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FOREWORD

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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PREFACE

T:-lE INTENSE PUBLIC INTEREST IN CHEMICAL CONTAMINATION of our
nation’s ground water has been well documented by the media. Pesticide
contamination of ground water through agricultural use is a unique situation
in comparison to contamination by point source leaching from dumps,
landfills, and spills. Consequently, data bases for agricultural pesticide
contamination are small, and published research and textbooks are limited.

This volume explores all aspects of the factors that impinge on ground
water contamination from agriculturally applied pesticides. Although only
pesticide contamination is dealt with in this volume, the principles examined
apply to all xenobiotics and natural substances that can reach our ground
waters.

As organizers of the symposium and editors of this volume, we thank
the contributors, whose generous time and combined expertise have made
this book a valuable reference for those working in the ground water area.
We also thank our symposium session chairpersons, Jeff Wagenet (Cornell
University), Sam Creeger (U.S. Environmental Protection Agency), and
Chris Wilkinson (Cornell University), for their special contributions that
made the symposium from which this book was developed a success.

WILLA Y. GARNER

U.S. Environmental Protection Agency
Washington, DC 20460

RICHARD C. HONEYCUTT
CIBA-GEIGY Corporation
Greensboro, NC 27409

HERBERT N. NIGG

Citrus Research and Education Center
700 Exp. Station Road

Lake Alfred, FL 33850

October 1985
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Processes and Factors Affecting Transport of Pesticides
to Ground Water

H. H. Cheng/ and W. C. Koskinen?

"Department of Agronomy and Soils, Washington State University, Pullman, WA 99164
2Southern Weed Science Laboratory, Agricultural Research Service, U.S. Department of
Agriculture, Stoneville, MS 38776

The process of transporting pesticides down through the
soil horizons and the vadose zone into the ground water
is affected by a number of other processes taking place
in the soil profile. The sorption process can retard
or retain the chemicals from moving with leaching
water. The commonly used pesticides, mostly being
organic chemicals, can be degraded partially or
completely to inorganic end products by chemical,
photochemical, or biochemical means. The degradation
process reduces or eliminates the presence of pesti-
cides in the environment. Pesticides can also be
transported to the atmosphere by volatilization or to
surface water by runoff from soil, or be removed from
soil by plant uptake. Whether circumstances for trans-
port of pesticides to groundwater exist will depend
upon a combination of factors including the nature of
the pesticide chemical, the properties and conditions
of the soil, and climatic and environmental variables.
Realistic assessment of the potential for transport of
pesticides to groundwater must include simultaneous
evaluation of all the processes and factors that may
impact the transport process.

The topic of this symposium is both timely and of special concern to
many sectors of the public as it combines two contrasting subject
matters., Groundwater, being an essential natural resource, has been
assumed to be pristine in quality and must not be violated by
contamination. After all, 86% of the water in the United States is
stored in aquifers; over 50% of the U. S. population ahd 95% of rural
U, S. use groundwater as drinking water. On the other hand, any
mention of pesticides often connotes substances that are toxic,
hazardous, and even life-threatening. A tremendous amount of
pesticides is produced and used in the U. S. each year. 1In 1984, 1.1
billion pounds was synthesized; even this amount was down from the
1.5 billion pounds produced in 1975 (1).

0097-6156/86/0315-0002306.00/0
© 1986 American Chemical Society
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Some 68% of the pesticides was used for agricultural purposes,
17% by industries and commercial concerns, 8% by homes and gardens,
and 7% by governmental uses. Over 60% of the pesticides produced are
herbicides, the others being mostly insecticides and fungicides.
There is increasing evidence for the presence of a variety of
pesticides in groundwater at certain locations, such as in shallow,
unprotected aquifers or in karst formations. A report by the U. S.
Environmental Protection Agency (EPA) in 1984 (g) listed some 12
pesticides that have been detected in drinking water wells in
Florida, New York, California, Hawaii, and other locations.
Recently, the EPA announced its intention to include 60 pesticides in
its drinking water survey (3), more than half of which are
herbicides. The seriousness of the potential contamination of
groundwater by pesticides certainly cannot be minimized.

Although the concerns by EPA for groundwater quality are to be
lauded, the planned program on groundwater monitoring, particularly
the drinking water wells survey, is of limited value. The monitoring
program could at best alert the people of existing hazard. It would
not be useful in assessing the magnitude of the potential danger nor
in deducing the sources of contamination. An effective management
program must not only include a groundwater monitoring effort but
also support a planned program of research that can isolate and
identify the potential causes of contamination by pesticides and
devise ways to minimize or eliminate the sources of contamination.
The heart of such a program must be the search for a basic under-
standing of the processes and factors that affect the transport of
pesticides to groundwater.

The Setting

It is not always obvious that groundwater in most cases 1is a
renewable resource. Few of the aquifers that supply drinking water
are of ancient origin. Most of them are dynamic in nature, and are
recharged repeatedly by water moving slowly or rapidly downward from
the surface of the earth through the soil profile to a level that
accumulates the water. In the process, dissolved chemicals including
pesticides can also be carried downward into the soil profile and
eventually reach the groundwater. Thus, the concern for contamina-
tion of groundwater is legitimate and justified. A number of papers
of this symposium are dealing with the specific process of transport
of pesticides to the groundwater. The objective of this paper is to
set the stage for this symposium by relating the transport process to
other processes occurring simultaneously in soil that affect the
transport process. We will attempt to view the transport process in
perspective of the fate of pesticides in the total environment, and
to share some cautions needed in assessing these processes.

The natural environment can be viewed as consisting of several
environmental zones (Figure 1), extending from the atmosphere and the
above-ground crop zone into the soil from the surface down, through
the root zone, the unsaturated soil or vadose zone below, eventually
down to the saturated zone where ground water is situated. For a
pesticide to contaminate groundwater, the chemical must first reach
the soil, either directly by application or indirectly such as by
drift. Foliar-applied chemicals are subject to photodecomposition,
plant absorption, dripping to soil, or falling on soil when plants
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die. Once in the soil, the chemical must be transported, usually by
water, through the various environmental zones down to the ground-
water. Factors that affect water infiltration and movement within a
zone or from one zone to another will also affect the location of the
chemical. In addition to moving downward, water can also be trans-
ported upward to the soil surface and evaporated into the atmosphere,
taken up by plants and transpired, or discharged over soil surface
into surface water bodies. Pesticides can be transported by water in
similar manners. Before these transport processes can be properly
characterized at any particular setting, all the processes and
factors that impact pesticide transport must be characterized.

Two major types of processes that can affect the amount of
pesticides present and available for transport through the soil
profile are retention and transformation. The retention processes do
not affect the total amount of pesticide present in the soil but can
decrease or eliminate the amount available for transport. On the
other hand, the transformation processes actually reduce or totally
eliminate the amount of pesticide present and available for
transport.

Retention Processes

The literature abounds with references on the retention of pesticides
in soils (e.g., 4,5). The term 'retention' is used here in an all
encompassing sense, but it is most frequently equated with adsorption
or simply sorption. In a strict sense, adsorption is a reversible
process involving nonspecific attraction of a chemical to the soil
particle surface and retention of the chemical on the surface for a
longer or shorter period of time depending on the affinity of the
chemical to the surface. However, whether a chemical is actually
sorbed to a particular surface is often not confirmed by the
technique used to characterize retention. Few of the techniques
generally used for retention characterization can differentiate the
mechanisms involved in attracting the chemical to the soil surface.
For instance, the commonly used batch equilibration method merely
determines the decrease or disappearance of a chemical from solution
when soil is added to the solution, under the assumption that what
does not remain in the solution would be adsorbed. This method does
not provide any information on the mechanism of adsorption, or the
strength of adsorption, or whether the reduction in solution
concentration was related to adsorption at all. Studies have shown
that this method could lead to erroneous estimation of adsorption if
precaution was not taken in eliminating or accounting for degradation
of the chemical during the adsorption-desorption processes (6,7).

A number of quick-test techniques have been used widely to
estimate the extent of sorption of pesticides to soils, and these
estimates are often used in pesticide transport models. The most
commonly used technique is to determine the ratio of distributiom of
a chemical, often at one concentration, between the solution and soil
solid phases (K,) or simply the distribution between water and
octanol phases fK ). The use of K, as an index of adsorption
assumes that the Wdistribution ratio QS constant over a range of
concentrations of the chemical in the soil. In other words, the
amount of chemical adsorbed increases linearly with that remaining in
the solution. The linear relationship may be valid over a narrow
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range of concentrations. However, a plotting of K, values taken from
the literature vs. the equilibrium concentration of pesticide in
solution readily demonstrates the disparity of the K, values (8).
Most 1literature values indicate that pesticide adsorption data
obtained by the batch equilibration method can be better fitted to a
curvilinear equation, such as the Freundlich equation. The wide
disparities in the Freundlich adsorption constants (Kf) reported in
the 1literature should be critically evaluated, "as the true
significance of the data obtained by different studies can be a
consequence of the parameters used in the testing procedure.
Koskinen and Cheng (9) have shown that variations in experimental
parameters could result in variations of up to several fold. As a
result, mobility of the pesticide 2,4,5-T (2,4,5-trichlorophenoxy-
acetic acid) in the Palouse silt loam soil, for instance, could be
classified as low or high depending on the experimental parameters
used.

Many studies have shown that pesticide adsorption can be
correlated to the soil organic matter contents, but not with soil
mineral or clay contents. Thus, adsorption constants have often been
expressed in terms of the soil organic matter or organic carbon
contents (K ) (4). Such correlations have often been shown to be
statisticalf§ significant (8). Significant correlations between
sorption (K ) and estimates of sorption using water octanol
partition (RPC) (10), reverse-phase high-performance liquid chroma-
tographic retention (R) (11), and water solubility (S) of the
chemical (12) have led to wide use of these parameters to estimate
Koc' These estimates may be adequate as a first approximation,
especially for hydrophobic, nonionic chemicals., However, a rough
correlation between soil sorption of a chemical and its K0 , R, or S
does not automatically impart any theoretical meaning to ¥he empiri-
cal measurement. Such factors as soil solution composition and
temperature can affect the amount of pesticides adsorbed but cannot
be accounted for by these indirect methods. Thus, any measurement
which does not take into consideration the role of soil or the
environmental variables in the adsorption process can at best be
simply an estimation.

Certain cautions should also be mentioned so that the meaning of
these correlations is not extended beyond what the data warrant. A
significant correlation between sorption and soil organic carbon
contents does mnot imply that only one mechanism of sorption is
involved or that all pesticides interact with all components of soil
organic matter by the same mechanism. Furthermore, the lack of
correlation between pesticide sorption and soil mineral or clay
contents should not be taken to mean that adsorption on soil minerals
is not important. Adsorption of organic chemicals on soil mineral
surfaces is a well-established fact (13,14). The lack of correlation
may only imply that soil mineral content by weight is not a good
index for the extent of mineral surface available for adsorption.
The significance of adsorption on mineral surfaces should not be
ignored, especially in materials low in organic matter, such as the
geological materials in the vadose zone underneath the surface soil.

The complexity of the adsorption process should be understood by
those interested in assessing the impact of sorption on the transport
of chemicals to the groundwater. Mechanisms or forces involved in
adsorption can range from van der Waals-London forces, hydrogen
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bonding, ligand and ion exchange, charge transfer, ion-dipole and
dipole-dipole forces, hydrophobic bonding, to chemisorption (5). Any
simplistic representation of adsorption such as depicting the process
as partitioning into an organic phase is to ignore the true nature of
the processes involved as pointed out by Minglegrin and Gerstl (15).
Even characterization of sorption based solely on solute and solvent
factors may not be adequate. The composition of the aqueous phase
can affect the pesticide-soil-solution equilibrium of certain
pesticides. For example, soluble organic matter and metal ioms in
soil solution can complex or bind small organic molecules and
stabilize them in the aqueous phase (16). Koskinen and Cheng (9)
found that leaching soil decreased the amount of soluble organics in
soil solution and increased adsorption of 2,4,5-T in the soil solid
phase.

Currently a number of laboratories are devoting considerable
effort in developing methodology to characterize the various bonds
involved in adsorption, many of which are not readily reversible by
simple equilibration with water (e.g., 17). Thus retention cannot be
viewed as processes that merely retard transport of pesticides in
water, but can bind the chemicals irreversibly to soil surfaces (the
so-called 'bound residue') and totally remove the chemicals from
transport. Such process as chemisorption may not be easily distin-
guished with chemical transformation of the compound in the soil
media (18).

Transformation Processes

The term 'transformation' is used here to encompass all changes in
the chemical structure or composition of the pesticide compound. The
chemical structure may be modified by such reactions as oxidation,
reduction, hydrolysis, substitution and removal of functional groups,
complexation with metal ions, polymerization, and others. The
structure may also be broken down into fragments of the original
molecule and eventually into inorganic endproducts, such as H 0, CO,,
halide, ammonium, phosphate, and other salts. The term degradation
should only be associated with the breakdown process, although it is
commonly used to describe other transformation processes. One should
be aware that while most transformation processes modify the
structure to detoxify the chemical, other reactions may lead to more
toxic products. A notable example is the formation of 3,3'4,4'-
tetrachloroazobenzene by condensation of 3,4-dichloroaniline which is
a degradation product of many anilide herbicides (19). Only by
degradation can a pesticide be totally eliminated from the
environment.

Pesticides can be transformed by chemical, photochemical, and
biochemical means. Soil can provide the conditions or serve as the
catalyst or component for chemical reactions. Chemical reactions are
mediated by such soil properties as pH or catalyzed by soil minerals
(20). Photolysis of a chemical can result directly from absorbing
radiation or indirectly by reaction with another chemical which is
activated by absorbed radiation. However, the predominant means of
transformation is microbial or enzymatic. Mechanisms of these
reactions have been extensively reviewed and summarized (21-23).

Attention should be given to experimental methods both for
characterizing the process and for assessing the kinetics of
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degradation. Characterization of degradation under field conditions
is often complicated by other processes such as retention and
transport acting simultaneously on the chemical (24). Studies on
persistence, dissipation, disappearance, or loss of effectiveness of
pesticides are usually not a direct measure of pesticide degradation.
The influence of all processes must be sorted out before that
attributable to degradation can be evaluated.

The kinetics of pesticide degradation is affected by (a) the
quantity and availability of the pesticides, (b) presence of
microorganisms or enzyme systems capable of degrading the pesticide,
and (c) activity level of the microorganisms as affected by the
nutrients available to sustain the microbial population; by
environmental conditions such as temperature, moisture, oxygen
supply, aeration; and by various soil parameters. Many models for
estimating the fate of pesticides in the environment assume that
degradation can be simply expressed as a first order reaction with
respect to pesticide concentration, although the inadequacy of this
approach has been pointed out repeatedly (e.g., 25-27). Expressions
for biodegradation rates should include considerations of the
substrate concentration as well as the activities of microorganisms
or enzyme systems present, such as the Monod equation or the
analogous Michaelis-Menten equation for enzyme kinetics. Lewis et
al. (27) have called attention to the need to have a multiphasic
approach in expressing the kinetics of pesticide degradation,
depending on the concentration of the chemical in the environment. A
number of studies from Alexander's laboratory (28) have shown that
the kinetics of degradation calculated from the rates normally used
for such studies may not be applicable for pesticides at extremely
low concentrations. The same could also be said for very high
concentrations of pesticides (e.g. 29).

In addition to the amount of pesticide present, the degradation
rate could be affected by the availability of the chemical for
degradation. Ogram et al. (30) have recently presented evidence
suggesting that only the 2,4-D (2,4-dichloro phenoxyacetic acid) in
soil solution, but not that adsorbed on soil colloids, could be
degraded by soil microbes both in soil solution and sorbed on soil
colloids. Other considerations should also be given to the nature
and quantity of soil microbial biomass present in relation to
nutrient availability (26,28,31) and the adaptability of microbes,
either by natural selection or by genetic manipulation, to attack and
utilize the pesticide chemical (32).

Most of our knowledge on pesticide degradation has been
accumulated from studies with surface soils and under laboratory
incubation conditions. However, it is difficult to predict the
behavior of pesticides under field conditions from data obtained
under a controlled laboratory condition. The degradation in soil
containing plants may be entirely different. Root exudates and
decaying root fragments can provide energy and nutrients for
microbial growth (33) and lead to an accelerated mineralization of
pesticides in the rhizosphere (34,35). The presence of plants will
also affect soil water potential, which in turn affects soil
microbial activities and the degradation processes. Furthermore,
indications are that organic chemicals do degrade in the vadose zone
and in groundwater (e.g., 36-38), but the mechanisms and kinetics of
degradation are mostly unknown. More attention is needed to better
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characterize the mechanisms and kinetics of pesticide degradation in
the vadose zone.

Transport Processes

Although the downward transport of pesticides by water is of ultimate
concern in evaluating the potential of groundwater contamination,
other modes of pesticide transport should also be taken into
consideration., These processes include the upward transport by water
to soil surface, evaporation or volatilization from soil surface,
transport by water in surface runoff or by soil particles in erosion,
and uptake by plants. The volatilization process involves two
stages: the upward movement to soil surface and the escape from the
soil surface. Volatilization is a function of the vapor pressure of
the pesticide and is affected by pesticide concentration, soil-water
content, adsorptivity of the soil, diffusion rate in soil,
temperature, and air movement (39-41). A model accounting for most
of the processes affecting volatilization has been tested by Jury et
al. (42). Although volatilization losses are usually most rapid
immediately following pesticide application, the continued slow loss
over an extended period in a water-deficient environment such as in
the arid west can also be significant.

Pesticide transport by surface runoff and soil erosion is a
function of time lag between rainfall and application; the chemical
nature and persistence of the pesticide; the hydrological, soil, and
vegetative characteristics of the field; and the method and target of
application (43). Wauchope (44) found that unless severe rainfall
cccurred shortly after pesticide application, total losses for the
majority of pesticides due to runoff were less than 0.5% of the
amount applied in most cases, although single-event losses from small
plots or watersheds can be much greater.

In assessing the fate of pesticides in the environment, the
process of plant uptake and its consequences have often been ignored,
even though its importance is readily recognized in any study on the
efficacy of the chemical (45,46). Plants not only degrade pesticides
and enhance their degradation, but they can also participate in
pesticide transport, If the pesticide is not degraded after being
taken up by plants, the pesticide could be passed through the food
chain when the plants are harvested and consumed, or could be
recycled back to soil if the plant parts fall back on the ground and
are not removed.

Systems Approach

A number of modeling approaches attempting to depict the process of
downward transport of pesticides to the groundwater have been
published (47) or presented at this symposium. A conceptual
framework for any such considerations will include not only the
retention, transformation, and transport processes involved, but also
the factors affecting all the processes as inputs to the model,
before the outcome of all processes acting simultaneously on the
pesticides can be predicted (Figure 2). Some of the major factors
can be broadly divided as follows:
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I. Pesticide factors:

Chemical properties: structure, solubility, volatility
Application methods: formulation, rate, mode
Degradation patterns: pathways, metabolite formation

II. Soil factors:

Soil properties: type and amount of organic matter, clay, and
amorphous materials, pH, structure,
permeability

Soil conditions: moisture, aeration, nutrient status, microbial
activity, heterogeneity, depth to water table

Land forms: topography, slope length and steepness,
drainage

III. Plant factors:

Species characteristics
Stage of growth
Root system and rhizosphere

IV. Environmental factors:

Temperature
Precipitation
Air movement
Radiation

This list is by no means an exhaustive one, but it reveals the
multifarious interactions of the factors involved that affect all the
processes. What we have attempted in this presentation was to point
out some of the difficulties and pitfalls one should be aware of in
any attempt to model pesticide transport as well as other factors
affecting the fate of pesticide in the environment. While modeling
can be an important tool for estimation of pesticide movement and
fate in the environment, the current lack of knowledge of the
mechanisms and interactions of factors and processes affecting
pesticide behavior in the environment has led to assumptions and
simplifications in the systems to be modeled. Errors either in
estimation simplifications or inherent 1in the assumptions are
difficult to quantify. Moreover, errors associated with inputs for
each factor or process in the model can be compounded by errors in
subsequent interactions. Thus predictive values obtained from many
current models must all be accepted with caution if they are to be
used for assessment purposes.

As a final item of food for thought, we would like to mention
that one sometimes has the impression that pesticide movement into
groundwater is an inevitability, especially if the chemical moves
beyond the root zone into the subsoil where microbial activities are
much lower and degradation would be lessened. We are reminded of the
soil genesis process in that a great deal of soluble organic matter
has been leached from the surface soil down into the subsoil over
centuries and even millennia of soil development. The question is
why have we not seen a massive amount of natural organic matter in
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Inputs Processes Output
Pesticide
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\ Mode of Transformation
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Organisms Transport
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Figure 2. Interactions of the factors and processes affecting
the fate of pesticides in the soil environment.
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the groundwater? Perhaps we have not yet attained nearly the level
of understanding of all the processes involved in the retention,
transformation, and transport of chemicals in the soil as we should
have. The challenge is still in front of us.
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Soil Characteristics Affecting Pesticide Movement
into Ground Water

Charles S. Helling and Timothy J. Gish
Agricultural Research Service, U.S. Department of Agriculture, Beltsville, MD 20705

Processes that modify convective transport of pesti-
cides through soil and into groundwater include adsorp-
tion/desorption, degradation, volatilization, runoff,
and plant uptake. These processes, in turn, are
affected by soil characteristics, climate, pesticide
properties, and agricultural practices. A screening
model based on the convection-dispersion equation
(assuming lst-order degradation) was used to rank sev-
eral soil properties that may affect atrazine leaching.
Transport was most retarded by low hydraulic conductiv-
ity and high soil organic matter content; increased
bulk density attenuated leaching to a lesser extent. A
literature survey, with emphasis on atrazine, aldicarb,
and DBCP (pesticides that have leached to groundwater),
tended to confirm that sandy soils (with high hydraulic
conductivity and low organic matter) were usually asso-
ciated with leaching. Restricted drainage has led to
lateral subsurface movement or occurrence of residues
in perched groundwater. At the other extreme, karst
topography allowed rapid recharge and high probability
of pesticide leaching.

Groundwater is estimated to supply 40-50% of U.S. drinking water
needs, and constitutes at least part of the water source for 75% of
American cities (1). About 95% of the rural population depends on
groundwater for their drinking water. Reliance on groundwater for
domestic consumption and agricultural uses becomes increasingly
important in the more arid Western states.

Groundwater contamination in the U.S. was reviewed by Pye et al.
in 1983 (1). The most common sources of such contamination included
human and animal wastes, industrial wastes, petroleum products, land-
fill leachate, and (along coastal regions) saltwater intrusion. Con-—
tamination from the agricultural use of pesticides was apparently far
less common. Nevertheless, by 1984, Cohen et al. (2) reported that

This chapter not subject to U.S. copyright.
Published 1986, American Chemical Society
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12 pesticides were found in groundwaters of 18 states as a conse-
quence of such use. Typical positive residue levels varied widely,
although most commonly they ranged from ca. 1-100 ppb.

The extent of pesticide leaching depends on a combination of
factors that include the physicochemical characteristics of the
pesticide (or its degradation products), soil properties, climate,
and agronomic factors such as the timing, rate, and method of
pesticide application, the use of irrigation, and the influence of
crop cover. Whether actual contamination of groundwater occurs is
also influenced by the depth to groundwater and the permeability of
overlying soil.

In this paper, we will first focus on soil factors that affect
pesticide leaching through the root zone and into the subsoil. The
general convection-dispersion equation with first—order degradation
will be used to characterize the effects of various soil properties
on atrazine movement. In the remainder of the paper, we will discuss
laboratory and field experiments that focus on adsorption and leach-
ing. Generalizations from these studies will be compared with soil
properties at sites of known groundwater contamination. Finally, the
results from the transport model analysis will be used in conjunction
with the literature review to propose a hierarchical ranking of
properties affecting leaching.

Background: Soil Properties

Soils can be characterized in many ways, depending, for example, on
whether primary concern relates to agronomic applications, engineer-
ing utility, or soil genesis. From the standpoint of predicting
pesticide transport, a series of physical, chemical, and biological
properties—-——some transient---could be considered. For convenience,
we have listed many such parameters in outline form within Table I.
Numerous references describe them and their analysis (3-7).

In addition to the classification of properties in Table I, the

site can be characterized further as in Table II. Surface or
subsurface drainage systems, if present, would be important
additional descriptions.

Background: Other Related Properties

Metereological conditions affect transport of water and solutes
since, in the absence of irrigation, they determine how much water
reaches the soil surface, what the intensity and frequency of that
precipitation is, and how much water is recycled from the soil via
evapotranspiration losses. Temperature influences the rate of pesti-
cide degradation and the rates of water and pesticide volatilization.
Properties of the pesticide strongly affect the tendency to leach and
degrade, but are addressed elsewhere in this symposium. Agricultural
factors such as the manner and timing of pesticide application and
the cropping tillage practice have potential impact on the ultimate
fate of a chemical. These various nonsoil factors are listed in
Table III.
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Table I. Classification of Some Soil Properties

Physical composition
1. Soil texture (% Sand, silt, clay; gravel)
2. Soil organic matter content (% OM)

Chemical composition
1. Clay mineralogy
2. Organic matter type

Physical properties

1. Bulk density

2. Field moisture capacity

3. Hydraulic conductivity

4, Pore size distribution, macropores; tendency to crack
on drying

Chemical properties
1. pH

2. Cation-exchange capacity (CEC); anion-exchange capacity
3. % Base saturation
4, Redox potential, Eh

Transient soil properties
1. Soil moisture content (volumetric)
2. Soil temperature

Biological/biochemical properties
1. Number and type of microorganisms
2. Activity of specific enzymes

Table II. Classification of Some Macro Soil Properties

A.

Surface
1. Relief
2. Slope

Subsurface

1. Profile changes (type, depth, and areal homogeneity)
2. Restricting layers

3. Depth to groundwater (perched and unconfined aquifer)
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Table III. Classification of Nonsoil Factors Potentially Affecting

Transport to Groundwater

Climate

1. Rainfall (temporal distribution, intensity)

2. Temperature

3. Evapotranspiration

Pesticide properties

1. Soil adsorption coefficient (K)

2. Water solubility

3. Octanol:water partition coefficient (Kow)

4. TIonization constant (pK,, pKp)

5. Chemical and biological stability (persistence in soils)

6. Volatility

Pesticide application

1. Formulation

2. Method of application (foliar, soil surface, soil
incorporation)

3. Rate

4. Timing

5. History of pesticide use (accelerated degradation;
buildup)

Agricultural practices

1. Cropland

a) Conventional tillage

b) Conservation tillage

c¢) Irrigation
2. Noncropland

a) Fallow

b) Rangeland, forests, etc.
3. Soil amendments
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Processes Affecting Leaching

The distribution of pesticides throughout the soil profile, as a
function of time, represents the integration of processes such as
mass flow, diffusion, adsorption/desorption, degradation, volatili-
zation, runoff, and plant uptake (the latter, mainly as it affects
water movement in the root zone). These have been the subject of
many reviews (8-12), and therefore only limited attention will be
given to the subject in the following sections.

Pesticide Transport Model

Models for describing pesticide transport on a field scale generally
fall into one of two categories, deterministic or stochastic. Deter-
ministic models seek to account for pesticide leaching by describing
the mechanisms governing volatilization, adsorption, degradation,
convection and diffusion, while at the same time accounting for the
physical and chemical characteristics of the soil medium. Due to the
complex nature of such an interaction, it is often necessary to make
assumpt ions which are at best a first approximation of what occurs
under field conditionms.

Stochastic models assume that although pesticide movement on a
small homogeneous scale obeys certain physical laws, the random
component associated with those laws in a heterogeneous system will
override their deterministic behavior. Consequently, transport is
ascertained by evaluating transfer function models or by evaluating
the probability distribution of some transport process (13). The
probability density function (PDF) for a specific transport process,
on a field site, can be combined with deterministic theory to account
for spatial heterogeneity (14-18). However, a solely stochastic
model for screening pesticides may be of little value for several
reasons. First, the PDF for a specific soil property would require
the analysis of numerous soil samples. Second, a purely stochastic
model lacks the ability of predicting the location of potentially
hazardous areas within a field. Third, if large variations in soil
or soil water properties are present, they may affect the relative
behavior of most pesticides in a similar manner.

Our theoretical development of a screening model will focus on
the deterministic approach since it may still be applied in a semi-
stochastic manner. This model is conducive to analyzing the effect
of a specific soil property while holding others constant. Our
theoretical consideration of pesticide transport begins (Equation 1)
with an expression of the rate at which water moves through soil,
where J_ is the water flux (volume of water flowing through a cross
section of area per time), ¥ is the matric potential, VH is the
hydraulic gradient, and K(¥) is the hydraulic conductivity.

Jw = -K(Y)VH (1)

Frequently termed the Buckingham-Darcy equation, Equation 1 may
be used to describe pesticide movement through a soil volume by
employing mass balance equations for both water and pesticide
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28 VIg =0 mass balance for water (2a)
ot
aCr Vis=¢ mass balance for pesticide (2b)
at

where C. is the volume-averaged pesticide concentration, Jg is the
solute flux, 6§ is the volumetric water content, and ¢ is a reaction
term describing the stability or the rate of plant uptake for a
particular pesticide.

The solute flux of the pesticide consists of two terms. The
first term corresponds to the convective or bulk transport of the
pesticide with the moving soil solution; the second, a diffusion-
dispersion term, accounts for the random thermal motion of the pes-
ticide molecules (19) as well as any hydrodynamic dispersion that may
occur due to variations in the pore water velocity (20). The mathe-
matical representation of Jg is __

Jg = C.Jy - DVC, (3)

where D is the diffusion-dispersion coefficient. Combining Equations
2a, 2b, and 3, a solute transport equation in one dimension can be
written where

°C, ?2¢, Cr

R;a—t— =D on? va-x—- pCr (4a)
where
R=1+ ebﬁ (4b)
6
and
S = KC, (4¢)

Here, @y is the soil bulk density, p is the first-order degradation
coefficient, Ky is the distribution coefficient for the soil/water
phases, V is the average pore water velocity (V = J,/8), x is the
soil depth, S is the adsorbed concentration per unit of mass, and
R is a dimensionless variable.

The assumption of a linear adsorption isotherm, Kq = K in
Equation 4b, may be valid under low solution concentrations (21).
However, Rao and Davidson (22) showed that this assumption could
produce errors within a factor of 2 or 3. Additionally, K can be
estimated from soil OM content (22). Consequently, the solution
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of Equation 4a, subjected to appropriate initial and boundary condi-
tions, can be used to perform a sensitivity analysis on the effect of
€y, O and J,; on pesticide movement.

To solve Equation 4a, boundary conditions are imposed that
describe the initial soil conditions with respect to the pesticide
and the method of chemical application. Initially, there may be some
finite concentration in the soil due to the previous year(s) of pes-
ticide application. This residual concentration will be denoted in
the solution as C; (see Appendix I). If the pesticide is applied
as a one-time application (per growing season), a pulse boundary
condition at the surface and a flux bottom boundary condition are
well suited (23). The solution of Equation 4a with these restric-
tions is given by van Genuchten and Alves (24).

Although the deterministic model presented assumes steady state
conditions, laboratory studies have shown that solute transport under
transient flow conditions may be approximated by assuming an
equivalent uniform water flux and water content (25-6).

Model Assumptions

The model presented can be used for screening nonvolatile pesticides
under various field conditions. The assumptions behind its deriva-
tion should be clearly stated, as we attempt to do for the following
attenuation and transport mechanisms.

Adsorption. The solution used to evaluate the pesticide transport
equation, Equation 4a, assumes a linear adsorption isotherm that is
constant with depth. However, linearity may not be the case for some
pesticides and the adsorption coefficient will almost never be
constant with depth. The rationale for using a linear model is
initially based on the Freundlich isotherm

s = kcl/n (5)

where K is the Freundlich constant, and 1/n is an exponent that
generally ranges between ca. 0.5 and 1.2. If 1/n is assumed to be 1,
the resulting equation is linear, i.e., K = Ky in Equation 4c. Al-
though the validity is still under discussion, Karickhoff (21) consi-
dered that for the low solution concentrations typically associated
with pesticides, the linear model is appropriate. Rao and Davidson
(22) showed that the assumption of linearity could produce errors
within a factor of 2 or 3. The value of K is critical since it indi-
cates the proportion of pesticide in the mobile water phase. K has
often been used to predict the extent of leaching by assuming only
convective movement and adsorption in a retardation factor, R, as in
Equation 4b (14, 27-8).

Since the adsorption coefficient is critical to the theoretical
development, caution should be exercised in using a particular K
value for a particular soil and pesticide. The most common method
used to measure adsorption is by the batch equilibrium technique, in
which soil samples are equilibrated with a series of pesticide con-
centrations. However, the equilibrium time is critical, and may not
represent adsorption under field conditions where the pesticide is
moving in the solution phase. Consequently, flow equilibrium methods
have also been developed (29).
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The adsorption K can also be estimated from the soil OM content.
Organic matter has been shown to be a primary site for adsorption
(unless the pesticide is permanently charged). As a result, the
adsorption coefficient may be approximated by the equation

K= fo. Ko (6)

where Ky, is the coefficient of linear adsorption normalized on
organic carbon and f,. is the fractional content of organic

carbon (22). Ky, can often be obtained from previously published
values or estimated from the octanol:water partition coefficient
(30). One advantage of employing Equation 6 is that it allows one
to model the effect of organic matter on transport. Additionally,
the use of Equation 6 has often resulted in reducing the coefficient
of variation associated with K (22, 31-2). Thus, Equation 6 will be
employed in solving Equation 4a.”

Diffusion-Dispersion. A diffusion-dispersion coefficient was used in
transport Equation 4. Depending upon the water velocity, either dif-
fusion or dispersion would be the dominating mechanism. For rela-
tively mobile chemicals, the variability in D may be linked directly
to the water velocity (33-4). Consequently, D would be dominated by
hydrodynamic dispersion with D = £V, where dispersivity € ranges from
0.1-4 cm (35). On the other hand, diffusion may be the dominant mech-
anism controlling the magnitude of D, especially if water movement is
slow. In a field setting, the time between precipitation events will
be much greater than the duration of precipitation events, allowing
more time for diffusion than dispersion. This being the case, the
diffusion coefficient can be estimated by using the Millington and
Quirk tortuosity model (36)

p = (@93¢%) p )

water

where @ is the porosity of the bulk soil and Dy,pe, is the diffusion
coefficient in water; for most pesticides, Dy,ior can be approxi-
mated as 4.3 X 1073 n2 day‘l.
Convection. Convection is the bulk transport of pesticide with the
moving soll solution. Consequently, the water velocity is the major
mechanism governing convective transport. Numerous studies have
shown that a stochastic representation of the water velocity does a
better job of describing chemical transport (14-8). However, for a
screening mode, an accurate depiction of the water velocity is not
essential since velocity variations would affect the relative
behavior of most chemicals in a similar manner once the partition
coefficient between the liquid and adsorbed phases has been estab-
lished. Predictions of the average water velocity (expected or mean
value) have been made for field experiments by monitoring meteoro-
logical events and subtracting estimates of the evapotranspiration
from the water inputs (33).
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Degradation. Pesticide degradation is a complex phenomenon since the
process may be purely chemical or dependent upon the presence of
microorganisms. The assumption of first-order kinetics may be mis-—
leading since the degradation rate will depend upon temperature as
well as the particular phases in which the pesticide resides. Thus,
a specific pesticide may degrade by different mechanisms at different
rates. Assuming isothermal conditions, the volumetric water content
will dictate the overall rate of degradation (37). The water content
affects both aeration as well as the fraction of pesticide undergoing
degradation in the solution phase. 1In addition, the soil pH will
also affect the rate of degradation for some pesticides (38).

Assuming a first-order degradation process, the degradation rate
may be measured according to

p = 1n (Cy/C) t~1 (8a)

or estimated from published values of ty/2, the half-life of a
particular pesticide, as in Equation 8b

-1 =0.693t,,. "1 (8b)

p=1n (1/2) t1/ 1/2

2

Pesticide Transport Simulations

The relative importance of €,, OM, and Jy on pesticide movement was
accomplished by conducting a series of computer simulations and sub-
jecting the results to a sensitivity analysis. The sensitivity
analysis compares the peak concentrations in the liquid phase, since
this phase will be the major vehicle for pesticide tramsport to
groundwater. The atrazine application rate used in the simulations
was equivalent to 2.8 kg/ha of active ingredient. The diffusion-
dispersion coefficient was assumed to be constant, 1 cm? day'l. The
ranges chosen for ¢y, OM, Jy,, and 6, in the simulations were 0.8-
1.45 ¢ m‘3, 1-5%, 1=4 cm day‘l, and 0.15-0.35 m3 water/m3 soil, re-
spectively. These ranges correspond to typical field values. Since
a family of curves was generated, only a few representative curves
will be shown, Figure la-c. So that visual comparisons can be made
between different simulations, the atrazine profile corresponding to
¢, = 0.8, 8, = 0.15, and J, = 1 cm day~l was used in Figure la-c.
All simulations assume that 20 days have transpired since atrazine
application and that p = 0.0098 day~l (27, 39).

In Figure la the effect of an increased bulk density on the
atrazine concentration profiles is shown, while holding 6., Jy, and
OM constant. The soil bulk density of 0.8 g cm~3 corresponds to a
very light soil and(or) a soil that has been recently plowed, while
®, = 1.45 g cm~3 represents a soil that has a natural high density
or a soil that has been compacted by farm implements. As the soil
density increases, the maximum pesticide concentration in the liquid
phase decreases. Additionally, the maximum pesticide concentration
will occur closer to the soil surface as P}, increases. Since
increases with depth for most agricultural soils, Figure la indicates
that pesticide movement would be more retarded as it moves through
the soil profile, all other factors held constant. Since the coeffi-
cients of variation for { are generally between 5-10%, assuming a
constant density could introduce errors within a factor of 2.
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Figure 1. Simulated effect of soil properties on atrazine
leaching: (a) bulk density [fy]; (b) organic matter [OM] content;
and (c) hydraulic conductivity [K(¥)]. Other symbols used include
8y (volumetric water content), V (average pore water velocity),
and 9H/9z (hydraulic gradient). Assumptions are: Fig. la—-2% OM
and J, = 1 cm day~l; Fig. 1b--p = 0.8 and Jy = 1 cm day™};

Fig. 1c—-2% OM and @, = 0.8.
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The effect of organic matter content on atrazine movement is
shown in Figure lb. Like the trend for €, the maximum pesticide
concentration decreases as OM increases. Although the simulations
assume a constant OM content with depth, most of the peak concentra-
tions were in the top 0.3 m where the organic matter contents are
generally large. Since the organic matter content generally de-
creases with depth, Figure lb suggests that pesticide movement will
be more retarded near the soil surface. The relative change in peak
concentrations between Figures la and 1b indicates that the typical
values of OM govern atrazine movement to a greater extent than does
@p. Although the coefficients of variation range between 20-50%Z, a
predetermined mean value should yield results within a factor of 3.

Kinetics may play an important role in pesticide adsorption (28,
39). Rapid transport of pesticide in large soil pores (rocks, void
Toot channels, worm holes, etc.) could take place, thus exposing the
pesticide to only a fraction of the adsorption sites. Since the
organic matter content decreases with depth, the occurrence of macro-
pore flow could result in pesticide movement beyond the surface
layers where most of the OM resides.

The effect of the hydraulic conductivity on pesticide transport
can be simulated by assuming unit gradient (VH = 1); thus, J, = K(¥).
As a result, J, can be adjusted in such a way that pores of different
radii are simulated. For comparison, two hypothetical soils are
simulated in Figure lc. The pore radii are 0.023 and 0.033 cm, which
correspond to hydraulic conductivities of 1 and 4 cm day~l.

Rawls et al. (40) evaluated data from 1,320 soils and found that mean
saturated conductivities ranged from 1.44 cm day~l in clayey soils to
504 cm day"1 in sandy textured soils. Although the conductivities
simulated in Figure lc differ by only a factor of 4, they reflect the
greatest difference in atrazine peak concentrations simulated within
Figure la-c. The peak concentration corresponding to 4 cm daly'1 is
shallower than one would expect under actual field conditions since
the model is assuming a constant OM content with depth. As a result,
the hydraulic conductivity is the most important soil factor govern-
ing pesticide contamination of groundwater. -

Summary of Model Simulations. Using a one-dimensional convection-
dispersion transport model with first—order degradation, the relative
importance of €, OM, and J, was evaluated. The hydraulic
conductivity was the most important soil parameter, followed by OM
and @p. Both the organic matter content and €} can be estimated,
resulting in solutions that are within a factor of 2 or 3. However,
pesticide movement is very sensitive to the magnitude of the
hydraulic conductivity. Soils with hydraulic conductivities within a
factor of 4 can yield dramatically different concentration profiles.
Additionally, soils containing soil cracks or large pores may be
prone to groundwater contamination.

Spatial Variability

To this point, several assumptions have been built into the theoret-
ical development. The soil medium is being characterized as a homo-
geneous volume allowing the one-dimensional solute transport equation
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(4a) to be used. Field soils are not homogeneous, but consist of
horizons, or horizontal layers of soil material where each layer
differs with respect to organic and inorganic composition. Addi-
tionally, textural deposits may be randomly located below the soil
surface. These textural deposits or lenses also vary in their com-
position. The lenses may be composed of fine particles forming a
dense layer, or possibly a very coarse sandy lens. The dense lens,
as is intuitive, can restrict downward water movement, thereby pro-
ducing a perched water table. However, the retardation of flow by a
sand lens is not so obvious. Soil water will not enter a buried sand
layer until the finer textured soil overlaying the sand lens is
essentially saturated, thus retarding vertical transport. This
mechanism was suggested for the lateral movemtent, for ca. 15 m, of
solutes eluting from a landfill; it is depicted in Figure 2 based

on Gerhardt's study (41). 1If or when the finer textured soil is
saturated at the lens interface, the soil water will flow through
preferential pores, a process termed channeling.

A hierarchy of soil parameters was established in the previous
section. If the coefficients of variation are high, on the order of
100%, several hundred soil samples would need to be taken to charac-
terize that soil property. Consequently, the variability of the
hydraulic conductivity dictates to what extent we can accurately
predict pesticide transport. Even within the same soil texture
42-4), coefficients of variation for the hydraulic conductivity were
Tound to be well in excess of 100%.

Laboratory and Field Leaching Tests

Pesticide registration requirements have long included leaching
tests; the reports submitted in registration petitions are confiden-
tial, however, so such information often remains unpublished.
Despite that, a vast data bank exists in the literature on movement
of pesticides in soils, although no recent, comprehensive bibliog-
raphy on leaching is---to our knowledge---available. Methods of
conducting soil leaching tests for toxic organic chemicals have been
reviewed (45).

Textural differences within and among soils were shown (indi-
rectly, via the hydraulic conductivity) to influence pesticide
leaching markedly in one transport model. We also discussed how they
contribute to spatial variability, especially within a profile. In
lab and field experiments, textural differences among surface soils
have often been associated with leaching. Thus, chemicals are intu-
itively expected to move deeper into coarse-textured sandy soils than
in medium-textured silt loams or fine-textured clay soils. This was
illustrated in a laboratory study of metribuzin leaching in 16 soils
(46); clay and sand contents were highly correlated (negatively and
positively, respectively) with movement. A still better predictor
was the 0.33-bar (0.033 MPa) soil moisture content (previously con-
sidered to be field moisture capacity, FMC; MMC is now generally
accepted as 0.01 MPa). This property is largely determined by soil
texture and organic matter content, so the PMC relationship is
expected. Organic matter content and pH were less well correlated
with leaching.
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In an earlier investigation, Helling (47) studied the influence
of soil properties on leaching by using 12 pesticides in 14 soils.
With this soil thin-layer chromatography (soil TLC) method, PMC gave
the best prediction of mobility for seven nonionic pesticides,
whereas soil pH was best correlated (positively) to movement of four
acidic chemicals. Clay and organic matter contents were negatively
correlated with leaching of the nonionic pesticides.

Figure 3 illustrates the effect of soil differences on the her-
bicide propham's movement in soil TLC plates [the summary data were
previously published (48)]. Soil organic matter content increases
markedly going from Norfolk through Celeryville soil and is thought
to be the dominant retarding factor. Based on studies with chemical
homologue chlorpropham (47), the best predlctor of relative mobility
would likely have been a combination of FMC Znegatlve) plus water
flux (positive). The inherent risk of leaching in Norfolk sandy loam
is clearly greater than in muck soil.

Leaching of the nonfumigant nematicide oxamyl was recently
studied in unsaturated columns of three soils (49). Figure 4,
adapted from this research, shows that oxamyl is highly mobile in the
Arredondo sand, some of the solute moving with the water front (move-
ment is here expressed in Rg units, i.e., distance eluted relative
to that of the water front, by analogy with soil TLC presentation).
Both Arrendondo and Cecil plots are notably asymmetric, which the
authors ascribe to nonequilibrium adsorption. It is apparent from
Figure 4 that leaching in Webster silty clay loam, with 38% clay and
4% organic carbon content (ca. 6.8% OM), is much retarded.

It is commonly recognized that an inverse relationship exists
between adsorption of pesticides and their tendency to leach in soils
(11 50-1). Adsorption is usually incorporated into leaching models
as the adsorptlon constant normalized on the fractional content of
soil organic carbon (see Equation 6), i.e., Koc, since much
research has correlated the adsorption of neutral organic compounds
with soil organic matter content. As indicated earlier, parameters
that more directly indicate the soil water-holding capacity and the
size and range of conducting pores may actually correlate even better
with transport of pesticides.

In a previously cited laboratory study (47), soil pH was posi-
tively correlated with movement of acidic pesticides. Figure 5 is
presented as a comparison in which soil pH differences may have
differentially affected the mobility of two herbicides, simazine and
terbacil. Based on the work of Hogue et al. (52), who did not sug-
gest this hypothesis, Figure 5 shows the expected migration of res-
idues away from the soil surface as water input increases from 20 to
80 cm, simulating seasonal application of irrigation water to the
orchard soils. Terbacil was relatively mobile and simazine, less so.
However, whereas, terbacil's mobility was significantly greater in
Rutland sandy loam than in Penticton loam, simazine behaved similarly
in both -soils. The loam had much higher clay and organic matter
contents, so diminished terbacil leaching in that soil is expected.
We suggest that simazine movement in Rutland sandy loam is less than
otherwise anticipated because at this soil's low pH (4.6), more of
the simazine is protonated, and therefore more strongly adsorbed,
than in Penticton loam (pH 7.5).
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Figure 2. Lateral subsurface movement of water and solutes caused
by coarse-textured soil strata (after Gerhardt, 41).
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Figure 3. Effect of four soils on leaching of propham, using soil
TLC plates (after Helling, 48).
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Groundwater Contamination

Of the 700-800 U.S.-registered pesticidal active ingredients, only a
relatively small number (2) have leached to groundwater. Unfortu-
nately, some of these chemicals are or were among the major pesti-
cides used in American agriculture (2). Three of these will be
discussed in the following section, with special attention to soil
characteristics that may have influenced movement.

Atrazine. This widely used herbicide was detected in the mid-1970s
in all sampled Iowa municipal water supplies in which that water was
derived from shallow wells in the alluvial plains of rivers contami-
nated from atrazine runoff (53). Levels ranged up to 483 ppb.

An extensive series of studies in Nebraska (54 8) established
the common occurrence of sub-phytotoxic (58) levels of atrazine in
groundwater. The sites were all located in intensively irrigated
counties adjacent to the Platte River. Where depth to groundwater
ranged from 1-7 m (55), soils tended to be somewhat poorly drained,
grading to sand and g gravel at ca. 0.25-1 m; deeper groundwater sites
had well-drained silty soils that graded to mixed sand and gravel.
Nearly all atrazine levels were <1 ppb and residues tended to be
highest in shallow wells. Because of very high permeability of
subsoil in the river bottomlands and the direction of groundwater
flow (away from the river, ca. 3 m/day), atrazine levels in shallow
groundwater matched those in the Platte River by September (55),
contrasting with the attenuation seen when soils are predominantly
finer textured (54). Secondary aquifers, i.e., groundwaters isolated
by clayey silt layers, contained only trace amounts of atrazine (55).

The peak atrazine concentrations in Nebraska were observed
down-gradient from irrigated fields, at the end of the irrigation
season (55); residue levels diminished with lateral distance (58).
There was some areal and vertical association with nitrate concen-
tration, but no correlation could be drawn with dissolved organic
carbon (of which atrazine would constitute <<1%).

Atrazine-contaminated water seeped from an irrigation tailwater
pit (54). Because residues would be highest early in the growing
season, seepage in late spring-early summer would increase atrazine
residues in groundwater, whereas relative dilution of the already-
contaminated groundwater would occur during the balance of the year.
In this study (54), well water beneath somewhat poorly drained sur-
face soils had Tess atrazine (average, 0.2 ppb) than did wells under
moderate- and well-drained (1.5 ppb) sites. The thickness of the
vadose zone in the three classes was <1.5, 2.4-3.6, and 3.0-7.8 m,
respectively. Poorly drained soils generally had higher OM contents
in the surface horizons. This factor, typically associated with both
greater adsorption and microbial activity, may have limited atrazine
leaching by the direct effect of retardation and the indirect effect
of longer residence time---leading to more complete degradation.

Although atrazine was regularly detected in Nebraska ground-
water, 11 other pesticides were monitored, but not found (56). These
included herbicides 2,4-D, EPTC, and silvex, and insecticides DDT,
DDE, dieldrin, endrin, heptachlor, heptachlor epoxide, lindane, and
methoxychlor. In this study, alachlor was found in 2 of 14 samples,
0.02 and 0.07 ppb; similarly low residues of alachlor were found in 2
of 33 samples in another Nebraska study (55).
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Atrazine leaching was far more limited in conventionally-tilled
silty clay loam and clay loam soils in Pennsylvania (59). These
Typic Hapludults were deep, well-drained soils of moderate permeabil-
ity and high available water capacity. Suction lysimeter measure-
ments showed atrazine leaching to 122 cm, but generally less movement
occurred, in part because dissipation was fairly rapid and the high
evapotranspiration rate in summer minimized downward flow of water.
The greatest leaching occurred at the highest herbicide rates.
Typical soil solution concentrations of atrazine were 10-40 ppb.

Atrazine was shown to leach more readily in irrigated, permeable
Nebraska soils (54-8), but to move much less readily below the plow
layer in finer textured, nonirrigated Pennsylvania soils (59). A
different geological enviromment, the karst-carbonate aquifers of
northeast Iowa, have been recognized as being potentially fragile
with respect to groundwater quality. A recent report (60) documented
leaching of atrazine, alachlor, cyanazine, and metribuzin into
groundwater there.

Four geolog1cal regions were defined in the study area (60), as
described in Table IV. The area characterized by considerable depth
to carbonate bedrock had no contaminated well water. In addition to
their thickness, the overlying soil deposits were said to be of low
permeability, increasing the potential for surface lateral transport
of water and solutes. In the other three regions, 67% of sampled
wells contained pesticide residues, usually atrazine, during at least
part of the year. The highest concentrations, in mid-summer and
early fall, corresponded to leaching after the annual application of
herbicide.

Table IV. Aquifer Characteristics and Herbicide Contamination of
Groundwater in Floyd and Mitchell Counties, Iowa (after 60)

Pesticide residues

Geological Depth to Special Samples: Chem1-
region bedrock features positive/ cals*
(m) total
Deep Bedrock >15 0/12
Shallow <15 Few sinkholes 17/29 At
Bedrock
Karst Very Numerous open 12/23 At, Al,
shallow sinkholes; M

rolling terrain

Incipient 1-3 Numerous incipient 7/20 At, Al,
Karst sinkholes; Cy, M
flat terrain

*At = atrazine; Al = alachlor; Cy = cyanazine; M = metribuzin.
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Significant features of northeastern Iowa and southeastern
Minnesota include the presence of open and incipient sinkholes as
well as large areas where bedrock is exposed or within 1-3 m of the
surface. Sinkholes allow very rapid recharge from surface water and
thus direct introduction of solutes such as pesticides. The Incipent
Sinkhole regions contained hundreds of small, soil-filled depres-
sions; pesticide infiltration must, therefore, occur through the soil
mantle. Water movement through this soil is rapid. Within the
Incipient Karst region, one well showed consistently high residues of
alachlor, cyanazine, and metribuzin. Analyses showed high herbicide
concentration in the soil profile and a very shallow (3-5 m) water
table; probable high herbicide application rates were thought to
contribute to the contamination problem. Libra et al. (60) found
that residues in tile drain water were a good indicator of the
quality of infiltrating water.

Aldicarb. The insecticide/nematicide aldicarb and its mobile degra-
dation products ("aldicarb residues") reportedly have been found in
the groundwaters of 13 states (2). 1In general, aldicarb residues
were highest for wells sampled nearest the field application sites.
The influence of soil differences on the pattern of aldicarb movement
is well illustrated in a recent study (61-2). Potato fields in
northeastern Florida were located on sandy soil underlain at 1-2 m by
an impervious clay layer (61). Residues leached downward, then
laterally, emerging into drainage ditches at concentrations of ca.
1-7 ppb (highest was 190 ppb 49 days after application). Thus, under
restricted percolation, the surficial water was contaminated whereas
the aquifer beneath this clay layer apparently was not.

Investigations in citrus fields elsewhere in Florida (62) were
done in two types of sites: (a) shallow, poorly drained "flatwoods"
soils, and (b) deep, well-drained "ridge" soils. Both had sandy
soils. At site (a), aldicarb residues leached only to 1.25 m in 60
days, presumably a response to restricted drainage, higher ™C, and
slightly higher adsorption in the surface 30 cm (OM content was
greatest in the flatwoods soil). Leaching in the ridge soils was
more extensive, with residues detected to ca. 3 m by 45 days. Sub-
soils [i.e., below 30-45 cm in (a) and 60-90 cm in (b)] showed no
calculated retardation of leaching due to adsorption. -

Soil properties were undoubtedly a major factor in the wide-
spread occurrence of aldicarb residues in Long Island, New York
groundwater. Soils there are sandy and permeable. According to a
report (their reference #39) cited by Cohen et al. (2), "at least
several percent of the aldicarb applied to certain Long Island
fields" has leached to groundwater; generally, pesticide residues
reaching groundwater seem to represent <<{1% of the agronomic dose.
Even under maximum assumed rates of degradation and plant uptake,
modeling of Pacenka and Porter (63) predicted a substantial amount of
aldicarb to leach below the root zone. Such movement is accelerated
by a cold, wet spring, due to the combination of slower breakdown and
greater net water infiltration.

The possibility of aldicarb leaching is recognized by the manu-
facturer's (64) warning on the product label that "...a combination
of permeable and acidic soil conditions, moderate to heavy irrigation
and/or rainfall, use of 20 or more pounds per acre, and soil tempera-
ture below 50°F at application time, tend to reduce degradation and
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promote movement of residues to groundwater.'" Aldicarb's use is

prohibited in Suffolk County, Long Island, New York.

DBCP. During monitoring of California wells in 1979, the nematicide
DBCP was detected in 59 of 119 wells tested (65). Residues in the
San Joaquin Valley exceeded 10 ppb in 11 cases. Among the reasons
for finding DBCP contamination include its long history of use in
California (1960-1977), high required application rates, direct in-
jection into soil or incorporation via irrigation water, and moderate
mobility in laboratory or field leaching tests (66-8). DBCP is
chemically hydrolyzed only very slowly (69); reliable estimates of
half-life from microbial degradation seem to be lacking, perhaps
because of difficulty in distinguishing breakdown from loss by vola-
tilization. One of the major reasons for deep leaching of DBCP in
California is probably that soils in the treated area are typically
very sandy, with low OM content and high percolation (70).

At about the same time that DBCP was discovered in California
water, it was also found in 26 of 93 Arizona well samples (71),
though various short-circuiting mechanisms were then considered as
alternative routes besides normal percolation through the soil
profile. DBCP was absent in 282 samples (mostly groundwater) from
Florida, Georgia, and South Carolina (72). A slightly smaller survey
in South Carolina showed DBCP to occur in ca. 37% of surface waters
from a high-use area; >1 ppb DBCP was found in 10% of well waters
(73). 1t was not detected in areas where little or no application
had been made. A followup study suggested that the groundwater
contamination was due to a single point source (74). In general, the
monitoring studies in the southeastern U.S. seemed to indicate that
DBCP had not become a serious contamination problem there.

Cont inued monitoring in California showed that DBCP was present
in soils of the San Joaquin Valley at depths to 15 m (75), but more
recent cores collected 5 years following termination of DBCP's use in
vineyards did not contain the nematicide (70). In the second case,
sampling was to groundwater (7.5 and 10 m). Both soils were highly
permeable, and the shallower groundwater had contained DBCP, so
leaching may have contributed significantly to the chemical's loss.

A California groundwater survey in 1982 showed no pesticides (i.e.,
DBCP, EDB, carbofuran, or simazine) in the Santa Maria or Salinas
Valley groundwater basins (76). DBCP was present in 6 of 23 wells in
the Upper Santa Ana basin (0.1-8 ppb), and in 21 of 166 wells in the
San Joaquin basin (0.1-10 ppb). The authors were unable to correlate
well characteristics with DBCP concentration in water. Simazine was
also found in 5 wells, carbofuran in 1 well, and EDB in 2 wells.

A recent field experiment was reported (77) in which DBCP was
chisel-injected into fallow plots, in Georgia, at normal and 3X
normal rates. Under accelerated irrigation, traces of DBCP had
leached to at least 12 m by 8 months, though at normal rates of
pesticide and water, leaching below 4 m in 6 months probably had not
occurred. The pesticide was present in perched groundwater and there
was evidence, due to the existence of restricting clay layers, that
lateral movement into control plot subsoil was important.
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Summary

The major emphasis of this discussion centered on the importance
of surface and subsurface soil characteristics in influencing deep
pesticide leaching. Some factors, such as the depth to groundwater
and the amount of incipient rainfall or irrigation, are clearly
important factors that do affect the probability of pesticide resi-
dues reaching groundwater. Similarly, properties of the pesticide
itself (especially its inherent mobility and chemical/biological
stability) correlate closely with pollution potential, but their
evaluation is outside the scope of this review.

We attempted to select, from many soil properties, those charac-
teristics best linked to pesticide transport. Two approaches were
used: (a) sensitivity analyses of several properties through the use
of a one-dimensional convection-dispersion transport model and
(b) qualitative review of laboratory and field studies. The model
was thus intended to screen soils with respect to their potential for
permitting leaching. A moderately mobile, nonvolatile pesticide
(atrazine) was tested in the deterministic model.

The hierarchy of soil characteristics affecting leaching, taking
into consideration their typical field variation, was bulk density <
soil organic matter < hydraulic conductivity. Lab and field results
support particularly the last two factors, although hydraulic conduc-
tivity is usually only inferred based on soil texture (i.e., more
leaching in coarse-textured, permeable soils). The importance of
macropore flow was recognized as a potentially important route for
pesticide migration deep into the vadose zone. It is not easily
quantified, however, and so does not seem to be amenable for consid-
eration in screening models. On a local scale, soil surface and
subsurface special characteristics should be incorporated--at least
qualitatively--into prediction of pesticide movement.

APPENDIX
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A statistical approach, often called Monte Carlo simu-
lation, has been used to examine propagation of error

and to better characterize the uncertainty associated
with measurement of several parameters important in
predicting envirommental transport of chemicals. These
parameters are vapor pressure, water solubility, octanol-
water partition coefficient, and "volatilization from
water” (based on the ratio of laboratory-measured vola-
tilization rate constant to oxygen reaeration rate
constant for a specific system). Column chromatographic
and high pressure liquid chromatographic (HPLC) methods
are replacing more traditional equilibrium methods

(e.g. shake flask, isoteniscope) for measuring the

first three parameters, The newer methods tend to under-
predict aqueous solubility and vapor pressure and
overpredict octanol-water partition coefficient, although
deviations for both the equilibrium and dynamic systems
are similar. Measurement error proves not to be normally
distributed, with differing bias for each parameter.

For "volatilization from water”, determinations of the
ratio of rate constants for compounds whose Henry's Law
constant equals or exceeds 1,000 torr/mole/liter typi-
cally report 95% percent confidence limits equal to 5

to 10 percent of the ratio. Analysis of a ragression
approach often used to determine the ratlo suggests
underestimation of both the ratio and its variance.

Monte Carlo simulation did not confirm underestimation

of the ratio but suggests variances may be underestimated
by a factor of 2.3, Using this statistical approach in
other cases might allow an investigator to choose levels
of a parameter (e.g. a drinking water standard) knowing the
uncertainty associated with the choice, or the converse.
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The purpose of this study is to illustrate a statistical approach
for determining overall uncertainty in a parameter calculated
from more than one input, when distribution of error for the
inputs can be estimated. The approach incorporates this infor-
mation into a concise statement of overall uncertainty. In
particular, it permits determining the probability of exceeding

a specific level. The results thea are compared with error
estimates for specific experimental procedures in the literature.

This approach seems applicable to broader investigations
than are explored here, such as predicting environmental trans-
port and fate of chemicals where properties of various compounds
are used in models. Even more generally, it might be applied
to exposure assessment where, usually, too few data are available
to characterize distributions of exposure to particular chemicals.

General approaches for expressing uncertainty most evident
in the literature may be viewed as various forms of "propagation
of error.” Variants range from "sensitivity analysis” where the
effects of individual input variables are examined by holding
all other variables at midrange while the one under study is
varied from minimum to maximum, to the use of fixed formulae
derived for various mathematical relationships in specifying
absolute maxima and minima for outputs. None of these methods
can supply a probability of occurrence for a given value within
the range of possible error.

What appears to be yet another variant, a statistical
approach often called Monte Carlo simulation, recently has been
demonstrated to apply by Walentowicz and Falco if the distribu-
tion of values for each input variable is known or can be
approximated (1). Thereafter, this information can be manipu-
lated to yield a distribution of outputs expressing probability
of occurrence for any given value. Also, a recent study by
Whitmore (2) develops the concepts of Walentowicz and Falco and
offers conclusions on the form of final limiting distributions
(e.g., simulated outputs for product functions approach log
normal) if specific mathematical conditions are met. The precise
degree to which the conditions must be fulfilled for the tech-
nique to yield a useful result in the present application have
not yet been fully explored.

While the examples considered here are experimental
determination of (1) water solubility, (2) octanol-water parti-
tion coefficient, (3) vapor pressure, and (4) volatilization
from water, the resulting distributions presumably then could
become inputs to larger problems such as determining media-
specific environmental concentration, in turn expressed as a
well-characterized distribution.

Simulation of Method Error

The process used for determining a distribution of aqueous
solubility values involves assuming a "true” solubility value
equal to 1.00 arbitrary units, assigning an error distribution
for each recognized error source, and calculating the effect on
true value of the several sources of error. After assigning

EVALUATION OF PESTICIDES IN GROUND WATER
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the "true"” value, random numbers generated by computer program
were used to pick input values within the solubility range of
concern. The corresponding error was then calculated for the
source first affecting the solubility determination. The
resulting discrete error was added to or subtracted from the
true value and the resultant used as input to the distribution
for the second-occurring error source. Contributions from
sources operating simultaneously, rather than sequentially,
were calculated and summed simultaneously. This process is
repeated to include all recognized sources and results in a
single solubility value corresponding to the single random
number originally chosen.

The process of choosing a random number and calculation of
cascading error is repeated 10,000 times, generating a distribu-
tion of solubility values relative to the "true"” value which can
be characterized mathematically, plotted, and used to furnish
the likelihood or probability of any particular solubility value
in the range being exceeded. Essentially the same steps were
followed in simulations for other parameters investigated, even
for those on vapor pressure, where effects of temperature varia-
tion are compound-specific.

The calculation procedures used are available in software
of the Statistical Analysis System (SAS), version 82-3. Central
processing unit time per output distribution on a main frame
computer (IBM Model 3280) was around 20 seconds and cost per
output distribution was less than 36.

Distributions generated by the process described above
may not be easy to label as "normal” or "skewed log-normal”,
for example, but in general (for Pearson distributions) they
are completely characterized by specifying the first four
statistical moments, i.e. mean, variance, skew, and kurtosis (3).
Consequently, rather than supplying less quantitative labels,
these moments are provided for all output distributions which
follow. Comparisons with experimental results in the text are
limited to discussion of the mean and the square root of variance
or standard deviation, because few experiments (and none located
in this study) are repeated often enough to generate data sets
allowing meaningful calculation of third and fourth moments.

"Beta functions" have been used to represent several sources
of error. The beta function is extremely flexible in the sense
that it can assume a great variety of shapes depending on values
chosen for exponents, as seen in Figure 1, and seems particularly
useful in representing negative bias.

Experimental Methods for Solubility Determination

Solubility data for organic compounds in water are obtained
readily for highly soluble materials, but for sparingly soluble
compounds measurements can be difficult due to potential losses
to air or to the container walls, long equilibration times,
need for extreme purity in starting materials, and possibly
unanticipated minor reactions in solution. As a result, errors
of an order of magnitude for some compounds have been reported
by MacKay et al. (4).
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For slightly soluble compounds, two methods dominate the
current literature, the shake-flask method, and the generator
column method. 1In the shake-flask (or stir-flask) method, a
known amount of solute exceeding the anticipated solubility limit
is added to a measured water sample in a sealed container. This
mixture is shaken or stirred thoroughly and then allowed to sit
for eight hours to several days to ensure that solute-solvent
equilibrium is attained. The mixture is then filtered or centri-
fuged to remove suspended particles, and the solution concentra-
tion is determined using customary chromatographic or spectrasco-
pic techniques. Changing range within a method may affect error.

The column generator (and related HPLC) method of deter-
mining aqueous solubility has become the predominant method in
the literature over the past 5 years. In this method, a column
is packed with an inert solid support which provides a high
surface area for the solute to insure quick equilibration between
it and the aqueous phase. After the support is impregnated with
the solute of interest and excess solute has been displaced, the
column is brought to the desired temperature and the aqueous
concentration is determined as a function of flow rate. The
equilibrium concentration corresponds to the highest eluting
flow rate where solute concentration remains flow-independent.

Sources of Error in Solubility Determination

The shake-flask method for determining solubility has four major
sources of determinate error associated with it. In the first
category are losses from adsorption of the solute on the flask
walls or to evaporation. This quantity is somewhat dependent on
the vapor pressure of the solute in question, but if the quantity
of solution used is fairly large (i.e., 250 ml), these losses may
represent a maximum of 5 percent of the total solute. A beta
distribution was chosen for this error source. The presence of
undissolved solute suspended in the water phase may cause a
sample to register anomalously high solubility. Centrifuging or
filtering reduces this contribution, although the problem may
persist for more neutrally bouyant solutes. This error is repre-
sented by an exponential distribution with the very low standard
deviation expected if the technique described by Karickhoff and
Brown (5) is properly followed (+2 percent with 95-percent con-
fidence).

The third source arises from the extraction efficiency for
the removal of solute from water, a technique common to most
methods. Peters (6), has shown this to introduce another nega-
tive bias within 8 percent; therefore a beta distribution with a
95-percent confidence level of -8 percent was selected. Finally,
the accuracy of the detection method was modeled by a normal
distribution with a 95-percent confidence level of +2 percent as
recommended by Mallon and Harrison (7).

Note that the error introduced by each step is based upon
the exit concentration of solute from the previous step and,
therefore, is multiplicative in nature. In line with the
conclusions of Whitmore (2), the resulting output distribution
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might then be expected to approximate log-normality. However,
the results of the computer simulation of error for aqueous
solubility by the shake-flask method shown in Figure 2 clearly
exhibit a negative bias. This bias was introduced by potential
losses and by extraction efficiency, although the standard devia-
tion of 3.9 percent compares quite favorably to that cited by
several researchers. The mean simulated value underestimates
the true value by slightly over 2 percent.

The column method also has several steps which may result
in a negative bias on measured aqueous solubility. The lack of
water-solute equilibrium in the generator column itself may
produce an outlet concentration lower than the "true" solubility
according to Stolzenburg and Andren (§). This result also has
been modeled with a beta distribution (95-percent confidence
level of -3 percent).

The efficiencies for adsorption and extraction steps again
are estimated to be similar to those suggested by Peters (6),
therefore, the same beta distributions as before are employed.
However, note that for the column generator, two-step organic
removal typically is used. Finally, one may ascribe the same
detection limits as those obtained for the shake-flask method.

The column method results (Figure 3) exhibit a mean
simulated value 7 percent under the true value, or 5 percent
less than that obtained simulating the shake-flask method. The
difference may be attributed to the additional extraction step
and solute-equilibration step in the column method. The tendency
of this method to underpredict reaffirms the need for calibration
of the column system via shake-flask standards prior to use,
although the predicted standard deviation of 4 percent is quite
good.

Methods and Error in Octanol-Water Partition Coefficient
Determinations

The octanol-water—partition coefficient (Kow) is the most fre-
quently cited measure of environmental partitioning behavior.
Partition coefficients traditionally have been determined by
some variation on the shake-flask method, however, over the past
several years high-pressure liquid chromatography has been shown
to measure octanol-water partition coefficients accurately over a
wide range of values with greater ease.

Since the column/HPLC and shake-flask methods are also the
main source of solubility values, the evaluation of error for
Kow 1s very similar. Loss of solute to walls or the atmosphere
are still of concern, as are the extraction efficiencies for
solute removal from water. Equilibration of each of the three
phases involved (instead of two for solubility) is of concern.

The shake-flask method for K, differs from the solubility
determination only in the measurement of solute concentration in
the octanol phase. Since this typically involves standard chro-
matographic or spectroscopic techniques, error again was assumed
to be normally distributed about the true concentration
with a 95-percent confidence level of +2 percent.
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Figure 1. Beta density functions. Reproduced with permission
from Ref. 20. Copyright 1970, Houghton Mifflin Co..
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Figure 2. Distribution of simulated aqueous solubility from the
shake-flask method (true value = 1.00).
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Examination of Figure 4 illustrates the tendency of this
technique to slightly overpredict Kyye. The mean value observed
exceeds the true value by 2.3 percent. The standard deviation
of 10 percent is somewhat in excess of the 6.1 percent given by
Unger et al. (9) and the 8 percent given by Bowman and Sans (10).

The column method for determining Kow involves the equili-
bration of a solute from a stationary phase (in this case a
simulated octanol phase) into an aqueous phase {or methanol-water
phase). The solute is then extracted from water and analyzed
using an appropriate detector.

Comparison of the column method K,, results with the results
given by the column method for solubility in Figure 3 shows the
shape of the distributions to be virtually identical with standard
deviations being 4.0 percent for solubility and 4.2 percent for
Koywe This corresponds to the similarities noted by DeVoe et
al., (11). The column method, however, differs from the shake-
flask by 9.2 percent in the case of K., (versus 5 percent for
solubility). Woodburn et al. (12) quote a difference of 10
percent between techniques. As indicated by comparing standard
deviations, the column method seems as reproducible as the shake-
flask method, but accurate calibration is even more necessary to
prevent underprediction than was the case for column method for
solubility.

Methods for Vapor Pressure Determination

Methods used to determine the vapor pressure of pure compounds are
usually divided into two groups based on pressurs ranges to which
they apply: (1) between 1.0 and 760 torr, and (2) below 1.0 torr.

Manometric Methods. Direct manometry methods such as the isoten-
iscope method are most often used for the pressure range of 1.0
to 760 torr. The method for the isoteniscope is described in
detail in ASTM Method D-2879-70 (13). Figure 5 shows a schematic
of the isoteniscope. The sample bulb and short leg of the mano-
meter are filled with the liquid of interest and isoteniscope is
attached to a vacuum source. Dissolved gases are removed from
the liquid by reducing the system pressure to approximately 1
torr and carefully warming the liquid to its boiling point. The
resulting vapor is used to force a small amount of the liquid
into the manometer section which traps some vapor between the
manometer and bulb. The entire device is placed in a constant
temperature bath until equilibrium between liquid and vapor is
achieved. Nitrogen is added to the side of the manometer opposite
to the sample bulb, until both 1liquid legs in the manometer
section are equal. At that point, the nitrogen pressure is
determined and recorded. A McLeod gauge usually is used between
15 and 760 torr. This procedure typically is replicated for
temperature increments of 25°C until a system pressure of 760
torr is obtained.

The data obtained in this manner are plotted in terms of
the Antoine equation, which relates the natural logarithm of
pressure to the reciprocal of absolute temperature:
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Figure 3. Distribution of simulated aqueous solubility from the
column method (true value = 1.00).
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Figure 4. Distribution of simulated octanol-water partition
coefficient from the shake-flask method (true value = 1.00).
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B

In Pyapor = A + (T + C) ¢))

where A, B, and C are constants for a given compound. (For this

study, rounded "true values" were assumed for vapor pressure, as

noted in the text and figures which follow, rather than inserting
specific values of A, B, and C for each compound.)

The isoteniscope measurement contains three major sources of
error. Two of these sources are independent of pressure. The
mercury manometer accuracy of +1 torr is set as a standard normal
distribution about the "true" pressure. The question of sample
purity is addressed in the ASTM methodology, with a maximum
upward bias of 1 torr on the vapor pressure assured by using this
technique. A log-normal distribution with a mean to 0.l torr is
chosen as the representative model based upon suggestions by
Osbora and Scott (14). Since these errors are simultaneous in
nature and independent of sample pressure, they are taken to be
additive.

To determine the overall effect on pressure error of normally
distributed variation in temperature, the Antoine equation must
be employed. Thus, the pressure error is a function of the
compound of interest. To focus on typical situations, three
compounds representative of the range of application of the
isoteniscope were used. These were: benzene with a relatively

high vapor pressure ("true value” = 95 torr at 25°C); toluene for
a medium vapor pressure ("true value"” = 28 torr at 25°C); and
chlorobenzene for a low vapor pressure ("true value” = 12 torr at
25°C).

The results of isoteniscope simulations show a slight over-
prediction for all three compounds with a skewed distribution in
each case (Figures 6, 7, and 8). Predictably, the lower the vapor
pressure, the larger the relative standard deviation. On the
other hand, the absolute standard deviation is relatively un-
changed over the range of vapor pressures examined, varying
between about 9.72 and 0.77 torr for the extreme cases. The
maximum skewedness of the distribution is found for toluene, the
medium-vapor pressure case. The standard deviation of 2.7 percent
found for toluene corresponds quite well to the 3 percent error
estimate made by MacKay et al. (4). The 6 percent standard
deviation for the chlorobenzene case shows it to be at the
lower end of the range recommended for reliable measurement.
Figure 9 summarizes the isoteniscope simulations, indicating a
small tendency of the method to overpredict in the overall
pressure range for the three compounds considered.

Gas Saturation Method. For vapor pressures less than 1 torr, a
Zas saturation method is most often employed. The effusion
method or Knudsen method also has been used in this pressure
range, but it has proved quite imprecise (15).

The gas saturation method relies upon measurement of vapor
loss rates from surfaces for a known volume of gas passed over
the surface. While there are several variations on the technique,
including ones using HPLC, the one described by Spencer et al.
(15) is typical. Dry nitrogen is passed through a quartz sand

American Chemical Society
Library
1155 16th St., N.W.
Washington, D.C. 20036
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Figure 5. Schematic of an isoteniscope. Reproduced with
permission from Ref. 13. Copyright 1974, American Society for
Testing and Materials.
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Figure 6. Distribution of simulated vapor pressure for benzene

using the isoteniscope (''true value" = 95.0 mm Hg).
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Figure 7. Distribution of simulated vapor pressure for toluene

using the isoteniscope ('"true value" = 28.0 mm Hg).
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Figure 8. Distribution of simulated vapor pressure for
chlorobenzene using the isoteniscope (''true value" = 12.0 mm Hg).
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Figure 9. Distribution of relative error for the three vapor
pressure simulations (true value = 0.00).
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(or other support material) that has been saturated previously
with the compound of interest. The vapor that is evolved from
this column is trapped on a appropriate sorbent material, which

is subsequently extracted and concentrated with a hexane/acetone
solution. The concentration of the sample compound in the extract
may then be determined using gas chromatography or other detection
methods. The vapor phase concentration at equilibrium conditions
may be calculated based upon the volume of carrier gas that is
used to collect a measured amount of solute in the extract.

This procedure is repeated for 10°C temperature increments, and
the data are plotted as 1ln Pvapor versus reciprocal absolute
temperature (Antoine equation).

The gas saturation method obviously suffers from errors of
a different nature than the isoteniscope method. Vapor lost to
surfaces within the measurement system and low vapor-trapping
efficiency may lead to significant errors for low vapor pressure
compounds. Spencer et al. (15) found vapor capture efficiencies
as low as 90 percent, while Wasik, et al. (16) arrived at a
95-percent confidence level of +9 percent. Thomas and Sieber (17)
reportedly obtained an error of +1 to 3 percent using a column-gas
saturator. Spencer noted, however, that for some very low vapor
pressure compounds, up to an order of magnitude variation has
been reported.

For the gas saturation method, the error sources and their
approximate values are very similar to previous column techniques.
[At 95% confidence, temperature control = +0.05°K (normal), lack
of vapor-liquid equilibrium = -5% (beta), trapping efficiency =
-8% (beta), extraction efficiency = -8% (beta), gas chromatographic
measurement = +27% (normal).] Consequently, the error distribution
for all three column methods should be approximately the same.
This means a general underprediction of vapor pressure as shown
in Figure 3.

Effusion Method. The effusion or Knudsen cell method is
much less reliable than the gas saturation method. The measure-
ment is based upon weighing a pure sample before and after
diffusion of vapor from the sample through an apperture of known
cross section into a high vacuum system. Weight loss per unit
time then is used to calculate vapor pressure. Unfortunately,
the weight loss is the small difference between two relatively
large numbers and also proves to be highly dependent on effusion
times used, temperature control, and sample purity. Although
effusion method data have been reported for materials with vapor
pressures as low as 5 x 1076 torr, DePablo (18) reported up to
+0.3 torr error at measurements of 1 torr (or 30-percent error
with 95-percent confidence). Consequently, detailed statistical
analysis was not considered worthwhile.

Volatilization from Water

Volatilization from water, the transport of a chemical in solution
in a water body to the atmosphere, is believed to be the principal
aquatic fate of low molecular weight, nonpolar compounds that
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are not otherwise rapidly degraded or traansformed (19). The
estimation of compound volatilization from a natural water body
can be made on the basis of laboratory-measured rate constants,
with extrapolation to estimate the activity in the natural en-
vironment typically performed in subsequent calculations. For
compounds of differing levels of volatility, the rate constants
that are required for extrapolation differ. Selection of the
appropriate rate constant may be made using results of screening
tests.

Test protocols are available for high, medium, and low
volatility compounds. However, only the high volatility compound
protocol has undergone more than preliminary validation studies.
The categorization of compounds into high, medium, and low vola-
tility classes is accomplished by performance of a screening
test protocol on the selected compound. Th2 principal reference
for the test protocol description and background information is
a report prepared by SRI International under contract to the
U.S. Environmental Protection Agency by Mill, et al. (19).

The recommended error estimation methods for high volatility
compounds from the reference are reviewed in this section of the
report after describing the test protocol procedures. A Monte
Carlo simulation of experimental results was then performed
followed by statistical analyses to determine the distribution
and amount of error associated with estimation of volatilization
from water for a high volatility compound.

Description of Procedures —— Screening Test. Because the experi-
mental protocols are of recent origin and the reference is not
readily available to many readers, they are described here in
some detail. The initial step in the SRI procedure is to classify
the compound as low, medium, or high volatility and to identfy
those compounds with a volatilization half-life of less than 3
months. The following physical property data are necessary to
perform the screening test: (1) melting point, (2) Henry's Law
constant, or (3) water solubility and vapor pressure at 20°C,

and (4) heat of fusion, if the chemical is solid at 20°C

and the vapor pressure data used to calculate the Henry's

Law constant are for a liquid. The compounds are classified by
calculating the Henry's law constant, H.. The following class-
ification scheme applies:

High volatility: H. >1,000 torr/mole/liter
Intermediate volatility: 10 <H. <1,000 torr/mole/liter
Low volatility: H, <10 torr/mole/liter

The detailed test protocols are recommended for those compounds
falling in the class of high or intermediate volatility. For
low volatility compounds, the detailed test protocol is recom-
mended if the screening study suggests that other processes,
such as photolysis and biodegradation, are slow.

High Volatility Compounds Protocol. The estimated rate constant

of volatilization in the natural environment, (ch)env’ is
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based on the laboratory-measured ratio of volatilization rate
constant to the oxygen reaeration rate constant (KVC/Kv )1ab
by the equation:

c c o o
(Rydenv = (Ky/Kyd1ap (Kydeny (2)

The environmental oxygen reaeration rate constants (K, °) v
are available for representative bodies of water in Mill, et al.
(19). The detailed test protocol provides the procedures for
estimating (Kv /Igl )

Measurements are performed in a 2-liter beaker with two
tubing connections at the bottom, a constant-speed stirring
motor with propeller to stir the solutions, and a recicculating
pump that draws solution out of the beaker past a dissolved
oxygen analyzer membrane and returns it to the beaker. The
initial measurments determine the relationship between KVO and
stirring rate in the beaker without any of the compound present
in the distilled water. After establishing the stirring rate to
Kv° relationship, stock solution on the test compound is added
to the distilled water, and the determination of (KVC/K O)lab
is begun.

Each experimental run is performed at a constant stirring
speed. Oxygen content in the solution is monitored and the
content recorded periodically. Aliquots of the solution are
withdrawn from the beaker periodically, and the concentration of
compound in the aliquot is measured. For each experimental run
at a stirring speed, at least 10 measurements of concentration of
compound must be made, and at least 15 observations of oxygen
concentration must be made before the run is completed.
Additional experimental runs are required so that data are ob-
tained at no less than six stirring rates, producing a wide
range of K © values.

The volatilization rate of the chemical compound is given
by the equation,

Ry = d[C] = -Ky [C]; 3)

where ch is the volatilization rate constant and [C]t is the
concentration of the chemical compound in solution at time t.
The oxygen reaeration rate of the solution is given by the
equation,

Ry = d[0y] = =Ky ([05]g - [0]¢) (%)
at

where Kv° is the oxygen reaeration rate constant, [0 ] is the
dissolved oxygen concentration of the solution at saturatlon,
and [0], is the dissolved oxygen concentration in solution at
time t.
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Error Analysis —- High Volatility Compounds. The test protocol
requires measurements of both dissolved oxygen and chemical
compound as a function of time. Equations 2 and 3, when inte-
grated, show the linear relationship between 1n[C] and time t
for the chemical compound, and 1n ([05]g - [05]) and time t for
dissolved oxygen content. The respective slopes for each line
are ¢ and Kv°, the rate constants. Potential sources of
error in this protocol are the individual dissolved oxygen and
chemical compound concentration measurements.

The estimated volatilization rate constant K_©, is related
to the measured concentration and time by the folYowing regression
equation:

c
Ky = |nZtlnC-It ZlnC —] (5)

nit2-(zt)?

where n is the number of concentration measurements. At time
t = 0, the intercept C, can be calculated from the following
equation:

c
In C, = 1/n (Z1nC - Ky It) (6)

No information presented in the reference document suggests
typical values for errors associated with the concentration
measurements, or the type of statistical distribution that might
represent these errors. The document does suggest that the
preferred measurement of error is a 95-percent confidence limit
based on the t-statistic, implying that the error distribution
is normal in appearance. The equation presented to compute the
95-percent confidence 1limit was incorrect in the reference. The
following equation is the correct form:

e /2
2
\ Z(1nC)“ - 1nC,ZlnC - K,I(1nC)(t)

CL (95%) = tn-2,0.05
L (n-2) [12t? - (2t)%/n] (€))
where ty_p 0,05 is the two-tailed t- statistlc for n-2 degrees
of freedom. The confidence interval on Kv is as follows:
c c c
Ky = CL < Ky < K; + CL
The estimated oxygen reaeration rate constant is related to

the dissolved oxygen concentration measurements and time by the
following regression equations:
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nZ(t) [1n (Cg - C)] - It Zln (Cg - C)
(o]

- (8)
A nit? - (It)?

where Cg and C are substituted for [0p]g and [03]¢ in Equation 3.
Similarity between Equations 4 and 7 is readily apparent. The
equation for the intercept C, is:

1n(Cg - Co) = 1/n [Eln (Cg - C) - Ky Zt] (9

also similar to Equation 5. As in the case of ch, there is no
information in the reference text regarding typical error values
for measurements of dissolved oxygen concentration or the type

of statistical distribution representative of those errors. An
equation is presented to calculate a 95-percent confidence limit

using the t-statistic, thus making the assumption of near normally

distributed errors apparent. The text listed an incorrect form
of the equation; the correct form is as follows:

CL(95%) = tn-2,0.05

2 ° 1/2
‘E[ln(CS-C)] -1n(Cg-C,) I1n(C,~C)-K,I(t) [1n(C4~C) ’
X

L- (n=2) [Zt2 - (zt)2/n] —J (10)

As in the case of Equation 6, t is the two—tailed t-statistic

with n-2 degrees of freedom.

Given at lease six values of ch and Kv° obtained over a
range of stirring rates, the ratio of (K_%/K _°) can be obtained
by plotting the data points and fitting a linear least squares
line through the data points forced through the origin. The
equation for this regression line is given as:

o C
E(R) £ (Ko
KGR = i
o 2 (11)
E(Kv)j

where the subscript j refers to the jth measurement (stirring
rate) of ch and Kvo. The quotient (ch/Kvo) is also

assumed to be t-distributed in the reference. The equation for
the 95-percent confidence level is given as:
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c 2 o o [¢) c 1/2
L(Ry)j = (Ky/Rg)E(Ky)y (Ky)j

CL (95%) = ty-1, 0.05 0 2
(n—l) Z(K‘V)j

The reference indicates that the 95-percent confidence limit on
the average of (KVC/Kvo) for high volatility compounds is
about 5 to 10 percent of the magnitude of (K,°/K,%).

(12)

Simulation of Experimental Results and Error Estimation. An
analysis of implied normality of error associated with measure-
ments of K © and K © is not possible because of the lack of
experimental data. However, even if the normality of error in
measuring ch and Kv° is assumed, it is not ncessarily true that
the estimated ratio of the two rate constants, (KVC/KVO), will
have normally distributed errors as is assumed in the reference
text. Further, the use of the linear regression approach to
determine (ch/K ©) may tend to underestimate (K c/Kv°)

because the errors in determining K ° are taken Ynto account.
Likewise, the variance of (KVC/KVO) may be underestimated

for the same reason.

To examine the reasonableness of the assumed near normality
for (KVC/KVO) and the potential for the underestimation of
the slope and its variance, Monte Carlo simulations were performed.
For the simulations, a true mean value of (KVC/K ©) was selected
as 0.71. The selection was based on an actually measured value
of (KVC/KVO) for 1,1-dichloroethane over a range of K_ values of
0.3 to 12,0 hr-l (19). Using this ratio and six assumed values
of Kv0 corresponding to varied stirring rates) within the
recommended experimental range of 1 to 15 hr™!, a set of six
corres ponding K¥c were calculated. These mean values are
shown in Table 1.

For the first simulation, it was assumed that the relative
accuracy of determining K_© and K _© was such that 95 percent
of the measured values would fall within the range of +5 percent
of their true mean values, listed in Table I. It was also assumed
that the measured value errors were t-distributed, thus allowing
computation of standard deviations also shown in Table I. For
the second simulation, it was assumed that 95 percent of the
measured Kv° and ch would fall within the range of +10 percent
using the same mean K _° and € as assumed for the first
simulation. The resultant standard deviations are also shown in
Table I.

After completing the computation of the mean KV° and ch and
standard deviations, a random number generator was used to develop
1,000 normally distributed values of each Kv0 and K_©, having
the listed standard deviations. Verification of the normality
of the randomly generated number sets was done by a Chi-square
test on each number set.

The next steps were to compute the ratio of (KVC/KVO)
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Table I. Simulation Mean and Standard Deviations?

Simulation 1 Simulation 2
Run No. Mean Value Standard Deviation Standard Deviation
[

Ky 1 2.5 0.0486 0.0972

2 4.0 0.0778 0.1556

3 6.0 0.1167 0.2334

4 8.3 0.1615 0.3229

5 10.6 0.2062 0.4123

6 13.1 0.2548 0.5095
Ks 1 1.78 0.0345 0.0690

2 2.84 0.0552 0.1105

3 4,26 0.0828 0.1657

4 5.89 0.1146 0.2292

5 7.53 0.1464 0.2927

6 9.30 0.1809 0.3618

8A total of 1,000 values were used in each simula

tion.

corresponding to each of the six values of Kv° (six stirring

speeds) and to compute (KVC/KVO) from Equation 11

for each

of the 1,000 trials. The standard deviation corresponding to

each of the 1,000 estimated (K _¢/K_°) were comput
the bracketed portion of Equation YZ. The result
computations are summarized in Table II for both

Table II. Simulation Test Results

ed using
s of these
simulations.

Parameter Simulation 1 Simulation 2
c o
Ky /Ky mean 0.7098 0.7107
Low value 0.6779 0.6380
High value 0.7472 0.7766
Standard deviation 0.0104 0.0208
of mean value
Average standard 0.00693 0.01359
deviation of individual
slopes
Other properties of
distribution
Coefficient of skewness 0.9551 0.03318
Kurtosis -94,8748 4.6605
Chi-square sum 11.44 2,02
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The estimated average values of (K ®/K_°) were in good agree-
ment with the true value, 0.71 (0.7098 and 0.7107 for the +5
percent and +10 percent simulations, respectively). Chi-square
tests performed on both distributions of (KVC/K %) did not
reject the hypotheses of normality at the 0.05 Yevel of signifi-
cance. Therefore, for the two simulations performed, the assump-
tion of normality for the error distribution associated with
(KVC/K ©) seems reasomnable.

The question of whether the variance of ( c/Kvo) is under-
estimated by using the regression procedure of Equation 11 was
studied in the following way. For each of the 1,000 estimated
slopes, (ch/Kvo) the 95-percent confidence interval was
calculated using Equation 12. If Equation 12 is a satisfactory
estimator for the 95-percent confidence interval, then about 95
percent of the computed confidence intervals should contain the
true slope, 0.71. When these calculations were performed on the
simulation generated distributions of (KVC/KVO), only about
86 percent of the supposed 95 percent confidence intervals in
each simulation contained the true slope, 0.71. Because the
simulation generated estimates of average ( c/Kvo) were So near
the true value of 0.71, it is presumed that the principal reason
fewer confidence intervals contained 0.71 than expected is that
the variance is underestimated by Equation 12,

As a potential means for correcting for the underestimated
variance, the following computations were made. In computing
the 95-percent confidence interval, the standard deviation of
the individual (ch/Kvo) in the simulations were multiplied
by S a/Siév where S,, is the overall standard deviation of
1,005 ( /K. %) in each simulation and S av is the average of
the standard deviations computed for eacg o% the 1,000 individual
(KVC/KVO). When this correction was applied to computed
confidence intervals in both simulations, about 96 percent of
the 95-percent confidence intervals contained the true slope of
0.71. When applied to the standard deviation of individual
(K ¢/K_°) this correction factor had a value of about 1.5
for both simulations. This suggests that the bracketed portion
of Equation 12 may underestimate the variance of (XK_¢/K ©)
by as much as a factor of 2.3 (i.e., standard deviation by a
factor of 1.5).

Conclusions

Column and high performance liquid chromatography (HPLC) methods
for measurement of solubility, octanol-water partition coefficient,
and vapor pressure which are replacing the older equilibrium
methods tend to underestimate aqueous solubility and vapor pres-
sure and tend to overestimate the octanol-water partition coeffi-
cient. The standard deviation for both the equilibrium and
dynamic systems are similar, but calibration between systems is
necessary to insure that they agree. The range of errors for
both types of measurement as mentioned in the literature are

well within the range predicted by the computer-simulated error
distributions generated in this report. The measurement error
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distributions that were determined are not normally distributed
and show a definite bias for each measured parameter.

The precise number of simulations needed to provide adequate
"resolution” for the output distributions was not explored as
part of the current study but seems likely to be a simple function
of the number of subdividions for the range of output parameter
being examined and also should depend, not so simply, on the
aumber and resolution of input distributions, as well as on the
probability requirements of the output (i.e., less resolution
needed to assure a discrete value, "a", will be exceeded in only
1 out of 10 cases than is needed for only 1 out of 100 cases).

For volatilization from water, the measurement method error
associated with determination of the ratio of rate constants,
KVC/KVO, is typically reported in terms of 95-percent confidence
limits on the average value. For high volatility compounds, the
95-percent confidence limits are reported to be 5 to 10 percent
of the magnitude of (X _©/K °). The regression approach typically
used to determine (K /K °Y and the specification of confidence
limits based on the t-distribution imply that the error distribu-
tions are assumed to be normal. However, even if the errors of
ch and KVO estimates are each normally distributed, the
error distribution associated with the quotient of the two is
not necessarily normally distributed. The regression approach
assumed may produce an estimated value of (K c/Kvo) lower than the
true value and underestimate the variance. Monte Carlo simulation
of the regressioa approach did not confirm underestimation of
(K _%/K_°); however, the variances appeared to be underestimated
by a factor of 2.3.

Acknowledgments

The authors wish to express their gratitude to Dr. James W. Falco
for the initial suggestion that a stochastic approach might be
applicable to uncertainty considerations and also thank Mr.
Richard Walentowicz for helpful discussion of Reference 1.

Literature Cited

1. Walentowicz, R.; Falco, J.W. "Stochastic Processes Applied
to Risk Analysis of TCDD Contaminated Soil: A Case Study",
Unpublished Report, 1984; Exposure Assessment Group, ORD,
US EPA, Washington, DC  20460.

2. Whitmore, R.W. "Methodology for Characterization of
Uncertainty in Exposure Assessments”, 1985; EPA 600/8-85/009,
NTIS No. PB85-240445, p. 26.

3. Kendall, M.G.; Stuart, A. "The Advanced Theory of
Statistics; Volume 1, Distribution Theory”; Charles Griffin
and Co. Ltd.: London, 1958; pp. 152-153.

4, MacKay, D.; Mascarenhas, R; Shiu, W.Y.; Chemosphere, 1980,
9, 257-264.

5. Karickhoff, S.W.; Brown, D.S. "Determination of Octanol-
Water-Distribution Coefficients, Water Solubilities, and
Sediment-Water-Partition Coefficients for Hydrophobic



Publication Date: July 17, 1986 | doi: 10.1021/bk-1986-0315.ch003

6.
7.

11.
12,

13.

14,
15.
16.
17.

18.
19.

20.

EVALUATION OF PESTICIDES IN GROUND WATER

Organic Pollutants”, 1979; EPA-600/4-79-032, NTIS No. PB
80-103591, U.S. Environmental Protection Agency, Athens, GA.
Peters, R.L. Anal. Chem., 1982, 54, 1913-1914.

Mallon, B.J.; Harrison, F.L. Bull. Environ. Contam.
Toxicol., 1984, 32(3), 316-323.

Stolzenburg, T.R.; Andren, A.W. Analytica Chimica Acta
1983, 151, 271-274,

Unger, S.H.; Cook, J.R.; Hollenberg, J. J. Pharm. Sci.
1978, 67(10), 1364-1367.

Bowman, B.T.; Sans, W.T. Env. Sci. Health, 1983, 18(6), 667-683.
DeVoe, H.; M. Miller; Wasik, S. J. Rsch. Natl. Bur. Stds.,
1981, 86(4), 361-366.

Woodburn, K.B.; Doucette, W.; Andren, A. Environ. Sci.
Technol. 1984, 18(6), 457-459.

American Society for Testing and Materials (ASTM), ASTM
Method D-2879-70., ASTM Standards, Part 24, 1974,
Philadelphia, PA.

Osborn, A.G.; Scott, D.W. J. Chem. Thermodynamics, 1980,
12, 429-438,

Spencer, W.F.; Shoup, T.; Cliath, M. J. Agric. Food Chem.
1979, 27(2), 273-278.

Wasik, S.; Tewari, Y; Miller, M. J. Rsch. Natl. Bur.

Stds. 1982, 87(4), 311-315.

Thomas, T.C.; Sieber, A. Bul. Environ. Contam. Toxicol.
1974, 12, 17-21,

DePablo, R.S. J. Phys. D.: Appl. Phys., 13, 313-319.
Mill, T.; Mabey, W.R.; Bomberger, D.C. "Laboratory Protocols
for Evaluating the Fate of Organic Chemicals in Air and
Water." 1982, EPA-600/382-022, NTIS No. PB 3-150888, U.S.
Environmental Protection Agency, Athens, GA.

Johnson, N.L.; Kotz, S. "Distributions in Statistics:
Continuous Univariate Distributions-2"; Houghton Mifflin
Co.: Boston, 1970; p. 44.

RECEIVED April 7, 1986



Publication Date: July 17, 1986 | doi: 10.1021/bk-1986-0315.ch004

Quantifying Pesticide Adsorption and Degradation
during Transport through Soil to Ground Water

W. Z. Zhong/, A. T. Lemley’, and R. J. Wagenet?

1College of Human Ecology, Cornell University, Ithaca, NY 14853
2Department of Agronomy, Cornell University, Ithaca, NY 14853

We describe a rapid experimental method and a basis for
analyzing the results that will allow quantitative
determination of pesticide adsorption and degradation
during displacement through soil. A soil column meth-
odology employing commercially available equipment de-
veloped for high-pressure liquid chromatography studies
was used in the experiments. The movement and trans-
formation of aldicarb, aldicarb sulfoxide and aldicarb
sulfone were studied with this approach. Analytical
solutions to the convection-dispersion equation that
included description of linear adsorption and first-
order transformation were used to interpret the data.
Experiments were conducted in two soils, at two flow
velocities, in sterile and non-sterile conditions, and
at two initial influent concentrations to demonstrate
the usefulness of the method, and to better define the
adsorption and microbial and chemical conversion of al-
dicarb. Data from these experiments are presented and
discussed in the context of this method and other
studies on aldicarb. The method appears useful as a
generalizeable protocol for the study of any pesticide
in soil.

Pesticide leaching from the root zone and through the soil profile
into groundwater is a serious concern. Contamination of groundwater
by such chemicals may render that supply hazardous for human consump-
tion. Additionally, passage of the chemical beyond the root zone
prevents further impact upon the target pest. The residence time of
applied pesticides within the root zone should therefore be maximized
so that the dual objectives of high agricultural productivity and low
environmental hazard from leaching can be met.

Pesticide and soil properties determine the mobility and degra-
dation of applied chemicals. The interaction of the organic mole-
cules with soil solids varies according to chemical structure, organ-
ic matter and clay content, soil pH, and in some cases concentration.
Degradation rates are influenced by pH, substrate concentration,

0097-6156/86/0315-0061$06.00/0
© 1986 American Chemical Society
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temperature, soil microbiological populations, and soil water
content. Although it is possible to measure the relative effect of
these variables in incubation-type laboratory studies, it is not ob-
vious how to extrapolate the results of such experiments to field
conditions. A relatively rapid method is needed for studying both
mobility and degradation under conditions that more accurately repre-
sent the field regime. Soil column techniques provide the experimen-
tal framework for such a method. Although soil columns do not com-
pletely represent the field conditions, they do approximate transient
flowing conditions better than incubation-type experiments. They may
therefore be more useful in inferring the field condition. Analytic
solutions of transport equations that consider adsorption and degra-
dation provide theoretical models that can be used to interpret the
results quantitatively. This paper presents an experimental and the-
oretical methodology that allows relatively rapid assessment of pes—
ticide fate in soil, and illustrates the application of the method to
aldicarb, a pesticide of both environmental and agricultural inter-
est.

Theoretical Methods

Aldicarb (A) is both chemically and biologically oxidized to aldicarb
sulfoxide (A-SO), which is then further oxidized by similar processes
to aldicarb sulfone (A-SO,). These compounds are simultaneously sub-
Jject to other degradative chemical processes dominated by hydroly-
sis. These reactions have been successfully described by first-order
kinetics (l), and can be generally summarized as:

Kk, * Kk, *
A 7 A-SO0 A-S0,
¥ ok, ¥ K, ¥+ Ks 1)
A-oxime A-SO oxime A-SO, oxime

where k,, k, and k; represent hydrolysis, and k,* and k,* indicate
oxidation. Expressed in first-order kinetic terms, assuming that
oxidation and hydrolysis occur in solution, and with reference to a
soil system in which only part of the total volume is occupied by
water, the following can be formulated:

8 %)- = -0 (k, + k;*)(4) @)
o d(g;so) = 0k, * (A) - B(k, + Kp*)(A-SO) (3)
o 4A502) _ o x(n-50) - 6k, (A-SO,) )

dt
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where 6 = volumetric water content (cm®cm™ %), the parentheses indi-
cate concentration, and the transformation of chemical is defined
with respect to the unit volume of the system. The assumption that
degradation occurs in solution is a good one in the case of aldicarb
and its metabolites since there is little adsorption.

These equations predict that the concentration of aldicarb is
monotonically decreasing, while the sulfone and sulfoxide forms
change in concentration depending on the value of the rate
coefficients.

The description of these sequential and simultaneous reactions
during transport through a soil system is accomplished using miscible
displacement theory, which can be formulated for an interacting,
degrading solute (e.g. an organic molecule) as (2):

—_—— =t = 3% [eD (o,Vv) %% - vec] £ ¢ (5)

where ¢ = solute concentration in the liquid phase (ug ml™!), s =
solute concentration in the sorbed phase (ug g~ !), p = soil bulk
density (g em~®), 6 = volume water content (cm®cm™®), D(6, v) =
apparent diffusion coefficient (em? hr~!), v = pore water velocity,
defined as q/6, where q = volumetric water flux (cm hr~!), and z and
t are distance (cm) and time (hr), respectively. The formation or
loss of the solute during displacement is conceptually represented by
¢(ug m1~! hr~!). Solution of Equation 5 for appropriate initial and
boundary conditions will provide a method of predicting c(z,t) that
can be used to fit measured effluent concentrations to quantify
distribution of the chemical between sorbed and solution phases and
the degradation rate. Equation 5 is general in form, and although
developed below in more detail for aldicarb can be used as the
starting point for description of the movement of any pesticide
through soil. 1In this way, the theoretical methods used in this
paper represent a broadly applicable approach to study of pesticide
fate in soil.

In the case of laboratory soil column studies, uniformly packed
columns with constant water contents and flow velocities are used
(steady-state conditions). Equation 5 reduces for such cases to:

dc 3¢ 92¢ el
dﬁ+eﬁ=9Da? GVR.tcb (6)

pK
where it has been assumed that solution and sorbed concentrations are
linearly related by s=K . c, with K, representing an instantaneous and
reversible adsorption/désorption reaction. The values of D and v in
Equation 6 are represented as constants when describing steady state
water flow conditions, as they depend upon q and 6, which are
themselves constant for a particular steady state experiment.
Equation 6 can be simplified to (2):

2
T dlg-v Ly <9

where D' = (D)/(1+pKd/9), v’=(v)/(1+pKd/6), and ¢'=(¢/06)/(1+pK./08).
When a non-interacting, non-degrading Solute such as chloride is to
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be described, then K,=0 and ¢=0, and Equation 7 reduces to the class-
ical dispersion-convection equation, which has often been used to
describe the movement of such solutes as chloride or tritium in

soil. The solution of Equation 7 subject to appropriate initial and
boundary conditions can then be used to estimate the value of D by
measuring q and 8 (to give v) and curve fitting predicted c(z,t) to
measured effluent chloride concentrations. If an interacting solute
subject to degradation is to be described, then ¢ can be more expli-
citly defined, such as by first-order kinetics as in Equation 2-4,
and used as the basis for determining K and k,. A number of exper-
imental studies (2,3) have used such curve-fitt}ng techniques to es-
timate K, and k in the presence of constant values of D and v. These
techniques utilize the distinct and different influence of K , D, v
and k upon the shape of the effluent concentration curve to getermine
the unique combination of the variables that describes the processes
acting upon the solute during displacement.

Recognizing the above facts, the following equations based on
Equation 7 and using Equation 2-4 to represent ¢ can be developed to
describe the simultaneous transport and transformation of A, A-SO and
A-S0,:

(1+R.) dc, 5 d%¢c, ac, (K. +k, %) 8)
+ —_— = -y —_— - + c
st 9z2 3z v !
dc, d2%c, 9c,
(1+R,) — =D -v— + Kk,¥c, - (k, + K,*¥) ¢ (9)
Y dz? 5z v B
dc, 92%c, I
(14+R,) — =D - v — + Kk,*¥c, —k, ¢ (10)
Y 9z2 9z 2 e >

where R, is defined by R, = pK,./6. Equations 8-10 describe the
transport and transformation il solution of A, A-SO, and A-SO,,
respectively, with the subscripts used to distinguish each species.
In this study, Equations 8-10 were solved for the conditions of a
soll column initlally free of all aldicarb species, to which is
applied a pulse of A containing no A-SO or A-SO,. That is:

¢,=C,=c,=0 2>0 t=0 (11a)
c,=c,° z=0 0<t<t, (11b)
c,=C,=C,=0 z=0 t>t, (11e)
Cc,=C,=C;=0 Z> t>0 (11d)

The solution to a very similar set of equations with R; = 0 has
been presented (Y4) and used in a study of the transformation of urea
to NH,* and NO,” during leaching (5). Equations 8-10 have been sol-
ved by similar techniques and the solutions used to provide esti-
mates of ¢ (z,t) as a function of D, v, ¢,°, 6, p, K,. and k,. It is
therefore necessary to measure or estimate D, v, 6 agé p so Ehat Kdi
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and k, can be determined by curve-fitting the measured effluent con-
centrations of the aldicarb species.

Experimental Methods

The experimental apparatus (Figure 1) consists of a continuous deliv-
ery infinite volume syringe pump delivering influent solution to a
s0il column from which effluent is collected in distinct increments
in a fraction collector. The column was adapted from equipment
readily available for high pressure liquid chromatography (HPLC)
work, and consists of a Beckman glass column 25 mm diameter and 250
mm long made of precision bore borosilicate glass. A bed support
used on both ends consists of a woven FEP teflon diffusion mesh in
contact with a porous teflon filter disk of pore size 30-60 um. The
diffusion mesh causes the injected liquid to spread radially and
evenly before entering the filter disk on the inlet side, and works
in reverse on the outlet side to prevent zone spreading. This column
is surrounded by a glass water jacket with inlet and outlet connec-
tions to a controlled temperature water bath that is used to maintain
a constant soil column temperature of 25°+0.5°C in all experiments.
Influent solution is delivered by a Sage Model 220 syringe pump with
two independently controlled syringes designed to continuously deliv-
er a uniform and pulse-free flow. Effluent is collected in a Buchler
LC-100 fraction collector.

Two soils, a Palmyra sandy loam from central New York state and
a Riverhead sandy loam from eastern Long Island, New York were used
(Table I). Soil was air-dried at room temperature and passed through
a 2 mm sieve. A subsample of each soil was sterilized with dry heat
(120°C for 5 hours) for use in selected experiments. Each column was
filled to an average bulk density (with experimental error given in
Table II) and was wetted from below by applying a slightly positive
pressure. This resulted in 90% saturation for the Palmyra soil and
85% saturation for the Riverhead soil. Steady state flow at a pre-
determined water flux was established using 0.01 N CaSO,, at which
time the column was placed in a horizontal position and the experi-
ment initiated. The influent was abruptly changed to a 0.01 N CaSO,
solution containing 100 pg/ml chloride as KCl1 and 10 ug/ml A, A-SO or
A-SO,, depending upon the experiment. After application of approxi-
mately 100 ml of this solution, the unamended CaSO, solution was
again continuously applied to displace the chloride species through
the column.

The collected effluent was analyzed for C1 , A, A-SO, and
A-S0,. Chloride was determined using a Buchler—Cotlove chlorido-
meter. Aldicarb, A-SO and A-SO, were extracted with methylene chlo-
ride and analyzed using a Hewlett-Packard model 5880A gas chromato-
graph with a nitrogen-phosphorus detector and a fused silica capil-
lary column coated with methyl silicone. Further details of the al-
dicarb analytical techniques are reported elsewhere (6).

Since these studies were performed to elucidate rates of degra-
dation by oxidation, (either chemically or biologically mediated) it
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Figure 1. Experimental apparatus for laboratory pesticide
leaching studies.
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Table I. Physical and Chemical Soil Characteristics

Property Palmyra Riverhead
Organic Matter (%) 2.0 4.0
pH (1:1) 4.9 4.5
Cation Exch. Capacity (me/100g) 8.2 15.0
Exch. H* (me/100g) 7 16
Extractable Elements (ng/g)

P 12.5 39

K 115 105

Mg 85 4o

Ca 400 300
Particle Size (%)

Sand 53 75

Silt 37 21

Clay 10 y

was important to establish that the column was being operated under
aerobic and not anaerobic conditions. The soil columns were not com-
pletely saturated; some oxygen was available in the soil. In addi-
tion, a simple calculation demonstrates that there is approximately
ten times more dissolved oxygen (8-10 mg/L) in the water than is
needed to convert all of the applied aldicarb to aldicarb sulfone.
Thirteen experiments (Table II) were conducted on both soils in
sterilized and unsterilized conditions, at two pore water velocities,
and with several combinations of influent pesticide concentration.
Chloride was applied in all experiments, and effluent data were ana-
lyzed using the solution to Equations 7, 8, 9 or 10 as appropriate.

Results And Discussion

The apparent diffusion coefficient, D, was determined for the partic-
ular leaching conditions of each of the thirteen experiments. This
was accomplished using the measured chloride breakthrough (effluent
concentration) curve and the analytical solution to Equation 7 with
K.,=¢=0. Examples of the observed and calculated chloride concentra-
tions (determined by adjustment of D until a best fit was obtained)
are presented for three different experiments (Experiments 7, 8, 11)
in Figures 2-4. Values of D and the pore water velocity (v) deter-
mined for each experiment are presented in Table III. The value of D
increased for cases with large v, and was different between soils for
any particular v. This is consistent with the basic relationship be-
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Figure 3. Measured and calculated effluent concentrations of
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aldicarb sulfone (A-SO,) from experiment 8.
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tween water flow and dispersion and the dependence of the latter upon
the geometry of the porous media (1). The value of D determined in
this manner was used with v in the solution to Equations 8-10; Kdi
and ki were then determined by curve-fitting.

Experiments 1-2, 3-4, and 5-6 represent paired cases of investi-
gation of A, A-SO and A-SO, in Palmyra soil. Sterilized soil was
used in these cases to isolate chemical oxidation and hydrolysis from
biological conversion processes, and to determine whether the curve-
fitted values of Kd and k, depend on water velocity. The only dif-
ference within a pair of experiments was in the flow velocity (v).
Between pairs, the difference was the aldicarb metabolite applied.
The results (Table III) demonstrate that essentially identical values
of Kd were determined in each case, indicating that for this chemi-
ical %he adsorption is independent of flow velocity. The value of
Kd , representing aldicarb adsorption by Palmyra soil, was 0.05-0.07,
inéicating very slight chemical-soil interaction. This is consistent
with other studies (8, 9, 10) conducted in medium to coarse textured
soils. No interaction (K, =0) of aldicarb sulfoxide with the soil
was detected, and the interaction of aldicarb sulfone, K 3=0.02, was
even less than measured for aldicarb and also independeng of flow
velocity.

In both Experiments 1 and 2, the measured total rate of aldicardb
degradation (k,+k,*) was approximately equal, ranging from 0.015 to
0.013 hr~'. The rate coefficient for aldicarb degradation (k,+k,*)
could not be separated into individual components of hydrolysis and
oxidation using the results from the high velocity experiment (Exper-
iment 1), as the residence time within the column was too short for
analytically detectable levels of A-SO to be produced and appear in
the effluent. However, in the same experiment conducted at slower
velocity (Experiment 2), the production of A-SO was high enough that
curve-fitting of effluent concentration data of A-SO and A provided
the opportunity to separate the rate of hydrolysis, k,=0.009 hr™!,
from the rate of oxidation, k,*=0.004 hr~!., Similarly, experiments 4
and 6, conducted at slow flow velocities (but with A-SO and A-SO, as
the starting material, respectively) provided the opportunity to sep-
arate sulfoxide hydrolysis (k,=.0006 hr~!) from sulfoxide oxidation
(k,*=0.0014 hr~!), with a total sulfoxide transformation rate
(kp,+k,*) of 0.002 hr~! measured in both experiments. This is exem-
plified by Figures 2 and 3, which present results for an unsterilized
case (discussed.below) of fast and slow flow velocity. The two high
velocity cases in which A-SO and A-SO, were applied (Experiments 3
and 5) resulted in such rapid leaching that no degradation could be
measured, indicating that use of a high velocity may not be a suit-
able technique for study of weakly interacting chemicals. Similarly,
chemicals with a long half-life could not be easily studied by this
method even with a low flow velocity.

Transformation of aldicarb and its derivatives was also studied
in three experiments in unsterilized Palymra soil (Experiments 7-9)

to determine the biological component of each transformation process.
The value of k, in unsterilized soil ranged from 0.009-0.010 hr-!,

compared to 0.009 hr™! in the sterilized soil of experiment 2. This
result implies that aldicarb hydrolysis is primarily a chemical
process. The value of k,* was approximately four times the value in
unsterilized soil (0.015-0.018 hr~!) than in sterilized soil (0.004
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hr=1). This indicates that aldicarb oxidation (k1¥*) is equally
mediated by biological and chemical processes. Similarly, hydrolysis
of A-SO (ko) was nearly identical in sterilized (0.0006 hr~!) and
unsterilized (0.0007 -0.0009 hr=1) cases, but the rate of A-SO
oxidation (kp*) was approximately 50% greater (average 0.0022 nr-1
compared to 0.0014 hr~!) in unsterilized soil. The degradation of
A—Soz(k3) was not influenced by sterilization, indicating that only
chemical processes were responsible. Such processes have been shown
by other work (11) to be mainly hydrolysis. K4 values for each of
the three species were unaffected by sterilization.

The usefulness of the technique developed here was further de-
monstrated by employing a second soil for limited comparison purposes
(Experiments 10-13). The objective was not a comprehensive study of
aldicarb, but the execution of several experiments identical to those
accomplished on Palmyra soil. The second soil, Riverhead sandy loam,
was coarser textured, slightly lower in pH and higher in organic mat-
ter (Table I). Agreement between theory and experiment was accept-
able in all cases, as illustrated in Figures 4-5. The value of D at
the high flow velocity in the Riverhead soil was 2.5 times greater
than in Palmyra soil, but was well-described by the solution to Equa-
tion 7 (Figure 4). At the lower velocity, D was 2.8 cm2/hr compared
to 1.0 ecm?/hr in the Palmyra, but was equally well fitted by the
solution to Equation 7.

Degradation and adsorption were measured only in unsterilized
Riverhead soil, with the latter already shown to be independent of
sterilization. The value of Kq for aldicarb in the Riverhead soil
was 0.12-0.15, approximately double the value of 0.05-0.07 measured
in the Palmyra soil. The value of K4qp, describing A-SO interaction
with soil, was determined to be 0.04 in the Riverhead soil, indica-
ting some slight interaction of the sulfoxide with the soil. The
value of K43 was nearly the same as Kqp, but was double the value of
K43 (0.02) found in the Palmyra soil. Clearly, the sorption of aldi-
carb and its derivatives increased in the Riverhead soil due to the
presence of higher organic matter content and can be distinguished
for the two soils by the experimental and theoretical methods used
here.

The value of the distribution coefficient, K4, varies with sev-
eral soil properties, most notably the organic carbon content. This
has led to the definition of a normalized sorption coefficient, Kge,
which 1s calculated as (12):

Koc = Kdi/foc

where fyo is the fraction of organic carbon. Assuming that organic
matter is 58% carbon, Ky, values for aldicarb and its metabolites can
be calculated for both soils. The values are quite low compared with
values for other organic chemicals in soil (12), and are (Table IV)
nearly identical for the two soils. Such calculations indicate that
even on a normalized basis, almost no aldicarb adsorption occurs in
these two predominantly mineral soils.
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Table IV. Values of K4 and Ky, for Aldicarb Species in Palmyra
and Riverhead Soils

Species Parameter Palmyra Riverhead
Kgq 0.05-0.07 0.12-0.15
Aldicarb Koe 4.3 -6.0 5.2 -6.5
Kq 0 0.04
Aldicarb Sulfoxide Koo 0 1.7
Kq 0.02 0.05
Aldicarb Sulfone Koe 1.7 2.2

Oxidation of aldicarb, found in Palmyra soil to be about double
the rate of hydrolysis under unsterilized conditions, was in the
Riverhead soil much less important than hydrolysis. 1In the latter
case, the hydrolysis rate (kq), was found to be 8-16 times greater
than the oxidation rate (k¢*), with the total degradation rate
(0.06-0.07 hr=1) 2-3 times greater in the higher organic matter
soil. Similar behavior of A-SO, was measured, with the degradation
rate approximately three times greater in the Riverhead soil. It is
expected that acid catalyzed hydrolysis might be enhanced by sorption
to soil, but from previous work (13), the acid catalyzed hydrolysis
rate for aldicarb sulfone in solution is 10 slower than the base hy-
drolysis rate. Acid catalyzed hydrolysis of aldicarb under flow con-
ditions on a reactive ion exchange resin, although enhanced, is still
102 slower than nucleophilic cleavage (14). Since base hydrolysis
predominates, this type of enhancement most probably does not account
for the faster hydrolysis rate in the Riverhead soil. The reason for
these differences is not clear, but could be studied by further
application of the methods developed here, perhaps combined with
study of the sorption properties of the soil or conditions in the
column,

The values of the rate coefficients determined by the methods of
this study compare well with those reported elsewhere (Table V). Ex-
act agreement would not be expected because of different soils. We
did limit comparisons to studies done at the same temperature. Con-
trary to other experimental designs, the methods used here require
only 4-6 days per experiment. This makes the column design poten-—
tially useful as a screening method for studying the reactions of
pesticides in a wide range of soils. Additionally, the method can be
applied in a rigorous manner to study adsorption and degradation un-
der dynamic conditions of water and solute movement, rather than in
comparatively static batch-type experiments. An analytical method of
curve-fitting (15) could be developed to precisely determine values
of Kqi and kj, with methods developed by van Genuchten and Alves (16)
demonstrating a useful approach. Such methods will become more im-
portant as more complicated relationships are used to represent par-
titioning between sorbed and solution concentrations, or as more sub-
tle environmental effects upon degradation are studied.
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Table V. Degradation Rates for Aldicarb and its Metabolites Measured
in Other Studies at 25°C

k1+k1* k2+k%* k3
Soil Sterile (nr=1) (hr~T) (hr=1)
yes 0.012 - -
Plow Layer!
no 0.029 - -
Clay Loam? no - 0.0021 0.0021
4.5% o.m., ko* = 0.0008
pH = 7.2, 3% clay ko = 0.0013
Greenhouse So0il2 no - 0.016 0.0014
16.5% o.m., ko* = 0.0011
pH = 6.0, 17% clay ko = 0.0005
Clay3 no 0.0033 0.0015 0.0013
pH = 8.0
Silty Clay Loam3 no 0.0046 0.00083 0.0006
pH = 8.0
Fine Sand3 no 0.0021 0.0004 0.0013
pH = 6.3

TReference (17); 2Reference (18); 3Reference (10)

Analytical solutions to transport equations that simultaneously
consider adsorption and transformation, when used in concert with ap-
propriate soil column techniques, offer substantial promise for study
of the environmental fate of organic chemicals. Such methods can be
widely used since a number of such solutions already exist in the
scientific literature. It remains only to design research programs
in which those who understand such equations are working with those
who can design and execute complementary chemical studies.
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Geohydrology of a Field Site

Study of Pesticide Migration in the Unsaturated and Saturated Zones
of Dougherty Plain, Southwest Georgia

Sandra C. Cooper
Water Resources Division, U.S. Geological Survey, Doraville, GA 30360

A 10-acre area of a peanut field in southeastern Lee
County, Georgia, was selected to investigate the
migration of the pesticide aldicarb in the unsaturated
and saturated zones, and to assess the potential for
degradation of the ground-water resource. The
hydrogeologic framework was determined from sample
cuttings, a continuous core, and geophysical logs
obtained from test wells drilled in the field, and
from bimonthly and continuously recorded water-level
measurements. The study site is underlain, in
descending order, by the undifferentiated residuum,
which forms the water-table aquifer, and by the Ocala
Limestone, the Clinchfield Sand, and the Lisbon
Formation of Eocene age, which form the Upper
Floridan aquifer. Geohydrologic data indicate that
in the area of the study site, the Upper Floridan
aquifer consists of an upper and a lower permeable
zone; the upper permeable zone is hydraulically
connected to the water-table aquifer. Precipitation
entering the residuum generally moves downward and
recharges the Upper Floridan aquifer. Water
recharging the Upper Floridan moves laterally
downgradient to points of natural discharge and to
pumping centers. Because of the hydraulic connection
between the residuum and the Upper Floridan aquifer,
the potential exists for pesticides to migrate into
the ground-water system.

Agriculture is a major industry in the Southeastern United States
and particularly in Georgia. Increased agricultural productivity in
Georgia has been achieved through the use of large-scale irrigation
and multicropping practices, and the application of fertilizers and

This chapter not subject to U.S. copyright.
Published 1986, American Chemical Society
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pesticides. Although farming techniques have changed consider-

ably over the years, one of the most significant changes has been
the increased use of chemicals in controlling insects, weeds, and
plant diseases. Early efforts in the development of chemical pes-
ticides were concentrated on producing stable pesticides that were
relatively persistent in soils. Although the persistence of these
chemicals was advantageous in controlling pests, it became disadvan-
tageous when the pesticides migrated into other parts of the
environment posing risks to nontarget species. As a result, many of
these chemicals were replaced by less persistent and less strongly
sorbed, but generally more toxic, organophosphates and

carbamates (1).

In 1965, a new class of carbamate insecticide known as oxime
carbamate was developed by Union Carbide. The technical name
assigned to the new soil-applied, systemic carbamate insecticide was
aldicarb (2, 3).

Aldicarb [2-methyl-2-(methylthio) propionaldehyde O-
(methylcarbamoyl) oxime] is a noncorrosive, nonflammable insecti-
cide incorporated into the seeded furrow during planting to control
several species of insects, mites, and nematodes. Aldicarb is
extremely toxic to mammals, and its oxidation produces two toxic
metabolites, aldicarb sulfoxide and aldicarb sulfone. Both
aldicarb and its toxic derivatives are very soluble in water.

Recent incidents of chemical contamination of ground-water
reservoirs have led to increased concern about the potential for
pesticides, such as aldicarb, to leach through the soil profile into
the ground water (4, 5, 6, 7, 8, 9, 10, 11). To develop needed
information on the potential problem, the U.S. Geological Survey and
the U.S. Environmental Protection Agency initiated a 5-year field
study in a highly productive agricultural area of southwestern
Georgia to investigate pesticide migratioa.

The objectives of the study are twofold. The first is to
evaluate the long-term consequences of continued use of the pesti-
cide aldicarb on the quality of the ground-water resource by field
measuring the migration and degradation of aldicarb through the
unsaturated and saturated zones. The second objective is to develop
a data base to test mathematical models for use in evaluating the
potential for degradation of the ground-water resource owing to in-
creased applications of pesticides. This report describes work
completed during the first year of the study. Background data
collected on the geology, soils, and hydrology of the study site
during the first year were used to characterize and define the
hydrogeologic environment of the unsaturated and saturated zones.

Description of Study Area

The field site selected for the study of pesticide migration is in
a major agricultural area within the Dougherty Plain topographic
division of the Coastal Plain physiographic province (12). The
10-acre study site is in southeastern Lee County, Ga., approximately
10 mi northeast of the city of Albany, and 1.3 mi east of Georgia
Highway 91 (Figure 1).
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The study site was selected so that it would (1) have multi-
layered soils, (2) have relatively flat topography (to minimize
runof £), (3) be of manageable size (less than 20 acres), (4) have a
shallow water table, (5) be isolated from domestic wells, (6) be
within close proximity of a ground-water divide, (7) be available
for a 5-year study, with owner cooperation, and (8) be in a major
agricultural area.

The study site lies in a well-drained plain having a gently
undulating land surface (13, 14). The maximum relief of the area
surrounding the study site does not exceed 80 ft. The site has a
relief slightly greater than 3 ft (Figure 2).

The site is underlain at shallow depths by the Ocala Limestone.
Dissolution of the limestone and collapse of solution cavities has
produced numerous shallow, saucer-shaped sinks or depressions in the
area surrounding the study site (Figure 1). Most sinks are nearly
circular and flat bottomed, and have gently sloping sides. Sinks
vary in size from small, shallow depressions to large sinks covering
several acres (15). Many of the larger sinks are filled with water
throughout the year and form ponds or lakes, whereas others are wet
only in winter and spring (16). Stocks Pond, about 500 ft east-
northeast of the site (Figure 1), is an example of a large sink that
is filled with water throughout the year. The north side of the
site is bordered by a drainage ditch that is 6 ft wide and 8 ft
deep. The drainage ditch is filled with water only duriag winter
and spring when precipitation increases.

The study site lies entirely within the Fliant River drainage
basin. The Flint River flows into the Chattahoochee River, which
discharges to the Gulf of Mexico. The Flint River lies east of the
site and has downcut about 15 ft into the Ocala Limestone. As a
result, the Flint River flows in a well-defined channel bordered by
a relatively narrow flood plain.

West of the study site lies Muckalee Creek. It flows into
Kinchafoonee Creek, which discharges to the Flint River just north
of the city of Albany. Muckalee Creek has downcut about 10 to 15 ft
into the limestone to produce a steep-sided, narrow chaunnel. There
is a distinct absence of small tributaries in this area because most
of the drainage is subterranean (15, 17). Ground water that
migrates into fractures in the limestone commonly discharges as
springs along the banks of streams.

Soils in the study site and surrounding area are generally level
to gently sloping. Soils in low-lying areas and depressions are
moderately well drained to very poorly drained. These soils are
associated with areas that have a seasonally high water table and,
therefore, generally are flooded each year. Soils on broad ridges
are well drained, and, because the water table lies several feet
below land surface, flooding is not a problem (16).

Field Methods

Background data describing the hydrogeologic environment of the
site were collected during 1983. The field work concentrated on
defining soil properties, geologic characteristics of the residuum
and of the Ocala Limestone, and existing ground-water conditions at
the site.
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A soil survey of the study site was conducted by the U.S. Soil
Conservation Service to determine the number of soil series present.
The soil survey provided a basis for determining the location and
selecting the optimum number of monitoring sites.

Geologic information was gathered from 13 test holes and 21
observation wells drilled in the study site (Figure 2). Five of the
13 test holes were augered to the top of limestone; five were
augered into the limestone; and three were drilled deeper than
200 ft. Geologic evaluation of the residuum and the Ocala Limestone
was based on analyses of sample cuttings, a continuous core,
field notes, and borehole geophysical logs.

Hydrologic information was gathered from 16 temporary wells
cased in the residuum with slotted PVC pipe and four permanent
wells cased through the residuum and open to the Ocala Limestone.
Bimonthly water—level measurements were made and hydrographs plotted
for 14 observation wells. Two observation wells (OWl and OW3) open
to the Ocala Limestone were equipped with continuous water-level
recorders, and daily mean hydrographs were plotted for both wells.
Precipitation data were collected continuously from two rain gages
equipped with Fisher-Porter digital recorders (Figure 2).

Geology

Sedimentary rocks underlying the study site range in age from Upper
Cretaceous to late Eocene. A thin surficial deposit of
unconsolidated, post-Eocene residuum overlies the bedrock. The
geologic units pertinent to the study are, in ascending order, the
Lisbon Formation, the Clinchfield Sand, the Ocala Limestone, and the
undifferentiated residuum (Figure 3).

Lisbon Formation. The Lisbon Formation of middle Eocene age 1is
about 72 ft thick in the study area. The basal part of the Lisbon
Formation consists of about 37 ft of greenish-gray, glauconitic,
argillaceous sand interbedded with fossiliferous, sandy limestone.
The basal sequence is succeeded by about 35 ft of sandy, glauconitic
limestone that interfingers with thin sand stringers. This
description of the basal sequence agrees with the stratigraphic
description of the Lisbon Formation as given by Herrick (18) for the
well drilled at Dixie Pines Plantation in northwestern Lee County,
Ga., about 19 mi northwest of the site. The section contains abun-
dant shell fragments, and the degree of cementation of the quartz
sand is variable. The presence of the thin sand stringers with the
limestone suggests that the quartz sand was originally deposited in
a shallow marine environment. Minor transgressive pulses of the sea
temporarily suspended clastic sedimentation in the shallow marine
environment, thus allowing the accumulation of carbonate. The
varying extent of calcareous cementation of the quartz grains is a
secondary depositional feature attributed to the circulation of
ground water after deposition.
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Clinchfield Sand. The Lisbon Formation is unconformably overlain by
about 27 ft of interfingering unconsolidated quartz sand and quartz
sand containing calcareous cement. The medium-grained, well-sorted
quartz sand is stratigraphically equivalent to the basal upper
Eocene sand deposit that Herrick (19) described as the Clinchfield
Sand.

The unconsolidated sand contains abundant shell material and
echinoid fragments, and forms individual beds that have a maximum
thickness of about 5 ft. The cemented sand contains abundant shell
molds and forms beds up to 10 ft thick. The abundance of quartz,
shell material, and echinoid fragments in the section indicates that
it was deposited in a beach environment.

The sand grades upward into an ll-foot-thick zone of
fossiliferous, sandy limestone interbedded with thin lenses of
unconsolidated quartz sand. This part of the sequence was deposited
in a shallow marine environment (19).

Ocala Limestone. The Clinchfield Sand is overlain by the Ocala
Limestone of late Eocene age, which consists of about 124 ft of
white, porous, calcitized, fossiliferous limestone. The Ocala
Limestone was deposited in a marginal marine, coastal environment as
a result of a major transgression of the sea that was punctuated by
several minor regressions. The lithologic character of the Ocala
Limestone beneath the study field is described in the stratigraphic
section for test well DH3 (Figure 3), which penetrates the Ocala
Limestone, the Clinchfield Sand, and the Lisbon Formation, and the
location of DH3 is shown on Figure 2.

The basal part of the Ocala Limestone consists of about 29 ft of
white, coarsely crystalline, fossiliferous limestone. This sequence
is overlain by about 43 ft of dense argillaceous, fossiliferous
limestone interbedded with thin clay laminae and about 5 to 8 ft of
soft, chalky limestone. The void spaces within the argillaceous
limestone have been partially filled with clay, and the unit has low
permeability.

The upper part of the Ocala Limestone consists of about 52 ft of
porous, coarsely crystalline limestone containing fine detrital
quartz and abundant shell fragments. The fossiliferous limestone
includes thin beds of unconsolidated quartz sand; thin laminae
of siliceous, light-gray clay; and small quantities of pyrite,
phosphate, and glauconite. Limonite occurs as staining along
fractures in the limestone.

The upper surface of the Ocala Limestone is highly irregular,
and beneath most of the study field it ranges from about 35 to 52 ft
below land surface.

Residuum. At the study site the Ocala Limestone is overlain by sand
and clay derived from weathering of the limestone. The strati-
graphic section in Figure 3 shows the lithologic variation

of the upper 20 ft of the residuum. The residuum consists of layers
and lenses of poorly sorted, very fine to very coarse, angular

to subrounded quartz sand and gravel that interfinger with lenses
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of clayey sand, sandy clay, and clay. The clay content of the
residuum ranges from about 10 to 70 percent. The highest percentage
of clay occurs in the form of lenses that vary in thickness and
lateral extent. Fragments of silicified limestone and chert occur
throughout the section and are abundant near the base of the
residuum. The average thickness of the residuum at the study site
is about 44 ft.

A few thin lenses of tight, gray, plastic clay also occur in the
residuum beneath the study field. The clay is dense and contains
small fragments of chert and silicified limestone. The maximunm
observed thickness of the clay lenses is 5 ft in the southeastern
corner of the field. Although they are areally restricted, the clay
lenses act as semiconfining zones.

Soils

Soils in southeastern Lee County are classified as Ultisols. They
are moist soils that have argillic horizons and base saturations of
less than 35 percent. Ultisols develop in areas that have long
frost-free seasons, abundant rainfall, and adequate ground-water
supplies.

The subsurface horizons are commonly red or yellow owing to the
accumulation of free oxides of iron, although some weatherable
minerals are retained in the soil profile. Ultisols are acidic and
have low fertility and low base status. Ultisols are not naturally
fertile, but have enormous potential for agricultural productivity
when properly managed through applications of lime and fertilizer
(20, 21).

" Ultisols form om relatively old geologic terranes, where abundant
precipitation produces deeply weathered soils. Extensive leaching
and warm soil temperatures over prolonged periods result in rapid and
nearly complete alteration of weatherable minerals into secondary
clays and oxides. Soils in the study site are classified as
Paleudults, in which "udult” refers to the suborder of Ultisols and
"pale" means "old development”. Udult soils have low organic-matter
content. They form in humid climates where dry periods are of short
duration and the water table remains below the solum throughout most
of the year (21).

Two common features of soils in the study site are plinthite and
fragipan. Both are cemented materials that tend to restrict water
movement and root penetration. Plinthite forms in subsoils that have
developed in the oldest areas of the landscape.

Fragipans are common indicators of poor drainage. A fragipan is
a loamy, brittle, subsurface horizon that is low in porosity,
organic-matter content, and clay content, but high in silt or fine
sand. Fragipaus can, but do not necessarily, occur in the presence
of plinthite. Where they occur, fragipans can create a perched water
table (16, 21).

The three major soil series found at the site are the Clarendon,
the Ardilla, and the Tifton (Figure 4). A fourth soil series, the
Lucy, is present in the field; however, due to its limited areal
extent (less than 0.5 acre) and the physical similarity between the
Lucy series and the Tifton series, it is not recognized as a separate
and distinct soil series in the site.
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Figure 4. Major soil series in the study site.
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The Clarendon series covers slightly more than 45 percent of the
area in the field. Clarendon soils are classified as members of the
fine-loamy, siliceous, thermic family of Plinthaquic Paleudults.

The typical Clarendon profile consists of a dark grayish-brown,
sandy horizon underlain by a yellowish-brown, sandy clay loam
horizon, which is underlain by a mottled yellowish-brown,

red, and gray, sandy clay loam horizon that contains 5 to 30

percent plinthite. Clarendon soils originate from unconsolidated
sediments of medium texture. They are typically found on uplands
and have a slope gradient of less than 2 percent. The soils are
moderately well drained and have slow runoff. The upper part of the
soil profile is more permeable than the lower part.

Approximately 29 percent of the study site is covered by the
Ardilla series. These soils are classified as members of the fine-
loamy, siliceous, thermic family of Fragiaquic Paleudults. The
typical profile of the Ardilla series consists of a fine, sandy
loam horizon underlain by a yellowish-brown, sandy clay loam horizon
which is underlain by a mottled yellowish-brown, red, and gray
horizon that contains 5 to 30 percent plinthite. Ardilla soils
originate from thick beds of weathered sediments of marine origin,
and consist of sandy clay loam and sandy clay. They commonly occur
on level to gently sloping uplands, and have a slope ranging from O
to 5 percent. Ardilla soils are poorly drained and have slow
runoff. Permeability is moderate in the upper part of the soil
profile and moderately low in the lower part. Ardilla soils
receive runoff from surrounding soils. The areal extent of the
Ardilla series in the study site is restricted to topographic lows
or depressions. After periods of increased rainfall, water tends to
pond in low areas underlain by Ardilla soils, and these areas tend to
remain flooded several days after the rest of the field has dried.

The remainder of the study site (26 percent) is covered by the
Tifton soil series. The Tifton soil is classified as a member of
the fine-loamy, siliceous, thermic family of Plinthic Paleudults.
The general soil profile consists of a dark grayish-brown, loamy
sand horizon underlain by a yellowish-brown, sandy clay loam horizon
which is underlain by a coarsely mottled brown, red, gray, and
yellow horizon containing 5 to 15 percent plinthite. Tifton soils
originate from weathered sediments of marine origin that were
predominantly loamy. The soils occur on level to gently undulating
uplands and have a slope ranging from O to 8 percent. Tifton soils
are moderately permeable, well drained, and have medium runoff.

The occurrence of Tifton soils in the study site is restricted to
topographic highs; these areas drain faster than other areas of the
field. Small ironstone nodules are common surface features in areas
underlain by Tifton soils.

Hydrology

The primary hydrologic units of interest in this study are, in
descending vertical order: (1) the residuum which forms the water-
table aquifer and acts as an upper confining unit, (2) the Upper
Floridan aquifer (formerly the principal artesian aquifer), which
consists of the Ocala Limestone, the Clinchfield Sand, and the upper
part of the Lisbon Formation, and (3) the basal part of the Lisbon
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Formation which hydraulically separates the Upper Floridan aquifer
from underlying sediments and serves as the lower confining unit
(Figure 3).

Residuum Water-Table Aquifer. Because of its varied lithology the
residuum is a heterogeneous, anisotropic geologic unit. The
properties of anisotropy and heterogeneity refer specifically to
variations in the permeability or hydraulic conductivity of a
geologic unit. An anisotropic, heterogeneous unit is one in which
the values of hydraulic conductivity vary directionally at a point
and from point to point within the unit. Because lenses of sandy
clay and clay interfinger with sand and clayey sand throughout the
thickness of the residuum, values of hydraulic conductivity vary
directionally and from point to point within the residuum.
Consequently, water infiltrating the residuum migrates in varying
directions and at differing rates, depending on the hydraulic
conductivity of the material through which the water is migrating.

In the area surrounding the study site, Hayes (22) reported a
wide range of estimated values for hydraulic conductivity and for
transmissivity of the residuum. The hydraulic conductivity was
calculated from aquifer tests, borehole geophysical logs, and sieve
analyses of drill cuttings. The transmissivity was calculated using
an average value of saturated thickness, which was based on measured,
seasonal water—level changes at each individual well. The estimates
of transmissivity represent only average conditions (22).

Estimated values of transmissivity and average hydraulic
conductivity were determined for well TWl at Piedmont Plant Farm
which is 4 mi northwest of the study site, and for well TWl at
Stocks Farm which is 3 mi southwest of the study site (Figure 1).

The estimated average vertical and horizontal hydraulic
conductivities at Piedmont Plant Farm were 0.003 and 0.02 ft/d,
respectively. The ratio of the average horizontal to vertical
hydraulic conductivity was 7.

The residuum is 47 ft thick at Piedmont Plant Farm. The water
level was measured from January 1980 to September 1981, and the
average residuum water level at Piedmont Plant Farm was 32.9 ft
below land surface. Consequently, the average saturated thickness
was 14,1 ft. Based on a saturated thickness of 14.1 ft, the
estimated transmissivitz of the residuum at Piedmont Plant Farm was
calculated to be 0.3 ft4/d.

South of the study site, at Stocks Farm, estimated values of
hydraulic conductivity and transmissivity were much greater than at
Piedmont Plant Farm. The estimated average vertical and horizontal
hydraulic conductivities at Stocks Farm were 9 and 30 ft/d,
respectively. The ratio of the average horizontal to vertical
hydraulic conductivity was 3.

The residuum is 50 ft thick at Stocks Farm. Residuum water-
level measurements made from January 1980 to September 1981 showed
that the average residuum water level at Stocks Farm was 13.0 ft
below land surface. In contrast to Piedmont Plant Farm, the average
saturated thickness at Stocks Farm was 37.0 ft, which resulted
in a higher estimated transmissivity. The transmissivity of the
residuum at Stocks Farm was estimated to be 1,000 ftz/d, based
on the saturated thickness of the residuum.
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During 1983, precipitation that infiltrated through the residuum
at the study site either percolated vertically downward to recharge
the Upper Floridan aquifer or moved laterally to points of
discharge. The drainage ditch bordering the north side of the field
and a low, swampy area along the west—central side of the field
acted as intermittent discharge points for the water-table aquifer
during winter and spring when the water table was high (Figure 2).

The residuum water-table aquifer responded rapidly (within
hours) to seasonal variations in precipitation. Figure 5 shows the
1983 hydrograph for well OW3, which fully penetrates the residuum,
and a graph showing accumulated rainfall for the same period.
Fluctuations of the water table were directly related to variations
in the amounts and intensity of rainfall, so rapid fluctuations in
the water table were common. The water table generally began rising
within 8 hours after the start of heavy rainfall. During winter
and early spring 1983, when evapotranspiration was low, increased
precipitation caused the water table to rise. Although precipita-
tion was generally heavy from April through September 1983, water
lost to evapotranspiration was great and the reduced amount of water
available for recharge caused the water level to decline. Because
the water table responded rapidly to changes in precipitation and
because the water level in the residuum fluctuated seasonally, the
thickness of the unsaturated zone also varied seasonally.

Beginning in April 1983, the water level was measured semi-
monthly in 16 temporary observation wells finished in the residuum
(Figure 2). The water table underwent an average decline of 12.1 ft
from April to November 1983 (Figure 6). Total rainfall at the study
site during 1983 was 50.4 in.

During the two subsequent years following 1983, evaporation data
were collected daily from an evaporation pan that was installed as
part of a weather station at the study site. From mid-fall to early
spring, the average 2-year value for evaporation ranged from about
0.07 to 0.17 in/d, and values of less than 0.05 in/d were common.
From late spring to early fall, the average 2-year pan evaporation
value ranged from about 0.2 to 0.26 in/d, but values as high as 0.34
in/d were common during both July and August of 1984 and 1985.

During winter and spring 1983, precipitation increased,
resulting in a total accumulation of 21.7 in. from February
to mid-May 1983. The average 2-year pan evaporation for the same
period was about 0.11 in/d or a total of about 13.2 in. The surplus
water infiltrated downward causing the water level in the residuum
to rise. Vertical leakage through the base of the residuum also
increased, which resulted in recharge to the Upper Floridan aquifer.

During summer and fall 1983, total precipitation decreased to
about 17.5 in. from mid-May to mid-November 1983. The 2-year
average value for evaporation was about 0.23 in/d or a total of
about 33.2 in. During this period, evaporation exceeded precipita-
tion, and in response, the water level in the residuum declined.

The decreased infiltration of water into the residuum caused a
decrease in the vertical leakage through the base of the residuum,
and so recharge to the Upper Floridan aquifer decreased. Water
levels continued to decline in both the water-table aquifer and the
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Figure 6. Altitude of water table in the residuum at the study
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Upper Floridan aquifer until significant precipitation occurred
in late November 1983 and water lost to the atmosphere through
evaporation and transpiration diminished.

The configurations and the gradients of the water table are
influenced not only by geohydrologic properties of the residuum, but
also by changes in the amount of precipitation and the rate of
evapotranspiration. Increased precipitation and decreased
evapotranspiration during winter and spring 1983 caused the water
table to rise and ground water to temporarily mound in the central
part of the field (Figure 6). During January 1984, the direction of
ground-water flow was away from the mound. During summer and fall
1983 when precipitation decreased and evapotranspiration increased,
the water table declined and the direction of ground-water flow
shifted to the east-southeast (Figure 7). The hydraulic gradient
was nearly flat in the north-northwest corner of the field, while
the gradient steepened in the southeastern part of the field.

Small quantities of water were obtained from the shallow wells
finished in the residuum. The well yields ranged from less than
3 gal/min to 5 gal/min,

Upper Floridan Aquifer. The Upper Floridan aquifer is formed by the
Ocala Limestone, the Clinchfield Sand, and the upper part of the
Lisbon Formation which are, for the most part, highly permeable.
The aquifer is confined above by the basal part of the residuum and
below by the lower part of the Lisbon Formation (Figure 3).

In the area surrounding the study site and away from streams,
Hayes (gg) estimated that the transmissivitg of the Upper Floridan
aquifer ranged from about 4,000 to 6,000 ft%/d. The effective
hydraulic conductivity of the aquifer in this area was estimated to
be about 100 ft/d, and the effective porosity was estimated to be
about 20 percent (22). Hayes (22) reported that the hydraulic
gradient in the northern part of the Dougherty Plain was about 2
ft/mi, and so the average velocity of ground-water flow in the
vicinity of the study site is about 0.2 ft/d.

Large quantities of water have been obtained from nearby wells
that partially penetrate the Upper Floridan aquifer. Hayes (22)
reported that the yield from several wells in Lee County, Ga.,
ranged from 150 to 225 gal/min., Well yields at the study site
exceeded 100 gal/min.

Geologic and hydrologic data from the study site indicate that
the Upper Floridan aquifer includes upper and lower permeable zones
that are hydraulically separated by a middle, semiconfining unit.
Borehole geophysical logs run in test hole DH3, which fully
penetrates the Upper Floridan aquifer, show the two permeable zones
and the semiconfining unit (Figure 3).

The upper permeable zone consists of 52 ft of coarsely
crystalline, fossilferous limestone. Permeability is mainly of
secondary origin and includes openings developed by fracturing and
dissolution of the limestone. The lower permeable zone is 102 ft
thick, and consists of sand that intertongues with sandy limestone.
The sand in the lower part of the aquifer is more permeable than the
limestoae in the upper part and it has a higher water-bearing
potential. The high permeability of the sand is mainly from primary
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porosity. The semiconfining unit near the middle of the aquifer is
47 ft thick and has low permeability owing to high clay conteat;
therefore, it permits only minor vertical leakage between the two
permeable zones.

The upper permeable zone is connected hydraulically to the
residuum which allows vertical leakage through the base of the
residuum, and thus response by the upper permeable zone to changes
in precipitation is rapid. Precipitation infiltrating the residuum
recharges the upper permeable zone, and the rate of recharge is
dependent upon such factors as the head differential between
the water table in the residuum and the water level in the upper
permeable zone, variations in hydraulic conductivities between the
residuum and the upper permeable zone, and the thickness of the
confining unit, which is the residuum.

The hydrographs in Figure 8 reveal that a head differential
exists between the upper and lower permeable zones, indicating that
the two are hydraulically separated. During 1983, the water level
in well OW3, which partially penetrates the upper permeable zone,
ranged from about 4 to 16 ft below land surface, whereas the water
level in well OW1l, which taps the lower permeable zone, ranged
from about 18 to 34 ft below land surface.

Table 1 shows water-level measurements made at the same time in
the water-table aquifer, the upper permeable zone, and the lower
permeable zone.

Table l.--Water levels and head differences between the water table
and the two permeable zones in the Upper Floridan aquifer
[WT = water table; UPZ = upper permeable zone;
LPZ = lower permeable zone]

Date Water—-level measurements (ft) Head differences (ft)
WT UPZ LPZ WT and UPZ UPZ and LPZ

Apr 1933 3.19 2.34 18.27 0.85 15.93

May 1983 4,24 3.65 20.38 .59 16.73

Nov 1983 12,50 12.43 29.38 .07 16.95

Based on a comparison of the head differences shown in Table 1,
the degree of hydraulic separation is much greater between the upper
and lower permeable zones in the Upper Floridan aquifer than between
the upper permeable zone and the water—table aquifer.

The small head differential, exhibited throughout the year,
between the water—table aquifer and the upper permeable zone
indicates that although the residuum acts as a confining unit
for the Upper Floridan aquifer, vertical leakage does occur through
the base of the residuum, and there is some degree of hydraulic
connection between the two hydrologic zones.
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A large head differential exists between the upper and lower
permeable zones indicating that the 47 ft of semiconfining material
(Figure 3) separating the two permeable zones allows only minor
vertical leakage downward to recharge the lower permeable zone.

The hydrographs in Figure 8 show that the upper and lower
permeable zones respond differently to precipitation and pumping.
Climatological variations and water-level changes in the residuum
and the upper permeable zone have little effect on the lower
permeable zone. Moreover, when nearby irrigation wells that
tap only the lower permeable zone are pumped, the water level in
the lower permeable zone responds rapidly, but there is almost no
change in the water level in the upper permeable zone.

The 1983 hydrograph of well OWl shows that between mid-May and
late October, the water level in the lower permeable zone fluctuated
in response to nearby agricultural pumping. By contrast, during the
same period, the water level in the upper permeable zone declined
steadily and showed minor fluctuations, owing to periods of reduced
precipitation and increased evapotranspiration. Well OW3 exhibited
little, 1f any, response to nearby irrigation pumping, thus, once
again indicating that leakage through the semiconfining unit was
probably minor.

Summary and Conclusion

This study was designed to investigate the migration and degradation
of the pesticide aldicarb in a field environment. To evaluate the
potential for the pesticide to leach through the soil profile into
the ground-water system, detailed information was gathered
concerning the physical nature of the unsaturated and saturated
zones and the relation between them.

The 10-acre study site is underlain, in descending order, by the
undifferentiated residuum, which forms the water-table aquifer, and
the Ocala Limestone, the Clinchfield Sand, and the Lisbon Formation,
which form the Upper Floridan aquifer. Geohydrologic data indicate
that in the area of the study site, the Upper Floridan aquifer
includes upper and lower permeable zones. The upper permeable zone
is hydraulically connected to the residuum water-table aquifer and
is recharged directly by water infiltrating through the residuum. A
semiconfining unit separates the lower permeable zone from the upper
permeable zone. There is, however, minor vertical leakage through
the semiconfining unit into the lower permeable zone.

Because the residuum water—-table aquifer and the upper permeable
zone are hydraulically connected, they respond rapidly (within
hours) to seasonal fluctuations in precipitation. During winter
and spring of 1983, the water levels in the residuum and the
upper permeable zone rose in response to increased precipitation
and decreased evapotranspiration. Water levels in the residuum and
the upper permeable zone declined during the summer and fall as
precipitation decreased and evapotranspiration increased. During
late fall, decreased evapotranspiration and increased precipitation
caused the water levels to rise.
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Seasonal water-level changes in the residuum and the upper
permeable zone have little effect on the lower permeable zone.
The water level in the lower permeable zone does, however, respond
rapidly (within hours) to the pumping of irrigation wells that
tap the lower permeable zone, whereas the water level in the upper
permeable zone shows almost no change.

From the initial background field data, the following
conclusions were drawn concerning the hydrogeologic environment of
the field site:

1. The thickness of the unsaturated zone varies, depending on the
water level in the residuum which is directly affected by
fluctuations in precipitation and evapotranspiration.

2. The residuum is a thin, surficial layer of variable lithology.
Sand, gravel, and clayey sand interfinger with lenses of sandy
clay and clay throughout the residuum, but the lenses of clay
and sandy clay are restricted in both their lateral and verti-
cal extent. As a result, permeability or hydraulic conductivity
in the residuum is variable, which causes water infiltrating
through the residuum to migrate in varying directions and at
differing rates.

3. The water—table aquifer is hydraulically connected to the upper
permeable zone of the Upper Floridan aquifer, and water
infiltrates through the residuum to recharge the upper permeable
zone.

4., The lower permeable zone is hydraulically separated from the
upper permeable zone by a semiconfining unit that allows only
minor vertical leakage into the lower permeable zone.

In general, water infiltrating the soil profile migrates
vertically downward from the unsaturated zone to the saturated zone
and eventually into the ground—water system. Consequently, the
potential exists for a pesticide to migrate from the crop-root zone
into the water-table aquifer and the Upper Floridan aquifer.

As the study moves into the second phase when field data will be
collected for analysis after application of the pesticide aldicarb,
background data will continue to be collected to better define and
characterize the local ground-water system and its relation to the
unsaturated zone.
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