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CONVERSION FACTORS

For readers who may prefer to use metric (International System) units
rather than inch-pound units, the conversion factors for the terms in this
report are listed below:

Multiply inch-pound unit By To obtain metric unit

acre 4,047 square meter

acre-foot per year 1,234 cubic meter per year
(acre~ft/yr)

cubic foot per second (ft3/s) 0.02832 cubic meter per second

foot (ft) 0.3048 meter

foot per day (ft/d) 0.3048 meter per day

foot per mile (ft/mi) 0.1894 meter per kilometer

inch 25.4 millimeter

inch per year (in/yr) 25.4 millimeter per year

gallon per minute (gal/min) 0.06308 liter per second

mile (mi) 1.609 kilometer

square mile (mi2?) 2.590 square kilometer

Sea level: 1In 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."

vi



A DIGITAL SIMULATION OF THE GLACIAL-AQUIFER SYSTEM IN THE

NORTHERN THREE-FOURTHS OF BROWN COUNTY, SOUTH DAKOTA

By Patrick J. Emmons

ABSTRACT

The drought in South Dakota from 1974-76 and the near-drought conditions
in 1980-81 have resulted in increased demands on the ground-water resources
within many of the intensively irrigated areas of the James River basin in
eastern South Dakota. These increases in demand for irrigation water from
the glacial-aquifer system and concern about the adequacy of the ground-water
resources for future development have created a need for a systematic water-
management program to avoid overdevelopment of these aquifers in the James
River basin.

A complex hydrologic system exists in the glacial drift overlying the
bedrock in Brown County. This system has been subdivided in descending order
into three aquifers: the Elm (aquifer layer 1), Middle James (aquifer
layer 2), and Deep James (aquifer layer 3) aquifers. These sand and gravel
outwash aquifers generally are separated from each other by till and other
fine-grained sediments. Fine-grained lake deposits, which were deposited on
the bed of ancient Lake Dakota, are not an important aquifer but commonly
provide recharge to and discharge from the Elm and Middle James aquifers.

These three aquifers were simulated under steady-state and transient
conditions using the U.S. Geological Survey’s modular, three-dimensional,
finite-difference, ground-water flow model program. The simulations were
used to help understand flow in the glacial-aquifer system. An equally
spaced grid containing 86 rows and 70 columns was used to simulate the
glacial-aquifer system. The steady-state simulation represents the system
under equilibrium conditions. The maximum available steady-state recharge to
the aquifer was 7.0 inches per year and the maximum potential evapotranspira-
tion was 35.4 inches per year. The thickness of the confining bed overlying
the uppermost active aquifer controls the actual amount of recharge or
evapotranspiration which can occur in each model grid block. The simulated
steady-state potentiometic heads were compared to the average water levels
from observation wells in aquifer layer 1 and aquifer layer 2 as a means of
checking the accuracy of the simulations. The average differences were
0.78 feet for aquifer layer 1 and 3.49 feet for aquifer layer 2. The average
absolute difference was 4.59 feet for aquifer layer 1 and 5.10 feet for
aquifer layer 2. There were no water-level data available to check the
accuracy of aquifer layer 3. The steady-state simulated water budget
indicates recharge from precipitation accounts for 94.8 percent of the water
entering the system and evapotranspiration accounts for 95.8 percent of the
water leaving the system. The sensitivity analysis of the steady-state model
indicates that it is most sensitive to reductions in recharge and least
sensitive to changes in hydraulic conductivity.



In the monthly transient simulations for 1985, recharge, evapotranspira-
tion, and pumpage were varied monthly. The maximum monthly recharge ranged
from zero during the winter months to 2.51 inches in May. The maximum
potential evapotranspiration ranged from zero during the winter months to
7.03 inches in July. The average monthly difference between the simulated
and observed water levels ranged from -2.54 feet in July to 1.48 feet in
January for aquifer layer 1 and from -1.22 feet in April to 4.98 feet in
October for aquifer layer 2. The average absolute differences for aquifer
layer 1 ranged from 4.16 feet in September to 6.31 feet in February and
ranged from 3.96 feet in April to 8.23 feet in August for aquifer layer 2.
The water levels for the monthly transient simulations varied considerably as
a result of changes in recharge, evapotranspiration, storage, and pumpage.

INTRODUCTION

The drought in South Dakota from 1974-76 and the near-drought conditions
in 1980-81 have resulted in increased demands on the ground-water resources
within many of the intensively irrigated areas of the James River basin in
eastern South Dakota. Between 1972 and 1980, the total quantity of ground-
water irrigation from the glacial-aquifer system in the James River basin
increased from 4,999 acre-ft/yr (South Dakota Water Resources Commission,
written commun., 1973) to 35,422 acre-ft/yr (South Dakota Department of Water
and Natural Resources, written commun., 1981), an increase of greater than
600 percent. These increases in demand for irrigation water from the
glacial~-aquifer system and concern about the adequacy of ground-water
resources for future development have created a need for a systematic water-
management program to avoid overdevelopment of these aquifers in the James
River basin.

In 1983, the South Dakota Department of Water and Natural Resources and
the City of Aberdeen entered into a cooperative agreement with the U.S.
Geological Survey to define the flow system of the glacial-aquifer system in
the northern three-fourths of Brown County (fig. 1). More specifically, the
study will improve definition of the glacial-aquifer boundaries; determine
the aquifer thicknesses, direction of ground-water movement, and hydrologic
properties of the glacial-aquifer system; and identify areas of ground-water
recharge and discharge and determine rates of natural recharge and discharge.
This report presents the results of the investigation of the glacial-aquifer
system in the northern three-fourths of Brown County using a three-
dimensional ground-water flow model and describes the design and calibration
of that model.

The scope of this investigation included the collation and synthesis of
aquifer-test data, well and test hole logs, water-level measurements, pumpage
data, and other miscellaneous geohydrologic data.

The aquifer-test data provided site-specific information on the trans-
missivity, hydraulic conductivity, and storage coefficient of the aquifers.
Well and test-hole data for Brown, Marshall, and Day Counties were obtained
from the South Dakota Geological Survey, U.S. Geological Survey, U.S. Bureau
of Reclamation, private drillers, and other miscellaneous sources. The well
and test-hole data provided detailed information on the extent, thickness,
and composition of the aquifers and confining beds. Where existing data were
inadequate, the South Dakota Geological Survey drilled 32 additional test
holes. Water-level data that were obtained from the South Dakota Department
of Water and Natural Resources provided historical water-level data and
allowed for the determination of long-term water-level changes. During 1984
and 1985, the U.S. Geological Survey measured 47 wells to provide additional
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‘water-level data where it was lacking or insufficient. The South Dakota
Department of Water and Natural Resources provided pumpage data that were
used to determine the magnitude of the stress being applied to the aquifer
system.

All these data were used to develop a digital flow model of the aquifer
system. The aquifer system was simulated by using the U.S. Geological
Survey’s modular three-dimensional finite-difference ground-water flow model
program developed by McDonald and Harbaugh (1984).

Wells and test holes used in this report are numbered according to the
Federal land-survey system of eastern South Dakota (fig. 2).

GEOLOGIC SETTING

During the Pleistocene Epoch, continental glaciers from the north and
east covered eastern South Dakota, depositing a blanket of glacial drift over
the eroded preglacial bedrock surface. The glaciers radically altered the
topography by partially filling major valleys, entirely obliterating many
small valleys, scouring new valleys, and forming massive end moraines. The
overall effect of glaciation has been to lower the local topographic relief.
One of the greatest changes caused by the glaciers was the rearrangement of
the surface drainage. Before glaciation, the main streams flowed toward the
east. As a result of glaciation, the drainage in eastern South Dakota is now
predominately southward (Flint, 1955).

The James River basin is a lowland of low to moderate relief trending
northward between the Coteau du Missouri highlands to the west and the Coteau
des Prairies highlands to the east. The basin is 50 to 75 mi wide and about
250 mi long in South Dakota. The James River, which occupies the central
axis of the basin, drains the basin to the south (Flint, 1955).

Most of the surficial deposits in the study area (fig. 1) are the result
of glaciation and collectively are called drift, which is any material
deposited by or from a glacier. Drift in Brown County can be subdivided into
three major types--till, outwash, and lake deposits--that differ greatly in
physical and hydraulic characteristics. Till, which was deposited directly
from or by glacial ice, is a heterogeneous mixture of clay, silt, sand, and
gravel. Outwash, which was deposited from or by meltwater streams on top of
the ice or beyond the margin of the active glacial ice, consists primarily of
sand and gravel but may contain silt and clay and interbedded layers of sandy
or gravelly silt and clay. Beds of well-sorted sand and gravel are contained
in the outwash but generally are small and discontinuous (Howells and
Stephens, 1968). Leap (1986) subdivided the glacial outwash into three major
types of deposits-—-surface deposits, intratill deposits, and buried meltwater
channel deposits. The buried meltwater channel deposits, primarily of pro-
glacial origin, were further subdivided into three different levels--the
lowermost or basal outwash, middle outwash, and the upper buried outwash.

When the glacial ice sheet of Wisconsin age melted back into North
Dakota, meltwater flowing from it accumulated in a shallow depression,
glacial Lake Dakota which includes about the eastern two-thirds of Brown
County. The area is a distinct physiographic unit known as the Lake Dakota
plain. The lake deposits consist generally of silt, however, in a large area
in northeastern Brown County, the silt is overlaid by lake deposits of fine
to medium-grained sand (Leap, 1986). Koch and Bradford (1976) classified the
lake deposits as very fine to fine-grained sand.



Figure 2.--Site-numbering system. The well number consists of township
followed by "N," range followed by "W," and section number, followed by
a maximum of four uppercase letters that indicate, respectively, the
160-, 40-, 10-, and 2%-acre tract in which the well is located. These
letters are assigned in a counterclockwise direction beginning with "A"
in the northeast quarter. Thus, well 126N62W15DAAA is the well recorded
in the NE)% of the NE)% of the NE% of the SE)% of section 15 in township
126 north and range 62 west of the 5th meridian and baseline system.
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The drift may be covered by deposits of alluvium along streams and
rivers and locally, the drift may be covered by windblown sand and silt,
especially on the Lake Dakota plain. The alluvium, which consists of poorly
sorted, poorly stratified, thin, discontinuous layers of material, ranges in
gsize from clay to boulders, but usually has a large silt content and does not
contain significant sand and gravel.

The bedrock directly underlying the drift in the study area, in
descending order, consists of the Upper Cretaceous Pierre Shale, Niobrara
Formation, and Carlile Shale (fig. 3). The Pierre Shale is predominantly a
dark-gray, fissile, bentonitic clay-shale. The Pierre Shale has a maximum
thickness of 320 ft in Brown County and is exposed along stream channels in
the western part of the county. The Pierre Shale is believed to be conform-
able with the underlying Niobrara Formation (Leap, 1986). The Niobrara
Formation is predominantly a light- to dark-gray speckled marl or calcareous
clay with some "chalk" and shaly beds. The marl contains shells of
foraminifera that impart the distinctive, white-speckled appearance. The
Niobrara is not exposed on the surface but is found in subcrops beneath the
drift where the Pierre Shale is absent. According to Hedges and others
(1983), the Carlile Shale directly underlies the drift in a narrow band
trending roughly north-south through the study area. This band of Carlile
Shale is located in the preglacial Grand-Moreau-Cheyenne River channel (Leap,
1986). The Carlile consists mostly of light-gray to black shale containing
gilty and sandy zones. The maximum thickness of the Carlile Shale in Brown
County is 275 ft.

Hydrologic Setting

Ground water is a major source of water for irrigation, municipal, farm,
and domestic use in the James River basin. 1In the unconsolidated surficial
deposits, only the more sandy and gravelly glacial-outwash deposits yield
substantial quantities of water to wells. The remaining unconsolidated
surficial deposits generally are either too clayey and silty or are too thin
to serve as major sources of water except in very localized situations.

The natural recharge, movement, and discharge of water in the outwash
aquifers are controlled by the lithology and stratigraphy of the surficial
deposits and the underlying bedrock units. The till and the layers of silt
and clay within the outwash deposits may confine the outwash aquifers. In
the study area, the till, the Pierre Shale, Niobrara Formation, and Carlile
Shale generally yield little or no water to wells and are considered to be
confining beds.

The units that comprise the complex hydrologic system in the glacial
outwash have been subdivided into three aquifers in Brown County by Koch and
Bradford (1976). They are the Elm, Middle James, and Deep James aquifers.
The Elm, Middle James, and Deep James aquifers equate to Leap’s (1986) three
levels of buried meltwater channel deposits: the uppermost buried outwash,
the middle outwash, and the lowermost or basal outwash, respectively. The
topographic and stratigraphic relations of these aquifers are shown in the
geohydrologic section in figure 4. Koch and Bradford (1976) defined the Elm,
Middle James, and Deep James aquifers based on altitude. The maximum
altitude of the top of the Elm aquifer is 1,400 ft and the minimum altitude
of the bottom is 1,225 ft. The maximum altitude of the top of the Middle
James aquifer is 1,250 ft and the minimum altitude of the bottom is 1,150 ft.
The maximum altitude of the top of the Deep James aquifer is 1,175 ft and the
minimum altitude of the bottom is 950 ft.
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The three glacial-outwash aquifers generally are separated from each
other by till, as shown in figure 4, and may be internally separated by till
and thin clay and silt outwash layers. The till and thin clay and silt
outwash layers allow some flow to occur between and within the aquifers.

Sandy Lake Deposits

The Lake Dakota plain covers much of the study area. Glacial meltwaters
deposited an average of about 75 ft of fine sand, silt, and clay on the bed
of ancient Lake Dakota. Figure 5 shows the average thickness and extent of
the sandy lake deposits. Wells completed in the sandy lake deposits may
yield 1 to 5 gal/min, but well failure is common because of clogging of the
well screens by fine-grained sediments. These sediments commonly pass
through the well screen and enter the water system, not only clogging the
well but abrading and seriously damaging pumps and other equipment (Koch and
Bradford, 1976). Because of the low yield potential of the sandy lake
deposits compared to the glacial outwash, the lake deposits are considered a
minor aquifer in the study area; however, they commonly provide recharge to
and accept discharge from the Elm and Middle James aquifers, as well as
provide for interaquifer flow.

Elm Aquifer

The Elm aquifer is the uppermost and largest sand-and-gravel outwash
aquifer in the glacial-aquifer system (figs. 4 and 6) in the study area.
Because of the availability of additional well logs, reinterpretation of
existing logs, and the averaging of the aquifer thicknesses, the boundaries
shown in figure 6 may differ from those of Koch and Bradford (1976). The
aquifer underlies about 351 mi? of the study area. The thickness ranges from
zero at the boundaries to 113 ft in 127N62W18A and averages about 32 ft. The
aquifer slopes to the east at about the same gradient as the topographic
surface, about 15 ft/mi.

The water in the aquifer is under water-table (unconfined) conditions in
some places and under artesian (confined) conditions where the confining bed
overlying the aquifer is sufficiently thick. Emmons (1988), in developing a
ground-water flow model of the glacial-aquifer system in the Sanborn-Beadle
County area (fig. 1), estimated that a confining-bed thickness of 10 ft or
greater overlying the aquifer probably is sufficient to confine the aquifer,
causing artesian conditions. Even in areas where the aquifer is under water-
table conditions, silt and clay layers within the aquifer may confine its
lower parts. The thickness of the confining bed overlying the Elm aquifer or
sandy lake deposits is shown in figure 7. The thickness of confining bed
overlying the uppermost aquifer averages about 20 ft.

Recharge to the Elm aquifer is by infiltration of precipitation and
snowmelt, and possibly by leakage from the Elm River and Foot Creek during
periods of high flow directly into the aquifer or by percolation through the
overlying lake sediments and till. Recharge occurs more rapidly in level
areas where the aquifer is at or near land surface or where more permeable
sandy lake deposits overlie the aquifer. Recharge occurs more slowly where
the aquifer is overlaid by less permeable clayey or silty lake deposits or
till.

Hydrographs of water levels from two observation wells completed in the
Elm aquifer are shown in figure 8. Examination of the hydrographs indicates
that no long-term water-level declines have occurred in the aquifer, although
seasonal and year-to-year changes have occurred because of variations in
available recharge. Koch and Bradford (1976) determined that the water level
in the Elm aquifer varied in direct response to snowmelt, rainfall, or

9
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