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drawback of point sampling is the expense involved in a_na_lyzmg a _|"i1l'9e
number of pesticide samples. However, a rigorous statistical (_Smlt et
al., 1987) or geostatistical (Rao and Wagenet, 1985b) app_rc_>ach is neces-
sary to produce a more definitive understanding of pesticide movement
through soil. -

In addition to evaluating the impact of land-use practices on ground_-
water quality, basic data on pesticide fate and movement in the soil
profile are essential for developing and verifying process models. Mod-
els allow the evaluation of the natural system’s response to a range of
scenarios in an efficient and cost-effective manner. Seyeral models
have been developed to predict pesticide dynamics in agricultural sys-
tems, including GLEAMS (Leonard et al., 1987), PRZM (Carsel.et_ §|.,
1984), and RUSTIC (Dean et al., 1989). One of the major factors limiting
the use of such models is the lack of detailed field-scale data that can
be used for testing and validation (Holden, 1986; Pennell et al., 19'90).
The U.S. Environmental Protection Agency (EPA) has identified monitor-
ing and modeling the fate and transport of pesticides in the root zone as
priorities in their groundwater research program (EPA, 1988).

The overall goal of this project was to assess the.impact of consgrvation
tillage on the fate and transport of pesticides in the souI. prqflle as a
means of assessing the potéential for groundwater contamination. Spe-

cific objectives were:
® Evaluate the effect of no-till and conventional-tillage practices on

leaching of atrazine, metolachlor, and tracer bromide for typical agri-
cultural practices in the Virginia Coastal Plain.

® Compare the effect of no-till and conventional-tillage practices on |

atrazine and metolachlor losses in surface runoff.

e Determine physical and chemical soil characteristics that affect pes-
ticide fate and transport to provide a sound database for developing

and evaluating pesticide fate and transport models applicable to Vir- f

ginia conditions.

2. Review of Literature
2.1 Processes and Factors Affecting Pesticide Fate in Soil

Pesticides reach the soil either directly by application or indirectly from
aerial and ground sprays. Significant losses of pesticides can occur dur-
ing application, with the amount of loss affected by the nature of the
pesticide, formulation, atmospheric conditions, method of application,
and application characteristics. High vapor pressure, photodegradabil-
ity, and weak adsorption by soil contribute to losses of pesticides after
application (Guenzi and Beard, 1976). Once a pesticide is in the soil, the
main processes affecting its ultimate fate are retention by soil particies
(adsorption-desorption processes), transformation (biological and chem-
ical degradation), transport through the soil, and transport into plants,
atmosphere, and surface water.

Retention does not affect the amount of pesticide present in the soil,
but can decrease the amount available for transport; whereas transfor-
mation reduces the amount of pesticide present in the soil. Transport
processes include leaching, surface runoff, volitilization, and uptake by
plants. This section summarizes the various processes and factors
affecting the fate and transport of pesticides in soil, with emphasis on
the two herbicides used in this study—atrazine and metolachlor.

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine), one
of the most widely used herbicides in the United States, is used mainly
for pre- and post-emergence weed control on corn, sorghum, soybeans,
and sugarcane. Metolachlor [2-chloro-6’-ethyl-N-(2-methoxy-1-methyl-
ethyl)acet-o-toluidide], a relatively new acetanilide herbicide, is used
mainly on corn, potatoes, and soybeans. Approximately 0.65 million kg
(1.42 million Ib) of atrazine and a lesser amount of metolachlor was
used in the Chesapeake Bay estuarine drainage area in 1988 (Pait et
al., 1989). Atrazine and metolachlor were detected in groundwater in
13 and 5 states, respectively, as a result of normal agricultural use (Rit-
ter, 1990). The extensive use of atrazine and metolachlor in the Virginia
Coastal Plain and their potential to contaminate groundwater led to
their use in this study. important physical and chemical properties of
these pesticides are presented in Table 1.

2.1.1 Retention Processes

Adsorption is a reversible process involving the nonspecific attraction of
a chemical to the soil particle surface and retention of the chemical on
the surface. The affinity of the chemical to the surface is affected

mainly by the nature and properties of the soil components, the physico-

chemical properties of the pesticide, and the soil environment. Soil
properties considered in pesticide sorption studies include organic mat-
ter content, clay content, cation exchange capacity, surface area, pH,
and moisture content (Saltzman and Yaron, 1986).




Adsorption under equilibrium conditions is commonly described by the
Langmuir or Freundlich isotherm, the latter being used more frequently
to describe pesticide-soil adsorption. The Freundlich equation (Freund-
lich, 1926) is given by

S=KC"

in which S is the sorbed concentration, expressed, for example, l_r11 unit.s
of micromoles of solute sorbed per kilogram of dry soil (umol kg™'), C is
the solution concentration (umol L™'), and K and n are empirical con-
stants. For most herbicides, the value of n lies between 0.7 and 1 (Rao
and Davidson, 1980). This equation assumes that the adsorption pro-
cess is fully reversible. When n=1, a linear equation results,

S=KpC

in which Kg is the linear distribution coefficient (L kg™"). The a_dsorption
coefficient frequently is normalized to the fraction of organic carbon
(OC) in the soil, with Koc = Ko / OC, since Koc is indep_endent of soil
type and has been found to more clearly represent chemical char_aqter-
istics.

Organic matter is complex in chemical structgre,.vgries substantially in
space, and may change over time. Thus, it is dlfflcult_t(? sort out the L
mechanisms responsible for the sorption of a given pesthlde on organic |
matter-rich soils. In a study conducted on two field sites in Georgla and
Florida to evaluate the variability in pesticide concentration and in pest-
ticide sorption and degradation parameters, Rao et aI_. (1986) found a
close relationship between the spatial variations in soil organic carbon
content and pesticide sorption coefficients. The type of clay, the avail- |
able surface area, and the cation exchange capacity become increas-
ingly important when soil organic content is low (Greenland, 1965;
Green and Karickhoff, 1990).

The important pesticide properties affecting the extent and nature of
pesticide adsorption by soils are the chemical character o.f.the mplgcule
and its shape, size, configuration, polarity and polarlzn_blhty, aC|d|ty_ or |
basicity, charge distribution, and water solubility (Bailey .and White, |
1964, and 1970; Greenland, 1965). Adsorption of pesticides also is
affected by intrinsic properties of the soil environment, suqh as temper- |
ature and moisture content, and extrinsic factors, mainly climatic condi-
tions and agricultural practices (Calvet, 1980). <

2.1.1.1 Atrazine. Adsorption of atrazine on soil minerals and soil
organic constituents has been widely researched. punigan and Mac_ln- |
tosh (1971) showed that adsorption of atrazine varies greatly according ‘
to the nature of organic matter. Atrazine adsorption was found'to be

significantly correlated with organic matter content, partlcula_rl_y in the |
surface soil horizon, in a study on herbicide sorption and mobility in an |
Atlantic Coastal Plain soil (Johnson and Sims, 1990). The importance of ;

soil organic matter decreased when surface soils were excluded from
the analysis, and then atrazine sorption was best correlated with ex-
changeable acidity and clay content.

Clays are the most important minerals affecting adsorption, because of
their abundance and surface properties. Adsorption on clays is affected
by the ionic composition of the surface (Calvet, 1980). Terce and Calvet
(1978) found that atrazine adsorption on montmorillonite clay is greater
than on illite clay. Atrazine is a weak base and, hence, its physicochem-
ical reactions are sensitive to pH—as pH decreases, soil adsorption
increases. (Hiltbold and Buchanan, 1977; Clay et al., 1988).

The adsorption of atrazine to soils has been commonly described by the
Freundlich isotherm. Rao and Davidson (1980) compiled Freundlich iso-
therm parameters of atrazine, using data from studies conducted on 56
different soils. Adsorption coefficient K had a mean value of 3.20 (coef-
ficient of variation, CV = 89.8) and exponent n had a mean value of 0.86
(CV = 9.9). After reviewing 29 publications, Calvet (1980) reported the
mean value of the Freundlich isotherm exponent n for atrazine as 0.91
+0.04.

2.1.1.2 Metolachlor. Johnson and Sims (1990) found that metolachlor
sorption was highly correlated with organic matter in a Delaware Coas-
tal Plain soil. Organic matter and exchangeable acidity predicted sorp-
tion of metolachlor sufficiently, even in the lower horizons where
organic matter content was extremely low. The presence of exchange-
able acidity in the regression model obtained could be explained by its
high correlation with clay content and soil pH. Weber and Peter (1982)
found that the carbonyl oxygen of metolachlor can form dipole-ion
bonds with adsorbed cations and H-bonds with water molecules and
carboxyl and hydroxyl groups of soil organic matter.

Bouchard et al. (1982) found that the soil from 10-20 cm depth showed
higher adsorptivity than the soil from 40-50 cm depth, which is consist-
ent with the lower organic matter content in the lower depth. The parti-
tion coefficient, Ky, was 1.48 at the 10-20 cm depth, and 0.92 at the
40-50 cm depth. The values of the Freundlich constant n were not sig-
nificantly different from 1 at the 5% level of significance.

Wood et al. (1987) measured the spatial variability in sorption coeffi-
cients for metolachlor on a Captina silt loam soil and correlated the Kq
value to soil properties. The mean organic partition coefficient Koc
obtained at the 3 different horizons, Ap, Bt, and Btx, was 211.10,
319.87, and 466.57 respectively. The authors found that soil organic
matter was the most highly correlated property in surface soils, and that
adsorption also was significantly correlated with clay content, water
content, and soil pH. Other studies also report adsorption of metolachlor
as positively correlated with organic matter content, clay content, cation




exchange capacity, and surface area (Peter and Weber, 1985; Braver-

man et al., 1986).
2.1.2 Transformation Processes

Concern about the persistence of pesticides in soils has led to _mcreased
efforts to identify the nature, mechanisms, and factors affecting trans-
formation processes, to identify the degradation products, and to predict
persistence. Soil is an ideal medium for supporting transformation reac-
tions of pesticides (Graham-Bryce, 1981), which include photochemical,
chemical, and biological reactions.

Photolysis of a chemical can result directly from absorbt_ion of_radlatnon ‘
or indirectly by reaction with another chemical that is activated by

absorbed radiation. The type of reaction depends on the physical state |
of the pesticide, the solvent, and the presence of other reactants such |
as oxygen (Armstrong and Konrad, 1974). The role of photochemical
reactions in soil pesticide degradation remains uncertain, aIthougr_\ they |
may be of considerable importance for pesticides applied to the soil sur- |
face without subsequent incorporation.

Chemical transformation in soils was classified by Goring et al. (1975) |
as hydrolytic nucleophilic transformation, oxidation, and nonhydrolytic |
displacement reactions. The usually moist and aerated upper |ay§r of"j
agricultural soils provides favorable conditions for chemical reactions, j
particularly hydrolysis and oxidation. Even though adsorption affects the |
availability of pesticides for transformation reactions, hydrolysis reac- |
tions of some pesticides are catalyzed by sorption. Chemical reactions
are mediated by soil properties such as pH, or catalyzed by soil minerals
(Wang et al., 1983). ]

The predominant means of transformation for a wide variety of chemi-
cal compounds is biological, i.e., microbial or enzymatic. Mechanisms of
the biological transformation processes have been extensively reviewed
and summarized (Kearney and Kaufman, 1976; Alexander, 1981.The
kinetics of pesticide degradation is affected by a) the quantity and avail-}
ability of the pesticides, b) the presence of microorganisms or enzyme i
systems capable of degrading the pesticide, and c) the activity level of
the microorganisms as affected by the nutrients available to sustain the |
microbial population and by environmental and soil conditions such as !
temperature, moisture, aeration, pH, organic matter, and cation §
exchange capacity (Cheng and Koskinen, 1986). The disappearance of §
pesticides under field conditions is generally described by a first-order |
kinetic relationship.

2.1.2.1 Atrazine. Erickson and Lee (1989), in a general review of atra- §
zine degradation and persistence in soil and water systems, considered
the fate of atrazine in surface water and groundwater. Nonbiological as}
well as microbial degradation contributed to significant losses of atra-;

zine in soil systems. The persistence of atrazine has been known for
several years from studies such as one conducted in a semi-arid region
where atrazine residues were found to cause significant reduction in
oat yields (used as a bioassay crop) four years after application (Burn-
side et al., 1969).

Chemical hydrolysis of atrazine involves dechlorination of the parent
compound to form hydroxy analogs such as hydroxyatrazine. Hydrolysis
follows first-order kinetics, and is dependent upon atrazine concentra-
tion in the soil (Erickson and Lee, 1989). Armstrong et al. (1967) found
that the rate of chemical hydrolysis of atrazine to hydroxyatrazine in soil
is .controlled largely by the soil pH and organic matter content. An
increased rate of hydrolysis was observed in acid soils. Organic matter
catalyzed hydrolysis by increased adsorption. Atrazine has been found
to degrade much faster when exposed to mineral or soil surfaces than
predicted from results of experiments in aqueous solution (Schmidt,
1990).

The first step in the biological degradation of atrazine is dealkylation.
Atrazine can be dealkylated either to deethylatrazine by removing the
ethyl group or to deethylsimazine by removing the isopropyl group
(Kaufman and Kearney, 1970). The ethyl and isopropyl side chain of
atrazine provides the energy required for the growth and reproduction
of microorganisms. Atrazine and other s-triazine compounds have been
found to be important sources of nitrogen for microbial growth (Erickson
and Lee, 1989; Ritter, 1990).

Roeth et al. (1969) found that atrazine was degraded two to three times
faster in topsoils than in subsoils. The degradation rate of atrazine
increases with temperature, with the rate doubling for each 10°C rise
in temperature in the range of 10-30°C (McCormick and Hiltbold, 1964).
Roeth et al. also reported a sixfold increase in evolution of radioactively
labeled carbon dioxide with an increase of soil moisture content from
40% to 80% of field capacity for chain labeled atrazine. Aerobic condi-
tions are superior to anaerobic conditions in the degradation of atrazine.

Brejda et al. {(1988) reported atrazine half-life of 46 + 7 days in the 0-15
dissipation approached zero-order kinetics initially after application, but
generally followed first-order kinetics during the entire 320-day sam-
pling period.






