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Abstract

Mathematical solutions are presented to describe leaching and degradation of pesticides in a specific type of column experiment,
which is frequently required for the official registration of pesticides. In the column experiment in question a 2 cm layer of soil
containing a known amount of the pesticide is placed on top of a soil column with a length of 28 cm. Water is added to the layer
on top of the column for a certain period at a constant rate, while allowing free drainage at the bottom of the column. This induces
leaching of the compound from the top layer. The mathematical solutions presented allow interpretation of the experiment in terms
of the half-life and the sorption coefficient of the compound from the measured amount in the leachate and the amount remaining
in the column after leaching. Example calculations are carried out for the German and US leaching scenarios, which are currently
used in admission procedures for new and existing pesticides. It is concluded that, for a standard soil with an organic carbon content
of 0.01 kg kg?, the German BBA guidelines are suitable to estimate half-lifgg @nd sorption coefficientK(,), for compounds
with Tso < 20 days andK,. < 0.06 n? kg™™. An alternative leaching scenario, as described in the US—EPA guidelines seems to
be useful to estimatds, in the range 10-250 days aid,. in the range 0.05-0.20 $rkg™™. O 1998 Elsevier Science Ltd. All
rights reserved.
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1. Introduction as a layer with a thickness of 2 cm on top of a column
packed with the same soil. The pristine soil column must
In recent years, concern about pollution of soil and have a length of 28 cm and a diameter of 5 cm. The thin
groundwater by pesticides and their metabolites haslayer is thus quite small compared with the column
grown. In order to protect the environment, admission length. The soil in the column is saturated with water
procedures have been put in operation to evaluate theprior to placing the soil layer on the column. Water is
environmental behavior of new and existing pesticides supplied at the top with a constant known rate, which
for agricultural applications. Currently, national auth- induces transport of the pesticide from the upper layer
orities in several countries prescribe experimental testscontaining the pesticide. The BBA (1986) recommends
to assess the transformation and leaching potential ofa leaching period of 2 days at a Darcy flux of 0.10 m
pesticides (Brouwer et al., 1994). One of the tests d. Alternatively, the US—-EPA (EPA, 1978) suggests,
required to quantify movement of these products is a for aged residues of pesticides, a leaching period of 45
column experiment as described in the German BBA days at a Darcy flux of 0.0125 nmtd Although the latter
guidelines (BBA, 1986). scenario is intended for aged residues, it can also be
Column experiments are frequently used to gain quan- applied to fresh soil/pesticide mixtures. At the bottom
titative information on the movement and transformation of the column free drainage is allowed. In the packed
of pesticides in soil (e.g. Kruger et al., 1993; Pignatello soil and the thin layer, the pesticide is redistributed over
et al., 1993; Brouwer et al., 1994). In most of these the solid and liquid phases, and degraded by micro-
experiments water containing the dissolved compound organisms, which causes the concentration to change in
of interest is added to the soil column, while free elution time and space. During the experiment, the effluent is
is allowed at the bottom of the column. Analytical sol- collected and analysed. After a certain period of leach-
utions of the dispersion—convection equation for this ing, the experiment is stopped and the soil column is
type of boundary conditions are available to describe the sectioned into a number of layers, which are then ana-
movement and degradation of the solute (Van Genuchtenlysed separately. Although detailed (multiple effluent
and Alves, 1982; Van Genuchten and Wierenga, 1986;fractions, and soil sections) analyses are desirable, in
Veling, 1993; Toride et al., 1995). practice analyses are often limited to the total effluent
In some of the column experiments required for and the total amount in the column after leaching.
admission of new and existing pesticides (EPA, 1978;
BBA, 1986) instead of applying a solution to the col-
umn, the soil with the pesticide is placed on top of a soil 3. Model development
column. Then, water devoid of the compound is added at

a constant rate, which induces |eaChing of the peStiCide The processes considered in mode”ing the column
from the top layer and its redistribution through the soil |eaching experiment are one-dimensional advection and
column. In this type of transport problem different dispersion through the liquid phase, sorption to the solid
boundary conditions are pertinent. The aim of this paper phase, and biological degradation. The governing equ-

is to compare various analytical solutions for the above ation describing the mass balance in the column is:
transport problem. The solutions differ in (i) the specifi-

cation of the upper boundary condition and the initial 5y 0J,

condition and (ii) the consideration of finite and semi- ot ez kX 1)
infinite domain of analysis. Also, the possibilities to esti-

mate two basic properties of pesticides, the sorption
coefficient and the half-life from the results of the col-
umn experiments, are evaluated. A sensitivity analysis
is performed to determine how the residual fraction in
the column after leaching and the leachate fraction relate
to the half-life and the sorption coefficient of the com- _
pound studied. The sensitivity analysis is performed for Tso = In(2)/k (2)

the leaching scenarios mentioned in the German and the i
US—-EPA (EPA, 1978) guidelines. The total transport fluxs (kg m2 d?) is the sum of
' advective and dispersive transport:

whereX (kg m) is the total concentration,(d) is time,

z (m) is distance, an# (d?) is the degradation rate con-
stant. This rate constant is related to the half-life of the
compound by

2. Description of the column experiment J.=VveC - DO oC 3)
s 0z
In the above-mentioned column experiment (BBA,
1986), a well-mixed soil/pesticide mixture is prepared wherev (m d?) is the pore water velocityd (m* m=)

with a known total concentration. This mixture is placed the water content, an@ (kg m™) the resident concen-
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tration in the liquid phase. The dispersion coefficidnt,
(m2 d™1), includes diffusion and hydrodynamic disper-
sion:

D = Dok + av (4)
whereD, (m? d™?) is the diffusion coefficient in water,

k a soil matrix factor, andx (m) the dispersion length.
The total concentration is equal to the sum of the solid
phase and liquid phase concentration:
X=6C + pY 5)
whereY (kg kg™) is the solid phase concentration, and
p (kg m™) the dry bulk density. It is assumed that pestic-
ide in the solid phase and the liquid phase are in equilib-
rium in accordance with a linear isotherm:
Y= KocfocC (6)
whereK,. (m®kg™) is the sorption coefficient referenced

to the organic matter, arfg. (kg kg™) the organic matter
content. Combination of Egs. (1)—(6) yields:

oC 0°C ocC
RE—DaizZ—VE—RkC (7)
with the retardation factofk, equal to
R=1+ pfoKod 0 (8)

In arriving at Eq. (7), the following assumptions have
been made: (i) the water content, flow velocity, and dis-
persion coefficient are constant; (ii) advection and dis-
persion occur only in a vertical direction; (iii) the retar-
dation factor is independent of the concentration; (iv)
transformations in the liquid and solid phases of the soll
occur at the same rate.

3.1. Initial and boundary conditions

Two different possibilities exist for the formulation of
the initial and boundary conditions pertaining to Eqg. (7).

3.1.1. Case 1
The top layer that initially contains the pesticide is

considered to be part of the column, and its presence is

incorporated into the initial conditions. The modelling

domain is fromz = — | to z = «. The initial conditions
are:

C(z0)=C, -1 <2z=x0 9
C(z0)=0, 0<z< » (20)

whereC, (kg m™) is the initial concentration andd(m)

141

is the thickness of the top layer added to the soil column.
Two boundary conditions are needed. In the definition
of the upper boundary condition it is assumed that the
water added at the top of the column is free of the pestic-
ide. Furthermore, it is assumed that there is no concen-
tration gradient at infinite depth. Accordingly, the
boundary conditions are given as:

vC(—I,t)—Dg—(Z:(—I,t):O, =0 (11)
aC ~
5, @0 =0,t0 (12)

Similar initial and boundary conditions have been
considered by Lindstrom and Boersma (1971); Jury et
al. (1990); Toride et al. (1993).

3.1.2. Case 2

In this alternative set of boundary conditions the thick-
ness of the layer of the soil containing the pesticide must
be thin compared with the total length of the column.
The thin soil layer is considered to be outside the model-
ling domain (Freijer et al., 1995). The upper boundary
condition is determined by the processes occurring in the
thin layer that initially contains the pesticide. Assuming
that the top layer is well mixed and is relatively thin,
the upper boundary condition in case 2 is specified as:

aC aC
IR 5, (08 =D 5 (01) = vO(0 - IRKQOR), t=0

(13)

In order to complete this special boundary condition,
it is necessary to specify the initial value of the pesticide
concentration in the thin layer containing the pesticide:
C(0,0)=C, (14)

In case 2, two different domains are considered: a
semi-infinite (2a) and a finite (2b) domain. The initial
condition for the semi-infinite domain (case 2a) is ident-
ical to that in Eq. (10), as is the lower boundary con-
dition, which is given in Eqg. (12). For the finite domain
(case 2b) the initial condition reads:

C(z0)=0, 0<z<L (15)

The lower boundary condition for case 2b is given as:

oC

5, (LD =0, =0 (16)
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3.2. Solutions of the governing equation

The governing differential Eq. (7) is solved by means
of the Laplace transform technique for both semi-infinite
and finite domains. The method of separation of vari-
ables (Walter, 1973) is an alternative solution method,
which was used to verify the results of the solutions
obtained with the Laplace transform technique (case 2b).
First, the following set of dimensionless variables is
introduced.

{=vzD (17)
7= \2U(RD) (18)
€ = kRDV? (19)

= Iv/D (20)

and the Peclet number
p=LvD (21)

Then for the various cases discussed above the follow-
ing three solutions are obtained:

3.2.1. Case 1, semi-infinite domain
The solution in case 1 is given by

Clr) =, Cooxp(- en(P+expC + N} (22)
with
P= erfc[ (2; } - erfc[ §+2)\>;—T] (23)

Q:(1+T+§+A)erfC[T+g—+A]

VT
_Z\E—ex;{ —(r+ g"‘)\)z]
T 4t
—(L+T+i+ 2A)erfc[ HZ{;—;ZA]
— 2
L 22|

The solution in Eq. (22) is identical to the limit of the
Henry coefficientk,—0 in the solution of the convec-
tion—dispersion equation for three-phase transport given
by Jury et al. (1990).

3.2.2. Case 2a, semi-infinite domain
In case 2a, foin#1 the solution is

C(&m) = Coexp(— en)(P + Q) (25)

with

b A=2 p[—T(A—l)]
Ton-0 e

expgl)\]erfc[gz; + - \/’r]

A
Q= m exp(g)erfc[ 52:; T ]
For A = 1 the solution reads
C(¢,7) = Coexp(— en)(P - Q)

with

P=(1+; g + - T)exp(g)erfc< 52\/ )
V7 -(-T
0z eXP[ -7 ]

3.2.3. Case 2b, finite domain

For a finite modelling domain the solution is

1 1 <
C¢) = ACeexp(5 hexp(—er = DX T,

i=0

where

To = xp(UOT) {Uocosh

[Uo(p = O] + 5 Slnh[Uo(IO )}

I:II:II:ID

=0 ,forO< A2

where

,forA>2

_é{ AN\ + 2)UZ+ (A - 4)(A - 2)}

|

1 1
P~ U+ D) a2

\/ /\2u2+ S (A -2

Signfl - (\ + 2)(~ U + ; )}

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)
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Uy is the solution of U, > 0) performed for various values of the top-layer thickness,
I. Finally, Section 6 discusses a possible application of
the model to interpret column experiments in terms of

1
A+ (UG- )" ; : o -
4 half-life and sorption coefficient of the pesticide.

tanhUgp) = — Uq (34)
} A+ 1 +} U2 _} -1
2 o Uo—y)
Fori > 0, the termsT, are given by 4. Comparison of the solutions in case 1 and case 2
for the semi-infinite domain
2U,;
T = - Uz ! U, (p - . . C e
exp( 7 N; {Uicosti(p = )] The solutions in cases 1 and 2 for a semi-infinite
1 domain are given in Egs. (22) and (25), respectively. The
+ = sin[Ui(p - O} (35) most important difference between the two solutions is
Z caused by the assumption on the distribution of the com-
and theN. terms are pound in the top layer. In case 1 the compound is ;ub-
jected to Eq. (7) for- | < z= 0, whereas in case 2 this
1 ) layer is subjected to Eq. (13). The differences in out-
~gMAA+ 22U+ (A - 4)(A - 2)} comes depend strongly on the thickneksof the top
N; = [ layer. If we letl—0, both solutions degenerate to the
\//\zuiz + 1 (A - 2) solution for an instantaneous pulse (Veling, 1993),
4 which employs the following upper boundary condition
1 1
= p(UZ + )\/ A2UE+ - (A = 2)2] (36) D aC m
4 4 -— = — =
) C(oy) v 92 o VA o(t), =0 (38)
signfcosU; p{1 — (A + 2)(UF + )}
wherem is the total amount of compound injected (kg),
: : ; A is the cross-sectional area of the column?)(nand
n which U; are solutions of §; > 0 ) ; L .
nwh H ¢ ) 8(t) is the Dirac-delta distribution. The solution for the
1 above-mentioned upper boundary condition reads:
A= (UE+ )T
tantip) == Ui BT o = ciexp(-en)

1 1
= _T )12+ T )1
S A+ 1= U+ )

{ 1 exp[_ (- T)Z] -Z exp(g“)erfc[ Sl ]} (39)
In the following sections, the differences in outcomes | V77 4t 2 2Vt

of the above given solutions are analysed in relation to
the boundary conditions (Sections 4 and 5). The impact with
of the boundary conditions are examined by comparing
calculations of the resident concentration as a function
of depth and time. For these calculations a standard para-C; =
meter set, given in Table 1 is used. The calculations are

mv
0ARD

(40)

Table 1 - . ) . Fig. 1 displays the concentration as a function of depth
Values of parameters comprising the base in calculations of Fig. 1 and . - . .
Fig. 2 at two instances of tlme_,.for_four different layer thlck—
nesses. Parameter specifications of these calculations are
Parameter Figure 1 Figure 2 Units given in Table 1. The figure demonstrates that with
_ decreasing values df the solutions converge. At low
" gir(')%b'e Pt . values,| = 1 and| = 2 cm, the results resemble each
Tso 100 100 d other quite well. I—_Iowever, when increasing the value of
P 0.40 0.40 A m3 | the outcomes diverge. The assumption that the upper
vo 0.0125 0.0125 md layer is well mixed causes an upstream tailing, as can
Do 4 x10° 4x10°® m? d be seen in the lower right panel of Fig. 1. It can thus be
f“ 8'8(1)5 g"gl'ab'e LEJ « concluded that for low values éfthe case 1 and case 2
p°° 1400 1400 kg P upper boundary _cc_Jndltlons are equally suited to glescrlbe
K 034 0.34 leaching of pesticide from the upper layer and its sub-

sequent displacement through the column.
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Fig. 1. Total concentration as a function of depth at two instances of time based on the solutions for case 1 and case 2a with four different top
layer thickness values € 0.01, 0.02, 0.04 and 0.08 m).

5. Comparison of solutions in case 2 for finite and
semi-infinite domains

ution in Eq. (25) is based on the assumption that a zero
concentration gradient occurs at an infinite exit distance,
thus implying a concentration gradient higher than zero

The difference in outcomes that can be expected whenat the end of the column. Which one of the two is the

comparing case 2a and case 2b is related to the effecmost realistic condition to model solute transport in a
of the concentration gradient of the outflowing pore column remains a dilemma as pointed out by Parlange
water at the end of the column. The solution in Eqg. (31) et al. (1992). Several authors have paid attention to the
is based on the assumption that at the column outflow observation that the solutions for finite and infinite exit
end the concentration gradient is zero, whereas, the sol-distances agree closely for Peclet numberp 8f4 (Van
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Genuchten and Parker, 1984; Parlange et al., 1992). Inand the integrated total transport flux,
Parlange et al. (1992) an in-depth explanation is given

for this observation, by relating the Peclet number to an [t
J Jy(zt")dt' 43)

0

explicit outlet condition. At high Peclet numbers the
usage of the semi-infinite solution is to be preferred
above that for a finite value df, because the series sol-
ution given in Eq. (31) converges too slowly to provide
accurate results.

In the current transport problem the column length is
0.28 m, which shows that for dispersion lengthsno& o
0.07 m the Peclet number exceeds four. Because in thej X(Z 1)dZ = 0RO, (44)
column studies considered here dispersion lengths are/
always much smaller than 0.07 m, the solution for a
semi-infinite domain can safely be employed to approxi-  Using the dimensionless variables defined in Egs. (17)
mate a finite column. In Fig. 2 the concentration is dis- and (18), the integral in Eqg. (42) can be written as:
played as a function of depth using the solution for cases
2a and 2b within a range of dispersion lengths close to [z ORD [¢
a = 0.07 m. Other parameter specifications for these caI-J X(z ndz = VJ
culations are given in Table 1. The results clearly dem-
onstrate that there is a non-zero concentration gradient
at the end of the column for the semi-infinite solution,
which increases with increasing dispersion length, and
accordingly with decreasing Peclet number. Neverthe-

In evaluating these integrals, we use the results of case
2a. The total amount in the top layer as a function of
time is given by:

C(¢'\nd’ (45)

0 0

If the flux-averaged concentration is defined as (Kreft
and Zuber, 1978)

less, the difference between the two solutions remainsCcF = C _boc (46)
marginal. v oz
then the integral in Eqg. (43) can be written in terms of
6. Estimation of half-life and sorption coefficient flux-averaged concentration
Basically, properties of pesticides, suchlggsandK,., t ORD [~
can be obtained from column experiments by parameterJ J(zt)dt' = vj CF(¢,m)dr (47)
(6] (0]

optimization. Several techniques are available to esti-
mate the parameters using iterative procedures in which , ) )
C(x) functions are fitted to time series of concentration _ 1 "€ values of the integrals at the right hand side of
measurements by tuning the parameter values (Toride efds. (45) ?‘”d (47)_ can be fou_nd by partial integration.
al., 1995). These techniques require data in the form of 1 NUS, the integral in Eq. (45) is:

concentration of pesticide along the column length or in
the leachate as a function of time. However, such
measurements are often not carried out in routine column
experiments for the registration of pesticides. More com-
monly, in the experiments in question, the total amount with, for A#1,
remaining in the column or in sections of the column

J éC(?,T)dé’ = Coexp(- en)(O+ P+ Q) (48)

0

after leaching, and the total amount of compound present 1 -(A-Dr Z
in the leachate at the end of the leaching period are mea-O = - eXP[AZ] [)\GXP< erfc (49)
sured (BBA, 1986; Brouwer et al., 1994). Since these
measurements represent amounts in discrete layers and; -+ 1 - -Vr Vr
time intervals, the following integrals are of interest: the | pyz ) V7| ~Aerfe| ——+
total amount of pesticide in the top layer, v
1 - 1 -
o P= > Aerfc( 5 ! ) 5 Aerfc( ng{ ) (50)
J X(Z H)dz (41) _
- -1 A I+ A T
Q= (O -= exp(g)erfc[ T ] + = erfc[ = D
the total amount of pesticide remaining in the column, (A-1) 2 2Vt - 2
] (51)
X(Z t)dz 42
JO 2.9 (42) Fora =1,0, P, andQ are
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Fig. 2. Total concentration as a function of depth at two instances of time based on the solutions for case 2a (semi-infinite domain) and case 2b
(finite domain;L = 0.28) for different dispersion length values € 0.01, 0.05, 0.10 and 0.15 m).

fr)exp(g)erfc< 52 J ) (52) Q= \/ (exp[ ] exp[_(i; T)ZD (54)

) The integral in Eq. (47) is

O_

(pFo8+
{-

- = erfc( N

P=- (; % T)erfc< % ) + ; erfc( _2\/7 ) (53) J;CF(Z,T’)dT’ = Co[ )\2—)\2 O-7 i 2 P~ Q)] (55)
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with 100
80
_ —(A-1)7 ¢
O =exp( eT)exp[ 2 ex A o
(-1 VT - A2 :é'
rf -+ — | — + = 404 Tso(d
ec[ 2Vr )\]5)\2+)\—l 2
A2 2-A T 20
s~ |Pl1l+ —F—7
2(5/\2+)\—1)[ ( )\\/1+4€) (56) o
2-A
+ - - . . -
Q<1 A1 + de )] 0% 0 20 40 60 80 100
% LEACHED
P= exp[g + g V1 + 4e]erfc[ } V1 + deVr + i_ ] Fig. 3. Nomogram relatind{,. and Ts, with leached fraction and
2 2 2 2Vt residual fraction according to the German BBA leaching scenario.

(57) dispersion length. In principal, all of the parameters
given in Table 2 can be determined from independent
} experiments. The most uncertain parameter in Table 2 is
probably the dispersion length. In general, the dispersion
(58)  length is related to the heterogeneity of the flow field
of the solute. Under laboratory conditions with uniform
Provided that all theoretical assumptions are valid, the packed soils and a constant uniform injection of the sol-
above integrals can now be used to calculate the apparengite, a relatively uniform flow field can be obtained,
relationship between the half-liffs,, and the sorption  yielding low dispersion lengths (Oostrom et al., 1992).
coefficient,K,., and a simple combination of two meas- Qostrom et al. (1992) report values ranging from %.4
ured entities. For example, the fraction of the initial dose 104 to 3.1 x 102 m. In our calculations we have
that leached after a certain period, and the fraction thatassigned a rather high value (5¢010~2 m) for the dis-
remains in the column can be considered. persion length (Table 2). This is because the German
The apparent relationship is obtained by calculating guidelines (BBA, 1986) do not specifically state that a
the fraction that remains in the column after leaching (% constant flow velocity has to be maintained. It is there-
residual), and the fraction that has leached (% leached)fore plausible that in many experiments some variation
for a number of different combinations of half-life and in water velocity occurs due to non-uniformity and time-
sorption coefficient. Other parameter values are keptvariation in the addition of water to the column. In the
constant in these calculations. Two different standard current calculations the variation in water velocity can
parameter sets are used, one representing an experimeife accounted for by assuming a relatively high disper-
following the German BBA guidelines, and one follow- sjon length.
ing the US-EPA guidelines (Table 2). The parameters The results of the calculations can be displayed in
that are kept constant include soil properties, such asnomograms, such as given in Fig. 3 (BBA) and Fig. 4
organic matter content, bulk density, matrix factor, and

O S Y O i e O
Q—exp[2 2x/l+4e]erfc[ 2\/1+4e\/7+2\/;

100
Table 2 80
Values of parameters comprising the base in calculations of Fig. 3 and
Fig. 4.
60 -
. . . 2
Parameter Figure 3 Figure 4 Units 3 Te (@)
» 40
[ 0.02 0.02 m s
z 0.28 0.28 m ® o
t 2 45 d
0 0.40 0.40 mms
Vo 0.1 0.0125 m o 07
Do 4 x10° 4 x 10° m? d?
« 0.005 0.005 m -20 - v
o 0.01 0.01 kg kgt -20 0 20 %LE:%HED 60 80 100
p 1400 1400 kg m?
K 0.34 0.34 Fig. 4. Nomogram relatind{,. and Tso with leached fraction and

residual fraction according to the US—EPA leaching scenario.
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(US—-EPA). In these graphs, the depth and time integralsation of time and depth integrals. The integrals were used

are scaled to the initial amount of pesticide in the top to interpret the results of pesticide leaching experiments

layer and displayed on the andy axes, whereas the in terms of half-life and sorption coefficient of the pes-

input parameters are given as isolines. Figs. 3 and 4ticides. These compound-specific parameters can be esti-

demonstrate that each combination of half-life and sorp- mated from the measurement of pesticides in the leach-

tion coefficient is uniquely related to a residual fraction ate and in the residuals in the column after leaching.

and a leached fraction. For example in Fig. 3, for a pes- Example calculations were carried out for the BBA and

ticide with a half-life of 2 days and a sorption coefficient US—EPA leaching scenarios, which are currently used in

of 0.030 n? kg™, under the German leaching scenario admission procedures for new and existing pesticides. It

the residual fraction is 42% and the leached fraction is can be concluded that the two scenarios yield infor-

9%. mation on completely different ranges of half-life and
The nomograms displayed in Figs. 3 and 4 show the sorption coefficient.

range of parameter values that can theoretically be

derived from the leaching scenarios described by the

BBA and the US—EPA. In this reSpeCt, the two eXpel’i- Acknow|edgement3

ments yield information on completely different combi-
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