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HYDROGEOLOGY OF THE BUFFALO AQUIFER,
CLAY AND WILKIN COUNTIES,

WEST-CENTRAL MINNESOTA

By R. J. Wolf

ABSTRACT

Increasing demands on the water resources near Moorhead, Minnesota,
have led to conflicting opinions on the availability and quality of water.
Results of this study indicate that large water supplies are available in
the western part of the Buffalo River watershed. The Precambrian bedrock
surface, which ranges in depth from 200 to 1,000 feet below land surface,
forms the lower boundary of ground-water supplies. Above this boundary,
several aquifers are generally present in the drift and possibly in sand-
stone of Cretaceous age. Some wells in the deeper aquifers may have initial
yields of 1,000 gallons per minute, but these yields cannot generally be
sustained for periods of several months or longer.

The Buffalo aquifer is the principal source of ground-water supplies
in the area. The aquifer is an elongate deposit of sand and gravel that
locally contains water under confined conditions. Lake sediments overlie
more than half the aquifer and are 20 to 120 feet thick. Its most permeable
part is a deep, narrow trough along the axis of the 32-mile long aquifer.
The average hydraulic conductivity ranges from about 20 feet per day along
the outer edges to about 300 feet per day along the axis. 1Its saturated
thickness ranges from 0 at the edges to about 200 feet in the center. The
general direction of flow is northward and toward the adjacent stream,
Seepage runs along the South Branch Buffalo River indicate the river loses
water near the Moorhead well field and ‘in a 22-mile reach upstream from
Sabin.

Although the Buffalo aquifer contains about 270 billion gallons of
water in storage, only about 120 billion gallons could be withdrawn. Well
yields are greatest along the narrow, deep trough along the axis of the
aquifer. Induced streambed infiltration is possible in certain areas where
the stream overlies the aquifer, if the intervening lake sediments are thin
or absent. The aquifer could be artificially recharged through properly
constructed and maintained recharge .ponds where it is most permeable and
most storage space is available.



A numerical model designed for aquifer evaluation has shown that a
considerable amount of ground water is discharged through the confining
bed to the stream or leaves the area as underflow to the west. The model
indicates the need for more data on (1) vertical hydraulic conductivity,
head, and thickness of the confining bed; (2) head differences between the
aquifer, confining beds and the stream; and (3) long-term water levels,
recharge, and pumpage.

Water from the Buffalo aquifer is generally very hard and of the
calcium bicarbonate type. Dissolved solids range from about 300 to 1,900
milligrams per liter. The water is well suited for municipal supplies
except for hardness and, in some places, high concentrations of iron and
sulfate. The water is well suited for irrigation in terms of low sodium
hazard and low concentrations of boron.

The average discharge of the Buffalo River during the base period 1946-
78 ranged from 0.229 cubic foot per second per square mile near Hawley to
0.108 cubic foot per second per square mile at Sabin. Flow-duration and
low-flow-frequency curves indicate a persistent low flow for the Buffalo
River near Hawley and long periods of low or no flow for the South Branch
Buffalo River at Sabin. Approximately 90 percent of the flood peaks on
the Buffalo River system occur from March through July, with the greatest
number of peaks in April. Estimated average sediment yields of the Buffalo
River near Hawley and near Dilworth and of the South Branch Buffalo River
at Sabin are 14.2, 9.7, and 3.9 tons per square mile per year, respectively.

Surface water in the Buffalo River drainage system is a calcium bicar-
bonate type similar to the water in the Buffalo aquifer, especially at low
flow in the upper reaches of the tributaries. The Buffalo River generally
contains lower concentrations of dissolved solids and of specific ions
(except sodium and chloride) than the South Branch Buffalo River. Mean
monthly stream temperatures range from 0° to 23° Celsius.

INTRODUCTION
Purpose and Scope
Background

Increasing demands for water in the Red River of the North valley for
agricultural, industrial, and municipal uses have led to concern and con-
flicting opinions on water availability and quality, particularly in the
Moorhead area in the Buffalo River watershed. State and local officials
have requested the U.S. Geological Survey to evaluate the water resources
in a part of the watershed near Moorhead to assist development of an area-
wide water-management plan.



Problem

Before 1978, the city of Moorhead had a State permit for annual with-
drawals of 4,500 acre-feet (4.02 Mgal/d) from combined surface-water and
ground-water sources. Increased appropriations to 7,090 acre-feet annually
(6.33 Mgal/d) were requested in 1977 by the city and approved by the State
in 1978, Future water withdrawals by the city are estimated to be as high
as 9,413 acre-feet or 8.4 Mgal/d.

Several studies were made concerning water supply for the city, but
none have adequately considered the effects that large withdrawals will have
on the hydrologic system. Although schemes for assuring perennial maximum
water availability include artificial recharge to the Buffalo aquifer, water
quality and streamflow have not been defined adequately. Much geologic and
hydrologic data are also available on the Buffalo aquifer, but its hydrologic
parameters, geometry, and boundary conditions are not well enough defined to
use simulation modeling effectively for water management. Because of the
complexity of the aquifer system, it is doubtful that prediction of the
effects on water levels and water quality caused by pumping or recharging
the aquifer can be made without simulation analysis.

The city of Moorhead has searched for solutions to growing water-supply
needs. Declining water levels in the deep city wells completed in buried
aquifers prompted Moorhead, in the late 1940's, to obtain new supplies from
the partly confined Buffalo aquifer 5 miles to the east along the South
Branch Buffalo River. In the early 1960's, declining water levels, un-
certain estimates of potential maximum sustained yield, and an increase in
mineralization of water from the Buffalo aquifer further prompted the city
to turn to the Red River as its primary source of supply. Some recovery of
water levels in the Buffalo aquifer and deeper aquifers resulted from the
decreased pumping of ground water. Increasing demands for water in the
1970's has led the city to look for an assured water supply by combined
use of water from the Red River of the North, the Buffalo River, and the
Buffalo aquifer.

Objectives

The objectives of this study are to (1) determine the areal extent
and thickness of the Buffalo aquifer and the general occurrence of deeply
buried aquifers, (2) determine the potential for development of water
supplies from wells in the Buffalo aquifer, (3) investigate and discuss.
annual recharge to the Buffalo aquifer and the potential for artificially
recharging the aquifer, (4) determine the chemical quality of water in '
the aquifer and in area streams, (5) establish a network of observation
wells for monitoring water levels and water quality in the aquifer, (6)
determine the relationship between the aquifer and the adjacent streams,
and (7) update information on the flow characteristics of streams. The
main focus of this study is on water in the Buffalo aquifer and on flow
characteristics of streams,



.Location and Extent

The study area is in northwestern Minnesota in the western part of the
Buffalo River watershed (fig. 1). The Buffalo aquifer trends north-south
about 5 miles east of Moorhead and has been traced along Clay County Road
11 from 7 miles north of U.S. Highway 10 to 8 miles south of the Clay-Wilkin
county line. The aquifer is 32 miles long, ranges from 1 to 8 miles wide,
and is about 200 feet thick along its axis. Streams include the Red River
of the North, the Buffalo River, and the South Branch Buffalo River.

Previous Investigations

Early descriptions of geology were presented by Winchell and Upham
(1888) and Winchell and others (1899). The Quaternary geology of the
Red River valley was described by Upham (1895). Hall and Willard (1905)
investigated the general geology of the Fargo-Moorhead area. General
descriptions of the geology and ground water were included in a report
by Allison (1932). Glacial geology was discussed by Leverett (1932),
Wright (1962), and Wright and Ruhe (1965). A reconnaissance of the soils
of the Red River valley was completed by Nikiforoff and others (1939).
Byers and others (1946) made an intensive investigation of ground-water
conditions in and around Fargo.

The first detailed information on the Buffalo aquifer was presented
by U.S. Geological Survey press releases in May and July 1947. Dennis and
others (1949) reported on the geology and ground water of Cass County, N.
Dak., and Clay County, Minn. A report to the city of Moorhead by Meyer
(1955) includes the results of pumping tests of the Buffalo aquifer in
August and September 1955. The Buffalo aquifer (called the East Dilworth
aquifer) was described in detail by Guyton and Associates (1957). Bingham
(1960) provided geologic and ground-water data for Clay County, Minn.
Maclay and Winter (1967) discussed geochemistry and ground-water movement
in northwestern Minnesota. The water resources of the Buffalo River water-
shed were described by Maclay and others (1969). Maclay and others (1972)
discussed the water resources of the Red River of the North in Minnesota.
Physical-data maps for land-use planning in Cass County, N. Dak. and Clay
County, Minn. were prepared by Arndt and Moran (1974). Various schemes for
water-resources development in the Buffalo River watershed were discussed
by Barr Engineering Inc. (1975).

Methods of Investigatidn

Data for this project were collected and analyzed from October 1976
to September 1979. Field work included extensive surface electrical-
resistivity surveys, drilling of 87 power-auger holes and 6 hydraulic-
rotary test holes, installation of 35 observation wells, 3 aquifer tests,
sampling of water from 20 wells and 9 stream sites for water-quality
analyses, core sampling for determining vertical hydraulic-conductivity,
periodic water-level measurements in wells and streams, and streamflow
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measurements. Data compiled from previous investigations included
water—quality analyses, surface-water data, and well and test-hole logs.
Laboratory measurements included chemical analyses of 20 ground-water
samples and 18 surface-water samples, analysis of daily fluvial suspended-
sediment samples, and falling-head hydraulic-conductivity determinations
"of 5 core samples of the confining bed. These data and information from
previous reports and the files of the U.S. Geological Survey and the
Minnesota Department of Natural Resources were used in describing the
hydrology. Numerical modeling was used to (1) refine a conceptual model
of the Buffalo aquifer, and (2) identify the kinds and location of addi-
tional information needed for quantitative evaluation of aquifer response
to projected stresses. '

Test-hole Numbering System

The system of numbering test holes and wells used in this report is
based on the U.S. Bureau of Land Management's system of subdivision of the
public lands. The Buffalo River watershed is in the fifth principal merid-
ian and base line subdivision. The first segment of a well or test-hole
number indicates the township north of the base line; the second, the range
west of the principal meridian; and the third, the section in which the
well or test hole is situated. The letters A, B, C, and D, following the
section number, locate the well within the section. The first letter
denotes the 160-acre tract or quarter section, the second denotes the
40-acre tract, and the third denotes the 10-acre tract. The letters are
assigned in a counterclockwise direction beginning in the northeast quarter
section. . Successive well numbers beginning with 1 are added as suffixes
to distinguish wells within a given 10-acre tract. Figure 2 illustrates
the method of numbering. For example, the nuT er 140 47 19CDD1 signifies
the first well or test hole located in the SE /4SE /4SW /4 sec. 19, T.

140 N., R. 47 W,

Acknowledgments

The author is grateful for information provided by property owners
and well drillers. Special gratitude is extended to those who permitted
test drilling on their land and to irrigators who permitted use of their
wells and equipment for collection of water samples, measurement of water
levels, and aquifer testing.

PHYSICAL SETTING
Physiography and Geographic Setting
The Buffalo River watershed includes two main physiographic areas - a

glacial lake plain and a glacial moraine. The two areas, shown on figure 3,
offer sharp physical, cultural, and economic contrasts.
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The lake plain, formed by Glacial Lake Agassiz nearly 10,000 years ago,
is an extensive flat area. It slopes only a few feet per mile to the west
toward the Red River of the North, is poorly drained, and is subject to wide-
spread flooding nearly every spring. Ditching on the lake plain has been
extensive to remove storm runoff and to drain wetlands.

The lake plain is underlain predominately by clay, with local areas of
silt and sand. The silt and sand was deposited near the shore, and the clay
was deposited in the deeper part of the lake. The lake plain is bordered by
sand and gravel beach ridges, which mark the former extent of various stages
of the glacial lake.

The western part of the moraine area is gently rolling, but steep hills
occur in the eastern part. The hillslopes are generally well drained, but
numerous closed depressions contain marshes or lakes. The moraine is com-
posed of till containing fine to medium gravel and scattered boulders. Soils
developed on the till are sandy clay silt loams.

Climate

The climate is of the continental type, typical of temperate zones at
latitude 47° north. Normal monthly temperatures at Fargo, N. Dak., range
from 5.9°F in January to 70.7°F in July, based on the period 1941-70.
Normal annual temperature is 40.7°F.

Normal annual total precipitation for the area underlain by the Buffalo
aquifer is about 20 inches (Baker and Kuehnast, 1978, p. 12). Approximately
two-thirds of the annual precipitation is rain during the growing season,
May through September. :

Records from the National Weather Service (NOAA, 1977; 1978; 1979)
show that total annual precipitation at Fargo was 8.84 inches in 1976,
32.28 inches in 1977, and 17.44 inches in 1978. Cumulative departure of
monthly total precipitation from the 1941-70 normal monthly precipitation
is shown in figure 4 for Fargo and Wahpeton, N. Dak., for the 1977-78
water years. )

Hydrogeology

Rocks underlying the Buffalo River area are of Precambrian, Cretaceous,
and Quaternary age. Precambrian and Cretaceous rocks are covered by Qua-
ternary drift deposits.

Bedrock
Basement rock consists of Precambrian igneous and metamorphic rocks

(Sims, 1970). These hard, dense rocks have low porosity and hydraulic con-
ductivity. Some water occurs in fractures in the rock and in weathered
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zones near the top, but expected well yields are less than 10 gal/min. The
top of the Precambrian rocks, delineated by extensive surface electrical-
resistivity surveys (Zohdy and Bisdorf, 1979) is shown in figure 5. This
surface shows the lowest depth that high-yielding wells occur.

Cretaceous sedimentary rocks overlie the Precambrian basement rocks
and underlie the drift. The rocks are generally soft varicolored shale,
but locally contain some poorly consolidated or loosely cemented siltstone
and sandstone. The Cretaceous rocks are discontinuous and thin in the
northern part of the Buffalo aquifer area, but reach thicknesses of a few
hundred feet in the southern part. The water-yielding potential of the
Cretaceous rocks is low; however, some wells in the sandstone may yield
as much as 50 gal/min. :

Drift

Drift overlies Cretaceous sedimentary or Precambrian crystalline bed-
rock over the entire study area. In the morainal area in the eastern part
of the watershed, till extends from land surface to bedrock, but, in the
lake plain in the western part of the area, till is covered by lake sedi-
ments or by beach ridge deposits.

Buried aquifers

In addition to the Buffalo aquifer, other aquifers occur at various
depths within the drift. These buried aquifers are elongate, discontinuous
lenses of sand and gravel deposited as outwash in glacial meltwater stream
channels or as kames in ice-contact deposits.

Locating and delineating the buried aquifers is difficult because
(1) they have no surface expression, (2) the available logs are from widely
scattered test holes and wells, and (3) many of the test holes and wells do
not penetrate the entire thickness of the ‘glacial deposits.

One approach to delineating buried aquifers is to map the bottom ele-
vation of wells (Rodis, 1961). Modifying this approach to use the top of
the aquifer, four zones of buried aquifers have been mapped in the western
part of the watershed and are shown in figure 6. The deepest zone is closest
to the Red River, and the zones ascend, with some overlapping, in a steplike
manner from west to east. As more data become available, individual aquifers
within the zones can be mapped in greater detail.

Some buried deposits are areally extensive but thin; others are thick
but discontinuous and of small areal extent, Wells completed in these
deposits may have initial yields of about 1,000 gal/min, but these yields
generally cannot be sustained for long periods. Yields sufficient for
domestic and rural supplies are common from wells completed in the buried
aquifers, and a few wells yield supplies adequate for irrigation and for
some industrial uses.

11
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Head data are inadequate to map potentiometric surfaces in the buried
aquifers. However, water levels measured in a few wells indicate that,
in general, water percolates into the till in the higher morainal area
and moves laterally westward toward the Red River of the North. Before
and during early settlement of the Red River valley, there were numerous
springs and flowing wells on the lake plain. As drainage ditches were dug
and pumping from wells increased, water levels dropped, so that flowing
wells at present (1979) can be obtained only in a small area.

The quality of water from wells completed in buried aquifers is poor.
The water is of the magnesium sulfate, sodium bicarbonate, or sodium chlo-
ride types. Water type and concentration of predominate ions varies with
depth and distance from the Red River of the North. Aquifers that are
deepest and closest to the river generally contain water of the poorest
quality. Pumping from shallower buried aquifers may change head differences
and induce upward movement of water containing higher concentrations of
sodium, sulfate, and chloride.

BUFFALO AQUIFER EVALUATION
Origin

Winter (1967) attributed the origin of the sand and gravel that form
the Buffalo aquifer to deposition by streams flowing from the glacial ice
lobe into a proglacial lake. When the relatively narrow ice lobe, which
lay along the axis of the Red River, was reduced by melting, a proglacial
lake extended up the lowland along its sides. Meltwater streams deposited
coarser sediments adjacent to the ice front and carried the finer material
farther eastward into the lake basin. As the ice front retreated to the
west, lake sediments accumulated west of the sand deposit.

An alternate interpretation by Winter (1967) is that the sediment in
streams flowing from the ice was deposited in large ice cracks. Upon
melting of the ice surrounding the cracks, the sand became interfingered
with or graded into the lake sediments being deposited on both sides of
it in the proglacial lake. With either interpretation, the sand and gravel
body was deposited at an early stage of Glacial Lake Agassiz, as indicated
by the fact that the sand lies directly on till with no intervening layer
of lake sediments. Lake sediments accumulated on both sides of the sand
and at a later stage covered the sand deposit.

Another interpretation was offered by Guyton and Associates (1957).
They considered the aquifer to be an ice-contact deposit, probably a delta-
kame. They depicted a south-flowing torrential stream running from an ice
mass into ponded water, forming a delta. The great length of the deposit
resulted from the slow northward waning of the leading edge of the glacier.
As a result of being deposited in ponded water, the coarse sand and gravel,
which is in contact with the till below, was surrounded by fine sand and
then by increasing proportions of silt and clay. \
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Physical Characteristics

The Buffalo aquifer is an elongate sand and gravel body from 1 to
8 miles wide and about 32 miles long. It is roughly diamond shaped in
section. It ranges in thickness from only a few feet at the outer edges
to about 200 feet locally along the axis. The configuration of its top
is shown in figure 7. 1Its areal extent and saturated thickness is shown
in figure 8. The aquifer is 10 to 15 feet thicker than the saturated
thickness shown in the southern part of the area. Deep drilling during
this study has revealed a previously unknown deep, narrow trough along
the axis of the aquifer. Configuration of the bottom of the aquifer is
shown in figure 9 and indicates the approximate location of the deep
trough. The trough is also shown on some of the hydrogeologic sections
(figs. 10, 11, 12, 13, 14, and 15). The sections indicate the relation
of streams to the aquifer. Although the river may lie above the east
edge of the aquifer, there is generally little hydraulic connection be-
tween them because the edge of the aquifer mostly lies deeply buried under
lake sediments. Most leakage between aquifer and river must pass through
these thick, slightly permeable lake sediments. The potentiometric sur-
face in September 1977 is also shown on the sections.

The aquifer material ranges in size from fine sand to gravel. The
coarser material, mostly medium to coarse sand with gravel and some cobbles,
is in the lower part of the narrow trough. The sand grades laterally, both
eastward and westward, into very fine sand, silt, and clay. With data from
only a few widely scattered test holes near the edges, it is difficult to
determine if the sand grades into or is interfingered with the fine-grained
lake sediments.

Thickness of Overlying Confining Bed

The lake clay and silt beds overlying the Buffalo aquifer vary in
thickness areally, as shown in figure 16. The map shows that the lake
sediments are 80-120 feet thick near the outer edges and 20 feet thick or
less in the middle of the aquifer. Lake sediments are absent and sand is
exposed at land surface over a large area in Wilkin County. The lake sedi-
ments are very thin in a few locations beneath the Buffalo River and South
Branch Buffalo River where the stream meanders over the top of the aquifer.
SoTe of thesi loc?tions, as shown in figure 16, are a}ong ihe river in W~ /2
NE“/4 and NW /4SE"/4, sec. 5,.T. 139 N., R. 47 W., NE"/4SW /4SE"/4 sec. 7
and parts of NW /4 and E /28W1/4, sec. 20, T. 140 N., R. 47 W.

Hydraulic Characteristics
Important hydraulic characteristics of an aquifer are hydraulic conduc-
tivity, saturated thickness, and storage coefficient. These characteristics

can be used to determine rates and magnitudes of water-level changes result-~
ing from withdrawal or injection of water from or into an aquifer.
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The hydraulic characteristics of the Buffalo aquifer were determined
from aquifer tests and test-hole logs. Aquifer tests at three irrigation-
well sites were analyzed by methods outlined in Lohman (1972). The average
transmissivitx of the aquifer at irrigation well 136.47.27DCB (Duane Swenson)
was 19,500 ft“/d. Storage coefficient ranged from 0.082 to 0.106, horizon-
tal hydraulic conductivity ranged from 384 to 400 ft/d, and vertical
hydraulic conductivity ranged from 19 to 32 ft/d. The ratio of horizontal
to vertical hydraulic conductivity (ranging from 12:1 to 21:1) indicates
that the aquifer is anisotropic and that water will move much more slowly
in the vertical direction than in the horizontal. By the method described
by Prickett (1965), the calculated time when gravity drainage ceased to
influence drawdown at the five observation wells used in the test ranged
from 508 to 1,606 minutes.

Similar analyses of data from aquifer tests at the sites of two other
irrigation wells in the Buffalo aquifer are not possible because of the
short duration of the tests. However, considerable data were accumulated
that provide a basis for estimating the response of the aquifer to pro-
longed pumping. The following tabulation lists total drawdowns and
specific capacities at the two sites.

Static
Pumping Period water— Total Specific
USGS well Distance, Well rate of level draw- capacity
location r depth (gal/ pumping depth down [(gal/min)
number (ft) (ft) min) (h) (ft)  (ft) /ft]
Paul Horn irrigation well
139.47.8CAC2... -— 128 2000 24 30.2 15.48 129
139.47.8CACl... 10.2 130 = -—- 24 32.2 7.89 —-—
139.47.17BAAl.. 2000 - 68 —-— 24 32.3 0.35 -—
Max Goldberg irrigation well
140.47.32CBAL..  --- 101 90 8  24.5 5.9 169
140.47.32CBA6.. 15.0 87 - 52 27.9 2.22 ===
140.47.32CBA4..  44.5 90 -—- 52 28.5 1.61 -—

This table shows that wells pumped 1 to 2 days will produce. large
yields with small drawdowns. Longer tests, however, are needed to predict
the response of the aquifer to longer periods of pumping.

Hydraulic characteristics determined. from aquifer tests may be valid
only in the immediate vicinity of the test site. Values may be extrapolated,
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however, on the basis of similar geologic and hydrologic conditions. Each
test-hole log was evaluated, and hydraulic-conductivity values were assigned
based on grain size and sorting of aquifer material.

The transmissivity of the Buffalo aquifer was calculated by summing
the products of the saturated thickness of each lithologic unit (fine sand,
medium sand, coarse sand, or gravel), as described in the well or test-hole
log, and the hydraulic conductivity. Hydraulic-conductivity. values used
for each lithologic unit were virtually those used by Helgesen (1977) for
glacial outwash near Park Rapids, Minn., and are probably representative
of the sand and gravel of the Buffalo aquifer. This sum of products, which
equals the transmissivity of the aquifer at that point, was divided by the
total saturated thickness to give the average hydraulic conductivity.

Contours of the average hydraulic conductivity at test holes and
pumping-test sites are shown in figure 17. Through the use of test-hole
logs and measured water levels, saturated thickness was also mapped (fig.
8). A transmissivity map (fig. 18) was made by combining the average
hydraulic—-conductivity map and the saturated thickness map. The transmis-
sivity and saturated thickness maps together with assumptions of pumping
30 days and maximum drawdown equal to two-thirds of the saturated thick-
ness were used to produce the map of maximum theoretical yields of wells
(fig. 19).

Ground-Water Movement

‘ Ground water moves under the force of gravity in the direction of the

head gradient. The head distribution depends on the relationship between
recharge, discharge, and hydraulic conductivity. Generally, aquifers are
recharged in uplands and discharged in lowlands.

The predominant direction of regional ground-water movement in the
Buffalo River watershed is westward from the hummocky moraine to the low-
lying valley of the Red River of the North. Water moves downward from
uplands to the deeper part of the ground-water reservoir, then laterally
downgradient toward valleys and depressions, where it is discharged
locally by springs, seeps, and evapotranspiration. Much of the water
moving from the moraine is discharged along the base of the moraine, but
the rest continues to move slowly westward through the deeper part of the
ground-water reservoir to the area near the Red River where it moves up-
ward and is discharged. Within the lake plain, the water table fluctuates
in response to local recharge; however, this recharge generally does not
enter the deeper part of the ground-water reservoir.

Recharge to the the Buffalo aquifer is large in Wilkin County, where
the aquifer is at land surface. Elsewhere, the aquifer is locally recharged
by leakage through the confining layer of lake sediments and through the
underlying clayey till. The direction of ground-water flow is northward.
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Most of the discharge from the Buffalo aquifer is probably to the
Buffalo River and South Branch Buffalo River. Although the streams are
not directly connected to the aquifer, water from the aquifer discharges
through the confining layers of silt and clay in response to head differ-
ences between the aquifer and the stream. Data show that the head in the
aquifer is generally above the head in the stream except in the vicinity
of the Moorhead city well field, where the reverse prevails. Heads in the
confining layer, which are necessary for understanding movement of water
through the confining layer, are largely unknown.

Recharge

The source of recharge to the Buffalo aquifer is mainly snowmelt and
rain in spring and, occasionally, rain in autumn. Most of the rain that
infiltrates the soil during summer is evaporated or transpired.

Recharge is greatest where the aquifer is unconfined. - These areas are
most extensive in Wilkin County, but also occur along the length of the
aquifer, where it is at or near land surface. These unconfined areas are
shown in figure 20.

Hydrograph analysis is useful in delineating areas of recharge. Hydro-
graphs of observation wells in water-table areas show a distinctive pattern
of steep water-level rises, sharp peaks, and relatively rapid declines in
response to recharge. In contrast, hydrographs of observation wells in the
confined area show gradual rises and declines, resulting in low, rounded
peaks that lag behind recharge to the surficial deposits. Examples of these
patterns of water-level fluctuations are shown in figure 21,

Recharge during 1977-78 was determined from hydrographs of 18 water-
table observation wells. Location of the observation wells is shown in
figure 20. Computation of annual recharge is shown on an example hydrograph
in figure 22. Computed recharge ranged from 2.4 inches to 9.9 inches and
averaged 4.1 inches per year at the observation wells. Recharge computed
from 1965-78 records for one well ranged from 2.4 to 8.8 inches and aver-
aged 4.7 inches per year compared with 4.9 inches per year for the 1977-78
records alone. Climatic records suggest that the quantity of recharge de-
rived from 1977-78 precipitation may be considered above average with
respect to the 1941-70 normal monthly precipitation.

Although recharge is largest in the water-table areas, leakage through
the overlying confining bed of lake sediments also contributes to recharge.
Leakage is undoubtedly small locally, but, because it occurs over large
~areas, the total volume can be sizable. Leakage to the aquifer depends on
(1) head difference between the water table within the overlying leaky
confining bed and the potentiometric surface of the aquifer, (2) vertical
hydraulic conductivity of the confining bed, and (3) thickness of the
confining bed.
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The underlying till may also leak water upward. Again, the leakage
may be small, but because it occurs over large areas the total volume can
be sizable. The relation between upward leakage and increased concentration
of chemical constituents is discussed in the section on water quality.

Discharge

The Buffalo aquifer is discharged primarily through the surrounding
lake sediments to the Buffalo River and the South Branch Buffalo River
and secondarily through the lake sediments to the Red River of the North.
Evapotranspiration directly from the Buffalo aquifer is negligible, except
locally from the few gravel pits that intercept the water table.

Pumpage accounts for a part of the discharge from the aquifer mostly
from the Moorhead city well field. A few irrigation wells pump during the
growing season, especially in dry years. Rural domestic and stock wells
withdraw small amounts. The effect of pumpage from the Moorhead well field
on water levels is shown in figure 23. Pumpage was apparently exceeding
recharge until pumpage was reduced in the early 1960's, when the city began
using the Red River as a primary source of water. The steady decline of
water levels was reversed and then leveled off during the late 1960's and
1970's. ' '

Ground-Water Surface-Water Relationships

Water in a stream is intimately related to water moving through the
aquifer beneath and adjacent to the stream. Water is interchanged between
stream and aquifer, depending upon many factors, among which are: (1) thick-
ness and vertical hydraulic conductivity of the streambed and (2) head
differences between aquifer and stream. The net movement of water between
the Buffalo aquifer and adjacent streams is to the stream; thus, ground-
water discharge sustains streamflow, which is termed base flow.

Test drilling in the vicinity of the Buffalo and South Branch Buffalo
Rivers indicated that the streams are generally indirectly connected to
the Buffalo aquifer. Less permeable lake sediments ranging from less than
20 feet thick locally to 100 feet thick separate the stream and aquifer, as
shown. by the hydrogeologic sections (figs. 10 to 15) and the contoured test-
hole data (fig. 16). '

The profile of one set of water-level measurements (October 24, .1977),
made at the same time as base-flow measurements, is shown in figure 24,
Comparison of the potentiometric surface of the Buffalo aquifer with the
adjacent stream profile indicates that the direction of movement of ground-
water, except near the Moorhead well field, is mostly from the. aquifer to
the stream. Before the aquifer was developed, the gradient between the
aquifer and the adjacent stream was toward the stream except for brief
periods during floods. In 1947, water levels in the aquifer were 9 feet
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above average river stage in the area where Highway 10 crosses the South
Branch Buffalo River and 5.5 feet above average river stage 14 miles south
of the highway (U.S. Geological Survey file data, 1947).

Base-flow measurements at or near the same time along a stream are used
to evaluate the interrelations of streamflow and ground water. Three sets
of base-flow measurements were made along those parts of the two Buffalo
Rivers adjacent to the Buffalo aquifer.

The first set of measurements was made in November 1976, when the
stream was at 93 percent duration flow near Dilworth and at 66 percent
duration flow at Sabin. These low flo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>