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Geochemistry of the Madison and Minnelusa
Aquifers in the Black Hills Area, South Dakota
By Cheryl A. Naus, Daniel G. Driscoll, and Janet M. Carter

ABSTRACT

The Madison and Minnelusa aquifers are 
two of the most important aquifers in the Black 
Hills area because of utilization for water supplies 
and important influences on surface-water 
resources resulting from large springs and stream-
flow-loss zones.  Examination of geochemical 
information provides a better understanding of the 
complex flow systems within these aquifers and 
interactions between the aquifers.

Major-ion chemistry in both aquifers is 
dominated by calcium and bicarbonate near out-
crop areas, with basinward evolution towards 
various other water types.  The most notable dif-
ferences in major-ion chemistry between the 
Madison and Minnelusa aquifers are in concentra-
tions of sulfate within the Minnelusa aquifer.  
Sulfate concentrations increase dramatically near 
a transition zone where dissolution of anhydrite is 
actively occurring.  

Water chemistry for the Madison and 
Minnelusa aquifers is controlled by reactions 
among calcite, dolomite, and anhydrite.  Satura-
tion indices for gypsum, calcite, and dolomite for 
most samples in both the Madison and Minnelusa 
aquifers are indicative of the occurrence of dedo-
lomitization.  Because water in the Madison 
aquifer remains undersaturated with respect to 
gypsum, even at the highest sulfate concentra-
tions, upward leakage into the overlying 
Minnelusa aquifer has potential to drive increased 
dissolution of anhydrite in the Minnelusa 
Formation.

Isotopic information is used to evaluate 
ground-water flowpaths, ages, and mixing condi-
tions for the Madison and Minnelusa aquifers.  
Distinctive patterns exist in the distribution of 
stable isotopes of oxygen and hydrogen in precip-
itation for the Black Hills area, with isotopically 
lighter precipitation generally occurring at higher 
elevations and latitudes.  Distributions of δ18O in 
ground water are consistent with spatial patterns in 
recharge areas, with isotopically lighter δ18O 
values in the Madison aquifer resulting from 
generally higher elevation recharge sources, 
relative to the Minnelusa aquifer.

Three conceptual models, which are simpli-
fications of lumped-parameter models, are con-
sidered for evaluation of mixing conditions and 
general ground-water ages.  For a simple slug-flow 
model, which assumes no mixing, measured tri-
tium concentrations in ground water can be related 
through a first-order decay equation to estimated 
concentrations at the time of recharge.  Two sim-
plified mixing models that assume equal propor-
tions of annual recharge over a range of years also 
are considered.  An “immediate-arrival” model is 
used to conceptually represent conditions in out-
crop areas and a “time-delay” model is used for 
locations removed from outcrops, where delay 
times for earliest arrival of ground water generally 
would be expected.  Because of limitations associ-
ated with estimating tritium input and gross sim-
plifying assumptions of equal annual recharge and 
thorough mixing conditions, the conceptual 
models are used only for general evaluation of 
mixing conditions and approximation of age 
ranges. 
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Headwater springs, which are located in 
or near outcrop areas, have the highest tritium 
concentrations, which is consistent with the 
immediate-arrival mixing model.  Tritium concen-
trations for many wells are very low, or nondetect-
able, indicating general applicability of the time-
delay conceptual model for locations beyond out-
crop areas, where artesian conditions generally 
occur.  Concentrations for artesian springs gener-
ally are higher than for wells, which indicates 
generally shorter delay times resulting from pref-
erential flowpaths that typically are associated 
with artesian springs.

In the Rapid City area, a distinct division of 
isotopic values for the Madison aquifer corre-
sponds with distinguishing δ18O signatures for 
nearby streams, where large streamflow recharge 
occurs.  Previous dye testing in this area docu-
mented rapid ground-water flow (timeframe of 
weeks) from a streamflow loss zone to sites 
located several miles away.  These results are used 
to illustrate potential errors that may result from 
the simplified conceptualization of this complex 
ground-water setting with dual-porosity hydraulic 
characteristics.  For Rapid City sites with time-
series data, minimal variability in δ18O values cor-
responded with tritium data indicative of dominant 
proportions of older water.  Other sites showed 
response to temporal δ18O trends in streamflow 
recharge, with tritium data indicating larger pro-
portions of modern recharge.  Several large pro-
duction wells located near the isotopic transition 
zone had changes in δ18O values indicative of 
changes in capture zones associated with recent 
production.

Evaluation of major-ion and isotope data 
indicates that regional flowpaths for the Madison 
aquifer are essentially deflected around the study 
area, with the possible exception of the south-
western and northwestern corners.  Two wells just 
north of the study area clearly show influence of 
regional flow, and a well just within the study area 
shows possible influence.  Large artesian springs 
near the northern axis of the uplift show no 
regional influence and are concluded to be 
recharged within the uplift area.  Ion concentra-
tions for wells west of the study area in Wyoming 

indicate deflection of regional flowpaths, with 
minor influence possible for several wells.  The 
δ18O values for large springs along the southern 
axis of the uplift essentially preclude regional 
influence, which also is supported by ion chemis-
try, and indicate potential recharge areas extending 
along the entire southwestern flank of the uplift.  
Low, but detectable, tritium concentrations in 
these springs along the southern axis confirm the 
influence of recharge from within the study area, 
but indicate relatively long traveltimes.

Hydrographs for 9 of 13 well pairs are fairly 
well separated and do not indicate direct hydraulic 
connection between the Madison and Minnelusa 
aquifers.  Comparison of geochemical information 
provides no evidence of extensive mixing 
resulting from general, areal leakage between the 
aquifers.

Aquifer interactions can occur at artesian 
springs, which discharge about one-half of aver-
age recharge to the Madison and Minnelusa aqui-
fers in the Black Hills area.  Various investigators 
have hypothesized that the Madison aquifer is the 
primary source for many artesian springs, based on 
geochemical modeling.  The Madison aquifer is 
inferred as the primary source for several springs 
where artesian conditions in the Minnelusa aquifer 
are precluded by nearby outcrop sections.  For 
many springs, quantifying relative contributions 
from each aquifer is hampered by geochemical 
similarities between the Madison and Minnelusa 
aquifers, especially near recharge areas.  For some 
springs, high sulfate concentrations indicate 
Minnelusa influence, but may result from dissolu-
tion of Minnelusa minerals by water from the 
Madison aquifer.

Generally higher hydraulic head in the 
Madison aquifer, in combination with gypsum 
undersaturation, is concluded to be a primary 
mechanism driving interactions with the 
Minnelusa aquifer, in areas where artesian condi-
tions exist in the Madison aquifer.  Upward leak-
age from the Madison aquifer probably contributes 
to general dissolution of anhydrite deposits in the 
Minnelusa aquifer and development of breccia 
pipes, which enhances vertical hydraulic conduc-
tivity.  Breccia pipes are a likely mechanism for 
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upward movement of large quantities of water 
through the Minnelusa aquifer at artesian spring 
locations and many exposed breccia pipes of the 
upper Minnelusa Formation probably are the 
throats of abandoned artesian springs.  Dissolution 
processes are an important factor in a self-
perpetuating process associated with development 
of artesian springs and preferential flowpaths, 
which initially develop in locations with large 
secondary porosity and associated hydraulic con-
ductivity, with ongoing enhancement resulting 
from dissolution activity.

Outward (downgradient) migration of the 
artesian springs probably occurs as upgradient 
spring-discharge points are abandoned and new 
ones are occupied, keeping pace with regional 
erosion over geologic time.  In response, hydraulic 
heads in the Madison and Minnelusa aquifers also 
have declined over geologic time.  Artesian 
springflow and general leakage are concluded to 
be important factors in governing water levels in 
the Madison and Minnelusa aquifers.  Artesian 
springs are especially important in acting as a 
relief mechanism that provides an upper limit for 
hydraulic head, with springflow increasing in 
response to increasing water levels.

INTRODUCTION

The Madison and Minnelusa aquifers are two of 
the most important aquifers in the Black Hills area.  
These aquifers are used extensively for domestic, 
municipal, irrigation, and industrial uses and have a 
major influence on the surface-water resources because 
of large spring discharges and large streamflow losses 
that occur along many stream channels.

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 and ground 
water in the Black Hills area of South Dakota (Driscoll, 
1992).  This long-term study is a cooperative effort 
between the U.S. Geological Survey, the South Dakota 
Department of Environment and Natural Resources, 
and the West Dakota Water Development District, 
which represents various local and county cooperators.  

The Madison and Minnelusa aquifers are the primary 
focus of the Black Hills Hydrology Study.

Ground-water conditions in the Madison and 
Minnelusa aquifers are extremely complex because of 
several factors.  Water recharged in the uplifted Black 
Hills area mixes with the regional flow system at lower 
elevations; however, interfaces and mixing conditions 
are not well defined.  Both aquifers are potential 
sources for numerous large springs in the Black Hills 
area, and hydraulic connections are possible in other 
locations because of large secondary porosity and per-
meability in both aquifers.  Ground-water flowpaths 
and velocities in both aquifers are influenced by aniso-
tropic and heterogeneous hydraulic properties caused 
by secondary porosity resulting from fractures, faults, 
and dissolution activity.  Karst features, including sink-
holes, collapse features, solution cavities, and caves, in 
the Madison aquifer, and collapse breccia associated 
with dissolution of interbedded evaporites in the 
Minnelusa aquifer, create the potential for the introduc-
tion and rapid transport of contaminants within the 
Madison and Minnelusa aquifers.

Geochemistry is a useful tool for better under-
standing the complex flow systems in the Madison and 
Minnelusa aquifers.  The major-ion chemistry of water 
from these aquifers is an important water-quality con-
sideration.  Isotope information provides insights 
regarding recharge areas and traveltimes.  Both major-
ion and isotope information provide insights regarding 
flowpaths within the Madison and Minnelusa aquifers 
and potential interconnections between them.

Purpose and Scope

The purpose of this report is to present geochem-
ical information for the Madison and Minnelusa aqui-
fers in the Black Hills area of South Dakota, with an 
emphasis on information relating to understanding the 
ground-water flow conditions in these aquifers.  The 
report includes discussions of major-ion and isotope 
chemistry of the Madison and Minnelusa aquifers, pos-
sible influences from regional flowpaths, and interac-
tions that may occur between the two aquifers.  

Previous Investigations

Previous investigations have provided various 
information regarding the geochemistry of the Madison 
and Minnelusa aquifers in the Black Hills area.  The 
geochemical evolution of ground water in the Madison 
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and Minnelusa aquifers has been studied by Bowles 
and Braddock (1963), Braddock and Bowles (1963), 
Back and others (1983), Busby and others (1983, 1991, 
1995), Plummer and others (1990), and Naus (1999).  
Potential source aquifers for springs in the Black Hills 
area were investigated by Alexander and others (1988, 
1989), Whalen (1994), Klemp (1995), and Wenker 
(1997).  Browne (1992) studied water-quality charac-
teristics and geochemical differentiation of the Mad-
ison and Minnelusa aquifers near Rapid City.  
Applications of oxygen and hydrogen isotopes to the 
study of ground-water source areas, flowpaths, and 
mixing in the Madison aquifer in the Black Hills area 
have been presented by Back and others (1983), Busby 
and others (1983), Greene (1997, 1999), and Anderson 
and others (1999).
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DESCRIPTION OF STUDY AREA

The study area 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 approximates the outer extent of the 
Black Hills area, also are shown in figure 1.  The study 
area includes most of the larger communities in 
western South Dakota and contains about one-fifth of 
the State’s population.    

The Black Hills are a dome-shaped uplift about 
125 miles long and 60 miles wide (Feldman and Heim-
lich, 1980).  Land-surface elevations range from about 
7,200 ft at the highest peaks to about 3,000 ft in the 
surrounding plains.  The overall climate of the study 
area is continental, with generally low precipitation 
amounts, hot summers, cold winters, and extreme vari-
ations in both precipitation and temperatures (Johnson, 
1933).  Local climatic conditions are affected by topog-
raphy, with generally lower temperatures and higher 
precipitation at the higher elevations.

The average annual precipitation for the study 
area (1931-98) is 18.61 inches, and has ranged from 
10.22 inches for water year 1936 to 27.39 inches for 
water year 1995 (Driscoll, Hamade, and Kenner, 2000).  
The largest precipitation amounts typically occur in the 
northern Black Hills near Lead, where average annual 
precipitation exceeds 29 inches.  Annual averages 
(1931-98) for counties within the study area range from 
16.35 inches for Fall River County to 23.11 inches for 
Lawrence County.  The average annual temperature 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.  Average annual evapo-
ration generally exceeds average annual precipitation 
throughout the study area.  Average pan evaporation for 
April through October is about 30 inches at Pactola 
Reservoir and about 50 inches at Oral.

Geologic Setting

The oldest geologic units in the study area are the 
Precambrian metamorphic and igneous rocks (fig. 2), 
which underlie the Paleozoic, Mesozoic, and Cenozoic 
rocks and sediments, except where exposed at the land 
surface.  The Precambrian rocks range in age from 
about 1.7 to 2.5 billion years, and were eroded to a 
gentle undulating plain at the beginning of the Paleo-
zoic era (Gries, 1996).  The Paleozoic and Mesozoic 
rocks were deposited as nearly horizontal beds and 
were later uplifted during the rise of the Black Hills 
during the Laramide orogeny.  Uplift during the Lara-
mide orogeny and related erosion exposed the Precam-
brian rocks in the central core of the Black Hills with 
the Paleozoic and Mesozoic sedimentary rocks 
exposed in roughly concentric rings around the core.  
Deformation during the Laramide orogeny contributed 
to the numerous fractures, folds, and other features 
present throughout the Black Hills.  Tertiary intrusive 
activity in the northern Black Hills (fig. 3) also con-
tributed to rock fracturing.
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Figure  1.  Generalized outcrops of Madison Limestone, Minnelusa Formation, and outer extent of Inyan Kara Group
within the study area for Black Hills Hydrology Study.
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8 Geochemistry of the Madison and Minnelusa Aquifers in the Black Hills Area, South Dakota

Surrounding the central core is a layered series of 
sedimentary rocks including outcrops of the Madison 
Limestone (also locally known as the Pahasapa Lime-
stone) and the Minnelusa Formation (fig. 3).  The bed-
rock sedimentary units typically dip away from the 
uplifted Black Hills at angles that can approach or 
exceed 15 to 20 degrees near the outcrops, and 
decrease with distance from the uplift to less than 
1 degree (Carter and Redden, 1999a, 1999b, 1999c, 
1999d, 1999e) (fig. 4).  Following are descriptions for 
selected bedrock formations from the Deadwood 
Formation through the Inyan Kara Group.

The oldest sedimentary unit in the study area is 
the Cambrian- and Ordovician-age Deadwood Forma-
tion, which is composed primarily of brown to light-
gray glauconitic sandstone, shale, limestone, and local 
basal conglomerate (Strobel and others, 1999).  These 
sediments were deposited on top of a generally hori-
zontal plain of Precambrian rocks in a coastal to near-
shore environment (Gries, 1975).  The thickness of the 
Deadwood Formation increases from south to north in 
the study area and ranges from 0 to 500 ft (Carter and 
Redden, 1999e).  In the northern and central Black 
Hills, the Deadwood Formation is disconformably 
overlain by Ordovician rocks, which include the 
Whitewood and Winnipeg Formations.  The Winnipeg 
Formation is absent in the southern Black Hills, and the 
Whitewood Formation has eroded to the south and is 
not present south of the approximate latitude of Nemo 
(DeWitt and others, 1986).  In the southern Black Hills, 
the Deadwood Formation is unconformably overlain 
by the Devonian- and Mississippian-age Englewood 
Formation because of the absence of the Ordovician 
sequence. 

The Mississippian-age Madison Limestone is a 
massive, gray to buff limestone that is locally dolomitic 
(Strobel and others, 1999).  The Madison Limestone, 
which was deposited as a marine carbonate, was 
exposed at land surface for approximately 50 million 
years.  During this period, significant erosion, soil 
development, and karstification occurred (Gries, 
1996).  There are numerous caves and fractures within 
the upper part of the formation (Peter, 1985).  The 
thickness of the Madison Limestone increases from 
south to north in the study area and ranges from almost 
zero in the southeast corner of the study area (Rahn, 
1985) to 1,000 ft east of Belle Fourche (Carter and 
Redden, 1999d).  Local variations in thickness are due 
largely to the karst topography that developed before 

the deposition of the overlying formations (DeWitt and 
others, 1986).  Because the surface of the Madison 
Limestone was exposed to weathering and karstifica-
tion for millions of years, the formation is unconform-
ably overlain by the Pennsylvanian- and Permian-age 
Minnelusa Formation.  The Madison Limestone is 
underlain by the Englewood Formation, which Gries 
(1996) included as an impure basal phase of the Mad-
ison Limestone but Fahrenbach (1995) described as a 
separate unit from the Madison Limestone.  The 
Madison Limestone and equivalent units are regionally 
extensive throughout the northern Great Plains area 
and pinch out in southern and eastern South Dakota.  

The Pennsylvanian- and Permian-age Minnelusa 
Formation consists mostly of yellow to red cross-
stratified sandstone, limestone, dolomite, and shale 
(Strobel and others, 1999).  Anhydrite cements are 
prevalent in many layers within the subsurface, but 
generally have been removed by dissolution at or near 
outcrop areas (DeWitt and others, 1986).  Collapse 
features filled with breccia (breccia pipes) occur within 
the upper part of the Minnelusa Formation in many 
locations (Braddock, 1963; Long and others, 1999; 
Epstein, 2000).  The thickness of the Minnelusa Forma-
tion in the study area increases from north to south in 
the study area and ranges from about 375 ft near Belle 
Fourche to 1,175 ft near Edgemont (Carter and 
Redden, 1999c).  The Minnelusa Formation was 
deposited in a coastal environment, and dune structures 
at the top of the formation may represent beach sedi-
ments (Gries, 1996).  Along the northeastern flank of 
the Black Hills, there is little anhydrite in the subsur-
face due to a change in the depositional environment 
(Carter and Redden, 1999c).  On the south and south-
west side of the study area, there is a considerable 
increase in thickness of clastic units as well as a thick 
section of anhydrite.  The Minnelusa Formation dis-
conformably is overlain by the Permian-age Opeche 
Shale, which is overlain by the Minnekahta Limestone.  
The Minnelusa Formation and equivalent units are 
regionally extensive throughout the northern Great 
Plains area and pinch out in eastern South Dakota.

The Permian-age Minnekahta Limestone is a 
fine-grained, purple to gray laminated limestone 
(Strobel and others, 1999), which ranges in thickness 
from 25 to 65 ft in the study area.  The Minnekahta 
Limestone is overlain by the Triassic- and Permian-age 
Spearfish Formation.



Description of Study Area 9

S
E

A
LE

V
E

L

1,
00

0

2,
00

0

3,
00

0

4,
00

0

5,
00

0

6,
00

0

S
E

A
LE

V
E

L

1,
00

0

2,
00

0

3,
00

0

4,
00

0

5,
00

0

6,
00

0

7,
00

0
F

E
E

T
A

A
'

7,
00

0
F

E
E

T

M
D

m
e

M
D

m
e

K
ps

Ju
K

ik

P
P

m

P
P

m

O
C

d

O
C

d
P

m
k

P
o

Q
Ta

c
Q

Ta
c

Rapid Creek
Rapid Creek

South Fork Castle Creek

Rapid Creek

Rapid Creek

Rapid City

Rapid Creek

2
1

0

2
1

0
4

2

2
4

6
8

10
M

IL
E

S

8
6

10
K

IL
O

M
E

T
E

R
S

V
E

R
T

IC
A

L 
E

X
A

G
G

E
R

AT
IO

N
 X

5

T
 P

s
R

F
ig

u
re

 4
.  

G
eo

lo
gi

c 
cr

os
s 

se
ct

io
n 

A
-A

' (
Lo

ca
tio

n 
of

 s
ec

tio
n 

is
 s

ho
w

n 
in

 fi
gu

re
 3

.  
A

bb
re

vi
at

io
ns

 fo
r 

st
ra

tig
ra

ph
ic

 in
te

rv
al

s 
ar

e 
ex

pl
ai

ne
d 

in
 fi

gu
re

 2
.)

.

M
od

ifi
ed

 fr
om

 S
tr

ob
el

 a
nd

 o
th

er
s,

 1
99

9

SOUTH DAKOTA

WYOMING

pC
u

pC
u



10 Geochemistry of the Madison and Minnelusa Aquifers in the Black Hills Area, South Dakota

The Spearfish Formation is a red, silty shale with 
interbedded red sandstone and siltstone, which ranges 
in thickness from about 375 to 800 ft (Strobel and 
others, 1999).  The Spearfish Formation contains mas-
sive gypsum throughout.  The overlying Mesozoic-age 
units are composed primarily of shale, siltstone, and 
sandstone deposits, and include the Cretaceous-age 
Inyan Kara Group.  The thickness of the Inyan Kara 
Group ranges from about 135 to 900 ft in the study area 
(Carter and Redden, 1999a).

Hydrologic Setting

The hydrologic setting of the Black Hills area is 
schematically illustrated in figure 5, and the areal dis-
tribution of hydrogeologic units is shown in figure 3.  
Four of the major bedrock aquifers in the Black Hills 
area (Deadwood, Madison, Minnelusa, and Inyan Kara 
aquifers) are regionally extensive and are discussed in 
the following sections in the context of both regional 

and local hydrologic settings.  A fifth major aquifer 
(Minnekahta) generally is used only locally, as are 
aquifers in the metamorphic and igneous rocks within 
the central core area.

Regional Setting

The Paleozoic aquifers underlie parts of 
Montana, North Dakota, South Dakota, Wyoming, and 
Canada (Downey, 1984).  The Canadian part of the 
regional aquifer system is not described or shown in 
this report.  For the description of the regional setting 
(a large part of the northern Great Plains), it is conve-
nient to use aquifer names of Downey and Dinwiddie 
(1988) and Whitehead (1996).  The Paleozoic aquifers 
include the Cambrian-Ordovician aquifer (or Dead-
wood aquifer in the Black Hills), Mississippian aquifer 
(or Madison aquifer in the Black Hills), and the Penn-
sylvanian aquifer (or Minnelusa aquifer in the Black 
Hills).  The Paleozoic aquifers are recharged in outcrop 
areas around major uplifts (fig. 6).

Figure 5.  Schematic showing hydrogeologic setting of the Black Hills area.  Figure also shows caves and
breccia pipes, which contribute to secondary porosity in the Madison and Minnelusa aquifers.  Breccia pipes
may result from upward leakage from the Madison aquifer, creating conduits for artesian springs. 
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The Cambrian-Ordovician (or Deadwood) 
aquifer consists of sandstones of Cambrian age (Dead-
wood Formation and equivalents) and limestones of 
Ordovician age.  The Cambrian-Ordovician aquifer 
contains freshwater, with dissolved solids concentra-
tions less than 1,000 mg/L (milligrams per liter), only 
in an area surrounding the Black Hills and in a small 
area in north-central Wyoming (Whitehead, 1996).

The Mississippian (or Madison) aquifer is con-
tained within the limestones, siltstones, sandstones, 
and dolomite of the Madison Limestone and equivalent 
units.  Generally, water in the Mississippian aquifer 
is confined except in outcrop areas.  Flow in the 
Mississippian aquifer generally is from the recharge 
areas to the northeast (fig. 6).  Discharge from the 
Mississippian aquifer occurs by upward leakage to the 
lower Cretaceous aquifer in central South Dakota and 
eastern flow to the Cambrian-Ordovician aquifer in 
eastern North Dakota (Downey, 1984).  Water in the 
Mississippian aquifer is fresh only in small areas near 
recharge areas and becomes slightly saline to saline as 
it moves downgradient.  The water is a brine with 
dissolved solids concentrations greater than 
300,000 mg/L in the deep parts of the Williston basin 
(Whitehead, 1996).

The Pennsylvanian (or Minnelusa) aquifer is 
comprised of sandstones and limestones of the 
Minnelusa Formation and equivalent units of Pennsyl-
vanian age.  Water in the Pennsylvanian aquifer moves 
from recharge areas to discharge areas in eastern South 
Dakota (Downey and Dinwiddie, 1988).  Some water 
discharges by upward leakage to the lower Cretaceous 
aquifer (Swenson, 1968; Gott and others, 1974).

Several sandstone units compose the lower 
Cretaceous aquifer, which generally is known as the 
Inyan Kara aquifer in South Dakota and the Dakota 
aquifer in North Dakota.  Generally, water in the lower 
Cretaceous aquifer is confined by several thick shale 
layers except in aquifer outcrop areas around structural 
uplifts, such as the Black Hills.  Water in the lower 
Cretaceous aquifer generally moves northeasterly from 
high-elevation recharge areas to discharge areas in 
eastern North Dakota and South Dakota (Whitehead, 
1996).  Although the aquifer is widespread, it contains 
little freshwater.  Much of the saline water is believed 
to be from upward leakage of mineralized water from 
the Paleozoic aquifers (Whitehead, 1996).

Local Setting

Many of the sedimentary units in the Black Hills 
area contain aquifers, both within and beyond the study 

area.  Within the Paleozoic rock interval, aquifers in the 
Deadwood Formation, Madison Limestone, Minnelusa 
Formation, and Minnekahta Limestone are used exten-
sively.  These aquifers are collectively confined by the 
underlying Precambrian rocks (fig. 5) and the over-
lying Spearfish Formation (fig. 2).  Individually, these 
aquifers are separated by minor confining units or by 
relatively impermeable layers within the individual 
units.  Extremely variable leakage can occur between 
these aquifers (Peter, 1985; Greene, 1993).

Artesian (confined) conditions generally exist 
within the sedimentary aquifers where an upper con-
fining unit is present.  Under artesian conditions, water 
in a well will rise above the top of the aquifer in which 
it is completed.  Flowing wells will result when drilled 
in areas where the potentiometric surface is above the 
land surface.  Flowing wells and artesian springs that 
originate from confined aquifers are common around 
the periphery of the Black Hills.

Numerous headwater springs from the Paleozoic 
units on the western side of the study area (fig. 3) pro-
vide base flow for many streams.  These streams flow 
across the central core of the Black Hills, and most 
Black Hills streams lose all or part of their flow as 
they cross outcrops of the Madison Limestone and 
Minnelusa Formation (Hortness and Driscoll, 1998).  
Karst features of the Madison Limestone, including 
sinkholes, collapse features, solution cavities, and 
caves are responsible for the Madison aquifer’s 
capacity to accept streamflow recharge.  Large stream-
flow losses also occur in many locations within the out-
crop of the Minnelusa Formation (Hortness and 
Driscoll, 1998).  Large artesian springs occur in many 
locations downgradient from these loss zones, most 
commonly within or near the outcrop of the Spearfish 
Formation, providing an important source of base flow 
in many streams beyond the periphery of the Black 
Hills (Rahn and Gries, 1973; Miller and Driscoll, 
1998).

Although the Precambrian basement rocks 
generally have low permeability and form the lower 
confining unit for the series of overlying aquifers, 
localized aquifers occur in many locations in the cen-
tral core of the Black Hills, where enhanced secondary 
permeability has resulted from weathering and frac-
turing.  Where the Precambrian-rock aquifers are satu-
rated, water-table (unconfined) conditions generally 
occur and land-surface topography can strongly control 
ground-water flow directions.
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Overlying the Precambrian rocks is the Dead-
wood aquifer, which is contained within the Deadwood 
Formation and is utilized primarily near its outcrop 
area.  Regionally, the Precambrian rocks act as a lower 
confining unit to the Deadwood aquifer, and the 
Whitewood and Winnipeg Formations, where present, 
act as overlying semiconfining units (Strobel and 
others, 1999).  Where the Whitewood and Winnipeg 
Formations are absent, the Deadwood aquifer is over-
lain by the Englewood Formation, which Strobel and 
others (1999) included as part of the Madison aquifer.

The Madison aquifer generally is considered to 
consist primarily of the karstic upper part of the 
Madison Limestone, where numerous fractures and 
solution openings provide extensive secondary 
porosity.  Strobel and others (1999) included the entire 
Madison Limestone and the Englewood Formation in 
their delineation of the Madison aquifer, which 
receives recharge from streamflow losses and precipi-
tation on its outcrop.  In this report, outcrops of the 
Madison Limestone and Englewood Formation (fig. 3) 
are referred to as the outcrop of the Madison Limestone 
for simplicity.  Low-permeability layers in the lower 
part of the Minnelusa Formation generally act as an 
upper confining unit to the Madison aquifer.  However, 
karst features in the top of the Madison Limestone may 
contribute to reduced competency of the overlying 
confining unit in some locations.

The potentiometric surface of the Madison 
aquifer is shown in figure 7.  In many locations, 
ground-water flow in the Madison aquifer follows the 
bedding dip, which generally is radially away from the 
central core of the Black Hills.  Ground-water flow-
paths and velocities also are heavily influenced by 
anisotropic and heterogeneous hydraulic properties of 
the Madison aquifer.  Flowpaths are not necessarily 
orthogonal to potentiometric contours because of 
highly variable directional transmissivities and may be 
further influenced by vertical flow components 
between the Madison and Minnelusa aquifers.  Long 
(2000) described anisotropy in the Madison aquifer in 
the Rapid City area that causes ground-water flow to be 
nearly parallel to the potentiometric contours in some 
cases.  Regional ground-water flow from the west may 
influence the potentiometric surface in the northern and 
southwestern parts of the study area.       

The Minnelusa aquifer is contained within the 
thin layers of sandstone, dolomite, and anhydrite in the 
lower portion of the Minnelusa Formation and within 

sandstone and anhydrite in the upper portion.  Shales in 
the lower portion of the Minnelusa Formation act as a 
confining unit to the underlying Madison aquifer; 
however, the extent of hydraulic separation is spatially 
variable and is not well defined, as discussed in a sub-
sequent section of this report.  The Minnelusa aquifer 
may have enhanced vertical hydraulic conductivity in 
areas of collapse breccia (breccia pipes in fig. 5) asso-
ciated with dissolution of interbedded evaporites (Long 
and others, 1999).  Hayes (1999) concluded that 
upward leakage of relatively fresh water from the 
Madison aquifer is a probable agent for dissolution of 
anhydrite within the Minnelusa Formation, which is a 
likely mechanism for development of breccia pipes 
within the Minnelusa Formation.  Exposed breccia 
pipes, which are common in many areas, were hypoth-
esized to be conduits for abandoned springs, which 
migrate outwards from the flanks of the Black Hills 
over geologic time, keeping pace with regional erosion.

The Minnelusa aquifer receives recharge from 
streamflow losses and precipitation on its outcrop.  
Streamflow losses to the Minnelusa aquifer generally 
are less than to the Madison aquifer (Carter, Driscoll, 
and Hamade, 2001) because most of the flow is lost to 
the Madison aquifer before reaching the outcrop of the 
Minnelusa Formation.  The Minnelusa aquifer is con-
fined by the overlying Opeche Shale.

The potentiometric surface of the Minnelusa 
aquifer is shown in figure 8.  Ground-water flow in the 
Minnelusa aquifer in the study area generally follows 
the bedding dip, but may be affected by structural 
features.  Regional ground-water flow from the west 
may influence the potentiometric surface in the 
northern and southwestern parts of the study area.

The Minnekahta aquifer, which overlies the 
Opeche Shale, is contained within the Minnekahta 
Limestone.  The Minnekahta aquifer typically is very 
permeable, but well yields are limited by the aquifer 
thickness.  The overlying Spearfish Formation acts as a 
confining unit to the Minnekahta aquifer. 

Within the Mesozoic rock interval, the Inyan 
Kara aquifer is used extensively and various other 
aquifers are used locally to lesser degrees.  The Inyan 
Kara aquifer receives recharge primarily from precipi-
tation on its outcrop and also may receive recharge 
from leakage from the underlying Paleozoic aquifers 
(Swenson, 1968; Gott and others, 1974).  As much as 
4,000 ft of Cretaceous strata (primarily shales) act as 
the upper confining unit to aquifers in the Mesozoic 
rock interval.
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Figure 7.  Potentiometric surface of the Madison aquifer and locations of major artesian springs.
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Figure 8.  Potentiometric surface of the Minnelusa aquifer and locations of major artesian springs.
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