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PESTICIDE AND TRANSFORMATION PRODUCT DETECTIONS
AND AGE-DATING RELATIONS FROM TILL AND SAND DEPOSITS'

Kelly L. Warner and William S. Morrow?”

ABSTRACT: Pesticide and transformation product concentrations and frequencies in ground water from areas of
similar crop and pesticide applications may vary substantially with differing lithologies. Pesticide analysis data
for atrazine, metolachlor, alachlor, acetochlor, and cyanazine and their pesticide transformation products were
collected at 69 monitoring wells in Illinois and northern Indiana to document occurrence of pesticides and their
transformation products in two agricultural areas of differing lithologies, till, and sand. The till is primarily tile
drained and has preferential fractured flow, whereas the sand primarily has surface water drainage and pri-
mary porosity flow. Transformation products represent most of the agricultural pesticides in ground water
regardless of aquifer material — till or sand. Transformation products were detected more frequently than parent
pesticides in both the till and sand, with metolachlor ethane sulfonic acid being most frequently detected. Esti-
mated ground-water recharge dates for the sand were based on chlorofluorocarbon analyses. These age-dating
data indicate that ground water recharged prior to 1990 is more likely to have a detection of a pesticide or pesti-
cide transformation product. Detections were twice as frequent in ground water recharged prior to 1990 (82%)
than in ground water recharged on or after 1990 (33%). The highest concentrations of atrazine, alachlor, meto-
lachlor, and their transformation products, also were detected in samples from ground water recharged prior to
1990. These age/pesticide detection relations are opposite of what would normally be expected, and may be the
result of preferential flow and/or ground-water mixing between aquifers and aquitards as evident by the detec-
tion of acetochlor transformation products in samples with estimated ground-water ages predating initial pesti-
cide application.

(KEY TERMS: pesticides; ground water hydrology; recharge; transformation product; age dating; glacial depos-
its.)
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INTRODUCTION original pesticides have been documented in ground

water in various areas underlying the Midwest

(Kolpin et al., 1994, 1996b, 2000; Barbash et al.,

The generally greater occurrence and frequency of 1999; Kolpin et al., 2000; Savoca et al., 2000; Bayless,
pesticide transformation products in relation to their 2001; Morrow, 2003). It is not known, however, how
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pesticide and transformation product concentrations
and frequencies in ground water from areas of sim-
ilar crop and pesticide applications vary with differ-
ing lithologies and associated aquifer properties and
drainage characteristics. Although a large number of
studies have documented extensive pesticide contam-
ination of ground water in highly permeable aquifers
in Wisconsin, Nebraska, Illinois, New York, and
California, these studies generally did not sample
ground water in nearby, less permeable areas for
comparison (Barbash and Resek, 1996). Additionally,
published research on pesticide and transformation
products in ground water in Illinois and Indiana is
currently limited, especially in thick glacial till.

Previous studies on pesticides in ground water in
Illinois and surrounding area have shown low detec-
tion frequencies even though the use of pesticides is
extensive. Results from pesticide studies in the early
1990’s found the presence of at least one pesticide in
12% of private wells sampled in Illinois (Ray and
Schock, 1996), whereas 8% of sites sampled (92%
drinking-water supply wells) in Indiana had a detec-
tion of at least one pesticide (Risch, 1993). Prelimin-
ary results from the Cooperative Private Well Testing
Program (Baker et al., 1994) show a lower frequency
of triazine herbicide occurrence (at concentrations
above 3 ug/1) in Illinois than in Indiana and Ohio,
two other high pesticide-use States in the mid-contin-
ent (Barbash and Resek, 1996). Subsequent research
on drinking water in Ohio, Illinois, and Iowa found
population-weighted average atrazine exposure from
drinking ground water to be similar in Illinois and
Ohio, but more than twice as high in Iowa (Richards
et al., 1995).

Many pesticides form transformation products in
the subsurface, either with, or without, microbial
involvement. The rates and pathways of these reac-
tions are affected by a variety of physical, chemical,
and biological factors. Transformation reactions also
are affected by the presence and characteristics of the
resident Earth materials, the nature of these effects
being dependent, in turn, on the chemical structure
of the pesticide of interest (Barbash and Resek, 1996).
Pesticide transformation products formed through trans-
formation reactions have been detected in high
concentrations and greater frequency than original
pesticides in Iowa (Kolpin et al., 2000). For example,
atrazine rapidly transforms through first-order kinetics
(Wagenet et al., 2000), and its transformation prod-
ucts often are detected more frequently than atrazine
in ground water. The possible higher concentrations
and frequency are important because it is possible for
pesticide transformation products to retain the herbi-
cidal activity and toxicity of the original pesticides, as
well as the comparable harmful physiological effects
of some pesticides (Kolpin et al., 1998). The U.S.
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Environmental Protection Agency (USEPA) considers
transformation products in the environment important
enough to include selected triazine transformation
products on the drinking-water contaminant candi-
date list as a priority; and acetochlor ethane sulfonic
acid (ESA) and alachlor ESA in drinking water as
needing more research (USEPA, 1998, 2005).

The results presented here are part of the National
Water-Quality Assessment (NAWQA) program of the
U.S. Geological Survey (USGS) to assess the water
quality of the Nation. This study in Illinois and nor-
thern Indiana compares pesticide and pesticide trans-
formation product analyses from near-surface (less
than 18 m from land surface) ground water from two
deposits with similar overlying agricultural land use
of corn and beans, with similar pesticide applications,
but with different lithologies—till and sand. The till is
primarily tile drained and has preferential fractured
flow through till fracturing and macropores, whereas
the sand is not tile drained (but does have surface
water ditch drainage) and primary porosity flow
through the sand. The pesticides analyzed in this
study are atrazine, metolachlor, acetochlor, cyana-
zine, and alachlor; all these pesticides are used to
control broad leaf and grassy weeds in corn, with
some occasional use on soybeans. These pesticides
have different half-lifes, water solubility, and sorption
coefficients (Table 1) which affect the fate and mobil-
ity of each pesticide. Samples for common transfor-
mation products of these pesticides also were
analyzed (Table 2). For the purpose of this paper, the
till refers to the uppermost water-bearing unit in till,
whereas the sand refers to the uppermost water-bear-
ing unit in glaciofluvial sand.

MATERIALS AND METHODS

The two study areas consist of shallow monitoring
well sets installed in Illinois and Indiana as part of
the USGS NAWQA program to study agricultural
land-use effects (Figure 1). Agriculture is the primary
land use in these two study areas. Illinois and Indi-
ana have the fifth and tenth, respectively, highest
crop application of combined pesticides in the coun-
try, in kg applied per year (Gianessi and Marcelli,
2000).

The monitoring wells in the till and sand were selec-
ted and installed in agricultural land-use recharge
areas according to USGS and NAWQA guidelines
(Figure 1) (Scott, 1990; Lapham et al., 1995). The till
and sand areas are both generally flat, and dominantly
agricultural with corn and beans being the major
crops. Most soils are mollisols, dark-colored soils with
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TABLE 1. Pesticide Movement Ratings, Soil Half-Lifes, Water Solubility, and Sorption
Coefficients for Pesticides Analyzed (from Wauchope et al., 1992; Monsanto Company, 2003).

Pesticide Movement Soil Half-Life Water Solubility Sorption Coefficient
Pesticide Name Rating (days) (mg/L) (soil Koc)
Acetochlor 3.4-29 223 74-422
Alachlor Moderate 15 240 170
Atrazine High 60 33 100
Cyanazine Low 14 170 190
Metolachlor High 90 530 200

TABLE 2. Pesticides and Pesticide Transformation Products Analyzed.

Common Name

Chemical Name

Acetochlor

Acetochlor ethane sulfonic acid (acetochlor ESA)
Acetochlor oxanilic acid (acetochlor OA)

Alachlor

Alachlor ethane sulfonic acid (alachlor ESA)
Alachlor oxanilic acid (alachlor OA)

Atrazine
Deethylatrazine
Deisopropylatrazine
Hydroxyatrazine
Cyanazine
Cyanazine-amide
Metolachlor

Metolachlor ethane sulfonic acid (metolachlor ESA)

Metolachlor oxanilic acid (metolachlor OA)

2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl)acetamide
2-[(2-ethyl-6-methylphenyl)(ethoxymethyl)amino]-2-oxoethane sulfonic acid
2-[(2-ethyl-6-methylphenyl)(ethoxymethyl)amino]-2-oxoacetic acid
2-chloro-2’-6’-diethyl-N-(methoxymethyl)-acetamide
2-[(2,6-diethylphenyl)(methoxymethyl)amino]-2-oxoethane sulfonic acid
2-[(2,6-diethylphenyl)(methoxymethyl)amino]-2-oxoacetic acid
2-chloro-4-ethylamino-6-isopropylamino-s-triazine
2-amino-4-chloro-6-(isopropylamino)-s-triazine
2-amino-4-chloro-6-(ethylamino)-s-triazine
2-hydroxy-4-(ethylamino)-6-(isopropylamino)-s-triazine
2-[[4-chloro-6-(ethylamino)-1,3,5-triazin-2-ylJamino]-2-methyl propionitrile
2-chloro-4-(1-carbamoyl-1-methyl-ethylamino)-6-ethylamino-s-triazine
2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide
2-[(2-ethyl-6-methylphenyl)(2-methoxy-1-methylethyl)amino]-2-oxoethane sulfonic acid
2-[(2-ethyl-6-methylphenyl)(2-methoxy-1-methylethyl)amino]-2-oxoacetic acid

90° 89°

88°

a7° more than 1% organic matter, with the sand areas also

42° T T

4o

T T
BQChicago

@J Wedron Formation, which is mostly till with interca-
lated gravel, sand, and silt lenses (Willman et al.,
© 7 1975). Tile drains in cropland discharging to ditches

ILLINOIS

having entisols — sandy, light colored soils (Arnold
et al., 1999; Warner, 1998).

The till study area is in central Illinois (Figure 1).
The area deposits consist of glacial till of the Wis-
consinan Bloomington Ridged Plain, primarily the

INDIANA

and streams are common (and has increased since
the 1970s with the introduction of plastic tile)
because of the low permeability of the clayey glacial
deposits. Irrigation is not common in the area, usu-
ally only occurring when required for seed corn con-

EXPLANATION
AQUIFER

Y Till

Sand

tracts. The 40 monitoring wells were sampled for
pesticides and pesticide transformation products from
July through October in 1997. The well depths ran-
ged from 4 to 17.9 m with a median depth of 6.9 m.
The material surrounding the 1.5 m screened inter-

val is fine-grained and clayey with discontinuous fine

e SAMPLING SITE

Base from U.S. Geological Survey
1:2,000,000 Digital Data

0 ' 90 Miles to coarse sand layers usually less than 15 cm thick.
The median thickness of confining units (clay, clayey

/S_\g%safg:?r-zﬁlr;:3[‘;;°n;cn§rl:)5]§,ctt:§:tralmeridian -89° ’ S0 silt, till) is 5.0 m and the median thickness of the
producing units (sand, silt, and sandy loess) is 1.5 m
FIGURE 1. Location of Ground-Water based on lithology from land surface to bottom of

Sampling Sites Within the Study Area. screen.
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The sand study area is in northeastern Illinois and
northwestern Indiana (Figure 1). The area deposits
consist mainly of fine- to medium-grained sands with
intermittent clayey silt of the Wisconsinan Kankakee
Till Plain/Kankakee Outwash and Lacustrine Plain.
The deposits are primarily the Henry Formation, con-
sisting of glacial outwash sands and gravels, and the
Parkland Sand (in Illinois)/Atherton Formation (in
Indiana) which consists of windblown sand (Willman
et al., 1975) with exposed sand at the surface fairly
common. Because near-surface sands that are present
provide natural drainage, tile-drain systems are not
common. Surface-water drainage ditches adjacent to
the sandy cropland are the most common drainage
feature. The area overlying the sand can be irrigated
heavily locally. The 29 monitoring wells were sam-
pled for pesticides and transformation products from
June through September in 1999. The well depths
ranged from 3.4 to 15.2 m with a median depth of
4.2 m. The material surrounding the screened inter-
val (1.5 m) of the wells is mostly sand. The approxi-
mate median thickness of confining units (clay,
clayey silt, till) is 0.6 m and the median thickness of
the producing units (sand, silt, sandy loess) is 4.0 m
based on the lithology from land surface to the bot-
tom of screen.

Sampling sites were selected in areas of similar
pesticide application rates. Average individual pesti-
cide application rates over each entire study area
were calculated by multiplying the average cropland
pesticide application rate for Illinois or Indiana for
the year of sampling by the percentage of cropland
planted per county. This value then was multiplied

by the percentage of cropland that was treated with
the pesticide, based on data from the U.S. Depart-
ment of Agriculture (USDA, 1997, 1999). This
procedure results in an application rate of the pesti-
cide in relation to the entire study area, not just
the cropland, and gives a better general view of
relative use of each pesticide in the study area.
Estimated applications indicate that pesticides were
applied over the till and sand in Illinois and Indiana
at about the same level, in kg/ha, in both aquifers
(Table 3).

Hydraulic conductivities were determined from
slug tests of 30 of 40 wells in the till, and 26 of 29
wells in the sand. All hydraulic conductivity values
were calculated using the Bouwer and Rice (1976),
and Cooper et al. (1967) methods. The median sand
hydraulic conductivity was 4.0 m/day. The 10 wells
without slug tests were determined to recharge too
slowly to perform slug tests with the field time avail-
able, based on sampling and developing observations.
If it is assumed that the 10 wells not tested were
lower than the lowest slug-test conductivity value,
then the median conductivity for the till is 0.2 m/day.
Physical and chemical parameter data were collected
for all wells and are listed in Table 4.

Pesticides and transformation products were
collected at the 69 wells (40 in the till, and 29 in the
sand) using NAWQA “ultra-clean” sample-collection
methods (Koterba et al., 1995). Pesticides analyzed
were acetochlor, alachlor, atrazine, cyanazine, and
metolachlor. Pesticide transformation products ana-
lyzed were acetochlor ESA, acetochlor oxanilic acid
(OA), alachlor ESA, alachlor OA, cyanazine-amide,

TABLE 3. Pesticides Detections and Pesticide Application Rates for the Till and Sand [Pesticide Application Estimates Calculated from
State Pesticide Applications and County Crop Areas (U.S. Department of Agriculture, 1997; U.S. Department of Agriculture, 1999)].

Till Sand
Method Pesticide Detection Range of Pesticide Detection Range of
Pesticide and Related Reporting Application Frequency Concentrations Application Frequency Concentrations
Transformation Products Level ug/1 Rate kg/ha (40 samples) % ug/1 Rate kg/ha (29 samples) % ug/1
Acetochlor 0.05 0.28 0 <0.05 0.22 0 <0.05
Acetochlor ethane 0.2 not applicable 0 <0.2 na 24 <0.20-1.87
sulfonic acid (ESA) (na)
Acetochlor oxanilic acid (OA) 0.2 na 8 <0.20-0.65 na 3 <0.20-1.01
Alachlor 0.05 0.01 0 <0.05 0.02 3 <0.05-0.92
Alachlor ESA 0.2 na 3 <0.20-0.60 na 24 <0.20-3.06
Alachlor OA 0.2 na 0 <0.2 na 3 <0.20-3.06
Atrazine 0.05 0.44 5 <0.05-0.12 0.46 10 <0.05-0.41
Deethylatrazine 0.05 na 5 <0.05-0.11 na 7 <0.05-0.83
Deisopropylatrazine 0.05 na 3 <0.05-0.14 na 7 <0.05-0.21
Hydroxyatrazine 0.2 na 8 <0.20-1.14 na 0 <0.20
Cyanazine 0.05 0.16 0 <0.05 0.13 0 <0.05
Cyanazine-amide 0.05 na 0 <0.05 na 0 <0.05
Metolachlor 0.05 0.36 5 <0.05-0.40 0.39 3 <0.05-0.53
Metolachlor ESA 0.2 na 25 <0.20-33.9 na 31 <0.20-9.08
Metolachlor OA 0.2 na 10 <0.20-11.5 na 14 <0.20-4.49
JAWRA 914 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION
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TABLE 4. Chemical and Physical Parameters of Wells in the Till and Sand.

Till Sand

Parameter Units Minimum Maximum Median Minimum Maximum Median
Specific conductance uS/cm 214 1840 740 119 1020 391
PH Standard units 8 7 5.9 8.4 7.2
Dissolved oxygen mg/1 7.4 2.3 0.1 7.5 2.9
Alkalinity (as mg L1 of calcium carbonate) mg/1 220 636 370 17 342 142
Water temperature °C 11 26.5 16 11.5 34 19.5
Well depth m 17.9 6.9 3.4 15.2 4.2
Water level below land surface m 14.1 3.0 0.76 10.8 2.1
Hydraulic Conductivity m/day <0.009 166 0.2 0.003 22 4.0
deethylatrazine, deisopropylatrazine, hydroxyatra- different reporting levels is underestimation of

zine, metolachlor ESA, and metolachlor OA. Samples
were analyzed by the USGS Organic Geochemistry
Research Laboratory in Lawrence, Kansas. Field and
laboratory quality assurance samples consisting of
blanks, spikes, and replicates were collected to verify
sampling and analytical procedures (Zimmerman and
Thurman, 1999; Kish et al., 2000; Zimmerman et al.,
2000).

Ground-water recharge date estimates were obta-
ined for both the till and sand. In the till, recharge
dates were estimated using tritium-dating methods
(Thatcher et al., 1977), whereas in the sand,
recharge dates were estimated using chlorofluorocar-
bon (CFC)-dating methods (Plummer and Busenberg,
1999; Plummer and Friedman, 1999). The tritium-
dating method is less precise than the CFC-dating
method, but was used because of anticipated low dis-
solved oxygen concentrations, and availability and
cost of equipment. Tritium concentrations were used
in this report only as a general indicator of recharge
age because of the difficulty in establishing a definit-
ive tritium concentration/age relation from tritium
in precipitation data. Water samples with tritium
concentrations were estimated to be either before or
after 1952 (the beginning of above-ground nuclear
device testing), with samples below the reporting
level of 1.8 tritium wunits (TUs) assumed to be
recharged prior to 1952, whereas water samples
with tritium concentrations higher than 1.8 TU are
considered to have, at least some, post-1952
recharge.

Method reporting levels varied. All parent pesti-
cides and the triazine transformation products,
except for hydroxyatrazine, had a method reporting
level of 0.05 ug/1. Hydroxyatrazine and the acetamide
pesticide (acetochlor, alachlor, and metolachlor) trans-
formation products had a method reporting level of
0.20 ug/1. A substantial amount of data would be
rejected if the censoring level is raised to 0.20 ug/l;
therefore, the uncensored data were used when com-
paring detection frequencies. The net effect of these

JouRNAL oF THE AMERICAN WATER RESOURCES ASSOCIATION

hydroxyatrazine and the acetamide transformation
products in relation to the parent compounds and tri-
azine compounds, because a lower reporting level
would probably increase the detection frequency of
the acetamide and hydroxyatrazine transformation
products. Because concentrations and detection fre-
quencies of acetamide transformation products (and
hydroxyatrazine in the till) generally were higher
than the parent products and triazine transformation
products, the general trends and patterns would not
change, and probably would strengthen if reporting
levels were similar.

RESULTS AND DISCUSSION

Although no pesticide or pesticide transformation
product concentrations exceeded USEPA drinking-
water standards or health-based screening levels
(Toccalino et al., 2004), over half of the pesticide com-
pounds considered in this investigation did not have
a drinking-water standard.

Total Pesticide Concentrations

The total pesticide concentrations (the sum of ana-
lyzed pesticide and transformation product concentra-
tions in ground water) were examined because of the
low individual pesticide detection frequency and
because studies have shown that some combinations
of pesticides may have additive or synergistic toxic
effects (Kolpin et al., 1998). Total pesticide concentra-
tions were less frequently detected in the till (35%)
than the sand (55%). The frequency of detection for
individual pesticides and transformation products
also are lower in the till compared to the sand
(Figure 2). This may be the result of agricultural
drainage practices, pesticide and clay interaction, or

915 JAWRA
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FIGURE 3. Number of Pesticide or Transformation Product
Detections per Ground-Water Sample in the Till and Sand.

combination of both. The average number of detections
per well was 0.7 for the till, and 1.3 detections per
well for the sand. The number of pesticide detections
per well is shown in Figure 3. The maximum total
pesticide concentration in one well sample was
46.9 ug/1 in the till, and 17.3 ug/l1 in the sand. Pesti-
cide, transformation product, and total concentrations

JAWRA

for both aquifers are shown in Figure 4 and Figure 5.
Well locations and number of pesticides or transfor-
mation product detections are shown in Figure 3.
Total pesticide concentrations did not correlate with
well depth or water level, with Spearman Rank corre-
lations of less than —0.30 for all correlations. This
lack of correlation may be affected by combining indi-
vidual pesticides having different soil sorption, solu-
bility, and reducing/oxidizing properties. The median
concentration of total pesticides in samples from the
sand is 0.20 ug/1; the median concentration for sam-
ples from the till is less than the method reporting
levels (0.05-0.20 ug/1). There is a statistical differ-
ence in total pesticide concentration between the till
and sand using the non-parametric Kruskal-Wallis
test (p < 0.05) (Helsel and Hirsch, 1992). Lower con-
centrations of pesticides and nitrate in low-permeabil-
ity agricultural areas of high pesticide and nitrate
application have been suggested to be the result of
the low permeability soil and underlying deposits
and resulting increased tile drainage (Mueller et al.,
1995; Mueller and Helsel, 1996; Fenelon and Moore,
1998; Barbash et al., 1999; and Nolan and Stoner,
2000; Gilliom et al., 2006; Stackelberg et al., 2006).
The more clayey deposits and larger percentage of
tile-drained cropland in the till, compared to the
sand, probably either impede the downward move-
ment of pesticides because of low permeability and/or
sorption onto organic matter, or shunt the pesticides
from tile drains to drainage ditches, rather than con-
tinuing to infiltrate to the water table. This process
would result in lower concentrations of pesticides in
the till than the sand.

Selected Pesticides and Transformation Products in
Ground Water From the Till

Atrazine, metolachlor, acetochlor, and alachlor pes-
ticides or their transformation products were detected
in the till. Cyanazine, or its transformation product,
cyanazine-amide, was not detected. Pesticides or their
transformation products were detected in 35% (14 of
40) of the ground-water samples. Pesticides were
detected in only 8% (3 of 40) of the ground-water
samples, whereas transformation products were
detected in 35% (14 of 40) of the ground-water sam-
ples. Pesticide, transformation product, and total con-
centrations are shown in Figure 4. Of the wells with
detections, 50% (7 of 14) had two or more pesticide or
transformation product detections. Individual pesti-
cide detection frequencies, reporting levels, and esti-
mated pesticide applications over the till are shown
in Table 3.

Atrazine or its transformation products were detec-
ted in 10% (4 of 40) of the samples. In both samples
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FIGURE 4. Pesticide, Transformation Product, and Total Concentrations From Ground-Water Samples in the Till.
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FIGURE 5. Pesticide, Transformation Product, and Total Concentrations From Ground-Water Samples in the Sand.

where atrazine was detected, two atrazine transfor-
mation products also were detected. These transfor-
mation products composed from 50 to 100% of the
combined (atrazine and transformation products) con-
centration.

The most common transformation product of atra-
zine in ground water from the till is hydroxyatrazine,
which was detected more frequently than atrazine. It
is uncommon to find a higher concentration of
hydroxyatrazine than atrazine or other transformation
products, such as found in this study. Hydroxyatra-
zine is more soluble in water than atrazine, but
solute-transport field experiments show that hydro-
xyatrazine has a substantially greater tendency to
sorb to soils — particularly to the clay fraction
(Barbash and Resek, 1996) and humic substances
(Martin-Neto et al., 2001) than either atrazine, deeth-
ylatrazine, or deisopropylatrazine. Small amounts of
dissolved organic carbon will act as a catalyst to
increase the hydrolysis of atrazine, although the sam-
ples with the highest hydroxyatrazine concentrations
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had some of the lowest dissolved organic carbon con-
centrations.

Metolachlor or its transformation products were
detected in 25% (10 of 40) of the samples. In both
samples where metolachlor was detected, metolachlor
ESA and metolachlor OA also were detected. Meto-
lachlor ESA was the most frequently detected pesti-
cide product in the till samples. Transformation
products represent by far most of the total metolach-
lor product concentration in the till. Over 99% of the
total metolachlor concentration is composed of the
transformation products metolachlor ESA or meto-
lachlor OA. Metolachlor ESA is the major metolachlor
transformation product (82% of total ESA and OA).
These results are similar to those from Iowa (Kalkh-
off et al., 1998) and New York (Phillips et al., 1999).
These studies found over 90% of the total metolachlor
to be transformation products.

Acetochlor was not detected in ground water in
Illinois or Iowa in 1994, the first year of exten-
sive acetochlor use in the United States (Kolpin
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et al., 1996a). Acetochlor or acetochlor ESA also were
not detected in samples collected from the till in
1997. However, acetochlor OA was detected in 8% (3
of 40) of the samples. This result differs from results
in Iowa where acetochlor ESA was detected more fre-
quently than OA (Kalkhoff et al., 1998), possibly
because of differing soil properties and oxidizing con-
ditions.

Alachlor or alachlor OA were not detected in sam-
ples from the till. Alachlor ESA was the only alachlor
transformation product detected, with only 3% (1 of
40) of the samples having a detection. Alachlor appli-
cation had decreased in Illinois and Indiana by an
order of magnitude since the early 1990s, and appli-
cation was an order of magnitude less than the other
pesticide applications in the till in 1997. This result,
combined with the possible shunting of pesticides into
tile drains rather than having a longer residence time
in the aquifer, may account for the low detections of
alachlor products in ground water from the till.

Ground-Water Ages in the Till

Tritium samples were collected from 39 of 40 wells
in the till. Tritium concentrations ranged from less
than 1.8 to 21 TUs, with 80% (31 of 39) of the sam-
ples indicating recharge dates on or after 1952. Sam-
ples with pesticide detections ranged from less than
1.8 to 15 TUs. The two samples with tritium concen-
trations less than 1.8 TUs (indicating recharge before
1952) also had detectable concentrations of acetochlor
ESA. Acetochlor was not applied until after 1994.
This result indicates that ground water in the till can
be from mixed sources and ages, due in part to varia-
tions in ground-water flow in the fractured tills and
intermittent sand lenses and/or mixing of water
between the aquifer and aquitard material.

Dissolved oxygen and well depth also were exam-
ined as possible indicators of ground-water recharge
age. Kolpin et al. (2000) used dissolved oxygen and
depth to examine differences between older (dissolved
oxygen concentration less than 0.50 mg/l and depth
more than 15.2 m) and younger ground water because
oxygen tends to be consumed as water travels from
land surface to greater depths. Well depth provides a
general indication of distance from recharge. The
median dissolved oxygen in the water samples from
the till is 2.3 mg/1 (range from 0.1 to 7.4 mg/1) and
the median depth of wells is 6.9 m (range from 4 to
17.9 m) indicating recently recharged ground water.
However, dissolved oxygen concentration and depth
do not correlate with each other, or with total concen-
trations of pesticides in the till (Spearman Rank cor-
relations all below —0.17). Therefore, well depth and
dissolved oxygen only are a general indicator of age.
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The results of pesticide detections in ground water
and no detectable tritium and pesticide detections in
samples with varying amounts of dissolved oxygen
indicates that the determination of susceptibility of
the till to contamination is not regionally consistent,
but locally complex. Preferential transport through
the heterogeneous till and discontinuous sand lenses
by fractured till and macropores, and the occurrence
and extent of tile drains are likely large factors
for these detections of pesticides in “old” ground-
water.

Selected Pesticides and Transformation Products in
Ground Water From the Sand

Atrazine, metolachlor, acetochlor, and alachlor pes-
ticides or their transformation products were detected
in the sand. Cyanazine or cyanazine-amide were not
detected. Pesticides and transformation products gen-
erally are present in the sand at higher concentra-
tions and higher frequencies than in the till.
Pesticides or their transformation products were
detected in 55% (16 of 29) of the ground-water sam-
ples. Pesticides were detected in only 10% (3 of 29) of
the ground-water samples, whereas transformation
products were detected in 55% (16 of 29) of the
ground-water samples. Pesticide, transformation
product, and total concentrations are shown in Fig-
ure 5. Of the well samples with detections, 62% (10 of
16) had two or more pesticide or transformation prod-
uct detections. Individual pesticide detection frequencies,
reporting levels, and estimated pesticide applications
over the sand are shown in Table 3.

Atrazine or its transformation products were detec-
ted in 14% (four of twenty-nine) of the samples. Of
these samples, atrazine transformation products com-
posed from 50% to 100% of the combined (atrazine
and transformation products) concentration, except
for one well sample. There were no detections of
hydroxyatrazine, but all other atrazine transformation
products were detected.

Metolachlor or its transformation products were
detected in 38% (11 of 29) of the samples. Transfor-
mation products represent by far most of the total
metolachlor product concentration. As in the till and
studies in Iowa and New York (Kalkhoff et al., 1998;
Phillips et al., 1999), over 98% of the total metolach-
lor product is composed of the transformation prod-
ucts metolachlor ESA or metolachlor OA in the sand.
Metolachlor ESA also is the major metolachlor trans-
formation product (70% of total ESA and OA) and
also is the most frequently detected pesticide in the
sand. Metolachlor ESA was not as frequently codetec-
ted with metolachlor or metolachlor OA, as in the till,
with only 10% of the samples having metolachlor
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ESA detections having concurrent detections of meto-
lachlor products.

Acetochlor was not detected in samples from the
sand, however, acetochlor ESA and acetochlor OA
were both detected. Acetochlor ESA was the second
most frequently detected pesticide product (along
with alachlor ESA) in the sand samples, with a detec-
tion frequency of 24%. This result is in agreement
with acetochlor ESA having greater detection fre-
quencies than acetochlor OA in Iowa (Kalkhoff et al.,
1998).

Alachlor, alachlor ESA, and alachlor OA all were
detected in samples from the sand. Alachlor applica-
tion had decreased in Illinois and Indiana by an order
of magnitude since the early 1990s, and application
was nearly an order of magnitude less than other
pesticide applications in the sand in 1997. However,
alachlor ESA (along with acetochlor ESA) was the
second most frequently detected pesticide product in
the sand samples with a frequency of 24%. This
result differs from the detection frequencies in the
till, indicating that ground water from the sand may
have a longer residence time for pesticides because of
the lack of tile drainage relative to the till. These
higher concentrations of alachlor ESA relative to
alachlor may relate to alachlor ESA (as well as meto-
lachlor ESA) having higher water solubility and
lower KOCs than their parent pesticides (Aga and
Thurman, 2001).

Ground-Water Ages in the Sand

Chlorofluorocarbon samples were collected from 26
of 29 wells in the sand. Ground-water age dating
using CFC concentrations is more precise than trit-
ium, and the rural area and sandy, aerobic conditions
of the ground water in sand are ideal for CFC samp-
ling. Estimated recharge dates of ground water in the
sand ranged from 1952 to 1999. Approximately 58%
(15 of 26) of the samples have apparent recharge
dates from 1990 to 1999 (Figure 6).

Ground water recharged prior to 1990 is surpris-
ingly more likely to have a detection of a pesticide or
pesticide transformation product than ground water
recharged on or after 1990 (Figure 7). Pesticides or
transformation products were detected more than
twice as frequently in ground-water samples recharged
prior to 1990 [82% (9 of 11)] than in ground-water
samples recharged on or after 1990 [33% (5 of 15)].
Total pesticide concentrations also were higher in the
older ground water. The total pesticide median con-
centration of samples of ground water recharged on
or after 1990 was 1.52 ug/1, whereas the median con-
centration of samples of ground water before 1990
was less than the reporting levels of 0.05-0.20 ug/1.
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The highest concentrations of atrazine and transfor-
mation products, alachlor and transformation prod-
ucts, and metolachlor and transformation products
also were detected in samples from ground water
recharged prior to 1990.
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FIGURE 6. Estimated Dates of Ground-Water
Recharge From Ground-Water Samples in the Sand
Based on Chlorofluorocarbon (CFC) Analyses.
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FIGURE 7. Percentage of Well Samples From Sand
With a Pesticide or Transformation Product Detection and
Estimated Date of Ground-Water Recharge.

It is probable that the ground-water recharge dates
represent some mixing of different age waters. CFC
ages are estimated ages derived from a piston-flow
model. However, small amounts of ground water
recharged on or after 1990 may have been transpor-
ted through preferential pathways to mix with older
(pre-1990) ground water, or intermixing of water
between aquifers and aquitards may influence appar-
ent ground-water age. Ground-water samples with
older estimated ages actually may contain appreci-
able amounts of younger ground water (Bethke and
Johnson, 2002; Weissmann et al., 2002). This prefer-
ential flow and/or mixing of younger and older
ground water is indicated by samples with detections
of acetochlor (first applied in 1994) transformation
products with estimated recharge dates of 1964,
1968, 1984, and 1988.
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In the sand, the median dissolved oxygen concen-
tration is 2.9 mg/l, and the median well depth is
4.2 m. These values indicate that ground water in
the sand should be recently recharged. The median
dissolved oxygen concentration is similar in ground
water from the till (2.3 mg mg/1), but the median well
depth (6.9 m) of the till is 64% deeper than the sand.
In both the sand and till, depths and dissolved oxy-
gen do not correlate and do not bear a relationship to
ground-water age. Dissolved oxygen concentration
and depth correlate poorly with total concentrations
of pesticides in the sand (Spearman Rank correla-
tions all below + 0.32), so are not good indicators of
ground-water susceptibility in sand.

SUMMARY AND CONCLUSIONS

Pesticide and pesticide transformation product analy-
ses were collected from samples in agricultural areas
in Illinois and Indiana with similar pesticide applica-
tions from two shallow glacial deposits with differing
permeabilities and geologic lithologies (till and sand),
as well as different drainage and irrigation applica-
tions. Results indicated that ground water in low-per-
meability tills with a high clay content and also
generally tile drained is less susceptible to pesticide
contamination than ground water in the higher per-
meability sands that are generally not tile drained.
There also is a statistical difference in total pesticide
(original pesticide and transformation product) con-
centrations between samples from the sand and the
till. In general, pesticides and transformation prod-
ucts are present in ground water from the till at
lower concentrations and lower frequencies of detec-
tion than ground water from the sand.

Transformation products represent most of the
agricultural pesticides found in ground water, regard-
less of type of deposit. In the till, transformation
products were detected in 35% of the samples,
whereas parent pesticides were only detected in 8%
of the samples. In the sand, transformation products
were detected in 55% of the samples, whereas parent
pesticides only were detected in 10% of the samples.
Hydroxyatrazine was detected more frequently than
atrazine or other atrazine transformation products in
the till, whereas hydroxyatrazine was not detected in
the sand. The absence of hydroxyatrazine in the sand
compared with the till probably is related to the sorb-
ing characteristics of hydroxyatrazine with relation
to clay, and combined with the much higher clay con-
tent of the till. Alachlor ESA detections also differed
between the till and sand. Alachlor ESA was detected
in 24% of the samples from the sand, but only was
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detected in 3% of the samples from the till. Pesticide
persistence and mobility related to the difference in
clay content and extent of tile drainage in the till and
sand are the most probable causes for the difference
in detection frequencies.

Higher frequencies of pesticide or pesticide trans-
formation product detections are found in older
ground water, as indicated by CFC age-dating. Con-
trary to expected results, ground water recharged
before 1990 is more likely to have a detection of a
pesticide or pesticide transformation product in the
sand. Pesticides or transformation products were
detected more than twice as frequently in ground
water recharged prior to 1990 (82% detection) than in
ground water recharged on or after 1990 (33% detec-
tion). The highest concentrations of atrazine and
transformation products, alachlor and transformation
products, and metolachlor and transformation prod-
ucts also were in samples from ground water
recharged prior to 1990. This disconnect between
apparent ground-water age and pesticide detections
may be affected by preferential flow and mixing of
younger and older age ground water between aquifers
and aquitards, indicated by samples with acetochlor
transformation products detections (first applied in
1994) with estimated recharge dates before 1994, in
the sand, and samples with acetochlor detections and
estimated recharge dates before 1952 in the till. It is
possible that these results also may be an indication
that changes in pesticide management for cropland
have helped reduce the presence of pesticides in
ground water since 1990 over sand deposits, and
possibly, till deposits.
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