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Abstract

Field measurements of the behaviour of the nematicide ethoprophos in the winter
half-year were used to test a previously developed transport model in three soil
types. In the model, the liquid phase is assumed to be homogeneous. The sorption
sites are divided in three classes: sorption at class-1 sites is continuously in equilibri-
um with the liquid phase, whereas sorption equilibration at class-2 and class-3 sites
takes place at time scales of days and months, respectively. The model explained
the field-measured transport of ethoprophos satisfactorily. The effect of ignoring
the long-term sorption equilibration process (i.e. sorption at class-3 sites) on calcu-
lated concentration profiles was much smaller than that found in a study reported in
the literature for the herbicide cyanazine in a loamy sand soil. It was shown that this
difference in effect was related to a difference in the transformation rate coeffi-
cient.

Introduction

Transport of pesticides in soil is an important process, both from an agricultural
point of view (efficacy against pests) and from an environmental point of view (e.g.
leaching to groundwater). Previous results (Boesten, 1986) showed that a long-
term sorption process (at a time scale of months) had a large influence on transport
of pesticides as calculated with a mathematical model: ignoring the long-term pro-
cess resulted in large discrepancies between calculated and measured concentra-
tion profiles in field experiments in spring and summer, whereas incorporating the
process resulted in a good correspondence.

It is to be expected that a long-term sorption process is a general phenomenon for
pesticide/soil systems. Back in 1972, in a review, Hamaker & Thompson concluded
that there was experimental evidence for a long-term sorption process. Recently,
McCall & Agin (1985) showed that sorption of the herbicide picloram in a range of
soil types was much higher after 300 d of incubation than expected from short-term
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experiments.

Reports of field tests of transport models in which long-term sorption equilibra-
tion is considered, are very scarce. Smelt et al. (1981) carried out leaching experi-
ments in the field with soil columns in winter for the nematicide ethoprophos. In
these experiments they considered three soil types (from Wierum, Middenmeer
and Rolde). Using data from this study, Leistra & Smelt (1981) tested a transport
model in which sorption equilibrium was assumed and in which long-term sorption
was ignored, and found small but systematic discrepancies between calculated and
measured transport. This paper describes how the data of Smelt et al. (1981) were
used to further test the model developed recently (Boesten, 1986).

The mathematical model

Flow of water in soil was simulated with a revised version of the model developed by
van Keulen (1975); see Boesten & Stroosnijder (1986) for details.

In my model for pesticide transport, the liquid phase is assumed to be homoge-
neous. Three classes of sorption site (classes 1, 2 and 3) are considered in the mod-
el. At equilibrium, sorption follows a Freundlich isotherm for each class. Sorption
at class-1 sites is assumed to be continuously at equilibrium, whereas sorption at
class-2 and class-3 sites is calculated from sorption rate equations:

X, =K, " (1)
8X, _ ky(K,c""~X,) (2)
at
3X.
813 =k;(K; CI/H_X3) (3)

in which X, X, and X are contents sorbed (kg kg!) at class-1, class-2 and class-3
sites, ¢ is time (d), c is mass concentration in the liquid phase (kg m™), K|, K, and K,
are Freundlich coefficients (m*” kg™"'") for class-1, class-2 and class-3 sites, 1/n is
the Freundlich exponent, and k, and k, are desorption rate constants (d™") for class-
2 and class-3 sites. The mass concentration in the soil system, c* (kg m™), is de-
scribed by

c*=f0c+o(X;+X,+X5) 4
in v}vhich 6 is volume fraction of water (m®> m™) and g is volumic mass of dry soil (kg
mT%l.e mass flux of substance, j (kg m™ d™"), is described by (see e.g. Bolt, 1982):

j=Tc—(Dy,+ Dy dc/3z (5)
in which J¥ is the volume flux of water (m d™'), D, is the dispersion coefficient (m?
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d™!), Dy is the diffusion coefficient (m* d™') and z is depth in soil (m). The disper-
sion coefficient is calculated using Dy, = |J'|L,, in which L, is the disper-
sion length (m). The coefficient for diffusion is calculated using Dy, = 42 6 D, in
which 4 is the tortuosity factor (1) and D, is the coefficient for diffusion of the pesti-
cide in water (m*>d").

The transformation of pesticide in the soil system is described by a first-order rate
equation:

R=k%c* (6)

in which R is the volumic mass rate of transformation (kg m~* d™') and in which k¥ is
the transformation rate coefficient (d').
The mass conservation equation for the soil system is given by

ST &

-R 7
ot a3z ™

Procedures

Field experiments

Soil columns were sampled in the field in October 1978 at three sites in the Nether-
lands — near Wierum, Middenmeer, and Rolde (textural class of the three soils: silt
loam, sandy loam and humous loamy sand, respectively). The length of the tubes in
which the soil columns were collected was between 40 and 80 cm and the inner
diameter was between 8 and 12 cm. The tubes with the soil columns were dug into
the soil beside the weather station Sinderhoeve near Renkum. At the end of Octo-
ber 1978 ethoprophos was mixed with the top 9 cm of the soil columns. The dose of
ethoprophos was 4 mmol/m? (i.e. 10 kg/ha). On four dates (1 December, 11 Jan-
uary, 12 March, and 25 April) soil columns were divided into layers. The concentra-
tion (c*) in all layers was measured by extracting the soil with ethyl acetate and by
analysing the ethyl acetate layer with gas chromatography and a flame photometric
detector. The effluent of the soil columns was collected and analysed for ethopro-
phos: in none of the samples of effluent could ethoprophos be detected (limit of de-

tection: 3 mg m~*). Details of experimental procedures have been reported in Smelt
etal. (1981).

Description of weather conditions and water flow

In the model, soil temperature was introduced as a function of time as described by
Leistra & Smelt (1981). This function was based on daily averages of soil tempera-
ture as measured at depths of 10 and 20 cm (see Smelt et al., 1981).

The daily averages of rates of rainfall and evaporation used in the model were
those estimated by Leistra & Smelt (1981). The volume fraction of water at field ca-
pacity was derived from the relations between matric pressure and volume fraction
of water as used by Leistra & Smelt (1981). The withdrawal function (withdrawal as
a result of evaporation) given by Boesten & Stroosnijder (1986) was used.
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Estimation of values of parameters in the pesticide model

In the model, the volumic mass of dry soil, o, varied with depth, as derived from the
measurements of Smelt et al. (1981) for the three soil types (from Wierum, Midden-
meer and Rolde). The value of L was for all soil types set at 10 mm, which is an in-
termediate value in the range of values (2-30 mm) reported in the literature for col-
umns of undisturbed soil (see review by Boesten, 1986, p. 83). The relationship be-
tween the tortuosity factor for diffusion, 4, and the volume fraction of water, 6, was
assumed to be equal for the three soil types and was taken from a compilation of
literature data (Leistra, 1978). The coefficient for diffusion of ethoprophos in wa-
ter, D,, was estimated to be 35 mm? d!, using the method of Othmer & Thakar
(Reid & Sherwood, 1966, p. 550).

The value of the Freundlich exponent, 1/n, was set at 1.0 (assuming, as a first ap-
proximation, linear sorption isotherms). The same operational definition as before
(Boesten, 1986) was used for the distinction between sorption at class-1 and class-2
sites and sorption at class-3 sites: sorption at class-1 plus class-2 sites is assumed to
be at equilibrium at the end of an adsorption experiment in which a suspension of
soil is shaken for about 1 d, and sorption at class-3 sites is assumed to be still negligi-
ble at the end of such an experiment. So the sum of K| and K, was set equal to the
values of the adsorption coefficients, K, as estimated by Leistra & Smelt (1981) for
the three soil types. They derived K, values for the top layer from adsorption ex-
periments done on a suspension of soil and found values of 0.68, 0.77 and 3.4 dm’
kg™' for the soils from Wierum, Middenmeer and Rolde, respectively. For the
deeper layers they assumed K, to decrease with depth in proportion to the de-
crease of organic matter content with depth. It was assumed that K, was equal to
0.7 K, and that K, was equal to 0.3 K. This subdivision was based on the results of
my experiments on short-term sorption kinetics with the herbicide cyanazine in a
loamy sand soil (Boesten, 1986, p. 127). The value of K; was assumed to be equal to
0.3 K, (based on Kj values found for cyanazine: Boesten, 1986, p. 188). The values
for the desorption rate constants k, and k; were assumed to be equal to those found
earlier I(Boesten, 1986, p. 131 and p. 177) for cyanazine, i.e. k, = 0.5 d!'and ky =
0.02d7".

The transformation rate coefficient, k¥, was assumed to vary with soil tempera-
ture, as described by Leistra & Smelt (1981). For the soil from Rolde, the k7 values
were equal to those used by Leistra & Smelt. For the soils from Wierum and Mid-
denmeer, Leistra & Smelt found that their calculations (which were based on kt
values measured in the laboratory) overestimated the fractions of the dose still
present in the soil columns in the second half of the experimental period. Because
volatilization of ethoprophos from the soil surface can be ignored (Leistra, 1979),
the faster decline measured in the field is probably the result of the transformation
rates being higher in the field than expected from the laboratory experiments. The
k% values used by Leistra & Smelt had to be multiplied by 1.3-1.4 to obtain a good
description of the field-measured decline of the total mass of pesticide in the soil.

Numerical solution
The system of Eq. 1 to Eq. 7 was solved numerically with an explicit finite-differ-
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ence method. The soil system was divided into compartments of thicknesses be-
tween 20 and 90 mm (see Leistra & Smelt, 1981). Euler’s method was used to inte-
grate with respect to time; the time step was 0.2 d. A copy of the computer program
(written in the simulation language CSMP I1I; IBM, 1975) is available upon re-
quest.

Results and discussion

Fig. 1 shows that the field-measured decline in the three soil types was described
reasonably well. The comparison between measured and calculated concentration
profiles after 139 and 182 d (Fig. 2) shows that the model slightly overestimated the
transport as measured in the soil columns. These discrepancies between calculated
and measured concentration profiles are similar to those found by Leistra & Smelt
(1981) with a transport model in which sorption equilibrium was assumed and in
which the long-term sorption process (i.e. sorption at class-3 sites) was ignored.
Such small discrepancies may be the result of, for instance, ignoring the effect of
temperature on the values of the Freundlich coefficients or of overestimating the
value of the dispersion length, L. This is illustrated by Fig. 3: the simulated profile
(for Middenmeer soil after 139 d) in this figure was calculated with the lower limit of
L, values reported in the literature (i.e. Ly, = 2 mm; see Boesten, 1986, p. 83) and
with temperature-dependent Freundlich coefficients according to the equation

K=K, {1+a(T-T)} (8)

in which K, is the Freundlich coefficient (m*” kg™"") of class-isites (i = 1,2 0r3), K,
is the K, at reference temperature (19 °C), a is the temperature coefficient (K™!), T
is soil temperature (°C) and 7, is the reference temprature (°C). The reference tem-
perature was set at 19 °C (an estimate of the temperature at which the sorption ex-

fraction of the dose
1
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Fig. 1. Calculated and measured decline of ethoprophos in the three soils in the winter half-year. A, O,
@: measured amounts for the Rolde, Middenmeer and Wierum soils, respectively; lines: simulated with
the model.
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Fig. 2. Comparison of calculated and measured concentration profiles of ethoprophos in the three soil
types after 139 d (upper graphs) and 182 d (lower graphs). Vertical solid line segments indicate averages
of measured concentrations, horizontal bars standard deviations; - — —, calculated.

periments were done). A value of —0.02 K™' was used for a (intermediate between
the a values found before (Boesten, 1986, p. 146) for cyanazine (a = -0.03 K™)
and for metribuzin (o = —0.01 K™!) in a loamy sand soil). Fig. 3 shows that the con-
centration profile calculated for Middenmeer soil with Eq. 8 and L ;, = 2 mm corre-
sponds very well with the average of the measured profiles. This shows that the
small discrepancies found in Fig. 2 may be the result of incorrect estimation of pa-
rameter values and thus do not refute the transport model.

In the study reported previously (Boesten, 1986), ignoring sorption at class-3

concentration in soil (mmol m )

0. 15
01
0.2 Fig. 3. Comparison of the average measured concentra-
tion profile (——) of ethoprophos in Middenmeer soil af-
03[ ter 139 d and that calculated (—-—-— ) with L, = 2 mm and
depth (m}) Eq. 8 (using an ¢ value of —0.02 K™1).
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Fig. 4. Effect of ignoring sorption at class-3 sites on calculated concentration profiles of ethoprophos at
182 d after application in the winter half-year and on that of cyanazine at 121 d after application in the
summer half-year; — — —, calculated with standard values of k; and K;; . . . . . , calculated with k; = Ky =
0.

sites was found to have a large effect on the calculated transport of the herbicide cy-
anazine 121 d after application in spring on a loamy sand soil. Fig. 4 shows that ig-
noring sorption at class-3 sites had a much smaller effect on the concentration pro-
files calculated for ethoprophos after 182 d in the three soil types (after 139 d the ef-
fect was even smaller). The parameters in the sub-model for sorption of ethopro-
phos by the soils from Wierum and Middenmeer differ only slightly from those for
sorption of cyanazine by the loamy sand soil. The difference between cyanazine
and ethoprophos with respect to the effect of ignoring sorption at class-3 sites on
calculated concentration profiles may be explained by Fig. 5, which shows the
course over time of the quotient of o, and 0*; 0, the total areic mass of pesticide
sorbed onto class-3 sites (kg m™2), is defined by

o/ a¥ 1)
1 -
4
)
4
/
/
/
/
/
/
/
0.5 | /
// /
, S
/ o
// B tviorbont o 2
/ - Fig. 5. The course over time of the quotient of o, and
o* as calculated for ethoprophos in Rolde ( ), Mid-
. . denmeer (... .. ) and Wierum (—-—-— ) soils in the win-
0 100 200  ter half-year and for cyanazine (- - -) in a loamy sand
time (d) soil in the summer half-year.
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Z
oy= j@)@ dz' ©)

0

in which Z is the depth (m) of the soil system considered and in which z’ is the inte-
gration dummy (1) for depth in soil, z; 0¥, the total areic mass of pesticide in the soil
system (kg m™?), is defined by

Z
o*= Jc* dz’ (10)
«

The o,/0* quotient determines the extent to which sorption at class-3 sites influ-
ences the transport in the field: as a result of the slow desorption rate of class-3 sites
(k; = 0.02 d7') the pesticide molecules sorbed at class-3 sites are practically immo-
bile in rainy periods. Fig. 5 shows that for the winter period (the three calculations
for ethoprophos) o,/0* increases during the first 50 d to a value of about 0.2 and re-
mains almost constant thereafter. For the summer period (the calculation for cy-
anazine), 0,/c* increases sharply during the whole simulation period and is near 1.0
after 120 d, indicating that at that moment nearly all the pesticide molecules in the
soil system are sorbed at class-3 sites.

The sharp increase of 0,/0* in the summer period is the result of the non-equilibri-
um aspect of sorption at class-3 sites: if it is assumed that the content sorbed at class-
3 sites, X, is in equilibrium with the concentration in the liquid phase, ¢, the quo-
tient o,/0™ for all pesticide/soil systems considered in Fig. 5 has a value of about 0.2
(estimated with Eq. 4).

Fig. 4 and Fig. 5 show that sorption at class-3 sites can have a large influence on
the calculated concentration profiles only if actual X; values are much higher than
X, values at equilibrium conditions. Thus, it is important to assess in which situa-
tions X; becomes much higher than its equilibrium value. In a first rough approach,
a soil layer was considered in which c is assumed to decrease exponentially with
time (as a result, for instance, of leaching or transformation):

c(t) = c(0) exp(~k, 1) (11)

in which k_ is the rate coefficient (d™') for the decline of c. If it is assumed that X is
initially zero and that the sorption isotherm for class-3 sites is linear (i.e. 1/n = 1.0),
the analytical solution for Eq. 3 may be given by (see van Rootselaar, 1970, p. 131):

- ks K, c(0)

X
? k3_kc

{exp(=k 1) —exp(=k;1)} (12)

To describe the deviation of X; from its equilibrium value, the reduced content
sorbed at class-3 sites, X, is considered. X, is defined as the ratio of the actual
value of X; divided by X; . i.e. the value of X, that is in equilibrium with the concen-
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tration in liquid phase, c. Because X; . equals K; ¢, from Eq. 11 and Eq. 12 it may be
derived that

A_,.’)

op el k) 0] (13)

Eq. 13 shows that the course over time of X, is mainly determined by the differ-
ence between k, and ky: if k_is higher than k;, X, increases exponentially with
time and has no limit. If k_ is smaller than k;, X ; approaches the steady state value
of {k,/(k;-k_)}. Fig. 6 shows X, as calculated from Eq. 13 for k; = 0.02 d”' and
for a number of k_:k, ratios.

In view of the large effect of the k_:k, ratio in Fig. 6, the difference between the
04/0* curve for cyanazine and the curves for ethoprophos (shown in Fig. 5) is likely
to be the result of differences in transformation rates, the transformation rates in
the summer period for cyanazine being higher than those in the winter period for
ethoprophos (in all pesticide/soil systems considered almost no leaching occurred
below 0.4 m depth and thus the rate of decline in ¢ is mainly related to the transfor-
mation process). The transformation rate of cyanazine could be described with a k%
value of 0.03 d™' (using Eq. 6) whereas the decline of ethoprophos (shown in Fig. 1)
could be described roughly with average k¥ values of 0.002 d~! for Rolde soil and
0.01 d™! for both Middenmeer and Wierum soil.

As shown by Fig. 6, the value of &, has to be known accurately if it is in the same
order of magnitude as the k_value. Transformation rate coefficients of the majority
of the pesticides are in the order of 0.01 d™!, i.¢. in the same order of magnitude as
the k, values found before (Boesten, 1986) for two herbicides in a loamy sand soil.

reduced content sorbed
atclass -3 sites (1)

3 { 3 1.5
1
2t
0.5
' 0
Fig. 6. Reduced content sorbed at class-3
" " . sites, X3, as a function of time as calcu-
o} 40 80 120 lated with Eq. 13 for k5 = 0.02 d~! and for
time (d) the k ..k, ratios (1) as indicated.
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Thus, it is necessary to measure k; values accurately for the range of pesticide/soil
systems in future research, in order to be able to draw general conclusions on the ef-
fect of sorption at class-3 sites on the transport of pesticides in the field.
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