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FOREWORD

During spring and summer 1993, record flooding inundated much of the upper Mississippi
River Basin. The magnitude of the damages—in terms of property, disrupted business, and per-
sonal trauma—was unmatched by any other flood disaster in United States history. Property dam-
age alone is expected to exceed $10 billion. Damaged highways and submerged roads disrupted
overland transportation throughout the flooded region. The Mississippi and the Missouri Rivers
were closed to navigation before and after the flooding. Millions of acres of productive farmland
remained under water for weeks during the growing season. Rills and gullies in many tilled fields
are the result of the severe erosion that occurred throughout the Midwestern United States farm-
belt. The hydrologic effects of extended rainfall throughout the upper Midwestern United States
were severe and widespread. The banks and channels of many rivers were severely eroded, and
sediment was deposited over large areas of the basin's flood plain. Record flows submerged many
areas that had not been affected by previous floods. Industrial and agricultural areas were inun-
dated, which caused concern about the transport and fate of industrial chemicals, sewage effluent,
and agricultural chemicals in the floodwaters. The extent and duration of the flooding caused
numerous levees to fail. One failed levee on the Raccoon River in Des Moines, lowa, led to flood-
ing of the city's water treatment plant. As a result, the city was without drinking water for 19 days.

As the Nation's principal water-science agency, the U.S. Geological Survey (USGS) isin a
unique position to provide an immediate assessment of some of the hydrological effects of the
1993 flood. The USGS maintains a hydrologic data network and conducts extensive water-
resources investigations nationwide. Long-term data from this network and information on local
and regional hydrology provide the basis for identifying and documenting the effects of the flood-
ing. During the flood, the USGS provided continuous streamflow and related information to the
National Weather Service (NWS), the U.S. Army Corps of Engineers, the Federal Emergency
Management Agency (FEMA), and many State and local agencies as part of its role to provide
basic information on the Nation’s surface- and ground-water resources at thousands of locations
across the United States. The NWS has used the data in forecasting floods and issuing flood warn-
ings. The data have been used by the Corps of Engineers to operate water diversions, dams, locks,
and levees. The FEMA and many State and local emergency management agencies have used
USGS hydrologic data and NWS forecasts as part of the basis of their local flood-response activi-
ties. In addition, USGS hydrologists are conducting a series of investigations to document the
effects of the flooding and to improve understanding of the related processes. The major initial
findings from these studies will be reported in this Circular series as results become available.

U.S. Geological Survey Circular 1120, Floods in the Upper Mississippi River Basin, 1993,
consists of individually published chapters that will document the effects of the 1993 flooding.
The series includes data and findings on the magnitude and frequency of peak discharges; precipi-
tation; water-quality characteristics, including nutrients and man-made contaminants; transport of
sediment; assessment of sediment deposited on flood plains; effects of inundation on ground-water
quality; flood-discharge volume; effects of reservoir storage on flood peaks; stream-channel scour
at selected bridges; extent of flood-plain inundation; and documentation of geomorphologic

Acting Director
September 24, 1993

Foreword i



Contents

B Ore WO i i i s s I e A e T T A T
Abstract ...
Inu'oducuon
Purpose and scope
Sources and propemes of sciected agrlcultural chermcals
Drinking-water standards and aquatic-life guidelines....
Previous studies of agricultural chemicals in the M1551551pp1 vaer Basm
Occurrence and transport of agricultural chemicals during the 1993 flood...
Data-collection methods... —
Occurrence and dlsmbuuon of herblades and mtrate mtrogen
Relation to drinking-water slandarde
Transport of herbicides and NItrate-NITOZEN ...........coverururriniiersiieisis s nas

Calculation METROAS .......coveieirieieeiresieeeeeereeeseeeseeeseerasessasesssesbeeraseesbesasesssaesnaesbseessaesbasansssrnessnsssbanansansrns

B o 1170 €] e 207 1Ty 1) 0 (31 OO OO RPN

811575 T LR 1110 1 T A RS L e o S
S o o1 L R T T
FIGURES

1. Map showing harvested cropland for each county in the United States...
2. Graph showing estimated annual herbicide use in the United States and lhe MISSISSIPPI Rwer
Basin from 1987 through 1989... -
3. Graphs showing streamflow and temporal dxstnbunon of triazine herbu:lde concem:ratlons as
determined by immunoassay analysis in 1990 ... i
4.-8. Graphs showing streamflow and temporal chstrlbutlons in the concentrations of
4. Several commonly used herbicide concentrations in the Mississippi River at Thebes, Illinois ...........
5. Atrazine at three sites on the Mississippi River from April 1991 through August 1993......................
6. Alachlor at three sites on the Mississippi River from April 1991 through August 1993 .....................
7. Cyanazine at three sites on the Mississippi River from April 1991 through August 1993...................
8. Nitrate-nitrogen at three sites on the Mississippi River from April 1991 through August 1993..........
9.-10. Graphs showing streamflow and temporal distribution of daily loads of:
9. Atrazine at three sites on the Mississippi River from April 1991 through August 1993.........cccceeueee.
10. Nitrate at three sites on the Mississippi River from April 1991 through August 1993 ...........ccccceueene.

TABLES

1. Estimated annual use of atrazine, alachlor, cyanazine, metolachlor from 1987 through 1989 and commercial
nitrogen fertilizer during 1991 upstream from selected locations in the Mississippi River Basin.....................
2. Physiochemical properties, health-based limits for drinking water, and Canadian aquatic-life guidelines
for selected commonly used herbicides and nitrate ..
3. Streamflow, nitrate-nitrogen, and herbicide data for three qltes on thc NTJSSISSIPPI Rwer durmg the
1993 flood...
4. Streamflow, mtrate—mt.rogen and herblmde data for Lhree sites on Lhe MlSSlSSlppl Rlver mbutanes
during the 1993 flood...
5. Three largest daily load esnmates for atrazme alachlor, cyanazme and metolachlor at three samphng
sites on the Mississippi River in 1991 and 1992 and during the 1993 flood ...
6. Three largest daily load estimates for nitrate-nitrogen at three sampling sues on the MlSSlSSlppl R;ver
in 1991 and 1992 and during the 1993 flood ..

Contents

I

~] Lh th PO B = =

12
17
17
17
17
19
21

13
14
15
16

18
20

11

12

19

21



Occurrence and Transport of Agricultural Chemicals in the
Mississippi River, July Through August 1993

By Donald A. Goolsby, William A. Battaglin, and E. Michael Thurman

Abstract

Heavy rainfall and severe flooding in the
upper Mississippi River Basin from mid-June
through early August 1993 flushed extraordinar-
ily large amounts of agricultural chemicals (her-
bicides and nitrate) into the Mississippi River,
many of its tributaries, and, ultimately, the Gulf
of Mexico. Even though extremely high stream-
flows were recorded during the flood in 1993,
concentrations of herbicides, such as atrazine,
alachlor, cyanazine, and metolachlor, were simi-
lar to the maximum concentrations measured dur-
ing spring and summer 1991 and 1992. It was
anticipated that the higher streamflows during
the flood would dilute the concentrations of her-
bicides that are usually flushed into streams in
late spring and summer. Instead, concentrations
were similar to those measured during much
lower flows, but the daily loads of herbicides
transported in some reaches of the Mississippi
River were higher than those measured in 1991
and 1992. The total atrazine load transported to
the Gulf of Mexico from April through August
1993 (539,000 kilograms) was about 80 percent
higher than that for the same period in 1991 and
235 percent higher than for the same period in
1992. The concentrations of atrazine and cyana-
zine in a few individual samples exceeded health-
based limits for drinking water. However,
because drinking-water regulations are based on
the average of at least four quarterly samples, the
annual average concentrations in the Mississippi
River probably will not exceed these limits for
1993. Nitrate concentrations were similar to
those measured during spring and summer 1991

and 1992. The loads of nitrate-nitrogen trans-
ported into the Gulf of Mexico during July and
August 1993 were as much as 5,734 metric tons
per day. These loads generally are similar to
those measured in spring 1991 and 1992 but
larger than those measured in summer 1991 and
1992. The total nitrate-nitrogen load transported
to the Gulf of Mexico from April through August
1993 (827,000 metric tons) was about 37 percent
larger than that for this same period in 1991 and
112 percent larger than that for the same period in
1992. The transport of extraordinarily high loads
of nitrate and large amounts of fresh-water into
the Gulf of Mexico during midsummer when pri-
mary production is highest could increase phy-
toplankton biomass and affect the gulf ecosystem
along the Louisiana coast.

INTRODUCTION

Flooding was severe throughout parts of the
upper Mississippi River Basin from mid-June
through early August 1993 as a result of extraordi-
nary amounts of rainfall. Rainfall during July was
more than 200 percent of normal (1961-90) July rain-
fall over parts of nine upper Midwestern States (Wahl
and others, 1993), and record peak discharges were
recorded at more than 40 U.S. Geological Survey
(USGS) streamflow-gaging stations (Parrett and
others, 1993). The cool, wet conditions that preceded
the flooding delayed planting by several weeks in
some areas (Iowa Agricultural Statistics, 1993). The
heavy rainfall and flooding began shortly after most
crops were planted and agricultural chemicals, such
as herbicides, were applied to cropland. Previous
studies by the USGS (Goolsby and others, 1991;
Thurman and others, 1991, 1992; Goolsby and
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Battaglin, 1993) have shown that large amounts of the
herbicides applied to recently planted crops can be
flushed from cropland during storm runoff. Conse-
quently, the heavy rainfall that produced the record
flooding could flush large amounts of herbicides into
streams and ground water. Nitrate concentrations
also can be high in some streams during periods of
heavy rainfall in spring and early summer (Goolsby
and Battaglin, 1993; Lucey and Goolsby, 1993).
Therefore, the upper Mississippi River Basin flooded
at the time of the year when the potential for adverse
effects on the quality of surface and ground water
from agricultural chemicals was greatest. High con-
centrations of agricultural chemicals in streams are of
concern because they can affect the suitability of the
water for use as public water supplies and can have
adverse effects on stream biota.

Purpose and Scope

The purpose of this report is to present and
summarize information on the concentrations and
transport of agricultural chemicals (herbicides and
nitrate) in the Mississippi River during the peak and
recession stages of flooding in July and August
1993. Pertinent results from USGS regional studies
of agricultural chemicals in streams in the Mississippi
River Basin during 1989 and 1990 are discussed, as
well as background information on results from a
study of the distribution and transport of these chemi-
cals in the Mississippi River from April 1991 through
September 1992. Information on the usage and prop-
erties of agricultural chemicals frequently detected in
streams in the Mississippi River Basin also is pre-
sented. The concentrations and loads of herbicides
and nitrate during the 1993 flood are compared with
those from previous studies. The 1993 flood data pre-
sented in this paper are limited to the chemical and
hydrologic data available at the end of August 1993.

Sources and Properties of Selected
Agricultural Chemicals

The Mississippi River Basin contains the larg-
est and most intensive agricultural region in the coun-
try. This region, which includes about 65 percent of
the total harvested cropland in the Nation (fig. 1; U.S.
Department of Commerce, 1989), produces more
than 80 percent of the corn and soybeans grown in
the country and much of the cotton, rice, sorghum,

and wheat. To increase yields from these crops, large
amounts of pesticides and nitrogen fertilizers are
used. On the basis of the latest available estimates
(1987 through 1989 for pesticides, 1991 for nitrogen
fertilizer), it is estimated that more than 100,000 met-
ric tons (t) of pesticides (herbicides, insecticides, fun-
gicides) and about 6.3 million t of nitrogen fertilizers
(as nitrogen) were applied to cropland in the Missis-
sippi River Basin in 1991 (U.S. Environmental Pro-
tection Agency, 1990; Gianessi and Puffer, 1991;
U.S. Department of Agriculture, 1992; J.J. Fletcher,
West Virginia University, written commun., 1992).

Herbicides, which are used to control weeds
and grasses, account for more than 80 percent of the
agricultural use of pesticides in the United States (U.S.
Department of Agriculture, 1992). The 20 most
heavily used herbicides and the estimated amounts
used annually in the United States and in the Missis-
sippi River Basin are shown in figure 2. Herbicides,
such as atrazine, alachlor, cyanazine, and metolachlor,
used in the production of corn, soybeans, and sorghum
are among the most heavily used herbicides. The esti-
mated annual use of these herbicides upstream from
selected locations on the Mississippi River and several
major tributaries is listed in table 1. The annual esti-
mates for herbicide use shown in figure 2 and table 1
are for 1987 through 1989 (Gianessi and Puffer,
1991). The actual usage for these herbicides in 1993
could be higher or lower than the estimates listed in the
table; for example, the nationwide use of cyanazine
increased nearly 25 percent between 1989 and 1991
(Dr. Patti Tillotson, Dupont Agricultural Products,
written commun., 1993). For atrazine, the annual use
probably has decreased in recent years because of a
reduction in the recommended application rate (U.S.
Department of Agriculture, 1993).

Nitrogen fertilizers are used extensively on
crops in the Mississippi River Basin to increase
yields. Many forms of commercial fertilizers are
used, including anhydrous ammonia, ammonium
nitrate, ammonium sulfate, and urea. Other sources
of nitrogen in the Mississippi River Basin include ani-
mal wastes (cattle, hogs, poultry), domestic sewage,
legumes, and mineralization of vegetation and soil
organic matter. Very little specific information is
available to quantify nitrogen sources other than com-
mercial nitrogen fertilizer. The estimated use of com-
mercial nitrogen fertilizer in 1991 upstream from
selected locations on the Mississippi River and sev-
eral major tributaries is listed in table 1.
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Herbicides and nitrogen derived from point
and nonpoint sources in the Mississippi River Basin
can be transported into the Mississippi River in run-
off from agricultural and urban areas, discharge from
reservoirs and aquifers, and atmospheric deposition
(Goolsby, Thurman, and others, 1993). The physio-
chemical properties of the herbicides, as well as such
factors as usage, rainfall patterns and intensity, and
farming practices, are important in governing the
amounts and concentrations of these chemicals in
streams. Several important physiochemical proper-
ties of the most widely used and most frequently
detected herbicides in the Mississippi River basin are
listed in table 2. These properties include water solu-
bility, soil sorption coefficient (K), and soil half-
life. Water solubility determines how easily herbi-
cides wash off soil and crop residues and leach
through the soil. Herbicides with solubilities of
greater than about 30 milligrams per liter (mg/L) are
considered to be soluble and are likely to wash off

40°

Percent of county as
harvested cropland

Missing or 0
1to5

6to 15

16 to 30
31to 60
More than 60

== «» == Boundary of Mississippi River Basin

the soil during storms (Becker and others, 1989).
Those with solubilities of less than about 1

mg/L are likely to remain on the soil surface. The
Ko is @ measure of the tendency of a herbicide to
attach to soil particles. The larger the K. value, the
more strongly the herbicide will be adsorbed to soil
particles. Those with K. values of less than about
500 milliliters per gram (mlL/g) tend to be transported
primarily in the dissolved phase (Becker and others,
1989). Those with K. values of more than 1,000
mL/g are transported primarily on suspended-sedi-
ment particles. Soil half-life is the length of time
required for herbicides to degrade in the soil to one-
half of their previous concentration. The longer the
soil half-life, the more persistent the herbicide is and
the longer it will be available to wash off in storm
runoff. Once herbicides are in surface water, the half-
life generally is much longer than in soil because sur-
face water contains much less organic matter and
fewer microorganisms to degrade the herbicides.

o 200

400 MILES

o 200 400 KILOMETERS

Figure 1. Harvested cropland for each county in the United States, expressed as a percentage of the total area of each

county (U.S. Department of Commerce, 1989).
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Atrazine
Alachlor
Metolachlor
EPTC
2.4-D
Trifluralin
Cyanazine
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Pendimethalin
Glyphosate
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Figure 2. Estimated annual herbicide use in the United
States and the Mississippi River Basin from 1987 through
1989 (Gianessi and Puffer, 1991).

Some herbicides can persist for long periods of time
in reservoirs where runoff from late spring and sum-
mer storms is often stored for many months

(Goolsby, Battaglin, and others, 1993). However, lit-
tle specific information is available on herbicide half-
lives in natural water bodies.

The physiochemical properties listed in table 2
indicate that soluble and mobile herbicides, such as
atrazine, alachlor, cyanazine, and metolachlor, are
transported primarily in the dissolved phase. This
group includes the majority of herbicides in use today.
However, the soil half-life and such factors as intensity
of use; application methods; timing, intensity, and
duration of rainfall; and antecedent soil moisture condi-
tions also are important in determining the amounts of
herbicides that can be transported into streams.

Much of the nitrogen transported by the Missis-
sippi River is primarily nitrate and various forms of dis-
solved and particulate organic nitrogen. Small
amounts of ammonium and nitrite also are usually
present, but these compounds generally are intermedi-
ate products in the oxidation of nitrogen compounds to
nitrate in well-oxygenated streams. Nitrate is highly
soluble and mobile in streams and also is a plant nutri-
ent, which can be readily assimilated in the reproduc-
tion and growth of aquatic plants. However, if plant
growth and primary production are minimal, as they
typically are in streams with high suspended-sediment
concentrations and little light penetration, such as the
Muississippi River, then nitrate can behave as a conser-
vative solute.

Table 1. Estimated annual use of atrazine, alachlor, cyanazine, and metolachlor from 1987
through 1989, and commercial nitrogen fertilizer during 1991 upstream from selected locations

in the Mississippi River Basin

[t, metric tons; km?, square kilometers. Source of herbicide data—Gianessi and Puffer (1991); Source of
fertilizer data—U.S. Environmental Protection Agency (1990); J.J. Fletcher, West Virginia University, written

commun., 1992]

Upstream Estimated application (t)
5 drainage
Location
[al::::a Atrazine Alachlor Cyanazine  Metolachlor Nitrogen
Mississippi River at 222,000 1,440 2,040 1,590 1,630 607,000
Clinton, Iowa.
Illinois River at Valley 69,000 1,960 1,880 715 1,760 450,000
City, Illinois.
Missouri River at 1,357,000 6,280 4,660 1,970 3,490 1,930,000
Hermann, Missouri.
Mississippi River at 1,847,000 13,400 12,200 6,210 11,000 4,055,000
Thebes, Illinois.
Ohio River at Grand- 526,000 5,060 4,900 1,440 3,440 1,133,000
Chain, Illinois.
Mississippi River at 2,914,000 20,600 18,500 8,170 15,800 6,263,000

Baton Rouge,
Louisiana.
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Table 2. Physiochemical properties, health-based limits for drinking water, and Canadian
aquatic-life guidelines for selected commonly used herbicides and nitrate

[mg/L, milligrams per liter; mL/g, milliliters per gram; pg/L, micrograms per liter; - -, no data or none available]

Soil

. ; . Health Canadian
. Water sorption Soil Maximum S PR
Chemical e Lo 4 . advisory  aquatic-life
solubility’ coefficient half-life contaminant 5 P
compound 4 : 5 level guidelines
(mg/L) (K. (days) level wgl) wgl)
(mL/g)
Alachlor........... 240 170 15 2 pg/L -- -=
Atrazine........... 33 100 60 3 pg/L 3 32
Cyanazine......... 170 190 14 -- 1 2
Metolachlor....... 530 200 20 - - 100 *8
Metribuzin......... 1,220 41 30 - - 200 |
Simazine........... 6.2 138 75 4 pg/L 4 10
Nitrate ............. Very large.. - - =% 10 mg/L - - - -

'Becker and others (1989).
*U.S. Environmental Protection Agency (1992).
*Trotter and others (1990).
*Pauli and others (1991a).

Drinking-Water Standards and Aquatic-Life
Guidelines

Maximum contaminant levels (MCL), or
drinking-water standards, have been established by
the U. S. Environmental Protection Agency (1992)
for several herbicides and nitrate (table 2). MCL’s
for herbicides are based on annual average concen-
trations and are legally enforceable under the Safe
Drinking Water Act (1986). Annual average concen-
trations of herbicides are determined from analyses
of a minimum of four quarterly samples per year,
and the standards are violated only if the average
concentration in these samples exceeds the MCL.
Further, MCL’s for herbicides apply to water deliv-
ered at the tap and not the raw water source. How-
ever, conventional water treatment removes little of
the water-soluble herbicides currently (1993) used in
the Mississippi River Basin. At present (1993),
MCL’s have been established only for individual
compounds and do not address the possible effects
of complex mixtures of herbicides and their degrada-
tion products.

Unlike herbicides, the MCL for nitrate is
based on a single sample and not an annual average.
If a water sample from a public water supply exceeds
10 mg/L, then a second sample is collected to con-
firm the original sample. If the average of these two
samples exceeds 10 mg/L, then the water supply is
not in compliance with the Safe Drinking Water Act.

Health advisory levels (HA) have been estab-
lished by the U.S.Environmental Protection Agency

*Kent and others (1991).
“Pauli and others (1990).
"Pauli and others (1991b).

(USEPA) for several herbicides that do not have
MCL’s. HA’s are the recommended maximum con-
centrations in drinking water for lifetime exposure
and are not legally enforceable. However, in time,
the lifetime HA’s for some herbicides could become
enforceable MCL’s. HA’s for a few selected herbi-
cides are listed in table 2.

Some herbicides can have adverse effects on
aquatic life, but at present (1993), the USEPA has
established standards or criteria for aquatic life for
few of the current generation herbicides. However,
the Canadian Government (Environment Canada) has
established water-quality guidelines for specific
water uses in Canada that include drinking water,
aquatic life, and agricultural uses of water (Wong and
Kent, 1988). The guidelines are numerical concentra-
tions recommended to support and maintain a desig-
nated water use. Because no U.S. guidelines or
criteria for aquatic life have been established for most
herbicides in current use, the Canadian herbicide
water-quality guidelines, where available, have been
included in table 2 as a point of reference for herbi-
cide concentrations measured in the Mississippi
River Basin.

Previous Studies of Agricultural Chemicals
in the Mississippi River Basin

Several regional studies of herbicides, insecti-
cides, and nitrate in surface waters of the Mississippi
River Basin have been done since 1989. These stud-
ies show that the occurrence and transport of herbi-
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herbicides is seasonal; concentrations are highest cides before planting and in the fall were less than 0.3
within a period of about 3 months after application. pg/L.

A 1989 study of 147 streams that drain areas of from Frequent sampling (two to four times per day
about 200 to more than 100,000 square kilometers during storms) of nine streams during 1990 by using
(km?) showed that herbicide concentrations increased automatic samplers indicated that for periods of sev-

frorn‘ near analytical reporting limits [0.05 microgr. am - eral weeks to about 3 months following application of
per liter (g/L)] before planting to more 100 pug/L in herbicides, elevated herbicide concentrations persisted

a few streams during storm runoff after planting during storm runoff (Goolsby and Battaglin, 1993).
(Thurman and others, 1991, 1992; Goolsby and Batta- ~ Herbicide concentrations were highest during runoff
glin, 1993). Median concentrations of alachlor, atra- from the first storms after application (fig. 3).
zine, and cyanazine were 0.92, 3.8, and 0.97 pg/L, Between storms, as overland flow ceased and stream-
respectively, during the postplanting sampling flow decreased, herbicide concentrations decreased
period. Median concentrations of these three herbi- and commonly approached preplanting levels. Peak
o s
g 50 :'"""”"‘“"'"”'""" e &AM D25 LGS MBS I AL LA R SR R 300
- o
i A 1 8
& L 250 %
2 p
& a
s ML m
z i it =
= 1 i - 150 ©
3 I e Streamflow @
S oF H L/ 2
E [ Pi i 4100 =
@ Triazine: o 2
0 B g
10 :
g nof 1o 3
w 1" 8
5 i ] =
¥ e ] @
T 0 i T ¥ o T 4 o
+ April May June July August
1990
50 [T —i-e i —e—  — —————— i i ————e 300
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40 -
L Triazine
\ Streamflow — 200

1150

1 100

STREAMFLOW, IN CUBIC METERS PER SECOND

TRIAZINE CONCENTRATION, IN MICROGRAMS PER LITER

April May June July August
1990

Figure 3. Streamflow and temporal distribution of triazine herbicide concentrations as deter-
mined by immunoassay analysis in 1990. A, Sangamon River in lllinois; B, West Fork Big Blue
River in Nebraska.
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herbicide concentrations in these streams tended to
decrease with runoff from each subsequent storm
(fig. 3). Concentrations of triazine herbicides were
determined by immunoassay, which is an analytical
method that uses antibodies to detect and quantify
specific compounds or groups of compounds in water
and other materials. The triazine immunoassay pri-
marily measures atrazine but also can indicate the
presence of other triazine herbicides, such as
simazine and propazine.

The seasonal pattern in herbicide concentra-
tions in the Mississippi River is similar to that
described above (Goolsby and others, 1991; Goolsby
and Battaglin, 1993). The temporal changes in con-
centrations of several commonly used herbicides and
streamflow in the Mississippi River at Thebes, Illi-
nois, for April 1991 through March 1992 are shown
in figure 4. The herbicide concentrations were high-
est (greater than about 1 pg/L for atrazine) at this site
from early May to early July 1991. Low, but detect-
able, concentrations of atrazine, alachlor, and meto-
lachlor were found year round at this site (fig. 44, B),
and cyanazine was detected in about 96 percent of the
samples (fig. 44). The year-round occurrence of her-
bicides in the Mississippi River indicates that they
are stored in surface reservoirs (Goolsby, Battaglin,
and others, 1993) and in aquifers (Squillace and oth-
ers, 1993). The herbicides are slowly discharged into
streams in quantities large enough to produce detect-
able concentrations year round in the Mississippi
River.

Previous studies indicate that nitrate concentra-
tions in streams in the Midwestern States have a sea-
sonal pattern. This pattern, however, is distinctly
different from that for herbicides. Unlike herbicides,
which are transported primarily in overland flow,
nitrate appears to be transported in overland and sub-
surface flows (Goolsby and Battaglin, 1993; Lucey
and Goolsby, 1993). Nitrate concentrations are
higher during late fall, winter, and spring and are
lower during summer. The lower concentrations in
summer are attributed, in part, to assimilation of
nitrate by aquatic and terrestrial plants during the
growing season, decreased streamflow and ground-
water discharge to streams, and greater evapotranspi-
ration, all of which contribute to less leaching of
nitrate from the soil and unsaturated zones to streams
(Goolsby and Battaglin, 1993).

OCCURRENCE AND TRANSPORT OF
AGRICULTURAL CHEMICALS DURING
THE 1993 FLOOD

Heavy rainfall and flooding began in many
parts of the upper Mississippi River Basin in June
1993, shortly after most crops had been planted. The
cool, wet conditions that prevailed over much of the
upper Midwest during spring and early summer 1993
delayed or prevented planting of corn in some areas.
Because of this delay, more soybeans and less corn
were planted than normal in some areas, such as lowa
(Dana Kolpin, U.S. Geological Survey, oral com-
mun., 1993). This could have resulted in the applica-
tion of less-than-normal amounts of corn herbicides,
such as atrazine. The timing and intensity of the rain-
fall that followed planting was such that large quanti-
ties of agricultural chemicals, such as herbicides that
are typically applied at the time of planting, could
potentially be flushed into streams. However,
because of the large volumes of floodwater, it was
anticipated that herbicide concentrations would be
lower than typically are measured at this time of year
because of dilution. To determine the effects of
flooding on the occurrence, concentrations, and trans-
port of agricultural chemicals in the Mississippi
River, water sampling was begun during early to mid-
July at six locations where data had been collected in
the 1991-92 study. Three of the sampling locations
were on the mainstem of the Mississippi River, and
three were on large tributaries. Samples were col-
lected once to twice weekly. At present (early Sep-
tember 1993), the sampling is still underway. The
locations of the six sampling sites, in down-river
order; the drainage areas; and the date sampling
began are as follows:

‘ Drainage DatF
Site Name of s sampling
number sampling site (km?) began
(1993)
05420500  Mississippi River at 222,000  July 16
Clinton, lowa.
05586100 Illinois River at Valley 69,000 Do.
City, Illinois.
06345000 Missouri River at 1,357,000  July 17
Hermann, Missouri.
07022000 Mississippi River at 1,847,000  July 20
Thebes, Illinois.
03612500 Ohio River at Grand 526,000  July 22
Chain, Illinois.
07374000  Mississippi River at 2,914,000 July 7

Baton Rouge,
Louisiana.
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Figure 4. Streamflow and temporal distributions of several major herbicides in the Missis-
sippi River at Thebes, lllinois. A, Atrazine, cyanazine, and metolachlor concentrations; B,
Alachlor, simazine, and desethylatrazine concentrations; C, Streamflow.
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Except for the Illinois River, these sites had
been sampled at approximately weekly intervals from
April 1991 through July 1992. Sampling of the Illi-
nois River was discontinued at the end of March
1992. Sampling at the Baton Rouge, Louisiana, site
continued through September 1992. The data col-
lected on herbicides and nitrate in the 1991-92 study
provide a basis for examining the effects of the 1993
flood on the concentrations and mass transport of
these agricultural chemicals in the Mississippi River.

Data-Collection Methods

Methods used to collect, process, and analyze
water samples are the same as those used in the 1991-
92 study and are described in detail elsewhere
(Goolsby and others, 1991). What follows is a brief
summary of the methods. Depth-integrated water
samples were collected at five or more locations
across the river at all sites, except Baton Rouge.
Because previous studies indicated dissolved solutes
in the river at Baton Rouge were well mixed, a single
integrated sample from the upper 7 meters of the
water column was collected there. Samples from the
river cross-section locations were composited and fil-
tered through glass-fiber filters for herbicides or
membrane filters for nitrate and several other dis-
solved nutrients. All materials used for herbicide
sampling were stainless steel, glass, aluminum, or
Teflon. The concentrations of 11 herbicides and 2
herbicide metabolites were determined by using gas
chromatography/mass spectrometry following extrac-
tion on disposable C-18 solid-phase extraction car-
tridges (Thurman and others, 1990; Meyer and
others, 1993). The herbicides analyzed were
alachlor, ametryn, atrazine, cyanazine, metribuzin,
metolachlor, prometon, propazine, prometryn,
simazine, and terbutryn. The herbicide metabolites
analyzed were desethylatrazine and desisopropylatra-
zine, which are primarily metabolites of atrazine.
The analytical reporting limits for all herbicides and
metabolites analyzed were 0.05 pg/L. In addition, an
alachlor soil metabolite, ethanesulfonic acid (ESA),
was extracted and isolated by solid-phase extraction
and analyzed (reporting limit, 0.1 pg/L) by immu-
noassay (D.S. Aga, U.S. Geological Survey, written
commun., 1993). About 10 percent of the samples
analyzed were duplicates or blanks.

The concentrations of dissolved nitrite and
nitrite plus nitrate were determined by automated

colorimetric methods (Fishman and Friedman,

1989). The concentration of nitrate was calculated as
the difference between these two determinations. Dis-
solved ammonium and orthophosphate also were
determined by colorimetric methods (Fishman and
Friedman, 1989).

Additional data on herbicide and nitrate con-
centrations in the lower Mississippi River [sampling
site located about 200 kilometers (km) downstream
from the USGS sampling site at Baton Rouge] for
early March through mid-August 1993 were obtained
from the Jefferson Parish Water Quality Laboratory
near New Orleans, Louisiana (Wayne Koffskey, writ-
ten commun., 1993). These samples were weekly
composites collected continuously at two sampling
points on opposite banks of the Mississippi River by
using peristaltic pumps and storing the samples at 4
degrees Celsius. The herbicide samples were ana-
lyzed by using the USEPA’s Method 505 (U.S. Envi-
ronmental Protection Agency, 1988). Although the
location of the sampling site is close to New Orleans
and the sample collection and analytical methods are
different from those used by the USGS, these data are
still useful in constructing the temporal distribution
pattern for herbicides, such as atrazine, in the lower
Mississippi River during 1993. Data from the two
weekly composite samples were averaged and used to
construct a 6-month sequence of atrazine concentra-
tions and loads during 1993 for comparison with pre-
vious data from Baton Rouge. The same comparison
was made for nitrate.

Streamflow data for all sites, except Baton
Rouge, were obtained from USGS offices in lowa,
Illinois, Kentucky, and Missouri. Streamflow data
for Baton Rouge were obtained from the U.S. Army
Corps of Engineers, New Orleans District (John
Miller, U.S. Army Corps of Engineers, written com-
mun., 1993). These data are for a site about 129 km
upstream from Baton Rouge but should closely repre-
sent the streamflow at Baton Rouge. The Corps of
Engineers also provided data on streamflow diverted
from the Mississippi River to the Atchafalaya River,
which is a distributary of the Mississippi River. This
diversion is approximately 30 percent of the stream-
flow at Baton Rouge. The sum of the streamflow at
Baton Rouge and the Atchafalaya diversion closely
represents the total discharge from the Mississippi
River Basin to the Gulf of Mexico.
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