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Results of a national water quality assessment indicate that nitrate is detected in 71
percent of ground-water samples, more than 13 times as often as ammonia, nitrite,
organic nitrogen, and orthophosphate, based on a common detection threshold of 0.2
mg/L. Shallow ground water (typically 5 m deep or less) beneath agricultural land has
the highest median nitrate concentration (3.4 mg/L), followed by shallow ground water
beneath urban land (1.6 mg/L) and deeper ground water in major aquifers (0.48 mg/L).
Nitrate exceeds the maximum contaminant level, 10 mg/L as nitrogen, in more than 15
percent of ground-water samples from four of 33 major aquifers commonly used as a
source of drinking water. Nitrate concentration in ground water is variable and depends
on interactions among several factors, including nitrogen loading, soil type, aquifer
permeability, recharge rate, and climate. For a given nitrogen loading, factors that
generally increase nitrate concentration in ground water include well-drained solls,
fractured bedrock, and irrigation. Factors that mitigate nitrate contamination of ground
water include poorly drained soils, greater depth to ground water, artificial drainage
systems, intervening layers of unfractured bedrock, a low rate of ground-water recharge,
and anaerobic conditions in aquifers.
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INTRODUCTION

Increased use of nitrogen and phosphorus fertilizersin the last half century has led to increased
potential for contamination of ground water by nutrients. Nitrogen fertilizer use in the United
States increased twenty-fold and use of phosphorus fertilizer more than tripled during 1945-1993,
according to estimates compiled by Puckett (1). Inorganic fertilizer contributed about 10 million
metric tons of nitrogen and about 2 million metric tons of phosphorus nationwide in 1993, and
animal manure contributed about 6 million metric tons of nitrogen and about 2 million metric
tons of phosphorus. Additionally, about 3 million metric tons per year of nitrogen are deposited
nationwide from atmospheric sources (1). Other nonagricultural sources of nitrogen, such as
septic systems and leaking sewers, contribute lesser amounts regionally and nationally but can
affect local ground-water quality.

Contamination of ground water by nitratel] the most common nutrient in ground waterl] isa
health concern because ground-water sources provide drinking water for more than one-half the
population of the United States (2). Ingestion of nitrate in drinking water by infants can cause
low oxygen levelsin the blood, a potentially fatal condition (3). For this reason, the U.S.
Environmental Protection Agency (USEPA) has established a maximum contaminant level
(MCL) of 10 milligrams per liter (mg/L) nitrate as nitrogen (4). Other adverse health effects from
nitrate have been implicated in recent literature. A case study in Indianaindicated that nitrate
concentrations of 19-29 mg/L in rural, domestic wells might have caused eight spontaneous
abortions among four women during 1991-1994 (5). Nitrate concentrations of 4 mg/L or morein
water from community wells in Nebraska have been associated with increased risk of non-
Hodgkin’s lymphoma (6). Nitrate concentration in ground water unaffected by human activities
generally islessthan 2 mg/L (7).

Ground-water quality criteria have not been established for phosphorus, but phosphorusin
ground water represents a potential source of this nutrient in streams that derive most of their
flow from ground water. Because of eutrophication concerns, the USEPA has established a goal
that total phosphate not exceed 0.05 mg/L in a stream where it enters alake or reservoir, and that

1



total phosphorus in streams that do not discharge directly to lakes or reservoirs should not exceed
0.1 mg/L (8).

The U.S. Geological Survey's National Water-Quality Assessment (NAWQA) Program
addresses water-quality concerns by sampling water resources in more than 50 prominent
hydrologic systems (called "study units') of the Nation. The Program employs consi stent
methods with respect to laboratory analytical techniques and sensitivity, andO regarding ground
water[d well selection, construction criteria, and sampling depth. Three types of ground-water
studies conducted by NAWQA are discussed in this paper: (1) "agricultural land-use studies,"
which sample shallow ground water (typically about 5 meters (m) deep or less) beneath
agricultural land; (2) "urban land-use studies," which sample shallow ground water beneath urban
land; and (3) "major-aguifer surveys," which sample ground water irrespective of overlying land
use and that usually is deeper than ground water associated with land-use studies. Mgjor aquifers
usually arelarger in areal extent than land-use studies. Results from these studies are aggregated
to yield assessments of ground-water quality at regional and national scales.

This paper describes the occurrence and distribution of nutrients in ground water beneath
agricultural and urban lands and in major aquifers, based on studies conducted during 1992-1995
by the first twenty NAWQA study units, which began study activitiesin 1991 (table 1). Related
objectives are

. to summarize nutrient concentrations and detection frequencies in major aquifers
and in shallow ground water beneath agricultural and urban lands; and
. to relate nitrate concentration in shallow ground water to natural and human factors.
METHODS

The National Water-Quality Assessment Program is designed to enhance understanding of natural
and human factors that affect water quality. Land-use studies evaluate the quality of recently
recharged ground water (generally less than 10-years old) for regionally extensive combinations
of land use and hydrogeologic conditions (9). Land-use studies represent the intersection of a
targeted land use and an aquifer of interest. Wellsin land-use studies typically areinstalled by
NAWQA, and public-supply wells are avoided because of uncertaintiesin the location of the
recharge area. Some land-use studies sample shallow domestic wells. The shallow, recently
recharged ground water beneath a given land use might or might not be used for drinking. In
contrast, ground water in major aquifers commonly is deeper than that sampled in land-use
studies. The deeper ground water in major aguifersC] commonly used for drinkingC is eval uated
irrespective of overlying land use because deeper ground water typically is older than shallow
ground water and is less likely to show effects from recent land use.

The land-use and major-aquifer studies adhere to well-design and construction criteriato
ensure that water-quality samples represent the targeted aguifer (10, 11). Well locations are
randomly selected within study areas to facilitate statistical analysis of ground-water quality (12).
The data set used for this paper comprises 2,130 wells sampled by the first 20 NAWQA study
units, which began study activitiesin 1991 (figure 1). The 36 agricultural land-use studies
comprise 926 wells, the 13 urban land-use studies comprise 309 wells, and 895 wells are
completed in 33 major aquifers. Springs and agricultural drains were excluded from
consideration here because of uncertainties in the source of water and contributing land-use area.
All wells were sampled according to procedures described by Koterba and others (13). Nutrient
analyses consisted of those for dissolved concentrations of ammonia, nitrite, ammonia-plus-
organic nitrogen, nitrite-plus-nitrate, and orthophosphate. Concentrations of nitrogen species are
based on elemental nitrogen (e.g., NO, as N), and orthophosphate concentration is based on
elemental phosphorus. Nutrient samples were analyzed by the USGS National Water Quality
Laboratory using procedures described in Fishman (14) and in Patton and Truitt (15). To
preclude undue influence on results by wells that were sampled several times, only the most
recent sample per well was used in statistical analyses.



Adjusted detection frequencies were calculated for each nutrient using a common detection
threshold of 0.2 mg/L. Use of acommon detection threshold allows unbiased comparisons
among different compounds (16). Although raw detection frequencies maximize the ability to
detect individual compounds, they cannot be used to compare occurrences of different nutrients
because a compound’s frequency of detection isinversely related to its analytical reporting limit
(17). Method detection limits for nutrients range from 0.01 to 0.2 mg/L (table 2). After
calculating an adjusted detection frequency for each sampling network (i.e., each land-use study
or major aquifer) using datafrom individual wells, median detection frequency was calculated for
individual nutrients using the adjusted, network detection frequencies asinput. To enhance
comparability of detections among individual nutrients, the concentration of "organic nitrogen”
was calculated as the difference between the concentrations of ammonia-plus-organic nitrogen
and ammoniain asample, and "nitrate" was calculated as the difference between nitrite-plus-
nitrate and nitrite concentrations.

Nutrient concentrations were statistically analyzed first by determining median
concentrations in ground water for each land-use study and major aquifer as described below,
then by using these medians as input to additional analyses. Medians were used as a measure of
central tendency because they are resistant to the effects of outlierstypical of skewed data sets.

First, median nutrient concentrations within sampling networks were calculated using
individual wellsin anetwork (i.e., agricultural land-use study, urban land-use study, or major
aquifer) to negate sampling bias introduced by network size. Some networks include more than
100 wells, but most have 30 wells or less. Networks with fewer than 10 wells were not used in
this study. Censored values were set to one-half the detection limit before cal cul ating network
medians. Group medians representing each type of ground-water study (agricultural land use,
urban land use, major aquifer) then were calculated using the appropriate network medians as
input. For example, the median nitrite-plus-nitrate concentration of agricultural land-use studies
was cal culated from network medians associated with each agricultural land-use study.

For mapping purposes, lower quartiles (25™ percentile) and upper quartiles (75" percentile)
of land-use network medians were cal culated to rank agricultural and urban land-use studies as
"highest,” "middle," or "lowest" with respect to median nitrate concentration. A land-use network
in the highest category has median nitrate concentration in ground water greater than the 75"
percentile of 5 mg/L, and aland-use network in the lowest category has median nitrate
concentration less than the 25™ percentile of 0.5 mg/L. The remaining land-use networks were
ranked in the middle category. Exceedances of the nitrate MCL (10 mg/L as N) were determined
using (1) individual wellsin major-aquifer networks for mapping purposes, and (2) individual
wells grouped by type of ground-water study, by calculating the percent of wells with anitrate
sample that exceedsthe MCL.

The Kruskal-Wallistest and analysis of variance (ANOV A) on ranked data were performed
to test for differences in data grouped by type of ground-water study (agricultural land use, urban
land use, major aquifer), again using network medians asinput. When the Kruskal-Wallis test, a
nonparameteric test equivalent in purpose to ANOVA, agrees with ANOV A on the ranks, it
confirms that no assumptions required by the parametric test are violated. Where differences
between data groups were found by ANOV A on the ranks, Tukey’s multiple-comparison test was
performed on the ranks to determine which groups were different. Test results were evaluated at
the 0.05 level of significance.

Nitrogen loading data from atmospheric deposition, animal manure, and commercial
fertilizer were compiled in geographic information systems (GIS's) to evaluate effects on nitrate
concentration in shallow ground water beneath agricultural land use. Average annual nitrogen
loading from commercial fertilizer was compiled from national databases of county fertilizer
sales (Jerald J. Fletcher, West Virginia University, unpublished data, 1998) and averaged for
1991-1993 (Kerie J. Hitt, USGS, unpublished data, 1998) using methods described by Battaglin
and Goolshy (18). Average annual loading of inorganic nitrogen by atmospheric deposition was
estimated for the same period (Barbara C. Ruddy and David M. Wolock, USGS, unpublished
data, 1998) using data from the National Atmospheric Deposition Program/National Trends
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Network (19). Nitrogen loading from animal manure was compiled at the county level by Puckett
and others (20) from 1992 Census of Agriculture animal population data (21), based on per-
animal nitrogen-production rates (22). Corrections for nitrogen losses by volatilization of
ammonia during storage and handling of manure were not applied because volatilized nitrogen
can be redeposited locally, as shown in Puckett and others (23).

Nitrogen loading rates are seldom uniform within a county and depend in part on variations
inland use. Inthis study, county-level fertilizer and manure loadings were apportioned in a GIS
by land use to reflect variations in loadings within counties, to achieve greater spatial accuracy
than if loadings had been assumed uniform at the county level. Nitrogen fertilizer-loading data
were apportioned uniformly to "agricultural™ and "urban" lands with the following Anderson
Level Il designations:. cropland/pasture; orchards/vineyards; residential; new residential;
commercial/services; transportation, communications, and utilities; mixed urban or built-up; and
other urban or built-up land (24) (Kerie J. Hitt, USGS, unpublished data, 1998). The Anderson
land-use data were updated with 1990 Census population data to indicate recent conversion of
agricultural land to new residential land (25). Manure loading was apportioned to
cropland/pasture only. Nitrogen loading from atmospheric deposition was assumed independent
of Anderson land use compiled at the county level.

Weighted averages of nitrogen loading from fertilizer and manure were cal culated for 500-m
radius circular areas around each well, based on the percentage of Anderson Level Il agricultural
and urban land around each well. (Nitrogen loading from atmospheric deposition was assumed
independent of land use within 500 m of a sampled well.) The 500-m value was used because (1)
it yielded the strongest correlations between ground-water nitrate and agricultural and urban land
uses, based on sensitivity analysis of circular areas with radii of from 250 to 2,000 m (Bernard T.
Nolan, USGS, unpublished data, 1998); and (2) it is a reasonable area of influence for sampling
depths below water level used in this study.

Mean nitrogen loadings within NAWQA study units were cal cul ated from data compiled
within 500 m of each well in agricultural 1and-use studies, to evaluate differencesin nitrogen
sources (fertilizer, manure, and atmospheric deposition) within and between study units.
Agricultural land-use studies were used as a basis for comparison because they received nitrogen
from all three sources in the land-use apportioning exercise described above.

"Soil drainage characteristic" was determined from soil hydrologic group datain the State
Soil Geographic (STATSGO) database (26) and was compiled in 1:250,000-scale GIS maps
(Barbara C. Ruddy, USGS, unpublished data, 1998). The soil hydrologic group variable has four
major categories ranging generally from well-drained soils (groups A and B) to poorly drained
soils (groups C and D). The categorical variable was converted to a continuous variable by using
a GIS to compile the percent area of each soil hydrologic group within agiven agricultural land-
use study. Wells then were assigned the percent area of well-drained soils (hydrologic groups A
and B) associated with the agricultural land-use study in which they reside.

RESULTS AND DISCUSSION
Occurrence of nutrientsin ground water

Adjusted detection frequencies were calculated for each land-use study and major aquifer
based on a common detection threshold of 0.2 mg/L, and from these network values median
detection frequencies were calculated for each nutrient. Nitrate was detected more than 13 times
as often as any other nutrient. Nitrate was detected in 71 percent of ground-water samples,
followed by organic nitrogen (5.3 percent) and ammonia (5.1 percent). Nitrite and
orthophosphate were not detected in any samples in concentrations at or exceeding the common
detection threshold of 0.2 mg/L.

Median concentrations of nutrients were calculated for each type of ground-water study
(agricultural land use, urban land use, major aquifer) based on sampling network medians.
Nitrite-plus-nitrate has the highest range of median concentrations of any nutrient (0.48-3.4
mg/L) (table 2) and is the predominant nutrient found in shallow ground water underlying
agricultural and urban lands and in major aquifers. Median concentrations of ammonia (0.02-
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0.03 mg/L), ammonia-plus-organic nitrogen (<0.2 mg/L), nitrite (<0.01 mg/L), and
orthophosphate (0.01-0.02 mg/L) are comparatively low and indicate chemical instability, smaller
loadings, and/or limited mobility of these nutrientsin ground water.

Biogeochemical transformations influence the occurrence and distribution of nitrogen
species in ground water. Ammonia and organic forms of nitrogen are readily transformed in
ground water. Organic forms of nitrogen, such as urea, are mineralized to ammonia under both
anaerobic and aerobic conditions when organic matter decomposes (27). Ammoniais solublein
water but is converted to nitrogen gas in anaerobic systems and to ammonium hydroxide in
aerobic systems. Most of the ammonium hydroxide is ionized to ammonium and hydroxyl ions.
Under aerobic conditions, ammonium ion is converted to nitrite and nitrate by nitrification, a
microbially assisted process. Whereas nitrite is unstable under aerobic conditions, nitrate can
persist in ground water for decades.

Phosphorus solubility and mobility in water are limited, which might explain why median
orthophosphate concentration is low in the ground-water data set. Additionally, estimated
nitrogen loadings from animal manure and inorganic fertilizers are three-to-five times that of
estimated phosphorus loadings (1). Phosphorus, however, is present in domestic and industrial
sewage effluents (28), which might explain why median orthophosphate concentration in urban
land-use studies (0.02 mg/L) is higher than in agricultural land-use studies and in major aquifers
(table 2). For example, leakage of effluent from municipal sewer systems can contaminate
ground water in residential areas (29). Additionally, sodium phosphate was a component of
household cleaning detergents in the 1950's and 1960’s and might have reached some aguifers
through septic drain fieldsin residential areas. Phosphate is the most significant form of
phosphorus in natural water, and orthophosphate is the most thermodynamically stable form of
phosphate (28).

From this point on, nitrite-plus-nitrate is referred to in this paper as "nitrate." Nitrite
concentration commonly is less than the method detection limit of 0.01 mg/L in ground waters
sampled in this study, resulting in negligible contribution to nitrite-plus-nitrate concentration.
Additionally, the corresponding USEPA MCL for nitrite-plus-nitrate is 10 mg/L as N, the same as
for nitrate alone.

Shallow ground water beneath agricultural land has the highest median concentration of
nitrate in ground water (3.4 mg/L), which is greater than in shallow ground water beneath urban
land (1.6 mg/L) and in samples from major aquifers (0.48 mg/L) (table 2, figure 2a). Tukey’s
multiple comparison test on the ranks indicates that median nitrate concentration in major
aquifersis significantly different (p=0.0002) from that in shallow ground water beneath
agricultural land. Differencesin ground-water nitrate concentration beneath agricultural land and
urban land (p=0.34), and beneath urban land and in major aquifers (p=0.20), are not statistically
significant at the 0.05 level. Box plots labeled with the same letter in figure 2a (e.g., "A" for
both agricultural and urban lands) indicate that differences in nitrate concentration are not
statistically significant. The median and hinges shown in the box plotsin figure 2 divide the
sample valuesinto four groups of equal size. The median divides the ordered valuesin half, and
the hinges subdivide the two halvesin half again. The whiskers indicate values that fall within
1.5 times the interquartile range, which is the difference between the upper and lower hinges.
Percentiles above the method detection limit are known exactly, whereas those below the
detection limit are not. Therefore, the box plots are truncated bel ow the method detection limits.

Box plots also were prepared for ammonia (figure 2b), which had median concentrations
greater than the detection limit for each type of ground-water study (agricultural land use, urban
land use, and major aquifer) (table 2); and orthophosphate (figure 2c), the most common form of
phosphorusin natural water. ANOV A on the ranks indicated that ammonia and orthophosphate
concentrations are not significantly different among ground-water samples from agricultural and
urban land-use studies and major aquifers. ANOVA yielded p-values of 0.24 and 0.96 for
ammonia and orthophosphate, respectively. Median ground-water concentrations of these
nutrients are equal to or slightly greater than associated method detection limitsin land-use
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studies and in major aquifers (table 2). The remainder of this paper focuses on nitrate because it
is the predominant nutrient found in ground waters sampled in this study.

Nitrate concentration in ground water

Median nitrate concentration is highest in shallow ground water beneath agricultural land.
Compared with most major-aquifer surveys, land-use studies sample shallow, recently recharged
ground water and are more likely to show effects of nitrogen inputs to the land surface. Median
nitrogen loading within 500 m of sampled wells was as high as 210 kilograms per hectare (kg/ha)
in agricultural land-use study areas. In prior research, nitrate concentrations in shallow ground
water were elevated in areas with high nitrogen input from inorganic fertilizers, animal manure,
and atmospheric deposition (30), the same sources used in the current study.

The low median concentration of nitrate in major aquifers (figure 2a) indicates sampling of
deeper ground water. The depth to the top of the open interval (well screen or open borehole)
below water level was calculated in this study to represent "sampling depth" within aquifers.
Deeper sampling depths generally correspond to older ground water and anaerobic conditions. In
an unconfined aquifer, sampling depth represents the distance from the water-table surface to the
top of the openinterval; but in a confined aquifer, sampling depth represents the distance from
the potentiometric surface to the top of the open interval, which can include unsaturated as well
as saturated materials. Water-table and potentiometric-surface height can differ in agiven area,
especialy in hilltop and deep valley topographic settings. In settings typical of NAWQA wells,
however, water-table and potentiometric-surface height are about the same, and the depth below
water to the top of the open interval is used to represent sampling depth within the saturated zone
of aquifers.

The LOWESS (locally weighted scatterplot smooth) linein figure 3 indicates that nitrate
concentration in ground water generally decreases as sampling depth within aquifers increases.
The LOWESS smooth isamoving, local average of the values associated with individual wells
shown in figure 3. Median sampling depth is 6.8 m in mgjor aquifers, compared with 1.7-3.5 m
for agricultural and urban land-use studies (table 2). Tukey’s multiple comparison test on the
ranks indicates that sampling depth in major aquifersis significantly different from that in
surficial aquifers beneath agricultural (p=0.03) and urban (p=0.01) lands. Differencesin
sampling depth for the two types of land uses (p=0.52), however, are not statistically
significant[] as expected because both types of land-use studies are designed to sample shallow,
recently recharged ground water.

Whereas NAWQA land-use studies sample recently recharged ground water (that might or
might not be used for drinking) beneath specific land uses, major-aquifer studies usually sample
deeper ground water that commonly is used for drinking. Nitrate contamination of deeper ground
water isless likely to occur for three reasons. First, in areas with greater depth to ground water,
contaminants introduced at the land surface must travel farther to reach ground water. Depth to
ground water is 6.8 min major aquifers, but only 3.3-5.1 min urban and agricultural land-use
studies (table 2). Second, nitrate is less stable under anaerobic conditions typical of deeper
sampling depths below water, and can be transformed to nitrogen gas or reduced nitrogen species,
such as ammonium. Third, deeper ground water commonly is older and less likely to show
effects from recent land use. For example, ground water older than 50 yearsis unlikely to show
effects from increased fertilizer loading that occurred over the last half-century.

The nitrate MCL is exceeded more often in shallow ground water beneath agricultural land
than in shallow ground water beneath urban land and in ground water in major aquifers. Samples
from 19 percent of wellsin agricultural lands exceed the nitrate MCL of 10 mg/L asN. In
contrast, 3.9 and 5.3 percent of samples from urban lands and from major aquifers, respectively,
exceed the nitrate MCL. The exceedance percentage for major aquifers seems high compared
with that for urban lands, but not all major aquifers are deep, and most wells with exceedances
are completed in afew aquifers that are highly contaminated by nitrate. For example, sampling
depth (2.7 m) and median depth to water (1.7 m) in sampled wellsin the Platte River alluvial
aquifer in central Nebraska are significantly less than the typical values shown for major aquifers
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intable 2. The Platte River alluvial aquifer is overlain by extensive areas of irrigated and
fertilized corn, and 36 percent of samples from this major aquifer exceed the nitrate MCL of 10
mg/L as N.

National patterns of nitrate concentration in ground water

Median nitrate concentration was mapped at the national scale to show spatial patterns of
nitrate concentration in shallow ground water beneath agricultural and urban lands (figure 4a) and
in major aquifersirrespective of overlying land use (figure 4b). Areasthat rank among the
highest 25 percent of median concentration of nitrate in ground water beneath |and-use study
areas (i.e., have median concentration of nitrate greater than 5 mg/L) cluster in the mid-Atlantic
and western areas of the Nation (figure 4a). Contamination patterns of shallow ground water
reflect differencesin nitrogen loading, land use, soil and aquifer permeability, irrigation practices,
and other factors.

Figure 4a aso shows regional patterns of nitrogen loading by inorganic fertilizer, animal
manure, and atmospheric deposition, compiled at the county level for mapping purposes. Most of
the high ground-water nitrate values coincide with areas of high nitrogen loading, and the most
extensive areas of high nitrogen loading arein the Midwest. These county data differ from
loadings apportioned by specific land uses and compiled within 500 m of sampled wells. The
latter data, discussed in the next section, were used in direct comparisons of nitrogen loading with
nitrate concentration in ground water beneath agricultural land.

Median concentrations of nitrate in ground-water samples from mgjor agquifers generally are
less than the nitrate MCL of 10 mg/L as N (figure 4b). In 18 of 33 major aquifers sampled by
NAWQA, no ground-water samples exceed the nitrate MCL. The low rate of exceedances
reflects generally greater depth to water and greater sampling depth within the saturated zone of
these aquifers. Nitrate poses a health concern, however, in some major aquifers. For example,
four major aguifers have more than 15 percent of ground-water samples with nitrate
concentration exceeding the MCL (figure 4b). The high exceedance percentages are associated
with hydrogeologically susceptible aquifers under predominantly agricultural land use. The
White River Basin did not conduct a major-aquifer study, so these data are not available for
southern Indiana (figure 4b).

Relation of nitrate concentration in shallow ground water to explanatory variables

Data for land-use studies indicate differences in nitrogen loading, climate, land use, soil-
drainage characteristic, aquifer vulnerability, irrigation practices, and geochemical conditions
within aguifers. Contaminant behavior in ground-water systemsis highly complex and these and
other factors interact to influence nitrate occurrence and distribution. Asaresult, nitrate behavior
in response to any single factor isvariable. The following discussion focuses on nitrate data from
land-use studies, which are designed to sample recently recharged ground water.

Nitrogen loading. Average nitrogen loading in agricultural lands was compiled by source
for each NAWQA study unit to evaluate regional contributions by fertilizer, manure, and
atmospheric deposition. Nitrogen loading from fertilizer and manure exceeds that by atmospheric
deposition in al study units (figure 5). Nitrogen loading from atmospheric deposition is greater
in the eastern U.S. than in the western U.S. Fertilizer loading generally is greater than manure
loading, except in the Nevada Basin and Range and Ozark Plateaus, and in study units in the mid-
Atlantic and northeastern U.S.

Median nitrate concentration in shallow ground water beneath agricultural land was directly
compared with median nitrogen |oading from commercial fertilizer, animal manure, and
atmospheric deposition (figure 6). Nitrogen loading was estimated for 500-m radius, circular
areas surrounding each well, and from these areas median loadings were calculated for each
agricultural land-use study. The scatter in figure 6 indicate that nitrate concentration in ground
water isinfluenced not only by nitrogen loading but by other factors aswell. Agricultural lands
with low median nitrogen loading (less than 65 kg/ha) but high nitrate concentration in ground
water (4 mg/L or more) generally are associated with fractured rock or well-drained, coarse-
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textured soils that facilitate nitrate leaching to ground water. These studies are indicated by the
shaded area labeled "low load, high concentration” in figure 6. Examples include carbonate rocks
in the Lower Susquehanna Basin, southeastern Pennsylvania; sand and gravel depositsin the
Western Lake Michigan Drainages, central Wisconsin; irrigated row crops over basalt and well-
drained deposits in the Central Columbia Plateau, eastern Washington; and stratified glacial
outwash and sediments in the Connecticut, Housatonic, and Thames River Basinsin New
England, and in the Red River of the North Basin, northwestern Minnesota. For example, nitrate
concentration in ground waters of the Red River of the North Basin is highest in glacial outwash
aquifers beneath agricultural lands. Although median nitrogen loading within 500 m of wellsin
these areas is less than 50 kg/ha, median nitrate concentration in ground water is 4.3 mg/L (figure
6), more than twice the background level of 2 mg/L. The combination of irrigation, sandy soils,
and conditions unfavorable to denitrification increases nitrate concentration in shallow ground
water in these areas (31).

In contrast, nitrate concentration in areas with moderate-to-high nitrogen loading (greater
than 65 kg/ha) but low nitrate concentration in shallow ground water (lessthan 1 mg/L) barely
increases in response to nitrogen loading (figure 6). These studies are indicated by the shaded
arealabeled "high load, low concentration” in figure 6. These areas generally are underlain by
unfractured, consolidated rock (sandstone or crystalline bedrock) or by fine-textured soils, which
impede downward migration of water and chemicals. Examplesinclude clay-rich glacial tillsin
the White River Basin, Indiana and in the Western Lake Michigan Drainages; and poorly drained
areas of the Willamette Basin in northwestern Oregon.

Some areas with high nitrogen loading have low median nitrate concentration because of
climatic factors. The Rincon Valley of southern New Mexico has a median nitrogen loading
approaching 200 kg/ha, yet shallow ground water in the area has a median nitrate concentration of
only 0.48 mg/L (figure 6). Average annual precipitation islessthan 20 centimeters (cm) in the
southern part of the Rio Grande Valley, where the Rincon Valley islocated, and annual potential
evaporation may exceed 1,000 percent of annual precipitation (32). In contrast, annual
precipitation in mountainous areas of the northern part of the Rio Grande Valley can exceed 120
cm. Nitrate leaching patternsin the Rio Grande Valley vary considerably. The ground-water
recharge rate (afactor in leaching) is affected by variationsin "soil type, texture, permeability,
precipitation, and biological/geochemical processes in the unsaturated zone" (32).

Elsewhere, high nitrate concentration in shallow ground water generally is associated with
high nitrogen loading. For example, median nitrate concentration in ground-water samples from
the Minidoka Irrigation District in the Upper Snake River Basin, southeastern ldaho, is 7.1 mg/L
(figure 6) . The areareceives high nitrogen loading from fertilizer (151 kg/ha) and has well-
drained soils and a shallow depth to ground water (33).

Land use. Nitrogen loading isrelated to land use. For example, shallow ground water in
amond-orchard areas of the San Joaquin-Tulare Basin, central California, has a median nitrate
concentration of 10 mg/L. Almost the entire floor of the San Joaquin Valley is used for
agricultural land (34). Median percent agricultural land within 500 m of sampled wellsin the
amond-orchard areais nearly 100 percent, and median nitrogen loading from inorganic fertilizers
is moderately high at 85 kg/ha (figure 6).

Land use alone, however, can be a poor predictor of nitrate concentration in shallow ground
water. Some predominantly agricultural areas have low nitrogen loading and low nitrate
concentration in ground water. Shallow ground water in the Carson Valley of western Nevada
has a median nitrate concentration of only 0.16 mg/L. Although the areais 94 percent
agricultural land, nitrogen fertilizer loading around sampled wellsislow (52 kg/ha) (figure 6) .
Nitrogen loading from fertilizer and manure in western Nevadais significantly less than in the
upper midwestern United States (35). Selected areas in western Nevada are planted in afalfa, a
legume that fixes atmospheric nitrogen. Additional nitrogen fertilizer is not needed after this crop
is established.

Nitrate concentration in shallow ground water beneath urban lands generally increases with
increasing population density (figure 7). Shallow ground water in urban areas of the Willamette
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Basin near Portland, Oregon, has a median nitrate concentration of 5.4 mg/L. In 1990, about 1.2
million people lived in Portland, the State’'s largest metropolitan area (36). The median
population density within 500 m of sampled wellsin the Portland areais 2,300 people per square
kilometer (km?) (figure 7) . In contrast, shallow ground water in urban areas of the Hudson River
Basin near Albany, New Y ork, has a median nitrate concentration of only 0.39 mg/L, and the
median population density near sampled wellsis only 380 people/ km” Both studies are in areas
with greater than 60 percent residential land use as defined by updated Anderson Il data compiled
for land-use study areas.

Soil drainage characteristic. Soil-drainage characteristic influences nitrate concentration
in shallow ground water. The percent area of well-drained soils (soil hydrologic groups A and B
in STATSGO) in agricultural land-use studies was compiled in a GIS and compared with median
nitrate concentration in ground water. As the percentage of well-drained soils increases, median
nitrate concentration generally increases (figure 8). Well-drained soils generally are coarse-
grained and can easily transmit water and nitrate to ground water. In contrast, poorly drained
soils commonly are fine-grained and transmit water and nitrate at a slower rate than well-drained
soils. Poorly drained soils also are anaerobic, which promotes conversion of nitrate to nitrogen
gas and limits conversion of ammoniato nitrate (37).

Datafor specific areas show the interaction between soil-drainage characteristic and nitrogen
loading. Shallow ground water beneath agricultural lands (potatoes and corn) of the Central
Columbia Plateau in southeastern Washington State has a median nitrate concentration of 6.7
mg/L, and 70 percent of soilsin the study area are classified as well-drained (figure 8). High
rates of nitrogen fertilizer application and extensive irrigation contribute to high nitrate
concentration in ground waters of the Central Columbia Plateau (38). Nitrate leaching in the area
is enhanced because soils generally are well-drained, permeable, and underlain by unconsolidated
sand and gravel (37). Extensiveirrigation in the area has increased the ground-water recharge
rate, which helps move nitrate through the unsaturated zone.

Poorly drained soils can reduce the risk of ground-water contamination, even in areas with
moderate nitrogen loading. Although agricultural landsin glacial lowlands of the White River
Basin in southern Indiana receive 91 kg/ha of nitrogen within 500 m of sampled wells, shallow
ground water in the area has a median nitrate concentration of only 0.27 mg/L. Only 35 percent
of soilsinthe area are classified as well-drained (figure 8). Clay-rich depositsin the glacial
lowlands protect aquifers from nitrate contamination (39). Additionally, shallow ground water
beneath agricultural land in atill-plain region of central Indiana has a median nitrate
concentration of less than 0.05 mg/L, even though the area receives 84 kg/ha of nitrogen within
500 m of sampled wells. Thirty percent of soilsin the area are classified as well-drained. The
poorly drained soils restrict downward movement of water and nitrate to the water table, and
agricultural tile drainsin the area intercept and divert soil water to streams before it reaches the
aquifer. Nitrogen loading in the areais more likely to affect nearby streams than ground water.

Irrigation. Irrigation practices can influence nitrate concentration in shallow ground water.
Ground water beneath poorly drained agricultural lands in the Willamette Basin, northwestern
Oregon, has median nitrate concentrations ranging from less than 0.05 to 2.80 mg/L. The lower
value represents nonirrigated agriculture and the higher value represents irrigated agriculture.
Compared with nonirrigated crops, nitrogen application rates generally are greater on irrigated
land (36), and irrigation increases ground-water recharge and subsequent leaching of nitrate.

Biogeochemical transfor mations. Oxidation-reduction potential and related
biogeochemical transformations influence nitrate concentration in ground water. In carbon-rich
systems that lack oxygen, nitrate is reduced to nitrogen gas by a bacterially mediated process
called denitrification (40). Shallow ground water beneath agricultural land in the North Carolina-
Virginia Coastal Plain has a median nitrate concentration of less than 0.05 mg/L, even though the
rate of nitrogen loading within 500 m of sampled wellsis 72 kg/ha. Water and sediment in the
area contain sufficient carbon for bacterial reduction of nitrate to nitrogen gas and other reduced
nitrogen species (41). Ground water in the area has a comparatively high median dissolved
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organic carbon concentration (4.2 mg/L), and the median dissolved oxygen content of 2.1 mg/L is
comparatively low (42).

In other areas, aquifer conditions might preclude biologically mediated transformation of
ammonium to nitrite and nitrate via nitrification. Shallow ground water beneath agricultural land
in the Valley and Ridge Province, Potomac River Basin, has a median nitrate concentration of
lessthan 0.05 mg/L. Land within 0.4 km of sampled wellsin the areais 35 percent forested (43).
Ground water in the area contains comparatively high median concentrations of ammonium (0.06
mg/L), iron (515 pg/L), and manganese (135 pg/L), and low median dissolved oxygen (0.5
mg/L), consistent with reducing conditions (42). Median dissolved organic carbon concentration
islow (0.4 mg/L), significantly less than in ground waters of the North Carolina-Virginia Coastal
Plain. Ground water conditions in the forested areas of the Valley and Ridge apparently are
sufficiently reducing to inhibit biologically mediated transformation of ammonium to nitrite and
nitrate.

High nitrate concentration in major aquifers

The above examples pertain to shallow ground water beneath agricultural or urban lands.
Additionally, some major aquifers (sampled irrespective of overlying land use) are
hydrogeologically susceptible to chemicals applied at the land surface. Ground water in the Platte
Valley of central Nebraska has a median nitrate concentration of 5.8 mg/L, and the nitrate MCL
(10 mg/L as N) is exceeded in 36 percent of the samples. Shallow depth to ground water (median
of 1.7 m), sandy soils, and intensely irrigated cropland dominated by corn production contribute
to the high occurrence of nitrate in the area (44).

Water from amajor aquifer in Piedmont-crystalline areas of southeastern Pennsylvania has a
median nitrate concentration of 6.6 mg/L, and the nitrate MCL was exceeded in 31 percent of the
samples. Although the median depth to ground water is greater (12.8 m) than in the Platte Valley,
the agquifer consists of fractured crystalline rocks that are susceptible to recharge of water and
chemicals from the land surface (45). Overlying land usein the area consists of mixed forest and
agriculture, and ground water is nitrogen-rich near hilltops where the agricultural land is most
dense.
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Table 1. National Water-Quality Assessment Program Study Units that began in 1991

study unit abbreviation
study unit name

ACFB Apalachicola-Chattahoochee-Flint River Basin
ALBE Albemarle-Pamlico Drainage

CCPT Central Columbia Plateau

CNBR Central Nebraska Basins

CONN Connecticut, Housatonic, and Thames River Basins
GAFL Georgia-Florida Coastal Plain

HDSN Hudson River Basin

LSUS Lower Susquehanna River Basin

NVBR Nevada Basin and Range

OZRK Ozark Plateaus

POTO Potomac River Basin

REDN Red River of the North Basin

RIOG Rio Grande Valley

SANJ San Joaquin-Tulare Basins

SPLT South Platte River Basin

TRIN Trinity River Basin

USNK Upper Snake River Basin

WHIT White River Basin

WILL Willamette Basin

WMIC Western Lake Michigan Drainages
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Figure 1. Locations of wells sampled as part of NAWQA land-use studies and major-
aquifer surveys conducted during 1992-1995.
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Table 2. Median concentrations of nutrients in samples from NAWQA ground-
water studies, and median depth to ground water and to sampled zone within
aquifer

MDL?, agric. urban major
water-quality variable or well parameter mg/L land use land use aquifer

Ammonia as N (mg/L) 0.01, 0.02 0.03 0.02

0.015°
Nitrite as N (mg/L) 0.01 <0.01 <0.01 <0.01
Ammonia-plus-organic nitrogen as N (mg/L) 0.20 <0.2 <0.2 <0.2
Nitrite-plus-nitrate as N (mg/L) 0.05 3.4 1.6 0.48
Orthophosphate as P (mg/L) 0.01 0.01 0.02 0.01
Depth to ground water (meters) - 5.1 3.3 6.8
Depth of top of open interval below water level -- 3.5 1.7 6.8

(meters)

#Method detection limit
® Ammonia method has two detection limits
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Figure 2a-c. Distributions of (@) nitrite-plus-nitrate, (b) ammonia, and (c) orthophosphate
concentrations in ground-water samples from land-use studies and major aquifers.
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Median nitrate concentration
(milligrams per liter)

Agricultural ~ Urban Average annual total nitrogen input by county for 1991-94
land use land use Concentration ranges (kilograms per hectare)
(] u Highest (greater than 5.0) O Highest (equal to or greater than 28)
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) [ | Lowest (less than 0.5) L] Lowest (less than 7)

Figure 4a. Median nitrate concentration in shallow ground waters sampled by the
NAWQA Program during 1992-1995.
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4b

Percent of samples exceeding
drinking-water standard for nitrate
(10 milligrams per liter as N)

@ Greater than 15
Less than 15 (but at least 1 sample)
€ Nosamples exceed standard

Pattern and color shades indicate extent of the major aquifers studied.

Figure 4b. Percent of samples exceeding the nitrate maximum contaminant level (10
mg/L as N) in major aquifers sampled by the NAWQA program during 1992-1995.
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Figure 5. Average nitrogen load to agricultural lands within NAWQA study units during
1991-1993. (Seetable 1 for definitions of study unit abbreviations.)
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