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Abstract 1

Isotopic and Chemical Composition of Inorganic
and Organic Water-Quality Samples from the 
Mississippi River Basin, 1997–98

By William A. Battaglin, Carol Kendall, Cecily C.Y. Chang, Steve R. Silva, and 
Donald H. Campbell

Abstract

Nitrate (NO3) and other nutrients 
discharged by the Mississippi River combined 
with seasonal stratification of the water column 
are known to cause a zone of depleted dissolved 
oxygen (hypoxic zone) in the Gulf of Mexico 
each summer. About 120 water and suspended 
sediment samples collected in 1997 and 1998 
from 24 locations in the Mississippi River Basin 
were analyzed for the isotope ratios δ15N and 
δ18O of dissolved NO3, and δ15N and δ13C of 
suspended particulate organic material (POM). 
Sampling stations include both large rivers 
(drainage areas more than 30,000 square kilome-
ters) that integrate the effects of many land uses, 
and smaller streams (drainage areas less than 
2,500 square kilometers) that have relatively 
uniform land use within their drainage areas. The 
data are used to determine sources and transfor-
mations of NO3 in the Mississippi River.   

Results of this study demonstrate that much 
of the NO3 in the Mississippi River originates in 
the agriculturally dominated basins of the upper 
midwestern United States and is transported 
without significant transformation or other loss to 
the Gulf of Mexico. Results from major tributaries 
that drain into the Mississippi River suggest that 
NO3 is not significantly altered by denitrification 
in its journey, ultimately, to the Gulf of Mexico. 
The spatial variability of isotope ratios among the 
smaller streams appears to be related to the domi-
nant nitrogen source in the basins. There are some 
distinct isotope differences among land-use types. 

For example, for both NO3 and POM, the 
majority of δ15N isotope ratio values from basins 
dominated by urban and undeveloped land are 
less than +5 per mil, whereas the majority of 
values from basins dominated by row crops and 
row crops and/or livestock production are greater 
than +5 per mil. Also, the median δ18O of NO3 
isotope ratio value (+14.0 per mil) from undevel-
oped basins is more than 6 per mil higher than the 
median value (+7.3 per mil) from the row crop 
dominated basins and 5 per mil higher than the 
median value (+9.0 per mil) from the row crop 
and/or livestock production dominated basins. 
The median δ18O of NO3 isotope ratio value 
(+21.5 per mil) from urban basins is 6.5 per mil 
higher than the median value (+14.0 per mil) from 
the undeveloped basins. The majority of NO3 
concentrations are greater than 3 milligrams per 
liter (mg/L) in basins dominated by row crops and 
row crops and/or livestock production, whereas 
all NO3 concentrations are less than 2 mg/L in 
basins dominated by urban and undeveloped land. 

INTRODUCTION

Problem

Nitrate (NO3) and other nutrients discharged 
from the Mississippi River basin along with seasonal 
stratification of the water column are known to cause a 
zone of depleted dissolved oxygen (hypoxic zone) in 
the Gulf of Mexico (Turner and Rabalais, 1991; 
Rabalais and others, 1996; 1999). The magnitude of 
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nitrogen (N) inputs contributed from various sources 
in the Mississippi basin can be estimated (Battaglin 
and others, 1997; Burkart and James, 1999; Goolsby 
and others, 1999), but N from each source is affected 
differently by physical, chemical, and biological 
processes that control N transport and cycling in 
terrestrial and aquatic systems (Kendall, 1998). Hence, 
the relative contributions from the various N sources 
may not be in proportion to their inputs in the Missis-
sippi River basin. It may be possible to determine the 
major sources of NO3 in river water and gauge the 
importance of in-stream transformations of NO3 using 
the stable isotopic ratios δ15N and δ18O of NO3 in 
water and δ15N and δ13C of suspended particulate 
organic material.

Objectives and Hypotheses

The objective of this project is to determine if 
the δ15N and δ18O isotope ratio values of dissolved 
NO3 in water (δ15N and δ18O of NO3 values) and 
δ15N and δ13C isotope ratio values of suspended 
particulate organic material (δ15N and δ13C values of 
POM) can be used to help identify the sources of inor-
ganic and organic N to the main-stem Mississippi 
River. Specific objectives include: determination of 
geographic sources of N; the proportion of contribu-
tions from various land uses within large and small 
tributary basins; and the effects and types of N trans-
formation and cycling processes that affect the even-
tual transport of NO3 to the Gulf of Mexico. The 
following hypotheses are tested (Battaglin and others, 
1997):

1. There are significant temporal and spatial variations 
in δ15N and δ18O of NO3 values in water from 
the Mississippi River and its major tributaries.

2. The NO3 in small streams draining areas of 
distinctly different land use (corn and soybean 
production, livestock production, urban land, or 
undeveloped land) will have distinctly different 
δ15N and δ18O of NO3 values.

3. The δ15N and δ18O of NO3 values in Mississippi 
River water can be used to determine the prin-

cipal sources of the NO3 that enters the Gulf of 
Mexico.

4. The δ15N and δ18O of NO3 values in Mississippi 
River water provide information about NO3 
transformations in the river. 

5. There are significant temporal and spatial variations 
in δ15N and δ13C of POM values in suspended 
organic material from the Mississippi River and 
its major tributaries.

6. The suspended organic material in small streams 
draining areas of distinctly different land use will 
have distinctly different δ15N and δ13C of POM 
values.

7. Results from selected samples collected as 
Lagrangian sets can be used in simple mixing 
models to determine how conservatively NO3 
behaves in the Lower Mississippi River. 

Background

Gulf of Mexico Hypoxia and Mississippi River 
Discharge

When the concentration of dissolved oxygen in 
seawater drops below 2 mg/L for prolonged periods, 
benthic communities can be disrupted and mass 
mortalities of aquatic life can occur (Diaz and Rosen-
berg, 1995; Council for Agricultural Science and 
Technology, 1999). This condition, called hypoxia, 
currently occurs in many parts of the world and prob-
ably has occurred in some locations periodically 
throughout geologic time (Rabalais and others, 1999). 
The hypoxic zone in the bottom waters of the northern 
Gulf of Mexico along the Louisiana and Texas coast is 
the largest such area in the coastal waters of the United 
States. Hypoxia here occurs during late spring and 
summer following inputs of freshwater and nutrients. 
Evidence from analysis of benthic foraminifera 
species in sediment cores from the northern Gulf of 
Mexico suggest that (1) there was little or no hypoxia 
prior to 1900, (2) there was a change in the offshore 
ecosystem with regard to hypoxia at the turn of the 
last century, and (3) that hypoxia severity has wors-
ened since the 1950s (Rabalais and others, 1999). 
From 1985 to 1992, the area of the hypoxic zone aver-
aged about 10,000 square kilometers (km2); following 
the 1993 flood, the zone nearly doubled in size to 
17,000 km2. Subsequently, the hypoxic zone area has 
been reported to be 15,500 km2 or more in 1994–97, 
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and 1999 (Council for Agricultural Science and Tech-
nology, 1999; N. Rabalais,, Louisiana Universities 
Marine Consortium, written commun., 1999). 

The Mississippi and Atchafalaya Rivers (fig. 1) 
are the primary riverine sources of freshwater and 
nutrients discharged to the Gulf of Mexico. The 
combined annual mean discharge, 21,800 cubic meters 
per second (m3/s), for the Mississippi and Atchafalaya 
Rivers represents about 80 percent of the freshwater 
discharge to the Gulf of Mexico (Dunn, 1996). This 
river system drains approximately 3.2 million km2 of 
the midwestern USA, making it the third-largest 
drainage basin in the world after the Amazon and 
Congo River basins (Van der Leeden and others, 
1990). 

The Atchafalaya River currently functions as a 
distributary of the Mississippi River. About 225 km 
downstream from Vicksburg, Miss, approximately 
25 percent of the Mississippi River discharge is 
diverted into the Old River outflow channel (Goolsby 
and others, 1999). The diverted flow joins the Red 
River to form the Atchafalaya River, which flows 
almost directly south about 200 km to the Gulf of 
Mexico. Historically, the lower Mississippi River 
meandered in a 300-kilometer wide arc and the loca-
tion of the outlet to the Gulf of Mexico shifted dramat-
ically about every millennium (McPhee, 1989; Meade, 
1995). It is likely that the Mississippi River would no 
longer flow past New Orleans, were it not for the 
control structures built by the U.S. Army Corps of 
Engineers (McPhee, 1989). These structures keep the 
lower Mississippi River in its current channel and 
prevented the Atchafalaya River from capturing the 
entire flow of the Mississippi River. 

Currently, the Mississippi and Atchafalaya 
Rivers account for an estimated 90% of the total N 
load and 87 percent of the total phosphorus (P) load 
discharged annually by rivers and streams to the Gulf 
of Mexico (Dunn, 1996). Analysis of historical data 
(Palmer, ca. 1903; Leighton, 1907; Dole, 1909) 
suggests that at the beginning of the twentieth century 
(1905–06) the average concentration of NO3 (as N) in 
the lower Mississippi River was about 0.55 milligram 
per liter (mg/L) (Goolsby and Battaglin, 2001). The 
concentration of NO3 in the lower Mississippi River 
has increased since that time to an average of 
1.45 mg/L during 1980–98. The resulting flux of NO3 
to the Gulf of Mexico from the Mississippi and Atcha-
falaya Rivers has also increased substantially. During 
the 1950s and 1960s, the NO3 flux to the Gulf of 

Mexico never exceeded 0.5 million metric tons per 
year (Mton/y), but during the 1980s and 1990s the 
NO3 flux to the Gulf of Mexico averaged 1.0 Mton/y, 
and exceeded 1.5 Mton/y during the 1993 flood 
(Goolsby and others, 1999; Goolsby and Battaglin, 
2001). The NO3 flux generally peaks during the spring 
and early summer months and can exceed 6,000 metric 
tons per day (Battaglin and others, 1997; Goolsby and 
others, 1999). 

Nitrogen Sources

Major sources of N in the Mississippi River 
basin are mineralization of organic N in soils, applica-
tion of nitrogen based fertilizer, fixation of atmo-
spheric N by legumes, application of N in animal 
manure, deposition of atmospheric N in precipitation, 
and discharge of N in municipal and industrial waste. 
The magnitudes of these sources in large subbasins of 
the Mississippi basin have been estimated in previous 
investigations (Battaglin and others, 1997; Burkart and 
James, 1999; Goolsby and others, 1999). Estimates of 
annual N inputs from various sources during 1951–99 
were compiled for 20 states that account for most of 
the agricultural land in the Mississippi River Basin 
(fig. 1). The 20 States are: Arkansas, Colorado, Illi-
nois, Indiana, Iowa, Kansas, Kentucky, Louisiana, 
Minnesota, Mississippi, Missouri, Montana, Nebraska, 
Ohio, Oklahoma, South Dakota, Tennessee, West 
Virginia, Wisconsin, and Wyoming.

The relative magnitudes and the temporal trends 
of estimated N inputs from the 20 States in the Missis-
sippi River basin are shown in figure 2. The state-level 
fertilizer N inputs shown (fig. 2) include both agricul-
tural and nonagricultural (home and garden) fertilizer 
use (Alexander and Smith; 1990; Battaglin and 
Goolsby, 1995; National Agricultural Statistics 
Service, 1999). Estimates of non-agricultural fertilizer 
use range between 5 and 20 percent of the total usage 
(H. Taylor, U.S. Department of Agriculture, written 
commun., 1998). Other N inputs were estimated using 
the best available data or the most current estimation 
technique (Goolsby and others, 1999). Fertilizer N 
inputs have increased substantially, from less than 1 to 
about 7 million Mton/y between the 1950s and 1990s 
(fig. 2); other N inputs have not changed very much 
during that time.

During the 1800s, increases in food production 
in the USA resulted from an expanding cropland base, 
the addition of nutrients in animal manure, and the 
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utilization of soil nutrients. In the early 1900s, soil 
fertility and crop yields were maintained by the addi-
tion of N- and P-containing natural waste materials 
like animal manure, seaweed, bone meal, and guano. 
Beginning in the 1940s, manufactured fertilizers like 
super-phosphates, urea, and anhydrous ammonia 
replaced most natural fertilizers (U.S. Department of 
Agriculture, 1997). Since the 1930s, yields per acre for 
major crops like corn and wheat have doubled or 
tripled (Mannion, 1995). Some of this increase can be 
attributed to better plant hybrids and some can be 
attributed to increased application of crop nutrients.

As indicated in the problem statement, the N 
from each source is affected differently by physical, 
chemical, and biological processes that control N 
cycling in terrestrial and aquatic systems. Hence, the 
relative contributions from the various N sources to 
NO3 loads in the Mississippi River may not be propor-
tional to their inputs in the basin. 

Previous Isotope Investigations

Stable isotopes of NO3 have been used in N 
source and cycling investigations for over 30 years 
(Kreitler, 1975; Hubner, 1986; Heaton, 1986; Clark 
and Fritz, 1997; Kendall, 1998). One of the first 
studies (Kohl and others, 1971) used δ15N of NO3 to 
investigate the sources NO3 in an agricultural water-
shed. They estimated that 55% of N found as NO3 in 
the Sangamon River originated as fertilizer N. Several 
recent studies have utilized isotopic techniques to 
identify the sources and transformations of NO3 in 
rivers with varying degrees of success. Showers and 
others (1990) used NO3 δ15N values in the Neuse 
River, NC, to determine that the relative contributions 
from point and nonpoint sources varied seasonally and 
by water discharge rate. They also determined that 
nitrate’s isotopic composition was exponentially 
related to river discharge, and they concluded that the 
mixing of point and nonpoint source N reservoirs was 

Figure 2. Estimated annual nitrogen inputs in the 20 States that account for most of the agricultural land 
in the Mississippi River basin, 1951 to 1999 (modified from Goolsby and others, 1999). 
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not entirely controlled by surface water runoff of agri-
cultural fertilizer and excess soil NO3, but that non-
point source NO3 passing through a reservoir (either 
groundwater or wetlands) modulated the mixing. 
Cravotta (1995) attempted to use the stable isotopes of 
carbon, N, and sulfur to identify sources of N in the 
Susquehanna River, and found that variations in source 
isotopic compositions, transformation, and fraction-
ation during natural cycling of N prevented accurate 
estimation of relative contributions of multiple N 
sources to N loads in streams. 

BÖhlke and Denver (1995) used isotope, water 
chemistry, chlorofluorocarbons (for determining water 
recharge date), and nitrogen gas measurements in two 
adjacent but geologically and hydrologically different 
basins to show that water age and aquifer composition 
can influence the amount of N delivered from a 
groundwater system to a stream. Kendall and others 
(1995) used δ18O and δ15N of NO3 values to deter-
mine NO3 sources in snowmelt runoff from three 
small mountainous watersheds in the United States. 
They determined that most of the NO3 in early runoff 
was derived from the soil, and not from atmospheric 
NO3 released from the current year’s snowpack. 
Campbell and others (U.S. Geological Survey, written 
commun., 2001) used δ18O and δ15N of NO3 values to 
show that most NO3 in streams and ground water of 
N-saturated alpine watersheds was affected by micro-
bial processes, even in landscapes with little vegeta-
tion or soil. Burns and Kendall (U.S. Geological 
Survey, written commun., 2001) used δ18O and δ15N 
on NO3 values to show that NO3 in stream water was 
similar to soil water, and that microbial cycling of NO3 
from atmospheric deposition was rapid. Kellman and 
Hillaire-Marcel (1998) used δ15N values to determine 
the importance of in-stream denitrification on the 
N-budget of a small watershed. The isotopes showed 
that denitrification was significant during dry condi-
tions in late summer. 

Nitrogen Transformations

The isotopic composition of NO3 sources can be 
altered by reactions that fractionate the stable isotopes. 
Nitrogen can be transformed in vegetation, the soil, the 
unsaturated zone, the saturated zone, or in-stream. 
Assimilation and denitrification are the most likely 
transformation processes that may have an in-stream 
effect on NO3 and total N concentrations and loads in 
rivers. Use of both δ15N and δ18O enhances identifica-

tion of N transformations and identification of NO3 
sources (Böttcher and others, 1990; Kendall, 1998). 

Nitrogen assimilation, the use of N-bearing 
compounds by plants or organisms, slightly favors the 
14N isotope over 15N isotope. A large range of isotope 
fractionations [–27 to 0 per mil (‰)] have been 
measured in field and laboratory experiments for 
assimilation of NO3 and ammonium by algae (Fogel 
and Cifuentes, 1993). However, the average apparent 
fractionations caused by assimilation by microorgan-
isms in soils is about –0.5‰ (Hubner, 1986). The 
larger fractionation of NO3 in aquatic versus soil envi-
ronments reflects the interplay of several kinetic and 
equilibrium isotope effects. In general, smaller frac-
tionations are observed for higher growth rates and for 
lower NO3 and ammonium concentrations. Assimila-
tion would likely favor the 16O isotope relative to the 
18O isotope in the same way the 14N isotope is utilized 
in preference to 15N isotope (Kendall, 1998); hence it 
would increase the δ18O and δ15N isotope ratio of the 
residual NO3 pool. 

Denitrification, the biologically mediated reduc-
tion of NO3 to N2, causes the δ15N and δ18O of the 
residual NO3 pool to increase exponentially as NO3 
concentration decreases (Böttcher and others, 1990; 
Kendall, 1998). The ratio of enrichment of O to N 
tends to be close to 1:2 (Böttcher and others, 1990; 
Voerkelius and Schmidt, 1990). In-stream loss of N 
coupled with significant positive shifts in isotope 
ratios can indicate that denitrification is consuming 
NO3 (Kellman and Hillaire-Marcel, 1998). 

Volatilization, the loss of N usually as ammonia 
(NH3), involves several steps that can cause fraction-
ation. The remaining dissolved NH3 tends to be 
enriched in the 15N isotope relative to the NH3 that is 
volatilized. The enriched NH3 in solution is rapidly 
nitrified to produce 15N-enriched NO3 in most natural 
conditions (Feigin and others, 1974; Kendall, 1998). 

The loss of N in streams, whether by assimila-
tion, denitrification, or volatilization, tends to cause a 
decrease in N concentration, a loss of N mass (to the 
atmosphere or plants), and a shift towards higher δ15N 
and δ18O of NO3 isotope ratio values between 
upstream and downstream measuring points. In larger 
rivers, the magnitude and mechanism of N loss can be 
difficult to identify because small errors in discharge 
measurements and small differences in concentrations 
or isotope ratios can significantly affect data interpre-
tation. 
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METHODS

Plan of Study

The study plan (Battaglin and others, 1997) 
provides details about sample station selection and 
sampling procedures. In 1997, about 150 water and 
particulate organic material (POM) samples were 
collected from 24 stations on rivers in the Mississippi 
River basin, and in 1998, about 100 water and POM 
samples were collected from 23 stations on rivers in 
the Mississippi River basin. Some of the 1997 samples 
and most 1998 samples have complete (both δ15N and 
δ18O of NO3 values in water, and δ15N and δ13C of 
POM values) isotope analyses. Several water samples 
did not contain sufficient NO3 to analyze, and a few 
were ruined during sample processing.

Sampling Stations

All sampling stations are in the Mississippi and 
Atchafalaya River basin. Some stations were sampled 
in association with ongoing U.S. Geological Survey 
(USGS) National Stream Quality Accounting Network 
(NASQAN) and National Water-Quality Assessment 
(NAWQA) programs.

Large River Stations

Samples were collected from eight stations on 
the Mississippi River or its major tributaries (table 1; 

fig. 3a). mostly in conjunction with NASQAN 
(NASQAN, 2001) sample collection activities. These 
stations are on large rivers that drain more than 
200,000 km2 (except the Yazoo River, that drains only 
34,590 km2). Land use in these basins is mixed 
(table 2); hence, water samples from these stations 
contain NO3 from several sources. Drainage basins for 
the Mississippi River at Clinton, Iowa (MSR1) and 
Thebes, Ill. (MSR2), and the Yazoo River at Long 
Lake, Miss. (YZR1) are more than 50 percent crop-
land. The Ohio River at Grand Chain, Ill. (OHR1) 
basin is more than 50 percent forested land. Estimated 
N input from manure production (Goolsby and others, 
1999) exceeded 1,000 kg/km2/yr only in the drainage 
basin of the MSR1 station. 

Small Stream Stations

Samples were collected from 16 stations on 
smaller streams in the Mississippi River basin. Many 
of these stations are within NAWQA (NAWQA, 2001) 
study units. The small stream stations all drain areas 
less than 2,500 km2. These stations were selected to 
represent four distinct land-use categories: land in row 
crop agriculture (corn, soybean and sorghum); land in 
hog, cattle, or poultry (livestock) production; urban 
land; or undeveloped land (fig. 3b; tables 2 and 3). 

Land use was not always solely composed of 
one of the four categories, but making more categories 
would leave too few samples in each category to 
perform data analysis. For this report, four categories 
were used, but the original livestock category was 
redefined to include basins with both high-density 
livestock production and row-crop agriculture. The 
four stations in this category all had estimated manure 
production of greater than 3,200 kg N/km2 per year 
(table 2). Two of these stations also had land use domi-
nated by row crop agriculture (table 3). The basin type 
for each station on table 1 and shown in figure 3.

Sampling Schedule and Procedure

Six samples were collected at each station 
during the winter, spring, and summer of 1996–97 
(Battaglin and others, 1997). Most of these samples 
were not analyzed for δ15N and δ18O of NO3 in water 
due to a problem with sample preparation. The δ15N 
and δ13C of POM isotope ratio values are available for 
some of these samples.
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Most stations sampled in 1997 were sampled 
again four times during 1998. The first sample set was 
collected in April or May, 1998, prior to crop emer-
gence. The second and third sample sets were 
collected in June and July 1998 after fertilizer applica-
tion to fields when stream flows were elevated due to 
storm runoff. The fourth sample set was collected in 
August and September 1998 after harvest, when 
streams were generally dominated by baseflow.

Samples were collected with a depth integrating 
sampler (where conditions were appropriate for this 
collection method) from three or more vertical profiles 
using USGS protocols (Shelton, 1994). Before 
samples were collected, all sampling equipment was 
precleaned with non-phosphate detergent, rinsed thor-
oughly with tap water, and then rinsed with distilled or 
deionized water. Samples from vertical profiles were 
composited into a glass, polyethylene, or Teflon 

Table 1. Selected characteristics of sampling stations in the Mississippi River basin

(square kilometers, km2)

Map 
no. 

(fig. 3)
Sampling station name

Station 
number

Latitude 
(ddmmss)

Longitude 
(ddmmss)

 Drainage 
area
(km2)

Basin type

Large rivers

1 Mississippi River at Clinton, IA 05420500 414650 901507 221,700 mixed agricultural land/forest 

2 Missouri River at Hermann, MO 06934500 384236 912621 1,357,700 mixed rangeland/agricultural land

3 Mississippi River at Thebes, IL 07022000 371300 892750 1,847,200 mixed agricultural land/rangeland 

4 Ohio River at Grand Chain, IL 03612500 371211 890230 526,000 mixed forest/agricultural land 

5 Yazoo River below Steele Bayou near 
Long Lake, MS 07288955 322637 905400

34,590 mixed agricultural land/forest

6a Mississippi River at St. Francisville, 
LA 07373420 304530 912345

2,914,500 mixed agricultural land/forest/
rangeland

6b Mississippi River at Vicksburg, MS
07289000 321845 905425

~2,900,000 mixed agricultural land/forest/
rangeland

6c Mississippi River at Belle Chasse, LA
07374525 295125 895840

2,916,200 mixed agricultural land/forest/
rangeland/wetland

Small streams

7 S. Fork Iowa River northeast of New 
Providence, IA 05451210 421855 930907

596 row crop agriculture and/or 
livestock production

8 Fourmile Creek near Traer, IA 05464137 421207 923344 50.5 row crop agriculture

9 Walnut Creek near Vandalia, IA 05487550 413213 931532 52.6 row crop agriculture

10 Panther Creek near El Paso, IL 05567000 404605 890430 243 row crop agriculture

11 Indian Creek near Wyoming, IL 05568800 410106 895007 162 row crop agriculture

12 Sugar Creek at Co Rd 400 S at New 
Palstine, IN 03361650 394251 855308

243 row crop agriculture

13 Little Buck Creek near Indianapolis, 
IN

03353637 394000 861148 44 urban land

14 North Dry Creek near Kearney, NE
06770195 403828 990656

201 row crop agriculture and/or 
livestock production

15 Dismal River near Thedford, NE 06775900 414645 1003130 2,500 undeveloped land

16 South Fabius River near Taylor, MO 05500000 395340 913449 1,606 row crop agriculture

17 Elk River near Tiff City, MO
07189000 363753 943512

2,260 row crop agriculture and/or 
livestock production

18 Shingle Creek at Queen Ave. N., MN 05288705 450300 931836 73 urban land

19 Little Cobb River near Beauford, MN 05320270 435948 935430 336.7 row crop agriculture

20 Namekagon River at Leonards, WI 05331833 461017 911945 326 undeveloped land

21 Rattlesnake Creek near North Andover, 
WI 05413449 424649 905632

110 row crop agriculture and/or 
livestock production

22 Bogue Phalia near Leland, MS 07288650 332347 905047 1,254 row crop agriculture
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Figure 3. Locations of sampling stations and associated drainage basins for (A) large rivers and (B) small streams.
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container. Isotope samples for NO3 analysis were 
filtered through a 0.45-micron cartridge filter into 
1-liter or 1-gallon pre-cleaned polyethylene bottles, 
chilled without preservative, and shipped to USGS 
district water-quality laboratories in Missouri (prior to 
January 1, 1998) or Colorado (after January 1, 1998) 
for extraction onto anion exchange columns. Samples 
for other analytes including nutrients, major ions, and 
dissolved organic carbon were collected concurrently, 
processed according to standard protocols, and 
analyzed by the USGS National Water Quality Labo-
ratory (NWQL) in Denver, Colo.. 

Lagrangian Samples

Lagrangian sampling (Meade and Stevens, 
1990; Moody, 1993) is a sampling method in which a 
mass of water is sampled repeatedly as it moves down 

a river. The timing of sample collection is determined 
by the velocity (converted to travel time) of the water 
in the river. Major tributaries also are sampled when 
the water mass is near their mouth. Because 
Lagrangian sample sets provide data on the changes in 
water-quality characteristics as a water mass moves 
downstream, these sample sets can be more useful 
than traditional Eulerian sample sets for constructing 
transport models of dissolved chemicals and 
suspended sediment, and for identifying the chemical, 
physical, and hydrologic processes that affect stream 
chemistry (Meade and Stevens, 1990). 

In this study, the collection of a Lagrangian 
sample set for the lower Mississippi River involved 
sampling the Mississippi River at Thebes (MSR2) and 
the Ohio River at Grand Chain (OHR1) (fig. 3a) at 
about the same time. During average spring flow 

Table 2. Generalized land cover and estimated annual manure nitrogen production in the large river and small stream drainage 
basins (land cover derived from reclassified Advanced Very High Resolution Radiometer data with a 1,000 meter-cell size)

Station 
number

Percentage of basin
Estimated manure nitrogen

production in kg/km2

Urban
Agricul-

tural
Range-

land
Forest Water Wetland

Barren or 
Tundra

Cattle Hogs Poultry Total1

Large rivers

05420500 1.1 61.4 0.3 35.7 1.5 0 0 1,004 292 48.4 1,368

06934500 0.4 42.6 45.3 10.6 0.4 0 0.7 742 92.9 6.7 866

07022000 0.8 51.3 33.0 13.8 0.6 0 0 767 179 13.1 984

03612500 2.2 30.1 0.1 67.0 0.6 0 0 704 110 83.7 933

07288955 0.5 55.1 1.4 41.8 1.1 0.1 0 213 5.3 < 0.05 228

073734202 1.1 45.5 26.2 26.3 0.6 0.01 0.3 780 139 49.4 993
Small streams

05451210 0 100 0 0 0 0 0 422 2,710 74.7 3,232

05464137 0 98.4 0 1.6 0 0 0 814 544 0.6 1,388

05487550 0 100 0 0 0 0 0 1,055 944 0.1 2,031

05567000 0.8 99.2 0 0 0 0 0 247 561 2.0 827

05568800 0 98.8 0 1.2 0 0 0 413 662 0.1 1,099

03361650 0.7 99.3 0 0 0 0 0 229 575 0.2 842

03353637 42.5 57.5 0 0 0 0 0 40.8 7.0 < 0.05 71.6

06770195 0 100 0 0 0 0 0 4,157 169 0.1 4,351

06775900 0 54.6 45.3 0.1 0 0 0 590 0.2 < 0.05 599

05500000 0 86.8 0.3 12.9 0 0 0 1,030 152 0.2 1,203

07189000 1.0 2.8 0 96.1 0.1 0 0 1,949 76.6 2,822 4,887

05288705 89.7 10.3 0 0 0 0 0 298 15.7 0.2 372

05320270 0 97.9 0 2.1 0 0 0 505 1,395 17.5 1,945

05331833 0 5.2 0 93.0 1.8 0 0 132 2.1 0.1 141

05413449 0 98.9 0 1.1 0 0 0 2,874 377 8.9 3,287

07288650 0.2 84.9 8.9 4.8 0.8 0.4 0 61.0 0.6 < 0.05 63.3
1 Total includes cattle, hogs, poultry, horses, and sheep.
2 Estimates of land cover in the drainage basins associated with stations 6b and 6c (table 1) are the same as for station 07373420.
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conditions, it takes water about 8 days to travel from 
the MSR2 or OHR1 stations to the St. Francisville 
(MSR4) station and 2 or 3 more days to travel to the 
Belle Chasse (MSR5) station (Broshears and others, 
2001). Water (and solutes) diverted from the Missis-
sippi River into the Atchafalaya River via the Old 
River outflow (about 25% of Mississippi discharge on 
average) are included in discharge and flux values 
reported for the MSR4 and MSR5 stations.

Samples from the MSR2 on June 11, 1997, the 
OHR1 on June 12, 1997, YZR1 on June 19, 1997, the 
MSR4 on June 19, 1997, and the MSR5 on June 20, 
1997 (table 4) are referred to as the first Lagrangian 
set. While not specifically collected as such, samples 
from the MSR2 on April 16, 1998, the OHR1 on April 
23, 1998, and the MSR4 on April 30, 1998 constitute a 
nearly Lagrangian sample set, and are referred to as 
the second Lagrangian set. 

Analytical Methods

Analysis of δ15N and δ18O of NO3 in Water

Details of the water sample collection protocol 
used are given in Battaglin and others (1997) and 
Chang and others (1999). In early 1997, water samples 

for isotope analysis were passed through 2 ml of anion 
exchange resin to isolate the NO3 from the samples 
(Silva and others, 2000). In most of the previous 
studies, and in many samples collected in this study, 
large volumes of water (up to 20 liters) were passed 
through exchange columns in order to obtain sufficient 
NO3 for isotope analysis. However, when the anion 
capacity of the columns is exceeded because of the 
high concentrations of other anions, the competition 
for exchange sites may result in isotopic fractionation 
(Silva and others, 2000). The highly variable chem-
istry of samples collected within the Mississippi River 
basin posed a significant challenge to the single 
column method used, especially when concentrations 
of SO4, Cl, and HCO3 were high relative to NO3. After 
analyzing the water-quality data collected concur-
rently with each isotope sample, it was determined that 
many samples collected and processed in 1997 
exceeded the anion exchange capacity of the columns. 
These samples were not analyze for the isotope ratios 
of NO3. 

Later in 1997 and in 1998, this problem was 
alleviated by using larger anion columns with 5 ml of 
resin and a cation column in front of the anion column 
to reduce concentrations of adsorbed organic constitu-
ents and neutralize HCO3 (Chang and others, 1999). 
The cation column protonates and/or adsorbs 

Table 3. Land cover in the small stream drainage basins (derived from National Land Cover data with a 30-meter cell size)

Station 
number

Percentage of basin

Low or 
high 

intensity 
residen-
tial and 
urban 

grasses

Commercial/
industrial/
transporta-

tion

Deciduous,
evergreen 
or mixed 

forest

Open 
water/

perennial 
snow

Barren 
land

Shrub-
land or 
grass-
land

Wetlands
Row 

crops
Small 
grains

Pasture 
or fallow

05451210 0.1 1.4 2.6 0.1 <0.1 3.3 0.7 87.5 0.1 4.2
05464137 0.1 1.3 1.6 <0.1 <0.1 4.5 0.1 85.7 <0.1 6.6
05487550 0.1 1.2 3.0 1.1 <0.1 5.4 0.1 75.3 0.4 13.4
05567000 0.7 0.1 0.4 0.1 <0.1 0.1 0.2 94.6 <0.1 3.8
05568800 1.7 0.3 3.0 <0.1 <0.1 <0.1 0.3 82.6 <0.1 12.0
03361650 1.8 0.3 4.9 0.3 <0.1 <0.1 0.7 75.9 <0.1 16.1
03353637 43.4 5.7 3.9 0.1 <0.1 <0.1 0.3 26.1 <0.1 20.4
06770195 <0.1 <0.1 0.4 0.4 <0.1 16.3 0.8 74.0 0.8 7.3
06775900 <0.1 <0.1 0.4 0.8 0.5 93.2 4.6 0.1 <0.1 0.4
05500000 0.4 1.1 19.9 0.6 <0.1 4.1 5.9 24.0 5.6 38.4
07189000 1.5 0.3 49.7 0.4 0.3 2.2 0.4 2.6 2.1 40.5
05288705 62.0 8.7 6.2 5.2 4.6 <0.1 11.0 0.6 <0.1 1.7
05320270 0.2 0.4 2.4 0.8 <0.1 <0.1 3.8 87.2 <0.1 5.2
05331833 0.1 0.1 71.6 7.1 0.2 0.4 16.2 2.2 <0.1 2.1
05413449 <0.1 0.6 3.7 <0.1 <0.1 <0.1 0.1 46.0 <0.1 49.6
07288650 0.7 0.2 1.3 1.3 <0.1 <0.1 10.5 71.2 9.3 5.5
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Table 4. Nitrite plus nitrate concentration, daily mean discharge and δ15N and δ18O of NO3 values in water samples collected in 
1997–98 (*, results not available)

Sampling station name and station number
Sample 

ID

Sample 
collection 

date

Daily 
mean 

discharge 
in cubic 
feet per 
second

Nitrite plus 
nitrate as N 

in mg/L1

Average 
δ15N in 
per mil

Average δ18O 
in per mil

Large river stations
Mississippi River at Clinton, IA - 05420500 IS-119 6/2/97 60,900 0.449 12.1 15.5

IS-112 9/2/97 53,300 0.914 9.4 10.0
IS-33 5/13/98 58,500 1.82 10.4 11.0
IS-34 5/13/98 58,500 1.85 10.4 9.5
IS-42 5/27/98 56,600 1.22 10.3 10.5
IS-56 6/10/98 48,600 2.00 9.9 15.0
IS-60 7/1/98 101,000 3.00 11.0 9.0
IS-76 7/28/98 41,400 1.51 10.5 11.0
IS-83 8/25/98 38,000 0.620 9.2 17.5
IS-84 8/25/98 38,000 0.624 lost during preparation
IS-97 9/23/98 23,000 0.850 8.5 15.0

Missouri River at Hermann, MO - 06934500 IS-26 4/20/98 159,000 1.90 8.1 9.5
IS-45 6/1/98 87,400 2.12 8.4 14.0
IS-64 7/7/98 159,000 1.20 8.3 14.0
IS-86 8/31/98 86,700 1.27 8.8 13.0

Mississippi River at Thebes, IL - 07022000 IS-101 6/11/97 247,000 2.55 6.9 7.5
IS-25 4/16/98 574,000 3.60 7.0 6.5
IS-50 6/10/98 284,000 3.20 7.8 7.0
IS-51 6/10/98 284,000 3.63 7.7 3.0
IS-74 7/22/98 272,000 3.43 8.5 12.0
IS-91 9/9/98 130,000 1.27 12.4 21.0

Ohio River at Grand Chain, IL - 03612500 IS-102 6/12/97 653,000 2.47 3.1 7.0
IS-27 4/23/98 734,000 1.10 5.7 10.5
IS-44 6/5/98 366,000 1.73 6.3 9.5
IS-77 7/22/98 260,000 1.38 6.0 11.0
IS-78 7/22/98 260,000 1.38 lost during preparation
IS-85 8/12/98 185,000 0.73 4.8 too little N

Yazoo River below Steele Bayou near Long Lake, 
MS - 07288955

IS-103 6/19/97 24,800 0.743 3.8 9.0
IS-19 4/13/98 11,900 0.380 2.8 11.0
IS-57 6/17/98 6,840 0.890 4.8 6.5
IS-66 7/16/98 25,600 0.480 9.1 24.0
IS-96 9/17/98 9,310 0.206 3.6 18.0

Mississippi River, St. Francisville, LA - 
07373420

IS-117 5/6/97 1,006,000 1.43 6.3 7.5
IS-106 6/19/97 1,079,000 2.01 4.0 7.5
IS-10 4/2/98 1,213,000 1.50 ruined in the field
IS-11 4/2/98 1,213,000 1.50 ruined in the field
IS-31 4/30/98 1,266,000 1.97 6.5 8.5
IS-32 4/30/98 1,266,000 1.98 6.3 7.5
IS-49 6/9/98 739,000 2.06 7.1 7.5
IS-63 7/9/98 1,053,000 2.70 7.8 7.0
IS-99 9/28/98 309,000 0.81 9.4 14.0

Mississippi River at Vicksburg, MS - 07289000 IS-2A 1/13/98 933,000 0.87 ruined lab 11.0
IS-2B 1/13/98 933,000 0.87 8.0 12.5
IS-2C 1/13/98 933,000 0.87 7.7 17.5
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Large river stations—Continued
Mississippi River at Belle Chasse, LA - 07374525 IS-118 5/7/97 823,0001 1.23 6.4 8.5

IS-105 6/20/97 937,0001 1.81 3.4 7.5
Small stream stations

S. Fork Iowa River northeast of New Providence, 
IA - 05451210

IS-3A 1/30/98 23 4.30 12.9 10.5
IS-3B 1/30/98 23 4.30 12.9 9.5
IS-3C 1/30/98 23 4.30 12.9 10.5
IS-5 3/30/98 329 13.0 8.2 5.5
IS-8 3/30/98 329 12.0 7.6 5.0
IS-41 5/29/98 833 15.4 5.3 6.0
IS-79 8/3/98 33 7.79 10.9 10.5

Fourmile Creek near Traer, IA - 05464137 IS-107 6/30/97 * 14.9 3.1 5.5
IS-20 4/15/98 54.1 18.0 4.1 3.5
IS-67 7/16/98 23.4 16.0 5.5 9.5
IS-80 8/12/98 9.06 12.0 4.8 9.0

Walnut Creek near Vandalia, IA - 05487550 IS-104 6/21/97 21 9.69 4.9 8.0
IS-9 4/3/98 52 11.0 4.7 5.0
IS-28 5/7/98 167 9.72 3.7 4.5
IS-29 5/7/98 167 9.20 3.8 4.0
IS-54 6/11/98 100 5.57 5.4 5.0

Panther Creek near El Paso, IL - 05567000 IS-115 11/13/97 14 11.5 12.3 ruined in the lab
IS-16 4/9/98 151 18.0 5.6 5.5
IS-48 6/9/98 100 16.2 7.2 6.0
IS-61 7/7/98 145 12.0 8.5 8.0

Indian Creek near Wyoming, IL - 05568800 IS-111 8/27/97 36 9.65 7.8 8.0
IS-15 4/9/98 261 12.0 5.1 4.5
IS-39 5/25/98 80 11.7 5.6 6.0
IS-72 7/22/98 97 7.72 6.3 9.5
IS-73 7/22/98 97 7.68 9.7 9.5

Sugar Creek at Co Rd 400 S at New Palistine, IN 
- 03361650

IS-13 4/9/98 439 2.30 6.3 7.5
IS-38 5/24/98 414 8.48 5.5 8.0

Little Buck Creek near Indianapolis, IN - 
03353637

IS-113 9/9/97 4.0 0.862 3.3 31.0
IS-14 4/9/98 305 0.79 2.4 too little N
IS-37 5/24/98 131 1.28 3.5 4.0
IS-71 7/20/98 44 0.57 1.9 25.0

North Dry Creek near Kearney, NE - 06770195 IS-6 4/1/98 31 8.00 8.3 9.0
IS-40 5/22/98 83 5.30 7.7 10.5
IS-43 6/8/98 37 7.70 8.3 8.5
IS-92 9/9/98 10 7.01 9.4 13.5

Dismal River near Thedford, NE - 06775900 IS-17 4/13/98 225 0.460 5.1 11.0
IS-36 5/19/98 225 0.500 3.2 14.5
IS-55 6/16/98 219 0.421 5.0 6.0
IS-95 9/15/98 219 0.498 4.2 8.0

Table 4. Nitrite plus nitrate concentration, daily mean discharge and δ15N and δ18O of NO3 values in water samples collected in 
1997–98 (*, results not available)—Continued

Sampling station name and station number
Sample 

ID

Sample 
collection 

date

Daily 
mean 

discharge 
in cubic 
feet per 
second

Nitrite plus 
nitrate as N 

in mg/L1

Average 
δ15N in 
per mil

Average δ18O 
in per mil
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Small stream stations—Continued
South Fabius River near Taylor, MO - 05500000 IS-23 4/7/98 685 0.780 7.4 11.5

IS-46 6/2/98 213 0.600 8.1 6.5
IS-75 7/27/98 55 0.284 11.9 18.0
IS-89 9/1/98 15 0.006 too little N

Elk River near Tiff City, MO - 07189000 IS-24 4/14/98 767 1.10 10.3 11.0
IS-52 6/9/98 318 1.73 9.6 6.0
IS-68 7/14/98 240 0.88 13.0 8.5
IS-87 9/2/98 72 0.396 13.4 10.5
IS-88 9/2/98 72 0.398 13.0 8.0

Shingle Creek at Queen Ave. N., MN - 05288705 IS-108 7/7/97 27 0.327 0.9 21.5
IS-12 4/6/98 56 0.510 15.5 too little N
IS-30 5/8/98 45 0.443 -1.2 23.5
IS-53 6/11/98 5.2 0.183 1.6 19.5
IS-62 7/8/98 5.5 0.217 5.9 19.0

Little Cobb River near Beauford, MN - 05320270 IS-109 7/16/97 162 9.71 5.6 7.0
IS-114 10/28/97 19 8.16 9.2 6.5
IS-1A 1/14/98 2.1 8.0 11.7 8.5
IS-1B 1/14/98 2.1 8.0 12.0 9.0
IS-1C 1/14/98 2.1 8.0 12.1 9.0
IS-4 3/30/98 381 14.0 6.3 7.0
IS-7 3/30/98 381 14.0 6.3 4.5
IS-35 5/18/98 166 16.0 6.5 5.0
IS-70 7/15/98 64 7.4 9.3 5.0
IS-90 8/17/98 2.8 <0.002 too little N

Namekagon River at Leonards, WI - 05331833 IS-116 11/11/97 105 0.12 2.8 14.0
IS-21 3/30/98 458 0.140 -1.4 20.0
IS-47 6/2/98 195 0.041 8.1 too little N
IS-69 7/15/98 102 0.015 too little N
IS-94 9/9/98 51 0.053 6.9 20.0

Rattlesnake Creek near North Andover, WI - 
05413449

IS-110 8/1/97 * 5.98 6.3 5.5
IS-22 4/15/98 32 7.4 9.5 5.0
IS-59 6/19/98 70 6.7 10.3 11.5
IS-81 8/21/98 29 7.0 6.4 9.0
IS-82 8/21/98 29 7.0 6.5 8.5
IS-98 9/22/98 26 7.98 9.0 10.0

Bogue Phalia near Leland, MS - 07288650 IS-18 4/14/98 41 0.006 too little N
IS-58 6/18/98 126 0.860 7.5 9.0
IS-65 7/15/98 2,080 1.10 10.3 43.5
IS-93 9/16/98 218 0.187 9.6 21.0

1 
Low-level analyses (reporting limit of 0.002 mg/L) were conducted by the USGS Quality of Water Unit in Ocala, Florida.

2 Calculated as the sum of the instantaneous discharge at the time of sample collection, plus the discharge out the Old River Diversion 2 days earlier.

Table 4. Nitrite plus nitrate concentration, daily mean discharge and δ15N and δ18O of NO3 values in water samples collected in 
1997–98 (*, results not available)—Continued

Sampling station name and station number
Sample 

ID

Sample 
collection 

date

Daily 
mean 

discharge 
in cubic 
feet per 
second

Nitrite plus 
nitrate as N 

in mg/L1

Average 
δ15N in 
per mil

Average δ18O 
in per mil



METHODS 15

dissolved organic carbon (DOC), thereby making it 
less likely for the DOC to compete with NO3 for 
exchange stations on the anion column (Chang and 
others, 1999). About 200 µmol of NO3 (equivalent to 
about 2.8 mg of N) was required for the dual isotope 
analysis. A special low-level analyses (0.002 mg/L 
reporting limit) for NO2 plus NO3 (table 4) conducted 
at the USGS Quality of Water Unit in Ocala, Florida, 
was used along with estimated concentrations of other 
anions from historic data to determine how much 
water to pass through the exchange column pair and to 
test for NO3 passing through the column pair. Both the 
minimum volume needed to obtain sufficient NO3 and 
the maximum volume that would avoid exceeding the 
anion column exchange capacity were considered to 
determine the sample volume to be processed.

To verify that all of the sample NO3 was 
adsorbed by the anion column, eluent that passed 
through the cation and anion exchange columns was 
saved and a sub-sample analyzed for NO2 plus NO3. If 
95% or more of the NO3 was retained by the anion 
column, the sample was analyzed for δ15N and δ18O 
of NO3 isotope ratios values using methods described 
by Silva and others (2000). If more than 5% of the 
NO3 was not retained by the anion column the sample 
was not analyzed for δ15N and δ18O of NO3 values. 
Dissolved organic carbon (DOC) and other non-nitrate 
oxygen bearing species are eliminated during this 
laboratory preparation procedure. Oxygen-isotope 
analyses were performed on a Finnigan Mat 251 (the 
use of trade names here or elsewhere in this report 
does not constitute an endorsement by the USGS) 
stable isotope mass spectrometer and nitrogen isotope 
analyses were performed on an Optima mass spec-
trometer. N isotope values (δ15N) are reported in per 
mil (‰) relative to atmospheric N2, which by defini-
tion has a δ15N of 0‰. Oxygen isotope values (δ18O) 
are reported in ‰ relative to the standard VSMOW 
(Vienna Standard Mean Ocean Water), also defined as 
0‰. 

Analysis of δ15N, δ13C, and δ34S of Suspended 
POM in Water

Suspended sediment was collected with each 
sample for isotopic analysis of δ15N, δ13C, and δ34S 
of the POM. Details of suspended sediment sample 
collection and analysis are given in Battaglin and 
others (1997) and Kendall and others (2001). Approxi-
mately 1 liter of water was filtered through a 

0.7-micrometer heat-cleaned glass-fiber filter 
(142-mm diameter) with a peristaltic pump and an 
aluminum plate filter. After filtration the glass fiber 
filter was sealed in aluminum foil and a plastic bag and 
then frozen. 

In the laboratory, filters were thawed and 
scraped and the resulting material was freeze-dried 
and ground to a fine powder. After acidification 
(Kendall and others, 2001), the POM samples were 
analyzed for carbon and nitrogen isotopic and 
elemental composition on a Carlo Erba 1500 
elemental analyzer attached to a Micromass Optima 
mass spectrometer. Isotopic compositions are reported 
in per mil (‰) relative to atmospheric air for nitrogen 
and VPDB (Vienna Pee Dee Belemnite) for carbon. 
Due to problems with equipment, and in many cases 
an insufficient amount of material, POM samples were 
not analyzed for δ34S.

Nutrients and Major Ions

All samples were analyzed for nutrient concen-
trations including NO2 plus NO3, NO2, ammonia, 
ammonia plus organic nitrogen, orthophosphate, and 
total phosphorus. The samples were analyzed by auto-
mated colorimetric procedures (Fishman and 
Friedman, 1989) at the USGS NWQL. The method 
reporting limit for NO2 plus NO3 as N is 0.05 mg/L. 
Samples also were analyzed for calcium, chloride, 
magnesium, potassium, sodium, and sulfate by stan-
dard analytical methods (Fishman and Friedman, 
1989). 

Discharge and Physical Properties

Specific conductance, pH, and water tempera-
ture were measured at the time samples were 
collected. Water-discharge normally was measured 
with current meters. These measurements were used to 
confirm or adjust a rating for converting river stage to 
water discharge. At most stations, estimates of daily 
mean discharge for the dates of sample collection were 
calculated, and are available in the USGS Water-Data 
Reports for the states in the study area. 

GIS Data and Analysis

A geographic information system (GIS) was 
used to manage spatial information on station loca-
tions and associated drainage basins and to quantify 
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land cover within the drainage basins. Land cover data 
are derived from two sources: (1) Gridded and reclas-
sified Advanced Very High Resolution Radiometer 
(AVHRR) data (D. Wolock, U.S. Geological Survey, 
written commun., 2000), and (2) the National Land 
Cover Data (NLCD) (U.S. Geological Survey, 2000). 
The AVHRR data were used to quantify land cover in 
the large river and small stream basins; the pixels in 
the AVHRR data set are 1000 meters on a side. Esti-
mates of percent land cover in each basin using 
AVHRR are given in tables 2, and the spatial distribu-
tion of land cover within the Mississippi River basin is 
shown in figure 1.

The NLCD data also were used to quantify land 
cover in the small stream basins. Landsat Thematic 
Mapper (TM) data and supporting information, 
including topography, census data, agricultural statis-
tics, soil characteristics, other land-cover maps, and 
wetlands data were used to determine and label the 
land-cover type for each 30 meter pixel in the NLCD. 
Estimates of percent land cover for each small stream 
basin are given in table 3. An example of spatial distri-
bution of land cover within one of the small-river 
basins is shown in figure 4 (plots for all 16 smaller 
river basins can be viewed in the web version of this 
report at http://wwwrcolka.cr.usgs.gov/midcon-
herb/on.line.rep.html).

Quality Assurance

Sample Collection

Quality assurance (QA) samples were collected 
at selected stations to assess the variability and bias of 
the measured isotope ratios. Eighteen pairs of field-
collected QA samples were analyzed for δ15N and 
δ18O of NO3 in water and eight pairs were analyzed 
for δ15N and δ13C of the suspended POM. All QA 
samples were concurrent duplicates, which are two 
samples collected concurrently in the same location 
but processed, handled, and analyzed separately. 

NO3 in Water Isotope Analysis

Details of laboratory QA procedures used for 
isotope analysis are reported in Kendall and Grim 
(1990), Chang and others, (1999), and Silva and 
others, (2000). The standard error (Iman and Conover, 
1983) of analysis of laboratory standards for δ15N of 
NO3 was ±0.05‰ (n=10), and for δ18O of NO3 was 

±0.21‰ (n=19). For simulated field samples (a solu-
tion containing KNO3 reagent and DOC in deionized 
water), the standard error (n=12) was ±0.07‰ for 
δ15N and ±0.36‰ for δ18O (Chang and others, 1999). 
Eighteen pairs of concurrent duplicate water samples 
collected during this study are used to identify both 
sampling and laboratory precision (variability) NO3 
concentration, and for δ15N and δ18O of NO3 values 
reported in this study. These include duplicate samples 
collected in 1997–98 from stations on both large rivers 
and smaller streams (Battaglin and others, 1997). The 
standard error of the differences between the pairs of 
samples is ±0.11 mg/L for NO3 (n=11), ±0.22‰ for 
δ15N of NO3 (n=16), and ±0.58‰ for δ18O of NO3 
(n=18). The distributions of the difference values are 
shown in figure 5(a). The mean of the differences 
between NO3 concentrations is 0.18 mg/L, between 
δ15N values is 0.38‰, and between δ18O values is 
1.6‰. The standard errors for δ15N and δ18O quanti-
fied from QA samples are significantly larger than 
those from laboratory standards or simulated field 
samples. This difference suggests either that sample 
handling introduces significant variability, or that 
matrix effects in natural waters from the Mississippi 
basin are more difficult to account for than those of 
snowmelt samples, for which the analytical method 
was originally developed. 

Particulate Organic Material Isotope Analysis

Details of laboratory QA procedures used for 
isotope analysis of POM samples are reported in 
Kendall and others (2001). Analytical precision for 
laboratory standards is ±0.15 ‰ for both δ15N and 
δ13C of POM (Kendall and others, 2001). Eight pairs 
of concurrent duplicate QA samples are used to iden-
tify sampling and laboratory precision (variability) for 
δ15N and δ13C of POM values. The standard error of 
the differences between the pairs of samples is 
±0.30‰ for δ15N (n=7) and  ±0.31‰ for δ13C (n=8). 
Distributions of the difference values are shown in 
figure 5(b). The mean of the absolute value of differ-
ences between δ15N values is 0.60‰ and between 
δ13C values is 0.71‰. The standard errors for δ15N 
and δ13C of POM from QA samples are significantly 
larger than those from laboratory standards. This is 
probably caused by insufficient homogenization of the 
POM samples.
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Sugar Creek at New Providence, IN
Station No. 03361650
Drainage area = 243 square kilometers
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4.9%     forest land
0.7%     wetlands
0.3%     open water
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Figure 4. Land cover in the Sugar Creek at New Providence, Indiana, basin.
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RESULTS

δ15N and δ18O of NO3 Isotope Ratio Values 

The δ15N and δ18O of NO3 isotope ratio values, 
the concentration of NO2 plus NO3 from the low-
level (Ocala) analysis, and the daily mean discharge 
for samples from 1997 and 1998 are listed in table 4, 
and statistically summarized in table 5. Discharge 
measurements ranged from 2.1 to 1,266,000 cubic feet 
per second (cfs). The concentration of NO2 plus 
NO3 ranged from less than the reporting limit of 
0.002 mg/L to 18.0 mg/L. The δ15N values ranged 
from –1.4‰ to +15.5‰, while the δ18O values ranged 
from +3.0‰ to +43.5‰ (table 5). In the following 
sections, the results are analyzed by drainage basin 
size (large basins verses small basins) and for the 
small basins, by dominant land cover type within the 
drainage basin. 

Large Rivers

The largest discharge values (6,840 to 1,266,000 
ft3/s) are from the large river stations. The ranges of 
NO2 plus NO3 concentrations and isotope ratio values 

from the large river stations are generally narrow and 
near the middle of their ranges in measurements from 
all stations. The concentration of NO2 plus NO3 
ranges from 0.2 to 3.6 mg/L, the δ15N of NO3 values 
range from +2.8‰ to +12.4‰, and the δ18O of NO3 
values range from +3.0‰ to +24.0‰ (table 5). The 
fact that the isotope ratio values from the large river 
stations are within the range of values in smaller 
streams supports the theory that N exported from trib-
utaries is not significantly altered by denitrification in 
the Mississippi and its major tributaries (Goolsby and 
others, 1999; Alexander and others, 2000).

Time-series plots of the data should show 
whether there are significant temporal and spatial vari-
ations in NO3 δ15N and δ18O of NO3 values in 
Mississippi River water and its major tributaries. 
There are insufficient data from 1997 to identify a 
temporal trend in the results (fig. 6). However, the 
δ15N and δ18O of NO3 values (fig. 6b and 6c) from 
the most up-stream station, the Mississippi River at 
Clinton (fig. 3, map no. 1), are distinct from the values 
at down stream stations such as the Mississippi River 
at St. Francisville (fig. 3, map no. 6a). Looking at the 
samples from the first Lagrangian set (collected in 
June, 1997), one can also see that the δ15N of NO3 

Figure 5. Differences between: (A) NO2 plus NO3 concentrations (in mg/L), and δ15N and δ18O of NO3 values (in per 
mil) in 18 pairs of concurrent duplicate water samples; and (B) δ15N and δ13C of POM values (in per mil) in 8 pairs of 
field collected concurrent duplicate sediment samples. 
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values from the Mississippi River at Thebes (+6.9‰), 
and the Ohio River at Grand Chain (+3.1‰) are 
substantially different and bracket the values from 
St. Francisville (+4.0‰) and Belle Chasse (+3.4‰) 
(fig. 6b). The δ18O of NO3 values from the Missis-
sippi River at Thebes (+7.5‰) and the Ohio River at 
Grand Chain (+7.0‰) are similar, and are approxi-
mately equal to the values from the St. Francisville 
(+7.5‰) and Belle Chasse (+7.5‰) stations (fig. 6c). 

These results support the theory that denitrifica-
tion does not remove much of the NO3 transported by 
the Mississippi River. However, the NO3 concentration 
and resulting flux data conflict. NO3 concentrations in 
samples from the Mississippi River at Thebes and the 
Ohio River at Grand Chain (2.55 mg/L and 2.47 mg/L, 
respectively in samples IS–101 and IS–102; table 4) 
are greater than those in samples from the Mississippi 

River at St. Francisville and Belle Chasse (2.01 mg/L 
and 1.81 mg/L, respectively in samples IS–106 and 
IS–105; figure 6d and table 4). The sum of the NO3 
fluxes from samples IS–101, IS–102, and IS–103 
(Yazoo River) is ~4% larger than the flux calculated 
from sample IS–106 from the Mississippi River at St. 
Francisville, even though the sum of the discharges 
from the three samples is smaller (Battaglin and 
others, 2001). This difference suggests a mechanism 
other than denitrification decreases NO3 flux in the 
lower Mississippi River. Battaglin and others (2001) 
provide a more complete analysis of the two sets of 
Lagrangian samples and suggest that assimilation by 
aquatic and riparian plants is a likely mechanism for 
that loss. 

Temporal variability can be observed in the 
1998 data (fig. 7) from the large river stations. In some 

Table 5. Statistical summary of δ15N and δ18O of nitrate values, nitrite plus nitrate concentrations, and daily mean discharges 
in water sampled collected in 1997–98

Parameter
Number of 
analyses

Minimum 
value

Maximum 
value

Mean value
Median 
value

Standard
deviation

All stations

Nitrite plus nitrate, in mg/L 124 <0.002 18.0 4.3 1.8 4.83

δ15N, in per mil 115 -1.4 15.5 7.3 7.4 3.21

δ18O, in per mil 111 3.0 43.5 10.6 9.0 6.08

Daily mean discharge, in cfs 122 2.1 1,266,000 156,660 232 331,040
Large river stations

Nitrite plus nitrate, in mg/L 46 0.2 3.6 1.6 1.4 0.87

δ15N, in per mil 41 2.8 12.4 7.5 7.8 2.46

δ18O, in per mil 41 3.0 24.0 11.1 10.5 4.31

Daily mean discharge, in cfs 46 6,840 1,266,000 415,220 253,500 430,079
Small stream stations with basins dominated by row crop agriculture and/or livestock production

Nitrite plus nitrate, in mg/L 22 0.4 15.4 6.2 6.9 3.98

δ15N, in per mil 22 5.3 13.4 9.6 9.5 2.54

δ18O, in per mil 22 5.0 13.5 8.8 9.0 2.37

Daily mean discharge, in cfs 21 10 833 162 37 238
Small stream stations with basins dominated by row crop agriculture

Nitrite plus nitrate, in mg/L 38 0.01 18.0 8.4 8.8 5.60

δ15N, in per mil 35 3.1 12.3 7.2 6.3 2.66

δ18O, in per mil 34 3.5 43.5 8.8 7.3 7.11

Daily mean discharge, in cfs 37 2.1 2,080 190 97 354
Small stream stations with basins dominated by urban land

Nitrite plus nitrate, in mg/L 9 0.2 1.3 0.58 0.51 0.35

δ15N, in per mil 9 -1.2 15.5 3.8 2.4 4.81

δ18O, in per mil 7 4.0 31.0 20.5 21.5 8.33

Daily mean discharge, in cfs 9 4.0 305 69 44 97
Small stream stations with basins dominated by undeveloped land

Nitrite plus nitrate, in mg/L 9 0.02 0.50 0.25 0.14 0.21

δ15N, in per mil 8 -1.4 8.1 4.2 4.6 2.88

δ18O, in per mil 7 6.0 20.0 13.4 14.0 5.45

Daily mean discharge, in cfs 9 51 458 200 219 117
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cases, both δ15N and δ18O of NO3 values show a 
slight upward trend from April to September 1998, 
while NO3 concentrations show a slight decreasing 
trend. The minor temporal differences in isotope 
values could be the result of mixing between or 
changing of NO3 sources, or increased transformation 
of NO3. The discharge decreased between April and 
September 1998 at most of the large river stations 
(fig. 7a). The surface-runoff component of stream flow 
is likely more dominant during spring and early 
summer, whereas the ground-water component of 
stream flow is more dominant under low-flow condi-
tions in late summer and fall (Winter and others, 
1998). Surface-runoff would be more likely to 
contribute recently applied fertilizer NO3 or recently 
mineralized NO3, while ground water would be more 
likely to contribute NO3 that was applied to fields or 
mineralized months, years, or decades ago (BÖhlke 
and Denver, 1995).

 Spatial variations in δ15N and δ18O of NO3 
values and NO3 concentration in water from the 
Mississippi River and its major tributaries are also 
apparent (fig. 7). Nitrate concentrations are nearly 
always largest in the Mississippi River at Thebes (map 
no. 3) and smallest in the Yazoo River near Long Lake 
(map no. 5). The δ15N and δ18O of NO3 values from 
the Mississippi River at Thebes (map no. 3), and the 
Ohio River at Grand Chain (map no. 4) stations are 
substantially different and again bracket the values 
from the Mississippi River at St. Francisville 
(map no. 6a). 

Small Streams

The δ15N and δ18O of NO3 isotope ratio values, 
the concentration of NO2 plus NO3, and the daily 
mean discharge for samples collected from small 
streams in 1997 and 1998 are given in table 4. A statis-
tical summary of the small stream results, analyzed by 
the predominant land cover type in the drainage 
basins, is given in table 5. Discharge at stations in 
basins dominated by row crop agriculture and undevel-
oped land tended to be slightly higher than discharge 
at stations in basins dominated by urban land or row 
crops and/or livestock production (table 5; fig. 9a and 
10a). This variability is likely a result of differences in 
basin size and local climatic variability, not directly a 
function of the land cover in the drainage basins. 

We hypothesized that NO3 in small streams 
draining areas dominated by distinctly different land 

use (corn and soybean production, livestock produc-
tion, urban land, or undeveloped land) would have 
distinctly different δ15N and δ18O of NO3 isotope 
ratio values (Battaglin and others, 1997). In figure 8, 
the ranges of NO2 plus NO3 concentrations and δ15N 
and δ18O of NO3 values for samples from basins 
dominated by the four land cover types are shown in 
boxplots (Helsel and Hirsch, 1992). NO2 plus NO3 
concentrations are significantly smaller in basins 
dominated by urban and undeveloped land compared 
to those dominated by row crops or row crops and/or 
livestock production. The maximum NO3 concentra-
tion in basins dominated by urban or undeveloped land 
(1.12 mg/L) is exceeded by more than 75% of samples 
from basins dominated by row crops or row crops 
and/or livestock production (table 5, fig. 8). There is a 
difference in δ15N of NO3 values between basins 
dominated by urban or undeveloped land, and basins 
dominated by row crops or row crops and/or livestock 
production. The majority of δ15N of NO3 values from 
basins dominated by urban or undeveloped land are 
less than +5‰, while the majority of values from 
basins dominated by row crops or row crops and/or 
livestock production are greater than +5‰ (fig. 8). 
However, the range of δ15N of NO3 values from just 
the basins dominated by urban land nearly span the 
entire range of the data (table 5). There is also a differ-
ence in δ18O of NO3 values between basins dominated 
by urban or undeveloped land, and those dominated by 
row crops or row crops and/or livestock production. 
The majority of the δ18O of NO3 values from basins 
dominated by urban or undeveloped land are greater 
than +10‰, while the majority of values from basins 
dominated by row crops or row crops and/or livestock 
production are less than +10‰ (fig. 8). The range of 
δ18O of NO3 values from basins dominated by row-
crops nearly span the entire range of the data (table 5). 

 Time-series plots should show if there are 
significant temporal and spatial variations in δ15N and 
δ18O of NO3 values in small streams sampled in 1997 
and 1998. There are insufficient data from 1997 to 
identify a temporal trend in the results (fig. 9), but 
some spatial variability is evident. δ15N of NO3 values 
from basins dominated by row crops (open circles) and 
row crop and/or livestock production (filled circles) 
tend to be greater than values from basins dominated 
by urban land (squares) or undeveloped land (trian-
gles) (fig. 9b). The opposite pattern is evident for δ18O 
of NO3; values from basins dominated by urban or 
undeveloped land are greater than values from basins 
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dominated by row crops or row crops and/or livestock 
production (fig. 9c). NO2 plus NO3 concentrations in 
samples from basins dominated by row crops and row 
crops and/or livestock production are all greater than 
5 mg/L while values from basins dominated by urban 
or undeveloped land are less than 1.5 mg/L (fig. 9d; 
table 5). 

Some temporal variability is apparent in the 
1998 data from the small stream stations. At some 
stations, δ15N and δ18O of NO3 values decrease from 
January to May, then increase from May through 
September, 1998 (fig. 10b and 10c). NO2 plus NO3 
concentrations show the opposite pattern, increasing 
from January to May, then decreasing from May 

Figure 8. δ15N and δ18O of NO3 values and NO2 plus NO3 concentrations from small streams by 
dominant basin land cover type, 1997–1998. {UR, urban land; UN, undeveloped land; RC, row 
crop land; and RL row crop and/or livestock production.}
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Figure 9. Time series of 1997 data for small stream stations; (A) discharge, (B) δ15N, (C) δ18O, and (D) NO2 
plus NO3.
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Figure 10. Time series of 1998 data for small stream stations; (A) discharge, (B) δ15N, (C) δ18O, and 
(D) NO2 plus NO3.
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through September (fig. 10d). The variability in δ15N 
and δ18O of NO3 values with respect to dominant 
basin type in 1998 is similar to that in 1997. The δ15N 
of NO3 values from drainage basins dominated by row 
crops and row crop and/or livestock production tend to 
be greater than values from drainage basins dominated 
by urban or undeveloped land (fig. 10b). The δ18O of 
NO3 values from basins dominated by urban or unde-
veloped land tend to be greater than values from basins 
dominated by row crops or row crops and/or livestock 
production (figure 10c). Most of the NO2 plus NO3 
concentrations from stations with drainage basins 
dominated by row crops and row crop and/or livestock 
production are higher than 5 mg/L, while values from 
stations with drainage basins dominated by urban or 
undeveloped land are all less than 1.5 mg/L (fig. 10d; 
table 5). 

δ15N and δ13C of POM Isotope Ratio Values

The δ15N and δ13C of POM isotope ratio values 
in suspended sediment for samples from 1997 and 
1998 are listed in table 6, and statistically summarized 
in table 7. In this study, δ15N of POM values ranged 
from –1.2‰ to +12.1‰, while δ13C of POM values 
ranged from –33.2‰ to –17.3‰ (table 7). There was 
considerable and unexpected temporal and spatial 
variation in the δ15N and δ13C of POM values from 
the Mississippi basin. Below the POM isotope data are 
analyzed by drainage basin size (large basins 
compared to small basins), and for the small basins, by 
dominant land cover type within the drainage basin. 

Large Rivers

The δ15N of POM values range from +2.5‰ 
to +12.1‰, and  δ13C of POM values range from 
–31.3‰ to –19.3‰ (table 7; fig. 11). Isotope values 
measured in the large rivers are near the high end of all 
measurements for δ15N of POM and near the middle 
range of all measurements for δ13C of POM. The 
distribution of δ15N POM values from large river 
stations appears to match the values from basins domi-
nated by row crops or row crops and/or livestock 
production (fig. 11), suggesting that the bulk of partic-
ulate organic nitrogen in large rivers originates in agri-
cultural watersheds. δ13C of POM values from large 
river stations are more intermediate being generally 
between values from basins dominated by urban or 

undeveloped land and those from basins dominated by 
row crops or row crops and/or livestock production. 
The δ13C of POM values for the stations on the Lower 
Mississippi River (map numbers 6a and 6c in fig. 3) 
ranged from –31.3‰ to –22.7‰, with an average of   
–25.9‰ in 10 samples (table 6). Previous studies 
(Goni and others, 1998; Onstad and others, 2000) had 
insufficiently sampled POM and sediment in the 
Mississippi Basin, and had estimated that the  δ13C of 
POM value for Mississippi River was about –20‰. 
They had concluded that terrestrial soil and C4 plant 
debris were the dominant sources of carbon to the gulf. 
The data reported here indicate that the dominant 
source of carbon is more biologically labile aquatic 
plants (algae, macrophyte debris, and heterotrophic 
bacteria). The difference between these results could 
effect models of sedimentation in the gulf and global 
carbon models. 

Small Streams

We hypothesized that POM in small streams 
draining areas of distinctly different land use would 
have distinctly different δ15N and δ13C of POM 
values (Battaglin and others, 1997). Boxplots of δ15N 
and δ13C of POM values (fig. 11) from stations with 
basins dominated by the four land cover types (and the 
large river stations), show a clear difference in POM 
isotope ratio values between basins dominated by 
urban or undeveloped land and basins dominated row 
crops or row crops and/or livestock production. As 
with δ15N of NO3, the majority of δ15N of POM 
values from basins dominated by urban or undevel-
oped land are less than +5‰, while the majority of 
values from basins dominated by row crops or row 
crops and/or livestock production are greater than 
+5‰ (fig. 11). The difference in δ13C of POM values 
between basins dominated by urban or undeveloped 
land and basins dominated by row crops or row crops 
and/or livestock production is less distinct. The 
majority of δ13C of POM values from basins domi-
nated by urban or undeveloped land are less than 
–25‰, while the majority of values from basins domi-
nated by row crops or row crops and/or livestock 
production are greater than –25‰ (fig. 11). The δ13C 
of POM values from basins dominated by row-crops 
nearly span the entire data set (table 7). 
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Table 6. The δ15N and δ13C of particulate organic material in suspended-sediment samples (*, sample not
collected; #, analysis not completed; $, insufficient sample material; sample ID’s that begin with XX-, matching 
NO3 isotope analysis is not available) collected in 1997–98

Sampling station name
and station number

Sample 
ID

Sample
collection

date

Average 
δ15N

Average

δ13C

Large river stations

Mississippi River at Clinton, IA - 05420500 XX-29 2/19/97 4.6 -23.3

XX-44 3/19/97 4.4 -26.4

IS-119 6/2/97 7.6 -25.6

XX-99 6/27/97 6.2 -23.6

IS-112 9/2/97 * *

IS-33 5/13/98 6.2 -26.8

IS-34 5/13/98 6.1 -26.5

IS-42 5/27/98 5.8 -27.9

IS-56 6/10/98 * *

IS-60 7/1/98 6.0 -23.8

IS-76 7/28/98 12.1 -27.9

IS-83 8/25/98 7.0 -26.2

IS-84 8/25/98 7.5 -27.0

IS-97 9/23/98 * *

Missouri River at Hermann, MO - 06934500 XX-138 10/15/97 6.7 -24.3

IS-26 4/20/98 * *

IS-45 6/1/98 5.5 -19.3

IS-64 7/7/98 * *

IS-86 8/31/98 5.4 -21.6

Mississippi River at Thebes, IL - 07022000 IS-101 6/11/97 7.3 -25.1

XX-116 8/13/97 7.3 -26.5

XX-151 11/24/97 3.6 -24.9

IS-25 4/16/98 * *

IS-50 6/10/98 5.5 -21.6

IS-51 6/10/98 # #

IS-74 7/22/98 * *

IS-91 9/9/98 8.8 -25.0

Ohio River at Grand Chain, IL - 03612500 XX-22 1/22/97 4.8 -26.6

XX-24 2/11/97 3.7 -24.8

XX-64 5/14/97 4.9 -25.1

IS-102 6/12/97 5.9 -26.7

XX-124 9/4/97 7.9 -28.0

XX-142 11/6/97 7.8 -27.5

IS-27 4/23/98 4.7 -26.4

IS-44 6/5/98 5.9 -27.4

IS-77 7/22/98 8.3 -28.4

IS-78 7/22/98 $, combined with IS-77

IS-85 8/12/98 7.7 -29.5
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Large river stations—Continued

Yazoo River below Steele Bayou near Long Lake, MS - 07288955 XX-14 12/17/96 4.1 -26.0

XX-33 3/11/97 3.0 -25.8

IS-103 6/19/97 6.6 -27.1

XX-107 7/21/97 # #

XX-108 7/21/97 6.9 -28.5

IS-19 4/13/98 # #

IS-57 6/17/98 # #

IS-66 7/16/98 9.6 -29.3

IS-96 9/17/98 3.9 -27.4

Mississippi River, St. Francisville, LA - 07373420 XX-23 1/15/97 2.5 -26.5

XX-45 3/14/97 6.4 -26.5

IS-117 5/6/97 6.7 -31.3

IS-106 6/19/97 7.1 -24.8

IS-10 4/2/98 6.1 -23.8

IS-11 4/2/98 4.8 -24.7

IS-31 4/30/98 * *

IS-32 4/30/98 * *

IS-49 6/9/98 7.1 -24.9

IS-63 7/9/98 6.3 -22.7

IS-99 9/28/98 8.0 -25.7

Mississippi River at Vicksburg, MS - 07289000 IS-2A 1/13/98 * *

IS-2B 1/13/98 * *

IS-2C 1/13/98 * *

Mississippi River at Belle Chasse, LA - 07374525 IS-118 5/7/97 5.9 -27.6

IS-105 6/20/97 * *
Small stream stations

S. Fork Iowa River northeast of New Providence, IA - 05451210 IS-3a 1/30/98 * *

IS-5 3/30/98 7.6 -22.2

IS-8 3/30/98 $, combined with IS-5

IS-41 5/29/98 * *

IS-79 8/3/98 4.7 -26.0

Fourmile Creek near Traer, IA - 05464137 IS-107 6/30/97 * *

IS-20 4/15/98 4.8 -22.2

IS-67 7/16/98 4.3 -22.0

IS-80 8/12/98 4.5 -21.9

Walnut Creek near Vandalia, IA - 05487550 IS-104 6/21/97 * *

IS-9 4/3/98 4.5 -21.0

IS-28 5/7/98 4.6 -21.8

IS-29 5/7/98 3.8 -20.7

IS-54 6/11/98 5.1 -19.8

Table 6. The δ15N and δ13C of particulate organic material in suspended-sediment samples (*, sample not
collected; #, analysis not completed; $, insufficient sample material; sample ID’s that begin with XX-, matching 
NO3 isotope analysis is not available) collected in 1997–98—Continued

Sampling station name
and station number

Sample 
ID

Sample
collection

date

Average 
δ15N

Average

δ13C
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Small stream stations—Continued

Panther Creek near El Paso, IL - 05567000 IS-115 11/13/97 * *

IS-16 4/9/98 6.5 -23.8

IS-48 6/9/98 7.0 -24.0

IS-61 7/7/98 7.8 -23.5

Indian Creek near Wyoming, IL - 05568800 IS-111 8/27/97 * *

IS-15 4/9/98 5.3 -21.6

IS-39 5/25/98 5.8 -20.3

IS-72 7/22/98 4.9 -24.8

IS-73 7/22/98 $, combined with IS-72

Sugar Creek at Co Rd 400 S at New Palistine, IN - 03361650 IS-13 4/9/98 5.5 -26.1

IS-38 5/24/98 5.9 -25.4

Little Buck Creek near Indianapolis, IN - 03353637 IS-113 9/9/97 2.2 -26.8

IS-14 4/9/98 4.6 -26.7

IS-37 5/24/98 4.6 -26.8

IS-71 7/20/98 4.1 -28.8

North Dry Creek near Kearney, NE - 06770195 XX-70 5/27/97 6.5 -20.3

XX-71 5/27/97 6.7 -20.3

XX-106 7/17/97 8.2 -20.5

XX-114 8/11/97 9.2 -19.1

XX-147 11/19/97 6.4 -21.9

IS-6 4/1/98 5.6 -17.3

IS-40 5/22/98 5.0 -20.2

IS-43 6/8/98 6.3 -21.7

IS-92 9/9/98 6.4 -22.8

Dismal River near Thedford, NE - 06775900 IS-17 4/13/98 # #

IS-36 5/19/98 # #

IS-55 6/16/98 2.3 -25.5

IS-95 9/15/98 1.5 -26.0

South Fabius River near Taylor, MO - 05500000 IS-23 4/7/98 * *

IS-46 6/2/98 5.6 -31.1

IS-75 7/27/98 * *

IS-89 9/1/98 6.7 -31.2

Elk River near Tiff City, MO - 07189000 IS-24 4/14/98 * *

IS-52 6/9/98 $ -26.2

IS-68 7/14/98 * *

IS-87 9/2/98 $ -26.1

IS-88 9/2/98 $ -25.1

Table 6. The δ15N and δ13C of particulate organic material in suspended-sediment samples (*, sample not
collected; #, analysis not completed; $, insufficient sample material; sample ID’s that begin with XX-, matching 
NO3 isotope analysis is not available) collected in 1997–98—Continued

Sampling station name
and station number

Sample 
ID

Sample
collection

date

Average 
δ15N

Average

δ13C
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Small stream stations—Continued

Shingle Creek at Queen Ave. N., MN - 05288705 IS-108 7/7/97 * *

IS-12 4/6/98 2.2 -30.1

IS-30 5/8/98 1.2 -28.9

IS-53 6/11/98 1.6 -31.0

IS-62 7/8/98 0.3 -30.5

Little Cobb River near Beauford, MN - 05320270 IS-109 7/16/97 * *

IS-114 10/28/97 * *

IS-1A 1/14/98 * *

IS-4 3/30/98 5.1 -23.6

IS-7 3/30/98 6.0 -24.6

IS-35 5/18/98 6.3 -25.4

IS-70 7/15/98 6.8 -25.4

IS-90 8/17/98 * *

Namekagon River at Leonards, WI - 05331833 IS-116 11/11/97 * *

IS-21 3/30/98 -1.2 -27.5

IS-47 6/2/98 # #

IS-69 7/15/98 8.6 -27.0

IS-94 9/9/98 $ -26.7

Rattlesnake Creek near North Andover, WI - 05413449 IS-110 8/1/97 * *

IS-22 4/15/98 1.1 -26.4

IS-59 6/19/98 6.5 -23.5

IS-81 8/21/98 # - ruined in analysis

IS-82 8/21/98 $, combined with IS-81

IS-98 9/22/98 # #

Bogue Phalia near Leland, MS - 07288650 XX-25 2/6/97 4.9 -25.0

XX-53 4/28/97 5.7 -25.5

XX-68 5/21/97 5.9 -25.1

XX-89 6/18/97 5.4 -24.0

XX-103 7/9/97 9.2 -29.7

XX-131 7/9/97 9.4 -29.3

IS-18 4/14/98 7.26 -33.2

IS-58 6/18/98 7.0 -28.2

IS-65 7/15/98 4.2 -26.9

IS-93 9/16/98 7.1 -30.4

Table 6. The δ15N and δ13C of particulate organic material in suspended-sediment samples (*, sample not
collected; #, analysis not completed; $, insufficient sample material; sample ID’s that begin with XX-, matching 
NO3 isotope analysis is not available) collected in 1997–98—Continued

Sampling station name
and station number

Sample 
ID

Sample
collection

date

Average 
δ15N

Average

δ13C
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Concentrations of Nutrients and Major 
Ions

Nutrient concentrations for samples from 1997 
and 1998 are listed in table 8, and statistically summa-
rized in table 9. NO2 plus NO3 concentrations ranged 
from less than 0.05 to 18.3 mg/L. Ammonia plus 
organic N concentrations ranged from less than 0.1 to 
3.42 mg/L. Dissolved organic carbon concentrations 
ranged from 0.7 to 14.0 mg/L. Orthophosphate 
concentrations ranged from less than 0.01 to 0.71 
mg/L.

Major ion concentrations for samples from 1997 
and 1998 are listed in table 10, and statistically 
summarized in table 11. Major ions, in particular 
sulfate and chloride, can compete with NO3 for sites 
on the anion exchange column. Overloading the anion 
columns with these ions can result in NO3 being pref-
erentially displaced from the column thus biasing the 
isotope analyses (Silva and others, 2000). In samples 
from 1997 and 1998, chloride concentrations ranged 
from 0.7 to 148.3 mg/L, sulfate concentrations ranged 
from 2.6 to 339 mg/L, and sodium concentrations 
ranged from 1.4 to 69.4 mg/L.

Large Rivers

The NO2 plus NO3 concentrations in samples 
collected in 1997 and 1998 from the large river 
stations are in the middle range (0.21 to 3.78 mg/L) of 
all measurements (<0.05 to 18.3 mg/L). Ammonia 
plus organic N concentration are in the low range 
(<0.10 to 0.59 mg/L) of all measurements (<0.10 to 
3.42 mg/L). Dissolved organic carbon concentrations 
are in the middle range (2.5 to 6.6 mg/L) of all 
measurements (0.7 to 14.0 mg/L). Orthophosphate 
concentration are in the low range (<0.10 to 0.24 
mg/L) of all measurements (<0.10 to 0.71 mg/L).

Major ions concentrations in samples collected 
from the large river stations are in general towards the 
middle range of all measurements. Chloride concen-
trations range from 2.9 to 22.7.3 mg/L, sulfate concen-
trations range from 5.0 to 129.5 mg/L, and sodium 
concentrations range from 3.9 to 42.4 mg/L.

Small Streams

The median NO2 plus NO3 concentrations from 
basins dominated by row crops or row crops and/or 
livestock production (9.62 and 7.39 mg/L, respec-
tively) are greater than median concentrations from 

Table 7. Statistical summary of δ15N and δ13C of particulate organic material values in suspended sediment samples collected 
in 1997–98 (all values in per mil) 

Parameter
Number of 
analyses

Minimum 
value

Maximum 
value

Mean
value

Median
value

Standard 
deviation

All stations

δ15N in per mil 101 -1.2 12.1 5.7 5.9 2.1

δ13C in per mil 105 -33.2 -17.3 -25.4 -25.6 3.1

Large river stations

d15N in per mil 45 2.5 12.1 5.9 6.2 1.8

δ13C in per mil 45 -31.3 -19.3 -25.9 -26.4 2.2

Small stream stations with basins dominated by row crop agriculture and/or livestock production

δ15N in per mil 13 1.1 9.2 6.2 6.4 2.0

δ13C in per mil 16 -26.4 -17.3 -22.5 -22.0 2.8

Small stream stations with basins dominated by row crop agriculture

δ15N in per mil 31 3.8 9.4 5.9 5.7 1.4

δ13C in per mil 31 -33.2 -19.8 -25.1 -24.8 3.5

Small stream stations with basins dominated by urban land

δ15N in per mil 8 0.3 4.6 2.6 2.2 1.6

δ13C in per mil 8 -31.0 -26.7 -28.7 -28.9 1.8

Small stream stations with basins dominated by undeveloped land

δ15N in per mil 4 -1.2 8.6 2.8 1.9 4.2

δ13C in per mil 5 -27.5 -25.5 -26.5 -26.7 0.8
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Figure 11. δ15N and δ13C of POM values by basin type, 1997–1998. {LR, large river; UR, urban 
land; UN, undeveloped land; RC, row crop land; and RL row crop and/or livestock production.}
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Table 8. Nutrient concentrations in water samples collected in 1997–1998 (*, results not available; mg/L, milligrams 
per liter)

Sampling station 
name and station 

number

Sample 
ID

Sample 
collection

date

Ammonia 
as N 

(mg/L)

Ammonia 
plus 

organic N 
(mg/L)

Nitrite 
as N 

(mg/L)

Nitrite 
plus 

nitrate 
as N 

(mg/L)

Phos-
phorus 

(dissolve
d) as P 
(mg/L)

Ortho-
phos-

phate as 
P (mg/L)

Dissolved 
organic 
carbon 
(mg/L)

Large river stations

Mississippi River at 
Clinton, IA - 
05420500

IS-119 6/2/97 <0.015 0.38 0.012 0.45 <0.010 <0.001 6.3

IS-112 9/2/97 0.049 0.47 0.024 0.91 0.142 0.100 6.1

IS-33 5/13/98 0.066 0.54 0.024 1.89 0.019 0.012 5.9

IS-34 5/13/98 0.061 0.52 0.024 1.84 0.013 0.013 6.0

IS-42 5/27/98 0.033 0.59 0.063 1.17 0.026 0.065 6.5

IS-56 6/10/98 0.138 0.52 0.051 2.00 0.048 0.007 5.2

IS-60 7/1/98 <0.020 0.47 0.146 2.80 0.132 0.141 5.0

IS-76 7/28/98 <0.020 0.46 0.023 1.53 0.090 0.126 6.4

IS-83 8/25/98 0.126 0.49 0.019 0.70 0.118 0.128 5.5

IS-84 8/25/98 . . . . . . .

IS-97 9/23/98 0.125 . 0.027 0.87 0.121 0.115 5.2

Missouri River at 
Hermann, MO - 
06934500

IS-26 4/20/98 0.026 0.38 0.036 2.02 0.091 0.092 5.8

IS-45 6/1/98 0.060 0.37 0.018 2.39 0.096 0.115 4.1

IS-64 7/7/98 <0.020 0.37 <0.010 1.84 0.091 0.094 4.9

IS-86 8/31/98 <0.020 0.33 <0.010 1.29 0.135 0.135 4.6

Mississippi River at 
Thebes, IL - 
07022000

IS-101 6/11/97 0.032 0.36 0.030 2.55 0.071 0.083 6.1

IS-25 4/16/98 0.071 0.49 0.044 3.64 0.089 0.080 4.6

IS-50 6/10/98 <0.020 0.47 0.045 3.78 0.135 0.119 4.3

IS-51 6/10/98 . . . . . . .

IS-74 7/22/98 <0.020 0.43 0.016 3.23 0.143 0.163 6.6

IS-91 9/9/98 <0.020 0.37 0.014 1.16 0.139 0.144 4.1

Ohio River at Grand 
Chain, IL - 03612500

IS-102 6/12/97 <0.015 0.24 0.020 2.46 0.025 0.042 3.2

IS-27 4/23/98 <0.020 0.22 0.024 1.20 0.042 0.049 3.4

IS-44 6/5/98 0.026 0.23 0.043 1.74 <0.010 0.242 2.5

IS-77 7/22/98 0.020 0.22 0.016 1.27 0.024 0.054 3.2

IS-78 7/22/98 . . . . . . .

IS-85 8/12/98 0.039 0.14 0.025 0.75 0.040 0.050 2.9

Yazoo River below 
Steele Bayou near 
Long Lake, MS - 
07288955

IS-103 6/19/97 <0.015 0.33 <0.010 0.74 0.042 0.049 5.4

IS-19 4/13/98 0.059 0.29 0.014 0.37 0.033 0.036 4.4

IS-57 6/17/98 0.054 0.28 <0.010 0.81 0.063 0.060 4.4

IS-66 7/16/98 0.129 0.49 0.107 0.55 0.064 0.070 4.9

IS-96 9/17/98 0.039 0.25 0.013 0.21 0.041 0.045 3.7
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Large river stations—Continued

Mississippi River, St. 
Francisville, LA - 
07373420

IS-117 5/6/97 <0.015 0.24 0.028 1.43 0.045 0.048 4.0

IS-106 6/19/97 0.015 <0.20 <0.010 2.01 0.052 0.061 3.3

IS-10 4/2/98 * * * * * * *

IS-11 4/2/98 * * * * * * *

IS-31 4/30/98 0.035 0.26 0.019 1.96 0.043 0.056 5.5

IS-32 4/30/98 * * * * * * *

IS-49 6/9/98 0.052 0.26 0.011 2.01 0.076 0.080 3.7

IS-63 7/9/98 0.039 0.23 <0.010 2.63 0.091 0.108 3.9

IS-99 9/28/98 <0.020 * <0.010 0.92 0.088 0.079 *

Mississippi River at 
Vicksburg, MS - 
07289000

IS-2A 1/13/98 * * * * * * *

IS-2B 1/13/98 * * * * * * *

IS-2C 1/13/98 * * * * * * *

Mississippi River at 
Belle Chasse, LA - 
07374525

IS-118 5/7/97 <0.015 0.21 0.017 1.23 0.046 0.043 3.8

IS-105 6/20/97 <0.015 <0.20 <0.010 1.81 0.086 0.066 3.6

Small stream stations

S. Fork Iowa River 
northeast of New 
Providence, IA - 
05451210

IS-3A 1/30/98 * * * * * * *

IS-3B 1/30/98 * * * * * * *

IS-3C 1/30/98 * * * * * * *

IS-5 3/30/98 0.089 0.52 0.021 12.97 0.135 0.140 3.4

IS-8 3/30/98 0.106 0.51 0.024 13.74 0.137 0.140 3.4

IS-41 5/29/98 0.259 1.06 0.089 16.92 0.198 0.174 7.0

IS-79 8/3/98 0.047 0.41 0.051 7.58 0.016 0.031 4.0

Fourmile Creek near 
Traer, IA - 05464137

IS-107 6/30/97 0.177 0.50 0.071 14.88 0.200 0.159 2.2

IS-20 4/15/98 0.057 0.20 0.014 17.51 0.020 0.024 2.0

IS-67 7/16/98 0.052 0.17 0.032 16.39 0.013 0.016 1.7

IS-80 8/12/98 0.042 0.22 0.045 11.05 0.032 0.048 2.1

Walnut Creek near 
Vandalia, IA - 
05487550

IS-104 6/21/97 0.097 0.66 0.102 9.69 0.148 0.073 5.2

IS-9 4/3/98 0.058 0.30 0.042 13.08 0.057 0.062 3.9

IS-28 5/7/98 0.125 <0.10 0.037 9.62 0.179 0.101 4.4

IS-29 5/7/98 0.127 <0.10 0.039 9.46 0.146 0.106 4.4

IS-54 6/11/98 0.157 0.84 0.041 5.26 0.241 0.229 9.5

Panther Creek near 
El Paso, IL - 
05567000

IS-115 11/13/97 0.175 0.52 0.144 11.52 0.025 0.049 2.6

IS-16 4/9/98 0.083 0.42 0.050 18.29 0.077 0.077 2.2

IS-48 6/9/98 0.033 0.42 0.086 15.45 0.080 0.078 2.0

IS-61 7/7/98 0.058 0.67 0.059 12.35 0.232 0.226 4.0

Table 8. Nutrient concentrations in water samples collected in 1997–1998 (*, results not available; mg/L, milligrams 
per liter)—Continued

Sampling station 
name and station 

number

Sample 
ID

Sample 
collection

date

Ammonia 
as N 

(mg/L)

Ammonia 
plus 

organic N 
(mg/L)

Nitrite 
as N 

(mg/L)

Nitrite 
plus 

nitrate 
as N 

(mg/L)

Phos-
phorus 

(dissolve
d) as P 
(mg/L)

Ortho-
phos-

phate as 
P (mg/L)

Dissolved 
organic 
carbon 
(mg/L)
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Small stream stations—Continued

Indian Creek near 
Wyoming, IL - 
05568800

IS-111 8/27/97 0.025 0.27 0.042 9.65 0.117 0.085 1.7

IS-15 4/9/98 0.146 0.56 0.035 11.79 0.124 0.125 3.0

IS-39 5/25/98 0.097 0.49 0.078 12.49 0.079 0.084 4.0

IS-72 7/22/98 <0.020 0.51 0.081 7.99 0.154 0.089 3.8

IS-73 7/22/98 * * * * * * *

Sugar Creek at Co Rd 
400 S at New Palis-
tine, IN - 03361650

IS-13 4/9/98 0.058 0.62 0.019 2.25 0.075 0.072 5.6

IS-38 5/24/98 0.174 0.74 0.084 8.61 0.079 0.063 6.2

Little Buck Creek 
near Indianapolis, IN 
- 03353637

IS-113 9/9/97 0.041 0.32 0.031 0.86 0.010 0.014 4.6

IS-14 4/9/98 0.071 0.48 0.015 0.68 0.058 0.055 6.0

IS-37 5/24/98 0.129 0.60 0.042 1.12 0.050 0.051 8.8

IS-71 7/20/98 <0.020 0.40 0.044 0.63 <0.01 0.012 5.7

North Dry Creek near 
Kearney, NE - 
06770195

IS-6 4/1/98 1.897 3.42 0.244 8.33 0.806 0.714 12.0

IS-40 5/22/98 0.763 2.04 0.220 5.37 0.627 0.567 9.1

IS-43 6/8/98 0.231 0.91 0.223 7.57 0.539 0.503 6.1

IS-92 9/9/98 <0.020 0.54 0.048 7.32 0.312 0.293 4.8

Dismal River near 
Thedford, NE - 
06775900

IS-17 4/13/98 0.037 <0.10 0.011 0.46 0.137 0.144 1.4

IS-36 5/19/98 0.038 0.11 <0.010 0.48 0.132 0.150 1.3

IS-55 6/16/98 0.034 0.11 <0.010 0.39 0.124 0.011 2.2

IS-95 9/15/98 0.031 <0.10 0.015 0.51 0.127 0.135 1.7

South Fabius River 
near Taylor, MO - 
05500000

IS-23 4/7/98 0.044 0.77 0.017 0.75 0.071 0.053 6.6

IS-46 6/2/98 <0.020 * 0.023 0.62 0.021 <0.010 6.2

IS-75 7/27/98 <0.020 0.44 <0.010 0.28 <0.010 <0.010 5.1

IS-89 9/1/98 0.043 1.26 0.013 <0.05 0.156 0.013 4.7

Elk River near Tiff 
City, MO - 07189000

IS-24 4/14/98 0.029 0.13 <0.010 1.16 0.019 0.014 1.7

IS-52 6/9/98 <0.020 0.13 0.014 1.63 0.098 0.086 0.7

IS-68 7/14/98 0.059 0.13 0.017 0.86 0.111 0.113 1.1

IS-87 9/2/98 0.032 1.24 0.016 0.43 0.208 0.063 1.4

IS-88 9/2/98 * * * * * * *

Shingle Creek at 
Queen Ave. N., MN - 
05288705

IS-108 7/7/97 0.206 0.74 0.030 0.24 0.042 0.032 14.0

IS-12 4/6/98 0.061 0.66 0.018 0.40 0.012 0.012 7.0

IS-30 5/8/98 0.063 0.43 0.052 0.41 <0.010 <0.010 6.1

IS-53 6/11/98 0.214 0.64 0.028 0.21 0.029 0.022 6.9

IS-62 7/8/98 0.225 0.82 0.069 0.22 0.021 0.045 7.7

Table 8. Nutrient concentrations in water samples collected in 1997–1998 (*, results not available; mg/L, milligrams 
per liter)—Continued

Sampling station 
name and station 

number

Sample 
ID

Sample 
collection

date

Ammonia 
as N 

(mg/L)

Ammonia 
plus 

organic N 
(mg/L)

Nitrite 
as N 

(mg/L)

Nitrite 
plus 

nitrate 
as N 

(mg/L)

Phos-
phorus 

(dissolve
d) as P 
(mg/L)

Ortho-
phos-

phate as 
P (mg/L)

Dissolved 
organic 
carbon 
(mg/L)
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Small stream stations—Continued

Little Cobb River 
near Beauford, MN - 
05320270

IS-109 7/16/97 <0.015 0.62 0.071 9.71 0.103 0.104 6.4

IS-114 10/28/97 <0.020 0.60 0.041 8.16 <0.010 <0.010 5.9

IS-1A 1/14/98 * * * * * * *

IS-1B 1/14/98 * * * * * * *

IS-1C 1/14/98 * * * * * * *

IS-4 3/30/98 0.074 1.03 0.067 15.03 0.239 0.216 7.7

IS-7 3/30/98 * * * * * * *

IS-35 5/18/98 0.068 0.89 0.127 16.19 0.103 0.103 6.6

IS-70 7/15/98 0.056 0.94 0.059 7.09 0.093 0.086 6.6

IS-90 8/17/98 0.037 0.89 <0.010 <0.05 0.092 0.084 8.5

Namekagon River at 
Leonards, WI - 
05331833

IS-116 11/11/97 <0.020 0.19 0.010 0.12 0.014 0.033 4.0

IS-21 3/30/98 0.057 0.43 <0.010 0.09 0.021 0.011 11.0

IS-47 6/2/98 0.023 0.39 0.017 0.07 0.021 <0.010 8.9

IS-69 7/15/98 <0.020 0.26 <0.010 <0.05 <0.010 <0.010 4.5

IS-94 9/9/98 0.045 0.12 <0.010 0.84 <0.050 <0.010 2.2

Rattlesnake Creek 
near North Andover, 
WI - 05413449

IS-110 8/1/97 0.035 0.29 0.050 5.98 0.183 0.193 3.2

IS-22 4/15/98 <0.020 0.32 0.035 7.39 0.086 0.076 2.9

IS-59 6/19/98 0.334 1.58 0.134 5.37 0.534 0.462 7.5

IS-81 8/21/98 0.116 0.55 0.068 7.57 0.209 0.220 3.0

IS-82 8/21/98 * * * * * * *

IS-98 9/22/98 0.028 0.31 0.030 8.70 0.111 0.119 2.2

Bogue Phalia near 
Leland, MS - 
07288650

IS-18 4/14/98 0.039 0.50 0.012 <0.05 0.023 0.020 5.7

IS-58 6/18/98 0.060 0.92 0.157 0.82 0.019 0.018 6.5

IS-65 7/15/98 0.377 0.91 0.276 1.09 0.093 0.087 5.0

IS-93 9/16/98 0.041 0.63 0.025 0.19 0.140 0.130 7.4

Table 8. Nutrient concentrations in water samples collected in 1997–1998 (*, results not available; mg/L, milligrams 
per liter)—Continued

Sampling station 
name and station 

number

Sample 
ID

Sample 
collection

date

Ammonia 
as N 

(mg/L)

Ammonia 
plus 

organic N 
(mg/L)

Nitrite 
as N 

(mg/L)

Nitrite 
plus 

nitrate 
as N 

(mg/L)

Phos-
phorus 

(dissolve
d) as P 
(mg/L)

Ortho-
phos-

phate as 
P (mg/L)

Dissolved 
organic 
carbon 
(mg/L)



RESULTS 41

Table 9. Statistical summary of nutrient concentrations in water samples collected in 1997–198 (all value are in milligrams 
per liter)

Parameter
Analytical 
reporting 

limit

Number 
of

analyses

Minimum 
value

Maximum 
value

Mean 
value

Median 
value

Standard 
deviation

All stations

Ammonia as N 0.02 105 <0.02 1.90 0.09 0.04 0.20
Ammonia plus organic N 0.10 102 <0.10 3.42 0.50 0.43 0.44
Nitrite as N 0.01 105 <0.01 0.28 0.04 0.03 0.05
Nitrite plus nitrate as N 0.05 105 <0.05 18.3 4.42 1.84 5.13
Phosphorus (dissolved) as P 0.01 105 <0.01 0.81 0.10 0.08 0.12
Orthophosphate as P 0.01 105 <0.01 0.71 0.10 0.08 0.11
Dissolved organic carbon as C 0.33 105 0.7 14.0 4.8 4.6 2.4

Large river stations

Ammonia as N 0.02 37 <0.02 0.14 0.03 0.03 0.04
Ammonia plus organic N 0.10 35 <0.10 0.59 0.34 0.36 0.14
Nitrite as N 0.01 37 <0.10 0.15 0.03 0.02 0.03
Nitrite plus nitrate as N 0.05 37 0.21 3.78 1.63 1.53 0.89
Phosphorus (dissolved) as P 0.01 37 <0.01 0.14 0.07 0.06 0.04
Orthophosphate as P 0.01 37 <0.01 0.24 0.08 0.07 0.05
Dissolved organic carbon as C 0.33 36 2.5 6.6 4.7 4.6 1.1

Small stream stations with basins dominated by row crop agriculture and/or livestock production

Ammonia as N 0.02 17 <0.02 1.90 0.24 0.06 0.47
Ammonia plus organic N 0.10 17 0.13 3.42 0.83 0.52 0.86
Nitrite as N 0.01 17 <0.01 0.24 0.08 0.05 0.86
Nitrite plus nitrate as N 0.05 17 0.43 16.92 6.99 7.39 4.58
Phosphorus (dissolved) as P 0.01 17 0.02 0.81 0.25 0.18 0.23
Orthophosphate as P 0.01 17 0.01 0.71 0.23 0.14 0.21
Dissolved organic carbon as C 0.33 18 0.7 12.0 4.1 3.3 3.1

Small stream stations with basins dominated by row crop agriculture

Ammonia as N 0.02 33 <0.02 0.38 0.08 0.06 0.08
Ammonia plus organic N 0.10 32 <0.10 1.26 0.58 0.58 0.30
Nitrite as N 0.01 33 <0.01 0.28 0.06 0.04 0.05
Nitrite plus nitrate as N 0.05 33 <0.05 18.29 8.40 9.62 6.01
Phosphorus (dissolved) as P 0.01 33 <0.01 0.24 0.10 0.09 0.07
Orthophosphate as P 0.01 33 <0.02 0.23 0.08 0.08 0.06
Dissolved organic carbon as C 0.33 33 1.7 9.5 4.8 5.0 2.1

Small stream stations with basins dominated by urban land

Ammonia as N 0.02 9 <0.02 0.23 0.11 0.07 0.08
Ammonia plus organic N 0.10 9 0.32 0.82 0.56 0.60 0.17
Nitrite as N 0.01 9 0.02 0.07 0.04 0.03 0.02
Nitrite plus nitrate as N 0.05 9 0.21 1.12 0.53 0.41 0.32
Phosphorus (dissolved) as P 0.01 9 <0.01 0.06 0.02 0.02 0.02
Orthophosphate as P 0.01 9 <0.01 0.06 0.03 0.02 0.02
Dissolved organic carbon as C 0.33 9 4.6 14.0 7.4 6.9 2.7

Small stream stations with basins dominated by undeveloped land

Ammonia as N 0.02 9 <0.02 0.06 0.03 0.03 0.02
Ammonia plus organic N 0.10 9 <0.10 0.43 0.18 0.12 0.15
Nitrite as N 0.01 9 <0.01 0.02 0.01 <0.01 0.01
Nitrite plus nitrate as N 0.05 9 <0.05 0.84 0.33 0.39 0.28
Phosphorus (dissolved) as P 0.01 9 <0.01 0.14 0.06 0.02 0.06
Orthophosphate as P 0.01 9 <0.01 0.15 0.05 0.01 0.07
Dissolved organic carbon as C 0.33 9 1.3 11.0 4.1 2.2 3.5
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Table 10. Major ion concentrations in water samples collected in 1997–1998 (mg/L, milligrams per liter; *, results 
not available)

Sampling station 
name and station 

number

Sample 
ID

Sample 
collec-

tion date

Calcium 
(mg/L)

Chloride 
(mg/L)

Magne-
sium 

(mg/L)

Potas-
sium 

(mg/L)

Sodium 
(mg/L)

Sulfate 
(mg/L)

Large River Stations
Mississippi River at 
Clinton, IA - 05420500

IS-119 6/2/97 41.2 12.8 19.1 2.50 8.9 48.7
IS-112 9/2/97 42.8 14.1 18.3 2.52 9.4 30.3
IS-33 5/13/98 45.1 14.6 23.0 2.57 9.7 58.6
IS-34 5/13/98 * 14.6 * * * 58.8
IS-42 5/27/98 44.9 15.3 22.0 2.70 9.9 51.3
IS-56 6/10/98 47.8 16.9 21.5 2.54 10.3 43.4
IS-60 7/1/98 45.5 13.7 18.0 2.94 8.4 31.0
IS-76 7/28/98 44.6 13.7 19.1 0.28 7.6 26.3
IS-83 8/25/98 42.3 13.1 19.1 2.29 8.3 21.3
IS-84 8/25/98 * * * * * *
IS-97 9/23/98 43.2 15.1 21.2 2.56 9.5 23.3

Missouri River at Her-
mann, MO - 06934500

IS-26 4/20/98 58.6 17.6 16.7 5.59 26.2 87.4
IS-45 6/1/98 61.9 19.7 20.2 6.13 42.3 129.4
IS-64 7/7/98 47.3 14.1 13.4 5.46 24.9 74.9
IS-86 8/31/98 47.0 17.1 15.8 6.11 37.3 104.2

Mississippi River at 
Thebes, IL - 07022000

IS-101 6/11/97 58.4 19.5 22.5 4.70 30.2 97.3
IS-25 4/16/98 47.1 17.0 15.7 3.73 14.7 44.0
IS-50 6/10/98 49.0 20.8 18.4 4.11 19.1 58.5
IS-51 6/10/98 * * * * * *
IS-74 7/22/98 54.9 18.5 18.8 4.32 18.7 51.6
IS-91 9/9/98 52.0 21.9 19.6 5.57 30.7 84.1

Ohio River at Grand 
Chain, IL - 03612500

IS-102 6/12/97 33.5 10.6 7.7 2.65 7.2 31.5
IS-27 4/23/98 32.8 9.7 7.2 2.30 7.1 29.5
IS-44 6/5/98 36.4 11.2 9.7 2.53 8.5 34.2
IS-77 7/22/98 32.9 11.0 9.0 2.93 7.8 30.0
IS-78 7/22/98 * * * * * *
IS-85 8/12/98 29.3 10.4 7.1 2.65 7.5 23.7

Yazoo River below 
Steele Bayou near 
Long Lake, MS - 
07288955

IS-103 6/19/97 7.9 2.8 2.6 2.94 3.8 4.9
IS-19 4/13/98 7.8 3.9 2.7 2.07 4.9 7.2
IS-57 6/17/98 11.9 4.5 4.0 2.94 6.2 7.6
IS-66 7/16/98 27.8 10.1 9.7 3.82 15.2 16.0
IS-96 9/17/98 16.6 5.7 6.0 2.81 9.0 9.4

Mississippi River, St. 
Francisville, LA - 
07373420

IS-117 5/6/97 33.0 17.1 10.5 3.27 15.7 45.8
IS-106 6/19/97 36.4 16.0 10.6 3.17 14.9 50.5
IS-10 4/2/98 * * * * * *
IS-11 4/2/98 * * * * * *
IS-31 4/30/98 37.4 14.5 10.9 3.36 12.2 35.2
IS-32 4/30/98 * * * * * *
IS-49 6/9/98 40.0 16.4 13.1 3.29 15.0 45.4
IS-63 7/9/98 40.3 13.1 12.2 3.62 11.1 31.8
IS-99 9/28/98 43.1 22.7 14.5 3.69 23.4 58.1

Mississippi River at 
Vicksburg, MS - 
07289000

IS-2A 1/13/98 * * * * * *
IS-2B 1/13/98 * * * * * *
IS-2C 1/13/98 * * * * * *
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Large river stations—Continued
Mississippi River at 
Belle Chasse, LA - 
07374525

IS-118 5/7/97 * * * * * *
IS-105 6/20/97 * * * * * *

Small stream stations
S. Fork Iowa River 
northeast of New Prov-
idence, IA - 05451210

IS-3A 1/30/98 83.3 18.9 29.4 2.14 9.2 28.1
IS-3B 1/30/98 * * * * * *
IS-3C 1/30/98 * * * * * *
IS-5 3/30/98 89.7 24.4 27.1 1.90 7.9 26.4
IS-8 3/30/98 87.8 25.3 26.5 1.88 7.7 26.2
IS-41 5/29/98 69.4 14.8 19.6 3.04 3.7 13.6
IS-79 8/3/98 74.4 16.3 29.6 2.06 7.0 24.2

Fourmile Creek near 
Traer, IA - 05464137

IS-107 6/30/97 68.3 17.7 23.1 1.84 7.0 20.4
IS-20 4/15/98 60.6 17.1 20.4 0.81 6.4 18.6
IS-67 7/16/98 63.8 13.7 21.6 0.55 6.7 16.8
IS-80 8/12/98 68.3 13.2 22.9 0.78 6.9 18.2

Walnut Creek near 
Vandalia, IA - 
05487550

IS-104 6/21/97 47.7 12.1 17.2 2.35 5.3 16.8
IS-9 4/3/98 53.9 12.3 19.2 1.42 6.0 21.0
IS-28 5/7/98 * * * * * *
IS-29 5/7/98 * 9.6 * * * 16.1
IS-54 6/11/98 24.7 5.4 7.9 6.00 3.3 7.9

Panther Creek near El 
Paso, IL - 05567000

IS-115 11/13/97 94.8 58.5 41.6 2.78 23.0 49.1
IS-16 4/9/98 80.9 36.2 35.2 1.32 11.4 40.7
IS-48 6/9/98 79.4 35.2 35.4 1.38 14.5 41.6
IS-61 7/7/98 61.3 23.7 26.8 3.22 9.5 30.9

Indian Creek near 
Wyoming, IL - 
05568800

IS-111 8/27/97 99.4 23.7 36.3 1.15 13.2 38.8
IS-15 4/9/98 67.2 17.4 27.4 1.86 8.3 27.7
IS-39 5/25/98 73.9 18.7 31.2 1.52 9.8 31.5
IS-72 7/22/98 65.3 20.6 27.5 3.29 14.2 29.3
IS-73 7/22/98 * * * * * *

Sugar Creek at Co Rd 
400 S at New Palistine, 
IN - 03361650

IS-13 4/9/98 42.0 24.0 14.3 1.89 10.8 21.9
IS-38

5/24/98
52.5 19.7 18.2 2.39 6.4 22.1

Little Buck Creek near 
Indianapolis, IN - 
03353637

IS-113 9/9/97 39.7 41.5 11.0 2.03 24.2 20.4
IS-14 4/9/98 37.9 25.1 10.2 2.39 16.2 19.8
IS-37 5/24/98 52.5 34.1 14.5 2.92 21.3 24.4
IS-71 7/20/98 34.6 24.2 9.6 2.60 14.7 18.3

North Dry Creek near 
Kearney, NE - 
06770195

IS-6 4/1/98 149.6 33.0 25.5 27.60 49.8 283.2
IS-40 5/22/98 115.4 21.2 21.0 23.80 47.0 255.2
IS-43 6/8/98 117.1 21.5 20.9 19.05 41.5 233.3
IS-92 9/9/98 152.7 32.5 27.4 21.50 69.4 339.1

Dismal River near 
Thedford, NE - 
06775900

IS-17 4/13/98 22.2 0.8 3.4 4.95 6.8 5.8
IS-36 5/19/98 22.3 0.7 3.4 5.08 7.0 5.9
IS-55 6/16/98 23.0 0.8 3.7 5.20 8.1 5.4
IS-95 9/15/98 21.1 1.0 3.2 5.27 10.1 5.8

Table 10. Major ion concentrations in water samples collected in 1997–1998 (mg/L, milligrams per liter; *, results 
not available)—Continued

Sampling station 
name and station 

number

Sample 
ID

Sample 
collec-

tion date

Calcium 
(mg/L)

Chloride 
(mg/L)

Magne-
sium 

(mg/L)

Potas-
sium 

(mg/L)

Sodium 
(mg/L)

Sulfate 
(mg/L)
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Small stream stations—Continued
South Fabius River 
near Taylor, MO - 
05500000

IS-23 4/7/98 * * * * * *
IS-46 6/2/98 50.1 8.0 9.3 3.95 10.1 39.7
IS-75 7/27/98 62.3 9.8 11.2 5.11 12.4 42.9
IS-89 9/1/98 57.8 10.5 11.6 5.04 13.0 40.6

Elk River near Tiff 
City, MO - 07189000

IS-24 4/14/98 45.0 5.3 2.3 1.56 7.1 7.8
IS-52 6/9/98 51.1 6.7 2.6 2.09 4.6 5.7
IS-68 7/14/98 49.4 7.8 2.6 2.42 6.0 5.1
IS-87 9/2/98 48.7 9.6 3.0 3.18 7.2 6.9
IS-88 9/2/98 48.5 10.0 3.0 3.20 7.2 6.9

Shingle Creek at 
Queen Ave. N., MN - 
05288705

IS-108 7/7/97 56.1 79.3 14.2 3.26 43.2 34.1
IS-12 4/6/98 55.0 115.3 15.0 3.98 63.1 34.3
IS-30 5/8/98 61.8 99.8 18.2 2.58 49.0 59.5
IS-53 6/11/98 69.1 148.2 20.6 2.39 52.1 60.8
IS-62 7/8/98 70.3 104.1 19.8 <0.10 51.4 42.8

Little Cobb River near 
Beauford, MN - 
05320270

IS-109 7/16/97 81.3 12.9 27.4 2.20 9.1 18.3
IS-114 10/28/97 73.6 19.9 33.1 2.07 12.9 26.5
IS-1A 1/14/98 * * * * * *
IS-1B 1/14/98 * * * * * *
IS-1C 1/14/98 * * * * * *
IS-4 3/30/98 73.5 14.9 23.3 3.59 6.7 22.8
IS-7 3/30/98 * * * * * *
IS-35 5/18/98 81.3 15.9 28.3 2.22 8.9 21.3
IS-70 7/15/98 53.1 13.8 21.4 1.76 7.2 17.3
IS-90 8/17/98 62.3 21.2 28.3 2.51 14.5 21.7

Namekagon River at 
Leonards, WI - 
05331833

IS-116 11/11/97 16.9 2.8 4.6 0.61 2.3 3.6
IS-21 3/30/98 6.9 1.5 2.0 0.73 1.4 2.6
IS-47 6/2/98 12.2 1.7 3.3 0.43 1.9 2.8
IS-69 7/15/98 16.9 2.5 4.7 0.59 2.4 3.1
IS-94 9/9/98 22.4 2.8 6.1 0.66 2.8 4.5

Rattlesnake Creek near 
North Andover, WI - 
05413449

IS-110 8/1/97 81.4 27.9 43.3 3.32 8.5 25.9
IS-22 4/15/98 80.6 27.2 44.3 2.23 9.1 24.7
IS-59 6/19/98 71.0 22.6 37.6 9.66 7.8 19.1
IS-81 8/21/98 86.9 25.3 47.7 3.20 8.9 22.8
IS-82 8/21/98 * * * * * *
IS-98 9/22/98 84.9 26.4 46.0 2.07 8.4 25.0

Bogue Phalia near 
Leland, MS - 
07288650

IS-18 4/14/98 52.1 6.2 15.4 3.31 11.6 27.5
IS-58 6/18/98 52.5 13.0 21.1 4.32 28.2 89.2
IS-65 7/15/98 37.7 5.0 13.0 3.82 13.4 30.6
IS-93 9/16/98 53.4 * 20.0 8.91 19.0 *

Table 10. Major ion concentrations in water samples collected in 1997–1998 (mg/L, milligrams per liter; *, results 
not available)—Continued

Sampling station 
name and station 

number

Sample 
ID
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collec-

tion date
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(mg/L)
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(mg/L)
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(mg/L)
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sium 
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(mg/L)
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Table 11. Statistical summary of major ion concentrations in water sampled collected in 1997–98 (all values are in milligrams 
per liter)

Parameter
Analytical 
reporting 

limit

Number of
analyses

Minimum 
value

Maximum 
value

Mean value Median value
Standard 
deviation

All stations

Calcium 0.02 101 6.9 152.7 54.1 51.1 26.6

Chloride 0.29 102 0.7 148.3 20.5 15.3 22.9

Magnesium 0.014 101 2.0 47.7 17.8 18.3 10.9

Potassium 0.24 101 <0.24 27.6 3.8 2.7 4.3

Sodium 0.09 101 1.4 69.4 15.1 9.6 13.9

Sulfate 0.31 102 2.6 339 41.1 26.5 53.9
Large river stations

Calcium 0.02 34 7.8 62.0 39.5 42.6 13.3

Chloride 0.29 35 2.9 22.7 14.0 14.5 4.8

Magnesium 0.014 34 2.7 23.0 14.2 15.2 6.1

Potassium 0.24 34 0.3 6.1 3.4 2.9 1.3

Sodium 0.09 34 3.9 42.4 14.6 10.1 9.5

Sulfate 0.31 35 5.0 129.5 45.3 43.5 28.8
Small stream stations with basins dominated by row crop agriculture and/or livestock production

Calcium 0.02 19 45.0 152.7 83.6 81.4 31.6

Chloride 0.29 19 5.4 33.0 19.9 21.5 8.7

Magnesium 0.014 19 2.4 47.7 24.2 26.6 15.7

Potassium 0.24 19 1.6 27.6 7.2 3.0 8.7

Sodium 0.09 19 3.8 69.4 16.8 7.9 19.4

Sulfate 0.31 19 5.2 339.1 72.6 24.8 110.7
Small stream stations with basins dominated by row crop agriculture

Calcium 0.02 30 24.7 99.4 63.2 62.4 16.2

Chloride 0.29 30 5.1 58.6 17.7 15.4 10.7

Magnesium 0.014 30 8.0 41.7 23.0 22.3 8.6

Potassium 0.24 30 0.6 8.9 2.8 2.3 1.8

Sodium 0.09 30 3.3 28.3 11.0 10.0 5.3

Sulfate 0.31 30 8.0 89.2 29.0 24.7 15.1
Small stream stations with basins dominated by urban land

Calcium 0.02 9 34.6 70.3 53.0 55.1 13.2

Chloride 0.29 9 24.3 148.3 74.7 79.3 45.2

Magnesium 0.014 9 9.7 20.7 14.8 14.5 4.1

Potassium 0.24 9 <0.24 4.0 2.5 2.6 1.1

Sodium 0.09 9 14.7 63.1 37.3 43.2 18.2

Sulfate 0.31 9 18.4 60.8 35.0 34.2 16.5
Small stream stations with basins dominated by undeveloped land

Calcium 0.02 9 6.9 23.0 18.2 21.2 5.6

Chloride 0.29 9 0.7 2.8 1.7 1.5 0.9

Magnesium 0.014 9 2.0 6.1 3.8 3.4 1.2

Potassium 0.24 9 0.4 5.3 2.6 0.7 2.4

Sodium 0.09 9 1.4 10.2 4.8 2.8 3.2

Sulfate 0.31 9 2.6 6.0 4.4 4.6 1.4
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basins dominated by urban or undeveloped land 
(0.41 and 0.39 mg/L, respectively) (table 9). The 
median ammonia plus organic N concentrations from 
basins dominated by row crops, row crops and/or live-
stock production, or urban land (0.58, 0.52, and 0.60, 
respectively) are greater than the median concentration 
from basins dominated by undeveloped land 
(0.12 mg/L). The median dissolved organic carbon 
concentrations from basins dominated by row crops, 
row crops and/or livestock production, or urban land 
(5.0, 3.3, and 6.9 mg/L, respectively) are greater than 
the median concentration from undeveloped basins 
(2.2 mg/L). The median orthophosphate concentra-
tions from basins dominated by row crops or row 
crops and/or livestock production (0.08 and 
0.14 mg/L, respectively) are greater than median 
concentrations basins dominated by urban or undevel-
oped land (0.02 and 0.01 mg/L, respectively).

The median chloride concentration from basins 
dominated by urban land (79.3 mg/L) is greater than 
median concentrations from basins dominated by row 
crops, row crops and/or livestock production, or unde-
veloped land (15.4, 21.5, and 1.5 mg/L, respectively) 
(table 11). The median sodium concentration from 
basins dominated by urban land (43.2 mg/L) also is 
greater than median concentrations from basins domi-
nated by row crops, row crops and/or livestock produc-
tion, or undeveloped land (10.0, 7.9, and 2.8 mg/L, 
respectively). The median sulfate concentrations 
(4.6 mg/L) from basins dominated by undeveloped 
land is less than median concentrations from basins 
dominated by row crops, row crops and/or livestock 
production, or urban land (24.7, 24.8, and 34.2 mg/L, 
respectively) (table 11).

Physical Properties and Field Chemistry

Physical properties and field chemistry data for 
samples from 1997 and 1998 are listed in table 12, and 
statistically summarized by stream (basin) size and 
dominant drainage basin land cover in table 13. 

Relations Between Isotopic Ratios and 
Basin Characteristics

A project objective was to determine if NO3 and 
POM from streams draining areas of distinctly 
different land use and hence N sources have distinct 

isotope values. The intent was to select small stream 
stations that distinctly represented one of four land-use 
classes: land in corn and soybean production; land in 
hog, cattle, or poultry (livestock) production; urban 
land; or undeveloped land. This objective was difficult 
to accomplish because land use relating to N sources 
was mixed in most basins (tables 2 and 3). 

Examples from three stations demonstrate the 
difficulty with assigning a basin type to each station. 
Little Buck Creek near Indianapolis in Indiana (station 
number 03353637) was selected as an urban station, 
but contains only slightly less agricultural (46.5%) 
than urban land (49.1%) in the associated drainage 
basin (table 3). Walnut Creek near Vandalia in Iowa 
(station number 05487550) was selected as an unde-
veloped station because some of the basin has been 
converted back to native prairie grasslands. However, 
on-site inspection and analysis of land cover data indi-
cate that there is a mix of undeveloped and agricultural 
land in the basin associated with this station. Hence, 
the basin type designation for this station was changed 
to agricultural land (tables 1 and 3). Elk River near Tiff 
City in Missouri (station number 07189000) was 
selected as a row crops and/or livestock production 
station because several confined animal feeding opera-
tions (CAFO’s) were known to operate in the basin. 
Land-cover data show that more than 50% of this 
basin is forested or otherwise undeveloped land, which 
qualify it as an undeveloped type basin (table 3). 
However, the estimate rate of N input from manure 
(4,887 kg N/km2) is greater than for any other basin in 
this study (table 2).

 A more detailed analysis of the isotope results 
relative to land cover and N sources that utilizes multi-
variate statistics is merited but beyond the scope of 
this report. However, figures 8–11 clearly show some 
differences in isotope ratio values among the stations 
on small streams with basins dominated by different 
land cover types.

Evidence for Sources of Nitrogen in the 
Mississippi River

We proposed (Battaglin and others, 1997) that 
δ15N and δ18O of NO3 values from Mississippi River 
water could be used to determine the principal sources 
of the NO3 entering the Gulf of Mexico. Results from 
this study confirm the findings of other investigations 
(Goolsby and others, 1999; Council for Agricultural 
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Table 12. Physical properties and field chemistry in water samples collected in 1997–98 (mg/L, milligrams per liter; µS/cm, 
microsiemens per centimeter at 25 degrees Celsius; ft3/s, cubic feet per second; *, result not available)

Sampling station 
name and station 

number

Sample 
ID

Sample 
collec-

tion
date

Alkalinity 
as CaCO3 

(mg/L)

Bicar-
bonate as 

HCO3 
(mg/L)

Dissolved 
oxygen 
(mg/L)

pH in 
standard 

units

Specific 
conduc-
tance in 
µs/cm

Water 
tempera-

ture 
(degrees 
Celsius)

Instanta-
neous 

discharge 
(ft3/s)

Large river stations
Mississippi River at 
Clinton, IA - 05420500

IS-119 6/2/97 161 197 10.7 8.59 378 16.9 61,000
IS-112 9/2/97 163 199 6.9 7.66 424 21.8 53,400
IS-33 5/13/98 142 167 9.0 8.24 450 19.0 57,700
IS-34 5/13/98 146 166 9.0 8.24 450 19.0 57,700
IS-42 5/27/98 161 197 5.0 7.60 461 20.5 56,500
IS-56 6/10/98 170 207 6.5 7.42 478 18.5 47,500
IS-60 7/1/98 152 185 4.7 7.40 440 25.7 97,000
IS-76 7/28/98 176 193 7.6 8.02 425 25.5 43,500
IS-83 8/25/98 164 188 6.3 8.05 409 25.7 34,700
IS-84 8/25/98 * * * * 324 25.7 34,700
IS-97 9/23/98 206 251 7.3 7.80 442 20.1 22,500

Missouri River at Her-
mann, MO - 06934500

IS-26 4/20/98 152 185 9.3 7.70 501 12.8 160,000
IS-45 6/1/98 168 205 7.8 7.91 658 23.0 86,400
IS-64 7/7/98 115 141 6.3 7.77 456 26.5 159,000
IS-86 8/31/98 139 169 6.6 7.91 570 27.6 86,800

Mississippi River at 
Thebes, IL - 07022000

IS-101 6/11/97 157 191 8.0 7.49 586 21.5 246,000
IS-25 4/16/98 139 169 9.2 7.85 401 12.6 579,000
IS-50 6/10/98 147 179 7.1 7.93 496 20.9 282,000
IS-51 6/10/98 * * * * * * *
IS-74 7/22/98 156 191 5.9 8.02 500 30.0 271,000
IS-91 9/9/98 168 205 7.7 8.09 571 27.2 130,000

Ohio River at Grand 
Chain, IL - 03612500

IS-102 6/12/97 63 77 7.1 7.42 282 19.8 673000
IS-27 4/23/98 78 95 8.2 7.70 256 15.0 734,000
IS-44 6/5/98 90 109 7.3 7.50 307 25.0 366,000
IS-77 7/22/98 84 102 6.4 7.70 296 29.0 260,000
IS-78 7/22/98 * * * * * * *
IS-85 8/12/98 78 96 6.4 7.70 250 28.0 185,000

Yazoo River below 
Steele Bayou near 
Long Lake, MS - 
07288955

IS-103 6/19/97 27 33 4.4 6.07 91 26.7 24,900
IS-19 4/13/98 30 37 8.0 6.50 92 20.0 11,800
IS-57 6/17/98 144 * 7.5 7.10 * 28.5 6,870
IS-66 7/16/98 119 145 2.5 7.00 247 30.5 27,100
IS-96 9/17/98 62 75 6.6 6.80 202 27.0 9,290

Mississippi River, St. 
Francisville, LA - 
07373420

IS-117 5/6/97 101 123 8.1 7.30 361 16.0 812,000
IS-106 6/19/97 97 118 6.7 7.92 353 23.0 763,000
IS-10 4/2/98 86 104 8.9 7.92 349 13.5 959,000
IS-11 4/2/98 * * * * * * *
IS-31 4/30/98 104 127 8.5 8.03 337 17.0 794,000
IS-32 4/30/98 * * * * * * *
IS-49 6/9/98 110 134 5.9 7.94 350 26.0 541,000
IS-63 7/9/98 113 138 6.1 7.98 354 26.0 708,000
IS-99 9/28/98 145 * 7.4 8.27 471 27.5 254,000

Mississippi River at 
Vicksburg, MS - 
07289000

IS-2A 1/13/98 * * 10.6 7.74 361 8.6 933,000
IS-2B 1/13/98 * * * * * * 933,000
IS-2C 1/13/98 * * * * * * 933,000
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Large river stations—Continued
Mississippi River at 
Belle Chasse, LA - 
07374525

IS-118 5/7/97 * * 8.6 7.28 364 16.0 682,000
IS-105 6/20/97 * * 6.4 7.90 357 23.5 676,000

Small stream stations
S. Fork Iowa River 
northeast of New Prov-
idence, IA - 05451210

IS-3A 1/30/98 * * 10.7 7.55 659 1.0 *
IS-3B 1/30/98 * * * * * * *
IS-3C 1/30/98 * * * * * * *
IS-5 3/30/98 211 257 11.1 8.39 661 11.5 312
IS-8 3/30/98 225 275 * * * * *
IS-41 5/29/98 110 134 8.6 7.81 507 17.5 872
IS-79 8/3/98 238 290 9.8 8.20 622 20.4 34.4

Fourmile Creek near 
Traer, IA - 05464137

IS-107 6/30/97 * * 8.5 7.51 583 19.3 *
IS-20 4/15/98 127 155 11.1 7.78 504 7.3 54.1
IS-67 7/16/98 169 206 8.8 7.54 537 16.7 23.4
IS-80 8/12/98 194 237 9.2 8.01 537 18.2 9.1

Walnut Creek near 
Vandalia, IA - 
05487550

IS-104 6/21/97 * * 8.0 7.90 421 20.5 21.0
IS-9 4/3/98 146 178 11.4 8.00 467 6.0 54.6
IS-28 5/7/98 117 143 8.0 7.80 382 12.5 135
IS-29 5/7/98 123 150 8.0 7.80 384 12.5 135
IS-54 6/11/98 70 85 6.8 7.40 240 19.0 210

Panther Creek near El 
Paso, IL - 05567000

IS-115 11/13/97 290 354 12.0 7.62 837 2.7 14.0
IS-16 4/9/98 226 276 11.4 7.85 728 8.3 153
IS-48 6/9/98 226 276 9.4 7.43 720 15.2 104
IS-61 7/7/98 180 220 7.4 7.55 572 23.0 168

Indian Creek near 
Wyoming, IL - 
05568800

IS-111 8/27/97 302 368 8.6 8.02 720 20.8 36.0
IS-15 4/9/98 204 249 10.8 7.60 576 8.1 272
IS-39 5/25/98 230 281 9.4 7.55 641 16.1 104
IS-72 7/22/98 208 254 7.6 7.76 437 24.3 102
IS-73 7/22/98 * * * * * * *

Sugar Creek at Co Rd 
400 S at New Palistine, 
IN - 03361650

IS-13 4/9/98 130 159 8.9 7.82 391 11.8 405
IS-38

5/24/98
* * 8.1 7.75 455 16.1 423

Little Buck Creek near 
Indianapolis, IN - 
03353637

IS-113 9/9/97 102 124 7.6 7.90 419 20.0 1.9
IS-14 4/9/98 115 140 9.2 7.78 351 11.6 329
IS-37 5/24/98 * * 8.2 7.87 485 17.1 137
IS-71 7/20/98 105 128 6.6 7.66 316 23.9 51.0

North Dry Creek near 
Kearney, NE - 
06770195

IS-6 4/1/98 * * 8.7 8.20 1,210 13.0 30.0
IS-40 5/22/98 204 * 6.6 7.98 1,040 16.5 82.0
IS-43 6/8/98 * 230 9.2 7.90 1,040 15.5 40.0
IS-92 9/9/98 * * 9.7 8.70 1,210 26.5 9.8

Table 12. Physical properties and field chemistry in water samples collected in 1997–98 (mg/L, milligrams per liter; µS/cm, 
microsiemens per centimeter at 25 degrees Celsius; ft3/s, cubic feet per second; *, result not available)—Continued

Sampling station 
name and station 

number

Sample 
ID

Sample 
collec-

tion
date

Alkalinity 
as CaCO3 

(mg/L)

Bicar-
bonate as 

HCO3 
(mg/L)

Dissolved 
oxygen 
(mg/L)

pH in 
standard 

units

Specific 
conduc-
tance in 
µs/cm

Water 
tempera-

ture 
(degrees 
Celsius)

Instanta-
neous 

discharge 
(ft3/s)
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Small stream stations—Continued
Dismal River near 
Thedford, NE - 
06775900

IS-17 4/13/98 80 96 9.3 8.20 156 13.5 230
IS-36 5/19/98 73 * 8.4 8.30 186 17.5 227
IS-55 6/16/98 * * 8.8 8.20 185 19.5 223
IS-95 9/15/98 * * 8.7 8.21 173 16.0 217

South Fabius River near 
Taylor, MO - 05500000

IS-23 4/7/98 82 101 10.2 7.77 243 12.0 640
IS-46 6/2/98 135 161 11.3 8.41 377 24.6 213
IS-75 7/27/98 * * 10.3 8.21 455 24.7 56.0
IS-89 9/1/98 168 205 8.4 8.29 439 26.0 15.0

Elk River near Tiff City, 
MO - 07189000

IS-24 4/14/98 119 145 11.7 8.09 259 14.3 858
IS-52 6/9/98 126 154 7.5 7.68 280 20.1 243
IS-68 7/14/98 133 162 9.1 8.07 305 28.0 329
IS-87 9/2/98 133 162 9.1 8.00 336 27.9 12.2
IS-88 9/2/98 * * * * * * *

Shingle Creek at Queen 
Ave. N., MN - 
05288705

IS-108 7/7/97 146 175 5.8 7.29 417 18.0 55.1
IS-12 4/6/98 136 163 8.8 7.34 706 8.7 60.0
IS-30 5/8/98 140 171 7.7 7.59 607 14.4 40.0
IS-53 6/11/98 201 245 5.2 7.75 934 16.7 4.5
IS-62 7/8/98 180 219 3.2 7.44 790 22.4 5.9

Little Cobb River near 
Beauford, MN - 
05320270

IS-109 7/16/97 233 281 6.6 7.98 622 24.0 162
IS-114 10/28/97 274 329 12.8 8.50 629 2.3 19.0
IS-1A 1/14/98 335 433 12.0 7.64 828 0.1 2.1
IS-1B 1/14/98 * * * * * * *
IS-1C 1/14/98 * * * * * * *
IS-4 3/30/98 208 254 8.8 7.76 558 8.6 381
IS-7 3/30/98 * * * * * * *
IS-35 5/18/98 241 294 7.5 7.94 655 19.6 166
IS-70 7/15/98 195 * 7.5 7.67 546 24.8 72.0
IS-90 8/17/98 221 269 6.2 7.97 549 25.8 2.9

Namekagon River at 
Leonards, WI - 
05331833

IS-116 11/11/97 58 70 13.8 7.60 134 2.2 106
IS-21 3/30/98 20 24 12.3 6.80 62 3.5 473
IS-47 6/2/98 37 46 10.0 7.15 108 13.6 195
IS-69 7/15/98 51 62 9.2 8.47 135 23.4 104
IS-94 9/9/98 81 99 10.9 8.30 164 14.9 51.0

Rattlesnake Creek near 
North Andover, WI - 
05413449

IS-110 8/1/97 * * * * * * 17.3
IS-22 4/15/98 * * * * * * 32.0
IS-59 6/19/98 * * 8.0 8.30 604 16.5 70.0
IS-81 8/21/98 * * 8.9 8.00 761 21.0 29.0
IS-82 8/21/98 * * * * * * *
IS-98 9/22/98 * * 13.9 8.30 758 14.4 26.0

Bogue Phalia near 
Leland, MS - 07288650

IS-18 4/14/98 174 212 7.4 7.40 416 19.0 41.0
IS-58 6/18/98 166 203 7.3 7.80 561 31.5 126
IS-65 7/15/98 138 168 3.6 7.20 342 28.0 2,130
IS-93 9/16/98 182 222 5.4 7.80 523 27.0 219

Table 12. Physical properties and field chemistry in water samples collected in 1997–98 (mg/L, milligrams per liter; µS/cm, 
microsiemens per centimeter at 25 degrees Celsius; ft3/s, cubic feet per second; *, result not available)—Continued

Sampling station 
name and station 

number

Sample 
ID

Sample 
collec-

tion
date

Alkalinity 
as CaCO3 

(mg/L)

Bicar-
bonate as 

HCO3 
(mg/L)

Dissolved 
oxygen 
(mg/L)

pH in 
standard 

units

Specific 
conduc-
tance in 
µs/cm

Water 
tempera-

ture 
(degrees 
Celsius)

Instanta-
neous 

discharge 
(ft3/s)
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Table 13. Statistical summary of physical properties and field chemistry data in water sampled collected in 1997–98 (mg/L, 
milligrams per liter; µS/cm, microsiemens per centimeter at 25 degrees Celsius; ft3/s, cubic feet per second; C, Celsius)

Parameter

Analyt-
ical 

reporting 
limit

Number 
of

analyses

Minimum 
value

Maximum 
value

Mean 
value

Median 
value

Standard 
deviation

All stations
Alkalinity as CaCO3 in mg/L 1.0 76 20 302 147 146 62

Bicarbonate as HCO3 in mg/L 1.0 76 24 368 178 177 75

Dissolved oxygen in mg/L 0.1 104 2.5 13.9 8.2 8.1 2.1
pH in standard units 0.1 104 6.1 8.7 7.8 7.8 0.4
Specific conductance in µs/cm 1.0 102 62 1,210 467 446 223
Water temperature in degrees C 0.1 105 1.0 31.5 19.0 19.5 6.9
Instantaneous discharge in cfs 0.1 112 1.9 959,000 123,794 237 257,513

Large river stations
Alkalinity as CaCO3 in mg/L 1.0 34 27 206 124 139 44

Bicarbonate as HCO3 in mg/L 1.0 34 33 251 150 167 52

Dissolved oxygen in mg/L 0.1 38 2.5 10.7 7.2 7.2 1.5
pH in standard units 0.1 38 6.1 8.6 7.7 7.8 0.5
Specific conductance in µs/cm 1.0 37 90 658 390 401 125
Water temperature in degrees C 0.1 39 12.6 30.5 22.5 23.0 5.1
Instantaneous discharge in cfs 0.1 42 6,870 959,000 329,820 172,500 331,600

Small stream stations with basins dominated by row crop agriculture and/or livestock production
Alkalinity as CaCO3 in mg/L 1.0 4 110 238 196 218 58

Bicarbonate as HCO3 in mg/L 1.0 4 134 290 239 266 71

Dissolved oxygen in mg/L 0.1 15 6.6 13.9 9.5 9.1 1.8
pH in standard units 0.1 15 7.5 8.7 8.1 8.1 0.3
Specific conductance in µs/cm 1.0 15 259 1,210 683 659 324
Water temperature in degrees C 0.1 15 1.0 28.0 17.6 16.5 7.0
Instantaneous discharge in cfs 0.1 16 9.8 872 187 37.2 285

Small stream stations with basins dominated by row crop agriculture
Alkalinity as CaCO3 in mg/L 1.0 25 70 302 191 194 57

Bicarbonate as HCO3 in mg/L 1.0 25 85 368 234 237 69

Dissolved oxygen in mg/L 0.1 33 3.6 12.8 8.7 8.5 2.0
pH in standard units 0.1 33 7.2 8.5 7.8 7.8 0.3
Specific conductance in µs/cm 1.0 32 240 837 521 537 137
Water temperature in degrees C 0.1 33 2.3 31.5 17.5 19.0 7.7
Instantaneous discharge in cfs 0.1 36 2.1 2,130 196 104 363

Small stream stations with basins dominated by urban land
Alkalinity as CaCO3 in mg/L 1.0 8 102 201 141 138 35

Bicarbonate as HCO3 in mg/L 1.0 8 124 245 171 167 43

Dissolved oxygen in mg/L 0.1 9 3.2 9.2 6.9 7.6 1.9
pH in standard units 0.1 9 7.3 7.9 7.6 7.7 0.2
Specific conductance in µs/cm 1.0 9 316 934 558 485 214
Water temperature in degrees C 0.1 9 8.7 23.9 17.0 17.1 4.9
Instantaneous discharge in cfs 0.1 9 1.9 329 76 51 104

Small stream stations with basins dominated by undeveloped land
Alkalinity as CaCO3 in mg/L 1.0 5 20 81 49 51 23

Bicarbonate as HCO3 in mg/L 1.0 5 24 99 60 62 28

Dissolved oxygen in mg/L 0.1 9 8.4 13.8 10.2 9.3 1.8
pH in standard units 0.1 9 6.8 8.5 7.9 8.2 0.6

Specific conductance in µs/cm 1.0 9 62 186 145 156 40

Water temperature in degrees C 0.1 9 2.2 23.4 13.8 14.9 6.9
Instantaneous discharge in cfs 0.1 9 51 473 203 217 121
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Science and Technology, 1999; Carey and others, 
1999; Alexander and others, 2000); that much of the 
NO3 in the Mississippi River originates in the agricul-
turally dominated basins of the upper-Midwestern 
United States, and is transported without significant 
transformation or other loss to the Gulf of Mexico. 
Isotope ratio values could not be used to identify 
specific NO3 sources in small streams or large rivers. 
The isotope results did show that in-stream transfor-
mations of NO3 do not result in a significant (more 
than 15%) loss in N mass and do not significantly alter 
the isotope signal in large rivers. Hence, basins with 
large annual yields of NO3 are likely to be the most 
significant sources of NO3 to the Gulf of Mexico. 
Clearly, the rivers in the Mississippi basin with the 
highest annual NO3 yields are those in the upper-
midwest that are dominated by row crop agriculture 
and/or livestock production (Goolsby and others, 
1999; Goolsby and Battaglin, 2000). 

In figure 12, the δ15N and δ18O of NO3 values 
from large rivers are plotted along with the typical 
ranges of δ15N and δ18O of NO3 values from various 
nitrogen sources. Plots of δ15N versus δ18O of NO3 
values have been used to show how NO3 in environ-
mental samples compares to NO3 from various N 
sources and how denitrification can change isotope 
values (Clark and Fritz, 1997; Kendall, 1998). The 
δ15N and δ18O of NO3 values suggest that in large 
rivers NO3 comes from more than one source. All of 
the δ15N of NO3 values from large rivers are within 
the range of values expected from NO3 formed by 
nitrification in soils. Some δ15N of NO3 values are 
within the range of values expected from other sources 
including animal waste and atmospheric nitrate. The 
higher δ18O of NO3 values at some stations suggest 
that atmospheric sources of NO3 are also important. 
The source of atmospheric NO3 in the Mississippi 
basin is likely a mixture of NO3 volatilized from soils, 
the conversion of atmospheric N2 to NO3 by lightning, 
and NO3 from anthropogenic sources such as indus-
trial emissions or automobile exhaust (Kendall, 1998). 
NO3-based fertilizers such as calcium nitrate also have 
higher δ18O of NO3 values than NO3 formed after 
application of more commonly used (Terry and Kirby, 
1999) ammonium-based fertilizers.

In figure 13, δ15N and δ18O the NO3 values 
from small streams are plotted by dominant land-cover 
type with the ranges of values from various N sources. 
δ15N and δ18O of NO3 values show more of a pattern 

of separation than values from large rivers. NO3 from 
basins dominated by urban land has an isotopic signa-
ture that resembles atmospheric NO3 or NO3 fertilizer. 
NO3 from basins dominated by undeveloped land also 
resembles atmospheric NO3. NO3 from basins domi-
nated by row crops or row crops and/or livestock 
production are very similar isotopically, and resemble 
the isotopic signature of the large rivers (fig. 12). 

Evidence for Transformation of Nitrogen 
in the Mississippi River

NO3 isotope values from large rivers are within 
the range of value from the small streams. This rela-
tionship suggests that denitrification in the main stem 
Mississippi River is not transforming much NO3 and 
not causing a significant shift in NO3 isotope ratio 
values. In figure 14, the distribution of NO2 plus NO3 
concentrations and isotope values from large rivers are 
plotted in boxplots. These plots can be compared with 
boxplots of small streams results (fig. 8). All NO2 plus 
NO3 concentrations from large rivers are less than the 
median concentrations from basins dominated by row 
crops or row crops and/or livestock production, but 
most are greater than concentrations from basins 
dominated by urban or undeveloped land. Most δ15N 
of NO3 values from large rivers are between +5‰ and 
+10‰—a similar range to values from basins domi-
nated by row crops or row crops and/or livestock 
production, but generally greater than values from 
basins dominated by urban or undeveloped land. In 
contrast, most δ18O of NO3 values from large rivers 
are greater than +10‰, a similar range to values from 
basins dominated by urban land, but generally greater 
than values from basins dominated by row crops or 
row crops and/or livestock production.

Results of isotope (table 4), and nutrient 
(table 8), and major ion (table 10) analyses from the 
two Lagrangian sample sets were used (Battaglin and 
others, 2001) to determine whether simple mixing 
models can explain how NO3 behaves in the Lower 
Mississippi River, and what transformations affect 
NO3 in the river. The analysis suggests that a small 
fraction of the NO3 present in the Upper Mississippi 
and Ohio Rivers is lost between their confluence and 
the Gulf of Mexico. However, mixing of water from 
the Upper Mississippi and Ohio Rivers can explain the 
measured isotope values in the Lower Mississippi 
River. This result suggests that denitrification or other 
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Figure 12. Typical ranges of δ15N and δ18O of NO3 values for various N sources and measured 
values from large river stations, 1997–1998 (modified from Kendall, 1998, figure 16.9).

Figure 13. Typical ranges of δ15N and δ18O of NO3 for various N sources and measured values 
from small stream stations, 1997–1998 (modified from Kendall, 1998, figure 16.9).
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transformations that favor one isotope over the other 
do not occur to a large degree in the ~1,100 kilometers 
of river between the confluence and the Lower Missis-
sippi stations. Assimilation by benthic or suspended 
algae or exchange of river water with ground water 
that has a lighter δ15N of NO3 isotopic signature are 
plausible explanations for this result (Battaglin and 
others, 2001).

CONCLUSIONS

Identification of sources of nitrate (NO3) and 
mechanisms and rates of NO3 removal in the Missis-
sippi River help to understand the effects of upstream 

activities on development of the Gulf of Mexico 
hypoxic zone. Results from isotopic analyses of about 
120 water and suspended sediment samples collected 
in 1997 and 1998 from 24 locations in the Mississippi 
River Basin during this pilot study are tabulated and 
analyzed in this report. This was a pilot study with a 
relatively small number of sampled collected in a very 
large study area. 

Distinct δ15N and δ18O of NO3 isotope ratio 
values were measured in smaller streams that have 
relatively uniform nitrogen (N) sources of in their 
drainage basins (fig. 8). Most δ15N of NO3 values 
from basins dominated by urban or undeveloped land 
are less than +5‰, while most values from basins 
dominated by row crop or row crops and/or livestock 
production are greater than +5‰. δ18O of NO3 values 
are also distinctive. Most values from basins domi-
nated by urban or undeveloped land greater than 
+10‰, while most values from basins dominated by 
row crops or row crops and/or livestock production are 
less than +10‰. The distinctiveness of δ15N and δ18O 
of NO3 values from the small basins is likely limited 
by the lack of uniformity of land-cover within those 
basins. Separating row crop agriculture from livestock 
production and finding uniformly urban or undevel-
oped basins in the agriculturally dominated 
midwestern States was particularly difficult.

There was considerable temporal and spatial 
variation in δ15N and δ13C of POM values at stations 
across the Mississippi Basin. δ15N of POM values 
from basins dominated by urban or undeveloped land 
also tended to be less than +5‰, while most values 
from basins dominated by row crops or row crops 
and/or livestock production are greater than +5‰. 

 There is some indication of seasonal- or 
discharge-related variability in the isotope results from 
a given station. δ15N and δ18O of NO3 values tend to 
increase from spring to fall as discharge and NO3 
concentrations decrease. δ15N of POM values also 
tend to increase from spring to fall. More data is 
needed to determine if these shifts are the result of a 
change in the source of water, NO3, and POM or are 
evidence for transformation of NO3 during late-
summer months.

In part because of the small number of samples, 
the isotope data from large rivers could not be used to 
identify the proportions of NO3 that originated from 
various N sources within the basin. However, the data 
do confirm that NO3 from major tributaries accumu-
lates in the Mississippi River and is not significantly 

Figure 14. δ15N and δ18O of NO3 values and NO2 plus 
NO3 concentrations from large river stations.
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altered by transformations such as denitrification as it 
is transported to the Gulf of Mexico. The ranges of 
NO3 and particulate organic material (POM) isotope 
values from large rivers are generally narrower and 
near the middle of the ranges of measurements from 
all stations. 

Suggestions for Future Research

This pilot study, with comparatively large and 
complex basins, showed that source differentiation and 
transformation characterization in small streams and 
larger rivers is possible with a multi-isotope approach. 
However, because of the limited number of samples 
and sampling stations, it was not always possible to 
sort out the difference between seasonal (or flow 
related) changes in NO3 sources and changes in 
isotope values resulting from NO3 transformations. A 
time-series plot of the POM data from the Yazoo River 
station (fig. 15) highlights this point. At this station 
(and several others on large rivers) POM samples were 
collected more frequently as part of a related study 
(Kendall and others, 2001). In figure 15, all isotope 
ratio values from POM samples collected at this 
station are plotted as open circles and those that have 
matching NO3 isotope data (collected for this study) 
are plotted as filled circles. Clearly there is temporal 
pattern to the δ15N and δ13C of POM values that is not 
well represented by the four samples collected and 
analyzed for this study. 

We suggest that more isotope data be collected 
in the Mississippi Basin. This effort should focus on 
building a long-term baseline of data at few locations 
and then detailed temporal data at a few stations. 
Collection of additional Lagrangian data sets is also 
recommended. This should involve sampling of other 
significant rivers in the Mississippi basins (for 
example, the Illinois River and Red River) that were 
not sampled in this study. Cost is always a limiting 
factor in study design. Newly available equipment, and 
resulting simplifications in sample processing and 
analysis will reduce the per sample cost of isotope 
analysis. These will aid our understanding of the 
dynamics of delivery and transformation of NO3 in the 
Mississippi River basin. The data may also show how 
changes in cultural practices, such as use of agricul-
tural best management practices affect delivery of 
NO3 to streams of the midwestern United States.
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