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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 information that will assist
resource managers and policymakers at Federal, State,
and local levels in making sound decisions. Assessment
of water-quality conditions 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 permits and
water-supply standards; development of remediation
plans for specific contamination problems; 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 information. As a
society we need to know whether certain types of water-
quality problems are isolated or ubiquitous, 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 U.S. Congress
appropriated funds in 1986 for the USGS to begin a
pilot program in seven project areas to develop and
refine the National Water-Quality Assessment
(NAWQA) Program. 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 agencies. 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
monitoring 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.
There 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 and Abbreviations

Multiply Inch-Pound Unit By To Obtain Metric Unit
foot (ft) 0.3048 meter

foot/day (ft/d) 3528 x 107 centimeter per second
inch (in.) 2.54 centimeter

gallon per minute (gal/min) .06308 liter per second

mile (mi) 1.609 kilometer

pound per acre 1.121 kilogram per hectare
square mile (mi?) 2.590 square kilometer

Temperature in degrees Fahrenheit (°F) is converted to degrees Celsius (°C) by: “C=("F-32)/1.8

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 both the United States and Canada,
formerly called Sea Level Datum of 1929.

mg/L milligram per liter

ug/L microgram per liter

pCi/L picocurie per liter

MCL maximum contaminant level
DOC dissolved organic carbon
DO dissolved oxygen

BP before present

Use of trade names in this report is for identification purposes only and does not constitute endorsement by the U.S.
Geological Survey.
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Site Selection, Well Construction,
and Sampling-Network Characteristics
Well sites were selected to obtain a representative

sample of shallow ground water over which the
dominant land use was row-crop agriculture. The
general NAWQA well-site-selection and well-
construction methods are detailed by Lapham and others
(1995). To create the land-use sampling networks, each
study area was divided into 30 equal-area cells. A
randomly located point in each cell was selected as the
sampling site (Scott, 1990). Inventories of existing
wells within the study areas identified possible sampling
sites. Information about well construction and the
geological material penetrated by the well were required
for wells to qualify as sampling sites. Further, well
owners were to allow sampling and measurement
repeatedly over the foreseeable future. Existing wells
selected as sampling sites had short screens that were
close to the water table, had no confining beds
separating the screen from the land surface, and were
located as near as possible to the pre-selected randomly
located sampling site. If such a well could not be found,
we constructed a well to meet these criteria. One cell in
each study area contained an installed well that did not
produce enough water to sample. No well was sampled
in these cells, resulting in water-quality data sets of 29
samples for each study area.

Flow-path transect wells were distributed along a line
of ground-water flow inferred from existing water-table
maps, within each land-use study area. One to five wells
were installed at four or five roughly equally-spaced
sites along the line of flow from the recharge area to the
discharging stream. Each well nest contained at least
one water-table well. Other, deeper wells were
distributed evenly between the water table and the first
major confining unit at some well sites.

Seasonal sampling networks were established by
selecting four water-table wells (three water-table and
one deeper well from the Otter Tail outwash study area)
from each flow-path transect and four wells from each
land-use sampling network. We selected these wells to
represent the range of position (recharge area to
discharge area) and water quality (areas of high nutrient
and pesticide concentration to areas of low
concentration) in each land-use study area.

All installed wells were made of 2 in. inside-
diameter, schedule 40, flush-threaded, polyvinyl
chloride (PVC) pipe with slotted PVC screens. These
wells were installed with a hollow-stem power auger
and set to intersect the water table, taking into account
the normal annual water-table fluctuations. Within the
constraints of water-table fluctuations and well-

production requirements (at least 0.5 gal/min, steady-
state), we installed the shortest well screens possible.
All installed land-use and flow-path transect well
screens were 4.4 ft long, except for two land-use wells
in the Sheyenne Delta study area that had 6.9 and 9.4 ft
long screens (see Supplemental Information section,
table 14). Five flow-path transect wells had screens that
were 9.4 ft long, and three that were 2.3 ft long. After
the well was set, auger flights were removed, allowing
the aquifer formation to collapse around the screen.
Where the aquifer material contained too much fine
material to produce an effective filter around a normal
screen, twin-concentric PVC screens were installed
instead. The interannular space of these screens was
filled with washed filter sand before installation. If the
aquifer formation did not collapse to at least 1 foot
above the screen, washed sand was poured around the
screen to that level. Wells then were sealed with at least
2 ft of bentonite pellets before drill cuttings were used to
fill the annulus to within 2 ft of land surface. A 7-ft-
long, steel protection pipe was set in concrete around the
well and closed with a locking cap. Between well sites,
the power auger was steam-cleaned to prevent cross-
contamination. Both newly constructed and pre-existing
observation wells were developed until wells supplied
clear water at a rate of at least 0.5 gal/min. No foreign
water was introduced into the well except deionized
water where necessary for development.

The resulting random land-use sampling networks
had median distances from the randomly located points
to the sampled wells of 3,920 ft in the Sheyenne Delta
study area and 4,126 ft in the Otter Tail outwash study
area. The difference between the randomly located
points and sampled wells added no known bias into the
sampling network. Pre-existing wells in the Sheyenne
Delta study area were all observation wells. Those in
the Otter Tail outwash study area were observation (3),
domestic (3), and commercial (1) wells. Permanently-
installed submersible pumps delivered water from all
non-observation wells. Figure 3 and table 1 present
summary characteristics for wells in these sampling
networks at the time of sampling. Table 14 in the
Supplemental Information section presents data for the
land-use sampling network and flow-path transect wells.

The predominant aquifer texture at a well was
estimated by visual and tactile inspection from power-
auger cuttings. Land use at a well was estimated from
areal photographs and field notes after the land area
contributing water to the sampled well was determined.



Lake Agassiz Basin by about 12,000 years BP
(Wright, 1972). Annual average rainfall in the area was
26.8 inches during the 30 year period from 1966 to 1995
(National Weather Service, 1996). Irrigation from the
Otter Tail outwash aquifer has increased rapidly in
recent years from 23% of the total study area in 1984 to
27% (22.5 mi%) in 1991. During the study, corn, hay
and beans were the main crops grown.

Previous Studies

Upham wrote the first description of the Sheyenne
Delta in his 1895 treatise on Glacial Lake Agassiz.
Early studies of the hydrogeology of the deposit are
reviewed by Downey and Paulson (1974) in their
evaluation of the hydrological effects of a proposed
Sheyenne River dam near Kindred, North Dakota.
Harris (1987) mapped in detail the surficial geology of
an area including the Sheyenne Delta study area.
Paulson (1964) documented substantial ground-water
discharge to the Sheyenne River as it crosses the Delta,
Strobel and Cowdery (1994) investigated flood effects
on the aquifer, and Running (1995a, 1995b, 1996)
described and interpreted the geomorphology of the
Sheyenne Delta in great detail. Hopkins (1996) also
presented a detailed, small-scale hydrological and
pedological study of the deltaic deposits. Radig and
Bartelson (1994) presented agricultural-chemical
concentrations in Sheyenne Delta ground water in their
monitoring-program report.

Upham (1885), describing for the first time the
geology of Otter Tail County, recognized extensive and
thick areas of surficial sands and gravels as well as their
hydrogeological importance. Reeder (1972) listed other
early investigators of the hydrogeology of the Otter Tail
outwash in his study of the aquifer in the Perham area.
Smith and Ruhl (1995) presented ground-water-quality
data for the aquifer. Stoner and others (1993) and
Tornes and Brigham (1993) reviewed the environmeatal
setting and the available ground-water-nutrient data,
respectively, for the Red River Basin as a whole. Lorenz
and Stoner (1996) compiled maps that explain the basin
subdivision and sampling design for the Red River
Basin NAWQA. These reviews help to place the land-
use-study areas within the regional context of surficial
aquifers and general water quality.
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Study Design and Methods

The land-use study design focused on assessing land-
use effects on shallow ground-water quality in the Red
River Basin. The sandy, surficial Sheyenne Delta and
Otter Tail outwash aquifers are best suited for this
purpose because they are most susceptible to water-
quality effects from land use, are relatively simple
geologically, and are well-studied. Further, because
both aquifers are known to have substantial ground-
water/river interaction, these areas permit the integration
of ground-water quality with surface-water and
ecological quality into one, synthetic assessment of
water quality.

Within each study area, 29 wells form a randomly-
distributed water-quality sampling network (fig. 2). We
constructed 22 wells in each study area to intersect the
water table. Well construction and geological data were
known for the other seven pre-existing wells used in
each network. Within each network, additional wells,
installed along a line of general ground-water flow and
screened at various depths throughout the aquifer
thickness, formed a flow-path transect. These wells
provided data on the vertical variation of ground-water
quality and on changes in quality as ground water flows
from recharge areas to discharge areas. Five sites,
containing 9 wells in the Sheyenne Delta study area and
six sites, containing 13 wells in the Otter Tail outwash
study area composed these flow-path transects.
Repeated sampling (8 to 13 samples per well over 18
months) at a subset of 8 wells (4 land-use and 4 flow-
path transect wells) in each study area showed the
seasonal variability in ground-water quality. Ancillary
data, such as land use, geology, well construction,
weather, and historical ground-water quality, supplied a
background with which to explain the ground-water
quality data collected.















The nutrient application rate estimate for the Sheyenne
Delta study area is the average of that for Ransom and
Richland Counties. We estimated pesticide use in each
study area based on the crops grown and pesticide usage
statistics from Minnesota (Kelly and Hines, 1992) and
North Dakota (Zollinger and others, 1992), and
maximum recommended application rates (University of
Minnesota Agricultural Extension Service, 1991).

Each sampling network of 29 wells was established to
estimate the shallow ground-water quality beneath land-
use in the study area. To assess how well each network
represented land-use in the study area as a whole, we
characterized the land-use in the area most likely to
contribute recharge water to each land-use well. The
shallow wells used for this study actually obtain water
that has seeped through up-gradient parcels of land much
smaller in area than the study area. A simple ground-
water-flow model used conceptual hydrological and
geological factors for the study areas to estimate the up-
gradient area most likely to contribute recharge to each
sampling network well.

To test concepts of ground-water flow near a sampling
network well, the computer programs MODFLOW
(McDonald and Harbaugh, 1988) and MODPATH
(Pollock, 1989) simulated three-dimensional steady-state
ground-water flow and travel times, respectively, in each
of the aquifers. For each study area, a five-layer model
was constructed for a hypothetical 1,000-ft by 5,000-ft
rectangular portion of each aquifer with a representative
range of horizontal hydraulic gradients. Layer one
simulated unconfined conditions and allowed inputs of
the average effective recharge rate (total precipitation
minus losses from runoff and evapotranspiration). By
specifying constant-head cells, one edge of layer one
represented a ground-water discharge area, such as a lake
or stream. The other three edges of layer one and all
edges of the underlying layers were no-flow boundaries.
The bottom of layer five also was a no-flow boundary to
represent a confining unit below the surficial aquifer.
Layers two through five had equal thicknesses and
combined with layer one to represent a typical thickness
for each aquifer.

Table 3 summarizes the factors incorporated in the
model simulations for each study area. A separate
generic model was developed for each study area by
adjusting the hydraulic properties and effective recharge
rate until horizontal hydraulic gradients reasonably
matched those reported in previous investigations
(Downey and Paulson, 1974, and Reeder, 1972) and
determined by water-level measurements in this study.
The effects of seasonal withdrawal of ground water from
irrigation wells and the sampling network wells were
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assumed to be negligible for this analysis and therefore
were not simulated. Using a realistic range of possible
hydraulic conductivity (Lorenz and Stoner, 1996), the
backward path-line tracking option of MODPATH
computed conservative ground-water travel times and
distances. All other factors used in the simulations were
within reasonable limits of measured or reported values
(Downey and Paulson, 1974; Reeder, 1972; Baker, 1967,
and Fetter, 1994).

Estimates of the radius of up-gradient areas of
recharge contribution were computed for relatively low
and high gradient conditions for each study area using
the generic models. Ground-water-flow lines were
tracked between a 5-foot depth below the water table
(representing the midpoint of most wells used in the
study) and the up-gradient water table (table 3).
Simulations also were made for a 10-foot depth below
the water table for low-gradient conditions (high-
gradient conditions did not exist for the 10-foot depth).
The resulting radii varied considerably between the two
study areas and the two gradient conditions. The
computed time of travel ranged from 2.5 years for the 5-
foot depth of either gradient condition in the Otter Tail
outwash study area to 15.6 years for the 10-foot depth of
the low-gradient condition in the Sheyenne Delta study
area. These travel times, which were computed for the
deepest part of a 5- or 10-foot screen depth, represent the
maximum ground-water ages estimated by the models.
These travel times compare favorably with ages
determined by analyses of chlorofluorocarbons in
samples (Puckett and others, 1995) collected from most
of the Otter Tail outwash flow-path transect wells.

Model-computed travel times do not account for the
time required for water to percolate from the soil surface
to the water table. This percolation cannot begin until
the soil field capacity is exceeded (becomes saturated), a
condition for well-drained sandy soils that commonly
occurs only during heavy rains, rainfall coincident with
irrigation, or spring snowmelt. A review of precipitation
data and water-level hydrographs suggests that a
reasonable estimate of the time for water to move from
the soil to the water table was from 0.5 to 1 year in both
aquifers. This time interval, added to the model-
computed estimates of time for travel between the water
table and the well, results in total estimated travel times,
from the land surface to a sampled well, ranging from
0.5 years (immediately adjacent to the well) to 16 years
(fig. 5). The midpoint of most sampling intervals for this
study was within about 6 ft (median: 6.6 ft) of the water
table under low hydraulic gradient conditions.
Assuming travel time to be the average of that at the top



Table 3.—Ground-water modeling factors for flow in land-use study areas.

Factor

Aquifer thickness (ft)

Porosity

Effective recharge rate (feet per year)
Horizontal hydraulic conductivity range (ft/d)

Ratio of horizontal to vertical hydraulic conductivity

Study area
Sheyenne Delta Otter Tail outwash
64 - 87 44 - 49
35 25
25 .58
5-10 100 - 240
10 5

Low horizontal hydraulic gradient conditions

Gradient range

Radius of influence for 5-foot depth below water table (feet)

and maximum travel time [years] computed by model

Radius of influence for 10-foot depth below water table (feet)

and maximum travel time [years] computed by model

Radius used to characterize land use (ft)

.0008 - .0015
70 - 80 [8.0]

.00019 -.00044

280 - 365 [2.5]
130 - 160 [15.6] 520-750[4.8]

160 490

High horizontal hydraulic gradient conditions

Gradient range

Radius of influence for 5-foot depth below water table (feet)

and maximum travel time [years] computed by model

Radius used to characterize land use (ft)

0015 - .011
385-395 [7.6]

.00077 - .0017
550 - 630 [2.5]

410 660

and at the bottom of the well screen, the total estimated
time for water (and possible contaminants) to move
from the soil to a typical well in this study was about 4
years in the Otter Tail outwash study area and about 11
years in the Sheyenne Delta study area. These median
travel times represent steady-state flow conditions.
During the period that the land-use and flow-path-
transect wells were in installed (1993-1994), water
levels were rising (fig. 16) in response to precipitation
after several years of drought during the late 1980°s and
early 1990’s. Based on hydrographs that showed water
levels near historic highs, wells screens were set to
intersect the water table near the screen top in
anticipation of lower water levels in the future. Water
levels continued to rise however, resulting in relatively
deep sampling midpoints and apparently older water.
However, much of the water sampled from the water-
table wells in these studies was actually very recent
recharge (within 2 years of the sampling date) because
water levels had been depressed during the preceding
drought. The difference in travel times between the
study areas does influence the age and therefore land use
of some of the wells that were screened somewhat

12

deeper than median depth and were not influenced by
the recent recharge just prior to sampling.

Although most wells were in low-gradient areas and
had shallow sampling depths (about 6.6 feet below the
water table), the model-computed radii used to
characterize the land use around the wells were toward
the larger end of the range (high gradient, deeper
sampling depth) to provide the largest reasonable
estimate of the radii. The up-gradient distances for the
Otter Tail outwash study area (490 ft for low gradient
and 660 ft for high gradient) were larger than the
distances used for the Sheyenne Delta study area (160 ft
and 410 ft). The general ground-water flow directions
and hydraulic gradients throughout each study area were
estimated from water-table maps constructed from
synoptic measurements made at sampled wells during
this study.

Based on the distances estimated from the flow
models and the ground-water-flow direction, 90-degree
sectors delineated the recharge area to each well. Each
90-degree sector was large enough to encompass the
true ground-water-flow direction given seasonal











































































agriculturally-influenced ground water to lakes and
streams also may be important. Both of these aquifers
are hydraulically connected to the major rivers that cross
them and, in many cases, also to the ephemeral streams,
ditches, wetlands and lakes within them. Discharge of
nitrate-rich ground water to surface-water bodies can
promote eutrophication, particularly during base-flow
conditions on the major rivers when ground water
comprises a significant portion of their flow (Paulson,
1983, and Reeder, 1972). Because shallow Otter Tail
outwash ground water contains a median nitrate
concentrations of 6.1 mg/L-N, increased nitrate
concentrations might be expected in the Otter Tail River
as it crosses the aquifer. The surface-water component
of this NAWQA study included sampling on the Otter
Tail River to document this kind of ground-water-
discharge effect (Tornes and others, 1994, and Puckett
and others, 1995). No such effect was measured,
however.

Measurements made during base flow in winter 1993-
94, determined the contribution of ground water from
the Otter Tail outwash aquifer to the flow of the Otter
Tail River at a point 1 mile downstream of the flow-path
transect discharge area (fig. 8, flow-path transect well 1)
to be as much as 20% (14.8 ft3 per second). This
discharge entered the river along 5.2 miles upstream of
the measuring point where the river crosses the aquifer.
During 1993-94, nitrate concentrations in the river
ranged from less than 0.05
to 0.65 mg/L-N. Assuming that the nitrate
concentration in surface runoff is zero (frozen
conditions during the winter), and that all chemicals
entering the river are from ground-water discharge of
the Otter Tail outwash aquifer containing the median
nitrate concentration of 6.1 mg/L-N, only about one-half
as much of the river flow (11%) could come from
ground water to achieve a river nitrate concentration of
0.65 mg/L-N. Therefore, the median concentration of
nitrate in ground water discharging to the river must be
at most 3.3 mg/L-N. A mass-balance calculation
assumed that ground water from the entire thickness of
the aquifer, and with the vertical distribution of nitrate
measured at well nest 1 (fig. 10), contributed equally to
the discharge to the Otter Tail River. The results
indicated that dilution of nitrate-rich shallow ground
water with nitrate-poor deeper ground water alone could
not account for the low nitrate concentrations measured
in the Otter Tail River during base flow, and that
denitrification is occurring in the aquifer somewhere
near the discharge areas.

An analysis of orthophosphorus loads indicates that
ground water is delivering roughly 900 pounds per year
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to the Otter Tail River in the same 5.2 mile reach.
Although the median orthophosphorus concentration in
shallow ground water in the study area was less than
0.01 mg/L-P, concentrations at flow-path transect well
nest 1 were 0.02 mg/L-P throughout the thickness of the
aquifer except at the deepest well were it ranged from
less than 0.01 to 0.22 mg/L-P. Because this deepest
well contributes least to discharge to the river and
because such high levels of orthophosphorus were
unusual both at this well and in the land-use study wells,
I estimate a conservative orthophosphorus concentration
of 0.03mg/L-P for ground water entering the Otter Tail
River. Assuming that ground-water discharge and
orthophosphorus concentration is fairly constant
throughout the year (14.8 t3 per second, 0.03 mg/L-P
respectively), 874 pounds of orthophosphorus enters the
river along this reach per year. This amounts to 25-50%
of the total annual 1995-96 orthophosphorus load in the
river at this point (U.S. Geological Survey, unpublished
data).

A detailed study of ground-water nitrate and
nitrogen-gas concentrations and oxidation/reduction
state in ground water at the end of the Otter Tail flow-
path transect demonstrated that significant
denitrification was occurring beneath a riparian wetland
located between the last flow-path transect well nest and
the Otter Tail River (Puckett and others, 1995). This
denitrification appears to occur as nitrate-rich ground
water encounters the organic-rich sediments (peat) of
the wetland and subjacent alluvium (fig. 10).
Denitrifying bacteria oxidize this organic material with
oxygen from nitrate, producing nitrous oxide and
nitrogen gas. Furthermore, shallow, nitrate-rich ground
water mixes with deeper, nitrate-poor ground water that
discharges near the river. Therefore, it appears that what
would otherwise be a eutrophication threat from nitrate-
rich ground water in the Otter Tail outwash aquifer, is
ameliorated by the riparian wetlands that exist along
much of the Otter Tail River in the study area. The
Sheyenne Delta does not have these kinds of wetlands;
however, the nitrate concentration in ground water
discharging to this river is low, so no evaluation of the
hypothesis is possible in that area. Similar data is
equivocal about orthophosphorus removal beneath
riparian wetlands. However, because the median
concentration of orthophosphorus in both shallow
ground water and the rivers was less than 0.01 mg/L-P
in both areas during these studies, orthophosphorus in
ground water is unlikely to cause eutrophication
presently. A small percentage ground water contained
concentrations as high as 0.22 mg/L-P in the Otter Tail
outwash aquifer and 0.34 mg/L-P in the Sheyenne Delta
aquifer. Orthophosphorus concentrations in this range



could cause eutrophication in surface-water bodies if
they became prevalent throughout the aquifers.

Summary

Ground-water quality in the two largest surficial
aquifers in the Red River of the North Basin were quite
different. Although these ground waters were both fairly
dilute, dominated by calcium, magnesium, and
bicarbonate ions, shallow ground water from the Otter
Tail outwash aquifer contained much higher
concentrations of chemicals from agricultural land uses
than did that from the Sheyenne Delta aquifer. Major
similarities and differences in water quality between the
two study areas, documented during 1993-95, are
summarized in table 13. No obvious spatial pattern
appeared in nitrate concentrations in either study area.
Triazine herbicides were the most commonly detected
herbicides and were detected at the highest
concentrations in the shallow ground water of both
aquifers. One sample from the Sheyenne Delta aquifer
contained a high concentration of picloram.
Agricultural chemicals in ground water in both study
areas show strong vertical stratification. Concentrations
were highest at the water table, but decrease to
undetectable with depth. Ground water age repeated
this pattern, with the youngest water at the water table
and age increasing to about 50 years at depth. Complex
seasonal variations in agricultural-chemical
concentrations also occurred in these shallow ground
waters. These variations ranged about one-half an order
of magnitude and were not consistent between locations.
Some locations showed seasonal fluctuations where
nitrate concentrations decreased during recharge
periods.

Differences in land use, hydrogeology, and rainfall
between the study areas are responsible for these
differences in shallow ground-water quality. The Otter
Tail outwash study area had 9% more cropland, twice as
much nutrient application, 17% more pesticide
application, and 7 times as much irrigated cropland than
did the Sheyenne Delta study area. Further, shallow
ground-water quality in the Sheyenne Delta aquifer can
reflect agricultural practices up to a decade or more old
because of relatively slow ground-water-flow
velocities. These older practices applied less
agricultural chemicals to the land surface. Finally,
national grassland areas that were interspersed
throughout the Sheyenne Delta study area diluted
agricultural-chemical applications from other land
uses. This dilution affected deeper ground-water
quality, but had little effect on the surficial ground-water
quality measured in these studies because most areas of
the aquifer have downward ground-water flow. These
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land-use factors all contributed to relatively higher
agricultural-chemical concentrations in shallow ground
water in the Otter Tail outwash study area.

Several hydrogeological characteristics of the
Sheyenne Delta aquifer encourage denitrification and
biological degradation of pesticides and contributed to
the relatively lower agricultural chemical concentrations
in the shallow ground water from this aquifer. These
characteristics include those likely to allow chemicals in
water longer contact with the soil zone, depleting
dissolved oxygen. Deeper water levels within the soil
zone, finer-grained and more poorly sorted aquifer
material and soils, and high lignite and pyrite (microbial
energy source) content of the Sheyenne Delta aquifer all
deplete oxygen, contributing to biodegradation and
thereby lowering concentrations of agricultural
chemicals in the shallow ground water. The coarser-
grained soil and aquifer material of the Otter Tail
outwash aquifer mean less clay is available to hold
nutrients and pesticides in the soil zone where plants can
use them or bacteria can degrade them. More nutrients
and pesticides may be applied to maintain yields and
may move to the shallow ground water in this study
area.

High rainfall immediately preceding sampling in the
Sheyenne Delta study area further reduced
concentrations of agricultural chemicals relative to the
Otter Tail outwash study area. The rainfall caused water
levels to rise higher into the soil zone, encouraging
denitrification and biodegradation of agricultural
chemicals. Fields were too wet for planting or chemical
application thereby reducing chemical sources. Algae
and bacteria growing in water ponded in fields,
consumed chemicals before they could infiltrate to the
water table. Finally, increased ground-water recharge
from the high rainfall may have leached chemicals from
the soil, and carried them to the water table where the
chemicals were overlain by recharge beneath the
screened intervals of the sampled wells. These
mechanisms, operating to reduce agricultural-chemical
concentrations in shallow Sheyenne Delta ground water,
accentuated the differences in water quality between the
two study areas.

The land-use, hydrogeological, and rainfall factors
outlined above explain the shallow ground-water-quality
differences determined in these study areas. These same
factors, measured in other surficial aquifers in the Red
River Basin can reveal expected shallow ground-water
quality in other areas. Because these studies measured
shallow ground-water quality, the concentrations of
agricultural chemicals measured in these studies are



Table 13.—Shallow ground-water-quality summary from land-use study areas.
[mg/L, milligrams per liter: pg/L, micrograms per liter; N, nitrogen; P, phosphorus; %, percent; 2, greater than or equal to;
%, percent; <, less than; DL, detection limit]

Otter Tail outwash Significantly
Solute Sheyenne Delta aquifer aquifer different?*
Major ions calcium-magnesium calcium-magnesium —
bicarbonate bicarbonate
Oxygen median <0.1 mg/L 3.6 mg/L Yes
Nitrate median .03 mg/L as N 6.1 mg/L as N Yes
Ammonia median .04 mg/L as N .02 mg/L as N Yes
Orthophosphorus 10% 20.05mg/LasP 14% =0.05 mg/L as P No
Number of different herbicides detected 6 10 —
Proportion containing some pesticide 17% 76% Yes!
Median total pesticide concentration <DL 023 ng/L Yes

* Statistically significant at the 95% confidence level using the Wilcoxon rank-sum test.

! Significant at the 95%confidence level using the 2 test.

likely higher than those in the drinking water pumped
from these aquifers. Eventually, however, the shallow
ground water will be overlain by subsequent recharge,
may overwhelm denitrification which may occur within
the aquifer, and may eventually affect the entire aquifer.
In this way, the concentrations measured in these studies
are an early warning of the effects of land use on ground
water in these surficial aquifers. Both nitrate and
atrazine concentrations approached or exceeded USEPA
drinking water standards in the shallow-ground water
from Otter Tail outwash aquifer. Forty three percent of
the Otter Tail outwash shallow ground water exceeded
USEPA nitrate drinking water standard of 10 mg/L-N.
Nitrate threatens the potability of shallow ground water
in the Otter Tail outwash study area. Although the Otter
Tail River receives as much as 20% of its flow from
ground water, nitrate does not threaten the river with
eutrophication because riparian wetlands denitrify the
ground water before it reaches the river. Although
agriculture has an effect on the quality of shallow
ground water in both the Sheyenne Delta and Otter Tail
outwash aquifers, the effect is much greater in the Otter
Tail outwash aquifer because the agriculture in the area
is more intense and because the hydrogeology of the
aquifer does not favor degradation of agricultural
chemicals.
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