Hydrology of the Black Hills Area, South Dakota

By Daniel G. Driscoll, Janet M. Carter, Joyce E. Williamson, and Larry D. Putnam

ABSTRACT

The Black Hills Hydrology Study was initi-
ated in 1990 to assess the quantity, quality, and
distribution of surface water and ground water in
the Black Hills area of South Dakota. This report
summarizes the hydrology of the Black Hills area
and the results of this long-term study.

The Black Hills area of South Dakota and
Wyoming is an important recharge area for several
regional, bedrock aquifer systems and various
local aquifers; thus, the study focused on describ-
ing the hydrologic significance of selected bed-
rock aquifers. The major aquifers in the Black
Hills area are the Deadwood, Madison, Minnelusa,
Minnekahta, and Inyan Kara aquifers. The highest
priority was placed on the Madison and Minnelusa
aquifers, which are used extensively and heavily
influence the surface-water resources of the area.

Within this report, the hydrogeologic frame-
work of the area, including climate, geology,
ground water, and surface water, is discussed.
Hydrologic processes and characteristics for
ground water and surface water are presented. For
ground water, water-level trends and comparisons
and water-quality characteristics are presented.
For surface water, streamflow characteristics,
responses to precipitation, annual yields and yield
efficiencies, and water-quality characteristics are
presented. Hydrologic budgets are presented for
ground water, surface water, and the combined
ground-water/surface-water system. A summary
of study findings regarding the complex flow

systems within the Madison and Minnelusa
aquifers also is presented.

INTRODUCTION

The Black Hills area is an important resource
center that provides an economic base for western
South Dakota through tourism, agriculture, the timber
industry, and mineral resources. In addition, water orig-
inating from the area is used for municipal, industrial,
agricultural, and recreational purposes throughout
much of western South Dakota. The Black Hills area
also is an important recharge area for aquifers in the
northern Great Plains.

Population growth, resource development, and
periodic droughts have the potential to affect the quan-
tity, quality, and availability of water within the Black
Hills area. Because of this concern, the Black Hills
Hydrology Study was initiated in 1990 to assess the
quantity, quality, and distribution of surface water and
ground water in the Black Hills area of South Dakota
(Driscoll, 1992). This long-term study has been a coop-
erative effort between the U.S. Geological Survey
(USGS), the South Dakota Department of Environment
and Natural Resources, and the West Dakota Water
Development District, which represents various local
and county cooperators.

The specific objectives of the Black Hills
Hydrology Study included:

1. Inventorying and describing precipitation amounts,
streamflow rates, ground-water levels of selected
aquifer units, and selected water-quality charac-
teristics for the Black Hills area.
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2. Developing hydrologic budgets to define relations
among precipitation, streamflow, and aquifer
response for selected Black Hills watersheds.

3. Describing the significance of the bedrock aquifers
in the Black Hills area hydrologic system, with an
emphasis on the Madison and Minnelusa aquifers,
through determination of:

a. aquifer properties (depth, thickness, structure,
storage coefficient, hydraulic conductivity,
etc.);

b. the hydraulic connection between the aquifers;

c. the source aquifer(s) of springs;

d. recharge and discharge rates, and gross volu-
metric budgets; and

e. regional flow paths.

4. Developing conceptual models of the hydrogeo-
logic system for the Black Hills area.

Purpose and Scope

The purpose of this report is to summarize the
hydrology of the Black Hills area and present major
findings pertinent to the objectives of the Black Hills
Hydrology Study. The information summarized in this
report has been presented in more detail in previous
reports prepared as part of the study. Because the Black
Hills area of South Dakota and Wyoming is an impor-
tant recharge area for several regional, bedrock aquifers
and various local aquifers, the study concentrated on
describing the hydrogeology and hydrologic signifi-
cance of selected bedrock aquifers. The highest priority
was placed on the Madison and Minnelusa aquifers
because: (1) these aquifers are heavily used and could
be developed further; (2) these aquifers are connected
to surface-water resources through streamflow loss
zones and large springs; and (3) hydraulic connection
between these aquifers is extremely variable. The
Deadwood and Minnekahta aquifers had a lower pri-
ority because they are used less and have less influence
on the hydrologic system. The fractured Precambrian
rocks, Inyan Kara Group, and various local aquifers,
including minor bedrock aquifers and unconsolidated
aquifers, had the lowest priorities because: (1) the Pre-
cambrian and local aquifers are not regional aquifers
with regional flowpaths; and (2) the Inyan Kara Group
is not used as extensively in the Black Hills area as the
other priority units.

Hydrologic analyses within this report generally
are by water year, which represents the period from
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October 1 through September 30. Discussions of time-
frames refer to water years, rather than calendar years,
unless specifically noted otherwise.

Description of Study Area

The study area for the Black Hills Hydrology
Study consists of the topographically defined Black
Hills and adjacent areas located in western South
Dakota (fig. 1). Outcrops of the Madison Limestone
and Minnelusa Formation, as well as the generalized
outer extent of the Inyan Kara Group, which approxi-
mates the outer extent of the Black Hills area, also are
shown in figure 1. The Black Hills are situated between
the Cheyenne and Belle Fourche Rivers. The Belle
Fourche River is the largest tributary to the Cheyenne
River. The study area includes most of the larger com-
munities in western South Dakota and contains about
one-fifth of the State’s population.

The Black Hills uplift formed as an elongated
dome about 60 to 65 million years ago during the Lara-
mide orogeny (Darton and Paige, 1925). The dome
trends north-northwest and is about 120 mi long and
60 mi wide. Land-surface altitudes range from 7,242 ft
above sea level at Harney Peak to about 3,000 ft in the
adjacent plains. Most of the higher altitudes are heavily
forested with ponderosa pine, which is the primary
product of an active timber industry. White spruce,
quaking aspen, paper birch, and other native trees and
shrubs are found in cooler, wetter areas (Orr, 1959).
The lower altitude areas surrounding the Black Hills
primarily are urban, suburban, and agricultural.
Numerous deciduous species such as cottonwood, ash,
elm, oak, and willow are common along streams in the
lower altitudes. Rangeland, hayland, and winter wheat
farming are the principal agricultural uses for dryland
areas. Alfalfa, corn, and vegetables are produced in
bottom lands and in irrigated areas. Various other
crops, primarily for cattle fodder, are produced in both
dryland areas and in bottom lands.

Beginning in the 1870’s, the Black Hills have
been explored and mined for many commodities
including gold, silver, tin, tungsten, mica, feldspar,
bentonite, beryl, lead, zinc, uranium, lithium, sand,
gravel, and oil (U.S. Department of Interior, 1967).
Mines within the study area have used various tech-
niques including placer mining, underground mining,
and open-pit mining.
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Figure 1. Area of investigation for the Black Hills Hydrology Study.
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HYDROGEOLOGIC FRAMEWORK

The Black Hills are located within the Great
Plains physiographic province in western South Dakota
and eastern Wyoming (fig. 2). The Black Hills strongly
influence the hydrology of western South Dakota and
northeastern Wyoming. Many streams in western
South Dakota originate in the Black Hills, and major
bedrock aquifers are recharged along outcrop areas in
the Black Hills. Ground and surface water interact
extensively in the Black Hills, and both streamflow and
aquifer recharge are influenced by climatic conditions.
Overviews of the climate, geology, ground water, and
surface water are provided in the following sections.
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Climatic Framework

The overall climate of the Black Hills area is
continental, with generally low precipitation amounts,
hot summers, cold winters, and extreme variations in
both precipitation and temperatures (Johnson, 1933).
Local climatic conditions are affected by topography,
with generally lower temperatures and higher precipi-
tation at the higher altitudes. The average annual tem-
perature is 43.9°F (U.S. Department of Commerce,
1999) and ranges from 48.7°F at Hot Springs to
approximately 37°F near Deerfield Reservoir.

Precipitation data sets used for this study gener-
ally were taken from Driscoll, Hamade, and Kenner
(2000), who summarized available precipitation data
(1931-98) for the Black Hills area. These investigators
compiled monthly precipitation records for 52 long-
term precipitation gages operated by National Oceanic
and Atmospheric Administration (1998) and 42 short-
term precipitation gages operated by the USGS. These
data sets are available on the World Wide Web at
http://sd.water.usgs.gov/projects/bhhs/precip/
home.htm. A geographic information system (GIS)
was used by Driscoll, Hamade, and Kenner (2000) to
generate spatial distributions of monthly precipitation
data for 1,000-by-1,000-meter grid cells for the study
area; an example is shown in figure 3. Monthly distri-
butions were composited to produce annual distribu-
tions for counties within the study area and for drainage
areas of selected streamflow-gaging stations; these data
sets were presented by Driscoll and Carter (2001). The
precipitation distributions were used extensively for
various applications including evaluating responses of
ground-water levels and streamflow to precipitation,
estimating precipitation recharge for bedrock aquifers,
and developing long-term hydrologic budgets.

Spatial precipitation patterns in the Black Hills
area are highly influenced by orography, as shown by
an isohyetal map (fig. 4) for 1950-98, which is the
period commonly used for hydrologic budgets pre-
sented in this report. Areas of relatively low precipita-
tion occur in the low altitudes around the periphery of
the Black Hills. Most areas with altitudes exceeding
6,000 ft above sea level have average annual precipita-
tion in excess of 19 inches, with the largest amounts
occurring in the northern Black Hills near Lead, where
the average annual precipitation (1950-98) exceeds
28 inches. Orographic effects also are apparent in the
high-altitude areas near Harney Peak.

Local conditions also are affected by regional
climatic patterns, with the northern Black Hills influ-
enced primarily by moist air currents from the north-
west, and the southern Black Hills influenced primarily
by drier air currents from the south-southeast. As a
result, annual precipitation averages about 16 to
17 inches for most of Fall River County (fig. 4) and is
much less than parts of Lawrence and Meade Counties
that have comparable altitudes. Boxplots showing the
distribution of annual precipitation for the study area
and for counties within the study area during 1931-98
are presented in figure 5. For the study area, the long-
term average of 18.61 inches is slightly larger than the
median (50th percentile) of 17.96 inches. The 90th per-
centile indicates that annual precipitation over the
study area is less than about 23.70 inches 90 percent of
the time. Annual precipitation for both Butte and Fall
River Counties is less than the long-term average for
the study area about 75 percent of the time.

The largest precipitation amounts typically occur
during May and June, and the smallest amounts typi-
cally occur during November through February (fig. 6).
The most variable month is May, during which precip-
itation has ranged from a minimum of about 0.4 inch to
a maximum of 8.5 inches. The seasonal distribution of
precipitation is fairly uniform throughout the study
area; however, Lawrence County receives slightly
larger proportions of its annual precipitation during
winter months than the other counties (fig. 7).

Long-term (1931-98) trends in precipitation
(fig. 8) are an important consideration for hydrologic
analysis for the Black Hills area. Figure 8 A shows that
annual precipitation for the study area averages
18.61 inches and has ranged from 10.22 inches in 1936
to 27.39 inches in 1995. Figure 8B shows that the asso-
ciated departures (from the average) have ranged from
a deficit (-) of 8.39 inches to a surplus (+) of
8.78 inches, respectively. The cumulative trends are
readily apparent from figure 8C, with the most pro-
nounced trends identified by the longest and steepest
line segments. Sustained periods of generally deficit
precipitation occurred during 1931-40 and 1948-61.
Sustained periods of generally surplus precipitation
occurred during 1941-47, 1962-68, and 1993-98. The
middle to late 1990’s stand out as the wettest period
since 1931.
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1950-98 (from Carter, Driscoll, and Hamade, 2001).
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The long-term precipitation trends are especially
important because of potential for bias in analysis and
interpretation of available hydrologic data sets, which
are much more abundant for the recent wet years.
Water-level records are available for 71 observation
wells in the Black Hills area for 1998, compared with
five wells for 1965 (Driscoll, Bradford, and Moran,
2000). Miller and Driscoll (1998) reported streamflow
records for 65 gages for 1993, compared with 30 gages
for 1960. Thus, the potential for bias is an important
consideration in analysis of hydrologic data sets for the
Black Hills area.

Average annual potential evaporation generally
exceeds average annual precipitation throughout the
study area. Thus, evapotranspiration generally is
limited by precipitation amounts and availability of soil
moisture. Average pan evaporation for April through
October is about 30 inches at Pactola Reservoir
and about 50 inches at Oral (U.S. Department of
Commerce, 1999).

Geologic Framework

The stratigraphic and structural features in the
Black Hills area are complex. Many of the geologic
formations, such as the Deadwood Formation, Madison
Limestone, Minnelusa Formation, Minnekahta Lime-
stone, and Inyan Kara Group, in the Black Hills (fig. 9)
are regionally extensive. Several formations thin or
pinch out in southern and eastern South Dakota. To
better understand the stratigraphic and structural set-
tings in the Black Hills, an overview of the regional
geologic setting is provided first and is followed by an
overview of the local geologic setting.

Regional Geologic Setting

Parts of Montana, North Dakota, South Dakota,
and Wyoming are included in the Northern Great Plains
area. The present-day structural features (fig. 2) of the
Northern Great Plains are directly related to the geo-
logic history of the Cordilleran platform, which is a
part of the stable interior of the North American Conti-
nent (Downey, 1986). The present-day structure prob-
ably was controlled by the pre-existing structural grain

10 Hydrology of the Black Hills Area, South Dakota

in the Precambrian basement and modified during the
Laramide orogeny (Downey, 1984).

During Paleozoic time, the area generally was
broad, flat, and covered by shallow, warm seas
(Downey, 1984). Numerous disconformities during
Paleozoic time indicate intermittent transgressions and
regressions when seas advanced from west to east in
response to tectonic activity of the Antler orogeny to
the west (Sandberg and Poole, 1977). Deposits gener-
ally were beach, shallow marine, carbonate, sabkha,
and evaporite units (Redden and Lisenbee, 1996).

During Cretaceous time, the area was covered by
a north-south trending sea, which extended from the
Gulf of Mexico to the Arctic Ocean (Downey, 1986).
During Late Cretaceous time, the sea was at its widest
extent, but marine deposition was interrupted by fre-
quent east-west regressions (Anna, 1986).

Paleostructure

The Northern Great Plains area was part of the
Cordilleran platform throughout most of Paleozoic
time. The Williston Basin, which covers parts of North
Dakota, South Dakota, southern Saskatchewan, south-
western Manitoba, and eastern Montana (fig. 10),
began to take shape during Ordovician time (Carlson
and Anderson, 1965). Other major Jurassic and Creta-
ceous (pre-Laramide) paleostructural elements
(fig. 10) include the Powder River Basin, the Central
Montana trough and uplift, the Cedar Creek anticline,
and the Alberta shelf (Anna, 1986).

The Laramide orogeny, which affected the
eastern Rocky Mountains of the United States, began
during late Cretaceous time and continued in the
Eocene period (Redden and Lisenbee, 1996). The
Laramide orogeny was characterized by large-scale
warping, deep erosion of uplifts, and deposition of oro-
genic sediments into basins (Tweto, 1975). Most, if not
all, pre-Laramide structural features (fig. 10) were
reactivated and became more prominent during the
Laramide orogeny (Anna, 1986). During the Laramide
orogeny, the Bighorn and Laramie Mountains, the
Black Hills, and the Central Montana uplift formed,
and the Williston and Powder River Basins (fig. 2)
were downwarped into essentially their present config-
uration (Anna, 1986).
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Stratigraphy

Precambrian rocks form the basement in the
northern Great Plains area. Precambrian rocks are
exposed in the central core of many of the mountain
ranges, but lie greater than 15,000 ft below land surface
at the center of the Williston Basin (Downey and
Dinwiddie, 1988).

Rocks of Cambrian and Ordovician age consist
of sandstone, shale, limestone, and dolomite and repre-
sent the shoreward facies of a transgressive sea
(Peterson, 1981). The extent of the Cambrian and
Ordovician rocks in the northern Great Plains area is
shown in figure 11. The principal geologic units of
Cambrian and Ordovician age are the Deadwood
Formation, Emerson Formation, Winnipeg Formation,
Red River Formation (Whitewood Formation), and
Stony Mountain Formation (fig. 12). Rocks of Cam-
brian and Ordovician age extend into Canada where
they are exposed along the Precambrian shield
(Downey, 1986). Erosion during Devonian time trun-
cated the Ordovician geologic units in South Dakota
and Wyoming to the south of a line extending between
the central Black Hills and southern Bighorn Moun-
tains (Peterson, 1981). Rocks of Silurian age are not
present in the Black Hills area.

The extent of Mississippian rocks in the northern
Great Plains area is shown in figure 11. These rocks
overlying the Bakken Formation (where present) are
termed the Madison Limestone, or Madison Group
where divided (fig. 12). The Madison Limestone con-
sists of a sequence of marine carbonates and evaporites
deposited mainly in a warm, shallow-water environ-
ment (Downey, 1986). Development of karst (solution)
features in the Madison Limestone was common
because the carbonate rocks are relatively soluble in
water (Downey, 1986). Complex and interconnected
solution features developed in the Madison Limestone
during tropical conditions when it was exposed at or
near land surface (Busby and others, 1995). Large and
extensive cave systems have formed in the outcrop
areas of the Madison Limestone in the Bighorn
Mountains and in the Black Hills.

Rocks of Pennsylvanian age consist primarily of
marine sandstone, shale, siltstone, and carbonate. The
Pennsylvanian rocks are divided into many different
geologic units (fig. 12). Rocks of Pennsylvanian-age
have been truncated by pre-Jurassic erosion progres-
sively northward across central Montana; these rocks

thin to zero thickness near the axis of the central
Montana trough (Downey, 1986; figs. 10 and 11).

A sequence of red shale, siltstone, and evaporite
deposits belonging to the upper part of the Goose Egg
and Spearfish Formations of Triassic age overlie the
Minnelusa Formation (Downey and Dinwiddie, 1988).
Jurassic rocks, which include the Nesson, Piper,
Rierdon, and Sundance Formations and their equiva-
lents (fig. 12) are predominantly carbonate, shale, and
calcareous shale (Anna, 1986).

Deposits during Cretaceous time primarily were
sandstones, shales, and minor carbonates (Redden and
Lisenbee, 1996). A number of formation names have
been applied to the various Cretaceous units in the
northern Great Plains area; however, in several
instances, these formation names are used only in one
State or subregion (fig. 13). Lower Cretaceous rocks
(fig. 13) range in thickness from zero in eastern North
Dakota and South Dakota to more than 1,400 ft in west-
central Wyoming (Anna, 1986). The extent of the
Lower Cretaceous sandstones, which include the Inyan
Kara Group, Muddy Sandstone, and Newcastle or
Dakota Sandstone, is shown in figure 11. The sedimen-
tary pattern of Upper Cretaceous rocks (fig. 13) is asso-
ciated with four main transgressions and regressions of
shallow seas.

Tertiary units (fig. 13) generally were deposited
in a continental environment (Downey, 1986). Deposits
of Quaternary age in the northern Great Plains area
consist of alluvium, glacial materials, and other surfi-
cial deposits. Alluvial deposits fill major drainages in
the area. Glacial deposits are located only in the eastern
parts of North Dakota and South Dakota and in the
northernmost part of Montana (Downey, 1986).

Local Geologic Setting

The Black Hills uplift is a northwest-trending,
asymmetric, elongate dome, or doubly plunging anti-
cline. Uplift began about 62 million years ago during
the Laramide orogeny and probably continued in the
Eocene period (Redden and Lisenbee, 1996). Large
anticlines occur on the northern and southern flanks of
the Black Hills and plunge away from the uplift into the
surrounding plains. Numerous smaller folds, faults,
domes, and monoclines also occur in the Black Hills
(fig. 14). Igneous intrusions were emplaced on the
northern flanks of the uplift during the Tertiary Period.
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Figure 14. Distribution of hydrogeologic units in the Black Hills area (modified from Strobel and others, 1999).
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