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Behavior Assessment Model for Trace Organics in Soil: 1. Model Description’

W. A, JURY, W.F. SPENCER, AND W.J. FARMER’

ABSTRACT

A mathematical model is introduced for describing transport and
loss of soll-applied organic chemicals. The model assumes linear,

equilibrium partitioning between vapor, liquid, and adsorbed chemi-

cal phases, net first order degradation, and chemical movement to the
stmosphere by volatilizstion loss through a stagnant sir boundary
Iayer at the soll surface, From these assumptions and the assumption
of steady siste upward or downward water flow, an anslytic solution
is derived for chemical concentration and volatilization flux.

This model, which is intended to cinssify and screen organic chemi-
cals for their relstive susceptibility to different loas pathways (volatili.
zation, leaching, degradation) in the soll and air, requires knowiedge
of the organic carbon partition coefficlent (X,.), Henry's constant
(Ky), and pet, first-order degradation rate coefficient or chemical
haif-life to use on a given chemical.

Ilustration of the outputs available with the model is shown for two
pesticides, lindane (1-1,2,3,4,5,6-bexachiorocyciohexane) and 2,4-D
1(2,4-dichlorophenoxy)acetic acid], which have widely differing chem-
lcal properties. Lindane, with a large K., large K, and small de-
gradation rate coefficient, Is shown to be relatively immobile, per-
sistent, and susceptible to volatlization. 2.4-D, with a small XK.,
smail K;,, and large degradation rate coefficient, is mobile and de-

grades rapidly, but is oaly slightly susceptible (o losses by volatilize-
ton.

' Additional Index Words: pesticide, chemical movement, volatiliza-
toa, diffusion, leaching.

Jury, W. A, W. F. Spencer, and W, J. Farmer. 1983. Behavior as-
sessment mode) for trace organics in soil: 1. Model description. J.
Environ. Qual. 12:558-564.

Beginning with DDT in the late 1960’s, several estab-
lished pesticides with effective weed or insect control
were removed from the market because of undesirable

' Contribution of Dep. of Soil and Environmental Sciences, Uni-
versity of California, Riverside, CA 92521 and USDA, Riverside. Re-
ceived 10 Sept. 1982,

! Professor of Soil Physics, Univ. of California-Riverside; Soil Sci-
entist, USDA; and Professor of Soil Science, Univ. of California-
Riverside, respectively.

458 J. Environ. Qual., Vol. 12, no. 4, 1983

environmental characteristics. Unfortunately, these un-
desirable characteristics (such as excessive mobility, per-
sistence, or volatility) were determined or observed only
after the chemical had been widely used. Because a cer-
tain amount of mobility and persistence is essential for
proper management and performance of a pesticide, its
pollution potential can only be minimized subject to its
effectiveness for weed or insect control.

For this reason, it is clear that ‘environmental screen-
ing tests are needed at the time of development of the
chemical when screening for toxicity is being per-
formed. It is equally clear that this screening procedure
cannot involve excessive experimentation, because of
the massive numbers of chemicals involved. Instead,
what it needed is a model that is able to make predic-
tions of behavior of one chemical relative to another
from a standard set of easily obtainable chemical
benchmark properties.

Ideally, the result of this screening procedure would
be a classification of large numbers of chemicals into
smaller number of groups whose members display simi-
lar behavior. From these groups could be selected proto:
types for more extensive experimentation under natural
conditions.

Pesticide simulation models are not new. Lindstrom
et al. (1968) proposed a mathematical model for
describing leaching of pesticides through soil column;j
Oddson et al. (1970) and Davidson and McDough
(1973) reported a theoretical leaching model for use wit t
chemicals whose solid-liquid adsorption was l.meal'-,‘?g'
for which the liquid and solid phases were not in equili
rium, Van Genuchten and coworkers, in a senesv Dn
papers (Van Genuchten et al., 1974, 1977 Y20
Genuchten & Wierenga, 1976, 1977), described 2 m .
for predicting pesticide movement in soil, including eo_
fects of pore bypass and hysteresis in the adsorptiod lsri-
therm, and validated the model in soil column €XPey
ments using 2,4,5-T herbicide. They also ln.veSthi’n
the effect of nonequilibrium adsorption. Lelstl'ﬂaeve.
series of papers (Leistra, 1973, 1978, 1979), has
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conditions. Knisel (1980) has assembled (with the aid of
a number of authors) a model (CREAMS) for evaluat-
ing the amounts of pesticide in surface runoff.

Volatilization models have also been developed.
Mayer et al. (1974) compared five different models, em-
ploying various upper-boundary conditions for predict-
ing volatilization of chemicals from soil. Farmer et al.
(1980) developed a soil cover model for hexachloro-
benzene, which demonstrated the effectiveness of deep
placement to prevent volatilization. Jury et al. (1980)
proposed and validated a model for predicting vola-
tilization losses of triallate, with and without accom-
panying soil water evaporation.

The above models, for the most part, were intended
to simulate specific circumstances, either of leaching or
of volatilization. In this paper, and those to follow, we
will propose and apply a general model that includes the
effects of volatilization, leaching, and degradation to
describe the major loss pathways of soil-applied organic
chemicals as a function of specific environmental
variables and soil conditions. In this way, the behavior
of one chemical relative to another in a standard
scenario will reveal the susceptibility of the tested
chemicals to various loss or displacement pathways in
soil. Thus, the model simulations are not intended to
predict a chemical’s’ concentration distribution in a
field, but merely to group chemicals according to their
behavior in the environmental screening tests. Although
the model will be primarily used on pesticides in this
series of papers, it is applicable as well to other trace
organics that may be of environmental concern. This
first paper will describe the model and illustrate its out-
put using the chemical and physical characteristics of
lindane (y-1,2,3,4,5,6-hexachlorocyclohexane) and 2,4-
D [(2,4-dichlorophenoxy)acetic acid]. Later papers in
this series will develop a classification scheme for the
susceptibility of chemicals to leaching, volatilization, or
degradation; will examine the experimental evidence in
support of the model assumptions and predictions; and
will apply the model to screen a large number of organic
chemicals.

BENCHMARK PROPERTIES NEEDED TO
PREDICT PESTICIDE LOSS FROM SOILS

In this section, we will attempt to define a minimum set of
chemical and physical characteristics for a given pesticide,
which must be known in order to make a reliable assessment of
the extent of loss through volatilization, leaching, and/or
degradation in soil. The emphasis will be on developing criteria
for determining relative behavior of different pesticides under
prototype conditions.

Phase Partitioning Coefficients

A pesticide may reside in either the vapor, liquid, or ad- .

sorbed phase, but it is essential to know how a given quantity
of applied chemical will partition between these three phases in

. the soil in order to determine its mobility in soil.

The adsorbed-liquid partitioning is expressed through an ad-

- sorption isotherm. At low concentrations, the shape of this
. isotherm may frequently be approximated by a straight line

(Karickhoff et al., 1979; Karickhoff, 1981), giving rise to the
simple, linear relationship in Eq. (1].

Cs = KDCL. [l]

where Cs is adsorbed concentration (g/kg soil), C, is solution
concentration (g/m’ soil solution), and K (m*/kg) is the slope
of the adsorption isotherm of the distribution coefficient.
Since this distribution coefficient (for nonionic pesticides, at
least) primarily represents adsorption to organic matter, vari-
ability between soils may be reduced to an extent by defining
an organic carbon distribution coefficient,

Koc = Kp/focr (2]

where f,. is the fraction of organic C in the soil. This stand-
ardization greatly decreases the coefficient of variability of the
adsorption coefficient for a given pesticide in different soils
(Hamaker & Thompson, 1972; Rao & Davidson, 1980).

When measured adsorption values are not available, reason-
ably good correlation has been found between K. and the

- octanol-water partition coefficient, K,,, or between K, and

solubility and melting point (Karickhoff, 1981). For example,
Rao and Davidson (1980) developed the regression equation
(Eq. [3]) using published data for a number of pesticides.

log (K,./1000) = 1.029 log (K,w/1000) — 0.18;
rt =091

where the factor of 1000 is needed because X is expressed in SI
units (m’/kg) and their regression used (mL/g) for the units of
K. The limitations of the above partitioning approach are dis-
cussed in a recent review by Mingelgrin and Gerstl (1983).

The liquid-vapor partition, as mentioned above, is generally
represented through Henry's Law,

31

Co = KuCp, : {4]

where C; is concentration of pesticide in the vapor phase
(g/m" soil air) and K, is Henry’s Law constant, which in this
system of units is dimensionless. Because studies have shown
(Spencer & Cliath, 1970) that this relationship persists to
saturation in many circumstances, the Henry's Law constant
may be calculated as the ratio of saturated vapor density C¢
(g/m’) to pesticide solubility C; (3/m’*):

Ky = C§/CL. (5]

Degradation Coefficients

Because the degradation rate constant or half-life is a dircct
assessment of the persistence of the pesticide, it must also be
classed as an essential parameter for evaluation. In the vast
majority of studies, a net, first-order degradation rate is
assumed for all degradative processes in all phases, and the
rate constant, u(per day) is measured by the rate equation

M (1) = M(0) exp(—ut), (6]

where M(r) is the quantity of pesticide remaining at time /.
The half-life, T, is related to the rate constant, g, by T\, =
0.693/p.

Unfortunately, measurements of u vary enormously be-
tween field and laboratory data because “*degradation losses'’
generally include other unmeasured pathways of loss. Further-
more, temperature, water content, and microbial population
can influence these processes significantly. Thus, this param-
eter is both extremely important and extremely difficult to
assess. For example, Hamaker (1972) reports a half-life for
simazine of 105 d (+ 34%), which contrasts with values of 75

* Refers to saturation values.
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Table 1—Common properties assumed in calculations with

lindane and 2,4-D.
Varisbls  Property Value
Dg Air diffusion coefficient 0.43 m¥d
DE’“’" Watar diffusion cosfficient 4.3 x 10 m'd
@ Porosity 0.5
@ Bulk density ) . 1.350 (kg/m?
RH Atmospharic relative humidity 0.5 (50%)
T Temperature 25°C
Foe Organic carbon fraction 0.0125, 0.0250
[} Water content 0.30 (m*m*
M Amount of pesticide applied 0.1 g/m? (1 kg/ha)
L Depth of incorporation 1,10 {em)
E Water evaporation rate 0,2.5,5.0 x 107 (m/d)
J Leaching rate 5 x 10" (m/d)

where erfe (x) is the complementary error function. Other ex-
pressions may be written down, ¢.8., pesticide flux at other
depths J5(2Z, ¢), but are omitted here for brevity.

Boundary Layer Model

By assumption, both evaporation rate, E, and pesticide
volatilization flux, J5(0), are limited by diffusion through the
stagnant air layer of thickness d above the soil surface. There-
fore, since we specify evaporation rate, we must select a con-
sistent boundary layer thickness. To make the appropriate
selection, one writes the water and pesticide diffusion equa-
tions across the air layer at the soil surface.

Water Vapor Transport
E = D% [owv(0) - ewv(@Vowed  (26]
Pesticide Vapor Transport
Js = D& [Cg(0) - Cgld))/d, (27

where gy (8/m?) is water vapor density, gy, (8/m3) is liquid
water density, and D, is the binary diffusion coefficient of
water vapor in air (=2 m*/d; Boynton & Brattain, 1929), If we
further ssume that gy is saturaied at the surface (puy =
e,'w). that C;(d) = 0, and that our steady state evaporation
rate is equal to one-half of a typical evaporation rate (which
would be negligible at night), we arrive at the final relation for
d:

d = Difyowv(l = RHY2EQu, (28]

where RH = atmospheric relative humidity. Equation [28]
was used in all caleulations that follow, where upward water

Table 2—Physical-chemical properties of lindane and 2.4-D at 25°C.

_could be explained by the low organic matter of the Gila

flux was nonzero. In calculations where £ = 0 (i.e., Ry

d was given a specified value of 4.75 X 10°* m. This valye o
is obtained with £ = 2.5 X 10 m/d (2.5 mm/d), ang o2
0.5 in Eq. [28]. =

ILLUSTRATIVE CALCULATIONS

Table | shows the common s0il chemical and m
agement properties used in the simulations for lindar
and 2,4-D (acid). In later papers, we will examine the
fluence of variations in several of these parameters bn.
for the present analysis they will be kept constant a u‘:l
values given. Table 2 summarizes the benchma,:
properties of lindane and 2,4-D (acid) obtained from
literature at the standard temperature of 25°C, ¢
values are subject to uncertainties, which will be shqy,
to have an influence on results in a later paper. "

The combination of the common and benchmg,
properties in Tables 1 and 2, the diffusion coefficien
definitions (Eq. [7] and [8]), and the effective diffusioy
coefficient definition (Eq. [13], [14], and [18]) yield the
lindane and 2,4-D effective diffusion coefficients, p
plotted in Fig. | as a function of water content. pﬁ;
lindane, the respective contributions add to a relatively
constant diffusion coefficient over much of the range of
water content, which implies that the water content of.
fects on diffusive processes should not be significant
This conclusion is consistent with the lindane experi.
mental data for Dy presented by Shearer et al. (1973)
which showed very little variation with water contem:
Their somewhat higher Dg values compared with Fig. |

silt loam soil they studied.

The 2,4-D diffusion coefficient, on the other hand, is
dominated by liquid diffusion and changes by over three
orders of magnitude as a function of water content. The
calculated values at saturation are similar to the Dg
measuremnents for 2,4-D of Lindstrom et al. (1968)
taken on nine saturated soils.

Figure 2 shows pesticide concentrations remaining at
30 d as a function of depth when the pesticides were sub-
ject to 5 mm/d water evaporation, no water evapora-
tion, or 30 d of leaching at 5§ mmy/d. It is clear from this
figure that the high adsorption affinity for lindane
keeps it localized near the region where it was incorpo-
rated initially, whereas 2,4-D is quite mobile. Further-
more, the lindane curve is only slightly affected by dif-

Lindane 24D
Property Value Reference Comments Value Reference Comments
Saturated vapor 10- Spencer & Cliath, Measured by gas 5 x 10 Goring. 1967 Method not specified
denaity, C; (g/m® Cliath, 1970 saturation
20-60°C ’
Solubility, C ;‘ (g/m® 75 Freed, 1976 200 Herbicide Herbicide Handbool
Handbook, 1974 acid
Organic carbon 1.3 = 16% Rao & Davidson, Mean of seven 2 x 10"+ 7%  Rao& Davidson, Mean of nine sods
partition cosfficient, 1980 soils 1980
K, (m'kg)
Degradation 2.67 x 10° Rao & Davidson, Aerobic lab studies 462 x 107 Rao & Davidson, Laboratory data
coefficient, 1980 ) 1980
(per day)
Henry's constant, 1.3 x 10 . Ky=Cg/C[ 5.5 x 10
H
Half-life, T\/, (days) 260 T.s = In2 15
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Fig. 1—Effective soil diftusion coefficient caiculated for lindane and
2,4-D as & function of water content.

fusion and degradation, whereas 2,4-D is significantly
depleted by degradation and spread out by diffusion.
Figure 3 shows volatilization flux rates given (kg/ha per
day) for three cases (volatilization occurring with
evaporation rates of 0, 2.5, and § mm/d for a soil with
foe = 0.0125). For both chemicals, volatilization can be
significantly enhanced by upward water flow, which sub-
stantiates the experimental observations of Spencer and
Cliath (1973) for lindane in volatilization chambers.
This chemical is predicted to have a much more sig-
nificant volatilization enhancement due to water flow
than did triallate in the experiments of Jury et al. (1980).
Although the volatilization of 2,4-D is increased sig-
nificantly with evaporation, it remains gquite small com-
pared with lindane.

Table 3 shows the influence of organic C and depth of
incorporation on cumulative lindane and 2,4-D volatili-
zation over a 30-d period without water evaporation.
Volatilization at two boundary layer thicknesses are
given: 5.0 mm and 0.5 mm. The thinner boundary layer
corresponds to a well-mixed surface condition (e.g., due

_to high wind velocity, which causes the pesticides to de-

plete more rapidly from the surface). As shown in this
table, volatilization of lindane, particularly for shallow
incorporation, represents a significant loss pathway,
whereas for 2,4-D, the loss is negligible. Reduction of
boundary layer thickness by a factor of 10 increases
lindane volatilization (but not proportionally)
indicating that the concentration of lindane at the
surface is low (i.e., well-mixed), even at the larger
boundary layer thickness.

The influence of water evaporation on volatilization
is shown in Table 4 for both chemicals. The values of
2,4-D are higher than in the absence of evaporation, but
are still relatively unimportant. Lindane on the other
hand could lose up to 68% of the initial amount in30d
of evaporation-aided volatilization.

Persistence of the chemicals at 30 d is summarized in
Table § as a percent of initial application. The
insensitivity of persistence of 2,4-D to placement, water
flow, and soil conditions indicates that degradation is
the dominant loss pathway. Persistence of lindane
varies significantly with all of these factors, so that
volatilization losses could contribute significantly to

o
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Fig. 3—Calculated lindane and 2,4-D surface volatilization (luxes
when water evaporation is occurring.

Table 3—Cumulative volatilization after 30 d, expressed as a
percent of the 1 kg/ha amount initially incorporated,
when no water evaporation is occurring.

Lindane 24D
foe =0.0125 foc = 0.0250 foe = 0.0125 fae = 0.0250
d=- d= d= d= d= d= d= d=
50mm 05mm 50mm 0.5mm 50mm 05mm 50mm 05mm

L=1¢m

28.4 326 19.1 23.2 0.1 0.7 0.1 0.5
L=10cm

2.9 a3 1.9 2.3 =0 0.1 =0 0.1

errors in the measurement and interpretation of appar-
ent degradation rate calculated from persistence data
and Eq. [6].

SUMMARY AND CONCLUSIONS
The calculations above with lindane and 2,4-D illus-

trate the variety of outputs available with the screening
model. The significant differences in behavior between
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Table 4—Cumulative volatilization after 30 d, expressed as a

percent of the 1 kg/ha amount initially incorporated,
when water evaporation is occurring,

) Lindans 2.4.D
foe = 0.0125 o = 0.0250 foc = 0.0125 foe = 0.0250
E= E= E= E= E= E= E= E=

2.5 5.0 2.6 5.0 2.5 5.0 2.5 5.0
mm/d mmid mmd mmd mmwd movd

mm/d mm/d

L=1em

45.9 67.6 27.9 41.3 0.5 0.9 0.3 0.6

L=10cm

4.7 7.4 2.8 4.2 0.2 0.7 0.1 0.4

Table 5—Persistence of chemicals, expressed as a percent of the

1 kg/ha amount initially incorporated remaining at 30 d.
as a functionof E, L, and /...

Lindane 2.4-D

foe =0.0125

foe = 0.0250 foc = 0.0125 foc =0.0250

E= Em E= E= E=x= E= E= E= F= F=a E= E-

25 50 0 25 50 O 25 50 0 25 5.0

mm/day
L=]lem

49 28 T4 66 53 25 2/ 25 25 25 25
L=10cm

90 88 8 91 90 8 25 25 25 26 25 25

the two chemicals in identical ¢ircumstances show how
the model might be used to identify the major loss path-
ways for a given chemical and to determine the relative
mobility, volatility, or persistence of a group of chemi-
cals. In later papers we will illustrate these potential
applications in greater detail.
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