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Abstract

This paper develops mass fraction models for transport and fate of agricultural pollutants in structured two-region soils. Mass
fraction index models, based on a semi-infinite domain solution, are derived that describe leaching at depth, vapor losses
through soil surface, absorption, and degradation in the dynamic- and stagnant-water soil regions. The models predict that
leaching is the result of the combined effect of the upward vapor-phase transport relative to downward advection, residence time
relative to half-life, dispersion, and lateral diffusive mass transfer. Simulations show that leached fraction of volatile
compounds does not always decrease monotonically with increased residence time relative to the pollutant half-life, as a result
of complex interactions among the different physical and biochemical processes. The results show that leaching, volatilization,
and degradation losses can be affected significantly by lateral diffusive mass transfer into immobile-water regions and advection
relative to dispersion (i.e. Peclet number) in the mobile-water regions. It is shown that solute diffusion into the immobile phase
and subsequent biochemical decay reduces leaching and vapor losses through soil surface. Potential use of the modified
leaching index for the screening of selected pesticides is illustrated for different soil textures and infiltration rates. The analysis
may be useful to the management of pesticides and the design of landfills. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Solute transport; Soil; Vapor transport; Pesticides; Screening models; Mobile—immobile phase; Biochemical decay; Adsorption;
Dispersion; Mass transfer

are washed to surface waters by runoff and/or leached
through the vadose zone to groundwater, thereby
polluting the nation’s waters and threatening human
health as well as aquatic and terrestrial ecosystems.

1. Introduction

During the past 50 years, production of agricultural
products (food and fiber) has intensified to meet

consumer demands. The use of agricultural chemicals
such as pesticides and nutrients has also increased
dramatically during this period to improve agricul-
tural efficiency and productivity. These chemicals
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The cumulative effect of years of intensive agrichem-
ical use has heightened public awareness of the often
irreversible nature of nonpoint source pollution and
the necessity to protect groundwater and surface water
resources. This has pressured policy makers and regu-
latory agencies to implement management strategies
to reduce the risk of ground-water contamination and
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Fig. 1. Schematic illustration of pollutant loss pathways in two-region soils.

human and environmental exposure to toxic levels of
the pollutants. Since groundwater contamination by
nonpoint source pollutants is widespread, and often
irreversible, and too complex and expensive to moni-
tor regularly, cost-effective alternative approaches are
needed. Scientists as well as regulatory agencies are
increasingly relying on transport and fate models as
tools to predict the behavior of pollutants in the envir-
onment, and to anticipate in advance potential pollu-
tion problems due to planned future developments.
Such models have been used to predict the fate and
exposure levels of pollutants along different exposure
pathways in the environment (e.g. Wagenet and Rao,
1990; Jarvis, 1991).

This paper develops mass fraction models that
describe the fate of pesticides as they move along
different loss pathways in the subsurface from source
to receptor locations. The models are not intended to
simulate real-time concentrations, but rather to
provide estimates for the likelihood of soil, air, and
groundwater contamination. Simple index models
were developed previously for screening organic
chemicals relative to their mobility in the soil
(Laskowski et al., 1982; Jury et al., 1984; Meeks
and Dean, 1990). Leached fraction models are also
used for screening of pesticides and estimating the
likelihood of ground-water contamination (Rao et
al., 1985; Meeks and Dean, 1990; van der Zee and
Boesten, 1991; Beltman et al., 1995; Hantush et al.,
2000). The advantage of these models over mobility
index models is that they consider the interaction
between the residence time in the soil and different

loss and dispersing mechanisms on the likelihood of
ground-water pollution by pesticides. Hantush et al.
(2000) developed a leaching mass fraction index that
lumps the effect of vapor losses through soil surface
(volatilization) and lateral diffusive mass transfer into
a single parameter. Although mass fraction models are
not suitable for predicting concentrations, such as the
more comprehensive PRZM (Carsel et al., 1985),
LEACHM (Wagenet and Hutson, 1989) and
MACRO (Jarvis, 1994) models, they nevertheless
are suitable for screening purposes and regional-
scale vulnerability assessment and require fewer
input data generally available from the scientific
literature and other sources. Kleveno et al. (1992)
concluded that if sufficient data are available, the
attenuation factor model (AF) (Rao et al., 1985) can
be as effective as the dynamic PRZM model for
screening and ranking pesticides. For the purpose of
assessing relative ground-water vulnerability to pesti-
cides, the use of complex numerical models is only
justified when data are available at their level of
complexity. This is even more challenging when deal-
ing with nonpoint source pollutants at the watershed
scale. Also, mass fraction models can be integrated
with relative ease into a GIS framework to produce an
effective tool for the assessment of soil and ground-
water vulnerability to nonpoint source pollution in
watersheds (e.g. Khan and Liang, 1989; Loague et
al., 1995; Mulla et al., 1996; Shukla et al., 2000).
However, models (e.g. index and mass fraction),
however, are constrained by the uncertainty of
model parameters associated with their spatial and
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Fig. 2. Schematic illustration of a dual-porous slab model.

temporal variability and measurement errors. The
impact of these uncertainties on the predictions of rela-
tive soil and ground-water vulnerability, or the likeli-
hood for contamination, should be quantified for
meaningful application to real field sites (e.g. Carsel et
al., 1988; Loague et al., 1990, 1995, 1998; Freissinet et
al., 1999; Diaz and Loague, 2000; Shukla et al., 2000).

When a pesticide is introduced into the soil surface, it
follows different transport or loss pathways (Fig. 1).
Part of the initially applied mass undergoes transforma-
tion into intermediate products called metabolites or
completely degrades in the biologically active root
zone. Some of the solute mass may be adsorbed onto
the soil particulate surface and may undergo further
degradation. Pesticides can partition into the vapor-
phase and may then be transported by the mechanism
of advection and/or gaseous diffusion within that gas-
filled portion of the soil voids. Solutes diffuse laterally
into soil regions occupied by stagnant waters (e.g. intra-
aggregates) and may adsorb onto interior surfaces (i.e.
absorption) and biodegrade therein. The solute is also
available in soluble phase for uptake by the plant roots.
Finally, a portion of the initially applied pesticide may
leach below the vadose zone to groundwater by the
mechanism of advection and dispersion.

In this paper, the impact of those processes on
solute leaching to groundwater and vapor-phase
emissions to the air is quantified. Expressions are
derived for: (1) the leached fraction at depth in the
soil; (2) the vapor loss fraction through soil—air inter-
face; (3) the degraded fraction in the dynamic-water
region (mobile-phase) of the soil profile; and (4) the
degraded fraction in the stagnant-water region
(immobile-phase) of the soil profile. Vapor loss at

the soil surface by diffusion across an air boundary
layer is treated more physically (Jury et al., 1991;
Wagenet and Rao, 1990; Yates et al., 2000), as a
boundary condition rather than being lumped into a
first-order rate parameter (Hantush et al., 2000). The
conditions under which the first-order approximation
of volatilization losses is applicable will be investi-
gated as a function of the Peclet number and the ratio
of vapor loss rate to the advective flux, by comparison
with a more physical model, which will be developed
in this paper. The main advantage of the current
development is that closed-form expressions are
developed for the assessment of potential air pollution
and the potential for biochemical decay of organic
chemicals in soil. Specifically emphasized is the
process of absorption, where a solute diffuses into
stagnant-water pockets and sorbs onto the interior
surfaces.

2. Theory
2.1. Transport in two-region soil

Transport of reactive solutes in a dual porosity
medium (e.g. aggregated soil in Fig. 2) may be
described by the following coupled system of
equations for reactive constituents, Mobile phase:

aC aC;
R,—= + BR, 2+ BkimRim C;
m at B m (9[ B m®tim ~1m
9*Cpy aCy,
= —_— —Uu— - 1+ wR,C 1
m 622 u 0z m( M) m~m ( )
Immobile phase:
aCim
BRimT + BkimRim Cim = a(Cyy, — Cipy) 2
where
k
p= (3)

in which C,, Cj, are, respectively, resident solute
concentrations in the mobile and immobile phases
[M/L’]; u = v/6,, is average pore-water velocity; v is
soil water flux per unit area normal to flow direction
[L/T]; ky, = In(2)/A, and k;,, = In(2)/A,, are, respec-
tively, decay-rate constants in mobile and immobile
phases [T™1; Am, Ain are, respectively, solute
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half-lives in mobile and immobile phases [T]; k, is
first-order rate of root uptake (passive uptake) (T™];
0., is volumetric mobile water content (per unit soil
volume); « is rate mass transfer coefficient [Tfl]; Bis
fraction of immobile to mobile water content; R;,, =
1+ (fupoKy + KiKy)/ 65, is retardation factor in
immobile water region; 6, is volumetric immobile
water content (per unit soil volume in immobile
water region; i.e. phase averaged); ki, is volumetric
air content in immobile phase (per unit soil volume in
immobile water region; i.e. phase averaged); fi, is
fraction of soil in contact with immobile water; py, is
soil bulk density [M/L3]; K, is the distribution coeffi-
cient [L/M]; Ry =1+ (fupuKy + KaKp)l6 is
retardation factor in mobile phase; 6, is volumetric
mobile water content (per unit soil volume in mobile
water region; i.e. phase averaged); ki, is volumetric
air content in mobile phase (per unit soil volume in
mobile water region; i.e. phase averaged); f, is
fraction of soil in contact with mobile water; and Ky
is the dimensionless Henry’s constant. The effective
liquid-phase dispersion parameters are given by

5 ( *)10/3 (Ox )10/3
Dy, = —~—"5—Di Ky + aqu+ ~—5—D" (4)
01‘[1 nm nm
s 10/3 i\ 10/3
Kim (Kim) (6im)
D, = =21 DK, + 2 D" (%)
" Grm n12m £ n12m

where D, is effective liquid-phase dispersion coeffi-
cient in mobile phase [L%T]; a; is longitudinal disper-
sivity [L]; Dy, is effective liquid-phase diffusion
coefficient in immobile phase [L*/T]; Dy is gaseous-
phase diffusion coefficient [L%/T]; D" is liquid-phase
diffusion coefficient [L*T]; and n, and n;, are,
respectively, porosities of the mobile and immobile
phases. In Egs. (4) and (5), the Millington and Quirk
(1961) model is used to describe the soil gas and soil—
liquid-phase diffusion coefficients.

The coupled system (1) and (2) extends the first-
order rate transfer model to transport of reactive
constituents with linear adsorption isotherms. By
vertically averaging 3-D advective—dispersive trans-
port equations in a dual-porous slab, as shown in Fig.
2; Hantush and Marifio (1998) derived the following
expression for the mass rate transfer parameter:

_ 3ﬁDim P

TR, B+ ©

6;

— _m 7

B 0. (7
4 b} bt

p= ﬂ’ tim = - > tm == (8)
I'm Dim Dm

in which p is the ratio of the diffusion time in immo-
bile phase to that in mobile phase; 6;, the volumetric
immobile water content (per unit soil volume) (Fig. 2);
bi, the characteristic diffusion length in immobile
water region [L] (e.g. average aggregate radius); and
by, is the characteristic diffusion length in mobile
water region [L] (inter-aggregate pore radius). In
most applications, the first-order rate model has
been used to describe physical nonequilibrium trans-
port by treating the coefficients « and 3 as calibration
parameters (e.g. van Genuchten and Wierenga, 1976;
Li et al., 1994; Griffioen et al., 1998). Expressions,
however, have been developed that relate these para-
meters to the geometry of the immobile water zone,
by fitting first-order rate transfer models with diffu-
sion models of uniformly sized geometry (e.g. sphe-
rical, cylindrical, and finite slabs) (e.g. Parker and
Valocchi, 1986; van Genuchten and Dalton, 1986).
Although Eq. (6) is strictly applicable to infinite
slabs of the immobile-phase region, it may be general-
ized to other geometries (e.g. spheres, cylinders, and
finite slabs) by using appropriate shape factors of
Parker and Valocchi (1986), van Genuchten and
Dalton (1986), and Goltz and Roberts (1987).

The system of Egs. (1), (2) and (6)—(8) has two
distinct features: (1) it deals with reactive mobile—
immobile phase transport in aggregated soils, and
(2) the closed-form expression for the rate transfer
coefficient a takes into account diffusion time in
both phases. The significance of the latter will be
illustrated in a numerical example herein. Implicit in
the expressions of Parker and Valocchi (1986), van
Genuchten and Dalton (1986), and Goltz and Roberts
(1987) is that the diffusion time in the mobile phase is
much smaller than that in the immobile phase, which
is equivalent to setting p — oo in Eq. (3) (Hantush and
Marifio, 1998). This requires that p > 3, which may
not always be satisfied for highly volatile compounds,
where D,, and D;;,, may be dominated by vapor-phase
diffusion, and where the diffusion time in both the
mobile and immobile phases may be of the same
order of magnitude. To illustrate this quantitatively,
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we consider a highly volatile compound (i.e. with a
relatively high Ky;) and substitute Egs. (4) and (5) into
Eq. (8); then, after neglecting the liquid-phase disper-
sion one obtains

NIRRT A
”Wﬂm<nm>(1—0fm) (9a)

where fi./fin = bim/by. As an example illustration,
consider the data: n;,, = 0.2, n,,, = 0.25, 6;,, = 0.15,
6;, = 0.2, and f,,/f,, = 2. Inserting these values into
Eq. (9a) yields p/B = 2(0.2/0.25)*(0.80/0.85)"%" =
0.98, which does not satisfy the condition p > 3.

If we consider the specific case of purely diffusive
transfer in a two-region immobile phase (v = 0) of
nonvolatile compounds (Ky = 0), then

szfi_m<ni_m>2( 9;)13/3, o)

Jo N/ \ O,

and for the example data above: p/B=
2(0.2/0.25)2(0.2/0.15)"*" = 4.4; ie. the diffusion
time is of the same order of magnitude in both
phases, a condition which also may not be suffi-
cient for p much larger than 8. Of course, in this
specific case the notion of mobile—immobile phase
is irrelevant since transport is predominantly
diffusive in both regions (e.g. inter-aggregate and
intra-aggregate).

In Section 2.2, expressions will be developed for
leaching of solutes in soils, vapor losses through soil
surface, and biochemical decay in mobile—immobile
phase soil profile.

2.2. Leaching in soil

In this section, we present closed-form expressions
that describe leaching and transformation of organic
chemicals as they partition into the vapor-phase and
adsorbed phase in a dual porosity (e.g. aggregated)
soil. The following assumptions are made: (1) the
soil is composed of a structured dynamic water
(mobile-phase) and stagnant water (immobile-phase)
regions; (2) uniform and steady-state flow rate in the
soil; (3) linear equilibrium partitioning isotherms; (4)
vapor transport is diffusive and loss occurs in the
mobile phase from the soil surface through an air
boundary layer of thickness d (Fig. 1); and (5) root
uptake can be described by a first-order rate process.

The following are the initial and boundary
conditions

Cin(z,0), Cu(z,00=0 (10a)
L 9C,(0,1) . Co(0,) — C”
Fy(0,1) = —Kng—‘;Z =Dyt y
(10b)
9C,,,(0,1
F(0,1) = —0,,D, —C“é( 2 + vCpp(0,1) = M, ()
Z
(10c)
Cim(oos t)’ Cm(oo’ t) = 0 (IOd)

in which C,(z,?) is solute vapor concentration [ML_3];
C" is concentration of solute vapor above air-bound-
ary layer, which is assumed to be zero in this analysis
[ML]; ki, = finK.ny is volumetric air content in
immobile-water region (per unit soil volume); D is
mobile phase soil dispersion, which is the sum of
the second and third terms on the right-hand side of
“4) [L2/T]; M, is chemical mass applied per unit area;
and d is air-boundary layer, for a bare surface may be
equal to 5 mm (Jury et al., 1991). The total solute flux
through soil in mobile phase at any depth is the sum of
advective—dispersive liquid-phase and diffusive
vapor-phase fluxes, Fy,(z,1) = Fi(z,1) + F,y(z, 1), and
is given by

Fin(z,0) = = 0,Dpy

IEn@D 4y an
0z

Fy(z,t) is solute vapor-phase flux [ML>T"'] and
Fi(z,t) is solution phase flux [ML_zT_l]. If we use
Henry’s law to describe liquid-vapor partitioning,

Co(z.1) = KyCi(z, 1) 12)

and substitute the right side of Eq. (12) into Eq. (10b),
then the total solute flux at the soil surface (11) eval-
uated at z = 0, can be shown to be

F.(0,t) = —0[C,(0,1) — (C*/Ky)] + M, () (13)
where

_ KuDy
==

The mass applied per unit area, M, can be estimated
based on two different scenarios of: (1) planned appli-
cation, and (2) flushing of an initially contaminated

o

(14)
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Error

Fig. 3. Errors in leached fractions estimated from the first-order
volatilization rate model of Hantush et al. (2000) and the modified
expression (17).

surface layer. In the first mode, if the solute is intro-
duced by aerial spraying (or sprinkler irrigation) at
concentration Cj at a rate ¢ [L*/T/L?] during a time
period At¢, we have M, = gAtC,. In the second
mode, if the soil is initially wet at 6, and contami-
nated with a uniform concentration C, to a depth L
(fraction of centimeters below the soil surface), then
M, = 0,LC,. In both cases, leaching at depth will
occur at a time scale much greater than Ar or the
time required to completely flush the solute from
the shallow depth of incorporation, for the Dirac-
delta representation of the flux in Eq. (10c) to be a
valid approximation.

We consider M, to be the only source of solute and
that C* = 0. The leaching potential here is defined as
the fraction of M, that will eventually pass depth z,

L(2),
L(z) = (l/Mn)JO Fin(z, Dd7 (15)
which can be rewritten in the form
t
L(2) = (l/MO)tlim {J Fo(z, T)dT} (16)
— 00 0

The evaluation of Eq. (16) is carried out in the Appen-
dix A to yield

1+ ¢

MO Aoy g

P 1\ %
{-5€-ni} an

where

In(2) T,
§=\/1+4n;))\m(1+ﬂ+¢) (18)
and

d): Ba Rimkim (19)

BkimRim +a Rmkm

in which P = hu/D,, is a Peclet number and T, =
hR/u is apparent residence time [T].

Eq. (17) is a modification to the expression
obtained by Hantush et al. (2000): [(z)=
exp{ — PI2(¢§" — Dz/h}, m= (ky + o/h)/(kpyOnRy).
In the latter, vapor loss from the soil surface was
approximated by a first-order rate process and, in
effect, was lumped into the parameter, u, to account
for the combined effect of volatilization and root
uptake. In this paper, however, u accounts for root
uptake only. The expression given by Eq. (17) is more
physically based than the first-order approximation of
vapor losses whose validity may be limited to small
values of o/v, where the downward advective flux by
infiltration is occurring at a rate higher than the
upward vapor flux (i.e. volatilization through soil
surface). The difference between Eq. (17) (T,/A =1
and z/h = 1) and Hantush et al. (2000) model, in
which volatilization is approximated by a first-order
rate process, is shown in Fig. 3 (e.g. an error of —0.4 is
equivalent to an absolute error of 40%). In general, the
error increases significantly when P <1 (e.g. highly
volatile compounds) over a wide range of o/v. In this
case (TJ/A=1 and zh=1) Ileaching errors
committed by first-order approximation of volatiliza-
tion losses appear to be less than 10% for o/v < 1, and
less than 20% for all values of o/v when P > 0.1. The
error is significant and can be greater than 30% for o/
v > 10 when P = 0.01.

2.3. Vapor loss from soil surface

The fraction of M, that constitutes vapor loss
through soil surface is obtained by integrating the
vapor flux at the soil—air interface in time,

t
I, = lim{—(l/Mo)J F,(0, T)df}
—0 0

= lim {(U/MO) ﬁ) C, (0, T)dT} (20)



64

e~  ®m @ 10
T/A

M.M. Hantush et al. / Journal of Hydrology 260 (2002) 5874

(b)

Fig. 4. Leaching at depth z = h as a function of 7/A and o/v with P = 0.1 and ¢ = 0 : (a) 3-D plot, and (b) contour plot.

Thus, by applying the Laplace identity (A13), we have

I, = (9/M,)1im C,n(0; p) @1
p—0

in which C,, (0;p) is the laplace transform of Cy, (0,).

By substituting z = 0 and C* = 0 in Eq. (A8) and the

resulting equation with Eq. (A10) into Eq. (21) and

carrying on the limit, one obtains:

v= ————EEQQQ———; (22)
2lv) + 1+ &

As o/v—0, I,—0, and as o/v— oo, I, — 1. Thus,
significant losses from soil surface are predicted by
the model for highly volatile pesticides (with
relatively large Ky). Eq. (22) provides an estimate of
the pesticide’s mass per unit area available in the
vapor-phase for transport by air or for foliar uptake
(e.g. van der Werf, 1996). The latter may contribute
more than root uptake to plant residues, which consti-
tutes an important exposure pathway to humans and
animals.

2.4. Losses in mobile phase

Fraction of M, lost by biochemical decay in the
mobile phase from a soil profile of depth % is given
by

t

h
J Ok Ry, Cry (2, 1)dz dt}
0
(23)

In(h) = lim {(I/MO)J

0

By employing the Laplace identity (A13), we have

h
1) = bukaR(U )ty | [ Cuprac} 24
in which C,, (z;p) is the laplace transform of C,, (z,1).
The integral is carried out by substituting Eqgs. (A9)
and (A10) into Eq. (A8) and the resulting expression
into Eq. (24), followed by taking the limit p — 0, and
integrating with respect to z, to yield

1 1+ ¢
1+ ¢ 2(0fv) +1+ &

In(h) = (1= ")

(25)

2.5. Losses in immobile phase

Losses in the immobile-water zone by degradation
within depth & can be expressed as

lin(h) =

t rh

tlim {(1/MO)J J Oma[Cr(z, ) — Cin(z, 7]dz dt}
(26)
Similarly, by applying Eq. (A13), Eq. (26) can be

rewritten as

h ~ ~

lin) = (UM et | (i) — Cun(ziplec]
27

The substitution of Eq. (A6) for C‘im(z; p) in Egs. (27)
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Fig. 5. Leaching at depth z = A as a function of 7,/A and o/v with P = 0.01 and ¢ = 0 : (a) 3-D plot, and (b) contour plot.

and (A8) for C,(z;p)with Eqs. (A9)—(A10), and
taking the limit p — 0, after carrying out the integra-
tion, yields

¢ 1+ &
1+ ¢ 20h) +1+ &

() = (1= e "2ED)

(28)

This equation describes the fraction of mass per unit
area that undergoes absorption and subsequent trans-
formation in the immobile phase.

The total losses in the soil profile due to biochem-
ical degradation are the sum of Egs. (25) and (28),
Ly(h) + Lis(R),

1+¢ —(PRYE 1
L..(h) = 1 — e @2E-D 2
) = Fom (1 e ) @)
— e
P=001, 6=10
R | N
Gf:("do 5 4o w o

T/

Fig. 6. Leaching at depth z = h as a function of 7/A and o/v with P = 0.01 and ¢ =

108
tos
toz

o6

The following mass balance can be verified

Li(h) + L (R) + lgeg(h) = 1 (30)

Eq. (29) provides an estimate to the fraction of mass
per unit area that is potentially available for transport
as metabolites below soil depth 4.

3. Results and discussion

Hereinafter, we assume (A;, = A, = A, where A is
solute half-life in both mobile—immobile phases. Figs.
4-6 display 3-D variations of leached fraction [i(k) as
a function of the dimensionless variables 7,/A and o/
v, for different values of P and ¢. At o/v = 0, leached
fraction decreases monotonically with 7,/A, while as
o/v becomes larger than zero, an optimal leached

P 0()[

:

10 : (a) 3-D plot, and (b) contour plot.
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Fig. 7. Leached, biodegraded, and volatilized fractions at z = h and 7,/A = 1 as a function of o/v: (a) P = 0.01 and ¢ = 10, (b) P = 0.1 and
¢$=10,(c) P=10and ¢ =10,(d) P=0.1 and ¢ =1, and (e) P = 0.1 and ¢ = 0.

fraction develops at a given value of 7/A, as Figs. 4-6
show. As the latter becomes larger than zero, the
increased residence time relative to pesticide’s half-
life favors greater transformation losses and therefore
reduced solute concentration. This reduces vapor loss
through soil surface significantly, since it is directly

proportional to solution concentrations (by Henry’s
law) and assuming moisture content unchanged,
thereby increasing leached fractions. The combined
effect of increased residence time relative to half-
life and decreased vapor losses from soil surface on
leached fractions depends on the relative magnitude
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Table 1
Representative soil physical properties
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Soil texture py (Kg/m®) Som (%0)* fe fraction® 0° b¢ K.° (cm/min)
Sand 16259 0.71 0.004118 0.395 4.05 1.056
Loamy sand 1500° 0.61 0.003538 0.41 4.38 0.938
Sandy loam 1300¢ 0.71 0.004118 0.435 4.90 0.208
Silt loam 1470¢ 0.58 0.003364 0.485 5.30 0.0432
Loam 1400° 0.52 0.003016 0.451 5.39 0.0417
Sandy clay loam 1370°¢ 0.19 0.001102 0.42 7.12 0.0378
Silty clay loam 1340° 0.13 0.000754 0.477 7.75 0.0102
Clay loam 1280¢ 0.10 0.00058 0.476 8.52 0.0147
Sandy clay 1280° 0.38 0.002204 0.426 10.40 0.0130
Silt clay 1260° 0.38° 0.002204 0.492 10.40 0.0062
Clay 1200° 0.38 0.002204 0.482 11.40 0.0077

* From Rawls (1983).

® foo = fom/1.724.
¢ From Li et al. (1976).

d Average values from Jury (1986).
¢ Assumed.

of these two opposing effects. van der Zee and Boes-
ten (1991) described a similar phenomenon to account
for the impact of longer residence time and smaller
crop uptake on the leached fraction. For smaller
values of T/A the decreased vapor losses from soil
surface (or volatilization loss) dominate, leading to
increased leaching. For larger 7,/A the increased resi-
dence time relative to half-life favors greater transfor-
mation losses that dominate and results in decreasing
leaching. Figs. 4 and 5 show that solute dispersion in
the dynamic phase increases leached fraction consid-
erably over the range of values of 7,/A and o/v, when
P becomes smaller (e.g. Beltman et al., 1995).

Comparison of Fig. 5(a) with Fig. 6(a) indicates
that for small 7,/A leaching is greater for ¢ = 10
than for ¢ = 0 at o/v = 50, but smaller at larger 7,/
A values. This is because diffusive mass transfer into
stagnant-water zones, as a lateral dispersive process,
reduces solute concentrations. This affects both trans-
formation and vapor loss, which are reduced consid-
erably, thereby leading to greater leached fractions for
increasing but small 7/A. Fig. 6(a) and (b) show that
for larger ¢, variations of leached fraction with o/v
diminishes for larger T,/A.

Fig. 7 shows leached fraction at z = h and T,/A =
1, volatilization losses (or vapor loss from soil
surface), and transformation (biochemical) losses as
a function of the dimensionless variable o/v for differ-
ent values of P and ¢. Volatilization loss, 1,, show

relatively greater variations with P than ¢ at T./A =
1. When P increases, dispersion in the mobile phase
becomes smaller relative to advection, and vapor loss
from soil surface increases due to increased concen-
tration gradients at the interface. Dispersion enhances
leaching and as a result reduces concentrations at the
soil surface (e.g. van der Zee and Boesten, 1991;
Beltman et al., 1995; Hantush et al., 2000). Lateral
dispersion produced by diffusion into stagnant-water
regions and subsequent degradation is another
mechanism that may reduce concentration gradient
across the soil-air interface, thereby leading to
decreased volatilization losses. The effect of the
immobile-water phase (¢) on I,, however, appears
to be less profound than that of dispersion, as compar-
isons among Fig. 7(b), (d), and (e) indicate.
Whereas in Fig. 7(b)—(e) I, shows a sharp increase
with o/v = 20, the combined effect of dispersion in
the mobile water region and lateral diffusion and
mixing in the immobile phase is to moderate volatili-
zation losses, as illustrated by the gradual increase of
I, with o/v in Fig. 7(a). Comparisons among Fig.
7(a)—(c) show that a smaller P favors greater losses
at depth z = h by leaching than by degradation at
T./A = 1. The opposite, however, may be true when
P is greater than 0.1, where degradation dominates
both leaching for all values of o/v and volatilization
losses for small values of o/v. It is evident from Fig.
7(a) that P = 0.01 is the most favorable scenario for
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Table 2
Chemical properties

Chemical Ko (m¥kg) Ky A (days)
Atrazine 1.60x 107" 2.50% 1077 71
Aldicarb 1.00x 1072 1.00x 107* 28
Bromacil 7.20% 1072 3.70x 1078 350
Captan 330%x 1072 490x107° 3
Carbaryl 229%107! 1.40x10°° 22
Carbofuran 2.80x 1072 3.10x 1077 40
Chlordane 3.80 % 10! 220%x107* 3500
Chloropyrifos 6.07 1.80x107* 63
Cyanazine 1.68x 107" 120x107* 108
2,4-D 2.00x 1072 5.60x107° 15
DDT* 2.40 x 10* 2.00%107° 3837
Diazinon 8.50x 1072 5.00x107° 32
Dieldrin 1.20% 10" 6.70x107* 868
Diuron 3.80x 107! 5.40x107% 328
EDB 440%x107? 350% 1072 3650
EPTC 2.80x 107! 5.90x107* 30
Ethoprophos 1.20x 107" 6.00x107° 50
Heptachlor 2.40% 10" 145x 107" 2000
Lindane 13 1.30x107* 266
Linuron 8.60x 107! 2.50%107° 75
Mehyl bromide 220%x 1072 1.5 55
Methyl parathion 5.1 440x107° 15
Monuron 1.80% 107! 7.60%107° 166
Napropamide 3.00%x 107" 7.90% 1077 70
Parathion 1.10x 10" 6.10x107° 18
Pentachlorphenol 1.43x 10" 8.80x 1072 48
Phorate 6.60x 107" 3.10x107* 82
Picloram 2.60x 1072 1.90x107% 138
Prometryne 6.10x 107" 5.60% 1077 60
Simazine 1.40x 107! 3.40x 1078 75
Triallate 3.6 7.90%x107* 100
Trifluralin 7.3 6.70x107° 132

* Jury et al. (1991).

ground-water pollution due to greater dispersion, even
though ¢ = 10. Note that the leached fraction is
greater than 30% of the initial mass at o/v =50.
With the exception of Fig. 7(a), volatilization losses
are estimated to be at least 10% at o/v =1, and
become considerably larger at greater o/v values.
Fig. 7(b), (d), and (e) show that losses by leaching
and volatilization generally decrease with increasing
¢. However, leached fractions are almost invariant
with ¢ at large values of o/v. Degradation increases
significantly with ¢ over the range of values of o/v.

Egs. (17), (22), (25), (28), and (29) can be applied
to a stratified soil profile. For example, leaching from
a soil profile made up of four distinct layers is equal to

the product l_[ﬁj I}, in which I is the leached fraction
from layer i. Such sequential application of the
relationships to a layered soil, however, assumes
that layer interactions have no significant effect on
transport as implied by the semi-infinite boundary
condition (10d). Barry and Parker (1987), using
moment analysis, showed that a semi-infinite solution
will closely approximate transport in a finite soil
length for P > 16 (see also, Parlange and Starr, 1978).

4. Application to screening of pesticides

Tables 1 and 2 show, respectively, soil physical
characteristics according to texture and chemical
properties of selected pesticides (Rao et al., 1985).
Tables 3 and 4 show a listing of pesticides whose
leached fraction below depth z=h = 1m do not
exceed 1% (i.e. [;, <0.01) for infiltration rates v =
0.01, 0.1, and 1.0 m/d. This is equivalent to 99%
attenuation of the mass introduced. The following
data are used: o =1cm, w=0, and Dg=
0.432 m%*/d. Flow is approximated by gravity
drainage; i.e. v = K(0), from which 6 is calculated
from Campbell (1974) moisture characteristic model:

v 1/(2b+3)
9= 05(?) 31)

where 6 = 6, if v = K. The screening results in the
tables are based on the leached fractions relationship
(17) and the purely convective-reactive limit of this
equation (i.e. P — o0):

T,
h@= — Uexp{—ln@))\—m ot ¢>}§ 32)

v
Pesticides that are marked with * pass the convective
screening test (i.e. I; = 0.01, [; given by Eq. (32)), but
fail the dispersive screening model (i.e. ;> 0.01, [,
given by Eq. (17)) at depth 1 m.

Methyl bromide is the only chemical that passed the
screening test in all soil textures for the chosen soil
flux rates. It is highly volatile (Ky = 1.5) and
relatively short-lived (A = 55 d). Heptachlor satisfies
the above leaching criterion in all soil textures at v =
0.01 and 0.1 m/d, and in silty clay and clay soils, only
at v = 1.0 m/d. Although this pesticide is resistive to
biochemical decay (A = 2000 d), it is volatile and
highly adsorptive (Ky = 0.145, K, =24 m3/Kg).
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List of chemicals satisfying 1% leaching criterion
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Sand Loamy sand Sandy loam Silt loam Loam Sandy clay loam
v=0.0lm/d Captan Captan Captan Captan Captan Captan
Carbaryl Carbaryl Carbaryl Carbaryl Carbaryl Carbaryl
Chlordane Chlordane Chlordane Chlordane Chloropyrifos Chloropyrifos
Chloropyrifos Chloropyrifos Chloropyrifos Chloropyrifos DDT DDT
DDT DDT DDT DDT Dieldrin EDB
Dieldrin Dieldrin Dieldrin Dieldrin EDB Heptachlor
EDB EDB EDB EDB EPTC Methyl bromide
EPTC EPTC EPTC EPTC Heptachlor Methyl parathion
Heptachlor Heptachlor Heptachlor Heptachlor Methyl bromide Parathion
Linuron Methyl bromide Methyl bromide Methyl bromide Methyl parathion ~ Pentachlorphenol
Methyl bromide Methyl parathion ~ Methyl parathion =~ Methyl parathion  Parathion Triallate
Methyl parathion ~ Parathion Parathion Parathion Pentachlorphenol ~ Trifluralin
Parathion Pentachlorphenol ~ Pentachlorphenol ~ Pentachlorphenol — Triallate
Pentachlorphenol ~ Triallate Triallate Triallate Trifluralin
Phorate Trifluralin Trifluralin Trifluralin
Prometryne
Triallate
Trifluralin
v=0.0lm/d Chloropyrifos” Heptachlor Heptachlor Heptachlor Heptachlor Heptachlor
Heptachlor Methyl bromide Methyl bromide Methyl bromide Methyl bromide Methyl bromide
Methyl bromide Methyl parathion =~ Methyl parathion =~ Methyl parathion = Methyl parathion = Parathion
Methyl parathion ~ Parathion Parathion Parathion Parathion Pentachlorphenol
Parathion Pentachlorphenol ~ Pentachlorphenol ~ Pentachlorphenol — Pentachlorphenol
Pentachlorphenol
v=0.0lm/d Methyl bromide Methyl bromide Methyl bromide Methyl bromide Methyl bromide Methyl bromide

* Chemical did not pass the dispersive screening model (17).

With the exception of carbaryl, all the highly volatile
compounds (Ky > 107% show lower than 1% of
leached fractions below one meter depth at the low
infiltration rate of 0.01 m/d in all soil textures. Among
these highly volatile compounds, DDT, EDB, hepta-
chlor, and trifluralin, are highly resistive to biochem-
ical decay. Carbaryl (Ky = 1.40X 107%) does not
satisfy the 1-m-depth-1% leaching criterion in silt
clay loam and clay loam soils at v = 0.01 m/d;
although it is short-lived (A = 22 d). This may be
attributed to a combination of lower Ky value relative
to the other highly volatile compounds and relatively
less adsorptive capacity due to a low K, value. Also,
the lower organic carbon fractions f;, in these two soil
textures, as shown in Table 1, results in smaller
predicted losses in the adsorbed phase, thereby more
mass fraction available for leaching.

Note that the number of chemicals, which satisfy
the leached fraction criterion of 1%, decreases from

sand to clay loam texture where f,. generally
decreases according to the reported average values
in Table 1. The average values of f,. may not be
indicative of the actual organic carbon fractions in
real soils, as the coefficient of variation of f,. for all
soil textures (not shown in the table) is relatively high.
For example, at v =0.01 m/d, both convective—
dispersive and purely convective models predict
more than 1% leached fractions of dieldrin and
EPTC in sandy clay loam, silt clay loam, and clay
loam soils, where the average f,. attains the lowest
values among all soil textures. Those pesticides
which do not show less than 1% leached fractions at
depth z =1 m in all soil textures at the considered
infiltration rates are: atrazine, aldicarb, bromacil,
carbofuran, cyanazine, 2,4-D, diazinon, diuron, and
ethoprophos. Among these, atrazine, cyanazine, and
simazine are commonly used in corn fileds.

At the assumed longitudinal dispersivity of 1 cm,
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Extension of Table 3 to other soil textures
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Silt clay loam Clay loam Sandy clay Silt clay Clay
v=0.01 m/d Captan Captan Captan Captan Captan
Chloropyrifos Chloropyrifos Carbaryl Carbaryl Carbaryl
DDT DDT Chloropyrifos Chloropyrifos Chloropyrifos
EDB EDB DDT DDT DDT
Heptachlor Heptachlor Dieldrin” Dieldrin” EDB
Methyl bromide Methyl bromide EDB EDB Heptachlor
Methyl parathion Methyl parathion Heptachlor EPTC" Methyl bromide
Parathion Parathion Methyl bromide Heptachlor Methyl parathion
Pentachlorphenol Pentachlorphenol Methyl parathion Methyl bromide Parathion
Triallate Trifluralin Parathion Methyl parathion Pentachlorphenol
Trifluralin Pentachlorphenol Parathion Triallate
Triallate Pentachlorphenol Trifluralin
Trifluralin Triallate
Trifluralin
v=0.01 m/d Heptachlor Heptachlor Heptachlor Heptachlor Heptachlor
Methyl bromide Methyl bromide Methyl bromide Methyl bromide Methyl bromide
Pentachlorphenol Pentachlorphenol Methyl parathion Methyl parathion Methyl parathion
Parathion Parathion Parathion
Pentachlorphenol Pentachlorphenol Pentachlorphenol
v =0.01 m/d Methyl bromide Methyl bromide Methyl bromide Heptachlor Heptachlor

Pentachlorphenol

* Chemical did not pass the dispersive screening model (17).

both the convective—dispersive screening model (17)

Parathion Methyl bromide Methyl bromide
Pentachlorphenol Methyl parathion Methyl parathion
Parathion Parathion
Pentachlorphenol Pentachlorphenol
mass transfer and subsequent immobile-phase

and the convective screening model (32) display
similar screening results, except for the pesticides
chloropyrifos, dieldrin, and EPTC (marked with *),
which fail the screening test with the former. Table 5
contains chemicals that are, in addition to those shown
in Tables 3 and 4, satisfy the 99% attenuation criterion
for a hypothetical mobile—immobile phase soil with
B=06, a=24d"" (0.1h™") and v=0.01 m/d.
Half-life and f,. are assumed to be similar in the
mobile and immobile phases. Apparently, diffusive

Table 5

biochemical decay have no impact on the list of pesti-
cides passing the screening test for soil textures sand
and sandy clay loam soil textures. All pesticides in
Table 5 that pass the test in other soil textures have
moderately to high partition coefficient (Table 6),
K,. > 0.23. The larger the distribution coefficient,
K4 = K, fo, the greater the predicted losses in the
immobile phase. The diffusive loss parameter, ¢,
increases with greater values of K., which leads to
greater predicted losses in the immobile phase, as the

List of additional chemicals satisfying 1% leaching criterion in hypothetical dual porosity soil, 8 = 0.6 and a = 2.4 da!

Sand Loamy sand Sandy loam Silt loam Loam Sandy clay loam
v=0.01 m/d Linuron Linuron Linuron Chlordane
Phorate Phorate Phorate Linuron
Prometryne Prometryne Prometryne Phorate

Prometryne
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Table 6
Extension of Table 5 to other soil textures, 8 = 0.6 and a = 2.4 da!

Silt clay loam Clay loam Sandy clay Silt clay Clay
v=0.01 m/d Carbaryl Carbaryl Dieldrin Dieldrin Dieldrin
Triallate EPTC EPTC EPTC

leached fraction relationship (17) predicts. Chlordane
is highly resistive to biochemical decay, A = 3500 d,
yet it satisfies the 1-m-depth-1% leaching criterion in
loam soil texture because of its large K. value and the
relatively large average organic carbon fraction in this
soil texture, f,. = 0.003. In this dual porosity soil,
dieldrin and EPTC passed the screening test in all
soil textures except at sandy clay loam, silt clay
loam, and clay loam, where the reported average
values of f,. in Table 1 are the lowest.

5. Conclusions

Mass fraction models were developed for multi-
phase transport and fate of agricultural pollutants in
two-region structured or aggregated soils under
steady unsaturated flow conditions. Transport in
the immobile phase was modeled with a first-order
rate process, and the processes of vapor loss through
soil surface (or volatilization) and absorption were
particularly emphasized. Analytical expressions
were developed for: (1) leached solute fractions;
(2) vapor losses through soil surface; (3) transfor-
mation losses (biochemical and crop uptake) in the
mobile phase; and (4) transformation losses in the
immobile phase. Simulations based on the models
demonstrated that leaching may be the net result of
upward vapor-phase transport across soil—air inter-
face relative to downward advective—dispersive
transport, with lateral diffusion into stagnant-water
soil regions acting as a moderating process. The
model predicted that leached fraction of volatile
compounds does not necessarily decrease mono-
tonically with the relative residence time relative
to half-life, but rather increase with this parameter
relatively small values due to complex interactions
among the physical and biochemical processes.
Lateral diffusive transfer may be a significant
process in reducing leaching, thereby the risk for

ground-water pollution by pesticides. Longitudinal
dispersion had a greater impact than lateral diffusive
transfer on reducing vapor losses from soil surface;
however, it showed increased potential for ground-
water pollution. Vapor losses across the soil-air
interface may reduce the risk for ground-water
pollution, however, at the expense of increased
potential for air pollution. Both leaching and vola-
tilization losses decreased with increasing immo-
bile-mobile phase coefficient, ¢. Potential
application of the modified leaching index was
demonstrated by screening a selected group of pesti-
cides according to a 99% attenuation criterion at
depth 1 m in different soil textures under soil flux
rates of 0.01, 0.1, 1.0 m/d. The screening results
were largely dependent on the vapor-phase partition
coefficient, Ky, and solute adsorption, including
percentage of organic carbon fraction, f,.. The effect
of longitudinal dispersion was minimal at the
chosen 1-m-depth-1% leached fraction criterion.
More pesticides satisfied this leaching criterion in
a hypothetical dual porosity soil. Screening models,
which ignore lateral diffusive mass transfer, may
yield an overly conservative screening list. Among
the selected pesticides, Methyl Bromide satisfied the
leaching criterion in all soil textures under the
assumed infiltration rates. Atrazine, cyanazine, and
simazine, which are commonly applied to corn
plots, failed the screening test, among others, in
all soil textures. Although the screening results
were highly correlated with the reported average
values of the organic carbon fraction in different
soil textures, the latter were associated with rela-
tively high values of the coefficient of variation.
The screening results should therefore be cautiously
interpreted in view of this fact, and a more reliable
framework should factor in the uncertainty in this
parameter and others. The presented analysis may
have implications for the management of pesticides
and the design of land treatment systems.
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Appendix A. Derivation of leaching model

The Laplace transform of a function f(z,f) is defined
by:

Fp) = J:f(z, HePdr (AD)

The Laplace transforms of Egs. (1), (2), (10a)—(10d),
and (13) are given by

PRuCin(z:p) = RyCin(2,0) + BRimpCin (2 P)

— BRimCim(2,0) + BkinRin Cim(z: )

CCnsp) _ dCu(zp)

=D,
™42 dz

- m(l + M)Rmém(z;p)

Cin(00,1) = Cipy(00,1) = 0 (A4)

- - c*
Frn(0:p) = —aCr(0:p) + My + — — (A5)
Ky p

We first use Eq. (A3) to express Cin(z; p) in terms of
Cun(z;p),

o

BRim(p + kim) ta

Cim(z:p) = Cn(z:p) (A6)

Then, we substitute Eq. (A6) for Cj(z;p) into Eq.
(A2) and use the initial condition (10a),

ECu(zp) _ u dCu(zp) _ R
L BRim(p + kim)a
Rm BRim(p + kim) +a

}Cm(z;p)

=0
(A7)

The solution of Eq. (A7) subject to boundary condi-
tions (A4) and (AS5) is obtained immediately,

~ . — 1 oC” l m (p)z
(A D = g Dmip) [ Ki p ]e
(A8)
where
— —_ |22 1 BRin(@ + kim)a }
my(p) = (l/2)[u/Dm \/u /D%, + 4(Rm/Dm){p oL )+ - g S (A9)
and
I BRnp + kina
W Ry BRu(p + o) + a}] (A1)

my(p) = (1/2)[M/Dm + \/Lﬂ/D%n + 4(Rm/Dm){p + k(1 +

BRinpCin(z:P) — BRimCim(2,0) + BkinRim Cim(z: p)

= a(Cp(z:p) — Cin(z:p)) (A3)

Since the Laplace transform of Eq. (11) is given by

Fn(zp) = —60,Dp, +vCpr(z;p)

dC,(z;p)
e (Al1)
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then the use of Eq. (A8) in Eq. (Al1) yields

- * D _
Futap) = (M, + I ) InDno®)_
Kyp ) o+ 0,D,my(p)

(A12)

The limit in Eq. (16) can be evaluated using the well
known identity:

f(eo) = lim {pf(p)} (A13)
Thus,
h() = (1/M) lim {p(@)}

= (M) lim F(z:p) (Al4)
In Eq. (Al4), we wused the fact that

LA o Fnlz, 1)d7} = Fi(z; p)lp, where Z{ } denotes
the Laplace transform of the argument between
parentheses. After setting C* =0 and substituting
the right-hand side of Eq. (A12) for F,(z;p) into
Eq. (Al4), and taking the limit p — 0, one obtains
Eq. (17).
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