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Episodic Sediment-Discharge Events in
Cascade Springs, Southern Black Hills,

South Dakota

By Timothy S. Hayes

ABSTRACT

Cascade Springsisagroup of artesian
springsin the southern Black Hills, South Dakota,
with collective flow of about 19.6 cubic feet per
second. Beginning on February 28, 1992, alarge
discharge of red suspended sediment was observed
from two of the six known discharge points.
Similar events during 1906-07 and 1969 were
documented by local residents and newspaper
accounts. Mineralogic and grain-size analyses
were performed to identify probable subsurface
sources of the sediment. Geochemical modeling
was performed to eval uate the geochemical
evolution of water discharged from Cascade
Springs. Interpretations of results provide a
perspective on the role of artesian springsin the
regional geohydrologic framework.

X-ray diffraction mineralogic analyses of
the clay fraction of the suspended sediment were
compared to analyses of clay-fraction samples
taken from nine geologic units at and stratigraphi-
cally below the spring-discharge points. Ongoing
development of a subsurface breccia pipe(s) inthe
upper Minnelusa Formation and/or Opeche Shale
was identified as alikely source of the suspended
sediment; thus, exposed breccia pipesin lower
Hell Canyon were examined. Upper Minnelusa
Formation breccia pipesin lower Hell Canyon
occur in clusters similar to the discrete discharge
points of Cascade Springs. Grain-size analyses
showed that brecciamasses|lack clay fractionsand

have coarser distributions than the wall rocks,
which indicatesthat the red, fine-grained fractions
have been carried out as suspended sediment.
These findings support the hypothesis that many
breccia pipeswereformed asthroats of abandoned
artesian springs.

Geochemica modeling was used to test
whether geochemical evolution of ground water is
consistent with this hypothesis. The evolution of
water at Cascade Springs could not be suitably
simulated using only upgradient water from the
Minnelusa aquifer. A suitable model involved
dissolution of anhydrite accompanied by dedolo-
mitization in the upper Minnelusa Formation,
which is caused by upward |eakage of relatively
fresh water from the Madison aquifer. The anhy-
drite dissolution and dedol omitization account for
the net removal of minerals that would lead to
breccia pipe formation by gravitational collapse.
Breccia pipes in the lower Minnelusa Formation
are uncommon; however, networks of intercon-
nected breccialayers and breccia dikes are
common. These networks, along with vertical
fractures and faults, are likely pathways for trans-
mitting upward |leakage from the Madison aquifer.

It is concluded that suspended sediment
discharged at Cascade Springs probably results
from episodic collapse brecciation that is caused
by subsurface dissolution of anhydrite beds and
cements of the upper Minnelusa Formation,
accompanied by replacement of dolomite by
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calcite. Itisfurther concluded that many breccia
pipes probably are the throats of artesian springs
that have been abandoned and exposed by erosion.
The locations of artesian spring-discharge points
probably have been shifting outwards from the
center of the Black Hillsuplift, essentially keeping
pace with regional erosion over geologic time.
Thus, artesian springflow probably is afactor in
controlling water levels in the Madison and
Minnelusaaquifers, with hydraulic head declining
over geologic time, in response to devel opment of
new discharge points.

Development of breccia pipes as throats of
artesian springs would greatly enhance vertical
hydraulic conductivity in the immediate vicinity
of spring-discharge points. Horizontal hydraulic
conductivity in the Minnelusa Formation also may
be enhanced by dissolution processes related to
upward leakage from the Madison aquifer. Poten-
tial processes could include dissolution resulting
from leakage in the vicinity of breccia pipes that
are abandoned spring throats, active spring
discharge, development of subsurface breccias
with no visible surface expression or spring
discharge, as well as general areal leakage from
the Madison aguifer into the Minnelusa
Formation.

INTRODUCTION

Cascade Springsisagroup of artesian springsin
Fall River County, South Dakota, that contributes the
majority of flow to Cascade Creek (fig. 1). Numerous
other artesian springs occur within or near the outcrop
belt of the Spearfish Formation (confining beds),
between the outcrop belts of the Minnelusa Formation
and the Inyan KaraGroup (fig. 1) onthe margins of the
Black Hills uplift (Rahn and Gries, 1973). Most are
believed to discharge ground water originating from
the Madison and/or Minnelusa aquifers (Rahn and
Gries, 1973; Back and others, 1983; Whalen, 1994;
Klemp, 1995). A generalized stratigraphic sequence
for the southern Black Hillsareais presented in table 1.

Artesian springs have been studied extensively
as part of the Black Hills Hydrology Study, which was
initiated in 1990 to assess the quantity and quality of
surface water and ground water in the Black Hillsarea.

Thislong-term study is a cooperative 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 representsvariouslocal and county cooperators,
including Fall River County.

The flow of Cascade Springs has been measured
by the USGS at streamflow-gaging station 06400497
(fig. 2) since 1976. Flow during water years' 1976-93
averaged 19.6 cubic feet per second, with very little
variability (Miller and Driscoll, 1998).

Water from Cascade Springs normally is quite
clear; however, alarge discharge of red, suspended sed-
iment from two of six known discharge points (fig. 2)
was reported by alocal resident on the morning of
February 28, 1992. USGS personnel responded by
collecting suspended sediment samples and making
various field measurements during the next several
days. Sediment discharge from Cascade Springs
slowed, and essentially ceased, over the course of the
following week. Springflow during February 20 to
March 10, 1992, was nearly constant, as shown in the
hydrograph for station 06400497 (fig. 3).

The discharge of sediment generated consider-
able interest among various local residents, who aided
in documenting at least two other similar events. One
event occurred sometime around September 1969
(Charles“Bus’ Halls, Marie Hill, and Dave Nelson,
oral commun., March through June 1992). Marie Hill
provided awhole-water sample (water and sediment)
collected in aquart jar during the 1969 event. Another
event that occurred between December 14, 1906, and
January 11, 1907, is described in the book “Early Hot
Springs” (Twomey and Magee, 1983), which contains
the following quote from the local newspaper at that
time:

Cascade Runs Red
The big geyser at Cascade got stirred up
somehow Tuesday night and belched up red
gypsum and all sorts of hot looking stuff, turning
Cascade Creek to blood red. It continued throw-
ing out red stuff all Wednesday morning, up to the
time of this writing, and we believe also is throw-
ing out more water than usual.

Inhus. Geological Survey reports, water year isthe
12-month period, October 1 through September 30. The water
year is designated by the calendar year in which it ends; thus, the
water year ending September 30, 1993, is called the “ 1993 water
year”

2 Episodic Sediment-Discharge Events in Cascade Springs, Southern Black Hills, South Dakota
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Table 1. Generalized stratigraphic sequence in the southern Black Hills area
[Modified from Gott and others, 1974, and Anderson and others, 1999]

Erathem System Series Geologic unit Hydrogeologic unit
Cenozoic Quaternary Alluvial deposits Alluvia aguifer
Tertiary Pleistocene Gravel deposits Locally used as aquifer in
and study area; deposits
Pliocene (?) generally unconsolidated
Pliocene (?) White River Group Locally used as aquifer in
to study area; composition
Oligocene variable, ranging from
unconsolidated gravelsto
confining beds
Mesozoic Cretaceous Upper Carlile Shale Confining beds
Greenhorn Formation
Belle Fourche Shale
Lower Mowry Shale
Newcastle Sandstone
Skull Creek Shale
Inyan Fall River Formation Inyan Kara aquifer
Kara
Group L akota Formation
Jurassic Upper Morrison Unkpapa Confining beds
Formation Sandstone
Sundance Formation
Middle
Triassic Spearfish Formation
Paleozoic Permian Minnekahta Limestone
Opeche Shale
Pennsylvanian Minnelusa Formation Minnelusa aquifer
Confining bed
Mississippian Madison Limestone Madison aquifer
Devonian Englewood Formation Confining bed
Cambrian Deadwood Formation Deadwood aquifer
Precambrian Quartzite, schists, and granite Confining bed

4 Episodic Sediment-Discharge Events in Cascade Springs, Southern Black Hills, South Dakota
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The sediment samples collected during 1969 and
1992 presented a unigue and timely opportunity to
investigate various geohydrologic processes at Cascade
Springs. This study first sought to identify the source
of the suspended sediment. X-ray diffraction mineral-
ogic analyses of sediment sampleswere performed and
compared to analyses of samples taken from various
geologic units at and stratigraphically below the dis-
charge points. Once the source of the sediments was
identified as the underlying upper Minnelusa Forma-
tion and/or Opeche Shale, additional field investiga-
tions, X-ray diffraction comparisons, and grain-size
analyses of breccia pipes within the upper part of the
Minnelusa Formation were conducted. That work
tested the emerging hypothesis that exposed breccia
pipes within the upper Minnelusa Formation are the
subsurface throats of earlier artesian springs. Finally,
geochemical modeling was used to test whether
geochemical evolution of ground water is consistent
with this hypothesis. The resultsindicate that ongoing
subsurface dissolution of anhydrite and dolomitein the
upper Minnelusa Formation, which causes episodic
collapse brecciation, isthe probabl e cause of therelease
of sediment. Relatively fresh water from the Madison
aquifer is the probable agent of dissolution. The

purpose of thisreport isto present the results of this
study.

General Geohydrology and Possible
Sediment Sources

There are six known discrete discharge points at
Cascade Springs (fig. 2). The three most upstream
discharge points are within a flat-bottomed upper
spring basin. Farther downstream are the two “ gazebo”
discharge points where the suspended sediment was
discharged. These are located within a middle area of
hummaocky relief where depressions may indicate other
abandoned discharge points. The most downstream
discharge point is located about 90 feet upstream from
the USGS streamflow-gaging station (fig. 2).

The six discharge points occur within
Quaternary-age alluvial deposits (fig. 2) in anarrow
valley along the contact between the Spearfish Forma-
tion and the underlying Minnekahta Limestone, near
the crest of the strongly asymmetric Cascade Anticline
(Post, 1967). The beds of these two formations dip
between 15° and 60° (generally about 30°) to the south-
west on the western flank of the south-plunging
anticline (fig. 1).

6 Episodic Sediment-Discharge Events in Cascade Springs, Southern Black Hills, South Dakota



Rahn and Gries (1973) described the contact
between the Spearfish Formation and Minnekahta
Limestone as atypical location for large springs that
discharge from aquifersin the Madison Limestone and
Minnelusa Formation. Leakage between the Madison
and Minnelusaaguifersiscommon, but highly variable
(Peter, 1985; Greene, 1993). The general direction of
ground-water flow in the study areain both the
Minnelusaand Madison aquifersisfrom north to south,
but also may be from the northwest to southeast, or
west to east (Whalen, 1994). The chemical evolution
of water within the Madison aquifer in the Black Hills
area has been studied at the regional scale by Back and
others (1983), Plummer and others (1990), and Busby
and others (1991). The water of Cascade Springs had
been noted by Back and others (1983) to be alikely
product of aquifer mixing, based on sulfur isotopes.
Whalen (1994) concluded that the flow of Cascade
Springs consists of amix of approximately equal pro-
portions of water from the Madison and Minnelusa
aquifers.

The sediment discharged from Cascade Springs
could have originated from any of three general
sources. First, unlithified alluvial deposits near the dis-
charge points could easily erode to produce a flush of
sediment. A second possibility is collapse brecciation
due to subsurface mineral dissolution in underlying
bedrock units. Dissolution of anhydrite in the upper
part of the Minnelusa Formation has been reported in
earlier studies based on Minnelusa rock textures, min-
eralogy, and stratigraphy (Bowlesand Braddock, 1963;
Braddock and Bowles, 1963; Gott and others, 1974). A
third possihility is erosion of cave fill from within the
karstified Madison Limestone.

The subsurface sediment sources described
above would require a zone of permeability through
which to transport sediment to the surface with flow
rates sufficient to keep silt continually in suspension.
Breccia pipes (chimney-like features filled with
angular clastsin afine-grained matrix) arealikely pos-
sibility because confining layers of the Opeche Shale
and within the Minnelusa Formation are not known to
have undergone karstification, and no known faults
existintheimmediate vicinity (Post, 1967; andfig. 2).
A breccia pipe described by Post (1967) is located
about 850 feet southeast of the upper spring basin
(fig. 2). The beds around that breccia pipe dip about
15° southwesterly, but the breccia pipe hasirregular,
near-vertical boundaries probably indicating that it was
superimposed on already tilted beds. A gypsum bed

within the Spearfish Formation drops about 1 to 5 feet
asit crosses the top of the pipe outcrop, demonstrating
that the pipe is acollapse breccia. The pipeisapae
greenish buff, cylindrical mass that is hosted in road-
cut outcrops of red siltstones in the lower Spearfish
Formation.

Seven distinct bedrock stratigraphic intervals
from the Madison Limestone, which is the deepest
likely source of water, up to the land surface, were con-
sidered as possible sources of the suspended sediment.
The bedrock units considered are, from oldest to
youngest, the Madison Limestone, three intervals
(lower, middle, and upper) of the Minnelusa Forma-
tion, the Opeche Shale, the Minnekahta Limestone, and
the lower part of the Spearfish Formation. Quaternary-
age aluvium and cave fill from within the Madison
Limestone also were considered as possible sources.
Following are descriptions of these units, from ol dest
to youngest.

The Mississippian-age Madison Limestone,
which consists primarily of buff-colored, massively
bedded limestone, is exposed nearest to Cascade
Springs to the north of the outcrop of the Minnelusa
Formation near Onyx Cave (fig. 1). Caveswithin the
Madison Limestone commonly contain partial fillings
of red (terrarosa), fine, infiltrated sediment (Greene,
1993), with break-down fragments from the cave walls
and ceiling and insoluble chert fragments.

The Pennsylvanian- and Permian-age Minnelusa
Formation isover 700 feet thick in the area, and can be
divided into three intervals. The lower Minnelusa
Formation includes a basal, red, conglomeratic sand-
stone that is overlain by about 15 feet of pink, micritic
limestone beds containing chert nodules and by about
70 feet of red mudstone beds with intercalated thin
limestone beds. The middle interval of the Minnelusa
Formation is over 300 feet thick and consists of
dolostones, limestones, sandstones, and minor (black
and red) shales or mudstones. The upper Minnelusa
Formation, which is about 300 feet thick in outcrop in
the area, lies above ared, mudstone-rich marker bed,
locally known as the Red Marker.

The upper Minnelusa Formation, which is
described by Bowles and Braddock (1963) and Gott
and others (1974), consists of sandstone-in-sandstone
brecciawith sparse breccia clasts and contorted discon-
tinuous beds of limestone and dol ostone, along with
other beds of sandstone that are not brecciated. The
sandstones and breccias are varied bright colors of red,
yellow, and whiteinthe cliffsforming the canyon walls

Introduction 7



above Hot Brook Spring (fig. 1). Theupper Minnelusa
Formation breccias are believed to result from solution
collapse brecciation accompanied by dissolution of
anhydrite beds and cements during weathering and
recharge to shallow aguifers.

Basinward (downdip), the upper Minnelusa
Formation is 150 feet thicker in the subsurface than in
outcrop, with the difference being beds of anhydrite
and sandstones cemented by anhydrite in the subsur-
face (Bowles and Braddock, 1963). Braddock and
Bowles (1963) showed that the anhydrite dissolution
was accompanied by conversion of dolostone bedsto
medium-crystalline limestone beds (dedolomitization).

The Permian-age Opeche Shale is about 65 feet
thick near Cascade Springs and is composed primarily
of red siltstones, shales, and fine-grained sandstones.
The Permian-age Minnekahta Limestone is about
40 feet thick and composed of flaggy- to slabby-
parting, purple-colored, very pure limestone. The
Minnekahta Limestoneis exposed just to the northeast
from Cascade Springs (fig. 2). Near the spring-
discharge points, only the lowermost 60 feet of the
Triassic- and Permian-age Spearfish Formation are
present. These rocks are principally orange-red silt-
stone and claystone, locally dolomite-cemented, with
beds of massive, white gypsum (fig. 2).

The alluvium through which Cascade Springs
discharge islocally derived from the lower Spearfish
Formation and the Minnekahta Limestone. The
alluvium is gravelly, with clasts of al lithologies from
both bedrock formations. Finer grain-size portions of
the alluvium are dominated by material from the red
siltstones and claystones of the lower Spearfish
Formation.
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Lamphere, Dave Nelson, Charles “Bus’ Halls, Russell
Raby, and Marie Hill, provided information. Mrs. Hill
provided a sample from the 1969 sediment discharge
event. Mike Wiles of Jewel Cave National Monument
provided samples of cave-fill sediment from Jewel
Cave. The sample crushing, grain-size separations,
grain-size distributions, and X-ray diffraction analyses
were performed at the former Branch of Energy and
Marine Geology of the U.S. Geological Survey in
Denver, Colorado, where USGS colleagues Ken
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METHODS OF DATA COLLECTION AND
ANALYSES

Two samples of turbid water (approximately
20 literstotal) were collected from Cascade Springs by
the USGS on February 28, 1992. Additionally, a
whole-water sample collected during the 1969 event by
alocal resident was provided to the USGS. The sam-
pleswerefiltered using a0.45-micrometer Teflon filter
membrane to recover the suspended sediment, which
consisted of silt and finer grain sizes (<64 microns) and
was brick red-orange in color.

Samples from each of the seven potential bed-
rock source intervals were collected at the nearest pos-
siblelocation of each interval to Cascade Springs. For
each of the bedrock samples, asingle chip of rock of
about 1 inch in each dimension was collected from
each 1-foot-thick stratigraphicinterval whiletraversing
up each section. The chips were composited, crushed,
homogenized, and asamplesplit of about 2 poundswas
pulverized for 1 minute in aminiature ball mill with
steel balls.

The upper 100 feet of the Madison Limestone
was sampled at and just north of the mouth of Onyx
Cave(fig. 1). Thelower Minnelusa Formation was
sampled just south of the mouth of Onyx Cave. The
uppermost 100 feet of the middle interval of the
Minnelusa Formation was sampled in Hot Brook
Canyon just above Hot Brook Spring. The upper
Minnelusa Formation and the Opeche Shale also were
sampled above Hot Brook Spring. The Minnekahta
Limestone and the Spearfish Formation were sampled
within 1,000 feet of Cascade Springs (fig. 2).

Samples of cave-fill sediments were collected
from two cavesin the Black Hills. One sample of
muddy, orange, internal sediment was collected from
Brooks Cave (whichislocated just west of Rapid City,
about 20 milesnorth of the study area) and two samples
of stratified and unstratified, red, muddy, internal
sediments were obtained from Jewel Cave (fig. 1).
Unlithified cave-fill sedimentswere not crushed,
homogenized, or pulverized because they disaggre-
gated in a horn-type ultrasonic device in water before
wet sieving.

Mineralogic analyses of selected samples were
performed by X-ray diffraction (XRD) by the author in
the laboratory of the former Branch of Energy and
Marine Geology of the USGS in Denver, Colorado.
For all XRD determinations, a Phillips APD-3600
automated diffractometer was used with copper
K-apharadiation, run at 45 kilovolts and

8 Episodic Sediment-Discharge Events in Cascade Springs, Southern Black Hills, South Dakota



30 milliAmps. XRD scans were from 2° to 64° two-
theta, at 0.02° per step and one step per second. XRD
peak positions then were determined by the APD-3600
2nd Derivative Peak Algorithm. For most XRD pat-
terns, apeak matching program was run to match peaks
to known minerals, but all mineralogic identifications
reported here also have been confirmed by detailed
examination of the patterns.

Grain-size separationsfor clay mineralogic anal-
yses of the suspended sediment and of each potential
source interval sample were made using combinations
of standard wet sieving and differential-settling-rate
techniques. Limestone and cal cite-cemented sand-
stone samples were treated to remove al carbonates
from the less-than-64-micron size separates using
methods described in Jackson (1969) before the differ-
ential-settling-rate techniqueswere used to separate the
clay fraction. For each sample, XRD dlides were pre-
pared for the less-than-2-micron fraction and the 2-to-
10-micron fraction.

The less-than-2-micron fractions were mounted
as oriented clay-mineral slides (Moore and Reynolds,
1989). These slides were run a second time by XRD
after employing glycolation techniques described by
Moore and Reynolds (1989) that allow quantification
of the percent of smectiteinterlayersin any illite/smec-
tite mixed-layer clays. Some of the oriented clay-
mineral slides also were run athird time by XRD after
heating to 550°C for one hour as described by Moore
and Reynolds (1989). Because kaolinite is destroyed
during heating, the comparison of XRD runs before
and after heat treatment allows chlorite to be distin-
guished from kaolinite.

Outcropping breccia pipes were examined and
sampled in Hell Canyon northwest of Hot Springs (the
Pm samples showninfig. 1). Samplesof breccia pipes
and their wall rocks were treated by the method
described by Jackson (1969) to dissolve calcite
cements. The disaggregated wall rock and breccia
samples then were separated into grain-size fractions
by wet sieving and differential -settling-rate techniques.
Grain-size fractions were dried and weighed, and the
data were plotted as cumulative grain-size distribu-
tions.

Geochemical modeling of the chemical evolu-
tion of Cascade Springs ground water was performed
using the computer program NETPATH (Plummer and
others, 1991; 1994). NETPATH calculates a balanced
chemical reaction assumed to occur along a ground-
water flow path between two sampling points, using
minerals that are known or assumed to occur in the
aguifer between the sampling points.

EVALUATION OF POSSIBLE SEDIMENT
SOURCES

XRD mineralogical analyseswere performed for
samplesfrom the alluvium, selected bedrock units, and
cavefill from the Madison Limestone and compared to
those of the suspended sediment samples collected
from Cascade Springs water on February 28, 1992.
Field examinations of upper Minnelusa Formation
breccia pipes were performed when initial XRD miner-
alogic analyses indicated that the suspended sediment
came from the upper Minnelusa Formation and/or the
Opeche Shale.

Mineralogy of Suspended Sediment and
Possible Sediment Sources

By weight, the suspended sediment collected
during 1992 from Cascade Springs contained about
90 percent grain sizes between 4 to 64 microns and
about 10 percent grain sizes lessthan 4 microns. The
XRD pattern of the suspended sediment prior to sepa-
ration into grain-size fractions is shown in figure 4.
The sediment is composed principally of quartz, with
itsmajor peak at 26.7° two-theta; calcite, with itsmajor
peak at 29.4°; and dolomite, with itsmajor peak at 31°.
Thered color of the sediment is due to hematite, which
has abroad low peak near 33°. Peaksat 8.9° and 12.4°
indicate at |east two discrete phyllosilicate mineralsare
present: illiteor muscovite, or both, at 8.9° and chlorite
or kaolinite, or both, at 12.4°.

For this study, it was not important to distinguish
whether the mineral with itspeaksat 8.9°, 17.6°, 19.8°,
26.5°, and others wasiillite, muscovite, or some other
mica (fig. 4). However, it was checked whether or not
that mineral had any expandable smectite interlayers.
Checksfor expandable smectiteinterlayers were made
in each sample that was compared with the suspended
sediment. Because the suspended sediment did not
have expandable smectite interlayers, the mineral was
either pureillite or some other mica. The distinction
wasn't important to this study and was not made; thus,
that minera will be referred to hereafter smply as
mica. The possible source interval samples all addi-
tionally lacked any interlayeredillite/smectite. The hkl
indices (Moore and Reynolds, 1989) assigned to the
peaks on XRD patternsthen are assigned asif the
mineral is muscovite, where the peak at 8.9° two-theta
isits 001 peak (for the muscovite unit cell), not the 002
peak asinillite’s unit cell.

Evaluation of Possible Sediment Sources 9
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The clay fraction (<2 microns) of the 1992
suspended sediment is compared with the unseparated
suspended sediment mineralogy in figure5. The
highest intensity peaks from the clay fraction indicate
the mica phase with peaks at 8.8°, 17.8°, 26.8°, and
45.4°, A second set of peaksis composed of those at
12.4°, 24.9°, and smaller peaks at higher two-theta.
This set is due to chlorite or kaolinite, or both. The
peak near 33° isfrom hematite and is more sharply
defined in the clay fraction than in the unseparated sed-
iment. Analyses of the sample collected during 1969
(not illustrated) had all of the same minerals as the
1992 event's samples, though peak intensities were
notably different. Inthe 1969 sample, the silt fraction
was perhaps dominated by calcite, and the clay fraction
was very similar to the 1992 sediment.

Comparison of the glycolated and unglycolated
clay fraction patterns of the 1992 suspended sediment
(not illustrated) indicated no shift in the position of the
8.9° peak. Thisindicates that the potassium-bearing
clay is essentially 100 percent illite with no smectite
mixed layers, or it is muscovite.

The comparison of the clay fraction pattern of
the 1992 suspended sediment before and after heating
(to 550°C for 1 hour) isshown in figure 6. The peaks
at 12.4°,24.9°,37.9°, and 38.6° two-theta disappeared
after heating, which indicates that the second clay is
kaolinite and that only a very small proportion of
chlorite could be present.

Theresults of the XRD analyses and the weights
of the size fractions indicate that the suspended sedi-
ment consisted principally of silt-sized quartz, calcite,
and dolomite, in a mixture with clay-sized mica,
kaolinite, and hematite. The XRD patternsfor the clay
fractions of each of seven possible bedrock sourcesand
cavefill for the Madison Limestone are compared with
the clay fraction of the 1992 suspended sediment in
figure 7. The possible alluvial source isnot shown in
figure 7 because the aluvium had the same clay min-
erals asthe lower Spearfish Formation. Because the
clay fraction of al three cave-fill sampleshad the same
minerals, only the unstratified sample from Jewel Cave
isshown infigure 7.
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The XRD patterns (fig. 7) show that possible
matches to the clay fraction of the suspended sediment
are the clay fractions of the upper Minnelusa Forma-
tion, the Opeche Shal e, and the MinnekahtaLimestone.
Patternsfrom these three units match the peak positions
of al mineralsfound in the suspended sediment,
athough peak intensities are different. Quartz isthe
major component of the clay-size fractionsfor samples
from both the upper Minnelusa Formation and Opeche
Shale, asindicated by the quartz 100 peak at 20.9° two-
theta. The clay-sized quartz probably resulted from the
artificial crushing and pulverizing processes that the
suspended sediment did not undergo. However, the
Minnekahta Limestone produced virtually no silt-sized
acid-insoluble residues when subjected to dissolution
by the method of Jackson (1969), so the Minnekahta
Limestone could not have provided the quartz silt that
volumetrically dominated the unseparated suspended
sediment.

Theclay-sizefraction of the Madison Limestone
(fig. 7) consists principally of quartz and dolomite, but
it has a separate smectite clay peak near 3.9° that was
absent from the pattern of the suspended sediment. The
red unstratified cave fill from Jewel Cave has smectite
clay that yielded a separate peak near 5°. The major
clay of the cave-fill sample probably is kaolinite, not
mica. Thelower and middle Minnelusa Formation
samples lack the kaolinite that was found in the
suspended sediment.

The lower Spearfish Formation has a separated
smectite clay peak at 3.8° that is not present in the
suspended sediment (fig. 7). The clay fraction of
Quaternary-age alluvium (not shown) matches all
peaks of the lower Spearfish Formation clay including
its smectite peak, so a near-surface source of the sus-
pended sediment is not likely. Therefore, the probable
source of the suspended sediment is the upper
Minnelusa Formation and/or the Opeche Shale.

Examination of Lower Hell Canyon and
Breccias

Theresultsof the mineral ogic analysesindicated
that the suspended sediment probably came from the
upper Minnelusa Formation and/or Opeche Shale.
These gtratigraphic intervals are known for their
breccia pipes (Bowles and Braddock, 1963; Gott and
others, 1974). Thereisabreccia pipe near Cascade
Springs that cuts the lower part of the Spearfish
Formation (Post, 1967, and fig. 2).

Based on the mineralogic results and the earlier
studies of breccia pipes, it was hypothesized that upper
Minnelusa Formation brecciapipescould betheformer
throats of abandoned artesian springs. The coarse-
grained fraction in the breccia pipe may have remained
after the fine-grained, red-colored silt and clay was
washed upwards and out. This hypothesis was further
tested with field examinations and laboratory work on
brecciapipes. Grain-size analyses were performed to
determine if the pipes contain less fine-fraction mate-
rials than their wall rocks. Thiswould support the
hypothesis that the pipes are formed by collapse
accompanied by elutriation of the fine-grained red
fraction.

Geologic Examination

Breccia pipes hosted in the upper Minnelusa
Formation (Pm sitesin fig. 1) were examined in Hell
Canyon southwest of Jewel Cave. Hell Canyon was
chosen because it offered the opportunity to relate
gpatially to the karstified Madison Limestone at Jewel
Cave. Two USGS drillholesthat each penetrated parts
of the Minnelusa Formation (Bowles and Braddock,
1963) had been drilled earlier in lower Hell Canyon, so
stratigraphy within the Minnelusa Formation was very
well known there. Breccia pipes and brecciation are
conspicuousin many placesaong lower Hell Canyon.
In addition, there are numerous pale yellow to white,
circular-shaped, bedding-surface outcrops of upper
Minnelusa Formation sandstone away from the walls
of lower Hell Canyon that probably represent breccia
pipes not yet cut by erosion. Some, but not all, of these
light-colored circular zones on bedding-surface out-
crops no longer have discernible bedding and have
visible breccia clasts within the pale yellow to white
Masses.

Brecciapipes of the upper Minnelusa Formation,
where best exposed, are near-vertical, cylindrical,
light-colored masses ranging from several feet to
65 feetindiameter. Single brecciapipescommonly are
about 1510 30 feet in diameter (fig. 8) at astratigraphic
level about 100 feet from the top of the Minnelusa
Formation. Many breccia pipes occur in clusters, with
individual pipes spaced from 2 to 300 feet apart. If
there are similar breccia pipes beneath each modern
discharge point of Cascade Springs, the pipes would
form asimilarly spaced array.

Evaluation of Possible Sediment Sources 13



Rgues. Snall brecsia pipe hosted inthe upper Mnnelys:a,
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Both the red sandstone wall rocks that exhibit
little distortion or brecciation, and the breccia pipe
interiors, are loosely cemented with calcite. Most of
the pale yellow interior mass of atypical pipe, which
consists of laminated sandstone fragments apparently
floating within unlaminated sandstone matrix, does not
have discernible fragments of relict-bedded rock,
which may indicate considerable fluidization within
the pipes during formation. Where there are such frag-
ments of beds, the bedding dip, fragment-to-fragment,
isat chaotic angles. At the pipe edges, there are places
where bedded fragments have fallen in toward the
center (see also Bowles and Braddock, 1963, p. C94).

Other features related to the breccia pipes also
were observed. Near one larger mass of bedding-
surface exposure of white sandstone within red sand-

stone wall rocks, an 8-inch-amplitude fold within red
sandstone wall rock was found. The small foldis
overturned and faulted initscrest, with displacement of
theoverriding limb in the direction toward the center of
the white mass. It is sandwiched within beds that are
otherwise conformable with the regional dip. At
another location thelower levelsof abrecciapipeinthe
upper Minnelusa Formation are exposed below the
cylindrical portion of the brecciapipe. The non-red
sandstone cylinder tapers downward ending in asmall,
visibly unaltered fracture in red, fine-grained, calcite-
cemented sandstone. The definable tapered light-
colored mass ends about 90 feet vertically below the
top of the pipe exposure and about 190 feet below the
top of the formation.

Breccia pipes (vertical, cylindrical features) are
conspicuously absent in the lower Minnelusa Forma-
tion; however, other breccia features are common.
Numerous networks of connected breccialayers and
short, vertical breccia dikes were observed in the lower
Minnelusa Formation, and also have been described by
Bowles and Braddock (1963). These networks
typically consist of breccialayersaong bedding planes
that are connected by the breccia dikes.

Downward-displaced masses of Minnekahta
Limestone are present in several |ocations southwest of
the upper Minnelusa Formation exposures along Hell
Canyon. Many of these simply may be blocks slumped
from the outcrop rim of the Minnekahta Limestone;
however, the Minnekahta Limestone-clast brecciain
figure 1isabrecciapipe that has been displaced down-
ward by about 30 feet from the continuous outcrop rim
of undisturbed Minnekahta Limestone. This breccia
pipe contains conspi cuous matrix sediments of two
discrete generations. The first-generation, red, clayey
matrix fills most of the space between angular,
unbleached Minnekahta Limestone fragments. Druses
of fine calcite crystals line remaining open spaces
between masses of the red matrix sediment and the
inter-clast remnant voids. Red matrix material in this
brecciais not discernibly laminated. The second-
generation brecciafill iscomposed of |aminated purple
clay that is nearly pure kaolinite and is found only in
larger solution featuresthat cut clastsand earlier matrix
aike. Thefirst-generation, red matrix was hypothe-
sized to have originated as suspended sediment below
the level of aformer spring, because the color isvery
similar to the suspended sediment from Cascade

Springs.
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The brecciain the Minnekahta Limestone is at
the margin of an interpreted larger depression in the
Minnekahta Limestone bedding surface. The depres-
sion extends rim-to-rim of the canyon and contains
severa downward-displaced, locally brecciated
Minnekahta Limestone blocks. The blocks are under-
lain by larger, but still separated masses of light-
colored upper Minnelusa Formation, that mostly retain
their original bedding.

Mineralogic Analysis of Minnekahta Limestone
Breccia

A sample from the Minnekahta Limestone
brecciawas collected, and its red, first-generation
matrix was separated by hand picking and was miner-
aogically analyzed using XRD techniques. The red
matrix of the breccia, like the Cascade Springs
suspended sediment, isrich in quartz silt. That result
indicates that the source of the red matrix is not the
Minnekahta Limestone, because the stratigraphic
interval sample from the Minnekahta Limestone
contained no silt-sized, acid-insoluble residue. The

XRD pattern of the clay fraction of the red breccia
matrix matches all peak positions of the 1992 sus-
pended sediment (fig. 9) and has no separated smectite
clay peak, supporting the interpretation that it origi-
nated as suspended sediment inaformer spring system.
The clay fraction of the breccia matrix differsfrom the
suspended sediment only in having minor quartz,
marked principaly by aquartz 100 peak at 20.9°
two-theta.

Grain-Size Analyses of Upper Minnelusa
Formation Breccia Pipes and Wall Rocks

If the red clayey sediments from Cascade
Springs and the red matrix in the Minnekahta Lime-
stone-clast breccia were sediments carried upward or
out in suspension from devel oping breccia pipesin the
upper Minnelusa Formation, then the breccia pipesin
the Minnelusa Formation should contain less fine-
fraction materialsthan their wall rocks. Therefore, the
pipes should have coarser grain-size distributions and
lesser clay and silt fractions than the wall rocks.
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. Sample pairs were taken from three breccia
masses and their adjacent wall rocksin the upper
Minnelusa Formation in lower Hell Canyon (fig. 1).
These were from two well-defined pipes (Pm-6/7 and
Pm-8/9) and one areaof white, bedding-plane exposure
(Pm-10/11). After leaching calcite cements from the
samples, the grain-size distributions of each sample
were determined, and those of the breccia masses and
wall rocks were compared (figs. 10-12). In all three
samples, the breccia masses have coarser grain-size
distributions than the wall rocks

Clay-fraction mineralogy of the three breccia
pipes could not be compared to the clay fraction of the
suspended sediment because the pipe samples con-
tained no measurable clay. The clay mineralogy of al
three wall rock samples (not illustrated) closely
matched the clay mineralogy of the suspended sedi-
ment, containing micaasthemajor phase, kaoliniteand
hematite as minor phases, and no smectite.

GEOCHEMICAL EVOLUTION OF
CASCADE SPRINGS WATER

Results from XRD mineralogy and grain-size
analyses strongly indicate that the source of the

sediment discharged during 1969 and 1992 at Cascade
Springsisadevel oping, subsurface breccia pipewithin
the upper Minnelusa Formation, similar to the pipes
examined in lower Hell Canyon. Pipe development
may entail dissolution of anhydrite and replacement of
dolomite with calcite, leading to episodic collapse
brecciation. The process could be caused by leakage of
relatively “fresh” water from the Madison aquifer into
the overlying Minnelusa Formation. With continued
mineral dissolution and episodic collapses, the fine
fraction of the Minnelusa Formation might be sus-
pended and largely discharged in episodic suspended
sediment discharge events.

Thefeasibility of these suggested processes was
tested by modeling the geochemical evolution of
ground water along severa flowpaths using the com-
puter program NETPATH (Plummer and others, 1991;
1994). Water samples from both the Madison and
Minnelusa aquifers from various wells and other
springs located to the north and northwest of Cascade
Springs were tested as possible upgradient sources for
water discharged at Cascade Springs. Preliminary
results of this effort were reported by Whalen (1994).
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Previous Modeling Efforts

Whalen (1994) found that water from the
Minnelusa aquifer immediately upgradient from
Cascade Springs is more saline than the water from
Cascade Springs and, therefore, could not evolve by
mineral dissolution to match the composition of
Cascade Springs. Whalen (1994) also considered three
samples from potential upgradient sources of water
from the Madison aquifer. Sampleswere collected
from an observation well at Minnekahta Junction, Hot
Brook Spring, and the Russell-Fetter private well
(fig. 1). Whalen (1994) concluded that of these three
samples, only water similar to that from Hot Brook
Spring could evolve to the same composition as water
from Cascade Springs. The other two water samples
had heavier carbon isotope values than the Cascade
Springs water, which indicates that these two samples
are more evolved than Cascade Springs.

Whalen (1994) found two geochemical models,
each using the computer program NETPATH
(Plummer and others, 1991, 1994), that suitably simu-
lated evolution of the water from Hot Brook Spring to
the composition at Cascade Springs. In both models,
the water from Hot Brook Spring had to react exten-
sively with dolomite and anhydrite that had isotopic
compositions typical of Minnelusa aquifer minerals,
rather than of the same minerals from the Madison
aquifer. Inthefirst model, water from Hot Brook
Spring was reacted with minerals from the Minnelusa
aquifer. 1n the second model, water from Hot Brook
Spring was mixed with water from aMinnelusaaquifer
well near Cascade Springs. In the second model,
NETPATH cal culated mixing proportionsof 44 percent
Madison aquifer (Hot Brook Spring water) and
56 percent Minnelusa aquifer. Thismixing model also
required dissolution of Minnelusa Formation anhydrite
and dolomite and precipitation of calcite. Back and
others (1983) had earlier suggested that dissolved
sulfate concentrations in water from Cascade Springs
are the product of aquifer mixing, based on sulfur
isotopes in water samples.

New Modeling Efforts

A refinement of thefirst of Whalen's (1994)
models, in which water from Hot Brook Spring is
reacted with minerals from the Minnelusa aquifer, is
presented in the following sections. An additional
discussion of the NETPATH modeling is presented in

appendix 1, and output from the NETPATH-based
model (Plummer and others, 1991, 1994) is presented
in appendix 2.

Input Data Sets

Three sets of input data are utilized by
NETPATH: (1) chemica composition of upgradient
and downgradient ground water, (2) stoichiometries of
probable minerasin the aquifer, and (3) isotopic com-
position of selected elements (carbon, sulfur, and stron-
tium) in both ground water and aquifer minerals. These
input data sets are described in the following sections.

Chemical Composition of Ground Water

Thefirst set of NETPATH input is the measured
chemical concentration of various constituentsin the
upgradient and downgradient ground-water samples,
which, for this model, are from Hot Brook Spring and
Cascade Springs, respectively. Measured concentra-
tions of nine constituents—cal cium, magnesium,
sodium, potassium, carbon, sulfur, chloride, silica, and
strontium—were used in thismodel (table 2). Only the
carbon from the measured dissolved carbonate species
of each sample was used, and no oxidation-reduction
reactions were tested. For other situations, however,
NETPATH can incorporate measurements of organic
carbon species and can test oxidation-reduction of
carbon and sulfur components, as discussed in
appendix 1. Sampling methods and |aboratory anal yt-
ical methods were described by Whalen (1994).
Within the NETPATH program, concentrations are
converted to chemical activities by applying activity
coefficients calculated for the ionic strength and tem-
perature of each water sample. These chemical
activities are the constraintsin NETPATH modeling.

Stoichiometries of Aquifer Minerals

The second set of NETPATH input isthe
stoichiometry of aquifer minerals. Minerals available
for reaction with the upgradient ground water are those
observed or assumed to be present in the aquifer(s)
along the flowpath(s) to the downgradient water
sample location. NETPATH constructs a set of linear
mass-balance equations, one for each of the nine
measured congtituents. The equations are solved
simultaneously by iteration, with the designated
aquifer mineralsacting assourcesor sinksof ions. This
calculation requires at least nine minerals or gases
(“phases’) containing at least one each of the
constituents measured.
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Table 2.
and Cascade Springs used in NETPATH modeling

Physical properties, inorganic-constituent concentrations, and isotope ratios in ground water from Hot Brook Spring

[mg/L, milligrams per liter; png/L, micrograms per liter; deg C, degrees Celsius; I T, incremental titration]

Magne- Potas-
pH, Temper- Calcium, sium, Sodium, sium,
. . . field ature, Oxygen, dissolved dissolved dissolved dissolved
Station number Local identifier Date (standard water dissolved (mg/L (mg/L (mg/L as (mg/L
units) (deg C) (mg/L) as Ca) as Mg) Na) as K)
(00400) (00010) (00300) (00915) (00925) (00930) (00935)
432703103302801 Hot Brook Spring  10-03-94 7.55 23.6 6.10 66 26 39 5.6
06400497 Cascade Springs (1) 6.89 20.0 1.95 540 83 27 52
Bicar-
bonate,
dissolved, Sulfate, Chloride, Silica, Strontium, C-13/C-12 S-34/S-32
Local identifier IT, field dissolved dissolved dissolved dissolved stable iso- stable iso- Sr-87/Sr-86
(mg/L as (mg/L as (mg/L as (mg/L as (ng/L as tope ratio tope ratio isotope
HCO3) SO,) Cl) SiOy) Sr) (per mil) (per mil) ratio
(00453) (00945) (00940) (00955) (01080) (82081) (82086)
Hot Brook Spring 257 73 48 19 2849 9.2 10.7 20.71478
Cascade Springs 240 1,500 31 15 26,577 9.1 12.5 20.70877

1From Busby and others, 1991.
276l Peterman, U.S. Geol ogical Survey, written commun., 1994.

Work by Back and others (1983), Plummer and
others (1990), and Busby and others (1991) indicated
that the major water/rock reactions in the Madison
aquifer in the downgradient direction are dissol ution of
anhydrite and dolomite and precipitation of calcite.
Field geologic observations support these proposed
reactions. Inthe upper levels of Brooks Cave (located
about 20 milesnorth of the study area), which haswalls
almost completely lined with sheets of “ dogtooth”
(scalenohedral) spar calcitecrystals, shelf-like deposits
of laminated calcite are present, forming over the top of
the spar crystal sheets. Theseareinterpreted toindicate
formerly stable water levels of calcite-precipitating
ground water. Similar calcite” shelves’ arewidespread
within Wind Cave (Ford and others, 1993), and calcite
“shelves’ and “rafts’ are present at the surface of
“Windy City Lake,” which isthe present-day ground-
water level in Wind Cave.

At lower €l evations, Brooks Cave contains dolo-
stonewall rocks. At these lower levels, many of the
calcite crystal sheets have parted from their walls. The
exposed dolostone walls have subhorizontal flutes,
grooves, andrillsof up to afew tenthsof inches of local
relief etched into them. The flutes, grooves, and rills

are evidence of dolomite dissolution, asis the fact that
the calcite crystal sheets have parted from only the
dolostone walls. Anhydrite in the Madison aquifer in
the Black Hills area has not been described; however,
proposed intertidal depositional environments of the
rocks are consistent with the presence of minor
amounts of anhydrite (Hardie, 1977; Peterson, 1984).

Braddock and Bowles (1963) suggested from
stratigraphic and petrographic studies that mineral
reactions in the downgradient direction in the
Minnelusa aquifer were dissolution of anhydrite and
replacement of dolomite by calcite (dedolomitization).
Consistent with these observations, the aquifer
minerals used in the NETPATH model calculations
included calcite, dolomite, carbon dioxide (gas), and
gypsum. Celestite (SrSO,), halite, quartz, abite, illite,
and potassium feldspar were included to account for
observed changes in the entire suite of analyzed con-
stituents. A user-created celestian anhydrite solid solu-
tion was added, as a phase, along with NETPATH’s
celestite and gypsum. All three of the phases, summed
together, represent anhydrite in the aquifer minerals
(see discussion of NETPATH modeling in appendix 1).
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Isotopic Values for Aquifer Minerals
and Ground Water

The third major input to NETPATH consists of
isotopic values for carbon, sulfur, and strontium from
both aguifer minerals and ground-water samples.

I sotopic mineral values can be measured directly in
mineral samples, abstracted from literature values for
the formations involved, or estimated from published
datafor the evolution of isotopic composition of sea
water and marine precipitates through geologic time.
Temporal variationsin isotopic composition of marine
precipitates have been published by Vezier (1983) for
carbonate carbon, Claypool and others (1980) for
sulfate sulfur, and Smalley and others (1994) for sea-
water strontium. The ground-water isotope values used
in this report were measured directly (table 2).

The mineral isotope values used in preliminary
NETPATH runs were based on measured values for
mineralsinthe Madison and Minnelusaaquifers. After
preliminary runs confirmed a general anhydrite disso-
|ution and dedolomitization reaction, and that
measured mineral isotopic values were close to the
values required for convergence of observed and
model-cal cul ated isotope ratios in the downgradient
water, the mineral isotope valuesweremodified by trial
and error to produce convergence with the measured
Cascade Springs isotopic values. The convergent-
model input values then were evaluated for their feasi-
bility in terms of known isotopic fractionation effects,
especially kinetic isotope fractionation effects.

Aninherent NETPATH assumption is that the
downgradient water is truly evolutionary from the
upgradient water. If NETPATH isrun without isotopic
constraints and with only afew measured chemical
concentrations, the program commonly generates a
large number of different balanced chemical reactions
that potentially might explain the chemical evolution
between the upgradient and downgradient water. |If
more measured chemical concentrations are added, and
the complete suite of major reactive aquifer minerals
are known, NETPATH generally generates only afew
plausible reactions. In the model described here, only
one reaction was generated. When measured ground-
water and mineral isotopic values are added, the
remaining plausible solutions become even more con-
strained, because use of each measured isotopic ratio
actually yields the mathematical equivalent of two
additional mass-balance equations (one for each
isotope of the measured ratio).

Model Results

NETPATH related the chemistry of water from
upgradient Hot Brook Spring to downgradient Cascade
Springs by a chemical reaction equation that can be
summarized as:

{Hot Brook Spring water + dissolving dolomite,
CO, gas, celestian anhydrite, quartz, and potassium
feldspar = Cascade Springs water + precipitating
calcite, abite, illite, and halite}

The specific model equationis:

4.4273 HCOg + 0.7603 SO, + 1.6476 Ca?™ +
1.0700 Mg?* + 1.6973 Na* + 0.1433 K* + 1.3546 CI™ +
0.3164 H,SIO4 + 0.0097 Sr?* + 2.37313 dolomite
[CaMg(CO3),] + 1.04178 CO,(gas) + 14.89302
celestian anhydrlte [C30.9956S|’0.0044504] + 0.23100
quartz [SIO,] + 0.03995 potassium-feldspar
[KAISizOg] = 4.8733 HCO;3™ + 15.6534 8042' +
13.5062 Ca?* + 3.4223 Mgt + 1.1773 Na' + 0.1333
K* +0.8766 CI” + 0.2503 H,SiO, + 0.0753 Sr2* +
5.34202 calcite[ CaCO3] +0.04191 albite[NaA 1S304]
+0.08321 illite [Kg gMgg 25A12 3Si3 5010(0OH)4] +
0.47809 halite [NaCl]

In the model equation above, the mgjor ionic
species measured in the two waters have been con-
verted from milligrams per liter (asmeasured and listed
in table 2) to moles per kilogram of water (molal con-
centrations) of the proper ionic species for the
measured pH and temperature of each sample. The
measured ionic species have been balanced by dissolu-
tion of anhydrite containing strontium as the mineral
celestite in solid solution in amolar proportion typical
for anhydrite (Palache and others, 1951, p. 426), and by
dissolution of dolomite, quartz, and potassiumfeldspar.
The precipitation of calcite, albite, illite, and halite
balance the equation. The coefficients of the minera
phases and of gaseous carbon dioxide (dissolving)
were calculated by NETPATH.

The model egquation is the only mass-balance
solution that is suitable, given the combination of
chemical, mineral ogic, andisotopic datathat wasinput.
In this equation, other possible choices may exist for
the minerals that arein lesser concentrationsin the
waters, but any other choices for the minerals of cal-
cium, magnesium, sulfur, and carbon are unlikely to
produce a near-convergence between the model -
calculated and measured isotopic composition of
Cascade Springs. Measured isotope valuesin the two
water samples and chosen isotope values for the
minerals then can add information based on the
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nearness to convergence of the calculated and
measured isotopic ratios in the downgradient water.

| sotopic valuestypically are reported as §13C for
carbon-isotope ratios and 534S for sulfur-i sotope ratios
in units of per mil (%o) relative to areference standard.
The strontium isotope ratios are not converted to per
mil values. A positive 8-valueindicatesthat the sample
isenriched inthe heavy isotope relative to the standard,
and a negative 5-value indicates depletion in the heavy
isotope.
Given the calculated proportions of anhydrite and dolo-
mite dissolving and calcite precipitating from the NET-
PATH-modeled reaction to produce the chemical
composition of Cascade Springs, the only isotopic
input mineral values that permit matches to the mea-
sured sulfur, carbon, and strontium isotope valuesin
Cascade Springs are a 5*3C for dolomite carbon of
-4.6%o, a53*S for anhydrite sulfur of +12.5%o, and a
875/8gr ratio for anhydrite of 0.70877.

The §13C value for dolomite of -4.6%o is closer
to measured mineral values for the Minnelusa
Formation, which range from -0.4 to -1.4%o (Clayton
and others, 1992), than to dolomite values from
Mississippian-age rocks (representative of values for
dolomite within the Madison Limestone), which range
from +2.35 to +3.9%0 (Meyers, 1988; Bhattacharyya
and Sedly, 1994). The 534S value for dissolvi ng anhy-
drite of +12.5%o is closer to the average value for
Minnelusa Formation anhydrite than it is to typical
values for Madison Limestone anhydrite. The average
value for Minnelusa Formation anhydriteistakento be
+13.18%0. This value comes by thickness-weighting
and averaging more than 50 unpublished anhydrite
834s valuesfrom Minnelusa Formation cores from the
Pass Creek No. 2 well in lower Hell Canyon (fig. 1)
(C.G. Bowles, retired from U.S. Geological Survey,
written commun., 1994).

Madison Limestone anhydrite 534S values have
not been measured directly, but they have been calcu-
lated to range from +12.8%o to +22.6%. (Busby and
others, 1991, p. F38), with most values toward the
higher end of that range. Dissolving dolomite with a
§13C of -4.6%0 and anhydrite with a §3*S of +12.5%o,
lighter even than the probable Minnelusa Formation
average mineral values, is plausible because kinetic
isotope fractionation effects from laboratory experi-
ments a so have given isotopically lighter carbon and
isotopically lighter sulfur in the water than equilib-
rium-predicted values whenever equilibrium was not
attained (R.O. Rye, U.S. Geologica Survey, oral

commun., 1984). Thus, the Minnelusa mineral values
for 313C in dolomite and §3*Sin anhydrite are much
morereasonable as sourcesfor Cascade Springscarbon
and sulfur than the isotopically heavier Madison
Limestone dolomite and anhydrite.

Strontium-isotope ratios on the sea-water evolu-
tion curve of Smalley and others (1994) range from
0.70788 to 0.70835 (range center of 0.70812) for
Mississippian time (Madison Limestone), and range
from 0.70760 to 0.70843 (range center of 0.70802) for
early Permian time (upper Minnelusa Formation).
These sea-water evolution curves were derived mainly
from carbonate mineralsin fossils, assuming that there
is no fractionation of the strontium isotopes between
the seawater and the mineral, as has been observed for
modern shells and other organic tests (Faure, 1977).
The convergent-model 8/Sr/%0sr ratio of 0.70877 for
the celestian anhydrite is more radiogenic than either
range, but this high value indicates a Minnelusa
Formation source because the high-end values of the
upper Minnelusa Formation-age range are closest to
themodeled value. Also, the MinnelusaFormation has
asiliciclastic detrital component that could provide
radiogenic strontium whereas the Madison Limestone
doesnot. However, no strontium isotope data are avail-
ablefor any strontium-bearing mineralsfrom either the
Madison Limestone or Minnelusa Formation.

Additional evidence indicates that the majority
of strontium in ground water from the flanks of the
Black Hillsisfrom (celestian) anhydrite in the
Minnelusa Formation. Strontium is present only in
relatively low concentrations (generally 100 to
800 micrograms per liter) (Whalen, 1994; Klemp,
1995) in samples from the Madison aquifer, but stron-
tiumisfound locally in high concentrations (6,000 to
11,000 micrograms per liter) (Whalen, 1994; Klemp,
1995) in some samples from the Minnelusa aquifer.
The samples from the Minnelusa aquifer with high
strontium concentrations are relatively far from
Minnelusa Formation outcrops where anhydrite beds
and cements are present in the subsurface (Bowles and
Braddock, 1963). Dissolved strontium concentrations
directly vary with dissolved calcium and sulfate con-
centrations in water from Minnelusa aquifer wells,
which indicates that anhydrite in the Minnelusa
Formation is the source of al threeions.

The suitable NETPATH-based model indicates
input of fresh water from the Madison aquifer while
dissolving Minnelusa Formation minerals or mixing
with water from the Minnelusa aquifer. Asfound by
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Whalen (1994) and previoudly stated, however, the
chemical and isotopic compositions of Cascade
Springs cannot be modeled from any nearby Minnelusa
aquifer water alone. 1sotopic composition of Cascade
Springs also is more consistent with dissolution of
minerals from the Minnelusa Formation rather than
minerals from the Madison Limestone.

The suitable NETPATH-based chemical model
describes a net dissolution of upper Minnelusa Forma-
tion minerals, anhydrite, and dolomite. Such dissolu-
tion is consistent with accompanying gravity-driven
collapse, elutriation of fine-grained minerals, and pro-
duction of acoarse-grained brecciated residue (breccia
pipe) within the upper Minnelusa Formation.

IMPLICATIONS FOR THE ROLE OF
ARTESIAN SPRINGS IN REGIONAL
GEOHYDROLOGY

Field, laboratory, and geochemical modeling
observations provide an integrated understanding of
suspended sediment discharged at Cascade Springs.
The suspended sediment probably results from epi-
sodic collapse brecciation that is caused by ongoing
subsurface dissolution of anhydrite beds and cements
of the upper Minnelusa Formation, accompanied by
replacement of dolomite by calcite. The dissolving
agent probably isrelatively fresh water from the
Madison aquifer that isleaking upwards through the
Minnelusa Formation and discharging at the springs.

Breccia pipes commonly occur in the upper
Minnelusa Formation, but very few have been
observed in the lower part of the formation, near the
contact with the Madison Limestone. Numerous net-
works of interbedded breccialayers and short, vertical
breccia dikes do occur in the lower Minnelusa Forma-
tion, however. These breccia networks, along with
vertical fractures and faults, are likely pathways for
transmitting water from the Madison aquifer to the
upper Minnelusa Formation, where collapse breccia
pipes typicaly occur (fig. 13).

Many exposed breccia pipes of the upper
Minnelusa Formation and the Minnekahta Limestone
probably arethe throats of abandoned artesian springs.
Abandonment of upgradient spring-discharge points
and occupation of new ones, in the downgradient
direction, probably has kept pace with erosion over
geologictime. Overal, thelocations of artesian spring-
discharge points within or near outcrops of the
Spearfish Formation probably have been shifting

outward from the center of the Black Hillsuplift, essen-
tially matching rates with regional erosion. For
exampl e, the breccia pipe southeast of Cascade Springs
that was described by Post (1967) is at a higher eleva-
tion than but in northwesterly alignment with the cur-
rent spring-discharge points (fig. 2). In response to
erosion and devel opment of new discharge points at
lower elevations, hydraulic head in the Madison and
Minnelusa aquifers also would decline over geologic
time. Thus, artesian springflow probably isafactor in
controlling water levelsin the Madison and Minnelusa
aquifers.

Evidence exists that hydraulic head in the
Madison aquifer has dropped relative to the tilted
layers of sedimentary rocks within the recent geologic
past. Ford and others (1993) measured uranium-series
isotopic ages of calcite shelves from many different
elevation and stratigraphic levels of Wind Cave, which
showed that the water levelsin the Madison Limestone
have dropped more than 300 feet during the last
350,000 years. Thisisconsistent with the concept that
locations of artesian springs are shifting outwardsfrom
the Black Hillsuplift, asoutcrop belts shift outwards as
aresult of erosion.

Ground water discharging from the Madison
aquifer at artesian springs was referred to as “rejected
recharge” by Huntoon (1985). Huntoon hypothesized
that recharge is rejected from the Madison aguifer as
transmissivity decreaseswith distance from upgradient
recharge areas. Interactions with the overlying
Minnelusa Formation may be an important factor in
this process. Upwelling water from the Madison
aquifer (rejected recharge) at locations like Cascade
Springsis shown to be alikely process by which
breccia pipes are formed through dissolution in the
Minnelusa Formation and other overlying bedrock
units. Under this hypothesis, vertical hydraulic con-
ductivity would be greatly enhanced within breccia
pipes. Furthermore, horizontal hydraulic conductivity
also may be enhanced in the Minnelusa Formation by
dissolution processes related to upward leakage from
the Madison aquifer. Potential processes could include
dissolution resulting from leakage in the vicinity of
breccia pipes that are abandoned spring throats, active
spring discharge, and development of subsurface brec-
cias with no visible surface expression or spring dis-
charge, aswell as genera areal leakage from the
Madison aquifer into the Minnelusa Formation. These
potential processes are schematically illustrated in
figure 13.
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SUMMARY AND CONCLUSIONS

Cascade Springsisagroup of artesian springsin
the southern Black Hills, South Dakota, with collective
flow of about 19.6 cubic feet per second. On
February 28, 1992, alarge discharge of red, suspended
sediment was observed from two of the six known dis-
charge points. Sediment discharge ceased within about
aweek. Similar events during 1906-07 and 1969 were
documented by local residents and newspaper
accounts.

Mineralogic and grain-size analysesindicatethat
the probable cause of the episodic sediment discharge
is ongoing, subsurface development of a breccia
pipe(s) within the upper Minnelusa Formation.
Geochemical modeling indicates that upward leakage
from the Madison aquifer causes dissolution of

anhydrite and dolomite within the upper Minnelusa
Formation, leading to formation of solution-collapse
breccia pipes. It is concluded that many exposed
breccia pipes probably are throats of abandoned arte-
sian springs resulting from outward shifting of spring
sites from the center of the Black Hillsuplift. This
response to erosion provides a mechanism for control-
ling hydraulic head in the Madison and Minnelusa
aguifers over geologic time.

X-ray diffraction mineralogic analyses of the
suspended sediment were performed and compared to
analyses of samples taken from nine geologic units at
and stratigraphically below the spring-discharge
points. The suspended sediment discharged in 1992
was about 90 percent silt and 10 percent clay, and
consisted primarily of silt-sized quartz, calcite, and
dolomite mixed with clay-sized mica, kaolinite, and
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hematite. The upper Minnelusa Formation and/or
Opeche Shale were identified as the probable sources
for the suspended sediment, based on matches between
clay mineralogies. Other stratigraphic intervals with
differing clay mineralogy were eliminated as possible
sources of the suspended sediment.

Ongoing development of a subsurface breccia
pipe(s) in the upper Minnelusa Formation was identi-
fied asalikely source of the suspended sediment; thus,
exposed breccia pipesin lower Hell Canyon were
examined. Breccia pipes hosted in the upper
MinnelusaFormation generally are paleyellow relative
to their red wall rocks. Many occur in clusters smilar
to the discrete discharge points of Cascade Springs.
Grain-size analyses showed that breccia masses lack
clay fractions and have coarser distributions than the
wall rocks, which indicates that the red, fine-grained
fractions have been carried out as suspended sediment.
The clay mineralogy of red matrix from a collapse
brecciain the Minnekahta Limestone was matched to
that of the upper Minnelusa Formation and suspended
sediment from Cascade Springs. Thisfurther supports
the hypothesis that many breccia pipes are formed as
throats of abandoned artesian springs.

Geochemical modeling was used to test whether
geochemical evolution of ground water is consistent
with this hypothesis. The evolution of water at
Cascade Springs could not be satisfactorily simulated
using only upgradient water from the Minnelusa
aquifer, which is more saline than Cascade Springs. A
suitable model involved dissolution of anhydrite
accompanied by dedolomitization in the upper
Minnelusa Formation, which is caused by upward
leakage of relatively fresh water from the Madison
aquifer. The anhydrite dissolution and dedolomitiza-
tion account for the net removal of mineralsthat would
lead to breccia pipe formation by gravitational col-
lapse. Brecciapipesinthelower Minnelusa Formation
are uncommon; however, networks of interconnected
breccia layers and breccia dikes are common. These
networks, along with vertical fractures and faults, are
likely pathways for transmitting upward |eakage from
the Madison aquifer.

The combination of evidence indicates that sus-
pended sediment discharged at Cascade Springs prob-
ably results from episodic collapse brecciation that is
caused by subsurface dissolution of anhydrite bedsand
cements of the upper Minnelusa Formation, accompa:
nied by replacement of dolomite by calcite. The dis-
solving agent probably is relatively fresh water from

the Madison aquifer that is leaking upwards through
the Minnelusa Formation.

Itisfurther concluded that many exposed breccia
pipesin the Minnelusa Formation, and other overlying
bedrock units, probably are the throats of artesian
springs that have been abandoned and exposed by ero-
sion. Thelocations of artesian spring-discharge points
probably have been shifting outwards from the center
of the Black Hills uplift, essentially keeping pace with
regional erosion over geologic time. Thus, artesian
springflow probably is afactor in controlling water
levelsin the Madison and Minnelusa aquifers, with
hydraulic head declining over geologic timein
response to development of new discharge points.

Development of breccia pipes as throats of arte-
sian springs would greatly enhance vertical hydraulic
conductivity in the immediate vicinity of spring-
discharge points. Horizontal hydraulic conductivity in
the Minnelusa Formation al so may be enhanced by dis-
solution processes related to upward leakage from the
Madison aquifer. Potential processes could include
dissolution resulting from leakage in the vicinity of
breccia pipes that are abandoned spring throats, active
spring discharge, development of subsurface breccias
with no visible surface expression or spring discharge,
aswell as general areal |eakage from the Madison
aquifer into the Minnelusa Formation.
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APPENDICES







Appendix 1: Additional discussion of NETPATH modeling

The objectivein modeling the evol ution of Hot Brook Spring water into Cascade Springs water, wasto deter-
mine the simplest water/mineral reaction that would explain the concentrations of all the mgjor dissolved ions.
Redox calculations were avoided because the measurements of dissolved oxygen were not considered to be reli-
able.

However, it is possible that redox reactions involving sulfur, iron, and dissolved and suspended organic
carbon species may yield a better match to the isotopic data. Evidence suggesting oxidation/reduction processes
includes: (1) the ateration of hematiteiron to an unidentified ferrousiron mineral in bleached, finely porous, dolo-
mitized MinnekahtaLimestone outcrop adjacent to modern Cascade Springs upper spring basinontheeast (fig. 2);
(2) the existence of coatings of unidentified, amorphous, soft, dark-brown, organic material (dead oil) on rounded
gypsum clasts within the breccia pipe described by Post (1967); and (3) the low dissolved oxygen concentration of
Cascade Springs water and its very large difference from the dissolved oxygen concentration of Hot Brook Spring
(table 2). These features probably indicate reduction of ferric iron and sulfate sulfur from the rock coupled with
oxidation of solution-borne organic(?) carbon speciesto produce the dead oil. Reduction of the rock sulfate could
produce H,S, a species widely suspected to be involved in the "bleaching” of red beds (Turner, 1980), although
H,Sis not present in high concentrations in the current Cascade Springs water. These mineralogic ateration fea-
tures may date from earlier times and different Cascade Springs water compositions, however. The above serves
as adisclaimer to any possible inference from the text that the calculated reaction is the “only” reaction that
explains Cascade Springs composition.

Application of NETPATH was otherwise nearly straightforward as prescribed in Plummer and others (1994),
with the concentrations of bicarbonate, sulfate, silicic acid, chloride, calcium, magnesium, potassium, sodium,
strontium, 83C, and 534S of each analyzed water as constraints, and using Hot Brook Spring as the initial water
and Cascade Springs as the final water (table 2). The only nonstandard use of NETPATH was that the 11 “ con-
straints” above required 11 “phases’ to also be input, notably including a strontium phase. The direct variation of
strontium with calcium and sulfate in Minnelusa aquifer water in the Black Hills (discussed in the text) indicated
that the source of the high strontium concentrations in Cascade Springs water was upper Minnelusa Formation
anhydrite. However, to have anumber of mineral and gas phases equal the number of chemical and isotopic “con-
straints,” anhydrite (gypsum) was kept as a phase, pure celestite was used as another, and anew mineral, celestian
anhydrite solid solution (celss) with 4 mole-percent celestite in an anhydrite solid solution was added.

The standard NETPATH output for thisrun is presented in appendix 2. Standard NETPATH outputs are
described in Plummer and others (1994).

In the text presentation of this output, a standard chemical equation was written within which the celestian
anhydrite solid solution, the anhydrite (gypsum), and the celestite were combined and expressed in terms of total
moles of sulfate, calcium, and strontium in asingle dissolving phase. That "additive" phase has proper molar pro-
portions of celestite and anhydrite to balance the text equation.
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Appendix 2: NETPATH output

Initial Well : hotbrook
Fi nal Wel | . cascade

Fi nal Initia
C 4.8733 4. 4273
S 15. 6534 . 7603
CA 13. 5062 1.6476
MG 3.4223 1.0700
NA 1.1773 1.6973
K . 1333 . 1433
CL . 8766 1. 3546
Sl . 2503 . 3164
SR . 0753 . 0097
11 -44. 3471 -40. 7311
I3 195. 6670 8. 1356

CALCITE CA 1.0000 C 1. 0000 RS
DOLOM TE CA .0000 M5 1.0000 C
|2 . 0000

.0000 11 -6.7000 I2 50.0000
.0000 RS 8.0000 I1 -9.2000

[y
N B

C2 GAS C 1.0000 RS 4.0000 I1 -16.8700 |12 100.0000
GvPSUM CA 1.0000 S 1.0000 RS 6.0000 I3 12.5400
CELESTIT SR 1.0000 S 1.0000 RS 6.0000 |4 . 7088 13 12.5400
cel ss S 1. 0000 CA . 9600 SR .0400 13 12.5000 14 . 0284
NaCl NA 1.0000 CL 1. 0000
ALBITE NA 1.0000 AL 1. 0000 SI 3. 0000
Si 2 Sl 1. 0000
K- SPAR K 1. 0000 AL 1. 0000 SI 3. 0000
ILLITE K . 6000 MG . 2500 AL 2.3000 sI 3. 5000
1 nodel checked
1 nodel found
MODEL 1
CALCI TE -5. 34202
DOLOM TE 2.37313
C2 GAS 1.04178
GYPSUM 33. 37685
CELESTIT . 83845
cel ss -19. 32228
NaCl -. 47809
ALBI TE -. 04191
Si Q2 . 23100
K- SPAR . 03995
ILLITE -. 08321
Conput ed bserved
Car bon- 13 -9.1328 -9.1000
C 14 (% nod) 28.6974* 19. 4000
Sul fur-34 12.5382 12. 5000
Strontium 87 . 708770 . 708770
Ni t rogen- 15 I nsufficient data
Adj usted C-14 age in years: 3237.* * = based on Original Data
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Model A0 Comput ed Cbserved age

(for initial AO) (initial) (no decay) (final)
Oiginal Data 55. 60 28.70 19. 40 3237
Mass Bal ance 55.79 28.75 19. 40 3252
Vogel 85. 00 37.11 19. 40 5362.
Tamer s 52.70 27.87 19. 40 2994.
I ngerson and Pear son 36. 80 23. 32 19. 40 1521
Fontes and Garni er 36. 22 23.15 19. 40 1462
Ei chi nger 33.42 22.35 19. 40 1171
User - def i ned 100. 00 41. 40 19. 40 6266.

Dat a used for Carbon-13
Initial Value: -9. 2000 Model ed Fi nal Val ue: -9,.1328

2 dissol vi ng phases:

Phase Delta C | sot opi ¢ conposition (0o/00)
DOLOM TE 4.74627 -4.6000
C2 GAS 1.04178 -16.8700
1 precipitating phases: Aver age
Phase Delta C Fractionation factor Isotopic conposition (o/00)
CALCI TE -5. 34202 2.5119 -6.6701

| sotopi c conposition of precipitating CALCI TE

o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo oo +
_6‘ 6441' *********l
| *kkkkkkhk*k |
| * kk k k% |
| * Kk k% | Avg = -6.6701
Car bon-13 | * Kk k% |
o/ oo | * kK ok
| * % % |
| *k k% |
| * %% |
-6. 7099 *** |
o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo oo +
Initial Fi na
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Data used for C 14 (% nod)
Initial Val ue: 55. 6000 Model ed Fi nal Val ue: 28. 6974

2 dissol ving phases:

Phase Delta C | sot opi ¢ conposition (% nodern)
DOLOM TE 4.74627 . 0000
C2 GAS 1.04178 100. 0000
1 precipitating phases: Aver age
Phase Delta C Fractionation factor |sotopic conposition (% nodern)
CALCI TE -5. 34202 5. 0239 39. 4027

| sotopi c conposition of precipitating CALCI TE

S +
55. 3889| *** |
| * % % |
| * k%% |
| * k% % |
C- 14 (% nod) | |
| *k Kk k* |
| Rk Kk | Avg = 39.4027
| *kk k) %k |
| *kkkkhkhk*k |
28 9726' *********l
T +
Initial Fi na
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Dat a used for Sul fur-34
Initial Value: 10. 7000 Model ed Fi nal Val ue: 12. 5382

2 dissol vi ng phases:

Phase Delta S | sot opi ¢ conposition (0o/00)
GYPSUM 33. 37685 12. 5400
CELESTIT . 83845 12. 5400
1 precipitating phases: Aver age
Phase Delta S Fractionation factor |sotopic conposition (o/00)
cel ss -19. 32228 . 0000 12. 4664

| sotopi ¢ conposition of precipitating celss

o o o oo +
12 5382' *********************************************|Avg = 124664

| ** I

(I I

I I

Sul fur-34 | * |

o/ 0o | |

I I

| I

I I

11.1895| * |

o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e +

Initial Fi na
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Dat a used for Strontium 87

Phase Delta SR | sot opi ¢ conposition (o/00)
CELESTIT . 83845 . 7088
1 precipitating phases: Aver age
Phase Delta SR Fractionation factor Isotopic conposition (o/00)
cel ss -. 77289 . 0000 . 7089

Fe e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e —mm . mm .. ———-—————
.7124] * |
I I
I I
I I
Strontium 87| |
o/ oo | |
I I
| * I
I I

7088' ************************************************|Avg
Fe e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e —mm . mm .. ———-—————

Initial Fi na

nitial Val ue: . 7148 Model ed Fi nal Val ue: . 7088

1 di ssol ving phases:

| sotopi c conposition of precipitating celss

Data used for N trogen-15

34

I nsufficient data
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