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ABSTRACT

The late Permian Minnekahta Limestone of the Black Hills of South Dakota is not a typical limestone. Sand-
wiched stratigraphically between continental redbed siliciclastics, it is distinct in its gray-pink appearance and car-
bonate mineralogy and is considered a local and regional marker bed. Based on its calcite composition and stro-
matolites, it has previously been interpreted as a tidal flat deposit, leading to speculation of a regional late Permian 
marine transgression. Here, we show observations that question the original composition, reexamine and refine 
the sedimentary and stratigraphic characteristics, and suggest an alternate depositional environment. Petrography 
and x-ray diffraction indicate that the Minnekahta Limestone is dominated by an interlocking crystal mosaic of 
calcite and gypsum. We have documented pseudomorphs after bottom-growth gypsum crystals, alternating lami-
nae of mm-scale bottom growth gypsum crystal shapes and mud drapes, as well as mudcracks, raindrop imprints, 
and stromatolites. No carbonate grains, fossils, or tidal rhythmites were noted. These observations suggest that the 
carbonate phase is a replacement of gypsum. In addition to the sedimentology and petrography, close stratigraph-
ic association with overlying and underlying continental redbeds indicates that this was likely a shallow saline-lake 
deposit. Other Permo-Triassic carbonate strata in continental redbed sequences throughout the midcontinent of 
North America, such as those in the Goose Egg, Chugwater, Nippewalla, and Spearfish strata, may have similar 
continental origin. This study serves as a lesson that paired petrographic observations and mineral identifications 
are important data necessary for the best interpretation of depositional environments and diagenetic histories.

The Permian Minnekahta Limestone: A Saline 
Lake Gypsum Replaced by Calcite1

KATHLEEN C. BENISON2

JONATHAN P. KNAPP2
ADAM DIFRISCO2

E. TROY RASBURY3

1. Manuscript submitted November 6, 2017; Accepted February 28, 2018
2. Department of Geology and Geography, West Virginia University, Morgantown, West Virginia, U.S.A. 26505
3. Department of Geosciences, Stony Brook University, Stony Brook, New York, U.S.A. 11794
 * kcbenison@mail.wvu.edu

 

INTRODUCTION...............................................................................60

GEOLOGY ............................................................................................60

METHODS ...........................................................................................62

Field Work..........................................................................................62

Petrography ........................................................................................62

X-Ray Diffraction ...............................................................................62

Strontium Isotope Analyses ................................................................62

RESULTS ...............................................................................................62

Field Work..........................................................................................62

Petrography ........................................................................................63

X-Ray Diffraction ...............................................................................64

Strontium Isotope Analyses ................................................................64

DISCUSSION .......................................................................................65

A Case Against Marine Deposition of the Minnekahta Limestone .....65

A Case for Saline Lake Deposition of the Minnekahta Limestone ......68

Replacement of Gypsum ....................................................................69

CONCLUSIONS ..................................................................................70

ACKNOWLEDGEMENTS..................................................................70

REFERENCES ......................................................................................71



THE MOUNTAIN GEOLOGIST | April 2018 60 Vol. 55, No. 2 | www.rmag.org

Kathleen C. Benison, Jonathan P. Knapp, Adam Difrisco, E. Troy Rasbury

INTRODUCTION
The late Permian Minnekahta Limestone of the Black 

Hills of South Dakota, overlain and underlain by conti-
nental redbeds and evaporites, has long been a marker bed 
in the Rocky Mountain region. Although the name of this 
formation is well known regionally, it has not been well 
studied. The simple presence of a carbonate unit with stro-
matolites has led some to suggest that it was deposited in a 
shallow marine or marginal marine setting (i.e., Dopheide 
and Winniger, 2008). However, neither carbonate min-
erals nor stromatolites are diagnostic indicators of marine 
environments. We propose that it is premature to make in-
ferences of depositional history of the Minnekahta Lime-
stone until petrographic observations have been made and 
diagenetic features have been considered. 

Depositional interpretations have been problematic 
in previous studies of thin carbonate units. In particular, 
redbed-hosted carbonates have been interpreted as indica-
tors of marine transgressions and used to make deposition-
al interpretations about surrounding rock units.  Previous 
interpretations have been largely based upon general out-
crop-scale field descriptions, without any detailed mea-
sured sections or petrographic observations. Here, we aim 
to interpret the depositional and diagenetic history of the 
Minnekahta Limestone based on its petrography. 

One hypothesis of this study is that the Minnekahta 
Limestone was indeed deposited as a tidal flat, or other 
marginal marine deposit, as has previously been suggest-
ed.  This interpretation would be supported by the indica-
tion of abundant primary carbonate grains, some marine 
fossils, and sedimentary characteristics of shoreline and 
shallow marine features, such as tidal bundles (i.e., Tessi-
er, 1993).

An alternative hypothesis is that the Minnekahta 
Limestone was deposited as bedded gypsum in a saline 
lake and was later altered to calcite (DiFrisco et al., 2013).  
This alternate model would suggest the Black Hills area 
during the late Permian Period was an arid environment 
containing a number of saline lakes, some of which pre-
cipitated gypsum crystals. Some of the bedded gypsum 
units may have been diagenetically replaced by calcite. In 
addition, we consider the stratigraphic context of the Min-
nekahta Limestone to help evaluate which depositional 
model is most compatible (Benison and Goldstein, 2000; 
Knapp and Benison, 2013; Knapp et al., 2015, 2016). 

This study is significant both in terms of sedimen-
tology and stratigraphy.  It provides the first petrographic 
description and geochemical analysis of the Minnekahta 
Limestone.  It proposes a new model for depositional en-
vironments in the late Permian in the Black Hills.  Fur-
thermore, this study serves as a cautionary tale about the 
importance of the role of petrography and the recogni-
tion of diagenetic features in interpretation of deposition-
al environments.

GEOLOGY
The Tertiary uplift of the Black Hills of South Dako-

ta has left a bull’s eye-shaped pattern of Paleozoic, Me-
sozoic, and Tertiary sedimentary rocks flanking Tertiary 
igneous intrusions. The Minnekahta Limestone, ranging 
in thickness from ~2 m to a maximum of ~15 m (~6-50 
ft; Darton, 1901), lies between the underlying Permian 
Opeche Shale and the overlying Triassic Spearfish For-
mation. Both the Opeche Shale and the Spearfish For-
mation are composed of continental redbeds in outcrop. 
In core, the Opeche and Spearfish deposits contain bed-
ded and displacive evaporites, as well as redbeds (Beni-
son and Goldstein, 2000). The Opeche Shale in the Black 
Hills is as thick as ~40 m (~130 ft; Newton et al., 1880; 
Benison and Goldstein, 2000). Fluid inclusion studies of 
halite in the Opeche Shale from the subsurface of south-
western North Dakota show that it formed by acid brine 
lakes and groundwaters with pH less than 1 (Benison et 
al., 1998). The Opeche Shale is considered to be middle 
– late Permian, although no materials suitable for abso-
lute dating have been identified within the formation.  In 
addition, using long-distance correlations of Permo-Trias-
sic redbeds and evaporites as a chrononologic tool is prob-
lematic because it is dependent on thin carbonate units of 
questionable depositional origin and lateral extent, such 
as the Minnekahta Limestone.  Above the Minnekahta 
Limestone lies the Spearfish Formation, which consists of 
red siltstone, red sandstone, and gypsum. The Spearfish 
Formation ranges from 375-600 feet in thickness (~114-
183 m; Driscoll et. al, 2002), almost eight times that of 
the Minnekahta Limestone at its thickest. The age of the 
Spearfish Formation is not well constrained, and it could 
range in age from latest Permian through the Triassic.  
Neither the Opeche Shale nor the Spearfish Formation 
contains carbonates or fossils.
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The irregular placement of such a thin, anomalous 
limestone unit as the Minnekahta Limestone in the midst 
of these thicker redbed and evaporite deposits leads us to 
question the interpretation of it as a marine limestone. 
One major question that is raised when considering the 
marine model is the presence or absence of fossils with-
in the Minnekahta Limestone. An early report of ma-
rine fossils by Hayden (1861) was challenged. Newton et 
al. (1880) wrote: “He [Hayden] speaks of finding in the 
purple limestone [Minnekahta Limestone] in the Hills 

Spirifera, Pleurotomaria, Macrocheilus, and Bellerophon. 
Unfortunately, in our most diligent search, examining and 
breaking rock almost by the cart-load and in many local-
ities, not the least trace of organic materials were found, 
and it is reluctantly inferred that there was some error in 
the reference to the fossils in the limestone.”  There is a 
more recent report of a limited number of fossils of palae-
oniscoids, a family of fish that went extinct in the Cre-
taceous (Dierks, 2010).  However, these fossils have not 
been collected in situ from outcrops, but rather found 

Figure 1.  Location of study area on Route 85 north of Deadwood, South Dakota.  Red dot on inset map of the U.S. shows approximate location on 
the north side of the Black Hills in western South Dakota.
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in rocks delivered to building sites from quarries.  Thus, 
questions remain about the presence of fossils in the Min-
nekahta Limestone.

The most recent study of the deposition of the Min-
nekahta Limestone, by Dopheide and Winniger (2008), 
relied soley on field observations. In their publication, the 
depositional environment of the Minnekahta Limestone, 
despite the absence of petrographic observations and min-
eralogical analyses, was placed in the intertidal to subtidal 
transition zone. This interpretation was based on the pre-
sumption that the presence of stromatolites and microbi-
al mats in limestone is possible only in marginal marine 
tidal flats.

METHODS
This study employed fieldwork, thin section petrog-

raphy, mineral identification by x-ray diffraction, and 
87Sr/86Sr analysis. Although we visited multiple outcrops 
and one quarry of the Minnekahta Limestone in the 
Black Hills region, this study focuses on one outcrop. This 
one outcrop was chosen because: (1) the local stratigra-
phy allowed us to confidently identify the formation; (2) 
cross-sections at multiple orientations, as well as bedding 
planes, were exposed; (3) weathering of the outcrop en-
hanced the sedimentary structures and textures; and (4) 
the most detailed previous study (Dopheide and Winni-
ger, 2008) was conducted on this same outcrop. Field ob-
servations of other Minnekahta Limestone outcrops did 
not yield any additional evidence to data we present here.

FIELD WORK

Fieldwork included measuring sections of the Min-
nekahta Limestone, as well as the underlying Opeche 
Shale, along Route 85 north of Deadwood, South Dako-
ta (Fig. 1). We visited this site on multiple days during 
the summers of 2013, 2014 and 2015 and observed the 
rocks in various weather conditions, including when wet 
and dry.  Field observations were documented with photo-
graphs. Carbonate mineral presence was tested in the field 
with 10% hydrochloric acid (HCl).  Samples were collect-
ed, with stratigraphic orientation marked, and returned to 
West Virginia University.

PETROGRAPHY

Twelve rock samples were slabbed and polished at 
West Virginia University. Sixteen large-format (5.08 x 
7.62 cm; 2 x 3 in), polished thin sections were prepared 
by Spectrum Petrographics. We used an Olympus SZX12 
binocular microscope (magnification range of 6.3x - 63x) 
and an Olympus BX53 petrographic microscope (magni-
fication range of 20x - 2000x), both equipped with Spot 
5 digital imaging software.  Polished slabs and thin sec-
tion billets were viewed under the binocular microscope 
with reflected light.  Transmitted, reflected, and polarized 
light sources on both microscopes were used to examine 
thin sections. 

XRAY DIFFRACTION

Four Minnekahta Limestone samples were powdered 
and analyzed by powder x-ray diffraction by K-T Geoser-
vices.  Samples were analyzed for both bulk minerals and 
clay minerals.

STRONTIUM ISOTOPE ANALYSES

Three Minnekahta Limestone samples were ana-
lyzed for 87Sr/86Sr with an IsotopX Phoenix X62 thermal 
ionization mass spectrometer at the Isotope Ratio Mass 
Spectrometry Laboratory at Stony Brook University (De-
partment of Geosciences). Strontium was separated from 
interfering elements using a strontium-specific ion ex-
change resin in a class 10 clean room with ultra-pure re-
agents. Samples were loaded on zone-refined Re filaments 
for mass spectrometric analysis. Several standards were run 
prior to the beginning of the analysis, and samples were 
bracketed by standard runs. An in-run mass bias correc-
tion was applied for all sample and standard analyses using 
the in-run measured 86Sr/88Sr ratio, which is corrected to 
the natural abundance ratio of 0.710248 using an expo-
nential relation.

RESULTS
FIELD WORK

The Minnekahta Limestone is an 8.2-m (26.9 ft) 
thick unit at the top of a prominent outcrop on both east 
and west sides of Route 85 on the northern edge of the 
Black Hills (Fig. 2 and 3).  The bottom contact with the 
Opeche Shale is present as an unconformity.  The overly-
ing Spearfish Formation is absent at this outcrop, but can 
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be seen composing slopes approximately 
5 km (3 mi) to the north.  Therefore, be-
cause the Minnekahta – Spearfish contact 
is not directly seen at this outcrop, we are 
not certain if the Minnekahta Limestone is 
complete at this outcrop.  However, because 
the Minnekahta Limestone is much more 
physically resistant than the Spearfish red-
beds, this outcrop likely represents the en-
tire thickness for the Minnekahta rocks in 
this area. 

The Minnekahta Limestone appears 
here as a thin-bedded limestone throughout 
its thickness (Fig. 3C).  In outcrop, most 
of the rock is pinkish gray, except where 
weathering has given it a buff – pale orange 
rind. Due to its consistent character, we 
measured the Minnekahta Limestone as one 
unit. The rock reacts readily to 10% HCl 
both on its outer surfaces and fresh surfaces.  
It has a microcrystalline, sugary texture on 
fresh surfaces (Fig. 4, especially 4C).  In the 
field, we classified this as a carbonate mud-
stone based on the combination of reactivity 
to HCl and fine texture.

Sedimentary structures include stromat-
olites, laminations, pseudomorphs after bedded gypsum 
crystals, and rare mudcracks and raindrop imprints.  Two 
distinctly different types of stromatolites were observed: 
(1) cm – dm-scale, laterally linked hemispheroidal stro-
matolites in discontinuous strata throughout the thick-
ness of the unit (Fig. 4A and B); and (2) mm – cm-scale 
digitate stromatolitic white crust composed of calcite and 
found only on some exposed bedding planes (Fig. 5B).  
Internal layering of hemispheroidal stromatolites was bare-
ly recognizable in the field and only seen on weathered 
surfaces. Many stromatolites had a recognizable domal 
shape, but possessed an internal microcrystalline texture 
and lacked internal laminae on fresh surfaces.  Planar lam-
inations consisted of alternating thick laminae of darker 
subrectangular shapes and lighter colored thick laminae 
(Fig. 4D).  Pseudomorphs after bottom-growth gypsum 
crystals were recognized in the field as beds composed of 
bladed and triangular shapes, oriented upward from a rela-
tively flat surface (Fig. 4D).  

PETROGRAPHY

Cut and polished hand samples were characterized by 
alternating deep pink and gray-buff laminations (Fig. 5). 
Gray-buff laminations have some rectangular and trian-
gular, up-ward pointing shapes characteristic of beds of 
bottom-growth crystals. The deep pink laminations are 
composed of mud grains and appear to drape over the 
crystal-like beds.

Thin section observations show that the Minnekahta 
Limestone is dominated by an interlocking crystal tex-
ture.  With the exception of the white digitate stromato-
litic crust, all of the Minnekahta Limestone consisted of 
the pale gray interlocking crystal mosaics (Fig. 6).  Indi-
vidual crystals are equant and range from approximate-
ly 20 – 50 microns in length.  Optical properties for the 
majority of crystals are characteristic of calcite; some crys-
tals have optical characteristics consistent with gypsum.  
No original grains or their remnant ghosts were discern-
able in thin section (i.e., Scholle and Ulmer-Scholle, 2003 
for examples of original carbonate grains).  None of the 

Figure 2.  Stratigraphic column depicting Minnekahta Limestone overlying topmost 
Opeche Shale at outcrop on Route 85 north of Deadwood, South Dakota. 
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sedimentary structures observed in the field or 
in hand samples were seen in the corresponding 
thin sections.

The stromatolitic white crust observed only 
on some exposed bedding planes reveals dis-
tinctive appearance in thin section (Fig. 6E and 
F).  The crust is 2.5 cm at its maximum thick-
ness, but it more typically approximately 1 cm 
thick.  It reacts vigorously to 10% HCl and has 
a tan-pale brown color in transmitted light.  The 
crust is composed of alternating thick light lami-
nae and thin dark lamina, in undulating, digi-
tate shapes (Fig. 6).  At higher magnifications (> 
~60x), one can see a vertical texture characteris-
tic of bottom-growth crystals within the mounds 
(Fig. 6F).  The contact between the interlocking 
crystal mosaic and the overlying crust is sharp 
(Fig. 6 E and F).  These white crusts are the only 
parts of the Minnekahta Limestone not charac-
terized by the fine interlocking crystal mosaic 
(Fig. 7).

Stylolites are common in the Minnekahta 
Limestone and cross-cut the interlocking crys-
tal mosaic (Fig. 5, 6B, 7).  They are seen in 
cross-sectional surfaces of both cut and pol-
ished hand samples and thin sections. These 
stylolites are white, likely composed mainly of 
clay minerals. 

XRAY DIFFRACTION

The four samples analyzed by x-ray diffrac-
tion had similar mineral composition.  Cal-
cite was the most abundant mineral, estimated 
to range from 83 – 94% of the rocks.  Gypsum 
comprised approximately 3 – 13% of the rock 
samples.  The remaining minerals identified were 
quartz (up to ~4% of the sample) and traces of 
illite, mica, kaolinite, and chlorite.  The two sam-
ples with stylolites had highest abundances of 
quartz and clays.  

STRONTIUM ISOTOPE ANALYSES

Three Minnekahta Limestone samples with 
interlocking mosaic crystals yielded 87Sr/86Sr 
of 0.707363, 0.707510, and 0.707841. Fig-
ure 8 shows these three 87Sr/86Sr values plotted 

Figure 3.  Photographs of Minnekahta Limestone and underlying Opeche Shale 
along Route 85 north of Deadwood, South Dakota.  A. Outcrop on east side of 
road.  Note how Minnekahta Limestone makes a resistant ridge.  B. Outcrop on 
west side of road shows yellow, orange, purple, and orange shale of Opeche 
Shale underlying gray Minnekahta Limestone with orange weathered faces.  C. 
Bedding in Minnekahta Limestone in outcrop on west side of road.
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against a curve for 87Sr/86Sr values for Permian ma-
rine samples (Korte et al., 2006). Because the exact age 
of the Minnekahta Limestone is not known, we could 
not plot the Minnekahta values as data points, but in-
stead plotted them as dashed lines to represent the like-
ly age range.  The underlying Opeche Shale is consid-
ered Leonardian-Guadalupian in age (i.e., Maughan, 

-
tion is likely Triassic in age (i.e., Dow, 1967).  There-
fore, the most likely age for the Minnekahta Limestone 
is late Permian.  

All three samples were interlocking mosaic crystals 
from the same stratigraphic unit.  The three 87Sr/86Sr val-
ues do not show agreement with one another.

DISCUSSION
A CASE AGAINST MARINE DEPOSITION 

OF THE MINNEKAHTA LIMESTONE

Tidal flat deposits are recognized in the rock record 
by a set of sedimentary structures and stratigraphic asso-
ciations (i.e., Shinn, 1983).  Regardless of whether a tid-
al flat is composed of siliciclastic or carbonate grains, the 
typical assemblage of sedimentary features in Phanerozo-
ic supratidal, intertidal, and subtidal zones includes mud, 
fine sand, intraclasts, laminations, mudcracks, small-scale 
ripples and ripple cross-bedding, microbial structures, 
fenestrae, burrows, and a restrictive fossil suite (commonly 
containing gastropods; Shinn, 1983; Weimer et al., 1982).  
The abundance of individual sedimentary structures de-
pends upon the relative lengths of subaerial exposure 

Figure 4. Field photographs of Minnekahta Limestone.  A. Domal stromatolites along oblique cross-sectional view of weathered face of outcrop; 
field notebook for scale. B. Bedding plane view of domal stromatolites.  C.  Microcrystalline texture with conchoidal fractures.  D.  Cross-sectional 
view of alternating laminae of bottom-growth crystal pseudomorphs and mud drapes.
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Figure 5.  Photographs of cross-sectional views of cut and polished 
hand samples of Minnekahta Limestone.  A. Alternating gray and 
red laminae crosscut by stylolites and vertical fractures.  B.  White 
stromatolitic crust atop laminated limestone.  C. Laminations of 
alternating pseudomorphs after bottom-growth crystals (see pointed 
shapes at tops of darker red and gray laminae) and mudstone.  White 
stylolite across center of photo is composed of quartz and clay minerals.  

versus subaqueous deposition.  For example, mudcracks 
are more abundant and better developed in supratidal 
zones and ripple marks and ripple cross-strata are more 
abundant in subtidal zones. A diagnostic feature of in-
tertidal zones are tidal bundles, alternating laminations 
of mud and fine sand that form by the ebb and flow of 
tides.  Stratigraphic associations help to identify ancient 
tidal flat deposits.  Supratidal, intertidal, and subtidal en-
vironments are associated with shallow marine and other 
marginal marine environments, including tidal channels, 
sand shoals, and shallow shelves.  

Carbonate-rich tidal flats have grains composed of 
calcite and/or aragonite, such as carbonate mud and in-
traclasts, as well as less common peloids and skeletal frag-
ments.  In arid climate carbonate tidal flat systems, ear-
ly diagenetic evaporites, such as chicken-wire anhydrite, 
are common. 

The Minnekahta Limestone contains some of the 
sedimentological characteristics of tidal flat deposits, but 
it does not have any diagnostic criteria.  Laminations, 
mudcracks, and stromatolites have been documented, 
but these features are found in other environments, as 
well.  Neither tidal bundles nor marine fossils have been 
found in the Minnekahta Limestone. 

The 87Sr/86Sr values of the Minnekahta Limestone do 
not reflect Permian marine waters (Fig. 8).  The differ-
ences in values between the three samples from the same 
stratigraphic unit demands that they are at least in part 
diagenetically altered. That is, if the unit were not dia-
genetically altered, we would expect the three 87Sr/86Sr 
values to be closer to one another.  This diagenetic inter-
pretation is supported by the pervasive interlocking crys-
tal mosaic. In addition, the 87Sr/86Sr values of the Min-
nekahta Limestone between 0.707363 and 0.707841 are 
higher than the marine 87Sr/86Sr of ~0.7069 – ~0.70725 
for the late Permian (Dudas et al., 2017; Korte et al., 
2006; McArthur et al., 2012). 

 The stratigraphic context of continental redbeds and 
lake evaporites does not support a tidal flat interpreta-
tion. The Opeche Shale, which underlies the Minnekahta 
Limestone, was deposited in shallow acid saline lakes sur-
rounded by mudflats, sandflats, and desert soils (Benison 
and Goldstein, 2000; Benison et al., 1998).   The overly-
ing Spearfish Formation consists of red shales and bedded 
gypsum, similar in lithology and likely continental depo-
sition as the Opeche Shale. In contrast, tidal flats occur 
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Figure 6. Photomicrographs of thin sections of Minnekahta Limestone.  A. Interlocking crystal mosaic; plane 
transmitted light.  B. Interlocking crystal mosaic crosscut by stylolite; plane transmitted light.  C. and D. Paired views 
of interlocking crystal mosaic in plane transmitted light (C) and crossed polars (D).  E. and F. White stromatolitic crust 
overlying interlocking crystal mosaic.
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within a geographic context associated with other marine 
and marginal marine environments of deposition. If sea 
level rises, the tidal flat environment of deposition will 
move relatively landward or be drowned as it is replaced 
at the location by deeper-water, lower-energy sub-tidal de-
posits. If sea level falls, a relative basin-ward progression of 
facies occurs. Neither the Minnekahta Limestone, nor the 
underlying Opeche Shale or overlying Spearfish Forma-
tion, show any such spatial or temporal (stratigraphic) suc-
cession of lithofacies suggestive of marine environments.  
Likewise, we know of no marine lithofacies in the laterally 
equivalent rocks within tens of miles.  Finally, the presence 
of evaporites and redbed siliciclastics and lack of carbon-
ates in the Opeche Shale and Spearfish Formation argue 
that their depositional waters were not marine. Evapora-
tion of seawater to make halite and gypsum also makes 
carbonates.  Redbeds hosting bedded halite and gypsum/
anhydrite but no carbonates suggests continental saline 
waters depleted in CO3

2- and HCO3
-.  Therefore, the thin 

Minnekahta Limestone, sandwiched between two distinc-
tive continental formations, has a stratigraphic context 
that more easily fits a model of lake deposition rather than 
marine or marginal marine deposition.

A CASE FOR SALINE LAKE DEPOSITION 
OF THE MINNEKAHTA LIMESTONE

The sedimentology and stratigraphy of the Min-
nekahta Limestone lead us to propose a saline lake deposi-
tional interpretation.  There is a lack of marine fossils, no 
evidence of depositional carbonate grains, and nonmarine 
87Sr/86Sr values for the late Permian in the Minnekahta 
Limestone. In addition, characteristic marine sedimentary, 
paleontologic, and geochemical signatures are not found 
in the underlying Opeche Shale or the overlying Spear-
fish Formation.  

The pervasive lithology of the Minnekahta Lime-
stone consists of couplets of alternating bedded gypsum 
crystal and mud laminae, a sedimentological characteris-
tic common to many saline lakes. Bottom-growth chem-
ical sediments are indicated by the beds of upward-ori-
ented pseudomorphs.  The shape of the pseudomorphs 
is consistent with modern bottom-growth gypsum from 
Ca-SO4-rich modern shallow saline surface waters.  The 
muddy drapes interbedded with the bottom-growth gyp-
sum may have been deposited as clastics by water or wind, 
may have originated as chemical sediments resulting from 

precipitation of tiny crystals from lake water, or may have 
formed by a combination of these processes.  Alternating 
laminations of this mudstone with bottom-growth crys-
tal pseudomorphs represent some rhythmic sedimenta-
ry processes. If the muddy drapes are flood deposits, then 
the Minnekahta Limestone may record periodic wet and 
dry weather; the bottom-growth gypsum crystals may have 
formed during arid times and the muddy drapes may have 
originated as clastic sediment was deposited by rain-driv-
en sheet floods. An eolian origin for clastic mud deposi-
tion in a lake is another possible interpretation; this would 
suggest that lakes remained saline enough to precipitate 
gypsum bottom-growth crystals and mud was carried into 
the lake by occasional dust storms. Other possible expla-
nations involve chemical processes due to local environ-
mental conditions. One idea is that changing water chem-
istry is responsible for bottom-growth crystals and mud 
drape couplets; mud may have originally been another 
chemical sediment, such as a clay mineral that precipitat-
ed directly from the lake water, as occurs in some modern 
saline lakes in Western Australia (Benison et al., 2007).  
Another chemical explanation for the bottom-growth and 
muddy drape couplets involves changing rates of evapo-
concentration; times of slow evaporation due to semi-ar-
id conditions may have favored bottom-growth gypsum 
crystals, while times of rapid evaporation due to more arid 
air may have caused precipitation of tiny crystal cumulates 
that resulted in mud drapes. Finally, changing lake water 
temperatures may have caused the couplets; for example, 
waters saturated in calcium and sulfate tend to precipitate 
gypsum at temperatures lower than ~42°C and anhydrite 

Figure 7.  Paragenetic sequence for the Minnekahta Limestone.
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at higher temperatures (see Ossorio et al., 2014 for sum-
mary and details).  However, because the mud laminae 
now consist of an interlocking crystal mosaic, it is difficult 
to determine their origin.  

Small mudcracks and raindrop imprints have been 
found in the mud laminae.  These features attest to occa-
sional desiccation of a wet sediment.  Raindrop imprints 
also support occasional subaerial exposure of the sediment  
Mud laminae with mudcracks and raindrop imprints, al-
ternating with laminae of bottom-growth gypsum crystals 
strongly suggest that the depositional environment con-
sisted of ephemeral saline surface water.  

Modern stromatolites are known to form in a vari-
ety of aqueous environments, including tidal flats, deep 
marine settings, springs, and lakes.  Although carbonate 
stromatolites are the best studied, gypsum stromatolites 
are also known (i.e., Allwood et al., 2013; Peryt, 2001; 
Rouchy and Monty, 2000).  Therefore, the presence of 
stromatolites in ancient rocks does not serve as a diagnos-
tic indicator of past marine environment or even on orig-
inal carbonate composition.  The domal stromatolites of 

the Minnekahta Limestone do not provide us with clues 
about the details of the depositional environment.

REPLACEMENT OF GYPSUM

There are three strong lines of evidence that gypsum 
replacement occurred in the Minnekahta Limestone: (1) 
the presence of pseudomorphs after bottom-growth gyp-
sum crystals, (2) pervasive interlocking crystal mosaic, and 
(3) minor amounts of gypsum associated with calcite in 
the crystal mosaic.  The lack of carbonates and presence 
of bedded evaporites and paleosols and saline lake depos-
its in the underlying Opeche Shale and overlying Spearfish 
Formation also support the case that the Minnekahta was 
more likely a lake than a marginal marine environment.

The only part of the outcrop that appears to be in its 
original form, and not altered by diagenesis, is the stro-
matolitic white crust.  This calcitic crust was found only 
on some outcrop exposure surfaces.  It has no fine inter-
locking crystal mosaic and is not crosscut by stylolites.  
We interpret this white crust to have formed relatively 

Figure 8.87Sr/86Sr values for three samples of the Minnekahta Limestone, plotted against the marine 87Sr/86Sr curve for the Permian.  
The marine curve is based on analysis of unaltered Permian brachiopod shells; modified after Korte et al., 2006.  Gray area represents 
95% confidence of brachiopod shell measurements. Dashed lines are used for Minnekahta Limestone values because its exact age is 
not known, although it is most likely late Permian.
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recently, by microbial mats that formed on exposures of 
the outcrops.  The bulk of the Minnekahta Limestone is, 
therefore, a replacement carbonate. The white stromato-
litic crust has not been diagenetically altered, and should 
not be included when interpreting depositional environ-
ment of the Minnekahta Limestone.

A number of previous studies have demonstrated car-
bonate replacement of gypsum and anhydrite (e.g., Speed 
and Clayton, 1975; Back et al., 1983; Pierre and Rouchy, 
1988; Anadon et al., 1992; Scholle et al., 1992; Ul-
mer-Scholle and Scholle, 1994; Kendall, 2001; Stafford et 
al., 2008). Various processes, including local migration of 
hydrocarbons, dedolomitization, and bacterial sulfate re-
duction, have been suggested as causes of calcitization. In 
addition, Fernandez-Diaz et al. (2009) demonstrated that, 
through lab experiments, gypsum crystals in contact with 
Na2CO3 aqueous solutions can be altered to calcite.  

Could calcite replacement of gypsum in the Min-
nekahta Limestone been part of a regional diagenet-
ic event?  Back et al. (1983) proposed that regional-scale 
dedolomitization occurred in the Black Hills.  Dissolution 
of gypsum may have provided a Ca- and SO4-rich subsur-
face water that could have dissolved dolomite and caused 
concurrent precipitation of calcite.  Dissolution features 
in the Mississippian and Pennsylvanian carbonates of the 
Black Hills, and gypsum and its molds and pseudomorphs 
of the overlying Permian and Triassic rocks, combined 
with groundwater flow modeling, make this a likely sce-
nario (Back et al., 1983).

Although we do not know exactly when or how the 
Minnekahta bedded gypsum was replaced by calcite, we 
can make some speculations.  The interlocking crystal 
mosaic is cross cut by stylolites, suggesting that the re-
placement occurred prior to compaction and during at 
least moderate burial depths on the southern end of the 
Williston Basin (Ahern and Mrkvicka, 1984). Dissolu-
tion of gypsum and dolomite, bacterial sulfate reduction, 
and migration of Na-CO3-rich saline waters, are all plau-
sible explanations for calcite replacement of gypsum.  In 
addition, dissolution of halite in the underlying Opeche 
Shale or overlying Spearfish Formation may have been a 
source of sodium ions.  Water-rock interactions involving 
depositional gypsum in the Opeche, Minnekahta, Spear-
fish, and/or Gypsum Springs rocks may have yielded a 
diagenetic fluid rich in calcium.  Carbonate rocks deep-
er below the Minnekahta Limestone, such as the Madison 

Limestone and the Minnelusa Formation, may have been 
a source of carbonate in diagenetic waters. The Min-
nekahta Limestone’s domal stromatolites likely contained 
organic material.  Therefore, the availability of past chemi-
cally-appropriate diagenetic waters to cause calcite replace-
ment of gypsum was highly probable. 

The 87Sr/86Sr values of the Minnekahta Limestone, 
combined with pervasive interlocking crystal mosaic tex-
ture, show that it has experienced diagenetic alteration  
Regardless, the difference in 87Sr/86Sr values across three 
samples from the same strata is inconsistent with forma-
tion from one fluid.  Furthermore, the samples analyzed 
for Sr isotopes all have interlocking crystal mosaic textures, 
demonstrating diagenetic change.  We consider the mea-
sured 87Sr/86Sr values to reflect a combination of the Sr iso-
tope content of parent depositional saline lake water from 
which gypsum precipitated and the diagenetic water that 
replaced the gypsum with the calcitic crystal mosaic.

CONCLUSIONS
Field and petrographic observations, combined with 

mineral identifications and stratigraphic associations, are 
key in evaluating the depositional and diagenetic history 
of the Permian Minnekahta Limestone of the Black Hills 
of South Dakota.  Outcrops and slabbed and polished 
hand samples reveal pseudomorphs of bottom-growth 
gypsum crystals and mud drapes.  Petrography documents 
a pervasive interlocking crystal mosaic.  The interlocking 
crystal mosaic composed of calcite leads us to interpret 
that the calcite replaced original gypsum-dominated sedi-
ments.  The assemblage of sedimentary features and close 
association with the continental facies of the Opeche Shale 
and Spearfish Formation strongly suggest that the Min-
nekahta Formation was deposited as a shallow saline lake.  
Other thin carbonate units within the thick Permo-Trias-
sic redbed and evaporite strata of Pangea should be evalu-
ated as possible lake deposits as well.
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