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FOREWORD

The understanding of the process by which water moves within the soil
profile and by which water and nutrients are made available to plants started
with theories developed from laboratory experiments carried out in columns
filled with glass beads to simulate a homogeneous soil. More than half a century
has passed since Richards, on the basis of these experiments, suggested that
Darcy’s equation could be combined with that of mass conscrvation to
describe the movement and retention of water within unsaturated soils. At a
later stage the soil physicist moved out into the fields and tried to usc the
laboratory models to describe water behaviour in the soil and to suggest
management practices to optimize crop production. A fair amount of field
data is available today, obtained on small experimental plots and disregarding
the spatial co-ordinate at which observations were made. Tremendous diffi-
culties are being encountered in using this information to describe important
practical problems dealing with the transport of water through large fields
given over to crop production.

This Symposium has shown that a major effort is being made to make
soil physics applicable to the analysis of the behaviour of field seils in relation
to crop production and to the development of effective management practices
that improve and conserve the quality and the quantity of agricultural lands.
However, the development of a valuable field technology has been slow. Soil
hydraulic conductivity is highly sensitive to small changes in soil water content
and texture, being extremely variable spatially and temporally. It has been a
great challenge to earth and geophysical scientists to cope with this problem.
One promising direction, indicated at the meeting, is to take advantage of
stochastic concepts and equations rather than treat the process of soil water
movement in a strictly deterministic manner. The application of scaling and
geostatistiéal methods coupled with available soil survey information seems to
be one way of making better use of available data and describing the behaviour
of water over large fields. Observations should be made so as to take advantage
of the spatial variability of soil properties and less emphasis should be given to
the identification of average valucs, their potential dispersion within a given
parcel of land and the regression of one attribute versus another.

This Symposium, like that on the same topic held in 1973, concentrated
on the use of isotope and radiation techniques in soil physics and irrigation
studics.  Attention was focused on the possibilities of using isotopes and
various types of radiation equipment in irrigation and crop water requirements.



Attention was also paid to crop production in saline soils and the problem of
how the improved insight gained with the aid of isotopes can be of advantage in
making more efficient use of applied fertilizer or in developing more adequate
management practices aimed at conserving the soil and increasing productivity.

More than 100 participants from 33 countries and 2 international organiza- '
tions attended the Symposium and 43 papers were presented. The IAEA and
the FAQ wish to thank the authors, session chairmen and participants for their
contribution to the success of the meeting. Gratitude is expressed to the
French Atomic Energy Commission and the Centre d’études nucléaires de
Cadarache for their excellent arrangements and for the assistance rendered by
the staff in the organization of the Symposium. Finally, special thanks are
extended to the authoritics of Aix-en-Provence for the hospitality extended to
the participants.

EDITORIAL NOTE

The papers and discussions have been edited by the editorial staff of the International
Atomic Energy Agency to the extent considered necessary for the reader’s assistance. The views
expressed and the general style adopted remain, however, the responsibility of the named authors
or participants. In addition, the views are not necessarily those of the governments of the
nominating Member States or of the nominating organizations.

Where papers have been incorporated into these Proceedings without resetting by the Agency,
this has been done with the knowledge of the authors and their government authorities, and their
cooperation is gratefully acknowledged, The Proceedings have been printed by composition
typing and photo-offset lithography. Within the limitations imposed by this method, every effort
has been made to maintain a high editorial standard, in particular to achieve, wherever practicable,
consistency of units and symbols and conformity to the standards recommended by competent
international bodies.

The use in these Proceedings of particular designations of countries or territories does not
imply any judgement by the publisher, the IAEA, as 1o the legal status of such countries or
territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.

Authors are themselves responsible for obtaining the necessary permission to reproduce
copyright material from other sources.
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Abstract

SOIL PHYSICS AND THE WATER MANAGEMENT OF SPATIALLY VARIABLE SOILS.

The physics of macroscopic soil-water behaviour in inert porous materials has been
developed by considering water flow to take place in a continuum. This requires the flow
region to consist of an assembly of representative elementary volumes, repeated throughout
space and small compared with the scale of observations. Soil-water behaviour in swelling soils
may also be considered as 2 continuum phenomenon so long as the soil is saturated and swells
and shrinks in the normal range. Macroscale heterogeneity superimposed on the inherent micro-
scale heterogeneity can take many forms and may pose difficulties in the definition and
measurement of soil physical properties and also in the development and use of predictive
theories of soil-water behaviour. Thus, measurement techniques appropriate for uniform soils
are often inappropriate, and criteria for soil-water mahagement, obtained from theoretical con-
siderations of behaviour in equivalent uniform soils, are not applicable without modification
when there is soil heterogeneity. The spatial variability of soil-water properties is shown in
results from field experiments concerned with water flow measurements; Lhese illustrate both
stochastic and deterministic heterogeneity in soil-water properties. Problems of water manage-
ment of spatially variable soils when there is stochastic heterogeneity appear to present an
insuperable problem in the application of theory. However, for soils showing deterministic
heterogeneity, soil-water theory has been used in the solution of soil-water management problems.
Thus, scaling using similar media theory has been applied to the infiltration of water into soils
that vary over a catchment area. Also, the drain spacing to control the water-table height in soils
in which the hydraulic conductivity varies with depth has been calculated using groundwater
seepage theory.

1. INTRODUCTION

The aim of good soil-water management is the efficient
production of the soil-water environment required for a given
purpose. The latter is usually the maximum yield of
agricultural crops. Irrigation and drainage systems are
installed to give the required soil-water conditions. The
resulting soil~-water behaviour is dependent on the properties
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of the soil medium and on the physical boundary conditions
imposed on the flow region, both by these installations and at
the natural boundaries of the region as well as by growing
plants. A quantitative approach to soil-water management
problems is therefore through soil-water physics.

The extensive theoretical work on the movement of water
from irrigation channels and on the control of water tables by
land drains in uniform soils has led to rational approaches to
soil-water management being discussed mainly for such very
ideal soil conditions [1,2,3]. However, soils are very often
far from uniform (see, for examplée, [4]). The application of
the rational approaches that assume a uniform soil may not
therefore give a correct design and operation of soil-water
management systems when there is so0il variability. In this
paper we consider the physics of soil water in spatially
variable soils, and then go on to apply these considerations
to infiltration and drainage problems.

2. THE CONTINUUM CONCEPT IN SOIL PHYSICS

Quantitative soil-water physics has been developed
largely from studies on inert porous materials (see, for
example, [5]). To a lesser extent, the swelling and shrinking
behaviour of ideal clay soils has been considered
quantitatively [6]. Soils, however, may not conform to either
of these simple patterns. They are, nevertheless, porous
materials, and an understanding of their physical behaviour
comes from building on to the extensive knowledge we have
concerning the physics of simple porous materials.

2.1« Inert porous materials

, Every 20il physicist knows of the experiments that Darcy
performed last century on saturated columns of sand, from
which he deduced the law, now known as Darcy's law,

Q/t = - KgAMh/L (1)

that describes the volume of water @ flowing in time t down a
column of length L and cross-section A when a head difference
Ah is applied between the base and surface. The constant of
proportionality Ky is now known as the hydraulic conductivity
of the porous material, and the law is the basis far the
quantitative description of flow through soils. Indeed, most
of quantitative soil physics describes the water in inert
uniform porous materials, and hence it should perhaps be
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FIG.1. Measurement of soil-water content of a simple saturated porous material,

better referred to as "sand physics". Thus, Richards [7]
assuned that soils were inert uniform porous materials in his

development of the unsaturated flow equation

_gg = div(K grad ¢) , ' (2)

where 0 is the water content at a point at time t, ¢ the
hydraulic potential and X the hydraulic conductivity that
varies with the water content 8. Similarly, Haines [8
explained the hysteresis observed in the relationship between
soil-water content and pressure by referring to the physical
behaviour of water in materials such as sands. The tradition
of developing and testing soil physical principles with
experiments on sand~like materials is thus well established.

One implication of Darcy's law, and also of Richards'
equation, is that water flow though- a porous material may be
congidered as if the water moved not through discrete non-
uniform channels between particles of various sizes but
through a continuum, This continuum approach, and therefore
Darcy's law, must obviously fail if the distances over which
the flow is being considered become too small. The continuum
approach is thus linked with the concept of the representative
elementary volume of a porous material which may be regarded
as that volume that contains a sufficient number of pores to
be representative of the pore space and so may be considered
to be repeated throughout the flow region.

The measurement of water content in a saturated uniformly
packed sand simply illustrates the concept of ‘the
representative elementary volume of a porous material.
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FIG.2. Shrinkage curves for a swelling soil under different loads P =0, Py, P, P;...
(O<Py <P, <Py}

Sampling a very small volume gives a variation in the
volumetric water content between zero {when the volume sampled
lies wholly within a solid particle) and unity (when the
volume sampled lies wholly within the water~filled pore
space). Sampling a larger volume reduces the range of
results,. as shown in Fig. 1, until, if large enough samples
are taken, the values of water content become practically the
same. The smallest volume where this occurs is the
representative elementary volume. The water in the sand may
be supposed to be uniformly distributed throughout the volume
and the inherent heterogeneity at the microscale ignored.

2.2. Swelling s0ils in normal range

The behaviour of clays during swelling and shrinking is
described by shrinkage diagrams in which the void ratio is
plotted against the moisture ratio for a given loading, as
illustrated in Fig. 2. Diagrams usually shown in the
literature (for example, [9 and as shown in Fig. 2) give
different intercepts. for different loadings on the void ratio
axis in spite of the fact that this would imply some
irreversible structural change on loading. Hence the
application of reversgsible thermodynamics, although used in the
development of theory relating to swelling soils [10], is .
inappropriate. More experimental evidence is required on this
point.

Again the theory concerning the physical behav1our of
swelling soilg is that of continuum physics. Because of the
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smaller size ofzﬁlay particles, the representative elementary
volume of clay materials may be supposed to be much smaller
than those for sands.

Using the continuum concept, Smiles and Rosenthal [11]
considered the mechanism of flow through saturated clay )
slurries by postulating that Darcy's law would be expected to
hold if flow were considered relative to material coordinates
rather than spatial coordinates. This led to the equation to
describe one-dimensional flow phenomena, validated by
experiment,

b L2 (p e
T~ 33 QPa 3 (3)

where e is the void ratio, m is the material coordinate and
Dy a soil-water diffusivity. The diffusion approach can be

applied only to one-dimensional flow with the clay swelling
and ghrinking in the normal range, that is, with all swelling

or shrinking being accounted for wholly by the addition or
subtraction of water. This approach may be referred to

appropriately as “slurry physics".

2.3, Porous materials not behaving as continua

The continued shrinkage of clays below the normal range
leads to the formation of cracks. The physical mechanism of
crack formation is not well understood, ‘but must involve the
tensile strength of the clay at the moment of cracking. Once
cracks are formed, the shrinkage is no longer one-dimensional
so that Eq. (3) no longer describes the water movement in the
s0il of the micropore space between the cracks, even though it
is still shrinking in the normal range. The cracks themselves
form a macropore region of pore space that forms a boundary to
the micropore space. Similar structural formations occur
during the mechanical disturbance of soils during cultivation
and on account of plant roots and soil animals., In these
situations the soil-water behaviour is no longer described by
simple sand or slurry physics.

3. APPLICATION OF SOIL-WATER THEORY

In inert uniform soils the development of soil-water
profiles is predicted. from Richards' equation (Eq. (2)) with
the given boundary conditions of the physical situation.
However, in swelling soils this is not the case, not only
because the gsoil particles move to accommodate the changing
water content, but also because the overburden pressure, due
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FIG.3. Equilibrium moisture profiles above a water table in a uniform inert soiland in a
swelling siurry. ' ‘

to the load at a peint in the soil, compresses.the soil and so
alters the water content at a given soil-water pressure. The
soil-water profile development for swelling soils is thus
different from that for inert soils. v

The difference that the nature of the soil can make on
soil-water profiles is illustrated in Fig. 3 in which
soil-water profiles for a sand and for a slurry.are in
static equilibrium with a water table. For the sand, the
water content decreases with height above the saturated
capillary fringe that exists for a small height above the
water table, However, for the slurry, the overburden
decreases with height, and this has .the effect of inecreasing
the water content as the height above the water table
increases, : :

Except perhaps in unstructured saturated clays, it would
seem to be unusual for field soils to behave as slurries. -
Thus sand physies would appear to be the most promising
theoretical basis for soil-water predictions in the field.
Nevertheless, there is a need to establish how far the

swelling of many natural soils needs to be considered in the
analysis of soil-water behaviour.

4, SOIL HETEROGENEITY

Soil heterogeneity of many types occurs at many scales in
the field. .It results, for example, from natural cracks and
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fissures, from inclusions of different materials, from
variations imparted during soil formation, and from root,
animal and man-made disturbances. The heterogeneity may be
stochastic with the soil variation too complex to be known and
hence physical measurements may be difficult to interpret for
predictive use; or it may be deterministic in that the spatial
variability is known and physical measurements can be made
that can be used in soil physical analyses. The scale may be
as small, for example, as the aggregates produced during
cultivation, or as large, for example, as that occurring over
a large catchment area. In all cases it is a complicating
factor in the definition and measurement of soil physiecal
properties and the use of these in physical analyses.

4.1, Stochastic heterogeneity

Philip [12] suggested that flow regions with random soil
variability could well present the physicist with an
insuperable task of physically characterising the soil for the
purpose of predicting soil physical behaviour under known
imposed conditions. Perhaps it is only possible to consider
the behaviour of the soil region as a whole in these cases. A
system approach such as this would allow only integral
behaviour of the region to he assessed, not the soil-water
properties from point to point throughout the region.

However, just as even the simplest s0il material is
inherently heterogeneous at the microscale and yet its
soil-water behaviour is subject to analytical treatment at the
macroscale using continuum physics, so water movement in a
soil showing stochastic neterogeneity at the macroscale should
be subject to analytical treatment at a smaller scale than
that of the bulk system,. if the scale of macroscopic
heterogeneity is relatively small. This is the case, for
instance, for aggregated soils in which a heterogeneous array
of macropores encloses the micropore regions of the
individual aggregates. In these soil systems, if the variation
of water content with sample volume size is measured, then the
result would be as shown in Fig. 4 with a wide range of
‘results found at the representative elementary volume of the
micropore space, and only when a much larger sample is
measured, will the results from different samples become
approximately the same. When this occurs, we have a
macroscale representative elementary volume that can be
assumed to be repeated throughout space. For volumes larger
than this size, continuum physics can be applied to the flow
region. Thus we can measure a hydraulic conductivity Ko of
the whole system to be applied to these larger flow regions.
It can be demonstrated [13] that the value of K, is dependent
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FIG. 4, Measurement of soil-water content of a saturated soil showing macroscale heterogeneity,
illustrating the representative elementary volume (r.e.v.) at the microscale and at the macroscale,

on the configuration of the flow lines. If the macroscopic
flow lines are parallel and straight, then C

Ka >‘Ke > Kh | )

where K, and K, are the arithmetic and harmonic means of

the hydraulic conductivity values of the constituent elemental
volumes making up the representative elementary volume,.
(XK2/K,)1/3 can be shown to be the value of Ko for a special
isotropic porous material and can be taken as a convenient
estimate. .

We have argued that the continuum concept can be applied
to stochastic heterogeneous soil systems if a representative
elementary volume at the macroscale can be defined and, of
course, if physical measurements are made at this scale.
However, it cannot be assumed without further consideration
that the continuum physics of soil water applied to uniform
porous materials will apply in such soils. While Darcy's law
for saturated heterogeneous soils is still valid, it does not
appear, for instance, that Richards' equation would apply at
this larger scale. Additionally with-aggregated soils, it has
been shown [14] that the displaced air phase during the
wetting of soils can no longer be ignored as is usually the
case with simple soil systems.

4.2, Deterministic Heterogeneity

When the variation of soil physical properties is known
throughout a region, there is, in principle, no obstacle to
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using theory to determine the soil-water behaviour. The flow
veloeity V(x,y,z) at the position (x,y,z) is given by

V(x,y,z) = - K(x,y,z) grad ¢ (5)

where K(x,y,z) is the hydraulic conductivity at (x,y,z) where
the hydraulic potential is ¢. Everywhere in the flow region

there is continuity of soil-water pressure and potential, as

well as continuity of flux. It follows that the streamlines

across a boundary between two soils of conductivity K4 and

Ko are refracted according to the cotangent law (see, for

example [5])
K, cot o =K, cot a, (6)

where aq and ap are the angles to the normal at the boundary
that the streamlines make -in the two soils. Because of the
different relationships between soil-water conteat and
pressure, there can be abrupt changes in water content at
boundaries. Thus textural changes in the soil result often in
zones of different water content persisting side by side for
long periods of time.

5. DEFINITION AND MEASUREMENT OF SOIL PHYSICAL PROPERTIES

Soil physical properties are defined as if the soil were
a continuwm. From our previous discussion, this implies the
exigtence of a representative elementary volume for the soil
material, and that measurements of the physical properties are
made on volumes of s0il greater than this volume.

For an additive soil physical property, such as water.
content, the value for the bulk material is the weighted
arithmetic mean of. the values .of the constituent elemental
volumes making up the representative elementary volume [13].
In contrast, no similar simple relationship exists for
transport coefficients, such as hydraulic conductivity,
because of the complex series-parallel flow that occurs in any
porous system. Thus it is not possible to calculate
accurately the hydraulic conductivity from measurements made
on a number of samples smaller than the representative
elementary volume; measurements must be made on volume samples
larger than this. ’

If there is a gradual change of soil properties over a
given region, it is not possible to reason as previously and
argue the existence of a representative elementary volume from
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FIG.5. Measurements of infiltration rates through infiltrometer rings of different sizes into
a sandy soil. The relationship for an equivalent uniform soil is shown by the full line.

which soil physical properties can be defined. Instead, with
increasing sample size, the "noise" in the measurements on
account of the inherent microheterogeneity at the scale of
particle dimensions becomes less, and the trend of the
observed measurements allows the variation of the soil
physical property with position to be inferred.

It is impossible to make soil physical measurements
without affecting the results by disturbances of the soil in
the installation of instruments and by perturbations of the
physical field during the measurement. Because of the
necessity to include a volume of soil larger than the
representative elementary volume, disturbances often have to
be large. For example, the use of small wells in the
measurement of hydraulic conductivity below the water table
gives unrepresentative results for the soil as a whole; the
well has to be large enough to give a representative value,
and hence a large volume of soil is disturbed. Soil-water
pressure measurements, on the other hand, attempt to give the
actual pressure of the soil water at a given point by
measuring the pressure of bulk water in equilibrium with it
through a porous membrane. The latter short circuits many
pores because in practice its size cannot be too small, and
thus the streamlines and potential patterns are different than
would have been the case if the sensor were not present.

The s0il physicist is concerned with the use of soil
physical measurements in theories for soil-water management.
It is necessary to make physical measurements on the soil that
are appropriate for the purpose for which they are to be
used. Thus, if there is soil heterogeneity, .methods must be
used that allow the effect of the soil variability on the
results obtained to be assessed when the object of the
neasurements is to gain information for the design of water
managenent installations. To assume that results, given by an
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FIG.6. [Infiltration into a uniform soil and into a stratified soil that behaves as a uniform soil,

experimental method that assumes the soil to be homogeneous,
can give average results for the design of such installations,
may lead to very wrong conclusions concerning the soil-water
management. Soil heterogeneity complicates the pattern of
streamlines and potentials when there is water flow. Analyses
applied both to experimental methods to obtain transport
coefficients, and to given field problems, must take
cognizance of this.

6. FIELD MEASUREMENTS OF WATER TRANSPORT PROPERTIES IN
HETEROGENEOUS SOILS

6.1, Flow rates from infiltrometer rings

Water flow into the soil from infiltrometer rings is used
to obtain the infiltration capacity of the given soil. The
proportion of lateral flow from the rings is greater the
smaller the diameter. Measured flow rates in field
experiments, undertaken to extend the laboratory sand tank
work that tested the theoretical relationship between flow
rate and ring diameter [15), showed the effect of structural
channels in a sandy soil. These channels, originating mainly
from worm activity, made the .representative elementary volume
larger than that expected for a sandy soil. The measurements,
shown in Fig. 5, were very variable for small rings; only when
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FIG.7. Hydraulic conductivity values obtained with wells sunk below the water table in a
sendy-silt field.

the ring diameter exceeded 150 mm did the measurements from
site to site become repeatable. Thus measurements of

infiltration into this soil need to be done on areas at least
0.18 m? to overcome the stochastic heterogeneity.

6.2. Infiltration in%to siratified soil

The physically-based infiltration equation of Green and
Ampt [16] into a unform soil is ‘

di
7% = K (1 - H/2) (1)
N L
where i is the cumulative infiltration at time t, Ky the
hydraulic conductivity of the saturated soil, and Hy is the
soil-water pressure at the wetting front at depth Z below the
surface. Thus a plot of the infiltration rate against the
reciprocal of the wetting front advance Z gives an intercept
Kg on the infiltration rate axis, as indicated in Fig. 6.
However, Swartzendruber and Huberty [17] found this intercept
to be zero or even negative in some field experiments. This
was shown by Childs [18] to be consistent with theory if the
801l were stratified with the conductivity decreasing with
depth, and laboratory experiments with layers of graded sands
19] demonstrated that straight line relationships with zero
or negative intercepts were possible in practice. As shown in
Fig. 6, for these particular stratified soils showing
deterministic heterogeneity, the soil system behaves
analogously to a uniform soil with a smaller hydraulic
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FIG.8. The variation of hydraulic conductivity down the profile of a saturated clay-soil monolith,

conductivity (possibly even negative) and with a larger value
Of -Hfo

6.35. Well measurements of hydraulic conductivity

A survey done in connection with a drainage experiment at
the Unit of Soil Physics at Cambridge by G.D. Towner and
myself in 1960 gave the results shown in Fig. 7 for the
hydraulic conductivity of a very uniform sandy silt soil using
Childs' two-well method [20]. The range of results over the
2 ha experimental area is seen to be small., The results
themselves show that there is slight stochastic heterogeneity
in the hydraulic conductivity measurements. A geometric mean
value would give a hydraulic conductivity value suitable for
drain design purposes. .

6.4. Measurement of hydraulic conductivity profiles in soil
monoliths

The most common occurrence of deterministic heterogeneity
ig the variation of soils down the profile. It is perhaps
surprising that soil physicists have not paid more attention
to depth-dependence of so0il properties in studying soil-water
profile development and especially in considering water-table
control by drainage. While Childs' two-well method allows the
determination of the hydraulic conductivity profile by using
Youngs' seepage analysis [21] as does the analysis of drain
hydrographs [22], these methods regquire high water tables.
Instead, so0il monoliths, obtained without disturbing the soil,
can be used for the purpose. With the soilil in the monolith
saturated, the conductance between the ponded so0il surface and
different depths can be measured [23], allowing the hydraulic
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conductivity at any depth to be obtained. Results for a clay
801l obtained in a lysimeter at Letcombe Laboratory are shown
in Fig. 8. It is seen that the hydraulic conductivity near
the so0il surface is, as expected, much greater than at depth,
with an indication that there may be surface capping to a
slight extent.

7. APPLICATION OF THEORY TO THE WATER MANAGEMENT OF SPATIALLY
VARIABLE SOILS

7.1. Use of similar media theory in considering the
infiltration into soils of a catchment area

The collection of sufficient data to use in physically-
based infiltration equations 1is very time consuming when
carried out over large areas whose soils vary spatially. 1In
an attempt to provide a simpler means to obtain the physical
data required for calculating the infiltration and runoff from
catchment areas, sevearal studies (for example, [24,25,261),
have used similar media theory [27]. Laboratory studies using
columns of many porous materials, dissimilar in both size and
shape of particle, have shown that microscopic characteristic
lengths in this theory, calculated from soil physical
properties such as hydraulic conductivity, can be used in
scaling infiltration and runoff relationships [28, 29]. Thus,
using a microscopic characteristic length ), given by

A = (nKg/p8) o (8)

where n is the viscosity of water, p the density of water,

Ky the hydraulic conductivity ‘of the saturated soil, and g

the acceleration due to gravity, the scaled cumulative
infiltration i* and scaled time t¥®, given in terms of the

actual cumulative infiltration i and time t by

i*

and {ogN /lole -8,) 11 (9)

TR

{Ga)2a}/Inle 801}, (10)

are related by

i* = 0,233 t®%24 t# . “an
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FIG.9. Infiltration into simple soil materials (after Youngs and Price [28]). The materials were
glass beads (circles), sands (triangles) and a slate dust and sieved soils (squares).

In Eqs. (9) and (10), ¢ is the surface tension of water and
6, and B; are the saturated and initial water contents of
the soil. 4

The infiltration results obtained by Youngs and Price
[28] for various porous materials are shown in Fig. 9. When
these results are scaled, they all fit Eq. (11) well, as
shown in Fig. 10, Thus scaling allows the infiltration
process to be characterised by microscopic characteristic
lengths that can be easily measured, instead of making time-
consuming measurements of the infiltration itgelf.

In addition to hydraulic conductivity, Youngs and Price
-[28] used the. soil~water pressure at half saturation and also
the integral of the hydraulic conductivity with soil-water
pressure to define the microscopic characteristic length to
use in scaling the infiltration behaviour. Alternatively, a
mean s0il particle size might be used. The object is to be
able to infer the infiltration from some easily measured soil
property so that such data, collected over the study area, can
provide the distribution of infiltration and runoff.

T.2. Land drainage in soils with hydraulic conductivity
varying with depth

Drainage equations relate the water-table height above
drain lines to drain discharge, drain spacing and’ the
hydraulic conductivity of the soil. Reference to standard
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FIG.10. The results of Fig. 9 scaled using similar media theory.

works on land drainage [2,3] shows that most drainage analyses
assume uniform hydraulic conductivity in the groundwater zone.
The assumption that the hydraulic conductivity of soils is
uniform makes these drainage equations of little use in
drainage design work when there is soil variability, since the
form of the hydrograph is very different when the hydraulic
conductivity varies with depth compared with when it is
uniform [22]. However, some analyses do take into account
soil variability. For example, the seepage analysis [21] can
be used for cases of ditch drainage in heterogeneous soils,
especially those with hydraulic conductivity varying with
depth, and is an alternative to the application of numerical
methods of solution (see, for example, [30]).

The seepage analysis gives the maximum height of the
water table Hy above an impermeable floor between two
bounds given by the inequality

H
i

g K(z)(Hm-z)d% > qDb2/2

Hﬂl Hm Hm
> [ k(z)(H ~z)dz - [ K(2)[f o/K(z)dz Jda (12)
Q o] Z

where K{2) is the hydraulic conductivity value at height z and
g the steady rainfall rate applied at the surface. Thus, if
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FIG. 11. The relationship between drain spacing and steady rainfall rate for the water table

just at the soil surface with drains at 1 m depth, calculated for the hydraulic conductivity
profile given in Fig. 8. The relationship calculated for a uniform soil with hydraulic conductivity
that of the subsoil is also shown,

K(z) is known, the half-drain spacing D can be calculated for
a given steady rainfall rate q, which is the drain discharge
per unit surface area, that would maintain the water-table
height at the level required. _

In Fig. 11, the drain spacing, as calculated from
Ineq.' (12) when the drain is at ) m depth and the water table
Jjust comes to the s0il surface, is shown as a function of
applied steady rainfall rate for the clay soil whose hydraulic
conductivity profile is given in Fig. 8. For this profile the
bounds given by Ineq. (12) are close. For comparison, the
spacing calculated for a uniform soil with a hydraulic
conductivity value K, of the subsoil is also shown. Fron
this comparison it is clear that the greater hydraulic
conductivity values near the s0il surface have the effect of
allowing saving in the drain installation cost.

8. CONCLUSION

In this paper an attempt has been made to show how the
concepts on which soil physical theory has been developed over

! Ineq. = inequality
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the years can be used in studies concerning water movement in
variable soils., These studies are particularly important to
goil-water management problems. The difficulties that the
s0il physicist faces in dealing with soil heterogeneity are
indeed great, but they need to be overcome if rational
approaches, based on soil physical principles, are to be used
in soil-water management.
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Abstract—Résumé

A SIMPLIFIED METHOD OF CALCULATING THE HYDRODYNAMIC CHARACTERISTICS
OF A NON-SATURATED SOIL WITH A SHALLOW WATER TABLE.

Recalling the problems which arise during measurements of the hydrodynamic character-
istics of saline and gypsum soils with a shallow water table, especially for neutron calibration
and for monitoring of variations in the water content and hydraulic pressure head, the author
suggests some methods of calculating the instantaneous flux and driving gradient, giving a
reliable estimate of the h(0) and K(0) relationships.

SUR UN MODE DE CALCUL SIMPLIFIE DES CARACTERISTIQUES HYDRODYNAMIQUES
D’UN SOL NON SATURE A NAPPE PEU PROFONDE.

Aprés avoir évoqué les problémes qui se posent lors de la réalisation de mesures des
caractéristiques hydrodynamiques de sols & nappe peu profonde, salés et gypseux, notamment
pour I’étalonnage neutronique et le suivi des variations de la teneur en eau et de la charge
hydraulique, on propose quelques méthodes de calcul du flux instantané et de la pente motrice
aboutissant 2 une estimation fiable des relations h(8) et K(8).

INTRODUCTION '

Dans les études sur la dynamique de I'eau, l’emplbi de plus en plus fréquent
de la sonde & neutrons et du tensiométre a permis de faire passer du laboratoire
au terrain la mesure des caractéristiques hydrodynamiques, comme les relations
succion/teneur en eau, ou h (8), et conductibilité hydraulique/teneur en cau,
ou K(8). .

Cette approchic en vraie grandeur a permis de pallier aux insuffisances des
mesures effectuées sur des échantillons de petit volume, perturbés ou non.

T Ce mémoire s’inscrit dans un programme de recherches effectué en Tunisie dans le
cadre d"'un accord de coopération scientifique avec la Direction des ressources en eau et en sol
du Ministére de 'agriculture de la République tunisienne,
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Diverses procédures, basées sur 1’application de la loi de Darcy généralisée, ont
€té mises au point, comme la méthode du «drainage interney ou la méthode du
«btlany [1, 2].

Ces méthodes ayant, semble-t-il, fait leurs preuves dans le cas de sols bien
drainés ne comportant pas de nappe a proximité de la base des profils étudiés, il
était intéressant de tester leur applicabilité dans le cas de sols 4 nappe peu profonde,
de niveau fixe ou variable, comme on en trouve dans la plupart des périmétres
irrigués de Tunisie, et ol se posent des problémes d’économie de I’eau et de luite
contre la salure.

1. LES CONDITIONS MATERIELLES DE REALISATION DES MESURES

L’utilisation de la loi de Darcy généralisée, exprimée par:
dH

q= —K(@)—
dz

nécessite la mesure simultanée de la teneur en eau a des cotes aussi rapprochées
que possible, et de la charge hydraulique (H =h — z) aux mémes cotes.

1.1. Etalonnage

Comme nous Pavons vu, la premiére série de mesures concernant la teneur
en eau se fait a ’aide d’unc sonde neutronique. Elle nécessite qu’aient été
auparavant déterminées les relations entre les comptages neutroniques et 'humidité
volumique 8. '

Ces relations, qui peuvent étre établies, soitApar la mesure des coefficients
d’absorption et de diffusion des neutrons par ’échantilion de sol dans un bloc de
graphite [3], soit in situ par prélévement simultané aux comptages, posent quelques
problémes. En effet, I'analyse en pile, qui fonctionne bien pour la caractérisation
de sols courants, donne des résultats trés différents de ’étude in situ pour les sols
gypseux ou salés. )

D’un autre coté, 'étalonnage in situ n’est réalisable que si I’on peut, naturelle-
ment ou artificiellement, faire des mesures sur une large gamme d’humidité,
autorisant ’obtention de corrélations fiables. Ceci n’est malheureusement pas
réalisable sur une grande partie du profil des sols 4 nappe peu profonde.

(C’est pourquoi nous avons di opter pour une méthode mixte. Sile sol ne
comporte pas de trop grandes différences de composition, on s’assure dans un
premier temps, sur les horizons superficiels, de la concordance des étalonnages
in situ et en pile. Le parallélisme des droites d’étalonnage obtenues est générale-
ment bon, mais les ordonnées sont souvent différentes, sans doute en raison de



TIAEA-SM-267/32 ' 25

la teneur en sels d’une part et de la teneur en gypse, par son eau de constitution,
d’autre part. L’étalonnage in situ est donc en général retenu.

Pour les couches profondes, oli les mesures in situ ne donnent qu’un nuage
de points sans axe préférentiel, on prend la valeur moyenne des comptages et des
teneurs en eau pour fixer Pordonnée a 'origine de la droite d’étalonnage, en utilisant
d’autre part la pente calculée en pile.

Dans le cas des sols gypseux, il semble que I’on puisse obtenir d’assez bonnes
relations entre les coefficients A et B de I’équation de la droite d’étalonnage
8 = A-N + B, respectivement avec la densité apparente et la teneur en gypse, mais
les recherches doivent &tre pousuivies en ce sens. '

. On sait enfin qu’il est nécessaire dec connaitre avec assez de précision la
densité apparente de chaque couche, La nécessité de ne pas perturber le sol a
proximité du site de mesure oblige a répéter ces mesures en des points pas trop
éloignés. On notera, en effet, qu'un approximation de +0,1 sur la densité apparente
produit une erreur de *1,25% sur la pente et jusqu’a *3% sur I'ordonnée i I’origine,
dans le cas du sol gypseux étudié ci-aprés.

Pour ce sol, le coefficient A s’écarte peu de 0,1 (0,086 a 0,108) sauf pour la
couche 0—10 cm (0,158), tandis que le coefficient B varie de 9,3 4 27,5%!

Ces étalonnages peuvent étre contrdlés lors d’un essai d’infiltration en
comparant la lame d’eau infiltrée & différents instants de ’expérience avec les
variations de stock d’eau calculées.

Lors d’unc expérience d’infiltration, on a obtenu successivement:

Temps d’arrosage (min)  Lame infiltrée (mm)  Variation de stock (mm)

20 93,1 71
30 98,4 83
50 109,1 106
60 126,3 118
70 136,5 129
120 136,5 135

L’écart est assez important au début mais s’amenuise fortement en fin d’infiltration.
Au cours de la redistribution, I’évasion latéralc perturbe le bilan.

1.2 Critique des mesures

L’examen des résultats des comptages neutroniques montre d’assez nombreuses
irrégularités, On peut alors:
— soit rechercher de bonnes relations entre h et & en travaillant sur un grand
nombre de mesures et utiliser ensuite les variations relativement plus réguliéres
de h pour calculer 8, sous réserves de se placer dans des conditions analogues &
celles qui ont servi a définir les relations h(8),
— soit ajuster les variations de @ en fonction du temps [4, 5].
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La premiére méthode a été employée avec quelque succés sur un sol trés
argileux de drainance moyenne étudié en monolithe [6].

Nous avons utilisé la seconde, notamment au cours de la phase d’évapo-
ration, et la méme procédure a été par ailleurs appliquée aux variations de Hou h
(figure 1} [7].

Lorsque on suit les variations de la teneur en eau, on peut mettre en évidence
des phases de saturation qui correspondent a des périodes ol la teneur en eau
ne varie pas, pendant I'infiltration, mais également quand le ressuyage a commencé.
Dans ce cas, les mesures de la charge hydraulique peuvent mettre en évidence des
valeurs négatives de la succion h, qui indiqueraient apparemment ['existence de
micronappes perchées temporaires, retardant le ressuyage des horizons situés
au-dessus d’elles. '
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En effet, bien que la nappe soit restée & son niveau minimuim (180 cm) au
cours de ['essai, les profils de charge indiquent des saturations qui durent jusqu’a
8 jours a la cote 120. Ces états sont dus au freinage des flux dans une zone de
moindre perméabilité marquée par la présence d’un encrolitement gypseux de
nappe. '

La mise en évidence de ces phases permet d’éliminer une partie des mesures
qui ne pourrait &tre utilisées pour I’estimation de la conductibilité hydraulique
(figure 2).

Un autre intérét de 'examen des profils de charge est de mettre en évidence
la fin de la période favorable aux mesures par'la méthode du drainage interne.
En cffet, en ’absence d’un flux ascendant évaporatoire, la valeur minimum de la
charge hydraulique est commandée par la profondeur de la nappe, ot H= —z (h=0).
Ce point est intersection de la cote de la nappe avec la droite Hiz=—1 [8]. Tout
se passe comme si, au cours de la redistribution en sol couvert, le profil de charge
effectuait une rotation autour de ce point jusqu’a une verticale qui marque arrét
de tous les flux. On a ainsi en tout point du profil

H=h-z=Cte =zp,,pe

ce qui se produit au bout de 5 jours dans Pexpéricnce rapportée ici. Ceci ne semblc
cependant valable que pour des sols légers ou a texture franche. Dans les sols
argileux et d structure peu nette ou grossi¢re, des phénomenes de fetard, avec
manifestation de plusieurs plans de flux nul, sont a craindre {8, 9].

2. CALCUL DES CARACTERISTIQUES HYDRODYNAMIQUES
2.1. Relation h(8)

On a vu précédemment que, pour des périodes de temps donndées, les variations
de la succion h {ou de la charge hydraulique H) et de la teneur en eau {(ou des
comptages) pouvaicnt étre reliées lincairement au logarithme du temps. La combi-
naison de ces relations pour les mémes périodes doit permettre de calculer la
relation h(@).

Si’on compare en effet des valeurs isolées de ces deux parameétres mesurés
sur d’assez longues périodes, en ressuyage mais également au cours de ’évaporation,
on peut voir que la relation générale, toutes périodes confondués, est encore
acceptable. Les données portées dans le tableau I montrent en effet que les corré-
lations sont significatives et ne différent pas énormément d’un horizon a ’autre
(figure 3).

Ces relations sont naturellement meilleures quand on procéde par périodes
uniformes, a partir des variations de h et de 6 par rapport au temps.
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TABLEAU L. RELATIONS GENERALES h(#)

Profondeur Equations : ‘Corrélations
{cm)
15 h=592,7 — 14,5410 r=-0,923
30 h=635,1 — 15,5508 r=-0,940
50 h=767,9 - 20,000 6 r=-0,948
75 ‘ . h=836,1 - 19,6978 r=-0,950
100 h=617,1 — 15,004 8 r=-0,974
120 h=5758 — 14,9869 r=-0,928 -

2.2. Evolution de h et 8 en fonction du temps

Des diagrammes des figures | et 4, on peut retenir les fractions de droites olt
I’évolution de ces deux parametres est assez rigoureusement linéaire. A I’aide du
graphique semi-logarithmique, il est aisé de déduire sans calcul les équations de ces
droites. Leurs pentes étant réguliérement croissantes pour chaque niveau séparant
la phase de ressuyage de différentes phases d’évaporation, il peut €tre plus judicieux
d’ajuster ces courbes (figure 2) sur des équations adéquates, par exemple sur des
régressions exponentielles.

Les résultats obtenus montrent que les corrélations sont trés hautement
significatives, du moins pour les variations de h en fonction du temps (tableau 1I}.

2.3. Calcul de K(6)

Par la méthode du drainage interne comme par celle du bilan, le calcul de la
conductibilité hydraulique s’obtient a partir des estimations du flux instantané
dS/dt ct de la pente motrice dH/dz (2].

2.3.1. Calcul de dS/dt

Le flux instantané peut étre obtenu par estimation graphique de la pente de
la tangente 4 la courbe de variation du flux & une cote Z (1], ou par ajustement de
cette courbe sur une loi en log t [5]. De méme, Libardi et al. [4] ont utilisé des
régressions liant la teneur en eau @, ou la différence (8, —8), 6, étant la teneur en
eau 4 la fin du processus d’infiltration, au logarithme du temps.

Si nous observons une loi du type S=a-logt + b pour toutes les cotes de
mesure surmontant un niveau de cote Z, il est évident que la teneur en eau dans
chaque couche de sol le surmontant suit une variation du méme type.
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FiG.3. Relations h (0).

En effet, si nous nous intéressons a la premiére couche de sol entre la surface
et Z,, la variation de stock est égale au produit de la teneur en eau moyenne de la
couche par son épaisseur, Sidonc S est lié au temps par la relation citée plus haut,
il en est de méme pour 8 et pour le taux de comptage N de la sonde a neutrons
qui lui est proportionnel (équation d’étalonnage).

Pour une couche de sol deux fois plus épaisse, de 0 & Z,, une relation de méme
type (SZ2 =a,* logt + b,) entraine, par différence, une relation identique pour
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FIG.4. Evolution de N {coups par seconde) en fonction du temps,

la couche de sol située entre Z, et Z,, donc pareillement pour le taux de comptage

qui y est mesuré, et ainsi de suite.
Il devient ainsi plus avantageux de relier, chaque fois que cela est possible,

les taux de comptage de chaque niveau au logarithme du temps, pour en tirer, avec
’estimation graphique de la dérivée, une méthode de calcul rapide qui peut étre
appliquéc aussi bien en «drainage interney qu’en «bilany.

2.3.1.1. Sol couvert — Drainage interne
Cette phase a duré cing jours dans notre expérience, pendant laquelle le flux

évaporatif est resté nul (qy =0).
Pour chaque tranche de sol d’épaisseur unitaire U (ici 10 cm) on peut écrire:

# = Ai"N + B; = Aj(ai-log t + b)) + B;

et pour 'ensemble des tranches surmontant une cote Z, le stock d’eau au temps
t s’écrit:

S;,t= 5 6 u=Zg (Aj(aj*log t + bj) + Bj)-u

= 2% (Aj-ai-log t + Aj*b; + By u
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TABLEAU I1l. RELATIONS GENERALES h(log t) h="A-Blogt

Profondeur A B Corrélations
{cm)
15 33,77 4,69 r=0,9995
30 49,74 2,71 r=0,9972
50 55,07 2,25 r=0,9903
75 55,93 2,22 r=0,9851
100 59,91 2,09 r=0,9877
120 64,32 1,98 r=0,9898

Le flux instantané de drainage a travers la cote Z est la dérivée de cette
expression par rapport au temps, soit:

ds  ZoAiva

4 dtz ¢ 2,3t
aj (et bi) étant définis sur un graphique semi-log décimal.
Ainsi, entre la disparition de la lame d’eau et 33 heures, on a obtenu les
" valeurs suivantes pour q en drainage interne (tableau 111).
Ces valeurs sont sensiblement proches de celles qui sont citées [5]pour un
sol sableux surmontant une couche gypseuse.

2.3.1.2. Sol soumis a I'évaporation (bilan)

L’intervention de I’évaporation sirnultanément au drainage introduit la
création d’un plan de flux nul séparant ces deux régimes de circulation opposés[2].
Pour les cotes situées entre ce plan de flux nul et la surface, on doit donc¢

tenir compte de I'évaporation pour calculer le flux les traversant.

1°) 0<z <z,

Le flux ascendant, déterminé par les profils de charge, et traversant une
cote Z est donnée par:

dz,t = Qo) — dS/dt [5]
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TABLEAU 1II. VARIATION DU FLUX EN FONCTION DU TEMPS POUR
LES COTES 10 A 60 cm (EN mm/h)

Temps (h)

Profondeur 3 5 8 .12 15 20 33
{cm) '

10 2,02 1,21 0,49 0,32 0,26 0,19 0,07
20 2,96 1,78 1,11 0,74 0,59 0,44 0,12
30 362 2,17 1,35 09 072 054 0,15
40 4,05 2,43 1,52 1,01 0,81 0,61 0,18
50 434 261 1,63 1,09 0,87 065 023
60 485 291 1,82 122 095 074 026

Or qq (flux évaporatif a la surface) n’est autre que la variation instantanée
de stock au-dessus du plan de flux nul:

~ Tafn Aia
Qo™ 75 3%

ou zg = cote du plan de flux nul.
Et comme

dS _ Zg Aiaj

dt 2,3t
il vient:

Tifn Ajcai—Z5 Ajray ZIfnAjrg
= 2,3t C 2,3t

Il suffit donc de calculer le produit Aj - aj pour toutes les cotes au-dessus du
plan de flux nul pour connaitre immédiatement g par cumul ascendant (tableau V).
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TABLEAU IV, ELEMENTS DE CALCUL DE q POUR LES COTES 10 A 50 cm
DES A 11 JOURS

Cotes Etalonnage Lissage N Dérivée X 2,3 Cumul
{cm)

§=AN+B N=alogt+b [A<al sinaca

A B a b

10 0,158 -13,4 -259 529 17,79 39,91
20 0,108 = -10,3 - 238 552 11,17 22,12
30 0,095 =93 -170 5§73 7,02 10,95
40 0,095 -l16,6 =59 532 2,44 3,93
50 0,102 —22,1 -34 536 1,49 1,49
2°) 2>z

On se trouve ici ramené au calcul en drainage interne, le plan de flux nul
remplagant alors la cote 0 (surface). 11 vient alors:

(dS) Zm Zye, Aitai
T\ T 23t

L’analogie de ces formules montre qu’en résumé, 'intégration des variations
de flux se fait toujours entre la cote de mesure ct celle du plan de flux nul, que
celui-ci se trouve au sein du profil ou qu’il soit ramenéen surface (évaporation nulle)
ou au niveau de la nappe (drainage nul).

2.3.2. Caleul de dH/dz

Duans un sol relativement homogéne, les profils de charge présentent en général
une certaine uniformité, en dehors du maximum de la courbe H(z) indiguant le
plan de {lux nul.

" Ainsi, en dehors des zones de forte courbure, il est possible d’utiliser les
variations de H mesurées sur deux tensiométres bornant les cotes intermédiaires
dont on veut connaitre la pente motrice.

Au centre de la courbe qui joint ces deux points connus du profil de charge,
on assimile la pente de la tangente a celle de la droite joignant ces deux points.

Pour les autres cotes intermédiaires, une méthode possible est de calculer
les parameétres d’un arc de cercle passant par trois points, donc trois valeurs tensio-
métriques, et de calculer les tangentes & ce cercle aux cotes voulues.
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Par exemple, entre 15 et 50 cm, nous pouvons calculer les pentes dH/dz aux
cotes 20, 30 et 40 cm, puis entre 30 et 75, aux cotes 40, 50, 60 cm, et ainsi de
suite jusqu’a 120. :

Il ne s’agit-bien siir que d’une approximation qui doit étre critiquée,
notamment par la comparaison des doubles valeurs obtenues a I'aide des différents
cercles, par exemple aux cotes 40, 60, 70, 80, 90 cm.

il faut, en effet, vérifier que la courbure est bien maximale prés du plan de
flux nul et que les centres des cercles successifs ne s’éloignent pas trop de cette
cote. Ceci est généralement vérifié pour les arcs de cercle qui encadrent le plan de
flux nul, mais ne ’est pas pour les cercles extéricurs. Par contre, les arcs de cercle
doivent étre approximativement tangents.

Par ailleurs, comme ¢’est au voisinage du plan de flux nul que 'approximation
circulaire semble la plus valable, on peut en tirer par le calcul une estimation
relativement précise de sa cote Zg,, par la comparaison du signe des tangentes ainsi
calculées, en interpolant entre deux valeurs de signe opposé. Cette valeur sert
ensuite dans le calcul du flux instantané au-dessus et en-dessous du plan de flux nul.

Néanmoins, cette procédure n’est possible que dans le cas de sols relativement
homogenes ne présentant pas de discontinuités majeures.

En résumé nous disposons de plusieurs options possibles:

1) Lissage des profils de charge puis mesure graphique de dH/dz. C’est la
méthode classique sujette a des incertitudes notamment au voisinage du plan de
flux nul. '

2) Calcul de dH/dz a partir des données brutes par la méthode des cercles.

3) Lissage des variations de H en fonction du temps et calcul des valeurs
ajustées de H pour le calcul de dH/dz par la méthode précédente.

La phase d’évaporation de I'essai rapporté ci-dessus a servi & comparer les
deux demiéres méthodes, en appliquant pour 14 troisiéme les deux types de relations
h(t) précédemment évoquées, soit h =a-logt + b et h=a-p!o8 ¢t

On trouvera sur la figure S, pour les cotes 30 et 50 ¢m, le résultat des calculs.
On peut voir que I'utilisation des relations du type h = a+bl%8 t conduit 4 une
représentation plus réguliére.

Les données obtenues pour les différentes cotes (tableau V) ont servi au
calcul de la conductibilité hydraulique.

On a porté sur la figure 6 les résultats obtenus par la méthode classique () et
par le lissage des valeurs de N et H combiné au calcul automatique de dS/dt et
dH/dz (x). Le groupement des valeurs, toutes sections confondues, est meilleur
dans le second cas.

CONCLUSION

Les quelques recettes simples présentées ci-dessus permettent d’affiner
I’approche des caractéristiques hydrodynamiques des sols et d’automatiser presque
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complétement les calculs, dans le cas de sols homogénes sans stratification notable.
Cette automatisation doit cependant étre précédée d’une étude critique des
résultats bruts en autorisant I'utilisation. Il est probable que ces méthodes ne sont
qu’une étape vers un meilleur ajustement des paramétres réels.
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Abstract—Résumé

SPATIAL VARIABILITY OF THE NEUTRON CHARACTERISTICS OF A SOIL: IMPACT
ON THE PLOTTING OF NEUTRON MOISTURE GAUGE CALIBRATION CURVES,

In homogeneous sandy loam 66 soil samples were taken for the purpose of measuring the
neutron absorption and neutron diffusion constants, Statistical analysis in terms of spatial
variability shows that the samples are not interdependent even when they are separated by a
distance of no more than 2 m, and that there isno anisotropy in the surface layer, while the deep
horizon is anisotropic. By plotting neutron moisture gauge calibration curves using the neutron
constants X, and X it is possible to test the sensitivity of the measurement to the heterogeneity
of the medium: at a standard deviation of £1 the heterogeneity affects the water balance
calculation by £4% and the determination of an absolute water content in the neighbourhood
of 25% by £10%. Lastly, the number of samples necessary if the medium is to be satisfactorily
representative was calculated in accordance with the accuracy anticipated for the physical
measurement itself: 12 to 22 soil cores are required, depending whether X, or 24 is used.

VARIABILITE SPATIALE DES CARACTERISTIQUES NEUTRONIQUES D'UN SOL:
INCIDENCE SUR LA DETERMINATION DES COURBES D’ETALONNAGE DES
HUMIDIMETRES A NEUTRONS.

Sur un sol limono-sableux homogéne, nous avons procédé au préiévement de 66 €chantillons
de sol destinés a la mesure des constantes neutroniques d’absorption et de diffusion des neutrons.
L’analyse statistique en terme de variabilité spatiale montre que les échantillons ne sont pas
interdépendants, méme lorsque la distance qui les sépare n’est que de 2 m et que, §’il n’y a pas
d’anisotropie dans la couche de surface, ’horizon profond est par contre anisotrope. Le calcul
des courbes d’étalonnage d’un humidimétre 4 neutrons, a partir des constantes neutroniques
Z, et T4, permet de tester la sensibilité de la mesure a ’hétérogénéité du milieu: a t1 écart-
type, elle affecte de £4% le calcul du bilan d’eau et de *10% la détermination des valeurs absolues
de teneur en eau proche de 25%. Enfin, en terme d’échantillonnage, on a calculé le nombre de
prélévements nécessaires a2 une bonne représentativité du milieu, en accord avec la précision
attendue sur la mesure physique elle-méme: il faut 12 4 22 carottages selon que I’on s’attache
aZ,ouZy,

41
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INTRODUCTION

La mise en ceuvre des humidimétres a neutrons sur le terrain implique la
détermination de la relation permettant de passer des vitesses de comptage (N)
mesurées in situ a I’humidité volumique du sol (®,). On sait que la mesure
neutronique repose sur le principe du ralentissement puis de la diffusion d’un flux
de neutrons. L’hydrogéne, essentiellement présent dans I’eau du sol, a le plus fort
pouvoir ralentisseur, si bien que le flux de neutrons lents mesuré prés de la source
de neutrons rapides est trés dépendant de ®,. Mais ce flux dépend aussi des
caractéristiques neutroniques de la matrice sol puisque chaque élément intervient
dans le processus par ses sections efficaces d’absorption Z, et de diffusion Z4.
Les sols étant chimiquement trés variables, il en résulte pour chaque utilisateur
la sujétion d’étalonner son appareil sur son point d’essais. Pour ce faire, il dispose
de deux méthodes:

1) La méthode gravimétrique [1, 2] consiste a faire correspondre aux
vitesses de comptage, N, mesurées in situ, les humidités volumiques du sol, @,
déterminées d partir d’échantillons séchés en étuve, Hts, et des mesures de densités
apparentes, ds; on obtient une relation du type:

N=a(Hts Xds)+b
avec @, = Hts X ds

11 convient de travailler sur une gamme trés large de teneur en eau du sol
(ce qui n’est pas toujours facile dans les conditions naturelles), et de procéder au
calcul de la droite de régression, N(©,), pour chacun des horizons pédologiques
reconnus. Cette méthode est la méthode de référence; elle est laborieuse et de
ce fait onéreuse; d’autre part, la représentativité du résultat obtenu est trés
dépendante de ’hétérogénéité spatiale des sols.

2) Pour I’étalonnage & partir des constantes neutroniques d’échantillons
de sol, les travaux réalisés antéricurement [3, 4] ont mis en évidence la relation
existant entre la composition chimique du sol et I’étalonnage des appareils.

A l'usage, il est apparu que le calcul des constantes neutroniques du sol, a partir
de sa composition chimique totale, pouvait étre avantageusement remplacé par
une mesure directe de ces paramétres [5—7].

Il s’agit essentiellement de deux comptages neutroniques effectués dans un
bloc de graphite de 1 m® contenant une source de 3 Cide *! Am—Be, en présence
d’un échantillon d’environ 250 g de sol. Des paramétres £, et £, on déduit,
par calcul du ralentissement et de la diffusion des neutrons, les paramétres de la
courbe d’étalonnage de 'appareil [7]:

N=(ads+8)0, +vds+ &
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Cette méthode, pratiquée depuis plusieurs années au Centre d’études
nucléaires de Cadarache, s’est révélée siire et pratique. Elle n’a de sens, cependant,
que si 'échantillon analysé est représentatif de la parcelle ou d’un horizon
pédologique particulier. Il se pose donc un probléme d’échantillonnage que I’on
devra résoudre a la lumiére des résultats d’une analyse de la variabilité spatiale des
paramétres =, et 4 [8]. ‘

MATERIEL ET METHODES
a) Approche mathématique

Les propriétés neutroniques du sol, en un point, sont définissables par une
fonction des coordonnées spatiales de ce point:

Z=f(x,y,2)

Cette fonction variant a priori d’'une maniére irréguliére, la prédiction d’une
valeur en un point du site (X, y, z) 4 partir de mesures en quelques autre points
f(x;, ¥i, Z;) du méme site est évidemment sujette & une incertitude. Afin de décrire
cette incertitude d’une maniére rationnelle, nous devons supposer que la fonction
spatiale f est aléatoire.

Cependant, une interdépendance entre des mesures faites a différents points
ne peut étre écartée. Considérons une couche de sol plane: si, de plusieurs mesures
de la variable aléatoire f aux points (x;, y;), on déduit une valeur moyenne f, et
qu’en un point particulier (x, y) la variable a une valeur différente de cette
moyenne, on peut s’attendre a ce que les valcurs de f aux points immédiatement
voisins (x + Ax, y + Ay) soient également différentes de la moyenne. Autrement
dit, f(x, y) et f{x + Ax, y + Ay) ont entre ¢lles un certain degré de corrélation.

Or, ’existence de cette corrélation, dont le degré est lié i la grandeur du vecteur
(Ax, Ay), est contraire 3 la définition méme de la fonction aléatoire. Sil’on
souhaite ajuster les valeurs mesurées a une loi de distribution statistique, la
connaissance d’une valeur en un point ne doit théoriguement donner aucune
information sur ’obervation adjacente. La distance entre prélévements déterminant
leur degré d’interdépendance, le probléme se raménera 4 trouver le pas moyen
d’échantillonnage /Ax?+ Ay? pour lequel il n'y a plus de corrélation entre les
mesures. Le vecteur (Ax, Ay) posséde une direction et une longueur. Pour
simplifier I’analyse, nous lui attribuerons une direction fixe et ne considérerons
que ses variations de longueur. L’analyse devient donc unidirectionnelle. Afin
de mettre en évidence la variabilité spatiale, nous utiliserons deux méthodes de
représentation relatives aux effets d’autocorrélation [9, 10].
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1) Le corrélogramme: c’est la représentation graphique de la fonction d’auto-
corrélation définissant le degré de dépendance, r, entre observations séparées
d’une distance, h:

Cov[f(x), f(x+h)]
v/ Var[f(x)] X Var[f(x +h)]

r(h) =

avec r, Cov, Var: corrélation, covariance et variance de I’échantillonnage.

2)  Le variogramme. c’est également un mode de représentation de I’auto-
corrélation déterminant les écarts quadratiques moyens existants entre des mesures
distantes de h. Il est défini par:

n(h)

]
v(h) = n_(h)_ [f(x; +h) — f(x;)]?

i=1

Le corrélogramme met en évidence I’évolution de 'autocorrélation selon la
distance choisie et par suite ’évolution spatiale de I'infrastructure pédologique,
régissant le degré de dépendance des couples de mesures. C’est le mode d’exploita-
tion que nous retiendrons. '

b} Echantillonnage

11 a été conduit sur le point d’essais du CEN de Cadarache. Le sol est un
limon de type brun calcaire, non différencié, formé a partir d’alluvions pontiennes
fines et reposant sur un socle calcaire a une profondeur de 2 4 3 m. Les préléve-
ments de sol sont cffectués 4 la tariére (diam: 45 mm) selon deux profils longi-
tudinaux 7, et m,, de 100 m de longueur, disposés en une croix, couvrant ainsi
une surface de 1 ha. Une distance réguliére 10 m sépare chaque point, excepté
sur le profil #; ou 'on a prélevé du sol par intervalles de 2 m sur une séquence
de 30 m. Le sol est interrogé selon ce modéle aux horizons 0—30 cm et 30—60 cm
(fig. 1). On dispose donc au total de 66 échantillons de sol & analyser.

¢) Mesures des paramétres neutroniques

Le sol 2 été séché & 105°C pendant 24 heures, puis broyé si nécessaire,
4 moins de 2 mm. Il est ensuite compacté de maniére uniforme dans un conteneur
en aluminium de 150 ml.

On procede, en position A puis B, a des comptages neutroniques successifs
dont on déduit les valeurs Z, et 24 (mm?-g™!). Le dispositif actuel permet
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FIG.1. Disposition des profils my, 74, sur le point d’essais de Cadarache, pour ’échantillonnage
du sol.

d’analyser 3 a 4 échantillons par jour. Compte tenu des incertitudes sur les
comptages, les fluctuations de I’électronique, la préparation des échantillons,
on considére que £, est mesuré 4 0,070 mm*-g™! et que X4 est mesuré a
+1,58 mm?-g7! [8].

RESULTATS ET DISCUSSION

L’ensemble des résultats est porté dans le tableau I: on a successivement,
pour les profils m, et m,, les valeurs de Z, et Z4 pour les horizons 0—30 cm et
30—-60 ¢m. Ces informations, pour le profil @, sont reprises en figure 2 ol on
donne, en fonction de "ordre de prélévement des échantillons, les valeurs respectives
de Z, puis de Z4. On observe une grande variabilité spatiale, particuliérement
pour Zy; cette hétérogénéité est plus forte que imprécision sur les mesures
indiquées sur chaque figure par un segment = lo.

Avant de procéder aux calculs statistiques classiques, nous allons analyser
I’autocorrélation pouvant exister entre les mesures selon le pas d’échantilionnage.
La figure 3 donne la relation r(h) pour chacun des 8 cas possibles: 2 horizons X
2 profils X 2 sigma.

Nous avons figuré 2 seuils 4 £1/e que I'on considére comme seuil d’indépen-
dance; cette valeur empirique de 36% correspond 4 la corrélation admise sur
différentes mesures d’une variable aléatoire. Sur deux des graphes de la figure 3,
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TABLEAU I. RESULTATS DES ANALYSES NEUTRONIQUES FAITES
SUR LES 66 ECHANTILLONS DU POINT D’ESSAIS DE CADARACHE
(VALEURS EN mm?-g’!)

Prof.: 6-30 ¢m | Prof.: Jo-6p em
Echantillons z, ¥y . Zs
1 1.o22 b 189 | vl 2980
1 1068 ] 26,99 | t.onl | 19,77
1 1.0 | 27.60 | o0.972 | 25.¢8
Ty V.ol 20071 ) 0.97% ] 18.59
¥ 0.934 22.91 0.5%08 24.00
Vi ©.976 | 20.20 | 0.733 | 17,58
vi, 0.967 19.73 | 0.937 | 2612
Vi, 1ozl . oo.8s | 2482
- ¥l 0.935 | 24.01 | ©.B83 | 20.24
r
, Vig 0.945 | 23.32 | ©.917 | 19.18
IT- NIt o,kod ?1.78 c.7)9 .
= Vit 1.060 25.66 | 0.851 16.65
- Vi, 0.830 | 20.01 | 0.711% | 16.53
Vil 0.921 16.85 | 0.957 | 19.33
Vil 0.803 | 17.86 | o.92¢ | 2135
VTl 0.823 | 16.94 | o.Bos | 16.42
v, 0.987 | 23.22 ] 0.584 | 21.32
\'IH,‘ 1.006 22.7) 9.932 21.8%
Vit 0.952 | 22.47 | 0.943 | 23.03
vitl, 1.039 | 27.02 | 0.988 { 26.71
1y 1.038 | 20.22 | 0.26) | 19.73
X 0.543 | 16.06 | 0.7290 [ 16.22
5l T.006 | 23.35 ] 0.99) | 23.07
A 0.%911 20.04 0.74) 19.38
B 0.951 | 25.36 | 0.753 | 18.72
¢ 0.927 | 20.%6 | 0.B52 | 19.3%
b 0.%L0 | 23.37 | 0.785 | 18.5¢
~ i ¢.983 | 21.88 | 0.9c4 | 17.13
[ f 0.970 20.20 0.733 17.%%
= 6 1,033 | 1917 | o0.8¢8 | 16.62
w5 H 6.657 | 16.80 | 0.786 | 16.25
& ) 0.95¢ | 22106 | ©.977 | 18.56
N 0.967 | 17.30 | o.8%6 | 18.63
) 0.837 | 17.78 | 0.825 | 16.3¢
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FIG.2. Distribution des sections efficaces d’absorption Z,, et de diffusion Zd, en fonction de
leur position sur le profil my (®: Horizon 0—30 cm; A: Horizon 30—60 cm).

nous avons indiqué pour chacun des points expérimentaux le nombre de couples
utilisés pour le calcul r(h): il varie entre 9 et 18 selon les distances. Selon

M. Vauclin (communication orale), on considére que le nombre de couples pour
le calcul de 'autocorrélation devrait étre supérieur a 20; on n’accordera donc
pas d’attention particuliére aux points extérieurs a la fourchette 1/e et on
considérera qu’a partir de 2 m d’écartement il n’y a pas d’interdépendance entre
échantillons lorsqu’on considére leurs valeurs de Z, et £4. La figure 4 montre
que, pour le profil 7, sur lequel I’échantillonnage était plus important et pour
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FIG.3. Corrélogrammes établis en fonction de h, distance séparant les prélévements, pour
Zg = Zg, les horizons 0—30 et 30—60 cm, et les profils my et 7y,
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FIG.4. Histogramme des répartitions, en fréquences cumulées, des mesures de Z, et T sur le
profil my pour 'horizon 0—30 cm.

I’horizon 0—30 cm, les distributions des fréquences cumulées suivent des lois
normales; il en est de méme pour 'autre profil et les autres profondeurs. Nous
avons donc calculg les valeurs moyennes et les écarts-types pour £, et 4 dans
les différents cas (tableau 11). La comparaison des écarts-types entre profils
confirme ce que nous avons déja constaté sur les graphiques des variations
spatiales: les 15 et 0%, sont systématiquement plus grands sur 7; que sur m,.
La comparaison des écarts-types d’une variable sur un profil mais a2 deux pro-
fondeurs différentes nous permet également de différencier les horizons en
termes d’hétérogénéité. Celle-ci est en effet plus marquée en profondeur. Par
ailleurs, rappelons que la précision des mesures est +0,07 mm?-g™! pour Z, et
+1,58 mm*- g™ pour 4.

La variabilité spatiale ne sera mise en évidence que si elle est supérieure a
ces seuils. Ainsi, dans le tableau II, pour Z,, m,, 30—60 cm, la variabilité n’est
pas assez marquée pour étre apparente. Par contre, pour les autres horizons ou
profils, c’est tout a fait possible. Afin de conclure sur I'isotropie du site, nous
avons eu recours 4 deux tests statistiques: le test de Welch permet de comparer
les moyennes de deux populations normales sans imposer de-conditions parti-
culiéres sur les variances; le test de Ficher permet de comparer les variances de
deux populations normales. Pour que le milieu puisse étre considéré comme
isotrope, il faut donc que ces deux tests soient non significatifs. Les valeurs
Z, et T4 ainsi que oz, et 0z, sont respectivement testées par horizon selon les
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TABLEAU I1. VALEURS MOYENNES ET ECART-TYPES CALCULES
SUR LES SERIES DE MESURES NEUTRONIQUES Z, ET Z4, SUR LES
PROFILS n, ET 7, AUX PROFONDEURS 0-30 ET 30-60 cm

Profils, profondeurs moyennes écarts-types coefficient de
mm?-g-! mm?-g! variation %

7., 0-30 cm fa= 0.976 o, = ¥ 0,089 9,1
a

fdz 21,90 otd: 13,23 14,7

7,:30-60 cn I < 0,897 o, = 0,098 10,9

. a .

= 21,22 o, = * 3,68 17,3
d

¥,, 0-30 cm Ea= 0,937 9, =1 0,057 6,1
a

T = 20,42 o = * 7,64 12,9
d

172,30-60 cm E; 0,826 9, = ¥ 0,076 9,2
a

fd= 17,92 op = ¥ 1,177 6,6
d

deux directions 7, et 7,, puis par profil selon les deux profondeurs 0—30 cm et
3060 cm. Les résultats sont les suivants: .

— horizon de surface homogéne en X, 2, car on ne décéle pas de différences
significatives; :

— en profondeur, les moyennes sont significativement différentes sur m; et
5, le test sur les variances traduisant toutefois une variabilité comparable;

— les mémes tests effectués pour la comparaison entre horizons sont
significatifs pour les moyennes mais pas pour les variances. On admet donc la
différenciation statistique des couples (m, et m4) selon I’horizon.

L’isotropie en surface se congoit facilement puisque nous étudions une
parcelle cultivée. Le remaniement cultural périodique provoque en effet une
homogénéisation du sol au cours du temps. La différenciation des horizons est
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TABLEAU 1. EQUATIONS D’ETALONNAGE D’UNE SONDE A NEUTRONS
SOLO, POUR LE SOL DE CADARACHE ET UNE DENSITE APPARENTE DE
1,5¢g.cm™3

Profil i équation de la courbe
1, et 7Ty (0-30 cm) N =106 o, + 48
n](30~60 cm) N = 10,9 o, * 50
7;2(30-60 cm) N=11,1 0, + 38

sans conteste due au lessivage, et I’anisotropie en profondeur est liée au fait que
cette migration a une composante préférentielle selon #,.

Trois couples moyens (Ea , Z4) nous conduisent & la détermination de
3 courbes d’étalonnage représentatives chacune d’un horizon et d’une direction.
Un programme de calcul nous a donné les résultats suivants pour une sonde de
type Solo et d’une densité séche p = 1,5 grcm™ (tableau III). On constate que
I'hétorogénéité moyenne du sol conduit d une erreur de +2,3% sur le bilan, et
de +0,5 point sur 'humidité du sol déduite d’une mesure neutronique de
350 impulsions. Ces chiffres sont tout-a-fait satisfaisants, compte tenu des per-
formances des appareils et des besoins agronomiques dans le domaine de ’irrigation.

It est important aussi de tester la sensibilité du modéle a I’hétérogénéité
constatée sur le terrain en matiére de 2, et Z4.

En considérant Vintervalle d’incertitude du a la précision des mesures et 4
la variabilité spatiale (écart-type expénmentat de I’échantillon) sur w; (0—30 cm),
nous calculons la courbe d’étalonnage pour les quatre cas de variations extrémes
a comparer a ’étalonnage calculé sur les valeurs moyennes (tableau IV). Nous
constatons que l'incidence de la variabilité spatiale sur ’étalonnage est de:

— *4,2% en matiére de bilan d’eau;

— *2,5 points d’humidité sur la détermination de O, (soit 10% en valeur
relative pour une teneur en eau du sol de 25% et d’autant plus forte que le sol est
plus sec).

Ce sont ces chiffres que nous retiendrons en insistant sur Iincidence particuliére
de la variabilité spatiale sur fa mesure in situ des valeurs absolues de @,.

Pour Péchantillonnage, afin de définir le nombre n de prélévements (soit la
taille de ’échantillon) nécessaires pour Pestimation d’une moyenne a une précision
donnée et sous un seuil de confiance donné, nous appliquons la méthode suivante.
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TABLEAU IV. EQUATIONS D’ETALONNAGE ljU SOL ET ECARTS
MAXIMUM RESULTANT D’UNE VARIATIONDE #1 ¢ DE 2, ET Z4

Ya, Xd équation de la courbe

couple utilisé
MOYEN

Profil 71, 0 - 30 cm N=10,586 + 50

1 = 0

(fa + o[a, £d) @) N = 10,1 6 + 32

(Ea_oza,‘r‘;d) @ N=11,06 454

5,5 o __

( a’® “4° +0'Zd) @ N = ]0’7 ev + 64

(Z,.35-05) @ N = 0,48 + 37

Connaissant la précision en absolu sur I'une quelconque des mesures 0*, et Pécart-
type d’une population o5, on forme le rapport § = 0*/oy. La résolution d’une
formule faisant intervenir § et n nous donne le nombre d’échantillons permettant
d’obtenir la précision voulue [8]. En appliquant cette formule  estimation des
couples (2, fd) de chacun des profils, en imposant 1a précision maximale 6*,
on trouve pour un.intervalle de confiance a 95% les valeurs n du tableau V.

On constate que, du fait d’une plus grande hétérogénéité spatiale en Z,
il faut en moyenne plus d’échantillons pour cette mesure que pour Z, (22 contre
12 pour la méme précision).

CONCLUSIONS

La mesure directe des constantes neutroniques d’échantillons de sol du point
d’essais de Cadarache, en vue de la détermination de la courbe d’étalonnage d’un
humidimétre a neutrons, montre que:

—il y a une assez grande variabilité spatiale des parametres Z, et Z4 du soj,
avec des coefficients de variation de 9 et 13% respectivement; cette hétérogénéité
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TABLEAU V. NOMBRE D’ECHANTILLONS A PRELEVER EN VUE DES
MESURES NEUTRONIQUES Z,, Z4

Profils I, I,

7). 0-30 c¢m 13 26
n],30~60 cm 16 37
Mo 0-30 ¢m 8 19
7;2,30-60 cm 1 A 7
MOYEN 12 22

affecte les mesures neutroniques: *+4% sur le bilan en eau et +10% sur la déter-
mination des valeurs absolues de teneur en eau du sol;

— il n’y a pas d’autocorrélation entre échantillons méme lorsque !’intervalle
de prélévement n’est que de 2 m;

— il n’y a pas d’anisotropie de distribution dans la couche de sol arable, mais
il y en a une dans I’horizon sous-jacent;

— pour que ’échantillon de sol soumis a ’analyse neutronique soit représentatif
du point d’essais, il doit résulter d’'un nombre de prélévements qui, dans notre cas,
varie de 12 & 22 selon que I’on considére X, ou Z,.
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Abstrace

CHARACTERIZATION OF FIELD-MEASURED SOIL-WATER PROPERTIES.

As part of a five-year co-ordinated research programme of the International Atomic
Energy Agency, the Use of Radiation and Isotope Techniques in Studies of Soil-Water Regimes,
soil physicists examined soil-water properties of one or two field sites in 11 different countries
(Brazil, Belgium, Cyprus, Chile, Israel, Japan, Madagascar, Nigeria, Senegal, Syria and Thailand).
Within each field site of approximately 1 hectare, experimental plots (5 X 5 m) free of vege-
tation were established to measure the redistribution of soil water to a depth of 2 m following
steady-state infiltration. Each plot was instrumented with tensiometers placed at 15 or 30 cm
depth intervals and with neutron moisture gauge access tubes. The number of plots within each
field site ranged from 1 to 8. The procedure was to pond water on each plot until steady-state
flow was established, as indicated by stable tensiometer readings. When infiltration was complete,
as indicated by the ponded water level receding to the soil surface, the plot was covered with
plastic to prevent evaporation. Neutron moisture gauge data and tensiometer readings were
taken frequently and eventually once every day during later stages of redistribution. Soil-water
content § and soil-water pressure head h data obtained through redistribution time t for all depths
z were used to derive soil-water properties by smoothing the temporal relationships and
plotting a range of simultaneous ¢ and h values [6(h)] for each soil depth.
The smoothed temporal data |8 (t), h(t)] were also used in the calculation of hydraulic
conductivity K(f) by the instantaneous profile method, the flux and § methods of Libardi et al.,
and the Chong, Green, and Ahuja method. Values of the soil-water diffusivity D(0) were
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obtained from the product K(8) and dh/d¢ derived from the field-measured values of §(h).
An examination of several empirical models of the field-measured 8 (h) revealed that the function

=01+ Jehi*™

best described all data where 05 is the field-measured saturated soil-water content, and
&, n, and m are constants. With the exception of two sandy soils, the functional relation K(8)
was described by

K =Kqexp [B(® —00)]

where K, and 6 are those values of K and 8, respectively, corresponding to steady-state
infiltration conditions. Values of K, and 8 were found to be log-normally and normally
distributed, respectively. For a given field site, the standard deviation of 64 (or 8) was
sufficiently large to render estimates of K to be uncertain by an order of magnitude. Sources
of errors in the redistribution method are those associated with the placement and re'ading of
the instrument, the calibration and functioning of the instrument and the spatial and temporal
variability of the soil. Smoothing and interpolating procedures give rise to additional errors,
The experiment reported here was not designed to examine error propagation but was under-
taken to use the commonly reported redistribution method as a routine technique to measure
soil-water properties on a wide range of soils. The results indicate that the redistribution
method yields values of soil-water properties that have a large degree of uncertainty, and that
this uncertainty is not necessarily related to the kind of soil being analysed. Regardless of the
fundamental cause of this uncertainty (experimental and computational errors versus natural
soil variability), the conclusion is that further developments of field technology depend upon
stochastic rather than deterministic concepts.

1. INTRODUCTION

More than one-half century has passed since Richards [1}
suggested that the Darcy equation could be cowmbined with the
equation of mass conservation to describe the movement and re-
tention of water within unsaturated soils. Portable, lightweight,
dependable neutron moisture gauges have been available for 30
years [2]. Tensiometers are commonplace after being popularized
by Richards and are now easily and accurately read with a portable
transducer. Analytic and numeric solutions of the Richards'
equation are virtually unlimited with today's computer technology.
And yet, the application of these solutions to important, practi-
cal problems dealing with the transport of water through field
soils remains undeveloped, despite the tremendous need to more
effectively manage and conserve water for crop production and to
protect and enhance the quality of water resources. There are at
least three reasons why the development of a field technology has
been slow. First, the value of the hydraulic conductivity is
extremely sensitive to small changes in soil-water content, and it
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is also affected by the concentration and composition of the soil
solution. Moreover, the soil-water characteristic at a given
location depends not only upon the composition of the soil solu-
tion but also upon whether the soil is wetting or drying. Second,
field soils are inherently temporally and spatially variable.
They vary vertically owing to the extent of profile development
and horizontally owing to their relative position upon the land-
scape and to their cultivation and other disturbances caused by
people and animals. Third, soil scientists have not taken advan-
tage of stochastic concepts and equations but have remained
steadfast with their propensity to continue to treat Richards'
equation in a strictly deterministic manner.

The purpose of this presentation is to summarize the results
of a cooperative effort to measure soil-water properties of
several agriculturally dimportant soils and to interpret the
findings relative to present-day and future soil-water management
technology. The effort was part of a five-year Coordinated
Research Program of the International Atomic Energy Agency, the
Use of Radiation and Isotope Techniques in Studies of Soil-Water
Regimes, whereby soil physicists examined soil water properties of
one or two field sites in 11 different countries (Brazil, Belgium,
Cyprus, Chile, Israel, Japan, Madagascar, Nigeria, Senegal, Syria,
and Thailand).

2. THEQRETICAL

Throughout this study it is assumed that Richards' equa-
tion describes the vertical redistribution of soil water in
profiles that have been ponded with water sufficiently to
establish initial, steady-state condition to a depth of 1 or 2
meters. Richards' equation is

36 _
37w K az] _ ey

where 8 is the soil-water content (cm®/cm®), H the hydraulic
head {ecm), K the hydraulic conductivity (cm/day), z the ver~
tical coordinate (cm) measured vertically downward and t the
time f{(day). The hydraulic conductivity is assumed to be a
unique function of ® while H is assumed to be (h — z) where h
is the soil-water pressure head (cm) that is uniquely related
to 8 for monitomically decreasing values of 6. The soil-water
diffusivity is defined by

n = K%g- (2)
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which is also assumed to be a unique function of 6 for decreas-
ing values 0f 6.

Integrating equation (1) from =z = 0 to soil depth L
yields

L
féﬂdsta_H (3)

where the flux at z = 0 is assumed nil. Values of X for
depth 1. are calculated from experimental observations of the
remaining terms in the above equation using four different
methods. Method 1 is the classical redistribution method where
oH/3z is estimated from tensiometers data h(z,t), and the above
integral is estimated from neutron moisture gauge data 6(z,t).
Equation (3) rewritten for Method 1 becomes

38 _ dh
Lﬁ—l{[—a;-] (4)

where € is the average soil-water content to depth L and
dh/3z is the gradient of the soil-—water pressure head at
depth L. Methods 2 and 3 are those of Libardi et al. [3] based
upon the assumptions that K is defined as

K=K exp [B(0 - 0)] (5)

where KO, B and 6 are constants, and 8h/%z is zero.
Method 2, the G—methoél yields

- L 1
80 -8 = 2 %nt + 2 n (BKO/aZ) (6)

where a is the slope of the linear regression 6 =af + b at
depth L. Methed 3, the flux-method, yields

gn [Ll—g%|]= BB, ~ ) + fn K (N

With Methods 2 and 3 for a measured value of 6 , values of
K and B are found from regression using equatgons (6) and
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(9), respectively. Method 4, the CGA-method reported in [3],
based upon the assumption that

6 = At (8)

where A and B are found by regréssion. Using equation (8) in
(4) and assuming that 0h/3z is zero and that (& - B) is
small, leads to the formulae ©

K = -z2at/B g5 171/B (9)
o o

and

B = a(B—l)/B§O , (10)

Hence, the above four methods can be used to ascertain values
of K and B whenever equation (5) holds. For sandy soils, as
will%e shown, K is better described by

K=K exp {1 - exp [B'(8-0)]} (11)

For such soils, the latter three methods would have to be
modified.

The soil-water characteristic is a soil property that
relates soil water content and the energy status of the soil
water, In this effort, neutron moisture gauge readings and
tensiometer readings taken at the same time and soil depth were
used to measure the soil-water characteristic. Published
literature is replete with empirically derived analytical
expressions of 6(h) for a wide variety of soils and soil
materials based upon both laboratory and field observations.
We refer the reader to those of Mualem (4] and van Genuchten
{5] and those cited by them. Two closed~form analytical
expressions were selected for 8{(h). The first is

_ n.-m
(6 - 6)/(6 -0)=1[L+ |ah|™] (12)

where s and r indicate saturated and residual values of 8,
respectively, and @, n and m are independent constants.
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Simple, closed-form expressions of K(8) can be derived when
certain restrictions are imposed upon the values of n and m.
For example, when m depends upen n such that m = i - 1/n where
i is an integer, K(8) can be calculated analytically using
equation (12). A second closed-form expression of 6(h) that
was selected is

A
(h/hb) h < hb
1 h > hb (13)

(6 -6)/(0, = 0))

where is the so-called "bubbling" soil-water pressure
head. f%ls expression has been attractive to some investiga-
tors owing to its simplicity and its use by Brooks and Corey
[6] to derive an equally simple expression of K(8), namely

342/ X
[(6 - Gr)/(eS - Gr)] (14)

The relative success of the above as well as other expressions
of 8(h) and K(8) has usually been judged upon limited numbers
of field observations or upon data that do not adequately
represent the full range of 8 between oven~dry and water
saturation. In this effort, the above expressions were
examined in light of field-measurements associated with values
of h greater than about -200 cm.

3. EXPERIMENTAL

Within each field site of approximately 1 hectare, experi-
mental plots (5 x 5 m) free of vegetation were established to
measure the redistribution of soil water to a depth of 2 m
following steady-state infiltration. Each plot was instru-
mented with tensiometers placed at 15- or 30-cm depth intervals
and with neutron moisture gauge access tubes. The number of
plots within each field site ranged from } to 8.

The procedure was to pond water on each plot until steady-
state flow was established, as indicated by stable tensiometer
readings. When infiltration was complete as indicated by the
pouded water level receding to the soil surface, the plot was
covered with plastic to prevent evaporation. Neutron moisture
gauge data and tensiometer readings were taken frequently and
eventually once every day during later stages of redistribution.

Text continued on p. 72



IAEA-SM-267/40

03 -

T T T
BELGIUM
PLOT I
75c¢m

- -~
L4 -~
( - - 7 —
€ 02 " g.0.280(-na567 02" -
"
g 0.281
- =
@ ]:H (-0 0I3h)2 '99]0'733
0.l ' —
0.281
° 23411573
[H-(-OOISM i ]
° | ! !
o] -50 - 100
hicm)

FIG.1. Soil-water characteristic at the 75-¢cm depth of plot 1 from Belgium using Eqs (12)

and (13).
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FIG.2. Soil-water characteristic at the 90-cm depth of plot 4 from Brazil (site 2) using Eqs (12)

and (13).
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FIG.3. Soil-water characteristic at the 105-cm depth of plot I from Israel using Eqs (12) and (13).
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FIG. 4. Soil-water characteristic at the 120-cm depth of plot 1 from Japan using Eqs (12} and (13).
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FIG.5. Soil-water characteristic at the 75-cm depth of plot 1 from Madagascar using Eqs (12)

and (13).
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FIG.7. Hydraulic conductivity versus soil-water content for Method 1 at the 82.5-cm depth
of plot 1 from Belgium using Eq. (5).
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FIG.8. Hydraulic conductivity versus soil-water content for Method 1 at the 82.5-cm depth
of plot 4 from Brazil (site 2} using Eq. (S).
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FIG.9. Hydraulic conductivity versus soil-water content for Method 1 at the 105-cm depth
of plot 1 from Japan using Eq. (11).
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FIG.11. Soil-water diffusivity versus soil-water content at the 82.5-cm depth of plot 4 from
Brazil (site 2] using Eq. (2). :

FIG.12. Soil-water diffusivity versus soil-water content at the 105-cm depth of plot 1 from
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TABLE 6. FIELD-MEASURED VALUES OF THE AVERAGE STEADY-
STATE INFILTRATION WATER CONTENT #,, AVERAGE HYDRAULIC
CONDUCTIVITY K4, AVERAGE p, AVERAGE SOIL-WATER DIFFUSIVITY
Dy, AND AVERAGE 6§ FOR SEVERAL EXPERIMENTAL SITES

00 So l-o ql( B SB l)o SD 8 ‘;6 N

o o o
Belgium 0.205  0.037  $9.5 15,9 90.2  56.2 64105,  77559.  97.3  S56.1 3
Beazil 1 0.355  0.026 8.57  17.1 0. 53.9 4952. 8155, 98.4  S7.8 1S
Prazil T 037 0.012 253 175.  44.6  7.78  64728.  4I1si2. 337 7.01 24
Chile 0.452  0.010 6.30 9.21 427 26.8 7590.  1s862.  19.7 261 30
Cyprus 1 0.459 n.ol& 21.2 46.9 70.5 50.0 9430, 164358, 58.0 47.9 32
Cyprus 2 0,403 0.015  27.1 W.6 K28 46.6 11164, 14230,  62.2 441 12
Iscael | 0.178  0.019  90.7 .8 433 612 8351, w09,  29.5  s.67 25
Israck 2 0.167  0.037  96.0 89.1  B&.3  29.0 18124, 12369.  74.7 9.1 2%
1srael ] 0.310 0.015 20.3 21.7 92.6 25.0 33648. 14068 . 89.1 27.1 14
Japan ) 0.268 0.018 ﬁﬁj.lj 343, l!,ll’l_/ 1.22 0607|.ll 22179, lo.(‘l/ 1.22 &5
Japan 2 0.210 0.012 l‘ll.‘l"l 6.8 l5.3"l‘l 1,60 llﬁsﬁ.ll 2950. 13.71’ 1.80 27
Hadsgascar  0.271  0.016 324 22,8 9.7 9.61 9539, 6109. 8.6 104 16
Rigerta 0.260  0.018  12.3 1.6 110, 54.0 9538. 7862, 111, 538 1S
Semegal 1 093 0026 550 i3s st 2 A 2em. n2sY 1ee s
Senegal 2 0.206  0.026 t.63 052 3.3 1L.6 §77. 673, 30.7 8.6 &
syrta 0.338 0.0 tl.2 .1 10, 22, 10702 8116 15, 96.3 10
Thatland  0.500  0.029  228. 285, 75.1  12.0 29723 547970 70.6  16.4 20
1/

L - K - 108 - - B - P
K Ko exp {1 - exp{B'(@ Oo)] and D Do exp {1 exp [6'(8 Go)l

Soil-water content 6 and soil-water pressure head h data obtained
through redistribution time t for all depths z were used to derive
soil water properties by smoothing the temporal relationships and
plotting a range of simultaneous & and h values [6(h)] for each
soil depth. The smoothed temporal data [6(t), h(t)] were also
used in the calculation of hydraulic conductivity K(8) by the four
methods described above. Values of the soil-water diffusivity
D(8®) were obtained from the product K(8) and 3dh/d8 derived from
the field-measured 68(h) fitted to equation (12).

4, RESULTS AND DISCUSSION

Sources of error in this experiment are those associated with
the placement and reading of neutron moisture gauges and tensio-
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FIG.13. World average soil-water characteristic.

meters, the calibration and functioning of these instruments and
the spatial and temporal variability of the soil. Smoothing and
interpolating procedures give rise te additional errors. Within
each field site, a field-measured calibration curve for the
neutron moisture gauge was established and is being reported
elsewhere. The experiment reported here was mnot designed to
examine error propagation (e.g., Vachaud et al. [6] or Flihler et
al. [7]) but was undertaken to use the commonly reported redistri-
bution method as a routine technique to measure soil-water prop-
erties on a wide range of soils. The following results represent
examples of a more complete presentation to be published in a
special publication of TAEA, Vienna.

Figures 1-6 are examples of the several hundred soil-water
characteristics measured within numerous plots established in the
20 sites throughout the world. Several features are apparent.
First, equation (13) fails to describe the shape of the curve for
values of h near zero. Second, equation (12) utilizing indepen-
dent values of o, n and m describe the data best. Third, equa-
tion (12) with the assumption that m = ! - 1/n describes the data
better than equation (12). It should be noticed that the value of
8_ in equation (12) was set equal to zero. Although these data
are restricted to the tensiometer range of h, our experience leads
us to the conclusion that values of € other than zero will not
provide better descriptions of field-méasured 8(h) distributions.
And equation (12) holds an advantage over equation (13) inasmuch
as the slope of equation (13) is unrealistically discontinuous atF%~
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Figures 1-6 indicate the general shapes of the soil-water
characteristics. Tables ]1-3 indicate the relative precision of
describing the soil-water characteristic of a given soil depth
within an experimental site of Brazil, Cyprus, and Madagascar
using equation (12) where m is assumed equal to (1-1/n). Tor each
site, the standard deviation of 8 is about 0.02 cv®/en® or
larger. It should also be noticed thit the value of h correspond-
ing to a decrease of 6 equal to 0.0l cm®/cm® less than 8 is in
the order of only -5 to -10 ecm — a further indication fhat h
of equation (13) does mnot exist in naturally occurring fielg
soils. Further, the coefficient of variation of o and n are about
0.25 and 0.05, respectively. - ‘

Figures 7 and 8 indicate how well equation (5) describes K(B)
for the 82.5 cm depth of soils from Belgium and Brazil except for
sandy soils as depicted in Fig. 9 for- Japan. For the sandy
Japanese soil, equation (l1) was more appropriate. Although not
presented here, it was found that equation (14) described the K(8)
data of all 20 soils reasonably well even though equation (13) was
not the best fit of the soil-water characteristic data. Fig-
ures 10-12 provide soil water diffusivity data that correspond to
the K(8) data given in Figs. 7-9. It should be noticed that the
diffusivity data are described by equations of the same form as
equations (5) and. (11). Tables 4 and 5 indicate the relative
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precision of describing K(8) and D(8) by exponential equations for
a given so0il depth within an experimental site of Chile and
Thailand. The standard deviation of © and 6. for the two
countries was about 0,0l and 0.03 cm?/cmjz respec%ively. Values
of K and D wmanifested large degrees of uncertainty. Table 6
provides valfles of the soil-water properties from each experi-
mental site averaged over the entire depth of each soil profile.
The coefficients of variation of 6 range from about 0.02 to
0.15 stemming from standard deviation values that range from 0.0}
to nearly 0.04 em®/em?. Coefficients of variation of K. are
approximately 1 while those of B range from 0.1 to near &%ity.
Figures 13 and 14 show the average 8(h) and K(6) for all 20 soils
averaged over all depths.

A comparison of the values of K and B obtained by Method 1
with those obtained by the other thr2e methods based upon a unit
hydraulic gradient is illustrated in Figs. 15 and 16 for Method 3.
The data in both figures stem from all depths of almest all
experimental sites. As expected, there is a linear relatiorn with
a large degree of uncertainty. At any one location the hydraulie
gradient may indeed be different than unity giving rise to values
of the soil-water parameters calculated from Method 3 that are
consgistently too large (or tdo small) compared with those from the
classical method. The same results were obtained when comparisons
were made for Methods 2 and 4.

5. CONCLUSIONS

From all of the above results, a few conclusions are apparent
regardless of the fact that the experimentation was neéver designed
to examine sources of error and error propagations. First,
equation (12) provided the best description of the soil-water
characteristic inasmuch as none of the field-measured data mani-
fested a well-defined "capillary fringe" or "bubbling" soil-water
pressure head. Owing to the limited range of h for which 6 was
measured, it was not possible to ascertain if a potentially useful
functional relation between the parameters m and n exists. Second,
equations (5) and (14) both provided acceptable descriptions of
K(9). Equation (5) provides some mathematical convenience owing
to its exponential forwm while equation (l4) provides a description
of K(8) when the hydraulic conductivity is not strictly exponen-
tially related to the soil water content. Both equations are
essentially two-parameter models if © is omitted from equation
(5). Third, our analysis indicates tfat - the values obtained for
the soil water parameters 0(h), K(P) and D(®) have a large degree
of uncertainty, and that ‘this uncertainty, regardless of itsg
fundamental cause, renders solutions of deterministic soil-water
equations and related simulations ineffective in most field
investigations. And, even if soil heterogeneity was minimal, the
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strong dependence of K upon 6 drastically reduces the accuracy and
precision of solutions of Richards' equation applied to field
situations. = The experimental error of measuring 6 regardless of
the method (neutron moisture gauge, gravimetric analysis, etc.) is
of the order of 0.01 e¢m®/cm®. If this uncertainty is multiplied
by the values of B given in Tab}e 6, it yields a nearly two-fold
uncertainty in the magnitude of the relative hydraulic conduc-
tivity (K/K ) for a small valuel of 8 (e.g., 50), and a greater
than five-£31d uncertainty for 'a large value of 8 (e.g., 150).
Thus, we conclude that further developments of field-technology of
s0il moisture regimes depend upen the explicit use of stochastic
rather than strictly determipistic concepts. Several investiga-
tions of stochastic problems of water flow through soil have been
presented over the past years. |Most, but not all of them, have
treated steady-state, saturated|groundwater flow. Some examples
are the efforts of Gutjahr et all, [8], Freeze [9], Delhomme [10},
Dagan [ll], and Smith and Freeze ([12]. Some examples in
unsaturated soils include those of Russo and Bresler [13,14],
Warrick et al. [15,16], Peck et al. {17], Simmons et al. [18], and
Andersson and Shapiroe [19]. :
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Abstract—Résumé

METHODOLOGY FOR THE STUDY OF THE WATER BALANCE OF A CROP ON A PLOT
SCALE.

Following an experiment carried out in a one-hectare plot at Mornag (Tunesia), the
authors propose a procedure for establishing sites for measuring the water balance and its
variation in time on the basis of the following criteria: (a) selection of a limited number of
sites (as few as possible) which would enable the mean value and variance of water consumption
to be evaluated in refation to the variability of the soil; (b) no autocotrelation between sites in
order to ensure the relevance of the assumption of conventional statistical analysis; {c) easy
access to the sites to avoid crop deterioration and thereby ensure the representativeness of the
measurements, The procedure comprises the following phases: (1) Surveying of the plot by
taking gravimetric samples with an augur from depths of 0—100 cm at different times over a
20 X 20 m grid and/or along transects in order to define the spatial variability of the textural
components and moisture content; (2) selection of representative sites: Statistical analysis
of the observations shows that moisture content and its variation in time follow a normal law
of distribution, and also indicate the high stability in time of the characteristic points of these
laws (mean value, mean value * standard deviation); geostatistical analysis shows, apart from
a pronounced anisotropy, an autocorrelation distance of about 20 m for the moisture
measurements; (3) monitoring of the water balance: An analysis of neutron and tensiometric
data obtained at three measurement sites (which are representative of the mean and the mean
plus or minus standard deviation) makes it possible to estimate the different components of
the water balance for a rain-fed crop of wheat.

f Cette étude a été effectuée dans le cadre d’une convention de recherche entre le
Centre national de la recherche scientifique (CNRS, Paris) et la Direction de la recherche
scientifique et technique de Tunisie (DRST, Tunis). Les auteurs tiennent 4 remercier I'Office
de recherche scientifique et technique d’outre-mer (ORSTOM) et la Direction de la recherche
en eau et en sol (DRES) du Ministére de I’ Agriculture (Tunis) pour I'utilisation de la station du
Mornag et 'aide efficace du personnel pour 'obtention des mesures.
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METHODOLOGIE D’ETUDE DU BILAN HYDRIQUE D'UNE CULTURE A L’ECHELLE
DE LA PARCELLE.

A partir d’une expérimentation conduite sur une parcelle de 1 ha située au Mornag
(Tunisie), on propose une méthodologie d’implantation des sites de mesure du bilan hydrique
et de son évolution dans le temps fondée sur les critéres suivants: a) choix d’un nombre limité
(et le plus faible possible) de sites permettant d’estimer valeur moyenne et variance de Ja
consommation hydrique, en rclation avec la variabilité du sol; b) absence d’autocorrélation entre
sites afin de garantir la pertinence des hypothéses de ’analyse statistique classique; c) accés
facile aux sites pour éviter 1a détérioration de la cultyre et assurer ainsi la représentativité de
la mesure. Cette méthodologie s’appuie sur les phases suivantes: 1) reconnaissance de la
parcelle par prélévements gravimétriques a la tariére sur 0—100 cm a différents temps aux
noeuds d’une grille 20 X 20 m et/ou le long de transects afin de définir la variabilité spatiale
des composants texturaux et des humidités, 2) choix de sites représentatifs: I’analyse statistique
des observations montre que les humidités et leurs variations temporelles suivent une loi normale
de distribution et met également en évidence la grande stabilité dans le temps des points
caractéristiques de ces lois (valeur moyenne, valeur moyenne * écart-type); l’analyse géo-
statistique met en évidence, outre une anisotropie marquée, une distance d’autocorrélation de 20 m
environ, pour les mesures d’humidité; 3) suivi du bilan hydrique: I’analyse des données
neutronigues et tensiométriques obtenues en 3 sites de mesures {représentatifs de la moyenne,
de la moyenne augmentée ou diminuée de I’écart-type) permet d’estimer les différentes
composantes du bilan hydrique d’une culture pluviale de blé.

INTRODUCTION

Grace notamment 3 1'aide efficace de la section "Ferti-
1ité du sol, Irrigation et Production végdtale" de la Division
Mixte "FAO/IAEA", les méthodes de mesure in-situ du bilan hydri-
que, ou de la consommation végétale, i partir de 1l'utilisation
simultanée d'mumidimétre neutronique et de tensiomdtres sont main-
tenant bien maitrisfes au niveau d'une verticale [11, [2].

I1 est toutefois clair que 1'aptitude de ces méthodes i caracté-
riser le comportement moyen & 1'échelle du champ se heurte i la
prise en corpte de 1a variabilité naturelle du sol et de la cul-
ture [3], [4]. '

Durant la derniére décennie, de nombreuses €tudes expé-
rimentales ont porté sur 1'étude systématique de cétte variabi-
1ité spatiale, et sur des tentatives méthodologidques permettant
de 1l'appréhender. Les résultats essentiels paraissent porter sur
les deux points suivants :

- d'une part, on a pu définir une certaine coh@rence dans
la nature des lois de distribution des variables spatiales, les
variables d'état de type statigue (teneur en eau, porosité, indi-
ce textural, etc...) étant dans 1l'ensenble distribuées selon une
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loi normale, alors que les propriétés de type dynamique (perméa-
bilité, flux, coefficient de dispersion) sont trés souvent dis-
tribuées log-normalement [53, [6]1, [7];

- d'autre part, la variabiiité de ces observations doit
&tre analysée en fonction de la position des points de préléve-
ment dans 1'espace pour prendre en compte la possibilité d'auto-
corrélation importante entre mesures, résultant d'une structure
spatiale des variables [81, [91, [101, [11].

Toutes ces &tudes reposent sur une expérimentation in-
tensive 4 1'échelle du champ, nécessitant notamment un grand
nombre de points de mesure 3 petites distances les uns des au-
tres. De ce fait, les méthodes utilis€es se heurtent & deux
obstacles essentiels : la lourdeur de leur mise en oeuvre ne per-
met pas une réalisation en pratique dans le cadre d'un essai
agronomique, ni un suivi de 1'évolution dans le temps des bilans.

Cet article se propose de présenter une étude effectuée
d 1'échelle d'une parcelle d'un hectare en vue d'obtenir, au colt
minimum, des valeurs représentatives des bilans hydriques a
1'échelle correspondante tenant compte & la fois des lois de dis-
tribution des variables, et des distances d'autocorrélation entre
mesures.

I ~ PRESENTATION DE L'EXPERIMENTATION

Le site se situe 3 environ 20 km au Sud-Est de Tunis sur
la station hydrométécrologique DRES-ORSTOM de MORNAG. 11 est amé-
nagé depuis 1981 en vue d'une expérimentation intensive devant
conduire & 1'estimation des bilans hydriques d 1'échelle d'une
parcelle sous plusieurs types de traitement, et & une &tude dé-
taillée des processus de transferts de masse, de chaleur et de
quantité de mouvement & l'interface sol-atmosphére.

Cette étude est relative i 1'expérimentation effectuée
durant 1'arnée 1982 afin d'obtenir des mesures moyennnes signifi-
catives du bilan hydrique & 1'échelle d'une parcelle de blé.

La méthodologie développée s'appuie sur les critéres
suivants : '

- choix d'un norbre limité de sites de mesure représen-
tatifs de toute la variabilité spatiale du champ,

-~ absence d'autocorrélation entre les sites afin 4'évi-
ter toute redondance d'information,

- aceés facile aux sites (surtout pour les mesures ef-
fectuées sous culture).
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Description du site ¢

La zone d'&tude recouvre 18 000 m® [12] et se compose
de trois sous-parcelles :

- une parcelle (4000 m ) laissée en jachére nue, sar—
clée depuis novembre 1981 ; une parcelle de gazon (Kikuyu) irri-
gude, de 4000 m2 ; une ~parcelle (10 000 m?) mise en culture de-
puls plusieurs arndes qui fait 1'objet dé cette &tude.

Le s0l est un dépbdt alluvionnaire sur un ancien 1it
fluvial. I1 représente une assez grande hétérogénéité sur 1'é-
paisseur étudife dans le cadre de cette recherche (zone 0-2 m);
on rencontre globalement une stratification sur deux niveaux :

- une couche argilo-sableuse en surface dont 1'épais-
seur varie de 40 & 100 cm,

- une couche plus sableuse en profondeur, avec parfois
présence de lentilles argileuses.

2 - RECHERCHE DE SITES REPRESENTATIFS SUR CULTURE

Compte tenu de la forte variabilité du sol & 1'échelle
de la parcelle, la méthodologie utilisée repose sur 1'hypothése
qu'il existe une relation significative entre la quantité d'eau
présente dans le sol et la texture du sol aux mémes endroits.

On peut penser que cette relation peut induire un certain déter-
minisme au niveau des variations spatiales de 1'humidité, & un
instant domné, et surtout dans le temps ; le site le plus humide
devrait se trouver 3 l'endroit le plus argileux, et rester le
plus humide (relativement) lorsque le sol se desséche.

Une campagne de mesure a eu lieu le 4 novembre 1981 afin
de définir & cette date :

1) - la loi de distribution caractérisant la variabilité
spatiale de 1'humidité,

2) - la distance d'autocorrélation entre mesures d'humi-
dite,

3) - l'emplacement de sites de mesure représentatifs
(spatialement) et non corrélés, permettant des mesures compara-
tives non bilaisées.

Cette campagne a porté sur deux transects orthogonaux,
1'un (AA') &tant parall8&le & la direction de 1'cued situé & quel-
ques centaines de métres du site (fig. 1a). Le long de ces tran-
sects, une distance d'@chantillonnage de 5 m a été considérée avec,
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FIG.2. Représentation des profils nédologiques sur les deux transects.

en chague point,prise d'é&chantillons 3 la tariére, par niveau
de 20 cm, jusqu'd la profondeur 100 cm. On dispose de 185 échan-
tillons prélevés le méme jour.

On trouvera, fig. 2, une représentation simplifiée des
profils pédologiques selon ces deux directions, et,tableau ILlecs
valeurs moyennes et les variances des mesures d'humidité pondé-
rale, par tranche de 20 cm d'épaisseur, et pour les deux tran-
sects, pour le premier métre de sol. Une étude systématique ef-
fectuée par ailleurs 3 1'aide d'un gamma densimétre de profon-
deur [12] ayant montré que la masse volumique séche du sol,
toutes profondeurs confondues, ne varie que dans wne game trés
faible (1,63 * 0,03 ecm3/cm3), on a pu obtenir i partir de ces
valeurs les teneurs en eau volumique, et les stocks d'eau sur
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TABLEAU I. VALEUR MOYENNE ET VARIANCE DES MESURES
D’HUMIDITE PONDERALE W ET DU STOCK HYDRIQUE LE 4/11/1982

TRANSECT AA' TRANSECT BB'

Moyenne Variance Moyenhe Variance |
0-20 cm| 5,29 0,705 5,98 0,33
20-40 cm| 5,54 0,46 5,95 0,11
¥ luo-60 cml 5,84 0,53 6,07 0,924
8/8 160-80 el 7,26 3,85 6,79 7,05
80-100 cm| 8,50 10,14 8,43 8,86

t -1y

Stock 9-100 | 102,5 211,9 103,9 | 321,3

le premier métre. La valeur moyemne et la variance du stock sur
chaque transect sont également données tableau I. On trouvera
également, fig. 3, la fonetion de distribution en probabilité
cumulée, de toutes les valeurs de stock obtenues en chacun des
37 sites de prélévement. La loi de distribution peut &tre vala-
blement approchée par une loi normale.

La recherche d'éventuelles structures spatiales a &té
effectuée en considérant dans les directions AA' et BB' la fonc-
tion d'autocorrélation r'(b) et le semi-variograrme y(b) [10].
Les résultats reportés fig. 4 conduisent aux remarques suivan-
tes :

- 11 existe une assez grande anisctropie : la variance
du stock hydrigue est plus importante dans la direction parallé-
le & la riviére (AA') que dans la direction perpendiculaire (BB'),

} - il faut considérer une distance de 20 m environ entre
sites pour que les observations puissent étre estimfes indépen-
dantes les unes des autres,

- bien que le pas d'@&chantillornage retenu (b = 5 m) ne
permette pas de préciser le comportement i 1l'origine de r'(b) et

v(b), il semble que la variabilité 3 courte distance soit plus
importante le long de BB'.
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Le choix de l'irplantation des sites de mesure a finale-
ment €té effectué en respectant les critéres suivants :

i) - distance entre sites supérieure & 20 m
ii) ~ accessibilité facile, mais sans effet de bord

1i1) - représentativité de valeurs types de la loi de dis-
tribution (moyerme, &cart-type ou extrema).

Ces trois critéres se sont trouvés Atre satisfaits simul-
tanément par 1l'implantation des sites suivants :

- site TCY sur le point 36 (extréme humide)

-~ site TC3 sur le point 26 (proche de la moyenne u)
- site TC5 sur le point 11 (dans la bande u + o)

- site TC2 sur le point 21 (voisin de u - a)

Chacun de ces sites a été &quipé d'un tube d'accés pour humidimé-
tre neutronique jusqu'i la cote 170 cm, et de tensiométres aux
niveaux 30, 75, 90 et 130 cm. On y a procédé d 1'étalonnage di-
rect d'une sonde type SOLO 20 selon la méthode exposée en [13].
I1 est évidemment fondamental de vérifier qu'au cours du terps
chacun de ces sites conserve sa position dans 14 loi de distri-
bution. C'est ce que nous définirons corme un critére de
stabilité temporelle.

3 - VERIFICATION DE LA STABILITE TEMPORELLE DE LA REPRESENTA-
TIVITE DES SITES

Pour valider cette hypothése,une seconde méthode de
prospection a €té utilis€e. Elle repose sur 1'analyse des me-
sures d'humidit€ obtenues par préldvements 3 la taridre i dif-
férents stades du cycle végétatif, sur une maille régulidre cou-
vrant toute la parcelle.

On trouvera, fig. 1b, le schéra de prospection. Les
prélévements ont €té effectués au milieu de chague maille &1&-
mentaire de dimension 20 x 20 m. On dispose de 25 sites de pré-
1évements.

Les mesures ont eu lieu :

N - le 20 aolit 1981, représentant 1'état de sécheresse ex-
tréme avant semis;

- le 10 février 1982, aprés une période de pluie intense
(186 rm en un mois);

- le 27 avril 1982, en pleine épiaison;
- le 3 juin 1982, juste avant la récolte.
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TABLEAU II. COEFFICIENT DE
SPEARMAN ENTRE COUPLES DE
MESURES DE STOCK A DIFFERENTES

DATES
Dates de corrélation RHO
Aolt 1981-Juin 1982 | 0,660

Aolit 1982-Février 1982 | 0,6357
Février 1982-Juin 1982 | 0,781

On dispose chague fois de 25 séries de mesure, avec en
chaque point prélévement chaque 20 cm jusqu'd la profondeur
z = 1140 cm en aoit 1981 et février 1982, puis 100 cm par la
suite.

La recherche de la stabilité s'appuie essentiellement
sur une étude de corrélation de rang entre couples de mesures.
Les valeurs des coefficients de Spearman sont données tableau Il
Globalement, la probabilité est grande pour qu'un site reste au
méme rang pour n'importe quelle combinaison.

Dans le but d'obtenir enfin sur toute la période aolt
1981 3 juin 1982 des séries homogénes, incluant les mesures ef-
fectuées en novembre sur les 2 transects, on a recherché la re-
présentativité d'un échantillon limite comportant seulement les
9 points communs aux deux méthodes (grille et transect, points
noirs, fig. 1b) en comparant les résultats obtenus var cet échan-
tillonnage réduit avec : soit les valeurs résultant des 24 mesu-
res "grilles" en aolt 1981, février, avril et juin 1982, soit les
valeurs résultant des 37 mesures "transects" en novembre 1981.

Les résultats correspondants sont reportés tableau III
Les tests de Fisher (F) et de Student (t) montrent que variances
et valeurs moyennes cbtenues par les deux modes d'échantillonna-
ge (réduit et complet) ne sont pas statistiquement différentes au
seuil o = 0,05.

I1 est remarquable de voir que toute la variabilité du
sol est prise en compte par ces 9 points sur deux directions or-
thogonales, sans pertes significatives d'information avec les
autres méthodes. Il est clair que,pour des contrdles de routine,
cet échantillonnage réduit pourrait &tre utilisé.
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TABLEAU III. COMPARAISON ENTRE ESTIMATIONS MOYENNES DU
STOCK SUR 0—1 m EN FONCTION DE L’ECHANTILLON

ECIHANTTILON REDUIT gECHANTILION COMPLET TESTS
DATE,

N fMoyenne| o2 | N [Moyenne| o? F t
AOUT 81 | 9 | 95,45] 513,29 24| 96,30(385,52]1,435].110
NOV. 81 | 9 | 107,32| 385,24 37| 105,36(|278,2011,515}.298
rEV. 82 | 9 | 236,76|1152,89 24| 237,301810,85|1,532| .ouk
AVR. 82 | 9 | 170,50] 502,74 24| 171,10]526,10(1,020] .065
JUIN 82 | 9 | 131,60| 524,89 24| 129,751438,72|1,289] .271

NOVEMBRE 81 FEVRIER 82

JUIN 82

B
Urowe

Bande d'incertitude : a STOCK, 0-1 m
mm

i Mesure neutronique et n° du site

FIG.S. Histogrammes des fréquences relatives de mesures de stock (0—100) obtenues par
gravimétrie en novembre, février et juin, et comparaison avec les mesures @ Vhumidimétre
neutronique.
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TABLEAU IV. ECART QUADRATIQUE MOYEN ANNUEL
ENTRE MESURES ET VALEUR MOYENNE () OU
MOYENNE A UN ECART-TYPE (u + ¢) DU STOCK A CHAQUE
DATE DE PRELEVEMENT

TC2 TC3 TCU TCS

f%(u) 1172 104 h55 294
f&(u+o) 37312 645 2089. g
fh(u~o) 157 582 80%2 1165

4 - REPRESENTATIVITE TEMPORELLE DES SITES DE MESURES NEUTRONIQUES

Deux approches ont été utilisées pour juger de la vali-
dité du choix des emplacements des sites de mesure tout au long
du cycle de culture. D'abord une méthode subjective fondée sur
la comparaison des mesures de stock obfenues sur chacun des si-
tes dlaccés par rapport aux histogrammes. On trouvera ainsi,
fig. 5, les histogrammes des mesures de stock 3 la tariére sur
le premier mdtre obtenus en noverbre 1981 (transects), février
et Juin 1982 (ainsi que 1'approximation par une loi normale).
On a situé & chague date les mesures obtenues par humidimétrie
neutronique sur chacun des tubes d'accés TC2, TC3, TCU et TC5.
On notera les résultats sulvants :

~ une grande stabilité d'ordre. Par stock croissant,
on a toujours l'ordre TC2 < TC3 < TC5 < TCY qui correspond bien
au choix initial;

- les deux sites TC2 et TCU restent toujours voisins
des extrémes, les sites TC3 et TC5 voisins de la moyerne.

Afin de préciser davantage la représentativité des si~
tes de mesures neutroniques, on a ensuite effectué un test sta~
tistique systématique en vue de caractériser 1'écart quadratique
moyen cntre les valeurs de stock hydrique estimées par 1'humidi-
métre neutronique SNi,j en 4 points (TC2, TC3, TCH, TC5) et A
différents temps et dés valeurs types obtenues gravimétriquement
¥ aux mémes temps :

1 .
Dj(X) =5 X, -3 ) J o= [1,4]

j=1, - NLJ



92 VACHAUD et al.

h, om
- |
: |
*
-600 ~
. « N
(R *
—
" x
-
*
- -
-
*
¥ |-
-boo L *
* -
-
x
- -
» x o« *
- ——
- L]
" i,
- = |
.
‘ . N * =
;o . |
*
200 — J *-— ——
4 * a3
N *a f‘ » . |
: aJ- d ¥ ‘. l
L *x ¥
- g ¥
= = Uc" § 0 l
Al
T R
.'. L]
; ] ]
LT L
L3
*
O L L

(o]

3
o
=

6] cmB/emj

FIG.6. Relation k(8) rous points de mesure confondus.

On dorme 3 X successivement la valeur moyenne i, les
valeurs p+o et u-o des stocks hydriques obtenues par prélévements
gravimétriques. n est le nombre de répétitions de 1'échantillon-
nage 4 la tarigére (n=4),

A 1'aide de ce critére, on a recherché systématiquement
quels &taient les sites ncutroniques représentatifs de ces va-
leurs. Les résultats sont reportés tableau IV. I1 apparait que
le site TC3 représente bien la valeur moyermne du stock hydrique
sur 0-100 cm ; les tubes TC5 et TC2 représentant ut+o et u-o res-
pectivement. On notera cependant gue les résicdus sont assez éle-
vés (10 mm pour TC3, 22 rm pour TC5, 12 mm pour TC2) en raison
du faible nombre de répétitions de 1'échantillonnage gravimétri-
que [U4]. Afin d‘augmenter la précision, on a décidé, pour le



IAEA-SM-267/14 93

TABLEAU V. ESTIMATION DE L’ETR SUR CULTURE DE BLE POUR
L’ANNEE 1982

. 5 ETR par Taux
Date Pluie ez Tes TS vériode journalier
88 ETR &S ETR &8 ETR Moyenne o ]Moyen o
12/11/81 | o - rn - m/§
44,51 17,2 27,3 16,8 27,6 | 26,8 12,71 20,92 4,8 0,63 20,14
15/12/81
10,4 |-10,4 20,8 |- 8,1 18,5 -0 25{22* - |oz?t -
12/01/82 _ P
©1136,3 {140,9 100,2 36,3 | 63,5 72,8 )
22/01/82 17,0 46,6 £ 28,9 | 222 % 1,38
. ’ ’ - ’
41,4 [ 19,8 29,7 11,7 { 39,4 2,0
2/02/82 — —
8,2 {-27,0 35,2 {-27,8 36,0 [-18,5 26,7 | 32,6 4,21232%0,3
16/02/82
35,2 |+ 6,0 29,2 }+10,9 24,3 |+14,6 20,6 20,72 a,3[1,76%0,3
2/03/82
50,4 |-25,8 76,3 [-22,3 72,7 |- 9,3 59,7 | 69,6 & 8,3 [ 2,58 ¥ 0,31
20/03/82
3,5 |-56,1 59,6 {-50,5 54,0 1-35.6 39,1 ] 50,9 2 10,2 ] 3,40 * 0,68
13/04/82 .
44,4 |+ 8,60 35,8 {+16,1 28,3 |+12,0 32,4 | 320 - |23 % -
27/04/82 .
29,4 [-22,1 51,5 1-12,4 41,8 |- 9,1 38,5 145,92 6,5 [ 3,13 % 0,46
11/05/82 '
- |-29,03 24,03 -24,02 24,02(-28,64 28,61] 25,56° 2,3 11,82 20,16
25/05/82
- |-68 6,8 |-10,5 10,5 {-15,65  15.65| 10,085 4,42| 0,52 2 0,21
15/06/82
b2 403,7 383,54 385,66 374,8 | 378,04

Note : entre deux mesures, AS est toujours défini par (S ), et puis entre

teket " Stek
O et 175 cm. Une valeur négative indique une perte de stock sur le profil.

calcul des bilans hydrigues moyens 3 1'échelle de la parcelle,
d'effectuer la moyenne des valeurs obtenues sur les sites TC2,
TC3 et TCH.

5 ~ ANALYSE DU BILAN HYDRIQUE.

Pour la période &tudiée (fin noverbre 1981 i juin 1982,
soit toute le cycle vegétatif), on dispose de mesures hebdoma-
daires de profils neutroniques et tensiométriques sur chacun
des sites. L'ensemble de tous les points de mesures obtenus est
reporté fig. 6, sous la forme d'un graphe h(0). Le grand domaine
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de variabilité de cette relation 3 l'échelle de la parcelle

-qui a fait par ailleurs 1'étude d'une mise en facteur d'échel-
le [H ]- montre qu'il serait hasardeux de vouloir estimer le
bilan hydrique par application de la loi de Darcy, avec estima-
tion de la conductivité hydraulique K(0) en un seul site. L'ana-
lyse du bilan se fondera donc essentiellement sur 1'évolution
du stock hydrique.

5.1 - Evolution du stock hydrigue -

-~

La pluviométrie relative 3 la période considérée est
donnée tableau V. La culture dispose d'un apport d'eau total
de 403,7 mm, avec une concentration exceptionnelle de 177,7 mm
durant la seconde quinzaine de janvier 1982.

Globalement, on peut diviser la période de mesure en
3 phases :

- du semis au 9 février 1982, date correspondant 3 la
recharge maximum du sol par les pluies d'hiver,

- du 16 février au 13 avril 1982 (période de faible
pluviométrie et d'extraction racinaire importante),

- du 27 avril 3 la récolte (aprés une forte période de
pluie fin avril).

Les résultats globaux afférents 3 ces périodes sont
également préscntés fig. 7 sous la forme sulvante : &volution
du stock total (0-175 cm), du stock au-dessous de 105 cr1 et de

la teneur en eau 4 la cote 170 -cm en fonction du temps. Cette
présentation améne aux conclusions suivantes :

1) - L'cssentiel des variations de stock hydrigue sur
1'épaisseur de mesure (0-175 cm) a lieu dans le premier métre,
ce qui justifie 1'analyse précédentc.

?) = I1 existe de trés grandes différences entre les
valeurs absolues du stock hydrique de tube 3 tube (prés de
100 mm d'écart entre les extrémes, ce qui donne tout son poids
a4 1'étude spatiale) mais 1l'allure des courbes, et les variations
relatives (en fonction du temps) sont trés voisines.

3) - Les pluies importantes de fin janvier n'induisent
un écoulement (drainage) au-deld de la cote 160 cm que pour TCY
et d partir du 26 janvier. Sur ce site, les profils hydriques
montrent un comportement trés différent de 1'ensemble des au-
tres tubes, et la lame d'eau drainée peut &tre estimée 3 25 mnm.
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FIG.8. Loi de distribution (probabilité cumulée) de la profondeur de pénétration de la pluie
de janvier obtenue d partir de 24 mesures gravimétriques sur la grille.

Ce dernier résultat montre qu'il n'est pas possible, a priori,
de supposer que le drainage soit nul sur toute la parcelle. Une
estimation de cette grandeur s'impose.

La comparaison entre les 24 profils gravimétriques cb-
tenus en aolt 1981 et février 1982 permet d'avoir une estimation
de la profondeur moyerme de pénétration de la pluie de janvier en
chacun des sites. Les profils gravimétriques ayant €té mesurés

jusqu'd la cote 140 cm, on a déterminé la loi de distribution
(probabilité cumulée) de pénétration du front dthumidité, en
considérant des classes de profondeur 20 cm. La courbe corres-
pondante est donnée fig. 8. La pluie pénétre partout jusqu'a
80 cm au moins. La probabilité de dépasser 120 cm est de 50 %
sur 25 % seulement de la surface, le front dépasse la cote

140 cm. L'extrapolation de la courbe montre que 1l'on ne peut
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craindre une humidification au-deld de 160 cm (donc une possi-
bilité de drainage) gque pour environ 5 % de la surface. Ce ré-
sultat induit 3 une pondération de 1l'estimation du drainage sur
TCY pour la ramener, au niveau de la 'surface totale de la par-
celle, 3 une grandeur tout 3 fait négligeable devant les erreurs
de mesure de stock puisqu'elle correspondrait 3 un drainage
moyen d'environ 1,25 mm (5 % de 25 m).

5.2 - Bilan hydrigue. Consommation du blé.

Compte-tenu de 1'analyse précédente, le bilan hydrique
moyen sur les tubes TC2, TC3 et TCS peut se résumer 3 :

ETR = P - AS

ol AS est la variation de stock hydrique durant la période de
mesure entre 0 et 175 cm (zone de mesure neutronique). P est la
pluvicmétrie pendant la méme période. ETR est 1'évapotranspira-
tion réelle, le ruissellement &tant négligé.

On trouvera tableau V les résultats des calculs du bi-
lan, obtenus 3 partir des valeurs de stock par période de 2 3
3 semaines. Les valeurs moyennes et la bande de confiarnce sont
calculées en fonction des résultats de 1l'analyse statistique
sur la représentativité des sites.

On a reporté, fig. 9, le taux moyen journalier d'ETR
résultant de ce calcul ainsi que la valeur estimée du taux jour-—
nalier G'ETP Penman, obtenue selon la méthode présentée par RIOU
et CHARTIER [141. Jusqu'au 20/01, la valeur de 1'ETR mesurée
correspond au taux d'évaporation sur sol nu. Du 12/01 ou 2/02,
on a une trés grande incertitude quimontre une des limites de
cette méthode en cas de fortes plules, li€es probablement & 1'as-
pect trés local de la mesure qui peut &tre perturbée par les mo-
difications de structure autour des tubes d'accés. Par contre,
dés ‘le 2 février, on obtient une relative homogénéisation de la
mesure, 1'écart-type (estimé) sur le taux d'évapotranspiration
restant en moyerne de 0,3 nm/j. On note une diminution du taux
d'évapotranspiration, en phase de croissance, durant la période
pluvieuse allant du 13 au 27/04/1982. En fin de cycle, il est
enfin important -de noter la chute trés brutale de la consomma-
tion hydrigue.

On a également reporté, fig. 9, la comparaison entre
pluie cumulée et ETR cumulée durant tout le cycle. On notera
que l'alimentation de la culture n'a slrement pas €té satisfai-
sante puisque la consommation moyenne totale n'est que de 370 mm
avec un rendement de 770 kg ; cette valeur est cependant infé-
rieure 3 la pluie (403,7 mm),
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Ce résultat est confirmé par les mesures gravim@trigues
puisque 1l'on obtient le bilan suivant :

- stock 0-100 au #/11/1981 105,35 * 16,7 rm
- stock 0-100 au 3/06/198% 129,25 ¥ 21 rm
- pluie 403,7 mm

(sur les ¢ sites la variation de stock movenne en-dessous de
100 em est de b £ 5 m),

CONCLUSION

11 ne saurait étre question de tirer de cette étude des
arguments généraux valant pour tout site dlexpérimentation. I1
nous semble préférable de dégager certaines grandes lignes, ou
de suggérer des voies de recherches avec pour but d'approfondir
ce type d'étude, de définir ses limites d'application, et de
rechercher les possibilités de gfnéralisation.

i premier lieu, il nous parailt indiscutable que,quel
que soit 1l'échantillonnage retenu,une carpagne de prospection
préalable s'impose avant toute expérimentation de nature spa-
tiale pour caractériser les sites de mesure, définir les dis-
tanoeq minimum d'échantillonnage et 1 'importance du "bruit de

P

fond" 1ié 3 l'heterowenelte spatiale.

11 semble ensuite, au vu de cette étude, et d'autres
expérimentations menfes en paralléle par ailleurs, que du fait
d'une liaison déterministe &vidente entre les capacités de ré-
tention, ou de transferts hydriques du sol, et la texture, il
peut exister une stabilité temporelle importante dans les lois
de distribution spatiale des variables hydriques. Un point dans
un domaine pourrait &tre affecté d'un certain rang dans une loi
de distribution, et aurait tendance 3 le conserver.

Ta validation de cette hypothlse nécessite cependant
un certain nombre de répétition de mesures dans le {erps, ce
qui induit une limite expérimentale importante, ¢t &ventuclle-
ment un biais analytique : si les répftitions ne sont pas ef-
fectues au méme point, 1'analyse peut &tre biaisée par 1'exis-
tence A'hEtérogréité i trés courte distance. Cecl doit faire
au plus ot 1l'objet d'une recherche méthodologique.

Pour le site de mesurce considéré, la taille de 1'é-
chantillonnage reoprésentalif est passé de 24 4 9 sans pertes
d'informations, puis & 4 sans qu'il soit toutefois possible de
valider compldétement le résultat obtenu par ce dernier échan-
tillon. I1 ne serble cependant pas illusoire d'espérer définir
un point moyen, image du comportement "moyen™ de la parcelle.
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Si 1'on accepte le principe d'analyse ayvant conduit aux résul-
tats du tableau V, on notera que,sur le cycle complet, l'er-
reur quadratique moyenne entre la valeur A'ETR calculfe 3 par-
tir du seul site TC3 (site moyen) et la moyenne sur la parcel-
le (moyemnes des mesures sur 7C5, TC2, TC3) vaut 9,3, soit une
erreur de ¥ 3 m ou 1 % de 1'E™R totale.
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Abstract-Résumé

EXPERIMENTAL DESCRIPTION AND STOCHASTIC MODELLING OF TRANSFERS
USING A SCALING FACTOR FOR THE HYDRODYNAMIC PROPERTIES OF THE SOILS.
It is well known that natural soils do not have constant hydrodynamic properties on the
plot scale, Experimentally, this means that a water balance obtained in an access tube by means
of a neutron moisture gauge and tensiometers is not necessarily representative of the whole range
studied. For modelling purposes the deterministic aspect of transfers should be associated with
a stochastic description of the hydrodynamic parameters (pressure, water content, hydraulic
conductivity). An experiment was carried out in a one-hectare plot of bare soil at Bambey
(Senegal) in order to characterize its variability: 28 infiltration tests were performed at the
points of 223 X 23 m grid. At each of these points, the insertion of a neutron access tube to a
depth of 2.0 m, and the positioning of three tensiometers at depths of 100, 110 and 120 cm
made it possible also to monitor the redistribution of water and to derive the pressure-water
content relationships. In addition, internal drainage tests were made in four 1.5 X 1.5 m soil
‘monoliths so as to find the hydraulic conductivity-water content relationships at different
depths. On the assumption of similarity in porous media (verified in this study) all the results
were analysed in terms of the theory of scaling factors, The data obtained in bare soil were
then used as the basis for solving the stochastic equations for infiltration and drainage. The
results show that, apart from satisfactory agreement, with the experiment, the mean solution
obtained from the mean parameters (deterministic solution} is clearly different from the
mean of the solutions (stochastic solution). These differences, as well as the variance, depend
strongly on the variability of the soil, expressed here as the coefficient of variation of the
scaling factors. This obviously calls in question the conce;;t of equivalent porous media.

¥ Contribution de 'IRAT, de ’'ISRA et de 'IMG dans le cadre du programme d’assistance
AIEA/OAA n° SEN/5/011.
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DESCRIPTION EXPERIMENTALE ET MODELISATION STOCHASTIQUE DES TRANSFERTS
PAR LA MISE EN ECHELLE DES PROPRIETES HYDRODYNAMIQUES DES SOLS.

Il est bien connu que les propriétés hydrodynamiques des sols naturels ne sont pas
constantes 4 I’échelle de la parcelle. Cela implique, au plan expérimental, qu'un bilan hydrique
établi sur une verticale par humidimeétre neutronique et tensiomdtres n’est pas nécessairement
représentatif de tout le domaine d’étude. Au plan de la modélisation, a I'aspect déterministe des
transferts, il convient d’associer une description stochastique des paramétres hydrodynamiques
(pression, teneur en eau, conductivité hydraulique).Une expérience a été conduite sur une
parcelle de sol nu de 1 ha, & Bambey (Sénégal) afin d’en caractériser 1a variabilité: 28 essais
d’infiltration ont été réalisés aux noeuds d’une grille 23 X 23 m. En chacun de ces points,
Timplantation d’un tube d’accés neutronique jusqu’i 2,0 m et de 3 tensiometres aux cotes
100, 110 et 120 cm a permis de suivre également la redistribution de Yeau afin d’obtenir les
relations pression-teneur en eau. De plus, des essais de drainage interne ont été réalisés sur 4
monolithes de sol 1,5 X 1,5 m afin d’obtenir les relations conductivité hydraulique-teneur
en eau 4 différentes cotes. En se fondant sur hypothése de similitude en milieu poreux
(vérifi¢e dans cette étude), tous les résultats sont analysés en fonction de la théorie de la mise
en facteur d’échelle. Les données obtenues sur le sol nu servent ensuite de base 3 la résolution
des équations stochastiques de Pinfiltration et du drainage. Les résuliats montrent, outre un
bon accord avec ’expérience, que la solution moyenne obtenue 3 partir des parameétres moyens
(solution déterministe) est nettement différente de la moyenne des solutions (solution
stochastique). Ces différences, ainsi que la varjiance, sont trés fortement dépendantes de la
variabilité du sol, exprimée ici par le coefficient de variation des facteurs d’échelle. Cela remet
évidemment en cause le concept de milieu poreux équivalent.

A. INTRODUCTION

I1 est bien connu que les transferts isothermes d'eau
dans un milieu poreux non saturé sont décrits & 1'échelle macros-
copique par des éguations aux dérivées partielles non linéaires.
I1 s'agit de modéles conceptuels puisque fondés sur la connais-
sance des processus physiques impliqués. Ces modéles permettent
de connaitre 1'évolution spatio-temporelle des variables d'état
du milieu poreux, en fonction de conditions initiales et aux
Timites imposées par 1'intermédiaire de. paramétres phénoméno-
logiques. Dans 1'hypothése d'un milieu uniforme et homogéne
(au sens défini par FREEZE, [1] ) ces mod&les conceptuels sont
de type déterministe -puisque la connaissance des parametres en
un po1nt suffit a caractériser 1'ensemble du domaine.

De nombreuses études expérimentales de laboratoire,
montrent que cette approche convient pour 1'étude des transferts
en milieu poreux non saturé. En revanche, son extension aux con~
ditions naturelles in situ se heurte a& de sérieuses limitations :

1) - Un sol n'est jamais uniforme et homogéne et ses
propriétés varient d'un point a un autre. Cela impose donc une
description stochastique des paramétres.
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2) - L'aspect stochastique n'implique pas nécessaire-
ment que les paramétres et/ou les variables d'état soient aléa-
toirement distribués dans 1'espace. I1s {elles) peuvent présen-
ter une structure spatiale horizontale et/ou verticale.

3) - Le caractére aléatoire des conditions aux limites
naturelles (pluie, évaporation) renforce cet aspect stochastique.

Bien que la modélisation des transferts hydriques &
1'échelle de 1a parcelle ait €té 1'objet de nombreux développe-
ments, au cours de ces derniéres années ([2], [3], [4]1, [5],
(61, {71, [81), trés peu d'études {[3]) confrontent modéle et
expérience.

On se propose ici de caractériser et d'analyser la va-
riabilité spatiale d'une parcelle de sol nu d'un hectare, de
modéliser les transferts correspondants (infiltration et drai-
nage) & 1'aide de la théorie de la mise en facteur d'échelle
des propriétés hydrodynamiques et de comparer les résultats
avec des mesures in situ.

B. THEORIE

1 - APPROCHE CONCEPTUELLE DES TRANSFERTS :

L'écoulement isotherme d'eau, supposée pure et incom-
pressible, dans chaque colonne verticale de sol homogéne est
classiquement décrit par 1'équation suivante :

a8 _ 3
8 -2 ko) & -1y (1)

Tous les symboles sont donnés en nomenclature.
En négligeant les effets d'hystéresis et dynamiques
sur h(8), 1'équation (1) peut s'écrire :

90 30 3K(e
CERNE POy

La résolution des équations (1) ou (2), pour des con-
ditions initiales et aux limites définies, permettrait d'obte-
nir 8(z,t) pour un sol uniforme et homogéne de caractéristiques
hydrodynamiques (K(6)}, D(8)) données. Leur utilisation pour un
milieu non uniforme nécessite donc la connaissance de la varia-
bilité de ces paramétres.

2 - DESCRIPTION STOCHASTIQUE DES PARAMETRES HYDRODYNAMIQUES :

De nombreuses études expérimentales ([91, [101, [11],
[12], [13]) montrent qu'en s'appuyant sur la théorie de la si-
militude des milieux poreux, la variabilité constatée dans les
propriétés hydrodynamiques d'un sol pouvait étre appréhendée
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par 1'utilisation de facteurs d'échelle, caractéristiques de
chaque point de mesure, Le probléme se raméne alors & 1'étude
de la variabilité spatiale de ces coefficients.

Rappelons briévement que 1'invariance des coefficients
de tension superficielle et de viscosité cinématique conduit a
écrire pour deux milieux poreux semblables (au sens de MILLER
et MILLER, [14]), Ta relation suivante :

_ P
rT %,

ol ay  est le facteur d'échelle relatif & la propriété hydro-
dynamique W,-. I1 est défini par le rapport entre les Tongueurs
caractérisant la géométrie interne des milieux gquelconques (r)
et de référence (x). L'exposant p prend les valeurs suivantes :
p = -1 pour la pression, p = 2 pour la conductivité ou Te flux,
p = 1 pour Ta diffusivité capillaire, p =.% pour la sorptivité.

On notera que 1'hypothése de similitude implique d'une
part, que la porosité soit constante, d'autre part, que les oy .
en un méme point, sont les mémes quelle que soit la fonction
W considéreée. ,

W W (3)

3 - APPROCHE COUPLEE "STOCHASTICO-CONCEPTUELLE" DES TRANSFERTS :

En admettant 1'hypothése de similitude et en effectu-
ant un changement des échelles d'espace (z¥* = qz) et de temps
(t* = a’t), on montre aisément que les &quations (1) et (2},
compte-tenu de la relation (3), s'écrivent respectivement :

20 3 u dh* .
AR T [rE {K*(®) (a‘z:: - 1)} (4)
38 _ B a4y 98 5 3K(8
S = °(0) 330 - 5L (o)

Pour des conditions initiales et aux limites prescri-
tes, la solution des équations (4) ou (5) est invariante avec
la position, et elle est unique pour un sol fictif dont les
propriétés hydrodynamiques sont assimilées 3 celles du milieu
de référence. Elle correspond & la solution déterministe du
probléme. A titre d'exemple, nous présentons les cas de 1'in-
filtration sous charge constante et du drainage gravitaire.

a) Modélisation stochastique de 1finfiltration.

On s'intéresse ici uniquement 3 la modélisation de
1'infiltration d'eau sous trés faible charge, dans un profil
semi-infini. Le cas de T'infiltration sous flux est traité par
ailleurs [1517.
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" Ainsi pour les conditions initiales et aux limites
suivantes :

t* < 0 % 20 6 =8
: (6)
t¥ 20 % =0 6 = 6¢

PHILIP [16] donne la solution en série de 1'équation (5) qui,
limitée aux quatre premiers termes, s'écrit :

4
75(0,t%) = 5 % (9). t¥9/2 (7)
g=1 ¢

o les fonctions f#({e) sont les solutions d'équations différen-
tielles ordinajresd ‘

L'introduction des facteurs d’échelle dans 1'équation
(7) donne :. :

PR
2(0,1) = I fi(e) o(39/2-1)  a/2 (8)

q=1 9

Infiltration cumulée et flux d'infiltration en n'im-
porte guel site sont alors donnés par les relations suivantes :

4 t
) =z A o39/2°1) (/2 (2 kg gy (9)

9=1 f

Yoq g (3a/2-1) Lq/2-1 . 2 '
. t - b P - - - -
i(t) ot 3 Ay o t +a” KY(e)  (10)

. 8.
ot les coefficients Aé sont estimés par [ > f; (8) do

%

I1 est bien connu que les solutions (8), (9) et (10} ne sont
convergentes que pour des temps inférieurs a une valeur criti-
que estimée par : A%
S S S
¢ 3 o
o K (BS) ‘
Au-deld, le régime d'infiltration peut &tre estimé par 1'appro-
ximation du profil asymptotique [16] dont les solutions sont
les suivantes :
6 . - an)
Z=a s . \rD (B) Eyd d@
K*(e) - K"(On) - [K"(@S) - K"(en)][(e—@n)/(es—en)J

O
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a a

pr 1 3 3
I(t) = 0"2 K (Os)t - O‘_az exp {- 320. t} + T (12)
i(t) = a2 K“(@S) + a2 3y exp {- a2a3t} (13)

ot les coefficients a1, ap, ag sont déterminés par continuité
des solutions série et asymptotique au temps t..

— ——————— e m

I1 s'agit ici de prédire 1'évolution dans le temps de
1'humidité, et du flux & une cote donnée, au cours d'un proces-
sus de ressuyage d'un sol initialement humidifié jusqu'a sa sa-
turation naturelle. Contrairement au cas de 1'infiltration on ne
dispose pas de solutions quasi-analytiques exactes de ce proble-
me. I1 est néanmoins possible, sous certaines conditions d'obte-
nir une solution approchée. En effet, avec Tes hypothéses simpli-
ficatrices proposées par LIBARDI et al [17]1, Ta solution de
1'équation (4) donne :

2 b-1 5t 41/1-b
O(Z,t) = @s {1 + —Gg KO z } (14)
2 2 b-1 ,x t,b/1-b
q(z,t) = o KJ {1 + @ o Ko 27 (15)

2 b-1 s t.1/1-D
D(Z,t] = a@sz {1 - (1 +a 26]; Kc; _g_) } (16)
On noEera que ces équations sont étatlies ici, avec
K#(8) = Kg (él) (modéle empirique de BROOKS et COREY [18]).
S

c) Conclusion.

Compte-tenu de la variabilité spatiale des propriétés
hydrodynamiques du sol, décrite ici par le facteur d'échelle a,
les équations de 1'infiltration et du drainage apparaissent sous
la forme générale suivante :

X =g (o, paramétres, t,z) (17)

ol les paramétres sont uniques pour toute la parcelle et a est
une variable aléatoire. Pour des conditions initiales et aux 13-
mites données et supposées ici constantes sur la parcelle, la
variable d'intérét X est donc elle~-méme une variable aléatoire
qui. dépend de facon déterministe du temps et de la cote. Suppo-
sant connue la loi de distribution des a, il s'agit donc d'in-
férer les propriétés statistiques (loi de distribution et mo-
ments associés) de X satisfaisant aux équations des transferts.
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FIG.1. Schéma d’implantation du dispositif expérimental.

L'aptitude de cette modélisation a prédire la réalité
dépend bien évidemment de la validité des hypothéses qui 1a sou-
tendent tant au niveau conceptuel {loi de PHILIP pour 1'infiltra-
tion, hypothéses du drainage) que stochastique (hypothése de si-
militude des milieux poreux). I1 apparait donc indispensable de
cgnfronter les résultats de ce type de modélisation avec 1'ex-
périence,

C. RESULTATS EXPERIMENTAUX

1 - PROTOCOLE EXPERIMENTAL :

Une parcelle de 1 ha environ a été considérée sur la
station de recherches agricoles de BAMBEY- Sénégal. Le sol, ini-
tialement en jachére, a été dénudé et un quadrillage systémati-
que avec une maille carré de 23 m de c6té a €té mis en place
~(fig.1). En chacun des 28 noeuds ainsi obtenus, le taux d'élé-

ments fins (A+L) Timités a 20 um a &té déterminé par tranches de
sol de 10 cm jusqu'd 20 cm de profondeur, puis de 30 cm jusqu'a
2 m, Des mesures complémentaires ont &té effectuées aux centres
de 12 mailles (fig.l). En 4 noeuds, M1, M2, M3, et M4, un mono-
lithe carré de 1,5 cm de c6té isolé Tatéralement par une feuille
de polyane a été équipé d'un tube d'accés neutronique jusqu'a 2m
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de profondeur et de 10 tensiométres implantés verticalement aux
cotes 0,10, 0,20, 0,30, 0,40, 0,50, 0,70, 0,90, 1,10, 1,30 et
1,50net connectés a des manométres a mercure. Sur chacun de ces
monolithes, un essai classique de drainage interne ([19], [201)
a été réalisé afin d'obtenir en ces sites les relations K (8) et
h (8) & différentes profondeurs [21].

Les 24 autres noeuds (fig.l) ont été équipés d'un tube
d'accés neutronique jusqu'a 2 wm de profondeur et de 3 tensiométres
aux cotes 1,00, 1,10 et 1,20m.En chacun de ces sites, un essai
d'infiltration a été réalisé en utilisant un infiltrométre double
anneaux (Qint = 0,58 m ; Eext = 0,96 m) aliment® en eau par un

dispositif de type Mariotte afin d'assurer une lame d'eau sensi-
blement constante (3 a4 4 cm) & 1a surface du sol et de mesurer
les volumes infiltrés. Les essais ont duré, en moyenne &0 min.

On notera que sur les 24 essais, 5 ont di &tre &liminés en raj-
sont de la présence de "macro-fissures" (trous de rongeurs, et
de serpents) rendant toute mesure impossible.

2 - CARACTERISATION PEDOLOGIQUE DE LA PARCELLE :

Le sol de la parcelle considérée, de dénomination ver-
naculaire "DIOR" est trés répandu en zone Centre-Nord du SENEGAL.
11 s'agit d'un sol ferrugineux faiblement lessivé provenant
d'apports &oliens sur un substrat marno-calcaire de 1'éocéne.
L'observation des profils montre une grande homogénéité verti-
cale, avec prédominance de sable fin et absence d'é&léments su-
périeurs & 2 mm. La matiére organique est inférieure a 0,5 %.

La masse volumique séche a pour valeur moyenne 1,45 g/cmé.

L'analyse statistique des observations du taux d'élé-
ments fins (A+L) 1imités & 20 um conduit a une loi de distribu-
tion Tog-normale dont les paramétres sont :

= 2,00 et o

™ n (A+L) Ln (A+L) ~ 0,272.

L'analyse géostatistique & 1'aide du semi-variogramme
montre que les observations peuvent é&tre considérées comme spa-
tialement indépendantes les unes des autres pour des distances
supérieures a 23 m.

3 - CARACTERISATION HYDRODYNAMIQUE DE LA PARCELLE :

La mesure simultanée des teneurs en eau et des
charges hydrauliques au cours du ressuyage des lames d'eau ap-
portées Tors des essais d'infiltration a permis d'obtenir en
23 sites (19 essais d'infiltrométre et 4 monolithes), les re-
Tations h,. (8). :

D'autre part, 1'analyse des profils hydriques et de
charge hydraulique mesurés lors des essais de drainage interne
sur les 4 monolithes, a permis de déterminer les relations
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FIG.2. Relations pression - degré de saturation ¢ z = 110 cm:
a) valeurs brutes
b) valeurs réduites par la mise en facieur d’échelle.

Ky (8) a différentes cotes. Toutes les données expérimentales
hy (6) et Ky (8) ol r représente indifféremment un site ou une
cote de mesure, ont été lissées par le modéle suivant [18]

_ Br . ~ br
hr {S) = hor S 3 Kr (S) = Kor S

Les humidités ont été exprimées par le deqré de saturation

S = 8/gg afin de s'affranchir des éventuelles variations spa-
tiales de la porosité. A titre d'exemple, Tes résultats sont
reportés fig.2a pour hye (S) & la cote z = 110 cm et 3a pour
Ky {S) aux cotes 30, 50, 90 et 110 cm.
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FIG.3. Relations conductivité hydreulique — degré de saturation:

a} valeurs brutes
b) valeurs réduites par la mise en facteur d’échelle.

4 - DETERMINATION DES FACTEURS D'ECHELLE

Rappelons qu'il s'agit de trouver les relations mo-
yennes d'échelle :
b (18)

t = p <P = VS
he(S) = kg S et K=(S) = K s

oll h§, B, K§ et b sont uniques pour toute la parcelle et les
facteurs d'échelle définis par la relation (3) sous la contrain-~
te de normalisation : 1 N
- qa.=1

n . r

r=1 '
ol n est le nombre de sites de mesure. L'utilisation de la pro-
cédure proposée par SIMMONS et al [11] a conduit aux valeurs
suivantes @ h¢ = - 16,6 cm d'eau 5 8 = - 1.294 KE = 242 ,8mm/h
b =6,87. .

% dh”

La diffusivité capillaire calculée par D*=K a5 se
met donc sous la forme suivante

a2
>

p'(s) = D ST avec D

-~

 21,733.10° mmé/h 5 y = 4,576
{19)

(o]
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Les facteurs d'échelle relatifs a la relation pression
teneur en eau calculés pour la cote z = 110 cm (n = 23) suivent
une loi log-normale de moyenne L -0,1229 et d' ecart -type

= 0,5274.
Lna

On notera que le semi-variogramme n'a montré aucune
structure spatiale des a, pour 1'échantillonnage retenu. La mé-
me procédure a €galement €té utilisée pour Tes relations h(8) et
K(g)} déterminées sur les 4 monolithes. La bonne corrélation entre
les facteurs d'échelle de 1a pression {ah) et de la conductivité
(aK) = 0,97 ap avec r2 = 0,85) montre que 1'hypothése de mi-
Tieux poreux Semb?ab1es peut valablement étre retenue.

Les valeurs de la pression et de la conductivité mi-
ses en échelle par 1'intermédiaire des facteurs a, sont repor-
tées figures 2b et 3b respectivement, ainsi que les relations
moyennes données par les équations [18].

11 apparait donc que la procédure de mise en facteur
d'échelle réduit trés notablement la dispersion des points ex-
périmentaux autour des courbes moyennes d'échelle. On notera
que Ta coalescence des points devrait &tre totale si 1'hypo-
thése de similitude €tait rigoureusement vérifiée.

5 - RELATION ENTRE LES FACTEURS D'ECHELLE ET LA TEXTURE :

I1 est apparu une liaison statistique entre les fac-
teurs d'échelle et le taux d'éléments fins (A+L) & la méme co-
te. La recherche de la meilleure corrélation a conduit a :

Lnoa = - 0,949 Ln (A+L) + 1,782 (r = - 0,871) (20)

On notera que la nature linéaire de la régression
sur les valeurs Togarithmiques respecte la loi de distribution
de chacun de ces paramétres.

Cette relation peut servir d'outil pour prédire o en
n'importe quel point de la parcelle, & partir d'une détermi-
nation expérimentale du taux (A+L) plus facile & mettre en
oeuvre, sous les réserves habituelles Tides a 1'utilisation
des corrélations en prédiction.

D. MODELISATION STOCHASTIQUE DES TRANSFERTS

1 - PRINCIPES DE L'ANALYSE STATISTIQUE DES RESULTATS :

La solution des équations stochastiques de 1'infiltra-
tion et du drainage a été obtenue en générant 100 valeurs de «
prises dans sa loi de distribution, selon la procédure décrite
dans [15]. I1 est ainsi possible d'inférer 1a loi de distribu-
tion de X et de calculer ses premiers moments. On notera que
cela revient & simuler numériquement 100 mesures effectuées

sur la parcelle,
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FIG.4. Lame d’eau infiltrée en fonction du temps, Les barres verticales correspondent au
domaine de variation des valeurs mesurées sur les 23 sites.

On remarquera qu'une estimation simple de 1a valeur
moyenne £ {X} et de la variance var {X} peut s'obtenir direc-
tement par développement en série de Taylor de 1'équation (17) :

2 2
3°q gc o
E{X} =g(m) + . — (21)
& 3a2 m 2
Ql
2 2
var{ X }= —%g‘ . % (22)
m
o

ol m. et 05 sont respectivement la valeur moyenne et la va-
riance de o calculées en respectant la loi de distribution. L'é-

quation (21) peut également s'écrire :

E{X} = g(m&) {1 +eX} (23)

1 a2
N o1 3 g g a ' . Cend o
ol ey = ﬁTﬁ;T ‘ ;;? o 5= est 1'écart relatif entre 1'espé
a
rance mathématique de la variable d'intérét X et la moyenne dé-
terministe g(ma) calculée avec m, = 1. '
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FIG.5. Profils hydriques aprés I heure d'infiltration. 6 =0,03 cm®fem?; 0,=0,30 em?fem®,

Bien que cette méthode ne permette pas d'avoir accés
d la distribution de la variable X, elle a 1'avantage de 1a sim-
plicité lorsque X est définie analytiquement.
2 - CAS DE L'INFILTRATION.

Les solutions de 1'infiltration ont -été obtenues

(A] = 67,76 mon /2, A5 < 82,11 mon™l, A; = 96,92 mmh /2,
AS = 86,0 mmh%, a; = 92,83 mmh, o, = 23,72 07, a, = 9,63 m,
t. = 0,08 h) par 1'algorithme de calcul donné par VAUCLIN et al

3

[22] avec 6, = 0,03 cm3/cm et 6, = 0,30 cm3/cm3 (valeurs mesu-

rées au champ).

a) A titre d'exemple, 1'évolution dans le temps de
1"infiltration cumulée moyenne, calculée en respectant sa loi
de distribution (log-normale) est reportée fig.4 ainsi que les
yaleurs correspondant aux premier (o = 0,62) et dernier quarti-
Tes{a = 1,28) de 1a Toi de distribution des a. Ainsi, aprés 1
heure d'infiltration, sur 25% de la surface de la parcelle, la
lame infiltrée est inférieure & 108 mm et supérieure a 405 mm.
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TABLEAU I. PARAMETRES DE LA DISTRIBUTION DU FRONT

D’INFILTRATION

t E{zf} var z. cv Mode Médiane

(h) | (cm) (cm?) (cm) (cm)
0,1 14,1 6,86 0,18 7,90 11,6
0,25 29,5 645,6 0,86 12,8 22,4
0,5 55,8 3230,4 1,00 19,7 39,5
1,0 110,0 15376 1,12 32,1 73,0

o

FIG.6. Répartition spatiale du front d’infiltration au temps t = 1 heure.
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FIG.7. Teneur en eau volumique en fonction du temps a z =110 cm; au cours du drainage
les barres expérimentales correspondent aux écarts types expérimentaux.

Les valeurs moyennes expérimentales (calculées & partir des 23

essais) ainsi que les domaines de variation associés sont éga-

Tement reportés. Qutre un accord trés satisfaisant avec les va-
Teurs prédites, on notera que supposer le sol homogéne et uni-

forme (solution déterministe obtenue avec o = 1) reviendrait a

sous~estimer de 20% environ laquantité d'eau infiltrée.

b) La figure 5 donne les profils hydriques aprés 1-
heure d'infiltration, correspondant d'une part aux valeurs mo-
yennes déterministe (@ = 1) et stochastique (E{6}) et d'autre
part, aux premier et dernier quartilesde 1a loi de distribu-
tion des a.

¢) Les principaux paramétres de la loi de distribu-
tion du front d'infiltration défini par :

O

1
z2e(t) = 5——5
f Bc = @ n

s 2(0,t) do - (24)

0
. n
sont donnés tableau I a différents temps.

Le caractére fortement asymétrique et aplati de la fonc-
tion de répartition zy (t) implique que les valeurs les plus
probables (Mode) sont trés différentes des valeurs moyennes.
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TABLEAU 1I. PARAMETRES DE LA FONCTION DE REPARTITION DE

VAUCLIN et al.

L'HUMIDITE A z= 110 cm, LORS DU DRAINAGE GRAVITAIRE.

t E {0} var {0} cv Mode Médiane
(h) (cm3/cm3) (cn\3/cm3)2 (cm3/cm3) (cm3/cm3)
1 0,2340 1,26.10"3 0,153 0,230 0,2310
24 0,1434 6,55.10»‘:1 0,178] 0,1420 0,1425
120 | 0,1093 | 3,85.107*} 0,180| 0,2092 | 0,1095
200 | ©0,0972 | 3,05.107%] 0,180{ 0,098 | 0,100

-50t—

3
1o

FIG.8. Ecart relatif entre moyennes stochastique et déterministe en fonction du temps.
CV, = 0,57 correspond a la variabilité observée (oina =0,2782); CV, =086 et CV, =143

16° 10

Temps, h

correspondent a 2aim et 40{,‘0‘ respectivement.

a) flux d’infiltration
b) flux de drainaged z =110 cm.
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TABLEAU IIi. COMPORTEMENT AU VOISINAGE DE t=0.

var(x)‘

£x
INFILTRATION
Flux (i) ,%cvg ’lrs"f ? s
Lame (I) B Ialn tcvl-o
DRAINAGE N
Teneur en eau (0) |- Eg% m§ % CVS ~0_ |4 Kzz (iz:-)2 mi CVi +0
Flux (q) ol amd e o?
Lame (D) §g§ﬁcﬁ+ 0, 4@23m ol -0

La répartition spatiale des fronts aprés une heure d'in-
filtration est visualisée figure 6. Des valeurs supérieures a
350 cm bien que rares (3% environ) peuvent paraitre néanmoins
surprenantes, On notera cependant qu'en 6 points de Ta parcelle
la grande vitesse d'infiltration n'a pas permis la mesure des
volumes infiltrés et 1'analyse correspondante. De plus, au cours
de 1'hivernage 1980 des humidifications trés significatives ont
€té observées sous condition de pluie naturelle a 350 cm de pro-
fondeur (dernier point de mesure neutronique). Ces faits expéri-
mentaux accréditent donc la possibilité d'infiltration profonde
prédite par le modéle et permettent d'envisager la faisabilité.
de recharger artificiellement les nappes & surface libre en
voie de tarissement dans cette région.

3 - CAS DU DRAINAGE :

La figure 7 donne les é&volutions en fonction du temps de
la teneur en eau & la cote z = 110 cm calculées pour o = 1
(solution.déterministe), o = 0,624 (premier quartile) et

= 1,28 (dernier quartile) ainsi que la valeur moyenne. Les

valeurs moyennes expérimentales obtenues par humidimétrie neu-
tronique en 23 sites sont également reportées ainsi que les
écarts-types associés. Outre un bon accord entre moyennes ex-
périmentales et numeriques, on remarque que 13 encore Ta mo-
délisation déterministe ne convient pas.

Les pr1nc1paux paramétres de la fonct10n de répartition
des humidités & z = 110 cm sont donnés tableau II pour diffé-
rents temps.
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TABLEAiJ 1V. COMPORTEMENT AU VOISINAGE DE t >

£y var(X)
INFILTRATION
Flux (i) oy 4 K2t o
Lame (1) CVE 4 K::Z té rn: CVE > ®
DRAINAGE
' b+1 2
Teneur en eau {0) cv 0
(b-1)° ¢
Flux () e 0
(b-1)
b+l 2
Lame (D) - —— LV 0
(b-1)" ¢

I1 apparait que les teneurs en eau & une cote donnée
suivent une loi normale de distribution, comme le suggérent
de nombreuses études expérimentales. On notera que la méme ana-
lyse effectuée sur les flux de drainage montre que la Joi de
distribution d'abord log-normale tend & devenir normale au fur
et @ mesure du processus de drainage.

4 - INFLUENCE DE LA VARIABILITE SPATIALE :

L'utilisation des formules (22) et (23) permet d'étu-
dier aisément Ta sensibilité des processus d‘infiltration et
de drainage & 1'hétérogénéité de la parcelle. Les expressions
de ey et var (X) pour toutes les variables d'intérét s'obtien-
nent par simple dérivation des fonctions g{u). A titre d'exem-
ple, les figures 8a et 8b présentent 1'évolution en fonction.
du temps des écarts relatifs entre moyenne stochast1que E{X}
et déterministe X(m } correspondant aux flux d'infiltration et
de drainage pour 3 “valeurs de coefficient de variation a. I1
appara1t que pour des sols certes fortement non uniformes

= 1,43) mais non rares, comme le montrent diverses études
([10?, [111): Tes écarts ey peuvent atteindre 150% !

Les tableawIII et IV donnent le commitement de ey
et var (X) au voisinage de t = 0 et pour t »~ = dans le cas
de 1'infiltration et du drainage.
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I1s appellent les commentaires suivants :

a) Les valeurs limites de ey et var (X) s'expriment
toutes en fonction de cvg.

b) Alors que la modélisation déterministe de 1'infiltra-
tion surestime la solution réelle aux temps initiaux (e; et ¢7
sont négatifs), elle 1a sous-estime aux temps longs (ej et e
sont positifs). Pour une variabilité observée, la sorptivite
A7 influence 1a variance du flux et de la lame infiltrée aux
instants initiaux (effets capillaires prépondérants), alors
qu'aux temps longs elle est affectée par la perméabilité a sa-
turation K (effets gravitaires prépondérants). On notera éga-
Tement les 1imites non finies des var (i) pour (t - 0) et de
var (1) pour (t - =},

c) Les Timites nulles de ¢, et e, pour t -~ 0 ainsi que
les variances correspondantes prov?ennen du caractére détermi-
niste de la condition initiale (8¢ est constant sur toute la
parcelle) imposée dans la modélisation du drainage. Aux temps
longs, 1'approche déterministe sous-estime teneur en eau et
flux de drainage et surestime la lame écoulé&e & une cote donnée.
De plus, les écarts eg, €q et ep seront d'autant plus &levés
que le coefficient b sera petit ; donc que le sol sera plus
sableux, toute chose étant égale par ailleurs. Ecart g, et
variance var (q) pour t -+ 0 sont finis et indépendants de 1a
cote considérée. I1s sont d'autant plus grand que le sol se-
ra plus hétérogéne et plus perméabie ( pour Ta variance seule ).

‘

d) On notera la cohérence des résultats suivants :

. lim Eq = Tim €5

t->0 t > e
. lim {var(q)} = lim {var (i)}

t~->0 tr ]
, {var (D)}t=0 et var'{(I)}t_,m ont mémes équivalents.

E. CONCLUSIONS

A la faveur de ces gquelques résultats, i1 est possible
de dégager les conclusions suivantes :

1) - L'utilisation de la théorie de la mise en facteur
d'échelle des propriétés hydrodynamiques couplée aux équations
c]gssiques des transferts hydriques, a permis une modélisation
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relativement simple de 1'infiltration et du drainage @ 1'échel-
le d'une parcelle de un hectare. Le bon accord entre les va-
Teurs expérimentales et numériques montre 1‘'adéquation de ce
type de modélisation.

2) - La comparaison entre les solutions déterministes
et stochastiques montre que 1'approche déterministe est inadé-
quate pour modéliser les transferts hydriques in-situ, en sol
non uniforme puisque la moyenne spatiale des solutions est dif-
férente de la solution moyenne qui serait obtenue en considé-
rant des paramétres moyens., Cela remet en cause le concept de
milieu poreux uniforme équivalent, déja mis i mal en hydroqeo-
logie [13] pour Tes milieux saturés.

3) - L'approche utilisée ici suppose implicitement
que les variations spatiales des propriétés du sol sont totale-
ment aléatoires. On notera que 1'absence d'autocorrélation entre
les observations distantes de 23 n, mise en évidence ici par le
semi-variograrme, n'implique pas nécessairement 1'indépendance
en-deca. En cas de structure spatiale, une approche de type si-
mulation conditionnelle [23] doit alors é&tre envisagée.

LISTE DES PRINCIPAUX SYMBOLES

cv . coefficient de variation -

D(6)  : diffusivité capillaire (LZT°H)

D : lame drainée (L)

E {X} espérance mathématique de X

h(8) : press1on effective de 1'eau (L)

i + flux d'infiltration (LT-1)

I : lame infiltrée (L) -1

K(8) : conductivité hydraulique (LT )

q : flux de drainage (LT' )

S : degré de saturation (6/6g)

t ¢ temps (T)

te : temps critique (T)

var(X) : variance de X

W : propriété hydrodynamique que]conque

X : variable aléatoire quelconque

z : profondeur (L)

zf : profondeur du front d'infiltration (L)

o : facteur d'échelle

eX : &cart relatif entre moyennes stochastique et
déterministe

8 : teneur en eau volumique (L3 L™ )

Bn : teneur en eau initiale L L-3)

9g : teneur en eau saturation( L L-3)

L indice r correspond au site de mesure.
: représente une valeur moyenne d' eche]]e



[
N
13
4]
[5]
[6]

(7]

[8l
(91
[10]
[11]
[12]

f131]

JAEA-SM-267/25 ‘ 123

REFERENCES

FREEZE, R.A., A stochastic-conéeptual analysis of one-
dimensional ground-water flow in nonuniform homogeneous
"média, Water Resour. Res. 11 5°(1975) 725

RAO, P.S.C., RAO, P.V.,DAVIDSON, J.M., Estimation of the
spatial variability of the soil-water-flux, Soil Sci.Soc.
Am. J. 41 (1977) 1208

WARRICK, A.W., MULLEN, G.J;, NIELSEN, D.R., Predictions
of the soil water flux based upon field-measured soil
Water properties, Soil Sci. Soc. An. J. 41 (1977) 14

PECK, A.J., LUXMOORE, R.J., STOLZY, J.L., Effects of spa-
tial variability of soil hydraulic properties in water
budget modelling, Water Resour. Res.13 (1977) 348

WARRICK, A.W., AMOOZEGAR-FARD, A.A., Infiltration and

drainage calculations using spatially scaled hydraulic
properties, Water Resour.Res. 19 (1979) 348

SMITH, R.E., HEBBERT, R.H.B., A Monte Carlo analysis of
the hydrologic effects of spatial variability of infil-
tration. Water Resour. Res. 15 (1979) 419

LUXMOORE, R.J., SHARMA, M.L., Runoff responses to soil
heterogeneity : experimental and sinulation comparison
for two contrasting watersheds, Water Resour.Res. 16
(1980) 675 —

RUSSO, D., BRESLER, E., A univariate versus myltivariate
parameter distribution in a stochastic-conceptual analy-
sis of unsaturated flow, Water Resour.Res.18 (1982) 483

NIELSEN, D.R., BIGGAR, J.., ERH, K.T., Spatial variabili-
ty of field-measured soil-water properties. Hilgardia 42
(1973) 215 T

WARRICK, A.M., MULLEN, G.J., NIELSEN, D.R., Scaling field-
measured soil hydraulic properties using a similar media
Concept, Water Resour.Res.13 (1977) 355

SIMMONS, C.S., NIELSEN, D.R., BIGGAR, J.W., Scaling of
field-measured soil-water properties, Hilgardia 47 (1979)
77 - T

SHARMA, M.L., GANDER, G.A., HUNT, C.G., Spatial variabi-
ity of infiltration in a watershed, J. of hydrol, 45
(1980) 101 e

RUSSO, D., BRESLER, E., Scaling soil hydraulic properties
of a heterogeneous field, Soil Sci.Soc. Am.J.44 (1980)
681 -



124

[14]

[15]

[16}

[17]

[18]

(191

[20]

[211

[221

[23]

VAUCLIN et al,

MILLER, E.E., MILLER, R.D., Physical theory for capillary
flow phenomena, J. Appl. Phys. 27 (1956) 324

BOULIER, J.F., VAUCLIN, M., More on the flux-concentra-
fion based solution of constant flux infiltration equa-
tion II. Stochastic modeling - Soumis & publication dans
Soil Sci.Soc. Am.J. (1983)

PHRILIP, J.R., Theory of infiltration, Adv.Hydros.5
(1969) 215 -

LIBARDI, P.L., REICHARDT, K., NIELSEN, D.R., BIGARRE, J.W.
Simple field methods forestimating soil hydraulic con-
ductivity, Soil Sci.Soc. Am.J. 44 (1980) 3

BROOKS, R.H., COREY, A.T., Hvdraulic properties of porous
media, Hydr.paper 3 {1964), Fort Collins, USA

HILLEL, D., KRENTOS, V.D., STYLIANOU, Y., Procedure and
test of an internal drainage method for measuring soil
hydraulic characteristics in-situ, Soil Sci.ll4 (1972)
395

VACHAUD, G., DANCETTE, C., SONKO, S., THONY, J.L., Métho-
des de caracterisation hyvdrodynamique d'un sol non saturé.
Application & deux types de sol du Sénégal. Ann.Agron. 29
(1978) 1 _'

IMBERNON, J., Variabilité spatiale des caractéristiques
hydrodynamiques d'un sol du Sénégal. Application au cal-
cul d'un bilan sous culture. Doctorat 3&me cycle. Univer-
sité Scientifique et Médicale et Institut National Poly-
technique de Grenoble, (1981) 152 p.

VAUCLIN, M., HAVERKAMP, R., YACHAUD, G., Résolution nu-
mérique d'une équation de diffusion non linéaire. Appli-
cation & 1'infiltration de 1'eau dans les ©1s non saturés.
Presses universitaires de Grenoble, (1979) 1983

DELHOMME, J.P., Spatial variability and uncertainty in
ground water flow parameters. A geostatistical anproach,
Water Resour.Res.15 (1979) 269



1AEA-SM-267/20

ANALYSE DE COURBES

POTENTIEL MATRICIEL — TENEUR EN EAU
OBTENUES IN SITU

LORS D’UN ESSAI D’IRRIGATION
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Centre national d’étude du machinisme
agricole, de génie rural et des eaux
et foréts (CEMAGREF),

Aix-en-Provence, France

Abstract-Résumé

ANALYSIS OF THE MATRIX POTENTIAL — WATER-CONTENT CURVES OBTAINED
IN SITU DURING AN IRRIGATION EXPERIMENT.

The follow-up of an irrigation experiment may afford an opportunity to learn more
about the water behaviour of a soil and its characteristics when neutron and tensiometric
measurements are performed simultaneously. Thus, on the basis of measurements of water
diffusion in the soil during localized irrigation in an orchard using water from the Bas-Rhéne-
Languedoc system, the primary objective of which was to analyse the variation in time of the
soil moisture content and water potential as a function of different treatments, it was possible,
by relating these two types of data, to correlate the curves for the matrix potential versus soil
humidity in situ. In spite of certain approximations stemming from the practical measurement
conditions, analysis of the curves obtained shows a variability associated with the heterogeneity
of the various soil layers and the intensity of the drying and rewetting phenomena. The possible
practical consequences {(monitoring of irrigation) of these observations are considered.

ANALYSE DE COURBES POTENTIEL MATRICIEL — TENEUR EN EAU OBTENUES
IN SITU LORS D'UN ESSAI D’IRRIGATION.

Le suivi d’un essai d’irrigation peut donner I'occasion, lorsque sont réalisées conjointement
des mesures neutroniques et tensiométriques, d’obtenir une meilleure connaissance du comporte-
ment hydrique d’un sol et de ses caractéristiques. C’est ainsi qu’3 partir de mesures sur la
diffusion de I’'eau dans le sol en irrigation localisée, systéme Bas-Rhone-Languedoc sous verger,
dont l'objectif premier était I'analyse de I'évolution de ’humidité du sol et du potentiel hydrique
au cours du temps en fonction de différents traitements, nous avons pu, en mettant en relation
ces deux types de données, approcher les courbes potentiel matriciel-humidité du sol en place.
Malgré un certain nombre d’approximations résultant des conditions pratiques de mesure,
I’analyse des courbes obtenues montre une variabilité liée 4 Phétérogénéité des diverses couches
de sol et A I’intensité des phénomenes de desséchement et de réhumectation. Les conséquences
pratiques éventuelles (pilotage de I'irrigation) de ces observations sont envisagées.
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INTRODUCTION

L'amélioration de la conduite de 1'irrigation,
gquel gqu'en soit le systéme, passe par un meilleur
contrdole des flux hydriques dans le sol (1) et/ou de sa
d1spon1b111te en eau pour la culture (2). Elle nécessite
donc 1' ut111satlon d'appareils mesurant le potentiel
matriczel de 1'eau du sol. Parmi ceux-ci le teasiométre

“avére étre un appareil d'un colt modéré, facile et
rap1de d'emploi, pouvant &tre mis en oeuvre par des
agriculteurs (2). Or 1e pilotage de 1'irrigation
consiste en décisions concernant les dates et modalités
d'apports de volumes d'eau au sol. La connaissance de Ta
relation potentiel matriciel-teneur en eau volumique peut
of frir au pilotage tensiométrique des indications complé-
mentaires pour Sa mise en oeuvre. Cependant cette
relation varie en fonction du sol, et n’'est ni linéaire,
ni unique (hystérésis). Par ailleurs les mesures
effectuées au laboratoire sur échantillons s'avérent
souvent peu représentatives des propr1etes du so!
en place (3).

Nous présentons ici les relations observées
in situ au cours d'un essai d'irrigation. L'obtention
de c2s courbes n'était pas 1'un des ogbjectifs primi-
tifs de l'essal ; elles ont pu étre cependant réali-
sées grace d'une part a la lenteur et & 1'uniformité
des processus de desséchements et de réhumectation
aux profondeurs étudiées, et d'autre part & la réqu-
larité des mesures effectuces sur une longue période
(13 mois). La méthode utilisée n'a demandé aucun
moyen supplémentaire par rapport 3 1'essai primitif.
Ceci présente un intérét évident lorsque 1'on veut
pouvoir multiplier des expérimentations sans trop les
alourdir, tout en acquérant suffisamment de connais-
sances relatives au sol pour permettre la généralisa-
tion de leurs résultats. Un certain nombre d‘objections
pourront étre faites, que nous nous efforcerons d'exa-
miner pour pouvoir juger de la va11d1te et de 1T'utilite
des courbes obtenues.

MATERIELS ET METHODES

Des mesures en paralléle de teneur en eau
volumique a 1'aide d'une sonde de profondeur gamma-
neutronique (NEA), et de potentiel matriciel, & 1'aide
de tensjométres a manométre Bourdon (Irrometer,

z 75, 105, 135 et 165 cm),ou a mercure (Neyrtec,

z 215 cm) ont &té réalisées pendant 13 mois (juillet

hou
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Site 3 Site 2 Site 1

(50 %) (100 %) (25 %)
rangée d'arbres PRI I AA —_—t Y — - - —— t] @ NY—
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Cl
2

FIC.1. Schéma d’implantation du matériel de mesure.

78 & aolit 79) & 5 profondeurs, sur 9 emplacements
d'une méme parcelle, un verger de poiriers irrigué
par le systéme Bas-Rhdne-Languedoc. Celui-ci était
composé de rigoles divisées en biefs de 5 m de long,
situées au milieu de chaque interligne, & 2 m des
rangées d'arbres. Les 9 emplacements étudiés étaient
répartis sur 3 sites, 1, 2, 3, correspondant &
3 traitements irrigation (25 %, 100 % et 50 % d'une
ETP estimée), espacéds de 45 m les uns des autres.
Chacun des 3 emplacements de mesure d'un Site était
constitué d'un tube d'accés pour la sonde et de
tensiométres associés situés a une distance de 50 &
80 c¢cm du tube, et se trouvait sous la ligne d'arbres,
sous la rigole, ou entre ligne et riqole (4) (fig.l).
Le sol est de type alluvial, avec une
alternance de couches a texture plus fine (Limon fin)
et plus grossiére (Limon sableux) (fig. 2). Les
profils de densités séches ont été obtenus avec la
sonde gamma-neutronique {(fig. 3). I1s traduisent eux
aussi 1'hétérogénéité verticale du sol. Enfin i}
existe une nappe de profondeur variable (2,303 3,30m).
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FIG.3. Profils de densités séches.

L'étalonnage de la sonde a été réalisé a
1'aide de la méthode développée par NORMAND (5), en
adoptant un seul faisceau d'étalonnage par tube.

Nous avons vérifié en assimilant 3 des droites les
courbes d'étalonnages sur la gammg allant de 10 &

40 points d'numidité volumique (r“ = 0,998} que
T'erreur due a 1'hétérogénéité du sol ne dépassait
pas 2 points d'humidité volumique en ordonnée a
1'origine, et 8 % au maximum {tube 1, z = 215 cm)

sur Tla pente, soit 1,6 points pour 20 points d'humi-
dite, représentant 1'ordre de grandeur des varijations
maximales d'humidite étudiées,

Les relevés tensiométriques &taient effec-
tués tous les 4 ou 5 jours, et neutroniques tous
les 14 jours environ. L'observation des courbes de
potentiel et de teneur en eau en fonction du temps
a permis de mettre en évidence trois processus prin-
cipaux d‘évolution : desséchement du sol de juillet-
aolt ou septembre (selon le traitement irrigation) a
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octobre 78, réhumectation de novembre 78 & février-
mars 79, nouveau desséchement d'avril a juillet [4]
Ces processus étaient suffisamment lents, méme pour
1'horizon étudié le plus haut (z = 75 cm),et prolonaes
pour pouvoir tracer des courbes reliant le potentiel
matriciel et la teneur en eau (fig. 4 et 5) a diverses
profondeurs et souvent sur 1'ensemble du domaine cou-
vert par le tensiométre (0 & ~80 kPa). De plus, méme
si 14 jours séparent deux points de mesSure consécutifs
sur les courbes, on peut vérificer la régularité et
1'univociteé des processus grdce 3 1'existence de
mesures tensiométriques plus rapprochées dans Je
temps., Par ailleurs la Jimite de fonctionnement des
tensiométres ayant été vérifiée avant leur mise en
place (ainsi que les origines de ceux & manométre
sourdon), on a pour le tracé convenu d'éliminer les
points ultérieurs a 1'obtention de cette limite en
desséchement, tant que la teneur en eau continuait

a décroftre. Le tracé n'est repris que lorsque le
processus de réhumectation est nettement amorcé

(6 augmente réguliérement) et que 1'on a de nouveau
atteint le domaine de mesure du tensiométre.

RESULTATS ET DISCUSSION

Compte tenu de 1‘'ensemble des remarques ci-
dessus, nous avons pensé qu'il était intéressant de
présenter les courbes brutes obtenues en reliant
soint par point les mesures effectuées, ce qui permet
non seulement d'observer 1'évolution au cours du temps
des processus individualisés de desséchement et
d'humectation et Jeur éventuelle répétabilité (desseée-
cnement), mais également de juger de 1'intérét de
résultats de terrain obtenus sans traitement parti-
culier, .

On a obtenu ainsi une quarantaine de courbes
¢(6). Nous n'en présentons ici qu'une partie.

1) Analyse pour un tube (1) des courbes
obtenues aux diverses profondeurs (fig. 4) : on note
une forte hetérogénéité verticale, 1iée aux variations
de texture. D'une part les pentes des courbes en
fonction des gammes d'humidité sont trés différentes
{on peut opposer les courbes 1-75, 1-105, des couches
de 1imon fin aux courbes 1-135 et 1-215 correspondant
au limon sableux). Par ailleurs, on observe aux hori-
zons 75 et 105 un phénoméne d'hystérésis marqué. Les
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nesures effectuées lors des deux processus de desséciae-
m2nt se superposent bien, ce qui confirme leur vali-
aité. Quant aux fortes pentes constatées en réhumecta-
tion, on peut leur reprocher de n'étre obtenues qu'a
Jartir de 3 points de mesure. En fait, la variation
apparemment brusque de ¢ Se déroule sur 15 jours (75)
a 2 mois {105), période pendant laquelle 8 n'a varig
jue peu et ol 1'on dispose de 1'évolution de ¢,
A2suré tous Tes 4-5 jours. L'obtention de points sup-
plémentaires en multipliant les mesures de sonde &
neutrons n'aurait pas apporté une pius grande précision
i ces courbes. Ainsi 1'hystérésis observée correspon-
vien & un phénoméne réel sur le terrain. A la profondeur
136, au contraire, 1'hystérésis n'apparafit pas, malgre
les faibles humidités atteintes. On peut mettre en
cause non seulement la texture plus grossiére du sol,
131s également le fait que dans cette zone plus profonde
on n'a pas atteint de potentiel matriciel trés faible
\les tensiométres n'ont pas “décroché”) : or Tle point
de départ de la réhumectation conditionne 1'importance
de 1'hysterésis (6), qui, méme 3 sol identique, serait
donc pluys faible & z = 135 qu'a z = 75 ou 105 ol v
atteint pronablement des valeurs trés faibles (non
mesurables & 1'aide du tensiométre) avant 1a rehumec-
tation.

Enfin la comparaison des courbes z = 75,
105, et 165, montre un décalage vers les fortes teneurs
en eau quand la densité du sol diminuye, pour des
textures proches.

2) Comparaison des courbes obtenues & une
neme profondeur (z = 135) aux divers emplacements
(fig. 5} : Tes diverses courbes Se superposent assez
vien, avec parfois un décalage de 2 & 3 points pour s
(probléme d'étalonnage de la sonde ?). Sur le site 2,
traitement le plus irrigué, on .observe & certaines:
dates, en desséchement, un décalage des courbes qui
Jourraient &tre causé par la teneur en eau élevée de
la couche 1immédiatement sous-jacente et son incidence
sur les mesures réalisées & la sonde & neutrons (spnére
d'influence). Enfin, en réhumectation, pour laquelle
on dispose de beaucoup de mesures, on observe une
Jomogénéité dans la variation de y en fonction du
temps, méme sur des mesures rapprochées, qui parait
meilieure que celle obtenue pour les variations de
teneur en eau sur la plupart des courbes. Ce phénoméne
est, lui aussi, probablement imputable & 1a Sphére
d'influence de la sonde & neutrons, dans cette couche
de sol trés différente de ses voisines (fig. 2 et 3).
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Ceci peut etre rapproché des constatations de
MOUTONNET et al. (7) sur sol d'alluvions fluviatiles,
selon lesquelles 1'hétérogénéité de mesures tensiomé-
triques sur le terrain apparait moindre gue celle des
mesures de teneur en eau, les premiéres paraissant,
guoique trés ponctuelles, mieux adaptées & Ta gestion
des irrigations. I1 faut cependant remarquer que Ta
réhumectation suivie ici est due en grande partie a
des remontées hydriques a partir de la nappe (rééqui-
librage des profils de potentiels), 1'automne 78 ayant
&té peu pluvieux. Par conséquent, on n'avait que peu

a craindre de phénoméne d'emprisonnement d'air dans le
sol (& partir d'une humectation provenant de la sur-
face) qui aurait pu perturber les meSures de potentiel.

3) anclusions pratiques sur la méthode

utilisée

T En résumé, on peut constater qu'un certain
nombre d'éléments qui auraient pu constituer des
obstacles & 1'établissement des courbes n'ont pas
semblé présenter d'inconvénient majeur

- en ce qui concerne la localisation des
apparetls, on notera : la possibilité d'effectuer des
mesures méme sous une rigole d'irrigation, en sol non
gonflant et a condition de réaliser une bonne mise en
place dy matériel ;

. 1'absence de perturbation par les racines
des arbres environnants {enracinement atteignant
Im40 environ),

. le fait que 1'écartement entre tensio-
métres et tube neutronique n'est pas apparu comme une
cause d'erreur, dans la mesure ol leurs distances aux
zones d'apport d'eau {rigole d'irrigation, nappe, sur-
face du sol) sont €gales,

. 1'existence de quelques anomalies liées
aux différences de volumes de mesure concernpés par
les mesures tensiométriques et neutroniques,pour des
couches de sol assez fines;

- en ce qui concerne le matériel, On remar-
quera le bon fonctionnement des tensiométres & mano-
métre Bourdon, qui n'ont posé aucun probléme parti-
culier pendant 15 mois d'utilisation, et dont la
précision (* 1 cbar) est apparue largement suffisante
ici.(De plus il1s n'ont causé aucune géne au travail
de 1'agriculteur). La bonne reproductivité des courbes
(superposition) de desséchement d'une année sur 1'autre
montre 1'absence de dérive notable de 1'ensemble du
matériel utilise ;
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- par ailteurs, les décalages (2 a 3 points
de teneur en .eau) entre certaines courbes, peut-étre
dus & des probiemes d'étalonnage de sonde au départ
(dates d1fferentes d'installation des tubes), n'ont
pas eu d'incidence sur les formes (pentes) de ces
courbes (tube 1 et 7 voisins, z = 135). Or dans la
pratique de 1'irrigation ce sont les variations de la
teneur en eau plus que sa valeur absolue qui importent.
Les courpbes obtenues en un emplacement sont donc uti-
Yisables telles quelles, et la confusion de 1'ensemble
des points d'emplacements voisins pour une “"courbe
moyenne" n'aboutirait qu'a une perte d'information sur
les pentes (Ay/ae) tout en faisant apparaftre une
dispersion 1mportante des teneurs en eau.

Quant & 1'ensemble des résuitats, on notera
que,sans travail de mesure suppiémentaire,on a obtenu
des courbes

. qui couvraient toute la gamme de mesure du
tensiométre,

. en atteignant des teneurs en eau volumiques
relativement faibles {(qu'il aurait fallu beaucoup de
temps pour atteindre, dans la phase de redistribution
d'un essai de drainage interne (87 ).

Enfin les points de départ de certaines
courbes de desséchement (z = 135, z = 215), ou d'hu-
mectation (z = 75, 105) peuvent laisser penser que ces
courbes se rapprochent des branches principales des
courbes d'hystérésis, d'autant plus que les phé&noménes
suivis &taient lents . Elles sont donc caractéristiques
des couches de sol concernées : on conState sur la
parcelle étudiée une forte hétérogénéité verticale,
avec d'importantes différences entre des points situés
a 30 cm 1'un de 1'autre Sur une verticale, qui s'oppose
a une relative homogénéité horizontale, entre des points
51tués a 45 ou 90 m 1'un de 1'autre.

4) Applications éventuelles au pilotage de
1'irrigation par tensiomatres

Trés souvent, les méthodes de pilotage par
tensiométres font appe] a ta notion de "seuil" de dé-
clenchement et parfois d'arrét des arrosages, défini
en valeur absolue (9), (10), ou relative par rapport
a des valeurs enregistrées précédemment (2). Nous
avons pu constater sur un méme terrain la variabiliteé
de la relation y(6), qu'il s'agisse de 1'hystérésis
ou des pentes des courbes pour une méme gamme d'humiditeé.
Jr ces derniéres peuvent donner des indications sur Je
cnoix des valeurs de seuil & adopter en fonction de 1la
texture : en desséchement, quand |Ay/a8| est faible,
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peu de risque du décrochement rapide du tensiométre, -
jusqu'ad une limite plus ou moins nette ol |av/a8]|
devient élevé. Quant & 1'hystérésis, pour éviter qu'une
wéme valeur de seuil de potentiel matriciel ne corres-
ponde 3 des valeurs de teneurs en eau volumigues treés
différentes, avec les conséquences que cela peut
antrainer en sur -ou sous- irrigation, on peut
conseillers

.50it de ne plus utiliser un tensiométre
qui a "décroché” pour le pilotage et de se reporter
par exemple & un tensiométre plus profond (2),
évite ainsi de .commencer la réhumectation a partir
d'un point de trés faible potentiel et de se retrou-
ver sur des courbes présentant une forte hystérésis
par rapport & celle du premier desséchements

.s0it de ne réutiliser un tel tensiométre
qu'aprés une réhumectation importante, ayant permis
de retrouver appr0x1mat1vement la teneur en eau
initiale du sol {(ce qui ne sera pas forcément souhai-
table).

En définitive, pour le pilotage de 1'irri-
gation, si la connaissance de la relation ¢{8) ne
s'avére pas indispensable, -une bonne connaissance
du profil de texture du sol étant de toute fagon for-
tement conseillée-, elle apporte cependant des infor-
mations sur : '

-. Ta variation de teneur en eau volumique
(3 comparer aux volumes d'eau apportés par 1'irriga-
tion ou la pluie) correspondant & la gamme deS poten-
tiels matriciels couverte -par le tensiométrey

- les risques de désarmorcage plus ou moins
rapide d'un tensiométre, en fonction du seuil de dé-
‘clenchement choisi et de sa localisation.

Si le pilotage est basé sur le contrdle des
directions de flux dans le sol (1) ces informations
restent également utiles.

CONCLUSION

La mise en relation de données tensiométriques
et humidimétriques obtenues simultanément lors d'une
expérimentation sur le terrain peut fournir, comme
dans le cas étudié, un supplément d'information sans
que ne soient mis en oeuvre de moyens supplémentaires.
Cette information peut permettre de préciser les
modalités de pilotage de 1'irrigation par tensiométres,
et aider a la généralisation des -essais entrepris dans
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cet objectif ou a d'autres fins. Quelques précautions
préliminaires permettent de 1'améliorer

.localisation des mesures réalisées en paral-
léle pour obtenir des processus lents et prolongés,
ou au contraire décrire les desséchements et réhumec-
tations rapides successifs consécutifs & des irriga-
tions fréquentes (éviter aussi les couches trop fines
pour lesquelles la discrimination verticale de la
sonde n'est pas suffisante, etc...},

.choix de la fréquence des mesures neutroni-
ques (surveillance de 1'évolution des courbes).

I[1 apparait donc possible et souhaitable,
dans des essais mettant en oeuvre la tensiométrie et
1'humidimétrie neutronique, et sans trop les alourdir,
d'envisager dés le départ Ta quéte possible de cette
information dans le protocole expérimental.

LISTE DES SYMBOLES OU ABREVIATIONS

ETP évapotranspiration potentielle
8y tensur en eau volumique (donnée en "“point",
ou %)
Y potentiel matriciel (en kPa)
z profdndeur (en cm)
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FIELD METHODS FOR STUDYING SOIL
MOISTURE REGIMES AND IRRIGATION
PRACTICES IN CLAY SOILS
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Wageningen, Netherlands

" Abstract

FIELD METHODS FOR STUDYING SOIL MOISTURE REGIMES AND IRRIGATION
PRACTICES IN CLAY SOILS.

Characterization of water flow through swelling clay soils with macropores (*‘cracks’)
requires special techniques because these soils are not isotropic and homogeneous as required
by standard flow theory. The techniques should preferably be rapid and inexpensive to allow
applications in the field, Three experimental technigues, which were recently developed at the
Netherlands Soil Survey Institute, are discussed. The measure: (i) vertical and horizontal K in
a gympsum-covered cube of soil which is carved out in situ {the cube method); (ii) the K ;5 near
saturation down to pressure heads of about =15 ¢cm by determining fluxes through a series
of crusts and the associated negative pressure heads below the crusts (the crusts test); and
(iii} short-circuiting, which is the preferential movement of free water along vertical muacropores
in unsaturated soil, by applying sprinkling irrigation to large, undisturbed cores, In addition,
three examples are discussed whereby soil morphological field data are used for simulation models
which characterize soil moisture regimes of clay soils. These examples cover: (i) the effect
of horizontal cracks on upward unsaturated flow; (ii) infiltration of sprinkling irrigation in
a cracked clay soil; and (iii) ponded infiltration of water in a clay soil with worm channeis,

1. INTRODUCTION

Moisture regimes in clay soils are difficult to characterize because the porous
system is constantly changing, owing to processes of swelling and shrinking,
following wetting and drying of the soil. Large pores, such as shrinkage cracks,
have a profound effect on patterns of water movement, particularly when clay
soils are moist or dry. But preferential flow patterns may also occur under
wet conditions after complete swelling. Bouma et al. [1] demonstrated preferential
movement of water along small cracks in a clay soil that had been saturated for
several months, Rapid downward flow of free water through vertical cracks in
moist or dry clay soils (“short-circuiting’”) results in very heterogeneous patterns
of wetting during irrigation or natural rainfall. Surface soil is poorly wetted as
water moves rapidly downwards to the subsoil [2, 3]. The occurrence of horizontal
cracks strongly inhibits the upward movement of water in unsaturated soil from
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the water table to the root zone. This phenomenon explains abrupt changes in
moisture content with depth, which are observed in many clay soils during the
‘growing season [4]. ‘

Soil physical methods for studying soil moisture regimes and irrigation practices,
are based on Darcy-type flow theory which is presented in many current soil
physical text books.

The occurrence of heterogeneous flow patterns in clay soils, as broadly
described above, does not allow the use of classical flow concepts which assume
the presence of a homogeneous, non-swelling porous medium (e.g. Klute [5],
Beven and Germann [6]). The question regarding which procedure should be
followed in clay soils is complex and only some aspects can be discussed. Implica-
tions for selection procedures of soil physical methods to be applied in clay soils,
have already been discussed elsewhere [7]. This paper broadly describes four
field methods for studying water movement in clay soils. Reference is made to
more specific publications for more details. These methods were developed at the
Netherlands Soil Survey Institute,

2. METHODS

Four methods are discussed by describing the procedures involved and by
suggesting the context in which the methods should be applied. The first two
methods deal with saturated and very wet soil, the third is used in dry or moist -
soil, and the fourth uses morphological data for flow models. Reference is made
‘to more detailed publications (e.g. Bouma [8)).

2.1. The cube method for measuring Kt

Measurement of Kt in clayey soils with large natural aggregates (“‘peds™)
presents the following problems: (i) smearing of the walls of bore-holes may
yield unrealistically low Kgat values for the auger-hole method, which are in any
case an undefined mixture of Kg; (hor) and Kge(vert); (il) small samples give
poor results because of unrepresentative large-pore continuity patterns (e.g. [9]);
and (iii) water movement occurs only along some pores which occupy less than
1% by volume [1]. These pores can be easily disturbed by compaction which
may occur when sampling cylinders are pushed into the soil.

The cube method [10] avoids these problems and uses a cube of soil
(25 em X 25 em X 25 em) which is carved out in situ and encased in gypsum on
four vertical walls (Fig.1). First, the Kgy¢ (vert) is measured by determining the
flux leaving the cube while a shallow head is maintained on top. Next, the cube
is turned 90°. The open surfaces are closed with gypsum and the new upper and
lower surfaces are exposed., Again, a Kgy is measured which now represents the
Kgat (hor) of the soil in situ.
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FIG.1. The cube method for measuring Ky (vertical) and Kt (horizontal) in a large, undisturbed
block of soil that is encased in gypsum.

2.2. The crust test for measuring K near saturation

Non-steady-state methods, which are widely used to measure Kypgt, are not
suitable to obtain K values near saturation in all soils, in the range h = 0 cm to,
say, h =—15 cm. These values are particularly relevant for describing water flow
in clay soils with continuous macropores (“‘cracks’). In these soils there is a strong
drop of K upon desaturation owing to emptying of the macropores {11]. Again,
very large samples are needed to obtain representative results, The cube method
-can be extended to provide K nsat data near saturation. This procedure represents
a version of the crust test [12—14]. Two tensiometers are placed about 2 and 4 cm
below the surface of infiltration, which is covered by a series of crusts, composed
of mixtures of sand and quick-setting cement (Fig.2) [15]. Earlier, the crust test
used gypsum but this may dissolve too rapidly. Dry sand and cement are
thoroughly mixed, water is applied and a paste is formed which is applied as a
0.5 to 1 cm thick crust on top of the cube. The crust, which has perfect contact
with the underlying soil because of the application method, hardens within
15 minutes. Light crusts (5 to 10% of cement by volume) induce pressure heads (h)
near saturation and relatively high fluxes. Heavier crusts (20% cement and more)
induce lower h values and fluxes. These fluxes, when steady, are equal to K peat



142 BOUMA

Burette

20em

Water

T = Tensiometers

FIG.2. The crust test for measuring K near saturation by monitoring fluxes through a
it unsat
series of surface crusts and corresponding negative pressure heads in subcrust soils.

at the measured sub-crust h value.” Of course, sub-crust h values can never be lower
than equilibrium values dictated by the height of the cube, Fluxes are measured
as outflow rates from the cube (Fig.2B)., Cylinders with soil can also be used and
inflow rates can be measured rather than outflow rates by using cylinder-
infiltrometers with a Mariotte device [16] (Fig.2A).

2.3. Measurement of short-circuiting

Irrigation of dry, cracked clay soils presents problems because much of
the applied water may rapidly disappear into the subsoil, following vertical cracks
of root- and worm-channels which are continuous up to the soil surface. As a
result, the bulk of the soil between the cracks is hardly wetted or leached (relevant
in saline soils), and surface-applied fertilizers and pesticides may rapidly move
beyond rooting depth. Downward movement of “free” water along the walls
of continuous macrepores in unsaturated soil has been called short-circuiting (2, 4].
Short-circuiting can be measured by using large undisturbed cores of surface soil
with a height that is equal to rooting depth [17] (Fig.3). For Netherlands conditions
in heavy clay soils, cylinders are used with a height and diameter of 20 cm, These
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FIG.3. Field apparatus to measure short-circuiting in large cores by monitoring outflow
during sprinkling irrigation, .

cores include the soil surface with grass, which is closely cropped. The cores are
placed in the path of a spraying gun in the field which is commoniy used for
sprinkling irrigation. In general, sprinkling conditions should correspond to local
practices. The mass of the soil-filled cylinder is determined before and after
sprinkling and the stove-dry mass is measured at the end, thus allowing calculation
of physical constants such as bulk density and moisture contents. Sprinkling
intensities and duration should be measured independently. The volume of water
that leaves the column is measured as a function of time, thus allowing an estimate
of short-circuiting which can be expressed as a percentage of the applied quantity
of water. Many measurements can be made in a short time and the effects of
using different sprinkling rates of different durations can be easily evaluated. Thus,
irrigation efficiencies can be improved because movement of water beyond the
root zone often presents a loss of precious irrigation water and surface-applied
chemicals.

3. USE OF SOIL MORPHOLOGY IN FLOW MODELS FOR CRACKED SOIL

Computer simulation models are available for characterizing soil moisture
regimes. However, soils with continuous, large pores are difficult to model by
using the standard flow theory, as was demonstrated in Section 2.3. We have
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obtained good simulation results for water regimes in clay soils by using the
traditional (sand) models for the soil matrix only and by defining the effect of
cracks and other large soil pores in terms of boundary conditions for the overall
flow system. These boundary conditions are defined from morphological
observations, using dyes and gypsum to define flow patterns. Bouma and

De Laat [4] used methylene blue to stain continuous air-filled horizontal cracks
in a clay soil at various moisture contents, The stained area increases at decreasing
moisture contents owing to further opening of the cracks upon drying of the
soil. Air-filled horizontal cracks have a strongly impeding effect on upward
unsaturated flow of water from the water table to the root zone, Using the
staining test, a K curve could be defined which allowed independent prediction
of upward flux densities in a heavy clay soil,

Hoogmoed and Bouma {3} used sprinkling irrigation, with methylene biue
in water, to show infiltration patterns in cracked clay soil. These consisted of
the band on vertical pedfaces (“the contact area’) occupying only approximately
2% of the total vertical surface area of the peds, Thus, little lateral absorption
of water into the peds could occur and the water (with solutes) reached a great
depth in a short time. Bouma et al. [18] simulated ponded infiltration of water
in a soil with large, vertical worm channels. Steady infiltration rates into individual
channels were measured and were used to calculate ponding times for the entire
soil, including soil between the channels. The number of channels per unit
horizontal area, to be obtained by a morphological count, is crucial for
estimating these ponding times, The simulation cannot be made without such
morphological observations. A similar conclusion can be reached for the
two other cxamples discussed earlier, referring to the count of stained horizontal
planes and to the contact area,
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Abstract—Résumé:

MATHEMATICAL AND PHYSICAL INTERPRETATION OF THE TRANSFER OF LABELLED
PESTICIDES IN WATER-UNSATURATED SOILS: EXAMPLES OF APPLICATION.

Studies were carried out for the purpose of predicting the behaviour of pesticides currently
used in agriculture and their derivatives in the soil-water system. These studies are being
continued with a view to gaining a more thorough knowledge of the quantities to be applied
and the contribution they make as a function of climatic conditions, With the use of radioisotope-
labelled products on top of a laboratory soil column under controlled conditions we can more
easily monitor the variation in product concentrations in the percolation water as a function
of time and the fate of those products in the soil. Experiments were performed in soil columns
exposed to average climatic conditions with various pesticides (Neburon, Metoxuron, Chlorto-
luron and Nitrofene) applied at rates similar to those employed in agriculture. The results
are compared with field data for the same products. The measurements (chemu:al concentrations
and radioactivity of the percolating water) are interpreted. In the case of the pesticides used,
it was found that the derivatives (little or none of the initial product) accumulated ultimately
in the surface layers and that activity stemming from the derivatives migrated into the percolation
water,

INTERPRETATION MATHEMATIQUE ET PHYSIQUE DU TRANSFERT DE PESTICIDES
MARQUES DANS LES SOLS NON SATURES EN EAU: EXEMPLES D’APPLICATION

Le but des études réalisées est la prédiction du comportement de pesticides couramment
utilisés en agriculture et de leurs dérivés dans le systéme sol-eau du sol. Le prolongement
de telles études s’inscrit dans le contexte d’une meilleure maftrise des doses d’application et ..
de leur apport en fonction des conditions climatiques. L’emploi de produits marqués radio-
activement appliqués sur un matériel de laboratoire en conditions contrélées permet de suivre
plus aisément évolution des concentrations en produits dans les eaux de percolation en

¥ Recherche effectuée sous les auspices de I'Institut pour Pencouragement de la
recherche scientifique dans 'industrie et I’agriculture (IRSIA),
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fonction du temps, et leur devenir dans le sol. Des expériences sur colonnes de sol placées
en conditions climatiques moyennes ont été réalisées avec divers pesticides (Néburon, Méto-
xuron, Chiortoluron, Nitroféne) 4 partir d’applications semblables 4 celles pratiquées en
agriculture. Les résultats sont comparés avec ceux obtenus sur le terrain pour les mémes
produits. Les mesures (concentrations chimiques et radioactivité des eaux de percolation)
font 'objet d’une interprétation. On constate, pour les produits utilisés, une accumulation
finale dans les horizons superficiels de produits dérivés (peu ou pas de produit initial) ainsi
qu’une migration d’activité correspondant 2 des dérivés dans les eaux de percolation.

1. INTRODUCTION

Les difficultés d’interprétation de la migration de produits phytosanitaires
en plein champ sont liées au fait que ’on ne peut suivre aisément I’évolution
des produits migrants au cours du temps. De plus, les conditions climatiques
et les caractéristiques du sol et de la végétation sont trés variables.

Une approche de compréhension des phénomeénes a €té réalisée par une
simulation sur colonnes de sol a I'aide de produits margués radioactivement. Il
est possible de suivre, au cours du temps, la migration des produits utilisés (ou
de dérivés) dans les eaux de percolation,

Les analyses chimiques et radiochimiques des horizons du substrat ont fourni
les données complémentaires relatives 4 la migration des produits ou de leurs
dérivés.

On a opté pour le maintien de conditions moyennes (pluviométrie, température,
luminosité, humidité) en cours d’expérimentation, cn vue de la comparaison avec
les essais sur le terrain.

Les produits appligués correspondent a des formulations similaires aux pratiques
culturales.

2. DISPOSITIF EXPERIMENTAL

Le diamétre des colonnes de sol est de 30 cm, afin de minimiser les effets
de parois susceptibles de modifier le processus.

L’utilisation d’un matériel en verre permet d’éviter la plupart des interférences
recontrées lors du dosage chimique des éluats.

La hauteur efficace des colonnes est de 50 cm. Ce fait résulte d’essais
préalables réalisés avec des pesticides de la famille des urées pour lesquels on a
constaté le stockage dans les niveaux supérieurs.

Le montage réalisé au laboratoire est indiqué en figure 1 et les caractéristiques
pédologiques du sol sont indiquées dans le tableau 1.
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FIG. 1. Schéma de montage.

Le remplissage des colonnes est effectué avec du sol tamisé 2 2 mm, & I’état
humide, par couches successives de plus ou moins 10 cm. Chaque couche est
humidifiée par pulvérisation d’unc solution aqueuse de chlorure de calcium.

Une expérimentation détaillée a permis de constater que ce mode d’application
confére 4 la colonne une structure homogéne et stabie. De plus, elle porte le sol
4 une teneur en eau correspondant a une valeur moyenne normale pour nos
régions.

La pluviométrie correspondant 2 1 —1,5 mm par jour est obtenue par pul-
vérisation de la solution de chlorure de calcium 5- 1072 molaire.

L’application intermittente d’une dépression d’un métre d’eau en bas de
colonne permet une percolation aisée évitant la formation de zones saturées en
eau. La récolte des percolats se fait une fois par semaine.
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TABLEAU I. CARACTERISTIQUES PEDOLOGIQUES DU SOL

Phosphore soluble ean (mg/100 g) 0,5

Acide phosphorique (mg/100 g) 2
Potasse échangeable (mg/100 g) 16
pH au KCl : ‘ 7.25
Teneur en chlorure (mg/100 g) . 5,85
Teneur en humus (%) 0,72
Azote total (mg/100 g) 112
Carbone/azote ) 3,21
Calcium (mg/100 g) 500
Sodium (mg/100 g) 9
Magnésium (mg/100g) - 25
Fer (mgf100 g) . 4

Granulométrie: < 50 um, 84%; > 50um, 16%.

La température est maintenue entre 15 et 17°C. Les colonnes sont tenues
dans Pobscurité.

3. EXPERIMENTATION

Les mesures ont débuté dés que les éluats ont présenté une concentration
constante en CaCl,(environ quatre mois). La stabilité du systéme est ainsi
acquise. . : '

3.1. Migration de Ueau tritiée

Quatre colonnes ont recu une impulsion d’eau tritiée en surface. Ces essais
visent a caractériser les paramétres hydrodynamiques du systéme (vitesse moyenne
et coefficient de dispersion) et 4 vérifier ’indentité de fonctionnement des
colonnes.

La mesure de la quantité d’eau tritiée est effectuée par scintillation liquide.

En fin d’expérimentation, le sol des colonnes est découpé (0—10, 1030,
30-50 cm). '
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3.2. Migration des pesticides

Dcux colonnes ont regu en surface unc formulation de Chlortoluron tritiée
a des doses doubles de la pratique agricole.

L’utilisation conjointe de la scintillation liquide et de 1a chromatographie
en phase gazeuse a permis de dissocier la migration des molécules initiales des
éventuels métabolites et produits de dégradation,

Une colonne a recu une application de Nitroféne marqué au carbone 14.

Le sol en fin d’essai est découpé en trois horizons et analysé chimiquement
et radiochimiquement.

4. MODELISATION MATHEMATIQUE

Dans les modéles de simulation pour mouvements unidimensionnels de
solutés dans les sols, on considére en général que le sol comprend une phase d’eau
mobile, une phase d’eav immobile et que les équilibres d’adsorption sont instan-
tanés.

Des solutions analytiques sont disponibles [1].

Il existe également des solutions numériques qui consistent & remplacer les
équations par des expressions en différences fmles via un choix judicieux des
pas de temps et de longueur [2].

Dans le cas de nos expérimentations, on peut se limiter a I'utilisation de
I'’équation aux dérivées partielles suivante [1]:

52 8
5t 5x? 8x

expression dans laquelle:
X et t sont les coordonnées d’espace et de temps, C est la concentration en soluté
dans la phase liquide par unité de volume d’eau, U est le flux d’eau en volume par
unité de surface et par unité de temps, D est le coefficient de dispersion longi-
tudinale, en cm? par unité de temps. ’

La solution analytique dans lc cas d’une impulsion (injection instantanée
d’une quantité de traceur) est donnée par I’équation suivante [1}]:

C= L - Q(_:_U_t)z_ ‘ (2)
UtyFaDt T 4Dt
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Pour un échelon (alimentation en continu d’un traceur) la solution s’écrit [2] :

C x — Ut - xU x + Ut
C=—erfc + exp — - erfc

2 V4 Dt D V4 Dt

3

ou M, est la quantité de traceur injectée par unité de surface, C, est la concentration
du traceur injecté, erfc est I’erreur fonction complémcntaire.

5. RESULTATS ET INTERPRETATION
5.1. L’eau tritiée

Les modéles analytiques précités fournissent, par le biais de I'ajustement
automatique, les valeurs des paramétres caractéristiques du transfert par
convection et dispersion, soit la vitesse de parcours et le coefficient de
dispersion.

L’ajustement du modéle (2) aux percolats d’eau tritiée aboutit aux résultats
suivants:

Coefficient de dispersion

Colonne Vitesse (cm/jour) (em? fjour)
Eau tritiée 1 0,37 0,39
Eau tritiée 2 042 0,83
Eau tritiée 3 0,43 ' 0,79
Eau tritiée 4 0,39 0,76

Lecs vitesses sont trés semblables d’unc colonne a 'autre, également les
cocfficients de dispersion (fig. 2).

5.2. Les pesticides

Rappelons que deux colonnes ont recu une dose de Chlortoluron en formu-
lation marquée au tritium. Une autre a recu du Nitroféne marqué au carbone 14.
Les essais ont duré 11 a 12 mois.

Pour le Nitroféne, aucune trace de carbone 14 n’a été trouvée dans les éluats.
Une quantité appréciable de produit s’est retrouvée dans le sol. 1 s’agit d’une
adsorption irréversible.

La figure 3 représente I’évolution de activité en tritium résultant du
Clortoluron en fonction du temps dans les percolats de colonnes Chlortoluron
1et2. ,

On constate la symétrie relative des courbes ascendante et descendante et
I’atteinte d’un palier.
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L’application de la théorie des systémes linéaires parait dés lors autorisée
et la réponse du systéme tel que représenté en figure 3 correspond aux conditions
d’injection d’un produit, d’ailleurs de nature inconnue, tel que le temps depuis
'apparition du produit jusqu’a la fin du palier correspondrait & la durée de
P’injection du produit inconnu libéré (dérivé du Chlortoluron), en 'occurrence
+250 jours.

L’ajustement du modéle (3) fournit les valeurs optimalisées reportées ci-
dessous:

Coefficient de dispersion

! . .
Colonne Vitesse (cm/jour) (cm? fijour)
Chlortoluron | 0,52 0,86
Chlortoluron 2 0,51 0,40

La similitude remarquablc des résultats liés au comportement de P'eau triti¢e
et aux dérivés du Chlortoluron permet d’avancer ’hypothése que les dérivés
ont un comportement similaire a I’eau.

La découpage final du sol montre qu’un tiers du produit marqué sous
forme dérivée est resté fixé en surface. Le pourcentage estimé de I’activité dans les
percolats est de 35%.

6. CONCLUSIONS

L’eau tritiée utilisée comme traceur permet de caractériser le mouvement
de ’eau dans un sol. Par le biais de lutilisation d’un modéle mathématique
adéquat, on définit les paramétres hydrodynamiques de la migration verticale
en milieu non saturé,
En ce qui concerne les pesticides étudiés (Chlortoluron, Nitroféne), ils
se fixent partiellement dans les couches supérieures de sol; la migration de
produits dérivés, quand constatée (cas du Chlortoluron), présente un comportement
hydrodynamique similaire a celui de I’eau tritiée. En outre on constate que le
produit dérivé se comporte comme s’il était libéré a partir des couches supérieures
de sol, a vitesse constante et dans une proportion déterminée et quantifiable,
Rappelons qu’ils s’agit d’essais sur colonnes de sol en laboratoire.
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Abstract

DETERMINATION OF THE UNSATURATED HYDRAULIC CONDUCTIVITY FROM A
WATER-TABLE DRAINAGE EXPERIMENT.

An approximate solution is presented for drainage of a porous medium in the presence
of a water-table. It is shown that the unsaturated hydraulic conductivity versus water content
relation can be calculated from observations of the amount of water drained in a function of
time, The method was tested in the laboratory on a 140 cm long sand column. The results
agree with those of classical methods. This new technique can also be used in the field in the
case of the drainage of a previously saturated soil profile with a shallow water-table present.
In this case, the unsaturated hydraulic conductivity versus water content relation can be
calculated from observations of ?he water-content profiles only.

1. INTRODUCTION
Darcy’s law for water movement in an unsaturated porous medium is
q=—K(®)dh/oz ()

where q is the flux, h the total water potential, z the depth (only vertical flow is
considered), and K the unsaturated hydraulic conductivity, a function of the
water content, ®, Many methods exist for measuring the K(®) relation [1]. In
general, laboratory methods consist of establishing steady flow through an
unsaturated sample, and simultaneously measuring the hydraulic gradient oh/dz,
the flux q and the water content @. A very popular field technique is the
instantaneous profile method, consisting of the drainage of a previously saturated
soil profile. The K(©)relation is calculated from measurements of water potential
and water-content profiles. '

Recent developments [2 —4] have concentrated on the so-called unit gradient
approximation. It is assumed that for a deep water-table, drainage occurs by
gravity forces only, i.e. the hydraulic gradient is equal to one. The K(©) relation
can be obtained from measurements of the water-content profiles only. Theoretical
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contributions to this problem of gravity drainage have recently been
published [5, 6].

The present study intends to expand the theory to drainage experiments
where a shallow water-table is present,

2. THEORY
2.1. Gravity drainage

The total water potential is given by

h=V¥(©)--z 2)
where -z represents the gravity potential and ¥ is the pressure potential, which
is negative in unsaturated media and depends upon the water content . The
hydraulic gradient is

ohjoz=0¥/oz -1 3)

To solve the drainage problem, Darcy’s law has to be combined with the equation
of continuity

90/3t=—0q/0z (C))

In the case of gravity drainage, the terin 3¥/9z can be neglected, and the flow
equation becomes

390/t =-09K/az )

The solution has been presented [5] as
k(®) = z/t for z/t <k(©) (6)
© =0, z/t>k(®) (M

where k = dK/d®, and Q, is the saturated water content. The unsaturated
hydraulic conductivity can be calculated [6] as

K=(®z - W)/t . @)

where W{z,t) is the amount of water stored in the profile above depth z. This
amount can be calculated from observations of the water-content profiles.
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FIG.1. The pressure potential versus water content relationship in the case of drainage for

the sand used in this study.

2.2. Drainage to a shallow water-table

In the case of drainage of a previously saturated profile in the presence of a
shallow water-table, 3¥/0z cannot be neglected. However, an approximation is
possible. The W(@®) relation often shows a flat part, where ¥ does not vary much
with the water content. The average value of ¥ in that part of the curve is equal
to the average capillary pressure h,, of the larger pores of the medium ’

¥=-h, )
For instance, Fig.1 shows the W (©) relation of the sand used in this study, with
h, &~ 40 cm. Hence, during the initial stage of the drainage, the water pressure
at the soil surface remains approximately equal to —h,. The average pressure
potential gradient in the profile can be approximated by

ov¥/oz = h.fz, (10)

where z, is the depth of the water-table.
The flow equation becomes

38/at =(h./zo —1)3K/3z (11)
The solution is

k(@) = z/t(1 - h./z9) (12)
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for z/t(l —h./zy) <k(O) (13)
and z<z— h, (14)
otherwise

=0 (15)

Condition (14) results from the fact that only the zone between the surface to a

height of h above the water-table is able to drain. The unsaturated hydraulic

conductivity can be calculated from observations of the water-content profiles by
K= (Bz —W)/(1 ~h./zo)t (16)

for z <zy—h, (17)

Hence, only measurenments of the water-content profiles are needed for calculat-
ing K.

FIG.2. Schematic representation of drainage of a sand medium, induced by a lowering of the
water table.

2.3. Drainage induced by a water-table decline

Consider a soil profile with a water-table in equilibrium. If the watertable
is suddenly lowered over a distance L, drainage will occur. This situation is
schematically shown in Fig.2. The average pressure potential gradient can be
estimated as

3¥/dz=L/(L +h,) (18)
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The flow equation is
9@/t =~ (L/L+h,)3K/dz ) (19)

The solution is

k(@)=2z(L +h,)/Lt : (20)
for z2(L+h )/Lt<Kk(By) | @0
and z<L (22)
otherwise

0 =0, . (23)

The total amount of water drained, V, is
V=(0,~©)L+LKt/(L+h,) .24

where © and K are taken at z = L, the posmons at a height h, above the water-
table. The drainage rate is

dv/dt = LK/(L +h,) 25)
With Eqs (24) and (25) K and © can be calculated as

K = (1 +h,/L)dv/dt . ' | (26)

©=6,~V/L+ ((/L)@V/dt) ' ' Q@n

Hence, the K(©) relation can be calculated from observations of the total amount
of water drained as a function of time.

3.  EXPERIMENTAL

A plexiglass column, 6 cm in diameter and 140 ¢m long, was filled with
sand with grain diameters ranging from 120 to 1000 um. The average bulk
density was 1.67 g/fcm?3.

The ¥ (©) relation, as shown in Fig.1, was determined with a hanging
water column experiment [7]. The saturated water content was 0.354 cm®/cm3.
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FIG.3. Observed total drainage versus time.

The column was saturated from below and allowed to drain for several days
with a water-table fixed at 40 cm above the lower end. After equilibrium was
established, the drainage experiment was started by suddenly lowering the water-
table to the bottom of the column. The outflow was collected and weighed on a
balance. The time was recorded for every 2 g water drained from the column.
The experiment lasted for about 5 h.

4. DISCUSSION AND CONCLUSION

The resulting total amount of water drained as a function of time is shown
in Fig.3. The K and © values were calculated with Eqs (26) and (27). The time
derivative of the total outflow was evaluated with a three-point finite difference
approximation. The resulting K versus @ values are represented in Fig.4 by the
dots.

To verify these results, the K (@) relation was also determined by a classical
method, in this case the infiltration method [8]. The details of this experiment
can be found elsewhere [9]. Much more effort, equipment and time (several
weeks) were required in comparison with the drainage experiment. The resulting
K — @ values are represented in Fig.4 by stars.

Agreement between the results of the drainage experiment and those of
the infiltration experiment is generally good, although the drainage method
seems to predict somewhat lower K values for the higher water contents. Since
the drainage experiment is fast and the calculation of the K (@) relation requires
only very simple observations, it can be concluded that this new technique for
determining the K(@) relation is very useful.
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FIG.4. Calculated unsaturated hydraulic conductivity versus water-content values.

In fields where the gravity drainage technique cannot be used because of a
shallow water-table, Eq.(16) is proposed for calculating the K(@) relation with
observation of water-content profiles only. Also, this technique requires little
data and can be considered as very promising. However, the method has not been
tested yet. Verification of this drainage technique in the field will be the subject
of future investigations.
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Abstract

STUDIES ON THE MOBILITY OF SOME HEAVY METALS AND TRANSURAN]C
RADIONUCLIDES IN MAJOR INDIAN SOIL TYPES. )

Studies on the mobility of the heavy metals, chromium, lead, zinc and transuranic radio-
nuclides plutonium and americium in three major Indian soils, namely a vertisol-pellustert (black
soil),; an oxisol (laterite soil) and an entisol-haplaquent (alluvial soil}, indicated that more than
98% of the surface-deposited pollutants were retained in the top 0 to 2.5 cm layer when
leached with rajn-water, In general, the mobility of these elements was either unaffected or
marginally reduced at high doses of added organic matter as compared with controls. However,
leaching with dilute solutions of (107*M) EDTA, EDDHA and DTPA resulted in enhancement
of the mobility of all these pollutants with a high degree of chelate specificity for individual
ions, depending upon the soil type. Rapid formation of stable soluble Cr-EDDHA, Pu-DTPA
and. Am-DTPA complexes facilitated the leaching of these pollutants from the contaminated
soils.

1. INTRODUCTION

Chromium, lead and zine are among the heavy metals which are considered
as important soil and water pollutants. They are known to be present in sewage
sludges, waste waters, phosphatic fertilizers as well as in emissions from automobile
exhausts, smelters and related industries [1, 2], and there is growing concern
that these elements may enter the food chain in toxic amounts. Trivalent as well
as hexavalent forms of chromium may be present in soils and reports exist on the
rapid conversion of soluble Cr to insoluble forms in soils of widely varying pH
[3-5]) as well as the oxidation of Cr3* to Cré* resulting in thé prevalence of soluble
anion [6]. Chromium accumulated in soils is also toxic to plants; the toxic limits
depending upon the soil type [7, 8]. Since the anti-detonating substances
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containing lead additives in petrol are burnt and released in the ambient atmo-
sphere through automobile exhaust gas which contains several compounds of lead,
the accumulation of lead in the top layers of soil alongside highways is a well-
established phenomenon (9, 10). Zinc pollution from sewage sludge and in

areas surrounding zinc smelters has also gained importance in recent years

{11, 12}, though zinc is generally considered as a plant micronutrient.

There has also been an increase in the inventory of transuranic radionuclides
in the environment over the past few years, either because of nuclear weapon
tests or accidental and planned releases from installations associated with the
expanding nuclear power industry. Among these, 2**Pu and 2*'Am are of
considerable environmental significance owing to their long half-lives and extremely
high radiotoxicity.

Studies on the contamination of ‘toxic’ heavy metals and transuranic radio-
nuclides in soils and plants have so far been restricted to highly industrialized
temperate regions {1 1--18] and hardly any quantitative data arc available on
the fate of these pollutants in soils of subtropical and tropical regions. The
accelerated growth of various industries, including nuclear industry, in India, the
potential use of sewage sludges and municipal composts as organic fertilizers,

- and the increasing application of phosphate rocks as fertilizer material, raise
the question that Indian soils and soil-crop systems could be subjected to contamina-
tion from these pollutants. As a part of our continuing programme aimed at
understanding the behaviour of heavy metals and transuranics in subtropical and
tropical soils and the soil-plant system, studies were undertaken on the mobility
of these pollutants in contrasting Indian soil types. This paper reports on the
mobility of chromium, lead, zine, 23%Pu and 2*!Am in three contrasting soils
representing three major Indian soil groups, namely, a vertisol-pellustert (black),
an oxisol (laterite) and an entisol-haplaquent (alluvial), as affected by rain-water
organic matter addition, and synthetic chelating agents like EDTA, EDDHA and
DTPA. In these studies 5'Cr, 55Zn and 2!°Pb were used as tracers for Cr, Zn and
Pb, respectively.

2. MATERIALS AND METHODS

As the mobility studies for individual heavy metals and transuranic radio-
nuclides were carried out at different periods, the soils used in the experiments,
though belonging to the same class, were not identical. The range of values of the
important physico-chemical characteristics of the soils used in the studies are
presented in Table L.

Surface soil samples (0—20 cm) passed through a 2 mm sieve were transferred
to glass leaching columns (2.5 cm dia.) so that after compaction a depth of 15 c¢m
and a bulk density of 1.36, 1.27 and 1.56 were provided for pellustert, oxisol
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TABLE 1. IMPORTANT CHARACTERISTICS OF THE SOILS USED IN THE

INVESTIGATION

Vertisol- Oxisol Entisol-
Soil characteristics Pellustert (laterite) haplaquent

(black) (alluvial)
pH (1:2.5) 8.0-8.5 5.1-5.9 7.0-7.4
Moisture equivalent (%) 31.2-374 29.6—34.2 23.0-25.9
Electrical
conductivity (mmho/cm) 0.20-0.28 0.12-0.20 0.30-0.71
Cation exchange
capacity (meq/100 g) 48.8-60.7 10.5-14.6 15.9-28.4
Organic carbon (%) 0.39-1.32 0.52-1.80 0.51—-1.65
Predominant clay Montmorillonite/ Kaolinite Degraded
mineral illite illite
Texture Clay loam Sandy loam Loamy sand

and haplaquent, respectively. The soils were packed with a packing block
similar to that described for measuring hydraulic conductivity {19). Organic
matter treatments comprised an addition of either vegetable compost (C/N = 21.1}
or sewage sludge (C/N = 7.24) or municipal compost (C/N = 8.67) at S or 10%
levels corresponding to 50 t/ha and 100 t/ha, respectively. The addition of organic
matter did not result in significant variations in bulk density of the soil profiles.
The soils were maintained at field capacity moisture status for one week after
which the top surface of each soil was labelled with 1480 kBq (40 xCi) of $'Cr3*
and 74 kBq (2 pCi) each of '%Pb, 55Zn, 23*Pu and ?*'Am in separate sets of soil
columns using solutions of 31CrCl,, 2'°Pb(NO;),, $ZnCl,, 2*°Pu(NO; ), and
MAmM(NO,)s, respectively. The labelling was done by adding the radioactive
solution in two instalments of ! mL each to the top of the soil column; the second
instalment was added only after the disappearance of standing liquid on top of
the column, Glass wool was packed on the surface to reduce the disturbance of
soil when the leaching liquids were applied.
Two days after contamination, control and organic-matter-treated soil
columns were leached with rain-water (de-ionized) while each synthetic chelate,
- namely ethylenediaminetetraacetic acid (EDTA), ethylenediamine di(o-)hydroxy-
phenylacetic acid (EDDHA) and diethylene triaminepentaacetic acid (DTPA)
was used at 10™*M concentration, The pH of all the leaching solutions was
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adjusted to 7 and the solutions were in ammoniacal form. The leaching volumes
consisted of 100 ¢m, 250 cm and 75 cm for pellustert, oxisol and haplaquent soil
columns, respectively, which correspond to the mean annual precipitation at the
site of soil collection. The leaching solutions were applied to the top of the soil
column in instalments of 5 cm (25 mL) at a time. Each 5 cm aliquot was allowed
to leach completely before the next aliquot was applied. The time taken for each
5 cm aliquot to pass through the column depended upon the soil type (one to five
days), the leaching being comparatively faster in the initial stages. In some treatments,
leaching could not be continued to the mean annual precipitation level, owing

to the formation of an impervious layer in the soil, and the quantity of solution:
leached is indicated in the respective tables. The possibility of breakthrough of
the radionuclides from the soil columns was checked daily by monitoring the
leachates for radioactivity, and leaching was discontinued on occurrence of a
breakthrough to prevent the overrun of the radionuclide out of the column.

On completion of leaching and after about one week (drying period), the
soil columns were sticed, either in 2.5 cm segments (*'Cr and 2!°Pb) orin | cm
segments (¢°Zn, 2**Pu and ?*’Am) by gently pushing the column downwards
using a rubber stopper attached to a thick glass rod on to a Petri dish. This
procedure did not alter the physical dimensions of the original soil column
contained in the glass leaching container and was found to be very convenient
for accurate partitioning of the soil column into different segments, The individual
segments were further air dried and 2 g of the soil from each segment was packed
in test tubes for assay of 5!Cr, 219Pb, %5Zn and ?*'Am through gamma-ray spectro-
metry using a well-type 7.5 cm X 7.5 ¢cm Nal(T1) crystal integral line assembly,
and a Nuclear Data 512-Channel pulse-height analyser attached to an oscilloscope
and a computer readout typewriter, The gamma photopeak of 325 keV for 5'Cr,
47 keV for 2'%Pb, 1110 keV for ¢*Zn and 60 keV for **!Am was used for a
quantitative estimation of the radionuclides. ]

In the case of the **Pu-treated soil columns, the dried 1 cm segments were
digested in 8M HNO, for 30 min, centrifuged and the clear extracts were taken
for plutonium assay by planchetting on to a stainless-steel planchet and alpha
counting using a low-background ZriS(Ag) scintillation counter.

3. RESULTS
3.1. Chromium

Data on the mobility of $!Cr presented in Table II indicate that in both
soil types more than 99% of the surface-applied *'Cr®" was retained in the top
contaminated layer with very little downward movement when leached with
rain-water. Incorporation of organic matter at 5% level and leaching with water
also did not result in *'Cr breaking through from the soil columns in both soil types.
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TABLE 1I, MOBILITY OF 3!Cr (*1CrCl3) IN TWO SOIL TYPES AS
INFLUENCED BY RAIN-WATER, ORGANIC MATTER (5%) AND
SYNTHETIC CHELATES (107*M conc.)

Distribution of radionuclide in soil columns (% of total)

?;‘l’;h Control 2?3:;0 EDTA EDDHA DTPA
Pellustert (50 cm) (40 cm) ‘ (50 cm) (10 cm)® (50 cm)
0-2.5 99,88 99.59 99.08 . 99.40 99.50
2.5-5.0 0.12 0.17 0.42 0.18 0.30
5.0-7.5 - 0.13 0.30 0.13 0.10
7.5-10.0 - 0.06 0.20 0.11 0.10

10.0-12.5 - 0.05 - 0.09 -
12.5-15.0 ~ - - 0.09 -
Oxisol (250 c¢cm) (250 cm) (250 cm) (15 cm)? (250 cm)
0-2.5 99.82 99,19 99.56 99.90 94.45
2.5-5.0 0.14 0.59 0.15 0.04 2.70
5.0-7.5 0.03 0.15 0.13 0.02 1.40
7.5-10.0 0.01 0.05 0.11 0.02 0.70
10.0-12.5 - 0,02 0.05 0.01 0.49
12.5-15.0 - - - 0.01 0.26

2 Breakthrough of *!Cr from the soil column.

A rapid breakthrough of *'Cr occurred in both soil types after passage of
10 cm and 15 cm of 107*M EDDHA solution in the pellustert and oxisol, respectively.
No breakthrough of 5!Cr occurred in both soils when they were leached with
107*M EDTA or DTPA solution. EDDHA was therefore most effective in
complexing and leaching out *!Cr from both soils. A downward movement of
SICr to a small extent was also observed with DTPA and EDTA; DTPA was more
effective than EDTA in inducing mobility of *!Cr, especially in the oxisol.
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TABLE III, MOBILITY OF 2'°Ph IN THREE SOIL TYPES AS INFLUENCED
BY RAIN-WATER, ORGANIC MATTER (10%) AND SYNTHETIC CHELATES
(10™*Mconc.)

Distribution of radionuclide in soil columns (% of total)

?;;’)th Control ?n?::';? EDTA EDDHA DTPA
Pellustert (100 cm) (60 cm) (100 ¢m) (100 cm) (100 cm)
0--2.5 99.41 99.91 96.66 99.98 99.97
2.5-5.0 0.35 0.04 2.71 0.01 0.01
50-7.5 [ 0.3 0.02 0.51 0.01 0.01
7.5-10.0 0.07 0.01 0.10 - 0.01
10.0-12.5 0.02 0.01 0.01 - -
12.5-15.0 0.02 0.01 0.01 - -
Oxisol {250 ¢m) (250 cm) (250 cm) {250 cm) (250 cm)
0-2.5 99.85 99.82 85.43 99.93 99.53
2.5-5.0 0.05 0.08 9.27 0.04 0.43
5.0-7.5 0.03 0.05 216 0.02 0.01
7.5-10.0 0.03 0.02 1.08 0.01 0.01
10.0--12.5 0.03 0.02 1.52 - 0.01
12.5-15.0 0.01 0.01 0.54 - 0.01
Haplaquent (75 cm) (75 ¢cm) (75 cm) (75 cm) (75 cm)
0-2.5 99.90 99.80 56.43 99.98 99.76
2.5-5.0 0.01 0.06 24.74 0.01 0.12
5.0-7.5 0.01 0.04 12.60 0.01 0.05
7.5-10.0 0.03 0.04 473 - 0.03
10.0-12.5 0.03 0.03 <121 - 0.02
12.5-15.0 0.02 0.03 0.29 - 0.02
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3.2. Lead

Data on the mobility of >'°Pb presented in Table 11l indicate that nearly
all (>>99%) applied Pb was retained in the surface-deposited layer of the three
soil types. Incorporation of organic matter at a high level of 10% also did not
induce mobility of Pb in any of the three soils; on the contrary, a slight
reduction in the mobility of Pb, especially in the pellustert, was observed.

No breakthrough of 21%Pb was recorded in the pellustert, oxisol and
haplaquent soils with leaching volumes of 100, 250 and 75 cm, respectively, of
any of the three synthetic chelating agents (Table I[1). EDDHA in particular
was ineffective in including mobility of 2!°Pb in all three soil types, which is in
contrast with the observation in the case of *'Cr* (Table 1) where EDDHA was
most effective in inducing mobility of 51Cr3*. Among the remaining two chelates,
EDTA was relatively more effective in enhancing the mobility of 2*°Pb than
DTPA in all three soil types, as revealed from the comparatively larger
fraction of 2'°Pb retaincd in the surface layer of soils leached with DTPA
solution, Moreover, *'°Pb was more mobile in the haplaquent, followed by oxisol
and pellustert, when these soils were leached with EDTA solution as indicated
by the greater fraction of 2!°Pb found in the lower layers of these soils.

3.3. Zinc

Data on the influence of sewage sludge, municipal compost and synthetic
chelating agents on the mobility of °Zn in the three soils are presented in Table IV,
Data indicate that 99,9% of the applied %3Zn in the three soil types was retained
in the surface layers (0—2 c¢m) when leached with rain-water. Incorporation of high
doses (10%) of either sewage sludge or municipal compost did not result in any
significant movement of 5Zn in the three soil types; mostly all (>99.8%) %°Zn
was located in the surface zone of the soil column,

Application of 10™*M EDTA or DTPA solutions caused a variable movement
of 65Zn in all the three soils (Table IV). Although no breakthrough of the nuclide
occurred in any of the three soils studied, the °Zn movement beyond a depth of
6 cm in the pellustert was 40.92% and 23.54% of applied ®*Zn with 100 ¢m leaching
with EDTA or DTPA, respectively, indicating thereby that EDTA was more
effective than DTPA in enhancing the mobility of ®3Zn in the pellustert,
Comparatively reduced mobility of applied %*Zn to the lower depths was observed
in the oxisol, the movement being almost'negligible beyond 8 cm depth when
the soil was leached with 105 cm of the chelating solution; no differences were
observed between the two chelating agents. In the haplaquent, the leaching was
greatly impeded owing to the formation of an impervious layer in the soil column
at 2—3 cm depth and hence only 10 cm of the leaching liquids could be passed.
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Nevertheless, there was considerable movement of ¢Zn even with 10 cm leaching
with the chelating solution, and in this case DTPA was slightly more effective
in enhancing the mobility of Zn than EDTA.

3.4, Plutonium

Data on the mobility of 2**Pu presented in Table V indicate that nearly
98% of the applied 2*°Pu was retained in the surface-deposited layer of the three soils
when leached with rain-water. Incorporation of organic matter at 5% level in the
soils did not significantly affect the mobility of 23°Pu except in the pellustert
where a slightly enhanced movement was detected at lower depths, i.e. at 10 cm
compared with controls where plutonium was detected only up to 5—6 cm
depth,

A breakthrough of 23%Pu was recorded on leaching with 10 cm volumes of
10"*M DTPA in the pellustert and in the haplaquent, and with 45 cm in the
case of oxisol soil profiles (Table V). Itis noteworthy that, despite variation in
soil characteristics (Table [}, DTPA was highly effective in enhancing the mobility
of plutonium through columns of all the three soils. Leaching with 107°M EDTA
solution showed that this chelate was less effective than DTPA in enhancing
239py mobility in the three soils. However, EDTA induced greater mobility of
9Py compared with that in controls and the organic-matter-treated soil column,

3.5. Americium

Data on the mobility of 2*!Am presented in Table VI indicate that more
than 99% of the applied **'Am was retained in the top 2 cm (surface deposited)
layer of the three soil types when leached with rain-water. Incorporation of 5%
organic matter in these three soils appeared to decrease the mobility of 24!Am
as compared with the controls.

The behaviour of ***Am when leached with chelating solution (Table VI)
was similar to that of 2Py (Table V). A breakthrough of **!Am was obtained when
the soils were leached with 107*M DTPA solution (10 cm solution in the pellustert
and haplaquent, and 45 cm solution in the oxisol). However, EDTA solution was
less effective than DTPA in enhancing the mobility of 2*'Am, although the radio-
nuclide moved to 10 cm depth.

4, DISCUSSION

The retention of the heavy metals Cr, Pb and Zn, and the transuranics, Pu
and Am, in the surface-deposited layers of the contrasting tropical soils used in
this investigation suggests that ions of these elements are held at the adsorption
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sites of the exchange complex of the soils and the strong bonding potential of
the soils prevented the movement of these pollutants to lower depths under
normal conditions of rain-water leaching. A similar high degree of retention

and immobilization of heavy metals and transuranics has been reported for
chromium [2, 20], lead {21—24], zinc [25—28] and #*°Pu [29—31] in temperate
soils. Further, very rapid hydrolysis of Pu and Am, when added to soils, resulting
in the formation of highly insoluble hydroxides, is another important factor
responsible for their fixation in soils [32, 33].

Soluble organic complex formation has been attributed as one of the factors
involved in the movement of inorganic ions in soils [34, 35]. In our present
experiments, however, the mobility of 2'%Pb?*, ¢5Zn?*, 5!Cr3*, 2'Am* and 2*°Pu**
in soils was in general either unaffected or marginally reduced at high doses
of organic matter as compared with controls. This is probably due to an increase
in the fixing capacity or complexation for metals in soil owing to organic matter
addition [36, 37]. 1t has been reported that the humic acid component of organic
matter in soils forms many multiple bonds with di- and trivalent metals, and
these metals in turn would be chelated and not readily released, and the complex
would usually not be soluble [38]. In our other studies, organic matter has been
found to reduce the solubility of both Pu and Am in soils over extended periods
of up to 400 days [32, 33]. Itis likely, therefore, that the formation of insoluble
larger molecular weight complexes with constituents of compost and sewage
sludge, such as fulvates and humates [mol.wt.: 30 000 to 50 000], could result
in the immobilization of Pb, Zn, Cr, 2*'Am and 2*°Pu in the surface layer of soils,

In general, low molecular weight synthetic chelating agents EDTA
{mol.wt. 292), EDDHA (mol.wt. 359) and DTPA (mol.wt. 393) at concentrations
of 107 M were quite effective in inducing the mobility of the hcavy metals and
transuranics in soils; however, these chelates exhibited a high degree of specificity
for complexing individual heavy metal or transuranic radionuclide depending
upon the soil type. The occurrence of $!Cr3* breakthrough from columns of
pellustert and oxisol on leaching with 10*M EDDHA was suggestive of the rapid
formation of stable, soluble Cr-EDDHA complexes compared with the slower
formation of Cr-EDTA or Cr-DTPA complexes where no breakthrough of *'Cr
occurred. The formation of Cr** complexes in the soils may be similar to the
formation of high stable chelates of Fe®* with EDTA, DTPA and EDDHA [39].
By contrast EDDHA was ineffective in inducing mobility of added 2'°Pb in all
the three soils. EDTA was the most effective enhancing mobility of Pb, followed
by DTPA, suggesting the formation of stable and soluble Pb-EDTA and Pb-DTPA
complexes that persist in soils over extended periods,

EDTA appeared to be more effective in enhancing the mobility of 65Zn as
compared with DTPA in the pellustert which may again be due to the more rapid
formation and/or greater stability of soluble Zn-EDTA complexes than Zn-DTPA
complexes, As EDDHA was not used in this experiment, it is not possible to
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predict the formation or behaviour of Zn-EDDHA complexes. In the oxisol,
however, both EDTA and DTPA were more or less equally effective; and in the
haplaquent, DTPA was slightly more effective in enhancing the mobility of Zn_
than EDTA. These findings again suggest that leaching with solutions of EDTA
and DTPA results in the formation of soluble stable Zn-EDTA and Zn-DTPA
complexes in soils over extended periods, thereby enhancing the mobility of zinc.
Earlier studies [40, 41] have also reported transformation of solid-phase soil Zn
into soluble Zn-EDTA complexes, thereby increasing the concentration gradient
of total diffusable zinc and its mobility in soils,

DTPA was highly effective in enhancing the mobility of the transuranic
radionuclides through columns of all three tropical soils examined. These findings
are suggestive of the formation of stable and soluble Pu-DTPA and Am-DTPA
complexes that are stable in soils over extended periods {42] and are more mobile
and available for plant uptake [15, 43]. The effect of DTPA in increasing the
solubility of 2*'Am in Hacienda loam [44], Burbank sandy loam [45] and Dothan
sandy clay loam [46] soils of the United States of America has been reported
earlier. EDTA was less effective than DTPA in inducing the mobility of the
transuranic radionuclides in the three soil types.

It is noteworthy that the formation of complexes of the heavy metals and
transuranics with low molecular weight synthetic chelating agents resulted in
generally enhanced mobility of these elements in soils. In contrast, the compost
and sewage sludge treatments, which may have led to the likely formation of
relatively large molecular weight complexes with these elements, either marginally
reduced or had no significant influence on their mobility in the soil types examined.
The present results have practical implications in terms of distribution of heavy
metals and transuranics in different tropical and subtropical soils and the development
of practices for leaching Cr, Zn, Pb, >*°Pu and **!Am below the active root zone of
crop plants grown in contaminated soils.
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Abstract

SOIL PHYSICAL PROPERTIES OF SALINE AND ALKALI VERTISOLS.

] Soil samples with variation in exchangeable sodium percentage (ESP) were selected from
vertisols in Gezira in the Sudan. In one samplec the study was conducted with a substantial

increase of electrical conductivity (EC). Using free and confined samples, the moisture retention

curves H(8) and saturated hydraulic conductivities Kg were determined. The diffusivity D(8)

was evaluated from the horizontal infiltration together with sorptivity S. The unsaturated

conductivity K(8)} was obtained by the outflow method, from D(6) and H(§) values.

The functional relationships of D{#) are extremely dissimilar when the ESP changes.

Since the D{8) of alkali samples is very low, it is concluded that alkalization leads to a substantial

reduction of the water flux to the roots of plants. In high ESP samples, the D(#) remains at

values lower than D, corresponding to a wilting of the majority of plants. Saturation of alkali

vertisols with Ca?" leads to a substantial increase of both D(#) and K(8). This increase is higher

than the rise of D(#) and K(8) because of the increased solute concentration up to

EC = 8.4 mmho/cm. The self-mulching process in the vertisol topsoil has a positive influence

upon the substantial increasc of D(8) and K(8). Sorptivity is an order of magnitude lower

owing to the high ESP and it can be ignored when the rainfall infiltration problem is solved.

The three calculation models, K (8) = K(6)/Kg from H(8), are not applicable to soils with an

increased ESP value with or without high EC.

1. INTRODUCTION

The accumulation of salts and the alteration in the composition of exchange-
able cations because of salinization and alkalization, induce a change of physical
properties in irrigated soils. In addition to the alteration of the soil-water regime,
this change affects the water regime of plants and the intensity of the salinization
itself [1]. Among the physical properties of the soil, the saturated and unsaturated
hydraulic conductivities, Kg and K(8), the soil-water diffusivity D(8), and the
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moisture retention curve H(@), are considered the most important characteristics
from the practical aspect. Here, # denotes the soil moisture, and H the pressure
head (moisture potential).

The retention and flow of water in soils are affected by factors such as
swelling and dispersion of clay, and these phenomena are the result of (i} the nature
of clay mineralogy; (ii) the concentration of the percolating solution, character-
ized here by the electric conductivity, EC; (iii) the sodium adsorption ratio (SAR);
and (iv) the exchangeable sodium percentage (ESP) of the soil. Many studies have
shown (e.g. Ref.[2]) that an increase in ESP results in a decrease of Kg. The
increase of EC has a buffer effect upon this change. More experimental data with
model soil, and discussion on some threshold values, can be found in Ref.[3].

The applicability of these findings to the texturally and mineralogically different
soils, as for example to vertisols, is still questionable. Russo and Bresler [4] tested
the effects of mixed Na-Ca solutions on D and K of a loamy soil. They have
demonstrated that D(@) and K(8) are independent of solution concentrations in
Ca soil. In mixed Ca-Na systems, both D(#) and K(0) depend upon the compo-
sition and concentration of the solution. The influence is similar to that acting
upon Kg. Dane and Klute [2] conducted experiments with one soil subjected to
variation of concentration and SAR values, and they found that the decrcase of
K(6) with the decrease of EC and the increase of SAR is to some extent
irreversible. Their soil consisted of 43% clay in which 60% was formed by mont-
morillonite. It was reported earlier [5, 6] that an increase in ESP results in
increasing the retention of water in soil. In irrigation practice, the difference
between field capacity and wilting point is denoted as available water capacity
(AWC) and this value is widely used. The value of AWC in soils of high ESP is
either higher than, or roughly equal to, the AWC of soils of low ESP value or of
soils saturated with Ca?*. Kutilek [7] and Varallyay [6] have proved that the
concept of AWC is misleading in salt-affected soils since the availability of water
to plants should be evaluated according to the flux of water to the roots of
plants. In alkali soils the flux is very low judging from the low values of K(¢) and
D(#) in the range of “available’ water, and the wilting point does not correspond
to 15 bar pressure head. ’

Our practical knowledge in soil physics has been deduced mainly from sandy
and silty soils of the temperate zone where, for example, the concept of AWC is
acceptable provided that the field capacity is an appropriate approximation.
However, the extrapolation to soils occurring in regions of different ecological
conditions on different substrates could be false. It is important to check our
assumptions for these soils. The study of soils’ principal physical characteristics
such as K(8) and D(8) is considered to be the prime starting point for such an
investigation.

In arid, semi-arid and semi-humid tropical zones, vertisols belong to soils
of high potential productivity which are frequently the dominant soil type in
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irrigation agriculture. Vertisols are typified by their high montmorillonitic clay
content, and by intensive swelling and shrinkage and, partly due to these
processes, they have extremely high bulk density. When irrigated they are
subjected to accelerated salinization and alkalization. It is not yet clear to which
extent the resulting change of physical properties can be deduced from model
experiments conducted on texturally less extreme samples, nor is the range

of values known. Experimental soil samples were therefore selected from vertisols
in Gezira in the Sudan and the D(6) and K(8), as determined by various methods
on samples with variations in EC and ESP, are discussed. ‘

2. MATERIALS AND METHODS

Experimental samples for this study are from Gezira vertisols in the Sudan.
See Table I for the basic information on their properties. Sample Nos 1 and 2 are
from one profile, Nos 3, 4 and 5 are from different profiles. Dissimilarity between
both groups is in the clay content of the samples. The range of clay content of
samples is probably the maximum range existing in Gezira vertisols. Sampie Nos 3,
4 and 5 have about 47% fine clay (< 0.2 um) and this value is very high, even in
vertisols. A detailed study of clay mineralogy [5] has shown that the content of
montmorillonites was about 82% in fine clay and the remaining part was formed
by kaolinites and chlorites. lilites were absent. Sample Nos 1 and 3 are from the
typical self-mulching top layers of vertisols and are characterized by high aggregate
stability despite the relatively high ESP value (10.5 and 13). The process of
self-mulching in the thin surface layer of vertisols has'not yet been sufficiently
explained, but the favourable physical properties of the self-mulch are well known.
As an alternative sample No.4 was saturated with a solution resulting in
EC = 8.4 mmho/cm and is denoted by No.4 ¢. Also, as an alternanvo sample,

No.5 was saturated with Ca®* and it is described as No.5a.

For sample Nos 3, 4 and 5, adsorption isotherms were determined by the
desiccator method and for their evaluation the BET procedure was applied; the
results are in Table [. As no appropriate technique was available at the time of
experimentation to obtain all the entry data needed for applying theories on
flow in swelling materials, the samples were used either as free, unconfined soil
and the moisture was recalculated with regard to the actual volume, or the samples
were confined at bulk densities corresponding to field values (with the exception
of the self-mulching layer) and the eventual volumetric change was neglected.

Saturated hydraulic conductivity was determined by constant water head,
the hydraulic gradient was 60 and Darcy’s law was taken as at least a working
approximation despite the fact that there were indications of deviations from
Darcy’s linearity between the flux and the gradient.
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TABLE I. GENERAL DESCRIPTION OF SOILS USED IN EXPERIMENT

Sample | Depth Clay] CaCO, | CEC EC . | ESP A Cpet

No. |(ecm) @) | %) |(meq%) | (mmhofecm) | (%) | (m%fg) (arb. units)
water vapour

adsorption

1 0-5 33 |5.8 31 1.1 10.5

2 5-30 35 (6.0 36 0.74 19.5

3 0-2 59 157 57 1.05 13 125 25.5

4 10-35 62 (3.8 54 0.96 215 115 31.5

5 55-90 68 5.8 62 0.75 275 135 29

A = specific surface.
Cypr = constant in the BET equation describing adsorption phenomena.

The moisture retention curves H(8) were determined on the samples with
(a) unlimited swelling (fre¢ samples), and (b) samples of field bulk density when
the swelling at the water saturation was hindered (confined samples). Details
about H(9) are discussed in Ref.[S]; generally, the retention curve of a free
sample is close to the straight line in the semi-log paper.. The confined samples
keep the saturated (or very near to saturated) moisture at a relatively high
pressure head, Hg, and the first release of water occurs at the value of Hy depend-
ing upon the confined bulk density. In most cases the Hg rose to more than
100 cm. The release of water is linked with shrinkage and the value of Hg should
not be confused with the air-entry value. The availability of water to plants as
deduced from H(#) was discussed in Section 2.

H(0) was used to compute the hydraulic conductivity K(8) according to
Refs [8- 10]. In the procedure of Ref.[9] the retention curve was fitted by
spline function;in Refs [8, 10] the expression of Ref.[11] was used for minimum
square fitting.

D(8) was determined from horizontal infiltration of water into soil columns
packed to field bulk density. Distilled water was used for samples 1,2,3,4 and 5
while for 4¢ and 5a the appropriate concentrations of chloride solutions were
prepared. For cvaluation, the method described in Ref.[11] was applied. From
D(6) and H(#), the K(9) relations were obtained and are referred to as experimental
K of confined samples. These data are compared with K(#), computed from H(8)
according to Refs [8 — 10]. From the recorded cumulative infiltration in time,
sorptivity S was also obtained.
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FIG.1. Moisture profiles 0 (x) of the horizontal infiltration of water in alkali vertisol (No.5)
at three time intervals, and the results of the same type of experiment when the soil was
saturated with Ca®* (sample No.5a).

The K(8) of free unconfined samples was determined by the outflow
method [12]. The corresponding volumetric moisture was recalculated with
reference to the actual sample volume. The procedure was approximative.

3. DISCUSSION OF THE RESULTS
3.1. Soil-water diffusivity

An example of the experimental results with horizontal infiltration in soil
of extreme alkalinity (sample No.5) is shown in Fig.1, where the moisture @ is
plotted against the co-ordinate x. The shape of the moisture profile 8(x) is different
from 8(x) of nor-alkali soils and is similar to 8(x)for D = const. In the same
figure, the substantial change in both the infiltration rate and in the change of .
moisture profile is demonstrated when the original sample No. 5 was saturated
with Ca?* (sample No.5a).
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FIG.2. Dependence of the soil-water diffusivity D upon the moisture 0 as determined from
the horizontal infiltration of water in vertisols of various degrees of salinity and alkalinity.

The computed values of D(8) are plotted for all samples in Fig.2. With the
exception of the self-mulching sample No.1, the D(8) of all samples is substantially
lower in the wet part of the curve when compared with non-alkali, non-vertisol
soils. The functional relationships of D(8) are changed. From the practical
point of view, the scaling technique is not applicable when the profile is affected
by alkalization.

The increase of ESP leads to the decrease of D(8) in the wet part and for
ESP > 20% the D(8) of the wet part tends to keep D values below the peak
values of the dry part of the curve and, in practice, below the value corresponding
to the permanent wilting of plants. In soil with ESP = 27.5 the D decreases with
the increase of 8, starting from the peak at § = 0.16. The strong D peaks in ranges
of 8 =0.1 to 8 =0.16, correspond to the values of relative vapour pressure above
0.94, and this is not in accordance with D peaks of water vapour flux in mont-
morillonites (p/p, < 0.4) and in clay soils (p/p, < 0.6).
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FIG.3. Dependence of the unsaturated conductivity K upon the moisture 8 as determined
from the outflow of water from the unconﬁned samples of vertisols placed in the pressure
appararus.

If D=2 X 10" cm/min is taken as a critical value when permanent wilting
of plants starts, we get as critical moisture 6 ,:

In soil Nos 1 2 3 4 5 4¢ 5a
‘ .
0, 0.18 0.30 0.32 all ranges ) 0.31 0.33

Since, with the exception of Nos 1 and 5a, D is by 1.5 —2.0 orders of magnitude
below the values of D reported for non-alkali non-vertisols, we can conclude that
the alkalization of vertisols leads to a substantial reduction of the water flux to
the roots and the reduced consumption of water has a direct result on the reduced
photosynthesis even when the moisture is kept above 0.

The self-mulching effect increases the D values substantlally in so1ls of
moderate clay content (33%), while in soils of high clay content (59%) this favour-
able influence still exists, but is devetoped to a lower degree. However, self-
mulching is restricted to a thin top layer and the positive features of the layer are
of less practical importance, On the other hand, compared with hydrophobic



186 KUTILEK

TABLE . SATURATED CONDUCTIVITY Kg AND SORPTIVITY §

Sample oy Kg S 6,
No. (g/cm®) (cm/min) (cm-min~1/2) (em3/cm®)
a b

1 conf, 1.34 SE-—4 6E--3 1.2E—1 0.05
free 1.09 S-2 — -

2 conf. 1.31 6 -5 - 1.8-2 0.07
free 0.95 3-3 - — '

3 conf. 1.30 5—4 - 3.8-2 0.09
free 0.90 5-2 - -

4 conf, 1.36 4-6 2-2 1.1-2 0.09
free 0.8% 1-4 - -

4c conf. 1.31 5—4 4-2 2.6-2 0.09
free 1.02 3-3 - -

S conf. 1.25 2-6 2-3 8.5-3 0.12
free 0.75 3-5 - -

Sa conf. 1.27 6-4 . — 8.5-2 0.09
free 1.06 1-2 - -

a = experimental; b = computed according to Ref.[9].
conf, = confined; 8§; = initial moisture; p, = buik density.

developments on the surface of some irrigated saline soils, the self-mulching
effects of vertisols are still highly positive phenomena.

The saturation of alkali vertisol samples with Ca** leads to a substantial
increase of D values, and in the wet part the increase is up to two orders of
magnitude. The increase of the solute concentration also shifts the D(8) to higher
values, when compared with the original sample No.4. But, surprisingly, this
influence is less pronounced than the saturation of clay with Ca?*. At8 =04,
the D value of Ca vertisol is already by one order of magnitude higher than D of
the vertisol sample of EC = 8.4 mmho/cm. The more positive effect of exchange-
able Ca?" gradually diminishes with decrease of 8. Similar differences between
two treatments of soil samples are in K(6) - see Fig.3. The results are not fully
consistent with model experiments [3], but they can be simply explained when
the electrokinetic phenomena, as induced by the extremely large specific surface
of vertisols, are considered.
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The very low values of sorptivity S of soils with high ESP agree well with
the D(8) relations — see Table I1. In field situations, the sorptivity into the soil
matrix is negligible when the rainfall situation is considered, and the cumulative
infiltration at the ponding time represents the volume of free macropores. Let us
remember that the ponding time equations contain the term with $? in addition
to the characteristics of the macroporous system where the S term is absent [13].
The contribution of S to the value of the ponding time is therefore negligible in
soils of increased ESP.

3.2. Hydraulic conductivity

The results of measurements with free, unconfined samples when the outflow
method [12] was applied are plotted in Fig.3. Similar tendencies, as found for
D(8} are also distinct in K(8) relations. The increase of ESP causes the decrease
of K(#) and in the range of ESP = 13 to ESP=27.5 the decrease of K(#)is more
than two orders of magnitude greater. The general run of K(8) for variations in
ESP is less dissimilar than in D(8) for variations in ESP, and when the seif-mulched
samples 1 and 3 are not considered, a good similarity between K(8) of individual
natural samples exists, and the difference in K(8) between various samples does
not change substantially. The scaling of K(8) therefore looks to be applicable to
soils of various degrees of alkalization, and only surface self-mulched soil could be
an exception. The saturation of alkali vertisol with Ca?* leads again to a more
distinct increase of K(8) than that of K(8) due to the high EC. The relatively
high values of K(8) in Ca vertisol allow the conclusion that the irreversibility of K
in Na vertisol is either of little importance or it does not exist at all. This
conclusion is also supported by the results on the D(8) relations.

The moisture retention curves of confined samples were used to calculate
K(8) and these values were compared with K(8) obtained from D(8) and d6/dH.
The starting point of K() computation is the value of Kg. The computed Kg was
compared with experimental Kg — see Table II. The difference is in various orders
- of magnitude but generally the computed Kg values differ substantially from the
experimental Kg values. Experimental Kg was therefore used as the correction
factor for the computed K(8) and the relative conductivities K, were compared,
where K(6), = K(#)/Kg — Table Il and Fig.4. The computational models of
K(6), fit relatively well to the experimental data of samples from the self-mulched
top layer where the capillary phenomena are supposed to exist because of micro-
and macroaggregation. When ESP increases, the computed K, values differ again
in orders of magnitude with a tendency for an increased difference between the
computed K, and the experimental K; when 6 decreases. It can therefore be
concluded that the computation of K(8) from H(f) does not offer reliable data
on saline-alkali and alkali vertisols and preference should be given to the directly
measured values.
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TABLE III. COMPARISON OF THE EXPERIMENTAL AND COMPUTED
RELATIVE CONDUCTIVITIES K,, WHERE K, =K(8)/Kg IN CONFINED
SAMPLES

Sample 0 K,
No. (cm?fem®) Exper. computed according to Ref
[10] (8] (9]

1 0.338 4.5E-2 1.9E-2 2.3E-2 6.0E-3
0.149 22-6 7.7-7 1.6 -6 3.1-5

2 0316 2,1-2 5.5-3 7.6-3 -
0.169 2.3--5 3.5-7 8.6-—7 —

3 0.34 1.0-3 2.5-4 3.1-4 1.8-3
3.259 . 89-6 7.5=7 1.1 -6 135

4 0.363 1.5-1 2.8-3 33-3 7.2-3
0.254 1.1-3 2.6—6 39-6 6.0--6

4¢ 0.335 1.7-2 6.8_4 8.5—-4 5.1-4
0.218 7.3-5 4.8--7 7.5-7 2.3 -6

5 0.352 1.2-2 224 28-4 2.2-3
0.258 9 —4 4.6 -7 6.8 -7 9.1 -5

Later, additional core samples were taken from the soil corresponding to
sample No.2 from a depth of 3 — 6 cm after the rainy secason when the cracks in
the moist soil disappeared and the surface had a homogeneous appearance. The
position of the original cracks was marked earlier and one set of six samples was
taken there. Another set of six samples was taken from the place where the cracks
did not open in the dry season. The mean value of Kg was as follows: In the
position of earlier crack Kg =8.8 X 10" cm/min; in the position without crack
Kg=7.2X 10" cm/min. It follows from this measurement that a steady
heterogeneous system can be expected in vertisols even in wet soil, owing to the
earlier existence of cracks.
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FIG.4. Comparison of the results of the compuztation of the relative conductivity K depending
upon the moisture 0 when two different methods were applied: {aj K, computed from the
soil-water diffusivity and from the retention curve, denoted by “‘experimental”; (b} K_com-
puted from the retention curve either by Marshall’s (9] or by Mualem’s [10] procedure.
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Abstract—Resumen

INTEGRATED WATER-CROP-SOIL-MANAGEMENT SYSTEM FOR EVALUATING THE
QUALITY OF IRRIGATION WATER.

The authors make use of an independent balance of the salts and ions present in the water
available for irrigation, based on the residence times in the soil solution that are allowed by
solubility limits and drainage conditions, to develop an efficient system for evaluating the
quality of such water which combines the factors: water, crop, soil and management. The
system is based on the principle that such quality depends not only on the concentration and
composition of the salts dissolved in the water, but also on existing possibilities and limitations
in using and managing it in respect of the soil and crops, with allowance for the crop’s tolerance
of salinity, drainage conditions and hydrological properties of the soils, climate and current
or potential practices for the management of the irrigation, If this system is used to quantify
approximately the time behaviour of the concentration and composition of the salts in the
soil solution, it is possible not only to predict the effects on soil, crops and drainage water,
but also to evaluate the various combinations of irrigation water, soil, crops and management
and to select the most suitable. It is also useful for. fairly accurately diagnosing current problems
of salinity and for identifying alternatives and possibilities for reclamation. Examples of its
use for these purposes in Venezuela are presented with particular reference to the diagnosis
of the present and future development of “salino-sodic” and *‘sodic” soils by means of low-
salt irrigation water spread over agricultural soils with very poor drainage in a sub-humid
or semi-arid tropical climate. The authors also describe the use of radiation techniques for
gaining an understanding of the relations between the factors making up the system and for
improving the quarititative evaluations required to diagnose problems and to select the best
management methods for the available irrigation water,

SISTEMA INTEGRADO AGUA-CULTIVO-SUELO-MANEJO PARA EVALUAR LA CALIDAD
DE AGUA PARA RIEGO. )

Se utiliza un balance independiente de las sales e iones presentes en las aguas disponibles
para riego, basado en sus posibilidades de permanencia en la solucion del suelo de acuerdo
a los I{mites de solubilidad y condiciones de drenaje, con el fin de desarrollar un sistema
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racional de evaluacidn de la calidad de dichas aguas, en el que se integran los factores agua,
cultivo, suelo y manejo. Se basa en el principio de que dicha calidad no depende solamente

de la concentracion y composicion de las sales disueltas en el agua, sino de las posibilidades

y limitaciones para su uso y manejo en relaciéon a suelos y cultivos, para lo cual se toman

en cuenta la tolerancia del cultivo a la salinidad, las condiciones de drenaje y propiedades
hidrolégicas de los suelos, el clima y las précticas actuales o potenciales para manejo del riego.

La utilizacion del sistema para cuantificar en forma aproximada la evolucidn de la concentracién
y composicion de las sales en la solucion del suelo permite no solo prever los efectos sobre
suelos, cultivos y aguas de drenaje, sino también evaluar las diferentes combinaciones de agua

de riego, suelo, cultivos y manejo, y seleccionar las mas convenientes. Asimismo es ittil para
realizar diagnosticos bastante precisos de problemas actuales de salinidad, y para establecer

las alternativas y posibilidades de recuperacion. Se presentan ejemplos de su uso para dichos
fines en Venezuela, haciendo hincapié en el diagnéstico del desarrollo actual y potencial de
suelos “‘salino-sbdicos” y “sddices” con aguas de riego de bajo contenido de sales en suelos
agricolas con drenaje muy deficiente, y con clima tropical subhitmedo o semiarido. Se sefiala

la utilidad que podrian tener el uso de técnicas de radiacion en el entendimiento de las relaciones
entre los factores inclufdos en el sistema, y en el mejoramiento de las evaluaciones cuantitativas
requeridas para el diagnostico de los problemas y la seleccidon del mejor uso y practicas de manejo
del agua de'riego disponible.

1. INTRODUCCION

Los problemas de salinizacién d¢ suelos revisten particular importancia,
especialmente en agricultura de regadio, por su accidn sobre las propiedades
fisicoquimicas de los mismos, sobre los cultivos y sobre los animales y personas
que los consumen. Dichos problemas han sido mas estudiados cn zonas éridas,
donde ticnen caracteristicas especificas, ya que la agricultura bajo riego conven-
cional se ha aplicado tradicionalmente en dichas dreas, mientras que en otros
climas el riego se ha usado mds que todo para el cultivo de arroz bajo inundacién,
condiciones bajo las cuales el problema de salinidad es menos frecuente, Al irse
expandiendo el riego como fuente suplementaria de agua a zonas con climas
semidridos o subhitmedos, con distribucion estacional de las lluvias, especialmente
en stiglos con drenaje restringido y en latitudes tropicales con altas tasas de
evapotranspiracion, se han presentado problemas de salinizacién de mayor comple-
jidad [1--3], dificiles de detectar a corto plazo y, por ello, menos analizados. Sin
embargo, por provocar efectos alin mas permanentes y dificiles de resolver, estos
casos deben cstudiarse cuidadosamente, determinandose las pricticas que resulten
convenientes para su prevencion.

Aunque es de gran interés conocer ¢l contenido y composicidn de sales en
el agua desde el punto de vista de salinizacidn de los suelos a los cuales va a aplicar
con el ricgo, es necesario tener en consideracién que, de acuerdo a las condiciones
del clima, propiedades hidrologicas del perfil del suelo y facilidades del drenaje,
dicha concentraciéon y composicién pueden variar mucho en la solucion del suelo
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resuttante. Es por ello que la calificacidn de salinidad de aguas de riego no puede
hacerse en forma aislada, sin tomar en cuenta los demds factores que inciden sobre
las concentraciones finales de la solucién del suelo. En ¢l proceso de salinizacidn
revisten particular importancia los cambios que pueden ocurrir en la composicion
de la solucidn del suelo por la precipitacion de ciertas sales de solubilidad limitada,
tales como carbonatos de Ca y Mg y sulfatos de Ca. En cualquier caso, condiciones
que favorezcan dicho proceso, como predominio de bicarbonatos y sulfatos en ¢l
agua, pérdidas de CO,, mal drenaje, etc., contribuirdn a un enriquecimiento relativo
de Na en la solucidn del suelo y concurrentemente en el complejo de intercambio,
aunque se presentard una disminucién en el contenido total de sales en la solucidn.

2. REQUERIMIENTOS DE LIXIVIACION Y DRENAJE PARA CONTROL
"DE LA SALINIZACION DE LOS SUELOS

Las plantas no toman las sales en la misma proporcién con que absorben
agua y por ello las aportadas con ¢l riego tienden a acumularse en la solucién
del suelo. Esto puede evitarse aplicando un exceso de agua de riego por encima
del uso consuntivo del cultivo para lixiviar esas sales y evitar su acumulacion
en la zona critica del suelo. Cuando este contiene originalmente una cantidad
excesiva de sales en solucioén, serd necesario aplicar también un exceso de agua
para lixiviarlas. En cualquier caso, la cantidad de agua a aplicar en exceso
dependera del contenido y tipo de sales en el agua de riego [4], del contenido
original de sales en la solucién del suelo, del clima, y de la efectividad de la lluvia
lixiviando sales en la estacion himeda [2]. El exceso de agua de riego requerido
para ¢l control de sales en el suelo ha sido llamado “requerimiento de
lixiviacion™ [5].

Cuando ¢l exceso de agua de riego o lluvia que penetra en ¢l suelo no se
elimina debido a déficits en el drenaje interno, su efecto sobre la salinizaciéon puede
ser contraproducente, al provoear en algunos casos un incremento mds acelerado
de élla v, en otros, el ascenso de sales acumuladas en el subsuelo hasta el suelo
superficial. Ambas situaciones son originadas por ascenso del nivel fredtico general,
o por formacion de mesas de agua colgantes cuando el déficit en drenaje interno
se¢ debe mis que todo a la baja permeabilidad de algin estrato en el perfil del suelo.
Para evitar que eso suceda, es necesario proveer un sistema de drenaje capaz de
eliminar el exceso de agua, cuyo disefio y posibilidades pricticas y econdmicas
dependerd tanto del “requerimiento de lixiviacién’ como de las propiedades
hidrolégicas del perfil del suelo.

Se ha planteado (6, 7] la posibilidad de reducir los requerimientos de lixivia-
cidn de sales del suelo utilizando métodos de riego que por su frecuencia y control
preciso permitan, por un lado, que gran parte de las sales se acumulen y precipiten
en zonas profundas del suelo vy, por el otro, provoquen un mayor desarrolio y
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actividad radicular; con la mayor absorcién de agua, en zonas mds superficiales
libres de excesos de sales. Ello reduce los requerimientos de agua para riego y

de drenaje, pero sdlo es aplicable en situaciones donde sean econdmicos y practicos
la utilizacidn y control preciso de dichos sistemas de riego. Ademds, no esta claro
ni probado si dicho sistema de control de sales puede mantenerse a largo plazo

sin un incremento progresivo de la salinizacion en suelo cada vez mds superficial.
En climas donde en una parte del afio hay aportes no controlables de agua de lluvia,
seria sumamente peligroso adoptar este criterio de control de salinidad.

3. ESTIMACION DE LA CALIDAD DE AGUAS PARA RIEGO

Desde el punto de vista cuantitativo, para cstablecer el balance de sales en
el suelo es necesario considerar algunos factores fijos o poco controlables, a saber:

a) Suclo (propiedades fisicas ¢ hidrologicas)

b) Clima (precipitacién y uso consuntivo)

¢) Agua (cantidad y sales en solucion)

y de otros, controlables hasta cierto limite, como:

a) Cultivos

b) Drenaje artificial

¢} Mangjo del riego

los cuales permiten atenuar, evitar o escapar delos problemas de afectacién
por sales o sodio derivados de los factores fijos.

En todas las aguas usadas para irrigacidn existen en forma predominantc los
iones bicarbonato, cloruro, sulfato, calcio, magnesio y sodio. Para calificarlas,
generalmente se ha tomado en cuenta la salinidad total, sus contenidos de sodio
y de¢ bicarbonatos y, ocasionalmente, sus contenidos de ciertos elementos toxicos
como B, Li, etc. En cualquicer caso, su calificacion estd determinada por ¢l peligro
potencial de causar problemas ya sea en cuanto a reducciones en rendimiento o
calidad de los cultivos, o al requerimiento de practicas especiales de manejo. Hoy
en dia existe la tendencia a definir cuantitativamente las posibilidades de uso de
un agua de riego en base a las condiciones especificas en que dicha agua va a ser
usada, incluyendo propiedades del suelo, clima, cultivos y manejo del riego {1, 8--111.

Usando un agua determinada, la acumulacién de sales y sodio en el suelo
dependerd de la fraccion del agua infiltrada que pase a través y hacia abajo de la
zona radicular y de las posibilidades de precipitacién de sales poco solubles como
carbonatos de Cay Mg y en algunos casos sulfatos de Ca en el suelo [1, 4, 12,13].
También dependerd de la cficiencia con que dicha agua infiltrada actue lixiviando
las sales, la cual estd determinada fundamentalmente por el tipo de suelo y la
forma de aplicacidn del agua de lixiviacidn. Esta cficiencia es menor en suelos
pesados con tendencia a agrietarse, cuando el agua para lixiviacion sc aplica en
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grandes cantidades de una sola vez, y es mayor en suelos livianos, con aplicaciones
frecuentes y pequefias de agua de lixiviacidon. Pla [1) demaostrd que en suelos .
con permeabilidad lenta, pero con escasa tendencia a agrictarse, situacion tipica
de suelos aluviales limosos, la eficiencia de lixiviacién de sales del suelo superficial
aumentaba cuando se permitia un agotamiento mayor del agua utilizable o
aprovechable antes del riego.

Los limites maximos de sales y sodio en el suelo, dctermmantes de-la fraccidn
del agua infiltrada que debe pasar a través de la zona radicular (requerimiento de
lixiviacion), dependerdn de la tolerancia del cultivo a las sales y de las propiedades
del suclo, respectivamente. La cantidad de agua de riego aplicada, ademds de la
requerida para satisfacer el uso consuntivo del cultivo, debe proveer un exceso
para cumplir con dichos requerimientos de lixiviacion. Estos a su vez determinardn
las necesidades de drenaje v la intensidad del sistema de drenaje artificial en el caso
de que sea necesario corregir deficiencias en los drenajes naturales.

En conclusidon, un esquema de clasificacién para aguas de riego o cualquier
ecuacion para predecir sus efectos en el suelo debe tomar en cuenta las posibilidades
o necesidades de lixiviacion. Utilizando la relacidon que existe entre lixiviacion
y acumulacién de Na y Ca + Mg en la solucidn del suelo, es posible predecir
aproximadamente la concentracion total de sales y la “Relacion de Adsorcion de
Sodio” en dicha solucién cuando nos acercamos a condiciones de cquilibrio. Para
ello es necesario considerar las solubilidades de las diferentes sales de Na, Cay Mg
bajo las condiciones prevalecientes en el suelo. Como los valores de ““Relacién
de Adsorcidn de Sodio™ en el extracto de saturacion (RASES) pueden ser usados
como indice bastante'preciso de la acumulacién de Na intercambiable en el suelo
en el rango de 5- 30 correspondiente a los limites de procentajes de sodio inter-
cambiable en la mayoria de los suclos afectados por Na, pueden establecerse valores
[imites de RASES [9] dependiendo del suelo, cultivo, etc., en la misma forma que
s¢ ha hecho hasta ahora para salinidad total.

La prediccion de las concentraciones de sales e iones en la solucidn del suelo
cuando se alcance equilibrio es importante para clasificar las aguas de riego en
relacidn a los requerimientos y posibilidades de lixiviacién y, por lo tanto, con
referencia a las condiciones de drenaje existentes o requeridas en dreas bajo riego.
Ello es indispensable para una determinacion general de las demandas de riego y
drenaje de un drea que va a ser regada con un agua especifica. Para esto, conjunta-
mente con los requerimientos de lixiviacion deben tomarse en cuenta los aportes
de agua por lluvia o filtraciones subterrdneas y el uso consuntivo de los cultivos
en el drea. La seleccidn de las practicas de manejo y cultivo mas apropiados para
cumplir con las necesidades as{ establecidas dependera de consideraciones pricticas
y econdmicas.

Uno de los sistemas de calificacion mds utilizado en las Gltimas décadas, y
ain hoy en dia, es el propuesto por el Laboratorio de Salinidad del Servicio de
Investigaciones Agricolas del Departamento de Agricultura de Estados Unidos [14],
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desarrollado para condiciones promedio en la regidn 4arida del SO de Estados
Unidos. La sencillez del sistema ha conducido a un uso general ¢ indiscriminado

en situaciones muy diferentes y con alcances mas alld de los previstos cuando fue
desarrollado. Ello ha provocado y estd provocando muchos errores en los
diagnosticos de problemas de salinizacidn, y en las recomendaciones de practicas

de manejo para prevenirlos. En fechas mads recientes, y por iniciativa de investiga-
dores de la misma Institucidn, se han establecido criterios y desarrollado sistemas
de evaluacion de calidad de aguas para riego que tratan de precisar y ampliar el
rango de condicioncs para su utilizacion (10, 15], los cuales se recogen en publica-
ciones de la FAQ [16, 17], proponiéndose guias para su uso. Al establecer dichos
criterios de calificacion, se incurre en la utilizacion de ecuaciones empiricas basadas
en resultados experimentales obtenidos bajo condiciones muy particulares de clima,
suelos, drenaje, cultivos, y manejo de riego.

El hecho de que las diferentes ecuaciones propuestas sean de naturaleza
eminentemente empirica, y las. muy particulares condiciones asumidas o experi-
mentadas para su formulacion, hace que la utilizacién sea restringida a situaciones
stmilares a ellas, y que aun ahi se puedan presentar desviaciones de lo predicho
[18] por factores asumidos, dificiles de controlar en la practica. Todo ello hace
que el sistema no tenga aplicacion universal, especialmente en los muy particulares
problemas de salinizacién que pueden presentarse en zonas tropicales con clima
semidrido o subhumedo [3].

4. SISTEMA INTEGRADO AGUA-CULTIVO-SUELO-MANEJO PARA LA
CALIFICACION DE AGUAS PARA RIEGO

El sistema de calificacidn que aqui presentamos ha sido desarrollado en base a
numerosas evidencias experimentales y a observaciones de campo antes citadas,
y evaluado bajo las mds variadas situaciones en zonas de riego [19]. Se basa en
un balance independiente de los iones mds comunes en las aguas de riego y en
la solucion del suelo, de acuerdo a la fraccién de lixiviacidon efectiva (LF) y a
las solubilidades maximas de las sales bajo diferentes condiciones. Con ello, y al
no asumir “a priori”’ condiciones particulares para su uso, no hay restricciones
en cuanto al empleo del sistema para el diagnostico de problemas potenciales de
salinizacién bajo las mds variadas condiciones de clima, suelo, cultivos y manejo
del riego. Ademds, por la flexibilidad del sistema es posible establecer las combi-
naciones mas apropiadas de suelos, cultivos y manejo del riego que conduzcan
a los balances de sales e iones mds adecuados para prevenir dichos problemas,
Las bases tedricas del sistema y su desarrollo detallado aparecen en publicaciones
previas [1, 4,9, 20, 21]. Para facilitar su aplicacion en la prictica se hacen algunas
simplicaciones, basadas en deducciones tedricas y mediciones a nivel expcerimental
y de campo, después de comprobar que no afectan apreciablemente la precision
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CUADRO I. ECUACIONES PARA CALCULAR L(ST)F Y L(NA)F PARA CADA
GRUPO DE CONDICIONES Y EN FUNCION DE LOS VALORES MAXIMOS

PREESTABLECIDOS DE STES Y RASES

CASR £ 30xLF

CONDICIONES L(ST)F L{NA)F
BR < CAR 2 2
BR & 10xLF (NAR + CAR)/STES 2xNAR"/RASES xCAR

BR £ CAR
B8R > 10xLF
CASR < 30xLF

{NAR+CAR-BR}/(STES-10)

[RASESP(CASRCACLRY480NARZT /2 (CASR-CACLR)
70 RASES v

* BR < CAR
BR < 10xLF
CASR > 30xLF

{NAR+C AR-CASR)/STES-30)

------

B8R € CAR
BR > 10xLF
CASR > 30xLF

(NAR+C AR-BR-CASR)/STES-40

2><CACLR“)) + (320xNAR2}/V2_ CACLR

80 x RASES 80

/IRASES

BR > CAR

NAR/(STES-CAR)

NAR/RASE Sx(CAR/2)' /%

B; Bicorbonatos; S: Sulfotos; CL: Clorvrog CA: Ca+ Mg NA: Ng ST: Sales totales; RAS: Pelacidn de
adsorcidn de sodio; ES: Extracto de saturacidn del suelo; R: Agus de riego; L: Requerimiento de lixiviacion
poro control de {ST) o (NA); F: Eficiencia de {ixiviacion; CACLR= CAR-BR-SR: CASR= CAR-BR-CACLR,

(* Situacidn peco frecuente).

de los diagndsticos. Como méxima concentracion de bicarbonatos de Ca y Mg (CAB)

en la solucién del suelo, cuando en el agua de riego la concentracién de Ca + Mg (CAR)

es igual o mayor que la concentracidn de bicarbonatos (BR) se toma un valor fijo

de 10 meq/L. Cuando BR es mayor que CAR, se espera que la maxima concentra-

ciéon de CAB en la solucidn de suelo se aproxime a CABR. En el caso del sulfato

de Ca (CAS) se toman 30 meq/L como la mdxima concentracién en la solucion

del suclo. Aunque esta concentracidon puede subir apreciablemente en soluciones

muy salinas, con alto contenido de cloruros, dentro de los rangos de salinidad

permisible en la gran mayoria de los suelos para uso agricola, las desviaciones a

partir de ese valor no afectan en forma apreciable los diagndsticos. En el caso de

los bicarbonatos de Ca y Mg, las desviaciones son alin menores y dependientes de

la presion de CO, vy de la proporcion Ca/Mg en la solucion. ‘
Aunque en base a valores reportados por numerosos investigadores y a nuestra

propia experiencia se propone el uso de valores de infiltracién bdsica como indices

de la permeabilidad del perfil del suelo (alta >3 cm/h; mediana 0,55 cm/h; baja

0-1--0,5 cm/h; muy baja <0,1 cm/h)y determinad‘ps valores limite de concentra-

cion de sales (STES) y de indices de Na (RASES) en:'el extracto de saturacidn,
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CUADRO 11I. EJEMPLOS DE CLASIFICACION DE CUATRO AGUAS DE
RIEGO UTILIZADOS EN SUELOS DE LAS ZONAS DELIMITADAS EN EL
MAPA DE LA FIG.1

AGUA meg/litro peam. - | stes. eases SALES

OE RIEGO - DEL BAX: MAX PRECP.
(N* Mopalr || CAR | NaR | Br [<tr | osr[casr | sueo | measl | tisTF * | L {cuasipicacion
w0 oosll o | oz - ey NA,
ALTA g | oz || 0 | o0 fcaccasist, NA),
o | o009 [ 40 [ 008 )« ot sty o Nay
(® 16,9 110,5] 43183 | 14,8126 w | ow | s et — [y e,
MEDIANA 80 0,26 20 0,12 JCAC,CAS 5142 NAaz

.
160 | o009l 3 | o08f - STy NAL,
w0 [ ol e [ omf - fsig NA,,
(15 154 | 1,830 {12 [1290h23 8aJA B | o0 || 15 | 0,00 |cac,cas]st, NA,,
o | oozl 2 foood - |st, NA,,
w0 | ooz | w [ o0m|cac {sm, Nay,
BAJA @ | ool 15 | o] - 57,5 NA,,
w | oo || 2 | o | » STy NA g

(n 54 05]s52]|02 | o3 o2 :

@0 | o0z 5 | o004 ] cac st NA,
MUY 80 0,01 10 002 srzl NAL,
BAJA d g 12 22
10 | <000 | 15 § oo STy NAg
0 | o002 s [ oo cac |1, NA,
r|40(02 | 02 - muy 6 {<o,00ff 10 { g05f -+ ' N
) 37 ] 07400, L2 - AT <0, , ST, -
10 | <o,00 i 15 | o,03 STs A,

CAC: Carbonatos de Ca y Mgy CAS: Sulfoto de Cas

Interpretacion del Cuadro III

6):

(15):

(17):

(18):

Problemas de salinizacidn predominando sobre los de sodificacidon en todas las situaciones.
De muy mala, mala y buena calidad respectivamente para cultivos sensibles, tolerantes y
muy tolerantes a las sales en suelos de alta permeabilidad, mientras que en suelos de
mediana permeabilidad y para los mismos cultivos en orden creciente de tolerancia a las
sales resulta ser no utilizable, de muy mala y de regular calidad. En el proceso de acumula-
cidn de sales precipitan carbonatos de Ca y Mg y sulfato de Ca en el suelo. -

El problema de salinizacidbn predomina sobre el de sodificacidn en todas las situaciones.

En suelos de baja permeabilidad el agua pasa de ser no utilizable para cultivos sensibles,

a ser de regular a buena calidad para cultivos tolerantes y muy tolerantes a las sales
respectivamente. En el proceso de salinizacién precipitan tanto carbonatos de Ca y Mg,
como sulfato de Ca en el suelo.

El problema de sodificacion predomina en suelos con muy baja permeabilidad, y anda
asociado al de salinizacion en suelos de baja permeabilidad. En suelos de baja permeabilidad
el agua es regular a buena calidad de acuerdo al nivel de salinidad tolerado por el cultivo,
pero en suelos de muy baja permeabilidad, debido al peligro de sodificacion, pasa a ser

de mala calidad en el caso de niveles mdximos de salinidad para cultivos sensibles,

El problema de sodificacion predomina sobre el de salinizacién en todas las situaciones,
siendo el agua no utilizable de muy mala y de mala calidad respectivaniente para niveles
méximos de salinidad correspondientes a cultivos sensibles, tolerantes y muy tolerantes

en suelos de muy baja permeabilidad., i
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FIG.1. Zonas con suelos actual o potencialmente afectados por sales en Venezuela.

de acuerdo a cultivos y suelos, la flexibilidad del sistema permite que, en casos
donde la experiencia y condiciones locales as{ lo justifiquen, se modifiquen dichos
limites sin alterar su uso,

Los indices utilizados para calificar las aguas de riego son los valores de
lixiviacion efectiva requerida para control de sales totales (L(ST)F) o sodio
(L(NA)F) calculados con las ecuaciones del Cuadro 1, para cada combinacidn
de condicioncs dadas. Su deduccién pucde facilitarse a través del uso de nomo-
gramas desarrollados al efecto [21]. Con los valores de L(ST)F y L(NA)F se
pueden encontrar las clases de agua para riego en el Cuadro Il. En ese Cuadro las
clases se basan en los valores de requerimientos de lixiviacién para controlar la
acumulacion de sales y Na en la zona radicular, dentro de valores limites determi-
nados por dificultades derivadas de tasas de percolacidn bajas, y altos requeri-
mientos de drenaje. Los valores maximos de STES y RASES son presentados como

- valores de referencia para seleccionar cultivos, suelos y prdcticas de manejo de
riego para prevenir problemas potenciales de salinidad y permeabilidad.
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En el Cuadro 111 se dan algunos ejemplos de clasificacién, empleando el
sistema aqui propuesto (véanse los Cuadros L y 11}, de cuatro aguas de riego
utilizadas en suelos de las zonas delimitadas en el mapa de la Fig.!.

5.  APLICACIONES DEL SISTEMA

Una vez establecidos los requerimientos de lixiviacidon efectiva (L(ST)F o
L{NA)F} para un determinado suelo (valores limites de RASES) y cultivo
(valores limites de STES), pueden determinarse las posibilidades pricticas y
econdmicas de aplicarlos, tomando en cuenta las diferentes alternativas. Las
posibilidades pricticas dependerdn fundamentalmente de la disponsibilidad de
agua para aplicar el exceso requerido para la lixiviacion, y de las propiedades
hidrologicas del suelo que permitan infiltrar y drenar esc sobrante en un periodo
de tiempo razonable, sin causar problemas al cultivo. Las posibilidades econdmicas
cstdan supeditadas fundamentalmente a los requerimientos de drenaje artificial para
eliminar el exceso de agua sin que ascienda el nivel fredtico y, en algunos casos,

a los costos extra derivados de un control mds preciso del riego y de la cantidad
de agua y tiempo cxtra para aplicarla.

Los factores fundamentales a ser considerados scrian, ademads del valor
de L (el que resulta mayor entre L(ST) y L{NA)) y F, la tasa de infiltracion basica,
el uso consuntivo del cultivo, y la capacidad de almacenamiento del agua aprovechable
para el cultivo del suelo, los cuales determinaran los requerimientos de riego
(duracidn e intervalos) y drenaje.

La duracion del ricgo tiene un médximo determinado por ¢l suministro de
agua, el costo de aplicacion y el tiempo durante el cual el cultivo puede estar
sometido a condiciones de mucha humedad y baja aireacidon, mientras se lleva
a cabo. Se puede reducir la duracidn del riego bajando el intervalo entre riegos.

El requerimiento de drenaje puede resultar muy alto, en el sentido de exigir
periodos de tiempo demasiado largos para la aplicacion de los riegos, o sistemas de
drenaje artificial impracticos o antieconémicos. Si ese alto requerimiento de
drenaje se debe a valores altos de L{ST), sc pucde recurrir a varias alternativas,
de acuerdo a las circunstancias:

a) Utilizacién de un cultivo mads tolerante a las sales, con lo que subira el valor
de STES, y con ello bajara L(ST). .

b) Utilizacién de cultivos que no sufran deterioro con riegos prolongados.

¢) Aplicacién del agua de lixiviacion, no en forma constante con cada riego,
sino de manera intensiva, sin cultivos, cada cierto periodo de tiempo, cuando
se alcancen niveles criticos de sales en el suelo.
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CUADRO IV. CONDICIONES PARA EL DESARROLLO DE DIFERENTES
TIPOS DE “SUELOS AFECTADOS POR SALES” DE ACUERDO A LOS
CRITERIOS DEL SISTEMA INTEGRADO DE CALIFICACION AQUI
PRESENTADO

{véanse los Cuadros I--1I1)

AGUA DRENAJE CLima SUELO "AFECTADO POR SALES"
Infiltracién . Sales
STR Composi= basice P>ETP STES Composicién preci= Clasifico Neo. en
{maq/1) cidn idnica  [(em/horo) {meses/afo} {meq/l)  idnica pitados cién Mapa *
B>S>CL . i s>CL>8 CAC
<10 CA>Na <0,5 <2 40 A Chs SAUNO (2}
S>CL>>8 CAC
0,5-5,0 <2 N iy I SALINO 56 7
>0 s 5>CL>>8 1,2
<0,5 <2 > 40 {CL>S>>3 CAC SALINOG 10, 1, 12
{2-4) NA >CA CAS 13, 14
{(NA< CA) © (15, 22, 3
§>CL>8B SALINOG 4,16
>4 na>>ca cac -s001c0__ {17, 19
(Lixiviacién, Condici de bigsis)
B>S>CL ’ + = ) =
<10 CA>NA <0,5 4-5 {2Na -}SD4 +2C +2H20——— S *2N0HC03)
B>5>CL
< 40 NA =55 CA CAC . SODICO 19
0,5-50 <2 20-40 8>S>CL
CAC SODICC 18,20
<0,5 2-4 <40 NA >> CA
B>S>CL
<10 NASCA
S>CL> B SALINO
B>CA 40 AseCA CAC -50DICO
<0,5 <2 {Lix iviacian)
6>5>CL
<0 PR I CAC I SODICO J

STR: Sales lo!glas en el oguo de riego; STES: Soles totoles en el extracto de satyracidn del suelo,
P: Precipiracion; ETP; Evapotranspirocion potencial; (}: Ocasionolmente; * Mope en FIG. 1.

Si ¢l alto requerimiento de drenaje se debe a L(NA), se¢ puede recurrir a:

a) Uso del suelo para cultivos que puedan ser manejados en condiciones de riego
prolongados o por inundacién continua.

b) Uso de enmiendas en el suelo que al mejorar las condiciones hidrolégicas logren
bajar L(NA).

¢) Uso de enmiendas (generalmente yeso) en el agua de riego [20]. Esta alternativa,
que permite bajar cl valor de L{NA), puede resultar efectiva y practica cuando
las condiciones naturales de drenaje son muy pobres y dificiles de mejorar con
drences artificiales y cuando las aguas de riego tienen una baja concentracion
total de sales con alta proporcién de bicarbonatos.
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Ejemplos de estas aplicaciones para aguas, suelos y cultivos en zonas bajo
riego en Venezuela, con cvaluaciones positivas a nivel de campo, se han presentado
en publicaciones previas [21]. Asimismo, el sistema ha sido utilizado para el
establecimiento de criterios cuantitativos para regular el uso de aguas salinas
enagricultura [22] y para determinar las alternativas de recuperacién y manejo
de suelos salino-sddicos [23 ] v salinos {24] con cultivos bajo riego en Venezuela,

La utilizacién del sistema en forma mds general, y tomando en consideracidon
los posibles efcctos del clima sobre el régimen hidrico de los suelos ha permitido
claborar los esquemas de desarrolto del Cuadro IV. Estos, conjuntamente con
estudios directos de perfiles de suelos y aguas, a nivel de campo y de laboratorio,
se han utilizado para establecer el origen, distribucion y diagnéstico de suelos
afectados por sales en Venezuela [251, y delimitar las dreas con problemas actuales
y potenciales de salinidad en sus diferentes manifestaciones (IFig. 1).

Entre los suelos actual o potencialinente “salinos” se incluyen aquellos cuya
concentraciéon, composicion y distribucion de sales en el perfil del suelo, asociado
a condiciones climdticas, de drenaje y de composicion y concentracién de sales
en las aguas disponibles, provoquen o puedan provocar al introducir el riego
problemas en los cultivos derivados de la concentracion total de sales en la solucién
del suelo. Segun este criterio cualitativo, entran como ‘“‘suelos salinos” aquellos
que acumulan sulfato de sodio en climas aridos, o cloruro de sodio en climas dridos
o semidridos, independientemente de si los valores de relacién de adsorcidén de sodio
(RAS) de la solucion son altos, ya que en ambos casos dicha acumulacion va
acompafada generalmente de precipitacion de yeso, lo que unido a la baja hidrolisis
del Na en ambas sales, en especial en el NaCl, permite su lixiviacion del perfil del
suelo sin un deterioro marcado en las propicdades fisicas del suelo.

Los suelos actual o potencialmente “salino-sédicos” incluyen aquellos cuya
concentracioén, composicion y distribucion de sales en ¢l perfil del suelo, asociado
a condiciones de drenaje, clima y de composicidn y concentracion de sales en las
aguas de uso potencial para riego, provoguen o puedan provocar al introducir el
riego problemas de deterioro fisico del suelo derivados de la acumulacién de Na
intercambiable, Ll desarrollo de suelos “sédicos’™ a partir de suelos salino-sodicos
ricos en sulfato de Na parece ser un proceso comun en dreas con drenaje muy
deficiente donde se acumula materia orginica y se mantienen condiciones de exceso
de agua por periodos prolongados en la estacidn de lluvias, e incluso en la estacién
seca cuando el agua se aplica en forma de riego. Lste proceso, de escasa significacion
en climas templados [26 ], parece ser la fuente actual y puede ser la fuente potencial
de sodificacién de grandes dreas de Venezuela donde se da la combinacion de aguas,
drenaje y clima sefialados en el Cuadro IV. En los otros casos, la existencia aun
en pequefias cantidades de excesos de bicarbonato sobre Ca + Mg en las aguas
aplicadas, llevarian en climas dridos, o en suelos con drenaje deficiente en otros
climas, a la formacidn de suelos sddicos, en los cuales el Ca y Mg prdcticamente
desaparecen de la solucién. Al airearse el suelo, y cerca de la superficie, parte
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de esos bicarbonatos de Na se transforma en carbonato de Na, intensificando
el problema.

Incluidos en el mapa, y no en los esquemas del Cuadro 1V, estdn los suelos
que hemos calificado como actual o potencialmente “salino-dcidos”, los cuales
son aquecllos que conservando niveles, tipo y localizacion de sales totales que los
ubicarian como salinos, presentan sin embargo pequefias cantidades de Al (o mejor
dicho, hidroxialuminio) en solucién, lo que hace que su reaccidn sea dcida, con
pH generalmente inferior a 5. Aunque este tipo de suclos aparece en muy escasas
ocasiones en zonas templadas, cn Venezuela ha sido detectado en zonas relativa-
mente extensas [27], cuyos suelos se formaron aparentemente por procesos naturales
de mejora de drenaje en sedimentos y suelos sulfato-acidos. Las zonas donde
ann las condiciones de drenaje mantienen los niveles fredticos altos en forma
continua, son consideradas como potencialmente salino-dcidas.  El proceso de
desarrollo inicial de este tipo de suelos parece corresponder a la formacion de
suelos sulfato-dcidos |28, 29], acompafiado de condiciones de clima drido a
semidrido y drenaje deficiente.

6. USO DE ISOTOPOS Y TECNICAS DE RADIACION

La evaluacién y utilizacion precisas de un sistcma integrado como el propuesto
requicre de un conocimiento continuo y detallado del balance de agua e iones
cspecificos tanto en el suelo como en la planta, para las muy variables combinaciones
de suelos, cultivos, clima y manejo del riego. Ello es particularmente importante,

v a su vez dificil, en el caso menos estudiado y conocido del desarrollo de suelos
salino-sodicos y sddicos en zonas tropicales semidridas y subhimedas, con suclos
mal drenados, regados en la estacidn seca con aguas relativamente bajas en contenido
de sales. Por lo lento y complejo del proceso, vy la dificultad de detectar a corto
plazo los efectos por otros procedimientos, se hace necesaria y conveniente la
utilizacion de isdtopos v técnicas de radiacion que permitan detectar y precisar
desde un comienzo la tendencia al desarrollo de dicho tipo de suelos afectados por
sales, y su relacion con el régimen hidrico del suelo tanto cn la estacion de .

lluvias como en la seca. Esto reviste particular importancia ya que, por la
naturaleza pricticamente irreversible del problema, es indispensable un diagnéstico
precoz que permita tomar a tiempo las medidas correctivas en cuanto a utilizacién
y manejo de aguas y suelos para agricultura de riego en esas condiciones.
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Abstract

SALINE-SODIC SOILS AND THEIR MANAGEMENT IN PAKISTAN,

This paper gives a short review of the soil salinity problem in Pakistan and discusses briefly
the measures that have been taken to tackle it. It describes a biological approach of the economic
utilization of salt-affected lands by plant succession through initial colonization with salt-tolerant
plant species, and describes results of the practical application of this approach and the role of
nuclear techniques in these studies,

INTRODUCTION

Salinity and waterlogging of good lands in Pakistan has become a problem
of gigantic proportions. It has its origins in seepage from the Indus Basin river
system and the irrigation canals taken from the rivers. The largest canal irrigation
network in the world suffers from the fact that a drainage system was not built
along with it.

Pakistan has a total of 145 million acre feet (MAF)! of surface waters. The
rivers that originate in the Himalayas, the Karakorams and the Hindu Kush
mountains, form the Indus Basin, and carry this water south to the Arabian Sea.
Of the total surface waters, 102 million acre feet are diverted through dammed-up
reservoirs and barrages into over 23 000 miles of irnigation canals and the main
distributaries?.

Recent studies have shown that, of the 102 MAF of water diverted, only
60 MAF reaches the farm gate; the rest is lost because of seepage and evaporation.
The water that seeps out of the rivers and canals has raised the groundwater table;
at places where it was 100 feet below the surface a hundred years ago, it is now
only a few feet below, and sometimes even above the surface. The water has
brought a large amount of salts which is left on the surface. As a result the

' 1 acre foot = ca. 2331.5 m%/ha.
2 | mile = 1.609 km.
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FIG.1. Map of the Indus river system showing the groundwater quality.

physical, chemical and biological characteristics of the soil have been changed
leaving little or no vegetation. A total of 11 million acres of tand has been affected
with moderate to high salinity and sodicity.

It can be seen from Fig. 1 that the groundwater is more saline in the middle
of the doabs (the area between two rivers).

MODEL STUDIES ON THE ORIGINS OF GROUNDWATERS IN THE
INDUS PLAINS

To investigate the origins of the accumulated groundwater and the causes
of salinity, our institute analysed the chemical contents and isotopes such as
hydrogen, deuterium, tritium, *O and **C of the surface and groundwaters from
a depth of down to 600 feet in a small area around the city of Faisalabad. The
Faisalabad area faces an acute problem of waterlogging and salinity and, situated
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between two canals, it can serve as a model for a doab (Fig.2). The area, 600 miles
from the sea, is almost flat, like most of the Indus Basin, and the height above
sea level varies from 597 to 626 feet. Water samples were collected from open
wells/bore holes, hand pumps and tube-well/motor pumps. Surface water samples
were collected from canals, drains and rain-water to determine the isotopic load
of these sources. Chemical analysis was done at NIAB and the stable and radio-
isotopes were studied at PINSTECH, Islamabad and the Institute of Radio-
hydrometry, Munich.

The results show that there is no rapid groundwater movement in the area
and the residence time of the groundwater above the pre-irrigation water table
is around some tens of years. Near canals is a larger amount of actual groundwater.
A definite drainage pattern in the groundwater cannot be seen. The salinity of
the water does not seem to be due to an admixture of sweet water with connate
waters of marine origin. Rather it may be due to the dissolution of salts from
the sediment itself, or local enrichment of salt content owing to heavy evaporation
of groundwaters.

In the groundwater of the irrigated areas no response was seen in the form
of an isotopic variation, indicating that infiltration from irrigated areas is low
compared to that from canals and their distributaries. Studies with a neutron
moisture probe supplemented by isotopic analyses also indicate that, except in
case of sandy soils, the irrigation water seeps down only about three feet and as
the top gets dried it evaporates and does not, perhaps, make any significant
contribution to the groundwater.

These studies indicate that the rise in groundwater levels in the irrigated
plains in the Indus Basin is mainly due to seepage from rivers and irrigation
canals. The seepage water washes the sediment and carries the salt away towards
the middle of the doabs where it becomes concentrated through evaporation
(Fig. 2).

EFFORTS AT RECLAMATION OF SALT-AFFECTED LANDS

A permanent solution to the problem seems to be to provide a compre-
hensive drainage system throughout the irrigated areas which is a tall order indeed.
Therefore, efforts have been made by the Water and Power Development Authority
(WAPDA) of Pakistan, in the worst affected areas to provide vertical drainage
through pumping the groundwater and lowering the water-table so that surface
salts could be leached back into the soils. The WAPDA have completed 28 such
schemes, and constructed drains and tube-wells in an area of eight million acres
while 13 schemes in progress will benefit another seven million acres. Though
these efforts have no doubt met with temporary success they have not solved
the problem. The procedure is energy intensive and expensive, it creates the
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problem of the disposal of pumped saline water, and also does not work well in
the case of sodic soils where the excess of sodium has changed the soil structure
to make it impermeable. For such cases the application of an excess of calcium
in the form of powdered gypsum has been recommended. However, again,
this treatment is expensive.

While efforts at more durable solutions of the salinity and waterlogging
problems may take a while, immediate steps are required to live profitably with
the existing situation. Our institute has been examining the possibility of
colonizing the saline and sodic lands with salt-tolerant crops. A few highly salt-
tolerant grasses and other crops were selected after many salt-tolerant species
were screened. '

The aim of introducing salt-tolerant crops is not necessarily to produce cereals
or other routine crops but to produce better quantities of biomass with the lowest
possible inputs and to improve the sodic soils. The biomass can then be used for
Various purposes.

The salt-affected soils, particularly the sodic soils, have a preponderance
of sodium ions on the soil complex which results in compaction, decreased per-
meability to water and exclusion of air from the soil pores — conditions inimical
to the growth of plants and other organisms. These soils also have a high pH which
influences nutrient transformation and uptake. Numerous secondary effects of
the sodic condition of the soil adversely affect the ecology.

THE BIOLOGICAL APPROACH

Numerous soils in Pakistan are calcareous and have large amounts of insoluble
calcium. If this calcium could be dissolved in situ, the exchangeable sodium could
be reduced. This is possible through acidification of the soil. But, again, to.add
acid is expensive. Therefore, it was felt that acidic conditions could be created
through green manuring. The biological approach for utilizing and ameliorating
these soils thus consisted of introducing highly salt-tolerant plant species followed
by lesser salt-tolerant crops and green manuring. '

Initial experiments showed that Diplachne fusca (Kallar grass) could be intro-
duced on highly saline sodic soils and would flourish even when irrigated with sodic
groundwaters (sodium absorption ratio (SAR), 7—10) and without the addition of
nitrogen. Studies with disturbed soils in glass or teflon columns or cement lysi-
meters, and irrigation/ieaching with different quality waters, indicate that growth
of the grass resulted in increasing permeability and leaching, and resulted in an
increase in soluble Ca?* + Mg?* and reduction in exchangeable sodium (Fig.3).
Green manuring further increased these parameters. '

This grass was found to grow on highly saline lands for years without the
application of nitrogenous fertilizers. Investigations were made on the rhizosphere,
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FIG.3. Lysimeter studies indicating the effects of different organic amendments on the anions
and cations in the soil solution.

rhizoplane (root surface) and histoplane (root tissue) for the presence of nitrogen-
fixing bacteria. Rhizospheres along with intact plants, soil cores and excised roots,
all indicated nitrogenase activity by the acetylene reduction method. In soil cores
the activity decreased with depth, and the washed and unwashed roots showed
higher activity. Microorganisms responsible for nitrogen fixation were isolated

and rechecked for nitrogenase activity and have now been identified as Azospirillum
brazilense (SST 22), Klebsiella sp. (NIAB-1), Beijerinckia sp. (C-2), Isolate-2
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(unidentified). By extrapolating the acetylene reduction assay values it is estimated
that this system can fix up to 127 kg N/ha per 100 days. This is only an estimate
based on extrapolations. The correct figure will be obtained through further studies.

Studies on the limits of its salt tolerance indicate that it can survive under
extremely high salinity conditions, (EC 40 mmho) but to remain an economical
crop (50% reduction in yield compared with normal soil conditions) it can tolerate
saline conditions very well up to EC 22 mmho. _

It was observed that at higher salinities the plant expelled salt from its leaf,
which could be seen as a layer on both surfaces of the leaf, and dropped off with
wind. By using radioisotope-labelled (#?Na, 3¢Cl) salts, investigations on the
mechanism of its salt tolerance indicated that there was no rejection mechanism
at the root level. Rather, the salts were transported to the top and excluded
through the leaf, and also through phloem transport and exclusion through the
root. The plant thus does not retain very high amounts of salt and is palatable
to animals.

The grass was found to have a C-4 photosynthetic pathway. The carbon
dioxide compensation point was found to be around 10 ppm while for C-3 plants
the value is in the range of 70 to 100 ppm. By the natural isotopic abundance
method, the C-13 value was —15.9%c confirming the C-4 photosynthetic pathway
and thus showing that the plant is a better converter of solar energy.

The laboratory investigations thus conclude that Kallar grass is a highly
salt-tolerant grass, has associative nitrogen fixation, is a better converter of solar
energy, has a reasonable fodder value, and when grown on saline-sodic lands it
opens up the soil physically and reduces exchangeable sodium, resulting in
. effective leaching of surface salts.

Kallar grass as green manure

It was initially thought that once the sodic soil had been improved through
the cultivation of Kallar grass, a legume and a common green manuring crop in
Pakistan, Sesbania aculeata, could be introduced and green manured for further
improvement of the soil. Sesbania is very succulent and would be a better fodder
as well as manure.

The decomposition rate of organic matter and humus formation is greatly
dependent on the active mycoflora of the soil. Saline-sodic soils have a low
biological activity and scanty mycoflora, making green manuring less effective.
However, once the soil has been colonized by Kallar grass, the biological activity
is restored. To compare the green manuring qualities of Kallar grass and Sesbania,
both were uniformly labelled with **C by being grown in a growth chamber
provided with a ¥C-labelled CO, atmosphere.

Using the labelled plant material for decomposition studies it was found
that Sesbania, which contains easily degradable carbon compounds and harbours
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TABLE I. CRUDE PROTEIN, LIPID AND TRACE ELEMENT CONTENT OF
WASHED KALLAR GRASS SHOOT GROWN AT DIFFERENT ROOT
SALINITIES AND MINIMUM DIETARY REQUIREMENTS?

Root medium % Dry matter (DM) Trace element content
salinity (ug/e DM)
EC (mmho/cm)
Protein Liquid Zn Fe Cu Mn
3 17 2.8 46 390 11 60
S . 17 2.8 44 330 9 64
10 14 2.2 42 250 11 78
20 12 1.8 47 270 14 150
30 11 1.5 96 310 16 230
40 12 1.8 63 230 1 210
Minimum dietary requirements®
50 30 5-10 40

2 Estimated minimum dietary requirements (Agricultural Research Council, 1965) for the
fous micronutrient elements. :
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hyaline fungi including species of Aspergillus that are good cellulose decomposers,
but inefficient in producing humic compounds, decomposed rapidly. On the
other hand, Diplachne fusca, which has a high lignin content and is attacked
mainly by melanoid fungi found to be less efficient cellulose decomposers,
decomposed slowly but made a fairly high contribution to stable organic matter
fraction (Fig.4). It is thus clear that even as a green manure Kallar grass is not

a bad choice.

After initial field observations and laboratory experiments the procedure was
tried on 150 acres of highly saline sodic land (EC 40), using sodic groundwaters
(TSS 1000; RSC9-10; SAR 7-9) for its irrigation. Kallar grass was introduced
through spreading small cuttings of the grass in an irrigated field, and regular
irrigation was done.using sodic groundwater. The grass thrives in the summer
months from March to October (air temperatures ranging from a minimum of
15°C to a maximum day temperature of 45°C) and reaches the peak of its photo-
synthetic activity at the height of the summer months. During this period it
grows to a height of 4—5 ft and four such cuttings can be obtained, giving a total
of 40 tons biomass per hectare. Its associative nitrogen fixation is also at a
maximum during this period. In winter months (air temperatures ranging from
a minimum of 2°C at night to a maximum of 25°C during the day) the grass
dries up but if irrigation is maintained some growth does take place.
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Table I gives the fodder value of the grass. It has an acceptable palatability.
In the presence of a more succulent fodder, however, the cattle, buffalo or goats
do not prefer it. However, long-term feeding of buffalo with this grass by some
farmers has not shown any adverse affects on their health.

The grass can be used for pulp making. Results from a factory-making
packing material were encouraging.

Figures 5—8 show the effects of cultivation of this grass on the various soil
parameters. An analysis of the soil core for anions and cations before the culti-
vation of the grass (Fig. 5) shows a large amount of sodium in the top 25 cm.
Figure 6 shows a similar analysis after 18 months while the grass was growing in
the field. It is clear that leachability of the soil has increased and most of the
sodium has been leached into lower horizons. :

Figure 7 shows the initial pH of the soil core and also the pH values after
the growth of the grass; it has heiped to lower the pH in the top soil from 10.4
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TABLE II. TOTAL ENERGY OBTAINED FROM KALLAR GRASS WHEN
USED FOR LIVESTOCK OR FOR PRODUCTION OF METHANOL

I

Utilization of Kallar grass for fuel production

Green-matter production
Dry matter

Total digestible nutrients (TDN) (proteins, cellulose;
hemicellulose, lignin})

Potential for methane production (0.1 8 m3/kg dry matter)
Sludge (0.72 kg/kg dry matter)
Nitrogen in the sludge

Total energy yield from Kallar-grass-derived fuel

Utilization of Kallar grass for meat/milk production

Total buffalos

Total milk

Calorific value of milk

Calorific value of meat

Calorific value of biogas from dung

Total energy yield from buffalos

40 t/ha
16.8 t/ha
7.88 t/ha

3024 m?/ha per year
12t

240 kg

15 X 10° keal/ha

3

4320L

2.86 X 10 kcal/ha
0.28 X 10° kcal/ha
2.64 X 10° kcal/ha
2.9 X 10° kcal/ha

to 9.8. Similarly, the effects on electrical conductivity indicate reduction of
salt load on the surface (Fig. 8).
The ameliorative effects of the'cultivation of the grass on the sodic soil are
thus clear. The entire ecology of the area has shown a great overall improvement,
Keeping in view the better photosynthetic ability of Kallar grass because

of its C-4 pathway, and its capability to provide a reasonable amount of biomass

per hectare, it could be considered as a good energy crop.

If the energy yielded by Kallar grass, when used for livestock, is compared
when it is directly converted to methane gas, the direct conversion would yield
nearly six times more energy (Table II). Efforts have therefore been made for
the microbial degradation of its biomass into methane gas or alcohol.

Anaerobic methanogenic organisms were isolated from water sediments,
decomposing biomass, biogas plant effluents, etc. and a few gave positive results.
Similarly, a mutant strain of cellulomonas and a couple of cellulolytic fungi are
being explored for degradation of biomass from Kallar grass to ethanol. An
enzyme preparation was obtained which gives encouraging results.
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CONCLUSIONS

The problem of saline and sodic soils is a threat to good agriculture in the
Indus plains. For a durable solution of this problem a drainage system has to be
provided in the irrigated areas. Salinity in the irrigated areas is mainly due to
seepage of water from the irrigation system and washing of salt from the sediment.
This seepage should be minimized so that the main cause of salinity is plugged
and more surface water becomes available for leaching salt-affected lands and
for irrigation.

Lowering of the water-table through vertical pumping in the badly affected
areas is unavoidable but has its problems.

While a durable solution may take time, efforts are needed to be able to live
profitably with the salinity/sodicity situation. The biological approach described
here shows great promise for economic utilization of saline-sodic lands, not only
in the Indus Basin but also elsewhere where the conditions are similar.
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SALT-AFFECTED SOILS IN INDIA AND THEIR MANAGEMENT.

Excess salts reduce the productivity of an estimated 7 X 10° hectares of otherwise
productive soils. Of these, nearly 2.5 X 10% hectares are spread in the Indo-Gangetic plains,
and are characterized by the presence of measurable quantities of sodium carbonate which
impart to these soils a high exchangeable sodium percentage (ESP) and a high pH. These,
in turn, cause the physical properties to deteriorate. A high pH also influences the availability
and transformation of several plant nutrients and affects other physico-chemical phenomena
independent of high ESP. Together these factors are responsible for the unproductivity of
these soils. Apart from losses in crop production, alkali soil areas cause large runoffs which
are hazardous for areas downstream. The paper summarizes research efforts to develop
appropriate technologies for reclaiming and managing alkali soils. Field and laboratory
investigations have been concerned with defining the optimum needs of drainage, crops and
cropping sequences, amendments, nutrients, water management, etc. It has been shown that
conventional subsurface tile drainage is not feasible in these soils because of their poor
transmission characteristics. Vertical drainage, on the other hand, has proved to be effective
for controlling the groundwater table. Rice is tolerant of sodicity, and growing rice
considerably enhances reclamation. Karnal {Diplachne fusca) and para grasses (Brichiaria
mutica) are among the grasses that are highly tolerant. Gypsum proved to be an effective
amendment. The best results were obtained when gypsum was only surface mixed. Crops in
alkali soils responded to higher doses of applied nitrogen fertilizers but did not respond to
phosphorous and potassium fertilizers, while fertilization with zinc was very beneficial in the
initial years. Reduced soil-water storage and its availability, resiricted root penetration and
low water transmission rates in alkali soils require irrigation to be applied frequently and in
small quantities at a time. The technology of alkali soil reclamation was tested in farmers’
fields and found economically feasible for being undertaken on a large scale. Research areas,
where the use of isotope and radiation techniques can assist in better management of these
soils, have been indicated,

INTRODUCTION

Our overall efforts to increase agricultural production must include measures
to reclaim soils that have gone out of cultivation because of the accumulation
of excess salts in the root zone, and to prevent the soils from becoming salinized
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in the future. It is estimated [1] that at present about 7 X 109 hectares of
salt-affected soils produce very little or practically no crops of cconomic
significance, It is also feared that large areas of productive soils are going out
of cultivation in irrigated areas owing to a rise in the groundwater table and
consequent salinization of the root zone, or to the use of highly saline waters
for irrigation. This paper summarizes our research éfforts to develop acceptable
technologies for reclaiming an estimated 2.5 X 10° hectares of alkali soils
spread throughout the Indo-Gangetic plains of India,

SALT-AFFECTED SOILS IN INDIA

Climatic differences, soil characteristics including the nature of salts,
available water resources and associated features require a different approach to
the management of salt-affected soils occurring in bdifferent regions (Fig.1).

From a physico-chemical standpoint salt-affected soils occurring in ,
different regions can be grouped into two categories — (a) Saline soils; and
(b} Alkali or sodic soils [2, 3].

Saline soils

Saline soils are those which contain excess neutral soluble salts, chiefly
chlorides and sulphates of sodium, magnesium and calcium, in quantities
sufficient to affect plant growth adversely. Sodium chloride is most often the
dominant soluble salt. Plant growth in saline soils is adversely affected, chicfly
because of the osmotic effects of excess salts on soil-water availability, but the
toxic effect of specific ions, e.g. Cl, SO,4, B, etc., is often an additional factor
influencing plant growth relationships in salinc soils. For purposes of definition
saline soils are those whose water-saturated paste extract has an electrical
conductivity of more than 4 dS/m at 25°C. The pH of water-saturated paste
of saline soils is less than 8.2. '

Alkali soils

Also termed sodic, alkali soils are those which contain measurable
quantities of the salt, sodium carbonate. Plant growth in alkali soils is adversely
affected, chiefly because of excess exchangeable sodium and the accompanying
high pH on the soil’s physical and physico-chemical properties including the
availability and transformation of some essential plant nutrients. The toxic
effect of specific ions, e.g. Na, B, etc., is often an additional factor determining
plant growth relationships in alkali soils. Alkali soils are those which have an
exchangeable sodium percentage (ESP) of more than 15, and pH of saturation
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FIG.1. India — salt-affected soils.

paste in water above 8.2 [2, 4]. Our recent studies {5, 6] have shown that
soils’ physical properties and the physico-chemical behaviour of nutrient ions
in alkali soils are strongly influenced by soil pH, independent of the effect of
exchangeable sodium. For this reason we feel that pH should form an integral
part of the definition of alkali soils.

Although, in nature, various sodium salts do not occur absolutely separately,
in most cases either the neutral sodium salts or salts capable of alkaline
hydrolysis, exert a dominating influence. The two kinds of salt-affected soils
tend to occur in distinct geographic and geochemical zones and require different
approaches to their management and reclamation. Both saline and alkali soils
occur extensively in India (Fig.1) and in other parts of the world.
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ALKALI SOILS OF INDO-GANGETIC PLAINS

In the Indo-Gangelic plains alkali soils are generalty confined to areas
with a mean annual rainfall of between 550 and 1000 mm. In arecas with a
mean annual rainfall above 1000 mm, salt-affected soils generally do not occur
extensively, and in areas with a mean annual rainfall of less than 550 mm the
dominant soluble salts are chlorides and sulphates which impart 4 saline
character to the soils rather than an alkali one |7, 8). Alkali soils occur inter-
spersed with normal soils and may sometimes occupy a few thousand hectares
at a stretch. The soils usually occupy a somewhat lower elevation in the
otherwise flat terrain and are subject to flooding in the rainy season by waters
containing the weathering products of alumino silicate minerals including alkali
bicarbonates, in the ensuing dry season the soil solution is concentrated,
resulting in an increase of the sodium adsorption ratio (SAR) of soil solution
which results in an increased adsorption of sodium ions on the soil exchange
complex and soil pH. The introduction of canal irrigation and other develop-
mental activities has accentuated the problem through restricting surface
drainage, and the rise in the groundwater table resulting in reduced natural
leaching. In other cases the use of groundwaters with a high sodi¢ hazard for
irrigation has increased the problems of alkali soils.

Soil characteristics

Table I gives the physico-chemical characteristics of a typical alkali soil
profile, Illite is the dominant clay mineral in these soils. Based on chemical,
physical and morphological features many such soils have been classified as
Typic Nutrustlfs according to soil taxonomy. The soils owe their unproductivity
to a high ESP, accompanied by high pH and a low organic-matter content,

The soils often have a zone of accumulation of calcium carbonate nodules

at around 1 m depth which may act as a physical barrier to root vpenetration.
The dispersed nature of these soils makes them highly impermeable to water
and air resulting in an almost complete loss of rainfall as runoff. The runoff
produced by storms of even a five-year return period can be very high. The
measured peak runoff values reported [9] from these catchments range from
13 to 26 m3-s~1-km™2. Fluctuations in the groundwater table are associated
with the rainfall patterns. In many alkali-affected areas the groundwater table
comes to within 1 m of the soil surface in the rainy season, and this is followed
by a gradual recession in the post-rainy season. Groundwaters generally have a
low total salt content although in some areas the proportion of sodium to
divalent cations may be high enough to be a source of sodicity hazard.
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TABLE 1. MAXIMUM STORM RAINFALL AND DRY SPELLS OF
DIFFERENT RETURN PERIODS IN A TYPICAL ALKALI SOILS AFFECTED
AREA [10]

1.01 2.33 S 1¢ 25 100

Maximum 1-day rainfall (mm} 4] 120 152 183 221 282
Maximum 2-day rainfall (mm) 51 155 201 238 285 355
Maximum 4-day rainfall {mm) 67 179 228 268 318 394

Duration of event ‘ Return period in years
|
|

Maximum dry spell in 15 28 34 39 45 54
monsoon season (days) \

l

Climate

The climate of alkali soil areas is characterized by hot summers and cool
winters. The monsoon rains fall from July to September. These climatic
features give rise ta two distinct cropping seasons in a year, viz, kharif (summer,
i.e. June to October) and rabi (winter, i.e. November to April). The average
annual rainfall is about 700 mm and nearly 90% of this falls during the south-
west monsoon from June to September. The average open-pan evaporation
value is approximately 1900 mm, thus giving a net annual water deficit of
about 1200 mm. Generally this water deficit is evident in all months except
July and August. The maximum two-day rainfall and the length of the dry
spell of a five-ycar return period, were estimated [10] to be 201 mm and 34 days,
respectively (Table I1). Such a situation calls for greater emphasis on the
conservation of rainfall, not only from the drainage aspect, but also to meet
the water requirements of crops during the dry spells in the growing season.

MANAGEMENT OF ALKALI SOILS

Reclamation of alkali soils basically requires that excess sodium on the
soil exchange complex be replaced by calcium through amendments, and the
exchanged sodium leached out of the root zone. The socio-€conomic conditions
of farmers further necessitate crop production from these soils to have the
highest priornity during the reclamation phase to enable them to recover the
cost of input. A brief description of appropriate management practices
evolved over the past few years is presented below.
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Drainage

Narayana et al. [11] concluded that tile drains or open ditches were
ineffective in lowering the groundwater table because of the extremely poor
water transmission characteristics of alkali soils. Vertical drainage, involving
pumping underlying water through a bore-hole, on one hand, and using pumped
water for irrigation on the other, proved-to be an effective and promising
measure for groundwater table control. The conditions for successful vertical
drainage, i.e. the presence of a favourable aquifer within 10—20 m and favourable
quality of groundwaters, are met with in most areas which have an alkali
soil problem.

Amendments

Since it is the cheapest and is abundantly available, gypsum (CaS0O,2H,0),
is the most commonly used amendment for reclaiming alkali soils. The quantity
of gypsum required depends on the quantity of exchangeable sodium that must
be replaced and the depth to which soil improvement is desired. For soils
containing soluble carbonates the usual laboratory procedure |12] for estimating
the gypsum needs of soils, estimates both the gypsum required to neutralize the
soluble carbonates and that required to replace exchangeable sodium. Our
studies [13, 14], however, showed that when gypsum was surface-applied and
alkali soils leached, only a small fraction of the applied calcium reacted with
soluble carbonates while most carbonates leached did not rcact. Based on these
studies it was suggested that the existing procedure overestimated the gypsum
requirement and that a modified procedure suggested by Abrol et al. {14]
was more realistic. It was further shown [15] that if a correct choice of crops
was made it was sufficient to add gypsum to improve only the surface 15 cm soil,
thereby reducing the reclamation cost considerably. Further soil improvement
is accomplished through continuous cropping with rice as one of the crops [16).

Because a good correlation exists between the pH and ESP of alkali soils [4],
for advisory purposes a graphical relationship between the pH and gypsum
requirements of soils was prepared {17] for routine recommendations. The
results of field and laboratory studies {18, 19] also helped to define the optimum
gypsum fineness and application method for alkali soils.

Crops

Growing crops tolerant of excess exchangeable sodium can ensure reasonable
returns during the initial years of reclamation. In Table I1l important crops and
some grasses are listed according to their relative tolerance to soil sodicity, based
on results of several field studies {15, 20—23). In general, crops that are able
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FIG.2. Effect of soil sodicity on the relative yield of rice and wheat crops.

to withstand excess moisture conditions are also more tolerant of sodic conditions.
Deep-rooted crops generally perform poorly because of sodic sub-layers. The
relative tolerance of rice and wheat (Fig.2) shows that at an ESP of 55, while
the yield of rice was reduced by only 10%, wheat completely failed to grow. The
high tolerance of rice to sodic conditions is due to its ability to withstand (and,
in fact, its need for) a layer of water in the field throughout the growing season.
During rice growth there is a marked reduction in soil ESP [15, 16] making rice
an ideal crop during reclamation.- ' :

Field and greenhouse studies {24, 25] have shown that some grasses, e.g.
Karnal grass ( Diplachne fusca), Rhodes grass ( Chloris gayana), para grass -
{ Brichiaria mutica) and Bermuda grass ( Cynodon dactylon), are highly tolerant
of sodic conditions and can be successfully grown where most crops will fail
to vield satisfactorily. Growing tolerant grasses will provide not only the much-
needed forage but will also improve the soils, resulting in increased absorption
of rain-water and reduced runoff. Efforts are also currently under way to evolve
suitable agrotechniques for growing trees in these soils, The auger-hole
technique [26], where the tree seedlings are planted in 15 cm diameter and
150 cm deep auger holes filled with an appropriate mixture of original soil,
gypsum and farmyard manure, appears promising for large-scale plantation
of trees. Success in growing trees along with grasses will provide an alternative
land use for these marginal lands. ‘
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Nutrients

Low organic-matter content, poor air-water relation;hips and high soil
pH influence the transformation and availability of applied and native nutrients
in alkali soils.

Nitrogen

. A number of field studies have shown that crops grown in alkali soils respond
to higher levels of applied nitrogen compared with crops grown in non-alkali
seils. Conditions for nitrogen losses through volatilization and denitrification
are ideal in alkali soils because of their high pH and poor physical conditions.

For this reason it is recommended that crops grown in altkali soils be fertilized
with 20% more nitrogen than the recommended rates for normal soils.

Phosphorus and potassium

Chhabra et al. [27] reported that alkali soils have high amounts of Olsen’s
extractable P and that a significant fraction of this was leached to lower depths
following the application of amendments and ponding. Field studies further
showed that P application was not required for rice and wheat crops in the
initial years of reclamation [28]. Similarly, the crops did not respond to
applied potassium because of sufficient rclease from the soil minerals [29}.

Micro-nutrients

Among the micro-nutrients, zinc deficiency is most common in alkali soils.
Several studies (30--32] have clearly high-lighted the need for applying zinc
to soils in the initial years of reclamation to obtain optimum yields.

Water management

For crops other than rice, irrigation management presents major difficulties
in obtaining optimum crop yields in alkali soils. The gypsum applications *
recommended are generally sufficient to reduce sodicity of only the upper
15 ¢m so that the deeper soil layers continue.to be sodic and to influence soil-
water behaviour and therefore the irrigation management needs of these soils.
Being structurally unstable the.soils are prone to spontaneous slaking and crust
formation upon irrigation which impedes water intake and therefore the
storage capacity of soils [33]). Effective water storage is further reduced owing
to the restriction of roots only in the.upper few centimetres of soil (Fig.3),
depending on the extent of soil improvement. The movement of stored water
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NORMAL SOIL

FIG.3. Growth of wheat roots in a normal and in a partially reclaimed sodic soil.

to plant roots is restricted because of the low hydraulic conductivity of alkali
soils. A number of studies [34—38] have shown that the contribution of

subsoil layers to meet the water demands of growing crops is negligible. These
studies have shown that, in alkali soils, limited root penetration, a lowered
capacity to store water in an available form and poor transmission characteristics,
require that irrigation is applied at small depths and more frequently than would
be required for crops grown under normal soil conditions.
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ISOTOPE AND RADIATION TECHNIQUES IN RESEARCH ON
BETTER MANAGEMENT

This paper has stressed that the whole range of management practices
suitable for alkali soils are different from practices adopted in normal-soils.
Qur ability to optimize production from such soils will ultimately depend on
how accurately we can describe various processes that influence soil-plant
relationships qﬁantitatively so that the relevant management pracﬁces have a
sound base. Thus, it is known that considerable losses of N in alkali soils may
occur through volatilization/denitrification, and of P and other elements
through leaching — but, to what extent? What is the influence of different
sodicities on these losses? How could these be minimized? What are the
alternative management practices for obtaining higher efficiencies of abplied
nutrients? Sodicity strongly influences water absorption, redistribution
within the soil and movement in response to different gradients. Root growth
in these soils is markedly influenced owing to the chemical and physical
effects of high ESP. A quantitative evaluation of these processes will form
a basis for sound irrigation management practices for these soils and for
controlling sodicity. The management of rain-water in a land use involving
trees and grasses is a challenging task. Any research towards this must include
complete monitoring of components of the water-balance equation. In all
these and in basic studies involving exchange behaviour of soils, measurements
of exchange capacity, nutrient transformations, and isotope and radiation techniques,
will be extremely helpful in finding appropriate solutions. :
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Abstract

PRINCIPLES OF ROOT WATER UPTAKE, SOIL SALINITY AND CROP YIELD FOR
OPTIMIZING IRRIGATION MANAGEMENT.

The paper reviews the principles of water and salt transport, rool water uptake, crop salt
tolerance, water quality, and irrigation methods which should be considered in optimizing
irrigation management for sustained, viable agriculture with protection of the quality of land
and water resources. In particular, the advantages of high-frequency irrigation at small leaching
fractions with closed systems are discussed, for which uptake-weighted mean salinity is expected
to correlate best with crop viclds. Optimization of irrigation management depends on the scale
considered. Non-technical problems which are often much harder to solve than technical
problems, may well be most favourable for new projects in developing countries.

1. INTRODUCTION

In many parts of the world lack of water is the major cause
of less than optimal crop production. Elimination of this limi-
ting factor by means of irrigation usually leads to crop yields
that are much higher than on nonirrigated land, while often also
per year two or three crops can be grown. While quantities and
composition vary, irrigation water always contains salts. Plant
roots normally take up water with only a negligible fraction of
the dissolved salts, and only pure water evaporates from the
soil surface. The remaining soil solution becomes more and more
concentrated, which has a detrimental efféct on crop yields.
Por sustained irrigation agriculture the salts dissolved in the
irrigation water may not accumulate in the rootzone, but must be
leached out of the rootzone.

In humid regions with supplemental irrigation, leaching
occurs naturally by excess rainfall in the wet season. In arid
and semi-arid regions, however, this natural leaching process is
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not sufficient, and the salts must be removed by supplying
irrigation water in excess of the amounts transpired by the
plants. If there is plenty of water available this presents

no problem, unless excessive irvigation lcads to waterlogging
and a high groundwater table. This, in turn; may lead to yield
reductions due to poor aeration and salt accumulation at the
soil surface due to capillary rise from the groundwater.

In many areas all the gooed land and water are being used and
crop production can be increased only by bringing marginal land
into cultivation with a limited supply of woor quality water.
Maintaining viable agriculture under such adverse conditions
requires good understanding of the principles of irrigation
water quality, salt and water movement in soil, the influence
of salt and water distributions on root water uptake and crop
yields, and the possibilities for improving crop yields and
land and water resources by irrigation management. All this
must be done within acceptable economic, social, and political
limits. In this paper I will review some recent developments in
this area, with heavy emphasis on experience gained while working
at the U.S. Salinity Laboratory, Riverside, Ca, USA.

2. SOIL WATER POTENTIALS

Irrigation water quality can affect crop yields in three
different ways; directly as a result of
- osmotice potential of the soil solution, or
- specific ion toxicity (e.g., chloride, boron), indirectly
- via the effect of the composition of the dissolved salts

on soil structure, infiltration rate, aeration, etc.

I will deal mostly with the first effect, and make only a few
remarks with respect to the last.

Root membranes exclude virtually all salts dissolved in
water being taken up, making the osmotic component of the soil
water potential (energy per mass, J/Kg) fully effective in
reducing the rate of water uptake. The latter is then proporti-
onal to the gradient of the total soil water potential

LTS R S (1
where the subscripts stand for total, osmotic, pressure, and
gravitational, respectively [1] .

The osmotic potential depends on the total dissolved solids
(TDS); which is expressed often in milligrams of salt per liter
of solution, or parts per million (ppm). Usually the salinity
of soil solution or irrigaticn water is measured as electrical
conductivity and expressed in mmho/cm at 25 OC. The SI unit
for EC is S/m (mmho/cm = dS/m). The relationship between
osmotic potential and EC, which depends somewhat on the compo-
sition and concentration of the salt solution, for most soil
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solutions with EC values up to about 30 dS/m is described
adequately by [2]

h (m = - 4.0 x EC (dS/m) (2)

Here, the osmotic potential is expressed in meter head of

water (energy per weight, J/N) 1] . This form can be compared
directly to the gravitational head (wg/g), which is the

elevation above a reference level, and the pressure head (h_ or h)
of the solution, which can be measured directly with a tensio-
meter. The sum of the three components is the total head ht'

3. SOIL WATER SALINITY AND CROP YIELDS

Transpiration is basically a physical process in which
plants play a rather passive role. The driving force for the
transpiration stream is the difference in total head of the
water in the soil and that in the atmosphere. When the total
head of the soil water decreases due to a decrease in water
content, increase in salinity, or both, the leaf water potential
will decrease. If the latter drops below a certain range of
values, depending on evaporative demand, crop, etc, the stomates
in the leaves close to prevent dessication of the plant. How-
ever, the diffusion of CO, through the stomates, required for
photosynthesis, is then also blocked. Thus there is a relation-
ship between crop yields and transpiration and, therefore,
also between crop yields and soil water salinity.

Salt tolerance of crops has been evaluated mostly under
rather uniform salinity in the rootzone, by growing plants
either in salt solutions or in excessively irrigated soil columns.
Under field conditions, water contents and salinities in root-
zones vary in space and time, and plants interact with and
adjust to these varying conditions. The actual water uptake
distribution for a given root distribution, evaporative demand,
etc., depends on the prevailing osmotic and pressure potential
distributions. These, in turn, change as a result of the water
uptake, irrigation management, etc. If irrigation exceeds
transpiration, the soil solution moves down the rootzone while
being concentrated. Considering only the concentrating effect
of root water uptake, and starting with a given amount of
irrigation water and dissolved salts, the concentration of this
water is doubled each time the volume is halved. For instance,
the uptake required for changing the EC from 8 to 16 45/m is
only 1/8 -th of that which was required earlier to change it
from 1 to 2 dS/m. Thus, very little uptake is involved in
concentrating the soil solution to the higher salinities in
the lower part of the rootzone. The maximum salinity depends
on the quality of the irrigation water and the leaching
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FIG.1. Divisions for classifving crop tolerance to salinity.

fraction, L, vwhich is the fraction of the irrigation water that
drains beyond the root zone.

The soil water salinity distribution may be affected
further by diffusion, dispersion, precipitation, and dissolu-
tion of salts, and by cation exchange. Water uptake is compli-
cated further by a growing root system and different demands
by the plant at various growth stages. Also, roots do not
penetrate readily into highly saline soil laycrs, but once
established, subsequent salination usually does not change root
distributions appreciably. Tt is not surprising, in view of this
complex situation, that the literature reports best correlations
with yields for variously averaged rootzone salinities, ranging
from the least saline to the most saline zone [3] . Maas and
Hoffman [4] compiled crop salt tolerance data from the litera-
ture by listing the threshold salinity level below which crop
yields are not affected, and the rate of decrease of yields with
increasing salinity beyond the threshold. This provided a
Classification of crops according to their salt tolerance
(Fig. 1). The salinities are expressed as EC of the saturation
extract, EC . EC_ values are about half the EC values at field
capacity and are commonly used because they are measured easily
and with good reproducebility.

Bernstein and Francois ES] found that as long as roots had
access to water of low salinity, they were able to take up water
of higher salinity in the bottom of the rootzone without adverse
effects on alfalfa yields. They believed crop yields to he
related to the uptake-weighted mean salinity (see Equation 8}).
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From the preceding discussion it should be clear that this mean
is heavily biased towards the lower salinities. If this has
general validity, leaching requirements based on crop salt
tolerance data under uniform salinity conditions can be

reduced up to a factor four [6] . If there are no other growth-
limiting factors, the uptake-weighted mean salinity, integrated
over time and adjusted according to growth stages, theoretically
can be expected to correlate best with crop yield. This hypothesis
will be explored further, in particular for high-frequency
irrigation. :

4. WATER FLOW THEORY FOR HIGH-FREQUENCY IRRIGATION

The concentration of the soil solution may increase con-
siderably towards the bottom of the rootzone, but additional
salts dissolved in the irrigation water must be carried beyond
the rootzone by a net downward flux of water. This water flux
can be very small and may even be intermittent. From a water
conservation point of view, leaching fraction should be as
small as possible, as low as 0.05. Such high irrigation effi-
ciencies cannot be achieved with conventional flood irrigation
methods. Saturated hydraulic conductivities may vary over an
order of magnitude and, as long as a field is flooded, this
soil property determines how much water infiltrates into the
soil at a given site. Spatially uniform infiltration requires
spatially uniform application of water at rates which do not
cause ponding of water at the soil surface. Thus, for minimum
leaching the control must be shifted from the soil to the
irrigation system. This can be done most easily with closed
irrigation systems which deliver water at low rates to relatively
small areas, and which can be switched on and off on demand.
Then there is no minimum amount of water that must be applied
per irrigation, and there is no fixed cost per application.
Technically and economically, such systems can be operated at
high frequencies, and can even be automated with several
applications per day [7]

High-frequency irrigation[é] approaches a steady state
situation in which, at each depth, the soil water content is
established which corresponds with the hydraulic conductivity
required to accommodate the water flux density according to
Darcy's Law:

., dH dh '
q = -k(9) % - -k(®) (a; -1 (3)
Here g = water flux density, m3 m _153
6 = volume fraction of water, m™ m 1
k(8) = hydraulic conductivity function, m s
7 = vertical coordinate, positive downward, m

H = hydraulic head = h-z, m
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The water flux density varies between the irrigation rate at

the soil surface and the drainage rate out of the bottom of

the rootzone, the ratio being the inverse of the leaching
fraction, L. Since k() varies very rapidly with €, the 9 values
and, according to the soil water characteristic h (8), also the
h values will vary only moderately from top to bottom of the
rootzone. As a result, the waterholding capacity (field capacity)
of soil is unimportant for high-frequency irrigation. It can be
used even on coarse sandy soils, without excessive drainage.

Soil water contents and pressure heads can be maintained at
values scomewhat higher than those at field capacity, such that
the drainage flux density is just sufficient for salinity control.

5. UPTAKE-WEIGHTED MEAN SALINITY

Under high-frequency irrigation there is always water
available of essentially irrigation water quality near the soil
surface. Therefore, most of the water uptake will occur in the
regularly replenished surface layer, and roots tend to prolife-
rate in this layer. Water uptake in the lower, more saline zone
is small and probably occurs only during periods of highest
evaporative demand. As a result of the shallow water uptake,
salinity will increase rapidly with depth. Generally, root
zone salinity increases with increasing irrigation frequency.

While the average rootzone salinity depends on the water
uptake distribution and thus on irrigation frequency, the
uptake-weighted mean salinity is insensitive to the water uptake
distribution. This is shown easily for steady state conditions
[9, 10] . The mass balance for steady, one-dimensional, vertical
flow of water in scil is

dq/dz = -~ A (z) {4y
. 3 -3 -1 .
where A{z) 1is the rate of water uptake (m™-m “+s ) as function
of depth. Neglecting salt precipitation, dissolution, diffusion,
and dispersion, the mass balance for steady, vertical salt
transport in the rootzone is

df(cq)/dz = 0 (5)
where ¢ is the local salt concentration (mol~m_3). Integration

of Eq. (5), with subscript 0 standing for values at the soil
surface (z=0), yields

q = coqo/c (6)
Substitution of Eq. (6) into Eq. (4) vields

_ - -1
Az) = °9 d/dz(c ) (7)
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Thus, under the stated conditions, the rate of water uptake is
proporticnal to the slope of the dilution profile and the salt
flux density at the soil surface. This relationship can be used
to derive A(z) from salinity data. The uptake-weighted mean
soil salinity can be defined as:

. 5
<¢> = T / Ac dz (8)

0
where T is the rate of transpiration. Substitution of Eg. (7),
which is valid for any uptake distribution, into Eg. (8) yields

e = C 9
o

Equation (9) shows that for steady irrigation and purely
convective, vertical salt transport, the ratio of uptake-
weighted mean salinity and irrigation water salinity is only
a function of the leaching fraction, independent of the root
water uptake distribution. In fact, this ratio increases only
slowly with decreasing L. For L = 0.3, 0.2, 0.1 and 0.05, its
value is 1.72, 2.01, 2.56, and 3.15, respectively. This suggests
that for irrigation with fixed water quality at high frequency,
which approaches steady state conditions, crop yields will not
decrease with leaching fraction until a certain salinity threshold
is reached, and will decrease only moderately with leaching
fraction beyond that threshold. This can be expected because
under high-frequency irrigation soil water contents and pressure
potentials are always high and, therefore, play a minor role in
root water uptake. In contrast, under traditional low-frequency
irrigation total soil water potentials vary from very high
immediately after irrigation to very low at the end of the
irrigation interval. These low potentials may be very detrimental
to crop yields.

The concept of high-frequency irrigation at low leaching
fraction while maintaining crop yields was tested on a field
scale with citrus and alfalfa using Colorado river water with
EC = 1.35 dS/m [11] . During the first four years leaching frac-
tion showed no effect on citrus yield and quality; during the
fifth and last year, only 5% leaching caused substantial yield
reduction. The leaching requirement for alfalfa appeared to be
less then 5%.

6. SALINITY DISTRIBUTIONS AND SALT BALANCE

The four main factors determining soil water salinity
distributions mentioned so far, are:
- quality of irrigation water
- leaching fraction
- irrigation frequency
- water uptake distribution
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The first three factors are externally dictated by irrigation
management and can be varied independently. The fourth factor
is partly determined by the plant-specific characteristics of
the root system, but also adjusts itself to the first three
factors. The salt concentration of the ivrigation water has a
large effect, but can be treated mostly as a simple scaling or
multiplication factor. The effect of the other three factors
is illustrated in Fig. 2, 3, and 4.

Substitution of an exponential water uptake distribution in
Eq. {(7) and integration yields the concentration profile:

c/c, = {L + (1-L) 7201 (10)
where ¢ is a characteristic length of the water uptake distri-
bution [9] . Figure 2 shows salinity profiles according to
Eq. 10 for various leaching fractions. Hoffman and Van Genuchten
[12] presented dimensionless concentration profiles for L=0.1
according to Eq. (10}, and for a trapezoidal and a "40-30-20-10"
water uptake distribution (Fig. 3; cl/CO' c2/c0, and c3/c0,
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FIG.2. Salinity profiles as function of leaching fraction.
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FIG.3. Salinity profiles as function of water uptake distribution.
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FIG.4. Salinity profiles as function of irrigation interval.

respectively). Jury, et al. [13] also found a large sensitivity
of salinity distributions for water uptake distributions by
numerical simulation. Figure 4 shows salinity distributions I
obtained in laboratory soil columns by irrigating alfalfa with
the same total amounts of water of h = -12.0 m, but applied at
intervals of 4, 8, and 12 days, respgctively. Salinity profiles
for daily irrigation were similar to that for the 4-day interval.
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The salinity distributions of Fig. 2 and 3 represent only
the concentration process of the soil solution as a result of
root water uptake assuming piston flow. In reality, diffusion
and dispersion tend to increase concentrations towards the soil
surface, while some plants decrease concentrations by taking up
appreciable amounts of salt. The salt balance is also affected
by dissolution of highly soluble salts, such as NaCl, present in
the soil, the amounts being roughly proportional to the volume
of water passing through the soil. Therefore, minimizing the
amount of water diverted from a river or pumped from groundwater
minimizes this salt pick-up. On the other hand, at low leaching
fractions the plant roots may concentrate the soil solution to
the point where poorly soluble salts, such as CaCO. and CaSO,,
precipitate. Whether the overall salt balance of tﬁe irrigation
water on its way through the roctzone, due to dissolution and
precipitation, is positive or negative depends on the chemical
composition of the irrigation water and the leaching fraction,
as illustrated in Table 1 [14]. The benefit on a larger scale
in terms of reduced salt load for. downstream users alsc depends
on the presence or absence of special salt deposits in the area
and on the chemical composition of the river water.

The loss of porosity and reductions in hydraulic conduc-
tivity as a result of salt precipitation in the bottom of the
rootzone are negligible, even if it is continued for hundreds of
years. Another effect is potentially more hazardous. Since Ca-~
salts precipitate while Na-salts stay in solution, salt preci-
pitation increases the sodium adsorption ratio, SAR, of the soil
solution. This may lead to large reductions. in hydraulic con-
ductivity of soils with high contents of swelling clay, if the
high salt concentrations are not enough to prevent swelling.

7. OPTIMISATION OF IRRIGATION MANAGEMENT

The higher water use efficiencies of closed, high-frequency
irrigation methods save not only water, but also energy for
pumping and fertilizers due to reduced leaching. They also
reduce the chance for water logging and salt accumulation at the
soil surface due to capillary rise from a high groundwater
table. Closed system irrigation can be used on land that is
unsuitable for other forms of irrigation because it does not
require landleveling and the restrictions on -the soil hydraulic
properties are minimal. Closed systems such as trickle, sprinkler,
and center pivot irrigation, reqguire energy for pressurisation.
This is a distinct disadvantage over open systems. Rawlins [15]
developed a low pressure bubbler system for tree cultures which
does not require pressurisation and 'still has essentially all
the advantages and possibilities of high-frequency irrigation
at low leaching fraction. It would be a major step forward if
low pressure closed systems were also developed for field crops.
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Optimal irrigation management depends on the scale that
one considers, who are the beneficiaries, who pays for
improvement costs, etc. For an individual farmer it is most
beneficial to irrigate at a large leaching fraction, especially
if he pays the same for the last unit water as for the first
and there is no danger for a high groundwater table. However,
excess leaching increases the salt load in the return flow.

For a downstream user it would be better that the first user
would divert as little water as possible and would not
discharge the return flow back into the river. Then he would
be able tc irrigate with nearly the same quality water as the
first user. Therefore, optimal use of land and water resources
on a larger scale could well be that as little water as
possible is diverted for irrigating the most salt-sensitive
crops and that the drainage water is not returned to the river.
Instead, it should be used for irrigating less salt-sensitive
crops. On an experimental scale, cotton was irrigated with
drainage water of EC =-8.0 mmho-cm ~ without essential yield
reduction[lG]. The drainage water from the second irrigation
could possibly be used for irrigating even more salt-tolerant
crops or halophytes suitable for energy production from biomass.
When no beneficial use can be made of the remaining small
volume of very saline drainage water, it should either be dis-
charged in sea or evaporated in a pond.

8. NON-TECHNICAL FACTORS AFFECTING OPTIMISATION

Optimisation of irrigation management as outlined above is
possible only when institutional, legal, and political obstacles
can be removed. Especially in established irrigation districts,
this is often not the case. Water rights and water pricing
policies usually do not enhance efficient water use. Optimal
water delivery systems are often thwarted by existing boundaries
of irrigation districts. In some areas discontinuing irrigation
agriculture altogether would be the most ecconomical solution.
Obviously, this requires political decisions. Van Schilfgaarde

17] gives a review of these non-technical aspects of irrigation
agriculture for four irrigation districts in the western USA.

In general, non-technical problems are much harder to solve
then technical problems. They tend to be less of an obstacle for
optimizing new irrigation projects than existing irrigation
management practices. Also, capital investments in existing
conventional irrigation projects usually are such that addi-
tional investment in closed irrigation systems are out of the
question. In contrast, the necessary high initial investments in
newly established closed irrigation systems are offset by initial
savings in canal lining, landleveling, turn-outs, etc.,
as well as savings in water, fertilizers, energy, and labor
with every irrigation. Therefore, new irrigation projects in
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developing countries may well present the most favorable con-
ditions for bringing into practice the principles outlined
in this paper.
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Abstract

MANAGEMENT OF SALINE SOILS IN ISRAEL.

The main soil salinity problem in Israel is the danger of gradual salinization as a result
of excessively efficient water management. Aquifer management is aimed at preventing flow
of groundwater into the ocean, causing a creeping salinization at a rate of about 2 ppm per
year. Successful efforts to improve irrigation efficiency brought with them the danger of
salt accumulation in the soil. A ten-year monitoring programme carried out by the Irrigation
Extension Service at 250 sampling sites showed that appreciable salt accumulation indeed
occurred during the rainless irrigation season. However, where annual rainfall is more than
about 350 mm this salt accumulation is adequately leached out of the root zone by the
winter rains. Soil salinity in the autumn is typically two to three times that in the spring, a
level which does not affect yields adversely. In the drier regions of the country long-term
increasing soil salinity has been observed, and leaching is required. This is generally
accomplished during the pre-irrigation given in the spring, whose size is determined by the
rainfall amount of the preceding winter. The increasing need to utilize brackish groundwater
and recycled sewage effluent requires special measures, which have so far been successful.

In particular, drip irrigation with its high average soil-water potential regime and partial
wetting of the soil volume has achieved high yields under adverse conditions. However, the
long-term trend of water-quality deterioration is unavoidable under present conditions, and
will eventually necessitate either major changes in agricultural patterns or the provision of
desalinated water for dilution of the irrigation water,

1. INTRODUCTION

Salts may be present in the soil as weathering products of
the parent material, as a result of marine inundation, or due to
anthropogenic factors, e.g. irrigation with water containing
soluble salts. While all three types of soil salinity are
found in Israel soils, only the latter factor is a cause of
major concern. The soil properties and the composition of the
salts make leaching of the soil entirely feasible. The clima-
tic zones of Israel range from the subhumid Mediterranean zone,
with mean annual rainfall of 500-700 mm, to extreme desert with
a mean annual rainfall of 25 mm.

249
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The major agricultural areas of the country are located in
the Mediterranean and in the semi-arid zones, and are supplied for
the most part with irrigation water of good to moderate quality.
Since water supply is- the limiting factor, there has been very
strong emphasis on efficient irrigation since the inception of
modern agriculture. Thus virtually no surface irrigation is prac-
ticed, and the dominant irrigation methods are sprinkling and
drip irrigation. Careful determination of crop water require-
ments and technologically sophisticated control of actual water
application resulted in a high water application efficiency, the
average probably being better than 75% for sprinkled areas, and
close to 100% under drip irrigation. At present over 90% of
available water resources are being utilized. The laudable con-
sciousness of the need for water conservation brought with it,
however, the real danger that soluble salts deposited in the
soil even by good quality irrigation water would eventually lead
to soil salinization, especially in areas with relatively low
rainfall.

Equally great efforts were made to obtain maximum exploita-
tion of groundwater resources by preventing flow into the ocean
[1}. This has resulted in the aquifers being essentially closed
systems, with any salts leached into the aquifers becoming per-
manent additions to the groundwater reservoir.

2. MANAGEMENT APPROACHES

2.1. Water supply

All water resources are essentially nationalized by law.
Water is pumped from the Sea of Galilee into a short canal,
and from an operational reservoir enters a pressurized 108-in.*
pipeline extending some 250 km, to the south of Beer Sheba,
interconnecting along its route with numerous secondarv net-
works. Planning and monitoring of the system areentru-
sted to a government corporation, '"Tahal®; water is allocated
to consumers by the Water Commissioner's Office of the Ministry
of Agriculture, and the system is operated by 'Mekorot', a
public water company. The entire system is managed as a single
unit, making it possible to pump water from wells into the main
pipeline, to discharge water to consumers, or into recharge
wells during periods of low demand. Thus free aquifer capacity
is utilized for temporary storage, also making possible modifi-
cations in the chemical quality of either the groundwater or
the water in the distribution system by mixing water from
various sources.

* linch=2.54cm.
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The optimal design and operation of a system supplied by
two major aquifers and the Jordan River watershed, serving
thousands of delivery points with a total annual discharge of
approximately 1,500 million cubic meters of water is a task of
enormous complexity. This was facilitated by design and con-
struction by stages, but based on an initial integrated con-
cept [1]. The lack of complete technical information was taken
into acount by incorporating the required flexibility into the
design process. The required information was and still is
being generated by research departments of the abovementioned
authorities as well as by the Agricultural Research Organiza-
tion, institutions of higher learning, and the Irrigation Exten-
sion Service of the Ministry of Agriculture.

Rapid development of irrigated agriculture in the 1950's
led to the decision to construct a national water system and
to supply local systems eventually to be integrated into the
national system, from local groundwater wells as an interim
measure., This required deliberate overpumping for a certain
period, and measures had to be taken to minimize damage due to
seawater intrusion. This led to the initiation of very inten-
sive activity in "Tahal' combining survey and description of
all water resources, monitoring of their quantity and quality,
and research aimed at understanding the processes taking place
in the aquifers and watersheds. By the mid-1970's a large
body of geohydrological and hydrochemical knowledge contained
in various progress reports and scientific publications could be
summarized in major reports which included conclusions and
operational recommendations [2,3,4]. While during the work
water sources were analyzed by standard methods for all the
important anions, cations, total soluble salts and SAR, the cri-
terion adopted was chloride concentration expressed as ppm.
Firstly, high correlation coefficients were found between the
above criteria in the major water sources. Secondly, citrus
groves were the major agricultural consumer of water and are
known to be particularly sensitive to chlorides. A maximum
concentration of 170 ppm Cl~ was adopted for the orange-growing
area of the northern and central coastal plain. For the inland
valleys, the southern coastal plain and the northern Negev,
where citrus does not occupy such a large portion of the area
and the main variety is the more salt-tolerant grapefruit, an
upper limit of 250 ppm Cl~ was set. The surface water quality
nevertheless fluctuates within fairly wide limits depending on
the winter rainfall of a particular year, and thus maintenance
of the water quality in the distribution system requires con-
stant monitoring and dilution with groundwater of appropriate
amount and quality. Simulation models [5,6] have been deve-
loped for the main aquifers, and an operational model is used
by the Mekorot water company for monitoring and control of
the complex distribution network.
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A number of presently known and possible future changes of
conditions will undoubtedly require further adjustments both in
the models and in operating procedures. For example, creeping
salinization of 0.5-2.0 ppm/year has been found in large parts
of the inland Cenomanian aquifer, with rates of up to 5 ppm/
year in certain parts [3], and the same process is even more
pronounced in the coastal aquifer; anticipated urbanization and
groundwater recharge with treated municipal effluent have led
to the prediction of an eventual increase of 100 ppm CI in the
coastal aquifer. The salinity-yield function is so far known
in detail only for citrus, and as more information becomes
available on additional crops, criteria may change. Changing
cropping patterns will affect quality criteria, as for example
the increasing area under avocado at the expense of citrus;
avocado varieties presently grown are thought to tolerate no
more than 70-100 ppm C1™, but new rootstocks or scion varieties
may be more tolerant. The management of the aquifers as a
closed system, resulting in their gradual but virtually irrever-
sible salinization, will ultimately necessitate upgrading of
the water quality by industrial processes such as desalinization
by distillation or reverse osmosis, whose present cost would
entail drastic reduction of water use by agriculture.

.2. SOIL MANAGEMENT

2.2.1. Soil properties

The interrelation between present climate, and soil parent
material and climate during the soil forming process is the
dominant factor determining the salinity status of unirrigated
soils in Israel, The soils of the central mountain spine are
mainly well-structured, well-drained terra rossa clay-loams
receiving 400-1,000 mm annual rainfall. They are thus thoroughly
leached, and even if supplied with poor quality water the sali-
nity hazard would be minimal.

At the other extreme, the desert soils of the country are
for the most part unarable and unirrigable desert lithosols
(lithic xerothents) and reg soils (calciorthids and haplargids)
[7]1, and these are the soils mainly affected by pedogenic
salinity. The soils which potentially require salinity manage-
ment are located in the semi-arid and sub-humid plains and
valleys of the northern Negev, the coastal plain, the
Esdraelon Valley, and the three parts of the Jordan Rift Valley
known as the Jordan and Bet Shean valleys and the Arava, bet-
ween the Dead Sea and the Red Sea . Rainfall ranges from
less than 50 mm per year in the Arava, to about 200 mm in the
Beer Sheba plain, 400-600 mm in the coastal plain and the
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Esdraelon Valley, and 200-400 mm in the Jordan and Bet Shean
valleys. Soils range from sands and sandy loams (psamments)
through soils of loessial origin with high silt and lime content
(torrifluvents, argids and xerolls), rendzinas (rendolls), to
highly montmorillonitic vertisols (Fig. 2). Soils above about
the 350mm isohyetal are not saline, and saline desert soils with
the exception of playas are generally easy to leach,

2.2.2. The salinity survey as a basis for management decisions
2.2.2.1. Background and methods

As the National Water Carrier system went into operation
in the early 1960's, concern arose both with respect to the
possible effect of the water quality on sensitive citrus groves,
and to the danger of salt accumulation in the soil. The Irri-
gation Extension Service of the Ministry of Agriculture initia-
ted the salinity survey in 1963 and intensive monitoring continued
for a decade [8]. A total of 250 observation plots were chosen
throughout the country, of which 190 were under citrus, with the
remainder including deciduous fruit trees, avocado, vineyards,
various field crops and a number of unirrigated plots as control.
Total water application, rainfall and yield were determined
annually, soil properties were determined initially, and soil
samples were taken every spring and fall at 30 cm depth intervals
to a depth of 150 cm to be analyzed by standard methods [9].
Irrigation water samples were also taken periodically each year.
Numerous correlations were determined between various indices
of soil and water salinity and the yield of several citrus
varieties.

2.2,2.2. Principal findings

The survey confirmed that the high irrigation application
efficiencies attained by good water management caused an accumu-
lation of salts in the 0-150 cm soil profile during the irriga-
tion season. Yaron and Shalhevet [10] report on six sites with
soils including sandy loams, loess silty loam and vertisol,
receiving roughly 650 mm of irrigation water with an electrical
conductivity ranging from 0.7 to 4.0 dS m 1, finding increases
in the conductivity of the saturation extract ranging from zero
to three times the salinity in the spring, depending on soil
type, water quality and depth layer. There was a tendency for
greatest increase in the 60-90 cm layer. In all the plots of
the salinity survey the average salinity of the saturation ext-
ract in the autumn was approximately equal to that of the irri-
gation water, representing a 2%-fold increase in soil salinity
over the season, since the saturated paste water comtent was
roughly 2.5 times that at field capacity [11].
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It was also found that the sandy soils of the coastal plain
were completely leached each winter, even during relatively dry
years. The heavier soils of the inland valleys and the loessial
soils of the South, where annual rainfall is also lower, were
leached by the winter rains to depths varying between 30 and
120 cm, depending mainly on the amount and distribution of rain-
fall in a particular winter.

The long-term trend was that the soils of the coastal plain
with rainfall over 400 mm/year were not being salinized, while
the heavier soils of the inland valleys were gradually accumu-
lating salts below the 90-cm depth. Likewise, in the South,
those soils with a finer-textured horizon in the deeper layers
and some sodic properties, showed a long-term trend of salini-
zation. A gradual rise in ESP was also noted in these soils.

Yield response to salinity was found to be a function of
the combination of citrus variety and rootstock, as well as of
soil texture as expressed by the saturation water content. In
view of the very high correlation found between the various soil
and water salinity indices, only one salinity index was suffi-
cient for interpretation of results. On the whole, roughly half
of the yield depression due to salinity was explained by either
Na or Cl, while 90% of the variation was explained by the combined
effect of either ion and the value of the saturation percentage.
Overall, yield of the most sensitive variety-rootstock combination
decreased by about 5 t/ha for each increase of 50 ppm Cl, and
10 t/ha for each 50 ppm of Na , with variations due to age of the
trees and their yield potential. General yield levels were in the
range of 35-50 t/ha.

While it is not implied that water quality rather than soil
salinity is the determining factor on yield, the high correlation
between them and the lower variability of the water quality data
led to the choice of the latter in determining practical recommen-
dations [11]. The following limiting values were recommended for
irrigation water on the basis of response of the most sensitive
variety combination:

Cl_ : 200 ppm
Na : 100 ppm _
EC : 1.0 dS-m?
SAR : 2.0-2.5

A more detailed analysis between yield and yield potential, soil
texture and water salinity is given by Shalhevet et al. [11].
While detailed yield functions have not been developed for all
other crops, critical salinity values are known for most of the
important ones and are used to avoid unfavorable combinations of
water quality and crop.
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2.3.. The utilization of brackish water for irrigation
2.3.1. Sources and scope of utilization

In Israel water is classified as brackish between chloride
concentrations of 400 and 4,000 ppm (approximately 1,000 to
10,000 ppm total soluble salts) [12], and it has been estimated
by Michaeli [13] that some 300 million m3/year of brackish
groundwater are available for exploitation, an appreciable per-
centage of the total water resources. A similar amount will
ultimately be abstracted from the fresh water supply and recycled
as lower quality sewage effluent. The main sources of brackish
groundwater are in the Esdraelon and Bet Shean valleys in the
North, in the Beer Sheba plain and northwestern Negev, and in the
Arava. In the North, the brackish water is generally diluted
with better quality water and thus does not represent a special
problem. It must be noted that among the salt-tolerant crops
according to the U.S. Salinity Laboratory [9], the only major
crop grown on a large scale in Israel is cotton, with minor
areas under date palms and Rhodes grass. Among the moderately
tolerant crops, cantaloupes, grapes, vegetable crops and wheat
are of economic importance, Cotton has become the most impor-
tant single field crop in the country, while winter vegetables
are the economic mainstay of farmers in the Arava valley.
Brackish water has assumed rather unique importance in the cotton
growing area of the northwestern Negev, and in the Arava. In
the first instance, a highly brackish and sodic aquifer has been
successfully utilized for cotton irrigation, utilizing water
which is outside of and in addition to the rationed water allo-
cation, In the Arava, the brackish water is the only available
source. This water has an electrical conductivity of 3 dS.m™!,
and contains 600 ppm of chlorides and 700 ppm of sulfates.
Winter vegetables are the major agricultural products, and
include peppers, tomatoes, cucumbers, melons and sweet corn.
Yields obtained under sprinkler irrigation were generally low,
and in many cases complete crop failure resulted from leaf burn
caused by wetting with the saline water. Goldberg and coworkers
have shown that in this situation drip irrigation is the critical
requirement for successful crop production [14,15,16]. Compari-
sons between sprinkler, furrow and drip irrigation and between
different irrigation water qualities showed that drip irrigation
roughly doubled yields, and brought them to the level attainable
with non-saline water (EC of 0.1 dS.m™1).

The dramatic success of the drip method with the highly
brackish water under extreme desert conditions is due to the
following factors:

1. In contrast to sprinkling, plant leaves are not wetted
by the irrigation water, thus preventing leaf burn.
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2. The adaptability of drip irrigation to the frequent
application of small amounts of water facilitates the
continuous maintenance of a high matric water potential
in the root zone, thus limiting the total water poten-
tial essentially to the osmotic potential of the
irrigation water.

3. The radial pattern of water movement in the soil away
from the drip emitter leaches soluble salts to the
periphery of the wetted soil volume, thus preventing
salt accumulation in the root zone.

The brackish water of the coastal aquifer in the northern
Negev contains 2,000-6,000 ppm of dissolved salts, has an elec-
trical conductivity of 4.5-5.5 dS'm !, and its SAR ranges bet-
ween 15 and 26 {17]. This water is used exclusively for the
irrigation of cotton, both by sprinkler and by drip irrigation,
but principally by the drip method. In addition to the possible
salinity effect on the crop, the extremely high SAR value poses
a serious soil management problem. Twersky et al. [18], using
sprinkler irrigation, found that the brackish water actually
produced somewhat higher yields than did good quality irrigation
water (EC = 0,98 dS-m™!, SAR = 3.4), with the average yield over
four years being around 5,000 kg of seed cotton per hectare,
which is considered a good yield in this area. Similar results
have been obtained by Meiri and a group of coworkers at the
Volcani Institute (personal communication}, and by the growers
of the region. Some fields yield up to 7,000 kg/ha. The suc-
cessful use of brackish water is attributed to the favorable
effect of some stress on the cotton plant in limiting excessive
vegetative growth at the expense of fiber formation.

The high SAR of the water is cause for concern about the
maintenance of soil structure, which is inherently unstable,
tends to crust, and has a low infiltrability [19]. Due to the
high electrolyte concentration of the soil solution, reasonably
good soil structure and infiltrability are maintained during
the irrigation season, but all the expectable problems appear
as the soil surface is wetted by winter rains. The problems
can be alleviated by application of gypsum, and runoff prevented
by the method of basin tillage [20]. While the soil properties
appear to be at equilibrium over at least an 8-year period [19],
the higher residual soil moisture at tillage time is a cause of
compaction and structure deterioration to which no solution has
yet been found, and is presently being investigated.

While long-term trends of water quality deterioration, soil
salinization in certain regions, and the danger of soil struc-
ture degradation are discernible and predictably will continue,
a strategy for response to these processes has not been deve-
loped as yet. The present response is an effort to optimize
water management by adding a minimum of water and thus salts to
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the soil, principally by expanding use of drip irrigation, and
to develop less aggressive tillage practices and high-value
crops. Future developments may include a shift of emphasis
from agriculture to industry, a process already under way, and,
with the hoped-for development of cheaper energy sources, allo-
cation of some desalinated water to agriculture. In any event,
continuing efforts to attain maximum water utilization effi-
ciency are certain to be required.
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Abstract—Resumen

PROGRESS WITH THE RECLAMATION OF SALINE SOILS IN PERU.

The present report is the result of five ycars’ experimental work at the Costa Regional
Development Institute (IRD-Costa), based in Cafiete, Lima, Peru, on the reclamation of land
affected by salts and hence of seriously limited agricultural value (production lower than 50%).
A reclamation method combining surface and at depth washing with artificial drainage of excess
water has been tried out and a method of nutrition has been developed which is based on
tonification of the seeds before sowing. The results obtained are rather encouraging, so the
method looks very promising, especially as it also makes for considerable savings in fertilizers
(some 20% less) and for better yields per unit area. Once the ionic behaviour of this method
has been studied by means of radioisotopes a large contribution will have been made towards
alleviating the problem of saline soils.

AVANCES EN LA REHABILITACION DE SUELOS SALINQS EN EL PERU.

El presente informe es el fruto de 5 afios de trabajos experimentales en el Instituto Regional
de Desarrollo de Costa (IRD-Costa}, con sede en Cafiete, Lima, Perit, ¥ trata de la rehabilitacion
de un suelo afectado por sales, con serias limitaciones para la actividad agricola {produccion
inferior al 50%). Se ha ensayado una metodologia combinada de rehabilitacion, mediante el
lavado superficial y en profundidad, evacuando el exceso de agua a través de drenaje artificial.
Asimismo se ha desarrollado una metodologia nutricional, comenzando desde la tonificacion
de la semilla previamente a la siembra. Los resultados obtenidos son bastante halagadores, lo cual
hace muy promisoria la metodologia ensayada. Ademads, permite una economia considerable en
el uso de fertilizantes (cuando menos alrededor del 20%), as{ como un mayor rendimiento por
unidad de area. De comprobarse el comportamiento idnico de esta metodologia, mediante el uso
de radisdtopos, se habra logrado un gran aporte para eliviar la problemdtica de los suelos afectados
por sales.

1. INTRODUCCION
La rehabilitacién de suclos afectados por sales es una practica que puede

variar mucho en su manejo debido a su complejidad frsica, quimica, fisicoquimica
vy bioquimica. Esta complejidad aparece como consecuencia de la relacién y
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proporcionalidad existente entre el plasma, el esqueleto del suelo y la micro-
biologia del suelo. El grado de complejidad estard en funcion de la calidad y
cantidad de los coloides inorgdnicos y orgdnicos presentes en el substrato. De
ahi que la practica de la rehabilitacion puede aparecer como muy simple (suelos
ligeros) o muy compleja (en suelos pesados, montmoriloniticos).

2. METODOLOGIA COMBINADA DE REHABILITACION

En vista de esto, y considerando la actividad agricola como un todo integral
dentro de un ecosistema en particular, se ha ideado un sistema combinado de
rehabilitacion. Este contempla tanto la mecdnica simple del lavado superficial,
mediante el empleo de surcos y del auxilio de un sistema de drenaje entubado,
como el aspecto sanitario y nutricional del cultivo; este ultimo empicza desde la
tonificacion de la semilla, instantes antes de la siembra, y uno o dos refucrzos
foliares a partir de los 15 & 20 dias después de la emergencia.

La sustentacion bésica de esta metodologia se apoya, en general, en la
problematica de los cuatro parimetros siguientes:

—  Suelo-agua

—  Planta contra adversidad
—  Cultivo-sanidad

—  Economia.

2.1. Suelo-agua

Siendo ¢l problema principal la acumulacion de agua y sales, fue 16gico
considerar el establecimiento de un sistema de drenaje para evacuar el exceso de
agua y ¢l de sales removidas por ¢l lavado. Se planed una evacuacion rapida del
exceso de agua, tanto de la napa fredtica como de la proveniente del lavado.

Como el suelo experimental es de origen aluvial, deficiente en materia
orgdnica (1% o menor), con presencia de arcillas montmoriloniticas e iliticas, fue
necesario aplicar materia organica en cantidad adecuada (alrededor de 10 a 20 t/ha),
especialmente en las dreas mas afectadas (40 a mds de 100 mmho/cm). Ademds
se contempld aplicar de 1 a 1,5 t de yeso en mezcla conjunta con el estiércol y/o
paja de cebada previamente triturada con un rotavator.

La aplicacion de estiéreol-paja y yeso tuvo por finalidad: a) evitar la
orientacion del sodio en el espacio interbasal de las arcillas via solvatacion, lo
cual hace que el ion sodio quede atrapado y se prolongue el periodo de lavado
2, 3 o mds aftos; y b) influenciar el parametro SAR de manera que la presiéon
osmotica no alcance valores muy altos y las semillas v las plantas puedan absorber
agua adecuadamente, al aliviarse la magnitud de agua disponible en cuanto a la
relacién capacidad de campo-punto de marchitez. Ademds, el yeso sé hace
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necesario en una prictica de lavado, pues al disolverse las sales salubles, éste tiende
a aumentar su solubilidad (de 2,04 g/L en ausencia de NaCl, puede elevarse a
7,1 g cuando hay 358 g/L de NaCl).

El agua empleada fue del rio Cafiete, con una fluctuacién en conductividad
eléctrica de 0,2 2 0,6 mmho/cm. La calidad del agua juega un papel muy
importante, no solo en cuanto a la cantidad de sal removida sino en cuanto a la
estabilidad estructural del sistema suelo.

2.2. Planta contra adversidad

En suelos afectados por sales, la planta encontrard un medio ambiente adverso
tanto para su germinacion como para su crecimiento posterior. En un medio no
apropiado para la germinacion, la semilla agotard todas sus reservas al incrementar
su metabolismo y al generar un gran potencial energético en un gran intento para
adaptarse a un medio adverso. El gran consumo de azicar-fosfato dard lugar a
un desgaste intensivo del fosforo, lo que originard una deficiencia que perjudicard
el vigor de crecimiento meristematico. La semilla se agotard y la pldntula no
logrard emerger; las plantitas que lleguen a salir sobre la superficie serdn individuos
débiles y propensos a las plagas y enfermedades.

Bajo este criterio se decidié tonificar la semilla utilizando su poder de
imbibicion (un 20% en este caso) y empleando concentraciones variables de
fosforo y zine, y concentraciones constantes de Fe, Cu, Mn y Mo, este ultimo
donde sea menester (ejemplo: leguminosas, oleaginosas, etc.).

En la presente experiencia se han utilizado las siguientes concentraciones:

P de 200a 1500 ppm
Zn de 100 a 700 ppm
Fe de20a40 ppm

Cu 10 ppm

Mn 10 ppm

Los iones de elementos menores fueron aplicados en forma de sulfatos o
MnCl,. El fosforo fuc extraido del superfosfato de calcio simple; puede utilizarse
el dcido fosférico, cuando al frente de esta experiencia se cuente con un professional
‘especializado.

2.3. Cultivo-sanidad

Las acciones contempladas baj’o este concepto estuvieron orientadas hacia
la sincronizacion y oportunidad de las operaciones culturales, as{ como de la
prevencion de plagas y enfermedades, sin sacrificar el equilibrio del control
biolégico natural del cultivo.
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CUADRO 1. RESULTADOS OBTENIDOS EN EL CULTIVO EXPERIMENTAL
DE ALGODON

Campafia Rendimiento promedio por ha®

aq® kg
78/79 60 : 2760
79/80 '70 3220
80/81 77 3542
81/82 - 86 3956

2 Promedios sobre una extensiéon de 28 a 30 ha.
® Quintales.

2.4. Economia

Este es un aspecto critico en cl éxito de la empresa agricola; ¢l cual se
agudiza cada vez mas debido al alto costo generado por el aumento de precio de
los insumos y al incremento en el costo de la mano de obra.

Se ha encontrado que la tonificacion de la semilla permite economizar,
cuando menos, un 20% del fertilizante que se aplica al suclo, de acuerdo con la
formulacién recomendada por el andlisis del suelo. Esta economia en fertilizantes
es sumamente atractiva si se compara con el gasto ocasionado por la tonificacion
de la semilla para una ha de terreno (de 1 a 2 ddlares).

El terreno utilizado en este experiencia fue un franco arcillo limoso, con
pH 7,8 y una conductividad eléctrica muy variable (alrcdedor de 8 a mds de

. 100 mmho/cm). El 40% del drea total (30,84 ha) era improductivo, con una
salinidad de 40 a mds de 100 mmho/cm. La napa fredtica era alta y muy
oscilante, apareciendo sobre la superficie en la parte baja del terreno, especial-
mente en época de riego del valle.

Los cultivos experimentales han sido: algodén, papa, maiz verde y forraje,
cebada. De éstos, el algodon:se ha cultivado en forma continuada durantc cuatro
camipafias. Los resultados sobre ¢l rendimiento promedio de estas cuatro campafias
se exponen en e} Cuadro 1. o '

Las otras plantas fueron cultivadas una sola vez; la papa rindié 32 t/ha en
1981, el maiz forrajero 50 t/ha en 1978, el promedio del valle fue de 35 t/ha, y
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la cebada alrededor de 4 t/ha en una extension de 22 ha. El tratamiento (11 ha)
superd en un 20% al testigo.

Los rendimientos del cultivo del algodén demuestran claramentc que la
rehabilitacion ha sido positiva, ya que se encucntran muy por encima del promedio
del valle (65 qq/ha 0 2990 kg/ha), ¢ igual o superior al rendimiento de un suelo sin
problemas de sales (75 a 80 qg/ha o 3450 a 3680 kg/ha). Experimentalmente,
en parcelas de 10 X 4,8 m se han obtenido rendimientos de alrededor de 120 qq
0 5520 kg/ha. . .

La bondad de esta metodologia de tonificar la semilla, cspecialmente para
suelos afectados por sales, fue probada en una condicion muy adversa, en la
localidad de Chilca, en alrededor de 3 ha de la Villa Hozanan, organizada y
administrada por la Sociedad San Vicente de Paul. Esta villa alberga nifios en
abandono moral y material.

El suelo de Chilca fue un franco arenoso, con pH 7,6 y una salinidad
fluctuante entre 15 a mds de 60 mmho/cm, pobre en fosforo (2 ppm) y en yeso
(0,15%). Elaguaes no recomendable para la agricultura (de 10 a 12 mmho/cm).
El algoddn nunca llega a producir mds de 20 qq/ha. Gracias a la colaboracion de
algunas familias alemanas, se logro la financiacidn para este cultivo en los suelos
de la Villa, alcanzdndose un rendimiento de alrededor de 40 qq/ha o 1840 kg/ha.
Esto quiere decir que muy pronto se podria contar con una metodologia que
permita lograr una productividad eficiente en suelos afectados por sales, convivir
con las sales, y utilizar aguas de drenaje de 2 a 5 mmho/cm, especialmente en
suelos arenosos desérticos (costa del Perti y de otros paises con zonas dridas).
Posiblemente pueda ayudar a cultivar suclos desérticos sin necesidad de ir a la
formacién previa de suelo, etapa que puede llevar mds de dos afios.

3. CONCLUSIONES

En conclusion se puede decir que:

1) El método de rehabilitacion combinada, lavado superficial y en profundidad
a través de surcos fue muy eficiente. En menos de 4 aios hubo una respuesta
positiva.

2) Latonificacion de la semilla con los elementos criticos de cada cultivo y para
cada suclo en particular se presenta como una técnica suplementaria muy
importante.

3) Laaplicacion de materia orgdnica en mezcla con el yeso permitié una
evacuacion racional de sales solubles, dando lugar a una rdpida rehabilitacion.

4) Se hace necesario profundizar la investigacidon de esta metodologia mediante
el uso de radis6topos, especialmente para el Na, P y Zn. Esto permitird
aceptar o rechazar los criterios propuestos.
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Abstract

EFFECT OF SUBSURFACE DRAINAGE ON SALT MOVEMENT AND DISTRIBUTION
IN SALT-AFFECTED SOILS. )

This study was carried out to evaluate different subsurface drainage treatments (com-
binations of depth and spacing} on salt movement and distribution. The soil is clay and the
drainage was designed according to the steady-state condition (Hooghoudt’s equation).
Three spacings and two depths resulted in six drainage treatments. Soil samples represented
the initial state of every treatment and after 14 