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SUMMARY

The research described in this submission has provided a number of major advances
in knowledge and practical outcomes including in particular:

1. The detailed description of the microporous structure of clay mineral systems
by gas and vapour sorption leading to the recognition of quasi-crystals and clay
domains as the assemblages of primary particles which constitute the
operational elements in determining soil physical behaviour.

2. An enhanced understanding of electro-kinetic phenomena and the effects of
ions on water structure and movement near the charged surfaces of clay
particles.

3. A comprehensive analysis and theoretical description of the mechanisms
involved in solute transport in soils including in particular, the effects of
competitive adsorption between species and time dependency of sorption.

4. The detailed elucidation of the factors determining the persistence and mobility
of pesticides in the soil profile and their potential for groundwater pollution
leading to the development of a practical management model.

5. The adaption of computer assisted tomography applied to the attenuation of X-
and gamma radiation (CAT Scanning), to the non-destructive in situ
measurement of soil water content and structural changes and in particular to
water uptake by plant roots. Coupled with the innovative use of ion specific
microelectrodes, these studies provided the first detailed measurements of the
temporal and spatial distribution of soil water and solute contents close to
single plant roots.

6. The development of the Modulus of Rupture — Exchangeable Sodium
Percentage (MOR — ESP) approach as a practical method for evaluating the
structural status of soils and the influence of management practices. The
method allows separate quantitative assessment of the roles of dispersive and
non-dispersive mechanisms in contributing to structural instability in hard
setting soils.

NOTE: The extended summary is presented at the front of Volume | together
with the complete list of publications cited.
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ABSTRACT

Adsorptionlkinetics of diquat, linuron, phenamiphos and simazine were
studied using a flow technique in columns of a saﬁﬂ and a sandy loam
soil from Western Australia. A decrease in the rate of?adsorption with
time to a constant value was observed for all pestiéides. This constant
rate of adsorppion could be fitted to a first order kinetic equation.
The batch method and the flow technique gave comparable adsorption
results for similar equilibration times. Extrapolation of the results
from the column experiments show that considerablé deviation from
equilibrium in the adsorption of pestlcides can occur under field

condltions.

1. INTRODUCTION

Adsorption and degradation are the major proéesses affecting pesticide
transfer through soils. Both the extent and the rate of adsorption at
the solld-liquld interface determine the susceptibility of a particular
pesticide to leaching. Little information od kinetlics of adsorption of
pesticides in solls is available from the literature (Yaron et al.
1985).
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The batch slurry method, which is commonly used to study adsorption
xinetics, has many limitations. The solution concentration of pesticlde
decreases with time and alteratlons in the surface chemistry of soil
particles can occur with vigorous mixing (Barrow and Shaw 1979). It is
also difficuit to distinguish between;adsorption and degradation when
using the batch method. Because of these factors, data cannot be
reliably applied at the field scale. Flow techniques in columns of soll
provide a better representation of fleld conditions {Murall and Aylmore
1983). Mechanical agltation is absent and degradation can be measured

by comparing column input and output.

This paper reports on studies of the adsorption kinetics of diquat,
linuron, phenamiphos and simazine. The adsorption data obtalned by a
flow technique were fitted to a first order rate equation in two soils
of different texture. Equilibrium adsorption isotherms obtained by the
£low technique and batch method were compared. The effect of the rates
of adsorption on distribution of pesticides under flow velocities

encountered in the field situatlion is discussed.
2. MATERIALS AND METHODS
2.1 solls and Pesticides

A sandy soll of the Béssendean,&ssociation of the Swan.Coastal Plain
near Perth (Western Auﬁtralia) and a sandy loam soil of the Gascoyne
association near Carnarvon (Western Australia) were used in this study.
The characterlstics of Bassendean sand are given by McArthur and
Bettenay (1974) and of Gascoyne sandy loam by Bettenay et al.(1971).
Relevant propertles of the Bassendean sand and Gascoyne sandy loam are
respectively, clay (%) 6.3, 16.8; silt () 0.7, 11.8; organic carbon
{s) 0.63, 0.84; and pH {(1:5, 0.01 M CaClz} 5.4 and 7.1.

Horticultural crops are grown on both soils. The groundwater below
Bassendean sands ls used for.domestic and irrigation purposes. On the
Gascoyne soils, the groundwater 1s used for irrigation but drinking

water 1s supplied mainly from the Gascoyne River.
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Four pesticides were used in this study, three herbicides: diquat,
linuron, simazine, and a nematicide, phenamiphos. Analytical grade
samples (+99%) of pesticides were obtained from ICI Australia Ltd.
{diquat); Hoechst Australia Ltd. (linuron); Bayer Australla Ltd.
{phenamiphos) and Ciba-Geigy Australia Ltd. (simazine).

Diquat, linuron, phenamiphos and simazine are some of the commonly used
pesticides in Western Australia. The amounts generally used per
application are: diquat (3 1/ha), linurdn (4 kg/hd), simazine (4 kg/ha)
and phenamiphos (20 1/ha). I

2.2 Equilibrium adsorption study

Batch distribution isOtﬁerms for the four pesticides in the two soils
were determined at 20 t 20C, Five grams of alr-dried soll were
equilibrated in polypropylene centrifuge tubes with 10 ml of pesticide
solution in’0.01 M CaClj. Pesticide concentrations ranged\from 150 to
6000 pmole/litre {diquat) and from 50 to 600u mole/litre (other
pesticides). The tubes were shaken (end over end) for 16 h (diquat) or
24 h (other pesticides). Soll adsorption was founa to be almost
complete after this time. Pesticides were not noticeably adsorbed to
the walls of the centrifuge tubes. After shaking the suspension was
centrifuged at 12000 rpm for 15 minutes. The supernatant was pipetted
off and analysed. The adsorbed amount was calculated from the initial

and final concentrations of pesticides in solution.
2.3 Pesticide analysis

Simazine and linuron were analysed directly in the soil solution phase
by.liquid chromatography (Vickery et al. 1980) using a Spherisorb 10um
OoDS column, 30 cm x 1.6 mm ID (Phase Separation Ltd.) and a mobile
phase of methanol and water (65:35 v/v). The pesticides were detected
at 220 nm with a variable wavelength UV detector (ETP-Kortec).
Detection limit for simazine was 0.1 pg/ml and for linuron 0.5 ug/ml.
Diquat was’ measured colorimetrically at 376 nm after reacting the soll
solution phase with sodium dithlonite {(Lott et al. 1978). Detection
limit was 0.1 ug/ml.
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Phenamiphos was analysed by capillary gas chromatpgraphy
(Hewlett-Packard) using a HP-5 column (25 mx 0.31 mm ID) and He as
carrler gas at 44 cm/sec. Operating condltions were, injection port

temperature was 2500C, initlal column temperature 1750C programmed

to 2500C at 250C/min. Detection was with’ Eiﬁgle“iaﬁ'ﬁﬁﬁifﬁy;ng

mass spectrometer (Hewlett-Packard:5970) at m/e = 303. Detection limit
for phenamiphos was o,dsfig/ml. Phenamlphos wés analysed after
extracting the soil solution phase with 15% methylene chloride in

hexane. The average recovery was 97%.
2.4 Soil column studles

Alr-dried soll was vibrated into columns. A HPLC pump (ETP-Kortec)
supplied a solﬁtion of 0.01 M caCl2 to the columns. Saturated flow
rates were varied from 0.01 mi/min to 2.0 ml/min. Samples were injected
in a volume of 300 M1 with a six port stainless steel valve (Rheodyne) .
Detalls of experimental conditions for soll columns are given in Table
1. To avoid slaking of the Gascoyne sandy loam, a mixture of soll and
diatomaceous earth (2.4:1) was used. Pesticlde adsorption by )
dlatomaceous earth was neglligible. Breakthrough curves (BTCs) were
monitored with a UV detector and chart recorder or alternatively off

line from analysis of. automatically collected fractions.

Dynamic distribution  isotherms of besticides were measured from BTCs at
various rates of flow in small columns of soll under saturated
conditions. The isotherms were obtailned by applying the peak maxima
method (Huber and Gerritse 1971). This method 1s based on the transport

equation for non-linear distributlon of a solute:
(S<c>/8t) +((1-8)/08)(5<s>/8t) = —(d<ve>/8z) + D(S2<c>/ §z22)..(1)

where Z

length co-ordinate
= time
= adsorbed concentration

solution concentration

< O un o
[}

= pore water velocity
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average over corresponding cross-sectional area

A
v
1]

fractlion of cross-sectlonal area occupied by solution

@
]

fraction of cross—sectional area occupled by solid phase

-

|
o o
[

longitﬁdihal dispersion coefficient

Assuminé thé dispersion coefficlent to be effectively zero, an

expression deseribing the residence time (tc¢) of the maximum solution

concentration in the BTC from a column of soll can be derived.
(te—to)/to= ((1-8)/8)(d<s>/d<C>) . i R R ( 2)

where tg = retention time of non-retained solute (c1-)

The adsorbed concentration (S) can be calculated by applying Equation 2

to the locus of concentration maxima of the BTCs and lntegrating. The

adsorption rate coefficlents were calculated from the chaﬁge in the

amount of adsorbed pesticide with residence time (tc in Equation 2).

Table 1. Soil column characteristics and experimental conditions

Properties Bassendean sand Gascoyne sandy loam

) Diquat other Diquat Other

' Pesticides ) Pesticides
Length {cm) 4.9 15 4.9 13
Internal diam.(cm) 0.44 1.0 0.44 1.0
Soil wt. (g) 1.2 18.6 1.1 6.0+2.8%
Bulk density (g/cm3) 1.54 1.6 1.48 0.9
Porosity {(cm3/cm3) 0.46 0.44 0.60 0.73
Pore volume (m1) 0.36 5.4 0.45 7.5
Pesticide (ng) 10-80 1-20 . 30-150 1-20

injected '

Range of pore (m/day)
water velocitiles 20-500 1-40 10-300 2-30

*platomaceous earth (BDH, particle range 5-10 Um)
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3. N RESULTS AND DISCUSSION

ReEults of applying the flow technique to the breakthrough of simézine
from a column of Bassendean sand are shown in Figure 1la and 1b.
Recoverles calculated from the BTCs were always better than 90%,
showing that pesticide degradation durffig-the column ‘experiments was
not significant. A comparison of adsorption isotherms measured by batch
and by the £low technique is shown in Figure 1b for simazine and in
Table 2 for all pesticides. Results from the flow technique and batch

method are simllar.

25 fa) ; ! .
|- 3.0 - Simazine/Bassendean sand :
) /
20k 26 |- A
| /
% | = 7/ Calculated
E | ¥y for24 h
2 45p | o
" 2]
. ' 8
= 1 3
S 1o 1 £
El | 3
3 1 <
0.5~ L
1
/ \1 L L . —

Pore Valume

Solution Conc. {ug/mi)

Figure la. Dynamic adsorption isotherm obtained by peak maxima method.

Pore water veloclty 2.2 m/day. Amount of simazine

injected, 3~-12 ug. Chloride : Pesticide ———————

Figure 1b. Dynamic adsorptlon isotherms of simazine obtained by flow
technique and comparison with batch values. Observed batch

values after 24 h ————e; adsorption isotherms by flow

technlque at various residence times (t¢) .

Data from the column experiments were fitted to a first order kinetic

equation derived for constant solutlon concentration of the pesticide:

1n{1-st/s_, ) = -bt
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where St = amount adsorbed at time t
S,.~™ amount adsorbed at t = ® obtained from batch experiment
b = adsorption rate coefficlent

Table 2. Distribution constants (Koo ) of pesticides by batch and

flow technique measured after 24 h *

Pestlicide Bassendean sand Gascoyne sandy loam
(m1/qg) (m1/g)
Flow Batch Flow Batch
Diquat 234 260 755 800
Linuron 5.6 7.0 5.8 9.0
Phenamiphos 4.3 4.5 4.0 4.0
Simazine 1.0 1.6 2.4 2.5

* Diquat - 16 h

The first order plots of four pesticldes 1n the two soils are shown in
Figure 2. A decrease in the rate of adsorption with time to a
relatively constant value is observed for all pesticides in both soils.
Similar results have been reported by Graham-Bryce (1972). The limiting
values of the rate coefficients as calculated from Figure 2 are shown

in Table 3.

Table 3. Limiting values of rate coefficlents of pesticildes

Pesticlde Bassendean sand Gascoyne sandy loam
(day-1) (day—-1)

Diquat 3.2 3.6

Linuron 1.3 0.8

Phenamiphos ° 1.9 2.6

Simazine 1.2 2.7
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Figure 2. First order plots of diquat, linuron, phenamiphos and simazine.

in two soils. Bassendean sand -—-@; Gascoyne sandy loam-—-0.
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The effect of pore water velocity on the distribution of the varilous
pesticldes in the soils used in this study are shown in Figure 3a and
3b. In the calculations dispersion length (Disp) 1s taken as the

smallest soll unit within which complete mixing of solute occurs.

0.99 Gascoyne Sandy Loam (a) 0.99 Bassendean Sand
0.80 0.80
, 060 0.60

VA

\0-!

¥
0.40 0.40
0.20 0.20 -

(b}

V/Disp (day’") - V/Disp (day!)

Figure 3. Effect of pore water velocity (V) on distribution (Kt/Kw)
of pesticldes in soil. The pore water veloclty is expressed
relative to dispersivity (v/Disp) and the distribution
relative to the equilibrium value approached at t = (Vs0).

Diquat -- Q; Simazine—- A; Phenamiphos—— @; andlinuron—— A

The time necessary to attain complete longitudinal mixing at a pore
water velocity V is then Disp/V. The value of the dispersion length in
the literature for sand/sandy loam varles from 0.2 mm to 7.9 cm (Rose
1977) . In surface solls of Western Australia.used in the study, the
vafue_of V/Dlsp can range from 0.1 to 10.0 day—-lshowing that
significant departure from equilibrium distribution 1s possible during

pesticide transfer.
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ABSTRACT

Until recently, no experimental technique has been capable of measuring
spatial distribution of soil water content in a continuous and non destructive
manner. Previous techniques have been cither destructive and hence lacked
continuity, perturbed the sensitive balance of the specimen under examination,
were too slow in their response time or simply lacked the dimensional resolution
for meaningful definitions of the soil water content distributions. The ideal
technique for measuring soil water content should clearly be both non destructive
and have sufficient sensitivity to follow the water content variations of less than
0.2% over the distances of a few millimetres.

Until 1970, a similar problem existed in diagnostic radiology in seeking to
obtain non destructive representations of the human brain. This problem has been
overcome with the aid of Computer Assisted Tomography (CAT) scanning using X-
rays, and a commercially available CAT scanner has been used to measure spatial
distributions of soil water content. However, the cost of these commercial X-ray
CAT scanners is prohibitive, and they are unlikely to be gencrally available for
studies of soil water content distributions. As gamma radiation has Dbeen
frequently used for mcasurement of bulk soil water content, there appears no
reason why the CAT technique could not be applied to gamma ray attenuation
measurements of soil water content.

This paper describes the design and implementation of a prototypc gamma
CAT scanner, named Mini CAT, and gives an overview of the hardware and
software of the Mini CAT system. In particular, the various image rcconstruction
algorithms and their performances are compared. A comparison of the results
obtained using the Mini CAT system and a commercially available X-ray CAT

scanner showed that the accurracy of the Mini CAT system was comparable to that



of the X-ray system, and was capable of distingusihing differences in soil water
content of 0.009g/em® over distances of 2mm. Applications of the Mini CAT system
to studics of soil-plant water rclations, soil wetting agents and soil structure
showed that the applications of CAT to gamma ray attenuation will become a
major tool in soil physics, allowing detailed examination of soil physical properties

on a micro scale never achieved before.



Introduction

An appreciation of the physical, chemical
and biologlcal factors determining the supply,
availability, status and movement of water in
plant ecosystem, 1s essential to the understanding
of the mechanism and dynamics of water in soils
and their biological implications. The importance
of this fleld of study cannot be over emphasized
in semi-arid enviromments. In these environments,
the avallability of scarce water resources for
efficient

agriculture necessitates its most

ultilization. Limits of plant pgrowth and
production are most commonly set by limitatloms on
our knowledge of such factors.

Until recently, the main obstacle to such
studies was the lack of experimental technique
capable of measuring the spatial distributlon of
soll water content 'in a continuous and non-
destructive manner or with sufficlent resolutlon
for meaningful definition of water

distributions ([1].

content
Until 1970, similar problems
existed in diagnostic .radlology in seeking to
obtain dimensional

This problem

non-destructive three
representation of the human brain.
was essentlally overcome by Hounsfield [2], who
developed the technlque known as Computer Assisted
Tomography (CAT). Since that tilme, many CAT
scanners have been constructed for both medical
and industrial applications. Most commerclally
available CAT scanners use the measurement of
linear attenuation coefficients of X-rays in a
slice to reconstruct the image. X-ray CAT scanners
are capable of detecting differences in
attenuation as low as 0.1% over distances of a few
millimetres.

Recently, Hainsworth and Aylmore [3] used an
X-ray CAT scanner to determine the spatlal changes

in soil water content and reported its potential

for soll water studies.,  However, the cost of
commercially avallable scanners precludes thelr
use by soll and plant sclentists.

As the change 1n the attenuation of gamma
radiation has been frequently used to determine
the soil water content [4], it should be equally
possible to apply the CAT technique using a
considerably cheaper gamma systém to determine the
spatial variatlon of soll water content.

This paper gives an overview of the various
CAT techniques and also describes a prototype
system named "MINICAT" that was constructed to
investigate the possibility of applying the CAT

techniques to soll water studles.

Theor: CAT

The object under CAT examination may be
modelled by an (M x M) matrix consisting of
uniform pixels. The purpose of CAT 1s to
determine the density, p(x,y) of each pixel.

The principal idea of tomography 1is the
intersectlon of an image plane with rays not from
above but from the side! An X-ray or gamma pencil
beam with incident intensity I, is confined to the
wanted slice and the intensity of the transmitted
ray, I, 1is measured by a detector at the other
side of the slice (see Figure 1). Both the source
and detector translate linearly along the image
plane so that the beam is shifted parallel in
steps of distance Ar. At each step the
attenuation or the "raysum" is calculated,

p(r,8) = -1n(1/1,) 8
For a specified r and @ shown in Figure 1, p is
called the "raysum". A set of linear raysums at a
specified angle @ is known as a projection or
profile.

After one linear scan 1is completed, the

direction of the beam, @, is changed by an angle
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3 different ongle.

Figure 1
A, Successive scans are made In M different
direction within the half clrcle.
&3 = n/M (2)

Using the model of an (M x M) matrix of
pixel with density, u(x,y), the raysum can be
represented by the line integral along the ray
(Figure 1)

p(r,@) = I p(x,y) ds (3)
r,g
a econstruction Algorithms

There are a large number of techniques for
image reconstruction from projections. However,
they can be classifled broadly into three methods:
1) Direct Back Projection

This method was used by Oldendorf [4] and
others [5-6]. The back projected pixel value is
obtained by superimposing projections together and
is glven by:

M

B(x,y) = Z.p(ry.8y) 08 %)

with ry{ = x cos @; + y sin @; belng the dlstance
of the ray from the center ray, and @ the
projection angle of the 1th projection,

However, 1mages reconstructed using direct
back projection may have "star-artifacts" due to
the point spreading function resulting from
objects of high density (Figure 2). The star
artifact causes the density function to vary from
the true density function by an intolerable

margin, hence this method is rarely used nowadays.

i1) Iteratlive Reconstruction
There are three well known Iiterative
reconstruction techniques
a) Algebraic Reconstruction (ART) (2]
b) Iterative Least Square Technilques (ILST) [71]
c¢) Simultaneous Iterative Reconstruction (SIRT)

(8]

The ART technique 1s, the most efficlent of these
methods but it 1s also the most susceptible to
nolse {9]. Also, iterative methods are
considerably slower than other methods, hence are
not popular.

1i1) Analytical Reconstruction

The star-artifact of an image reconstructed
by the direct back projection method may be
described by a convolution of the correct image
function pu(x,y) with another function which
represent the background blurring star-function S.

B(x,y) (X) 8§ = pp(x,y) (5)
where ub(x,y) is image functlon obtained by Direct
Back Projection.

Equation (5) suggest that the star-artifact
can be eliminated 1f a correction filtering 1s
applied to the projections before the Back
Projection process. The correction flltering
process required is effectively the convolution of
the 1inverse Fourler Transform of the star-
functlon, S, with the image obtained from Direct
Back Projectlon, pb(x,y).

The process of obtaining the filter function
which removes the star artifact 1is strictly an
analytical approach, hence the name Analytical
Reconstruction.

In Analytical Reconstruction, the projected
profiles p(r,d) are filtered before they are Back
Projected i.e. the reconstructed density function
p(x,y) 1s analogous to equatlon (3) except that p

is replace by the flltered version p*,

M
plxy) = Z 07 ,0y) o8 (6)

A number of filtering techniques have been
developed. Derivation of the formulae for the
different filters can be found in Brooks and Di
Chiro [10]. 0f all the filtering techniques,
currently in use, the Bracewell’s Convolution
Filtering is the most popular filtering wmethod.
The formula for Bracewell's Filtering [11] is

W L
p (ry.9) = p(r .8 - Z p(r (7)
k e TR



where W 1s the distance between two plxels and L
1s the number of linear raysums in a projection.

An approximation is necessary because for a
glven projection angle, the filtered proflle p* is
only calculated at discrete points r,, with 1 <=k
<= L, so that the values are not available at
arbitrary values of r as required by equation (7).
Linear Interpolation between the two nearest
values of p* has to be performed i.e.

" (X)=p™ (1X)+[p™ (1X+1) -p™ (1X) } *(X-1X) (8
where IX < X < (IX+l) and IX and (IX+l) are the
closest integer to X.

Of all the image reconstruction algorithms,
Filtered Back Projectlon using Bracewell's
Convolution Filter 1is the most commonly used
technique in CAT scanners and was also chosen as
the reconstruction method used for the MINICAT
system.
Computat Of Water Content

The result of a CAT scan and the image
reconstruction is in the form of an (M x M) matrix
of numbers which represent the linear attenuation
coefficilents, pu(x,y), of a specified location
described by the cartesian coordinates (x,y).

For the case of wet soll the attenuation 1
can be expanded into

. Byet = Bg Pg T By Oy 9
where pg, 4, are the mass attenuation coefficients
of soil and water respectively; Py and Bv are the
soll bulk density and water content respectively.

When the soll is dry, 6,~0 and
Bary = Hs Ps (10)
'

Thus the water content- can be determined by
subtracting equation (10) from equation (9).
Therefore, the spatial distribution of water
content in a column of soil can be determined from
the results of two CAT scans, one of the dry soil
and the other of wet soil.

The Prototype Scanner - MINTGAT

A prototype CAT system named MINICAT was
constructed to explore the potential of CAT in
soll sclence research. Gamma radiation was chosen
as the source of radiatlon in preference to the
much more expensive and hard to maintain X-ray
system. Figure 3 shows the schematic
representation of the MINICAT system.

The main body of the scanner consists of two

parts

a) the Gamma Platform - which provides the
vertical scanning motion and

b) the Catscan Platform - which provides the
linear translation and rotational motion

required in a CAT scan procedure. R

The gamma source 1is mounted 1in a lead
container mounted directly opposite the detector
on the Gamma Platform, The Catscan Platform is
placed at a fixed levél in the middle of the Gamma
Platform such that the Gamma Platform can move
independently of the Catscan Platform, therefore
providing the vertical scanning motion. Three
stepper motors were used together with worm drive
shafts to provide the scanning motion required.

As shown in Figure 3 an enhanced XT
compatible personal computer (PC-EXT) was used for
performing the task of controlling the scanning
motion, acquiring the data form the radlation
measurement system, processing the data and
finally presenting the results In graphics form

and producing hardcoples of the results.

Raysums Acquisition

Caesium 137 (Csl37) and Americium (Am-241)
are the main gamma sources used in the MINICAT
system, A plastic scintillantion detector is used
to measure the radiation intensity. The signal

from the plastic scintillantion detector is
amplified through a photo-multiplier tube under
extra high tension (EHT) voltage and then further
amplified by a fast amplifler. The output is then
passed through a window discriminator to select
only pulses of a specific range of energy for
recording. This discrimination is essentlal, as
the energy dlstribution function of the gamma rays
{s not an impulse function. If this filtering 1s
not done then the measured attenuation will not
have a linear relatlonship with the thickness of
object under examination. This is because lower
energy radiatlon 1is absorbed iIn preference to
higher energy pulses glving rise to the phenomenon
known as beam hardening. The window discriminator
helps to minimise the effect of beam hardening in
the measurement of raysum.

The output of the discriminator is connectéd
to a scaler to record the number of pulses which
i{s the measure of beam Intensity. The scaler is
interfaced to the cbmputer. PC-EXT, through the
CAT Controller Card (Figure 3) allowing full

control from the computer.
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Facilitles and Capabliities of MINICAT system
The MINICAT system has been designed to run

under two modes:

1) Menu-driven mode - which is a user-friendly
approach, allowing user interactive control
and

2) Program mode - a language interpreter known

as Language For Advance Gamma Attenuation

Scan (LAGAS) which has also been developed

to meke the MINICAT system, a fully
programmable and flexible system.
With the configuration of MINICAT, the

system is currently capable of performing five
different tasks:

a) Vertical Up-down Scan. This scan has two
uses: one 1ls for determining the bulk
density of soll and the other is to

determine the veloclty of a water front
passing down a soil column i.e. chasing the
water front,

b) Stationary Time Scan - which can be used for
determining the rate of water uptake by
plant roots at a specific location,

c) CAT scan,

d) . Successive CAT scan - which allows multiple
CAT different

scans to be performed at

levels of the column, thus enabling a three
dimensional water distribution in the column
of soll to be determined and

e) any combination of (a)-(d).

Applications of MINICAT

Application of CAT requires that the
attenuation of gamma ray source remains linear
with distance. With sultable setting of the

discriminator this was achleved with the Cs-137-
scintillantion

the MINICAT system has

plastic detector. Subsequently,
been used in three major
studies of soll and soil plant water phenomenon.

MINICAT

dispersion index (SOWADIN) has been developed to

Using the system a soil water

measure the effectiveness of soil wetting agents
applied to non wetting soils. In this case the
MINICAT system is used to determine the number and
size of wet areas within a soil column several
hours after water has been applied to it.

A major limitation in

understanding the

mechanisms of soll water extraction by plant roots

was the inability to directly measure the change
in soil water content with distance away from the

root in a non-destructive manner, Figure 4 shows

the drawdowns in soll water content along a single
plant root and how they change with time obtalned

by the MINICAT system, and represent the most

detailed observations of water extraction by a

plant root yet made., .,
Changes 1n soil structure are important in

determining the avallability of soil water to

plants, for example, collapses in the structure,

result in the destruction of soll macro pores

which is important in the infiltration of water

into soil. The MINICAT system has been used to

monitor the changes 1in soil structure with

subsequent wetting to and drying cycles. Figure 5

shows a greater number pilxels having a higher

attenuation coefficlent after one wetting drying

cycle indicating that the soil structure 1is

deterlorating.

Conclusion
The application of CAT technique to soll and
soll water studies has made avallable invaluable

data, not possible in the past. For example, its

ability to elucldate the mechanisms involved in

the uptake of water by plant roots, and in

particular to resolve the major controversies

surrounding the physics of the process [12].
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THE QUANTITATIVE CHARACTERISATION OF SOIL PHYSICAL STATUS
AND POTENTIAL BEHAVIOUR - A FUNDAMENTAL APPROACH
L. A. G. Aylmore and H. R. Cochrane

Soil Science and Plant Nutrition, University of Western Australia, Perth.

The major impediment to progress in understanding the physical behaviour of
agricultural soils and in using that knowledge to formulate appropriate
management strategies for any given soil, lies in the failure to develop a
systematic, coherent and comprehensive methodology for quantitatively
characterising and classifying the physical status and potential behaviour
of soils. Such a system requires the use of parameters which while relating
directly to plant requirements, hydrology, soil susceptibility to
degradation, erosion etc. on the one hand, are adequately defined in terms
of their dependence on the basic properties of the soil constituents on the
other.

Traditional procedures for characterising soil structure and
classifying soils, owe their origina to a more descriptive than
quantitative era and area of investigation. In the main existing parameters
(for example soil texture, water stable aggregation) are technically
inconvenient, numerically cumbersome, poorly defined in fundamental terms
or poorly definitive :in terms of any practical classification of _soil
physical behaviour. In particular there is little uniformity or agreement
in practice as to the most appropriate parameters to use in characterising
the structural properties of a soil. Soil structure assessment frequently
involves considerations not only of the physical configuration of the soil
matrix at any time but of its susceptibility to disruption by wetting and
mechanical forces.

In sandy soils of low colloid content, physical assessment procedures
are not generally concerned with the degree of development of secondary
structural units or the stability of the soil matrix.' The major management
induced problem is the development of tillage or traffic induced compaction
pans. For soils susceptible to this form of structural degradation,
measurements of penetration resistance provide the most effective and
sensitive method of assessment. In most other solls however the presence of
various amounts of colloidal constituents dominates and complicates the
physical behaviour. In these circumstances the stability of the soil matrix
and changes in structural configuration produced by processes of wetting
and drying, become major considerations.

On wetting a soil matrix the two major mechanisms which act to disrupt
the matrix structure are (1) non-dispersive failure associated with
mechanisms such as the explosive compression of entrapped air in pores and
(2) differential swelling and dispersion associated with diffuse double
layer development on the clay surfaces (dispersive fallure). On drying, the
matrix formed depends on the extent of this previous disruption but also on
other rheological properties of the colloidal constituents. Thus the most
appropriate method for assessment for soils of sandy loam and heavier
texture will depend upon the relative importance of these factors.
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In the absence of any modifying factors eg. bonding or cementing
agents, swelling and dispersion of colloidal systems such as the clay
minerals, are reasonably well defined and can be related directly to the
specific surface area, surface: density of charge, nature of the
exchangeable cation and electrolyte concentration (Verwey and Overbeek
1947; Aylmore and Quirk 1962). Consequently for such soils where colloidal
properties dominate,there have been a number of attempts with varying
success in recent years to develop assessment criteria based on the
susceptibility of the clay and silt fractions to dispersion (Quirk and
Schofield 1955; Emerson 1967; Rengasamy et al. 1984). Such criteria are
likely to be most successful when applied to soils containing higher clay
contents or more active clay minerals such as the smectites since for these
materials swelling and dispersion will largely determine the matrix
configuration.

For soils of low to moderate colloid contents, there is evidence that
swelling and dispersion while still operative, have less influence on the
net physical properties than more mechanical factors such as particle to
particle interaction, packing facility etc.. For such soils measurements
of dispersible clay do not necessarily provide a reliable guide to physical
properties or potential physical behaviour and alternative assessment
methods are required.

For soils from the WA wheatbelt in the sandy loam to clay loam
textural classes and where kaolinite is the dominant clay mineral,
measurements of modulus of rupture-exchangeable sodium percentage
relationships (MOR-ESP): have proved a reliable guide to field behaviour for
example gypsum responsiveness (Aylmore and Sills 1982; Aylmore and
Cochrane 1986). This is because the development of dry strength in soils
subjected to this testing procedure is dependent on the same mechanisms and
forces within the soil as are resgsponsible for the strength characteristics
of soils in the field. Non-dispersive failure and other rheological
properties of the colloidal constituents appear to be the controlling
factors. Because they are determined by similar features of the soil
matrix, hydraulic conductivity, gaseous transfer and to some extent water
retention, correlate closely with this measurement of friability or
strength.

Incorporation of the effects of exchangeable sodium percentage on the
MOR into the testing procedure (Figure 1), appears to provide a valuable
distinction between the consequences of mechanical disruption of the matrix
structure by explosive compression of entrapped air (described as incipient
failure by Quirk and Panabokke (1962) and the effects of swelling and
dispersion.

The Baseline MOR or soil strength when ESP is zero, by and large
represents the reaction of the matrix to the incipient (non-dispersive)
failure process. Dispersion and swelling are at a miusimum or non-existent
under these conditions of testing (calcium saturated) and the Baseline MOR
is essentially insensitive to changes in electrolyte concentration.

The Sodium Sensitivity or slope of the MOR-ESP relationship, on the
other hand depicts clearly the rapid increase in dispersion and swelling
forces associated with increasing sodium on the exchange complex. When not
controlled by other bonding materials this dispersive failure is very
sensitive to electrolyte concentration.
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For any assessment procedure to be meaningful and of practical
utility, it is essential that the parameters used correlate closely with
plant growth, soil conservation determinants etc. Similarly the role and
quantitative significance of the various soil constituents in determining
these parameters should be well defined, that is, benchmark relationships
between these parameters and surface physical chemistry are required.

Figure 2 shows the relationship between percentage increase in wheat
grain yield in the season following a 5 tonne/hectare gypsum application
and the sodium sensitivity of the surface. soils from some 32 gypsum trials
conducted between 1982 and 1985 in the WA wheatbelt. Despite large
variations in climatic c¢onditions, crop density, cultivars, nutritional
gtatus, tillage conditions and weed competition, the relationship accounts
for 80% of the variation between trials. This can be compared with a
coefficient of determination of 0.10 in the relationship between percentage
increase in grain yield and mechanically dispersible clay for the same

group of soils.

* When the relationships between clay content and MOR for artificially
prepared sand-clay mixtures are examined there are almost invariably, over
a significant range, more or less linear increases in MOR with increasing
clay to sand proportion (Figure 3). When this data is plotted in terms of
the specific surface areas of the whole soils a surprisingly good
correlation is obtained (Figure 4) for the limited number of materials so
far examined (including both kaolinite and illite clays). This benchmark
relationship obtained on reconstructed soils, can be viewed -as indicative
of the properties of the completely degraded soils devoid of any secondary
structural organisation or stability.

Clearly the form of this relationship and in particular the effects of
cation status, electrolyte concentration etc. need to be defined in far
greater detail. However the positions of a range of wheatbelt soils
subjected to different management procedures , with respect to this
degraded line, serve as an index to their state of grace between favourable
and unfavorable structural conditions.

Considerably more work is required to rigorously define the dependence
of penetration resistance, modulus of rupture and dispersible clay on the
surface physico-chemical properties of soil constituents and to relate
management requirements directly to them as illustrated here. Nevertheless
it is suggested that these three parameters should form the basis for-a
modern. standardised and more scientific system for characterising and
classifying the physical status and potential. behaviour of soils. This
would not preclude the use of more detailed field and specific localised
assessment procedures where appropriate.
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Particle electrophoretic mobility measurements were used to determine { potentials of uric acid as a
function of concentration for various ionic species found in human urine. Uric acid { potentials are
qualitatively described as a function of solution pH in a synthetic urine. A theoretical model is proposed
to describe the mechanism of uric acid surface-charge formation in terms of the monoprotic surface
group model of T. W. Healy and L. R. White [4dv. Colloid Interface Sci. 9, 393 (1978)].  © 1988 Academic
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INTRODUCTION

Uric acid is a common constituent of hu-
man kidney stones (Fig. 1) (1). Coagulation of
particles in urine has often been proposed as
part of the mechanism of stone formation (2-
4). The role of ionic crystal growth inhibitors
or promoters present in urine is also thought
to be mediated by chemical adsorption of these
species at crystal surfaces (5). Adsorption at
crystal surfaces may also play a role in nucle-
ation of insoluble salts of ionic species by ep-
itaxy (6). This study was designed to determine
the electrophoretic mobility (EM) of uric acid
as a function of concentration for various ionic
salts commonly found in human urine. The
magnitudc of the { potentials related to the
EM indicates the likelihood of coagulation in
a particle suspension (7). Changes in the sign
of ¢ potentials as a function of salt concentra-
tion are also useful in evaluating chemical ad-
sorption of ionic species at particle surfaces
(8). Thus, the influence of solution pH and
common electrolytes contained in urine (such
as sodium, ammonium, calcium, and mag-
nesium chlorides) on uric acid electrophoretic
mobilities was determined. The influence of
pH in a complex, “synthetic” urine was also
evaluated.

Journal of Colloid and Interface Science, Vol. 124, No, 1, July 1988

Another objective of this work was to de-
velop a theoretical model to explain the vari-
ation in the ¢ potential of uric acid as a func-
tion of salt concentration. Human urine has
such a high ionic strength (9) that routine {
potential determinations in it are difficult. If
a suitable model were found, ‘““theoretical” ¢
potentials could be calculated for uric acid in
urine. Such a model could provide guidance
as to whether or not coagulation is an impor-
tant mechanism in uric acid kidney stone dis-
ease. In addition, a theoretical model would
help us to understand the mechanism of
charge formation at uric acid surfaces. The
model would indicate the most pertinent ionic
equilibrium conditions in developing { poten-
tials of uric acid in urine and urine-like solu-
tions.

THEORETICAL BACKGROUND

The role of interfacial phenomena in con-
trolling the properties of suspensions (such as
rheological behavior) is well established. In-
creasingly sophisticated models have been de-
veloped to describe the interactions between
particle surfaces and surrounding solution.
The models have several common features.
All models are based on formation of charge

0021-9797/88 $3.00
Copyright © 1988 by Academic Press, Inc.
All nights of reproduction in any form reserved.
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at the particle surface via one or more distinct
mechanisms. The surface charge is balanced
by one or more layers of counterions such that
no net charge surrounds the particles. At least
one counterion layer in each model is based
on the analytical expression developed by
Gouy (10) and Chapman (11) wherein ions
are attracted solely by electrostatic forces. The
Gouy-Chapman layer in most models extends
at some intermediate distance into the bulk
solution at infinite distance from the particle
surface. The region from the particle surface
to the intermediate distance at which the
Gouy-Chapman layer begins provides most
of the differences among models describing the
solid—solution interface.

A hierarchy of increasing complexity ana-
lytically describes the nature of the interactions
at solid-solution interfaces. The complexity
of the model depends on the complexity of
the solid and solution phases and the nature
of their interactions. Accordingly, there are
models as simple as the monoprotic surface
group (MSG) model of Healy and White (12)
and as complex as those required for oxide—
water interactions where multiple counterion
layers and model parameters are necessary to
accurately fit analytical calculations to exper-
imental data (13-17). The MSG model con-
sists of (a) a mass-action equation describing
the relationship among the neutral and neg-
atively charged sites and protons at the solid
surface, (b) an expression for the formation of
surface charge via the loss of protons at the
solid surface, and (c) the balance of the surface
charge via a Gouy—Chapman counterion layer.
Reactions of soluble species from the solid that
lead to ionic equilibria in the bulk solution are

Journal of Colloid and Interface Science, Vol. 124, No. L, July 1988

reconciled with surface reactions that lead to
electrostatic equilibrium at the solid-solution
interface.

Solid-solution systems displaying only
negative or zero surface charge or potential
are consistent with the MSG model. The loss
of a surface proton leads to the formation of
a negative surface site. If the proton is present,
there is no charge and the site is neutral. There
is no charging mechanism within the bound-
ary conditions of the model discussed above
for the formation of positive surface charge.
The best known example of a material that
displays behavior fitting that predicted by the
MSG model is polystyrene (12).

An uncertainty in the MSG model is the
distance from the solid surface at which to
compare calculated potentials in the Gouy-
Chapman layer to experimentally determined
{ potentials. ¢ potentials calculated, for ex-
ample, using measured electrophoretic mo-
bilities are assumed to occur at the shear plane
between moving solution and solution adher-
ing to the particle surface. The distance from
the particle surface at which the shear plane
occurs is not clear. Therefore, the distance used
to compare calculated potentials in the Gouy-
Chapman layer to { potentials is rather arbi-
trary.

Uric acid is a naturally occurring material
with many of the features common to solids
in aqueous suspension whose solid—solution
interfaces are most consistent with the MSG
model. It is composed of adjacent pyridine and
purine rings and has two dissociable protons
(18, 19). The first proton dissociation constant
believed to be that at Site 9 is equal to 5.46.
The second dissociation constant is at 10.30.
The solubility of uric acid over the pH range
2 to 5 is about 2.6 X 107> M. The material
has a slight increase in solubility up to pH 6
(solubility equals 1 X 1073 M). Above pH 6,
the solubility increases exponentially. The in-
crease in solubility, although slight over the
pH range investigated (pH 2 to 6.5), prohibited
potentiometric titrations to determine surface
charge because of changes in surface area.
Urate ions will precipitate with most cations
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of interest including ammonium, sodium, po-
tassium, and calcium at pH values greater than
pH 7. It is believed that the stability of cation—
urate complexes is low below pH 7, but only
the stability constant for the sodium-urate
complex (K;, equal to 8.50 X 1073) has been
determined (19). Thus, uric acid loses only one
proton to any appreciable degree, does not ap-
pear to form any significant cation complexes
in solution, and has low but increasing solu-
bility over the pH range of interest, pH
2 10 6.5.

MATERIALS AND METHODS
Preparation of Uric Acid Suspensions

Commercial uric acid was purified as de-
scribed by Porter (22) with the following mod-
ification. The uric acid—-anhydrous sulfuric
acid solution was dripped into 3°C deionized
water instead of the reverse. This procedure
yielded uric acid crystals with a regular flat-
plate morphology instead of the poorly formed
and less easily characterized dendritic shape
usually encountered. Based on scanning elec-
tron microscopy examinations the plate-like
particles were 2 to 20 um across a face and 0.5
to 1.0 um thick, giving an average particle size
of about 5 um. Recrystallization was repeated
until the UV extinction at 292 nm was con-
stant. Final extinction was 1.2174 £ 0.0276
X 10*. X-ray diffraction confirmed the powder
as anhydrous uric acid. X-ray fluorescence
spectroscopy of the powder gave 0.06 wt% sul-
fur and 0.004 wt% iron. The powder’s specific
surface area determined by BET analysis was
1.528 m? g \.

To minimize bacterial degradation of uric
acid, techniques used by previous investigators
were employed (20-23). All suspensions were
prepared using deionized water and reagent-
grade chemicals. Spectroscopic analysis of the
water gave no indication of the ion-exchange
resins used to purify it.

Stock uric acid suspensions were prepared
by adding 1.5 g powder per liter of autoclaved
water. Electrolyte dilutions were added to

stock suspensions to yield 100-ml suspensions
with the desired salt concentrations. Solution
pH was adjusted by adding HCl or NaOH.
After addition of the electrolyte, the density
of the uric acid in suspension was no less than
1.48 g powder per liter, because small volumes
of the stock 1 M electrolyte solutions were used
to prepare the 100-ml aliquots. Electrophoretic
mobilities measured for similar suspensions
equilibrated from 24 to 96 h were not signif-
icantly different. Therefore, following pas-
teurization and sonication, suspensions were
equilibrated at 38°C for 48 h prior to particle
electrophoretic mobility measurements.

It is the usual practice to have an indifferent
electrolyte present of sufficient concentration
in suspensions to minimize changes in the
ionic strength with, for example, acid or base
additions. For the uric acid system there is no
obvious indifferent ion that can be used to
control ionic strength without possible reac-
tion. Urate ions in solution will precipitate
with most of the cations commonly used as
part of an indifferent ion system. Sparingly
soluble urate salts have been reported to form
with ammonium, potassium, sodium, and
calcium (1, 18-20, 22, 23). Therefore, the EM
data are presented as a function of the added
salt concentration, with the pH at which the
measurement was made indicated. The ionic
strengths of the suspensions were calculated
using a computer program (see the description
of EQUIL below) based on the acid or base
additions, measured pH values, and any elec-
trolyte additions for the theoretical calcula-
tions. This approach has been used in other
surface chemical investigations where ambi-
guities in the complex ionic equilibria may
arise with the use of electrolyte to control ionic
strength (26).

A synthetic urine was prepared using a pre-
viously reported formula (9). lonic concentra-
tions in the synthetic urine were 4.55 X 1072
M (ammonium), 6 X 107* M (calcium), 4
X 107* M (oxalate), and 1 X 107* M (pyro-
phosphate). Dry uric acid (0.1 g in 25 ml) was
added to prepare suspensions. Suspension pH
was adjusted by adding HC] or NaOH.

Journal of Colloid and Interface Science, Vol, 124, No, 1, July 1988
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Electrophoretic Mobility Determinations

A particle electrophoresis apparatus Mark
IT (Rank Brothers, United Kingdom) was used
to determine electrophoretic mobilities of uric
acid particles in suspensions. Standard tech-
niques discussed elsewhere (8, 24) were used
to make the measurements. All electrophoretic
mobility measurements were made using the
flat cell. Electrophoretic mobilities at each
electrolyte concentration were determined at
least in triplicate for a minimum of 20 particles
each time to obtain mean values and 95%
confidence intervals using Student’s ¢ test.

Calculation of Ionic Strength and Equilibria

A FORTRAN version of a computer pro-
gram (EQUIL) was used to calculate the ionic
equilibria in uric acid suspensions (25). The
calculations in EQUIL use Davies’ modifica-
tion to Debye~Huckel theory to calculate ionic
strength and ionic equilibria. The solubility
product and stability constants used in the
modification are given in Table 1. The pH val-
ues of uric acid suspensions required for
EQUIL calculations were measured with a
Beckman Model 4500 digital pH meter with
a combined glass electrode calibrated with
standard buffer solutions (Beckman Instru-
ments Inc., Irvine, CA). Calculated and mea-
sured total urate concentrations determined
as described by Porter (22) and Finlayson and
Smith (19) were in good agreement. Stability
constants for urate complexes with NH# , K*,

TABLE 1

Uric Acid Solubility Product and Stability Constants
Used to Modify Equilibrium

Solubility product (37°C)

Phase Equilibrium“* Koo Reference
HU [H*][H,U") F} 9.86 X 10710 (18)
Stability constants
Reaction K°(37°C) liters mol™! Reference
H* + H,U?™ = HU~ 1.99 X 10'° (19)
Na* + H,U™ = NaH,;U 8.50 X 1073 (19)

4 F is the activity coefficient of +1 valent species.

Journal of Colloid and Interface Science, Yol. 124, No. 1, July 1988

Ca®*, and Mg?* are not known. Measured total
urate concentrations in suspensions contain-
ing these ions indicated that cation-urate
complex formation was negligible for the range
of concentrations and solution pH values in-
vestigated.

RESULTS AND DISCUSSION
Experimental Findings

The EM or uric acid is most strongly influ-
enced by solution pH. Urinary ionic species
introduced as cation chiloride or sodium anion
salts to suspensions decrease the magnitude of
EM as a function of their ionic strength when
solution pH values are constant. More signif-
icantly, increased cation concentrations, in-
cluding hydronium ion at low pH, do not re-
verse EM from negative to positive values over
the range of pH values investigated, 2.0 t0 6.5.

The magnitude of EM values increases with
decreasing solution pH, but the polarity of EM
values does not change at lower pH values.
The EM magnitudes approach values near
zero as a function of decreasing pH over the
pH range investigated, 2.0 to 6.5.

EM as a function of solution pH in uric
acid suspensions is summarized in Fig. 2. EM
values decrease to a minimum of about —6.5
pum s~'/V cm™! as pH values increase to about
pH 5.6, then increase slightly as pH increases.
The pH range studied was limited to pH 6.35
maximum because uric acid becomes much
more soluble as pH exceeds this value. As so-
lution pH decreases, { potentials increase until
at pH 3.0 or below they are less than 1.0 um
s~'/V em™'. All EMs are negative from pH 2.2
to 6.35.

EM as a function of the concentration of
chloride salts of Na*, K*, NHI, Ca*", and
Mg** is summarized in Figs. 3 and 4. Since
the EM of uric acid varies as a function of
solution pH, two pH ranges are reported: pH
4.3 to 4.6 (Fig. 3) and pH 5.6 to 5.8 (Fig. 4).
The pH range of each salt concentration series
is given in each figure. EM magnitudes de-
crease as a function of salt concentration for
both pH ranges. Generally, the rate of decrease
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is greater for suspensions containing the di-
valent species, Ca** and Mg?*. EM magnitudes
in low-pH suspensions (Fig. 3) are lower than
those in the higher pH range (Fig. 4). This
finding is consistent with the high EM values
determined at high pH values. However, the

rates of decrease for individual salts in both
pH ranges are about the same.

EM as a function of sodium salts of various
anions is summarized in Figs. 5-8. The effects
of SO}~ and H,POj are given in Fig. 5. As
with the cation chloride salts, EM magnitudes
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decrease as functions of Na,SO4 and NaH,PO,
concentration for the pH range investigated,
4.3 to 4.4. The influence of sodium oxalate
on EM is given in Fig. 6. In both ranges re-
ported, pH 4.3 to 4.4 and pH 5.3 to 5.7, EM
magnitudes decrease with increasing NaC,O4
concentration. In the low pH range, most of
the oxalate was present as HC,O3;. In the
higher pH range at least 90% of the oxalate
was C,0%", with most of the remainder
HC,0; . Figure 6 shows the influence of so-
dium citrate concentration on uric acid EM
values. The ¢ potential values as a function of
citrate have complex behavior. For example,
at the higher pH range values, the zeta poten-
tial values appear to reach a plateau as citrate
concentration increases. However, this is a re-
sult of the slight increase from pH 5.4 to 6.1
which produces a higher negative potential on
the uric acid particles (compare Fig. 6 with
Fig. 7). In the low pH range, 4.2 to 4.4,
EM magnitudes decrease as a function
of Na;C4HsO; concentration. In this pH
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range the citrate present was about 30%
H2C6H50; and 70% HC6H5O%7 . In the hlgher
pH range, 5.4 to 6.1, { potentials as a function
of Na,C¢H;sO5 are relatively constant. Most of
the citrate in this pH range was present as
HC6H5O%_ or C6H5O%7.

Figure 8 summarizes the influence of so-
dium pyrophosphate concentration on uric
acid EM values. In the lower pH range, EM
generally decreases as a function of concen-
tration. In this range most of the pyrophos-
phate was present as H,P,0%. It was difficult
to prepare suspensions at a relatively constant
solution pH because of the mutual buffering
capacity of uric acid pyrophosphate. This pro-
duced apparent inflections and other compli-
cated behavior in the { potential values as a
function of increasing pyrophosphate concen-
tration. Problems were encountered in con-
trolling the pH of the suspensions containing
pyrophosphate at the higher pH range while
still maintaining sterile conditions. The need
for sterile conditions prohibited introduction
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of the pH electrode directly into the suspen-
sions while adjusting the pH. To overcome
this problem, Na,P,05 solutions were adjusted
to pH 6.0 and filtered through 0.22-um filters
to remove bacteria prior to their addition to
suspensions. The lower concentration dilu-
tions of Na,P,0,, 107 and 1072 M, were sub-
sequently buffered by the uric acid. As a result,
the higher pH range (4.3-5.9) is much broader
than that reported for the other sodium anion
suspensions. Over the higher pH range, EM is
relatively constant but this effect is due to the
increase in pH and, hence, EM magnitude off-
set by the increase in ionic strength. Most of
the pyrophosphate was present as HP,O3~ in
this pH range.

The EM values in the synthetic urine are
slightly negative or in some cases essentially
zero. EM values as a function of solution pH
for uric acid in synthetic urine are summarized
in Table II. As expected in these high-ionic-
strength solutions, 0.28 to 0.31 M, the elec-
trophoretic mobility determination was diffi-
cult. This, coupled with the observation that
EM magnitudes decrease with increasing ionic
strength and the large particle size of about 5
pm and enhanced coagulation under these
conditions, made quantitative determinations
difficult. Therefore, we have reported the EM
values for most of the pH values qualitatively.
At pH values from 4.38 to 5.38, either the mo-
bility was slightly negative or no movement
was detected in the applied field of 10 V. At
pH 5.62 and 5.86 we were able to track about

TABLE II

¢ Potential as a Function of Solution pH for Uric Acid
in Synthetic Urine

¢ potential
Solution pH (mV) W10 A)
4.38 No movement detected —2.74 X 1073
4.82 No movement detected —8.62 X 1073
5.29 Slightly negative —4.64 X 1073
5.38 Slightly negative —5.01 X 1072
5.62 —-530 £ 4.0 —6.78 X 1073
5.86 —5.50 = 3.0 —7.70 X 1073
6.30 Slightly negative —2.80 X 1073

10 particles in each suspension to determine
EM values. These values were —0.5 + 0.4 um
s~!/V cm™!. However, it was obvious that most
of the particles in these suspensions exhibited
no discernable movement. At pH 6.30, slight
negative movement was detected.

Use of the Monoprotic Surface Group Model
to Describe the Uric Acid—-Water Interface

The monoprotic acid group model of Healy
and White (12) is suitable for explaining, at
least qualitatively, uric acid { potential behav-
ior. Several different models were evaluated to
explain the experimental data. Only the MSG
model was consistent with the experimentally
observed zero or negative EM. For example,
the Nernst-Gouy-Stern model (26) predicted
positive EM values within the range of exper-
imental concentrations for uric acid, even
when adsorption potentials in the Stern equa-
tion were assumed to be zero. The experi-
mental results in Fig. 2 indicate that surface
charges on uric acid arise from the loss of a
proton from surface uric acid molecules. This
process results in negatively charged urate ions
on the surface and is consistent with the
chemistry of uric acid. The surface dissociation
reaction is expressed by

H,U(s) = HyU(s) + H*(s), [1]

where H,U(s), H;U(s), and H*(s) are uric
acid, urate, and hydronium ion, respectively,
at the surface. The mass-action equation is
given by

HsU™(s)an(s)

K, HLUGs) [2]
where K, is the acid dissociation constant,
taken to be that of the bulk solution equal to
3.404 X 107® M for uric acid in water. The
term ay(s) is the surface activity function for
H"(s) given by (12)

(3]

—ey
KT |’

au(s)= aHexp(

Using Eq. [2], Healy and White (12) have
shown that for a surface composed of mono-
protic acid groups, surface charge is given by
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_ —eK, N,
K, + apyexp(—eyo/KT)

(214} [4]
The terms ¢, k, and T have the usual meanings.
N; is the maximum number of surface sites.
For uric acid, crystallographic data (27) indi-
cate that N, equals 8.52 X 10! sitescm™2. The
term ay is H(aq) activity and y is the surface
potential. The details of Eq. [4] are discussed
by Healy and White (12). Since all ionic species
investigated (except H") acted indifferently,
the Gouy-Chapman equation is used to ex-
press the charge in the layer of counter ions
arising from the surface charge. The Stern
equation (28) is not used because the ¢ poten-
tial data give no evidence of chemical adsorp-
tion. The generalized formula for the Gouy-
Chapman equation, taking into account all
major ionic species, is given by (29)

(DD{;k T)]/Z
[elol
27

X 2 ni[exp - (Z;jio) = 1]”2, [5]

where ogc 1s charge in the counterion layer,
D is relative dielectric constant of the aqueous
phase, and D, is the absolute permittivity in
a vacuum. The terms »; and z; are the con-
centration and valence of the ith species in
the bulk solution.

The equation needed to express the mainte-
nance of charge neutrality is

do + agGCc — 0. [6]

Finally, to compare { potentials a finite dis-
tance from the solid surface at the shear plane,
electric potential at 10 A from the surface, (10
A), is calculated by integrating the Poisson-—
Boltzmann equation (7). This equation is
given by

dy(x) _ (8rk ‘/22 _am)\_ 1"
o' ~(a0) Pl Sir) ]

(7]

Equations [4], [5], and [6] were solved si-
multaneously in a subroutine of EQUIL.
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EQUIL ionic equilibrium calculations were
used for values of #; in Eq. [5]. Values of Y,
were used to calculate the ¥(10 A) values (lines
in Figs. 2-8) against { potentials (data points
in Figs. 2-8).

¢ potentials were calculated from experi-
mentally determined EM values using the
Smoluchowski equation (26). The restrictions
to this equation have been reviewed elsewhere
(24, 26, 30, 31). In general, the large particle
size and relatively high ionic strengths under
most of the measurement conditions validate
the use of this relationship. The Smoluchowski
equation is given by

=" Em, 8]
where £ is { potential, 7 is solution viscosity,
and e is permeability.

A comparison of { potentials versus (10
A) as a function of solution pH is given in Fig.
2. It was necessary to balance the total charge
in solution using Na* or CI” in EQUIL cal-
culations because of H* adsorption at lower
pH or desorption at higher pH. At pH values
below about pH 3.0, theoretical values were
essentially zero. ¢ potentials in this pH range
were about 5 to 10 mV more negative than
(10 A) values. At pH values above pH 4.0
and into the pH range 5.0 to 6.35, (10 A)
values are about 10 mV more negative than ¢
potentials. In general, (10 A) values are sub-
stantially more negative at low salt concentra-
tions than ¢ potentials. However, for the low
pH range good agreement is reached at con-
centrations exceeding 107> M. In the high pH
range, about 10 mV separates theoretical and
experimental values above 1072 M salt con-
centrations.

¢ potentials and (10 A) values agree for
uric acid suspensions containing 10~ M or
greater of a given electrolyte. The influence of
cation chloride salt concentrations is shown
in Figs. 3 and 4 for the low and high pH ranges,
respectively. There is somewhat better agree-
ment between theoretical and experimental
values at the low pH range than the high pH
range. There are about 10-mV differences be-
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tween experimental { potentials and theoret-
ical (10 A) values at the high pH range. These
differences are also observed at the high and
low pH ranges in the electrolytes composed of
sodium anion salts.

In Figs. 5-8, ¢ potentials and ¥(10 A) values
are summarized as functions of sodium anion
salt concentrations. For Na,SO, and Na,HPO,
in Fig. 5, there is good agreement between
theory and experiment below 1073 M. For
N32C304, N33C6H5O7, and Na4P207 in the
low pH ranges in Figs. 6, 7, and 8, respectively,
once again there is good agreement below 1073
M salt concentrations. However, { potentials
and Y(10 A) values do not compare as favor-
ably in the high pH range for these salts. The
¢ potentials are usually about 10 mV less neg-
ative below 107 and up to 30 mV less negative
at lower concentrations.

Table II gives { potentials and (10 A) val-
ues for uric acid in synthetic urine at various
pH values. The Y(10 A) values are very small.
The very low { potential magnitudes that we
were able to estimate in these suspensions tend
to confirm our belief that chemical adsorption
of positive species is negligible in this system.
Cations probably do not adsorb to urate sur-
face sites because urate does not readily com-
plex with cations in solution, despite the fact
that insoluble urate salts may form with all of
the salts investigated (18-19, 21). Stability
constants for NH3 , K*, Ca?*, and Mg?" urate
complexes are not available. However, the low
stability constant for NaH;U(aq), 8.50 X 1073
liter mol™" at 37°C (19), supports this argu-
ment.

The best theoretical fit to the experimental
data for the cation chloride electrolyte solu-
tions, even in the high pH suspensions where
considerable negative charge is available for
adsorption of cations, is when these species
are treated as indifferent ions such that no
specific adsorption of these species is assumed
in the calculation of theoretical values.

The MSG model explains most of the ex-
perimental observations for the { potential be-
havior for the uric acid—water system. No re-
versal to positive ¢ potential values is predicted

for the range of solution conditions investi-
gated. The magnitude of { potentials is accu-
rately predicted to decrease with decrease with
solution pH.

Comparison of experimental and theoretical
values for { potentials as a function of added
electrolytes is more ambiguous. At low con-
centrations of the electrolytes there is poor
agreement, with predicted magnitudes ex-
ceeding experimental ones by as much as 20
mV, and the deviation between the values de-
creasing with increasing electrolyte concen-
tration (and ionic strength) such that above
1073 M there is reasonably good agreement
for all electrolytes.

The failure of experimental values to agree
with theoretical ones for electrolyte concen-
trations below 107> M may be due to several
phenomena that compromise either the as-
sumptions on which the MSG model is based
or the experimental ¢ potential determina-
tions. The following may act singly or may
combine to lead to the deviations: maximum
number of surface sites used for the theoretical
calculations, particle shape, retardation and
relaxation, location of the shear plane for ¢
potential calculations, and surface conduction
(8, 24, 30-38). It is not clear at the present
time which one(s) may have the most impor-
tant influence, but the latter two possibilities
cannot easily be eliminated.

Phenomena influencing EM measurements
such as retardation and relaxation effects are
expected to have only a small effect because
of the large particle size of uric acid (i.e., about
5 um) and the relatively high ionic strength in
all suspensions evaluated. Particle shape an-
isotropy is also expected to exert only a rela-
tively small influence on { potential values for
the same reasons (31).

Recent scanning tunnelling microscopy and
high-resolution transmission electron micros-
copy indicate that the maximum number of
surface sites can be significantly less than that
calculated from crystallographic data (36-38).
The net effect in reduction of the number of
maximum surface sites will be to decrease the
magnitudes of surface charge and { potential
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in direct proportion to the actual number of
sites (Eq. [4]). A reduction in the number of
surface sites will not explain the decrease in
the difference between theoretical and exper-
imental { potential values as the electrolyte
concentration is increased.

Another possibility that would lead to dif-
ferences between experimental and theoretical
values is the location of the shear plane. The
selection of 10 A as the distance from the uric
acid surface at which the shear plane is located
is arbitrary. Experimental and theoretical {
potential values at the lower electrolyte con-
centrations would be much closer if, say, 20
A was selected as the shear plane. This would
imply that the shear plane distance is a func-
tion of ionic strength. This could be the case,
for example, if hydration is a possibility at the
uric acid-water interface.

Surface conduction on the solid phase can
lower the measured EM values and reduce the
magnitude of experimental { potentials, but is
difficult to evaluate (30). The relatively delo-
calized electrons in the pi cloud associated with
the double-ring structure of uric acid (27)
would lend themselves to conduction. Thus,
surface conduction and the distance for the
shear plane from the surface may explain the
discrepancy between experimental and theo-
retical { potentials for uric acid suspensions at
low ionic strengths.

CONCLUSIONS

{ potentials of uric acid become more neg-
ative as a function of solution pH. With de-
creasing solution pH, ¢ potentials approach
zero. Even at pH values below pH 3.0, { po-
tentials remain negative, although small in
magnitude.

Cation chloride salts and sodium anion salts
act as indifferent electrolytes with respect to
uric acid { potentials. Increasing the concen-
tration of these salts at constant pH reduces
the magnitude of negative { potentials, but re-
sults in no change in sign.

Qualitatively, the { potentials in these sus-
pensions were very close to zero, but still neg-
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ative, or displayed no detectable movement in
the applied electric field.

A theoretical model based on the mono-
protic surface group model was proposed to
explain uric acid { potential behavior. The
monoprotic surface group model is consistent
with general trends in the experimental data.
Relatively poor agreement was found between
experimental and theoretical values for sus-
pensions with ionic strengths below 107> M.
At physiological ionic strengths, reasonably
good agreement was found between experi-
mental { potentials and electric potentials 10
A from the surface calculated using the pro-
posed model.
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Tomography (CAT) to Gamma Attenuation
Measurement of Soil Water Content
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Abstract

This paper demonstrates the successful application of c'omputer assisted tomography (CAT) to
+y-ray attenuation measurements and the modification of a conventional gamma scanning system
to enable changes in the spatial distribution of soil water content to be accurately monitored in
soil columns. The relatively inexpensive gamma system has been shown to provide a resolution
comparable to that obtainable with commercially available but extremely expensive X-ray CAT
scanning systems. However, longer counting times are required with gamma radiation, thus
limiting the usefulness of the technique for some soil water studies. A comparison of the efficiency
of several source—detection combinations illustrates their relative advantages and disadvantages.

Introduction

Until recently, no experimental technique has been capable of measuring spatial
distributions of soil water content in a continuéus and non-destructive manner and
with sufficient resolution to enable detailed studies of water movement in proximity
to plant roots. Previous techniques for the direct measurement of soil water content
distributions were either destructive and hence lacked continuity, or perturbed the
sensitive balance being examined, or were too slow in their response time, or
simply lacked the dimensional resolution for meaningful definitions of water content
distributions (So et al. 1976).

Application of the technique known as computer assisted tomography to the
attenuation of X-rays (CAT scanning) (Hounsfield 1972) has essentially overcome
similar problems which existed in diagnostic radiology, and recently X-ray CAT
scanners have been used successfully to measure spatial changes in soil bulk density
(Petrovic et al. 1982) and soil water content (Hainsworth and Aylmore 1983, 1986). In
particular Hainsworth and Aylmore (1983) demonstrated that a commercially available
EMI scanner could determine soil water content distributions with a sensitivity of
+0.006 g cm~? within pixel regions of 1-5 by 1.5 mm. This application has provided
an exciting new tool for soil-plant water studies (Hainsworth and Aylmore 1986).

Unfortunately, commercially available X-ray CAT scanners developed for medical
purposes are extremely expensive, inconvenient in design and unlikely to be generally
available for studies of many other systems (e.g. soil and plant systems). On the other
hand, relatively inexpensive y-ray attenuation systems have frequently been used to

0004-9573/88/010105$02.00



106 J. M. Hainsworth and L. A. G. Aylmore

Fig. 1. Gamma scanning system with associated scalar and microcomputer control unit.

Fig. 2. Close-up of CAT scan platform.
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determine bulk soil water contents (Gurr 1962; Groenvelt et al. 1969; Ryhiner and
Pankow 1969). The present paper demonstrates the application of CAT to gamma
scanning attenuation measurements and the modification of a conventional gamma
scanning system in order to examine spatial changes in soil water content.

Materials and Methods

A modified conventional gamma scanner was used in these experiments (see Fig. 1). This
scanner utilizes a 2 mm wide by 5 mm long collimated beam from a gamma radiation source and
a similarly collimated detector. Three radiation source—detector combinations were evaluated.
The combinations tested were (i) 240 mCi americum-241 source-Nal crystal detector, (ii) 1 Ci
ytterbium-169 source-Nal crystal detector and (iii) 500 mCi caesium-137 source—-plastic scintillant
detector. The source and detector are mounted on a platform which can be moved a vertical
distance of 1-5 m, with an incremental control of 0-01 mm, by two 4 cm diameter worm drives
situated on either side of the platform and driven by a HY-200-3424 stepper motor. In between
the source and detector is a 12 cm platform constructed to enable soil columns to be rotated
and moved horizontally across the beam of radiation between source and detector (see Fig. 2).
The platform is moved horizontally by means of a 1 cm diameter worm drive powered by an
RS-332-947 stepper motor. Maximum horizontal movement is 25 cm which allows a 12 cm
diameter soil column to be scanned. At the end of each horizontal scan the platform is rotated
5°-10° by an RS-332-953 stepper motor and then moved horizontally in the reverse direction.
This procedure is continued until the object had been rotated through 180°. At 2 mm intervals
along the horizontal scan, the amount of transmitted radiation is measured and stored directly
in a 640K RAM microcomputer which also controls the movements of the scanning platform.

Table 1. Comparison of features of potential gamma CAT scanning sources with an EMI
X-ray source used in a commercial CAT scanner

Source Activity  Energy Detec- Pixel  Pixel Att. coeff. water for Scan
(keV) tor  width  ht 5cm  7em  12em  timeA

(mm) (mm) diam. column (cm 1) (min)

Am-241 240 mCi 60 Nal 2 5 0-189 0-189 0-190 ~90
Yb-169 1000 mCi 63 Nal 2 5 0.184 0-184 0-184 ~15
Cs-137 500 mCi 661 Pl sc. 2 2 0.073 0.-074 0.074 ~15
X-ray 120 keV ~59 Nal 1.5 10 — — 0-191 1

A For 7 cm diameter object.

Processing of the raw data is carried out by a modified algorithm of Brooks and Di Chiro
(1975) and results in a 50 by 50 matrix of 2 mm square pixels containing the spatial distribution
of the linear attenuation coefficient of the 5 mm thick slice of the column under examination.
The water content of each pixel was then determined by the method of Hainsworth and Aylmore
(1983). As the formula of Hainsworth and Aylmore (1983) requires the mass attenuation of
water to be known, this was calculated by scanning 5, 7 and 12 cm diameter acrylic cylinders
filled with water placed equidistant from source and detector and by using the formula of Bridge
(1971). A further constraint that the attenuation of the beam of radiation remains linear with
distance (Phanton 1981) was checked by placing 25 acrylic slides, each 2 mm thick, between
source and detector, and progressively removing two slides, one from the detector side and one
from the source side, and measuring the transmitted intensity of radiation until only one slide
remained.

A preliminary check of the CAT scanning system was carried out by using a column consisting
of three concentric rings 7 cm, 5 cm and 1.5 cm in diameter; the outer ring was filled with water,
the middle ring with kerosene and the inner ring was left empty. As the attenuation coefficients of
water, kerosene and air were known, this experiment allowed the accuracy of the CAT scanning
system to be measured. Once the preliminary check had been completed, the concentric ring
column was uniformly packed with dry soil and then scanned. After the scanning of the dry soil
was completed, the soil in the outer ring was watered to 0-325 g cm~3, the soil in the middle
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ring to 0-150 g cm 3, the inner ring was left dry, and the system was rescanned. The water
content of each pixel was then determined and compared with values obtained by taking a series
of 1 g samples from each ring.

Results and Discussion

The values for the mass attenuation coefficient of water for each source are
presented in Table 1. The values obtained for the Am-241 and Cs-137 sources are
comparable with the values published by Groenvelt et al. (1969) and Bridge (1971)
for a similarly collimated source and detector. The value obtained for the Yb-169
source is comparable with that of the Am-241 source as these two sources have
similar energy levels. Furthermore, the attenuation coefficients for water for these two
sources are comparable with the value calculated for a 120 keV X-ray tube in an EMI
CAT scanner by McCullough (1975) (see Table 1). Thus the Am-241 and Yb-169
sources should have the same sensitivity to spatial changes in soil water content as
commercially available CAT scanners. Hainsworth and Aylmore (1983) reported the
sensitivity to changes in soil water content of a commercially produced CAT scanner
operating at 120 keV to be of the order of 0-006 g cm 3.

The attenuation of radiation from all three sources remained perfectly linear with
increase in distance. This is confirmed by the fact that the attenuation coefficient for
water remained approximately constant for a given source for the three sized cylinders
used. However, in the case of Am-241 and Yb-169, a 1 cm layer of polyalkathene
beads had to be placed in front of the source collimator. Without the polyalkathene
beads the attenuation of the beam was not linear with distance. This was undoubtedly
due to beam hardening (Brooks and Di Chiro 1976) which results in a proportionally
higher number of low-energy photons being absorbed with increase in distance.

Table 2. Comparison between the measured and calculated linear
attenuation coefficient p
p was measured by scanning a 7 cm diameter column containing either water
or kerosene or air; p was calculated from a CAT scan of a concentric ring
column containing water, kerosene and air

p (Am-241) p (Yb-169) p (Cs-137)
(em—1 (cm™—1) (ecm—1)
Measured p
Water 0-189+0-007 0.184+0-008 0-074+0-002
Kerosene 0.138+0.004 0.137+0.005 0-057+0.002
Air 0.000+0-.001 0.000+0-001 0-000+0-001

Calculated p

Water 0.201+0-.011 0.199+0.012 0-079+0-006
Kerosene 0-130+0-010 0-130+0-009 0-055+0-009
Air 0.000+0-005 0-000+0.006 0.000+0.004

The preliminary CAT scan of the three concentric rings clearly shows that the
gamma system is capable of resolving spatial changes in density (see Table 2). Whilst
the calculated linear attenuation coefficients in the pixels containing water were slightly
higher than the value measured for water alone, and those containing kerosene slightly
lower than the value measured for kerosene alone, there was no significant difference
between measured and calculated attenuation coefficients for all three sources. The
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standard deviations in the calculated attenuation coefficients were also comparable
with the errors in measuring the attenuation coefficient of water alone and were
similar in magnitude to the value of 0.004 cm~! cited as the standard deviation for
commercial CAT scanners by Brooks and Di Chiro (1976). Clearly there is no reason
why it should not be possible to use the system to examine spatial distributions of
soil water content.

Table 3. Comparison between calculated water content 6, for the three gamma sources and
0, determined gravimetrically
Standard deviations cited refer to the actual variation in water content measured within each
ring and not those associated with errors in determination

Ring 6, (Am-241) 0, (Yb-169) 9, (Cs-137) 0, (grav.)
gem™?) (gcm—? @cm—3) (gcm—?)
Outer 0-350x0-040 0-347+£0.041 0-.349+0.040 0-325+0.045
Middle 0:142+0-040 0-145+0-042 0-144+0.047 0-150+0.020
Inner 0.000+0-060 0.-000+0-050 0.-001+0.061 0.001+£0:001

The results of the CAT scans on the soil-water system for the three sources
are presented in Table 3. A three-dimensional representation of the Am-241 scan
is essentially identical with that obtained with a commercial X-ray scanner and is
presented by Hainsworth and Aylmore (1983). The standard deviations cited in
Table 3 refer to actual variations in soil water content within each ring and not
to those associated with errors of determination. These results clearly show that
the system can be used to examine spatial distributions in soil water content. The
calculated water content values are comparable with the measured values but are
higher than the measured values in the outer ring and lower than those in the middle
ring. As this situation occurred in the previous example, it is likely that this error
arises from spatial limiting of the Fourier transform used in the reconstruction of the
image. Hainsworth and Aylmore (1983) found a similar artifact with a commercially
available X-ray CAT scanner.

Whilst all three sources could be used to delermine spatial distributions of soil
water content, both the time required to successfully complete a scan and the spatial
resolution varied as a result of differences in transmission intensities and hence in
count rates. For example, a CAT scan of a 7 cm diameter object with the Am-241
source took approximately 90 min to complete. This scan time is not sufficiently
rapid to follow the rapid changes in soil water content which may be associated
with, for example, water extraction by plant roots or water infiitration into the soil
surface. This problem can be overcome by use of the 1 Ci Yb-169 source which has a
similar attenuation coefficient for water and hence a similar sensitivity to changes in
soil water content, but has approximately 10 times the photon output allowing scan
times to be reduced to approximately 15 min. However, a major disadvantage of the
Yb-169 source is its relatively short half-life of 31 days, resulting in a working life of
approximately 2 months. In these experiments, the Cs-137 source-plastic scintillant
detector combination showed the greatest potential for y-ray CAT scanning, having
a scan time of 15 min for the 7 cm diameter column plus an added advantage of a
reduction in pixel height from 5 to 2 mm. However, the low attenuation coefficient
for water when Cs-137 is used implies that it may not be as sensitive as Yb-169 to
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small changes in water content. This problem may be overcome by slightly increasing
the scan time and pixel size.

Despite the above differences in source suitability, these experiments demonstrate
that conventional gamma scanners can be successfully converted to carry out the CAT
scanning procedure. There seems to be no reason why gamma CAT scanning with
some refinements should not become a major research tool in soil water studies and
a variety of other investigations where two- or three-dimensional images of objects
need to be obtained in a non-destructive or repetitious manner.

Acknowledgments

This research was funded by grants from the Australian Research Grants Scheme
and the Australian Water Resources Council; support is gratefully acknowledged.

References

Bridge, B. J. (1971). The effect of ground surface conditions on water movement and storage in
cracking clay soils. Ph.D. Thesis, University of Sydney.

Brooks, R. A, and Di Chiro, G. (1975). Theory of image reconstruction in computed tomography.
Radiology 117, 561.

Brooks, R. A., and Di Chiro, G. (1976). Principles of computer assisted tomography (CAT) in
radiographic and radioisotope imaging. Phys. Med. Biol. 21, 689.

Groenvelt, P. H., de Swart, J. G., and Cirler, J. (1969). Water content measurement with 60 keV
gamma ray attenuation. Bull. Int. Assoc. Sci. Hydrol. 14, 67.

Gurr, C. G. (1962). Use of gamma rays in measuring water content and permeability in
unsaturated columns of soil. Soil Sci. 94, 224-9.

Hainsworth, J. M., and Aylmore, L. A. G. (1983). The use of computer assisted tomography to
determine spatial distribution of soil water content. Aust. J. Soil Res. 21, 435.

Hainsworth, J. M., and Aylmore, L. A. G. (1986). Water extraction by single plant roots. Soil
Sci. Soc. Am. J. 50, 841-8.

Hounsfield, G. N. (1972). A method of and apparatus for examination of a body by radiation
such as X or gamma radiation. Brit. Pat. No. 1283915.

McCullough, E. C. (1975). Photon attenuation in computed tomography. Med. Phys. 2, 307.

Petrovic, A. M., Siebert, J. E., and Licke, P. E. (1982). Soil bulk density analysis in three
dimensions by computed tomographic scanning. Soil Sci. Soc. Am. J. 46, 445,

Phanton, D. M. (1981). Mathematical reconstruction techniques in computer axial tomography.
Math. Sci. 6, 87-102.

Ryhiner, A. H., and Pankow, J. (1969). Soil moisture measurement by the gamma transmission
method. J. Hydrol. 9, 194-205.

So, H. B,, Aylmore, L. A. G., and Quirk, J. P. (1976). Measurement of water fluxes in a single
root system 1: The tensiometer—potometer system. Plant Soil 45, 577.

Manuscript received 5 May 1987, accepted 13 August 1987



Miscellany

Studies of Soil-Plant Water Systems
using CAT Scanning

Application of the technique
known as Computer Assisted
Tomography (CAT scanning) to
X-ray and gamma-ray
attenuation measurements
provides an exciting new method
for soil and plant scientists to
study soil water availability for
plant growth.

New Era

In semi-arid environments the
availability of scarce water resources
for agriculture makes it imperative
that its most efficient utilisation by
plants is achieved. Unfortunately,
progress in understanding the factors
which control soil water availability
for plant growth has been severely
hindered by the lack of suitable
experimental techniques for the
accurate determination of detailed
soil water content distributions in
proximity to plant roots. Previous
techniques have either been
destructive and hence lacked
continuity, perturbed the sensitive
balance being examined, were too

——slow-in-their-response time or simply

lacked the dimensional resolution
necessary for meaningful definition of
soil-water content distributions.

Recent work in the Soil Science
and Plant Nutrition laboratories at
The University of Western Australia
involving the adaption of the
technique known as CAT scanning
using X- and gamma-ray attenuation
has provided an extremely exciting
and powerful method for the detailed
investigation and elucidation of the
physics of water uptake by plant
roots and of the ways in which
plant-root gystems respond to
differing soil physical conditions and
environmental stress. The X-ray
technique was originally developed in
the early 1970s tp overcome similar
problems which existed in diagnostic
radiology in obtaining non-destructive
representations of the human brain.
For this work G.N. Hounsfield was
awarded the Nobel Prize in 1979.

In CAT scanning a slice of the
object under examination is modelled
as an nxn matrix of small squares
called pixels (Fig. 1). The purpose of
the CAT technique is to determine
the linear attenuation coefficient and
hence the density of each pixel. This
is achieved by scanning across the
object linearly at 1-10° intervals for
180° using a collimated radiation
source and detector. The linear
profiles at various angles are

back-projected and filtered. The
summation of these back projections
proves an accurate measurement of
the attenuation in each pixel.

CAT scanning has been shown to
resolve spatial changes in soil-water
content repetitively and
non-destructively. The zone of

soil-water content resulting from
infiltration of water into soil from a
porous 1 mm diameter alundum tube
(artificial root) increases with time
and is readily defined scanned by
CAT (Fig. 2). X-ray CAT scanning is
capable of resolving water content
differences of 0.006 g/cm?® over a
distance of 1.5 mm. Examination of

ithcell

WATER CONTENT (q/::m3 )

DISTANCE ({mm)

Figure 2. Half-slice three dimensional plots showing changes in soil-water content with
time due to the infiltration of water into a soil column from an artificial root (alundum
tube). Representations at (a) 1 min, (b) 10 min, (¢c) 15 min and (d) 20 min infiltration are

illustrated.
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the reverse phenomenon of water
uptake by plant roots is equally
amenable to this technique, which
has also been used to examine water
extraction by single plant roots.

Commercially available X-ray CAT
scanners are extremely expensive
(about $2 million), are unlikely to be
generally available for studies of
soil-plant water relationship and are
not conveniently designed for such
studies. In recent decades, however,
gamma-ray attenuation has
frequently been used to determine
bulk soil-water content and such
systems are relatively inexpensive
(about $30,000) to design and
construct. At the University of
Western Australia’s Soil Science and
Plant Nutrition laboratories, a
conventional gamma scanner has
been modified to enable the system to
carry out CAT scanning. The
modified scanner utilises a 2 mm wide
by 5 mm long collimated ¥7Cs gamma
radiation source and a similarly
collimated detector. The source and
detector are mounted on a platform
which can be moved a vertical
distance of 1.5 m with an incremental
control of 0.01 mm. In between the
source and detector a 13 cm platform
was constructed to enable soil
columns to be rotated and moved
across the beam of radiation between
source and detector. Maximum
horizontal movement is 12.5 cm

/7
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Figure 3. Change in drawdowns of soil
water content in proximity to a radish root
at various depths after one, four and eight
hours transpiration obtained by
application of CAT to gamma ray
attenuation.

which allows a 12 cm diameter soil
column to be CAT scanned. At the
end of each horizontal scan the
platform is rotated 1-5° and then
moved horizontally in the reverse
direction until the soil column has
been rotated 180°. An enhanced XT
compatible personal computer
(PC-EXT) is used to control the
scanning motion, to acquire and
process the data from the radiation
measurement system and finally to
present the results in graphics and
hardcopy forms.

Promising results have been
achieved using the modified
conventional gamma scanner in
showing the changes in drawdown
with time associated with water
extraction by a single radish root
(Fig. 3). These results, which
illustrate the way in which water
extraction varies along the root,
provide the most detailed
observations of this type yet
available, particularly by a
non-destructive technique.
Comparison of the data with existing
theoretical models demonstrates that
the assumption in these models that a
root acts as a uniform absorbing
cylinder is clearly erroneous and that
significant improvements in the

physical concepts on which these are
based are still required.

CAT scanning clearly has
considerable potential to elucidate the
mechanisms involved in the uptake of
water by plant roots and, in
particular, to resolve the major
controversies surrounding the physics
of the process. This novel approach,
which allows scientists to effectively
‘see’ inside soil columns without
disturbing the processes occurring,
has many other possible applications.
At the University of Western
Australia, Professor Aylmore and his
post-graduate students are applying it
not only to studies of soil-water
extraction by a range of plant species
under different environmental
conditions and in a range of soil types
at different water contents, but also
to examine the effectiveness of soil
wetting agents in dispersing
infiltration, changes in soil structural
status with wetting and the effects of
soil physical conditions on the
activity of soil fauna (worms, dung
beetles, etc.).

L.A.G. Aylmore
J.M. Hainsworth
Soil Science and Plant Nutrition

The University of Western Australia
Nedlands, WA 6009
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HARDPAN DEVELOPMENT IN LOAMY SAND AND ITS EFFECTS UPON
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'Soil Science and Plant Nutrition, School of Agriculture, University of Western Australia, Nedlands, W.A.
6009 (Australia)
*Western Australian Department of Agriculture, South Perth, W.A. 6151 (Australia)

ABSTRACT

During 1984 and 1985, the effects of seven compaction treatments ranging from
zero traffic to ten tractor passes across the full width of experimental plots on the
structure of a previously ripped loamy sand profile and on subsequent wheat yields
have been studied. Increased traffic resulted in increased soil strength and compac-
tion, with cone resistance at 19-cm depth ranging from 2.2 to 4.1-MPa in the winter.
Under conditions of high moisture stress when the reformed hardpan was most
effective in reducing root penetration and hence the availability of both water and
nutrients for later growth, wheat yields were reduced (up to 34%) and were generally
less than for the original unripped soil.

INTRODUCTION

In recent years there has been a trend towards the use of heavier tractors, tillage
and harvesting equipment on Australian farms. Séhne (1953) showed that increased
weight increases the severity and depth in the soil profile to which compaction
occurs. Many recent experiments in both Europe (Canarache et al., 1984; Blackwell et
al., 1986; Campbell et al., 1986; Soane et al., 1986) and North America (Fausey and
Dylla, 1984; Voorhees et al., 1985; Chaplin et al., 1986) have examined the effects of
traffic on soil compaction in those regions.

Light soils in Western Australia tend to develop a hardpan soon after being taken
into cultivation. These soils show a marked reduction in root growth in the com-
pacted zone (Hamblin and Tennant, 1979) and have in many cases been shown to
respond to deep tillage with substantial increases in yield (Jarvis et al., 1985).

The present study examines the effects of deep ripping followed by wheel traffic
on soil physical properties and crop yield, associated with subsequent hardpan rede-
velopment on a loamy sand soil.
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MATERIALS AND METHODS
Site, climatic and soil conditions

The experiment was conducted at the Wongan Hills Research Station of the
Waestern Australian Department of Agriculture, where the average annual rainfall is

345-mm and the average annual Class A pan evaporation is 2521-mm (Luke et al.,
1987).

The soil has been classified as a Typic Xeropsamment (Soil Survey Staff, 1975) and
was a well drained, deep, loamy sand, which is common in much of the north and
central Western Australian wheatbelt. The soil site was last cropped in 1980 and had
been under pasture between 1981 and 1983. A distinct hardpan had developed at 15
to 20-cm depth. Some physical properties of the soil are presented in Table L

TABLE I

Soil physical properties

Depth Particle size distribution (%, w/w)  Water content at pH Organic matter

(cm) field capacity (water)  content (%, w/w)
2000-60 60-2 <2 pm (%, w/w)

0-10 82 14 4 15 6.1 0.9

10-20 76 16 8 12 56 0.5

20-30 72 17 1n 14 5.7 0.2

Treatments and measurements

In November 1983 experimental plots measuring 40 x 2.5-m with a 2.5-m buffer
between each plot were arranged in three replicate blocks. For each replicate seven
plots were deep ripped (R) to 30-cm using an Agrowplow, achieving rips on 16-cm
spacing, and two plots were retained as controls (UR) in which the original hardpan
remained intact. The traffic treatments chosen were zero (0P), one (1P), three (3P),
five (5P), ten (10P) passes and five passes on 1/2 wheel overlap (5P1/2) of an unladen
tractor applied uniformly across the full plot width. A 5.2-t tractor (TableII) was used

TABLE 11
Tractor tyre data

Tyre size Inflation pressure (kPa)
Front 900-16 193

Rear 23.1-26 110
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to apply the five recompaction treatments to the ripped plots in early May 1984. Zero
traffic was applied to the remaining two ripped and two unripped plots per replicate.
Before sowing a crop of winter wheat using a 12-run-combine, all plots except one
each of the R/0P and UR/OP plots were scarified (SC) with a 3-m-scarifier and
harrows to 10-cm depth. The trial was cropped again in 1985 with the SC treatment
applied as described above after the stubble had been burned.

Penetration resistances were measured to 0.47-m depth using a Bush recording
penetrometer (Anderson et al., 1980). Transects of 10 penetrometer probings were
taken in randomly chosen areas of each plot at 0.2-m lateral spacing. At the same time
the gravimetric soil water content was measured using ring samples from a location
near the penetrometer probings to 0.35-m depth at 0.05-m depth intervals per plot.
Similarly, for determination of bulk density and saturated hydraulic conductivity,
K_, (Hartge, 1971), soil cores with a diameter of 73-mm and a height of 100-mm were
sampled from two positions per plot (UR/OP, R/OP and 3P treatments only) to 0.40-
m depth at 0.05-m vertical intervals. Soil strength and water content measurements
were repeated throughout the growing season at monthly intervals. The soil cores for
bulk density and K, were taken immediately after application of the recompaction
treatments.

A modified combine harvester with a 1.78-m cut width was used to harvest 10
rows of wheat from the middle of each plot for the grain yield determinations.

RESULTS AND DISCUSSION
Soil conditions

The deep ripping operation disrupted the hardpan at 15 to 20-cm depth. Subse-
quent wheel traffic recompacted the loosened soil according to the number of wheel
passes, with penetration resistance at 19-cm depth for the R/0P and 10P treatments
being 12% and 67% respectively of the UR/OP treatment (Fig. 1a). There were no
significant differences in penetration resistance between the 10P and 5P1/2 treat-
ments.

TABLE III

Hydraulic conductivity on 17 May 1984

Depth Saturated hydraulic conductivity, K, (m/d)
(em)

UR/QP R/0P 3r Std. error
0-20 7.8% 344 7.9* 2.00
2040 16.6* 23.6 13.82 1.98

2 Different from R/0P at 1% level.
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The average soil water content on 17 May 1984 ranged from 9% (w/w) at 5-cm
depth to 8% (w/w) at 35-cm depth with differences between treatments being very
small and not significant. K_, was significantly higher after ripping but after recom-

paction with three tractor passes, K_, showed no significant differences when com-
pared with the undisturbed hardpan (Table III).

Although remains of the original hardpan were still evident, deep ripping re-
duced soil bulk density to a depth of 30-cm (Fig. 1c). The 3P treatment recompacted
the soil bulk densities to similar values to those found for the undisturbed UR/0P
treatment. However, recompaction to the same bulk densities does not necessarily
produce as high penetration resistances as were found in the original hardpan. For
example even though bulk densities for 3P and UR/OP were similar, penetration
resistance values were lower for the 3P treatment (Fig. 1d). These results suggest that
chemical bonding contributes significantly to the hardpan strength and that the
passage of time enhances the cohesive bonds between particles.
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Fig. 1. Effects of deep ripping and subsequent recompaction on (a) and (b) penetration resistance at
different dates and (c) bulk density. (d) Correlations between bulk density and penetration resistance
on 17 May 1984 for zero traffic (OP) data (unripped and ripped), and for combined ripped (0P) and
recompaction (3P) data.

Typical penetration resistances after crop emergence are shown in Figure 1b. The
hardpan reformed at 15 to 20-cm depth with penetration resistance at 19-cm depth
for the R/0P and 10P treatments being 83% and 150% respectively of that of the UR/
OP treatment.
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The average soil water content on 13 August 1985 increased from 5.5% (w/w) at 5-
cm depth to 7% (w/w) at 35-cm depth with differences between treatments being
very small and usually not significant.

In 1984 topsoil penetration resistances of the recompaction treatments were gener-
ally lower or similar to that for the undisturbed hardpan while in 1985 all recompac-
tion treatments had equal or higher penetration resistances than UR/0P. During the
course of the experiment, the UR/OP plots showed evidence of structural improve-
ment probably partly due to termite activity which was observed during sampling,
particularly on the undisturbed plots. Topsoil bulk densities measured specifically at
some plot areas with termite activity, were significantly lower than for the UR/0P
treatment on average and similar to those after deep ripping.

Crop growth

In the first year following ripping (1984), grain yields were essentially independ-
ent of traffic treatments and were generally similar or larger for the ripped treatments
than for the unripped UR/OP treatment (Fig. 2a). Yields in 1985 decreased
significantly with increasing number of tractor passes. Of the ripped treatments only
R/OP had a larger yield than UR/OP, with the 5P1/2 treatment producing the lowest
yield (1.66-t/ha).

26 2.6'] r=-097
2.4 2.4
- x 1
%’ 221 o 227
s i -~ 1984 ]
T 20- OB 201
'; -
187 1.8
a ] b
16 L L L 1 L ] 1'6 T T T T T T T T r 1
01 3 5 10 0 1 2 3 4 5
Number of wheel passes Penetration resistance (MPa)

Fig. 2. (a) Variation of grain yield with number of tractor passes (the two single points show yield for
the UR/OP treatment). (b) Correlation of grain yield with penetration resistance (13 August '84//85
data) at 19-cm depth.

Figure 2b shows that yields in 1985 were correlated with penetration resistance at
19-cm depth (r = 0.97**), but not in 1984 (r = 0.70). This difference undoubtedly
resulted from the variation in rainfall between the two years. In 1984 precipitation
between 1 April and 31 May was 178-mm, with rainfall recorded on 21 days in May.
The same period in 1985 had 65-mm of rain, with only 6 days in May with rainfall, of
which 63% fell in one day. Although 1985 had sufficient rainfall later in the season,
only the crop of the R/OP treatment seemed to have benefited and produced a
significantly higher yield than in 1984.

Since the greatest constraint for root growth and plant establishment is the high
soil strength of the hardpan layer, the effect of increasing traffic on yield is greater in
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years of moderate to high moisture stress. During the early stages of plant develop-
ment under these conditions, root penetration through the compact hardpan is more
severely restricted and the plant will subsequently be less efficient in utilizing subsoil
nutrients and water.

CONCLUSIONS

(1) Disruption of a hardpan by deep ripping markedly decreased penetration resis-
tance and bulk density. Deep ripping remained beneficial for following crops only if
recompaction was avoided, e.g. by minimum tilling.

(2) Recompaction of the ripped soil by subsequent traffic together with age harden-
ing, resulted in soil strengths exceeding that of the unripped soil.

(3) Under conditions of high moisture stress during the early stages of plant develop-
ment excessive soil strength of the hardpan reformed by traffic, depressed grain
yields even more than did the original hardpan.
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ABSTRACT

The effect of soil conditions such as pH, salinity, organic matter content, presence
of organic co-solvent and competitive adsorption by other inorganic salts (e.g. gypsum) on
the adsorption—desorption behaviour of a number of commonly used pesticides in soils
varying in texture from sand to clay have been examined. Pesticides examined include
paraquat, diquat, simazine, linuron and fenamiphos.

The extent and mechanism of retention of the pesticides in soil is directly related
to their chemical nature (i.e. whether ionic or non-ionic, basic or acidic). In general,
pesticide adsorption followed the order paraquat > diquat > linuron > fenamiphos >
simazine in all soils. The amount adsorbed increased with increasing organic matter and
clay content of the soil. The amount adsorbed was more affected by organic matter content
than clay content in all cases except for paraquat and diquat where clay content was more
important.

The adsorption of simazine and to lesser extent of fenamiphos and linuron decreased
with increase in pH while the adsorption on diquat was essentially unaffected by the
change in soil pH. Increasing background salt concentration markedly decreased the
adsorption of diquat and paraquat, but only slightly altered the adsorption of other
pesticides.

While pesticides such as diquat and paraquat are generally considered to be
essentially irreversibly retained by soil, it is significant that in the present work some

60% of adsorbed diquat could be released to solution from a sandy soil by extraction with
0.05 M CaCly.

Presence of organic co-solvent in soil solution affected the adsorption of linuron
and simazine. The adsorption was found to decrease exponentially with increasing methanol
concentration in background solution, thus suggesting that under waste disposal sites
where the soil solution most likely contains organic co-solvents, the mobility of
pesticides can be much higher than that expected from adsorption from aqueous solutions.

The ground water pollution potential of these pesticides was evaluated from the
adsorption and their biochemical decay data using a recent model. Except simazine, all
other herbicides fall under low risk categories. However, simazine comes under a high
risk category under conditions favouring potentially high pollution.
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INTRODUCTION

Adsorption and degradation of pesticides in soils are the major processes which
affect their movement through the soil profile and determine their potential to reach non-
target organisms. Since most weed roots are close to the soil surface, the movement of
herbicides in soil can result in loss of their efficiency, phytotoxic effect on crop plant
roots or contamination of ground and surface water bodies depending on the extent of their
adsorption and persistence in soil.

The soil environment is a dynamic one sustaining numerous physical, chemical and
biological reactions. Soil properties constantly undergo changes imposed by the
cultivation and subsequent management practices to maintain or improve soil fertility.
Soil properties such as organic matter content, pH and concentration and composition of
salts in the soil solution can change as a result of liming, gypsum application,
fertilization, irrigation, different crop species, etc. For example, Isensee and Walsh
(1971) reported a change of 1.3 units in pH around (i.e. within 3.8 cm) a band of urea
applied at 22.4 kg N/ha and changes in Ca2t concentration up to 1200 ppm (equivalent to
0.03 M) around KCl or ammonium nitrate fertilizer bands (Isensee and Walsh, 1972). Gypsum
application can also result in fairly high electrolyte concentrations in the soil solution
and the solubility of gypsum (0.03 M) can increase 2 to 3 fold in the presence of NaCl
(Williams, 1988). There is evidence that soil acidification is occurring progressively in
Western Australian soils. A slow and, at least in the short term, irreversible decline in
organic matter is occurring in many Australian soils (Gerritse and George, 1988).

These changes in soil properties can have an important bearing on the efficiency and
safe usage of pesticides. Some herbicides are phytotoxic even at very low levels and may
become mobile under favourable soil conditions. Also some pesticides, due to their
persistent nature (e.g. paraquat), tend to accumulate in the system and changes in soil
properties at some later stage, with subsequent release, may produce harmful effects.

This paper reports on the adsorption—desorption characteristics of some commonly used
pesticides representing different chemical classes, in Western Australian soils exhibiting
a range of physico-chemical properties. In addition the effects of pH, organic matter,
clay content, type and content of salts in soil solution on the adsorption—desorption
behaviour of the pesticides has been examined and their pollution potential has been
evaluated.

MATERIALS AND METHODS

Soils and Pesticides

Four Western Australian soils which differ appreciably in their physico-chemical
properties were used. These were Bassendean sand (1.2% o.m. and clay, pH 5.0); Cobiac
loamy sand (0.6% o.m., 13.7% clay and pH 5.1); Gascoyne sandy loam (1.7% o.m., 15.3% clay
and pH 6.9) and Wellesley clay (4.6% o.m., 64% clay and pH 5.9). The pH was measured in
1:5 0.01 M CaCly. More detailed soil properties are given elsewhere (Singh e a/ 1988).

Five pesticides, including the herbicides diquat, linuron, paraquat and simazine and
a nematicide, fenamiphos, were used in the study. Diquat and paraquat are knockdown
herbicides and are undoubtedly the most commonly used pesticides in Western Australia.
Linuron, fenamiphos and simazine pesticides are applied directly to the soil. Detailed
properties of these pesticides have been given by Hartley and Kidd (1987).
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Adsorption—Desorption Studies

The equilibrium distribution at 25 ©C of the pesticides, was studied using a batch
technique. Five grams of air-dried soil with 10 ml of 0.005 M CaCl> solution containing a
range of pesticide concentrations, was equilibrated on a shaker for 24 hours. After
centrifugation, the soil solution was decanted and the pesticide concentration in the soil
solution was measured by HPLC. The methods for the analysis of the pesticides have been
described elsewhere (Singh ef a/. 1988). Adsorption was calculated from differences in
solution concentration before and after equilibration. To obtain the desorption
isotherms, the soil solution containing pesticide was replaced by pesticide— free solution
(0.05 M CaCly) after the adsorption equilibration, the soil suspensions were then shaken
for 24 hours, centrifuged for 15 mins and the supernatant analysed for desorbed pesticide
concentration. This procedure was repeated a number of times to obtain successive
desorption points.

To study the. effect of pH on adsorption, the pH of soil solution was pre—adjusted
with HCl or NaOH before use. The effect of salinity was studied using various
concentrations of CaClj.

RESULTS AND DISCUSSION

The adsorption of the pesticides followed the order: paraquat > diquat > linuron >
fenamiphos > simazine in all the soils studied. Adsorption isotherms for the various
pesticides on Bassendean sand are compared in Figure 1. The extent of adsorption depends
on the nature of the pesticide. Paraquat and diquat, being divalent cations, are readily
adsorbed to negatively—charged clay and organic matter particles and hence are the most
strongly adsorbed. In contrast, fenamiphos and linuron are non-ionic pesticides, while
simazine is ionizable to a cation to an extent dependent on the pH of soil.

The equilibrium adsorption coefficients [based on the Freundlich equation: S=KCR ;
where S is the adsorbed concentration (ug/g), C is the solution concentration (ug/ml), and
K and n are coefficients] for the various pesticides and soils are given in Table 1. It
should be noted that the adsorption isotherms of diquat and paraquat more closely fitted

the Langmuir isotherm, but the Freundlich parameters are used here for the purpose of
comparison. The adsorption of diquat and paraquat increased with increasing clay content
of the soils, while that of the other pesticides increased with organic matter content.

The exception was the Gascoyne soil which showed less adsorption than Bassendean sand
despite its high o.m. and clay contents, and this can be explained in terms of the effects
of soil pH.

The effects of removal of organic matter by hydrogen peroxide treatment on adsorption
has as yet only been studied for linuron and diquat. The Freundlich equation K value of
linuron for the clay soil decreased from 29 to 9 ugl™® min g~1, while the soil adsorption
capacity for diquat decreased from 27000 to 19000 ug/g.
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Adsorption isotherms for fenamiphos, linuron and simazine at different pH of the soil
solution are shown in Figurc 2. The adsorption of these pesticides decreased with
increasing pH of the soil solution. This effect was more pronounced in case of simazine
than for linuron and fenamiphos. This occurs because simazine is a weakly basic herbicide
and has a pKa of 1.4 (the pH value at which half the simazine is in the cation form and
the rest in molecular form). As the pH increases, the proprtion of simazine cations in
solution decreases and hence the adsorption decreases. Fenamiphos and linuron are
adsorbed by other mechanisms such as Hydrogen bonding and this is also affected by pH to
some extent. Because of its comparatively higher pH, the Gascoyne soil showed less
adsorption of these pesticides (Table 1). The adsorption of paraquat and diquat was
unaffected by change in pH.

The adsorption of the cationic herbicides, diquat and paraquat, decreased markedly
with increase in salt concentration in soil solution (Figure 3). However, the adsorption
of other pesticides was only slightly affected. An increase in background salt
concentration from 0.005 to 0.05M CaCly resulted in a decrease by a factor of 2 and 5,
respectively, in the Freundlich K value for paraquat and diquat in Bassendean sand. Also
the total capacity of the soil to adsorb diquat (calculated from Langmuir isotherm) was
reduced by some 20% in sand, 30% in loamy sand, 30% in sandy loam and 20% in clay soil due
to the increase in salt concentration.

Figure 4 shows the adsorption of paraquat and of diquat corresponding to various
concentrations of Ca2+ and Nat in the soil solution. Both Ca2t and Nat compete for the
adsorption sites with paraquat and diquat. Ca2* was found to be more effective than Nat
for both pesticides, however Nat was more effective in reducing the adsorption of diquat
than of paraquat.

Desorption was similarly found to be affected by the presence of salts. Figure 5
shows increasing desorption of paraquat and diquat with increasing salt concentration in
the extracting solution. The percentage extraction increased from 7.5 to 35 for paraquat
and from 13 to 46 for diquat in Bassendean soil as the salt solution concentration
increased from 0.005 to 0.05 M. Total diquat in five successive extractions with 0.05 M
CaCly for other soils were 62, 18 and 7% in Cobiac loamy sand, Gascoyne sandy loam and
Wellesley clay soils, respectively.

The increased extraction with any given salinity was greater in the sandy than in the
clay soil. Diquat and paraquat have generally been considered to be essentially
irreversibly adsorbed, and for their extraction such harsh treatment as boiling with 18 N
sulfuric acid is usually needed. However, it is significant that in the present study, up
to 62% of diquat could be extracted from a loamy sand soil. It is shown in Figure 6 that -
a sudden increase in salinity (e.g. due to irrigation with salty water as ptactised in
vegetable growing areas, Farmnote No. 93/82) can result in a very high increase in the
concentration in solution of the diquat. Due to the very persistant nature of paraquat
and diquat (10% loss per year of paraquat, Hance e/ a/ 1980) their build-up is possible
following repeated applications, and subsequent change in landuse or management practices
could result in harmful effects. This may have implications for herbicide recommendations
such as spray sced (mixture of paraquat and diquat) for puccinellia saltland grass
establishment in saltlands (Farmnote No 17/80).
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The Freundlich adsorption coefficient of simazine herbicide in the presence of
different concentrations of methanol in equilibrating solution in clay soil are given in
Figure 7. It is evident from the figure that the adsorption of the herbicides decreased
exponentially with the increase in methanol concentration in soil solution. The
Freundlich adsorption coefficients corresponding to different fractions of methanol in
soil solution for simazine and linuron along with retardation factors for their mobility
in soil are given in Table 2.

Retardation factor (R) may be viewed as an index of herbicide mobility in soil
relative to free water tracer such as chloride or bromide and can be calculated from

adsorption coefficient (K) according to the relationship:

R =1+ Dy K/0

where Dy, is“bulk‘density of soil (g/cm3) and 0 is volumetric moisture content (cm3/cm3).

When a herbicide does not show any adsorption, the retardation factor is one — i.e. the
herbicide will move with leaching soil solution.

The retardation factors for simazine and linuron decreased sharply with increase in
methanol concentration in soil solution (Table 2). This has implications for waste
disposal sites where the soil solution may not be purely of an aqueous solution and may
contain significant amounts of organic co-solvents. The mobility of pesticides under such
situations could be much higher than that expected from the adsorption data from aqueous
solutions.

The potential risk of ground water contamination associated with the use of these
pesticides was evaluated from the data on sorption and persistence according to the model
of Jury et a/. (1987).

The model assumes that during leaching through soil at a uniform flow rate the
pesticides undergo a linear reversible, equilibrium adsorption and first-order biochemical
decay. The model takes into account the decrease in the microbial activity with the depth
in soil profile, but assumes uniform organic matter content throughout the soil profile.
Jury er a/. (1987) evaluated potential risk of about 50 pesticides under two pollution
potential scenarios (a high and a low pollution situation). The main soil parameters used
were organic matter content of 0.5% and a drainage rate of 1 m/yr for situations favouring
potentially high pollution, while for low pollution risk the respective conditions were
3.0% and 0.5 m/yr. For other details the recader is referred to the paper by Jury es a/
(1987).

The low and high risk regions for the two potential pollution situations are shown in
Figure 8, separated by continuous lines. The positions of different herbicides have been
shown on the basis of their sorption data in these soils and their biochemical half lives
from the literature (Jury esf a2/, 1987).

The sorption in terms of Ky (i.e. K x 100/organic carbon in %) and the half lives
values for the pesticides plotted in Figure 8 show that all other pesticides fall under a
low risk region except simazine. Simazine, however, falls in high risk region under
situations of high pollution potential for the four soils studied. In the case of diquat,
half life was assumed to be 200 days in the absence on data from the literature. The
figure also shows that despite high adsorption of a pesticide, it can still come under a
high risk region due to its long half life.
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These laboratory studies show that change in soil conditions associated with
management practices such as liming, gypsum application, fertilization, irrigation with
saline water etc. can significantly influence the retention and release of pesticides in
soils. The adsorption is directly related to the movement of pesticides. Such effects
can be important from the point of view of mobility of these pesticides in soils. Also
the disposal of herbicides and other wastes together can have serious implications in
terms of pesticide mobility and contamination of ground water. Clearly, more detailed
studies of the adsorption—desorption behaviour of pesticides under a wider range of soil
conditions is urgently required and this behaviour should be seriously considered prior to
the introduction of particular management practices in conjunction with pesticide usage as
well as pesticide waste disposal.
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Table 1. Freundlich coefficients (K in ugl™® mI? g=1) for adsorption of

pesticides.
sand ' loamy sand sandy loam clay
Diquat
K 103 140 2500 12300
n 0.3 0.2 0.3 - 0.4
Fenamiphos
K 5.0 0.7 2.0 19.4
n 0.7 0.9 0.8 1.0
Linuron
K 7.0 3.0 4.0 29.2
n 0.8 0.7 0.7 0.8
Simazine
K 1.2 0.5 0.9 13.3
n 0.9 0.9 1.0 0.8
Table 2. Freundlich adsorption coefficient (K in ugl-0min g1y of linuron
and simazine in clay soil at different concentrations of methanol
in solution.
Methanol Retardation
fraction Log K n factor
Linuron '
0.10 1.186 1.00 . 41.92
0.20 0.976 0.95 26.23
0.40 0.468 0.77 8.83
0.50 0.259 0.64 5.84
Simazine
0.10 0.834 0.74 19.2
0.20 0.706 0.66 14.55
0.40 0.2788 0.59 6.06

0.60 —-0.1537 0.61 2.87
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Using the technique of Computer Assisted Tomography applied to gamma ray attenuation measurcment
ol soil water conlent, it has been shown that the assumption of uniform absorption of soil water along a plant
root is clearly crroneous and thal drawdown distance is a function of time. The results suggest that the plant
scquentially removes water from the top to the botlom of the rool as soil hydraulic resistance becomes a
major limiting factor in the upper layers, cven at the high soil water potential (—0.30 MPa) used.

Introduction

Soil water cxtraction by single plant roots is
often described using lhe framework of Gardner
(1960) and Cowan (1965). The conceptual basis of
these two models of walter extraction is the assump-
tion that waler flows radially through the soil to the
plant root which acts as a uniform absorbing cylin-
der, and (hat water is supplied uniformly to (he
root [rom a soil cylinder, the outer radius of which
is determined by root density, and the inner radius
by the outer edge of the root. Whilst such models
have increcased our understanding of walcr extrac-
tion by plant roots scveral of the above assump-
tions appcar lo be unrealistic.

The prescence of an axial root resistance along a
root suggests that water extraction would be
greatest at the Lop of the root. The results of Hains-
worth and Aylmore (1986) showed that this ap-
peared to be the case for 9-10 days old radish roots.
In the case of older roots Caldwell (1976) has sug-
gested that the more subcrised parts of the root
would be less active in cxtracting soil water. In
cither case it would appear that the assumption of
the root acting as a uniform absorbing cylinder is
likely to be erroncous. The results of Caldwell
(1976) and Hainsworth and Aylmore (1986) sug-
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gesl that a conscquence of non uniform absorption
of soil water would be that soil resistance to water
flow could become limiting at points along the
roots. The work of Hainsworth and Aylmorc
(1986) also indicates that the drawdown distance
over which waler is supplied to the plant root may
be a function of the rate of waler extraction which
suggests that the outer radius of the supply zone is
not entirely dependant on rool densily.

Until recently « major problem in validating the
assumptions uscd in single root models of water
extraction has been the lack of a suitable technique
to examine the changes in soil water drawdowns
along a plant root, with time, in a non destructive
manncr. Previous evidence of non-uniform absorp-
tion of waler by rools has depended largely on
measurcments conducted in culture solutions
(Shone and Flood, 1980; Sanderson, 1983) or on
indirect measurcments (So ef al., 1978). However,
Hainsworth and Aylmore (1983; 1986) have shown
that this problem can be overcome by application
of Computer Assisted Tomography (CAT) to
radiation scanning techniques. In the coursc .of
more detailed studics of soil-plant water balances,
a point of particular interest with respect Lo the
assumptions oullined above was observed and is
reported here.
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Matcrials and mecthods

A convenlional gamma scanner modified to cna-
ble the CAT scanning procedure to be underlaken
(Hainsworth and Aylmore, 1988) was usced in hesc
cxperiments. The scanner utiliscs a 500 milli Ci
Cs-137 source and a Plastic Scintillan( detector and
takes approximately 2 minutes lo mcasurc (he
water content distribution in a 5mm slice of a
42mm diameter soil column. The water conlent
distribution of the slicc is then mapped into a 21 by
21 matrix of 2 mm squarc pixels.

A 4.2cm diameter, 12 cm tall acrylic cylinder was
uniformly packed with a soil mix conlaining 15%
Clackline kaolinite and 85% Basscndcan sand from
Western Australia and scanned at 2, 6 and 9cm
depth from the top of column. The column was
then watered to 0.31g/cm and a pre-germinated
radish secdling planted in the centre of the column,
After 9 days the column was re-watered to
0.30 gem~' (—0.30 MPa) and the column placed in
darkness for 24 hours to allow the walter content to
equilibriate. The column was then placed in a
growth cabinct mounted on the CAT scanning
platform and the lights turned on. The column was
re-scanned at 2, 6 and 9cm depth at [, 4 and 8
hours afler transpiration had commenced. During
the cxperiment conditions in the growth cabinct
rcmaincd approximately constant with a tcm-
perature of 19.9 degrees and relative humidity of
21%.

At the conclusion of the experiment (he soil col-
umn was carcfully excavated and root morphology
examined. There was no cvidence of laterals or root
hair development on the single tap root. Soil waler
drawdowns were plotted by averaging the water
content values of the pixels equidistant from the
plant root. Water cxtraction from the slices was
calculated by summing the water loss from cach
pixel.

Results and discussion

The results obtained are presented in Figs. la—c
which show the changes in soil water drawdown
along the root with time. During the cight hours
water extraction was greatest in the top layer and
least in the bottom layer. However, the results

prescnted in Figs. la-c and Table 1 show (hat the
paticrns ol extraction changed wilh time.

In the first hour of transpiration, the ratc of
walter extraclion was greatest in the topmost layer.
Presumably this occurred in response to the com-
binalion of an axial resistance along Lhe rool (Qos-
terhuis, 1981) and the lapering radish rool having
a greater surface arca [or water uptake at the top of
the rool (scc Table ). The result of increased up-
take in the topmost layer was a larger gradient in
soil water content from bulk soil to plant rool (sce
Fig. la). The conscquence of this incrcased gra-
dient was that the rate of extraction from this slice
increased from 0.035gh ™ 'em "0 0.071 gh~'cm ™!
during the following 3 hours. Clearly, during this

32 el = - ——s
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-08
. e
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Fig. 1. Change to drawdowns of soil water contenl in proximily
lo a radish root al 2, 6 and 9 cm depth aller onc, four and cight
hours transpiration.
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Table I. Cummulalive exlraction, incremental cxlraction and rate of extraction for the three different depths

Depth from Root radius Time
sutface {cm) (mm) (h)
2 0.26 1
4
8
6 0.19 |
4
8
9 0.09 I
4
8

time, the hydraulic conductivity of the soil was not
limiling and the increased gradient resulted in a
greater flux to the root. However, in the next 4
hours extraction rale decreased t0 0.021 gg~'em ™',
The increased cxlraction from this layer during the
previous 3 hours resulted in a large drop in water
content at the root surface (sec Fig. la) and
presumably the soil walter polential at (he root
surface had become limiting in this slice at 4 hours.
However, the facl that soil water content and hence
water potential at the root surface had continued (o
decreasc in the following 4 hours suggests that the
plant may have lowered its root water potential.
Unfortunately it was not possible to monitor leafl
water potentials in this experiment.

Itis interesting to note that at 4 and 8 hours from
commencement of transpiration the shape of the
drawdowns in the topmost layer have a sigmoidal
nature similar to that found by Hainsworth and
Aylmore (1986). Whilst Hainsworth and Aylmore
(1986) suggested that this may be the result of soil
compaction around the root as the root grows
through (he soil this cxplanation appecars to be
unsatisfactory as the stepped drawdowns were not
evident in the same layer carlier (see Fig. 1a) or in
lower layers (sec Figs. 1b-c). Presumably the step-
ped nature of the drawdowns at 4 and 8 hours in
the topmost layer resulted from increased extrac-
tion in closc proximity to the plant root caused by
a decrease in root water potential. Such a result is
of interest as it indicates that the soil resistance to
water flow from bulk soil to the soil immediately
surrounding the root is a major limiting factor in
determining soil water availabilily, even at high soil
water potentials. The reduction in soil water extrac-
tion from this layer during hour 4 to 8 suggests that
there is an adequate supply of soil water at some

Cuminulalive
cxlraclion (g)

0.035
0.251
0.320

0.017
0.070
0.136

0.003
0.010
0.060

Rate of
cxtraclion (gh™")

Incremental
cxtraction (g)

0.035 0.035
0.216 0.072
0.069 0.017
0.017 0.017
0.053 0.018
0.066 0.016
0.003 0.003
0.007 0.002
0.050 0.012

point lower on the root.

In contrast to the top layor, extraction {rom the
middle layer remained constant with time (sec
Table 1). The results in Fig. 1b show that at hour
4 the magnitude of the gradient in soil water con-
tent was approximatcly that in the top layer at hour
1. Whilst in the top layer this gradicnt led to an
increase in extraction from the layer, in the casc of
the middle layer it did not. The diffcrence in res-
ponsc may arisc as a result of a larger, intcrvening,
root resistance at this depth. As a reduction of root
watcr potential has not yet overcome root resis-
lance, it must be presumed that therc was an ade-
quate supply of water from the layers above. Such
results suggest that the plant modifies its potential
in order to sequentially remove soil water from the
top to the bottom of the root and may explain why
the drawdowns al 9¢m depth were considerably
smaller than in the layers above (sce Fig, Ic).

The resuits presented clearly show that the dis-
tance lo the outer boundary of the drawdown in-
creased with time in all three layers reaching 17, 15
and I5Smm at 2, 6 and 9cm depth respectively at
hour 8. Whilst such results arc not entirely consis-
tent with the finding of Hainsworth and Aylmore
(1986) that drawdown distance was a function of
extraction rate, the resulls show that drawdown
distance is a function of time and not dependant on
root density alone. Thus the assumptions that a
root acts as a uniform absorbing cylinder, and that
waler is supplicd uniformly to the root from a soil
cylinder the oulter radius of which is determined by
root deusity, arc clearly erroncous in this case.
Further examination of non-uniform absorption of
soil water is required to cnhance our understanding
of waler cxtraction by plant rools.
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Development of a Soil Water
Dispersion Index (SOWADIN) for Testing
the Effectiveness of Soil-wetting Agents
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Abstract

Computer-assisted tomography (CAT) applied to gamma-ray attenuation measurements has
been used to develop an index termed the soil water dispersion index (SOWADIN), which
describes quantitatively the amount and distribution of water in soil columns. The index,
which is determined by classifying pixels in a scanned slice into three categories according to
their attenuation coefficients, contains two numerical values. The first value corresponds to
the water content of the scanned slice and the second value is a measure of the dispersion of
the water throughout the slice. Artificially wetted zones were created in soil columns to give
one-third of the scanned layer wetted with various patterns of wetted-area distribution. The
SOWADIN values obtained accurately reflected the differences in water distribution associated
with the different patterns. Application of SOWADIN to columns of a water-repellent sand
before and after treatment with a soil-wetting agent clearly illustrates both the increase in
water content and improvement in water distribution in the soil column following treatment.

Introduction

The problem of soil water-repellency has been recognized in various parts of
the world including Australia (DeBano 1981) and has caused serious land-use
problems on turfs (Wilkinson and Miller 1978), in agriculture (Bond 1964,
1965), burned watersheds (Valores et al. 1974) and home gardens (McGhie
1979). It is generally accepted that the water repellency of soils develops as
a result of surface coatings of hydrophobic organic compounds on the soil
particles (Roberts and Carbon 1972; Savage 1974; Miller and Wilkinson 1977).

Soil-wetting agents have been developed as a possible means for overcoming
the problems caused by water-repellent soils (Letey et al. 1975; McGhie and
Tipping 1983, 1984). In the past, studies of the effectiveness of soil-wetting
agents applied to water-repellent soils have focussed on water infiltration
(Letey et al. 1961, 1962; Mustafa and Letey 1971; McGhie and Tipping 1983;
Carnell 1984) and the behaviour of the wetting agents in soils (Krammes and
DeBano 1967; Valores and Letey 1968; Miller and Letey 1975; Valores et al.
1976). Whilst these aspects are undoubtedly important, it is clear that a true
test of the effectiveness of a soil-wetting agent must include an assessment of
the uniformity of distribution of the water in the soil, as well as the increase
in water content. Bond (1964) and Gilmour (1968) noted that water tends to
drain downward through narrow channels in water-repellent soils. Poor water
dispersion would thus be an important factor limiting the establishment and

0004-9573/89/010017%03.00
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growth of plants on such soils. Provided that the wetting agent has a strong
affinity with both the hydrophobic soil particles and water molecules, rapid
water infiltration would be produced by strong adsorption of the wetting agent
at the soil surface. On the other hand, good water dispersion throughout the
profile would require uniformity of penetration of the wetting agent in the
profile. The ideal wetting agent should possess these capacities, be effective
at a minimum application rate and cost, and should also last for a substantial
period.

The lack of definitive studies on the effect of wetting agents on water
dispersion in water-repellent soils in the past arose largely because there was
no practical technique which would allow the spatial distribution of water
in soil to be measured in sufficient detail. However, the recent application
of computer-assisted tomography by using X-ray and gamma-ray attenuation
(Hainsworth and Aylmore 1983, 1986, 1988) has provided a method for the
accurate and detailed determination of water content distributions.

This paper describes the development of an index termed the soil water
dispersion index (SOWADIN) by using gamma CAT scanning as a quantitative
evaluation of the effectiveness of soil wetting agents, not only in enhancing
infiltration, but also in achieving a more uniform distribution of water
throughout the soil.

Theory

In computer-assisted tomography (Brooks and DiChiro 1976), a slice of the
object under examination is divided into a MxM matrix consisting of small
squares called pixels (Hounsfield 1972). The CAT scan produces an array of
numbers representing the values of the linear attenuation coefficient, u, for
each pixel. For wet soil, the value of y is given by

M=Usps + By, oy
where us and uy are the mass attenuation coefficients of soil and water and
ps and 6, are the soil bulk density and volumetric water content respectively.

In gamma-ray CAT studies, the result of the image reconstruction is expressed
by the modified Hounsfield unit which is defined by the following equation:

Hm=u/pw. (2)

By using equation (1), Hy, can be written as

Hm = (Us ps/Uw) +6y. (3)

Since the value of (usps/uw) is constant for a given soil,

Hym=K+06y, 4)

where K is a constant.
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The purposes of the SOWADIN index are (i) to determine the area in a
slice of a soil column at a given depth which has been effectively wet after
surface-watering, and (ii) to evaluate quantitatively the distribution of wet areas
in the slice at that depth. The approach used has its origin by analogy with
the concept of hydrodynamic dispersion which was used to describe miscible
displacement of soil solutions (Nielsen and Biggar 1962, 1963; Biggar and
Nielsen 1962, 1963). Taylor and Ashcroft (1972) defined the term ‘dispersion’
as a process by which individual elements of the moving fluid are continually
changing direction as a result of the complexity of the pore system, and the
process causes individual fluid elements to be mixed with each other and to
be ‘dispersed’ throughout the medium.

To assess the wettability and the wet-area distribution of a slice of a soil
column by scanning, it is necessary to define what constitutes a ‘wet area’.
Fach pixel in the slice of the object under examination by the gamma-ray
CAT scanning carries a value of attenuation coefficient (Hy) according to its
water content. Thus, a certain value of Hy, or water content can be defined,
which enables individual pixels to be classified as either ‘WET’ or '‘DRY’. As
the gamma-ray CAT can resolve spatial changes in water content of the order
of 0-006 gcm™3, and bearing in mind that a position of the slice once wet
should facilitate further water uptake, it seems reasonable to designate pixels
having water contents greater than 0-006 g cm™3 as WET pixels. Hence, this
‘cut-off’ water content, 85 (=0-006 gcm™), was used for the calculation of
SOWADIN; thus, if

0, of a pixel < 6y (= 0-006 g cm™3) = DRY,

0, of a pixel > 65 (= 0-006 g cm™3) = WET.

By classifying every pixel inside a scanned slice as either WET or DRY on
this basis, the percentage of the wet surface area of the slice wet can be
calculated as

Surface area wet (SAW) = 100(WP/TP), 5)

where WP is the number of the WET pixels and TP is the total number of the
pixels in the slice. The SAW value is 100 if the slice is completely wet, while
in the case of absolute water-repellency of the soil, the value would be zero.

One problem in the use of the SAW value alone is that it fails to describe
how the WET pixels are distributed within the slice when the SAW value is
0 <X <100. With a given number of WET pixels in a slice, the WET pixels
may be clustered together forming several ‘wet patches’, they may be evenly
scattered in the slice, or they can be present in any one of a variety of
intermediate distributions.

The uniform wetting of soil soon after rainfall or irrigation is most important
in achieving maximum germination rate and establishment of plants in the
field. This means, in terms of the CAT scan study, that WET pixels should be
present throughout the scanned layer. Water-repellent soils are likely to have
a poor dispersion of WET pixels. To be effective, the application of a wetting
agent should improve both the number and degree of dispersion of the WET
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pixels in the scanned layer. Moreover, it seems likely that in unsaturated soil
the DRY pixels directly next to WET pixels are more likely to become new WET
pixels if further watering occurs. Hence, even when the SAW value is low,
it is important that the WET pixels should be scattered throughout the soil.
Conversely, the larger the area of dry patches, the more difficult it would be
to wet the soil layer thoroughly.

The most useful index is therefore one which allows comparison of the
distribution of the WET pixels in the scanned soil layer. In CAT matrices with
a given number of WET pixels, the number of the DRY pixels, each of which
is directly adjacent to at least one WET pixel vertically or horizontally, varies
depending upon the way the WET pixels are distributed. Similarly, the number
of the DRY pixels, each of which is surrounded by DRY pixels vertically and
horizontally, also changes with the distribution of the WET pixels. The pixels
diagonally adjacent to a DRY pixel were not considered, since the diagonal link
between pixels is not as close as the vertical and horizontal links between the
pixels, and a DRY pixel is likely to be under less influence from WET pixels
in the diagonal directions.

DRY pixels can thus be divided into two groups. A DRY pixel which is
adjacent to at least one WET pixel(s) in either the vertical or horizontal direction
is classified as a ‘Wettable-DRY’ pixel (W-DRY pixel). A DRY pixel which is
surrounded by other DRY pixels, vertically and horizontally, is classified as
an ‘Isolated-DRY’ pixel (I-DRY pixel). Fig. 1 illustrates the relationship between
WET, DRY, I-DRY and W-DRY pixels.

DRY pixsl WET pixel
f f
DRY pixel < [-DRY = DRY pixel < W-DRY = WET pixel
s f [
DRY pixel < W-DRY = WET pixel
U

DRY pixel

Fig. 1. Relationship between WET, DRY, Isolated-DRY (I-DRY) and Wettable-DRY (W-DRY)
pixels. A DRY pixel surrounded by other DRY pixels vertically and horizontally in the CAT
matrix, is classified as Isolated-DRY (I-DRY). If adjacent to at least one WET pixel it is classified
as Wettable-DRY (W-DRY).

The comparison of the distribution of water in a scanned layer of the soil
can then be made by either of the following equations:

TP~ > (I-DRY)
WD = 100(#), (6)
e 100(WP+ Zi\;wom'))’ 7
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where WD is the water distribution and TP and WP are defined in equation (5).
Other more detailed methods of analysing the distribution of properties in
space are available [e.g. clumping or cluster statistics (Ripley 1981)]. However,
the previous relatively simple procedure adequately characterizes both the
degree of dispersion of soil water content and the relative susceptibility of
the soil to wetting.

Both SAW and WD are important in characterizing water-repellent soils. The
higher the SAW value, the less water-repellent the soil and the better the soil
for most land uses. On the other hand, the WD value, particularly at lower SAW
values, is important in assessing the difficulty in uniformly wetting the soil.
At a low SAW value, a small difference between WD and SAW for a scanned
layer means that the wet areas are present in patches. When WD is much
higher than SAW, water is well dispersed in the layer and further watering
should ensure the complete wetting of the soil without much difficulty. The
SOWADIN index is therefore defined as

SOWADIN = WD/SAW. (8)

It should be emphasized that SOWADIN is not the quotient (WD/SAW),
but consists of two independent values, rather analogous to the medical
presentation of blood pressures as a ratio of systolic to diastolic pressures.

Experimental

The gamma-ray CAT scanner, developed in the Soil Science and Plant Nutrition laboratories
of the University of Western Australia (Hainsworth and Aylmore 1988), utilizes a collimated
137¢s (600 keV) 500 mCi source and a sodium iodide (Nal) or plastic scintillant detector,
enabling a 5 mm thick slice of the object to be examined. Thirty-nine measurements are
taken for each linear scan and 30 linear scans through 180° are completed. From these
measurements, linear attenuation coefficients, expressed in modified Hounsfield units, are
mapped into a 39x39 pixel array by using the filtered back-projection. The horizontal size
of each pixel is approx. 2 by 2 mm. The distribution of water content in the pixels can be
determined from these attenuation coefficients.

The soil used in these experiments was a water-repellent sand collected from Boyanup,
Western Australia. Large plant debris and stones were removed by using a 5 mm sieve.

SOWADIN of Different Wetting Patterns

Five PVC columns (7 cm diameterx20 cm height), with sealed bottoms and containing
various thin-walled plastic centrifuge tubes approx. 14 mm in diameter and plastic straws
approx. 4-8 mm in diameter, were prepared. The sieved soil was randomly distributed in
the columns to provide approximately 396 cm3 of soil per column and five different wetting
patterns were created inside the columns as shown in Fig. 2. The soil in column A was
divided by a plastic sheet. The portions inside the smaller segment in column A and inside
the tubes in columns B, C, D and E were completely wetted with 0-5% soil-wetting agent
solution prior to CAT scanning. It was not possible for the solution to diffuse from the
wetted portions inside the segment or tubes. The wetting agent used was ‘Wetta Soil’, a
nonionic commercial product, which was generously supplied by Wetta Chem Products Co.
Scans were conducted at approx. 2 cm below the soil surface.

The expected SOWADIN values were determined by using the photographs of the wetting
patterns (Fig. 2), dividing the inside of each column into 2 by 2 mm squares (i.e. pixels),
and classifying individual squares either as WET, W-DRY, or I-DRY, with the assumption that,
if greater than half of the area inside the square is occupied by the wet portion, the square
should be classified as WET.
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(a) Column A (b) Column B

Fig. 2. Surface images of the artificially created wetting patterns in Boyanup soil columns
used for comparison of expected SOWADIN values, with values obtained from CAT scan data.
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SOWADIN of Soil with/without Wetting Agent

Two columns were prepared to examine the SOWADIN, one column with the surface
application of a wetting agent solution and the other without. The sieved Boyanup soil was
packed in the columns (7 cm diam., 20 cm height), each containing approximately 396 cm3
of soil. The inside of the walls of both columns had previously been greased with Castrol
LM grease to minimize the tendency of water to drain rapidly along the space between sand
particles and the wall of the column. The application rate of the wetting agent was 0-02 ml
of water per column, which is equivalent to the recommended application rate (i.e. 5 ml [~}
water m~2). The soil surface of the other column recieved 4 ml of deionized water only.
After the treatments, the columns were air-dried in a glasshouse for 10 days, and each
column was scanned (dry scan) prior to the surface application of 38-5ml of water per
column and again at 60 min after wetting (wet scan). The amount of the applied water was
equivalent to 10 mm rainfall per column.

Table 1. Classification of pixels in the scanned layer of the columns with
various wetting patterns

Column WET W-DRY I-DRY Total
(A) 317 31 676 1024
(B) 345 153 526 1024
(@) 338 195 492 1024
(D) 349 342 333 1024
(E) 358 461 205 1024

Table 2. SOWADIN of the soil layers with various wetting patterns

Column SOWADIN (by CAT) SOWADIN (expected)
A) 34/31 32/30
(B) 49/34 47/33
(©) 52/33 50/32
(D) 67/34 63/32
(E) 80/35 76/33

Results and Discussion

The wetted areas created inside the test columns were set in such patterns that
the surface area wet (SAW) for each column should give a value corresponding
to one-third of the total surface of the scanned layer. The SAW values
determined from the CAT scan and equation (5) for the columns were 31, 34,
33, 34 and 35, for columns A, B, C, D, and E, respectively.

The artificially created wetting patterns shown in Fig. 2 are unlikely to be
completely realistic for water-repellent soils, even for those in which water
tends to drain through preferred channels. However, these patterns represent
useful examples for measuring the range of the moisture distribution in the soil
that may be encountered. The wetting pattern in column E can be considered
the most favourable for plant establishment and growth, followed by column
D, and then C and B. The pattern in column A can be regarded as the other
extreme to column E. Table 1 shows the numbers of the W-DRY and I-DRY
pixels in the scanned layers of the test columns.

When the WET pixels are found in one part of the layer, as in column A,
the DRY pixels consist predominantly of I-DRY pixels. On the other hand, if
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Changes in the distribution of WET (*), W-DRY (/) and I-DRY (O) pixels and SOWADIN

The applicability of SOWADIN was further tested by scanning an untreated
soil column and one treated with the wetting agent. The SOWADIN value of

values of Boyanup soil, for (a, ¢) soils without wetting agent, and (b, d) soils with wetting

agent.
E, there are more W-DRY pixels in the scanned layer. The calculated values

of WD of the test columns by using equation (6) or (7) are 34, 49, 52, 67
and 80, for columns A, B, C, D and E, respectively. It is clear that the value
of WD increases with the more scattered distribution of WET pixels. A poor

dispersion of the WET pixels is indicated by the low WD value for column A,

while a high WD values is obtained from the soil layer having widely scattered
WET pixels (e.g. column E). Table 2 shows the SOWADIN values of the test

columns obtained by measurement with the CAT scanning system, compared

with the SOWADIN values prepared. This clearly shows that application of
the soil water dispersion index to the data obtained from computer-assisted

the WET pixels are more widely scattered in the layer, as in columns D and
tomography gives excellent agreement with the actual distributions.

Fig. 3.
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the treated soil two weeks after treatment (Fig. 3b) was 96/73, whereas that
of the untreated column (Fig. 3a) was 59/20. A follow-up wetting some two
weeks later produced SOWADIN values of 99/93 and 69/27 for the treated
and untreated columns respectively (Figs 3d and 3¢). This indicates that the
wetting-agent treatment more than doubled the wettability of the soil, and
secondly that the moisture in that scanned layer was much better distributed
than that in the column without the treatment. The SOWADIN of the untreated
soil is similar to that of the test column C, and the low WD value (59) indicates
that the water was present in patches.

This approach has proven very effective in examining the water repellency
of ‘undisturbed’ soil cores sampled from various locations (e.g. golf courses,
bowling greens, playing fields, as well as agricultural areas) and in studies of
the effectiveness and longevity of commercially available soil-wetting agents
on different soil types (Sawada 1988).
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Evaluation of Soil Structure
by using Computer Assisted Tomography
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Abstract

Computer assisted tomography applied to gamma ray attenuation (CAT scanning) has been
evaluated as a method for directly measuring the spatial distribution of soil macroporosity and
for monitoring changes which occur during wetting and drying processes, in a non-destructive
manner.

Total porosity calculated from the bulk density of soil and glass tube samples varying
in bulk density from 0-759 to 1-602 g cm™3 correlated well with total porosity calculated
from CAT scan data. The system was able to detect changes in bulk density for a loam soil
of the order of 16 mg cm™3, and objects of 2-0 by 2.0 mm dimensions could be pictorially
resolved in the scanning plane. Statistically, the system resolves pixels differing by at least
6-14% in attenuation coefficient value from surrounding pixels.

Average macroporosity and the spatial and frequency distribution of macroporosity for
soil samples were determined by assigning the value of zero macroporosity to pixels having
gamma attenuation coefficients corresponding to the bulk density of a soil aggregate, 100%
macroporosity to pixels with zero attenuation coefficients and proportional values to pixels
with intermediate coefficients. The CAT scanning of soil samples before and after a wetting
and drying cycle illustrated the greater reduction in macroporosity for soil wetted under
flooding compared with that wetted under capillary action.

The CAT scanning clearly has considerable potential for studying the spatial distribution
of soil macrostructure and for monitoring the changes in macroporosity which occur during
wetting and drying processes in soil columns.

Introduction

Soil structure and its stability govern the rainfall acceptance at the soil
surface and hence the relative amounts and rates of surface runoff and
subsurface flow. It largely determines the pore size distribution which is
responsible for the temporal and spatial distribution of soil water. Within
a well structured soil matrix there are both textural pores inside aggregates
and macropores between the aggregates themselves. Usually macropores are
most abundant in the soil immediately after cultivation if this is carried out
at the appropriate soil moisture content. Their continued existence in the
soil, however, depends on the stability of the aggregates. In unstable soils,
the macropores become smaller both in total volume and in size as the soil
slakes and/or disperses on wetting, and the advantages associated with their
presence are lost. Hence, most interest centres not so much on the total pore
volume as on the total macropore volume and its spatial distribution in the

0004-9573/89/020313$03.00
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soil. This is because of the strong influence of these pores on infiltration,
aeration and root development.

Until recently, there has been no experimental technique which was
capable of directly and repetitively measuring the spatial distribution of this
macroporosity in a non-destructive manner and, in particular, of monitoring
changes accompanying wetting and drying processes. However, application of
the technique known as computer assisted tomography (CAT) (Hounsfield 1972)
to X- and gamma-ray attenuation has provided an exciting new method for
non-destructive three-dimensional imaging within a solid matrix. Hainsworth
and Aylmore (1983, 1986, 1988) have, for example, used both X- and gamma-ray
CAT scanning to measure the spatial variation in soil water content distributions
in proximity to plant roots.

There seems little reason why it should not be equally possible to apply this
technique to assess soil structure in terms of the spatial distribution and total
volume of macropores. The present research was carried out to investigate the
sensitivity, linearity, spatial resolution and suitability of the CAT application
to gamma ray attenuation as a method for assessing the structural status of a
soil and for monitoring changes associated with wetting and drying processes.

Materials and Methods

Instrumentation

A prototype CAT scanning system constructed in the Soil Science and Plant Nutrition
Laboratories of the University of Western Australia (Hainsworth and Aylmore 1988) was used
for these studies. This scanner utilizes a gamma source (500 millicuries of caesium-137)
which is monitored by a plastic scintillant or Nal crystal detector. The beam is collimated to
give a slice thickness of 2 mm and a pixel (picture element) size of 2 by 2 mm. As the source
and detector are fixed, the object is moved across the beam and scanned at 2 mm intervals.
Successive linear scans are made after rotating the object progressively in 5° increments
through 180°. The minimum number of rotations required for accurate image reconstruction
is given by }ITrM, where M is the number of points in the linear scan (Panton 1981). The
linear scans are back-projected by using filtered back-projection (Herman 1980) for a given
number of rotations. Once the back projections have been completed, the two-dimensional
mapping of gamma attentuation coefficient values into an MxM element array is carried out.

System Response

To determine the variation in count rates due to random emission/transmission of gamma
photons and to reduce this to an acceptable level of precision with minimum scan time, an
acrylic cylinder (48 mm i.d. by 40 mm depth) was filled with distilled water to provide a
uniform field and was scanned by using scalar counting times of 50, 100, 200, 500, 750,
1000, 2000, 3500 and 5000 ms. Average gamma attenuation coefficients and coefficients of
variation were calculated for the different scalar counting times.

Linearity response of the system with increasing density was studied by scanning similar
acrylic cylinders containing bundles of glass tubes of outer diameters of 8, 6, 5, 4, 3 and
2 mm. Different combinations of these different sized tubes were made by placing smaller
diameter tubes inside the larger diameter tubes to attain overall bulk densities in the range
0-759-1-602 g cm 3. Each cylinder was scanned at three successive layers of 2 mm thickness
each and the results were averaged.

The total porosities of these cylinders were determined from the density of glass and
the sizes and number of tubes in the cylinder. Total porosities were also determined from
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attentuation measurements by using the equation

Py =100{(tix — Ha)/Hx}, 1)

where P is the percent total porosity, uy (cm™1) is the linear attenuation coefficient for the
glass (density 2-37 gcm™3), and p, is the average linear attenuation coefficient over the
entire sample cross section (cm™!).

The application of equation (1) depends on a linear relationship between Py and u; and
also on the value determined for py corresponding to the density of the material used. The
value of py was calculated from the equation for linear regression of the gamma attenuation
coefficient with bulk density of the columns containing glass tubes. The value of Py for any
system containing this material can then be determined from equation (1).

The ability of the scanner to resolve voids of different size and spacing in a scanned
slice was examined by scanning an acrylic cylinder (30 mm o.d. by 40 mm depth) in which
holes of radius 6, 5, 4, 3, 2, 1, 0-5 and 0-25 mm had been drilled in duplicate, in a known
pattern.

Soil Studies

Surface (0-7 cm) soil samples were collected from Kulin, Western Australia, and separated
into their natural aggregate sizes. Known bulk densities in the range 1-141-1-516 gcm™3
were achieved by packing acrylic columns (84 mm i.d. by 40 mm in height) by using single
sized aggregates and mixtures of aggregate sizes. One column was filled with finely ground
(<0-5 mm) soil and a soil clod was prepared by applying water and pressure to produce a
massive uniform structure. Three successive slices were scanned in each column by raising
the source and detector by 2 mm increments. Average gamma attenuation coefficients over
the sample cross sections were obtained for each column. All samples were oven dried at
60°C for at least 24 h before scanning.

The total porosity of each soil sample was calculated from the attenuationn measurements
as for the glass tubes. The linear attenuation coefficient value (ux) for soil at a density
of 2-684 g cm™3, equal to the particle density, was calculated by extrapolating the linear
regression line of soil bulk density and gamma attenuation coefficient to this value.

Prior to the determination of the macroporosities of these soil samples, the value of the
gamma attenuation coefficient (ux), corresponding to the bulk density of the soil aggregates
(1-76 gcm™3), was determined from the relationship between bulk density and gamma
attenuation coefficient for these soil samples. The macroporosities of these samples were
then determined by using equation (1).

To assess the stability of the soil aggregates, aggregates of 2-8-4-0 mm size were packed
in two 48 mm i.d. columns. One column was wet under capillary action, while the second
column was wet by flooding. Both columns were subsequently dried. These columns were
scanned twice, firstly with the initially dry aggregates and secondly, following the wetting
and drying cycle. The changes in the distribution of macroporosity were examined for the
two methods of wetting.

Results and Discussion

Examples of the two-dimensional pixel matrix patterns obtained by using
the gamma CAT scanning system are presented in Fig. 1. These illustrate
the ability of the system to provide a clear picture of the distribution and
density of material within the scanned region and to resolve voids of different
size by using the present pixel dimensions (2 by 2 mm) and divisions of the
attenuation coefficient. Features of these images will be discussed in the
following sections.

Precision Requirements

Gamma attenuation is the ratio of transmitted to incident radiation, and
scalar counting time is used to count the number of photons. Since gamma
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Fig. 1. CAT images of an acrylic cylinder containing various sizes of air-filled holes (a)
and soil columns containing aggregates of sizes 4-7-8-0 mm (b), and 2-8-4-0 mm before
(c) and after (d) flood wetting—pixel size 2 by 2 mm).

radiation is a random process, measurements with sufficiently long counting
times are required to reduce the error in counting to any desired level of
precision. Generally a compromise is required between acceptable precision
and the time required for a scan.

Measurements of the coefficient of variation in pixel attenuation for different
scalar counting times, in scanning a 50 mm diameter column containing water,
indicated a rapid reduction in the coefficient of variation on increasing scalar
counting time up to 750 ms, but little further reduction occurred for larger
counting periods. A scalar counting time of 1 s gave an acceptable level of
precision (<5%) and the 15 min required to complete a CAT scan is acceptable
in practice. The mean attenuation values remain essentially constant over the
range of counting time examined. Hence, a scalar counting time of 1s was
used in obtaining the results reported in this investigation.

The ability of the system to distinguish two objects from one another
that differ greatly in density is analogous to differentiation between a soil
aggregate and an air-filled pore. In the first instance, the contrast between air
and acrylic was used and the CAT image obtained is shown in Fig. 1a. The
smallest hole visible, by using the present pixel dimensions (2 by 2 mm) and
divisions of attenuation coefficient, was 1 mm in radius as seen in the top
centre of Fig. 14, although holes of this dimension were not visible as separate
entities when the distance between the holes was less than the size of a pixel.
This is largely a consequence of the attenuation ranges used for pictorial
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representation and detailed examination of actual attenuation coefficients for
individual pixels can be considerably more informative.

In practice, the spatial resolution and resulting image of voids of pixel
dimensions depends on the juxtaposition of CAT pixels and any given void.
For example, if a pixel of 2 by 2 mm falls exactly over a cylindrical void of
radius 1 mm, then 80% of the pixel volume will be occupied by air whereas,
in the least favourable case, the same void may fall at a point where four
pixels intersect and will provide only 20% air space in each of the four pixels.
The resulting image of the same void will be different in each case.

0.14

O Glass Tubes
@ Kulin Soil

= - 0.0028+0.0817X
r’=0.995

Y=0.0111+0.0617
r%0.996

Gamma attenuation coefficient
(cm-1)
o
=)

0.06 1.0 1.2 1.4 1.6 1.8

Bulk density (g cm—3)

Fig. 2. Average gamma attenuation coefficient against bulk density of Kulin soil and glass
tube samples. Vertical bars represent standard deviations.

Linearity of Response

Fig. 2 demonstrates that the CAT scanner responded linearly with increase
in the average bulk density of the columns containing glass tubes. Similarly,
scanning of Kulin soil samples provided an essentially linear change in gamma
attenuation coefficient with increase in bulk density of the soil. A larger
standard deviation in some of the soil samples indicates a greater variation
in bulk density and reflects the greater heterogeneity on a 2 mm slice scale in
larger aggregate systems than in finer aggregate materials or the glass samples.

The standard deviations of attenuation coefficients for the Kulin soil samples
(Fig. 2) were used to examine the density resolving power of the system.
The standard deviation of these soil samples ranged from 0-0003 to 0-0031
gamma attenuation coefficient, with most being about 0-0013. In contrast,
scanning of a uniform field of deionized water yielded a value of standard
deviation of 0-0002. Thus, the variation in the density of these soil samples
substantially exceeded the variation inherent in the CAT technique itself. A
change in soil density of 16 mg cm™ caused a change of 0-0013 in gamma
attenuation coefficient and this was considered the lower limit of density
resolution with this scanner and Kulin soil.
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The slope of the linear regression lines for columns containing glass tubes
and those containing Kulin soil varied slightly and is akin to similar results
obtained by Petrovic et al. 1982. This probably occurs as a result of the
differences in atomic composition of the two materials. Linear attenuation
coefficients are a function of the effective atomic number of the absorbing
material when density and photon energy are held constant (Ter-Pogossian et
al. 1977).

Table 1. Mean and standard deviation of gamma attenuation coefficient
of pixels in scans for Kulin soil samples and for deionized water

Aggregate size Bulk density? Attenuation coefficient (cm~!)
(mm) (g cm™3) Mean s.d. of pixels
Kulin soil
0-5-1-0 1-329 0-1040 0-0059
1-0-2-0 1-260 0-1007 0-0075
2-0-2-8 1-141 0-0911 0-0086
2-8-4-0 1-193 0-0947 0-0102
4-0-4-7 1-210 0-0956 0-0104
4.7-6-3 1-241 0-0980 0-0122
6-3-8-0 1-219 0-0971 0-0138
<0-5 1-419 0-1123 0-0058
<1-0 1-407 0-1128 0-0080
<2-0 1-505 0-1200 0:0081
<2-8 1-488 0-1191 0-0082
<4-0 1-516 0-1210 0-0095
<4-7 1-484 0-1190 0-0098
<6-3 1-432 0-1152 0-0111
Deionized water

1-000 0-0863 0-0053

A Obtained from single size aggregates and their mixtures.

The spatial distribution of bulk density or porosity in a soil slice is determined
by the distribution of pixels having different attenuation coefficients over the
entire cross section of the slice. The mean and standard deviation of gamma
attenuation coefficient values of pixels in scans for Kulin soil samples, at
various bulk densities obtained from single size aggregates and their mixtures,
and for deionized water are shown in Table 1. These data indicate that,
statistically, the system can resolve pixels that have a difference of at least
6-14% in attenuation coefficient value from the surrounding pixels, as the
mean and standard deviation values of the scan for a uniform field of water
were 0-0863 and 0-0053, respectively.

Evaluation of Soil Structure

Variations in the standard deviation of pixel attenuation coefficients for a
scanned layer reflect changes in the uniformity of the layer arising from changes
in the spatial distribution of pore volume and soil matrix (soil aggregate).
This effect can be used to assess the structural status of the soil.

In evaluating soil structure, interest centres on the quantity, size distribution
and stability of the soil aggregates, as these parameters are important in
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determining the amount and distribution of the pore spaces associated with the
aggregates. Similarly, changes in soil macroporosity and its spatial distribution
under various treatments provide information concerning the susceptibility of
the soil structure to disruption by water.

Initially, the ability of the scanner to determine the total porosity of the
slice scanned was confirmed by a comparison of mathematically calculated
porosities for columns containing glass tubes with the porosities measured
from attenuation (Fig. 3). Similarly, a good correlation between total porosities
calculated from bulk densities and from gamma attenuation measurements
was obtained for the Kulin soil (Fig. 3). These results clearly illustrate the
ability of the CAT scanner to measure accurately total porosity in a scanned
slice, as the values of intercepts and slopes were 0-03 and 0-95 for glass
tubes and 0-03 and 1-01 for soil samples, respectively. The systematic, slight
underestimation of porosity for the glass media probably arises because the
packing of the glass tubes against the column wall creates slightly larger pore
spaces than tube to tube contact.

As shown in Fig. 4, the spatial distribution of macroporosity for each soil
sample was determined by assigning the value of zero macroporosity to the
pixels with gamma attenuation coefficients of 0-1410 cm™! or more (the value
corresponding to the bulk density for a soil aggregate) and 100% macroporosity
to pixels with essentially zero attenuation coefficient. Proportional values
were ascribed to pixels with intermediate coefficients. The positions of the
two vertical dotted lines on the x-axis show the attenuation coefficient values
corresponding to zero and 50% macroporosity. The frequency distribution of
the attenuation coefficient shown in Fig. 4 was obtained from scan data of
a column containing 6-3-8-0 mm size aggregates (the CAT image of this is
shown in Fig. 1b).

The relationships between total and macroporosities for the different soil
samples and average attenuation coefficient are shown in Fig. 5. The slope
of the line for macroporosity is greater than that for total porosity, which
suggests that a slight change in macroporosity will cause a greater change
in attenuation coefficient value. Thus, the change in macroporosity may be
a more sensitive determinant of the susceptibility of the soil aggregates to
disruption on wetting.

The spatial distribution of macroporosities for representative soil samples
scanned are shown in Fig. 6. There are three significant features to these
distributions:

(i) the height of the distribution at any point indicates the relative
frequency of pixels having that particular macroporosity;
(ii) the position of the peak of the distribution curve corresponds to the
most COmmon macroporosity;
(iii) the shape of the distribution curve indicates the distribution of pixels
of particular porosities in a scanned slice.

A decrease in the peak height of the distribution curve is associated with
greater spreading of macroporosity about the mean value and this is related to
the heterogeneity of the slice arising from the distribution of pore spaces and
the soil aggregate matrix [cf. curve A (<0-5 mm) and curve E (6-3-8-0 mm)]. A
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Fig. 6. Macroporosity distribution for scans of different size aggregates.

greater peak height for the distribution curve represents increased uniformity
of distribution of density over the entire cross section of the slice scanned.

A shift in position of the peak of the distribution curve to the left indicates a
loss of macroporosity in the sample (curves C, B and A). Following compaction
or severe slaking of the soil aggregates, the macroporosity in the soil is
invariably reduced, which is clearly illustrated by the distribution curve for the
artificially prepared soil clod (curve F). In this clod, approximately 83% of the
pixels in the slice scanned exhibited a massive structure with no macroporosity.
As shown by curves D and E, soil samples having approximately the same
average macroporosities, but with different spatial distribution of porosities in
the slice, can be readily differentiated from the shapes of the two distribution
curves and from a comparison of mean and standard deviation values (Table 1).
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Fig. 7. Change in macroporosity distribution on wetting (capillary action and flooding) and

subsequent drying.

Changes in the mean and spatial distribution of macroporosity for Kulin
soil samples after wetting the aggregate under either capillary action or by
flood wetting and subsequent drying are shown in Fig. 7. The CAT images of
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scans for the initially dry and redried aggregates after flood wetting are shown
in Figs 1c and 14, respectively. These two methods of wetting the aggregates
simulate important field phenomena; for example, surface soil subjected to
flood irrigation or a heavy rainstorm is physically similar to flood wetting.
Aggregates at lower depth in the profile will be more slowly wetted. On
the other hand, sprinkler irrigation and light rainfall on the surface soil are
physically similar to wetting the soil under capillary action. The shift of the
macroporosity distribution curve (Fig. 7) towards the left (lower macroporosity
end) in both the cases, indicates an instability in the system upon wetting.
Comparison of the magnitude of the shift of the macroporosity distribution
curve under flooding and capillary action clearly shows that the Kulin soil
aggregates are less stable if wetted quickly (flooding), but retain their structure
to a greater extent when wetted under capillary action. Similarly, Collis-George
and Figueroa (1984) have used high energy moisture characteristics of soil to
assess soil stability, in particular, by comparing relative structure to rapid or
slow wetting.
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=
3
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Fig. 8 shows the change in bulk density of the Kulin soil as the soil water
content is decreased following saturation. This was obtained by subtracting
the attenuation due to the relevant water content from the total gamma
attenuation observed. This gives the attenuation due to the soil alone and
hence the bulk density at various water contents. The initial saturation
reduces the soil bulk density, undoubtedly as a result of swelling. As the
water content is subsequently decreased, the bulk density increases to exceed
the initial bulk density of the dry soil. This can be attributed to slaking
and/or shrinkage of the soil matrix. Changes in the proportion and spatial
distribution of macroporosity during the wetting and drying cycle would require
an independent measure of attenuation for swollen aggregates, and this can
only be obtained by a dual source procedure.

It seems clear that the CAT system is a potentially valuable tool for assessing
the structural stability of soil under different treatments. The present system
of using a single radiation source and 2 by 2 mm pixel size, is clearly capable
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of describing the macro-structural status of a dry soil and of providing details
of spatial changes in macroporosity following wetting and drying processes.
Reductions in pixel size and 2D spline interpolation will undoubtedly provide
more detailed resolution of macrostructure. Current work is directed to the
application of CAT techniques to dual source scanning to enable the changes
in attenuation arising both from changes in bulk density and changes in water
content to be monitored concommitantly and continuously. Development of
this facility should provide an exciting new approach to the study of structural
changes occurring in surface soils during water entry and redistribution.
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Abstract

The adsorption-desorption behaviour of four pesticides, in four Western Australian soils
differing in their physico-chemical properties, has been studied using a batch technique.
Sorption data for Fenamiphos, Linuron and Simazine could be fitted to a Freundlich-type
equation, while that for Diquat more closely fitted the Langmuir equation. The value of
the exponent in the fitted Freundlich isotherms varied from 0-70 to 1.00 for the various
pesticide and soil combinations.

Adsorption was found to be better correlated with organic matter than other soil properties,
and decreased with increasing pH for all pesticides except Diquat. This study supports the
observation of B. T. Bowman that the Freundlich equation in mole fraction form is more
useful for comparing relative adsorption.

Comparison of the present adsorption data with previous studies showed that the organic
matter in these soils behaved differently in terms of pesticide adsorption. In particular,
the octanol-water partition approach, for predicting the adsorption of non-ionic organic
compounds, gave unsatisfactory predictions of Linuron and Fenamiphos adsorption in these
soils.

Desorption by a consecutive method showed hysteresis with all pesticide-soil combinations
examined. The magnitude of the hysteresis was unaffected by changes in the soil : solution
ratio. Using a dilution method, experimental procedures such as centrifugation and shaking
have been shown to only slightly affect desorption hysteresis. The suggestion that hysteresis
results from organic matter effectively ‘locking in’' the adsorbed pesticides is supported. The
presence of methanol in the desorption solution results in swelling of organic polymers and
facilitates the release of the adsorbed pesticides. Consequently, hysteresis was found to be
essentially absent from the Linuron isotherm on removal of organic matter from the soil.

Introduction

Adsorption of pesticides by soil is one of the major processes influencing
their accessibility to target organisms and their potential to reach non-target
organisms. Adsorption may result in decreased biological activity, in enhanced
rates of degradation and in retardation in movement with leaching solutions
(Weed and Weber 1974).

Numerous studies on pesticide adsorption have been reported, including
both inorganic and organic surface interactions (reviewed by Bailey and White
1970; Weber 1972; Weed and Weber 1974). However, it is well established that
organic matter is the major constitutent determining the extent of adsorption
in soils, particularly of non-ionic pesticides (Hamaker and Thompson 1972). In
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recent years, sorption of non-ionic organic compounds has been found to be
well correlated with the octanol-water partition coefficient of the pesticide, and
accurate estimations of soil water distribution coefficients from octanol-water
partition coefficients have been claimed to be universally applicable (Chiou et
al. 1979; Briggs 1981a). Briggs (1981b) demonstrated the applicability of this
approach for non-ionic pesticides in Australian soils.

In practice, the physical and chemical nature of organic matter varies
appreciably from soil to soil (Weed and Weber 1974) and Australian soils differ
in many respects from other soils throughout the world (Sanchez and Isbell
1979; Hubble et al. 1983). Although relatively little information is available on
the behaviour of pesticides in Australian soils, Jackson (1983) has concluded
that pesticides ofteri behave differently in Australian soils.

Numerous workers (e.g. Swanson and Dutt 1973; van Genuchten et al.
1974; Rao and Davidson 1980; Di Toro and Horzempa 1982) have reported
irreversibility and the presence of hysteresis in the adsorption-desorption
reactions of pesticides in soils. The reversibility of the adsorption reaction
plays a significant role in determining the mobility of any pesticide in the soil
profile. That is, whether the solid phase provides a permanent sink or merely a
temporary reservoir, releasing the chemical back into solution in response to a
decrease in solution concentration. However, the origins of this irreversibility
remain an issue of some contention in the literature, in some cases being
attributed to ‘lock in’ or ‘cage’ effects, where the sorbate is stearically hindered
from desorption (Johnson and Starr 1972; Ogner and Schnitzer 1971) and
in others to artifacts arising from experimental procedures, failure to attain
equilibrium during desorption, or chemical or microbial transformations (Rao
and Davidson 1980; Bowman and Sans 1985).

This paper reports on the adsorption-desorption characteristics of selected
pesticides from different chemical classes in four Western Australian soils. The
ability to predict the adsorption of non-ionic pesticides from their octanol-
water partition coefficients has been examined. In addition, the degree of
irreversibility in the adsorption reactions and, in particular, the influence of
factors such as shaking and centrifugation, soil : solution ratio, the presence
of organic solvent and the removal of organic matter on desorption hysteresis
have been investigated.

Materials and Methods
Soils

A sandy soil from the Bassendean Association of the Swan Coastal Plain, a sandy loam
soil from the Gascoyne Association, a clay soil (Wellesley series) from the Serpentine River
Association and a loamy sand soil with high sesquioxide content of the Cobiac Valley Series
were used in this study. The characteristics of Bassendean sand, Wellesley clay and Gascoyne
sandy loam have been described by McArthur and Bettenay (1960) and Bettenay et al. (1971).
The characteristics of Cobiac soil have been described by Churchward and Batini (1975).

The soils were air-dried and passed through a 2 mm sieve. Particle size distributions
were determined by the pipette method (Loveday 1974) and organic carbon contents by the
Walkley-Black method. The cation exchange capacity (CEC) was measured by Sr* saturation
and total free Fe and Al oxides were determined according to the procedure of Mehra
and Jackson (1960). Clay minerals present were identified by X-ray diffraction and specific
surface areas were measured by application of the BET theory to N2 adsorption at 78 K.
Some physico-chemical properties of the soils are given in Table 1.
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Table 1. Some physico-chemical properties of the soils

Property Bassendean Gascoyne Cobiac Wellesley
sand sandy loam loamy sand clay

Northcote class. Ucl Um5-2 Ucl-2 Ugs-1
OMA (%) 1.2 1-7 0-6 4.6
Silt (%) 1-5 8-3 2-5 14-2
Clay (%) 1-25 15-3 13-6 63-7
pH (1:5, 0-01 M CaClp) 5-0 6-9 5-1 5-9
CEC (cmol(+) Kg™1) 2-42 24-79 3.5 42-96
Surface area (m? g7!) 0-36 22-48 13-39 73-05
Fe3+ (%) 0-08 1-80 1-15 0-43
AR* (%) 0-02 0-07 0-36 0-07
Exchang. cations (mmol kg~!)

@agl"3 11-8 6-5 2.2 6-5

Mgt0-5 1-2 3.1 5.1 95-1

Nat 1-8 7-16 2-4 17-2

K+ 0-7 1-05 0-6 2-1
Water retention (g g~!)

10 kPa 0-03 0-30 0-10 0-59

30 kPa 0-02 0-13 0-06 0-44
Clay minerals® K, 1 K, 1 K, Go, Gi S, K

A Organic matter, OM.
B Clay minerals: K, kaolinite; I, illite; Go, goethite; Gi, gibbsite; S, smectite.

Pesticides

The distributions in the soils of four commonly used pesticides comprising three
herbicides and one nematicide were studied (Hartley and Kidd 1987). The herbicides were
Diquat (1,1’-ethylene-2,2/-dipyridilium dibromide), mol. wt 344 -06, aqueous solubility 7x105
mgl~! at 20°C; Linuron [3-(3,4-dichlorophenyl)-1-methoxy-1-methylurea], mol. wt 249-1,
aqueous solubility 81; and Simazine [2-chloro-4,6-bis(ethylamino)-1,3,5-triazine], mol. wt
201 -7, aqueous solubility 3-5. The nematicide was Fenamiphos (ethyl-4-methylthio-m-tolyl
isopropylphosphoramidate), mol. wt 303 -4, aqueous solubility 700. Analytical grade samples
(99%+ purity) of the pesticides were obtained from ICI Australia Ltd. (Diquat); Hoechst
Australia Ltd (Linuron); Bayer Australia Ltd (Fenamiphos) and Ciba-Geigy Auslialia Lid
(Simazine).

Diquat is a knockdown herbicide and is generally considered to be irreversibly adsorbed
by soil. Linuron and Simazine are soil-applied herbicides, while Fenamiphos is used for
nematode control in horticultural soils. These pesticides are applied in W.A. in amounts of
active ingredient per application ranging from 0-1-0-8 kg ha™! (Diquat), 1-3 kg ha™! (Linuron),
1-4 kg ha~! (Simazine) and 5-10 kg ha~! (Fenamiphos), at frequencies ranging from 1-3 times
per year.

Pesticide Analyses

Pesticide concentrations were determined by high performance liquid chromatography
(HPLC). Simazine and Linuron were separated in a Spherisorb 10 ym ODS column,
30 cmx1 -6 mm internal diameter (Phase Separation Ltd) and a mobile phase of methanol and
water (65 : 35 v/v) (Vickery et al. 1980). Diquat was also analysed by reversed phase ion pair
liquid chromatography on an ODS column using a mobile phase of methanol in water (25 : 75)
containing sodium heptane sulfonate, cetrimide, phosphoric acid and diethylamine (Gill et
al. 1983). Fenamiphos was analysed using a normal phase silica gel column (Spherisorb 5
um) with a mobile phase of acetonitrile : water (20 : 80), pH 2-2 (Singh 1989). The pesticides
were detected at 220 nm (Linuron, Simazine), 200 nm (Fenamiphos) and 350 nm (Diquat)
with a variable wavelength u.v. detector (K35 ETP-Kortec, N.S.W).
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Adsorption Studies

Batch distribution isotherms for the pesticides in soils were determined at 20+2°C. In
general, 5 g of air-dried soil was equilibrated in polypropylene centrifuge tubes with 10 ml
of pesticide solution in 0-01 N CaCl,. However, for Diquat adsorption, the amount of soil
used varied with the soil to allow for the larger differences in sorption encountered: 0-1 g
(Wellesley clay), 0-2 g (Gascoyne sandy loam), 2-5 g (Cobiac soil) and 5 g (Bassendean sand)
in 5 ml solution. Pesticide concentrations for different pesticides before equilibration ranged
from 4 to 40 ym (Linuron), 2 to 25 um (Fenamiphos), 20 to 100 um (Simazine) and 20 to
3000 pm (Diquat). The tubes were shaken (end-over-end) for 16 h (Diquat) or 24 h (other
pesticides). Generally, 95% of the adsorption was found to occur in the first 3-4 h.

After equilibration, the suspension was centrifuged at 12000 r.p.m. for 15 min. The
supernatant was pipetted off and analysed immediately or stored at 4°C in a refrigerator for
later analysis. The amount adsorbed by a soil was calculated from the difference between
the initial and final concentrations of pesticide in solution. Pesticide adsorption onto the
walls of the centrifuge tubes was checked by taking blanks and was found to be negligible.
The effect of varying pH was examined by the addition of HCI or NaOH and equilibrating
overnight.

The adsorption of Simazine directly from aqueous solution is difficult to study because
of its low solubility (3-5mgl-!). Consequently, Simazine standard solutions prepared in
methanol were used in this adsorption study. The concentration of methanol in the soil
solution varied from 1 to 2-5% for all soils except Wellesley clay (1-5%), depending on the
concentration of Simazine required. Previous studies (Singh et al. 1989) have demonstrated
that the use of methanol as a co-solvent at concentrations up to 5%, to facilitate measurements
of the adsorption of sparingly soluble pesticides, has no significant effect on the adsorption
measured.

Desorption Studies
(1) Consecutive desorption

In the first instance, desorption of the pesticides was studied using the traditional
consecutive desorption method involving a number of steps of shaking, centrifugation and
resuspension. On completion of the initial adsorption, the suspension was centrifuged and
the soil solution was carefully removed. The solution still remaining in the soil was noted.
A known amount of pesticide-free solution in 0-01 N CaCl, was then added to the soil and
the contents were again shaken for 24 h. After centrifugation, the soil solution was removed
for analysis and the soil was suspended in herbicide-free solution. This procedure was
repeated to generate a desorption isotherm.

(2) Dilution desorption

To eliminate any contributions of repeated shaking and centrifugation to adsorption-
desorption hysteresis, desorption of Simazine from both sand and clay soils was studied
using a dilution method (Bowman and Sans 1985). In this procedure, a number of samples
were taken through the same adsorption step, i.e. subjected to the same concentration of
pesticide solution. After equilibration, three samples were used for measuring the solution
concentration and to calculate the average adsorption. The contents of the remaining samples
were then diluted to different levels with pesticide-free solution. After shaking for 24 h, the
soil suspension was centrifuged (12000 r.p.m. for 15 min) and pesticide concentrations in
solution were determined. Each level of dilution thus provides one point on the desorption
isotherm.

Adsorption Equations

The fit of the data to the Langmuir and Freundlich equations was tested. The linear form
of the Langmuir equation is

C/S = C/Xm +1/bXm (1)
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where S is the amount of pesticide adsorbed by soil (umol kg™!), C is the equilibrium
pesticide concentration in solution (um), Xy is the adsorption maximum (umol kg~1) and b
is a constant related to the energy of adsorption.

The linear form of the Freundlich equation is

log S = logK+nlogC, (2)

where K(u mol!'™" kg=! L") and n (L umol~!) are empirical constants.

Unfortunately, the Freundlich adsorption coefficient (K) for pesticides in soils has been
expressed in the literature in a variety of units by different workers (Bowman 1981). In
equation (2), the units of K depend upon the value of the slope (n), and these cannot be
directly converted to another set of units by using a simple conversion factor unless n=1.
Simple conversion leads to errors, depending on the deviation of n from unity and the
magnitude of K itself (Bowman 1981). These anomalies frequently result in difficulties in
making comparisons between the relative amounts of adsorptions measured.

An alternative approach is to express the adsorption data in the mole fraction form of
the Freundlich equation, whence the modified equation becomes

S=KmeZ". 3

The log transformation is then

log S =log K +nlog Z, (4)

where § is the amount of pesticides adsorbed by the soil (mol g!), Kms is a coefficient
without any physical significance, being no longer a measure of adsorption because it is
evaluated at logZ=0 (Z=1), i.e. when no solvent is present, and Z is the mole fraction
of pesticide in the equilibrium solution (molar pesticide concentration/molar pesticide plus
molar water concentrations). Relative adsorptions can then be evaluated from this equation
at appropriate log Z values.

Results and Discussion
Adsorption Isotherms

All adsorption data, except that for Diquat, fitted well to a Freundlich-type
equation (equation 2). The adsorption isotherms obtained for Fenamiphos,
Linuron and Simazine for the different soils plotted in this form are shown
in Fig. 1. Adsorption parameters from the Langmuir isotherm for Diquat and
the Freundlich adsorption isotherms (for the other pesticides) in the different
soils are given in Table 2.

In studies of pesticide transport, the Freundlich coefficient (n) has, for
convenience, frequently been assumed by many workers to be equal to 1. In
the present work, it was generally found to be less than unity for the three
pesticides, ranging from 0-71 to 1-00 for Fenamiphos, 0-70 to 0-86 for
Linuron and 0-70 to 1-00 for Simazine in the various soils. Similar deviations
from linearity have also been noted by other workers (Hamaker and Thompson
1972; Calvet 1980). Osgerby (1970) observed that such low values of n are
frequently associated with high soil organic matter content, but no such trend
was observed in the present work.
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Freundlich adsorption-
desorption isotherms for (a)
Fenamiphos, (b) Linuron and (c)
Simazine in four soils.
represent Wellesley clay (O),
Bassendean sand (A), Gascoyne
sandy loam (0) and Cobiac loamy
sand (V). Adsorption is represented
by open symbols and desorption by
closed symbols.

Symbols

Table 2. Freundlich adsorption coefficients K and n and Langmuir adsorption

coefficients K, of pesticides in soils

Pesticide Coeffi- Bassendean Gascoyne Cobiac Wellesley
cient® sand sandy loam loamy sand clay
Diquat Km 1765 39067 4905 146 430
b 0-05 0-03 0-01 0-19
KmCEC 0-15 0-31 0-28 0-68
Linuron K 7-06 577 4-68 38-17
n 0-85 0-76 0-70 0-81
Kom 676 390 780 830
Fenamiphos K 6-86 2-58 0-56 19-66
n 0-71 0-80 1-00 1-00
Kowm 572 152 93 421
Simazine K 1-23 0-93 0-53 13-87
n 0-90 0-97 1-00 0-70
Kom 103 55 88 302

A Units of the coefficients are: K (umol™" kg=! L"), n (L umol™!), Km (umol kg™1).
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Fig. 2. Langmuir adsorption-desorption isotherms for Diquat in (a) Bassendean sand, (b}
Gascoyne sandy loam, (c) Cobiac sandy loam and (d) Wellesley clay soil. Open symbols
represent adsorption points and closed symbols represent desorption.

Adsorption isotherms for Diquat on the four soils (linear plots of the data are
shown in Fig. 2) conform well to a Langmuir-type equation (L-type according to
the classification of Giles et. al. 1974). Similar isotherms have been observed
for Diquat sorption on soil organic colloids and on some mineral soils (Weber
1972; Gamar and Mustafa 1975).

Effect of Soil Properties on Pesticide Adsorption

Much of the previously published work on Diquat and Paraquat adsorption
has been carried out on ideal materials such as pure clay minerals, ion
exchange resins, charcoal, etc. Adsorption studies for Diquat on soils are still
meagre compared with those for Paraquat. However, the adsorption behaviour
of Diquat and Paraquat is generally considered to be similar. In the present
case, the values of the adsorption maxima (K,) for Diquat were measured with
clay content in the soil. The ratio of the adsorption maxima to CEC of the
soils ranged from 0-15 in the sand to 0-68 in the clay soil. Other workers
have reported values for Diquat ranging from 0-4 to 0-7 in soils of high
clay content (>40%) from the arid region of Africa (Gamar and Mustafa 1975)
and approaching the value of 1 for pure montmorillonite and kaolinite (Weed
and Weber 1969). Values ranging from 0-1 to 0-3 for Paraquat in soils have
also been observed (Tucker et al. 1967). Khan (1973) reported that humic
and fulvic acids retain considerably less Paraquat and Diquat than that which
corresponds to their cation exchange capacities. Thus, the low values of the
ratio, particularly in these soils with low clay contents, suggest that organic
matter may provide a significant contribution to the adsorption of Diquat.
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Other factors may, however, also contribute to the low values of the ratio
observed here. For example, the determination of CEC using Sr* saturation
at pH may not accurately represent the situation at the lower pH used
during adsorption measurements (except in the case of the Gascoyne soil).
Furthermore, Diquat, because of its larger size, may be stearically hindered
from filling positions to which Sr* has access. Khan (1973), for example, has
observed the phenomena of stearic hindrance to the adsorption of Diquat in
organic matter.

With the exception of the adsorption of Simazine and Fenamiphos on the
Gascoyne sandy loam, the values of the Freundlich adsorption coefficients
(K) for Simazine, Fenamiphos and Linuron generally followed the order of
the organic matter contents in the soils (Table 2). The soils in order of
decreasing adsorption were Wellesley clay > Bassendean sand > Gascoyne sandy
loam > Cobiac loamy sand.

Simple linear regressions of K with various soil properties indicate that
adsorption is strongly correlated with the organic matter content (r2 = 0-94-0-97)
and clay content (r2=0-83-0-96). Soil organic matter content has similarly
been found to correlate well with adsorption of non-ionic chemicals in European
and North American soils (Hamaker and Thompson 1972). Grover (1974) also
found a good correlation between K and organic matter content of soil for a
number of phenylurea herbicides in Canadian soils. A high correlation does
not, however, always give a valid picture of adsorption, as such properties
are frequently interrelated (Burchill et al. 1981).
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Fig. 3. Effect of pH on adsorption
of Linuron (®), Simazine (M) and
Fenamiphos (A) in Bassendean sand.
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Adsorption isotherms for Fenamiphos, Linuron and Simazine on Bassendean
sand at differnt pH values of the soil solution are shown in Fig. 3. The
adsorption of these pesticides decreases with increasing pH of the soil solution.
This effect appears slightly more pronounced in the case of Simazine than
for Linuron and Fenamiphos. This occurs because Simazine is a weakly basic
herbicide and has a pK, of approximately 1-4 (the pH value at which half
the Simazine is in the cation form and the rest is in molecular form). As the
pH increases, the proportion of Simazine cations in solution decreases and
hence the adsorption decreases. Fenamiphos and Linuron are adsorbed by
other mechanisms, such as hydrogen bonding, and this is also affected by pH
to some extent. The adsorption of Diquat was unaffected by change in pH.
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In general, because of the interaction with other soil properties, there was
only poor correlation (r? <0-38 for all soils and pesticides) overall between
adsorption and pH for the soils examined.

Table 3. Adsorption of Fenamiphos, Linuron and Simazine using the modified
Freundlich equation at two mole fractions of pesticides in solution

Soil Fenamiphos Linuron Simazine
10° x adsorption (mol kg~!) at log Zvalues of:
—6-6 -7-2 -6-6 -7-2 ~6-2 —6-8
B. sand 3.236 1-244 7-224 2-137 3-020 0-912
G. sandy loam 6-607 2-454 4-168 1-479 3.019 0-758
C. loamy 0-832 0-223 2-951 1-148 1-820 0-478
W. clay 3-4674 6-092 - 10-96 16-59 6-31

AAtlogZ=-7-5.

Comparison of adsorptions between different soils on the basis of K values
from the nonlinear Freundlich equation is of limited value. The K values are
obtained by extrapolating to log C =0, and hence, independently of n values
(equation 2), do not give a clear picture of adsorption over the experimental
concentration range. It has been suggested (Bowman 1981) that the Freundlich
adsorption isotherm modified to the mole fraction form is more suitable
for comparison between different studies. Hence, the adsorption values
expressed in the mole fraction format corresponding to two different solution
concentrations (mole fraction of pesticide in solution) provide an indication
of the adsorption over the full experimental range of solution concentration.
These values for Fenamiphos, Linuron and Simazine are given in Table 3.

Comparison of the Freundlich K values from Table 2 would suggest that
Gascoyne soil has a lower adsorption affinity than Bassendean sand for Simazine
(K=0-93 compared with 1-2). However, comparison of the adsorption of
Simazine between these soils on the basis of the corresponding modified
Freundlich parameters (Table 3) demonstrates that Gascoyne sandy loam
and Bassendean sand in fact achieve similar adsorption affinities at higher
concentrations. This is also apparent from the linear plots in Fig. 1. Thus, the
observation by Bowman (1981), that use of the modified Freundlich equation is
a better method for comparison of adsorption between different soils, appears
valid.

Surprisingly, Gascoyne sandy loam soil, despite its higher organic matter and
clay content, showed less adsorption than Bassendean sand. This difference
can be attributed largely to the higher pH of this soil, since the adsorption
of both Simazine and Fenamiphos was observed to decrease with increasing
pH of the soils (see Fig. 3). Cobiac soil, despite its high clay and sesquioxide
contents, exhibited the lowest adsorption for all the pesticides except Diquat.
Thus, a comparison in adsorption between Bassendean and Cobiac soil indicates
that the poorly crystalline sesquioxides are not as important adsorbents as
organic matter for these pesticides.

Prediction of Adsorption from Octanol-Water Partition Coefficients

Many workers have reported that adsorption of non-ionic compounds (such
as Linuron and Fenamiphos) by different soils can be well correlated with their
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partition between octanol and water (Karickhoff et al. 1979; Briggs 1981a).
The prediction of adsorption from the octanol-water partition coefficient is
based on the similar role of soil organic matter to that of the organic solvent
(octanol) in partitioning a neutral organic compound between soil organic
matter and water (Briggs 1981a). For Australian soils, it has been reported
that, in the adsorption of non-ionic pesticides, the organic matter (OM) of
these soils behaves similarly to that of British and American soils, and the
following relation has been obtained (Briggs 1981b)

LogKom = 0-521ogKow +0-69, (5)

where KoM = (100K/0M%) and Kow is the octanol-water partition coefficient for
the pesticide.

If the organic matter in different soils behaves similarly, then the adsorption
of a given pesticide per unit weight of organic matter (Koum) for different soils
should be similar. The values of Kom for the three pesticides given in Table 2
varied from one soil to another for any given pesticide. However, the variation
was much lower than in the case of the K values. The values for Fenamiphos
and Simazine were more variable than those for Linuron, presumably because
of the role of pH in the adsorption of the two pesticides.

The Kom values for Linuron for the soils used in the present study and
for other soils reported in the literature have been plotted against organic
matter content of the soils in Fig. 4. Comparison of these Kom values shows
that they differ significantly between soils from the same region as well as
between soils from different regions. Values observed ranged from 295 to
932 pgl~"mL" g-! in five Canadian soils (Grover 1974) and from 269 to 1217
in six British soils (Hance 1965). Briggs (1981b) reported Kom values for
17 Australian soils ranging from 57 to 205 mLg~!. However, these values
were obtained by assuming linear adsorption isotherms and using only one
solution concentration. The range of Kom values found in the present study
for Linuron (using similar units but with nonlinear isotherms) was from 239
to 635 pgl™ mL" gl. This discrepancy may be partly attributable to the
assumption of linearity of the adsorption isotherm made by Briggs (1981b)
and his extrapolation from one solution concentration to obtain K values,
since the assumption of linearity would, if anything, overestimate the correct
values.

Similarly for Fenamiphos, the range observed with soils studied was higher
(104-496 pg!~" mL" g~!) than that reported for some soils of the South Western
United States (73-121 upgl=" mL" g~!) (Bilkert and Rao 1985) and for a silty
clay loam (215 ug!™" mL" g71) (Lee et al. 1986). The higher range of values for
Kom observed for Linuron and Fenamiphos suggests that significant differences
occur in the nature of the organic matter in soils. Similar variations in Kom
values up to 10 orders of magnitude, have been reported in the literature
for the adsorption of other organic adsorbents in soils (Mingelgrin and Gerstl
1983).

The Koum values for Linuron and Fenamiphos, predicted by using the relation
given by Briggs (1981b) for Australian soils (equation 5), are also shown in
Fig. 4. The values of log Kow used for prediction were 2-76 and 3-18 for
Linuron and Fenamiphos respectively (Briggs 1981a). It is evident from Fig. 4
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Fig. 4. Adsorption (Kom = K/OM%) of (a) Fenamiphos and (b) Linuron against soil organic
matter content. In (a) the symbols represent data from present study, M; Bilkert and Rao
(1985), #: Lee et al. (1986), O: and Briggs (1981b), ®. In (b) the symbols represent data from
present study, ®; Grover (1974), #; Hance (1965), O; and Briggs (1981b), M. The dotted line
represents the value of Kom predicted from the octanol-water partition coefficients for the
pesticides.

that the predicted values do not agree with the values observed by different
workers. Even the data obtained by Briggs (1981b) shows considerable scatter.

Clearly, the prediction of adsorption by using octanol partition coefficients
is of little practical value in transport studies, since a small difference in the
distribution coefficient may greatly affect the mobility of pesticides in soils
(Mingelgrin and Gerstl 1983).

Desorption Isotherms

Once again, the desorption data for all pesticides except Diquat followed
the Freundlich equation. Fig. 1 shows both the adsorption and desorption
data for these pesticides obtained by the consecutive method as fitted to
equation (1). Swanson and Dutt (1973) similarly reported that desorption data
for Atrazine followed the Freundlich equation and this equation was also found
to best describe Picloram desorption (van Genuchten et al. 1974). Since both
adsorption and desorption data are well described by the Freundlich equation,
the data in this form can readily be incorporated in pesticide transport models.
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Desorption data obtained with the consecutive method invariably exhibited
hysteresis with all pesticide-soil combinations. This is illustrated by the
different slopes for the desorption and adsorption isotherms (Fig. 1).

Desorption of Diquat followed the Langmuir equation for all soils. As
in the case of the other pesticides, hysteresis was also evident for Diquat,
particularly in the Wellesley clay soil (Fig. 2).

Usually in the analysis of bipyridylium groups of herbicides, such as Paraquat
and Diquat, extraction requires boiling of the soil with 18 M H,SO4. However,
it is interesting to note that in the present study significant amounts of Diquat
could be desorbed for different soils without such treatment. Five successive
desorptions with 0-01 M CaCl; solution resulted in Diquat desorption for the
different soils ranging from 3 to 34% of the amount adsorbed. Up to 62% of
adsorbed Diquat could be desorbed using 0-1 M CaCl,. However, the clay soil
showed relatively less desorption than the sand. Kaolinite is the dominant
clay mineral in these soils. However, the clay soil, in addition to its higher
clay content, had some smectite clay minerals present. Diquat is less strongly
bound to kaolinite than to montmorillonite and up to 80% of adsorbed Diquat
can be desorbed back from kaolinite (Weber and Weed 1968).

Effect of Soil : Solution Ratio on Desorption

In using the dilution method for studying desorption it is assumed that the
partition coefficient is independent of the adsorbent concentration. However,
there is some conflict in the literature over the validity of this assumption.
In contrast to earlier reports (Di Toro et al. 1982; O’Connor and Connolly
1980), Karickhoff et al. (1979) and, recently, Bowman and Sans (1985) found
the partition coefficient to be independent of adsorbent concentration.
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Fig. 5. Effect of soil:solution ratio during desorption on hysteresis for Simazine in
Bassendean soil. Symbols represent soil : solution ratios of 1:2 (®) and 1 : 3(O).

The desorption isotherms for Simazine at two soil : solution ratios are
shown in Fig. 5. Changes in soil: solution ratio had a negligible effect on
desorption hysteresis, suggesting that the changes in adsorbent concentration,
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which may occur at the bottom of centrifuge tubes during centrifugation,
have little effect on the hysteresis. This also demonstrated that the dilution
method can successfully be used for desorption studies.
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Effects of Shaking and Centrifugation on Desorption

Examples of the isotherms for Simazine obtained by both the dilution method
and the consecutive method are shown for two soils in Fig. 6. Although the
dilution method involves one step of centrifugation and shaking, Bowman and
Sans (1985) have shown that the partition is not affected by this single step
of centrifugation. A decrease in the magnitude of hysteresis is observed with
the dilution method but significant hysteresis is still present. This result is
in contrast to the observation by Bowman and Sans (1985) that the dilution
method considerably reduced the level of hysteresis for two organophosphorus
pesticides. On the other hand, Horzempa and Di Toro (1983), in studying
the desorption of polychlorinated biphenyls (PCBs) from sediments by using a
dilution method, found an increase in hysteresis compared with the consecutive
method. They suggested that the effect of centrifugation is more significant
for ionic water-soluble molecules than for neutral non-ionic species. Simazine
is an ionizable compound, but centrifugation had little effect on desorption
hysteresis. Since the dilution method is a relatively more rapid method for
studying desorption than the consecutive method, the possibility of degradation
of pesticides during desorption studies is reduced. Hence, the differences
observed in desorption hysteresis by Bowman and Sans (1985) may be partly
due to degradation effects. The organophosphorus compounds studied by
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Bowman and Sans (1985) are more readily degradable than Simazine and this
may explain the differences observed in the results of the two studies. This
aspect needs further investigation before definitive conclusions can be drawn.
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Fig. 7. Adsorption and desorption points for Linuron in Wellesley clay soil after removal
of organic matter. Open symbols represent adsorption and closed symbols desorption.

Effect of Removal of Organic Matter

The desorption of Linuron was studied after removal of organic matter
by hydrogen peroxide treatment (Kunze 1965) from Wellesley clay soil. The
adsorption-desorption isotherms for the pesticide are shown in Fig. 7. No
hysteresis was found in the absence of organic matter. These observations
provide evidence that the organic matter fraction of the soil is responsible
for the presence of hysteresis. Other workers have similarly concluded that
desorption hysteresis is associated with the organic matter present. For
example, Peck et al. (1980) found that the hysteresis became more pronounced
as the organic matter contents of sediments increased.

The report that complete desorption of lipophilic organic compounds from
sediments could be achieved with certain organic solvents (Freeman and Cheung
1981) is also of particular interest. Singh et al. (1989) demonstrated that at
concentrations above 10%, the presence of the organic co-solvent markedly
affected adsorption for both Linuron and Simazine on Wellesley clay soil and,
in particular, produced a decrease in hysteresis with increasing methanol
content in the solution. Hysteresis was almost absent when the methanol
content was 50% in the mixed solution.

Organic solvents in mixed solvent systems may cause swelling or shrinkage
of an organic carbon matrix which can influence the rate of desorption of
an adsorbed species (Freeman and Cheung 1981). It has been suggested
that isotherm nonsingularity can occur as a result of resistant or irreversible
components (Di Toro and Horzempa 1982), some ‘lock in’ mechanism (Johnson
and Starr 1972), or cage effects (Ogner and Schnitzer 1971). The almost
complete desorption of Linuron and Simazine with 50% methanol can be
explained on the basis of the observations and model of sorption on sediments
given by Freeman and Cheung (1981). This model assumes that adsorption
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is due to organic polymers associated with the complex of clay sediments.
The gel-type swelling of polymers occurs due to liquid-polymer interactions.
Although the organic co-solvent (methanol) used by Singh et al. (1989) did
not result in maximum swelling of organic matter and maximum desorption
rate according to the model, considerably more swelling than in water is to
be expected. The decrease in the magnitude of desorption hysteresis with
increasing methanol concentration observed by Singh et al. (1989) is thus
consistent with the model and suggests that soil organic matter plays a
significant role in producing desorption hysteresis.
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Abstract

Pollution potentials of diquat, linuron and simazine
herbicides and fenamiphos nematicide have been evaluated from
their sorption and degradation behavior in a Bassendean sand.
A mathematical screening model available in the literature
was used. The original model assumes a decreasing rate of
pesticide degradation but a constant organic matter content
with depth in the soil profile. Calculations based on this
model showed that for a recharge rate of 0.5 m/yr, about 0.02

percent of applied diquat and simazine; and less than 2x10-12
percent of applied linuron and fenamiphos, reach groundwater.
However, when decreasing organic matter content with depth in
the soil profile (as observed for three profiles of
Bassendean sands) was incorporated in the model, the
calculations indicated that upto 40 % of diquat, 18 % of
simazine and approximately 1 % of both fenamiphos and linuron
applied, could potentially reach groundwater. The time needed
for a pesticide to reach the water table varied with its
sorption to soil.

Introduction

Evaluation of the potential of pesticides to reach
groundwaters needs to take into account both the extent of
their retention and the rate of degradation as a consequence
of biochemical activity. Retention can be estimated from thin
layer soil chromatography (Helling, 1971); octanol/water
partition coefficients (Lambert, 1967); partition
coefficients for soil organic matter (Rao and Davidson, 1980)
etc. Jury et al (1983) developed a screening model for
estimating the pollution potential of a number of pesticides
(Jury et al 1987) based on the mobility and the persistence
of pesticides in soils. Similarly, Rao et al (1985) used an
index based on the residence time and half life of the
pesticides in the vadose zone.
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In view of the significance of groundwater as a supply
for domestic and other purposes in the Perth region and the
increasing use of a wide range of pesticides, it is essential
that realistic estimates of pollution potentials of
pesticides be obtained. In this paper, the amounts of
pesticides reaching groundwater through Bassendean sand
profiles common in the Swan Coastal Plain have been
calculated as a function of depth to water table and organic
matter distribution in the soil profile using the model of
Jury et al (1983)

Theory

The model developed by Jury et al (1983) assumes a
steady water flow, equilibrium adsorption and a depth
dependent rate of biodegradation. It takes into account the
decrease in microbial population with depth in a soil
profile, but assumes a uniform organic carbon content
throughout the soil profile. In practice, the subsurface
layers of soil profiles almost invariably have significantly
lower organic carbon contents than the surface layers.

A chemical is assumed to undergo linear, reversible,
equilibrium adsorption and first order biochemical decay,
while being leached at a uniform average drainage rate Jw (m

d_l). The soil profile is divided into three zones:

(1) a surface zone (from surface to a depth L) with a
constant microbial population density and hence a
constant rate of degradation of a chemical;

(2) a lower vadose zone (from depth L to H) with an
exponentially declining microbial population
density and wherein the degradation constant is
proportional to microbial population; and

(3) a deep zone (depth below H) with a residual value
of both microbial population density and the
degradation constant.

The adsorption of a chemical by a soil is given by its

organic carbon distribution coefficient Koc (Kg m-3) and

degradation by biochemical half-life T (d). It is assumed that

the soil has constant values of volumetric water content (0),

soil bulk density Bd (Kg m_3) and fraction of organic carbon
(foc) .

e S ——
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The chemical is assumed to be applied at the surface
(z=0) in a single application of mass MO per unit area at

t=0.

For simplicity, diffusion and dispersion are neglected
and thus piston flow is assumed. Though, this can lead to an
underestimation of the time needed for a chemical to reach
groundwater and an overestimation of the concentration

reaching groundwater. Under these conditions, the resultant
mass balance equation can be written as '

dCt/dt + Jw (dC/dz) + W(z)C¢ = O aww. (1)
The total solute concentration Ct (g m_3) is given by

Ct =Bd S +6C caw e (2)

where, S (g kg_l) is adsorbed concentration, C (g m_3) is

solution concentration, and H(z) (d—l) is the biochemical
degradation rate constant. The equilibrium adsorption is
represented by a linear adsorption relation

S = Kd C = foc Koc C wiaa e (3)

where Kd (m3 kg_l) is the distribution coefficient
Combining Eq. (2) and (3) gives

Ct = (Bd foc Koc + 0)C = Ry, C(4) e...(4)
where Ry, 1s ratio of total to solution concentration.
Combining Eqg. (1) with Eqg. (4) gives

oCt/dt + V_ (dCt/dz) + M(z)Ct = O . e .. (5)

E

where the effective solute velocity V_ = Jw/RL.

E
Assuming the soil to be initially free of solute i.e. Ct
(0,z) = 0 and considering a single flux of mass Mp applied to

the soil at t=0, the amount of mass reaching a depth z is
given by (Jury et al 1983).

M(z) = Mg exp [(-1/V_ ) H(z) dz] «.--(6)
E

The degradation rate coefficient [ is assumed proporticonal to
the microbial population density E(z) of the different zones.



e e et e i i b i i M b e i e i i e

50

In the surface zone 0 < z < L;

E = EO '...(7)

=Ry = 0.693/7 csow(8)

In the transition zone L < z < H

E = EO exp [-Q(z-L)] sava s (9)

g =
i

L, E/E, ... (10)

where Q (m—l) is the depth constant.

In the residual zone z >H

Il

E E. exp [-Q(H-L)] = Eyp cL. (1)

0

l

1 Mo Er/ EO = Hr e (12)

With the depth dependence of degradation described in Egs.

(7) to (11); the fraction of mass applied at the surface that
has not degraded (M(z)/Mg) 1s given by

1. Surface zone

M(z) /Mg = exp [—uo z/VE] e .. (13D

2. Transition zone

M(z)/ Mg = exp [{—HO/(QVE)} (l—exp {-Q(z-L)})] ....(14)

For Q(z-L) >> 1, M(z)/Mp approaches the constant value My in
the transition zone given by

M(z) /M0 = Mr = exp [~ (Ry/Vp) (L+(1/Q))] c...(15)

3. Residual zone

The mass will continue to degrade at a rate described by
Eg. (12). Thus for time greater than the residence time (tH =

H/ VE) required to reach z = H, the mass fraction M(t)/Mo

will follow the equation:
M(t)/Mg = My exp (-Hrt) cee. (16)

The model described above was also meodified to take into
account the decreasing organic carbon content generally
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observed in soil profiles. For example, organic carbon data
from three so0il profiles of a Bassendean sand indicated an
exponential decrease in organic carbon contents down to 0.5 m
depth of soil. The surface organic carbon contents varied
from 1 to 7 %. The ratio of organic carbon at a given depth
(focz)to the organic carbon in the surface layer (foco) is

plotted against depth in Figure 1. A best fit line for the
three soil profiles was obtained with

focz/focO = focO exp (=5.0 z) : e (17

where z is depth of soil in meters.

At soil depths greater than 0.5 m the organic carbon
contents were almost constant. Hence, based on organic carbon
contents, the soil profile could be divided into two zones.

A surface zone ( 0 > z > L) where

foc = focg exp (-5.0 z) and cee . (18)
a subsurface zone (z > L) where

foc = focp exp (-5.0 L) e o (19)

The solute flow velocity V is determined by the

E’
organic carbon contents of the soil profiles (given by Eq..
(18) and Eg. (19)) .For the two zones these are given by:

Vi = Jw/ [{exp (-5.0 z)} focp Koc Bd + 0] .. (20)

for the surface zone (0 > z > L) and

Vg = Jw/[{exp (-5.0 L)} focg Koc Bd + 0] s s (21)

for both the transition and deep zones (z < L)

The fraction of mass applied at the surface that has not
degraded is obtained by incorporating the appropriate
expression for Vg (Eg. 20 and 21) in Eg. (13) to (16).

Model parameters

Calculations were made for the four pesticides in
Bassendean sand. The adsorption parameters, Koc, for the
pesticides, were obtained from batch adsorption experiments,
and are given in Table 2. Biochemical half-lives were taken
from the literature, although actual half-lives for these
pesticides may be different in Bassendean sand. Other
required soil and environmental parameters e.g., Jw; Bd; foc;
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and O were measured in the laboratory. Moisture content at

saturation of a Bassendean sand was 0.3 m3/m3, and decreased
rapidly to 0.05 at a water potential of 10 KPA. An average of

0.2 mj/m3 was chosen for the calculations. Considering an

annual rainfall between 700-800 mm, an average 0 of 0.2 m3/m3

and a recharge rate equivalent to 19 % of annual rainfall
(reported by Ventriss, 1988 for part of Swan coastal plain);
a Jw = 0.5 m/yr was assumed to be appropriate for the
calculations. The microbial population density was assumed to

decrease with a depth factor Q = 3 m_1 as reported by Focht
and Joseph (1973). Values of parameters used in the
calculations are summarized in Table 1.

Table 1 Parameters used in the calculations

3
Bd 1500 kg/m
3] 0.2 m3/ m3
foc 0.006 kg/kg
L 0.5 m
H 3.0 m
Jw 0.5 m/yr
Q 3 m_l

Results and Discussion

The distributions of simazine in the profile of a
Bassendean sand, obtained for different rates of degradation
and conditions given in Table 1, are shown in Fig. 2. The
concentration of simazine decreased exponentially in the zone
of constant degradation and approached a residual value in
the transition zone. The marked effect of bio-chemical half
life on the pesticide distribution is apparent.

Residual concentrations of pesticides reaching a three
meter depth of Bassendean sand, under various degradation
rates along with times taken to reach the depth for the four
pesticides are given in Table 2. In Fig. 3, the concentration
distributions for the four pesticides are shown. Simazine,
because of its lower adsorption and slower degradation rate,
shows much higher concentrations in solution at all soil
depths. The fraction of applied concentration of fenamiphos

and linuron fell to very low values (less than 10 B percent
of applied mass) at depths below the surface zone (>0.5 m).
Although diguat, is adsorbed by soil in much greater amounts

1
¢
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than the other pesticides (Table 2), concentrations similar
to those for simazine, were observed at all depths. This is
because of the very slow rate of degradation used for diquat.
In the absence of reports on degradation for diquat (Corwin
and Farmer, 1985), a half life of 20 years, as reported for
paraquat (ICI, 1984), was used in the calculations.

Fenamiphos, despite higher application rates, shows very
low concentrations at a depth of 3 m, because of its faster
degradation rate. Fenamiphos is oxidized very quickly (half-
life = 10 d; Jury et al 1987) to it's sulfoxide and sulfone,
which also have pesticidal properties. For degradation of
fenamiphos and its two metabolites as total residue, a range
of half lives (from 38-67 d) have been found (Bilkert and
Rao, 1986). Applying these values shows that a significant
fraction of fenamiphos residues can leach to depths greater
than 1 m, particularly when the organic carbon content in the
soil profile decreases rapidly.

A comparison of the calculated distributions of
pesticides in the soil profile for constant and variable
organic carbon contents (Teble 2) shows that with decreasing
organic carbon contents in the soill profile, much higher
residual concentrations (e.g. 40 % c.f. 0.017 % for diguat
and 18% c.f. 0.021 % for simazine ) reach to groundwater.The
time needed for a pesticides to reach groundwater is
significantly reduced (e.g. 9 yrs c.f. 2 yrs for simazine and
45 yrs c.f. 7 yrs for linuron, Table 2).

These calculations show that while the time taken for a
pesticide to reach groundwater depends on the extent of its
adsorption to soil, the actual concentrations reaching
groundwaters are determined by both adsorption and
degradation. The distribution of organic matter in a soil
profile must be taken into account while evaluating the
pollution potential of a pesticide. Assumption of a constant
organic matter throughout the profile, as in the model of
Jury et al (1983), can significantly underestimate the
concentrations of pesticides reaching groundwaters.



54

Table 2 Residual concentrations of pesticides reaching a

depth of 3 meters in Bassendean sand under 0.5 m/yr
recharge rate.

Koc Half- Fraction Time Applied conc@
life of applied (tH) mass at 3 m
mass a.i. depth
Kg m-3 d yrs Kg/ha** mg/1
Simazine
0.037 32 (1) 2.4%10 2 9 1.0 1.2%x10" =
0.037 75 (2) 2.1x10 2 9 1.0 1.0x1072 i
* -
0.037 75" (2) 1.8x107 ¢ 2 1.0 9.0 |
|
Fenamiphos f
|
0.137 10 (2) 6.2x10 23 30 10.0 3.1x107 2% |
0.137 38 (3) 5.4x10 2° 30 10.0 2.7x10" %3
0.137 67 (3) 1.7x10" 1% 30 10.0 8.5x10 2
x A -1
0.137 67" (3) 7.2%10 7 10.0 3.6x10
Linuron
0.21 75(2) 2.9x10 12 a5  2.25 1.4x10° 7 |
% -2 -1
0.21 757 (2) 1.1x10 7 2.25 5.5%x10
Diquat
4.25 7300(4)  1.7x10-4 450 1.0 0.8x10 2
4.25 7300% (4) 4.0x10-1 166 1.0 2.0x10%

Figures in parenthesis refer to the source of data

(1) Piper (1989; unpublished)

(2) Jury et al. (1987)

(3) Bilkert and Rao (1986)

(4) ICI, 1984

Calculated with decreasing organic carbon content
Based on recommended rates of application in Western
Australia '

In 1 cm soil layer with 0 of 0.2 cm3/cm3.
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A finite-difference numerical model is
presented for the transport of multiple-
species cations coupled with ion exchange
during unsteady, unsaturated water flow
in soil. The model requires consecutive so-
lutions of the continuity equation for water
flow to obtain distributions of soil water
content 0(z, t) and a convective-dispersive
transport equation for each major cation
species i to obtain corresponding aqueous-
phase concentrations Ci(z, t).

Experimental data from the literature
were used to validate water flow and com-
mon-anion transport for conditions of un-
steady flow in unsaturated soil. Simulated
transport of two divalent cation species
during unsteady, unsaturated flow in
sandy soil demonstrated the importance of
exchange selectivity by soil sites in the
leaching of native ion species by invading
species. Transport involving three cations
was simulated during a sequence of infil-
tration of electrolytle solution, redistribu-
tion of soil water, and irrigation with
ground water for a sandy soil.

Current mathematical formulations of
the transport model limit simulations to
conditions where soil solution normality is
not allowed to approach very small values.

Transport of chemicals during conditions of
unsteady water flow in water-unsaturated soils
has important implications for managing soils
in ways that minimize ground water contami-
nation. Such conditions occur commonly in ag-
riculture when rainfall or irrigation induces
water infiltration into soil that has reccived
applications ol agrichemicals such as nulrients
and herbicides.

Transport of Conservative Solutes in Soil
During Unsteady, Unsaturated Water Flow:
Review

Quantitative description of chemical trans-
port through the vadose zone during unsteady
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?Soil Science Dept., G159 McCarty Hall, Univ. of
Florida, Gainesville, 32611.

¥ Soil Science and Plant Nutrition Dept., Univ. of .

Western Australia, Nedlands, 6009.
Received 8 Mar. 1989; revised 12 Mar. 1990.

flow is well known (Bresler 1973; Nielsen et al.
198G) to require quantitative description of
waler {low as a first approximation. A number
of complex, interactive, physical, chemical, and
microbiological mechanisms affect (Nielsen et
al. 1986) both chemical transport and water {flow
in the vadose zone. Chemical transport in the
vadose zone is often a controlling determinant
of groundwater quality since recharge occurs as
a consequence of net water flow through unsat-
urated soil. i

For transport of nonreactive solutes during
unsteady, unsaturated water flow through soil
with uniform initial water content 6, results
from mathematical models (Warrick et al. 1971;
Smiles et al. 1981; Wilson and Gelhar 1981;
Smiles and Gardiner 1982; Bond and Smiles
1983; Watson and Jones 1984), and experimen-
tal data (Smiles and Philip 1978; Bond et al.
1984; Bond 1986) have shown that the solute
front tends Lo lag behind the advancing wetting
front during unsteady, unsaturated flow.

The hydrodynamic dispersion coefficient for
a conservative solute has been shown to increase
(Watson and Jones 1982; Bond 1986) with pore
velocity of the water during transient [low, with
the most pronounced velocity-dependence tak-
ing place during infiltration at high rates.

When water is ponded at the soil surface
(Warrick et al. 1971), the ratio of the asymptotic
rates [or solute- and water-front advance is sim-
ply I' = (0. — 0,]/10.] = 1, where 4, is Lthe initial
soil water content and 0, is the saturated water
conlent at the soil surface. This ratio I' de-
creases with increasing f,,, because solule move-
ment represents actual displacemenh of soil so-
lution through available pore space (Wilson and
Gelhar 1981), whereas changes in the water con-
tent behave simply, as the result of propagation
of a disturbance in water content or pressure.

If the soil pores are completely accessible (so-
lution is thus mobile) to invading solution, then
complete pistonlike displacement (Smiles and
Philip 1978; Grismer 1986) may be assumed;
however, incomplete displacement has been re-
ported (Laryea et al. 1982; Smiles and Gardiner
1982) for aggregated soils. Immobility of water
in soil micropores (de Smedt et al. 1986G), anion
exclusion (Bresler 1973), and preferential flow

730
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in macropores (Nielsen et al. 1986) all may
contribute to incomplete displacement. Com-
plete displacement in relatively wet soil has been
reported (Grismer 1986) to require a larger liquid
flux at the soil surface during infiltration than
for a soil that is initially drier. Leaching of
soluble salts from field soils is known (Nielsen
and Biggar 1967) to occur more efficiently under
conditions of low-intensity rainfall or irrigation
in comparison to ponded infiltration. Interme-
diate low-intensity rainfall with intervening pe-
riods of redistribution is also more efficient
(Nielsen and Biggar 1967) than continuous rain-
fall.

A nonuniform distribution of initial soil water
content 0,(z) during either steady or transient
infiltration has been shown (Wilson and Gelhar
1981) to either stretch or contract an applied
solute pulse as it propagates through the soil.

Bond (1986 and 1987) demonstrated that
asymmetry of solute pulses may occur during
unsteady flow in unsaturated soil due to differ-
ences in hydrodynamic dispersion coefficients
at the two edges of the moving pulse. Such pulses
become more symmetric as time increases. If the
pulse is small and the initial water content is
relatively large, then the transition from asym-
metry to symmetry occurs rapidly.

Using numerical analysis of transient water
flow in field soils, Russo et al. (1989) showed
that the transport of conservative solutes could
be retarded relative to that predicted by assum-
ing a homogeneous and nonhysteretic soil water
system. Failure to account for vertical hetero-
geneity in soil hydraulic properties may tend to
retard solute transport near the soil surface be-
cause highly resistive zones in the profile may
limit the flow and cause an irregular water con-
tent distribution. Failure to account for soil
water hysteresis was also shown to retard solute
transport through the surface zone due to under-
estimation of actual water content.

Transport of Inorganic Cations in Soil During
Unsteady, Unsaturated Water Flow: Review

For nonconservative solutes which react
chemically and/or microbiologically with com-
ponents in the porous soil matrix, rates of solute
transport during unsteady flow in unsaturated
soil may be many orders of magnitude smaller
than the rate of water movement. Reactions
such as cation exchange (Cho 1985; Mansell et
al. 1986; Schulin et al. 1986; Mansell et al. 1988),
sorption-desorption of anions (Mansell and Se-
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lim 1981), and sorption-desorption of herbicides
(Elzeftawy et al. 1976; Selim et al. 1976; Jyothi?)
may result in pronounced retardation of advanc-
ing solute fronts in unsaturated as well as satu-
rated soils.

Although considerable literature is devoted to
cation transport during steady flow in saturated
soils (Lai et al. 1978; Valocchi el al. 1981; Cho
1985; Mansell et al. 1988), limited experimental
research has been reported for transport of cat-
ions during unsteady flow in unsaturated soil.
In the cation transport model for steady, satu-
rated flow presented by Valocchi et al. (1981),
constant cation exchange capacity imposed elec-
troneutrality requiring that exchange sites be
occupied by ions, and invariant selectivily coef-
ficients for binary ion exchange provided the
basis for describing competition among ion spe-
cies. Using a similar approach, Cho (1985) in-
vestigated the displacing of solutions containing
one ion (displacing or invading species) through
soil initially saturated with another ion (native
species). A large selectivity coefficient which
favored the displacing ion resulted in efficient
removal of the native ion from the soil. Under
those conditions the advancing front for the
invading ion was sharp with smaller rates of
advance, compared to a diffuse front with a
larger rate of advance when the selectivity was
small. Cho (1985) also noled that large ratios of
cation exchange capacity 1o solution normality
tended to provide greater retardation of the ad-
vancing front for ion A. During helerovalent
exchange, larger magnitudes of that ratio gen-
erally favored adsorption of divalent over mon-
ovalent ions. This trend was reversed for smaller
ratios.

For steady, saturated flow in columns of sandy
soil with low cation exchange capacity, Starr
and Parlange (1979) reported that displacing
initial soil solution with a high normality solu-
tion containing a preferred invading ion resulted
in near quantitative replacement of exchangea-
ble native ions within <2 pore volumes of el-
fluent. Simple mass action resulted in displace-
ment of the native ions as a “snow plow effect.”

Laryea et al. (1982) reported spatial distrilu-
tions of water content and ion concentrations
as a result of horizontal infiltration of a 1 M
solution of KCI into an initially air-dry, Ca-

*V. Jyothi, 1971, Miscible displacement of 2,4-D
Herbicide during coustant liquid flow velocily into
initially dry soils. Ph.D. diss., Univ. of Floricla, Gaines-
ville.
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saturated, silty clay loam soil. The anion {ront
was observed to lag slightly behind the water
front due to the presence of initial soil water
with low molarity. However, ion exchange re-
sulted in a much larger lag of the potassium
front behind the chloride front.

Bond and Phillips (1990) reported an approx-
imate analytical solution for describing binary
cation transport in soil during unsteady, unsat-
urated water flow conditions. Their solution was
based upon a moving coordinate system or set
of characteristics (Wilson and Gelhar 1981).
Constant cation exchange capacity and local
chemical equilibrium were assumed. They
showed that water content and pore water ve-
locity could be treated as constant over the
region of dispersion of cations during unsteady
water flow in unsaturated soil. Under conditions
where initial and displacing solution normalities
(Cp) differed and the bulk of the exchange re-
action occurred well behind the anion front,
exchange was assumed to have occurred in a
region of constant normality. Effects of disper-
sion and the shape of the exchange isotherm
were treated separately and then combined.

Nonequilibrium Behavior of Cation Transport
in Soils: Review

In a recent review of cation transport coupled
with ion exchange, Selim et al. (1989) indicated
that experimentally-observed nonequilibrium
behavior of cation exchange during water {low
in some aggregated soils is attributable to phys-
ical as well as chemical processes. Two-site
models with sites characterized by instanta-
neous and diffusion-controlled mass transfer
(kinetic) between solid and solution phases have
been used (Parker and Jardine 1986) to simulate
cation transport coupled with ion exchange.
Two-region models with diffusion-controlled
mass transfer between exchange sites located
within mobile (large pores between aggregates)
and immobile (small pores within aggregates)
flow regions have also been used (Schulin et al.
1986; Selim et al. 1987) to simulate cation trans-
port coupled with ion exchange. Both the two-
site and the two-region models provide an ap-
parent kinetic behavior to cation exchange dur-
ing transport with water through the soil.

Mansell et al. (1988) modified a transport
model reported by Valocchi et al. (1981) to in-
clude mobile/immobile flow zones (two-region
model approach) in the soil. Exchange selectiv-
ity coefficients were allowed to vary locally in

MANSELL, BLOOM, AND AYLMORE

the soil as the composition of the solution
changed over time and space. Solution normality
was held time-invariant. The presence of an
immobile solution zone led to breakthrough
curves (BTC) in effluent from soil columns that
were characteristically early and sharp, but that
included tailing. Diffusive transfer of ions be-
tween the two flow regions imposed an effective
time-dependency on ion exchange during flow
even though local chemical equilibrium was
maintained throughout. Allowing binary selec-
tivity coefficients to vary with solution compo-
sition permitted more realistic description of
BTC shape, tailing, and retardation. The model
was observed to successfully simulate the trans-
port of Na* and Mg?* during steady flow through
a loam soil that was initially salurated with Ca®**.

OBJECTIVES

Objectives for our paper were: 1) to present a
numerical mathematical model for describing
the simultaneous transport of multiple species
of cations during the case of unsteady water flow
in unsaturated soil, 2) to use data from the
literature to validate use of the model to describe
water {low and transport of a conservative solute
during infiltration, 3) to use model sensitivity
analysis to demonstrate the importance of the
exchange selectivity coefficient in describing bi-
nary, homovalent ion transport during infiltra-
tion in sandy soils, and 4) to demonstrate utility
of the model by simulating the transport of three
ion species during transient water flow (salt
solution infiltration, redistribution, and irriga-
tion) in a soil profile.

MATHEMATICAL MODEL

Mathematical description of cation transport
in soil during unsteady, unsaturated water flow
requires sequential solutions of highly-nonlinear
differential equations (Bresler 1973; Nielsen et
al. 1986) for water flow and for solute transport.
Nonhysteretic, one-dimensional water flow is
commonly described by the continuity equation

a0/3t = — dq/dz {1}
where t is time (s), z is distance (m), 0 is volu-
metric water content (m* m™), and q {m s7') is
the Darcy water flux. FFor vertical flow which is

gravity-enhanced, z can be designated as depth
and flux can be wrilten as

q = —«(h) [oh/dz — 1] (2]

where «(h) is hydraulic conductivity (m s™') and
h is water pressure head (m of water). For hori-
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zontal flow, z is lateral distance and the gravi-
tational term (i.e., —1) is omitted from equation
[2]. Equations [1] and [2] can be combined to
yield the Richards’ equation in terms of pressure
head

¥(h) 0h/dt = 9[x(h) dh/dz]/dz — dxk(h)/dz
(3]

where ¥(h) = d6/0h is the water capacity or
slope of the soil water-retention curve 6(h).

For infiltration of water into very dry soil, the
presence of very steep gradients of h is well
known to cause special difficulties with numer-
ical simulations of equation [3]. Recently Hills
et al. (1989) reported efficient algorithms for
predicting water flow in relatively dry, layered
soils using two-step Crank-Nicholson versions
of 0- and h-based forms of Richards’ equation.

Equation [3] can be solved numerically if spe-
cific input information is provided (Nielsen et

al. 1986) for unsaturated hydraulic conductivity'

x(h) and soil-water retention #(h) functions. For
water content near saturation, a small finite
value (7 X 107" m™*) was used for ¥ in equation
[3]. Both «(h) and #(h) functions are generally
highly nonlinear for most soils. A commonly-
used alternative to the time-consuming direct
measurement of «(h) is to utilize an analytical
model (van Genuchten 1980) to calculate this
function. Experimental data for ¢ versus h was
least-square fitted with the van Genuchten
equation for effective water saturation, resulting
in the empirical constants « and 5. Optimized
values for «, 5, and «, (an experimentally-deter-
mined value for the hydraulic conductivity at
field water saturation) for a specific soil are then
used to calculate hydraulic conductivity «(P) as
a function of effective saturation. The van Gen-
uchten (1980) method for predicting unsatu-
rated hydraulic conductivity has been shown
(Nielsen et al. 1986) to work well for coarse- and
medium-textured soils. Less accurate predic-
tions have been obtained for fine-textured soils.

A constant-flux boundary condition is as-
sumed for the upper soil surface (z = 0)

Q=02 for t>0, [4]

and the semi-infinite soil profile is assumed to
have uniform hydraulic and chemical properties.
If the intensity (flux) of applied water € is less
than the saturated hydraulic conductivity «.,
unsaturated flow is assured and the water con-
tent at the soil surface 0, (Hanks and Ashcroft
1980) tends to increase with Q, because 0, cor-
responds to k, when Q = «,. For a finite profile
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of length L, a no-flow condition is imposed at z
= L. by setting dh/dz = 1 until the pressure head
at L reaches zero. Outflow flux at z = L then
occurs according to

q(L, t) = —«.[{oh/dz] — 1] (5]

Initially, a uniform water content 0, and pres-
sure head h; are assumed for the soil profile.

A chromatographic modeling approach
(Rubin and James 1973; Valocchi et al. 1981;
Mansell et al. 1988) has been used previously Lo
describe the simultaneous transport of multiple
cation species in soil during steady, saturated
water flow. This approach is adopted here to
describe cation transport during unsteady, un-
saturated water flow. A coupled system of N
nonlinear partial-differential equations are re-
quired to describe convective-dispersive trans-
port for N cation species in water-unsaturated
soil during unsteady liquid flow

a(0C; + pS))/ot = —3F./z

, (6]
1=1,23,.., N

where C; is the concentration (mol. m™) of
species i in the solution phase, S; is the concen-
tration (mol, Mg™) of species i in the exchange
phase, F; is the flux (mol, s™' m™) of species i
and is defined as

and D; is the hydrodynamic dispersion coeffi-
cient (m? s7') for species i. D; is taken here as
equal to D for all species and is assumed to be
dependent upon pore-water velocity v = q/f (m
s™') according (Watson and Jones 1982) to

D=D,+8]|v]| (8]

where D, is the diffusion coefficient (m?s™') and
£ is the dispersivity (m). During unsteady liquid
flow, the parameters 0(z, t) and q(z, t) in equa-
tions [6], [7], and [8] vary with time and space.

Using the approach of Valocchi et al. (1981)
and equation [1], equations [6] and [7] can be
combined to give

[6R:}0C:/dt = 8[0D(3C:/0z)]/dz — qdC./dz
+ [o/g] Ei h;0C;/at (9]

Vil
1i=1,2,3..,N

where the coupling functions g;, h;, and h;; and
the retardation function R, are defined (Rubin
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and James 1973; Valocchi®) as

g = 1+ [1/1’;8;] 2 I'ij [10]
by = [1/r,Cl] Z L;S; [11]
h; = Si/C; (12]
and
Ri =1+ [p/0] [hi/gi] [13]

The parameters r; and r; represent the valences
for ion species i and j, respectively. This ap-
proach (Valocchi et al. 1981) assumes a constant
cation exchange capacity Sy (mol, Mg™') where
St = ¥ S, but does not require constant solution

normality Cr = ¥, C.. The coupling functions g,

i=1
hs, and h;; were calculated (Valocchi®) using a
general binary ion exchange isotherm

S KGOS = SiC [14]

where K is a binary ion-exchange selectivity
coelficient given by

Ky = CrmiKy* {15]

The dimensionless form for K;; is defined as

S.* Ty S.* N
e =
= [c} [Cj*]

C. is the total solution normality (mol, m™),
(;* is the equivalent fraction of species i in the
solution phase, and S;” is the equivalent fraction
of species i in the exchange phase. Adopting the
approach of Valocchi et al. (1981), activity coef-
ficients for ion concentrations in the solution
phase were assigned a value of unity, so concen-
trations rather than activities were actually used
throughout the model. Valocchi et al. (1981)
showed earlier that the use of concentrations
provided adequate simulations for cation trans-
port in an aquifer. Because of the assumption of
local chemical equilibrium in the model de-
scribed by equations [9] through [16], zero val-
ues for solution normality Cy must be approxi-
mated locally in the soil by small finite values
during model simulations. For a constant value
for Cr, selectivity coefficients K may be held
constant or may be allowed to vary (Mansell et
al. 1988) with the ionic composition of the soil
solution according to experimental exchange

[16]

» A. J. Valocchi, 1981, Transport of ion-exchanging
solutes during groundwatler recharge. Ph.D. diss.,
Stanford Univ., Palo Alto, California.
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isotherms for each binary combination of all
major cation species in the system. The model
allows the use of variable Cr, but Kj is also
known to vary with Cy during heterovalent ex-
change. In general, ion exchangers prefer coun-
ter ions of higher valence (Helfferich 1962), and
preference increases with dilution of the solu-
tion. For example, increasing C during heter-
ovalent exchange in soil tends to enhance (Lai
et al. 1978) the adsorption of a monovalent ion.
Thus, variable Cr implies the need for variable
K;-in the model. Although the use of binary
exchange coefficients to describe competitive
exchange among three or more ion species vio-
Jates principles of chemical thermodynamics,
the mathematical complexity of the model is
greatly simplified by the use of binary K, values
as long as the correspondence of simulated to
observed data remains good (Mansell el al.
1988).

If a single common anion species occurs in the
soil/water system, equation [1] can be summed
across all cation species i to provide a transport
equation for solution normality

09C/ot = [0D|0C+/d2})/d2 — q dC+/dz  [17]
This equation is only needed when solution nor-
mality Ci(z, t} is designated as a variable in
space and time.

A constant concentration boundary condition
for each ion species i in solution is maintained
at the soil surface (z = 0)

Ci(0, t) = Gy t>0

for [18]

A soil profile of semi-infinite length is assumed
here. For a profile of finite length L, the bound-
ary condition at z = L. when water outflow occurs
is given by
JdCi/oz = 0 [19]
A Crank-Nicholson finite-differencing tech-
nique (Selim et al. 1976) was used to solve
equation [3] in order to obtain soil water-pres-
sure head h(z, t) during unsteady liquid flow.
Pressure head values were then used in equation
[2] to calculate water flux g(z, t) values for input
to the cation transport equation [9]. Each of the
terms in equation (3) was expressed in finite-
difference form for depth z = kAz and time t =
[n + 34]At, where Az is the spacing between
nodes, At is the time step, k is an index for
incremental depth, and n is an index for incre-
menting time during simulations.
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A Crank-Nicholson finite-differencing tech-
nique was also used to solve equation [9] for
cation concentrations C;(z, t) in the soil solution
during unsteady flow. Values of Az and At for
numerical simulations were chosen to provide
rapid convergence, minimum mass-balance er-
rors, and good computational efficiency. Overall
mass-balance error as well as mass-balance er-
rors for each ion species were automatically
monitored by the computer program. A uniform
node spacing using Az = 0.25 cm and a variable
time step At were used in all simulations for
cation transport and for water flow. The time
step was automatically started using 0.1 s and
increased stepwise to a maximum value of 50 s
as the simulation progressed. The maximum At
value was used thereafter. Values for Ci(z, t)
were then used in equation [15] to determine
corresponding values for concentrations S;(z, t)
of each ion species in the exchange phase.

SIMULATED TERNARY-CATION TRANSPORT
DURING STEADY, SATURATED WATER FLOW IN
SOIL

The current published literature contains only
a limited number of fully-documented experi-
mental investigations that can be used to eval-
uate a cation-transport model for multiple ion
species under conditions of either steady, satu-
rated flow or unsteady, unsaturated flow. BEx-
perimental results from Lai et al. (1978) were
used earlier (Mansell et al. 1988) to demonstrate
the capability of a model similar to the one
presented here for describing cation transport
involving three ion species—Na*, Mg, and
Ca®*—during steady flow in a fine-textured soil.
Lai et al. (1978) displaced pulses of solution
containing Na* and Mg** through 25-cm long
columns of water-saturated Yolo loam soil which
were initially saturated with Ca®*, Breakthrough
curves were reported for Na* and Mg®* concen-
trations in effluent from soil columns which
were maintained with different values for input-
pulse size T and for Cr.

SIMULATED SALT TRANSPORT IN SANDY SOIL
DURING UNSTEADY, UNSATURATED WATER
FLOW

Using experimental data from Smiles et al.
(1981) for constant-flux horizontal infiltration
into columns of Bungendore fine sand with an
initial water content of 0.10 m® m™, Watson
and Jones (1982) concluded that the hydrody-
namic dispersion coefficient D can be considered
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to depend upon pore water velocity v during
unsteady, unsaturated water flow, particularly
for larger values of v. Earlier, Smiles et al. (1981)
had concluded that the dispersion coefficient
was insensitive to the pore water velocity v and
could be taken as a function of water content, #
only. Watson and Jones (1982) showed that an
experimental range of influent [luxes from 3.28
X 1077 to 105 X 107" m s™! provided a small but
finite dispersivity value § of 1 X 10~ m for
equation [8]. They stated that the data were not
inconsistent with the concept of velocity-de-
pendent dispersion. Chloride concentrations of
the applied aqueous solutions (C+,) and initial
soil solution (C.,) were 100 and 1000 mol, m™
respectively.

The closed-form analytical model of van Gen-
uchten (1980) was used here to obtain smooth
functions of soil water content 0(h), hydraulic
conductivity «(h), and water capacity ¥(h) for
Bungendore fine sand [Fig. 1]. Experimental
data from Smiles et al. (1981) for soil water
retenlion were least-square fitted using the van
Genuchten (1980) method to obtain optimum
values [Table 1] for the parameters 0,, », and «.
These values as well as reporied values for 0,
and «, [Table 1] were used (o calculate «(h) and
¥ (h) input functions for water-flow simulations.
Over the pressure head range from 0 to —70 cm,
water content decreased only from 0.34 to 0.08
m’ m™, but a several-fold decrease in hydraulic
conductivity was observed. Water capacity was
zero near water saturation and developed a max-
imum value at h = 40 cm and 7 = 0.22 m® m™.
These soil-water characteristics were considered
typical for a coarse-textured soil. A single case
for unsteady, unsaturaled flow where the applied
liquid flux was 8.75 X 107" m s~ and infiltralion
was lerminated after 70,500 s was selected from
Watson and Jones (1982) to validale our nu-
merical model for water flow and conservative
solute transport. Excellent agreement (Fig. 2)
was observed between simulated and experimen-
tal distributions {or water content ¢ and reduced
concentration [C ~ Cy,]/[Cyo — Co]. The rela-
tively slow influent flux, combined with the
relatively high initial water content for the col-
umn of Bungendore fine sand, resulted in a
diffuse wetting front. In contrast, a very sharp
concentration front for Cl™ occurred at a given
horizontal distance (x = 30 c¢m) located behind
the water front (x = 65 cm). The spatial sepa-
ration of the chloride and water fronts was at-
tributed to displacement of the initial soil solu-
tion as the invading solution advanced (Wilsgn

’
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TABLE 1 and Gelhar 1981) into the soil. Mass-balance
Soil-water and hydrodynamic-dispersion errors obtained for water and Cl™ during the
characteristic parameters used for Bungendore fine simulation were only —0.252 and —0.096%, re-

sand. Parameters 3, o and 0, were obtained by least-
square fitting the analytical model of Van Genuchten
(1980) to the experimental soil water retention dala
(Watson and Jones 1982) INFLUENCE OF EXCHANGE SELECTIVITY
— COEFFICIENT UPON SIMULATED BINARY-CATION

spectively.

Parameter Units Magnii,;;dloj
. Mg o L84 TRANSPORT DURING TRANSIENT WATER FLOW
0. 0 m= 0.347 IN SANDY SOIL
Ke ms™ 148 x 1077 Employing soil-water parameters for Bungen-
0, m® m™ 0 dore fine sand, the numerical model was used to
7 dimensionless 3.3428 demonstrate sensitivity of the exchange selectiv-
a dimensionless ~ 2.469 X 107 ity coefficient K;; to simulated transport of two
Dy m?s™" 4.3 107" divalent cation species, I** (invader) and II**
I¥] m 1.0 x 1073

(native), during constant-flux (q, = 8.75 X 1077
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m s™') infiltration of electrolyte solutions having
normality Cy,, = 1000 mol, m™* as {I}Cl,. Initial
water content 0, and normality C,,, in the soil
were 0.10 m® m™ and 100 mol. m™ as (II}Cl,,
respectively. Infiltration was terminated after
70,500 s. A value of 100 mol. Mg™' was arbitrar-
ily chosen for S, in these simulations. Other
parameters used for the simulations are shown
in Table [1]. Fixed values for K;; were used, and
changes in these values with respect to changes
in C were ignored. Simulations were performed
using values of 0.01, 0.10, 1.00, and 10 for K;; (i
= species | and j = species II) where the mag-
nitude indicates the relative preference of soil
exchange sites for species I over species II.
Simulated distributions for water content ¢
and solution normality C; (i.e., CI7) are pre-
sented in Fig. [3]. Distributions of invading C,

Distance

{cm)

(species I?*) and native C, (species I1?*) ions in
the solution phase are given in Fig. [4]. As
expected, the sharp solution normality front (x
= 25 c¢m) which lagged behind the water front
(x = 65 cm), was independent of K, but an
increase in the selectivity coefficient from 0.01
to 10 resulted in a transition from diffuse to
sharp fronts for the invading ion species as well
as increased thickness of a zone of maximum
concentration of invader near the infiltration
surface. Cho (1985) reported similar trends for
cation transport during steady flow through
water-saturated soil. An increase in K; conse-
quently resulted in an increase in the complete-
ness and efficiency-of displacement of the native
cation through the soil. As expected, the C, front
was composed predominantly of the native ion
species for all selectivilies used and, as the pref-
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erence of exchange sites for the invading species
increased, the composition of the Cr front be-
came increasingly dominated by the native spe-
cies. Ion exchange occurred in a zone of constant
solution normality (Cr.) as suggested by Bond
and Phillips (1990). Between the anion and
water fronts, solution normality was similar to
that of the initial solution (Crv), such that only
native ions occurred in the solution phase. Be-
cause of model specification of binary exchange
with constant Sy for the soil, spatial distribu-
tions of exchange-phase concentrations S, and
S, (Fig. 5) corresponding to different values of
K., were mirror-images of each other. In con-
trast, spatial distributions of solution-phase
concentrations C, and C, were not mirror-im-
ages since Co was not constant (Cr, # Cr,).

20 40 80

Distance (cm)

With increasing K,,, the fronts for S,* and S,*
became steeper.

SIMULATED TERNARY-CATION TRANSPORT
DURING INFILTRATION OF SALT SOLUTION,
REDISTRIBUTION, AND IRRIGATION

Again using soil-water parameters for Bun-
gendore fine sand, the model was used to simu-
late the transport of invading divalent I** (Mg**)
and monovalent III* (Na®') species in a vertical
profile of soil having native divalent species II**
(Ca?"), during unsteady, unsaturated flow for
constant-flux infiltration of a high-normality
electrolyte solution for 1800 s, followed by redis-
tribution until 12,600 s and subsequent con-
stant-intensity sprinkler irrigation with ground
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water until 30,600 s. A liquid flux value of 2.78
X 107° m s™! was used both for infiltration of
the salt solution and for irrigation. Normalities
for the applied salt solution (Cr,), ground water
(Cr), and the initial soil solution (C.,) were
10,000, 1000, and 1000 mol, m™, respectively.
The applied solution contained 7,500 mol, m™
NaCl and 2,500 mol, m™ MgCl,. Groundwater
used for irrigation was assumed to contain 1000
mol. m™ CaCl,. The large normality of the salt
solution was chosen to represent accidental spil-
lage of concentrated fertilizer solution. The ini-
tial soil water content 0, was 0.03 m* m™ and
the cation exchange capacity S was 100 mol,
Mg™'. The exchange selectivity coefficients K.,
K,,, and K,; (Mansell et al. 1988) were 0.845,
3.346, and 3.640 mol, m™®, respectively, where
subscripts 1, 2, and 3 represent ion species Mg**

Distance (cm)

(12*), Ca?* (I1?*), and Na®* (III*), respectively.
Values for K;; were assumed here to be invariant
with changes in C, (Mansell et al. 1988). Thus,
soil exchange sites exhibited highesl and lowest
relative preferences for the native divalent spe-
cies Ca?* (I1I*) and the invading monovalent
species Na* (III*), respectively.

After the addition of 5 mm of infiltrated salt
solution, the simulated distributions of # and Cy:
(Fig. 6) penetrated the soil profile to a depth of
only 5 cm during the 1,800 s period. During the
postinfiltration or redistribution period from
1,800 to 12,600 s, the water and salt fronts
penetrated to 15 cm. Subsequently, 50 mm of
irrigation water moved these fronis o 33 c¢m
depth. Low initial 0, in the soil profile resulted
in only minimal separation of the mobile salt
{or C17) and water fronts with depth and time.
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Infiltrated electrolyte solution resulted in a
moving chloride pulse (Iig. 6) in the upper por-
tion of the soil. This mobile C1~ pulse resulted
from the summed effects of mobile concentra-
tion pulses (Fig. 7) for both the initial invading
(Na* and Mg**) and native (Ca*") ion species.
Later, during irrigation with groundwater, in-
vading Ca®" ions also contributed to the total
solution concentration in the upper portion of
the soil profile. Because the native Ca®* species
was preferred over both initial invader species
and because of the high concentration of the
monovalent Na* invader species in the infil-
trated electrolyte solution, maximum concentra-
tions for Mg®* and Na* species in the downward-
moving salt pulse decreased readily with depth
and time. In contrast, maximum concentrations
for the native Ca?* species increased initially

30 40

(cm)

Distance

during infiltration of salt solution, resulting in
a pulse that tended to move with the chloride
front as the wetting front moved into the drier
soil. The Ca?* pulse was attributed to ions orig-
inally present in the exchange phase of the soil
which underwent exchange with the invading
species. Distributions of solution (Iig. 7) and
exchange-pulse (Fig. 8) concentrations for Ca**
after 1800 and 12,600 s indicate that only the
upper 1 to 2 cm of soil were completely leached
of the native cation during infiltration of the
salt solution and subsequent redistribution.
During the period of irrigation, invading Ca*
jons in the infiltrating ground water solution
increased both solution and exchange phase con-
centrations near the soil surface, resulting in
separate pulses of invading and native Ca®* cat-
jons moving through the soil.
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Fi16. 6. Simulated distributions of water content and chloride concentration in the soil solution are given
for verlical distance in fine sand for three selecled times during a period of infiltration of salt solution, soil-

water redistribution, and irrigation with groundwater.

Mass-balance errors for water and all cations
were —0.73 and —0.72%, respectively, during
mass-transport simulation for the period of in-
(iltration, redistribution and irrigation. Individ-
ual mass-balance errors were —1.32, —0.52, and
—1.38%, respectively, for Mg®**, Ca*, and Na*
species. These small errors indicate that the
program was operating effectively.

In general, adequate simulations of the trans-
port of multiple cations using differential equa-
tions [6, 9] and the Crank-Nicholson numerical
method may require very small time (At) and
space (Az) steps if the term pAS,/At specifying
the rate of exchange for a given species becomes
very large. Values for this exchange-rate term
can be large due to large exchange selectivity
coelficients, nonlinear exchange isotherms,
large pore water velocity v, highly competitive
invading ion species relative to native species,
large imposed changes in concentration of in-
vading ions such as step-function increases in
concentration, the magnitude of At chosen, and
the magnitude of Az. Extreme (both large and
small) values for the exchange-rate term may
occur as a result of extreme values in the variable

slope (i.e., d5*/9C;*) for highly nonlinear ex-
change isotherms that are greatly magnified by
heterovalent exchange. During constant-flux in-
filtration into soil with low 0,,, values for v tend
to be larger in the vicinity of the advancing
wetting front, thus magnifying any influence of
extreme values for the exchange-rate term that
might exist. When simulations involved infiltra-
tion of an aqueous solution containing an invad-
ing ion into a soil saturated with a native ion,
much smaller time steps were required to pre-
vent unacceptable mass-balance errors for indi-
vidual ion species when invading species were
highly competitive (very large K;;) relative to
native species than when the invading species
were less competitive. Mass-balance errors for
individual species were cbserved to provide a
more sensitive indication of problems with large
pAS;i/At than did the overall mass-balance error
for those simulations. i

For soil-water conditions where C; is a vari-
able and 0C./pS is much less than unity, the
current mathematical formulation as given by
equations [6-9] has inherent limitations due to
oscillations caused by random computer round-
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ing errors. When the total amount of an ion for
a given ion species in the solution phase will not
support ion exchange for that species, the trans-
port. model will generate erroneous results with
spurious mass-balance errors for individual ion
species. Since Cy for natural rainfall is charac-
teristically low, a need exists to permit model
simulation of cation transport in surface soils
when 0C./pSy is very small.

CONCLUSIONS

A finite-difference numerical model was pre-
sented for multiple-species cation transport and
water flow during unsteady liquid flow in unsat-
urated soil. The approach used requires consec-
utive solutions of the Richards’ equation to ob-
tain water pressure head h(z, t) and a chromat-
ographic solute equation for each major cation
species i to obtain aqueous-phase concentrations
for each species Ci(z, 1). Using an assumption of
local chemical equilibrium, binary-exchange iso-
therms were used to obtain exchange-phase con-
centrations S;(z, t) which correspond to Ci(z, t).
Pressure-head resulls were used to calculate
water content 0(z, t) and water flux q(z, t) vari-
ables as required inputs for solving the transport
equations. All of the chromatographic transporl
equations are coupled through competitive ion
exchange for soil exchange sites.

Experimental data were used to validate the
cation-transport portion of the model for con-
ditions of steady liquid flow in saturated soil
and to validate water flow and salt transport for
conditions of unsteady flow in unsaturated flow.
Simulations of cation transport during un-
steady, unsaturated flow in sandy soil demon-
strated the importance of exchange selectivity
for soil sites in Lhe leaching of native ion species
by invading species.

Although the present mathematical formula-
tion for cation transport in soil operates well [or
conditions involving transient, unsaturated
water flow and variable solution normality, sim-
ulations involving very low values for Gy tend
to generate incorrect resulls.
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INTRODUCTION

Much of the controversy surrounding both water and solute uptake by plant roots has
arisen from the. lack of suitable methods for measuring the values of water and solute
potentials in the soil surrounding plant roots and simultaneous rates of water and solute
uptake by the plant. Such measurements should be continuous and non-destructive to
produce meaningful data associated with the time-space relationships for water and solute

- uptake by plant roots. Unfortunately previous methods for measuring soil water content
and salinity continuously and in a non-destructive manner, although able 1o achieve this
in bulk soil, have been unable to provide detailed measurements of water content or
salinity with sufficient resolution to enable studies to be carried out in close proximity to
the root surface. In the present work, a combination of Computer Assisted Tomography
(CAT) and Sodium-Liquid lon exchanger (Na+-LIX) microelectrode techniques has been
used to examine, repetitively and in a non-destructive fashion, the dynamics of the -
simultaneous processes of water uptake and solute (NaCl) accumulation in proximity to.
lupin and radish roots.

METHODS

Application of CAT to gamma and X-ray attenuation measurements (Hainsworth and
Aylmore, 1986, 1988) was used to determine the spatial distribution of soil water
content and hence water uptake by individual root layers of eighteen day old plants sub-
jected to two levels of transpirational demand (with and without a fan) and five Na+
concentration levels (zero, 25, 50, 75,and 100.mol/m3) at initial soil water contents of
0.3 cm3/cm3. These were monitored at three root depths of 3, 6 and 9 cm and at zero, 2,
4. 6 and 8 hour intervals from the commencement of transpiration. Na*+-LIX micro-
electrodes were used, in situ, to determine Na+ concentrations at the root surface with
time of transpiration. For this purpose soil pots were specifically designed and con-
structed to allow accurate positioning of the microelectrode tips at the root surface
{Hamza and Aylmore, 1990).

RESULTS AND DISCUSSION
Water Extraction Along The Root

The water extraction rates (Q) from individual layers increased with time of
transpiration for both plants and for all layers, with the most rapid increase occurring -
during the first two hours of the transpiration followed by a more gradual increase in Q'in
an essentially linear fashion over the remaining 6 hours (eg. Figure 1 for top layer of
lupins). The divergence of the graphs illustrates that the transpiration rate was pro-
gressively decreased with increasing solute concentration in the treatments and this de-
crease became relatively larger with time of transpiration.

The lupin and radish roots showed markedly different patterns of water extraction along
their length. The almost equal diameters and consequently equal root surface areas for all
lupin root layers resulted in an essentially uniform absorption along their length. In
contrast, the tapering radish roots extracted generally about 50 and 70% more water
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from their top layers as compared with the middie and bottom layers respectivaly. Figure
2 shows a comparision of the water drawdowns from the top, middle and bottom layers of
radish single roots after 2 hours of low/high transpiration demand for the no-solute
treatments. The main water drawdowns, where the roots extract mosl of the waler,
occurred within regions one to five mm from the root surface. However as the Na*t
concentration in the treatments increased from zero to 100 mol/m3, the differences in
the waler extraction rates between the top layers and middle and bottom layers, decreased
by approximately 10%. The waler conlent at any point in the drawdown area decreased as
transpiration progressed but the distance 1o the outer boundary of the drawdowns varied
little over the period of observation indicating that the roots took up more water from the
region close to them rather than from the bulk soil.
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Fig. 1. Water extraction rate Q) Fig. 2. Water drawdowns from top, middle
versus lime for lupins. and bottom layers of radish rools.

The essentially constant drawdown distances with time over the period of measurement
conflict with Gardner's (1960) suggestion that the drawdown dislance is a function of
time. The latter may only be true for a short time and depend on the bulk soil water
content. On the other hand the smaller drawdown distances which occurred under the low
transpiration demand and also the smaller drawdown distances for the radishes in contrast
to the lupins, are consistent with Gardner's suggestion that the drawdown distance is a
function of soil water diffusivity. Since water diffusivity is a function of waler contenl in
the soil and hydraulic conduclivity decreases by several orders of magnitude as the soil
dries (Passioura, 1980), then in both cases more water is available in the soil leading to
a higher soil diffusivity and thus to smaller drawdown distances. This indicates that the
drawdown distance is controlled not only by soil water diffusivity bul also by the waler
extraction rate (Hainsworth and Aylmore, 1986). For the radish plants both the degree of
water drawdown and the drawdown distances, showed a noticeable decrease along the
tapering radish root (Figure 2). The drawdown distances for the bottom layers were
almost half those of the top layers. Since more water is available al the bottom layers the
soil would have a higher water diffusivity leading to the observed shorter drawdown
distances.

All layers of the roots for both plants showed similar patterns as far as the reduction in
Q with increasing solute treatment is concerned. Despite substantial decreases in the leaf
waler potentials with increasing solute concentration (see Figure 5), the water
extraction rates from the individual layers were reduced progressively as the Na*
concentration in the treatments increased from zero 10 100 mol/m3 by values ranging
from 9 to 48% respectively afler 8 hours. As the total root-soil interface potential
decreased the leaf water potentials for both plants decreased continuously with time of
transpiration and decreased rapidly with increasing soil solute concentration. The more
rapid accumulation of solute at the rool surface at higher concentrations was evident from
the greater decrease in leaf waler potential with increase in soil solute concentration.

11—125



Solute Accumulation at the Root Surfaces

Figure 3 shows the effect of electrolyte concentration on the drawdowns for the top

layers of the radish roots. The accumulation of Na* at both the lupin and radish root
surfaces increased gradually with time of transpiration in a near linear fashion (see

Figure 4 for radish) and was only slightly higher under the higher transpiration demand.

For both lupin and radish plants the concentrations of Na* increased slightly more rapidly

with increasing Na* concentration in the treatments. At the end of the transpiration

period (8 hours) the lupin roots had accumulated slightly more Na* at their surfaces than

had the radishes . It is significant that these increases were not exponential as wouid be

expected with non-absorption by the roots (Passioura, 1980) and this is presumably due
to back diffusion from the epidermis or hypodermis to the bulk soil, at the relatively high

water contents and potentials used (Munns and Passioura, 1984). The minimum matric
water potential at the root surface reached after 8 hours was -140 kPa.

-
@
o

Radish, high T.

-n-o0-0— .

E
G £
"’\ E 120
£ 3 =
= —0— 0 mol/m” ¢
< —&— 25 Na+ E §0
o —0— s0 =
N —®— 75 S
© —&— 100 9 40 [
© N ‘a
= Radish, high T., 2 hr z
2 0.00 1 N L . 1 M i s 0
0 3 6 9 12

Distance from root surface (mm) Time  (hr)
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The leaf water potentials, *¥| , and the total water potentials at the root surfaces, ‘t,
decreased with increasing time of transpiration and the relationships between ‘¢| and the
osmotic potential at the root surface, ¥r, were essentially linear (Figure 5) indicating
that the decrease in the total water potential at the root surface is transmitted across the
root to the leaves. Furthermore the relationships between ¥} and Q were linear for both
plants and under both transpirational demands indicating a constant plant resistance.
Radish leaf water potential values were higher than those for the lupins under the low
transpiration demand (including the values at zero time of transpiration) but they were,
in general, lower under the the high transpiration demand except for that at zero time of
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relationship between ¥| and W= at the root surface was essentially linear with the
decrease in ¥| approximalely matching that corresponding to the decrease associated with
increasing solute concentration in the irrigation solutions. The main decrease in ¥| with
time is undoubtedly associated with the plant requirement to increase the water flux.

The osmotic potentials at the root surface, ¥x, were greater than the malric potentials
at the root surface, ¥, , for both plants and for both transpiration demands by 3.5 to 10
times (Figure 6). Assuming both potentials are additive then it is clear that W= had a
greater influence than ¥m on transpiration.
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Fig. 6. Relative magnitudes of osmotic and malric potentials at root surfaces.

A linear relationships between the transpiration rate, Q, and the difference in
hydrostatic pressure between the root surface and the leaves, AP, was observed for both
the lupins and the radishes subjected to both transpiration demands (Figure 7). AP was
calculated as the difference between ¥m at the root surface and the water potential at the
leaves,¥|, for the transpiring plants. Strictly speaking AP calculated in this fashion in-
cludes changes in the osmotic component of the leaf cell walis. However other considera-
tions demonstrated that this component is essentially constant (Munns and Passioura,
1984). Also the relationships between Q and the total water potential ditference between
the root surface and the leaves, A¥ were in general linear. Contrary to the theoretical
predictions of Dalton et al. (1975) and Fiscus (1975), that interaction occurs belween
the flows of solute and water producing non-linearities belween water uptake and driving
force, the linear relation observed here belween the driving force and Q imply that both
plant rools acted as near-perfect osmometers.
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Fig. 7. Hydrostatic pressure differences belween root
surfaces and leaves, versus ltranspiration rate.

The numerical values of AP were invariably much greater than the numerical values of
the osmotic potential at the root surface which implies that the restriction on the flow of
water imposed by the osmotic pressure at the root surface is far exceeded by the
hydrostatic pressure difference between the root surface and the leaves. The continuous
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increase in Q with the time of transpiration is likely to be due to such high AP values as
well as to the ready supply of water at the high initial water content in the soil.

For both plants AY¥ increased with increasing transpiration rate for all lupin and
radish treatments and for both transpiration demands. However this increase was higher
under the high transpiration demand. Water potential gradients between the root surface
and the leaves were invariably observed at zero time of transpiration and these gradients
ranged from 10 to 87 kPa for lupins and from 83 lo 127 kPa for radishes depending on
the soil solute concentration. APo values for the no flow condition undoubtedly reflect the
potential gradient involved in plant growth. As the salt concentration in the treatments
increases and osmotic potential at the root surface decreases, the APo necessary to
maintain growth in the plant system increases accordingly. The values of APo derived
from the leaf water potential and CAT matric potential at the root surface for the no flow
situation (zero time of transpiration) agreed fairly closely with the values of the osmotic
potential obtained by the Na+-LIX microelectrode for the lupin plants but they were
higher by 80-100 kPa for the radish plants. The fact that both lupin and radish plants
behaved as near-perfect osmometers is indicaled by the very close values between the

increase in APo with the associated decrease in ¥r with increasing solute concentration in
the treatments.

Plant resistances increased with increasing solute concentration in the treatments
(Table 1). Hounsfield units (H) ( Hounsfield, 1972), which usually increase with
increasing density of the media, increased from the stele toward the root surface sug-
gesting higher radial relative to axial resistances. Radish plant resistances were in-
variably higher than those for the lupin plants by about 1.5 to 2.5 times presumably due
to the smaller root surface area in contact with the soil water as compared with lupin
plants. Also, since the radish root diameter is much smaller than that of lupin root, the
axial resistance in the radish root could be expected to be higher. Lupin plant resistances,
Rp, were 3 to 15 times higher than the corresponding soil resistances, Rs (46 to 151
kPa hr cm-3), and radish plant resistances 4 to 12 times higher than Rs(51 to 210 kPa
hr cm3). These values emphasise the importance of the plant resistance over that of soil
at high soil water potentials. The soil resistance increased with time of transpiration
because the soil around the root became drier while the plant resistance was essentially
constant with time of transpiration.:Consequently the differences between the plant and.
soil resistances decreased with time of transpiration.

TABLE 1. Plant hydraulic resistance (kPa hr cm3) for the lupin and radish plants
obtained from the slopes of A¥(Q) curves.
Trealments Low Transpiration High Transpiration
Na+mol/m3 lupin radish lupin radish
0 471 728 323 785
25 562 808 386 884
50 682 958 488 992
75 769 1048 578 1110
100 1105 1206 882 1235
CONCLUSIONS

The present studies carried out at relatively high intial water contents (i.e. high soil
water potential) have demonstrated clearly the interrelations between the important
parameters within the soil-plant system. However major questions remain to be an--
swered as to how the relations between parameters measured here such as leaf water po-
tential and plant and soil resistances, change as the soil water diffusivity becomes a more
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limiting factor in the transpiration process. In drier conditions back diffusion would be
reduced and the effect of solute accumulation at the root surface would be enhanced. More
information is also needed on the role which water potential gradient along the roots plays
in the redistribution of water and solutes and how this changes with overall soil water
potential. A particularly interesting and important extention of the present studies would
be the use of the microelectrode techniques developed here to study simultaneous (and
preferably in conjunclion with the CAT technique) the ionic concentrations both within
the root xylem and outside the root and the changes which occur as the soil solution con-
centration increases.

The development of these innovative experimental techniques using computer assisted
tomography and ion specific microelectrodes, provides a major advance for soil-plant-
water studies and undoubtedly has the potential to elucidate the major controversies
surrounding the physics of water and solute uptake by plants.

REFERENCES

Dalton. F.N., Raats, P.A.C. and Gardner, W.R. Simultaneous uptake of water and solute by
plant roots. Agron. J. 67: 334-339; 1975. :

Fiscus, E.L. The interaction between osmotic and pressure-induced water flow in plant
roots. Plant Physiol. 55: 917-922; 1975.

Gardner, W.R. Dynamic aspects of water availability to plants. Soil Science 89: 63-73;
1960.

Hainsworth, J.M. and Aylmore, L.A.G. Water extraction by single piant roots. Soil Sci. Soc.
Amer. J. 50: 841-848; 1986.

Hainsworth, J.M. and Aylmore, L.A.G. Application of computer assisted tomography to
gamma attenuation measurement of soil water content. Aust. J. Soil Res. 26: 105-
110; 1988.

Hainsworth, J.M. and Aylmore, L.A.G. Non-uniform water exiraction by a single plant
root. Plant and Soil 113: 121-124; 1989.

Hamza M. and Aylmore, L.A.G. The use of liquid ion exchanger microelectrodes to study soil
solute concentrations in proximity to plant roots. Soil Sci. Soc. Amer. (in press);
1990.

Hillel, D., Van Beck, C.G.E.M. and Talpaz, H. A microscopic-scale model of soil water
uptake and salt movement to plant roots. Soil Science, 120: 385-399; 1975.

Hounsfield, G.N. A method of and apparalus for examination of a body by radiation such as
X- or gamma radiation. Brit. pat. No.1283915; 1972.

Munns, R. and Passioura, J.B. Hydraulic resistance of plants lIl. Effect of NaCl in barley
and lupins. Aust. J. Plant Physiol.11: 351-359; 1984.

Passioura, J.B. The transport of water from soil to shoot in wheat seedlings. J. Exp.
Botany 31: 333-345; 1980.

SUMMARY

A combination of computer assisted tomography (CAT) and sodium liquid ion ex-
changer (Na+-LIX) microelectrode techniques has been used to examine, repetitively and
in a non-destructive fashion, the dynamics of the simuitaneous processes of water uptake
and solute (NaCl) accumulation in proximity to lupin and radish roots. Water uptake
along the roots was found to be a function of the diameter and hence the surface area per
unit length of the roots. The accumulation of Na* at the rools increased in a near linear
fashion rather than exponentially as would be expected with non-absorption by the rools
and this is attributed to back diffusion at the relatively high water potentials applicable
(>-140 kPa). The linear relationships between the driving forces and transpiration rate
implies that both plant roots acted as near perfect osmometers. Plant resistances in-
creased with increasing solute concentration and were an order of magnitude higher than
soil resistances.
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Absgtract

The adsorption-desorption behaviour and hence
susceptibility to leaching to groundwater, of five
commonly used pesticides in solls varying in texture
from sand to clay have been examined. The influence
of soill conditions such as pH, salinity, organic matter
content and in particular the influence of methanol as
an organic cosolvent are 1llustrated. Pesticides
investigated were Paraquat, Diquat, Simazine, Linuron
and Fenamiphos.

The extent and mechanism of retention of the
pesticides in soil was directly related to thelr
chemical nature (i.e. whether ionic or non-ionic, basic
or acidic) and in general pesticide adsorption followed
the order Paraquat > Diquat >>> Linuron > Fenamiphos >
Simazine in all soils. The amounts adsorbed were more
directly related to organic matter contents than clay
contents 1in all cases except for Paraquat and Diquat
where clay content was more important. The sorption of
all pesticides from aqueous solution exhibited
hysteresis, i.e. only partial reversibllity of the
adsorption reaction.

The adsorption of Simazine and to a lesser extent
of Fenamlphos and Linuron, decreased with increase in
pH while the adsorptions of Diquat and Paraquat were
essentlally unaffected by a change in pH. Increasing
background salt concentration markedly decreased the
adsorption of Diquat and Paraquat but only glightly
altered the adsorption of the other pesticides. The
adsorption of all pesticides was markedly affected by
the presence of methanol, decreasing exponentially with
inereasing methanol content in solution. Furthermore,
with increasing methanol concentrations in the soil
gsolution, a decrease in hysteresis occurred.

Decreasing adsorption as a result of increasing
pH, increasing salt concentration or increased release
of adsorbed pesticldes in the presence of an organic
cosolvent, would significantly enhance their mobility.
Application of a mathematical sereening model to this
data illustrates the considerable potential of these
pesticides for groundwater pollution in a sandy soil.
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Introduction

Herbicide and pesticide usage 1s increasing
rapidly throughout the world and there is increasing
concern at the extent to which these chemlcals may
contaminate surface and groundwaters and ultimately
water for human consumption. The mobility of these
materials through the soil profile is markedly
dependent on the extent to which they interact with
soll components. In addition to the physico-chemical
properties of the soil components, adsorption—
desorption behaviour can be greatly influenced by a
number of other factors including soll pH, competitive
adsorption of other species, ionic concentration etc.
In particular, recent concern has centered on the
effects on the behaviour of organic compounds in soils
of the presence of organic cosolvents. This concern
arises from the possibility of organic cosolvents
occurring in conjunction with pesticides and other
organic compounds in soll solutions at waste disposal
sites, at land treatment sites for concentrated wastes
and in cases of acéidental spills.

Tn this paper the sorption and desorption
behaviour of a number of commonly used pesticides
representing different chemical classes, in soils
differing in thelr physical and chemical properties
have been examined and in particular the influence of
methanol as an organic cosolvent.

Materials and Methods

Soils and Pesticides

Four Western Australian solls which differ
appreciably in thelr physico-chemical properties were
uged in this study. These were Bassendean gand (1.2%
organic matter and clay, pH 5.0): Gascoyne sandy loam
(1.7% organic matter, 15.3% clay and pH 6.9); Cobiac
loamy sand (0.6% organic matter, 13.7% clay and pH
5.1) and Wellesley clay (4.6% organic matter, 64% clay
and pH 5.9). The pH was measured keeping the soil to
solution ratio at 1:5 in 0.005 M CaCly. The
characteristics of Bassendean sand, Gascoyne sandy
loam and Wellesley clay have been described by
McArthur and Bettenay (1960) and Bettenay et al.
(1971) . The characteristics of the Cobilac sandy loam
which has a high sesquioxide content have been
described by Churchward and Batini (1975) .

Five pesticides, including the herbicides Diquat,

Linuron, Paraquat and Simazine and a nematicide,
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Fenamiphos, were used. Diquat and Paraquat are
knockdown herbicides and are undoubtedly amongst the
most commonly used pesticides. Linuron, Fenamiphos and
Simazine pesticides ware applied directly to the soil.
Detalled properties of these pesticides have been given
by Hartley and Kidd (1987).
Adsorption Studies

Batch distribution isotherms for the pesticides
in soils were determined at 25 + 2C, Five grams of
alr-dried soills were equilibrated in polypropylene
centrifuge tubes with 10 ml of pesticide solution in
0.01 N CaCl,. Pesticide concentrations for different
pesticides before equilibration ranged from 4 to 40
umol/1 (Linuron); 2 to 25 pmol/1 (Fenamiphos); 20 to
100 pmol/1 (Simazine) and to 3000 umol/1 (Diquat). The
tubes were shaken (end over end) 24 h. Generally some
95% of the adsorption was found to occur in the first
three to four hours.

After equilibration the suspension was
centrifuged at 12000 rpm for 15 minutes. The
supernatant was pipetted off and analysed immediately
or stored at 4C in a refrigerator for later analysis.
The amount adsorbed by a soll was calculated from the
difference between the initial and final concentrations
of pesticide in solution. Pesticide adsorption on to
the walls of the centrifuge tubes was checked by taking
blanks and was found to be negligible.

Desorption Studies

Desorption of the pesticldes was studied using
the traditional consecutive desorption method involving
a number of steps of shaking, centrifugation and
resuspension. On completion of the initial adsorption
the suspension was centrifuged and the soill solution
carefully removed. The solution still remaining in the
soll was noted. A known amount of pesticide free

solution in 0.005M CaCly was then added to the soil and
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the contents were again shaken for 24 hours. After
centrifugation, the soil solution was removed for
analysis and the soill was resuspended in herbicide free
solution. This procedure was repeated to generate a
desorption isotherm.

To study the effect of pH on sorption, the pH of
the soll solution was pre-adjusted with HCl or NaOH and
equilibrated overnight before use in the sorption
study. The effect of solution salt concentration on
sorption was studied by providing different
concentrations of CaCl, in background solutions. The
influence of methanol as a cosolvent on sorption and
desorption was examined by including various
proportions of methanol in the equilibrating solution.

Results and Discussion

Effect of Nature of Pesticides

Adsorption isotherms for five pesticides in
Bassendean sand are compared in Figure 1. The sorption
data for Simazine, Fenamiphos and Linuron were fitted
to a Freundlich equation, S = KCM, where S§ is the
adsorbed concentration (ug/g), C is the solution
concentration (ug/ml) and K and n are coefficients.
Diquat and Paraquat more closely followed a Langmuir
equation. The adsorption oflthe pesticldes followed the
order: Paraquat > Diquat >>> Linuron > TFenamiphos >
Simazine. Paraquat and Diquat being divalent cations,
are readily adsorbed by negatively charged clay and
organic matter ﬁarticles and hence are the most
strongly adsorbed. In contrast, Linuron and Fenamiphos
are non-ionic in nature. Although Simazine 1s ionizable
to a cation to an extent dependent on the pH of soil,
it 1s the least strongly adsorbed under the present
conditions.

Effect of Soil Type
Freundlich plots of adsorption isotherms for

Linuron in the four soils are shown in Flgure 2, With
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Adsorption isotherms of five pesticides in Baseendean sand.
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Fig. 2. Freundlich isotherms for Linuron in four soils.

the exception of the Gascoyne sandy loam the values of
the Freundlich adsorption coefficients (K) followed the
organic matter contents of the.solls rather than clay
content.s. Gascoyne soil, despite 1ts higher organic
matter content, showed less adsorption than Bassendean
sand and this difference can be largely attributed to
the differences In the pH of the solls as illustrated
later. Simple’ linear regression of K with various soil
properties indlcated that adsorption is strongly
correlated with organic matter (R2 = 0.94-0.99). Soil
organic matter has similarly been found to correlate
well with adsorption of non-ionic pesticides in other
solls of the world (Hamaker and Thompson, 1972).
Effect of pH

Adsorption of Simazine, Linuron and Fenamiphos
pestlcides decreased with Increasing pH of the soil
golution as i1llustrated for Bassendean sand 1n Figure
3(a). This effect was more pronounced in the case of
Simazine than for Linuron and Fenamiphos.

The effect of pH on Simazine adsorption in three
different soils 1is shown in Figure 3(b). A marked
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decrease in Simazine adsorption with increasing soil pH
was apparent 1in all three solls. At pH < 4.0, Wellesley
clay soil could adsorb almost all of the added Simazine
(97 - 99%) compared to 62% at pH 8.8. In Bassendean
sand an increase in pH from 3.5 to 6.5 decreased the
adsorption of added Simazine from 42% to 23%. In
Gascoyne sandy loam soil the adsorption at pH 4.9 and
7.3 was found to be 467 and 13% respectively. This
shows that the adsorption of Simazine in an alkaline
8011 can be significantly less than that in a soill with
pH in the acid range.

Simazine 1s a weakly basic herbicide which at
lower pH can become a catlon by accepting a proton.
Simazine has a dissoclation constant (pKa) of 1.65
(Weber, 1972). As the pH approaches the pKa value the
proportion of Simazine cations in solution increases
and hence the adsorption Increases with decreasing pH.

The pH dependent negative charge on soil surfaces
decreases with a decrease in pH and hence should be
unfavourable towards Simazine adsorption. Nevertheless,
the magnitude of negative charges at a given pH would
still be much higher than required to adsorb small
amounts of Simazine. In acid solls management practices
such as 1liming, fertilization and gypsum application
can bring about changes in pH such that it can alter
the behaviour of pesticides such as Simazine. Although
Fenamiphos and Linuron are non-ionic, the slight
decrease Iin adsorption with increasing pH may be due to
its influence on other mechanisms of adsorption such as
hydrogen bonding. The adsorption of Diquat and Paraquat
was .unaffected by a change in pH (Figure 3(a)).

Effect of Salt Concentration
Adsorption

Adsorption of the cationic Diquat and Paraquat on
Bassendean sand decreased markedly with increase in
salt concentration in soill solution (e.g. Figure 4 for

Diquat). However, the adsorption of other pesticides
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Flg. 4. Effect of salt concentration on Diquat sorption

was only slightly affected. Diquat adsorption
capacities (calculated from the Langmulr isotherms)
were reduced by some 20% to 30% in different soills with
an increase in CaCl, concentration from 0.005 M to 0.05
M. This 1is because of competition between inorganic and
organic catlons for exchange sites (Best et al., 1972;
1973).

Adsorption of Simazine and Linuron increased

Burns et al.,

slightly, while the adsorption of Fenamiphos was found
to decrease slightly with the increase in CaCljp
concentration in the soil solution. An increase in
solution salt concentration has been reported to
increase the adsorption of triazines (Hurle and Freed,
1972); Picloram (Farmer and Aochi, 1974) and Prometryne
(Abernathy and Davidson, 1971). Fusil and Corsi (1968)
reported that Atriazine adsorption 1s slightly affected
by increasing the salt concentration. In contrast,
Nearpass (1969) noted a marked decrease in the
adsorption of Amitrole (a cationizable herbicide), with
an increase in NaCl concentration in soll solution.
Thus, the presence of inorganic salts only
significantly affects the adsorption of cationic
pesticides.
Desorption

Desorption was also affected by changes in salt
concentration. Figure 5 shows increasing Diquat
desorption with incre_sing salt concentration of the
extracting solution. Diquat desorption increased from
13% to 45% in Bassendean soll as the CaCly
concentration increased from 0.005 to 0.5 M. Total
Diquat desorbed after five successive extractions with
0.05M CaCl, was 62, 18 and 7% 1in Cobiac loamy sand,
Gascoyne sandy loam and Wellesley clay soils,
respectively. The extraction of Diquat (and similarly
Paraquat) at all CaCl, levels, was greater in the sandy
than in the clay soll, The lower amounts of Diquat

desorbed in the clay soil was because of the presence

of the smectite group of clay minerals. Weber and Weed
(1968) reported that four successive equilibrations
with 1M BaCly could remove 80% of Diquat from kaolinite
clay mineral but only 57 from montmorillonite.

Diquat and Paraquat have generally been
considered to be essentially irreversibly adsorbed and
for thelr extraction harsh treatment such as bolling
with 18N sulfurie acid 1s usually required. However, it
i1s significant that in the present study, up to 62% of
Diquat could be extracted with 0.05 M CaClg from a
loamy sand soil. It is shown in Figure 5 that a sudden
increase in salt concentration, for example due to
irrigation with salty water, can result in a marked
increase in Diquat concentration in solution.

Paraquat and Diquat are very persistent in soils.
Tryer et al. (1975) concluded that Paraquat may not
breakdown at all in soil and 1f the microbial breakdown
occurs then 1t 1s at an extremely slow rate. An eleven
year study showed only a 10% loss per year of Paraquat
(Hance et al., 1980). After seven years of repeated
applications in red earth soll in N.S.W., Australia,
from 50 to 78% of applied Paraquat could be recovered
(Osborne and Donohoe, 1977). Since a buildup of these
pesticides 1in soil 1s possible following repeated
applications, a change in landuse or management
practices on a soll with a history of usage of the
pesticides could induce theilr release from the
adsorption complex and result 1In harmful effects.

Effects of Methanol as Organic Cosolvent
Adsorption

Adsorption 1isotherms of Simazine and Linuron for
the clay soll from various mixtures of methanol and
water, are gilven In Tigure 6. Adsorption for both
herbicides followed a Freundlich adsorption isotherm.
The Freundlich parameters, given in Table 1, show a
decreasing adsorption of Simazine and Linuron with

increasing concentrations of methanol in the soil
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Fig. 5. Diquat desorption at two salt levels.
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Effect of methanol on adsorption-desorption of pesticides in clay soil.

solution. The Freundlich exponent (n) generally
decreased with an increase in the proportion of
methanol in solution, in contrast to the report by
Zachara et al. (1988).

Adsorption ol both herbicides, decreased in a log
linear fashion with increasing methanol concentration
in solution. This 1s consistent with the solvophobic
theory (Rao et al., 1985). Similar effects of 6rganic
solvents on adsorption of hydrophobic organic
compounds, (Rao et:al., 1985) and ionizable organic
compounds (Fu and Luthey, 1986b; Miller et al., 1988;
Zachara et al.; 1988) including pesticides, have been
reported. The decrease 1in adsorption in the presence of
methanol has been ascribed in the main part to the
increased solubility in mixed solvent systems (Rao et
al., 1985; Fu and Luthey, 1986a,b). Competitive
adsorption of methanol may also contribute to the
decrease but it has been suggested (Mingelgrin and
Gerstl, 1983) that at low concentratlons, no
competition for adsorption sites occurs because of the
presence of adequate soll adsorption sites to adsorb
both solutes.

Table 1. Adsorption parameters in presence of

different concentrations of methanol in
soll solution.

Methanol K n Retardation
fraction (Umoll'“lnkg'l) (1pmo1~1) factor (Eq. 1)
Simazine
0.00 9.50 0.96 20.90
0.10 6.82 0.74 12,07
0.20 5.08 0.66 8.34
0.40 3.08 0.46 4,09
0.60 0.97 0.51 2.08
Linuron
0.00 38.17 0.81 68.46
0.10 16.25 0.97 33.43
0.20 10.84 0.93 23.00
0.40 05.49 0.67 09.09
0.50 02.97 0.73 05.73

Calculations based on the solvophobic theory
indicate that in the present study, most of the
decrease in adsorption can be accounted for by the
solubllity effect of methanol.

The effect of organic cosolvents on adsorption is
a complex process, which may involve various other
factors including thelr effects on electrical double
layer, solvation of organic molecules and reduction in
activity of water of hydration of soill particles
(Zachara et al., 1988) depending on circumstances.
Desorption

Figure 6 shows that adsorption-desorption
isotherms for both Simazine and Linuron from various
methanol/water mixtures exhibit varying degrees of
hysteresis. The magnitude of the hysteresis decreased
ag the fraction of methanol in the desorption solution
increased. One simple reason for this could be that the
abgolute amount of adsorption is reduced in the
presence of the organic cosolvent and hence the
hysteresis observed will also be reduced. However,
other factors could contribute to a more reversible
adsorption-desorption mechanism in the presence of an
organic codolvent. Freeman and Cheung (1981) have, for
example, discussed the swelling effect of organic
solvents on soill organic matter, consisting of highly
branched polymer chains forming a three dimensional
network. The absorption of liquid can cause the network
to swell and form a gel to a degree depending upon the
'network compatibility' with the liquid. The iacreasing
concentration of methanol in the solvent mixture
presumably results in increasing swelling of soil
organic matter and hence greater accessibility for a
solute to get into and out of the organic polymers. In
the present study, the decreasing hysteresis with
increasing methanol concentration is consistent with
these observatlions as this presumably colncides with

increasing swelling of the organic matiter.
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Mobility in the Presence of Methanol

In addition to its direct effect on adsorption,
increased reversibility of the adsorption process (i.e.
less hysteresis) 1in the presence of organic solvents
will increase the mobility of a.pesticide in the soil
profile. The kinetics of the adsorption-desorption
process 1s also likely to be influenced by the presence
of organic cosolvents. Any effects of organic solvents
on the soill solution transmission properties of the
porous media (Brown and Anderson, 1983) may further
influence the mobllity of pesticides in solution.

The mobility of Simazine and Linuron can be
estimated in terms of the retardation factor (R)
calculated according to the relation (Rao and
Jessup, 1983)

R = (1L + (Bd/8)n K c®1) e (D)
where Bd is bulk density of soil (g/cm3), 0 1s water
filled porosity (em3/em3), K is the Freundlich
adsorption coefficient, n is the Freuendlich exponent
and C 1s solution concentration. Since the adsorption
isotherm is non-linear, the retardation factor will
also be a function of solution concentration of the
herbicides.

The values of R for Simazine and Lilnuron
(calculated at herbicide concentrations of 1 pg/ml)
corregponding to various concentrations of methanol are
given in Table 1. There is a marked decrease in R
values with increasing fraction of organic cosolvent.
At 10% methanol content the R values for both the
herbicides decreased to almost half the value in
aqueous solution. The presence of methanol at a level
of 50% and 607 of solvent mixture, decreased the
retardation factor of Simazine and Linuron by a factor
of 10 and 12, respectively. These studies show that
both the adsorption and the desorption behaviour of
pesticides are significantly affected by the presence
of organic solvents,

Using the._previous adsorption data in a
mathematical screening model available in the
literature (Jury et al., 1983), and assuming
constant organic matter content with depth in the soil
profile, 1t can be shown that at a recharge rate of 0.5
m/year, about 0.02% of applied Diquat and Simazine, and
less than 2 x 10712% of applied Linuron and Fenamiphos,
are likely to reach groundwater ‘at 3 meters depth.
However, where decreasing organic matter content with
depth 1in the soll profile, as is most commonly
observed, is incorporated 1in the model the calculations
indicate that up to 4% of Diquat, 18% of Simazine and
approximately 1% of both Fenamiphos and Linuron applied

could potentially reach groundwater.
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Abstract

The adsorption and desorption of two herbicides, Linuron and Simazine, on a clay soil have
been studied in mixtures of methanol and water. Adsorption of the herbicides decreased
with increasing methanol content of the solution. An inverse log-linear relationship between
the Freundlich adsorption coefficients for the two herbicides and the concentration of
methanol was found. Adsorption of the herbicides in the presence of methanol followed
the solvophobic theory, which describes the adsorption of hydrophobic organic compounds
in soils. Values of the Freundlich adsorption coefficient for aqueous solutions, of the two
herbicides extrapolated from adsorption data for the methanol/water mixtures, showed close
agreement with those obtained experimentally. Hence, adsorption in aqueous solutions for
pesticides of low aqueous solubility can readily be predicted on this basis.

Hysteresis, observed after desorption in CaCly solution, decreased with increasing methanol
contents for both herbicides. The decrease in hysteresis was ascribed to the swelling of the
organic matter and the accompanying increased accessibility to solutes. The study showed
that the presence of an organic solvent significantly affected not only the adsorption but
also the desorption of herbicides in soils.

Introduction

Recently, interest has been shown by various workers in the behaviour of
organic compounds in soils in the presence of organic cosolvents (Woodburn
et al. 1986; Miller et al. 1988; Zachara et al. 1988). This interest arises from
the possibility of organic solvents occurring in soil solutions at waste disposal
sites, at land treatment sites for concentrated wastes containing solvents and
in cases of accidental spills. Most of these studies have dealt only with the
adsorption aspects of the hydrophobic organic compounds in soil. Adsorption
of herbicides in the presence of organic cosolvents has received some attention
(e.g. Nkedi-Kizza et al. 1985), but the desorption behaviour of pesticides in
the presence of organic cosolvents has apparently received little attention.
In addition, it is a common practice among workers to use pesticide stock
solutions prepared in organic solvents for adsorption studies (Calvet 1980),
particularly for pesticides having low aqueous solubility (Dunigan and McIntosh
1971). The applicability of adsorption data obtained in this way to aqueous
situations needs to be examined. An alternative to the use of organic solvents
for such pesticides, however, can be the prediction of the adsorption for
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aqueous solutions, from the adsorption data obtained with mixtures of water
and organic solvent using the solvophobic theory (Rao et al. 1985).

This paper reports the effects of methanol at various concentrations on
both the adsorption and desorption of Linuron and Simazine herbicides in a
clay soil.

Materials and Methods
Soil and Pesticides

A Wellesley clay soil (organic matter, 4-6%: clay, 60%; pH, 5-6) of the Serpentine river
association was used in the study. The soil contains some smectite minerals and showed
considerable swelling on wetting. General soil characteristics have been given by McArthur
and Bettenay (1960) and physico-chemical properties of the soil have been reported by Singh
et al. (1990).

Simazine (2-chloro-4,6-bis(ethylamino)-1,3,5-triazine) and Linuron (3-(3,4-dichlorophenyl)-
1-methoxy-1-methylurea) are soil-applied herbicides and are commonly used in Australia.
Application rates for Simazine and Linuron range from 1-4 kg active ingredient per hectare
per application with the number of applications ranging from 1-3 per year. The aqueous
solubility of Simazine is 3-5mgL™! and of Linuron, 81 mgL-! (Hartley and Kidd 1987).
Analytical grade samples (99%+ purity) of Simazine and Linuron were supplied by Ciba-Geigy
Australia Ltd. and Hoechst Australia Ltd., respectively.

Adsorption and Desorption

Batch distribution isotherms of the pesticides in soils were determined at 20+2°C. Air-dried
soil (5 g) was equilibrated in polypropylene centrifuge tubes with 10 mL of pesticide solutions
of various concentrations in solvent mixtures of 0-01 m CaCl, and various proportions of
methanol. The tubes were shaken (end-over-end) for 24 h and the suspensions were then
centrifuged at 12000 r.p.m. for 15 min. The supernatant was pipetted off and analysed
immediately or stored at 4°C. The amount adsorbed by the soil was calculated from the
initial and final concentrations of pesticides in solution.

Desorption of the pesticides involved a number of steps of shaking, centrifugation and
resuspension. After the adsorption was complete, the soil solution was carefully removed. A
known amount of pesticide-free solution in 0-01 M CaCly containing the relevent proportion
of methanol was added to the soil, and the mixture was shaken for 24 h. After centrifugation,
the soil solution was removed for analysis and the soil was resuspended in herbicide-free
solution. This procedure was repeated to generate a desorption isotherm.

Both Simazine and Linuron were analysed by high performance liquid chromatography
(HPLC). The herbicides were separated in a Spherisorb 10 yum ODS column [(30 cmx1-6 mm
i.d. (Phase Separation Ltd Clywd, U.K.)] with a mobile phase of methanol and water (65 : 35
v/v). The herbicides were monitored with a variable wavelength u.v. detector (Vickery et al.
1980). Pesticide adsorption onto the walls of the centrifuge tubes was checked by taking
blank readings and was found to be negligible.

Adsorption data were fitted to the Freundlich equation

S=Kcn, 0]

where S is the adsorbed concentration (umol kg=1), C is the solution concentration (umol
L™1), K is the adsorption coefficient (umol'~" L" kg-1) and n is the exponent (L ymol-!).
Because of its high aqueous solubility, Linuron presents no difficulty for accurate
measurement of solution concentrations. Unlike many other pesticides (e.g. Trifluralin), the
aqueous solubility of Simazine, although relatively small, is, because of the availability
of sensitive analytical methods (Vickery et al. 1980), high enough for the adsorption to
be studied directly from aqueous solutions. Thus, the adsorption of both the herbicides
could be determined directly from water and also estimated indirectly by extrapolating the
adsorption data obtained in the presence of methanol in solution to zero methanol content.
For this, the solvophobic theory for the adsorption of some hydrophobic organic compounds
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from binary solvent mixtures given by Rao et al. (1985) was used. The use of Simazine
provides a reasonable test of the success of this procedure for herbicides of low aqueous
solubilities.

The theory is based on the reciprocal relationship between mole-fraction solubility and
the activity coefficient of the compound. This relation can be put in the form of the organic
carbon (OC) normalized adsorption coefficient (Koc) = K/%0C) as being proportional to the
ratio of the compound's activity coefficient in the aqueous phase to that in the organic
carbon phase (Karickhoff 1984). For mixed solvent systems, the following relation between
the sorption coefficient and the fraction of the organic cosolvent is obtained (Rao et al.
1985):

In(Km/Kw) = —aB(fc), (2)

where K is the sorption coefficient, subscripts w and m denote water and mixed solvents
respectively, f¢ is the fraction of organic cosolvent, & is a constant and B is a parameter
dependent only on adsorbate and solvent properties and not on adsorbent characteristics.

Adsorption for both herbicides was studied from mixtures of methanol/water and water
alone. Adsorption in water was also measured indirectly by extrapolating the data obtained at
different concentrations of methanol, to zero methanol content, as suggested by Nkedi-Kizza
et al. (1985). Sorption data from each solvent mixture were fitted to the Freundlich equation
(1). The sorption coefficient (Ky) was plotted against f. and the value of Ky was estimated
by extrapolating to fc =0 (equation 2). The results were compared with experimental data
obtained from aqueous solution.

Results and Discussion
Adsorption in the Presence of Methanol

Adsorption isotherms of Simazine and Linuron for the clay soil in various
mixtures of methanol and water are given in Fig. 1. Adsorption data for both
herbicides followed a Freundlich adsorption isotherm and these parameters
are given in Table 1. The adsorption coefficient (K) of Simazine and Linuron
decreased with increasing concentrations of methanol in the soil solution,
The exponent (n) also generally decreased with an increase in the proportion
of methanol in solution. This contrasts with the increase in the exponential
term with increasing fraction of organic cosolvent for Quinoline observed by
Zachara et al. (1988).

Adsorption of both Simazine and Linuron decreased log-linearly with
increasing methanol concentration in solution (Fig. 2). This relationship is to
be expected according to the solvophobic theory (equation 2) given by Rao
et al. (1985). Similar effects of organic solvents in decreasing the adsorption
of hydrophobic organic compounds (Rao et al. 1985) and ionizable organic
compounds (Fu and Luthey 1986b; Miller et al. 1988; Zachara et al. 1988)
including some pesticides have been reported. The decrease in sorption in the
presence of methanol has been ascribed, in the main part, to the increased
solubility of these compounds in mixed solvent systems (Rao et al. 1985;
Fu and Luthey 1986a, 1986b). Competitive adsorption of methanol may also
contribute to the decrease in herbicide adsorption, but it has been suggested
(Mingelgrin and Gerstl 1983) that at low concentrations no competition for
adsorption sites occurs because of the presence of adequate soil adsorption
sites to adsorb both solutes.

Fu and Luthey (19864a) have shown a general semilogarithmic increase in the
solubility of aromatic compounds with increasing fraction of organic cosolvents
and this was accompanied by a semilogarithmic decrease in their sorption
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log[adsorbed concn (umol kg=1)]
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Fig. 1. Freundlich adsorption-desorption isotherms in various water/methanol mixtures for
(a) Simazine (O, O, A, v for 10, 20, 40 and 60% methanol respectively), and (b) Linuron (g, O,
A, v for 10, 20, 40 and 50% methanol respectively). Closed symbols represent desorption.

Table 1. Adsorption parameters in the presence of different concentrations of
methanol in soil solution

Methanol K n Retardation
fraction (umoll=" L1 kg-1) (L uymol~1) factor®
Simazine
0 9:50 0-96 20-90
0-10 6-82 0-74 12-07
0-20 5:08 0-66 8-34
0-40 3-08 0-46 4.09
0-60 0:97 0-51 2-08
Linuron
0 38-17 0-81 68-46
0-10 16-25 0-97 33-43
0-20 10-84 0-93 23-00
0-40 5-49 0:67 9.09
0-50 2.97 0-73 5-73

A Equation (3).
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to soil (Fu and Luthey 1986b). However, the decrease in adsorption which
they observed was not as significant as the increase in the solubility. The
decrease in the sorption partition coefficient was about half of that expected
from the increase in solubility. This was indicated by a value of 0-5 for the
ratio of o [slope in equation (2)] to the value of y (a parameter obtained
by regression of log mole fraction solubility to the fraction of methanol in
solution). However, this ratio for Simazine in the present study was found to
be 0.9, which is consistent with the value for the data of Rao et al. (1985)
as calculated by Fu and Luthey (1986b). This suggests that, in the present
study, most of the decrease in adsorption was accounted for by the solubility
effect of methanol. However, the effect of organic cosolvents on sorption
is undoubtedly a complex process which may involve various other factors
including their effects on the electrical double layer, solvation of organic
molecules and reduction in activity of water of hydration of the soil particles
(Zachara et al. 1988) depending on circumstances.

151

y =1.3645 - 1.6900x r2 = 0.998

1 y =1.0168 - 1.6593x r2 = 0.993

i " 1 L L L i 1 i L L |

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Fraction of methanol

Fig. 2. Log-linear relations between the Freundlich adsorption coefficient (K) and fraction
of methanol for Simazine (M) and Linuron (@).

Simazine is a weakly basic organic compound and is ionizable to a cation
to a degree dependent on the pH of the system. The relationship observed
in Fig. 2 indicates that the adsorption behaviour of Simazine from solvent
mixtures is similar to that of non-ionizable hydrophobic organic compounds
(HOC). The solvophobic theory considers that the mechanism of partitioning
between water and the soil organic carbon phase is the dominant process for
sorption of these compounds (Chiou et al. 1983). The present data and that
reported by Zachara et al. (1988) suggest that, for ionizable compounds also,
the effect of cosolvents on the adsorption is predominantly a consequence
of their effect on the solubility of compounds, as is the case with HOC.
The possible increase in surface acidity of the adsorbent due to the organic
solvent (Zachara et al. 1988), thereby increasing protonation of the ionizable
compound, should result in an increased adsorption of Simazine. However,
any such effect is clearly outweighed by the solubility effect.
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Prediction of Simazine Adsorption from Aqueous Solution using Organic
Cosolvent Data

Nkedi-Kizza et al. (1985) suggested that, for hydrophobic organic solutes
having low aqueous solubility, the adsorption coefficient can be estimated
from sorption data determined from mixed solvent systems, provided that the
data follow the solvophobic theory. In the present case, the adsorption of
Simazine from aqueous solutions can be extrapolated by using the relationship
given in Fig. 2. From the exponential relationship, the predicted K, value for
Simazine was found to be 10-4 umol kg~! as compared with the experimental
value of 9-5 pumol kg™!, providing reasonable agreement between predicted
and observed values. This suggests that, for pesticides of such low aqueous
solubility that the study of adsorption from agqueous solutions is difficult, the
adsorption can still be predicted reasonably accurately using the solvophobic
theory. However, its applicability will of course depend upon factors such as
the adsorption behaviour of the particular pesticides, their solubility in the
organic cosolvent used, etc. Furthermore, for pesticides showing very low
adsorption to soil, the prediction would be difficult as the adsorption could
conceivably be further decreased in the presence of an organic solvent. In
general, however, nonionic pesticides of low aqueous solubility show relatively
higher adsorption as the two factors are inversely related (Leenheer and Ahlrichs
1971). It must be noted that only the Freundlich adsorption coefficient (X),
and not the exponent (n), can be predicted.

2.2:'
20|
1‘8-
1.6-
1.4

1.2

log[adsorbed concn (umoi kg—1)]

1. F 1 n 1] n ] J
00 0.5 1.0 15 2,0

log[soln concn (umol L-1)]

Fig. 3. Freundlich adsorption isotherms for Simazine obtained from pure aqueous solution
(®) and from stock solutions in methanol (®). The solid line is fitted to all data. The dashed
line is fitted to data from aqueous solution.

A comparison between the adsorption data obtained for Simazine by using
pure aqueous solutions and those obtained by using aqueous dilutions of
stock solutions prepared in pure methanol to provide methanol concentrations
ranging from 1% to 5% is shown in Fig. 3. Data points from both methods can
be fitted to the same Freundlich isotherm within an r2 value of 0-99. This
indicates that the use of an organic cosolvent at low concentrations to facilitate
adsorption studies of sparingly soluble pesticides can be acceptable. However,
even at these low concentrations, there is an indication that the presence
of the methanol is producing a slight but progressive decrease in Simazine
adsorption with increasing concentration of methanol above about 2%.
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Organic solvents are commonly used for adsorption studies (Dunigan and
McIntosh 1971) because they allow higher solution concentrations to be used
and hence more accurate measurement. For instance, a review of some
adsorption studies on Simazine by Hamaker and Thompson (1972) reported
the use of a range of solution concentrations of Simazine from 0-1 to 3-9 ppm
with corresponding adsorbed concentrations varying from 0-2 to 19 ppm. Such
high soil concentrations cannot be achieved by the use of aqueous solutions
of Simazine. The results presented in this paper indicate that published
adsorption data obtained using organic cosolvents may not accurately reflect
those which would occur from aqueous situations, to an extent depending on
the concentrations of organic solvents in solution.

Desorption in the Presence of Methanol

Fig. 1 shows that adsorption-desorption isotherms for both Simazine and
Linuron from various methanol/water mixtures exhibit varying degrees of
hysteresis. The magnitude of the hysteresis decreased as the fraction of
methanol in the desorption solution increased.

The absolute amount of adsorption which occurs is reduced in the presence
of the organic cosolvent and hence the hysteresis observed will also be reduced.
However, other factors may contribute to a more reversible adsorption-desorption
mechanism in the presence of an organic cosolvent. Freeman and Cheung
(1981) have, for example, discussed the swelling effects of organic solvents
on soil organic matter. Organic matter frequently consists of highly branched
polymer chains forming a three-dimensional network, which allows the internal
absorption of liquids. The absorption of liquid can cause the network to swell
and form a gel to a degree depending upon the ‘network compatibility’ with
the liquid. Increased swelling of organic matter in the presence of organic
cosolvents would thus result in greater accessibility for the solute to get into
and out of the humin-kerogen polymer network. Maximum swelling would
be expected to occur when the solubility parameter d (Hildebrand and Scott
1950) of the liquid approaches that for the organic matter gel, i.e. d=10-3 (if
the organic matter in soil behaves similarly to n-octanol) (Briggs 1981). The
value of d for methanol is approximately 14-5 as compared with 23-.5 for
water (Freeman and Cheung 1981) and, hence, the increasing concentration
of methanol in the solvent mixture would be expected to result in increased
swelling of soil organic matter. The decreasing hysteresis in the present study
with increasing methanol concentration is consistent with these observations
as this presumably coincides with increasing swelling of the organic matter.

Effect of Methanol on Mobility

In addition to their direct effect on adsorption, increased reversibility of the
adsorption process (i.e. less hysteresis) in the presence of organic solvents will
increase the mobility of a pesticide in the soil profile. Any effects of organic
solvents on the soil solution transmission properties of the porous media
(Brown and Anderson 1983) may also influence the mobility of pesticides in
solution.
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The mobility of Simazine and Linuron in soils can be estimated in terms of
the retardation factor (R) calculated according to the relation (Rao and Jessup
1983)

R=1+(Dp/0s)"KC" 1, (3)

where D, is the bulk density of soil (g cm™3); 65 is the water-filled porosity
(cm3 cm™3), K and n are the Freundlich adsorption coefficient and exponent,
respectively, and C is the solution concentration. Since the adsorption
isotherm is nonlinear, the retardation factor will also be a function of solution
concentration of the herbicides.

The values of Rfor Simazine and Linuron (calculated at herbicide concentrations
of 1 ug mL™1), corresponding to various concentrations of methanol, are given
in Table 1. There is a marked decrease in the R values with increasing
fraction of organic cosolvent in the mixture. At 10% methanol content, the R
values for both the herbicides decreased to almost half the value in aqueous
solution. The presence of methanol at a level of 50% and 60% of solvent
mixture decreased the retardation factor of Simazine and Linuron by factors
of 10 and 12, respectively.

Conclusions

This study clearly shows that the adsorption and desorption behaviour of
pesticides are both significantly affected by the presence of organic solvents.
These observations have implications with respect to the transport of pesticides
and other organic solutes in any situation where organic solvents may be
involved, e.g. at waste disposal and land treatment sites.
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ABSTRACT

Cochrane, H.R. and Aylmore, L.A.G., 1991. Assessing management-induced changes in the structural
stability of hardsetting soils. Soil Tillage Res., 20: 123-132.

A method which permits separate quantitative assessment of the role of both dispersive and non-
dispersive mechanisms contributing to structural instability in hardsetting soils is described. The
technique has been used to assess the impact of various tillage intensity, rotational, stubble manage-
ment and gypsum amendment practices on the structural stability of some hardsetting soils from
Western Australia.

In soils subjected to a full structural analysis, dispersive failure was found to be the dominant mech-
anism contributing to structural instability. On average, dispersive failure accounted for 66% and
slaking 20%, of total instability as measured by the modulus of rupture-based techniques employed.
Minimising slaking, by reducing the rate of soil wetting, greatly reduced the expression of dispersive
behaviour in all soils. This implies that management practices which confer on the soil a resistance to
slaking can be effective remedial measures on soils which are predominantly susceptible to dispersive
failure. Dispersive failure was found to be the major determinant of crop response to gypsum.

INTRODUCTION

Soil structural instability restricts the productive capacity of a significant
area of the sandy loam to clay loam textured topsoils of the Western Austra-
lian wheatbelt. Both the timeliness of cultural operations and crop growth can
be hindered by low permeability when the soil is wet and by high strength
when the soil is dry. Typically these soils are unstable when wet. The disrup-
tion of structure which occurs on wetting results from two mechanisms: (1)
dispersion — caused by double layer swelling forces and characterised by the
detachment of clay-sized particles; (2) slaking — where larger compound par-
ticles of soil are broken down by rapid wetting but clay dispersion does not
necessarily occur. While there is evidence that many of these soils were struc-
turally fragile prior to clearing, inappropriate agricultural management has

0167-1987/91/%$03.50 © 1991 — Elsevier Science Publishers B.V.
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been a major contributor to the poor structural status of the soils (Stoneman,
1962).

Numerous methods have been proposed for assessing the dispersive and
slaking behaviour of soils. The most widely adopted quantitative tests mea-
sure clay dispersion in soil/water suspension and water-stable aggregation by
wet sieving, with many variants being suggested for each method (Williams
et al., 1966; Rengasamy et al., 1984).

These techniques have proven to be inadequate for assessing the hardset-
ting behaviour of soils of the Western Australian wheatbelt for a number of
reasons: the disruptive forces applied during the measurement are generally
arbitrary and differ in their mode of action to the forces experienced by the
soil in situ. Dispersible clay measurements can give a misleading assessment
of structural stability when used for comparisons between different soil types
because the same quantity of clay dispersed from different soils can have very
different expressions in terms of structural effect. Water-stable aggregation is
not a sensitive method for those soils in which only a small portion of the soil
volume exists as macroaggregates as is the case for much of the hardsetting
soil in the Western Australian wheatbelt. Equally important, however, is the
fact that dispersion and slaking have generally been measured on different
scales. Although Rengasamy et al. (1987) have proposed a classification
scheme which combines results from both the above tests to give an index of
structural stability, the basis used for combining the two scales of measure-
ment comprising the index is somewhat arbitrary.

The objective of the work reported here was to develop a method which
could be used to characterise quantitatively the structural status of hardset-
ting soils and to discriminate between the mechanisms contributing to their
instability. The method of analysing structural stability that we describe is
based on the modulus of rupture (M.O.R.) procedure in which disruption to
soil structure is caused by a single wetting and drying cycle. Thus, the soil is
being subjected to a process and a level of disruptive energy input similar to
that which it experiences in the field situation. We have found M.O.R. to be
a reliable indicator of soil physical behaviour for the hardsetting soils of the
Western Australian wheatbelt, being strongly correlated with seedling emerg-
ence and early growth performance of plants grown under controlled condi-
tions (Aylmore and Cochrane, 1986). The method developed has been used
to assess the influence of some common management practices on the struc-
tural stability of a typical hardsetting soil type from the eastern wheatbelt and
to assess the response to gypsum application on a range of trials located
throughout the Western Australian wheatbelt.
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MATERIALS AND METHODS
Merredin trials

Surface soils were collected in the winter of 1986 from five trials on the
Merredin Research Station (31°31’S, 118°12’E) 250 km east of Perth, West-
ern Australia. The soil is a Brown solonetzic soil of the Merredin series (Bet-
tany and Hingston, 1961 ), with an average pH of 6.7 (1:5 in water), sodium
accounted for 3.5% of the exchangeable bases (range 1.3-7.8%), average or-
ganic carbon was 1.01% (range 0.66—1.31%) and soil texture ranged from
loam to light clay. Separate samples were taken from the top 2 cm and top 7
cm of two replicates of each treatment selected for analysis. Details of the
treatment comparisons made on each trial are contained in Table 1. Trial
codes are those allocated by the West Australian Department of Agriculture
which was responsible for initiating and maintaining the trials.

Gypsum trials

Surface soils (0-7 cm) were collected in the autumn/early winter of the
first year of each of 34 trials set up to determine the efficacy of gypsum appli-
cation in ameliorating poor soil physical conditions. Trial design was not uni-
form, wheat cultivars, fertilizer and seeding rates being chosen on the basis of
local recommendations. All trials, however, incorporated a 5t ha=! gypsum
treatment and responses to gypsum are reported at this application rate, al-
though this is not necessarily the optimum rate tested in each trial. Trial lo-
cations varied from Kalannie (32°22’'S, 117°07’E) in the northwest to
Salmon Gums (32°59’S, 121°38’E) in the southeast and were initiated be-
tween 1982 and 1985. As management practices in subsequent years differed
for each trial, only responses obtained in the first year of each trial are reported.

TABLE 1

Soil management practices

Trial Duration Treatments sampled

code (years)

M13 10 Tillage intensity (continuous cropping)

M13 4 Broadcast gypsum application

M56 10 Tillage intensity (rotational cropping)

M29 20 Wheat cropping; Medic pasture continuous and in rotation
M1 2 Stubble addition; Stubble burning

M34 4 Stubble retention; burning X tillage intensity
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Testing procedure

Soils were collected moist using thin-walled, 70-mm-diameter brass cores
to minimise structural disruption at sampling. Soil was air-dried over a 2 week
period, gently crushed and sieved to pass a 2-mm aperture and thoroughly
mixed. Soils from replicate plots of one treatment were combined in equal
weights to form a composite sample for that treatment prior to analysis. Ex-
changeable sodium, calcium, magnesium and potassium, and organic carbon
were measured on each composite sample using the methods described by
Aylmore and Sills (1982). Particle size analysis was determined on a sample
composed of equal weights of soil from all plots sampled on each trial, again
using the methods described by Aylmore and Sills (1982). Structural analysis
was carried out using methods based on the modulus of rupture (M.O.R.)
technique described by Richards (1953), with the exception that where soil
blocks cracked in the mould, determinations of soil strength were carried out
on briquette fragments using a shorter briquette support.

In the modulus of rupture procedure, initially air-dry soil is taken through
a single wetting/drying cycle and the resulting disruption to structure is mea-
sured as the strength of the soil block formed. Table 2 describes the variations
from the standard modulus of rupture procedure required to give a full struc-
tural analysis. For example, modulus of rupture of the previously calcium-
saturated soil wet rapidly, assesses the total non-dispersive component of
structural instability and the difference between this value and that obtained
when calcium-saturated soil is wet slowly prior to saturation wetting assesses
the slaking component.

Calcium saturation was achieved by the following procedure. Approxi-
mately 160 g air-dry soil was placed in a 50-mm-diameter perspex permea-
meter and slowly wet to saturation with a calcium chloride solution having an

TABLE 2

M.O.R. determinations required for structural analysis

Wetting Exchangeable Soil structural parameter derived by:
conditions cation status
Measurement Subtraction
Rapid Natural Total instability
Dispersive
Slow Natural Total instability

(slaking eliminated )
Dispersion
(no slaking)
Rapid Ca-saturated Non-dispersive
Slaking
Slow Ca-saturated Residual
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ionic strength of 93 mmol dm~3. The soil was then leached with 1 1 of this
solution followed by 1 1 of calcium chloride having an ionic strength of 23
mmol dm 3. Excess solution was removed by suction applied to the base of
the permeameter and the soil dried at 45°C prior to gentle crushing and siev-
ing to pass a 2-mm aperture. Leaching was generally done over a 9 h period;
however, some of the less permeable soils required up to 36 h for the passage
of the solutions, in these cases the flow rates for all soils from that trial were
reduced to that of the least permeable sample and all soils remained saturated
for the same length of time. The leached soils were found to have, on average,
exchangeable sodium and calcium levels of 0.6 and 96%, respectively, of the
exchangeable bases.

The slow wetting procedure involves wetting the soil under tension prior to
saturation wetting. Soil briquettes were prepared in standard size brass moulds
which had a thin nylon mesh (25 um aperture nytal cloth) base. The soil-
filled moulds were placed on sintered glass plates overlain by thick blotting
paper to improve soil/plate contact. The sintered glass plates supplied water
at a suction of 20 cm water. For selected samples the rate of wetting was mea-
sured by recording the rate of movement of the water meniscus in a calibrated
capillary tube connected to the plates. Soils normally wet to an equilibrium
moisture content in 20-40 min. All soils tested in this series of experiments
were left to wet up under suction for 60 min as this was the time required for
the least permeable soils to wet up completely. The procedure is completed
by saturation wetting for 1 h and drying at 45°C as for the normal wetting
procedure.

RESULTS AND DISCUSSION
Measuring the components of structural instability

Each component in the structural analysis described above is expressed as
a modulus of rupture value whether measured directly, as in the assessment
of total instability, or derived by subtraction of one modulus of rupture value
from another, as in assessment of dispersive failure. In unmodified soils, slak-
ing and dispersion are to some extent interdependent mechanisms of struc-
tural failure; truly quantitative separation of the role of these mechanisms
therefore requires adherence to a standard procedure. Assessment of total in-
stability with slaking minimised by subjecting unmodified soil to the slow
wetting procedure (see Table 2), frequently is not possible in highly disper-
sive soils as the longer total duration of wetting involved increases the expres-
sion of dispersive failure to a value in excess of that determined for total
structural instability. Substituting prewetting under vacuum for prewetting
under the tension can be used to overcome this problem.
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Merredin trials

Figure la presents the components of structural instability for soils col-
lected from the 10th year of the long-term continuous tillage trial M13. Both
tillage intensity and gypsum have a highly significant effect on soil structural
stability (P<0.001), the largest differences being in the dispersive failure
mechanism. Reducing tillage intensity significantly reduced slaking failure
(P<0.05), whereas gypsum application resulted in a small but non-signifi-
cant increase in slaking failure on each tillage treatment.

Figure 1b demonstrates the effect on dispersive failure of minimising the
slaking component of structural instability for the same set of soils. Slaking is
minimised by wetting the unmodified soil under suction prior to saturation
wetting. Dispersive failure is reduced by a factor varying from 55 to 100% of
the level found in the same soils subjected to the full disruptive effect of rapid
wetting.

This analysis indicates that adoption of management practices that confer
on the soil a resistance to slaking, can be as effective a remedial measure as
direct manipulation of dispersive failure through gypsum application. The
results of the structural analysis on this trial are the most unequivocal of all
the trials examined and corroborate the evidence for structural change asso-
ciated with management at this site reported by Jarvis et al. (1986).

Figure 2a and b shows the structural analysis for soils collected from the
adjacent long-term rotational tillage trial M56, where the same tillage treat-
ments are applied in yearly rotation with a pasture phase. In contrast to the
continuous cropping situation, there is no stabilisation of structure associated
with the zero tillage (T.D.D.) treatment.

(a) FAST WET (b) SLOW WET

M.O.R. (Kpa) M.O.R. (Kpa)
400 r

400
350 360
300f
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160

§ s i r, 100
i l M
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DP -3 DF43  UUD-G CDD+G  TDD-G TDD+@ DP -a@ DP+G CDD-G CDD+@ TDD-G TOD+G
TILLAGE TREATMENT TILLAGE TREATMENT
B ReSIDUAL [ 1SLAKING  [ZADISPERSION I RESIDUAL DISPERSION

Fig. 1. Components of structural instability for soils from the 10th year of continuous cropping
trial M13 (0-7 cm): (a) fast wetting; (b) slow wetting to minimise slaking. Tillage treatments
in order of decreasing tillage intensity are: DP, scarified twice, sown using a combine drill; CDD,
direct drilled using a combine drill; TDD, direct drilled using a triple disk drill; + G, gypsum
broadcast at 4.7 t ha~! just prior to the 7th season of cropping.
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Fig. 2. Components of structural instability for soils from the 10th year of rotational cropping
trial M56 (0-7 cm): (a) fast wetting; (b) slow wetting to minimise slaking. Tillage treatments
in order of decreasing tillage intensity are: DP, Scarified twice, sown using a combine drill;
CDD, Direct drilled using a combine drill; TDD, Direct drilled using a triple disk drill.

The most feasible explanation for this apparently anomalous behaviour be-
tween the two trials lies in the interaction between tillage intensity and graz-
ing management. Treading by sheep, particularly when the pasture phase of
the rotational trial is grazed wet during winter, constitutes the major differ-
ence between the two trials in terms of structurally disruptive forces applied
to the soil. The structural status of soils sampled in winter from rotational
trials is determined partly by the management practices in the current season
and partly by management in previous seasons. We cannot quantitatively de-
termine the influence of grazing management on structural stability from this
sampling but our data indicate that although soils from the surface 2 cm, which
would be more exposed to structural damage by treading animals, are always
more stable than their 0~7 cm counterparts, the difference between them is
least in the winter-grazed soils.

The most noteworthy findings from the structural analysis of all the man-
agement comparisons made are summarised in Table 3. Residual failure was
initially conceived as being determined by inherent soil physico-chemical
properties not directly affected by normal management practice. Results from
four of the trials appear to validate this view; differences between treatments
being small relative to slaking and dispersion effects. The long-term rota-
tional trial M56, however, shows a highly significant effect of current year
pasture on the residual component at both sampling depths across all tillage
treatments. Whether this is a management-induced change, an inherent dif-
ference in soils between the two paddocks forming the trial area or the result
of a short-lived soil component affecting the effectiveness of the reduced rate
of wetting procedure is as yet unclear.

The effect of a particular management practice will depend on the length of
time it has been applied and the manner in which it is applied. For example,
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TABLE 3

Summary of treatment effects on soil structural stability

Treatment Total Dispersive Slaking Residual Treatment Trial
A B

Pasture < < < = Crop (continuous) M29
Pasture < < = = Crop (rotation) M29
Pasture < < < > Crop (rotation) M56
Gypsum < < ] = Nil gypsum Mi13
Min. till < < < = Con. till M13
Min. till < X X . Con. till (in pasture) M56
Min. till X X > = Con. till (in crop) MS56
Min. till < < = = Con. till (stubble retained) M34
Min. till > > > = Con. till (stubble burned) M34
Stubble added < < < = Stubble retained M1
Stubble burned > > = = Stubble retained M1
Stubble burned = ) < = Stubble retained (min. till) M34
Stubble burned > > S . Stubble retained (ploughed) M34

>, Treatment A had a higher M.O.R. than Treatment B; <, Treatment A had a lower M.O.R. than
Treatment B; =, Treatment A did not differ significantly from Treatment B; X, Treatment effects
were not consistent.

poor pasture will have less potential for structural enhancement than high
yielding pasture and may explain why the pasture phase of the rotation has
effectively reduced soil susceptibility to slaking in trial M56 but not in trial
M29. The influence of stubble burning compared with stubble retention in
increasing susceptibility to dispersion under conventional cultivation in trials
M1 and M34 indicates a trend towards declining structural stability which
was not detectable by field observations at the time of sampling.

Gypsum trials

Figure 3 shows the relationship between the percentage increase in wheat
grain yield in the season following a 5t ha~! gypsum application and the
dispersive failure component in topsoils from the 34 gypsum trial sites. De-
spite large variations in climatic conditions, wheat cultivar sown, seeding rate,
tillage technique, and weed population, the linear least squares regression re-
lationship shown accounts for 71% of the variation in response to gypsum
between trials. The poor response to gypsum on those trials initiated in 1985,
a year of low but well distributed rainfall, demonstrates that seasonal factors
may restrict the expression of potential dispersive behaviour just as disper-
sion is restricted when slaking is minimised.
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Fig. 3. Percentage increase in grain yield following a 5t ha~' gypsum application versus disper-
sive failure at 34 trial sites.

CONCLUSIONS

The method of structural analysis outlined above can be used to assess the
susceptibility of hardsetting soils to structural disruption and to measure the
impact of soil management practice on the major components of structural
instability. In particular, dispersive failure assessed by this method is a good
indicator of the potential for soil and crop response to gypsum application
over a wide range of soil types. The technique provides a basis for tailoring
management practice to the structural characteristics of individual soils — a
prerequisite to developing land management systems which will enhance the
long-term productivity of these structurally fragile soils.
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ABSTRACT

A technique for using Na* liquid ion exchanger (Na’'-LIX) mi-
croelectrodes to accurately measure, repetitively, and in a nondes-
tructive fashion, Na* concentrations in the soil solution at single
points is described. The method has been used to examine solute
(NaCl) accumulation in proximity to single roots of lupine (Lupinus
angustifolius L.) and radish (Raphanus sativus L.) plants subjected
to two levels of transpirational demand and five soil solute concen-
trations. The results obtained indicate that, at soil water contents
corresponding to matric water potentials > —140 kPa, back diffusion
of solute significantly counteracts the tendency for solute accumu-
lation at root surfaces during transpiration.

UCH OF THE CONTROVERSY surrounding both
water and solute uptake by plant roots has aris-
en from the lack of suitable methods for measuring
the values of water and solute potentials in the soil
surrounding plant roots with sufficient resolution and
in a continuous and nondestructive manner. The lim-
itations on water content and potential determination
have been largely removed by the recent innovative
application of computerized axial tomography (CAT)
to x- and gamma-ray attenuation measurements
(Hainsworth and Aylmore, 1983, 1986, 1988, 1989).
Methods for measuring soil solute concentration, how-
ever, generally remain limited to macroscopic deter-
mination by conductivity terminals or to destructive
sampling and soil solution extraction techniques
(Rhoades and van Schifgaarde, 1976; Richards, 1966;
Oster and Ingvalson, 1967).

Although ion-sensitive microelectrodes are widely
used in biology to measure intercellular ion concen-
trations, they have previously received very limited
use in soil-plant ecology for measuring ionic concen-
trations at or near the root surface (Xuan, 1982; Tal-
ibudeen and Page, 1983). Microelectrodes are sensitive
enough to monitor even a slight change in ion con-
centration and clearly should be capable of precise,
continuous, and in situ measurement of ionic concen-
trations at the root surface and in other situations in
the soil where single-point determinations are re-
quired. The major difficulty to be overcome in this
respect lies in the fragility of the glass tip of the mi-
croelectrode, which is only a few micrometers in di-
ameter, and in locating the microelectrode tip at the
desired point in the soil. This study developed a meth-
od by which Na*-liquid ion exchanger microelectrodes
have been used to study on a microscale, the accu-

Soil Science and Plant Nutrition, School of Agriculture, the Uni-
versity of Western Australia, Nedlands, W.A., 6009. Received 28
June 1989. *Corresponding author.

Published in Soil Sci. Soc. Am. J. §5:954-958 (1991).

954

mulation of solute in proximity to the roots of lupine
and radish plants.

MATERIALS AND METHODS
Ion-Sensitive Microelectrode Techniques

The first full-sized ion-sensitive electrodes to be widely
used in the laboratory were pH-sensitive glass electrodes
(Caldwell, 1954). With subsequent developments, it is now
possible to make microelectrodes that are sensitive to H*,
Na*, K*, Cl-, and some other ions, and that are capable of
giving continuous readings during periods of many hours.
The development of liquid ion-sensitive membranes, or
LIX, in the late ‘60s (Ross, 1969) and their commercial avail-
ability led to the development of a simple method that allows
such materials to be held in the tips of glass microelectrodes
(Walker, 1971). The major drawback associated with the
most readily available LIX solutions is their poor specificity,
permitting interference by other ions. For example, the se-
lectivity of LIX for Na* over K* is not competitive with NAS
I1-18 Na-sensitive glass that has a selectivity for Na* over
K* in microelectrodes of well over 100:1 (Dick and Mc-
Laughlin, 1969; Hinke, 1969). Nevertheless, a rather better
Na*/K* selectivity (15:1) has been obtained with a monensin-
based Na*-LIX by Kraig and Nicholson (1976). Unfortu-
nately, monesin is very difficult to crystalize in the right
form, making the microelectrode Na* sensitive for only a
day or so.

In practice, the difficulties experienced in making sharp
microelectrodes with NAS II-18 Na*-sensitive glass, make
Na*-LIX a somewhat more attractive way to measure Na*
concentrations at the root surface, especially when the soil
solution has very small or zero K* concentration, compared
with Na* concentration.

Preparation of Liquid-Membrane Microelectrodes

A batch of 2.0-mm o.d., 1.6-mm i.d. borosilicate glass tub-
ing was cleaned in hot ethanol vapor and dried (Thomas,
1978). Micropipettes with 10-um tips (larger than generally
used for conventional microelectrodes) were then made, us-
ing a microelectrode puller, by applying a weak extension
force. Once a microelectrode had been constructed, it was
kept in a dessicator with dried silica gel in the bottom to
avoid absorption of excess water by the glass surface. Since
LIX is composed of an organic electrolyte or neutral ligand
dissolved in a water-immiscible solvent (Thomas, 1978), the
tip of the microelectrode, which possesses the hydrophilic
nature of a glass surface, allows water to rapidly displace any
water-immiscible liquid from the tip of an untreated glass
micropipette. For this reason, the tips were dipped in a fresh
2.5% (v/v) solution of tri-n-butylchlorosilane in dry 1-chlo-
ronaphthalene for 10 s. The micropipettes were than placed
with their tips upwards in a drilled metal block and baked
in an oven at 120 °C for 1 h. Typically, silane (an organic
Si compound) reacts with the hydroxyl groups on the glass
surface and H is replaced by a Si atom with two or three

Abbreviations: LIX, liquid ion exchangers; CAT, computerized axial
tomography.
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organic radicals attached to it. Thus, the glass surface be-
comes covered with organic groups and is made very hy-
drophobic. After cooling, the batch was stored in a dry
dessicator with silica gel in the bottom.

Filling the Microelectrode with Sodium-Liquid Ion
Exchanger

A small volume of Na*—LIX (Na* cocktail of composi-
tion: 10.0% (w/w) Na ionophorel [ETH 227], 89.5% (w/w)
2-nitrophenyl octyl ether and 0.5% (w/w) Na tetraphenyl-
borate) was injected into the top of the microelectrode shank
using a syringe with a fine plastic tubing. The microelectrode
was then placed under a low-power microscope. To ensure
complete filling of the tip with LIX all trapped air must be
expelled. This can be achieved by pushing a cat (Felis catas)
or rabbit (Oryctolagus cuniculus) whisker through the LIX
until it reaches through the shank and then withdrawing it
a few micrometers. The LIX should then run down the end
of the whisker and start filling the tip. Sometimes a meniscus
may form near the end of the whisker, trapping a volume
of air between it and the micropipette tip. This can generally
be removed by moving the whisker up and down until the
LIX runs down or by pushing the trapped air out. Alter-
natively the microelectrode tip can be broken, provided the
filled tip has an acceptable diameter. When the shank has
been filled with LIX, the microelectrode shaft is filled with
0.1 M NaCl solution. Finally an Ag/AgCl wire is inserted in
the 0.1 M NaCl solution and left for a few hours to stabilize
before connecting it to an electrometer (Model 610, Keithley
Instruments, Cleveland, OH).

The characteristics of the electrode prepared in this fash-
ion as provided by the manufacturers of the neutral ion-
ophores (Fluka Chemical Corporation, NY) are as follows:

Selectivity Factors. The log Kigh, (M refers to the opposing
cation; Pot identifies these as potentiometric selective fac-
tors) as obtained by the separate solution method (0.1 M
solutions of the chloride salts) (Steiner et al.,, 1979): log
KR = 0.4; log Kk = —1.7; log KR, = 0.2; log KRalyg
= _2‘4; Iog Krd?rlhctlyitlmllur = =18

Electrode Function, Detection Limit. Slope of linear
regression: 53.0 £ 2.5 mV (20 °C, 10-'-10-3 M Na(l). De-
tection limit (NaCl, ionic background of 200 mM K*, 2.0
mM MgCl,. 0.01 mM Ca?): log ay, (activity) ~—2.5.

Electrical Resistance. Tip diameter ~2 gm: ~10!° Q.

Response Time. 90% response time: < 5 s.

The potential is read with respect to a reference wire (Ag/
AgCl) 0.5 mm in diameter inserted to a depth of ~3 cm in
the soil at a distance of 6 cm from the microelectrode/root
surface contact point. Across the concentration range used,
the potential difference between the sensing electrode and
the reference electrode prior to the commencement of tran-
spiration (i.e., zero transpiration) was both constant and very
small (<5 +1 mV during 24 h). Changes in soil water con-
tent in the vicinity of the microelectrode, through the range
involved in the present measurements, produced essentially
no change in this small baseline potential. Furthermore, con-
commitant CAT-scanning measurements of the drawdowns
in soil water content demonstrated that the water content
in the bulk soil in the vicinity of the reference wire was
constant throughout the experiments. As indicated above,
the response of the microelectrode to change in soil solute
concentration is essentially instantaneous (Thomas, 1978).
A schematic diagram of the system for measuring the Na+*
concentration at the root-soil interface using the Na*-LIX
microelectrode is shown in Fig. 1b.

Construction of Microelectrode Pots

To obtain good contact between the microelectrode tip
and the root surfaces, polyvinyl chloride pots (Fig. 1a) were

specifically designed to allow accurate positioning of the mi-
croelectrode tip to the root surface. The sloping bottom of
the pot was made of transparent acrylic plate and a hole to
allow access to the root surface was located on one side of
the pot just above the inside edge of this plate, 5 cm below
the pot top and 3 cm away from the pot leg. Accurate po-
sitioning of the microelectrode was achieved by inserting a
plastic tube with diameter such that the tube could move
relatively freely into the hole. The plastic tube was posi-
tioned 1 cm away from the point where the root first inter-
cepted the acrylic plate. To ensure root/tube contact, a 0.1-
mm-diam. hole was made from the surface of the soil to the
perspex bottom to encourage the root subsequently planted
to follow and to intercept the perspex bottom at the required
position. Invariably, once the root intercepted the surface of
the perspex bottom, it grew along the surface of the acrylic
plate toward the plastic tube. If the root did not make im-
mediate contact with the tube end, this could be delicately
repositioned by pushing it the fractions of millimeters re-
quired. Usually, a careful positioning of the plastic tube rel-
ative to the hole made for the root prior to planting yielded
a good contact between the plastic tube and the root surface
(Fig. 2).

The inside end of the plastic tube was covered with a layer
of Whatman no. 1 filter paper to prevent soil particles from

(a)
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Fig. 1. Schematic diagrams showing (a) microelectrode pot, and (b)
arrangement for measuring Na* concentration at root-soil inter-
face using Na*-liquid ion exchanger microelectrode.



956 SOIL SCL SOC. AM. I, VOL. 55, JULY-AUGUST 1991

Fig. 2. Acrylic bottom of the microelectrode pot showing a lupine
root intercepted by the microelectrode tube (MET). Note how the
root has bent at the point of contact.

entering the tube and breaking the delicate microelectrode
tip. The microelectrode shaft had a diameter slightly less
than that of the plastic tube and could be inserted inside the
tube with relative ease until its tip touched the filter paper,
then pushed very gently to just penetrate it. Since the plastic
tube, the contact point, and the root were visible through
the perspex plate, this process was not difficult. Special at-
tention had to be paid to prevent the microelectrode tip from
penetrating the root surface, where it would have read the
cortex or xylem concentration instead of that at the root
surface.

The microelectrode pots were amenable to CAT scanning
so that the water drawdown in any layer, and in particular
that associated with the microelectrode, could be monitored
continuously. Leaf water potentials were monitored using a
leaf hygrometer (Model L-51A, Wescor, Logan UT).

Calibration of the Microelectrode

A series of NaCl solutions 5, 10, 20, 40, 60, 80, and 100
mol/m? were used to construct a calibration curve for the
Na*—LIX microelectrodes in aqueous solution. The same
NaCl solutions were used to irrigate microelectrode pots,
uniformly packed with an artificial soil to be used in plant
experiments, to a water content of 0.3 m3/m?3. The artificial
soil consisted of a homogeneous mix of 85% sand from the
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-40
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-60 |-

-100 -

-120 |-
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Fig. 3. Calibration curves for Na*liquid ion exchanger microelec-
trode in aqueous NaCl solutions and NaCl solutions in soil.

Bassendean Association of the Swan Coastal Plain, Western
Australia (McArthur and Bettenay, 1960) and 15% Clackline
kaolinite from the pallid zone of the Kauring Laterite, West-
ern Australia (Mulcahy and Hingston, 1961). This mix was
used to provide a soil medium with the most suitable water-
retention and diffusivity characteristics for these studies
(Hainsworth and Aylmore, 1986). The irrigated pots were
then left for 24 h, allowing the water and solute content in
the soil to equilibrate. The Na* concentrations of the soil
solutions in the pots were measured, using microelectrodes
and the above procedure. Calibrations in the aqueous so-
lution and in the soil were both carried out in a high back-
ground Cl- concentration, which was adjusted to maintain
a constant total Cl- as the Na* concentration was altered.
The relationships between the microelectrode potential read-
ings on the electrometer and the Na* concentrations in the
NaCl aqueous solutions and in the solutions applied to the
soil are shown in Fig. 3.

The electrode potentials obtained for a solution of a given
Na* concentration were invariably lower for the solutions
incorporated into the soil than for the original aqueous so-
lutions, presumably as a result of small but constant extra-
neous potentials at the reference electrode in the soil, or
perhaps of Na* exchange on the exchange sites and into the
diffuse double layer associated with the clay component of
the soil. The extent of these effects will undoubtedly vary,
depending on the texture and composition of the soil. It is
evident, however, that the slope of the calibration curve is
essentially unchanged between the aqueous and soil solu-
tions, giving confidence in the function of the microelectrode
system.

Solute Accumulation at Root Surfaces
during Transpiration

Lupine (cv. Yandee) and radish (cv. white icicle) seeds
were allowed to germinate in the dark on petri dishes con-
taining a thick pad of moist tissue, then transplanted into
microelectrode pots so that their emerged radicle was point-
ed towards the previously made 0.1-mm-diam. hole, 1.5 cm
away from the side of the pot, containing the microelectrode
hole. The plants were located 1 cm away, but as close as
possible on the same line, from the end of the plastic tube.
As they grew, the lupine or radish roots intercepted the acryl-
ic bottom of the pots and passed by the inside end of the
plastic tube inserts (see Fig. 2).

The single-root lupine and radish plants were grown under
laboratory conditions for 18 d under light from eight 20-W
fluorescent tubes for 14 h followed by 10 h of darkness each
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Fig. 4. Sodium concentrations at lupine and radish root surfaces for

25, 50, 75, and 100 mol m-3 Na* treatments after 0, 2, 4, 6, and
8 h of low/high transpirational demand (T.).

day. Day and night temperatures were maintained between
231021 °Cand the relative humidity at 60 to 70%. Irrigation
with saline solutions of the pots containing the plants com-
menced 11 d after planting. To avoid salt injury, the saline
solutions were added gradually (mixed with distilled water)
up to Day 14 from planting, where the full-strength solution
was added. Four levels of saline solutions containing 25, 50,
75, and 100 mol/m?3 Na*, as well as the no-solute treatment
(distilled water) were used. After 17 d, the pots were rewa-
tered with the saline solutions to a water content of 0.3 cm?/
cm? and the open end of each pot, except for the stem hole,
was sealed with cellophane to prevent water evaporation
from the soil surface. The plants were kept in darkness for
24 h, allowing the water content in the pots to equilibrate.
The plants were subsequently exposed to light and to two
levels of transpiration demand imposed by differing air flows
from a 390-W fan placed 1 m away. The Na* concentration
at the root surface was measured by the microelectrode tech-
nique after periods of 2, 4, 6, and 8 h of transpiration.

RESULTS AND DISCUSSION

Figure 4 shows the concentrations of Na* at the root
surfaces of the two plant species, measured using the
Na*—LIX microelectrodes, after the various transpi-
ration periods for the different solute treatments. In
all cases the Na* concentrations at the root surfaces
increased gradually with time of transpiration in a
near-linear fashion and increased slightly more rapidly
with increasing Na* concentration in the treatment. At
the end of the transpiration period (8 h), the lupine
roots had accumulated more Na* at their surfaces than
had the radishes except at the two highest concentra-
tions under high transpiration demand. This was to
be expected, because the lupine roots generally ex-
tracted more water than did the radish roots. For the
same reasons, the accumulations of Na* at the root
surfaces for both plants were slightly higher under the
high transpiration demand.

The cumulative water uptake by the lupine and rad-
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Fig. 5. Cumulative water uptake (cm?) by lupine and radish roots

after 2, 4, 6, and 8 h of low/high transpirational demand (T.) for
0, 25, 50, 75, and 100 mol m=3 Na* treatments.

ish plants was obtained by weighing the pots after each
transpiration interval; these are shown in Fig. 5. Al-
though the cumulative water uptake is clearly pro-
gressively reduced by increasing solute concentrations
in the treatments, in each case the total amount of
water (and hence total solute) transported to the root
surface increased in a roughly exponential fashion with
time. The decrease in soil-water content in proximity
to the plant roots with time of transpiration would, of
course, act to increase the concentration of solute ac-
cumulation in this region.

The extent of the accumulation of solute at the root
surface during transpiration will clearly depend on the
soil solute concentration, the rate of water uptake, the
reflection coefficient of solute at the root membrane,
and the extent of back diffusion of solute to the bulk
soil. Other data (Aylmore and Hamza, 1990) dem-
onstrated that the relationships between water uptake
and the gradients of hydrostatic pressure potential be-
tween leaves and soil in these measurements remained
essentially linear and that the increases in hydrostatic
potential necessary to initiate flow in the soil-plant
systems with decreasing osmotic potential in the treat-
ment were effectively identical with the decrease in
osmotic potential at the root surface. These results
indicated that the root membranes of both plants acted
as near-perfect osmometers. Thus, the reflection coef-
ficient for NaCl is probably close to one and only triv-
ial amounts are expected to cross the root membrane.
Passioura (1984) and Munns and Passioura (1984)
have suggested that, under these conditions and in the
absence of significant back diffusion, the osmotic po-
tential at the root surface should be an exponential
function of the rate of water uptake, which is clearly
not the case here. Our results are thus consistent with
the theoretical argument that any build-up at the ep-
idermis of the root would be trivial (Passioura and
Frere, 1967). We concluded that the relatively low val-
ues for Na* accumulation at the root surface observed
with time of transpiration are due to effective back
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diffusion at the high water contents and potentials in-
volved. In fact, the minimum water potential reached
in these experiments, determined by CAT scanning,
was — 140 kPa. Further application of these techniques
should make it possible to clarify the combinations of
transpiration rates, soil water contents, and solute con-
centrations at which the potential for solute build-up
exceeds back diffusion and the extent to which solute
absorption occurs as these factors change.

The accuracy of the microelectrode measurement
has been firmly established in the literature (Talibu-
deen and Page, 1983) and the reproducibility of mea-
surements of solute concentration at a given point on
a particular plant root was excellent, not varying by
more than 0.1%. It should be noted, however, that
measurements of Na* concentration and accumulation
made using the microelectrode are essentially unique
to specific points on the root surface of a given plant.
Both water uptake and solute accumulation at any giv-
en point are influenced by the structure (i.e., length
and thickness) and response of the rest of the root
system to adjacent soil water content, potential, and
solute-concentration distributions. Previous measure-
ments (Hainsworth and Aylmore, 1989) have dem-
onstrated clearly that water uptake varies markedly
along plant roots and so also would the amount of salt
accumulation. Since no two plants grow their roots in
an identical fashion (i.e., distribution and structure)
and the variability within one root system may sig-
nificantly exceed that between plants, it is essentially
impossible to replicate the conditions determining the
solute accumulation at any given point on a plant root.
Our studies are being extended to examine the vari-
ability in solute accumulation along plant roots and
between different plants, plant species, etc.

These experiments illustrate the usefulness of the
microelectrode technique for studying point concen-
trations of specific ions and solute potentials within
the soil matrix. In conjunction with CAT-scanning
measurements of soil water content (and hence, water
potentials) they provide a powerful new methodology
for studies of soil-plant-water relations.
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Simultaneous Measurement of the Spatial Distribution of Soil Water Content
and Bulk Density

V. K. Phogat, L. A. G. Aylmore,* and R. D. Schuller

ABSTRACT

Continuous nondestructive measurements of the spatial distribu-
tions of soil water content and bulk density are essential prerequisites
to the resolution of many problems in the study of soil-plant-water
systems. Computerized axial tomography (CAT) was applied to dual-
source ("*’Cs and '°Yb) gamma-ray attenuation in soil columns to
determine nondestructively the spatial distributions of volumetric
water content (6,) and bulk density (p,) for two soils that exhibit
swelling to different degrees. Beam slice thickness was 2 mm and
pixel dimensions 2 by 2 mm. The CAT scanning technique for av-
erage p, and 0, provided excellent agreement with the corresponding
values obtained gravimetrically. Average standard deviations (¢) for
p, of pixels for the dry soils, although large, were highly reproducible
and provide a measure of the structural status of the soils. Changes
in the mean and o of pixel p, following wetting were related to the
texture, structure, mineralogy, and Ca or Na exchange status of the
soil. Systematic errors arising from the random nature of radioactive
emissions, for count times of 2 s, resulted in large ¢ in estimated 0,
of pixels even for dry soils. Very large counting times (some 169 s
for an individual ray-sum and, hence, 112 h to complete a dual-source
scan) were required to achieve o values of pixel 6, on the order of
0.025 cm*/cm® for a uniform field of water. Such large count times
limit this approach to steady-state or only slowly changing systems.
Thus, while the application of CAT to dual-energy-level scanning
has the potential to become a major tool for nondestructive studies
of soil water content, structural status, and stability, realization of
this potential awaits substantial improvements in scanning geometry
and counting electronics.

INGLE- AND DUAL-SOURCE gamma attenuation
measurements have been extensively used by soil
scientists to obtain nondestructive measurements of
ps and 60, in soil columns. Various isotopes have been
used as sources of the gamma radiation including °Co
(Berman and Harris, 1954; Gardner and Calissendorff,
1967); '*'Cs (Ferguson and Gardner, 1962; Gurr,
1962); *'Am (King, 1967; Groenevelt et al., 1969) and
1%4Ce (Gardner and Calissendorff, 1967). Any two gam-
ma radiation sources of sufficiently different energies
can be employed for simultaneous and nondestructive
measurement of p, and 0, (Soane, 1967).

More recently, application of CAT (Hounsfield,
1972) to x- and gamma-ray attenuation has provided
an exciting new method for nondestructive three-di-
mensional imaging within a solid matrix. Hopkins et
al. (1981) and Davis et al. (1986) demonstrated the
application of an x-ray CAT scanning technique to
industrial problems, particularly for nondestructive
testing of timber poles, concrete pillars, and steel-belt-
ed automobile tires. Onoe et al. (1983) illustrated the
use of a portable x-ray CAT scanner for measuring
annual growth rings of live trees.

The first reported attempts of its use to measure
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spatial changes in soil bulk density was by Petrovic et
al. (1982). Subsequently, CAT scanning has been ap-
plied using single-energy x- or gamma-ray attenuation
to measure the spatial variation in 0, in proximity to
plant roots (Hainsworth and Aylmore, 1983, 1986,
1988, 1989; Aylmore and Hainsworth, 1988). Several
other investigators (Crestana et al., 1985, 1986: Brown
etal., 1897; Anderson et al., 1988; Tollner and Verma,
1989) have also illustrated the use of x-ray CAT for
nondestructive measurement of p, and/or 8, of porous
media. Phogat and Aylmore (1989) used single-source
("*"Cs) gamma CAT scanning to examine the spatial
distribution of soil macroporosity and for monitoring
the changes that occur during wetting and drying pro-
cesses in a nondestructive manner. Similarly, x-ray
CAT scanning has also been used for characterizing
the macropores in soil (Grevers et al., 1989; Warner
et al., 1989; Anderson et al., 1990). In addition, roots,
seeds, and insects (Tollner et al., 1987) and pesticide
granules (Cheshire et al., 1989) within soils have been
successfully detected using an x-ray CAT scanner.

One of the limitations of the use of single-energy x-
or gamma-ray CAT scanning systems in studies in-
volving measurements of the spatial distribution of 0,
in soils is the assumption of uniform p,. Because the
attenuation is a function of both p, and 8, of the soil,
an accurate determination of 6, in soils is not possible
when changes in p, occur during experiments (Petrovic
etal., 1982; Hainsworth and Aylmore, 1983; Anderson
et al., 1988; Phogat and Aylmore, 1989).

To monitor changes in the spatial distribution of p,
and @, in situations where the p, of the soil changes
due to swelling or shrinking on addition or removal
of water requires independent estimates of attenuation
associated with both p; and 6,. This can only be ob-
tained by the simultaneous use of two sources of dif-
ferent energies. Gamma-ray-sourced systems are
generally preferred because monochromatic photon
beams are readily obtained. However, gamma-ray
sources emit 2 much smaller photon flux than x-ray
sources and, unless a very active source is used, scan
times are consequently longer. The objective of our
study was to evaluate the feasibility of applying the
CAT scanning procedure to dual-source gamma atten-
uation to enable simultaneous measurements of the
spatial distributions of p, and 6, in swelling soils.

THEORY

The theory and use of the CAT technique for med-
ical purposes have been reviewed in some detail by
Brooks and Di Chiro (1975, 1976), Budinger and Gull-
berg (1974), and Panton (1981), and a complete review
of various aspects of CAT scanning has been presented
by Newton and Potts (1981, p. 3853-3917). A review
of CAT-scan theory as it relates to the determination
of §, was presented in detail by Hainsworth and Ayl-
more (1983), Crestana et al. (1985), and Anderson et

0
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al. (1988). The following provides a brief outline of
the theory as required for dual-gamma-source CAT
scanning.

Following Hainsworth and Aylmore (1983), the lin-
ear attenuation coefficient (1) for each pixel for dry
soil can be described as

Hary = HsPs [1]
where u, is the mass attenuation coefficient in cm?/
g for soil solids and p, is in g/cm?.
Equation [1] can be extended to wet soil as

Hwer = BsPs T Haby [2]

where ., is the mass attenuation coefficient of water.
In situations where the p, of the soil does not change
with the addition or removal of water, 8, can be cal-
culated from a combination of Eq. [1] and [2] to give

0v = (“’wet - ”'dry)/”'vw [3]

For two gamma-ray energies, the attenuation equa-
tions for Eq. [2] may be written as

Hweta = HsaPs T Hwaly [4]

Bwetb = HsbPs + ”’wbav [5]

where the subscript a refers to the low-energy radiation
and subscript b refers to the high-energy radiation.
Thus, fiwe Hws M aNd gy are the mass attenuation
coefficients for water and soil solid, respectively.

Equations [4] and [5] can be solved simultaneously
to give

ps = [(M’wb HBwer a) - (”’wa Hwer h)]/[(”’wb “sa)

. = (usp wa)l [6]
0, = [(“sb Frwetr a) - (“sa Hwet b)]/ [(”’sb ”'wa)
— (kwb Hsa)] - (71

Thus, p, an 6, for an individual pixel can be cal-
culated by scanning the wet soil column with both the
radiation sources at a fixed position.

In general, we are interested in the precision of both
p, and 0, measurements. Therefore, the standard de-
viations in the determination of the dry p [¢(p,)] and
the 6, [¢(6,)] using dual sources can be written, similar
to Gardner et al. (1972), as

a(ps) N (""%vb U%veta + “\Ziva a%vel b)l/z/ A [8]
0’(0‘,) = (I-"ga a%vetb + ﬂgb o'gvet a)”z/A [9]

where o, , and o, , are the standard deviations of
the attenuations of the wet soil determined by the low-
and high-energy sources, respectively, and A4 is equal
to ("'wb“"sa) = (usbﬂwu.)'

The standard deviations in Eq. [8] and [9] refer to
the variation in the wet soil attenuation measurements
Pwet a aNd e ». These are considered to be random
variables subject to statistical fluctuation and are the
only source of random errors in p, and 6,, while the
attenuation coefficients iy, Kwp, Hsa and pg, are as-
sumed to be fixed, known constants that do not con-
tribute to the random errors of p, and 8,. As these are
not random variables, we cannot refer to means. In
practice, experimental measurements Of wy., M Heas
and p,, are subject to statistical variation, but it is
assumed that these uncertainties can be made negli-

gibly small by taking the mean of repeated measure-
ments, which, in practice, requires making them more
than an order of magnitude smaller than the errors in
wera @Nd pye e It should also be noted that, although
any eIrors 1N fys, Bwh Msa aNd gy, would show them-
selves as systematic errors in p,, 0., o(p,) and a(6,), they
do not play any part in the randomness of p, and 4,,
as they are still treated as constants in Eq. [6] to [9].

MATERIALS AND METHODS
Computer-Assisted Tomography Scanning System

A prototype CAT scanning system constructed in the Soil
Science and Plant Nutrition Laboratories of the University
of Western Australia (Hainsworth and Aylmore, 1988) was
used for these studies. Commercially available “Cs (1.85
X 10'° Bg) and '*Yb (7.4 X 10'° Bq) gamma sources were
mounted in a Pb castle opposite to a Nal(Tl) scintillation
detector attached to a photomultiplier tube. The signal from
the photomultiplier tube passed through a tube base-pream-
plifier (Model 2007P, Canberra-Packard Instrument Pty
Ltd., Mt. Waverly, Victoria, Australia') before being fed to
an amplifier (Model 2012, Canberra-Packard). Other com-
ponents of the detection system included a high-voltage pow-
er supply (Model NE 4646, Nuclear Enterprises, Reading,
England), a single-channel analyzer (SCA) (Model 2030,
Canberra-Packard) and a dual counter (Model 2072 A, Can-
berra-Packard) with an RS-232 interface for communication
with an IBM PC. The counts in the desired energy ranges
were discriminated by the SCA and subsequently counted
separately by the dual counter. The beam was collimated to
give a slice thickness of 2 mm and pixel size of 2 by 2 mm.
The Pb castle contained a mechanism by which the two
sources could be alternately brought into line with the col-
limator and detector. The data acquisition system as well as
the movements of translation and rotation of the sample
were controlled by the PC.

As the source and detector were fixed, the object was
moved across the beam and scanned at 2-mm intervals. In
each linear scan, two air counts were required on both sides
of the object to allow the calculation of linear attenuation
coefficients for the object. Successive linear scans were made
after rotating the object progressively in 5° increments
through 180°, Once this process was completed, the linear
scans were back-projected by using filtered back-projection
(Hermon, 1980) for a given number of rotations to recon-
struct an image of the scanned cross-sectional slice. Once
the back-projections were completed, the gamma attenua-
tion values for each pixel in the slice were determined. The
whole process was repeated for both sources. The values of
p, and 6, for individual pixels were then calculated using Eq.
[6] and [7], where gy and py.;, correspond to the individual
pixel attenuations due to '**Yb and '¥'Cs, respectively, in
each of the scans. This gave separate maps of p, and 0, in
the scanned slice.

Choice of Sources

A combination of '3’Cs and 2'Am sources has most com-
monly been used in conventional dual-source scanning be-
cause of the tenfold difference in gamma-ray energy (662
and 60 keV, respectively) and their long half-lives. However,
both the time required to successfully complete a CAT scan
and the precision obtained depend on the transmission in-
tensity and, hence, count rate. Gamma-ray sources generally
emit much smaller photon fluxes than x-ray sources. While

! System identification is provided solely for the benefit of the
reader and does not imply the endorsement of the University of
Western Australia.
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high-strength '*’Cs sources are readily available, the beam
strength obtainable from 2*!Am has a practical limit because
of self-absorption (Miller, 1955). Scan times required with
this source are not sufficiently rapid to follow the rapid
changes in soil 8, that may be associated with, for example,
water extraction by plant roots or water infiltration into the
soil surface. Clearly in dual-source CAT scanning, the min-
imum scanning time commensurate with adequate precision
will generally be desirable. Hainsworth and Aylmore (1988)
suggested the use of '9°YDb as an alternative source to 2'Am,
since this provides a similar energy level (63.1 keV) and
attenuation coefficient for water, but emits much higher pho-
ton outputs (more than 20 times) at high activities (e.g., 3.7-
7.4 X 10'° Bq). The major disadvantage of the '°Yb source
is its relatively short half-life of 31 d, resulting in a working
life of approximately 2 mo. In our study, the combination
ofa 7.4 X 10'° Bq source of 1°Yb and 1.85 X 10'° Bq source
of ¥7Cs was used in an attempt to reduce scan times and
increase precision and accuracy.

Experimental Procedure

Physical and chemical properties of two surface (0-7 cm)
soils collected from Kulin and York, Western Australia are
given in Table 1. The principal differences between the two
soils are the higher silt and clay contents in the York soil
and a dominant clay mineral of smectite in the York and
kaolinite in the Kulin soil. Mass attenuation coefficients for
these soils were determined as follows. Soil samples were
oven dried, passed through a 2-mm sieve, and packed to a
known p, in acrylic columns of 5.4-cm i.d. and 3.0-cm height.
An additional column was filled with deionized water. Each
column was scanned with each source at four successive
layers of 2-mm thickness using a counting time of 2 s for
each ray-sum. Average u over the entire sample cross-sec-
tions were obtained for each column and for each source
and substituted into Eq. [1] with the known p, values to
obtain u, and p for the two soils. The values of u,, and
i, Were taken to be equal to the average values of x for the
water column scanned with '°Yb and with !'3'Cs, respec-
tively. The density of water was taken as 1.0 g/cm’.

To obtain soil samples with different 6,, segmentable acryl-
ic columns of 5.4-cm i.d. consisting of four 1.0-cm-long seg-
ments were used. Whatman no. 50 filter paper was fitted to
the bottom of each column. Using oven-dry soil, nine col-
umns of each soil were packed at a p, of 1.41 + 0.020 g/
cm? for Kulin soil and 1.36 + 0.023 g/cm? for York soil, to
a height of 3.0 cm. One centimeter was left empty to allow
for any swelling. All columns were saturated from the bottom
and then equilibrated at appropriate suctions for a pcriod of
5 d. Three successive slices of 2 mm each were scanned in
each column through the second segment from the bottom
when dry and rescanned at equilibrium moisture content
with each source. Mean u values over the entire sample
cross-sections of all the scanned slices were determined. The
average p, and @, for each slice were calculated using Eq. [6]
and [7], and results were averaged for each column. After
scanning, each column was carefully dismantled and average
p, and @, in the scanned segments were determined.

Table 1. Selected physical and chemical properties of the soils used
in this study.

Minerals Cation-

Textural Coarse  Fine in clay exchange
Location  class sand sand Silt Clay fractiont capacity
(%) cmol /kg
Kulin Sandy Kaolinite,
loam 47.72 2452 105 1731  illite 8.20
York Sandy clay Smectite,
loam 17.15 3275 26.5 23.58  kaolinite 18.93

+ Minerals in clay fraction are by decreasing dominance.

To study the mean and spatial distribution of p, and 6,
and to monitor the spatial changes in their distribution on
wetting or application of salt solutions, three columns (Y1,
Y2, and Y3) of 5.4-cm i.d. and 35-cm length were packed
with York soil aggregates (2.8-4.0 mm). In addition, one
column (K1) was packed with Kulin soil (<2.0 mm). Ini-
tially, the four columns were scanned dry at depths of 0.5,
1.5, 4.5, and 9.5 cm from the soil surface with both radiation
sources. Deionized water was applied at the soil surface of
Columns K1 and Y1, through a coarse porous glass disk (5.1-
cm o.d.). A positive head of 0.5 cm of water was maintained
at the surface by appropriate positioning of a Mariotte bub-
bling tube. Water supply to both the columns was stopped
after the wetting front had travelled to a depth of 18 to 20
cm. Columns Y2 and Y3 were treated in a similar manner
using 0.1 M CaCl, and 0.1 M NaCl solutions, respectively.
The four columns were again scanned at the same depths.
The following day, deionized water was applied to the sur-
face of the columns previously treated with CaCl, and NaCl
solutions, i.e., Y2 and Y3, and these were scanned at the
same positions to observe the relative effects of the divalent
and monovalent cations on structural status. The mean and
standard deviations of p, and 6, in each soil slice scanned
were determined from the calculated pixel p, and 6, across
the entire cross-section of the slice, using Eq. [6] and [7].

The precision of the dual-gamma-ray CAT scanning tech-
nique for obtaining the spatial distributions of p, and 8, was
studied by scanning columns filled with deionized water and
York soil (<2.0 mm) with both the sources using a range
of counting times. Means and standard deviations of pixel
p. and @, were calculated for the sample cross-sections for
each counting time.

RESULTS AND DISCUSSION

Mean and standard deviations of the mass atten-
vation coefficients obtained from four slices for the
two soils and three for water, using each radioactive
source, are given in Table 2. These values of mass
attenuation coefficients were used in Eq. [6] and [7]
to calculate the unknown p, and 8, of these columns.
The maximum errors associated with the dual-gam-
ma-source CAT scanning technique in the determi-
nation of average p, and 6, were calculated from the
values of standard deviation of mass attenuation coef-
ficients for the two soils and deionized water. Using
the latter values, Eq. [8) and [9] were solved for the
scan of the uniform field of water to yield a value of
0.009 g/cm? for o(p,) and 0.011 cm?*/cm? for o(0,). The
values of o(p,) calculated in a similar way for Kulin
and York soils were 0.039 and 0.038 g/cm?*, respec-
tively. The value of o(6,) for both the soils was 0.042
cm?/cm?. The larger values of o(p,) and o(6,) for the
soils arise from the much greater variation in p, and
6, in the soil columns compared with those for the
water column.

The values of mean 8, for slices of the two soils

Table 2. Means and standard deviations of mass attenuation coef-
ficients obtained by computerized axial tomography (CAT) scan-
ning for various experimental materials.

Mass attenuation coefficient

169Yb lJ1Cs
Material Mean SD of mean Mean SD of mean
Water 0.175650 0.000276 0.081440 0.000198
Kulin soil 0.207304 0.001256 0.074199 0.000617
York soil 0.222639 0.001483 0.077526 0.000714
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determined by the dual-source gamma CAT scanning
technique (Fig. 1) showed good agreement (R* =
0.991) with the values obtained gravimetrically (but
expressed volumetrically). The differences in 0, deter-
mined by the two methods fall within the range of
+0.024 g/cm?. Also shown in Fig. | are the relation-
ships between 0, and the water content that would
have been obtained if the calculation had been made
on the basis of Cs attenuation alone for both the soils
(rather than the dual-source CAT scanning technique),
which neglects p, changes. For both soils, the single-
source ('3’Cs) CAT scanning technique markedly
underestimated 6, at or near saturation, undoubtedly
as a result of a decrease in p, due to swelling, and
slightly overestimated 0, at or below values of 0.27
cm?/cm?® in the Kulin and 0.05 cm?/cm? in the York
soil. The latter effect is undoubtedly due to an increase
in p, because of shrinking of the initially saturated soil
matrix with decrease in 8,. The differences in behavior
of the two soils during the desorption cycle with re-
spect to 6,, compared with the 0, calculated using '*’Cs
alone, can be attributed to the differences in the clay
mineralogy.

The results for the mean p, in slices of the two soils
obtained using dual-gamma-ray CAT scanning and
calculated from Eq. [6] are compared with the gravi-
metrically obtained values in Fig. 2. The agreement is
again good, with an R? value of 0.995. The variation
in the two determinations was approximately +0.015
g/cm?,

It is apparent from Fig. 1 and 2 that the intercepts
for p, and 0, do not extrapolate to the origin, as would
be anticipated. This may be largely attributed to errors
in soil volume measurements arising during disman-
tling and segmenting of the columns.

It is clear from these results that the dual-gamma-
ray CAT scanning technique is capable of successfully
measuring, simultaneously and nondestructively, the
mean p, and @, in both swelling and nonswelling soils
with excellent accuracy. However, the primary objec-
tive of the CAT technique is not to measure average
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Fig. 1. Relationship between volumetric water content and water
content determined by dual- and single-energy gamma comput-
erized axial tomography (CAT) scanning for soils from Kulin and
York, Western Australia.

p. and 6, but to reveal the spatial distributions of p,
and 6, in soils.

Spatial Distribution of Water Content
and Bulk Density

The means and standard deviations of p, and 6, for
the pixels in each scan of the Kulin and York soil
samples under various treatments and at various
depths are shown in Table 3. The average a(p,) for
pixels in the initial dry scans for the Kulin and York
soil samples were 0.33 and 0.78 g/cm?, respectively.
The larger value of a(p,) for pixels for the York soil
samples reflects the greater heterogeneity arising from
the spatial distribution of soil and pore spaces in these
columns packed with 2.8- to 4.0-mm size aggregates,
compared with the Kulin soil samples, which were
packed with <2.0-mm size aggregates. Thus, the dif-
ferent values of a(p,) for pixels illustrate the different
structural status of the two soils.

When water was applied to the surface of these soil
samples, a(p,) for pixels in scans for the York (Y1) soil
samples was reduced from 0.796 to 0.560 g/cm?, in-
dicating a decrease in heterogeneity of the scanned
slices. Presumably, this was because of slaking or
swelling of the soil aggregates. In the case of the Kulin
soil, the value of o(p,) for pixels remained essentially
the same, presumably because of the smaller size (<
2.0-mm) aggregates used and the lower inherent swell-
ing associated with kaolinite clay. However, the av-
erage p, of both the soils decreased on wetting and this
is undoubtedly due to the swelling that occurs. In both
soils, the magnitude of the reduction in p, was greater
in the surface layers compared with the layers at other
depths.

A comparison of the values of o(p,) for pixels for
scans of the York soil (Y1 and Y2) demonstrates that
the soil retained its structure to a greater extent when
treated with 0.1 M CaCl, (Y2) than when treated with
water (Y1). The value of a(p,) for pixels of the surface
layer treated with 0.1 M CaCl, (Y2) decreased from
0.783 to 0.718 g/cm? whereas, in the case where water
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Fig. 2. Relationship between gravimetric bulk density and bulk den-
sity determined by dual-energy gamma computerized axial to-
mography (CAT) scanning for soils from Kulin and York, Western
Australia.
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Table 3. Means and standard deviations of pixel bulk density and pixel water content in scans for soils from Kulin and York, Western
Australia, under various treatments at different depths.

Initial dry After solution After water
Bulk density Water content Bulk density Water content Bulk density Water content
Soil Depth Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
cm — g/cm’® —— cm®*/cm’ — g/em?® — cm’/cm’® g/lem? cm’/cm’
Kulin (K1) 0.5 1.424 0344 —0.003 0.362 1.221 0.336 0.518 0.345
1.5 1.430 0.342 0.005 0.362 1.242  0.361 0.456 0.368
4.5 1.403 0.325 —0.001 0.340 1.256 0.362 0.378 0.382
9.5 1.393 0.320 0.001 0.341 1.393  0.323 0.006 0.344
Average 1.412 0.333 0.000 0.351 1.278  0.346 0.340 0.360
York (Y1) 0.5 1.060 0.836 0.003  0.708 0.868 0.506 0.491 0.477
1.5 1.081 0.757 —0.001 0.633 0.880 0.565 0.470 0.480
4.5 1.066 0.774 0.001 0.633 0.931 0.523 0.429 0.518
9.5 1.031 0815 0.001 0.729 1.001  0.647 0.370 0.540
Average 1.060 0.796 0.001 0.676 0.920 0.560 0.440 0.504
York (Y2) 0.5 1.072 0.783 0.006 0.763 1.051  0.718 0.346 0.534 0.924 0.647 0.436 0.423
1.5 1.068 0.776 —0.002 0.676 1.035 0.758 0.318 0.523 0922 0.701 0.403 0.487
4.5 1.063 0.774 0.014 0.612 1.067 0.572 0.297 0.644 0987 0.587 0.345 0.558
9.5 1.012 0.744 0.001 0.741 1.011  0.645 0.275 0.683 1.008 0.685 0.311 0.582
Average 1.054 0.769 0.005 0.698 1.041 0.673 0.309 0.596 0.960 0.655 0.374 0.513
York (Y3) 0.5 1.109 0.764 0.005 0.638 0.954 0.510 0.414 0.437 0.889  0.444 0.496 0.397
1.5 1.081 0.721 0.001 0.672 0.922 0.647 0.391 0422 0.874 0.546 0.429 0.438
4.5 1.075 0.779 —0.003 0.690 0.959 0.679 0.362 0.545 0953 0.584 0.334 0.480
9.5 1.001  0.806 0.002 0619 0.900 0.705 0.315 0.515 0.997 0.564 0.312 0.492
Average 1.067 0.767 0.001 0.655 0.935 0.635 0.371  0.480 0928 0534 0.393 0.452

was applied (Y1), the decrease was from 0.836 to 0.506
g/cm3. As could be expected, the data illustrate that
the presence of Ca?* reduces the swelling or slaking of
the York soil aggregates. Under the application of 0.1
M NaCl (Y3), there was a greater reduction in pixel
o(p.) in the surface layer (0.764 to 0.510), compared
with the CaCl, treatment, indicating that aggregates of
York soil were more susceptible to slaking or swelling
under the NaCl treatment. When water was applied
to the columns previously treated with CaCl, and
NaCl solutions (Y2 and Y3, respectively), a(p,) for pix-
els for the surface layer in the NaCl-treated soil de-
creased to 0.444, compared with a value of 0.647 for
the CaCl, treatment. Thus, as expected, o(p,) for the
surface layer demonstrates that the susceptibility of
aggregates of York soil to disruption is increased when
prewetting with NaCl is followed by water application,
because of the dispersive effects of the Na* ion.
Perusal of the values of ¢(f,) for pixels in scans of
the dry soil samples (Table 3) indicates that the av-
erage 0, in scans for the dry Kulin soil approximated
to zero, but with a o(f,) for pixels of +0.351 cm?*/cm?.
In the case of scans for the dry York soil samples, the
a(0,) for pixels was as high as 0.676 cm?*/cm?, with an
average 0, of 0.003 cm?®/cm?. The magnitude of o(0,)
for pixels in scans for both the dry soils are surprisingly
high. These systematic errors can undoubtedly be at-
tributed to propagation of errors associated with the
inherent randomness of gamma emissions from the
radiation sources. Dual-source scanning is subject to
the multiplicative variation applicable to measure-
ments of gamma emission and attenuation for both
sources. Clearly, individual pixel values are subject to
substantial variation and there are errors in the esti-
mation of both individual pixel p, and 6, in all scans.
As demonstrated above, however, the mean values of
ps and 8, provide accurate estimates of these quantities
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Fig. 3. The standard deviations in dual-gamma computerized axial
tomography (CAT) scan determinations of pixel bulk density for
a soil from York, Western Australia, and pixel water content in
a uniform field of water at different counting times.

and o(p,) and o(6,) for pixels are highly reproducible
between slices.

The errors introduced by the random nature of the
emission from the radioactive sources can, however,
be reduced by increasing the counting time. The values
of a(p) or a(f,) for pixels in scans of a uniform field
of water and dry York soil (<2.0 mm) at different
counting times are given in Fig. 3. This clearly indi-
cates that the maximum «(6,) for pixels associated with
the dual-gamma-ray CAT scanning system (at the
counting time of 2 s used in the determinations) is
around 0.18 g/cm?, as this value was obtained for a
uniform field of water. Furthermore, Fig. 3 shows that
further improvement in the determination of the spa-
tial distributions of p, and 6, can be achieved by using
longer counting times, as o(f,) and a(p,) for pixels de-
crease with increasing counting time. The o(p,) for pix-
els for York soil scans remained above the values
obtained for water scans at each counting time because
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Fig. 4. Reconstructed half-slice three-dimensional computerized axial tomography (CAT) scanning images showing the spatial distribution
of water content in slices of a uniform field of water scanned with '¥’Cs and '°YD at different counting times and calculated for both single
13Cs- and '®Yb-sources as well as for the dual-gamma-source CAT scanning procedure.

of the inherent variations in the soil samples. A count-
ing time of 13 s gave a ¢(f,) of 0.073 cm3/cm3 for a
uniform field of water, which could be considered as
the highest precision using this system and counting
time. In contrast, the value of a(p,) for pixels for the
York soil at a counting time of 13 s was 0.141 g/cm?,
showing an increase of 0.068 g/cm?® due to inherent
variations in p, across the entire cross-section of the
scanned slice.

To illustrate the effect of counting time on o(f,) and
o(p;) for pixels associated with dual-source gamma
CAT scanning, three-dimensional representations of
the distribution of pixel attenuation and estimated 4,
in a uniform field of water, scanned with '*’Cs and
169Yb and calculated using Eq. [7] with counting times
of 0.1, 2.0, and 13.0 s are shown in Fig. 4. The height
of the surface represents 8, for each pixel in the slice.
These images illustrate that, as the counting time is
increased, the variation in pixel 8, decreases and, as

a result, the surface of the images becomes more uni-
form for all three methods. The higher photon output
of the '°YDb and the fact that the average attenuation
due to Yb is greater than that due to Cs reduces the
relative error (the absolute error in attenuation being
roughly the same) and explains the greater uniformity
of the Yb scans compared with the Cs scans. At a
counting time of 13 s, '3’Cs gave a ¢(8,) for pixels of
0.016 cm?/cm?, whereas the corresponding value for
the 19YDb scan was +0.007 cm?/cm?. When the scan
data of both the sources were used in Eq. [7], it yielded
a o(f,) for pixels of 0.073 cm3/cm3. This variation in
pixel 8, using both the sources is high in spite of the
very low values for scans of the individual sources
(*¥Cs and '9°YDb). This multiplicative propagation of
errors is most evident when due to random emissions,
a particular pixel estimated to have a low attenuation
using '¥’Cs is estimated to have a high attenuation
using '°YDb or vise versa. As a result, small variations
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in the Cs and Yb scans can give rise to large and un-
acceptable variations when Eq. [6] and [7] are applied.
The observed errors are confirmed by Eq. [8] and [9],
showing that errors are solely attributable to the ran-
dom variation in the single-source scans resulting from
the inherently random nature of gamma emission.
Large variation in pixel p, calculated from Eq. [6]
for scans of York soil (Fig. 5) at the three counting
times (0.1, 2.0, and 13.0 s), when compared with water
scans (Flg 4), reflects the inherent variation in pixel
ps of the soil scans. The distribution of p, in a slice of
York soil before and after wetting, as determined by
the dual-gamma-ray CAT scanning technique using a
counting time of 13.0 s is shown in Fig. 6. The CAT
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Fig. 5. Reconstructed half-slice three-dimensional computerized ax-
ial tomography (CAT) scanning images showing the spatial dis-
tribution of pixel bulk density obtained by dual-gamma CAT scan-
ning for counting times of (a) 0.1 s; (b) 2.0 s, (c) 13.0 s for an
initially dry soil, and (d) 13.0 s for the soil after wetting.
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Fig. 6. The distribution of pixel bulk density in a slice of soil obtained
by dual-energy gamma computerized axial tomography (CAT)
scanning before and after wetting, using a counting time of 13.0
s, and the distribution of bulk density in the slice that would have
been calculated if single-energy '*’Cs or '°Yb scanning had been
used.

images of these scans, showing the spatial distribution
of pixel p, before and after wetting are shown in Fig.
5c and d, respectively. The shift in the distribution
curve for p, towards the left in Fig. 6 shows the de-
crease in p, of the York soil on wetting. The distri-
butions of 5pixv-.al ps using single radioactive sources
("¥Cs and '*°Yb) at the same counting time represents
the actual variation in pixel p, within the scanned slice.
The excessive spread of the distribution of p, calcu-
lated from the dual-gamma-ray CAT scanning, both
before and after wetting of York soil, is the result of
propagation of the single-source errors described
above. The systematically higher p, of York soil near
the column walls before and after wetting in Fig. 5¢
and 5d illustrates the fact that the packing of the soil
columns on the vibrator resulted in an uneven p,, since
this effect was not visible in scans of the column filled
with water (Fig. 4).

Even at the counting time of 13 s used here, the
values of ¢(6,) and o(p,) for pixels remain unacceptably
large for most purposes. Estimates of the counting time
required to provide values in a more acceptable range
can be made using the relationship between o(f,) for
pixels in a scan of a uniform field of water and count-
ing time (Fig. 3). Use of this relationship indicates that,
to obtain a o¢(f,) on the order of 0.05 cm3/cm3, an
individual ray-sum counting time of 35 s would be
required, resulting in a total scan time of 23 h for a
5.8-cm o.d. column. This includes the time taken to
obtain air counts on either side for calibration pur-
poses. Assuming a normal distribution of counts, a
counting time of 169 s would be required to ensure
that 95% of the pixels in the scan for 8, were +0.05
cm?/cm?® (i.e., a(d,) = 0.025 cm3/cm?3). This would re-
quire a total of 112 h to complete one dual-source scan.

These calculations clearly illustrate that, using dual-
source gamma CAT scanning, it is possible to measure
the spatial distributions of p, and 4, in soils simulta-
neously and nondestructively with a satisfactory level
of precision. The total scanning time required to ob-
tain this level of precision, however, severely limits
the speed and flexibility of the system and, hence, its
usefulness in studying these properties in situations
where they change with time, for example, during in-
filtration and redistribution processes.

CONCLUSIONS

Application of CAT to dual-energy-level scanning
clearly has the potential to become a major tool for
nondestructive studies of the structural status and sta-
bility of soils and for soil-plant-water relationships.
However, the use of existing gamma source-detector
systems is likely to be limited to steady-state or only
slowly changing systems by the scanning times re-
quired to obtain satisfactory precision in such mea-
surements. Realization of the full potential of this
exciting new technique awaits substantial improve-
ments in scanning geometry and counting electronics.
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THE PHYSICS OF WATER REPELLENT SOILS
L.A.G. Aylmore

The increasingly apparent incidence of so called water repellent soils has, to some
extent, meant that soil scientists have in the last couple of decades, had to modify their concepts
of the physics and in particular, the energy conditions governing the entry, retention and
movement of water in soils.

The physical laws governing the situation haven't of course changed, but we are being
forced to view the whole picture rather than just part of it. Take for instance the concept of soil
water potential:

Concept of Matric Potential

Undoubtedly one of the most important and in fact essential concept in soil science, is
that of soil water potential and in particular that component which we describe as the "matric
potential" arising from surface tension forces. This is usually based on the development of the
role of cohesive and adhesive forces between similar and dissimilar molecules respectively
and of surface tension forces, in capillarity (Figure 1).

The angle of contact at the interface between a solid and any liquid in contact with it,
is essentially determined by the relative magnitude of the cohesive forces between the
molecules in a fluid and the adhesive forces between the molecules of the fluid and a solid in
contact with it. When the adhesive forces are greater the an gle tends to be less than 90°. When
they are less the angle is greater than 90°. Whether liquid in the capillary rises or falls is
dependant on this angle of contact (Figure 2). For a liquid which wets the surface there is a
tendency for the liquid to be drawn into the capillary by the net component of the surface
tension force in that direction. The meniscus will move up or down as required until the
hydrostatic head counterbalances the surface tension forces.

Equating the surface tension force with the head of liquid leads to:
P = pgh = 2(y/r) cos (angle of contact) (1)

For most purposes the angle of contact between water and soil particles has generally
been assumed to be zero (i.e. complete welting) or at least substantially less than 90° so that the
matric potential is always negative and constitutes a positive gradient for the movement of free
water into dry soil. Despite the mass of evidence to the contrary most textbooks today still
limit their discussion on matric potential to the zero contact an gle assumption, paying only

small if any attention to the very significant departures which may Occur.

A recognition of the extent and progressive increase in the areas of water repellent soils,
where water in contact with the soil surface behaves more like mercury, requiring a positive
energy input to force it into the soil, means that we must ensure that we recognise the whole
picture and not just the simplified one side of the picture.

The major reason for this workshop is that water in contact with soil for which the
particles are coated with a hydrophopic material, does not as we common ly observe,
spontaneously enter the soil matrix under the influence of a positive gradient of water potential.
Rather the soil matrix is effectively at a higher potential than the water and a positive pressure
has to be applied or work done, to force water entry. This is of course the whole basis of the
mercury injection technique for determining pore size distributions in porous materials using
equation (1).

Assessment of Soil Water Repellency

Most procedures for the assessment of soil water repellency and in particular the
effectiveness of ameliorative procedures such as wettin g agents, have generally focussed on
measurements of soil-water contact angles, rates of drop penetration or water infiltration into
the soil surface and the like.
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Contact Angle Methods

Measurement of the contact angle between the liquid and solid surface should provide a
good indication of the degree of water repellency. In principle this can be measured directly or
indirectly (Figure 3). However while the liquid-solid contact angle can readily be geometrically
measured for a plane solid surface, in the case of a soil surface the measurement is generally
complicated by the effects of surface roughness, pore size distribution and the fact that a water
drop will penetrate the surface making direct geometric measurement difficult if not impossible.
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Figure 3. Contact angle for liquid drop

Capillary Rise or Downward Infiltration Rates

Indirect determination of the contact angle can be based upon water flow by capillary
rise or downward water infiltration rates. It has been suggested that the infiltration rate
approach is less satisfactory, because air may be trapped below a downward advancing front.
On the other hand measuring the height of capillary rise has provided reasonably consistent
results.

Letey et al (1962) used wetting with ethanol, assumed to have a contact angle of zero,
as a benchmark to determine the contact angle for other liquids by comparison on the basis of
capillary rise.

Emerson and Bond (1963) used a similar capillary rise approach but used ignited
samples as a benchmark on the assumption that this destroyed the water repellency resulting in
a contact angle for water of zero. Fink and Meyers (1969) and Nakays et al (1977) have used
variations on this approach, the latter immersing tubes packed with soil into water and
examining whether the capillary rise was above or below the free surface.

The major disadvantage of these "contact angle" techniques is that they are very time
consuming. Also the height of capillary rise does not indicate the initial contact angle since
water is in contact with the soil for some time (24 hours). Hysteresis effects arising from the
difference between an advancing or receding contact angle may also come into consideration
(Hammond and Yuan, 1969).

Water Drop Penetration Time (WDPT)

The method of placing a water drop on the soil surface and recording the time taken for
the water to penetrate the sample provides a rapid way of placing the water repellence of the
soil into different categories of:

Wettable (less than a few seconds),

slightly water repellent (up to 10 seconds),
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moderately water repellent (10 seconds to a minute), or
severely water repellent (minutes).

These criteria vary between different workers. The fact that the water drop gradually
penetrates the soil surface indicates that the contact angle has decreased with time and provides
a measure of the stability of the water repellency which can also be of significance.

In general as the surface tension of a liquid decreases, the liquid-solid contact angle
decreases. Thus a "critical surface tension" for the solid can be defined as the highest surface
tension of a liquid which will wet the solid at zero contact angle (i.e. a property of the solid).
Watson and Letey (1970) used this concept to develop an index which they called the "Ninety
degree surface tension (NDST) test". This method consists of preparing a series of
aqueous ethanol solutions of varying surface tension, and determining the surface tension at
which a drop will remain on the soil for 5 seconds.

Molarity Ethanol Drop

A modification of Watson and Letey's (1971) aqueous ethanol drop test involves using
droplets of ethanol solution at concentrations of 0.2 m intervals in the range 0-5 m and
recording the entry time. The repellence of the soil is represented by the molarity of ethanol
which penetrates the soil surface in 10 seconds (MED).

Letey et al (1975) later combined the WDPT and NDST indices to derive a Water
Repellency Index (WRI), obtained by dividing WDPT and NDST.

Soils with WRI's less than 0.1 were categorised as wettable
0.1 < WRI < 1.0 .... slightly repellent
0.1 <WRI<10.... moderately
WRI > 10 ............. severely

In practice the NDST and WRI indices haven't been widely used because of their
greater complexity of measurement and the fact that they add little further information than the
straight forward WDPT or MED method.

One or other version of the water drop penetration time method has generally been
accepted by most workers as the most useful because of its simplicity and rapidity. Although it
does not give a quantitative measure of contact angle it can be used in the field as well as in the
laboratory, it provides qualitative information on the stability of the water repellence and by and
large it correlates reasonably well with the more complex and time consuming contact angle
methods.

Bearing in mind the way in which the degree of water repellence for any given soil
varies spatially and tends to change in the short term with factors such as time of contact,
relative humidity, temperature etc. and in the longer term with various seasonal factors, as has
been clearly shown by the work of Peter King, Rob Summers and others, one doubts the
virtue of any more accurate measurement of contact angle.

The presence of a substantial angle of contact rather than zero, has a number of
important consequences.

Infiltration

Water infiltration and movement through the soil profile has been the subject of a
massive amount of experimental and theoretical work over the years to provide an
understanding of and the ability to describe and predict, water movement in the unsaturated
state.

Bodman and Coleman's (1944) simplistic picture of the characteristic saturation,

transmission and wetting front zones during the infiltration of water into a uniform soil under
the influence of gravitational plus matric potentials (Figure 4), has generally dominated our
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approach. An analysis of the energy conditions governing this process of infiltration on this
basis can readily be made.

If the total potential difference influencing water movement into the soil H is given by
the sum of the matric potential hc and the gravitational head -z, then the flux of water in the
wetted region is given by Darcy's law such that:

Flux = ©Ov = -k (dH/dz) = -k (dh/dz) + k 2)

where O is the soil water content, k is the hydraulic conductivity, z is the vertical co-ordinate
and v is the velocity of the water.

If the soil is uniform down the profile such that the original soil matric potential across
the wetting front remains constant at some value hL the gradient dh/dz becomes progressively
smaller as infiltration proceeds. Thus it is evident that these energy conditions will predict a
decrease in infiltration rate with time (Figure 5), irrespective or any other decreases resulting
from dispersion, structural breakdown, and so on. This is of course a common observation is
many circumstances and John Philip, Yves Parlange and many others have developed
theoretical treatments based on considerations of these energy conditions, to describe the
relationship between infiltration rates and time for different situation.

(e.g. Philip's i=Stl/2 + At)

In contrast, what we commonly see with the presence of water repellent coatings is the
reverse of this trend as the degree of interaction between water and the soil surfaces increases
with time (Figure 5). That is, the rate of water entry increases with time of wetting.

This may be due to the substances responsible for water repellence being slightly
soluble and hence dissolving progressively with time or simply being displaced by water.
Water vapour movement by diffusion may make the soil more wettable at less repellent sites
(De Bano, 71, 81). Letey (1975) also suggested that the dissolution of materials in the soil
may also reduce its surface tension and hence gradually increase wettability.

There is a further consequence of the increased angle of contact for non-wetting soils of
some interest. If we consider the energetics of the situation for a uniform non-wetting profile
and follow Peter Raats simple (1973) analysis, integration of equation (2) over the regionO <z
< L, produces:

Osvs =ks ((ho - hL)L + 1) (3)

The velocity at the wetting front is given by:
u = (OsVs - Ojviy(Os - Bj) 4)
ks (ho - L)L + (ks - ki))(®s - ©i) (5)

A small perturbation in an initially plane wetting front will tend to disappear if u
decreases with L because any element that gets ahead of the rest is slowed up. On the other
hand such perturbations will tend to grow if u increases with L. From (5) it follows that:

du/dl = - K (ho - hLYLZ(©s - ©)) (6)

The factor ks/L2(®g - ©y) is inherently positive. Hence it follows that the front is
unstable if:

ho-hL<O (7)
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Since in wetting soils the matric potential at the wetting front (h]) is inherently negative
it follows from the criteria derived in equation (7) that the wetting front will be stable (Figure
6). Consequently in almost all studies of this type it has been tacitly assumed that the advance
of the wetting front is stable and that small perturbations in flow patterns will tend to disappear.

On the other hand when h]_, the matric potential in the soil ahead of the wetting front, is
effectively positive as for water repellent soils, equation (7) yields a negative value and du/dL.
in equation (6) is positive, indicating that u increases with depth. In this circumstance any
small perturbation in the wetting front will tend to grow and result in the fingering so
commonly observed during water entry into water repellent soils.

Of course uneven wetting in a soil profile can and will also result commonly from
uneven distribution of hydrophobic materials in the profile as well but it is interesting to note
that as for the decrease in infiltration rate with time in wetting soils, the appearance of fingering
in the wetting front for a water repellent soil is a natural consequence of the energy conditions
prevailing.

There are a number of other physical consequences of water repellence which are of
considerable importance including:

Run-off

Reduced infiltration will obviously mean increased run-off. Virtually all workers in the
field have noted that the threshold for run-off from water repellent soils is much lower than for
wettable as one would expect. In Dough McGhie's report it was less than a third as I recollect.
This is obviously a very important consideration in catchment hydrology from the point of
view of both water and soil conservation. The implications with respect to erosion are
obvious.

Evaporation

A number of workers (Hillel and Berliner, 1974: Fairborn and Gardiner, 1974: Lemon,
1956: Kimball, 1973) have demonstrated that the addition of hydrophobic mulchs to the soil
surface is effective in conserving water. Essentially because of the hindrance which they
provide to capillary rise. Similarly one could expect that once water had entered a soil through
a water repellent layer, this could in turn act to restrict subsequent loss of water through
capillarity. The weaker attraction between water and hydrophobic surfaces enables the surface
pores to be emptied more easily. Once this happens transport is then largely dependent on
vapour transport.

Aggregate Stability

The presence of hydrophobic coatings can also significantly influence aggregate
stability by reducing the explosive effects of wetting and hence dispersion. Furthermore it is
interesting to note that Hillel and Berliner in 1974 demonstrated that large sized water repellent
aggregates can actually greatly increase water infiltration into a soil. However if the aggregate
size falls below a critical size (in their case > 2.5 mm) infiltration was decreased).

Factors On Which Water Repellence Depends And Potential Amelioration

Clearly our success in ameliorating water repellence will depend on a full understanding
of the physical, chemical and biological factors involved and the roles they play. From the
purely physical point of view we have to consider:

Properties of liquid
Surface tension - Use of wetting agents
I. Lower contact angle

(a) coat surfaces
(b) Lower surface tension of water
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Figure 6. Stability of wetting front
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The addition of wetting agents which act to lower the surface tension either by
adsorption of appropriate materials at the solid/water interface or by reducing the surface
tension at the water/air interface can produce dramatic improvements in infiltration times and
quantities. Yoshi Sawadas comparison of infiltration times with and without a number of such
wetting agents illustrates how significant this can be and these improvements can mean equally
dramatic increases in germination and growth (Figure 7).

900

700 -

600

900 -

400

TIME (SECONDS)

300 4
200 - |

100

NO. OF WEEKS AFTER THE FIRST WATERING
o CIL + AQ ¢ W A PE XoNP

F igu.re 7. Infiltration time of water (19.2 ml) applied to the Boyanup soil treated with various
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However the cost of applying wetting agents has so far effectively limited their
usefulness to specialised applications in horticulture, turf greens and the like and we need to
devise more efficient ways of applying these in broad acre usage such as the application in
bands used by Dough McGhie and others.

Rob Summers explored the rather novel idea that it might be possible to improve the
efficiency of the activity of some of these agents by preventing their adsorption on the soil
constituents.

From measurements of liquid surface tension using a Wilhelmy plate surface tension
meter, Rob Summers found that neither of the two commonly used ‘Aquasoil’ and "Wettasoil'
significantly reduced the surface tension of the liquid/air interface. He showed that the surface
tension reduction of a solution in water due to a given concentration added, was very little
changed after the solution had been in contact with a sand as a result of adsorption and
concluded that their activity as soil wetting agents is probably at the soil/water interface i.e. by
adsorption rather than at the air/water interface.

On the other hand 'Supa Soak', a commercial wetting agent and a number of others
acted to reduce the surface tension at the air/water interface and consequently any adsorption of
the wetting agent would reduce its effectiveness. The surface tension of this solution was
significantly reduced as a result of adsorption when it had been in contact with a sand.

Rob very logically considered that the addition of suitable polymers to competitively
bind to the sites adsorbing the wetting agent, thus maintaining its concentration in the liquid
and the lowering of the surface tension, would be an advantage and could significantly reduce
the costs of applying the wetting agent.

Unfortunately Rob effectively drew a blank with the polymers which he evaluated in
this regard but further investigation of this approach seems warranted since it may greatly
improve the economics of broad scale application of wetting agents.

The extent to which a wetting agent is adsorbed will also be significant in determining
the depth to which it is effective in a soil profile.

Properties of Solid

Particle size distribution, specific surface area, pore size distribution

These characteristics are closely related. Generally speaking the larger the particle size
the larger the pores in the matrix and the lower the specific surface area. Repellency is caused
by organic materials which form a hydrophobic coating on soil particles so clearly the effect of
the soils constitution on its susceptibility to the deposition of organic molecules and the
coverage achieved, will be important. Because of their small surface are per unit volume sandy
soils are more likely to be more extensively coated and with thicker hydrophobic films.
Consequently sandy soils have been found to be the most susceptible to severe water
repellency problems (De Bano et al. 1975 Robs thesis). On the other hand the clay minerals
have much higher specific surface areas, are hydrophyllic and have little affinity for the
amphiphillic molecules responsible for water repellency.

Nature of Surface
The characteristics of the surface available for deposition of layers of organic matter
clearly also seems to play a significant role in determining their susceptibility to this effect.

Several workers have demonstrated good inverse correlations between specific surface
area and degree of water repellency (Roberts and Carbon, 1971; Letey et al, 1975). However
as Dough McGhie has demonstrated for the Mallet hill soils, heavier soils can in appropriate
circumstances succumb to water repellency.
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Addition of Fine Particulate Matter

Since a low clay content and coarse texture (i.c. low specific surface area) is probably
the most susceptible condition for the natural occurrence of water repellence, the application of
fine particles to enhance the specific surface area, the water holding capacity and the nature of
the soil surfaces, is a very obvious approach to overcoming the problem. Various workers
have investigated the feasibility of the addition of clay minerals, fly ash, silica and other fines
and their effects on soil properties and plant growth with varying results. One has of course to
monitor the possibility of a number of other potential hazards both physical (e.g. structural
crusting) or chemical (toxicity) which might be associated with the addition of such materials.

Some preliminary data which Paul Blackwell has obtained illustrates the effect that
small additions of clay or fine limestone can have in reducing the infiltration time for water into
a water repellent sand. The lime may be effective both from the surface area increase and by
increasing the pH since research by some workers has suggested that non-wetting may increase
as acidity increases (Figure 8).

Similarly ponding or increasing the water head at the soil surface, will obviously
enhance water entry and any surface treatment such as presswheel furrows which achieves this
1s worth investigation.
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Figure 8. Effect of clay and fine limestone in reducing infiltration time (Paul Blackwell )
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Cultivation

Other cultivation techniques may also be useful both in mixing water repellent surface
soil with subsoil to increase its wettability. There are some doubts about the value of this
approach since it incurrs the risk of losses in fertility, increased erosion, soil structural
problems etc. and may not last very long. On the other hand I believe some workers in New
Zealand have recently espoused the idea of alternate turnover of topsoil followed by burning,
as a progressive method of removing the water repellent organic material.

Cationic Effect

There is clear evidence that the nature of the cations associated with the organic coating
materials, plays an important role in determining their water repellence and methods of
changing this by replacing hydrogen, calcium and magnesium by sodium and potassium either
by chemical means or plant rotation seem worthwhile.

Application Of Cat Scanning

It is important to realise that the true test of the effectiveness of the wetting of a soil
involves not only the amount of water to enter the soil but also the uniformity of distribution of
the water in the soil. As discussed earlier water repellence naturally encourages fingering in the
water entry profile and many workers (e.g. Bond, 1964: Gilmour, 1968) have noted that
water tends to drain downward through narrow channels in water-repellent soils. Poor water
dispersion would thus be an important factor limiting the establishment and growth of plants on
such soils.

Over the last decade I have, with a number of my postgraduate students, been using the
technique known as computer assisted tomography applied to the attenuation of X - and gamma
radiation (CAT scanning) to study soil water content distributions in proximity to plant roots on
a microscale.

In brief the CAT scanning procedures gives one a measure of the attenuation of the
radiation beam and hence the density or water content, in each element of a matrix of small
squares known as pixels, in a cross-sectional area of a scanned soil core or column. Thus in a
slice through a typical water repellent soil to which a given amount of water has been applied
(Figure 9) we see one small area which has wet significantly while the remainder is effectively
bone dry. The intensity of shading indicates the degree of wetting or water content.

Sawada et al (1987) in particular used this to devise what we have called a Soil Water
Dispersion Index (SOWADIN for short) to characterise the proportion of the surface
area wet (SAW) and the degree of water dispersion (WD) in the scanned layer of a
soil core or column.

By arbitrarily defining any pixel with a measured water content above the standard
deviation of the measuring system as "WET" and those below as "DRY", we obtain a SAW
value which is a very accurate description of the "wettability" of the soil in that layer. Similarly
the water distribution (WD) can be characterised by the degree of "dispersion" of the water
around the slice as opposed to being in discrete areas. This is done on the basis of each pixels
proximity to another dry or wet pixel.

In contrast a scan through a similar core which has previously been treated with a
wetting agent (Figure 10) illustrates the more uniform wetting achieved. A more effective
agent produces significantly greater water content in the test slice.

Thus the higher the SAW value the more of the slice that has been wet. A low WD

means that the water is clustered in discrete regions while a higher value means that it has been
distributed more evenly throughout the slice.
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cat fllename CEWT12 WAT cat filename C6WT13.WAT
maximum 0.370023 maximum 0.588890
third level 0.300000 third level * = 0.300000
second level 0.200000 second level 0.200000
first lavel 0.100000 first level 0.100000
minimum 0.000000 minimum 0.000000

image dimensions 43x43 pixels Image dimenslons 43x43 pixels
column radius 18 pixels column radius 18 pixels
n pixels 1009 n pixels 1009

column mean 0.057330 column mean 0.225309
column stdev 0.094534 column stdev 0.133722

Figure 9. Moderately water repelient
soil - water only treatment. Scan depth
20 mm. Sowadin WDISAW = S4/36

Figure 10. Moderately water repellent
soil - Werta Soil treatment. Scan depth
20 mm. Sowadin WDISAW = 100198

This technique can be used to characterise the water repellency of cores taken from the
ficld including bowling greens, parks ctc. as well as to evaluate the efficiency and longevity of
different techniques or welting agents in overcoming repellency. .-

The combination of CAT scanning and conventional longitudinal scanning of columns
provides a clear overall picture of the distribution and movement of water in a soil column.,

In summary it seems reasonable to conclude that the physics of water repellence at the
surface of soil particles is well understood. However, the consequences of that repellence with
Tespect to water movement in soil profiles and soil water availability, and the most effective
measures for alleviating the problems arising will require substantial laboratory and ficld
investigation.
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Numerical Simulation of Pesticide Transport Measured in a Sandy Soil
R.S. KOOKANA, R.D. SCHULLER AND L.A.G. AYLMORE

Soil Science and Plant Nutrition, The University of Western Australia, Nedlands, WA

Pesticide transport models based on the convective-dispersive equation have been developed incor-
porating both equilibrium and non-equilibrium sorption. The one-dimensional form of the equation
was solved numerically by the implicit finite-difference method. These models were tested using
transport data for simazine pesticide.

Breakthrough curves (BTCs) of simazine were obtained at various pore water velocities in labora-
tory columns packed with a sandy soil from the Swan Coastal Plain, Western Australia. The soil is
under intensive horticulture and is therefore subjected to repeated applications of pesticides each year.
Sorption time-dependency of simazine was studied in separate experiments relevant to the transport
situation. The rate parameters were obtained independently rather than by curve fitting to the BTCs.

The experimentally determined time-dependency of the simazine sorption during flow did not
conform to first-order kinetics nor did the transport simulations based on a first-order equation
accurately describe the BTC. The sorption kinetics of simazine were found to be more accurately
represented by a two-site kinetic equation, i.e. with a fraction of total sites (Type-1) showing instan-
taneous sorption and the remaining sites (Type-2) exhibiting diffusion dependent sorption. The
transport model based on this two-site equation satisfactorily described the simazine BTCs observed
at four different pore water velocities, The position of the BTC of simazine was found to be mainly
dependent on the fraction of Type-1 sites present and the subsequent approach to equilibration on the
rate parameter for Type-2 sites. The proportion of Type-1 and Type-2 sites and the rate parameter for
type-2 sites varied with pore water velocity.

The study shows that sorption of pesticides during transport depends directly on the accessibility of
sorption sites to the pesticide rather than the sorption reaction, that is essentially instantaneous. As
the pore water velocity decreases, the residence time of the pesticide in a unit volume of soil
increases and thus increases not only the proportion of sites involved in essentially instantaneous
reaction (e.g. inter-aggregate or external surface of organic matter) but also the time to diffuse into
less accessible regions.

INTRODUCTION

Numerous mathematical models for describing and
predicting the transport of non-reactive and reactive
solutes (including pesticides) under saturated as well as
unsaturated conditions have been developed in recent
years. These models are of particular value in that they
not only allow more accurate prediction of solute distribu-
tions with time but also facilitate the interpretation of
measured solute distributions in terms of the specific
mechanisms involved in the transport process.

A variety of solute transport models have been applied
with varying degrees of success, to simulate the leaching
of pesticides through the soil profile (Brusseau and Rao,
1989). An essential requirement for the validation of
solute transport models is the independent measurement
of the input parameters in the model. Under most
circumstances this requirement is not or cannot be
fulfilled. However, the present paper reports simulations
carried out using independently measured parameters.

A brief review of existing solute transport models is
provided. The suitability of the sorption rate parameters
of pesticide in soils, obtained under flow conditions, is
then evaluated for simazine with the equilibrium and
nonequilibrium solute transport models incorporating
various kinetic equations.
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THEORY

Transport Models Based on the Convective-Dispersive
Equation

According to the miscible displacement theory, the
total mass flux of solute as a result of the combined
effects of dispersion and convection (J5), can be
represented as

JS=Jd+JC (1)

where J4 and Jc represent mass of solute transported

through a cross-sectional area in a unit time (kg m2d-1)
by diffusion and convection, respectively.

According to Fick's law, solute mass flux transported
by diffusion through bulk soil can be stated as

14=-6 D,0) & @

where Dy is the effective diffusion coefficient (m2d-1), 0

is volume fraction of soil water (m3m-3), C is the solute
concentration in liquid phase (kg m™3) and x is distance

(m).
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For one-dimensional steady flow in a homogeneous
soil of uniform water content, the solute mass flux trans-
ported by convection and mechanical dispersion is given
by

Jo=-8 D,,@)% +veC (3)

where v is the average interstitial flow velocity (m d-1); 0
is the water filled porosity and D, is the mechanical
dispersion coefficient as a function of v (m2d-1). Dy, is
considered proportional to the first power of average flow
velocity

Dy, =Lygg vl )

where Lygjsp is the dispersion length (m) and Ivl is the
absolute value of v.

The total solute flux by diffusion and convection can be
represented as

e
J5 =0 (D (V) + D@L +v6 C (5)
or
I =0 D(v,0) % +qC 6)

where D is the apparent dispersion coefficient (m2d-1) and
q is the volumetric water flux (m d-!).

According to the continuity equation (Kirkham and
Powers, 1972) one-dimensional solute mass conservation
for the substance in the soil system can be represented as

——t-__2_R n

where C, is the total solute mass in the soil system (Kg
m-3), J; is the total mass flux of the solute (kg m-2d-1),
z is the depth in soil (m) and R, is the rate of transforma-
tion or degradation of the solute in soil (kg m3 d-1).

By combining [6] and [7] and considering the various
soil interactions for a reactive solute such as sorption,
degradation, etc. [7] takes the form

d® C+BS) _ d(6D(v,) dC/dz)
dt a &
d(qC)
- -r,

(8)

where the total amount of the substance in the soil
system (C,) is the sum of the amounts present in liquid
(<C) and solid phase of the system (B S), i.e.

C,=0C+BS (9)

where B is the dry bulk density of the soil (kg m-3) and S
is the solute concentration sorbed (kg kg1). In [8] z has
replaced x to specifically designate a positive downward
space coordinate.
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In short term experiments that result in residence times
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