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FOREWORD

The mission of the U.S. Geological Survey 
(USGS) is to assess the quantity and quality of the 
earth resources of the Nation and to provide informa 
tion that will assist resource managers and policy- 
makers at Federal, State, and local levels in making 
sound decisions. Assessment of water-quality condi 
tions and trends is an important part of this overall 
mission.

One of the greatest challenges faced by water- 
resources scientists is acquiring reliable information 
that will guide the use and protection of the Nation's 
water resources. That challenge is being addressed by 
Federal, State, interstate, and local water-resource 
agencies and by many academic institutions. These 
organizations are collecting water-quality data for a 
host of purposes that include: compliance with per 
mits and water-supply standards; development of 
remediation plans for a specific contamination prob 
lem; operational decisions on industrial, wastewater, 
or water-supply facilities; and research on factors that 
affect water quality. An additional need for water- 
quality information is to provide a basis on which 
regional and national-level policy decisions can be 
based. Wise decisions must be based on sound infor 
mation. As a society we need to know whether certain 
types of water-quality problems are isolated or ubiqui 
tous, whether there are significant differences in 
conditions among regions, whether the conditions are 
changing over time, and why these conditions change 
from place to place and over time. The information 
can be used to help determine the efficacy of existing 
water-quality policies and to help analysts determine 
the need for and likely consequences of new policies.

To address these needs, the Congress appropri 
ated funds in 1986 for the USGS to begin a pilot pro 
gram in seven project areas to develop and refine the 
National Water-Quality Assessment (NAWQA) Pro 
gram. In 1991, the USGS began full implementation 
of the program. The NAWQA Program builds upon 
an existing base of water-quality studies of the USGS, 
as well as those of other Federal, State, and local agen 
cies. The objectives of the NAWQA Program are to:

 Describe current water-quality conditions for a 
large part of the Nation's freshwater streams, 
rivers, and aquifers.

 Describe how water quality is changing over 
time.

 Improve understanding of the primary natural 
and human factors that affect water-quality 
conditions.

This information will help support the development 
and evaluation of management, regulatory, and moni 
toring decisions by other Federal, State, and local 
agencies to protect, use, and enhance water resources.

The goals of the NAWQA Program are being 
achieved through ongoing and proposed investigations 
of 60 of the Nation's most important river basins and 
aquifer systems, which are referred to as study units. 
These study units are distributed throughout the Nation 
and cover a diversity of hydrogeologic settings. More 
than two-thirds of the Nation's freshwater use occurs 
within the 60 study units and more than two-thirds of 
the people served by public water-supply systems live 
within their boundaries.

National synthesis of data analysis, based on 
aggregation of comparable information obtained from 
the study units, is a major component of the program. 
This effort focuses on selected water-quality topics 
using nationally consistent information. Comparative 
studies will explain differences and similarities in 
observed water-quality conditions among study areas 
and will identify changes and trends and their causes. 
The first topics addressed by the national synthesis are 
pesticides, nutrients, volatile organic compounds, and 
aquatic biology. Discussions on these and other water- 
quality topics will be published in periodic summaries 
of the quality of the Nation's ground and surface water 
as the information becomes available.

This report is an element of the comprehensive 
body of information developed as part of the NAWQA 
Program. The program depends heavily on the advice, 
cooperation, and information from many Federal, State, 
interstate, Tribal, and local agencies and the public. The 
assistance and suggestions of all are greatly appreciated.

Robert M. Hirsch 
Chief Hydrologist
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CONVERSION FACTORS, VERTICAL DATUM, WATER-QUALITY UNITS, AND ABBREVIATIONS

Multiply By To Obtain

acre 0.4047
bushel (bu) 0.03524

cubic foot per second (ft3/s) 0.02832
cubic foot per second per square mile [(ftVsymi2] 0.01093

foot (ft) 0.3048
foot per mile (ft/mi) 0.1894

gallon (gal) 3.785
inch (in.) 25.4

inch per year (in/yr) 25.4
mile (mi) 1.609

million gallons per day (Mgal/d) 0.04381
pound per acre (Ib/acre) 1.121

pound per day (Ib/d) 453.6
square mile (mi2) 2.590

ton 0.9072
ton per year (ton/yr) 0.9072

ton per square mile per year [(ton/mi )/yr 0.3503

hectare
cubic meter
cubic meter per second
cubic meter per second per square kilometer
meter
meter per kilometer
liter
millimeter
millimeter per year
kilometer
cubic meter per second
kilogram per hectare
gram per day
square kilometer
megagram
megagram per year
megagram per square kilometer per year

Air temperature is given in degrees Fahrenheit (°F), which may be converted to degrees Celsius (°C) as follows:

°C = 5 / 9 (°F - 32).

Water temperature is given in degrees Celsius (°C), which may be converted to degrees Fahrenheit (°F) as follows:

°F=1.8x°C + 32.

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929) a 
geodetic datum derived from a general adjustment of the first-order level nets of the United States and Canada, 
formerly called Sea Level Datum of 1929.

Water year: In U.S. Geological Survey reports, water year is the 12-month period, October 1 through September 30. 
The water year is designated by the calendar year in which it ends. Thus, the year ending September 30, 1990, is 
called the "1990 water year."

Water-quality units used in this report: Chemical concentrations and water temperature are given in metric units. 
Chemical concentration is given in milligrams per liter (mg/L). Milligrams per liter is a unit expressing the 
concentration of chemical constituents in solution as weight (milligrams) of solute per unit volume (liter) of water. 
For concentrations less than 7,000 mg/L, the numerical value is the same as for concentrations in parts per million.
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CONVERSION FACTORS, VERTICAL DATUM, WATER-QUALITY UNITS, AND ABBREVIATIONS  
Continued

The following abbreviations are used in this report:

Abbreviation Description

IDEM Indiana Department of Environmental Management
USEPA U.S. Environmental Protection Agency
USGS U.S. Geological Survey

ANOVA Analysis of variance
GIRAS Geographic Information Retrieval and Analysis System
LOWESS Locally weighted scatterplot smooth
NADP National Atmospheric Deposition Program
NAWQA National Water-Quality Assessment
NPDES National Pollutant Discharge Elimination System
NWIS National Water Information System
SAS Statistical Analysis System
STORET STOrage and RETrieval data base

N Nitrogen
TN Total nitrogen
NH3 Ammonia
NH4+ Ammonium
NO3 Nitrate
P Phosphorus
PCB's Polychlorinated biphenyls
TP Total phosphorus
pH Negative log (base-10) of the hydrogen ion activity, in moles per liter
mg/L Milligram per liter
p Probability of obtaining a statistically significant test result by chance
pct/yr Percent per year
tau-b Kendall correlation coefficient

< Less than 
< Less than or equal 
+ Increasing trend 

	Decreasing trend
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Water-Quality Assessment of the
White River Basin, Indiana:
Analysis of Selected Information on Nutrients,
1980-92

By Jeffrey D. Martin, Charles G. Crawford, Jeffrey W. Frey, and Glenn A. Hodgkins

Abstract

Water-quality data from 23 surface- 
water-quality monitoring sites operated by 
the Indiana Department of Environmental 
Management and streamflow data from 11 
U.S. Geological Survey streamflow-gaging 
stations in the White River Basin were ana 
lyzed to determine recent (1981 90 water 
years) water-quality conditions, trends, and 
river loads for ammonia, nitrate, total nitrogen, 
and total phosphorus. The White River Basin 
drains 11,349 square miles of central and 
south-central Indiana and is divided into two 
nearly equal subbasins the East Fork White 
River and the White River upstream from 
its confluence with the East Fork (called the 
"west fork" of the White River by the State's 
water-management agencies).

Nutrient concentrations generally were 
higher in the more urbanized west fork than 
in the more rural east fork because of the much 
larger volumes of treated municipal sewage, 
combined-sewer overflows, and urban runoff 
discharged to the west fork. Concentrations 
of nutrients, especially ammonia and total 
phosphorus, were higher downstream from 
Muncie, Anderson, and Indianapolis than they 
were upstream from these cities. Nutrient 
concentrations decreased downstream from

Indianapolis in the White River and in the 
downstream reach of the East Fork White 
River because of dilution, nitrification, adsorp 
tion to stream-bottom sediments, and uptake 
by aquatic vegetation.

Seasonal variations in nutrient con 
centrations and the relations of nutrient 
concentrations to streamflow depended on 
the relative contributions of point and nonpoint 
sources of the nutrients. Total phosphorus 
increased with increasing streamflow at 
monitoring sites on the east fork but decreased 
with increasing streamflow at sites on the west 
fork. Increasing concentrations of phosphorus 
with increasing streamflow were consistent 
with nonpoint sources of phosphorus that 
wash off land surfaces, whereas decreasing 
concentrations of phosphorus with increasing 
streamflow were consistent with dilution of 
point sources of phosphorus. Median concen 
trations of total phosphorus were highest 
during summer and fall downstream from 
urban areas on the White River because 
streamflows that dilute point sources of phos 
phorus are lowest during summer and fall. 
Median concentrations of ammonia in the 
White River were highest in winter because 
of reduced biological uptake and nitrification 
of ammonia during cold temperatures.
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Concentrations of ammonia decreased 
during the 1981 90 water years at two 
monitoring sites on the White River down 
stream from Indianapolis. Improvements 
to the Indianapolis wastewater-treatment 
plants during 1982 were responsible for this 
beneficial change in water quality. Concentra 
tions of ammonia, nitrate, and phosphorus 
increased during the 1981 90 water years 
at a monitoring site on the White River imme 
diately upstream from Indianapolis, probably 
because of increased volumes of treated 
municipal sewage discharged from Carmel. 
Concentrations of total phosphorus increased 
during the 1981 90 water years at most moni 
toring sites on the White River upstream from 
Indianapolis, probably because of changes 
in the quantity or quality of treated municipal 
sewage discharged to the White River.

Commercial fertilizer is the largest source 
of nitrogen and phosphorus in the White River 
Basin. Inputs of nitrogen and phosphorus from 
municipal sewage to the White River at and 
upstream from Indianapolis were 4 to 10 times 
that at monitoring sites on the less populated 
East Fork White River. Atmospheric deposi 
tion contributed 11 to 19 percent of the total 
nitrogen input to the six large drainage basins 
selected for assessment of nutrient inputs. 
Mean annual nutrient loads near the mouth 
of the White River Basin were 1,200 tons 
per year of ammonia; 40,000 tons per year 
nitrate; 57,000 tons per year total nitrogen; 
and 2,900 tons per year total phosphorus. 
Approximately 2 percent of the total nitrogen 
load was ammonia, approximately 70 percent 
was nitrate, and approximately 28 percent was 
organic nitrogen.

Ammonia yields (loads divided by 
drainage area) increased downstream in the 
upstream reach of the White River, probably 
because of the cumulative effects of discharges 
from municipal sewage-treatment plants, 
combined-sewer overflows, and urban runoff

in this reach. Phosphorus yields in the west 
fork were higher than those in the east fork 
because of the greater amounts of treated sew 
age and urban runoff in the west fork. Similar 
annual nitrate yields at the downstream moni 
toring sites on the east and west forks indicate 
that the effects of urban discharges of nitrate in 
the upstream reach of the White River were 
not discernible in the downstream reach, and 
that nonpoint sources of nitrate mask point 
sources of nitrate in terms of annual mass 
transport. The yield of nitrate downstream 
from Indianapolis (4.9 tons per square mile per 
year) was similar to the yield upstream from 
Indianapolis (4.8 tons per square mile per 
year) and is additional evidence to conclude 
that point sources of nitrate are relatively 
unimportant in the annual mass transport of 
nitrate in the White River Basin, even at the 
site most affected by point sources.

Ground-water-quality data from 101 wells 
were used to determine the effects of aquifer 
type, well depth, well type, and season on 
nutrient concentrations in ground water. 
Median concentrations of ammonia were 
highest (0.25 milligram per liter) in till aqui 
fers (aquifers composed of buried sand and 
gravel lenses in till), probably because of 
biochemical reduction of nitrate to ammonia. 
Concentrations of nitrate in till aquifers were 
low, probably because till reduced the down 
ward percolation of soil water containing 
nitrate and because reducing conditions (low 
concentrations of oxygen) in the till aquifer 
enabled denitrification and biochemical reduc 
tion. Median concentrations of nitrate were 
highest in karst aquifers, probably because 
macropores and sinkholes provided a direct 
connection of surface and ground water 
through preferential flow paths from the 
clayey mantle to the karst aquifer.

2 Water-Quality Assessment of the White River Basin, Indiana



INTRODUCTION Purpose and Scope

In 1991, The U.S. Geological Survey (USGS) 
began implementing a full-scale National Water- 
Quality Assessment (NAWQA) Program. The 
goals of the NAWQA Program are to describe 
current water-quality conditions and trends in our 
nation's rivers, streams, and ground water and to 
understand the natural and human factors that 
affect the conditions and trends in water quality 
(Hirsch and others, 1988, p. 1).

Study-unit investigations and national 
synthesis are the major design features of the 
NAWQA Program that allow water-quality 
information collected at local and regional scales 
to be integrated into a national description of water 
quality. Sixty study units include parts of most of 
the Nation's major river basins and account for 
approximately 60 to 70 percent of the Nation's 
water use and population served by public water 
supplies (Leahy and Wilber, 1991, p. 1). National 
synthesis will use comparative studies and other 
techniques to assess national water-quality 
conditions.

The major components of the study-unit 
investigations are (1) an assessment of existing 
water-quality data (retrospective analysis) to 
provide an initial understanding of water quality 
and to assist in developing a preliminary con 
ceptual model of the hydro logic systems in the 
study unit, (2) an occurrence and distribution 
assessment to characterize the geographic and 
seasonal distribution of water quality, (3) long- 
term monitoring to determine water-quality trends, 
and (4) case studies of selected contaminants in 
local areas to investigate specific hydrologic 
processes or environmental effects.

Pesticides, nutrients, and suspended sediment 
were selected as the topics for the retrospective 
analysis and national synthesis. Pesticide data for 
the White River Basin are described in Carter and 
others (1995). Nutrient data are described in this 
report. Suspended-sediment data are described in 
Crawford and Mansue (1988).

The purposes of this report are (1) to describe, 
analyze, and interpret the spatial and temporal 
patterns of nutrient concentrations and loads in the 
White River Basin through the use of existing data 
and (2) to describe and discuss a conceptual model 
of the factors that affect nutrient concentrations in 
surface and ground water in the basin.

Water-quality data from 23 surface-water- 
quality monitoring sites operated by the Indiana 
Department of Environmental Management 
(IDEM) and streamflow data from 11 U.S. Geo 
logical Survey streamflow-gaging stations were 
analyzed to determine recent (1981-90 water 
years) water-quality conditions, trends, loads, and 
yields. Seasonal and streamflow-related variations 
in the concentrations of ammonia, nitrate, total 
nitrogen, and total phosphorus were evaluated 
by comparing median concentrations among 
seasons and by examining correlations between 
concentrations and streamflow. Effects of urban, 
agricultural, and forested land use on water quality 
were examined by comparing concentrations and 
yields upstream from urban areas with those 
downstream from urban areas and by comparing 
concentrations and yields among monitoring 
sites that drain areas of different land uses. Ten- 
year time trends in nutrient concentrations were 
investigated by examining time-series plots of 
concentrations and by the use of two different tests 
for trend. Nutrient inputs from treated sewage, 
industrial discharges, atmospheric deposition, 
commercial fertilizer, and farm-animal manure 
were estimated for 6 large drainage basins, and 
mean annual river loads and yields were computed 
for 11 surface-water-quality monitoring sites. 
Annual nutrient yields also were compared 
between wet and dry years.

Concentrations of nutrients in base-flow water 
samples from 48 small streams were analyzed 
to determine the effects of land use and hydrogeo- 
morphic region on base-flow water quality by 
comparing median concentrations among regions. 
Ground-water samples from 101 wells were 
analyzed to determine the effects of aquifer type, 
well depth, well type, and season on nutrient
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concentrations in ground water. Median concen 
trations of nutrients were compared among till, 
outwash, bedrock, and karst aquifers and among 
community public water-supply wells, noncom- 
munity public water-supply wells, domestic 
wells, and observation wells. Correlations between 
nutrient concentrations and well depth were calcu 
lated for all wells and for subsets by aquifer type. 
Seasonal variations in ground-water quality were 
assessed by comparing paired samples from 25 
wells collected before and during the growing 
season.

A conceptual model of the natural and human 
factors affecting nutrient concentrations in surface 
and ground water in the White River Basin is de 
scribed and discussed. Additional data needed 
to meet the goals of the NAWQA Program are 
described.
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DESCRIPTION OF THE 
WHITE RIVER BASIN

The White River Basin drains 11,349 mi2 
of central and south-central Indiana and joins the 
Wabash River in southwestern Indiana. The major 
part of the basin is divided into two nearly equal 
subbasins the East Fork White River and the 
White River upstream from its confluence with 
the East Fork White River (called the "west fork" 
of the White River by the State's water manage 
ment agencies). The East Fork White River drains 
5,746 mi2 and joins the White River at river mile 
49.5 near Petersburg (fig. 1). The White River,

upstream from its confluence with East Fork White 
River, drains 5,372 mi2 . Only 2 percent (232 mi2) 
of the drainage area of the White River Basin is 
downstream from the confluence of the east and 
west forks.

The major tributaries (drainage areas greater 
than 500 mi2) to the East Fork White River are the 
Driftwood River (1,165 mi2), the Flatrock River 
(542 mi2), the Muscatatuck River (1,140 mi2), 
and Salt Creek (636 mi2). The Driftwood River 
may be the shortest river in Indiana. Formed by 
the confluence of the Big Blue River and Sugar 
Creek, the Driftwood River flows only 15 mi to 
its confluence with the Flatrock River, where 
they form the East Fork White River. The Big 
Blue River is considered the headwaters of the East 
Fork White River (Stewart and Nell, 1991, p. ix). 
The only major tributary to the White River, 
excluding the East Fork White River, is the Eel 
River (1,208 mi2) (Hoggatt, 1975). The reaches 
of the White River and the East Fork White River 
upstream from their confluence are referred to as 
the "west fork" and "east fork" in this report when 
comparing water quality between the subbasins 
or rivers.

Geology and Geomorphology

The White River Basin exhibits several 
different types of geologic features, including 
glaciated and nonglaciated areas; a karst area; and 
bedrock composed of sedimentary rocks underlain 
by a crystalline basement complex of granite, 
schist, and gneiss. The Illinois Basin is the major 
structural, geological feature in the region. Sedi 
mentary rocks in the White River Basin dip to 
the southwest into the Illinois Basin at a rate of 10 
to 30 ft/mi. Surface and near-surface bedrock in 
the White River Basin is predominantly limestone, 
dolomite, sandstone, mudstone, shale, and coal. 
Glacial deposits cover approximately 60 percent 
of the basin, and only the south-central part has 
not been glaciated. Characteristics of the bedrock 
and unconsolidated deposits in the East Fork 
White River Basin are described in Fenelon and
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Greeman (1994). Characteristics of the bedrock 
and unconsolidated deposits in the White River 
Basin, excluding the East Fork White River Basin, 
are described in Hoover and Durbin (1994).

The White River Basin contains seven 
geomorphic units originally defined by Malott 
(1922). Differences among these units are caused 
by bedrock geology and the extent of glaciation. 
The Tipton Till Plain is a flat to rolling glacial till 
plain that covers the northern half of the basin 
(fig. 2). The Wabash Lowland is in the south 
western part of the basin and is an area of broad, 
flat valleys and gently rolling plains. The Crawford 
Upland and the Norman Upland are westward- 
sloping, unglaciated upland areas with narrow 
ridge tops and steep slopes. The Mitchell Plain lies 
between the two upland units and is a karst plain 
with numerous sinkholes and solution features. 
The Scottsburg Lowland is east of the Norman 
Upland and is an area of low relief and extremely 
broad, flat valleys. The Muscatatuck Regional 
Slope is in the southeastern part of the basin and 
is a westward-sloping plain characterized by mod 
erate relief and by bedrock outcrops in the stream 
channels.

Soils and Climate

The major suborders of soils in the White 
River Basin are the Udalfs (Gray-Brown Podzolic 
soils), the Aquolls (Humic Gley soils), and the 
Udults (Red-Yellow Podzolic soils) (Brady, 1974, 
plate 1). The Gray-Brown Podzolic soils are 
distributed widely throughout the basin. These 
soils have medium to high base content, clay 
accumulation at depth, and generally are farmed 
(Ulrich, 1966, p. 62). The well-drained Gray- 
Brown Podzolic soils are moderately acidic and 
are moderately fertile, whereas the somewhat 
poorly drained Gray-Brown Podzolic soils are 
more extensive and more productive if adequately 
drained. The Humic Gley soils are along the major 
river valleys in the basin. These soils have a high 
base content and have developed in calcareous

Wisconsinan glacial deposits. The soils are 
seasonally saturated with water, have poor natural 
drainage, and contain 5 to 10 percent organic 
matter (Ulrich, 1966, p. 63). Most of the Humic 
Gley soils have been drained and farmed and 
produce high yields of corn and soybeans. The 
Red-Yellow Podzolic soils occur in the ungla 
ciated, south-central part of the basin. These soils 
are acidic and thin and have low organic matter. 
The Red-Yellow Podzolic soils have low base 
content and fertility and require liming and fertili 
zation to produce crops. Most of these soils are 
best suited for forest or pasture.

The White River Basin has a humid, conti 
nental climate with large differences in seasonal 
temperatures that result in well-defined winter and 
summer seasons. Typically, differences in temper 
ature between the northern and southern parts of 
the basin are small. Annual mean air temperature 
is 51°F in the north and 55°F in the south. Mean 
daily air temperature is 28°F in mid-January and 
76°F in mid-July (Governor's Water Resource 
Study Commission, 1980, p. 9). Average annual 
precipitation ranges from about 38 in/yr in the 
north to about 46 in/yr in the south-central part 
of the basin (Owensby and Ezell, 1992). Precipi 
tation is fairly evenly distributed throughout the 
year. Precipitation in the cooler months of the year 
generally is of long duration and moderate or low 
intensity, whereas precipitation in late spring and 
summer tends to be of shorter duration and higher 
intensity.

Hydrogeology

The two general types of aquifers that occur 
in the White River Basin are unconsolidated 
aquifers associated with glacial deposits and 
consolidated aquifers associated with bedrock. 
The unconsolidated aquifers primarily are com 
posed of glaciofluvial, outwash, and alluvial 
deposits (fluvial aquifers) that border rivers and 
streams throughout the basin and sand and gravel 
deposits in the till plain (Wisconsinan till aquifers)
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in the northern half of the basin (Banaszak, 1985, 
p. 205-210). The fluvial aquifers are the most pro 
ductive aquifers in Indiana and are composed of 
sand and gravel associated with stream systems. 
The fluvial aquifers typically are unconfined, and 
depth to the water table commonly is 10 to 25 ft 
(Banaszak, 1988, p. 248). The Wisconsinan till 
aquifers are composed of isolated sand and gravel 
lenses enclosed by silty clay and clay till. Wiscon 
sinan till aquifers typically are confined by 5 to 
100 ft of fine-grained sediments. Wells screened 
in these aquifers commonly are 20 to 100 ft deep 
(Banaszak, 1988, p. 248). The fluvial aquifers 
described by Banasak (1988) are termed "outwash" 
aquifers in this report to help maintain the distinc 
tion between the type of aquifer and the fluvial 
deposits hydrogeomorphic region defined and used 
in later sections of this report.

The consolidated bedrock aquifers primarily 
are composed of Mississippian limestone in 
the south-central part of the basin and Silurian- 
Devonian limestone in the eastern one-third of 
the basin (Banaszak, 1985, p. 205-210). The 
Mississippian aquifers are composed of fractured 
limestone containing numerous solution features 
and sinkholes. Wells in these aquifers are 20 to 
150 ft deep (Banaszak, 1988, p. 248). The Silurian- 
Devonian aquifers are composed of fractured 
limestone and are confined by till in the north 
eastern part of the basin but lack a confining unit 
in the southeastern part of the basin. Wells in 
these aquifers commonly are 50 to 200 ft deep 
(Banaszak, 1988, p. 248).

Streamflow

Petersburg, downstream from the confluence 
of the east and west forks, is 11,850 ft3/s (Arvin, 
1989, p. 708). This rate of flow represents an 
average annual runoff of approximately 14.5 in. 
[I.l(ft3/s)/mi2].

Daily mean streamflows from 1963 92 were 
analyzed for the two USGS streamflow-gaging 
stations on the downstream reaches of the east and 
west forks (03373500, East Fork White River at 
Shoals, and 03360500, White River at Newberry). 
This analysis indicates that base flow (the stream- 
flow value exceeded 90 percent of the time) in 
the west fork [0.16 (ft3/s)/mi2] is greater than 
base flow in the east fork [0.13 (ft3/s)/mi2]. High 
flows (the streamflow value exceeded 10 per 
cent of the time) in the east fork [2.8 (ft3/s)/mi2] 
are greater than high flows in the west fork 
[2.5 (ft3/s)/mi2]. Median streamflow for both 
forks is 0.61 (ft3/s)/mi2 .

Variations in streamflow in the east and 
west forks of the White River follow seasonal 
changes in precipitation and evapotranspiration. 
High flows generally occur in March and April, 
and low flows generally occur in September and 
October; annual peak streamflow can occur in 
any month. Streamflow in small streams is more 
variable than streamflow in rivers. Peak flows 
in small streams can be four or more orders of 
magnitude greater than low flows. The storage 
capacity of some glacial materials moderates 
extremes in streamflow. Streams that drain thick 
till deposits in the northern part of the basin 
typically have sustained base flow, whereas 
streams that drain thin glacial deposits or ungla- 
ciated areas in the southern part of the basin may 
go dry (Arihood and Glatfelter, 1991, p. 2, 6).

The White River and its major tributary, 
the East Fork White River, have their headwaters 
in the northern part of the basin (the headwaters 
of the East Fork White River is the Big Blue River) 
and flow to the south and southwest following the 
regional slope (fig. 1). Long-term average stream- 
flows in the downstream reaches of both forks 
of the White River are approximately equal. 
Long-term average flow for the White River at

Population, Land Use, and Water Use

The population of the White River Basin 
was approximately 2.1 million people in 1990. 
Marion County, which includes the city of India 
napolis, accounted for 38 percent (797,159 people) 
of the total population of the basin (City of India 
napolis, 1991, p. 1; Indiana Business Research
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Center and Indiana University School of Business, 
1991). The Indianapolis Metropolitan Area, nearly 
all of which is contained in the White River Basin, 
had a population of 1,249,822 in 1990 (City of 
Indianapolis, 1991, p. 1). The drainage area of the 
upstream reach of the White River contains nearly 
70 percent of the population of the White River 
Basin and includes the cities of Muncie, Anderson, 
Indianapolis, and Martinsville. Population density 
ranges from 44 people per square mile in Brown 
County, in the south-central part of the basin, to 
2,000 people per square mile in Marion County, 
where Indianapolis is located.

Statewide, the population of Indiana 
increased about 1 percent from 5,490,224 in 
1980 to 5,544,159 in 1990 (Indiana Business 
Research Center and Indiana University School 
of Business, 1991). The fastest growing county 
in Indiana during this period was Hamilton 
County, immediately north of Indianapolis, 
where population increased by 26,909 (33 per 
cent). Other counties in the White River Basin 
that had large increases in population were 
Marion County (31,926 4 percent), Johnson 
County (10, 869 14 percent), and Monroe Coun 
ty (10,193 10 percent). Delaware County (which 
includes the city of Muncie) and Madison County 
(which includes the city of Anderson) had the 
largest decreases in population (8,928 7 percent 
and 8,667 6 percent, respectively).

Agriculture is the principal land use in the 
White River Basin. Approximately 70.2 percent 
of the basin is used for agriculture, primarily for 
row crops and pasture. Other important land uses 
are forest (22.4 percent), urban and residential 
(6.2 percent), water and wetlands (0.7 percent), 
and active and abandoned quarries and coal mines 
(0.4 percent). The Geographic Information 
Retrieval and Analysis System (GIRAS) is the 
source for this land-use information, which was 
interpreted from aerial photography taken during 
the 1970's and mid-1980's (U.S. Geological Sur 
vey, 1990). Agriculture is the principal land use, 
except in the bedrock uplands area in the south- 
central part of the basin where the principal land

use is forest. Most of the urban areas are in the till 
plain in the northern half of the basin, and most of 
the coal mining is in the lowland area in the south 
western part of the basin.

Water use in the White River Basin totaled 
1,090 Mgal/d in 1989, of which 88 percent was 
surface water and 12 percent was ground water 
(Indiana Department of Natural Resources, Divi 
sion of Water, written commun., 1991). The major 
water use in the basin was cooling water for fossil- 
fuel power-generating plants (64 percent of the 
total water use). Public water supply accounted 
for 23 percent of the total water use, whereas 
commercial, industrial, and irrigation uses accoun 
ted for the remaining 13 percent. Of the water 
withdrawn for public water supply, 85 percent 
was surface water and 15 percent was ground 
water. The primary use of ground water in the 
basin was for public water supply, and approxi 
mately 55 percent of the population of the White 
River Basin relies on ground water as the primary 
source of drinking water. Although the basin is 
extensively fanned, irrigation is not necessary in 
most parts of the basin because the soils tend to 
hold water for long periods of time. Irrigation is 
used to increase production on some croplands on 
well-drained soils in the major flood plains in the 
south-central and southwestern parts of the basin. 
Irrigation accounted for approximately 2 percent of 
the total water use in the basin in 1989.

Agricultural Practices

Indiana is an important agricultural state. 
In 1991, Indiana ranked fourth nationally in 
soybean production (172,770,000 bu), fifth in 
corn production (510,600,000 bu), fourth in hog 
production (4,600,000 head), and seventh in 
turkey production (15,000,000 birds) (Indiana 
Agricultural Statistics Service, 1992, p. 28, 70). 
Indiana also produced significant amounts of 
winter wheat (28,800,000 bu), cattle (1,280,000 
head), and chickens (25,900,000 birds).
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Major agricultural products and practices in 
the White River Basin are similar to those for the 
entire State. County estimates of land in farms 
(prorated for the proportion of each county in 
the White River Basin) indicate that 62.9 percent 
of the land in the White River Basin is farmland 
(Indiana Agricultural Statistics Service, 1992). 
Of the 4.57 million acres of farmland in the basin, 
36 percent was planted for corn, 26 percent was 
planted for soybeans, 5 percent was planted for 
winter wheat, and 5 percent was harvested for hay. 
South of Indianapolis, winter wheat often is har 
vested in the same fields where soybeans are 
planted to achieve a double crop in those fields. 
Agricultural products are similar between the east 
and west forks of the White River.

The growing season in the White River 
Basin is from early April to late September. The 
timing of spring planting and fall harvest depends 
on soil, crop, and weather conditions. Warm, dry 
conditions enable early planting and harvest, 
whereas cool, wet conditions delay planting and 
harvest. Corn planting typically precedes soybean 
planting, and soybean harvest typically precedes 
corn harvest. Statewide, 10 percent of the com 
is planted by April 20, 50 percent by May 7, 
and 90 percent by May 31. Ten percent of the 
soybeans is planted by May 4, 50 percent by 
May 24, and 90 percent by June 19 (Indiana 
Agricultural Statistics Service, 1992, p. 19, 22). 
In the fall, 10 percent of the corn is harvested 
by September 22, 50 percent by October 21, 
and 90 percent by November 17. Ten percent 
of the soybeans is harvested by September 19, 
50 percent by October 14, and 90 percent by 
November 5 (Indiana Agricultural Statistics 
Service, 1992, p. 21, 25).

Nitrogen and phosphorus are common plant 
fertilizers applied to Indiana farmlands. From 
1980 to 1990, median annual sales of fertilizers 
in Indiana were 500,757 tons of nitrogen (as N) 
and 115,315 tons of phosphorus (as P) (data from 
Indiana Crop and Livestock Reporting Service, 
1985, p. 70-71; Indiana Agricultural Statistics 
Service, 1988, p. 57; Indiana Agricultural Statistics 
Service, 1991, p. 66). Independent estimates of the

amount of fertilizers applied to corn, soybeans, 
and wheat were similar to estimates based on 
fertilizer sales. Estimates of fertilizers applied 
to corn, soybeans, and wheat were computed as 
the product of estimates of the acres planted, 
the average proportion of crop acreage fertilized, 
and the average application rates of fertilizers. 
Median annual amounts of fertilizers applied to 
corn, soybeans, and wheat during 1980-90 were 
500,963 tons of nitrogen (as N), and 114,568 tons 
of phosphorus (as P) (data from Indiana Crop 
and Livestock Reporting Service, 1985, p. 70-71; 
Indiana Agricultural Statistics Service, 1988, 
p. 57; Indiana Agricultural Statistics Service, 
1991, p. 66).

Comparison of annual estimates of fertilizer 
sales and estimates of fertilizers applied to corn, 
soybeans, and wheat generally shows that fertilizer 
applied to these crops accounts for the vast major 
ity of fertilizer sales. Trends in fertilizer sales 
showed decreasing sales of phosphorus fertilizers 
during 1980-90. Similarly, trends in fertilizer 
applications to corn, soybeans, and wheat showed 
decreasing amounts of phosphorus fertilizers 
applied to these crops (as a group). Trends in the 
ratio of nitrogen fertilizer applications to sales 
showed decreasing ratios, which may indicate 
increasing non-farm use of nitrogen (or increasing 
use on crops other than corn, soybeans, and wheat).

Of the tons of fertilizer applied to corn, 
soybean, and wheat, corn receives 90 percent of 
the nitrogen and 76 percent of the phosphorus. 
Soybeans receive 1 percent of the nitrogen and 
13 percent of the phosphorus. Wheat receives 
8 percent of the nitrogen and 10 percent of the 
phosphorus.

The types and quantities of fertilizers used 
in the White River Basin and their times of appli 
cation vary depending on the weather, soil fertility, 
tillage systems, crop types, crop rotations, yield 
goals, and the personal preferences of farmers. 
The most widely used nitrogen-based fertilizers 
for corn are anhydrous ammonia, 28-percent 
liquid nitrogen, and urea in the solid form 
(David Mengel, Purdue University, Depart 
ment of Agronomy, oral commun., January 1993).
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Corn receives an average of two applications per 
year of nitrogen-based fertilizer in Indiana (Indiana 
Agricultural Statistics Service, 1992, p. 66). The 
first application is at planting (liquid nitrogen or 
urea) or 1 to 2 weeks before planting (anhydrous 
ammonia). A second, larger application usually is 
made after the corn has germinated and is about 
1 ft tall. The second application typically occurs 
no later than mid-June because corn height limits 
the movement of machinery over the fields. Some 
farmers may apply nitrogen-based fertilizers after 
harvest, especially if they plan to grow winter 
wheat.

Fertilizers are applied more frequently and in 
greater amounts per acre to corn than to soybeans 
or wheat. Statistics described in this paragraph 
are medians of annual estimates for 1980-90. 
Statewide, Indiana farmers applied nitrogen-based 
fertilizers to 99 percent of the acres planted to corn, 
30 percent of the soybeans, and 95 percent of the 
wheat. The median nitrogen application rate was 
148 Ib/acre for corn, 12 Ib/acre for soybeans, and 
75 Ib/acre for wheat. Phosphorus-based fertilizers 
were applied to 96 percent of the com, 38 percent 
of the soybeans, and 90 percent of the wheat. The 
median phosphorus application rate was 33 Ib/acre 
for corn, 18 Ib/acre for soybeans, and 26 Ib/acre 
for wheat (data from Indiana Crop and Livestock 
Reporting Service, 1985, p. 70-71; Indiana Agri 
cultural Statistics Service, 1988, p. 57; Indiana 
Agricultural Statistics Service, 1991, p. 66). 
Analysis of trends (1980-90) in the percentage of 
crop acres receiving fertilizers showed decreasing 
percentages of corn and wheat acres receiving 
phosphorus and decreasing percentages of soybean 
acres receiving nitrogen. Analysis of trends in 
fertilizer-application rates showed increasing rates 
of nitrogen-based fertilizer applied to soybeans.

Indiana farmers use a variety of tillage 
systems that can be classified as conventional 
tillage or conservation tillage. Conventional tillage 
systems often use a moldboard plow and prepare a 
seedbed that is free of plant residue. Conservation 
tillage systems include no-till, ridge-till, and 
mulch-till and are designed to reduce soil erosion 
by minimizing soil disturbance, protecting the soil

surface with growing plants or plant residues, and 
by increasing surface roughness and permeability 
(MidWest Plan Service, 1992, p. 3). In general, 
conservation tillage systems increase infiltration 
of precipitation and decrease surface runoff and 
evapotranspiration, thus compared to conven 
tional tillage systems improving surface-water 
quality (MidWest Plan Service, 1992, p. 49). 
Conservation tillage systems were used on 58 per 
cent of Indiana's farmlands in 1992, an increase 
from 41 percent in 1990 (John Becker, Conser 
vation Technology Information Center, oral 
commun., January 1993).

Water-saturated soils inhibit planting, harvest, 
and crop growth, and proper soil drainage is 
required to prevent the loss of nitrogen from 
denitriflcation. Much of the available nitrate can 
be lost from a warm, water-saturated soil in 2 to 
3 days (Voss, 1992, p. 150). Drainage on many 
poorly drained soils in the White River Basin has 
been improved for farming by the installation of 
tile-drain systems. Modern tile drains consist of 
perforated, flexible tubes buried in trenches in 
fields beneath the plow zone. The tiles drain water 
to nearby ditches or streams, quickly removing 
standing water in fields, draining excess soil 
moisture in the unsaturated zone, and draining 
seasonally high ground-water tables. Tile-drain 
systems "short circuit" natural ground-water flow 
systems in agricultural fields. Where (and when) 
tile drains are above ground-water tables, tile 
drains intercept soil water percolating to the water 
table and rapidly convey it to streams. Where tile 
drains are below water tables, tile drains rapidly 
convey shallow ground water to streams, by 
passing the natural flow system in the aquifer. 
Information on the number and location of tile- 
drain systems is not available, but agricultural 
experts expect that nearly all poorly drained farm 
lands in Indiana contain tile-drain systems 
(Eileen Kladivko, Purdue University, Depart 
ment of Agronomy, oral commun., January 1993).
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Approximately 1.2 million hogs and 385,000 
cattle are raised in the White River Basin (Indiana 
Agricultural Statistics Service, 1992, p. 66). Any 
animal-feeding operation with 300 or more cattle, 
600 or more hogs or sheep, 30,000 or more poultry, 
or any operation causing a water-quality violation 
is considered a confined-feeding operation and 
must obtain an operating permit (Indiana Depart 
ment of Environmental Management, 1993). 
Animal wastes from confined-feeding operations 
most commonly are stored in earthen lagoons 
or concrete waste pits prior to land application. 
Waste-storage systems constructed after July 1, 
1993, are required to have the capacity to store 
120 days of animal waste. However, many 
confined-feeding operations have less than 
120 days storage capacity and, consequently, 
less flexibility to manage animal wastes.

The IDEM encourages farmers to apply 
animal wastes to their fields twice a year prior 
to spring tillage and in the fall after harvest but 
before the ground freezes. These recommendations 
are intended to decrease the potential for nutrient 
runoff. Although the size of the waste-storage 
system and field and weather conditions are impor 
tant factors related to nutrient runoff, usually the 
most important factor is the operator's commit 
ment to effective animal-waste management 
(Dennis Lasiter, Indiana Department of Environ 
mental Management, oral commun., July 1995).

Water-Quality Problems

Water-quality problems in the White River 
Basin are related primarily to agriculture, urban 
ization, industrialization, and mineral-resource 
extraction (Indiana Department of Environmental 
Management, 1988,1990; Jacques and Crawford, 
1991). Water-quality standards have been adopted 
by the State to protect legally designated water 
uses. Nearly all rivers and streams in the White 
River Basin are designated for full-body-contact 
recreation and for aquatic-life uses (327 Indiana

Administrative Code 2-1-3). Water-quality data 
and other information were evaluated by the 
IDEM to assess progress in meeting the fishable 
and swimmable water-quality goals of the Clean 
Water Act.

In the East Fork White River Basin, 54 per 
cent of the assessed stream miles fully supported 
aquatic-life uses, but none of the assessed stream 
miles fully supported full-body-contact recreation; 
whereas in the remainder of the White River Basin, 
82 percent fully supported aquatic-life uses but 
only 5 percent fully supported full-body-contact 
recreation (Indiana Department of Environmental 
Management, 1994, p. 303, 314). A primary 
cause of nonsupport of aquatic-life uses were 
fish-consumption advisories for polychlorinated 
biphenyls (PCB's) or chlordane in fish tissue, 
whereas a primary cause of nonsupport of full- 
body-contact recreation was bacterial contami 
nation of stream water (Indiana Department of 
Environmental Management, 1994, p. 9,303,314). 
Other constituents that have impaired water quality 
in the basin are ammonia, metals, suspended 
solids, biochemical oxygen demand, and low 
concentrations of dissolved oxygen (Indiana 
Department of Environmental Management, 1994, 
p. 297-300, 305-309). Statewide, the major 
sources of impaired stream quality are agricultural 
nonpoint sources, municipal or semi-public dis 
charges, industrial discharges, urban runoff, and 
combined-sewer overflows (Indiana Department of 
Environmental Management, 1994, p. 12,14).

Nitrate, volatile organic compounds, and 
metals are the most frequently detected contami 
nants in Indiana drinking-water wells (Indiana 
Department of Environmental Management, 1994, 
p. 3). Important contaminant sources are storage 
tanks, materials spills, waste-disposal activities, 
fertilizer and pesticide applications, and septic 
systems (Indiana Department of Environmental 
Management, 1994, p. 431,434). The IDEM 
estimates that, statewide, about 2 percent of public 
water-supply wells and about 7 to 10 percent of 
domestic wells have concentrations of nitrate in 
excess of 10 mg/L (Indiana Department of Envi 
ronmental Management, 1994, p. 446).
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Agriculture and urbanization are the major 
human-related sources of nutrients in the basin. 
Agricultural fertilizers and farm-animal wastes 
can be transported from croplands, barnyards, 
and feedlots to surface and ground water, espe 
cially during and after periods of intense rainfall 
and runoff. Municipal sewage-treatment plants 
discharge treated domestic sewage and industrial 
wastewater directly to streams. During storms, 
combined sewers may overflow directly to 
streams, and storm runoff can transport lawn- 
and-garden products, pet wastes, and residues 
from streets, roofs, and storage areas to water 
ways. Septic systems and leaking sewer lines are 
additional sources of nutrients to ground water.

Most environmental concerns about nutrients 
relate to their effects on human and ecosystem 
health. Concern for nitrate contamination of water 
supplies initially focused on development of 
drinking-water standards to prevent methemoglo- 
binemia in human infants (a treatable, rarely fatal 
disease that interferes with oxygen supply to the 
body). Additional concerns have arisen over 
direct toxicity of nitrate, nitrite, and other nitrogen- 
containing compounds in water, food, and air and 
their role in the formation of N-nitrosamines, a 
mammalian carcinogen (Shuval, 1977; National 
Research Council, 1978, p. 1-8; Lee and others, 
1995, p. 245-249). Ecologic concerns for nutrients 
focus on their undesirable effects related to 
eutrophication (nutrient enrichment) of surface 
water, particularly lakes and estuaries. Also of 
ecologic concern are the acutely toxic and sub- 
lethal effects of ammonia on fishes and other 
aquatic organisms. Sublethal effects include 
reduced reproductive success, reduced rates of 
growth, and pathologic changes in tissues 
(U.S. Environmental Protection Agency, 1986, 
p. 31). Additionally, some concerns relate to the 
role of nitrous oxide (produced in soils by denitri- 
fication) in acid rain, its effects on atmospheric 
ozone, and the effects of nitrous oxide on nitrogen 
cycles in the oceans (National Research Council, 
1978, p. 9-18).

The major nutrients responsible for eutrophi 
cation are nitrogen and phosphorus because they 
typically are the limiting nutrients to the growth 
of aquatic plants (Wetzel, 1975, p. 640). Although 
the factors responsible for eutrophication are 
extremely complex, phosphorus generally is con 
sidered to be the most growth-limiting nutrient in 
lakes, whereas nitrogen generally is considered to 
be most growth-limiting in estuaries (Wetzel, 
1975, p. 243-245, 639-644; National Research 
Council, 1978, p. 10-12, 385-399; Hem, 1985, 
p. 128 129). Although nutrients comprise 17 
elements universally essential for plant growth 
(Brady, 1974, p. 20-23), the nutrients considered 
in this water-quality assessment are limited to 
nitrogen and phosphorus.

The biogeochemical cycle of nitrogen is 
extremely complex, with many sources, sinks, 
and pathways for the transformation of nitrogen 
among a variety of nitrogen-containing compounds 
(National Research Council, 1978). The major 
nitrogen-containing compounds in water are nitrate 
(NC>3~), organic nitrogen, nitrite (NC>2~), and 
ammonium (NH4+ ) (Hem, 1985, p. 124-126). 
Nitrogen gas (TS^) also is present in water but is 
relatively inert and has not been the subject of as 
much study or concern as the other compounds. 
Nitrogen gas is converted by blue-green algae and 
certain species of bacteria into various nitrogen- 
containing compounds by a process know as 
"nitrogen fixation." Nitrogen in reduced forms 
(organic nitrogen and ammonium) may be oxi 
dized into nitrite and nitrate by a process known 
as "nitrification." Nitrite and nitrate also may be 
reduced to nitrous oxide or nitrogen gas by a pro 
cess known as "denitrification."

Ammonium adsorbs to soil particles and 
sediments by cation exchange and can be trans 
ported by soil erosion or sediment movement. 
Nitrite is an unstable, transition product in the 
conversion of organic nitrogen or ammonium to 
nitrate and in the conversion of nitrate to nitrogen 
gas. Organic nitrogen is nitrogen contained in 
the amino acids and other complex chemical 
components of living or dead tissues. Bacteria
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produce ammonium from organic nitrogen 
through the process of decay. High concentra 
tions of nitrite or organic nitrogen often indicate 
pollution by sewage or other organic wastes 
(Hem, 1985, p. 124). Nitrate is a soluble and 
relatively stable form of nitrogen and is readily 
transported by water.

Orthophosphate (PO43 ~) and other 
phosphate-containing compounds (T^PC^,

fj

H2PO4~, and HPO4 ~) are the major phosphorus- 
containing compounds in water (Hem, 1985, 
p. 126). Sources of phosphorus include the mineral 
apatite, sewage and animal wastes, detergents, and 
fertilizers. The adsorption of phosphate to soils 
and sediments and its uptake by aquatic vegetation 
limit the concentration of dissolved phosphorus 
in water to no more than a few tenths of milligram 
per liter (Hem, 1985, p. 126). Phosphorus adsorbs 
to soils and sediments and can be transported by 
erosion and sediment movement. About 95 percent 
of the phosphorus transported by rivers is in the 
particulate (adsorbed) form (Meybeck, 1982).

Bedrock Uplands

The bedrock uplands region comprises the 
Crawford Upland and Norman Upland geomorphic 
units described earlier in this report (figs. 2 and 3). 
These units are in the south-central part of the 
basin and are separated by the karst plain region. 
The Norman Upland was formed from resistant 
siltstone and shale, and the Crawford Upland was 
formed from resistant sandstone and limestone. 
Except for pre-Wisconsman till that covers the 
northernmost parts of these units, the bedrock 
uplands region has not been glaciated. The highly 
dissected topography of the bedrock uplands 
region exhibits narrow, flat-topped ridges; steeply 
sloping hillsides; and deep, V-shaped valleys. 
Local relief is as much as 300 ft, and flood plains 
are narrow or absent. Soils are thin, acidic, and 
poorly suited for agriculture. Stony loam is the 
soil surface texture, and the subsoil is slowly 
permeable (Bushnell, 1944, p. 32-33). Most of 
the land is in forest, although pasture and row 
crops commonly occur in the valleys and on some 
of the broader hilltops.

HYDROGEOMORPHIC REGIONS 
OF THE WHITE RIVER BASIN

One of the goals of the NAWQA Program is 
to understand the natural and human factors that 
affect water quality. To examine the effects of 
natural factors on water quality, the White River 
Basin was subdivided into discrete "hydrogeo- 
morphic regions" that have distinct and relatively 
homogeneous natural characteristics (Gilliom and 
others, 1995, p. 6-12). The natural characteristics 
include bedrock and glacial geology, geomor- 
phology, hydrology, major soil associations, and 
ecoregions. Bedrock geology was the major factor 
used to delineate three regions: the bedrock up 
lands, the bedrock lowland and plain, and the karst 
plain. Glacial geology was the major factor used to 
delineate the other regions: the till plain, the glacial 
lowland, and the fluvial deposits (used only for 
ground-water quality).

Bedrock Lowland and Plain

The bedrock lowland and plain region 
comprises the Muscatatuck Regional Slope and 
the Scottsburg Lowland geomorphic units (figs. 2 
and 3). These units are contiguous and are in the 
southeastern part of the basin. The Muscatatuck 
Regional Slope is a westward-dipping plain that 
was formed from resistant Silurian and Devonian 
limestone and dolomite, and the Scottsburg 
Lowland was formed from soft Devonian and 
Mississippian shale. The entire extent of this 
region has been covered by pre-Wisconsinan till 
or lake deposits, but the northern third also has 
been covered by Wisconsinan till. Because the 
till is thin in the central and southern parts of 
the region, surface topography is controlled by 
the bedrock. Average thickness of glacial till is 
20 to 25 ft, but in places it is no more than 5 to 
10 ft thick (Schneider, 1966, p. 44). Upland areas 
of the bedrock lowland and plain region are broad 
and nearly flat. Streams cut deep valleys through
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the upland till and expose bedrock. Most soils 
have developed in about 3 ft of loess and are either 
poorly drained or highly erosive (Ulrich, 1966, 
p. 83). The texture of surface soils is primarily silt 
loam, and the subsoil is slowly to very slowly 
permeable. Subsurface drainage is difficult 
because tiles tend to fill with silt or because it is 
difficult to find an outlet for the tiles. Row-crop 
agriculture is the dominant land use throughout 
the bedrock lowland and plain region.

Karst Plain

The karst plain region is the Mitchell Plain 
geomorphic unit, located in the south-central part 
of the basin between the two units that compose 
the bedrock uplands region (figs. 2 and 3). Like 
the bedrock uplands region, only the northernmost 
part of the karst plain has been glaciated. The karst 
plain is a moderately sloping, undulating upland 
area of low relief that formed from soluble Missis- 
sippian limestone. The karst plain, particularly the 
western half of the region, contains numerous 
sinkholes and solution features and is characterized 
by short, discontinuous surface streams that drain 
to sinkholes. More than 1,000 sinkholes were 
counted in 1 mi2 in the center of this region 
(Schneider, 1966, p. 47). Shapes of the sinkholes 
vary, but a typical sinkhole is funnel-shaped 
in cross section 10 to 30 ft deep and 150 ft in 
diameter. Karst plain soils have developed in a 
thin, discontinuous layer of loess and a base- 
rich residuum of clay. Soils are silt loam and have 
developed fragipans on flat areas (D.P. Franz- 
meier, Purdue University, Department of 
Agronomy, written commun., July 1993). In 
many areas, limestone underlies the slowly perme 
able red-clay residuum at a depth of only 5 or 10 ft 
(Ulrich, 1966, p. 79). In the Lost River Basin, the 
thickness of the red-clay residuum averages 17 ft 
in the eastern part of the basin and 34 ft in the 
western part (Ruhe and Olson, 1980, p. 89). Soils 
in the eastern part of the karst plain are drained 
more commonly by streams than by sinkholes,

are more productive, and are more intensely 
farmed than soils in the western part of the karst 
plain. Pasture and row-crops are the dominant land 
uses throughout the karst plain region.

Till Plain

The till plain region is the Tipton Till Plain 
geomorphic unit. This region is the largest of the 
six hydrogeomorphic regions and is in the northern 
half of the basin (figs. 2 and 3). The plain is flat to 
gently rolling and is composed of Wisconsinan till. 
Many areas contain shallow, closed depressions. 
Glacial deposits are 50 to 400 ft thick, and isolated 
lenses of sand and gravel occur in the till. Till plain 
soils have developed in 10 to 20 in. of loess over 
lying calcareous loam till and form a patchwork 
of light- and dark-colored areas. Most surface soils 
are silt loam, and the subsoil is slowly permeable 
in level areas or depressions. Till plain soils are 
among the most productive in the world because 
they have good water-holding capacity and 
because they are young and have not been leached 
of the nutrients provided by pulverized rock in the 
glacial material (D.P. Franzmeier, Purdue Univer 
sity, Department of Agronomy, written commun., 
July 1993). Nearly all poorly drained areas in 
the till plain region have been drained by buried, 
agricultural field tiles (William Hosteter, Soil 
Scientist, U.S. Natural Resources Conservation 
Service, oral commun., September 1995). The 
large urban areas of Muncie, Anderson, and India 
napolis are in the till plain region, but row-crop 
corn and soybean agriculture is the dominant 
land use.

Glacial Lowland

The glacial lowland region is the Wabash 
Lowland geomorphic unit in the southwestern part 
of the basin (figs. 2 and 3). The glacial lowland 
was formed from shale, sandstone, and limestone
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rocks associated with Pennsylvania!! coal deposits. 
The entire unit is covered by Wisconsinan and pre- 
Wisconsinan drift composed of till, loess, sand 
dunes, outwash, and glacial lake deposits. Land- 
forms are characterized by broad, gently sloping 
valleys with smooth, rounded hills. Uplands are 
hilly or gently rolling, and relief is moderate. 
Glacial lowland soils have developed in thick 
loess deposits or in windblown sand dunes. The 
well-drained, sand-dune soils form a narrow band 
along the eastern margin of the White River. Sand- 
dune soils have a low water-holding capacity, and 
the subsoil is permeable. Soils that have formed in 
loess deposits 5 to 25 ft thick are the most exten 
sive in the glacial lowland (Ulrich, 1966, p. 74). 
The surface soils are silt loam, and the subsoils are 
moderately to slowly permeable. Subsoil perme 
ability is less in the northern part of the region 
where thinner deposits of loess cover the pre- 
Wisconsinan till plain (Bushnell, 1944, p. 32-33). 
Surface coal mining occurs only in this region, 
but row-crop corn and soybean agriculture is the 
dominant land use.

Fluvial Deposits

The fluvial deposits region consists of the 
narrow band of glaciofluvial deposits beneath and 
along rivers and streams throughout the White 
River Basin (fig. 3). In general, the fluvial deposits 
region corresponds to the area of the flood plain. 
The glaciofluvial deposits primarily are sand and 
gravel and were deposited as valley fill as the 
glaciers melted, but some of the sediment is 
alluvium composed of silt and clay. Soils of the 
fluvial deposits region are alluvial soils that have 
a wide variety of characteristics and properties. 
In general, finer textured material at the surface 
overlies coarser material at depth. Surface soil 
textures generally are loams, and the subsoils 
are permeable. These soils are among the most 
productive in Indiana, but where the water table 
is deep, irrigation is required (D.P. Franzmeier, 
Purdue University, Department of Agronomy,

written commun., July 1993). Muncie, Anderson, 
Indianapolis, and many small cities and towns 
are partially in this region, but row-crop corn 
and soybean agriculture is the dominant land use. 
The fluvial deposits region contains the most pro 
ductive and extensively used aquifers in the White 
River Basin. The fluvial deposits region was used 
only to examine the factors affecting ground-water 
quality because the drainage basins of streams and 
rivers do not include substantial amounts of this 
hydrogeomorphic region.

ANALYSIS OF 
WATER-QUALITY DATA

Water-quality data for the White River Basin 
are collected by many organizations for a variety 
of purposes and programs. Manufacturing indus 
tries, electric utilities, waste-disposal facilities, 
municipal and private sewage-treatment facilities, 
and coal and other mining operations collect data 
on the quality and quantity of their discharges to 
streams. Water-supply utilities collect data on 
their raw water supplies and the treated water 
they produce. State and local regulatory agencies 
collect data to develop and determine compli 
ance with operating permits, discharge permits, 
drinking-water regulations, and surface- and 
ground-water-quality regulations and standards. 
State and Federal natural resource agencies collect 
water-quality data to help manage and protect 
the air, water, wetland, fish, wildlife, soil, forest, 
mineral, and recreational resources in their charge. 
Scientists in academia, government, and industry 
collect water-quality data to support research on 
hydrologic processes and systems. Environmental 
consultants collect data as part of their work for 
industry and government.

The water-quality data that have been col 
lected in Indiana address the specific needs of 
various programs. Consequently, water-quality 
data are highly diverse in constituents and prop 
erties measured, sample-collection protocols, 
analytical methods, location of monitoring sites, 
time of sampling, sample frequency, data-storage 
medium, and availability.
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Sources, Selection, and Methods of 
Analysis of Water-Quality Data

Much of the water-quality data that have 
been collected for the White River Basin is of 
limited utility for a regional assessment of the 
natural and human factors that affect nutrient 
concentrations. Most data-collection programs 
were of limited spatial extent, usually confined to 
a single municipality or county. Other programs 
lacked measurements of the constituents of interest 
(few sewage-treatment plants measure phosphorus, 
nitrate, or total nitrogen). Many data-collection 
programs focused on known or suspected sources 
of pollution. These data provide information on 
poor water quality but do not represent typical 
conditions in the basin. In addition, most programs 
store water-quality data only in paper files, thus 
limiting retrieval and use of the data.

Sources of Data Used in Assessing 
Water Quality

Four data sets had the most utility for a 
regional water-quality assessment: (1) the surface- 
water-quality monitoring program of the IDEM, 
(2) a synoptic sampling of nutrients in small 
streams by the USGS, (3) ground-water-quality 
data collected by the IDEM and the USGS, and 
(4) precipitation-quality data collected for the 
National Atmospheric Deposition Program 
(NADP).

The IDEM operates a network of surface- 
water-quality monitoring sites on the White River, 
the East Fork White River, and on some of the 
major tributaries. The purpose of the monitoring 
program is to "provide basic information which 
would indicate water quality trends and provide 
data for the many existing and prospective users 
of surface water in Indiana" (Indiana Department 
of Environmental Management, 1986, p. 1). Some 
of the specific objectives of the program are to 
determine water quality during changing condi 
tions, indicate sources and effects of pollution, 
compile data needed to support enforcement, and 
obtain baseline data to detect changes in pollutants 
and to guide pollution abatement. Many of the

surface-water-quality monitoring sites are located 
to assess the effects of municipal and industrial 
discharges in urban areas or to determine the 
quality of water withdrawn for public supplies. 
Water samples are collected approximately 
monthly, and most monitoring sites have a long 
period of record. Constituents pertinent to this 
assessment include ammonia, nitrite plus nitrate, 
organic plus ammonia nitrogen (Kjeldahl nitro 
gen), and phosphorus. Analysis of these data 
provides information on changes in water quality 
along the main drainages, seasonal variations in 
water quality, and trends in water quality through 
time. In addition, monitoring sites at and near 
USGS streamflow-gaging stations enable analysis 
of the relation of water quality and streamflow and 
computation of nutrient loads and yields.

The USGS sampled a network of 48 small 
streams for nutrients during base flow in March 
1992. The streams were selected from the major 
hydrogeomorphic regions in the White River 
Basin and have no permitted discharges upstream. 
Because the streams were sampled during an 
extended period of base flow, surface-water 
samples are expected to approximate the shallow 
ground-water quality that discharged to the 
streams. Constituents pertinent to this assessment 
include ammonia, dissolved nitrite, nitrite plus 
nitrate, and phosphorus. Analysis of these data 
provides information on differences in water 
quality attributed to hydrogeomorphic regions 
for a single period in time.

The IDEM and the USGS independently have 
sampled wells throughout the basin for nutrients 
as parts of assessment programs for pesticides. 
Wells were selected for sampling on the basis of 
well type, aquifer type, and well depth to assess 
the effect of these factors on pesticide occurrence. 
The IDEM sampled 90 wells, and the USGS 
sampled 11 wells; data were collected from 1987 
through 1991. Constituents pertinent to the assess 
ment described in this report include ammonia, 
nitrite plus nitrate, and phosphorus. Analysis of 
these data provides information on the differences 
in water quality attributable to well type, aquifer
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type, and well depth. Twenty-five wells had paired 
samples collected before and during the growing 
season. Analysis of these data also provides infor 
mation on seasonal variations in nutrient concen 
trations in ground water.

The NADP comprises approximately 200 
wet-deposition monitoring sites that are sampled 
weekly throughout the United States (National 
Atmospheric Deposition Program, 1993, p. 1 14). 
The objectives of the NADP are to determine the 
spatial patterns and temporal trends in deposition 
quality and their effects on human and natural 
resources. Monitoring sites were located to 
measure regional deposition, and sites near urban 
areas and point sources were excluded. Constit 
uents pertinent to this assessment include ammonia 
and nitrate. Analysis of data from three monitoring 
sites near the White River Basin provides infor 
mation on atmospheric deposition of nitrogen in 
the basin.

Field and Laboratory Methods

River samples for IDEM's surface-water- 
quality monitoring program usually were collected 
from bridges from the center of flow by use of a 
Kemmerer sampler or plastic bucket suspended 
from a rope (Indiana State Board of Health, 1982, 
p. 3). Samples were collected from just beneath 
the water surface. Water samples were not filtered 
to remove suspended sediment. Therefore, water 
in the sample bucket was agitated to maintain 
suspension of sediment particles, then poured 
into plastic or glass containers. Chemical analyses 
of these whole-water samples were for "total" 
concentrations (concentrations dissolved in the 
water and in and on suspended sediment). Water 
samples were preserved with sulfuric acid to a pH 
less than 2 and stored on ice for transport to the 
Indiana State Board of Health laboratory for 
chemical analysis.

The Indiana State Board of Health laboratory 
is certified by the U.S. Environmental Protection 
Agency (USEPA) for chemical analyses under the 
Safe Drinking Water Act (Deborah Hall, Indiana 
State Board of Health, Bureau of Laboratories, oral 
commun., April 1994). The Indiana State Board 
of Health laboratory uses analytical methods 
approved for water and waste monitoring for the 
Safe Drinking Water Act and National Pollutant 
Discharge Elimination System (NPDES). Specifi 
cally, ammonia was analyzed by USEPA method 
350.1, nitrite plus nitrate was analyzed by USEPA 
method 353.2, ammonia plus organic nitrogen was 
analyzed by USEPA method 351.2, and phos 
phorus was analyzed by USEPA method 365.1 
(U.S. Environmental Protection Agency, 1983). 
Detection limits were 0.1 mg/L for ammonia, 
0.1 mg/L for nitrite plus nitrate, 0.1 mg/L for 
ammonia plus organic nitrogen, and 0.03 mg/L 
for phosphorus.

Water samples for the USGS small-stream 
network were collected by dipping a glass jar into 
the stream at several points in the cross section. 
Water was composited in a churn and filtered 
onsite. Chemical analyses of these filtered-water 
samples were for "dissolved" concentrations. 
Water samples were preserved with mercuric 
chloride, stored on ice, and air-mailed to the USGS 
laboratory in Arvada, Colo. USGS procedures for 
sample collection and processing are described in 
Ward and Harr (1990). Ammonia, nitrite, nitrite 
plus nitrate, and phosphorus were analyzed by 
the methods described in Fishman and Friedman 
(1989, p. 315, 343, 351, and 367). Detection limits 
were 0.01 mg/L for ammonia, 0.01 mg/L for 
nitrite, 0.05 mg/L for nitrite plus nitrate, and 
0.01 mg/L for phosphorus.

Ground-water samples collected by the 
IDEM were obtained from domestic or public 
water-supply wells. Samples were collected at the 
tap before any treatment and after the plumbing 
had been flushed for at least 15 minutes. Samples 
were not filtered; therefore, analyses were for
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"total" concentrations. Samples were preserved 
onsite and sent to the Indiana State Board of Health 
laboratory or to a contract laboratory where they 
were analyzed by methods approved for the Safe 
Drinking Water Act described previously. Detec 
tion limits were 0.05 or 0.1 mg/L for ammonia, 
0.05 or 0.1 mg/L for nitrite plus nitrate, and 0.01 
or 0.03 mg/L for phosphorus.

Ground-water samples collected by the USGS 
were obtained from observation wells by use 
of a peristaltic pump or a submersible, positive- 
displacement pump. Wells were purged until field 
measurements of temperature, pH, and specific 
conductance became stable. Water samples were 
filtered onsite and analyses are for "dissolved" 
concentrations. Filtered samples were preserved, 
stored on ice, and air-mailed to the USGS labora 
tory in Arvada, Colo. Samples were analyzed by 
the methods described in Fishman and Friedman 
(1989). Detection limits were 0.01 mg/L for 
ammonia, 0.05 mg/L for nitrite plus nitrate, and 
0.01 mg/L for phosphorus. USGS procedures for 
ground-water sample collection and processing 
are described in Hardy and others (1989).

Precipitation samples for the NADP were 
collected in an automatic, wet/dry deposition 
collector. The collector consists of two sampling 
containers that were alternately covered. The wet- 
deposition container was open during precipitation 
but was covered at all other times. Precipitation 
in the wet-deposition container was removed 
weekly and mailed to the Central Analytical 
Laboratory of the Illinois State Water Survey for 
chemical analysis. Nitrate was analyzed by ion 
chromatography, and ammonia was analyzed by 
autocolorimetry (Peden and others, 1986). Pre 
cipitation volume was measured with a 12-in. 
recording rain gage.

Data Compilation, Screening, and Methods 
of Analysis

The IDEM surface-water-quality monitoring 
network comprises 31 active sites in the White 
River Basin (Indiana Department of Environ 
mental Management, 1991, p. 19). Data also

have been collected at several discontinued sites 
in the basin. Water-quality data are published 
annually and are entered into USEPA's STOrage 
and RETrieval (STORET) data base. Data were 
retrieved from STORET and entered into the 
USGS National Water Information System 
(NWIS) data base.

The IDEM monitoring sites have variable 
periods of record, sampling frequencies, and 
water-quality constituents. To facilitate compar 
isons and interpretations of water quality among 
sites, a common period of record was selected. 
The period selected was the 1981 90 water years 
(October 1, 1980, through September 30, 1990). 
This 10-year period was selected to provide infor 
mation on recent water-quality conditions and to 
maximize the number of sites (23) for assessment.

Site WR205, White River at Centerton, was 
discontinued in 1986 and moved 5 mi upstream 
to site WR210, White River at Waverly. Data 
from site WR205 were merged with data from 
site WR210 to provide a continuous period of 
record for the assessment period. No other data 
were merged.

Nutrient data for the 1981-90 water years 
were retrieved and compared to the published 
data reports (Indiana State Board of Health, 
1981-1985; Indiana Department of Environmental 
Management, 1986 91). Concentrations less 
than the detection limit were not stored in the 
data base until July 1984. "Less than" remark 
codes were added by the authors to the NWIS 
data base on the basis of the published data. Five 
numerical discrepancies were discovered and 
resolved in favor of the published data reports. 
A few unreasonably high concentrations were 
deleted (for example, a value of 81 mg/L for 
nitrite plus nitrate at site WR81 on April 5, 1989) 
(Indiana Department of Environmental Manage 
ment, 1990, p. 117).

Only 5 of the 23 IDEM monitoring sites 
were at USGS streamflow-gaging stations. 
Daily mean streamflow for six additional IDEM 
monitoring sites was estimated for the 10-year 
period from daily mean streamflow at nearby
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USGS gaging stations. To account for differences 
in drainage area, streamflow at each gaging station 
was multiplied by the ratio of drainage areas 
(monitoring-site area/gaging-station area) to 
obtain an estimated streamflow at the water-quality 
monitoring site. The maximum drainage-area 
adjustment was 17 percent; the other five adjust 
ments were less than 9 percent. Daily mean 
streamflow was not estimated for the remaining 
12 IDEM monitoring sites.

Nearly all data collected from the USGS 
small-stream network were suitable for use in this 
assessment. Replicate water-quality samples were 
collected at one site to evaluate overall precision 
of data collection and analysis. The second and 
third replicate samples were deleted from the data 
set to avoid excessively weighting this site.

Ground-water-quality data used in this assess 
ment were retrieved from the USGS NWIS data 
base. Many wells with nutrient analyses were 
excluded from the assessment because the source 
of the water (the type of aquifer) was not specified 
in the data base. Wells near landfills also were 
excluded from the assessment to avoid a bias to 
potential problem areas. The ground-water data for 
this assessment comprises 101 wells: 90 sampled 
by the IDEM and 11 sampled by the USGS. Some 
of the wells had been sampled more than once, 
usually several months apart. Some of the samples 
were quality-control replicates (usually duplicates) 
collected several minutes apart for the purpose 
of evaluating overall precision; only one of the 
replicate samples was retained in the data set. If 
both replicates had analyses for all nutrients, the 
second replicate was deleted from the data set. 
If one replicate had one or more missing nutrient 
concentration, it was deleted from the data set 
and the replicate with the most complete set of 
data was retained. Once multiple replicates were 
deleted, the median concentration was calculated 
for wells with more than one sample. Median 
concentrations were used for all ground-water 
analyses and interpretations except for the analysis 
of seasonal variations.

NADP data were obtained from the National 
Atmospheric Deposition Program/National Trends 
Network Coordination Office at Colorado State 
University. Annual wet-deposition data from five 
NADP sites nearest the White River Basin were 
reviewed; all of the sites had different periods of 
record. Three sites that bracket the White River 
Basin had a common 5-year period of record 
(1986-90 water years) and were used in the 
assessment.

Concentrations of total nitrogen for the IDEM 
surface-water-quality monitoring sites were calcu 
lated as the sum of the concentrations of total 
nitrite plus nitrate nitrogen and the concentrations 
of total organic plus ammonia nitrogen. Data for 
organic plus ammonia nitrogen were unavailable 
for most monitoring sites for the 1986-90 water 
years. Analysis of concentrations of total nitrogen 
was based only on data for the 1981 85 water 
years to facilitate comparisons among sites using a 
common period of record. All nitrogen-containing 
compounds described in this assessment are re 
ported as equivalent amounts of elemental nitrogen 
(mg/L as N). Both filtered and nonfiltered ground- 
water samples were collected and were combined 
for assessment following the approach of Hamilton 
and others (1989, p. 19). Summary statistics for 
ground-water analyses with multiple detection 
limits were calculated by the method of Gilliom 
and Helsel (1986).

Because concentrations of nitrate typically 
are two orders of magnitude greater than concen 
trations of nitrite and because nitrite usually does 
not exceed 0.5 mg/L in surface water (National 
Research Council, 1978, p. 118), concentrations 
or loads of nitrite plus nitrate are referred to as 
concentrations or loads of "nitrate" in the text of 
this report. This simplification is used to reduce 
wordiness in the text and is reasonable because 
nitrite is a trivial component of the nitrite plus 
nitrate laboratory analyses for water samples in 
the White River Basin. The term "total" is used 
in the text to indicate the sum of the various 
chemical forms of nitrogen or phosphorus. The 
terms "dissolved" and "total," where used to 
distinguish laboratory analyses of filtered and 
nonfiltered samples, are not used in the text to
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reduce confusion with the previously described 
use of the term "total." The terms "nitrite plus 
nitrate," "total," and "dissolved" are used in the 
tables and figures to identify the precise labora 
tory analyses for the data that are reported. Most 
of the ammonia dissolved in water is in an ionized 
form called ammonium (NH4+ ) (Hem, 1985, 
p. 126). "Ammonia" is used for both ammonia 
and ammonium.

Water-quality data were analyzed by a variety 
of graphical and statistical methods. The Statistical 
Analysis System (SAS) 1 was used to calculate 
statistics of central tendency and variability 
(Ray, 1982, p. 575-586). The median was used in 
this assessment as the primary measure of central 
tendency. The median is the value at which one- 
half of the data is greater than the median and 
one-half is less than the median. The 10th, 25th, 
75th, and 90th percentiles were used to show 
the variability of the data. The 10th percentile is 
the value at which 10 percent of the data is less 
than the value and 90 percent is greater than the 
value. The central tendency and variability of 
the data are shown graphically in box plots (fig. 4). 
In this type of plot, a box is drawn from the 
25th to the 75th percentile, and the median 
(the 50th percentile) is drawn as a horizontal 
line in the box. "Whiskers" are drawn from the 
ends of the box to the 10th and 90th percentiles. 
The boxplot, therefore, shows the typical value 
(the median), the middle 50 percent of the data 
(the box), and the middle 80 percent of the 
data (the area between the ends of the whiskers). 
The highest 10 percent and the lowest 10 percent 
of the data are not shown. These extreme data 
values are important for interpreting water quality 
associated with infrequently occurring events, such 
as floods or droughts, and are discussed in the text 
where appropriate.

lrThe use of brand names in this report is for identifi 
cation purposes only and does not imply endorsement by 
the U.S. Geological Survey.

Seasonal variations in surface-water quality 
were determined by comparing boxplots of con 
centrations grouped into six seasons. Each season 
comprised two months (October/November, 
December/January, and so forth). Seasonal varia 
tions in ground-water quality were determined 
by comparing samples collected during March 
(which represents the dormant season) to samples 
collected during June, July, or August (which 
represent the growing season). The number of 
samples collected at various rates of streamflow 
was determined by calculating 10-percentile 
intervals of streamflow using all daily values 
for the 1981 90 water years and assigning sam 
ples to the 10 streamflow classes (percentiles of 
streamflow).

SAS was used to compute Kendall's tau 
(Conover, 1980, p. 256), a nonparametric 
measure of the association between two variables, 
for correlations between nutrient concentrations 
and streamflow, nutrient concentrations and well 
depth, and between nutrient concentrations and 
time (also called the Mann-Kendall test for trend). 
Approximate significance probabilities for the 
correlations also were computed using SAS 
(Ray, 1982, p. 501-512). The null hypothesis of 
no association between variables was rejected if 
the probability of obtaining the correlation by 
chance was less than or equal to 0.05. Scatter- 
plots with locally weighted scatterplot smooths 
(LOWESS) were drawn to show the relations 
of nutrient concentrations to streamflow, depth, 
and time (Cleveland, 1979). The smooth shows 
the general form of the relationship.

Visual inspection of time-series plots, the 
Mann-Kendall test for correlation between con 
centration and time (Helsel and Hirsch, 1992, 
p. 326-328), and the seasonal Kendall test for 
trend and trend slope estimator (Hirsch and others, 
1982) were the primary methods of trend detection 
and quantification used in this study. The null 
hypothesis of no trend was tested, and apparent 
trends were identified if either statistical test
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indicated a statistically significant trend at the 
0.05 probability level. Generally, the Mann- 
Kendall and seasonal Kendall tests gave similar 
results. In a few cases, the Mann-Kendall test 
and visual inspection identified a trend, but the 
seasonal Kendall test did not (for example, total 
phosphorus at site WR279). The seasonal Kendall 
test is insensitive to cases of increasing trends in 
some seasons and decreasing trends in others 
(Hirsch and others, 1982, p. Ill), even if the trends 
in one direction are much larger than those in the 
other. The Mann-Kendall test does not account 
for seasonality but was used to determine if the 
median concentration has changed over time.

Because nutrient concentrations and stream- 
flow are correlated at some monitoring sites, 
concentrations were adjusted for the effect of 
streamflow and tested for time trends. Streamflow- 
adjusted concentrations were calculated as the 
residuals from a LOWESS fit to the concentration- 
streamflow relation and were tested for trends by 
using the seasonal Kendall test (Helsel and Hirsch, 
1992, p. 329-331). Time trends in streamflow- 
adjusted concentrations were examined to see if 
apparent trends (or lack of trends) in concentra 
tions could have been attributed solely to the 
particular sequence of streamflows for days 
when water-quality samples were collected. For 
example, suppose that nutrient concentration is 
correlated with streamflow, that most of the 
samples in the early part of a test period were 
collected during low flow, and that most of the 
samples in the late part of a test period were 
collected during high flow. Trend tests on the 
unadjusted nutrient concentrations probably will 
indicate a statistically significant trend when, 
in fact, the processes delivering or transporting 
nutrients in the stream have not changed. Trend 
tests on the streamflow-adjusted nutrient concen 
trations probably will indicate the lack of a sta 
tistically significant trend because the effect of 
streamflow has been removed.

The use of streamflow-adjusted concentra 
tions in interpreting trends in water quality requires 
a stationary (time-trend free) streamflow record 
(Helsel and Hirsch, 1992, p. 332). This require 
ment may not have been met at several of the 
monitoring sites in the upstream reach of the White 
River because increases (at Carmel) and decreases 
(at Muncie and Anderson) in the discharge rates of 
several sewage-treatment plants may have changed 
the probability distribution of base flow. The 
degree to which this requirement was met at the 
other monitoring sites, particularly those with 
small drainage areas or large upstream water users, 
is not known and is beyond the scope of this study.

Rank-transform analysis of variance 
(ANOVA) was performed on base-flow 
water-quality samples from the USGS small- 
stream network to test the null hypothesis that 
hydrogeomorphic regions had no effect on median- 
nutrient concentrations (Conover and Iman, 1981; 
Helsel and Hirsch, 1992, p. 163). ANOVA was 
done on the ranks of the concentrations to elimi 
nate the assumption of normally distributed data 
required by traditional ANOVA. Rank-transform 
ANOVA is comparable to the Kruskal-Wallis test 
(Hollander and Wolfe, 1973, p. 115). The Tukey 
method of multiple comparisons (Neter and others, 
1985, p. 574) was used to determine which regions 
were different from the others. Probabilities less 
than or equal to 0.05 were considered statistically 
significant.

The transport (mass discharge) of a nutrient 
past a monitoring site in a given amount of time 
is referred to as the nutrient "load" and was cal 
culated by the rating-curve method (Cohn and 
others, 1989; Crawford, 1991). Because many 
of the nutrient concentrations included in this 
assessment were less than the detection limit, 
parameters of the rating curve were estimated 
by maximum-likelihood methods (Dempster and 
others, 1977; Wolynetz, 1979). Water-quality 
samples used for load calculations were collected 
as surface grab samples from the center of flow.
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This collection technique commonly yields 
concentrations of sediment-associated nutrients 
that are biased low (Feltz and Culbertson, 1972; 
Martin and others, 1992). Consequently, loads 
calculated for total nitrogen and total phosphorus 
probably are biased low.

Because of improvements to the two India 
napolis sewage-treatment plants, the relation 
between nutrient concentrations and streamflow 
at site WR210, downstream from the treatment 
plants, was not constant throughout the assessment 
period. Consequently, the rating-curve method was 
used to compute separate loads for the periods 
from October 1, 1980, to December 31,1982 (the 
period before improvements became operational), 
and from January 1, 1983, to September 30, 1990 
(the period after improvements became opera 
tional). Nutrient loads for site WR210 are a 
time-weighted average of the loads for these two 
periods. Loads of total nitrogen were calculated 
as the sum of the loads of ammonia, nitrate, and 
organic nitrogen. Loads of organic nitrogen were 
based only on the organic nitrogen-streamflow 
relation for the 1981 85 water years because 
samples for organic plus ammonia nitrogen were 
not collected at most sites in subsequent years. 
River yields were calculated as the load divided 
by the drainage area of the basin.

Mean annual atmospheric wet deposition 
of ammonia and nitrate in the White River Basin 
was calculated as the weighted average of the 
mean annual deposition (1986-90 water years) 
measured at the three NADP sites near the basin 
described previously. The inverse squared distance 
from the NADP site to the center of the basin was 
the criterion used to weight the mean annual wet 
deposition at each site. Atmospheric dry deposi 
tion of nitrate was estimated by the wet/dry ratio 
method of Sisterson (1990, appendix A). Increased 
deposition of nitrate from urban areas also was 
estimated by the method of Sisterson (1990, 
appendix A). A droplet correction was not used 
because of the low land-surface elevation in the 
White River Basin.

The mass discharge of nutrients from point 
sources such as sewage-treatment plants and indus 
trial dischargers was calculated from estimates of 
1991 annual return flows (Indiana Department 
of Environmental Management, written commun.,
1992) and estimates of total nitrogen and total 
phosphorus concentrations in the return flows. 
Estimates of total nitrogen and total phosphorus 
concentrations in the return flows were based on 
standardized industrial codes for the industry or 
treatment plant (Lugbill, 1990; L.J. Puckett, 
U.S. Geological Survey, written commun., 
June 1993). Estimated effluent concentrations of 
total nitrogen and total phosphorus used for all 
sewage-treatment plants were 11.2 and 7.0 mg/L, 
respectively. Nutrient mass discharge from facil 
ities with less than 1 Mgal/d were grouped by 
county, and the mass was apportioned to moni 
toring sites on the basis of the proportion of the 
county in the drainage basin of each site.

Applications of nutrients in commercial 
fertilizer and animal manure were calculated 
from national data bases of 1987 fertilizer sales 
and the 1987 farm-animal census (L.J. Puckett, 
U.S. Geological Survey, written commun., June
1993). County-level estimates of total nitrogen 
and total phosphorus content of commercial fertil 
izer and animal manure were apportioned to 
monitoring sites on the basis of the proportion 
of the county in the drainage basin of each site.

Water-quality criteria for ammonia were 
calculated from equations given in U.S. Environ 
mental Protection Agency (1986, p. 35 36). 
Un-ionized ammonia concentrations were 
calculated from equations given in Thurston 
and others, 1979.

Spatial, Temporal, and Hydrologic 
Characteristics of Water-Quality Data

To determine the effect of natural and human 
factors on water quality, it is critical to collect 
water samples from appropriate locations and 
at appropriate times and conditions. The spatial, 
temporal, and hydrologic characteristics of the 
water-quality data were examined to ensure that 
samples were not biased to particular locations,
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seasons, streamflow conditions, aquifers, or other 
conditions. If samples are biased to particular con 
ditions, an understanding of the bias is important in 
the interpretation of the results of the analysis.

Monitoring Site Location and 
Period of Record

Most of the IDEM monitoring sites are 
on the White and East Fork White Rivers (fig. 5). 
Characteristics of the monitoring sites are given 
in table 1. The site number is an alphanumeric code 
comprising the initials of the river name and the 
river mile where the site is located. For example, 
site WR81 is on the White River, 81 river mi 
upstream from its confluence with the Wabash 
River; site EW168 is on the East Fork White River, 
168 river mi upstream from its confluence with the 
White River. Drainage areas of the monitoring 
sites range from 35 to 11,125 mi2 , but most of the

*}

sites have drainage areas greater than 300 mi 
(table 1). The interpretation of water-quality data 
collected at sites with large drainage areas can be 
difficult because of the many natural and human 
factors that affect water quality in a large area. 
Monitoring sites draining small areas commonly 
are affected by similar natural and human factors, 
and interpretations are more easily made.

Many of the monitoring sites are located 
to assess the effects of municipal and industrial 
discharges in urban areas (fig. 6). Consequently, 
several pairs of monitoring sites are located to 
bracket the source of interest (Indiana Department 
of Environmental Management, 1986, p. 14-21). 
Sites located to monitor these urban sources are 
site WR309, 2.8 mi downstream from the Muncie 
sewage-treatment plant; site WR279, 11 mi down 
stream from the Anderson sewage-treatment plant; 
site WR248, 3 mi downstream from the Carmel 
sewage-treatment plant and 14 mi downstream 
from the Noblesville sewage-treatment plant; site 
WR210, 12 mi downstream from the Indianapolis

Southport Road sewage-treatment plant and 
15 mi downstream from the Indianapolis Bel- 
mont Avenue sewage-treatment plant; site BL64, 
4 mi downstream from the New Castle sewage- 
treatment plant; site BL.7, 0.3 mi downstream 
from the Edinburgh sewage-treatment plant; 
site EW79, 14 mi downstream from the Bedford 
sewage-treatment plant; site EC21, 3 mi down 
stream from the Zionsville sewage-treatment plant; 
and site EC 1,3 mi downstream from the Speedway 
sewage-treatment plant. Sites upstream from the 
source of interest are site WR319, upstream from 
the Muncie sewage-treatment plant; site WR293, 
upstream from the Anderson sewage-treatment 
plant; site WR248, upstream from the Indianap 
olis sewage-treatment plants; and site EW94, 
upstream from the Bedford sewage-treatment 
plant (figs. 5 and 6).

Sites WR319, EW168, EW94, and FC7 
are located where surface water is withdrawn for 
public supplies. Sites WR348 and MC35 have the 
smallest drainage areas of the monitoring sites 
and are in areas of intensive agriculture, upstream 
from any permitted point-source discharges. Sites 
FC7, EC1, and SLT12 are downstream from 
large, public water-supply reservoirs. Sites EC21 
and MCI8 are immediately upstream from large, 
public water-supply reservoirs (fig. 5).

Water-quality samples were collected 
monthly at all but four of the monitoring sites 
(table 1). Except for several samples at the end of 
1983 and the beginning of 1984 at some sites, data 
for ammonia, nitrate, and total phosphorus were 
complete throughout the assessment period. Most 
monitoring sites had a period of record similar to 
site WR81 (fig. 7). The period of record for sites 
WR348 and EW79 was similar to site WR46; 
sites WR309 and EC1 were similar to site WR293; 
site SLT12 was similar to site EW94; and sites 
BL.7, MC35, and MCI8 were similar to site BL64 
(fig. 7). Data for ammonia plus organic nitrogen,
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which was used in the calculation of total nitrogen, 
were complete through 1985 but were no longer 
collected at most sites beginning in 1986. Analysis 
and interpretation of total nitrogen are based only 
on data collected for the 1981 85 water years.

The small-stream network sampled by the 
USGS comprises 48 sites distributed among five 
of the six hydrogeomorphic regions of the basin 
(fig. 8). Sites were located in small headwater 
streams, upstream from known point-source 
discharges. Drainage areas ranged from 0.6 to 
24.1 mi2 (median 6.6 mi2). Land use in the 
drainage basin of the stream was typical of that 
found elsewhere in the hydrogeomorphic regions. 
Water samples were collected during base flow 
in March 1992; streamflow ranged from 0.09 to

^ o

11 ft /s (median 1.5 ft/s). Because the streams 
were sampled during an extended period of base 
flow, surface-water samples were expected to 
approximate the water quality of the shallow 
ground water that discharged to the streams. 
Because samples were collected during cold 
temperatures during early spring, biological 
uptake or transformation of nutrients was expected 
to be minimized.

Ground-water samples were collected from 
101 wells distributed among the five hydrogeo 
morphic regions used for surface-water analysis 
plus the fluvial deposits region used for ground- 
water analysis (figs. 3 and 9). Few wells were in 
the glacial lowland region. Ground-water samples 
were collected from 1987 91.

The precipitation-quality network used in 
this assessment comprises three NADP sites near 
the White River Basin (fig. 5): the Bondville site 
in Champaign County, 111. (IL11); the Huntington 
Reservoir site in Huntington County, Ind. (IN20); 
and the Oxford site in Butler County, Ohio 
(OH09). Wet-deposition data from these sites for 
the 1986 90 water years were used to estimate 
nutrient loading to the basin from atmospheric 
deposition.

Distribution of Surface-Water Samples 
by Season and Streamflow

Water quality is affected by natural and hu 
man factors that change seasonally; consequently, 
water quality changes seasonally. Analyses of the 
seasonal variations in water quality and the relation 
of water quality to streamflow are useful ways to 
group many of the factors that affect water quality 
and to investigate their overall effect.

To investigate seasonal variations and 
relations to streamflow, it is necessary to collect 
water samples at appropriate times and conditions. 
Seasonal variations in water quality could not be 
assessed if samples were not collected during all 
seasons. Similarly, the effects of droughts or 
floods could not be assessed unless samples were 
collected during these conditions. It is less obvious 
that a valid comparison of water quality among 
monitoring sites is dependent on samples collected 
during appropriate seasons and streamflow condi 
tions. Without knowledge of the sample times and 
conditions, one might compare a site with predom 
inantly summer low-flow samples to a site with 
predominantly spring high-flow samples and 
conclude that the water quality was different 
when, in fact, it was not. Typical water-quality 
conditions are best assessed from samples col 
lected during all seasons and conditions in 
proportion to how often they occur. For seasonal 
variations, this is accomplished by collecting 
equal numbers of samples in each season. For 
flow-related variations, this is accomplished by 
collecting samples throughout the range of 
streamflow. For assessment of mass transport, 
however, sampling should be targeted to condi 
tions when most of the constituent is transported, 
usually during floods.

Because samples were collected monthly at 
the IDEM monitoring sites and because seasons 
in this assessment are defined in equal groups of 
months, all IDEM monitoring sites have approxi 
mately equal numbers of samples per season. 
The seasonal distributions of water samples for 
sites WR248, WR210, WR81, WR46, EW168, 
and EW79 (fig. 10) were similar to the other 
monitoring sites.
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It is more difficult to obtain samples through 
out the range of streamflow, particularly at sites 
with small drainage areas where flows rise, peak, 
and recede rapidly. Samples collected at IDEM 
monitoring sites at or near USGS streamflow- 
gaging stations were well distributed over the 
range of streamflow. The distribution of samples 
collected at sites WR248, WR210, WR81, WR46, 
EW168, and EW79 by percentile of streamflow 
(fig. 10) was typical of the other IDEM monitoring 
sites that have streamflow data. Samples collected 
at IDEM monitoring sites on large rivers that 
lack streamflow data probably were distributed 
similarly, with respect to streamflow, to those 
discussed above because they also were sampled 
monthly. Samples collected at sites on small rivers 
and streams probably have fewer samples collected 
during high streamflows.

Distribution of Ground-Water Samples
by Aquifer Type, Hydrogeomorphic Region,
and Well Type

Aquifers are geologic materials capable 
of yielding usable quantities of water to wells. 
Knowledge of the type of aquifer is critical in 
assessing ground-water quality because aquifers 
differ in hydraulic characteristics and susceptibility 
to contaminants. Four types of aquifers were evalu 
ated in this assessment till, outwash, bedrock, 
and karst (limestone that contains solution 
features). Wells in till aquifers obtain water from 
buried lenses of sand and gravel in less permeable 
clayey or loamy till. Till aquifers usually are 
confined, which means that the buried sand and 
gravel aquifer occurs at depth under pressure and 
that the water level in a well would rise above the 
top of the sand lens that produces the water and 
into the till that confines the aquifer (Freeze and 
Cherry, 1979, p. 48). Wells in outwash aquifers 
obtain water from large deposits of permeable sand 
and gravel, usually near streams. Outwash aquifers 
commonly are unconfined near the stream but 
may be confined elsewhere by overlying deposits. 
Wells in bedrock aquifers obtain water from con 
solidated deposits, generally at depths greater than 
the other aquifer types. Bedrock aquifers generally

are confined. Wells in karst aquifers obtain water 
from the Blue River Group and the Sanders Group 
of the Mississippian Period. These rocks form 
sinkholes at land surface and other solution 
features at depth. Most wells used in this assess 
ment obtain water from outwash or bedrock 
aquifers (fig. 11), the most productive aquifer 
types in the basin (Fenelon and Greeman, 1994, 
p. 153; Hoover and Durbin, 1994, p. 132).

Most of the types of aquifers are located 
primarily in only one of the hydrogeomorphic 
regions used in this assessment. For example, 28 
of 34 wells in outwash aquifers are in the fluvial 
deposits region. Similarly, most of the wells in till 
aquifers are in or near the boundary of the till plain 
region and most of the wells in karst aquifers are 
in or near the boundary of the karst plain region. 
However, wells in bedrock aquifers were approxi 
mately equally distributed among the till plain, 
bedrock lowland and plain, bedrock uplands, and 
karst plain regions. Few wells were in the glacial 
lowland region. Because of the limited number 
of wells used in this assessment, the effects of 
hydrogeomorphic region, within aquifer type, on 
ground-water quality could not be analyzed and 
analysis of the effects of hydrogeomorphic region, 
without consideration of aquifer type, was inappro 
priate. The effects of aquifer type on ground-water 
quality were analyzed; results for till, outwash, 
and karst aquifers probably are representative of 
ground-water quality in the till plain, fluvial 
deposits, and karst plain hydrogeomorphic regions, 
respectively. Results for bedrock aquifers are a 
composite of a variety of regions and probably 
are not representative of ground-water quality in 
the bedrock uplands hydrogeomorphic region.

Knowledge of the type of well from which 
water samples were collected is helpful in assess 
ing ground-water quality because wells differ in 
construction, development, yield, and pumping 
characteristics. Four types of wells, classified 
by the use of the water, were used in this 
assessment community public water-supply 
wells, noncommunity public water-supply wells, 
domestic wells, and observation wells. Community 
public water-supply wells provide water to muni 
cipalities or to people in rural areas served by

Spatial, Temporal, and Hydrologic Characteristics of Water-Quality Data 35
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community public water-supply systems. These 
wells are pumped at high rates and are in highly 
productive aquifers. Noncommunity public water- 
supply wells provide water to churches, schools, 
restaurants, mobile-home parks, and similarly 
sized public establishments. Domestic wells pro 
vide water to individual home owners. Observation 
wells are not used for water supply but are used 
to monitor water quality or water levels and are 
pumped infrequently. Water-supply wells often 
have long screens or open holes and may obtain 
water from a series of aquifers. Aquifer types 
for water-supply wells used in this assessment 
were assigned on the basis of well logs and other 
geologic information and identify the main aquifer 
supplying water to the well. Minor amounts of 
water, however, also may be obtained from dif 
ferent aquifer types. Most of the wells sampled 
for nutrients were used for public and domestic 
water supply (fig. 11).

Relation of Nutrient Concentrations and 
Loads to Natural and Human Factors

A variety of natural and human factors affect 
water quality. These include the amount and 
intensity of precipitation; amount and timing of 
recharge and runoff; temperature; evapotran- 
spiration; land- and water-management practices 
and use; waste-disposal practices; growth of 
vegetation and crops; algal photosynthesis and 
metabolism; and the metabolic processes of 
bacteria in soil, water, sediment, and aquifers. 
Most of these factors are complexly interrelated, 
and the effect of one factor on water quality may 
be masked, diminished, or enhanced by other 
factors. This section identifies important factors 
and hydrologic processes that affect nutrient 
concentrations and loads.

Surface Water

The major factors affecting nutrient con 
centrations in surface water investigated in this 
assessment are land use, season, streamflow, 
and hydrogeomorphic region.

Relation of Nutrient Concentrations to Land Use

Spatial variations in nutrient concentrations 
in the White River Basin were affected by the 
location of the monitoring site with respect to point 
and nonpoint sources of nutrients associated with 
urban and agricultural land uses, and by dilution, 
nitrification, nutrient uptake by algae, and nutrient 
adsorption to stream-bottom sediments.

Concentrations of ammonia increased mar 
kedly at monitoring sites downstream from the 
major urban areas on the White River (fig. 12). 
High concentrations of ammonia downstream from 
Muncie (site WR309), Anderson (site WR279), 
and Indianapolis (site WR210) probably were 
caused by discharges from municipal sewage- 
treatment plants (Metcalf & Eddy, Inc., 1979, 
p. 704-707; Crumpton and Isenhart, 1987) and by 
discharges from combined-sewer overflows and 
urban runoff in these cities (Indiana Department 
of Environmental Management, 1990, p. 144 154; 
Martin, 1995, p. 85, 90). Median concentrations 
of ammonia at sites WR309 (0.2 mg/L), WR279 
(0.3 mg/L), and WR210 (0.3 mg/L) were 0.15 to 
0.25 mg/L higher than the median concentrations 
at monitoring sites upstream from the urban areas. 
Most of the high concentrations of ammonia at 
site WR210 occurred during 1980-82, prior to 
completion of improvements to sewage-treatment 
plants in Indianapolis (Crawford and Wangsness, 
1991a,b).

Concentrations of ammonia were high at 
monitoring sites downstream from Indianapolis 
but gradually decreased in the downstream reach 
of the White River (sites WR162, WR81, and 
WR46), probably because of dilution, nitrification, 
algal and bacterial uptake of ammonia, adsorption 
to stream-bottom sediments, and volatilization 
(Wetzel, 1975, p. 197, 213; Crumpton and Isen 
hart, 1987). Algae prefer ammonia over nitrate 
as a nutrient (Brezonik, 1973, p. 11; Crumpton 
and Isenhart, 1987, p. 821) but can use either 
for growth. Volatilization of ammonia probably 
is a significant process in the White River during
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summer low-flow conditions. Water temperature 
and pH in the White River near Indianapolis during 
summer low flow commonly are greater than 28°C 
and 8.2, respectively (Martin and Craig, 1990). 
With such conditions, or higher values of temper 
ature and pH, 10 percent or more of the ammonia 
dissolved in water is un-ionized and susceptible 
to volatilization (Thurston and others, 1979; 
Sommers, 1985). These conditions of tempera 
ture and pH also are optimum for nitrification 
(National Research Council, 1978, p. 37).

Concentrations of ammonia were relatively 
high at two (sites BL64 and EC1) of five moni 
toring sites downstream from small municipal 
sewage-treatment plants (sites BL64, BL.7, 
EW79, EC21, and EC1). Differences in ammonia 
concentrations at these sites probably were 
caused by differences in the quality and quantity 
of the treatment-plant discharge, the amount of 
streamflow available for dilution, and travel time 
from the point of discharge to the monitoring site. 
Long times of travel would provide more oppor 
tunity for ammonia to be converted to nitrate or 
be taken up by aquatic plants.

Median concentrations of ammonia were less 
than the detection limit (< 0.1 mg/L) at monitoring 
sites in the headwaters of the White River (sites 
WR348 and WR319), in the middle and down 
stream reaches of the East Fork White River (sites 
BL.7, EW168, EW94, and EW79), downstream 
from the confluence of the east and west forks 
(site WR46), and in several of the tributaries (sites 
FC7, MC35, MC18, and SLT12). Although 
median concentrations of ammonia were less than 
detection limits, infrequent, high concentrations 
of ammonia may have been measured at these 
sites. Boxplots used in this assessment show only 
the central 80 percent of the measurements and 
provide information on typical water-quality 
conditions. The highest 10 percent and lowest 
10 percent of the measurements are not shown. 
High concentrations of ammonia, nitrate, total 
nitrogen, and total phosphorus are shown in time- 
series plots in figures 16-19.

Concentrations of ammonia were compared 
to Indiana water-quality criteria for maximum 
ammonia concentrations and for 24-hour average 
ammonia concentrations (Indiana Department 
of Environmental Management, 1995, p. 14 18). 
Water-quality criteria for ammonia are a complex 
function of ammonia concentration, water temper 
ature, and pH (U.S. Environmental Protection 
Agency, 1986, p. 31^40; Indiana Department of 
Environmental Management, 1995, p. 14 18). 
Sites WR348 and WR309 lacked water-temper 
ature data to calculate the ammonia criteria. 
Concentrations of ammonia at three monitoring 
sites exceeded the maximum ammonia criteria. 
The monitoring sites, the number of measurements 
that exceeded the criteria, and the ratio or range of 
the ratio of the measured ammonia concentration 
to the ammonia criteria for measurements that 
exceeded the criteria follow: site WR210 (1, 1.40), 
site WR81 (1, 1.04), and site EC1 (6, 1.03-4.94).

Concentrations of ammonia at 10 monitoring 
sites exceeded the 24-hour average ammonia 
criteria. The 24-hour average criteria, however, 
was calculated on the basis of only one sample 
per 24-hour period. Short-term variations in 
ammonia concentration, water temperature, and 
pH were not measured and the effects of short- 
term variations in ammonia concentration, water 
temperature, and pH on the 24-hour average 
ammonia criteria are not known. The comparison 
of ammonia concentrations from a single sample 
to the 24-hour average criteria was done to identify 
sites that could have exceeded the 24-hour criteria, 
on the basis of available data. The monitoring sites, 
the number of measurements that exceeded the 
criteria, and the ratio or range of the ratio of the 
measured ammonia concentration to the ammonia 
criteria for measurements that exceeded the criteria 
follow: site WR279 (3, 1.26-1.49), site WR248 
(3, 1.86-3.36), site WR210 (14, 1.23-10.3), site 
WR162 (9, 1.09-3.33), site WR81 (6, 1.28-7.61), 
site WR46 (3, 1.00-1.66), site EW94 (1,1.12), 
site EC21 (2, 2.19-3.17), site EC1 (59, 1.04-36.3), 
and site MC35 (2, 1.27-5.91).
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Median concentrations of nitrate increased 
approximately 1 to 1.5 mg/L downstream from 
Muncie (site WR309) and Indianapolis (site 
WR210) but showed no increase downstream 
from Anderson (site WR279) (fig. 12). Increased 
concentrations of nitrate downstream from Muncie 
and Indianapolis probably were caused by the 
discharge of nitrate from the sewage-treatment 
plants and by the instream nitrification of am 
monia and organic nitrogen discharged from the 
sewage-treatment plants. The reason for the lack 
of an increase in median nitrate concentrations 
downstream from Anderson is not known but may 
be related to the discharge of treated sewage that 
is low in nitrate, river conditions that inhibit nitrifi 
cation, uptake of nitrate by algae, or dilution.

The highest median nitrate concentration 
in the White River was 4.4 mg/L at site WR210, 
downstream from Indianapolis. Concentrations 
of nitrate decreased steadily downstream from 
site WR210 (fig. 12). Decreased concentrations 
of nitrate in this reach probably were caused 
by dilution by surface and ground water and by 
the uptake of nitrate by algae and other aquatic 
vegetation. The highest median nitrate concen 
tration in the East Fork White River was 4.8 mg/L 
at site BL64, downstream from New Castle. 
Median concentrations of nitrate also decreased 
downstream in the East Fork White River (fig. 12); 
dilution and algal uptake probably caused this 
pattern of decrease as well. Concentrations of 
nitrate in the downstream reach of the east fork 
were less than those in the downstream reach 
of the west fork, probably because of the much 
smaller volumes of municipal effluent discharged 
to the east fork (fig. 6). The median concentration 
below the confluence of the east and west forks 
(site WR46) was 2.35 mg/L. This concentration is 
less than that at site WR81 (2.6 mg/L) but more 
than that at site EW1 (2.1 mg/L) and reflects the 
mixing of water from the two forks.

Median nitrate concentrations at monitoring 
sites in the White River Basin generally were 2 to 
3 mg/L or greater much higher than those at most 
other monitoring sites in the United States (fig. 13) 
but similar to agricultural sites in northwestern 
Ohio (Baker, 1984, p. 3). Nitrate concentrations

in the small, agricultural basins (sites WR348 and 
MC35) were more variable than those at other 
sites, probably because streamflow was more 
variable in the small basins and because of the lack 
of a steady, point-source input of nitrogen. Median 
concentrations of nitrate were lowest at sites 
SLT12 (0.9 mg/L), MU20 (1.3 mg/L), and FC7 
(1.6 mg/L). Low concentrations at sites SLT12 
and FC7 probably were caused by low concentra 
tions in the water-supply reservoirs upstream from 
these sites (fig. 5). In addition, Salt Creek at site 
SLT12 drains a large area of forest. Forested areas 
typically have less nitrate in streamflow than agri 
cultural areas (National Research Council, 1978, 
p. 116, 118, 229; Smith and others, 1993, p. 123), 
probably because fertilizers typically are not 
applied to forests and because these forests are 
accumulating biomass and, as a result, nutrients 
(Vitousek, 1977, p. 81 83). Nitrate concentrations 
were least variable at site SLT12, probably because 
water released from Lake Monroe had a low 
and constant nitrate concentration and because 
the reservoir contained and mixed runoff with the 
reservoir water.

Concentrations of nitrate at eight monitoring 
sites equaled or exceeded the Maximum Contam 
inant Level (10 mg/L) of the regulations for treated 
drinking water (U.S. Environmental Protection 
Agency, 1986) promulgated for the Safe Drinking 
Water Act. The monitoring sites, the number of 
measurements equal to or greater than 10 mg/L, 
and the nitrate concentration or range of nitrate 
concentrations equal to or greater than 10 mg/L 
follow: site WR348 (2, 11-12 mg/L), site WR210 
(5, 10-14 mg/L), site WR46 (1,11 mg/L), site 
BL64 (2, 12-13 mg/L), site EC 1 (1, 15 mg/L), site 
MC35 (1, 10.7 mg/L), site MC18 (1, 10.4 mg/L), 
and site MU20 (1, 10 mg/L). The high concentra 
tions of nitrate at sites WR210, BL64, and EC1 
occurred during late summer and autumn and 
probably were attributable to point-source dis 
charges during periods of low streamflow. The 
high concentrations of nitrate at sites WR348, 
MC35, MCI8, and MU20 occurred during spring

40 Water-Quality Assessment of the White River Basin, Indiana
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and summer and may have been attributable to 
runoff from farm fields or feedlots. Concentrations 
of nitrate sometimes exceeded 10 mg/L in small, 
agricultural streams during March and May in 
Indiana (Scribner and others, 1993, p. 45). The 
high concentrations during May could have been 
associated with runoff from recently fertilized 
fields, but the high concentrations during March 
occurred during low flow prior to planting and 
probably indicate transport of nitrate from sources 
other than recently applied fertilizers.

Spatial patterns of total nitrogen were 
similar to those for nitrate because nitrate com 
posed approximately 65 to 80 percent of the total 
nitrogen at most monitoring sites. Median concen 
trations of organic nitrogen (1981 85 water years) 
were 0.4 to 0.6 mg/L at most sites, and organic 
nitrogen composed approximately 15 to 25 per 
cent of the total nitrogen at most sites. Median 
concentrations of organic nitrogen were greater 
than 0.6 mg/L at sites on the White River down 
stream from sewage-treatment plants and in the 
downstream reach of the White River. Higher 
concentrations at these monitoring sites probably 
were caused by the discharge of organic nitrogen 
from sewage-treatment plants and by organic nitro 
gen contained in the cells of algae (phytoplankton) 
suspended in the water samples.

Concentrations of total phosphorus were 
similar to those for ammonia in terms of the 
patterns of increases and decreases among sites 
and the variability at a site (fig. 12). Median con 
centrations of total phosphorus downstream from 
Muncie (site WR309), Anderson (site WR279), 
and Indianapolis (site WR210) were 0.07, 0.2, and 
0.4 mg/L higher, respectively, than the median 
concentrations at the monitoring sites upstream 
from these cities. Increased concentrations of total 
phosphorus probably were caused by the discharge 
of treated sewage, urban runoff, or other dis 
charges in these cities. The largest median total 
phosphorus concentration was 0.64 mg/L at site 
WR210, downstream from Indianapolis. Concen 
trations decreased downstream from site WR210, 
probably because of dilution; uptake of dissolved,

inorganic phosphorus (primarily phosphate) by 
aquatic plants and phytoplankton; and adsorption 
of dissolved, inorganic phosphorus to streambed 
sediments (Johnson and others, 1976, p. 153; 
Baker, 1984, p. 6; Brown and others, undated, 
p. 62 67). Median concentrations of total 
phosphorus ranged from 0.05 to 0.13 mg/L at 
monitoring sites upstream from sewage-treatment 
plants in the headwaters of the White River (sites 
WR348 and WR319), on the East Fork White 
River, and on tributaries upstream from sewage- 
treatment plants (sites FC7, MC35, and MCI8). 
Concentrations of total phosphorus at these sites 
were lower than those at other agricultural sites in 
the United States (fig. 13). Median concentrations 
of total phosphorus ranged from 0.13 to 0.64 mg/L 
at sites affected by the discharge of treated sewage 
(sites WR309-WR81, EC21, and EC1) and were 
similar to or higher than those at other agricultural 
or urban sites in the United States (Smith and 
others, 1993, p. 125).

Relation of Nutrient Concentrations 
to Season and Streamflow

Some of the variations in nutrient concentra 
tions in streams and rivers are related to the time 
of year and the rate of streamflow during which 
the sample was collected. The effects of season and 
streamflow are closely related in the White River 
Basin. The graphs in this section do not show the 
relations of nutrient concentrations to season and 
streamflow for all monitoring sites. Examples of 
these relations are shown in graphs for six moni 
toring sites on the White and East Fork White 
Rivers.

Median streamflow during the collection 
of water-quality samples was greatest during 
February/March or April/May. (Streamflow 
data were available for 11 monitoring sites.) 
Generally, these are months with high ground- 
water tables, high base-flow rates, large amounts 
of precipitation and runoff, and low rates of 
evapotranspiration. During these months, soils 
typically are wet (or frozen), and rainfall readily 
runs off. Median streamflow was lowest during 
August/September at the three sites upstream from 
Indianapolis on the White River but was lowest 
during October/November for the other eight sites.
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Generally, these are months with low ground- 
water tables, low rates of base flow, small amounts 
of precipitation and runoff, dry soils, and high rates 
of evapotranspiration.

Median concentrations of ammonia were 
greatest during December/January at site EC21 
and the eight downstream-most monitoring sites 
on the White River (figs. 5, 14). (Median ammonia 
concentrations were less than the detection limit 
for all seasons at sites WR348 and WR319, but the 
75-percentile concentrations were greatest during 
December/January.) High concentrations of 
ammonia during December/January probably 
were caused by cold river temperatures, which 
decreased instream nitrification of ammonia 
(the biochemical conversion of ammonia to nitrite, 
and nitrite to nitrate), decreased volatilization 
of ammonia, and reduced biological uptake of 
ammonia by algae and other aquatic plants. 
High concentrations of ammonia during 
December/January also probably were caused 
by increased concentrations of ammonia in the 
discharge from sewage-treatment plants. Cold 
water temperatures reduce the efficiency of treat 
ment (nitrification) in sewage-treatment plants 
(John Barr, Indianapolis Department of Public 
Works, oral commun., March 1994).

Median concentrations of ammonia general 
ly were lowest during the growing season 
(April September) at site EC21 and the eight 
downstream-most monitoring sites on the White 
River. Warm river temperatures during the 
growing season increased nitrification, volatil 
ization, and uptake by algae and other aquatic 
plants (Crumpton and Isenhart, 1987). The seasons 
of maximum and minimum concentrations of 
ammonia at the other monitoring sites were much 
more variable than those in the White River 
(fig. 14). Median ammonia concentrations were 
highest during June/July at sites EW94 and EW79 
(the 75th percentile was greatest during June/July 
at site EW1). High concentrations of ammonia 
during this season might have been caused by 
runoff of commercial fertilizer or animal wastes 
applied to farm fields or by discharges from up 
stream sewage-treatment plants (site EW79).

Ammonia concentrations were negatively 
correlated to streamflow at sites WR46 and EW79 
(fig. 15), whereas ammonia at the other nine 
monitoring sites with streamflow data was not 
correlated to streamflow. A negative relation 
between a water-quality constituent and stream- 
flow often results from dilution of a point source 
of the constituent. It is not clear why site WR46 
exhibits a negative relation between ammonia and 
streamflow whereas sites WR210 and WR81, 
which are much closer to the major point sources 
of ammonia (sewage-treatment plants), do not 
exhibit statistically significant negative relations 
(although the slope of the smooth for site WR81 
shows a negative relation). The negative relation 
between ammonia and streamflow at site EW79 
supports the hypothesis that upstream point 
sources may be affecting ammonia concentra 
tions at this site.

Median concentrations of nitrate were 
greatest during February/March (nine sites), 
December/January (five sites), or April/May 
(five sites) (fig. 14). High concentrations of nitrate 
during winter and spring were consistent with 
seasonal patterns observed in the Midwestern 
United States (Goolsby and Battaglin, 1993, p. 17) 
and probably were caused by the transport of 
nitrate that had accumulated in the soil. Nitrate 
is produced by nitrification of organic nitrogen 
and ammonia in soil, fertilizer, and animal wastes, 
and may accumulate because of a lack of uptake 
by dormant vegetation (Likens and others, 1977, 
p. 48) or by a lack of transport to surface and 
ground water during dry periods (Randall and 
others, 1993, p. 684). Winter and spring rains 
move nitrate through the soil to rising water tables, 
and field tile drains transport nitrate in soil 
water and high water tables to streams (National 
Research Council, 1978, p. 111). Median 
concentrations of nitrate were lowest during 
August/September (16 sites) or October/November 
(6 sites) and were approximately three times less 
than those during winter and spring (fig. 14). Low 
concentrations of nitrate during these seasons 
probably were caused by the uptake of nitrate in
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soils and streams by terrestrial and aquatic vege 
tation and by reduced nitrate transport because of 
high evapotranspiration and low precipitation, soil 
moisture, and ground-water levels.

Nitrate was positively correlated to stream- 
flow at 10 of 11 monitoring sites with streamflow 
data (fig. 15). Increased nitrate concentrations at 
high rates of streamflow indicate that nitrate is 
primarily a nonpoint-source pollutant. During 
storms, nitrate that has accumulated on the land 
surface and in the soil is transported to streams 
by water flowing overland and through soils 
and by shallow ground water. At extremely high 
rates of streamflow, concentrations of nitrate are 
lower than those at high rates of flow (fig. 15). 
Decreased concentrations at the highest rates of 
streamflow indicate that at some point in the run 
off process, sources of nitrate for transport to 
streams become depleted and further rainfall and 
runoff diluted instream nitrate concentrations. 
At site WR210, nitrate was negatively correlated 
to streamflow. This relation between nitrate and 
streamflow indicates that runoff diluted point 
sources of nitrate from municipal sewage- 
treatment plants upstream from this site.

Seasonal variations of total nitrogen were 
similar to those of nitrate because nitrate typi 
cally composed about 65 to 80 percent of the 
total nitrogen at most monitoring sites. Median 
concentrations were highest during December 
through May at all sites and lowest during August 
through November at all but one site (fig. 14). 
Statistically significant relations between total 
nitrogen and streamflow were the same as those 
between nitrate and streamflow, except at WR81 
and EW94. At WR81 and EW94, no statistically 
significant correlation between total nitrogen and 
streamflow was determined.

Median concentrations of total phosphorus 
were highest during August through November 
(15 of 23 sites). Most of these monitoring sites 
were on the White River and tributaries (sites on 
the East Fork White River exhibited a different 
seasonal pattern). Low streamflows are common 
during August through November, and high 
concentrations of total phosphorus during these 
months probably were caused by diminished

dilution of sewage effluent at sites affected by 
point-source discharges (fig. 14). Median concen 
trations of total phosphorus were lowest during 
February through May (17 of 23 sites). Low 
concentrations during this season probably were 
caused by increased dilution of sewage effluent 
by high rates of base flow, and by increased uptake 
of inorganic phosphorus by aquatic plants during 
April and May.

Seasonal patterns of total phosphorus at the 
four downstream-most monitoring sites on the East 
Fork White River were different from those on the 
White River (fig. 14). Median total phosphorus 
was highest during April/May and lowest during 
October through January. Phosphorus is tightly 
bound in soils (Brady, 1974, p. 456-471), and 
concentrations of phosphorus on fine, eroded 
soil particles are as much as three times higher 
than those in bulk, uneroded soil (Brady, 1974, 
p. 241 242). High concentrations during spring 
may have been caused by soil erosion from 
recently tilled farm fields. Low concentrations 
of total phosphorus during autumn in the East 
Fork White River probably were caused by low 
streamflow and low rates of erosion during this 
season and by the lack of urban point sources of 
phosphorus. Some of the tributaries unaffected 
by point sources had high concentrations of 
phosphorus during autumn. The reasons for the 
differences in phosphorus concentrations between 
tributaries unaffected by point sources and sites 
on the East Fork White River during autumn are 
not known but may relate to a greater sediment 
storage capacity or a greater dilution capacity of 
the East Fork White River as compared to small 
tributaries.

Total phosphorus was significantly corre 
lated to streamflow at seven monitoring sites. 
Concentrations of total phosphorus were posi 
tively correlated with streamflow at sites WR319, 
EW168, EW94, and EW79 (fig. 15). Increased 
concentrations of total phosphorus during runoff 
indicate that total phosphorus is a nonpoint- 
source pollutant at these sites. The relation of total 
phosphorus and streamflow in the East Fork White 
River was opposite that of most sites downstream 
from urban point sources in the White River.
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Figure 15. Relation of nutrient concentrations to streamflow at selected surface-water- 
quality monitoring sites in the White River Basin, Indiana, 1981-90 water years. -- 
Continued.
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Concentrations of total phosphorus decreased 
with increased flow at sites WR248, WR210, 
and WR81 (fig. 15). Increased streamflow diluted 
phosphorus from point sources of treated sewage 
upstream from these sites. Even though dilution is 
the dominant process at these sites, phosphorus 
increases at the highest rates of streamflow at sites 
WR248 and WR210. This increase indicates that 
nonpoint sources of phosphorus are an important 
source of phosphorus during high rates of 
streamflow.

Time Trends in Nutrient Concentrations

Water-quality data collected at selected 
monitoring sites in the White River Basin were 
examined to determine if concentrations of 
nutrients appeared to be increasing or decreasing 
during the study period (water years 1981-90). 
Visual inspection of time-series plots of the data 
(figs. 16 19) and two nonparametric statistical 
test procedures (fig. 20, tables 2-4) were used in 
this study for exploratory trend analysis. Trend 
analyses discussed in this section are considered 
exploratory because the rigorous statistical anal 
ysis needed to confirm trends and the causes of 
trends (McLeod and others, 1991, p. 174) was 
beyond the scope of this study.

Concentrations of ammonia have increased at 
sites WR248, BL64, MU20, and SLT12 but have 
decreased at sites WR210, WR162, EC21, and 
EC1 (figs. 16 and 20, table 2). Increased concentra 
tions of ammonia at sites WR248, BL64, MU20, 
and SLT12 may have been related to increased 
urbanization upstream from these monitoring sites 
and associated increases in treated sewage and 
urban runoff. The growth of suburbs north of 
Indianapolis in Hamilton County has required the 
expansion of the Carmel sewage-treatment plant 
from 3-Mgal/d design capacity in the early 1980's 
to 12-Mgal/d design capacity in 1995 (Ed Wolfe, 
Carmel Sewage Treatment Plant, oral commun., 
May 1995). Decreased concentrations of ammonia 
at site WR210 have resulted from improvements 
completed in 1983 to the Indianapolis sewage- 
treatment plants (Crawford and Wangsness, 
199la, b). Median concentrations of ammonia

in the White River downstream from Indianapolis 
decreased from 2.0 mg/L before improvements 
were made to 0.24 mg/L after improvements were 
made (Crawford and Wangsness, 199la, p. 17). 
Decreased concentrations of ammonia at site 
WR162 also probably were caused by improve 
ments to the Indianapolis sewage-treatment plants. 
Some of the high concentrations of ammonia 
measured at sites WR81 and WR46 during 1980- 
83 appear to have been related to high concentra 
tions discharged from Indianapolis (fig. 16). Since 
the improvements to the Indianapolis sewage- 
treatment plants, relatively few high concentrations 
of ammonia were measured at sites WR81 and 
WR46. Decreased concentrations of ammonia at 
sites EC21 and EC1 also may have been related 
to improvements in sewage treatment, although 
the amount of decrease was much less than that 
measured in the White River downstream from 
Indianapolis.

Streamflow-adjusted concentrations of 
ammonia also have decreased at site WR210 and 
indicate that the decreasing trend in ammonia 
was caused by improvements in sewage treatment 
rather than by a particular sequence of stream- 
flows. Streamflow-adjusted concentrations of 
ammonia at site WR248 indicate a marginally 
significant (p = 0.075) increase (table 2). This 
level of significance provides some evidence 
that the increasing trend was caused by processes 
supplying or transporting ammonia in the river 
rather than by the particular sequence of stream- 
flows on dates when samples were collected. 
Unusual sequences of streamflows could have 
been the cause of the apparent trends or lack 
of trends at monitoring sites that lack stream- 
flow data.

Concentrations of nitrate have increased 
at sites WR248, WR210, and EW79 but have 
decreased at site MU20 (figs. 17 and 20, table 3). 
Increased concentrations of nitrate at site WR210 
were caused by improvements to the Indianapolis 
sewage-treatment plants. Median concentrations 
of nitrate in the White River downstream from 
Indianapolis increased from 2.5 mg/L before
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improvements were made to 4.9 mg/L after im 
provements were made (Crawford and Wangsness, 
199 la, p. 21). Concentrations of nitrate increased 
because, after 1983, nitrification of ammonia 
occurred in the treatment plants instead of in the 
river. The decreasing trend in nitrate at MU20 is a 
consequence of a period of high concentrations in 
the early 1980's (fig. 17). The cause of the high 
nitrate concentrations probably was related to 
point-source discharges.

The increasing trends in nitrate concentrations 
at sites WR248 and EW79 may have been related 
to the particular sequence of streamflows on dates 
when samples were collected rather than to pro 
cesses controlling nitrate in the rivers because 
streamflow-adjusted concentrations of nitrate did 
not exhibit statistically significant trends (table 3). 
Streamflow-adjusted concentrations of nitrate 
decreased at site WR319; the significance level of 
this test indicates that the processes controlling 
nitrate at this site have changed but the decreasing 
trend in concentrations has been masked by the 
particular sequence of streamflows on the days 
when samples were collected.

A basin-wide increase in nitrate concentra 
tions was apparent during winter 1988 to spring 
1989 (fig. 17). These high nitrate concentrations 
probably were caused by the leaching and transport 
of nitrate that accumulated in the soil during the 
drought of 1988 (Fowler, 1992).

The seasonal Kendall test was not done for 
total nitrogen because of the short and variable 
period of record for this constituent. Time-series 
plots of total nitrogen generally follow the same 
patterns as nitrate (for example, sites WR348, 
WR46, and EW79; figs. 17 and 18). Differences 
are apparent at site WR210 during 1980-83 and 
at site EC21, where much of the total nitrogen 
was ammonia.

Concentrations of total phosphorus have 
increased at sites WR309, WR293, WR279, 
WR248, WR46, EW1, and MU20 but have 
decreased at sites EC21 and EC1 (figs. 19 and 20, 
table 4). Increased concentrations in the upstream 
reach of the White River probably were not 
associated with agricultural nonpoint sources of

phosphorus because sites WR348, WR319, MC35, 
and MC18 (which are predominantly affected by 
agriculture) did not exhibit similar trends. In 
addition, trends in the annual sales of phosphate 
fertilizers statewide indicate decreasing sales 
during 1980-90 (Mann-Kendall tau-b correlation 
coefficient = -0.6, p = 0.010). Increasing trends 
in total phosphorus in the upstream reach of 
the White River may have been associated with 
changes in point-source discharges. Rapid 
population growth during 1980-90 in Hamilton 
County probably resulted in increased loads of 
phosphorus discharged by the Carmel sewage- 
treatment plant. Increased population probably 
was not the cause of the increasing trends in 
the White River downstream from Muncie and 
Anderson because the counties that contain these 
cities lost population during 1980-90.

The increasing trends in concentrations of 
total phosphorus downstream from Anderson 
could be related to decreasing rates of discharge 
from the Anderson sewage-treatment plant. During 
the 1980's, the dry-weather discharge rate of the 
Anderson plant decreased from approximately 
20 Mgal/d to approximately 16 Mgal/d, primarily 
because of decreased contributions of industrial 
process water (Marion Fisher, Pretreatment Divi 
sion, Anderson sewage-treatment plant, oral 
commun., May 1995). Industrial process water 
probably contained low concentrations of nitrogen 
and phosphorus and diluted the nitrogen and phos 
phorus in the domestic sewage. Reduction in 
dilution provided by the process water may have 
caused increased concentrations (but not loads) 
of nutrients in the sewage effluent and could 
have contributed to increased concentrations of 
phosphorus in the river, especially during low 
streamflows. Increased concentrations of phos 
phorus also could have been caused by increased 
use of phosphate-containing anti-corrosive agents 
used in large water-cooling systems (John Crad- 
dock, Muncie Sanitary District, oral commun., 
June 1994) or by increased used of phosphate- 
containing dishwasher detergents. The decreasing 
trends in total phosphorus at sites EC21 and EC1 
may have been related to improvements in the 
treatment processes of the sewage-treatment plants
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Figure 18. Concentrations of total ammonia at surface-water-quality monitoring sites in 
the White River Basin, Indiana, 1981-90 water years. (The line in the scatterplot is a smooth 
that shows the general relation between concentration and time.)
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the White River Basin, Indiana, 1981-90 water years. Continued.
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Table 2. Summary of exploratory trend analysis of concentrations of total ammonia at surface-water-quality 
monitoring sites in the White River Basin, Indiana, 1981-90 water years
[tau-b, the Kendall correlation coefficient; p, the probability of obtaining the trend test result by chance when in fact there is no trend 
(results in bold are significant at p < 0.05); mg/L as N, milligrams per liter as nitrogen;  , no streamflow data to perform test; +, increasing 
trend; -, decreasing trend; <, less than]

Median total 
ammonia 

Site concentration 
number (mg/L as N)

Seasonal Kendall test on 
streamflow-adjusted 

Mann-Kendall test Seasonal Kendall test concentrations

tau-b
Trend 

p slope1
Trend 

p slope 1 P

Sites on White River

WR348 <0.1

WR319 <.l

WR309 .2

WR293 <.l

WR279 .3

WR248 .1

WR210 .3

WR162 .2

WR81 .1

WR46 <1

0.04

-.07

-.05

-.10

.01

.18

-.28

-.25

-.02

.00

0.61

.39

.47

.15

.83

.011 +

.0001

.0002

.79

.97

0.32

.095

.23

.24

.95

.13 +

.0001

.0001

.059

.33

-

0.20

~

2.96

~

2 .075

.0007

~

.81

.77

Sites on East Fork White River

BL64 .5

BL.7 <.l

EW168 <.l

EW94 <.l

EW79 <.l

EW1 <1

.43

-.16

-.06

.01

.00

-.06

.0003 +

.23

.42

.94

.94

.43

.027

.25

.10 +

.32 +

.066

.65

~

-

.88

.65

.90

-

Sites on Tributaries

FC7 <.l

EC21 <.l

EC1 1.8

MC35 <.l

MCI 8 <.l

MU20 .1

SLT12 <1

-.10

-.20

-.09

.04

.05

.21

.16

.20

.0072

.15

.77

.68

.0050 +

.034 +

.21 +

.0006

.036

.80

.77 +

.081

.68

.57

~

~

~

.99

~

~

Estimates of the trend slope in percent per year could not be calculated because of the large amounts of censored data. 
2Streamflow-adjusted trends at these monitoring sites may be invalid because of possible changes in the probability distribution of 

base flow caused by changes in the discharge rates of sewage-treatment plants located upstream.
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Table 3. Summary of exploratory trend analysis of concentrations of total nitrite plus nitrate at surface-water-quality 
monitoring sites in the White River Basin, Indiana, 1981-90 water years
[tau-b, the Kendall correlation coefficient; p, the probability of obtaining the trend test result by chance when in fact there is no trend 
(results in bold are significant at p < 0.05); pct/yr, percent per year; mg/L as N, milligrams per liter as nitrogen;  , no streamflow data to 
perform test]

Site 
number

Median total 
nitrite plus 

nitrate 
concentration 

(mg/L as N)

Mann-

tau-b

Kendall test

P

Seasonal Kendall test on 
streamflow-adjusted 

Seasonal Kendall test concentrations

Trend 
slope 

(pct/yr)

Trend 
slope 

p (pct/yr) P

Sites on White River

WR348

WR319

WR309

WR293

WR279

WR248

WR210

WR162

WR81

WR46

2.7

2.2

3.4

2.6

2.6

2.9

4.4

3.2

2.6

2.4

0.03

.03

.10

.02

.03

.11

.23

.12

.06

.02

0.67

.68

.097

.69

.67

.10

.0002

.054

.39

.78

1.6

.3

2.2

1.3

1.8

5.4

4.5

2.1

1.6

.0

0.41

.75 -4.3

.22

.23 -2.0

.34

.0004 1.9

.0030 3.5

.23

.37 .3

.79 -.9

--

0.015

-

'.15

-

\2\

.031

~

.97

.47

Sites on East Fork White River

BL64

BL.7

EW168

EW94

EW79

EW1

4.8

4.4

3.8

2.4

2.1

2.1

.20

.15

.11

.09

.09

.10

.068

.21

.091

.17

.14

.12

7.1

1.2

1.9

2.9

2.7

2.9

.058

.25

.071 .4

.12 1.3

.034 1.5

.075

-

--

.43

.22

.32

-

Sites on Tributaries

FC7

EC21

EC1

MC35

MC18

MU20

SLT12

1.6

2.9

2.0

3.1

3.6

1.3

.9

.07

.06

.02

-.11

-.11

-.20

-.04

.29

.37

.73

.33

.36

.0030

.52

3.8

3.4

.9

14

9.5

-11

.0

.074 -.8

.058

.45

.54

.62 -4.0

.0008

.93

.63

~

-

~

.45

~

-

1 Streamflow-adjusted trends at these monitoring sites may be invalid because of possible changes in the probability distribution of 
base flow caused by changes in the discharge rates of sewage-treatment plants located upstream.
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Table 4. Summary of exploratory trend analysis of concentrations of total phosphorus at surface-water-quality 
monitoring sites in the White River Basin, Indiana, 1981-90 water years
[tau-b, the Kendall correlation coefficient; p, the probability of obtaining the trend test result by chance when in fact there is no trend 
(results in bold are significant at p < 0.05); pct/yr, percent per year; mg/L as P, milligrams per liter as phosphorus; --, no streamflow data 
to perform test]

Site 
number

Median total 
phosphorus 

concentration 
(mg/L as P)

Mann-Kendall test

tau-b P

Seasonal Kendall test on 
streamflow-adjusted 

Seasonal Kendall test concentrations

Trend 
slope 

(pct/yr)

Trend 
slope 

P (pct/yr) P

Sites on White River

WR348

WR319

WR309

WR293

WR279

WR248

WR210

WR162

WR81

WR46

0.12

.11

.18

.16

.36

.24

.64

.42

.28

.20

-0.00

.09

.27

.19

.15

.18

-.07

-.06

.05

.14

0.99

.15

.0001

.0025

.021

.0065

.29

.39

.43

.030

0.0

3.7

9.1

3.9

3.0

5.7

-1.7

-.8

2.4

2.7

0.77

.077 0.2

.0001

.079 2.0

.21

.0013 6.2

.25 1.3

.63

.16 3.3

.047 1.8

~

0.93

-

'.14

~

^OOOl

.57

~

.099

.12

Sites on East Fork White River

BL64

BL.7

EW168

EW94

EW79

EW1

.12

.15

.11

.10

.10

.13

.00

-.02

.11

.13

.07

.18

.98

.83

.091

.059

.26

.0042

-2.5

-1.3

1.6

2.5

.0

6.3

.86

.57

.42 2.1

.17 2.3

.54 1.4

.0059

~

-

.25

.16

.25

-

Sites on Tributaries

FC7

EC21

EC1

MC35

MC18

MU20

SLT12

.08

.13

.23

.05

.08

.11

.10

-.09

-.17

-.14

-.17

-.21

.23

-.08

.19

.0089

.028

.16

.070

.0009

.20

-2.8

-5.6

-6.5

.0

-7.4

4.1

-.4

.11 -1.0

.031

.0019

.99

.38 -1.5

.017

.39

.47

~

-

-

.99

~

~

1 Streamflow-adjusted trends at these monitoring sites may be invalid because of possible changes in the probability distribution of 
base flow caused by changes in the discharge rates of sewage-treatment plants located upstream.
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upstream from these monitoring sites. Confir 
mation of the apparent trends and their cause(s) 
would require a more detailed analysis, including 
analysis of trends in point-source concentrations, 
flows, and loads.

Increasing trends in total phosphorus at sites 
WR293 and WR46 may have been caused by 
unusual sequences of streamflows because in 
creasing trends in streamflow-adjusted concentra 
tions were only marginally significant (table 4). 
The increasing trend in streamflow-adjusted 
concentrations of total phosphorus at site WR248 
is highly significant, which indicates that the 
processes contributing or transporting total 
phosphorus in the river, rather than a particular 
sequence of streamflows, are responsible for the 
trend. Unusual sequences of streamflows may have 
been the cause of the apparent trends or lack of 
trends at the other monitoring sites that lack 
streamflow data.

Basin-wide increasing trends in organic 
nitrogen and decreasing trends in specific 
conductance were indicated by results of the 
Mann-Kendall test. Increasing trends in organic 
nitrogen were indicated at 17 of the 22 monitoring 
sites with data. Decreasing trends in specific con 
ductance were indicated at 17 of the 21 sites with 
data. Time-series plots of these data show gradual 
increases or decreases rather than an obvious step 
change that might be associated with a change in 
sample collection or analysis protocols. The causes 
of the basin-wide trends are not known and, 
because of the basin-wide occurrence, probably 
are not caused by unusual sequences of stream- 
flows on dates when samples were collected.

Mass Transport of Nutrients in Rivers

Nutrient input-output budgets are useful tools 
for the analysis of drainage-basin processes and 
nutrient cycling (Likens and others, 1977; Hick- 
man, 1984; LaBaugh and Winter, 1984; Hager 
and Schemel, 1992; Jaworski and others, 1992). 
Analysis of nutrient inputs and outputs provides 
information on the sources and fates of nutrients. 
Estimation of the mass of nutrients discharged 
by streams (termed fluxes or loads) is helpful in

assessing the potential for eutrophication in down 
stream receiving waters. An understanding of the 
relative importance of the various sources of 
nutrients can facilitate development of effective 
nutrient-control strategies. This section of the 
assessment provides estimates of nutrient inputs 
from some of the major sources and estimates 
of nutrient transport in rivers in the White River 
Basin.

Point and Nonpoint Sources of Nutrients

Commercial fertilizer applied to agricultural 
and urban land was the major input of nitrogen 
to the White River Basin. Of the estimated total 
nitrogen input to selected large drainage basins, 
commercial fertilizer composed 61 to 71 per 
cent; manure from farm animals composed 14 
to 20 percent; atmospheric deposition composed 
11 to 19 percent; municipal sewage composed 0.1 
to 9 percent; and industrial discharges composed 
0.4 to 0.7 percent (calculated from data in table 5). 
Nitrogen inputs from the atmospheric fixation of 
nitrogen gas, non-farm animal wastes, septic sys 
tems, or combined-sewer overflows and urban 
runoff were not estimated. Methods of estimation 
are discussed in the section "Data Compilation, 
Screening, and Methods of Analysis."

Commercial fertilizer also was the major 
input of phosphorus to the White River Basin. 
Of the estimated total phosphorus input to selected 
large drainage basins, commercial fertilizer 
composed 54 to 63 percent; manure from farm 
animals composed 23 to 35 percent; municipal 
sewage composed 2 to 21 percent; and industrial 
discharges composed 0.4 to 1 percent (calculated 
from data in table 6). Phosphorus inputs from 
atmospheric deposition, non-farm animal wastes, 
septic systems, or combined-sewer overflows and 
urban runoff were not estimated.

Inputs of nitrogen and phosphorus from 
commercial fertilizers were greater in the upstream 
reaches of the East Fork White River (site EW168) 
and the White River (sites WR248, WR210) than 
at monitoring sites downstream (sites WR81, 
WR46, EW79) (tables 5 and 6). Nutrient input 
from farm-animal wastes was at least 44 percent

62 Water-Quality Assessment of the White River Basin, Indiana



Table 5. Estimated inputs of nitrogen to selected drainage basins and mean annual nitrogen yields at selected 
surface-water-quality monitoring sites in the White River Basin, Indiana, 1981-90 water years

Nitrogen (tons per square mile per year)

Water-quality monitoring site

Input or yield

Municipal sewage

Industrial discharge

Atmospheric deposition 1

Commercial fertilizer

Farm-animal manure

Total basin input2

Mean annual nitrogen yield

WR248

0.79

.087

3.0

17

3.6

24

5.8

WR210

1.9

.14

3.0

14

3.0

22

7.4

WR81

0.86

.098

3.0

12

3.1

19

5.1

WR46

0.47

.11

3.0

11

3.4

18

5.1

EW168

O.I 8

.10

3.0

18

5.3

27

6.6

EW79

0.18

.11

3.0

10

3.0

16

5.0

'Does not include organic nitrogen.
2Does not include fixation of atmospheric nitrogen, non-farm animal wastes, septic systems, combined-sewer overflows, or urban runoff.

Table 6. Estimated inputs of phosphorus to selected drainage basins and mean annual phosphorus yields at selected 
surface-water-quality monitoring sites in the White River Basin, Indiana, 1981-90 water years
[nd, not determined]

Phosphorus (tons per square mile per year)

Water-quality monitoring site

Input or yield

Municipal sewage

Industrial discharge

Atmospheric deposition

Commercial fertilizer

Farm-animal manure

Total basin input 1

Mean annual phosphorus yield

WR248

0.50

.026

nd

3.7

1.6

5.9

.28

WR210

1.2

.041

nd

3.1

1.3

5.7

.58

WR81

0.54

.028

nd

2.8

1.3

4.6

.30

WR46

0.30

.034

nd

2.5

1.4

4.3

.26

EW168

0.11

.038

nd

4.1

2.3

6.5

.22

EW79

0.12

.042

nd

2.3

1.3

3.8

.25

Does not include atmospheric deposition, non-farm animal wastes, septic systems, combined-sewer overflows, or urban runoff.
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greater in the upstream reach of the east fork than 
in the upstream reach of the west fork. Inputs of 
nitrogen and phosphorus from municipal sewage 
at site WR210 were at least 10 times greater than 
those at sites on the east fork.

Nonpoint sources of nutrients shown in 
tables 5 and 6 (atmospheric deposition, com 
mercial fertilizer, and animal manure) were applied 
to land. The proportion of the nonpoint sources of 
nutrients transported from the land to surface and 
ground water is not known but certainly was less 
than that applied. Major losses of nitrogen can 
occur by plant uptake, denitrification to nitrogen- 
containing gases, and volatilization of ammonia 
(National Research Council, 1978, p. 20-66). 
Major losses of phosphorus can occur by plant 
uptake and by adsorption to soils and sediments 
(Brady, 1974, p. 456-471). Nevertheless, com 
mercial fertilizer, animal manure, and atmospheric 
deposition are potentially major sources of nutri 
ents to surface and ground water in the White 
River Basin.

Point sources of nutrients shown in tables 5 
and 6 (municipal sewage and industrial discharges) 
were discharged directly to rivers and streams. 
Point sources of nitrogen composed 4 to 28 percent 
of the nitrogen transported out of these drainage 
basins by streamflow (table 5). Point sources of 
nitrogen were insufficient to account for all the 
nitrogen transported by streamflow, which indi 
cates that sources other than municipal sewage 
and industrial discharges contributed nitrogen 
to streamflow. Point sources of phosphorus 
composed 65 to 214 percent of the phosphorus 
transported out of these drainage basins by stream- 
flow. Point sources composed 188 to 214 percent 
of the phosphorus transport in the west fork but 
only 65 to 67 percent in the east fork. Point 
sources of phosphorus in the west fork were more 
than sufficient to account for all the phosphorus 
transported by streamflow, which indicates that 
plant-uptake and sediment-adsorption processes 
removed substantial quantities of phosphorus from 
streamflow or that estimates of phosphorus con 
tributed by point sources (primarily municipal 
sewage) are too high.

River Loads and Yields

The nutrient load of a river is the quantity 
(mass discharge) of nutrients that move past a 
fixed point in a river in a given amount of time. 
Although the concentrations of most nutrients 
decreased in the downstream reaches of the east 
and west forks of the White River (fig. 12), 
the load of nutrients increased downstream 
(fig. 21). Average annual loads at site WR46 (the 
downstream-most site in the assessment) were 
1,200 tons/yr of ammonia, 40,000 tons/yr of 
nitrate, 57,000 tons/yr of total nitrogen, and 
2,900 tons/yr of total phosphorus. Loads of nitrate 
and total nitrogen were greater than loads of 
ammonia and total phosphorus (fig. 21). Approxi 
mately 2 percent of the total nitrogen load at 
WR46 was ammonia, approximately 70 percent 
was nitrate, and approximately 28 percent was 
organic nitrogen.

The mean annual load of ammonia at the 
downstream site on the west fork of the White 
River (930 tons/yr at site WR81) was approxi 
mately double that at the downstream site on the 
East Fork White River (460 tons/yr at site EW79) 
(fig. 21). A greater load of ammonia probably was 
caused by the greater amounts of treated municipal 
wastewater and combined-sewer overflows that 
discharge to the west fork. The ammonia load at 
site WR210 was about 50 percent greater than the 
load at site WR81, and the sum of the ammonia 
loads at the downstream monitoring sites on both 
forks (site WR8 and EW79) was about 16 percent 
greater than the load estimated at the site down 
stream from the confluence (site WR46). A greater 
load upstream than downstream indicates that 
some ammonia was lost between sites WR210 and 
WR81 and between the downstream sites on the 
east and west forks and the confluence. Nitrifi 
cation of ammonia to nitrate, uptake of ammonia 
by aquatic plants, and volatilization were the most 
likely processes of ammonia removal.

Mean annual loads of nitrate and total 
nitrogen at the downstream monitoring sites on 
both forks were similar (fig. 21) even though 
concentrations in the east fork typically were lower 
than those in the west fork (fig. 12). Similar loads
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result from similar relations between concentra 
tion and streamflow at these sites. Although 
concentrations at site WR81 are greater than those 
at site EW79 at low to medium flows, concentra 
tions are similar at medium to high flows and most 
of the mass is transported at high flows (fig. 22). 
Mean annual loads of phosphorus were approxi 
mately 25 percent greater at site WR81 than at site 
EW79, probably because of the greater volumes 
of municipal effluent (table 6), combined-sewer 
overflows, and urban runoff discharged to the west 
fork and because site WR81 has a larger drainage 
basin and probably greater volumes of streamflow.

Mean annual nutrient loads were expressed 
in tons per square mile per year [(tons/mi2)/yr] 
to enable a comparison of loads at monitoring 
sites with different sized drainage basins (fig. 23). 
Loads expressed on the basis of unit area are 
termed "yields." The 95-percent confidence limits 
for the estimated yields also are shown. Wide 
confidence limits are caused by a poorly defined 
relation between concentration and streamflow. 
Confidence limits are wider at sites with small 
drainage areas, probably because concentrations 
and streamflow were much more variable in small 
basins than in large basins. In addition, samples 
during high streamflow are more difficult to obtain 
from small basins. Some of the uncertainty in the 
load estimates for small basins probably results 
from greater uncertainty in the concentrations of 
nutrients at the highest streamflows.

Ammonia yields increased downstream in the 
upstream reach of the White River (fig. 23), prob 
ably because of the successive discharges from 
municipal sewage-treatment plants and urban 
runoff in this reach. Ammonia yield was greatest 
by far at site WR210 [0.64 (tons/mi2)/yr], down 
stream from Indianapolis and shows the substantial 
effect of ammonia discharges from Indianapolis. 
Ammonia yield at site WR81, approximately 
140 mi downstream from Indianapolis, was greater 
than the yields at monitoring sites upstream from 
Indianapolis. The large yield at site WR81 indi 
cates that ammonia discharged in Indianapolis 
was discernible more than 140 mi downstream. 
Ammonia yields at sites on the East Fork White

River, site FC7, and site MCI8 were approxi 
mately 0.10 (tons/mi2)/yr and were similar to 
the yield at site WR319, upstream from most of the 
urban effects in the west fork. Ammonia yields 
of this magnitude probably indicate the effects of 
agricultural and other nonpoint sources rather than 
the urban effects observed in the west fork.

Yields of nitrate were greatest in the small 
agricultural basins (sites WR319 and MCI8), 
but confidence intervals for these estimates are 
large and indicate considerable uncertainty in 
these estimates (fig. 23). The yield of nitrate down 
stream from Indianapolis [4.9 (tons/mi2)/yr at site 
WR210] was similar to the yield upstream from 
Indianapolis [4.8 (tons/mi2)/yr at site WR248] 
and indicates that point sources of nitrate are rela 
tively unimportant in the mass transport of nitrate, 
even at the site most affected by point sources. 
One of the largest nitrate yields was at site EW168 
[5.5 (tons/mi2)/yr], a site with a relatively large 
drainage area and few point-source inputs. This 
large yield provides further evidence that nitrate 
yields in large rivers in the White River Basin 
generally are controlled by nonpoint sources.

Nitrate yields at monitoring sites on the 
downstream reaches of the White River and East 
Fork White River were less [3.6 (tons/mi2)/yr at 
sites WR81, WR46, and EW79] than those on 
upstream reaches [4.5 to 5.5 (tons/mi2)/yr at sites 
WR293, WR248, WR210, and EW168]. Smaller 
yields downstream probably were caused by 
dilution by streamflow from forested areas in 
the downstream reaches of these larger basins (the 
downstream sites have 70 to 72 percent agricul 
tural land use and 19 to 23 percent forest, whereas 
the upstream sites have 89 to 91 percent agricul 
tural land use and 1 to 6 percent forest; table 1). 
Similar nitrate yields at downstream monitoring 
sites on the more rural east fork and the more 
urbanized west fork also indicate that the effects of 
urban discharges in the upstream reach of the west 
fork did not increase nitrate yields in the down 
stream reach. Similar nitrate yields at downstream 
monitoring sites on the east and west forks are 
additional evidence that nonpoint sources of nitrate 
mask point sources in terms of the mass transport 
of nitrate in the White River Basin.
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Total nitrogen yields follow similar patterns 
to nitrate yields, with the following exception. 
Compared to nitrate yields, the relatively larger 
yields of total nitrogen at site WR210 probably 
were caused by larger yields of ammonia and 
organic nitrogen from discharges and runoff in 
Indianapolis.

Total phosphorus yields in the west fork 
were greater than those in the east fork because 
of the greater amount of treated sewage efflu 
ent and urban runoff in the west fork. Total 
phosphorus yield was largest at site WR210 
[0.58 (tons/mi2)/yr], and yields decreased down 
stream (fig. 23). The large yield at site WR210 
can be attributed to discharges and urban runoff 
in Indianapolis. Yields of total phosphorus 
were approximately 20 percent greater at site 
WR81 [0.30 (tons/mi2)/yr] than at site EW79 
[0.25 (tons/mi2)/yr] and indicate that point sources 
of phosphorus in the west fork can be discerned 
over nonpoint sources in terms of mass transport. 
The smallest yield of total phosphorus was at site 
FC7 [0.11 (tons/mi2)/yr], probably because Geist 
Reservoir (fig. 1), located upstream, traps phos 
phorus adsorbed on suspended sediment.

Nitrogen was transported more readily by 
surface water than was phosphorus. Although 
inputs of nutrients to the basin had relatively low 
ratios of nitrogen to phosphorus (N:P ratios of 
1.6:1 to 4.4:1), the ratios of the mean annual yield 
of nitrogen to phosphorus in rivers were high 
(table 7). The lowest yield ratio (N:P ratio of 13:1) 
was at site WR210 and shows the effect of point- 
source discharges of phosphorus directly to the 
White River in Indianapolis. The highest yield 
ratio (N:P ratio of 30:1) was at site EW168 
and probably is representative of high-intensity 
agriculture and a lack of urban point sources 
of phosphorus. Similarly, mean annual yields of 
nitrogen and phosphorus were 24 to 34 percent and 
3 to 10 percent of the estimated input, respectively 
(calculated from data in tables 5 and 6). The largest 
yield, as a percentage of estimated input, for nitro 
gen and phosphorus was at site WR210 where 
point sources of nutrients are discharged directly 
to the White River. In view of the low rate of 
phosphorus transport in rivers, the high input of 
phosphorus to land, the generally inefficient 
use of phosphorus fertilizers by crops (Brady, 
1974, p. 457), and the lack of other pathways of 
phosphorus loss, phosphorus probably is accumu 
lating in farmland soils but in forms unavailable 
to crops.

Table 7. Ratio of nitrogen to phosphorus for inputs to selected drainage basins and for mean annual yields at selected 
surface-water-quality monitoring sites in the White River Basin, Indiana, 1981-90 water years
[nd, not determined]

Ratio of nitrogen to phosphorus input or yield 

Water-quality monitoring site

Input or yield

Municipal sewage

Industrial discharge

Atmospheric deposition

Commercial fertilizer

Farm-animal manure

Total basin input

Mean annual yield

WR248

1.6:1

3.3:1

nd

4.4:1

2.3:1

4.1:1

21:1

WR210

1.6:1

3.4:1

nd

4.4:1

2.3:1

3.8:1

13:1

WR81

1.6:1

3.5:1

nd

4.4:1

2.4:1

4.1:1

17:1

WR46

1.6:1

3.2:1

nd

4.4:1

2.4:1

4.2:1

20:1

EW168

1.6:1

nd

nd

4.4:1

nd

nd

30:1

EW79

1.6:1

2.6:1

nd

4.4:1

2.3:1

4.2:1

20:1

Relation of Nutrient Concentrations and Loads to Natural and Human Factors 69



Because nutrient transport is greatly affected 
by precipitation, evapotranspiration, and surface 
runoff (Likens and others, 1977, p. 65-86; Jawor- 
ski and others, 1992, p. 93-94), annual yields 
for dry and wet years were compared (fig. 24). 
Water year 1988 was selected as the dry year, 
and water year 1990 was selected as the wet year. 
Precipitation during the 1988 water year was 5 to 
11 in. below normal, and runoff was as much as 
9 in. below normal (Glatfelter and others, 1989, 
p. 3). Rainfall in May 1988 was less than one- 
half of normal, and June was the driest of record. 
Twelve of 20 observation wells reached record 
low water levels, and many reservoirs approached 
or reached record low levels (Fowler, 1992, p. 87, 
90). Precipitation during water year 1990 was 0 
to 10 in. above normal, and runoff was 2 to 8 in. 
above normal (Stewart and Nell, 1991, p. 3).

Monthly unit streamflow [(ft3/s)/mi2] during 
the wet water year (1990) at gaging stations in the 
downstream reaches of the east and west forks was 
8 to 12 times greater during November, May, and 
June and was 2.5 to 6 times greater during October, 
July, August, and September than during the 
dry water year (1988). The total volume of water 
discharged during the wet year, however, only was 
twice that discharged during the dry year. Annual 
unit streamflow at the downstream monitoring 
sites on both forks was the same for the dry year 
but was about 5 percent greater in the west fork 
for the wet year.

The pattern of ammonia yields was similar 
between wet and dry years (fig. 24). Ammonia 
increased downstream in the upstream reach of 
the White River in response to urban areas in both 
years. Ammonia yields during the wet year were 
2.1 to 3.5 times larger than during the dry year at 
monitoring sites in the urbanized reach of the 
White River at and upstream from site WR210 
and at site FC7 in Indianapolis. Increased yields of 
ammonia during the wet year at the other sites in 
non-urban areas were less than 1.9 times the yields 
during the dry year. Because the dry weather rate 
of discharge from sewage-treatment plants should 
be similar between years, the larger yields of am 
monia at sites in the upstream reach of the White 
River and at site FC7 during the wet year may have

been caused by greater amounts of urban storm 
runoff treated by sewage-treatment plants and 
by untreated urban runoff and combined-sewer 
overflows.

Some or all of the cause of the larger 
yields of ammonia in the upstream reach of the 
White River during the wet year may be attributed 
to a proportionately greater increase in stream- 
flow in the upstream reach during the wet year. 
Annual streamflow during the wet year was 2.8 
to 3.2 times greater than the dry year in the up 
stream reach of the White River, whereas at the 
other sites annual streamflow during the wet year 
only was 1.5 to 2.2 times greater than the dry year. 
The cause of greater streamflows in the upstream 
reach of the White River is not known but could be 
attributed to greater runoff from urban areas. If so, 
urban runoff and combined-sewer overflows still 
would be the cause of the larger yield of ammonia.

Although the ammonia yield at site WR210 
during the wet year [0.61 (tons/mi2)/yr, fig. 24] 
was similar to the mean yield for water years 
1981-90 [0.64 (tons/mi2)/yr, fig. 23], the yield 
at site WR210 during the wet year occurred after 
improvements were made to the Indianapolis 
sewage-treatment plants in 1982. Mean ammonia 
yield for water years 1981-90 was affected by 
discharges containing high concentrations of 
ammonia before improvements were made to 
the plants.

Yields of nitrate showed marked differences 
between wet and dry years. During the dry year, 
yields of nitrate increased downstream from urban 
areas at several monitoring sites in the upstream 
reach of the White River, probably because of 
discharges from sewage-treatment plants. Nitrate 
yield at site WR210 [3.5 (tons/rm'2)/yr] during 
the dry year was the largest in the White River 
(fig. 24). Nitrate yields during the wet year were 
1.4 to 3.7 times the yields during the dry year. 
Nitrate yields at sites at and upstream from site 
WR248 on the White River were 3.0 to 3.7 times 
the yield of the dry year, whereas sites on the East 
Fork White River and at and downstream from 
site WR210 on the White River only were 1.8 to 
1.9 times the dry year yield. The cause of the
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higher increases in nitrate yields at upstream 
sites on the White River is not known but may 
have been caused by urban runoff and combined- 
sewer overflows or by higher unit streamflows 
in these smaller basins. The yield at site WR210 
[6.2 (tons/mi2)/yr] was less than the nitrate yields 
upstream and showed the importance of nonpoint 
sources of nitrate during the wet year.

Patterns in yields of total nitrogen between 
wet and dry years were similar to yields of nitrate 
because nitrate composes 65 to 80 percent of the 
yield of total nitrogen at most monitoring sites.

Yields of total phosphorus also showed 
marked differences between wet and dry years. 
During the dry year, yields of phosphorus exhib 
ited similar patterns to yields of ammonia (fig. 24) 
and showed the importance of point sources of 
phosphorus. Phosphorus yields during the wet year 
were 1.6 to 7.5 times greater than the yields during 
the dry year and showed the importance of non- 
point sources during the wet year. As with yields 
of ammonia and nitrate, the greatest increases in 
yields of phosphorus occurred in the upstream 
reach of the White River (3.3 to 7.5 times higher 
than the yield during the dry year), probably for 
similar reasons. Yields of total phosphorus during 
the wet year were 2.3 to 2.6 times greater than 
yields during the dry year at sites on the East Fork 
White River but only were 1.6 to 1.9 greater during 
the wet year at sites WR210 and WR81, respec 
tively. Smaller relative increases in yields during 
the wet year at sites WR210 and WR81 were a 
result of high yields caused by point sources during 
the dry year.

Phosphorus yields exhibited relatively 
greater increases between wet and dry years than 
did yields of ammonia or nitrate. The relatively 
greater increases in phosphorus yields during the 
wet year may indicate that surface runoff was 
more important for phosphorus transport than for 
ammonia or nitrate transport (Baker and others, 
1985, p. 202).

Estimated mean annual atmospheric deposi 
tion (precipitation and dry fallout) of ammonia 
and nitrate in the White River Basin was 0.71 
and 2.24 (tons/mi2)/yr, respectively. These esti 
mates are similar to estimates of ammonia 
deposition [0.62 to 1.04 (tons/mi2)/yr] but slightly 
more than estimates of nitrate deposition [0.42 to

s\

2.09 (tons/mi )/yr] in south-central Indiana for a 
3-month period in 1980-81 (Peters and Bonelli, 
1982, p. 31, 37). Mean annual yield of ammonia 
at site WR46 was 0.10 (tons/mi2)/yr. Because 
seven times more ammonia enters the basin by 
atmospheric deposition than leaves by streamflow, 
ammonia was removed or stored in the basin. 
Likely mechanisms for ammonia removal and 
storage were uptake by vegetation and bacteria 
and nitrification to nitrate. Mean annual yield of

0
nitrate at site WR46 was 3.6 (tons/mi )/yr. Because 
more nitrate leaves the basin by streamflow than 
enters the basin as atmospheric deposition, other 
sources of nitrogen were contributing to the 
nitrate in streamflow. Likely sources of nitrogen 
were nitrification of ammonia in water and soils; 
commercial fertilizers; human and animal wastes; 
mineralization of organic nitrogen in soils, sedi 
ments, and vegetation; and fixation of atmospheric 
nitrogen by plants, algae, and bacteria.

Relation of Nutrient Concentrations in Base Flow 
to Hydrogeomorphic Region

Water-quality samples were collected from 
48 small streams during an extended period of base 
flow in March 1992 (fig. 8). Although discharges 
of nutrients by farmers and others upstream from 
the sampling sites were possible, base-flow 
samples were expected to approximate the quality 
of shallow ground water that sustains base flow. 
Nutrient concentrations differed significantly 
among the hydrogeomorphic regions used in 
this assessment (fig. 25).

Median concentrations of dissolved ammonia 
were highest in streams draining the glacial low 
land (0.04 mg/L) and lowest in streams draining
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the bedrock uplands (0.01 mg/L) and the karst 
plain (0.01 mg/L). Median concentrations of 
ammonia in the bedrock uplands and the karst 
plain were significantly lower than those in the 
glacial lowland and the bedrock lowland and plain 
(fig. 25). The low concentrations of ammonia in 
the bedrock uplands may be attributed to the small 
amounts of agricultural and urban land uses in 
these basins. Higher concentrations of ammonia 
in the glacial lowland and the bedrock lowland and 
plain regions may not have been related to ground- 
water seepage in these regions but may have been 
related to the input of wastes from farm animals. 
Ammonia (NH3), when dissolved in water, 
forms the cation ammonium (NH4+ ) that is 
strongly adsorbed to mineral surfaces in soils 
(Hem, 1985, p. 124) and resists leaching to ground 
water. Because ammonium resists movement to 
ground water and because commercial fertilizers 
usually are not applied to farm fields until April, 
relatively high concentrations of ammonia in some 
small streams during March base-flow conditions 
might be attributed to direct inputs from animals 
grazing near streams or from surface drainage 
from barnyards or feedlots near streams.

Median concentrations of dissolved nitrite 
were highest in streams draining the till plain 
(0.04 mg/L) and lowest in streams draining the 
bedrock uplands (<0.01 mg/L). Median concentra 
tions of nitrite in the bedrock uplands and karst 
plain were significantly lower than those in the 
till plain and the bedrock lowland and plain, and 
median concentrations of nitrite in the glacial low 
land were significantly lower than those in the till 
plain (fig. 25). Higher concentrations of nitrite in 
the till plain may have been caused by denitrifi- 
cation (biochemical conversion of nitrate to nitrite 
and nitrite to nitrogen gas). Reducing conditions 
favorable to denitrification were expected in the 
ground-water system of the till plain where the 
low permeability of till causes slow rates of flow 
and low dissolved-oxygen concentrations. Because 
the surficial materials in the other regions are 
thinner (bedrock uplands and bedrock lowland

and plains) or more permeable (glacial lowland), 
higher concentrations of dissolved oxygen, which 
inhibit denitrification, were expected in the aqui 
fers in the other hydrogeomorphic regions.

Median concentrations of dissolved nitrate 
were highest in the till plain (6.4 mg/L) and lowest 
in the bedrock uplands (0.2 mg/L). Median con 
centrations of nitrate in the glacial lowland and in 
the bedrock lowland and plain were significantly 
lower than the median nitrate concentration in 
the till plain. Median concentrations of nitrate 
in the bedrock uplands were significantly lower 
than those in the till plain, karst plain, and glacial 
lowland (fig. 25). Low concentrations of nitrate 
in the bedrock uplands probably were caused by 
the small amount of agricultural and urban land 
uses and the large amount of forest in these small 
basins. On the basis of the greater permeability 
of surficial materials, higher nitrate concentra 
tions were expected in base flow from the glacial 
lowland and karst plain regions. The till plain, 
however, had the highest concentrations of nitrate 
in base flow. High nitrate concentrations in the till 
plain may have been caused by high concentrations 
of nitrate in drainage from buried agricultural tile 
drains rather than by inflow from the shallow 
ground-water flow systems. Although tile drains 
occur in all hydrogeomorphic regions of the basin, 
tile drains are expected to occur more frequently 
in the relatively flat till plain region (William 
Hosteter, Soil Scientist, U.S. Natural Resources 
Conservation Service, oral commun., September 
1995). Concentrations of nitrate in tile drainage 
from an agricultural research site in the bedrock 
lowland and plain region were seldom less than 
10 mg/L and commonly 20 to 30 mg/L (Kladivko 
and others, 1991, p. 268).

Median concentrations of dissolved phos 
phorus were highest in the bedrock lowland 
and plain (0.02 mg/L) and lowest in the glacial 
lowland, bedrock uplands, and karst plain 
(<0.01 mg/L). Median concentrations of phos 
phorus were significantly higher in the bedrock
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lowland and plain than in the glacial lowland or 
the bedrock uplands. The reasons for higher con 
centrations of dissolved phosphorus in the bedrock 
lowland and plain region than in other regions 
dominated by agricultural land use are not known.

Ground Water

The major factors affecting nutrient concen 
trations in ground water investigated in this 
assessment are aquifer type, well depth, well type, 
and season. As discussed in the section "Distri 
bution of Ground-Water Samples by Aquifer Type, 
Hydrogeomorphic Region, and Well Type," the 
effect of hydrogeomorphic region on ground- 
water quality could not be assessed directly for 
all regions. Results for the till, outwash, and karst 
aquifers, however, probably are representative 
of ground-water quality in the till plain, fluvial 
deposits, and karst plain hydrogeomorphic regions, 
respectively.

Relation of Nutrient Concentrations to 
Aquifer Type and Well Depth

Ground-water samples were collected 
from 101 wells in the White River Basin (fig. 9). 
The median concentration of ammonia in the till 
aquifers was 0.25 mg/L, whereas median concen 
trations in the outwash, bedrock, and karst aquifers 
were less than 0.1 mg/L (fig. 26). The high concen 
trations of ammonia in the buried sand and gravel 
lenses that compose the till aquifers were not ex 
pected because ammonia is strongly adsorbed to 
mineral surfaces (Hem, 1985, p. 124) and is con 
sidered to be relatively immobile in ground water 
(Freeze and Cherry, 1979, p. 415; Hallberg and 
Keeney, 1993, p. 298). The predominant form of 
ammonia dissolved in water is ammonium, which 
tends to adsorb by cation exchange to clay particles 
in the soil (Brady, 1974, p. 99). In addition, the 
till aquifer is thought to have low concentrations 
of dissolved oxygen. Therefore, high ammonia 
concentrations probably were not caused by the 
oxidation of organic nitrogen dissolved in the 
water or contained in the sediments of the aquifer. 
Ammonification (formation of ammonia from 
organic nitrogen) and nitrification are processes

that usually occur in the soil rather than in aquifers 
(Freeze and Cherry, 1979, p. 413). High concentra 
tions of ammonia in the till aquifers may have been 
caused by the biochemical reduction of nitrate to 
ammonia. Nitrate reduction to ammonia, like 
dentrification of nitrate to nitrogen gas, occurs 
under conditions of low dissolved oxygen but is 
favored over denitrification under highly reducing 
conditions (Hallberg and Keeney, 1993, p. 299) 
when nitrate concentrations are low and dissolved 
organic-carbon concentrations are high (Korom, 
1992, p. 1659).

The lowest concentrations of ammonia were 
measured in the outwash aquifers. These aquifers 
are permeable, often are unconfmed, and typically 
have shallow water tables. Low concentrations in 
the outwash aquifers may have been caused by 
the high concentrations of oxygen in these aquifers 
which inhibit biochemical reduction of nitrate 
to ammonia.

Although ammonia was higher in the till 
aquifers, concentrations of nitrate were lowest in 
the till aquifers (fig. 26). Low concentrations of 
nitrate in the till aquifers probably were caused by 
reduced percolation (recharge) of nitrate in water 
from soils through the tight till and by denitrifi 
cation (biochemical conversion of nitrate to nitrite 
and nitrite to nitrogen gas) or biochemical re 
duction of nitrate to ammonia in the aquifer.

The median concentration of nitrate was 
highest in the karst aquifers (2.0 mg/L). Karst 
aquifers have been considered vulnerable to 
contamination by surface runoff to sinkholes 
(White, 1993, p. 487). Because overland flow 
typically has higher concentrations of ammonia 
and organic nitrogen than nitrate (Hallberg and 
Keeney, 1993, p. 300), higher concentrations of 
nitrate in the karst aquifers may not have been 
caused by the rapid transport of surface runoff 
to ground water by sinkholes and other solution 
features. Some studies of karst systems have 
shown the importance of infiltration rather than 
sinkholes and conduit flow as the primary mech 
anism for nitrate contamination of karst aquifers
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(Hallberg and others, 1985; Scanlon, 1990). Wells 
and Krothe (1989), in a study of a karst area in the 
White River Basin, concluded that macropores in 
the clayey mantle covering the karst aquifer were 
responsible for nitrate contamination and that 
septic systems, rather than commercial fertilizers, 
were the sources of most of the nitrate. Even if 
infiltration or percolation through macropores is 
the primary mechanism delivering nitrate to the 
surface of the karst aquifers, flow through solution 
features may be the primary factor in the distri 
bution of nitrate in the aquifers.

Median concentrations of phosphorus were at 
or less than the detection limit (0.03 mg/L) for all 
aquifer types. Most organic forms of phosphorus 
are relatively insoluble in soils or are immobilized 
by soil bacteria; whereas soluble, inorganic forms 
of phosphorus applied as fertilizers are rapidly 
fixed in calcium, iron, aluminum, and manganese 
complexes (Brady, 1974, p. 456 471). Because 
phosphorus is tightly bound in soils and is unlikely 
to leach under most soil conditions, high concen 
trations in aquifers were not expected.

Concentrations of ammonia generally were 
higher in deep wells than in shallow wells, whereas 
concentrations of nitrate were higher in shallow 
wells than in deep wells. Although many deep 
wells had low concentrations of ammonia, most 
of the wells with high concentrations of ammonia 
(greater than 0.7 mg/L) were in till or bedrock 
aquifers greater than 100 ft deep (fig. 27). Analysis 
of the entire data set showed that ammonia was 
positively correlated to well depth (Kendall tau-b 
correlation coefficient = 0.22, p = 0.0041). Positive 
correlations between ammonia and depth were 
statistically significant for the till and bedrock 
aquifers. Positive correlations for the other types 
of aquifers were not statistically significant. High 
ammonia concentrations at depth probably were 
not caused by the downward movement of am 
monia from the land surface because shallow 
wells also would have had high concentrations 
of ammonia and because ionized ammonia

(ammonium) resists leaching. Deep ground water 
usually has less oxygen than shallow ground 
water, and the high concentrations of ammonia 
at depth may have been caused by the biochemical 
reduction of nitrate to ammonia.

Analysis of the entire data set showed that 
nitrate was negatively correlated to well depth 
(Kendall tau-b correlation coefficient = -0.14, 
p = 0.058). The only statistically significant 
negative correlation between nitrate and depth 
was for the bedrock aquifer. Negative correlations 
for the other types of aquifers were not statistically 
significant. High concentrations of nitrate in 
shallow wells is indicative of nonpoint-source 
pollution of ground water by surface-derived 
pollutants (Hallberg and Keeney, 1993, p. 309). 
Lower concentrations of nitrate in deep wells may 
have been caused by deep flow paths that facilitate 
nitrate-removal processes (denitrification or nitrate 
reduction) or by dilution by mixing with deeper, 
older ground water. The deepest wells with high 
concentrations of nitrate were in karst aquifers 
(fig. 27) and probably indicate that solution 
features enable nitrate and oxygen to penetrate 
deeper into karst aquifers than into the other 
aquifer types.

Concentrations of phosphorus were not 
correlated to well depth for the entire data set 
or for individual aquifers. Most of the high 
concentrations of phosphorus were measured 
in outwash and bedrock aquifers (fig. 27). The 
cause of the high concentrations of phosphorus 
in some wells is not known. Septic systems are 
a potential source of phosphorus. In addition, 
high concentrations might be related to sample- 
processing techniques. Most of the ground-water 
samples used for this assessment were not filtered 
before analysis. Perhaps the high concentrations 
of phosphorus in some wells can be attributed to 
particles of aquifer material or other solids sus 
pended in the water sample.
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Relation of Nutrient Concentrations 
to Well Type and Season

Median concentrations of ammonia and total 
phosphorus were equal to or less than detection 
limits for all well types. Median concentrations 
of nitrate were highest in the community public 
water-supply wells (0.7 mg/L) and lowest in the 
observation wells (0.1 mg/L). The reason for 
the difference in concentrations of nitrate is not 
known but is not clearly related to the aquifer types 
supplying these wells. Outwash aquifers were the 
most common aquifer type for the community 
public water-supply wells (48 percent) and the 
observation wells (67 percent). Even within this 
single aquifer type, median concentrations of 
nitrate were highest in the community public 
water-supply wells (0.7 mg/L) and lowest in the 
observation wells (0.1 mg/L).

Only one measurement of nitrate exceeded the 
U.S. Environmental Protection Agency Maximum 
Contaminant Level of 10 mg/L. This measurement 
was from a domestic well in bedrock 39 ft deep.

Paired water-quality samples from 25 wells 
were used to investigate seasonal changes in 
ground-water quality. Samples were collected in 
March and again in June, July, or August the same 
year. Samples collected during March were used to 
characterize ground-water quality during the dor 
mant season, whereas those collected during June, 
July, or August were used to characterize ground- 
water quality during the growing season. Eighteen 
wells (5 in till, 8 in outwash, 4 in bedrock, and 1 
in karst aquifers) were sampled in 1988, and 11 
(7 in outwash and 4 in bedrock aquifers) were 
sampled in 1991. Four of the outwash wells 
were sampled both years.

No consistent seasonal variation in ground- 
water quality was identified by comparing paired 
water samples. Nutrient concentrations were 
higher during the dormant season in about half 
of the wells but were higher during the growing 
season in the remaining wells. In some cases, 
substantial differences in nutrient concentrations 
between growing and dormant seasons were 
observed (some concentrations differed by more

than 150 percent). These differences between 
paired water samples show that ground-water 
quality does change, but the mechanisms respon 
sible for the change could not be determined in this 
assessment. Seasonal variations in nutrient concen 
trations in ground water most likely would be 
exhibited near the water table in shallow, perme 
able aquifers. Many of the wells used in the 
assessment of seasonal variations were deep and 
probably obscured typical seasonal variations in 
shallow ground water.

CONCEPTUAL MODEL OF THE 
FACTORS AFFECTING NUTRIENTS 
IN THE WHITE RIVER BASIN

Many natural and human factors affect the 
spatial and temporal variations in the concentra 
tions of nutrients in the environment. This section 
presents a conceptual model of the major factors 
that affect nutrient concentrations in surface and 
ground water and reflects our current under 
standing of and assumptions about the major 
processes controlling nutrient concentrations 
and transport in the White River Basin. The main 
uses of the model are (1) to develop hypotheses 
concerning important natural and human factors 
and processes and their hydrologic effects, (2) to 
aid the design of data-collection networks to meet 
the goals of the NAWQA Program, and (3) to 
provide a framework for interpreting water-quality 
data. The conceptual model developed from this 
assessment of water quality will be refined or 
changed as hypotheses are tested and found to 
be in agreement with or opposition to the model.

The White River Basin was divided into areas 
of similar natural characteristics, termed "hydro- 
geomorphic regions," that integrate most of the 
major natural factors (geology, soils, vegetation, 
and landforms) that affect water quality. Hydro- 
geomorphic regions in the conceptual model are 
the till plain, glacial lowland, bedrock uplands, 
karst plain, bedrock lowland and plain, and fluvial
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deposits (for ground water only). With respect 
to natural factors, the major differences among 
regions are related to the thickness, permeability, 
slope, drainage, fertility, and susceptibility to 
erosion of the soils and surficial geologic materials 
that are typical of the regions. Major human factors 
that affect water quality are grouped under the term 
"land use." Land uses considered in the conceptual 
model are forest, agriculture, urban, and coal 
mining.

The shallow, unconsolidated aquifers of the 
hydrogeomorphic regions differ along a continuum 
in our conceptual model. Till plain and fluvial 
deposits aquifers are end members in the con 
tinuum, and unconsolidated aquifers of the other 
regions are in between. In the till plain, thick 
clayey or loamy till confines buried sand lenses. 
Downward percolation of water from the land 
surface is reduced, and lateral flow predominates. 
Permeability is low and flow rates are slow. Low 
oxygen concentrations (reducing conditions) are 
expected in the buried sand lenses (till aquifers). 
Because of reducing conditions, denitrification is 
expected to cause low concentrations of nitrate in 
till aquifers. Outwash and alluvial aquifers in the 
fluvial deposits region are radically different from 
the aquifers in the till plain. Water generally is 
unconfined and near the land surface; aquifer 
material is at or near the land surface and is highly 
permeable. Downward percolation of water at the 
land surface is enhanced, and flow rates are rapid. 
High oxygen concentrations in ground water are 
expected. Because of enhanced downward perco 
lation, shallow water tables, and oxidizing condi 
tions, much higher concentrations of nitrate are 
expected in aquifers of the fluvial deposits region. 
Unconsolidated aquifers in the glacial lowland are 
expected to function more like those in the fluvial 
deposits region, and unconsolidated aquifers in 
the bedrock lowland and plain are expected to 
function more like those in the till plain.

Few unconsolidated aquifers occur in the 
bedrock uplands or the karst plain. In these 
regions, shallow bedrock aquifers are important. 
Bedrock aquifers in the bedrock uplands have 
low yields and slow flow rates and are overlain

by bedrock of low permeability. Because of the 
low permeability of the bedrock and the large 
amounts of forest in this region, low concentrations 
of nitrate are expected in the aquifers of the bed 
rock upland. Bedrock aquifers in the karst plain 
have rapid flow rates and are overlain by sinkholes, 
solution features, and macropores in the surficial 
material. We believe these characteristics result 
in a well-connected surface- and ground-water 
system that allows the rapid movement of surface 
water to ground water. Because of the hydrauli- 
cally well-connected surface- and ground-water 
systems and the large amounts of agricultural land 
use in the karst plain, high concentrations of nitrate 
are expected in the ground water. Seasonal or 
short-term temporal variations in ground-water 
quality are expected to be more pronounced in 
aquifers in the karst plain, fluvial deposits, and 
glacial lowland than in the till plain, bedrock up 
lands, and bedrock lowland and plains. Seasonal 
variations are expected to be more pronounced 
in shallow aquifers than in deep aquifers and 
more pronounced where overlying materials are 
relatively permeable.

Because ammonia is present as the cation 
(ammonium) in most soil solutions and is 
adsorbed on soil particles and because ammonia 
can be nitrified to nitrate in the unsaturated zone, 
percolation of ammonia to most aquifers is not 
expected in the conceptual model. Phosphorus 
also is strongly adsorbed to soils, and percolation 
to ground water is not expected. Movement of 
ammonia and phosphorus to ground water is 
expected where flow through macropores or 
sinkholes occurs, for example, in the aquifers of 
the karst plain. High concentrations of ammonia 
measured in the till aquifers is attributed to bio 
chemical reduction of nitrate to ammonia, a 
process that is favored over denitrification 
under conditions of low oxygen and nitrate a 
hypothesis consistent with expected conditions 
in the till aquifers in the conceptual model.

Agricultural tile drains are expected to have a 
considerable effect on the water quality of small, 
agricultural basins. Tile drains are used in nearly 
all areas of the White River Basin where row crops 
are grown on (formerly) poorly drained soils,
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although tile drains typically are used more exten 
sively in the relatively flat till plain region than 
in the other regions that have more relief. Tile 
drains intercept percolation from saturated soils 
and intercept seasonally high ground-water tables 
and rapidly transmit these sources of water to 
streams. Soil water is expected to have high 
concentrations of nitrate, and the effect of the tile 
drains is to reduce nitrate movement to aquifers 
and to increase nitrate movement to streams. Most 
tile drains are expected to flow when soils are 
wet (usually during winter and spring) and to stop 
flowing when soils are dry (usually during summer 
and fall). Consequently, tile drainage is expected 
to increase the nitrate concentration of stream- 
flow during winter and spring to a greater degree 
than during summer and fall.

In the conceptual model, concentrations of 
ammonia and phosphorus in the west fork of the 
White River are dominated by urban point sources, 
whereas concentrations of ammonia and phos 
phorus in the east fork are dominated by nonpoint 
sources. Concentrations of nitrate in the east fork 
of the White River are dominated by agricultural 
nonpoint sources. In the west fork of the White 
River, concentrations of nitrate are dominated by 
urban point sources during periods of low flow 
but are dominated by agricultural nonpoint sources 
during periods of high flow. In this conceptual 
model, forested land contributes substantially 
lower amounts of nutrients to surface and ground 
water than do agricultural or urban land. Annual 
loads of ammonia and phosphorus in the west fork 
of the White River are dominated by urban point 
sources, whereas annual loads in the east fork 
are dominated by agricultural nonpoint sources. 
Annual loads of nitrate in both forks of the White 
River are dominated by agricultural nonpoint 
sources, but urban point sources of nitrate in the 
west fork of the White River can be important to 
annual loads during extended periods of low flow.

Because of the steady input of nutrients 
from urban point sources in the west fork, algal 
productivity is expected to be much greater in the 
west fork than in the east fork, especially during 
summer low flows. Intense algal productivity

during summer low flow may remove dissolved 
ammonia, nitrate, and orthophosphate from the 
water column. Similarly, because of incorporation 
of dissolved nutrients into algal biomass, sus 
pended organic forms of nitrogen and phosphorus 
may be the dominant forms of these nutrients 
during summer low flows. Because the largest 
cities in the basin are in the upstream reach of 
the west fork, urban runoff and combined-sewer 
overflows are expected to affect water quality 
much more in the west fork than in the east fork. 
Agricultural practices and the quantities of fertil 
izers and animal manure applied to farm fields are 
expected to be similar in both forks, although some 
differences in the upstream reaches of the east and 
west forks occur. Nutrient concentrations and loads 
are expected to be more variable in small streams 
than in rivers, in part because streamflow is more 
variable in small streams.

Concentrations of nitrate are expected to be 
highest during winter and spring because abundant 
rainfall facilitates transport of nitrate through the 
soil, because nitrate uptake decreases during 
the dormant season, and because nitrogen-based 
fertilizers are applied in spring. Concentrations 
of nitrate are expected to be lowest during late 
summer and fall because dry conditions inhibit 
transport and because nitrate uptake by terres 
trial and aquatic vegetation increases during the 
growing season. Concentrations of nitrate are ex 
pected to be higher during wet periods following 
drought than during extended wet periods. During 
drought, nitrate is expected to accumulate in soils 
and provide more nitrate for transport during 
subsequent wet periods.

Ammonia concentrations are expected to be 
highest in winter at sites on the west fork because 
cold water temperatures reduce nitrification of 
ammonia. Phosphorus concentrations are expected 
to be highest during summer and fall and lowest 
during winter and spring on the west fork because 
of dilution of point-source discharges during run 
off and because of a lack of dilution during low 
flow. Phosphorus concentrations are expected to be 
highest during winter and spring and lowest during 
summer and fall on the east fork because sediment- 
associated phosphorus is greatest during runoff.
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IMPLICATIONS OF THE
ASSESSMENT FOR
DATA COLLECTION AND ANALYSIS

The assessment of existing water-quality data 
(retrospective analysis) provided valuable infor 
mation for the development of a conceptual model 
of nutrient concentrations and loads, but additional 
data are needed to meet the goals of the NAWQA 
Program. This section identifies additional data 
needed to describe and interpret current water- 
quality conditions and trends. These data are 
discussed in terms of sample locations, sample 
frequency, and constituents measured.

Most of the surface-water-quality data 
analyzed in this assessment have been collected 
from monitoring sites on large rivers; more infor 
mation is needed on small drainage basins (less 
than 300 mi2). To be consistent with the design 
criteria for the NAWQA Program, the small basins 
should be in discrete hydrogeomorphic regions to 
allow assessment of the effects of natural factors 
on water quality. To the extent possible, the basins 
should have a single land use to allow assessment 
of the effects of human factors on water quality. 
To facilitate load computations and assessment 
of the relation of water quality to streamflow, all 
monitoring sites should be at continuous stream- 
flow-gaging stations.

Few wells in this assessment were in the 
glacial lowland or the bedrock uplands. Many of 
the wells in the karst plain and the bedrock low 
land and plain were restricted to small areas. 
Wells should be located over the full extent of the 
regions. Most of the wells in the bedrock lowland 
and plain were in the northern part of the region. 
More wells are needed in the southern part where 
the character of this region is more apparent. More 
shallow wells are needed to assess the seasonal 
variations in water quality and the effects of land 
use on water quality. Wells constructed in nests 
at different depths are needed to understand 
the relation of water quality and depth. Wells in 
recharge areas, along ground-water flow paths, and 
in discharge areas near streams are needed to

understand changes in ground-water quality as 
water moves through the flow system and to under 
stand ground-water/surface-water interactions.

Surface-water samples are needed to charac 
terize water-quality variations associated with 
changes in season and streamflow. A monthly 
sampling frequency is sufficient to describe 
seasonal fluctuations and general relations to 
streamflow for larger basins. Sampling that targets 
storm runoff is needed to measure the effects 
of nonpoint-source pollution from urban and 
agricultural areas and to improve load estimates, 
especially for smaller basins that respond rapidly 
to precipitation. Frequent river samples collected 
during the rising and falling stages of storm runoff 
are needed to determine water-quality changes 
during runoff and to understand how well a single 
sample collected during some part of the runoff 
cycle represents typical water-quality conditions 
during runoff. Hourly samples collected during 
24- to 48-hour periods are needed to understand 
the effect of algal uptake on nutrient concentra 
tions during summer low flows.

Retrospective data provided little information 
on short-term temporal variations in ground-water 
quality. Monthly samples of ground water are 
needed to understand the factors affecting short 
time-scale changes in shallow ground-water 
quality. Daily or more frequent samples are 
needed to understand ground-water/surface-water 
interactions. Once short-time scale changes are 
understood, appropriate sampling frequencies 
for determining seasonal variations and variations 
attributed to recharge can be determined.

Additional constituents are needed to better 
understand the factors affecting nutrients in the 
White River Basin. Most of the retrospective data 
lacked information on the amounts of nutrients in 
organic versus inorganic forms. Information on 
the amount of nutrients in organic versus inorganic 
forms is critical to understanding nutrient sources, 
fates, and the availability of nutrients for algal 
uptake. Most of the retrospective data were for 
unflltered samples. Data also are needed for 
filtered samples because knowledge of the phase 
(dissolved in water, adsorbed on sediments, or
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contained in phytoplankton) is critical to under 
standing nutrient sources, fates, and the availability 
of nutrients for algal uptake. Samples for concen 
trations of chlorophyll or algal biomass and species 
composition would be helpful in understanding the 
effects of nutrient concentrations on stream eco 
systems and the role of algae in nutrient cycling.

River samples should be collected by use of 
depth- and velocity-integrating samplers at several 
locations across the stream because surface grab 
samples from the center of flow typically under 
estimate suspended-sediment concentrations and 
the concentrations of nutrients adsorbed on sedi 
ments (Feltz and Culbertson, 1972; Martin and 
others, 1992). Grab samples also may yield biased 
concentrations of nutrients dissolved in water in 
cases where mixing in the cross section is not 
complete (Anderson, 1963; Horowitz and others, 
1990; Droppo and Jaskot, 1995; Marron and Blan- 
chard, 1995). Data on organic versus inorganic 
nutrient forms also are needed for ground-water 
samples. Ancillary data, such as concentrations of 
tritium or other constituents to date ground-water 
age or tracers for ground-water flow, also may be 
useful in interpreting ground-water quality.

SUMMARY

This report analyzes and interprets the spatial 
and temporal patterns of nutrient concentrations 
and loads in the White River Basin, Indiana, 
through the use of existing data, and describes and 
discusses a conceptual model of the factors 
affecting nutrient concentrations in surface and 
ground water in the basin. Water-quality data from 
23 surface-water-quality monitoring sites operated 
by the IDEM and streamflow data from 11 USGS 
streamflow-gaging stations were analyzed to 
determine recent (1981-90 water years) water- 
quality conditions, trends, and river loads for 
ammonia, nitrate, total nitrogen, and total 
phosphorus.

The White River Basin drains 11,349 square 
miles of central and south-central Indiana and is 
divided into two nearly equal subbasins the East 
Fork White River and the White River upstream

from its confluence with the East Fork (called 
the "west fork" of the White River by the State's 
water-management agencies). Nutrient concentra 
tions generally were higher in the west fork than 
in the east fork because of the much larger volumes 
of treated municipal sewage, combined-sewer 
overflows, and urban runoff discharged to the 
west fork. Concentrations of nutrients, especially 
ammonia and total phosphorus, were higher down 
stream from Muncie, Anderson, and Indianapolis 
than upstream from these cities. Nutrient concen 
trations decreased downstream from Indianapolis 
in the White River and in the downstream reach 
of the East Fork White River because of dilution, 
nitrification, adsorption to stream-bottom sedi 
ments, and uptake by aquatic vegetation.

Seasonal variations in nutrient concentrations 
and the relations of nutrient concentrations to 
streamflow depended on the relative contributions 
of point and nonpoint sources of the nutrients. 
In general, point sources dominated ammonia and 
phosphorus concentrations in the more urbanized 
west fork, and nonpoint sources dominated am 
monia and phosphorus concentrations in the more 
rural east fork.

Total phosphorus increased with increasing 
streamflow at monitoring sites on the east fork but 
decreased with increasing streamflow at sites on 
the west fork. Increasing concentrations with 
increasing streamflow were consistent with non- 
point sources of phosphorus that wash off the land, 
whereas decreasing concentrations with increasing 
streamflow were consistent with dilution of urban 
point sources of phosphorus. Median concentra 
tions of total phosphorus were highest during 
summer and fall downstream from urban areas 
on the west fork because of decreased base flow 
for dilution of point sources. Median concentra 
tions of total phosphorus were lowest during 
winter and spring at these urban sites because 
of increased dilution provided by higher rates of 
base flow during winter and spring.

Median concentrations of ammonia in 
the west fork were highest in winter because 
of reduced nitrification and biological uptake of 
ammonia during cold temperatures and were
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lowest in summer because of increased nitrifi 
cation and biological uptake associated with warm 
temperatures. Median concentrations of ammonia 
were highest during summer in the east fork, 
possibly because of runoff containing animal 
wastes or fertilizers.

Median concentrations of nitrate were 
highest in winter and spring because of reduced 
biological uptake and sufficient moisture to 
transport nitrate from soils to streams. Median 
concentrations were lowest during summer and 
fall because of increased biological uptake and 
decreased transport from soils to streams during 
dry conditions. Concentrations of nitrate increased 
with increasing streamflow at 10 of 11 monitoring 
sites, a pattern consistent with nonpoint sources 
of nitrate. Concentrations of nitrate decreased with 
increasing streamflow at a site immediately down 
stream from Indianapolis. Increasing streamflow 
diluted urban point sources of nitrate at this site. 
Spatial and temporal variations in total nitrogen 
were similar to those for nitrate because nitrate 
generally composed 65 to 80 percent of the total 
nitrogen.

Concentrations of ammonia decreased during 
the 1981 90 water years at two monitoring sites 
downstream from Indianapolis. Improvements 
to the Indianapolis wastewater-treatment plants 
during 1982 were responsible for these beneficial 
changes in water quality. Concentrations of am 
monia, nitrate, and phosphorus increased during 
the 1981-90 water years at a site immediately 
upstream from Indianapolis, probably because of 
the increased discharge of treated sewage from 
Carmel. Concentrations of total phosphorus in 
creased during the 1981 90 water years at most 
sites on the White River upstream from India 
napolis, probably because of changes in municipal 
effluent quality or quantity.

Commercial fertilizer was the largest input 
of nitrogen and phosphorus in the White River 
Basin. Inputs of nitrogen and phosphorus from 
commercial fertilizers were greater in the upstream 
reaches of the East Fork White River and the 
White River than in the downstream reaches. 
Nutrient input from farm-animal wastes were at 
least 44 percent greater in the upstream reach of

the east fork than in the upstream reach of the west 
fork. Inputs of nitrogen and phosphorus from 
municipal sewage at and upstream from Indian 
apolis on the more urbanized west fork were 4 
to 10 times those at monitoring sites on the more 
rural east fork. Atmospheric deposition com 
posed 11 to 19 percent of the total nitrogen input 
to selected, large drainage basins. Atmospheric 
deposition of phosphorus was not estimated.

Point sources of nitrogen composed 4 to 
28 percent of the nitrogen transported out of 
selected, large drainage basins by streamflow. 
Point sources of nitrogen were insufficient to 
account for all the nitrogen transported by stream- 
flow, which indicates that sources other than 
municipal sewage and industrial discharges con 
tributed nitrogen to streamflow. Point sources 
of phosphorus composed 65 to 214 percent of 
the phosphorus transported out of these drainage 
basins by streamflow. Point sources composed 
188 to 214 percent of the phosphorus transport in 
the west fork but only 65 to 67 percent in the east 
fork. Point sources of phosphorus in the west 
fork were more than sufficient to account for all 
the phosphorus transported by streamflow, 
which indicates that plant-uptake and sediment- 
adsorption processes removed substantial 
quantities of phosphorus from streamflow or 
that estimates of phosphorus contributed by point 
sources (primarily municipal sewage) are too high.

Mean annual nutrient loads near the mouth 
of the White River Basin were 1,200 tons/yr 
ammonia; 40,000 tons/yr nitrate; 57,000 tons/yr 
total nitrogen; and 2,900 tons/yr total phosphorus. 
Approximately 2 percent of the total nitrogen 
load was ammonia, approximately 70 percent 
was nitrate, and approximately 28 percent was 
organic nitrogen.

Mean annual nutrient loads were expressed 
in tons per square mile per year [(tons/mi2)/yr] 
to enable a comparison of loads at monitoring 
sites with different sized drainage basins. Loads 
expressed on the basis of unit area are termed 
"yields." Ammonia yields increased down 
stream in the upstream reach of the White River, 
probably because of the cumulative effect of 
discharges from municipal sewage-treatment
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plants, combined-sewer overflows, and urban 
runoff in this reach. Ammonia yield was greatest 
by far at site WR210 [0.64 (tons/mi2)/yr], 
downstream from Indianapolis and shows the 
substantial effect of ammonia discharges from 
Indianapolis. Ammonia yields at monitoring sites 
unaffected by point sources were approximately 
0.10(tons/mi2)/yr.

The yield of nitrate downstream from Indian 
apolis [4.9 (tons/mi2)/yr at site WR210] was 
similar to the yield upstream from Indianapolis 
[4.8 (tons/mi2)/yr at site WR248], which indi 
cates that nonpoint sources of nitrate dominate 
mass transport of this nutrient, even at the site 
most affected by point sources. Nitrate yields 
at downstream monitoring sites on the White 
River and East Fork White River were lower 
[3.6 (tons/mi2)/yr] than those at upstream sites 
[4.5-5.5 (tons/ mi2)/yr]. Lower yields at down 
stream monitoring sites probably were caused by 
dilution by streamflow from forested areas in 
these larger basins. Similar nitrate yields at the 
downstream sites on the east and west forks also 
indicate that the effects of urban discharges of 
nitrate in the upstream reach of the White River 
were not discernible in the downstream reach, 
and that nonpoint sources of nitrate mask point 
sources of nitrate in terms of mass transport in 
the White River Basin.

Total phosphorus yields in the west fork 
were greater than those in the east fork because of 
the greater amount of treated sewage effluent and 
urban runoff in the west fork. Total phosphorus 
yield was highest downstream from Indianapolis 
[0.58 (tons/mi2)/yr] and can be attributed to 
point-source discharges and urban runoff in India 
napolis. The yield of total phosphorus was higher 
at the downstream-most site on the west fork 
[0.30 (tons/mi2)/yr] than at the downstream-most 
site on the east fork [0.25 (tons/mi2)/yr], which 
indicates that point sources of phosphorus in the 
west fork can be discerned over nonpoint sources 
in terms of mass transport.

Water-quality samples collected from 48 
small streams during base flow in March 1992 
were used to compare nutrient concentrations 
among the major hydrogeomorphic regions in the

basin. Because the streams were sampled during 
an extended period of base flow, surface-water 
samples were expected to approximate the shallow 
ground-water quality that sustains base flow. 
Nutrient concentrations were lowest in the bed 
rock uplands region, probably because of the 
small amount of agriculture and urbanization and 
the large amount of forest. Concentrations of nitrite 
were highest (median 0.04 mg/L) in the till plain 
region, probably because of denitrification in soils 
and in the buried sand and gravel lenses that are 
the main shallow aquifers in this region. Concen 
trations of nitrate also were highest (median 
6.4 mg/L) in the till plain region, probably because 
of discharge from tile-drained agricultural fields 
rather than from seepage from till aquifers com 
posed of buried sand and gravel lenses.

Ground-water-quality data from 101 wells 
were used to determine the effect of aquifer type, 
well depth, well type, and season on nutrient 
concentrations in ground water. Median concentra 
tions of ammonia were highest (0.25 mg/L) in 
till aquifers composed of buried sand and gravel 
lenses, probably because of biochemical reduction 
of nitrate to ammonia. Concentrations of nitrate 
in till aquifers were low, probably because till 
reduced the downward percolation of soil water 
and because reducing conditions enabled denitrifi 
cation and biochemical reduction of nitrate to 
ammonia. Median concentrations of nitrate were 
highest in karst aquifers, probably because 
macropores, sinkholes, and other solution features 
provided a direct connection of surface and ground 
water through preferential flow paths from the 
clayey mantle to the karst aquifer. Concentrations 
of ammonia generally were higher in deep wells, 
whereas concentrations of nitrate generally were 
higher in shallow wells. High ammonia concentra 
tions at depth may have been caused by nitrate 
reduction to ammonia. High concentrations of 
nitrate in shallow wells probably were caused by 
the downward percolation of nitrogen-containing 
soil water from the land surface.
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