribution with depth of the sum of exchangeable cations as a
fraction of CEC in the experimental plot at each sampling time.

During the first 9 weeks of irrigation the fraction of the CEC occupied by the four major cations
increased markedly in the top 0.3 m of the soil profile. After 16 weeks, this fraction had decreased
in the top 0.25 m, but substantially increased below this. There was little change after the Wet
season in the top 0.1 m, but a consistent 15% decrease below that depth. Comparison with the
solution EC data presented above shows that changes in the fraction of the CEC occupied by the
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four major cations correspond qualitatively to changes in the total concentration of ions in solution.
Over the period of the experiment the fraction of the CEC occupied by the major cations in the
control plot decreased slightly near the soil surface but remained unchanged at depth. Comparison
of these results with measurements made on un-irrigated soil showed that the changes observed
were due to the effects of the irrigation, rather than to seasonal changes in the soils.
The.distribution of the proportions of exchangeable Mg, Ca, Na and K (relative to the sum of
the four) in the soils at each sampling time are shown in Fig. 8. Before irrigation the soil was
dominated by exchangeable Mg and Ca, particularly Mg. The proportion of exchangeable Ca
decreased with depth, while Mg increased. After 9 weeks of irrigation the proportion of
exchangeable Mg had increased in the surface 0.1 m, whereas Na had increased between 20 and 40
cm. The proportion of exchangeable Ca at 0.2 to 0.3 m increased during the first 9 weeks of
irrigation and after 16 weeks had increased down to 0.45 m. The proportion of the exchangeable
Ca at depth increased further during the Wet season, whereas Mg decreased. The proportion of K
decreased with the first 9 weeks of irrigation , changed little between 9 and 16 weeks and increased
slightly during the Wet season. Overall, the results in Fig. 8 follow the same patterns and trends
observed in the solution charge fractions discussed above and confirm that Ca was the most strongly
retained cation.
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Leaching fluxes of major ions. The amount of each ion leached from the soil was calculated from
the product of the soil water flux at 0.5 m calculated as described above (Fig. 4) and the
concentration of the ion measured at 0.5 m. Calculations were done on a weekly basis using the
weekly water fluxes. For each ion the average of the concentration measurements obtained from the
six solution samplers was used. In weeks when ion concentrations were not measured, interpolated
values were used. Cumulative fluxes of each of the major ions are presented in Fig. 9 as functions of
time. With the exception of Mg and S0 4 , the major fluxes of the ions occurred between weeks 10
and 20. These two ions, however, continued to leach after the end of irrigation, suggesting
desorption during the Wet season. The total quantities of each ion leached during the 38 weeks of
the experiment are presented in Table 3 and compared with the amounts applied in the irrigation
water. With the exception of Ca, which was found above to be preferentially retained by the soil,
the amounts leached represented significant percentages of the ions applied.
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Cumulative fluxes beyond 0.5 m of the six major ions in the soil
solution as a function of time. The same scale (left hand axis)
applies to all ions except S 0 4 which uses the right hand axis.

Mass balance of major ions. As there was no runoff of water during irrigation, the ions applied in
the irrigation water have three possible fates: storage in the soil, leaching from the soil, or uptake by
vegetation. Uptake of ions was not measured, but there was minimal plant growth on the plot. The
quantities of ions leached from the top 0.5 m of soil during the experiment were estimated above and
are presented in Table 3. To close the mass balance, the amounts of each ion stored in the top 0.5 m
of soil during the experiment, were determined and are also given in Table 3. For cations, the mass
stored is the difference between the total mass of cation in the soil after the Wet season and that
before irrigation, calculated by summing the amount in each core section. The standard errors of
each estimate of the total mass of each element, obtained by regression analysis, were generally
between 4% and 10%. For anions, the mass retained was calculated as that contained in the soil
solution in the top 0.5 m of soil at the time of sampling after the Wet season less that before
irrigation. This neglects any anions adsorbed by the soil.
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Table 3. Fate and mass balance of major ions.
Applied

Leached
.2

gnr 2
Mg

89.7

Ca

34.1

Na

29.5

K

5.7

S0 4

a

502.9
28.3

Stored

B

74.2
(83%)
6.1
(18%)
31.0
(105%)
2.6
(45%)
369.9
(74%)
28.9
(102%)

u l

Imbalanc

(% of applied)
6.2
(7%)
15.3
(45%)
0.6
(2%)
-0.1
(-1%)
2.5
«1%)
0.1
(<1%)

9.3
(10%)
12.6
(37%)
-2.0
(-7%)
3.2
(56%)
130.4
(26%)
-0.7
(-2%)

Good closure of the mass balance (within 10%) was obtained for Mg, Na and CI. This is taken
as confirmation that the method for obtaining the mass leached is reasonable. Failure to recover
more than 50% of K is not of great significance because the total mass of K in the soil and irrigation
water was very low, and in fact the mass of K unaccounted for is comparable to that of Na. The
poor closure for Ca and S0 4 is of more concern. Uptake by the (albeit sparse) plant cover on the
plot may account for the un-recovered Ca (and K), because they are desirable plant nutrients. The
un-recovered S0 4 may have been adsorbed by the soil and therefore in a form that was not
measured. This is consistent with the results in Fig. 9 which show the continued slow release of S0 4
from the soil at the end of the Wet season.
Conclusions. Irrigation with retention pond water in the Dry season at a rate of 8.8 mm day 1
resulted in a significant increase (64%) in drainage of water below 0.5 m. Large percentages of the
ions applied in the irrigation water leached below the 0.5 m depth of the soil: all the Na and CI, 83%
of the Mg and 74% of the S0 4 . A smaller proportion of Ca was leached than the other ions because
of its strong retention by the soil. However, after one irrigation the soil was brought to equilibrium
with the composition of the irrigation water. Therefore, in subsequent irrigation seasons the soil
would have less capacity to adsorb Ca from the irrigation water and a greater percentage would be
leached. The good agreement between the mass recovered and the mass applied for most ions
showed that the combined measurement and validated modelling technique for estimating the ion
leaching flux is a useful one.
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Introduction to the Symposium on "Stressed ecosystems
and soil resilience"
I. Szabolcs. Research Institute for Soil Science and Agricultural Chemistry of
the Hungarian Academy of Sciences, Budapest
Parallel with the development of environmental issues and with the acceleration of
intensive production the soil cover of the world demands more and more attention. It is
particularly important to estimate the increasing load on the soils resulting from natural soil
forming processes on the one hand and human activities on the other hand. It has been
recognized that the carrying capacity of the soil as well as its tolerance for disturbances are
finite. In spite of the fact that the soil is a very complex entity, and its resilience
counterbalances on many occasions disturbances, and its renewability often enables the
toleration of sometimes serious adverse effects, there is a real hazard of exhausting and
deteriorating the soil which is an irreplaceable natural resource (Arnold-Szabolcs-Targulian).
Although attention is increasingly focused on soil resilience, we are still lacking not
only a precise definition of this term but also the methods of its measuring, as well as the
description of its processes, significance and development.
In the autumn of 1992 a Symposium on Soil Resilience and Sustainable Land Use was
organized in Budapest by the Hungarian Academy of Sciences (HAS), CAB International
(CABI), and The International Society of Soil Science (ISSS), with participation of nearly
twenty governmental and non-govemmental organizations. This meeting was the first devoted
particularly to soil resilience. The presented papers and the discussions of the Symposium
as well as the two volumes of its Proceedings containing these papers and the poster
materials respectively have promoted a better knowledge and practical application of our
experiences on soil resilience. However several questions remained open including the
uniform interpretation of soil resilience. There are two different approaches on this respect:
(1) Soil resilience is a specific attribute of the soil which is a capability of behaving
in this or that way in the face of certain more or less defined agents, forces or effects
(Szabolcs, 1992).
(2) The other approach which appeared in the documents of the above mentioned
Symposium was to define soil resilience in connection with adverse processes, mainly soil
degradation, and understands soil resilience as the ability of soil to recover after degradation
(Greenland & Szabolcs (ed.) 1992).
The two approaches are not antagonistic but clearly show there is a lot to be done in
relation to the further study of soil resilience in order to apply this attribute and the process
of its development both in environmental and agronomical problems.
The present Symposium is a very useful follow-up dealing with stressed ecosystems
and soil resilience, and focusing on those processes which influence the soils in ecosystems
under stress and challenge its finite resilience.
In the following a few remarks will be made which are, in my opinion, closely related
to the subject and to its future study.
(1) Soil resilience is an attribute of all soils which includes several processes and
properties, among them
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(a) soil buffering capacity (physical, chemical, and biological)
(b) soil transforming ability, (including decomposition and synthesis of organic
matters, detoxication, etc.)
(c) in close association with (a) and (b), renewability, including natural and
anthropogenic processes which make soil a specific natural entity,
conditionally renewable (i.e. not similar to coal, petrol or other minerals,
which can be completely exhausted on the one side, but also
different from e.g. water, on the other side, which is a fully renewable
natural resource.
The part processes composing the resilience of soil have different rates and
structure. In Figure 1 a scheme is given of the rate and time scale of three
important processes in the soil, composing soil resilience. It can be clearly
seen in Figure 1 that all three capacities are finite and sooner or later will
diminish and finally cease to be if the stress on the soil increases or continues.

elfect

t

Figure 1.
Scheme of the rate of 3 part processes
composing Soil resilience

If we try to define or characterize soil resilience correctly, it is necessary to
pose the question "Against what?" because in general the term "soil resilience"
gives little guide to answer practical questions. We have to study the resilience
in the face of certain more or less defined agents, forces, and effects. The
precondition of characterizing the resilience of a soil is the definition of these
agents, effects, and forces.
The study of soil resilience in stressed ecosystems, based on the above
described, should be also target oriented. From the point of view of present
environmental issues both on global and local scale the resilience of soil should
be not only taken into consideration but also optimally utilized during any use
of ecosystems which are stressed caused either by natural of anthropogenic
factors.
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(5)

It is particularly important to study and to measure soil resilience and its
limits, e.g. in the ecosystems stressed by the development of agriculture and
irrigation. It is also essential in ecosystems stressed by deforestation,
overgrazing, and particularly by desertification. It is also important to estimate
the resilience of the soil in ecosystems affected by changing climate or by
changing the recent patterns of watersheds and river basins.
One of the aims of the present Symposium is to make a step forward on the road to
disclosing the essence as well as the exact description and measuring of the resilience of soil
and to search the way for application of results in characterizing soil resilience for the better
utilization and better conservation of our environment as the watchword of the 15th
International Congress of Soil Science goes: Soil Utilization in Harmony with Nature.
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SOILS AND WEATHERING MANTLE RESILIENCE: CONCEPT
OF TIME-AND-DEPTH-DIVIDED RESPONSE TO IMPACT.
Victor O. Targulian , Institute

of Geography

RAS, Moscow,

Russia,

I. Introduction.
The problems of changes, sustainability and resilience of the
global biosphere-geosphere systems are now put forward as the most
important challenge for all earth-sciences [7]. But in majority of
the scientific
programs rather little attention is given to the
change and resilience of the underground bio-lithospheric tier (UBLT)
of the terrestrial biosphere. This tier includes the soil itself (the
pedosphere), the underlying in situ
weathering mantle and, maybe, all
the deeper unweathered rocks involved into biosphere functioning and
evolution.
This tier has its own basic rules and regularities of selfdevelopment and evolution in time, distribution in space, and its own
response to the former and current natural and human-induced forces.
The main objectives of this paper are: to understand how the
peculiarities of the UBLT determine its response to natural and
human-induced influence and to formulate the concept of time-anddepth-divided response of the UBLT to such influence.
II.
Biosphere/Geosphere
interactions
and
peculiarity
of
the
underground tier of terrestrial biosphere.
V.I. Vernadski [8] defined the biosphere of the Earth as a
global surface sphere of interactions between biota and three types
of abiotic substances: gaseous, liquid and solid. He had set out
three main "zones of thickening of life" or three bio-abiotic systems
within the whole biosphere: terrestrial (subaerial), aqual (marine)
and subaqual (benthal). The functional principles of the three zones
are generally similar: production of biomass, extraction of nutrients
by biota from the enclosing matter (solid, liquid or gaseous),
biogeochemical cycles of elements, formation of residual products of
functioning. The structure of these three main zones of the biosphere
is controlled by mainly two factors: the phase condition of the
enclosing substance and the fate of the residual products of the
biosphere functioning.
The UBLT has principally unique characteristics among all the
other bio-abiotic systems of the Earth [ 3 ] . It is the ability to
accumulate in the long run and retain in situ
the solid residual
products of biosphere functioning and bio-abiotic interactions within
all the thickness of the solid-phase frame of the UBLT. The pure
classical or ideal model of pedogenesis and weathering assumes that
all the transformations of the initial UBLT parent material frame has
gone on during a long-term biosphere-geosphere interactions without
a) strong lateral displacement of the solid-phase substances; b)
strong addition or loss of the above at the topsoil; c) strong
vertical turbation of solid substances, between the different zones
of the UBLT horizons and the parent material.
Such a frame system forming and evolving to the steady state due
221

in situ formation and accumulation of solid-phase residual products
of functioning in their specific places, we suggested to name
"insitic" systems or "sitons" [6]. The central models of welldeveloped sitons are the vividly and deeply stratified UBLTs (soils
+ weathering mantles) of humid, primary tropical, forests.
Of course, there are other, though not so ideal and pure models
of UBLTs formation as were mentioned above. Ecosystems with essential
denudation, turbation, addition of fluvial or eolian materials or
strongly affluenced by surface or ground water hydromorphism
demonstrate more complicated models of the UBLT formation and
stratification. In those models of pedogenesis we meet a more complex
combination of "vertical" in situ processes and lateral geomorphic
and hydrological processes.
So, the main general peculiarity of the UBLT is recording in
situ
and memorized of the biosphere functioning in form of solid
features and solid structure of the tier [4,6]. It is a peculiar and
unique "block of memory" of a terrestrial ecosystem expressed as a
"palimpsest" or siton type of the Earth's memory, quite different
from the "memory" of geological sediments, which is more similar to
a book with turning pages. It should be stressed that the solid
structure of such palimpsest block of memory after its formation
within the UBLT plays very powerful role in all the current and
future terrestrial biosphere functioning.
III. Vertical functional and structural stratification of the UBLT.
This peculiar type of memory has also quite peculiar type of
solid-phase structure as a vertically stratified sequence of horizons
or zones formed in situ.
Vertical differentiation is the main result
of a long-lasting in situ
interactions of litho-, bio-, atmo- and
hydro- components within the solid frame of the UBLT. The degree and
depth of such stratification is dependent on both "aggressiveness"
of the biotic and climatic factors and transformation capacity and
resilience of the initial parent material of the UBLT frame. The
stratification of the UBLT solid substance is the structural in
situ
response to the long-term (10 - 10 years) and stable functioning of
the biosphere. Simultaneously, it is one of the most important and
wide-spread forms of self-development and self-organization of
terrestrial ecosystems to mark them against the other types of the
ecosystems. The existing classifications of soil and weathering
mantle horizons and profiles, generally reflect the main global
diversity of such types of the UBLT self-organization. However, now
pedologists feel that these systems are not enough ecologically
oriented.
In this respect we propose to introduce, in addition to existing
approaches, a global and universal approach to assess the UBLT
stratification.
We suggest to recognize the three main obligatory vertical zones
of the UPLi', in accordance with density, complexity, completeness of
their linkages (including feedbacks) with the main ecological (biotic
and abiotic, natural and anthropogenic) factors, components and
processes.
1. Orthobiotic zone, containing from 80 to 90% of living biota.
It is the zone of most intensive direct biotic and bio-abiotic
processes and of strongest influence and control of all the pedogenic
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and weathering processes and transformation by the climatic and
biological factors (including the human-induced transformations),
2. Parabiotic zone, containing 20-10%, or less of living biota.
This zone is functioning and formed by mainly indirect influence of
biota and climate. The intensity and importance of the direct
influence of biotic and climatic forces on this zone are considerably
modified due to having been "filtered" through the first zone.
3. Metabiotic zone, containing less than 1-2X of living biota practically an abiotic zone, populated by small amount of
microorganisms and very rare deep roots. The general influence and
result of biological activity within this zone is dismissibly small.
The main role in formation of this zone belongs to heat and water
fluxes which are strongly transformed by two overlaying zones, slowed
and weakened, and, thus, need a very long time for noticeable
transformation of the parent material.
The proposed approach to the UBLT stratification may be applied
to all types of the world soils and weathering mantles and may
represent a common ecologically-oriented approach for assessing the
global UBLT diversity.
IV. Ideal model of the UBLT and its behavior in time and depth.
We assumed that the mature, not eroded and not rejuvenated UBLT
of a humid tropical forest ecosystem may be regarded as an ideal
model of a completely developed UBLT under extensively stationary
environment.
Summarizing the existing knowledge concerning the complete ideal
model of the UBLT, we can conclude the following features of the UBLT
behavior (Fig. 1): a) total intensity of bio-abiotic interactions and
biological functioning decreases with depth; in accordance with it
the transformation of the UBLT solid frame also decreases with depth;
b) within this in situ frame (ideal siton) each zone and horizon has
its own general rates and characteristic time (CT) of steady state
formation and stratification; c) the orthobiotic zone has the highest
rate and minimal characteristic time (<n*10 -10 years for humus
distribution, structure etc.); parabiotic zone - decrease of rates
and increase of CT (<n*10 -10 years), while metabiotic zone has the
lowest rates, and, thus, needs the longest CT - period of time for
the steady state formation (10 -10 years); d) the sensitivity to the
surface natural and/or anthropogenic impacts and comprehensiveness
in recording of all the details of environment decreases with depth;
it means that along the depth of the UBLT each zone and horizon
reflects and records the environmental conditions in more and more
general terms; e) general stability (resistance) against the changes
increases with depth; but at the same time, the capacity for
restoration and renewal of the vertical sequence of zones and
horizons is essentially decreased with depth.
V. Other climatic and geomorphic models.
The accomplishment of an ideal model requires some obligatory
conditions: very humid and hot climate, stationary environment
existing for a long period of time (about nlO " years), deep and free
drainage of the whole UBLT potential thickness, etc.
Such conditions are not very often met. In the real diversity
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of the terrestrial ecosystems we find a great variability of the UBLT
vertical functional and structural stratification. We consider here
only some of them.
1. Boreal humid forests without permafrost and with deep free
drainage. These
systems have well-developed
and
stratified
orthobiotic (0, A, E horizons) and parabiotic (EB, Bhs.t.m horizons)
zones and rather thick functioning metabiotic zones of drainage and
aeration. However, they do not have a well-developed structurally
recorded zone of deep saprolite. The main reasons for the lack of
deeply weathered saprolite are: a) rather short absolute age of this
kind of ecosystems on this particular parent material (about nlO
years), which is probably less than characteristic time of saprolite
years or more).
formation under such bioclimatic conditions (10
Thus, this model of UBLT has structurally mature first and second
zones and undeveloped "potential" third zone of saprolite. The real
saprolite, which is sometimes observed under boreal forests is
usually inherited from ancient warm and humid climates; b) the cold
and not so humid and "aggressive" climate, which shortens the annual
duration of pedogenesis and weathering to 5-6 months per year.
2. Humid tundra and boreal ecosystems with permafrost.
In general, these systems have a shortened UBLT due to very cold
climatic conditions and permafrost "clots" in normal development of
all the three zones of the UBLT. The orthobiotic zone is developed
rather well and includes mainly organic (O, OA) horizons and
partially the surface mineral horizons (AB, Bg). The parabiotic zone
is mainly gleyic (G) or metamorphic (Bm), but this zone is often
disturbed by cryoturbations and, therefore, may have not a good
pedogenic stratification. Development of the deepest metabiotic zone
is practically forbidden in this model because of the high level of
the permafrost table. This kind of UBLT is also rather young (late
pleistocene - holocene), so the results of long-term pedogenesis and
weathering may not be observed here.
In the same way the other UBLT models might be evaluated climatic (arid and semiarid), geomorphic and hydrological, models.
Among the latter the most important are: the syndenudational and
synaccumulative models which connect the simultaneous process of the
UBLT in
situ
stratification and the processes of loss and
accumulation of solid particles at soil surface and the hydro-lateral
and ground-water models of the UBLT stratification.
VI. Time-and-depth-stratified response of the UBLT to natural
and anthropogenic impacts.
We can guess that one of the main peculiar features of the
underground formed in situ tier of the terrestrial biosphere is the
temporally-divided and vertically stratified response to different
kinds of influence. We propose to call it "time-and-depth-divided"
response (TDDR) of the UBLT. We guess that the knowledge of the time
and depth of response characteristics, both for each individual
feature and for whole horizons of the UBLT plays the key role in our
understanding and modelling of stability, changes, resilience and
restoration of a stressed UBLT.
We still have neither exact quantitative knowledge nor good
theory of the time-and-depth response of UBLT. But, we can try to
formulate some key points of the theoretical concept of it.
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We assume that within the whole UBLT there is an interlinked
system of response to given impact which is strongly controlled by
the characteristic time and characteristic depth sequences of every
given process or feature [5]. This sequence acts from the most labileand sensitive features and processes (CT about 10 years) to the more
and more stable, conservative and inert ones (CT • nlO -> nlO -> nlO
-> nlO years, etc.)» Besides such direct sequence of the timedivided response there is feedback sequence: after the change of the
more stable and inertial features they form a new conditions for the
more labile ones and change the latters in a feedback way (CT * nlO
-> nlO -> nlO years, etc.). Such direct and feedback linkages
between the processes and features with the various rates and CT of
change seems to be the main rule governing
the temporal
transformation within the each horizons of the UBLT.
Within the whole vertical system of the UBLT these temporal
sequences become complicated by overlaying of depth-sequence. Each
deeper (or farther from impact) UBLT's horizon has slower and weaker
response than more surface (or nearer to impact) one. It means that
CT of studied processes or features in each horizon of verticallystratified UBLT's structure are not the same: the more deeper
(farther from impact) features have the slower rates and the longer
CT of change and restoration. Vertically-stratified UBLT has its own
regularities and rules of the passing of changes from store to store
(from horizon to horizon). We have to study, generalize and classify
the rates, characteristic times and time-lags of these passings,
buffering and "filtering" capacities of the different horizons in
concern to their features and to the kind of impact. Generally, we
can conclude now that the main rule is the weakening and slowing down
the change signal as it farther away from the impact front. It seems
to be useful to introduce the notion of "characteristic depth" of the
change signal penetration, and soil processes (features) response to
it in addition to the concept of characteristic time.
Combining these two ideas we can conclude that the UBLT as a
peculiar biospheric frame siton has the fundamental immanent feature:
time-and-depth stratified response to any external and/or internal
influence.
All kinds of natural and anthropogenic impacts on the UBLT are
possible to divide into three groups: a) superficial - the attack
front of impact affects the UBLT from the day surface and penetrates
it vertically; b) lateral - the front affects the flank of the UBLT
and changes firstly the intrasoil horizons; c) bottom - the front
affects from the lower UBLT stores or even from deeper lithosphere
and changes first the deepest horizons (Fig. 2).
The most generalized UBLT response to these three types of
impact may be reflected (at the macro-level of stores) as three types
of behavior: "fan-like" - for superficial front, "belly-like" - for
lateral front and "skirt-like" - for bottom front. The general rule
for the UBLT vertical structure and functioning in all the three
types are the same: the strongest and quickest changes of the
horizons nearest to the attack front and attenuation of changes
further on.
But it is only a very general picture of the whole UBLT
behavior. The more detailed interconnections between various
(particularly adjacent) horizons include more complex direct linkages
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and feedbacks (Fig. 3 ) . The nearest to the attack front horizon
reacts first and gives the quickest and strongest response. Then the
vertical stratification appears as a transformer of the impact signal
and the direct driving forces, which passes transformed forces and
fluxes and begin to change the deeper horizons with some lag, and
with the lower rate of change. After the change of the adjacent
horizon it may influence in a way of feedback to the superimposed
horizon and changes it again.
At last such a system of the direct influence and feedbacks
between all the stratified UBLT can come to the quasi-steady state
with the continually or momentously acting external factors (natural
and anthropogenic). The subjects of research on this level are: the
individual rates of horizons' changes, the essence of signals coming
from the changed horizons to the adjacent ones, the time-lags between
the UBLT horizons-"stairs", the characteristic times of reaching the
steady state for each horizon and the stratified UBLT construction
as a whole. It is clear that the complete CT of the whole UBLT will
be measured by the CT of the slowest and most inert horizon.
Furthermore, it should be taken into account the time and depth
difference between functional and structural - UBLT responses to
impact. In each horizon, as well as in the UBLT as a whole stratified
system the first and quickest response to impact will be the
functional one. It means the changes in heat, gases, water and
solution fluxes, biogeochemical cycles. That is in all kinds of
biota<->gas<->solution<->solid phase interactions. And only in those
cases when such functional changes are strong and long-term enough these changes will be passed to the structural changes of the system
and will be reflected in the changes of the solid-phase features of
soil and weathering mantle. At this level the feedbacks between fast
and slow processes are vividly reflected. The functional changes
gradually influence the structural ones, but after that the solidphase changes control and influence the current system functioning.
In conclusion we can define three hierarchical levels of timeand-depth stratified response to any natural and/or anthropogenic
impact:
1. Stratified macro-response: the change of the stratified UBLT
system depending on the attack front of the impact and forming the
three types of stratified response: fan-like, belly-like and skirtlike.
2. "Leading/following" macro-response interaction of the
horizons: the change in the leading horizon is forming the new
conditions and intrasoil environment for adjacent horizon and at last
leads to change of the following horizon. The latter imposes a
feedback on the leading horizon and changes it again. Such direct and
feedback interactions of the leading/following systems of horizons
are reaching at last a dynamic equilibrium in the long run and form
new the quasi-equilibrium of the UBLT.
3. "Functional-structural" micro-response interaction within
each given horizon and in the UBLT as a whole. There are also the
leading/ following interconnections between polyphase bio-abiotic
functioning and solid-phase stable structure of the UBLT. The
functional changes are leading and driving forces and the solid
stable matrix of the UBLT horizons is the media and acceptor of the
functional changes. After the matrix has been changed with a definite
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time-lag, it changes and control the functioning again.
VII. Characteristic tiae (CT) and characteristic depth (CD) of the
processes and features within the UBLT.
From the above we may state that for our purposes, the notions
of the CT's and CD's should be more worked out in detail (Fig. 4 ) .
Characteristic time [1,2] should be subdivided in:
1. CTf of given UBLT feature (given horizon) mature formation.
It is mainly CT of the natural processes of pedogenesis and
weathering acting from the 0-moment till the steady-state UBLT. The
general sequence of the CTf is well studied and may be expressed as
a range of CTf: gas and heat fluxes < water and solution fluxes <
biogeochemical cycles, < litter, salts and red/ox transformations of
the solid phase < humus and carbonates transformations < eluvialilluvial transformations of humus, sesquioxides and fine particles
< weathering of stable silicates [1,2].
2. CTt of tolerance and resistance of features and processes
against the pressure of the new natural or human impacts. It is the
time it takes for a feature (process) not yet changed by this new
impact to" transform. This CTt is closely related to the sensitivity
threshold of every given feature (process) for a given impact [5].
The general hierarchy of the tolerance CT and sensitivity thresholds
are similar to the CTf sequence: the most sensitive features and
processes connected with gas, heat, water and biological fluxes and
cycles are the least tolerant to the impact influence. The solidphase features are generally more tolerant to an impact, though they
have also a very wide spectrum of sensitivity thresholds and CTt:
from very low thresholds and short CTt for pH, litter, salinization
and gley phenomena, etc. to high thresholds and long CTt for deep
weathering of stable silicates.
3. CTc of the change of UBLT feature (process) under the new
abrupt or continuous impact. In any case such a new change of feature
will not be infinite. Sooner or later this new change of feature will
come into equilibrium with the new changed environment. The sequence
of CTc is approximately similar to CTf sequence, but in many cases,
it strongly depends on peculiarities of anthropogenic impact.
4. CTr of relaxation; we use the term relaxation in it's
physical sense indicating a process of gradual restoration of the
changed features after the impact pressure removal. Maybe, the
correct understanding of the UBLT resilience consists of combination
of the feature's tolerance to impact and its relaxation into former
or new steady-state after the impact is over. Such a restored steadystate condition of a feature may be either equal to former natural
state or may strongly differ from it; it depends on degree of
reversibility or irreversibility of the feature's change. In case of
complete irreversibility of the changes (inherited relic features)
or partial irreversibility of the changes of features with long CTf the effects of residual accumulation of the irreversible changes are
noted. In case of complete reversibility of the features' changes we
have a simple temporal fluctuation of the UBLT features with a time
scale of 10 10 years.
Characteristic depth is another important attribute of the timeand-depth-divided response of the UBLT. In contrast with more and
quickly homogenizing atmo- and hydrospheric systems the distribution
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of each disturbance along the UBLT depth is reflected in different
functioning of layers and eventually is recorded in different
stratified solid-phase static features.
According to that we can distinguish three kinds of CD.
1. CDp of penetration of the impact signal: the maximal depth
of penetration of the signal into the UBLT and accordingly the total
thickness covered by this influence which can change functioning and
solid frame of the UBLT.
2. CDf of functional changes - closely related to the character
of impact - may describe different depth response of the various
functioning processes (gas, moisture and temperature regimes,
biogeochemical cycles, red/ox processes, etc.). It is possible to
imagine the whole thickness of the CD of functioning change in
response to even one kind of impact (CDf). It might be sensible to
distinguish the CDf of the maximal manifestation of the functioning
change - CDf
and the CD of the minimal manifestation - CDf.
3. CDs of solid-phase changes (or putting it another way changes in Soil and weathering memory). Such a selection of the
depths of functioning and solid-phase recording seems to be a wellproved pattern. As we know the functioning changes are far from
adequately reflected and recorded in soil solid features and
structure of the UBLT. To understand the difference between the CD
of functioning and changes and their reflection in solid structure
of the system we have to distinguish these two kinds of depth
response and time-lag between the functioning changes and their
records in soil and weathering solid memory.
All the described above partial CT* s and CD' s could be used in
analysis of the time-and-depth stratified response of the UBLT for
any external or internal impact.
VIII. The role of heritage within the UBLT: reversibility,
irreversibility and resilience of the changes.
In the majority of the world soils and weathering mantles, the
parent material can not be completely transformed in the existing
environment under the influence of existing pedogenic and weathering
process. In many cases, the existing UBLTs are developing within much
older soils, weathering mantles and sediments derived from another
environments. In all such situation we encounter inherited UBLT
features within the solid phase of soils and weathering mantles.
Such features (mineralogical, lithological, pedogenic and/or
weathering stratification, etc.) inherited within the existing UBLT
were formed in different environments and by different processes.
Therefore, such features are changing irreversibly when affected,
because they can not be restored by existing processes.
Thus, all the solid features could be subdivided into four
groups according to their resilience, restoration, reversibility and
renewability.
1. Almost completely reversible and renewable features: CT of
relaxation (CTr) about n*10' - 10 ; those are: pH, Eh, salinity,
litter, organic matter content, etc.
2. Slowly reversible and renewable features with
CTr about
n*10 -10 years: distribution of humus and carbonates, podzolic
features, textural differentiation, etc.
3. Practically irreversible and very slowly or unrenewable
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features with CTr about n*10 - 10 years and more. This group
includes two subgroups of features: first - those formed by ultimate
processes without possibility of restoration (weathering of minerals
and total leaching of soluble products throughout the whole thickness
of the UBLT); second group - the features which are formed by very
slow processes and are restored very slowly after their termination:
formation of Bt, Bm horizons, some pans, ferralitization, formation
of thick ( > 1 m) fine-earth mantles and saprolite, etc.
4. Completely irreversible and unrenewable features; this group
includes all the inherited UBLT features which were formed under
different thermodynamic conditions (effusive, intrusive, metamorphic
and sedimentary rocks) or by other exogenic processes: lithogenic,
paleo-pedogenic and weathering processes.
These groups of features and their different degree of
reversibility are very important for the analysis of the UBLT change
and resilience. In each case we do have to separate reversible
changes with different CTr and completely irreversible changes.
Therefore, knowing the characteristic time of a particular
process reflected in particular solid feature: CTf - formation, CTt tolerance, CTc - change and CTr - relaxation, we may be able to
quantify the UBLT, weathering mantle and soil resistance and
resilience to particular type of impact.
Finally, we have to realize that most of existing soils and
weathering mantles have many features that are changing partially or
completely irreversibly and are unrenewable.
From the ecological point of view, such feature are to be
subject for conservation and special care to preserve natural
environment as a whole.
IX. Conclusions.
1. The Underground Bio-Lithospheric Tier (UBLT) of the
terrestrial biosphere includes soil, weathering mantle and partially
regolith. It is the peculiar bio-abiotic system of the Earth which
is functioning in situ.
Due to that a peculiar type of solid-phase
structure - the siton is formed in situ.
The siton is simultaneously
a result and block of memory of the former long-term functioning of
the biosphere in situ.
It is also a powerful regulator of current and
future functioning.
2. The UBLT could be subdivided into three main universal and
ecologically important zones: orthobiotic, parabiotic and metabiotic
(abiotic) zones. Such a subdivision allows to compare and analyze
soils, weathering mantles and regoliths with very contrast
functioning and solid-phase stratification.
3. The UBLT's responses to any influence are governed by the
rules of characteristic times and depths of the change and
restoration processes. The concept of time-and-depth-divided response
of the UBLT formulated here may be applied to studies of functional
and structural UBLT transformations.
4. Within the UBLT the behavior of the actual and inherited
solid-phase features is sharply different in respect of their
renewability and reversibility during the change and resilience
processes. The inherited part of the UBLT's features could not be
restored by the current natural processes. The changes of these
features as well as the changes of very slow-forming actual features
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lead to irreversible and not renewable UBLT evolution.
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SOIL RESILIENCE - GENERAL APPROACHES AND DEFINITION
W.E.H. Blum, Institute of Soil Science, University of Agriculture, Vienna/Austria
In his book "A Critique for Ecology", R.H. Peters (1991) writes in chapter 4
"Operationalization of terms and concepts": "The creation of a new scientific theory
from the range of available concepts is no easy task. The vague primordia of our
ideas must be given form in our thoughts, this form must be interpreted in light of
our experience, and then refined to remove incongruous material while preserving
some essence of the original meaning. At the end of this process, the concept will
be associated with a set of external phenomena and the association likely
legitimized with its own term. Only concepts that have gone through this process of
operational definition can be used in a theory. - Scientific criticism encourages this
operationalization by identifying the present capacities, limitations and roles of
existing concepts"
In the following, an attempt will be made to prove whether and to which extent, the
term 'soil resilience" can be operationalized, thus being the basis of a scientific
theory.
The term 'Vesilience" was only recently introduced into soil science, mainly aiming
at soil ecology and sustainable land use, together with terms such as "soil stress",
"sou vulnerability" and others. Szabolcs (1992) defined resilience as "tolerance
against stress" or "that proportion of the total work of deformation, which the body
(soil) can level out after the removal of the deforming forces".
Another basic definition of resilience, used by Blum and Aguilar (1992) is "the ability
of a (disturbed) system to return after (new) disturbance to a new dynamic
equilibrium". Ulrich (1987) also used the terms "stability", "elasticity" and
"resilience" in the discussion on disturbances of terrestrial ecosystems under the
aspect of the matter-balance.
Basically, the term "soil resilience" was introduced to create a common theory that
describes the reaction of soils to a range of impacts.
The term "resilience" as well as "stability", "elasticity" and many others were used
much earlier for the description of processes between biota or complex biological
systems by ecologists and biologists. Therefore, it should prove helpful to examine
the original definitions of these terms as well as their acceptance and
interpretations.
The use and discussion of those terms in ecology date back to the sixties and
seventies. Some of these developments are described by Peters (1991), citing
different authors. Orians (1975), for example, defined "stability" as: the absence of
change ("constancy"), the length of survival ("persistance"), resistance to
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perturbation ("inertia"), speed of return after perturbation ("elasticity"), the
displacement from which return is possible ("amplitude"), the degree of oscillation
("cyclic stability"), and the tendency to move towards a similar endpoint ("trajectory
stability"). In these definitions, concepts are sometimes correlated, sometimes not.
Some, like "constancy" and "resilience" may even be inversely related.
Westman (1978), for example, proposed another set of terms, based on a primary
division of stability into "stability" (Orians' "constancy") and "resilience" (the ability to
restore structure, following perturbation). Westman (1978) further subdivided
resilience, into resistance to perturbation ("inertia"), time of recovery ("elasticity"),
extent of departure, from which recovery is possible ("amplitude" and "brittleness"),
degree, to which the pattern of recovery differs from the initial pattern of alteration
("hysteresis") and ease of alteration ("malleability").
Whittaker (1975) considered constancy and several different aspects of nonconstancy (amplitude of regular fluctuations, regularity of fluctuations, persistance
and structural maintenance) at different levels of organization ("population",
"community", and "environment"), giving raise to thirteen different meanings of
stability, although still incomplete (Peters, 1991).
Peters (1991) declares "the problem of multiple concepts lurking behind a single
term is not the only difficulty that stands in the way of operationalizing stability.
Since the parts of a systems normally change at different rates, any definition of
stability must also determine what the object of this definition is. Whittaker (1975)
intimated that "stability" would have different definitions when interpreted at
different levels of organization. Moreover, within each level of organization,
"stability" will vary among components. - An operational definition of "stability" must
therefore indicate what aspects of stability of which elements at what level are to be
considered. The sort of theory that can be developed will depend on these
choices." - Peters (1991) continues: "stress" and "perturbation" have also been
attacked as operationally empty phrases because they can only be defined after
the fact, in terms of their effects".
Accordingly, Peters (1991) concluded:"Like all the concepts mentioned in this
section, it is a "concept cluster", because it "conflates" "multiple meanings". In
addition, it is a "pseudo-cognate" because a meaning for the term is grasped
intuitively, without the onerous necessity of operational definition. Regrettably,
different scientists intuit different meanings and failure to define this term has ended
in a terminological and conceptual morass".
Therefore, the question arises if soil scientists should introduce terms like "stability",
"resilience", "stress" and others into their scientific discussion although they are
increasingly regarded by ecologists as "subjective judgements" or "obscuring
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serious scientific shortcomings" (Peters, 1991), because of the lack of operational '
definitions.
In view of the fact that soils are even more complex than biological (living) systems,
because they consist of biological organic and inorganic components, with solid,
liquid and gaseous phases at the interface between the lithosphere, hydrosphere,
biosphere and atmosphere, soil scientists should be even more cautious.
Three different examples will show that an operational definition of "soil resilience"
at a high level of abstraction as a basis for sound scientific theory cannot be
achieved.
The first example is dealing with the physical impacts on soil, e.g. through loads or
pressure, leading to soil compaction or destruction of soil structure. Resilience, in
such a case, would mean restoration of the initial soil structure. This could be
induced through physical (mechanical) reactions, but also through biological and
biochemical ones. In the first case, swelling and shrinking processes of
mineralogical soil components, mainly based on inherent energy from crystal
structures, e.g. clay minerals, could be essential in reversing soil compaction and
destruction of structures. But root growth or the activity of soil fauna and flora would
as well be important for soil "resilience" under these specific conditions, mainly
based on extraterrestrial energy, e.g. solar radiation, see Blum & Aguilar (1992).
The first questions arising here are: Which sources of energy are interfering? What
are the time scales of such reactions? Do we consider these reactions without any
human interference? Moreover, how can those processes be measured, in order to
define "resilience" in this case?
A further example are chemical buffer reactions of soils against acidification, as
described p.ex. by Ulrich (1986), who distinguished different buffer systems in soils:
carbonate buffer, buffering through variable charges, buffering by silicate
weathering and buffering by oxides and hydroxides of Al, Fe and other metals. In
contrast with the first example, "resilience", in this example would mainly depend on
irreversible processes, leading to the destruction of mineral soil components and
thus to a continuous raise of entropy in the system. Here, also, the time scale would
be essential for a definition, because soil buffer capacity depends on the
mineralogical composition of the substrate.
Another example is the biological reaction against irreversible destruction of gene
reserves, in order to maintain biodiversity in soils. In this case, too, processes
leading to soil "resilience", would be based on physical (mechanical), chemical
(physico-chemical) and biochemical (biological) reactions, many of them being
closely related and difficult to being defined or measured separately.
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Accordingly "soil resilience" cannot be defined operationally, because possible
reactions of the complex system "soil" to external disturbances cannot be
measured neither quantitatively nor qualitatively on a high abstraction level and it
therefore seems impossible to define and to use them on a scientific, theoretical
basis, compare also Szabolcs, 1992.
Peters (1991) concluded that "although non-operational concepts play an important
role in the creation of scientific theory, scientific relationships must be built upon
operationally defined classes, variables and relationships, because operational
definition relates the constructs of science to the phenomena of the real world.
Nevertheless, ecology is dominated by complex and inadequately undefined terms,
which confound the development of predictive theory. As a result, ecological
classifications, ecological characteristics and ecological relationships may refer to
phenomena that vary with each change in focus, scale or author, and ecologists
are often not sure they are talking about the same thing. The solution to this
problem is to embed concepts in a web, connecting these entities to
methodologically defined relations and to the confirmational test offered by theory
and prediction."
However, it seems possible to define "soil resilience" not on an operational but on a
strategic or tactical level, e.g. based on important soil functions which should be
maintained in soils under the aspect of sustainable use such as:
biomass production;
filter-, buffer-, and transformation capacities;
maintenance of the gene reserve in soils, and others
Another approach would be to define in each case the exact kind of disturbance
and the reactions of the soil to them. This could be done on the base of the existing
theory and terminology, without introducing new terms and definitions, such as
"stress", "resilience" or others.
Such an approach should be based on clear concepts, defining limits and
standards for such functions for certain regions, areas or ecological units, defining
the time scale and other parameters.
But there remains the question, what can help us to dialogue with other sciences in
order to contribute to a better understanding of soil ecology and sustainable land
use.
Peters (1991) stated at the end of his chapter on "operationalization of terms and
concepts": "Science may always begin with a concept, and the presence of vague
concepts may be essential to both operationalization and the social discourse of
science. However, successful sciences go beyond this primal stage to develop
variables and theories. Because ecology has been so halting in its development, it
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is perhaps time that we consider our current concepts more critically, removing
those which have proven repeatedly futile from our teaching curricula, from our
research proposals, from our future publications, and from our minds". - Is this also
true for soil science?
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Summary. Soil resilience is an ability of soil to resist adverse
changes under a given set of ecological and land use conditions and to
return to its original dynamic equilibrium after disturbance' if later
did occur. This inherited soil property is of particular importance for
the drylands where stressed soil systems dominate the environment due
to general lack of moisture and fragile soils are prone to human
induced disturbances. Non-resilient, slightly, moderately and highly
resilient soils can be distinguished on the basis-of the degrees of
soil degradation due to a specific soil degradation process after
continuous use within each of the land use systems. Highly resilient
soils comprise about two thirds of the total area of irrigated
croplands (resilience against secondary salinization),and about half
of the total area of rain-fed croplands (resilience against surface
erosion). Ecologically appropriate land use with a high-input modern
technology generally enhances soil resilience in drylands while land
abuse leads to soil degradation and loss,The concept of soil resilience
is important for the drylands understanding and management and thus
should be further developed both in its theoretical and practical
aspects on the basis of new experimental data.
Introduction. The concept of soil resilience, more broad than its
original purely mechanical notion, was recently introduced into
scientific vocabulary in connection with current discussion of the
sustainability of land use in general and of agriculture in particular.
Global assessment of human induced soil degradation by UNEP/ISRIC in
1989-1991 and of desertification by UNEP in 1990-1992 have demonstrated
particular importance of this concept for drylands understanding and
management although, due to its vague definition and absence of basis
for quantification, it remained proclaimed but basically unused.
Development of the soil resilience concept became therefore most
relevant for dryland studies.
World drylands. World drylands, including those of the mountain
geosystems, occupy more than six billion hectares, or nearly forty
percent of the total global land area, with the following areas by the
degrees of aridity, in million hectares and percents (UNEP, 1992):
hyper-arid
978 16%
arid
1571 26%
semi-arid
2305 37%
dry sub-humid 1296 21%
total drylands 6150 100%
The data clearly show great importance of the drylands in
composing soil cover of the continents. They are particularly abundant
in Africa, Asia and Australia which jointly contain more than 4.5
billion hectares, or about 75% of the world drylands. References can
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be made to both ecological and economic importance of these areas for
more than 100 countries in all continents of the world.
As for the land use, world drylands are subdivided into the
following main categories, in million hectares and percents (UNEP,
1991):
irrigated croplands
146 2%,
rain-fed croplands
458 7%,
rangelands
4445 73%,
hyper-arid deserts
978 16%,
settlements, roads, mining, etc
123 2%,
total drylands
6150 100%
It is a well known fact that stressed ecosystems dominate the
environment in the drylands due to general lack of moisture although
certain wetlands do occur here in specific situations. In arid,
semi-arid and dry sub-humid areas stressed situation remains permanent.
Droughts usually continue for several years in a sequence with several
moister or "normal" years in between (Kassas at al., 1991).
Human interference into natural cyclic processes in drylands may
be beneficial as in case of combat against drought and aridity, e.g.
by irrigation, but it may have an adverse impact as in case of abuse
of the resources, e.g. by overgrazing, or it may be even disastrous as
in case of extreme desertification and appearance of shifting sands.
Soil resilience seems to be of particular importance for such
ecosystems as it determines largely their stability and sustainability.
Numerous data published recently, particularly in relation to the
drylands affected by desertification, show that in assessing the status
of the dryland soil resilience was grossly underestimated and not
sufficiently studied, while the processes of soil degradation and soil
loss were probably'overestimated. If our pessimistic predictions of the
seventies and eighties were correct, there would be no soil cover left
by now in many areas of the world, while the reality shows that this
is not so.
Concept of soil resilience.~Unfortunately. very little is known
about soil resilience in general and that of the drylands in particular. There is no appropriate definition of the phenomenon, neither
qualitative characteristics of its attributes nor any basis for its
quantification. It is not known how to compare two soils on their
resilience, and, as it was rightly mentioned by Professor I. Szabolcs,
the resilience against what? According to I.Szabolcs (1992), soils have
no resilience in absolute terms; they have a capability to behave in
different ways in response to certain agents, forces or effects, which
must be defined.
Two major concepts of soil resilience can be distinguished in
current publications and studies as was revealed during the first
international symposium on soil resilience and sustainable land use
held in Budapest, Hungary, from 28 September to 2 October 1992, where
including presently unused and sporadically used by
nomads rangelands of poor quality consisting of dry or
semi-desert steppes, savannas, scrublands, etc., sometimes
generally referred to as wastelands or desertified lands and
deserts.
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main attention was paid to the concept and definition of soil
resilience which is apparently lacking in soil science and can not be
easily found in the textbooks. These two concepts are as follows:
(1) soil resilience is an ability of soil to return to original
dynamic equilibrium after disturbance, ability to restore itself,
ability to recover after an adverse impact (Kay et al, 1992; Tiessen
et al, 1992);
(2) soil" resilience is an ability to resist degradation or a
change under an adverse impact, ability of soil to withstand an adverse
impact, ability to tolerate continuous use without appreciable adverse
changes (Lai, 1992; Oldeman, 1992).
According to the first concept, soil is capable to return to its
original state each time after disturbance, e'. g. as by annual cropping.
The second concept describes soil as an elastic system capable to
resist adverse impacts. It is evident that practical implications for
management strategies will be different depending on the concept and
definition adopted: in the first case the enhancement of soil
resilience will be with a view to aid degraded/exhausted to recover for
sustainable biological production (agriculture, animal husbandry,
forestry), while in the second it would be directed to resisting soil
degradation/exhaustion, that is rehabilitation versus prevention. The
difference is obvious and rather substantial, both theoretically and
practically. In view of the above differences in the basic approach,
there was a general feeling at the Budapest symposium the further
research in this area was required aiming at both the . developing
theoretical concept of soil resilience and its practical applications
in various environments embracing different ecological conditions and
alternative lands uses. The whole land use, including agricultural
experience of the world, which was accumulated through millennia, shows
that prevention of soil degradation/exhaustion and rehabilitation of
degraded/exhausted soil are nothing but two stages/sides of one and the
same process of ecologically appropriate soil management directed to
sustainable use of soil resources. Within this united process soil
resilience passes from one qualitative stage (resistance) to another
(recuperation) in accordance with current soil status resulting from
the human impact in the history of land use. The common sense says that
in different environments (natural conditions, land use practices,
employed technology) one and the same soil may be at one or the other
stage at different times.
Alternatively, different soils maybe at
one and the same stage of soil resilience at different times. Thus, we
have consider, as usual in the analysis of soil cover, spatial and
temporal variations in soil status and corresponding management
strategies, passing from prevention to rehabilitation ( and vice
versa?) in different times and places.
Definition. Bearing in mind the above consideration, we may define soil resilience
as an ability
of soil to resist
adverse
-changes
under a given set of ecological
and land use conditions
-and to
return
to its original
dynamic equilibrium
after
-disturbance.
This definition, as it is evident, combines the above described
two approaches and might be taken as a working basis for further study
of the phenomenon.
Soil resilience groups. Soil resilience should be considered in
relation to various soil degradation processes which are substantially
240

different in different land use systems within one and the sameecological (agroecological) zone.
Soils may be 'classified into several resilience groups in relation
to specific human-induced soil degradation processes within each of the
land use classes. The following general groups could be distinguished:
- non-resilient:
soils a.re very severely affected after continuous use;
- slightly
resilient:
soils are severely affected after continuous use;
- moderately
resilient:
soils are moderately affected after continuous
use;
- highly
resilient:
soils are non-affected or slightly affected after
continuous use.
This general scheme should be refined and quantitatively specified
in relation to various soils, soil degradation processes and land use
classes. The localized approach is strongly advocated for the
refinement and quantification.
As an example for the irrigated croplands in the drylands,
specification can be considered along the following matrix:
- soils resilient to salinization: none, slightly, moderately,
highly,
- soils resilient to sodification: none, slightly, moderately,
highly;
- soils resilient to acidification: none, slightly, moderately,
highly;
- soils resilient to gleyzation: none, slightly, moderately,
highly;
soils resilient to compaction: none,slightly, moderately,
highly;
soils resilient to nutrients depletion: none, slightly,
moderately, highly.
Similar matrix can be proposed for rain-fed croplands, rangelands,
etc, but, naturally, with different soil degradation processes, among
which wind and water erosion will play the leading role.
Specific system of soil resilience groups for each class of land
use may be eventually composed with certain quantitative parameters for
each group. Extensive experimental data are needed for such an effort.
Soil physics and soil biology studies are of the particular relevance
in this respect.
Soil resilience in drylands: assessment. It was estimated by UNEP
in 1991 that about 3.6 billion hectares of the drylands, or nearly 60%
of their total global area, are currently threatened by various forms
of land degradation known as desertification, through over-exploitation
of vegetation and decline in soil fertility and structure leading to
soil loss. There is no desertification in hyper-arid deserts.
Further estimations showed that current soil degradation
processes, mostly secondary salinization and partly sodification,
affect about 43 million hectares of irrigated croplands, or some 30
percent of their total area within the world drylands.
About 216 million hectares of rain-fed croplands, or some 47 percent
of their total area within the world drylands, suffer from current soil
degradation processes as well, mostly from water and wind erosion.
As for the rangelands and other drylands, the existing data
concerning soil degradation within these areas are not reliable. We
know more or less approximately that about 70 percent of the rangelands
within
the
world
drylands
are
affected
by
land
degrada241

tion/desertification,. mostly by degradation of vegetation, but how much
is affected by soil degradation, e.g. water and wind erosion, is not
know with the same accuracy and degree of reliability as for the
croplands.
It would be interesting to analyze the existing data related to
soil degradation in croplands of the world drylands in some detail and
from tHe point of view of soil resilience.
For the irrigated croplands the picture will be as follows, in million
hectares:
- slightly to non-degraded (highly resilient soils)
103 70%,
- moderately degraded {mo'de ratel y resilient soils)
33
23%,
- severely degraded (slightly resilient soils)
8
5.5%,
- very severely degraded (non-resilient soils)
1.5%,
- total irrigated croplands
i46 100%.
For the rain-fed croplands corresponding picture
,ure will be
different:
242 54%,
- slightly to non-degraded (highly resilient soils)
- moderately degraded ( moderately resilient soils)
183 40%,
- severely degraded ( slightly resilient soils)
29
5%,
- very severely degraded (non-resilient soils)
4
1%,
- total rain-fed croplands
458 100%.
If these two pictures to be compared, taking int'o account
corresponding approximate data for rangelands, the following conclusions could be made with regard the soil resilience in different land
use systems in drylands:
(a) relative share of highly resilient soils in soil cover
increases from 28% in rangelands, through 54% in rain-fed croplands up
to 70% in irrigated croplands; relative share of slightly and
non-resilient soils decreases in the opposite direction;
(b) soil resilience is enhanced by the intensive agricultural land
use proportionally to the intensity of technological input;
(c )
ecologically appropriate land use generally enhances soil resilience
in drylands, while land abuse leads to soil degradation and loss.
Soils of the drylands vary greatly in their basic properties from
desert sands to rich alluvial soils, from salt flats and takyrs to
non-saline kastanozems on thick loess. However, certain general
attributes can be regarded as characteristic for dryland soils at a
very small scale of consideration with low resolution: low humus
content from the surface, high biological activity, low water
availability, shallow surface rooting horizon, low cation exchange
capacity, neutral to alkaline reaction, high calcium carbonate content,
high potential nutrients content while available nutrients may be
deficient, high potential salinity and alkalinity, soils are prone to
compaction and cementation. Such an assortment of soil attributes makes
soils of drylands non-resilient or only slightly resilient under
natural condition and provides a favorable background for soil
resilience enhancement under ecologically appropriate high-input
agricultural practices.
Therefore, soil resilience in drylands can be substantially
enhanced under appropriate land management taking into account possible
specific soil-degradation processes in each of the land use classes.The
enhancement of soil resilience under ecologically appropriate land use
will simultaneously lead to a decrease of ecological stress and vice
versa. In order to ensure sustainable land use in the drylands soil
management should be directed to alleviation of ecological stress,
242

enhancement of soil resilience and eventually to increased biological
production, all three goals being, evidently, interchangeable,
interdependent. Thus, the pursuit of the main social and economic goal
of land use in drylands should be ecologically conscious in order to
answer properly the expectations.
As follows from the above, soil resilience in drylands can be
measured by the degrees of a specific degradation process most
characteristic for this or that class/type of land use: soil
salinization for irrigated croplands, soil erosion by water or wind for
rain-fed croplands or rangelands. It also follows that soil resilience
is a dynamic soil properly which can not be measured once and forever,
it very much dependent on soil status at the time of assessment.
Being highly dynamic property, soil resilience should include time
element in its quantification for the assessment and comparison of
different soils between each other, e.g. rate (seasonal, annual, etc)
of soil change under specific soil degradation process.
Methodology
developed for the UNEP/ISRIC GLASOD World Map could be employed for
this purpose in its original or a refined form.
As the rate and extent of a soil degradation process depend
largely on the inherited soil resilience, which can not be measured
directly in generally applicable terms, the results of soil degradation
may constitute a reliable base for evaluation of soil resilience
against this particularly degradation process. Taken the same time
span, two soils can, be compared on this parameter with a view
developing an appropriate management strategy and technology.
Another approach to quantification and assessment of soil resilience
might be developed on the basis of considering soils as physical body
or an entity subject to general laws of physics. Applicability of
certain physical laws must be resolved against the background of
specific soil degradation processes, e.g. soil desiccation during
severe droughts in terms of reversibility of or resistance to
disturbances from a physical point of view. However, soil resilience
is not easy to characterize at present from a standpoint of physical
mechanics as the soil itself and its behavior under impact of different
forces and soil-forming
processes have not yet been modelled.
An attempt to describe soil resilience in physical terms was
undertaken considering on analogy with a common spring which gave
origin to the concept of soil resilience in general (A.Rozanov, 1993).
In this analogy a force responsible for resistance against change or
for bringing soil back into initial state would be proportional to the
induced change:

where "A" is an amount of work required for moving soil from stationary
state 1 into quasi-stationary state 2, "X" is the variable, reflecting
soil change, and "k" is resilience coefficient individual for every
particular soil, soil degradation process and type of land use
including technological input; minus shows that work is required
against an impact of the acting force; to keep it up with the Hooke's
law the above equation can be integrated into:
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The resilience coefficient "k" of two soils will be equal if the
same work is required to transfer both soils from the same stationary
state 1 into quasi-stationary state 2 and back. The resilience
coefficient' of a soil Kill remain the same if the same amount of work
will be required time the transition state 1 to state 2 takes place.
This general approach can be illustrated by- an example of soil
desiccation during drousfht. In this case upward movement and evaporation of water from soil under the influence of heating and resulting
moisture gradient can be considered together with the rate of
transpiration be vegetation. Potential or active evapotranspiration
depending on weather conditions may be taken as a measure of upward
water"flux.
A somewhat simplified case of soil thickness "z" drying from state
1 {say, at field water-holding capacity) to state 2 (air-dry soil)
resulting in decrease of soil moisture content AW and upward flow of
soil water can.be considered. Here the resilience coefficient "k" will
describe resistance of soil to drought. In this case it is assumed that
all work against the force of resilience is transformed into kinetic
energy of the volumetric flux "q" transporting "m" mass of water from
depth "x" in accordance with

_JcA^ = nai
2

making

2

jpjgf

(3)

V ST?/

If "the flux"q" is represented by vapor movement from depth "z"
surface and then into the atmosphere, previous equation
transformed into

to soil
can be

where D is the coefficient of diffusion for vapor. If simultaneous
movement of water and vapor to be considered, then this equation will
be modified in accordance with classical Darcey's law taking into
account hydraulic conductivity of soil in its dependence on moisture
content.
Similarly, soil buffering capacity against acidification of
alkalinization may be considered as a measure of soil resilience
against these soil degradation processes.
The applicability of these general consideration about stressed soil
systems must be checked against experimental data for specific soil and
land use conditions.
Conclusions. The above considerations lead to a conclusion that
the concept of soil resilience is still too vague for general use and
should be further developed; the following main questions might be
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pursued in studies of soil resilience:
(1) Refinement of the concept and definition of soil resilience
in quantitative terms on the basis of new experimental data;
(2) Application of soil resilience concept to various ecological
and technological conditions in various classes of land use;
(3) Relation of soil physics, chemistry and biology to soil
resilience under different ecological and technological conditions;
(4) Strategies of soil resilience enhancement in various types of
land use;
(5) Origin and evolution of soil resilience in connection with
soil genesis under varying ecological conditions;
(6) Quantitative parameters of soil resilience against various
soil degradation processes; simulation modelling of soil resilience;
(7) Economic significance of soil resilience in various ecological
zones.
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Land Use and Soil Resilience
R. Lai, Department of Agronomy, The Ohio State University, Columbus, Ohio,
43210, USA
Abstract. Landuse implies harnessing land's natural resources to meet human needs.
Agricultural landuse may be extensive or intensive depending on the level of input and expected
output. Landuse affects soil's resilience or its sensitivity to degradative processes. Soil resilience
implies soil's ability to restore its life support processes, or its ability to rebound or heal itself
following a perturbation, and respond to science-based judicious inputs or management. Soils can
be classified on the basis of their resilience into four classes ranging from class 1 for extremely
resilient soil to class 4 for soils sensitive to degradative processes. Soil resilience depends on its
ability to maintain a favorable balance between: (i) restorative and degradative processes, (ii) rate
of new soil formation and soil loss, and (iii) inputs and outputs from the soil system. Factors
affecting soil resilience include 1) intrinsic qualities, 2) external factors such as climate and socioeconomic conditions, 3) landuse, and 4) inputs. This ability depends on antecedent soil properties
and landuse, and can be quantitatively expressed as:
S r = [ S a + i(Sn - Sd + Im) d t ] L U
where Sr is soil resilience, Sa is antecedent soil condition, Sn is soil renewal rate, Sd is soil
degradation rate, I m is inputs, t is time, and LU is landuse. Soil resilience depends on climatic
factors such as precipitation and its seasonal distribution, climatic erosivity, mean annual
temperature, etc. Soil resilience decreases with increase in climatic aridity. Stressed environments
decrease soil's ability to restore itself, and require special managerial inputs to maintain soil
resilience and facilitate sustainable use. Soil processes with adverse effects on soil resilience in
stressed environments include accelerated soil erosion, decline in soil organic matter, deterioration
in soil structure, and nutrient imbalance. A judicious landuse and science-based inputs can
minimize the adverse effects of stressed environments on soil resilience.
Important intrinsic qualities are soil structure and its attributes, water retention and transmission
properties, nutrient status, etc. Production constraints due to these properties can be alleviated by
science-based management. However, constraints due to shallow rooting depth, steep gradient,
etc. are not easily managed. In such cases matching landuse to land capability is important to
enhance soil resilience. Functional characteristics and the magnitude of parameters governing soil
resilience vary among landuse systems. A judicious landuse, based on landuse capability and
ecological characteristics, enhances soil resilience.
Introduction. The term "land" implies complex of climatic, biotic, and soil resources within
major terrestrial ecosystems. Concomitantly, "landuse" implies harnessing land's natural
resources to meet human needs. The term "harnessing" implies human intervention, manipulation,
control, or management to derive economic, aesthetic or spiritual benefit from land resources. In
this context, humans are an integral part of a natural ecosystem, but they also manipulate it to
harness its resources. Landuse can therefore be defined as the systematic application of human
know-how to harness the desired benefits.
There are several types of landuses, classified on the basis of the expected benefits such as nonagricultural (e.g., recreational landuse, urban landuse, mining, and industrial use) and agricultural
landuse. On the basis of landuse intensity and expected outputs, agricultural landuse can be
grouped into two categories - extensive and intensive (Fig. 1). Extensive landuse is low-input,
and involves labor-intensive but resource-based systems where the degree of manipulation of the
ecosystem or managerial control is modest The technical know-how used to harness resources is
limited to human labor with none or modest input of resources from outside the ecosystem. The
extensive landuse systems are subsistence or semi-commercial based on the managerial intensity
and the output. Land restorative measures have to be an integral component of the extensive
246

system for them to be ecologically stable albeit at low level of productivity. Otherwise, soil
resilience is jeopardized and land degradative processes are set-in-motion. In comparison, sciencebased intensive systems are managed with technical know-how to maintain soil resilience and
replenish nutrients harvested by inputs from outside the ecosystem. Intensive landuse systems or
commercial undertakings are characterized by high energy flux and science-based inputs. Intensive
landuse systems are simplified compared with highly diverse extensive systems.
A. Soil Resilience. It refers to soils ability to maintain intrinsic qualities including properties
and processes that determine its productivity and environmental regulatory capacity. In terms of
soil's response to perturbation and management, some soils are highly resilient and respond
positively to science-based management and are not easily degraded even by mismanagement.
These are prime agricultural lands. Other soils are sensitive to perturbation and management and
respond by drastic alterations in soil properties and intrinsic qualities. These soils are unsuitable
for agricultural landuse. In between these two extremes, there are soils of moderate and low
resilience depending on the degree of perturbation-induced alterations in soil's intrinsic qualities.
Soil resilience is inversely proportional to its qualities. Principal classes and types of soil resilience
are shown in Table 1 and Fig. 2. Classes 1 and 2 of most resilient and moderately resilient soils
are suitable for agricultural landuse. Soils in classes 3 and 4 undergo drastic and irreversible
changes in soil properties on perturbation and should not be used for agricultural purposes. Soil's
resilience or sensitivity can also be related to ecosystem resilience as described by 3-Barrow
(1991).
7. Intrinsic Qualities. Soil resilience is not synonymous with soil stability. A resilient soil is
highly productive. A stable soil may not be productive yet it is not sensitive to managementinduced changes in soil properties. Resilience refers to positively dynamic soils. These soils do
not resist the effects of perturbations but recover with management. Stable soils (e.g., desert
pavement) resist change, and if forced to change do not recover to the antecedent soil qualities.
Productivity of a stable soil may not respond to science-based input while that of a resilient soil
improves with increase in judicious input and science-based management (Fig. 3).
Examples of soil resilience in relation to productivity are shown by the schematic in Fig. 4.
Productivity of sensitive soils in class 4 is extremely low and is below the economic level even
during the first year of cultivation. Such soils undergo drastic changes in intrinsic qualities. In
comparison, resilient soils maintain high productivity for long periods even without science-based
inputs in traditional production systems. Productivity of such resilient class 1 soils increased with
improved management and science-based inputs. An example of the productivity response of such
soils from East Africa was shown by 1-Allan (1962).
Soil resilience is also not synonymous with soil quality which refers to soil's ability to produce
economic goods and services, and maintain acceptable standard of environmental quality. Soil
quality is related more to productivity than to its ability to restore itself after a perturbation.
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Agricultural
Land Use

£

1
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Intensive

£

1

£

Subsistence &
low input

Semi-commercial

Arable

• Shifting cultivation
' Nomadic herding
• Harvesting minor
products

1
Pastoral

I

• Low-input agriculture
• Mixed farming
• Agri-silviculture
• Silvi-pastoral
• Agn-silvipastoral
system

Simple, science-based, commercial &
highly productive

Practiced on
resilient soils
Mixed, complex, resource-based &
less productive

Silviculture

Practiced on
slight to
moderately
resilient soils

Fig. 1. Characteristics of agricultural land use systems.
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Table 1
Class

Types of Soil Resilience in Relation to Agricultural Landuse
Type

Soil Order

Description"

4 Sensitive

These soils undergo drastic and
adverse changes in soil properties
e.g., bulk density, infiltration,
porosity, aggregation, nutrient
depletion, and are not suitable for
agriculture.

3 Slightly
resilient

These soils have marginal or low
agricultural potential, and the range
of soil properties for productive use
is narrow.

2 Moderately
resilient

These soils have fair to good
agricultural potential and undergo
changes in soil properties cut can be
restored with good soil management
and science-based inputs.

1 Resilient

Highly responsive to science-based
inputs, prime agricultural land, with
a wide range of soil characteristics.
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Acid sulfate soils, shallow soils,
soils on steep terrains and
ecologically sensitive regions.
Intensive cultivation poorly
structured soils, draining acid
sulfate soils, cultivating marginal
lands can lead to irreversible
degradation by mismanagement or
any intensive landuse.
Vertisols, Spodosols, Psamments,
soils on steep terrain. These soils
have only modest response to input.
Critical limits for irreversible
degradation are readily achieved.
Oxisols, Ultisols, Alfisols, Entisol,
Aridisols. These soils respond to
management. Changes in soil
properties are modest, and soil
properties can be restored by
science-based management.
Mollisols, Histosols, Inceptisols,
Andisols and other soils which are
not easily degraded.

Improved
management
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Fig. 2. Changes in soil quality in response to perturbations.
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Input

Fig. 3. Response to Input of a resilient and a stable soil.
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A. Low input extensive systems

S
Economic level

Class 2

Class 1
Class 3

Class 4

B. High input intensive systems

1
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-

^
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^
^ v ^

"— Class 3
^

Class 4

Years of cultivation (t) Fig. 4. Productivity trends with time for soils of different resilience classes.
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B. Factors Affecting Soil Resilience. Soil resilience depends on intrinsic qualities and
external factors (Table 2). Inherent properties and external factors interact with management in
determining soil productivity, sustainability and resilience.
Important intrinsic qualities are soil structure and its attributes (e.g., pore size distribution,
aggregation and size distribution of aggregates, and aggregate strength), hydrologie properties
(e.g., water retention and transmission characteristic including available water capacity, infiltration
rate, and permeability), soil organic matter content and biomass carbon and rate of its turnover,
effective rooting depth and sub-soil characteristics, clay mineralogy including surface area and
charge characteristics, and intensity and capacity factors of plant nutrients. Profile development
and horizonation are important aspects of soil characteristics. In addition to intrinsic qualities,
soil's position in the landscape, nature of the parent material and stage of weathering are also
important factors determining soil resilience. There is a critical level of each soil property that
determines soil resilience. Soil becomes extremely sensitive to degradative processes if intrinsic
qualities decline beyond a critical level. The critical level of these properties depend on several
factors and vary among soils. Critical levels of properties for soils of the tropics were defined by
2-Aune and Lai (1993) and are listed in Table 3. These critical levels vary among soils, crops and
landuse systems. In addition to effects on productivity, critical levels also determine soil's
sensitivity to degradation processes. Critical levels of soil properties (e.g., aggregation, porosity,
organic matter content, available water capacity, etc.) are higher under harsh than mild climates.
2. External Factors, a) Climate. External factors strongly interacting with soil's intrinsic
qualities are climate, and socio-economic and cultural factors. There exists a close relationship
between soil resilience and climate. Climate is the most important external factor with critical
climatic parameters including precipitation amount and its distribution, climatic erosivity, radiation,
mean annual soil temperature and seasonal fluctuations, and length of the growing season. Other
factors remaining the same, soil resilience decreases with increasing harshness of the climate.
14-Stewart et al. (1991) hypothesized that soil's sensitivity to degradative processes accelerates
under hot and arid climatic regimes. Hot and dry ecoregions are stressed environments. The
schematic in Fig. 5 shows a generic relationship between climatic aridity and soil resilience. While
soil resilience decreases exponentially with increase in climatic aridity, soil sensitivity follows the
opposite trend.
Socio-economic and cultural parameters also affect soil resilience and are among important external
factors. Infra-structure, institutional support, and land tenure systems affect management, degree
of input, and incentive for investment in land resources.
b) Landuse and Management. Scientific landuse and sustainable management govern soil
resilience. A scientific landuse implies using land according to its capability classification. Land in
capability classes 1 and 2 can be used intensively without the risks of soil degradation. 5-Brady
(1991) illustrated relationship between land capability classes of 15-USDA (1975) and limitations
to intensive agriculture. The generic relationship between land capability class and soil resilience is
shown in Fig. 6. Soil resilience decreases exponentially with increasing land capability class.
Soils in class V through VIII are more sensitive to degradative processes and are less resilient than
those in class I through IV.
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\ . 'able 2

Factors Affecting Soil Resilience in Relation to Agricultural Landuse
Parameters

Description

A. Intrinsic Qualities
1. Soil Structure
2. Water retention and
transmission
3. Soil organic matter content
4. Rooting depth
5. Clay minerals
6. Nutrient reserves
7. Horizonation
8. Landscape position
9. Parent material
10. Stage of weathering

1

Aggregation, mean weight diameter, pore size distribution,
structural activity, workability, soil tilth
1
Available water capacity, infiltration rate, permeability
• Total and active soil organic carbon, turnover rate
• Effective rooting depth, sub-soil characteristics
• Clay activity, charge density, surface area, swell-shrink
capacity
' Total and plant-available nutrient reserves, capacity and
intensity factors, toxicity and deficiencies
1
Soil profile characteristics, Lithological discontinuities, etc.
• Run-on or runoff from and to the surrounding landscape,
position in the catena, drainage
• Residual, alluvial, volcanic, composition
' Horizonation, leaching, soil age

B. External Factors
1. Climate
2. Socio-economic factors

• Precipitation amount and distribution, evapotranspiration,
moisture deficit or excess, soil and air temperatures, growing
season, radiation level
• Infra-structure, institutional support, land tenure, policy
considerations

C. Landuse
1. Landuse
2. Management

• Intensive vs. extensive landuse, arable or non-arable
• Off-farm inputs, managerial skills, science-based improved
management vs. labor-intensive management

D. Response to Input
1. Production stability and
• Productivity of soils in resilience classes 1 and 2 is enhanced or
sustainability
maintained with science-based inputs
2. Adaptability of farm operations • Resilient soils are easily managed and offer flexibility in farm
to seasonality
operations and are amenable to an intensive use in most
seasons
3. Trafficability
• Resilient soils have easy access and are trafficable over a wide
range of moisture contents
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Table 3
Soil
Property

Critical Limits of Properties for some Soils of the Tropics (2-Aune and Lai, 1993)
Maize
(Zea
mays)

Soybean Groundnut Cowpea Sweet Potato Cassava
(Glycine (Arachis
(Vigna
(Ipomea
(Manihot
max)
hypogea) imguiculata) batata)
esculenta)

A. Soil Chemical Properties
SoU Organic Carbon (%)
1.05
pH(l:linH20)
5.0
23.5
Al (mmol Kg"1)
Bray-1 P (ppm)
7.6
K (mmol Kg"1)
0.8

1.05
5.1
20.8
10.6
0.7

48.6
10.6
0.7

1.05
4.7
38.8
10.6
0.7

B. Soil Physical Properties
1.5
Bulk density (Mg/m3)
Rooting depth (cm)
20.0

1.4
25.0

20.0

1.4
20.0

1.05

1.05
32.4
8.6
—
1.45

1.05
70.8
8.6
—
1.45

•
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Fig. 5. Generic relationship between climatic aridity and soil resilience and soil
sensitivity. D is Budykos Index (1956,1974) of dryness, R is radiation (l/yr),
P is precipitation (cm/yr) and L Is latent heat of vaporization (600 cel/g).
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Fig. 6. Relationship between Improved land use, soil resilience and soil sensitivity for
different land capability classes.
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Soil resilience also depends on management. Some soil limitations can be alleviated by judicious
use of inputs e.g., low pH can be managed by liming or choice of appropriate crops and cultivars.
Nutrient deficiency can be removed by addition of fertilizers, organic amendments, biological N
fixation, etc. Water imbalance can be corrected by improving soil drainage or providing irrigation.
Salt affected soils can also be reclaimed and made productive with appropriate inputs (10-Gupta
and Abrol, 1990). Improved management and use of science-based inputs can alleviate these
constraints and improve soil's resilience and decrease its sensitivity to degradative processes
(Fig. 6). Use of improved technologies, however, depend on technical and economic feasibility.
There are several inherent limitations which are difficult to alleviate even with improved
management. Such limitations include slope gradient, soil depth, soil texture and rockiness,
effects of past erosion. These limitations are considered in deciding the appropriate landuse. The
term "matching" is commonly used to describe the process in which landuse requirements are
compared with inherent constraints to decide the most appropriate landuse. An example of
"matching" landuse in relation to soil depth is shown in Table 4. Based on such a matching
procedure, guidelines for appropriate landuse can be developed with regards to other limitations
e.g., slope gradient, soil texture, etc. Appropriate landuse increases soil's resilience and decreases
its sensitivity (Fig. 6).
c) Response to Inputs. Soil's response to inputs depends on its resilience, landuse and climate.
Productivity and sustainability are determined by soil resilience as is shown by the schematic in
Fig. 4, and Eq. 1.
P = f(Rc,Dt
Eq. 1
where P is productivity, Re is the soil resilience class, I is the input, and t is time. With sciencebased inputs, productivity of soil in resilience class 1 is maintained or enhanced over time.
However, productivity of classes 3 and 4 declines with time due to sensitivity to soil degradative
processes.
Resilient soils are easy to manage and are easily adapted to a wide range of farm operations for
intensive use in most seasons. Soils in resilient classes 1 and 2 have favorable trafficability
because of good soil structure, favorable water retention and transmission properties, and soil
strength. Flexibility to management alternatives is an important aspect of soil resilience.
3. Soil Resilience and Landuse. Soil's ability to heal itself depends on intrinsic qualities,
landuse and inputs. These factors affecting soil resilience can be combined into an equation
(12-Lal, 1992; 13-Lal and Miller, 1993)
S r = S a + /|[(S n -Sd + Im)dt
Eq. 2
where Sr is soil resilience, Sa is antecedent soil properties, Sn is the rate of new soil formation, Sd
is the rate of soil degradation or depletion, and I m is the management input from outside the
ecosystem. Magnitude and sign of the term (Sn - Sd + Im) are important in determining soils
resilience.
Equation 2 can be applied easily to specific soil properties than to the soil on the whole. Specific
properties important to soil resilience are soil organic matter content, nutrient status, and soil
structure. Structural resilience is important in relation to several processes that govern soil physical
degradation e.g., crusting and surface seal formation, compaction, infiltration rate and water
acceptance, erosion by wind and water, etc. Structural resilience refers to the "ability of a soil to
recover its structural form through natural processes when external stresses are removed" (11-Kay,
1990). Differences in structural resilience among soils are due to several factors e.g. texture, clay
mineralogy, aggregation, soil organic matter content, soil biodiversity, and climatic factors
including cycles of freezing/thawing and wetting/drying. Structural characteristics can be managed
to enhance its resilience. Relevant management options include cropping practices (e.g., rotation,
fertility management, pest control, time of planting, etc.), tillage methods and crop residue
management, water management including drainage and irrigation, and soil amendments.
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Table 4

Guidelines for the Interpretation of Soil Depth Limitations for Selected Land Utilization
Types (Depth Values in cm) (From 9-FAO, 1975; 8-Davidson, 1980)

Land Utilization
Type

0

1

Degree of Depth Limitations
2
3

Cereals and
pasture (rainfed)

+90

40-90

24-40

10-20

0-10

Annual root
crops (rainfed)

+90

60-90

40-60

0-40

0-40

Deep-rooting
perennials

+150

90-150

50-90

20-50

0-20

Irrigated
farming

+150

100-150

50-90

20-50

0-20
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4

Results and Discussion. Soil resilience or its ability to heal itself depends on its intrinsic
qualities and external factors e.g., climate, landuse and management. Soil resilience can be
classified into 4 classes ranging from resilience class 1 to class 4. Soils in resilience classes 1
and 2 can be intensively used for a wide range of agricultural landuse while those in classes 3 and
4 have severe limitations and restricted landuses. Principal attributes of a resilient soil include its
capacity to balance degradative and restorative processes. The balance between these two
processes depend on climate e.g., soil moisture and temperature regimes. Soil resilience decreases
with increase in temperature and decrease in moisture regime. Soils in wet and cool climate are
more resilient than those in dry and hot climates.
Soil resilience depends on soil's intrinsic qualities. Important intrinsic qualities are soil structure,
hydrologie properties, soil organic matter content and biomass carbon, effective rooting depth, clay
mineralogy, soil profile characteristics, and nutrient reserves and balance. In addition, soil's
position in the landscape and the parent material are also important factors. There are critical limits
of soil properties that govern soil resilience class. Soil's sensitivity to degradative processes
increases when soil properties are beyond the critical limits. Critical limits of properties vary
among soils and landuse systems.
Management can alleviate some soil-related constraints to an intensive landuse e.g., low pH by
liming, nutrient deficiency by application of inorganic fertilizers and organic amendments, and
water imbalance by drainage or irrigation. Other constraints cannot be easily removed by
management e.g., shallow rooting depth, steep slopes, short season, etc. In these cases, matching
land capability to landuse requirements is important to enhance soil resilience and decrease its
sensitivity to degradative processes. Soil resilience decreases with increasing land capability class.
Productivity, sustainability and stability depend on soil resilience and input. Productivity of soils
in resilience classes 1 and 2 can be greatly enhanced by judicious management and science-based
inputs. Resilient soils are easy to manage and have more flexibility than soils sensitive to
degradative processes.
Soil resilience can be quantified on the basis of antecedent soil properties, rate of new soil
formation, rate of soil degradation or depletion, and managerial input. Assessment of soil
resilience may be done more easily for specific soil properties (e.g., soil structure) than for soil on
the whole.
It is important to develop methods of quantifying soil resilience and standardize criteria for its
assessment. To do this involves delineating threshold values of soil properties beyond which soil
becomes sensitive to degradative processes and loses its resilience.
Delineation of threshold values can be done by evaluating soil dynamics under a range of landuses
and farming systems for principal soils in major ecoregions. Assessment of soil resilience in
relation to landuse requires careful analyses of data on soil evolution from long-term experiments.
There is a lack of well-designed and properly planned long-term experiments in tropical
ecosystems with harsh environments. Such experiments are needed on different soils and
ecoregions.
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SOIL TRANSFORMATIONS IN SALT-STRESSED
LAGOON ECOSYSTEMS

J. Batlle-Sales*; A. Abad-Franch; V. Bordas; E. Pepiol. Departamento de
Biologta Vegetal. Facultad de Farmacia. Universidad de Valencia. CI. Vicente
Andrés Estellés sin. 46100 Burjasot (Valencia). ESPANA.

INTRODUCTION.
Salt-marshes or saline wetlands are very frequent along the West Mediterranean coast and
typically occupy zones that border either strictly freshwater environments and marine to
brackish bays and stuaries (Frey & Basan, 1978). Also continental endorreic lagoons are
frequent in Spain. Two different examples of soil degradation, induced by human practices in
such ecosystems, are presented.
In the first case (Torreblanca) the main formation is a Quaternary coastal salt-marsh formed on
calcareous silty sediments protected by a beach ridge of cobbles. Peat deposits and shell beds
are very common. General soil properties are an aquic soil moisture regime strongly reducing,
presence of variable degree salinity due to marine intrusion, and accumulation of organic
materials. Some areas have been transformed for agricultural production.
The second case (Salinas) is an endorreic continental basin that in the past was flooded
permanently, and that is influenced by surrounding Triasic gypsiferous materials. The artificial
drainage done years ago to reclaim the area, and the overexplotation of the related aquifers
(that are dominated by chloride-sulphates) have lead to the complete desiccation of the lagoon.
Soils show a great amount of salts accumulation, and efflorescences.
MATERIALS AND METHODS.
In Torreblanca complete characterization was done for a natural soil profile . Also four fields,
showing different evolutive stage, were characterized (Dent, 1986), (Van Reeuwijk, 1992).
150 soil samples were taken in Salinas with a dutch auger at different depths, using a square
grid sampling scheme. Soil paste extract analysis (pH, EC, Alk, Cl", SO^", C a ^ ' Mg2 + ,
Na + , K^") as well as total carbonate and gypsum soil content were carried out in all samples.
(Richards, L. etal., 1962).
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RESULTS AND DISCUSSION.
Representative profile in Torreblanca classify as Typic Sulfihemist. Water table oscillates
typically between -10 and +40 cm of the soil surface. Sulphidic materials, originated by the
reduction of sea water sulphates, accumulate in the soil. This reduction is accompanied by
sodium carbonate formation at the soil surface. Eh values of soil equilibrium solution are about
-100 mV, and pH around 6.5 at field conditions. EC values range from 2 to 40 dSm-1.
In surface pH can rise above 8.5 and Eh becomes slightly oxidative. The natural vegetation
communities are Hypochoeridi-Glaucietum flavi, Schoeno-Plantaginetum crassifoliae,
Juncetum maritimi, Cladietum marisci, Typho-Scirpetum tabernaemontani, Arthrocnemetum
macrostachyi in good zonation from sea-shore to inland.
The transformation of these soils in the less saline zone is carried out extracting peat and
mixing with it mineral material. Soil surface is elevated and lateral drainage is provided. After
the transformation important changes are undergone in the fields. The exposure to oxidizing
conditions accelerates biochemical oxidation of organic and sulphidic materials. The generated
acidity is neutralized by the carbonate content of the soil. Gypsum is mainly formed.
Subsidence and soil compactation take place.
These changes determine: increase in soil bulk density (with decrease of soil permeability and
soil drainage efficiency), decrease of the cation exchange capacity (due to the decrease in soil
organic matter content), and increase of salinity (due to the formation of gypsum, more soluble
that sulphides and the increasing drainage difficulties). Also SAR shows an increasing
tendency.
The yield of the fields is decreasing with time in parallel of the processes described. Finally
the production is so low that fields are abandoned and natural vegetation recovered.
In Salinas the soil has developed an extreme salinity with the desiccation. Representative
profiles classify as Typic Salorthid or Chloride Solontchak (Szabolcs, 1989).Soil saturation
paste extracts show electrical conductivity values (25° C) near 80 dSm-1 with pH values
typically near 7.5 . Many efflorescences show EC values of 150 dSm-1. Sodium and chloride
dominate in the extract but also magnesium and calcium, sulphates and bicarbonates
concentrate.
Salt efflorescences suffer eolian transport creating increasing soil salinity problems in the
surrounding agricultural fields. The conditions are so limitative that only halophytes are found
in some spot areas of the former lagoon ecosystem. The transformation is «" drastic that the
soil has become unusable representing a final stage of degradation.
In both cases presented the transformation has lead to the loss of the original soil quality, but
the marsh area shows natural tendency to the restoration of the original conditions.
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FIRST STUDY AREA
* Name: The "Prat de Cabanes-Torreblanca".
* Location: 20 km North Castellon (Spain), on the shore line.
*^rea.-812ha.
* Climate: mean annual precipitation 418 mm (Castellon), with great variability from one year
to another. Monthly mean temperatures from 10°C (January) to 24°C (August). Annual
average 17.0 °C (Castellon).
* Main formation: Salt-marsh formed on calcareous silty sediments protected by a beach ridge
of cobbles and boulders. Peat deposits are very common and occupy an area of 4 Km long and
0.5 Km width alongshore. Shell beds are also frequent. General soil properties are an aquic
soil moisture regime, presence of marine salinity to varying degrees and accumulation of
organic soil materials.
* Vegetation: the predominant communities of natural vegetation are Hypochoeridi-Glaucietum
flavi, Schoeno-Plantaginetum crassifoliae, Juncetum maritimi, Cladietum marisci,
Typho-Scirpetum tabemaemontani, Arthrocnemetum macrostachyi. These communities can be
distinguished from sea-shore to inland.
* Human activities: peat mining and agricultural transformations have been traditional
activities in the marsh and today, although it is a protected wetland, they continue being
practised.
* Legal protection: Protected Area since 1988 (according to The Ramsar Convention).
RESULTS AND DISCUSSION FOR AREA 1
The profile studied is classified as Typic Sulfihemist; the horizons are Lea (0-30 cm depth),
Oel (30-60 cm), Oe2 (60-100 cm). Groundwater level was at 40 cm depth at the time of
sampling (August).
Table 1 shows the physical properties of the three horizons. The upper one (Lea) is dark grey
with brown mottles and the organic horizons (Oel, Oe2) are black. The fiber percentage is
very high in the three horizons and the bulk density is low; the lowest value of bulk density
corresponds to the horizon with the highest fiber content and increases when the fiber content
diminishes. The maximum water holding capacity follows the inverse tendency.
The organic carbon and nitrogen contents increase with depth due to the increase of organic
matter content. The third horizon (Oe2) has no carbonates whereas the upper one (Lea) has
about 40% of carbonates. Cation Exchange Capacity and Extractable Acidity are higher in the
horizons with highest organic matter content.
The Oxidation Test with hydrogen peroxide shows that organic horizons would become
strongly acidic if they were drained, due to the oxidation reactions that would take place in
those conditions. But if the carbonate content of the soil is high enough, it can neutralize this
potential acidity and pH values remain near neutrality (horizon Lea, table 3).
According to the Electrical Conductivity values of the saturation extracts, the soil may be
classified as extremely saline. The upper horizon has the highest value because of the
accumulation of soluble salts due to the capillary rise of saline water table during dry seasons
and the different redox conditions in the profile. The ionic content of the upper horizon (Lea)
is much higher than that of the organic horizons (Oel, Oe2); Jhe most abundant cations are
Na + and Ca^ + , and the most abundant anions are CI" and SO4 .
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Soil Evolution during Agricultural Transformations.
Four different phases in agricultural transformations and soil evolution have been observed and
studied in The "Prat de Cabanes-Torreblanca" salt-marsh.
PHASE 1. During the preparation of soils for agricultural purposes, organic and mineral
layers are extracted and mixed together to improve their physicochemical properties. This also
serves to establish a drainage system of barriers and creeks.
The organic horizons have high CEC, near neutral pH, low bulk density and very low bearing
capacity (Tables 3 and 6).
The aquatic communities of natural vegetation (Phragmitetea) are still recognizable, where
Typha domingensis (reedmace) and Phragmites australis (common reed) are the most
characteristics species.
PHASE 2. Pear trees are cropped after soil preparation. During the first years the
physicochemical properties of these soils continue being good enough to support a satisfactory
crop yield. But it is important to notice that soils have already become saline and the SAR
value has significantly increased (Table 6).
The vegetation associated with these crops belongs to the Ruderalia-Secalietea communities.
PHASE 3. Irreversible changes in soil properties take place some years later: compaction and
bulk density increase, CEC decreases due to the mineralization of soil organic matter, high
salinity levels are developed despite the drainage systems because of the soil compaction and
the high SAR values reached that cause the dispersion of soil particles lowering, in this
manner, soil permeability and making difficult the leaching of soluble salts (Table 6).
These changes progressively diminish crop yield. Crops are finally abandoned and natural
vegetation of Phragmites australis and Lythrum salicaria begins to recover the marsh.
PHASE 4. Finally, only the plant species (like Juncus acutus) that can tolerate high salinity
levels and a high degree of compaction of the soil colonize the fields allowing the recovery of
the natural vegetation of the salt-marsh.
The deterioration of soils physicochemical properties when they are intensively cultivated has
been studied and reported by many soil scientists (Batey, 1990; Lai & Stewart, 1990). In The
"Prat de Cabanes-Torreblanca" we have to add the specific problems of organic salt-affected
soils of salt-marshes.
The above mentioned soils are naturally flooded with saline and brackish waters (Abad-Franch
& Batlle-Sales, in press), so they must be drained for cropping to avoid anoxic conditions to
plant roots and to leach the excess of soluble salts. But this practice has many harmful
consequences as we can see in table 6.
The main problems observed affect physical and physicochemical soil properties and are,
respectively, subsidence and compaction and salinization and oxidation.
1. Physical Properties:
Subsidence and excessive soil compaction are major forms of organic soil degradation and can
adversely influence soil chemical, biological and physical processes (Batey, 1990).
In the present study, soil compaction has been implied from measurements of soil surface
strength and bulk density. Among the fields studied the oldest and most compacted one has the
highest overall force and bulk density, while the lowest values of these parameters correspond
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to the recently extracted peat layer (Table 6). The consequences of soil compaction are: an
increase in bulk density, a decrease in porosity and aeration and a decrease in the rate of water
drainage.
2. Physicochemical Properties:
2.1. Salinization:
The EC values of the saturation extracts analysed (Table 6) indicate that soils become saline
early and they are so saline at the final stage of the evolutionary sequence studied that only
halophytes can tolerate these adverse soil conditions.
The causes of soil salinization in The "Prat de Cabanes-Torreblanca" are the oxidation of
sulfidic materials when they are extracted and drained for cropping (sulfides accumulated
during anaerobic conditions are transformed into sulfates, mainly gypsum, whose solubility is
higher than that of sulfides; Dent, 1986), the capillary rise of saline water table during dry
seasons and the precipitation of soluble salts in the upper horizons of soil profiles (Szabolcs,
1989; Dent, 1992), the degradation of soil organic matter and plant residues (specially from
halophytes), etc.
The drainage systems of the fields are not able to avoid this increase in soil salinity because of
the low hydraulic conductivity of the soils. The latter is a consequence of soil compaction and
degradation of soil organic matter and also of the dispersion and swelling of soil particles due
to the high SAR values reached (Gupta & Abrol, 1990).
The final consequences of the salinization process for the agriculture are reduction of crop
yields and the impossibility of maintaining a sustainable agriculture (Gupta & Abrol, 1990).
2.2. Oxidation:
An oxidation phase occurs when the above mentioned sediments are extracted and aerated and
this affects both organic and mineral soil components.
Soil organic matter is quickly degraded under aerobic conditions. The main consequences are
subsidence and soil compaction, a decrease in water holding capacity of the soil, in aeration
and general deterioration of soil physical and physicochemical properties. Other problems that
should not be forgotten are the decrease in CEC and the release of heavy metals and organic
contaminants complexed by soil organic matter.
With respect to inorganic soil components, the alternance of redox conditions in soils due to
the fluctuations of water table level has a great influence on nutrient bioavailability for plants.
As we discussed previously, the oxidation of sulfidic materials could develop strong acidity in
soils but the high content of calcium carbonate of the soils studied avoids this problem.
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SECOND STUDY AREA
* Name: The "Laguna de Salinas".
* Location: 50 Km North-West Alicante.
* Climate: mean annual precipitation 302.4 mm (Yecla), with great variability from one year
to another. Monthly mean temperatures from 10°C (January) to 25°C (July). Annual average
14.1 °C (Castellon).
* Main formation: Sedimentary Quaternary beach-lake formed on the bottom of a closed basin
of about 8x6 Km. Clayed and silty sediments, frequently of calcareous nature. General soil
properties are an aridic soil moisture regime, presence of chloride-sulphate salinity of
continental origin (Triassic gypsum) from low to high degree.
* Vegetation: the natural vegetation in the desiccated lagoon consist of nonspecific
communities of Arthrocnemetum macrostachyi and Salicornia sp.
* Human activities: salt mining (abandoned since 1960) and agricultural transformations done
in the surrounding areas (approximately the +lm level).
RESULTS AND DISCUSSION FOR AREA 2
The area studied is an endorreic basin surrounded by calcareous and saline geological
formations. Figure 4 shows at NE the presence of a Triassic gypsum formation that constitute
the main source for the sulphates and chlorides of the area related underground aquifer.
Figure 5 shows the Digital Terrain Model of the basin. A flat area is situated at the bottom of
the basin, receiving the geological and soil materials eroded from the slope areas, as well as
the surface and percolating waters. This formation is called "beach-lake". Formerly
this area
was permanently flooded. The underlying aquifer recharge is estimated on 4 HmJ/year (about
l/10th of the pluviometry) and the natural discharge is quite insignificant.
The first attempts of desiccation of the lagoon are dated in the XVIII Century, but is in the
second Decade of this Century when was seriously tried, unsuccessfully. So salt mining
appeared as the only alternative to use the area.
At present, pumping is the only important discharge factor and now is estimated to be about 11
HnP/year due to the irrigation of marginal areas transformed to agricultural production. This
inbalance causes that the piezometric level of the aquifer lowers very quickly (from 10 meters
in 1977 to 30 meters in 1981). As consequence the lagoon is now dry, except for short
periods, and small spots in the humid season.
High degree salinity is the main character of the dried beach-lake. Typical profiles classify as
Typic Salorthid or Chloride Solontchak (Szabolcs, 1989).
A square grid sampling scheme was adopted to asses the local differences in salinity 1and the
influence on the neighbouring areas. Figure 6 shows a contour plot of the EC (dSm" ) in the
0-20 cm depth, by kriging interpolation of the grid nodes values (Batlle et al.)
Electrical conductivity values range from 0.5 to 104.9 dS m'% but values ranging from 30-80
are dominant. Tables 7, 8 and 9 show the data corresponding to a Typic Salorthid and salt
efflorescences on its surface. As sampling was done to fixed depth no horizons description is
done.
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pH values are typically near 7.5. Sodium and chlorides are the dominant ions in the saturated
paste extract, but magnesium and sulphates are present at high concentrations. SAR values are
very high, as expected. Carbonates and gypsum are present in all depths. Physical conditions
are also very disfavoured. The soil, level layered is clayed and heavy.
The soils of the desiccated lagoon are unusable, and the salts transported by wind create
increasing problems in the cultivated area. Only halophytes are well adapted. This is a final
degradation step.
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Table 1
Soil Physical Properties
Color
Hor

Dry

Fibers

Moist

Pyr.e

Unr R

Max.water
B.dens hold.cap. COLE n-val

Lea

10YR4/1 10YR3/2

2.5Y6/4

55 25

0.36

178.37

0.31

1.82

Oei

10YR2/1 7.5YR2/0 2.5Y7/4

70 34

0.28

299.10

0.50

1.65

Oe2 10YR2/1 7.5YR2/0 2.5Y7/2 60 31 0.30 317.59
0.50
Units: fibers (% volume), R: rubbed, Unr: unrubbed ; Bulk Density
(Mg m"3); Maximum water holding capacity (Kg Kg'.lO 2 )
Table 2
Soil Chemical Analysis
Carbon
Hor

C,

O.M.

C,

C0

Nitrogen

C„/N

CaC0 3 eq T=450°C

Lea

18.85 4.88

13.97

0.95

14.70

40.64

23.50

Oel

31.33

31.00

1.70

18.24

2.72

50.27

0.33

Oe2 34.16 0.00 34.16
1.85
18.46
0.00
56.42
Units: Kg Kg UO 2 ; C0/N (Kg Kg 1 ). Carbon: C,: total carbon,
C,: inorganic carbon, C„: organic carbon.
Table 3
Soil Physicochemical Analysis
Hor

CEC

Extr.Ac.

pH-H 2 0 pH-H 2 0 2

Lea

59.38

0.00

7.15

6.45

Oel

97.24

10.82

7.01

2.47

Oe2

123.03

19.87

6.69

1.60

Units: CEC, Extractable Acidity (cmolc Kg')
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Table 4
Saturated Paste and Saturation Extract Analysis
Hor

pH p

pH e

Lea

7.05

Oel
Oe2

C0 3 2 HC03"

CI"

SO,2

EC2S

Si0 2

7.59

15.13

485.25

0.00

10.63

127.20

157

6.87

7.39

9.50

194.06

0.00

3.75

67.20

46

6.65

7.51

8.84

115.52

0.00

2.08

59.20

49

Units: EC (dS m"1); anions (cmoIc L'.IO); Si0 2 (ppm)
Table 5
Saturation Extract Analysis
Hor

Na +

K+

Ca2+

Mg2+

Sr2*

Lea

99.00

3.07

61.77

29.88

0.13

14.63

Oel

55.96

1.44

39.11

18.11

0.06

10.46

Oe2

50.22

1.33

37.18

19.22

0.06

9.40

SAR

Units: cations (cmolc L'.IO)
Table 6
Evolution of Soil Properties during Agricultural Transformations

B.dens

S.S.strength

Sat.past.
pH

pH

Sat.extr.
EC25 SAR

Phase. 1

0.15

0.14

7.56

8.16

2.04

9.53

Phase.2

0.66

0.16

7.55

8.12

5.27

18.29

Phase.3

0.72

2.34

7.65

8.22

6.07

21.12

Phase.4

0.76

4.32

7.40

7.98

17.34

37.22

Units: Bulk density (Mg m 3 ), Soil Surface Strength (n.104 Kp m 2 ),
EC25 (dS m 1 ).
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Table 7
Soil properties
Depth
cm

Color
dry

Eflor.

10YR8/1

0-20

10YR7/1

20-40

Texture

HC1 Reductom.
test
Gypsum
reaction

CaC03

+

-

Clayed

+++

-

8.2

28.8

10YR6/2

Clayed

+++

+

12.2

24.4

40-60

10YR6/2

Clayed

+++

+

17.5

22.8

60-80

10YR5/1

Clayed

+++

++

13.6

31.7

Units: Kg.Kg'^.exp 2 ; Texture: field test
Table 8
Saturated paste extract
Depth
cm

H20
extract

Eflor.

SAR

pH

EC 25 °C

7.37

154.70

194.04

0-20

49.7

7.70

99.40

95.59

20-40

55.1

7.84

69.90

81.30

40-60

45.6

7.57

54.30

62.75

60-80

65.6

7.52

68.30

72.77

Units: H 2 0 extract m 3 .Kg _1 .exp- 4 ; EC dS m"1
Table 9
Saturated paste extract
Depth
cm

HCO3-

Eflor.

10.5

5219.8

568.3

83.12

0-20

6.0

1425.4

274.5

20-40

3.3

928.8

40-60

6.0

60-80

8.2

cr

SO4 2 -

Ca2+

Mg2+

Na+

K+

1006.97

4530.12

152.04

46.95

332.44

1316.62

64.99

250.3

43.91

192.21

883.35

46.46

710.1

174.1

38.93

154.82

617.66

23.85

870.7

196.6

48.10

183.66

783.39

49.14

Units: cMoL m 3 .exp" 3
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Soil Resilience

in Stressed

Agro-ecosystems

I. Leng. Hungarian Academy of Sciences, Budapest, Hungary
The most important message to mankind from the UN
Conference on Environment and Development, held in Rio de
Janeiro in 1992, was the appeal for the realization of
sustainable development. Everybody is entitled to satisfy his
or her basic human needs. The values of our environment can
only be preserved for future generations, while satisfying
basic human needs at the same time, if we have sustainable
development prevail, the main characteristic of which is
economy in the use of energy, materials, and water, rational
and
thrifty
consumption, moreover
the
conservation
of
resources.
In agriculture sustained development is impossible without
sustainable land use, which can only be achieved by integrated
approach. AGENDA-21, accepted at the Rio Conference lays great
emphasis on the necessity of integrated approach. "Integration
should take place at two levels, considering, on the one hand,
all environmental, social and economic factors (including, for
example, impacts of the various economic and social sectors on
the environment and natural resources) and on the other, all
environmental and resource components together (i.e. air,
water, biota, land, geological
and natural
resources).
Integrated consideration facilitates appropriate choices and
trade-offs, thus maximizing sustainable productivity and use"
(AGENDA-21, Chapter 10). The concept of integration also
includes the interrelations of soil and plant, together with
their specific properties and responses.
Integrated approach will also be necessary in the future
because of the unambiguous trend that in the next 30 years
world population will increase more quickly than the territory
of arable land. As a result the index of cultivable land per
capita will go down. This phenomenon will first of all ensue in
developing countries where population is going to increase by
900 million per decade. As an example we can mention the
projected decline in potentially cultivable land resources per
capita in West Asia and North Africa. In 1990 it was 0.22 ha,
in 2025 it is expected to be 0.11 ha. In Asia, excluding China
it was 0.22 ha in 1990, and is expected to be 0.12 ha in 2025.
This lack of land resources to meet future demands exposes
three main problem areas to be addressed by the science agenda:
(a) competition for land;
(b) land degradation and land management
(c) other biotic and abiotic stresses.
The competition for arable land appears together with the
competition for water in several countries. The use of water
for irrigation decreases the supplies available for meeting the
requirements of households and industry, and irrigation may
lead to soil degradation.
Competition also exists between agricultural expansion and
the size of areas under wood. The consequences of deforestation
and forest mismanagement and their negative impacts on stream
flow, soil erosion, agricultural productivity, availability of
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wood for fuel, loss of biodiversity, and on both local and
global climate are well known. Competition may arise between
crop and livestock production. The ploughing of rangelands and
pastures for crop production has forced pastoralists onto drier
and more marginal land. This pressure, together with the
increase
in
livestock
numbers, concomitant
with
human
population growth, has led to overgrazing and eventual
desertification.
There is further competition for land between agricultural
production and urban as well as industrial development. We have
to reckon with the loss of significant territories, including
valuable croplands, as a result of urban and industrial
development.
In 1991 the territory of arable land was 1.5 billion ha
over the world, whereas that of permanent pastures amounted to
3.2 billion ha (altogether 4.7 billion ha). The areas affected
by land degradation (water erosion, wind erosion, nutrient
loss, salinization) in the developing countries come to 934
million ha. With some simplification we can say that one third
of the territories, which are the subject of human activities
(crop production, grazing), is under the influence of potential
degradation.
Abiotic stresses include:drought, or insufficient water, and heat
mineral toxicities and deficiencies
lack of an adequate supply of nitrogen, or other
nutrient elements
low temperature.
Biotic stresses due to pests are a major constraint to
increasing crop production. Huge losses are caused by insects,
diseases, weeds, and nematodes at both pre- and post-harvest
stages. Infectious and non-infectious diseases of animals are
stresses that significantly reduce livestock productivity in
both industrial and developing countries.
The factors enumerated above, i.e. the competition for
land, the decrease of agricultural land per capita, the
degradation of land in increasing proportions, and the effects
of the various forms of stress are all to be contemplated in
one complex system, so that we can find ways to solving the
problems. In this context soil resilience, i.e. the natural
resistance of soils to adverse effects, is of great importance.
In the case of plants the capability of resistance to
abiotic and biotic stresses has special significance. The
utilization of both properties (the resilience of soils and the
resistance of plants) could greatly contribute to the
sustainable development of agriculture as they mean the
realization of inherent natural qualities. Intensive research
is in progress into both, and more and more pieces of
scientific information appear on this subject.
The
stability
of
agro-ecosystems
is
subject
to
environmental factors, among them, to a great degree, to soil
properties, including resilience. This stability also has
biological factors which are related to the population-genetic
properties of the species and varieties constituting the agroecosystems. This way the interrelationship of soil resilience
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and ecosystem stability may call our attention to new
correlations which may result in information useful for the
continued development of a sustainable agricultural system.
It is worth our while to pay significant attention to the
tasks of developing new species and hybrids with improved
resistance and tolerance to stress. Awareness of the resilience
of soils in the different growing regions and taking the latest
results of plant breeding into consideration may together
increase crop safety.
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