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Concentrations Of Selected Herbicides, Two Triazine
Metabolites, and Nutrients in Storm Runoff From
Nine Stream Basins in the Midwestern United States,

1990-92

By Elisabeth A. Scribner, Donald A. Goolsby, E. Michael Thurman, Michael T. Meyer, and

Michael L. Pomes

Abstract

Water samples were collected from nine
streams in five Midwestern States during
1990 and from two of the nine streams during
1991-92 to determine the concentration, tem-
poral distribution, and transport of 11 agricul-
tural herbicides, two triazine metabolites, and
nutrients during storm runoff. This report
presents a description of the sampling plan,
data-collection techniques, laboratory
methods, and a compilation of herbicide and
nutrient concentration and quality-assurance
data. Samples were collected at nine sites
during April through August 1990 by a
combination of manual sampling and auto-
matic samplers. Automatic samplers were
programmed to collect samples during base-
flow conditions and when runoff from
precipitation occurred. Sampling was
continued at two sites during March 1991
through April 1992 using the same sampling
procedures used in 1990. Approximately
2,000 samples were collected from the nine
sites in 1990, and about 400 samples were
collected from two sites in 1991-92. Labora-
tory analyses consisted of microtitre-plate
enzyme-linked immunosorbent assay for
triazine and chloroacetanilide herbicides and
confirmation of selected samples by gas
chromatography/mass spectrometry. The data
have been useful in studying herbicide and
nutrient transport, in showing that atrazine and
cyanazine are the major triazine herbicides and
that alachlor and metolachlor are the primary

chloroacetanilide herbicides present in water
samples, and in examining the annual persis-
tence of herbicides in surface water.

INTRODUCTION

This is the third in a series of water-quality
reports intended to present the analytical results
from studies of herbicides and nutrients in water
resources of the midcontinent United States. This
report presents the analytical results from a study
of 11 preemergent herbicides, two triazine metabo-
lites, and nutrients in storm runoff from nine
agricultural streams located in five Midwestern
States. Previous reports have presented analytical
results from regional studies of herbicides and
nutrients in ground water (Kolpin and others,
1993) and surface water (Scribner and others,
1993). This study of herbicides and nutrients in
runoff was conducted during 1990-92 and is one of
several regional-scale studies conducted by the
U.S. Geological Survey (USGS) as part of the
Toxic Substances Hydrology Program (Goolsby
and others, 1993).

During 1987-89, about 143 MIb/yr of four
major herbicides, alachlor, atrazine, cyanazine, and
metolachlor, were applied in the 12-state region
(table 1). These herbicides accounted for about
73 percent of the pesticides applied (Gianessi and
Puffer, 1990). The intense use of herbicides, their
moderate water solubility, and mobility can cause
them to leach into ground water, to run off in
surface water, as well as to be transported in the air
and in precipitation (Goolsby and others, 1990).
Substantial increases in herbicide concentrations in
streams and rivers from runoff immediately after
herbicide application have been documented

Introduction 1



Table 1. Average annual quantities of four major herbicides used in 12 agricultural Midwestern States,

1987-89

[From Gianessi and Puffer, 1990; values shown are in millions of pounds of active ingredient per year]

State Alachlor Atrazine Cyanazine Metolachlor
Ilinois 8.0 8.5 3.1 8.1
Indiana 6.9 57 1.7 35
Towa 6.4 5.6 3.7 8.5
Kansas 1.9 4.7 2 2.2
Michigan L5 2.7 .6 2.1
Minnesota 4.0 1.5 2.8 2.4
Missouri 1.8 3.1 1.2 1.6
Nebraska 3.8 7.1 1.8 1.9
North Dakota N 2 2 1
Ohio 37 3.8 1.6 4.0
South Dakota 1.9 5 3 1.0
Wisconsin 1.3 2.7 1.7 1.4

Total 41.3 46.1 18.9 36.8
Grand total 143.1

(Thurman and others, 1991, 1992). Nonpoint-
source contamination of surface- and ground-water
supplies may be associated with the intense use of
agricultural chemicals. Drinking-water quality
also may be affected because conventional water-
treatment practices do not remove these moder-
ately soluble herbicides (Goolsby and others,
1990).

During 1989, the USGS conducted a recon-
naissance study to determine the seasonal and
geographic distribution of herbicides in about
150 streams throughout 10 Midwestern States.
Results from this study (Goolsby and others, 1991;
Thurman and others, 1991, 1992; Scribner and
others, 1993) showed large concentrations of
herbicides in streams during the first storm runoff
after crops were planted. However, because of the
design of the 1989 reconnaissance, it could not be
determined how long the large concentrations
persisted in Midwestern streams.

To improve understanding of the temporal
variability of herbicides and nutrient concentra-
tions in basins with intense agricultural land use,
nine streams were sampled intensively from April

2
Basins in the Midwestern United States, 1990-92

through July 1990, particularly during storm runoff
following herbicide application. Samples were
collected every few hours during storm runoff and
several times per week during periods of base flow
using automatic samplers. Two of these streams
were selected for further study during April 1991
through March 1992.

Objectives of Study

The overall objective of this study was to
obtain detailed information on the concentrations
and mass transport of herbicides and nutrients for
several months following application at a few
locations across the upper Midwestern United
States. Some specific objectives were to:

1. Determine the temporal distribution of the
concentrations and loads of 11 herbicides, two
triazine metabolites, and nutrients in selected
streams in the Midcontinent.

Determine the duration of herbicide concentra-
tions greater than U.S. Environmental Protec-
tion Agency (1988) Health Advisory Levels for
drinking water.

2.
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3. Determine the relation of herbicide concentra-
tions and loads to cropland use and selected
agricultural practices.

4. Estimate the fraction of selected herbicides
applied in each basin that is discharged in
surface runoff.

5. Determine the occurrence and temporal
distribution of atrazine and cyanazine
metabolites in the streams.

6. Determine if herbicide metabolites and metabo-
lite ratios can be used as a tool to help distin-
guish between overland runoff, irrigation return
flow, tile drainage, and ground-water discharge.

7. Adapt or develop solid-phase extraction and gas
chromatography/mass spectrometry (GC/MS)
analytical techniques to quantify cyanazine
metabolites.

Purpose and Scope

The purpose of this report is to describe the
data-collection and analytical methods, the onsite
and laboratory quality-assurance procedures, and
to present the data on 11 herbicides, two triazine
metabolites, nutrients, and streamflow from
samples collected during the study. These data
were derived from about 2,400 samples collected
at nine sites from April 1990 through March 1992.

METHODS
Selection of Sampling Sites

Nine streams in five states (fig. 1, table 2) were
selected for this study. The basins of these streams
are geographically distributed across the Corn Belt
and represent a range of hydrogeologic, soil, clima-
tic, and topographic conditions and also a wide
range of land use and agricultural chemical use.
Some of the characteristics of these basins are
summarized in table 2 (Gianessi and Puffer, 1990;
U.S. Environmental Protection Agency, 1990).

Sampling Methods

Sampling consisted of a combination of
manual and automatic sampling. Manual samples
consisted of either a grab sample collected from the
stream, an equal width increment sample collected

from three to five verticals at each site, or a
multiple vertical cross-section sample at each site.
The automatic samplers were installed at
existing U.S. Geological Survey streamflow-
gaging stations. The samplers were equipped with
Teflon!-lined intake tubing from the pump to the
stream, silicone rubber tubing in the peristaltic
pump, and either }-L or 350-mL glass sample-
collection bottles. Automatic samplers were
capable of collecting at least 24 samples between
visits and were programmed to collect a sample
every other day during non-runoff periods. When
precipitation runoff occurred, samples were
collected to characterize herbicide and nitrite-
plus-nitrate concentrations throughout the runoff
period. Because the storm-runoff characteristics
were different at each site, samplers were
programmed to collect stream water on the basis of
either stage changes in the stream or at specific
time intervals (3 to 8 hours). Several hundred
samples were collected for analysis at each site
during a 5-month period from April through
July 1990. During base-flow periods, the samplers
were visited at least once, but usually twice per
week, to remove samples or to conduct manually
activated automatic sampling. During runoff, sites
were visited within 24 hours to remove samples.
The sites on the Sangamon River and West
Fork Big Blue River (see sites 2 and 8 in fig. 1)
were selected for additional sampling for a full
year, from April 1991 through March 1992. These
two sites were selected because they represented
different soils, climate, and hydrologic settings.
The sampling procedure described above was used
during the spring and summer of 1991. Sampling
was done manually during the fall and winter of
1991-92.

Sample Preparation

All herbicides and nutrient samples were
filtered to remove particulate and colloidal matter.
During 1990, samples for the analysis of herbicide
and nitrite-plus-nitrate as nitrogen were filtered
through a 1-um glass-fiber filter using a peristaltic

! The use of brand names is for identification purposes
only and does not constitute endorsement by the U.S. Geologi-
cal Survey.
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Figure 1. Location of study area and sampling sites in the Midwestern United States, 1990-92.

pump. Filters were first leached with at least During the 1991-92 phase of the study,
200 mL of distilled or deionized water followed by samples for herbicide analysis were filtered
25 to 50 mL of sample. The filtrate for herbicide through a 0.7-um glass-fiber filter using an alumi-

analysis was collected in a 125-mL amber glass num plate filter holder and a ceramic piston fluid-
bottle that had been precleaned and baked at metering pump with all Teflon tubing. Samples for
200 °C. The filtrate for nitrite-plus-nitrate analysis nutrient analysis (ammonia, nitrite-plus-nitrate,
was collected in an amber plastic bottle and pre- nitrate, and orthophosphate) were filtered through a
served with mercuric chloride (40 mg/L). All 0.45-um membrane filter and preserved with
samples were chilled immediately. mercuric chloride. Filters were leached with

4 Concentrations of Selected Herbicides, Two Triazine Metabolites, and Nutrients in Storm Runoff From Nine Stream
Basins in the Midwestern United States, 1990-92
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distilled water and sample water prior to collection
of the filtrate. All samples were chilled immedi-
ately. Herbicide samples were shipped to the
USGS laboratory in Lawrence, Kansas, for
immunoassay and GC/MS analysis (Thurman and
others, 1990). Nutrient samples were shipped to
the USGS laboratory in Arvada, Colorado, for
analysis (Fishman and Friedman, 1989).

Laboratory Methods

Herbicide sample bottles received at the USGS
laboratory in Lawrence, Kansas, were logged in
manual and computer files, assigned identification
numbers, and stored under refrigeration until
analyzed. All of the storm-runoff samples
collected during 1990 were analyzed for triazine
and chloroacetanilide herbicides by enzyme-linked
immunosorbent assay (ELISA) (Pomes and
Thurman, 1991). About 25 percent of the samples
were selected for analysis by GC/MS. These
samples were chosen on the basis of ELISA results
to represent the complete range in herbicide
concentrations. Samples collected during 1991-92
were analyzed only by the GC/MS method. Proce-
dures used to extract herbicides from water
samples and the GC/MS analyses of herbicides
are described by Thurman and others (1990) and
Meyer and other (1993).

ELISA

Assay kits consisting of 96-well microtitre
plates and reagents were used to analyze triazine-
and chloroacetanilide-herbicide concentrations.
Each of the wells on the polystyrene microtitre
plate was coated with polyclonal antibodies that
bind triazine- or chloroacetanilide-herbicide mole-
cules, depending on the analysis. Assay kits
additionally used an enzyme conjugate prepared by
covalently binding atrazine or alachlor molecules
to horseradish peroxides (Bushway and others,
1988). The analysis consisted of adding a small
amount of sample and enzyme conjugate to wells
on the microtitre plate. The enzyme conjugate and
atrazine or alachlor, depending on the test,
competed for the antibody binding sites on the
microtitre plate. After a suitable reaction time, the
mixture was removed from the plate. The plate
was washed several times, and a second reagent
was added which produced a color that was

inversely proportional to the concentration of the
herbicide being analyzed. The concentrations then
were quantified with a microtitre-plate reader that
measured the intensity of the color in samples and
calibration standards.

Although atrazine assay kits are marketed to
analyze atrazine, the kits also can cross react to
varying degrees with propazine, prometon, sima-
zine, deethylatrazine, cyanazine, and deisopropyl-
atrazine (Thurman and others, 1990). Cross
reactivity stems from the affinity that antibodies
have for particular molecular structures. If a
family of analytes possesses a given structural
group, each member of that family will exhibit
some degree of cross reactivity. Of the triazine
herbicides under consideration in this study, the
antibodies had the greatest affinity for atrazine as
signified with the smallest 50-percent inhibition
concentration (ICsq) of 0.41 pg/L. The ICs is the
concentration that produces a 50-percent change in
instrument response and is a measure of the
sensitivity of the method. Alachlor lacks any of
the critical molecular structures as shown in
figure 2 and gave no response on the triazine
microtitre plate.

The antibodies used in the chloroacetanilides
microtitre plates had the greatest affinity for ala-
chlor with an ICs( concentration of 0.87 pg/L
The antibodies had the next greatest affinity for the
alachlor ethane sulfonic acid (ESA) metabolite
whose IC5q concentration is about two times
greater (1.7 pg/L) than that for alachlor. The high
degree of cross reactivity of ESA in the chloro-
acetanilide ELISA was responsible for the poor
correspondence between the ELISA and GC/MS
results. Alachlor ESA is responsible for positive
ELISA detections for alachlor that cannot be
confirmed by GC/MS (Macomber and others,
1992; Baker and others, 1993; Aga and others,
1994). Another chloroacetanilide herbicide,
metolachlor, displays some cross reactivity on the
chloroacetanilide microtitre plate with an ICsq
concentration of 26 pg/L (fig. 3). Finally, atrazine
gave no response on the chloroacetanilide
microtitre plate (fig. 3).

GC/MS

Samples collected for GC/MS analysis were
filtered through either 1.0 or 0.7-pum glass-fiber
filters, then refrigerated in 125-mL glass bottles
until analyzed. Ten samples were placed in

6 Concentrations of Selected Herbicides, Two Triazine Metabolites, and Nutrients in Storm Runoff From Nine Stream
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Figure 2. Chemical structure of selected triazine herbicides and metabolites in order of decreasing cross reactivity.
Alachlor is included for comparison purposes. Triazine herbicides are shown at 50-percent inhibition concentration
(ICs0) and in micrograms per liter (ug/L).

custom-made plexiglas racks. Two distilled-water
solutions fortified with a herbicide mix and two
blanks then were added to the sample racks for
quality assurance. The concentration of the

fortified distilled-water solutions ranged from
0.05 to 5.0 ug/L. Then 100 pL of a surrogate
standard, terbuthylazine (1.34 ng/uL), were added
to each bottle.

Methods
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Figure 3. Chemical structure of selected chloroacetanilide herbicides and metabolites in order of decreasing cross
reactivity. Atrazine is included for comparison purposes. Chloroacetanilide herbicides are shown at 50-percent
inhibition concentration (ICsq) and in micrograms per liter (ug/L).

Herbicides were extracted from the water
samples by solid-phase extraction (SPE) cartridges
using an automated workstation (millilab). The
SPE cartridge was conditioned by flushing with
2 mL of methanol, 6 mL of ethyl acetate, 2 mL of
methanol, and 2 mL of distilled water. Reagents
were pipetted through the SPE cartridge from the
reagent reservoirs on the transport module. The
sample lines were primed with 23 mL of water
sample prior to pumping 100 mL of sample
through the SPE cartridge at a flow rate of
20 mL/min. Filtered compressed air then was
passed through the SPE cartridge for 1 minute to
remove as much water sample trapped in the
cartridge as possible. The SPE cartridge was
eluted with 2.5 mL of ethyl acetate into a centri-
fuge tube. Each sample in the set was prepared
sequentially in the same way. An internal standard,

[d;o] phenanthrene (500 pL; 0.2 ng/uL), then was
added to each of the sample eluates in a batch-
spiking procedure. The millilab mixed the sample
eluate, then pipetted the ethyl acetate into a clean
centrifuge tube to separate it from the residual
water in the SPE cartridge, which coelutes with the
ethyl acetate. The interior and exterior of the
pipette probe then was washed with ethyl acetate
after each sample was mixed and pipetted. This
cycle was repeated until all the samples were
mixed and separated. The eluates were removed
from the millilab, reduced to a volume of approxi-
mately 100 pL, and transferred into 100-uL glass-
lined polystyrene vials for analysis by GC/MS
(Meyer and others, 1993).

Automated GC/MS analysis of the eluates was
performed on a mass selective detector. Operating
conditions were as follows: Ionization voltage,

8 Concentrations of Selected Herbicides, Two Triazine Metabolites, and Nutrients in Storm Runoff From Nine Stream
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70 electronvolts; ion-source temperature, 250 °c;
electron multiplier, 2,200 volts; direct capillary
interface at 280 °C, tuned daily with perfluorotri-
butylamine; dwell time, 50 ms. Separation of the
herbicides was carried out using a 12-m fused-
silica capillary column, 0.2-mm inside diameter
with a methyl silicone stationary phase, 0.33 um
thick. Helium was used as the carrier gas at a flow
rate of 2 mL/min and a head pressure of 5 Ib/in2.
The column temperature was increased at 50 °C
per minute to 250 °C. Injector temperature was
280 °C. The filament and multiplier were not
turned on until 5 minutes into the analysis. Quanti-
fication of the base peak of each compound was
based on the response of the 188 ion of the internal
standard, phenanthrene-dy. Confirmation of the
compound was based on the presence of the
molecular ion and one to two confirming ions with
a retention-time match of + 0.2 percent relative to
phenanthrene-d . The above procedure is
described in detail by Thurman and others (1990)
and Meyer and others (1993).

Nutrients

Dissolved nitrite plus nitrate, nitrite, ammonia,
and orthophosphate were determined by an auto-
mated colorimetric procedure at the USGS labora-
tory in Arvada, Colorado. Dissolved nitrate was
calculated as the difference between determina-
tions for nitrite plus nitrate and nitrite (Fishman
and Friedman, 1989).

Quality Assurance

Quality-assurance procedures for this study
included onsite quality assurance carried out by
USGS personnel and an internal laboratory quality-
assurance program.

Onsite

Onsite quality-assurance procedures required
all bottles and sampling equipment to be washed
with a phosphate-free laboratory detergent, rinsed
with tap water, rinsed with organic-free deionized
or distilled water, rinsed with methanol, and rinsed
again with organic-free water to remove traces of
methanol. Bottles were inverted to drain and dry.

Bottle blanks (BB) for herbicides were
obtained about every 20th sample, or approxi-
mately 5 percent of the samples, to test the bottle-
cleaning procedure. Cleaned automatic-sampler
bottles were filled with organic-free water, covered
with aluminum foil, capped, and left for 24 hours.
A part of the sample then was transferred to a
125-mL herbicide bottle without filtering. The
bottle then was capped and labeled as BB from the
site, including the date and a sequence number.

Field blanks (FB) for herbicides from each
automatic sampler were obtained with the
5th sample and about every 20th sample thereafter.
Field blanks consisted of processing a sample of
organic-free water through the plate-filter appara-
tus and treating it as though it were a normal
sample from the automatic sampler. It was labeled
as FB, including the date and a sequence number.

Blind spikes prepared at the USGS laboratory
in Arvada, Colorado, consisted of solutions
containing herbicides of known concentration.
They were furnished in 125-mL glass bottles,
which were labeled with a fictitious date, time, and
sequence number, and submitted for analysis as a
regular sample approximately four times per month
(tables 3 and 4 at end of report).

Laboratory
ELISA

For the ELISA method, results were quantified
with four solutions of known alachlor or atrazine
concentration that ranged from O to 5 pg/L.. Using
the calibration curves, optical densities associated
with calibration standards were examined. Wells
with optical densities producing calculated values
greater than 5 percent different than actual standard
values were eliminated, and the calibration curve
was recalculated. Samples were analyzed in
duplicate, and the results averaged. The reporting
limits for ELISA were 0.1 pg/L for atrazine and
0.15 pg/L for alachlor.

During the 1990 sampling period, atrazine was
not detected in any of the 29 bottle blanks analyzed
by the ELISA method. Alachlor was detected in
one bottle blank (0.17 pg/L). Small amounts of
alachlor and/or atrazine were detected in 10 of
22 field blanks analyzed by the ELISA method.
All concentrations detected were (.32 pg/L or less
except for one field blank which contained
0.70 pg/L of atrazine.

Methods 9



GC/MS

For the GC/MS method, each water sample to
be analyzed for herbicides was spiked with a surro-
gate standard, terbuthylazine. An internal stan-
dard, d;o-phenanthrene, was added to the sample
after it was extracted by SPE. The ratio of the
terbuthylazine to the d;-phenanthrene was used to
calculate the percent "recovery" of the sample.
The internal standard also was ratioed against each
individual compound to calculate concentrations.
Quality-assurance protocol, to ensure the integrity
of the sample handling, extraction, and analytical
procedures, consisted of 10 percent blanks,

10 percent standard solutions, 1 percent blind
samples, and 1 percent double blind samples. Ten
percent laboratory duplicates also were used for the
1991-92 samples.

There were no herbicide detections by the
GC/MS method. The mean concentrations for
blind spike samples during the eight sampling
rounds are shown in table 3. Trace amounts
(0.15 pg/L or less) of atrazine and/or alachlor were
detected in 5 of 20 bottle blanks and/or field blanks
during the 1991-92 sampling period. The mean
concentrations for spike samples during the four
sampling rounds are shown in table 4.

ANALYTICAL RESULTS

Analytical results for water-quality samples
collected from nine sites in five states during 1990
are presented in tables 5 and 6 at the end of this
report. ELISA and GC/MS data for alachlor and
atrazine are shown in table 5. Streamflow, specific
conductance, pH, and nitrite plus nitrate as nitro-
gen also are shown in table 5. The temporal
distribution in streamflow, specific conductance,
and nitrite plus nitrate during 1990 for the nine
basins are shown in figures 4 through 12.

Microtitre-plate ELISA provides a good
semiquantitative measure of atrazine concentra-
tions in storm runoff for concentrations less than
3.0 pug/L (Pomes and Thurman, 1991; Moody and
Goolsby, 1993; Goolsby and others, 1994). At
larger concentrations, a semiquantitative measure
will exist only when these samples are diluted.
However, ELISA is not a good semiquantitative
method for alachlor because of significant cross
reactivity with the ESA metabolite (Macomber and
others, 1992; Baker and others, 1993; Aga and
others. 1994). The cross reactivity of the anti-

alachlor antibodies with ESA has caused problems
in previous water-quality surveys for alachlor by
ELISA because of false-positive detections of
alachlor (Baker and others, 1993).

The ELISA data indicate that prior to herbicide
application (April 1, 1990), the concentration of
triazine herbicides was less than 1.0 pg/L. How-
ever, the concentrations of herbicides increased
sharply to more than the U.S. Environmental
Protection Agency (1988) Maximum Contaminant
Level for atrazine in drinking water of 3.0 ug/L,
with peaks of 10-75 pg/L during early May and
June 1990 (postplanting period) (see figs. 4
through 12). GC/MS verification of the peaks
showed that atrazine was the major triazine present
and that alachlor and metolachlor were the major
chloroacetanilide herbicides found. Concentration
spikes of 20 pug/L occurred through late June as the
late spring rains continued to wash herbicides from
the fields.

Herbicide concentrations correlated with
stream discharge immediately following herbicide
application. Stream discharge ranged from 300 to
300,000 ft3/s during the 1991-92 sampling. Thus,
transport of herbicides to streams was seasonal,
generally occurring only during runoff following
chemical application associated with the planting
of crops. (Thurman and others, 1992).

Results from ELISA and GC/MS analyses
showed that triazine herbicide concentrations
frequently exceeded 3.0 pug/L at all nine sites from
early May to early July 1990. As a result,
additional sampling was conducted at two sites in
1991 to develop an improved understanding of the
temporal distribution of 11 herbicides, two metabo-
lites, and nutrients (tables 7 and 8 at end of report).
This sampling confirmed the seasonal transport of
herbicides to Midwestern streams. The largest
concentrations occurred again from early May to
early July 1991 (figs. 13-14).

Nitrate and nitrite concentrations in streams
are derived from many anthropogenic and natural
sources, including chemical fertilizers, animal
wastes, domestic sewages, legumes, mineralization
of vegetation, and soil organic matter. Results
from studies in the Midwest provide information
on the geographic distribution of nitrate and nitrite
in streams and also indicate that processes in
addition to those governing herbicide transport are
important in controlling the transport of nutrients
to streams (Goolsby and others, 1993).

10 Concentrations of Selected Herbicides, Two Triazine Metabolites, and Nutrients in Storm Runoff From Nine Stream
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Figure 12. Streamflow and analytical results for Huron River at Milan, Ohio, 1990 (sampling site 9, fig. 1). Herbicide
concentrations determined using enzyme-linked immunosorbent assay (ELISA) and

gas chromatography/mass spectrometry (GC/MS).
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Figure 13. Streamflow and analytical results for Sangamon River at Monticello, Ill., 1991-92 (sampling site 2, fig. 1).
Herbicide concentrations determined using gas chromatography/mass spectrometry (GC/MS).
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