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PREFACE

Evaporite rocks, mainly gypsum (or anhydrite) and salt (halite), are the most soluble of com-
mon rocks. They are dissolved readily to form caves, sinkholes, disappearing streams, and other
karst features typically associated with carbonate rocks (limestone and dolomite). Evaporites
underlie about 35-40% of the contiguous United States, and are present in 32 of the 48 states.
Evaporite karst (EK) is known to be present at least locally (and sometimes quite extensively) in
almost all areas underlain by evaporites, and is much more widespread than is commonly sus-
pected. The principal difference between evaporite and carbonate karst is that EK features can
form rapidly, in a matter of days, weeks, or years, whereas carbonate-karst features typically take
years, decades, or centuries to form.

EK can result from natural processes, wherein precipitation or ground water circulates
through, and dissolves, an evaporite deposit. EK also can result from human activities, such as:
construction upon, or directing water into or above, outcropping or shallow evaporites; and the
drilling of boreholes, or making excavations, into or through subsurface salt deposits. Because
evaporite dissolution is so rapid, EK features can quickly produce engineering or environmental
problems that are hazards to humans and property; under some conditions, these problems can
arise within a matter of several months or years. These hazards can include damage to, and/or
collapse of, homes, buildings, civil projects (such as dams, bridges, and highways), and farmlands.
Such hazards can cause great economic hardship, disruption of lives, and even loss of life.

This symposium volume is based upon a half-day theme session on EK that was held on
October 28, 2002, in Denver, Colorado, as part of the annual meeting of the Geological Society of
America (GSA). The session was organized and chaired by us, and was co-sponsored by the Engi-
neering Geology, Hydrogeology, and Quaternary Geology and Geomorphology Divisions of GSA.
We thank GSA and the three Divisions for their support in sponsoring the theme session. The EK
session was held because of the growing awareness of karst problems in evaporite rocks. Although
evaporite deposits and their associated karst problems are widespread in the United States, they
have received scant attention from most geologists.

Co-sponsorship in the publication of this symposium volume has been provided by the United
States Geological Survey and the National Cave and Karst Research Institute—National Park
Service. Both these agencies are actively investigating karst and cave features throughout the na-
tion, and we appreciate very much their participation in this project.

A total of 16 talks and posters were presented at the GSA meeting, and we then invited an-
other 17 papers to be prepared especially for this volume. The 33 papers are grouped into Intro-
ductory and General Papers, and then into a series of geographic areas, based upon states. Each
of the papers provides insight into significant engineering and/or environmental problems related
to EX.

Technical editing, layout, and production of this volume were done by William D. Rose and
Virginia Rose, of Rose Perspectives, Frederick, Maryland; coordination of editing and publication
management was carried out by Christie Cooper, Oklahoma Geological Survey.

We hope that the GSA session and this symposium volume will heighten awareness in the
geologic and engineering communities to the processes and potential engineering and environmen-
tal problems of EK. And we welcome contact from others interested in EK so that we can include
them in plans for future sessions on this important subject.

KENNETH S. JOHNSON JAMES T. NEAL

Oklahoma Geological Survey Sharlot Hall Museum

100 East Boyd, Room N-131 415 W. Gurley St.

Norman, OK 73019 Prescott, AZ 86305

Phone: 405/329-4150 Phone: 928/771-2307

E-mail: ksjohnson@ou.edu E-mail: hjneal@commspeed.net
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Evaporite-Karst Problems in the United States

Kenneth S. Johnson

Oklahoma Geological Survey
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ABSTRACT.—Evaporites, including gypsum (or anhydrite) and salt (halite), are the most
soluble of common rocks; they are dissolved readily to form caves, sinkholes, disappearing
streams, and other karst features that typically are found in limestones and dolomites. The
four basic requirements for evaporite karst to develop are (1) a deposit of gypsum or salt; (2)
water, unsaturated with CaSO, or NaCl; (3) an outlet for escape of dissolving water; and (4)
energy to cause water to flow through the system. Evaporites are present in 32 of the 48
contiguous states, and they underlie ~35—40% of the land area; they are reported in rocks of
every geologic system from the Precambrian through the Quaternary. Evaporite karst is
known at least locally (and sometimes quite extensively) in almost all areas underlain by
evaporites. The most widespread and pronounced examples of problems in both gypsum
and salt karst are in the Permian Basin of the southwestern United States, but many other
areas also have significant problems. Human activities have caused some evaporite-karst
development, primarily in salt deposits. Boreholes may enable (either intentionally or inad-
vertently) unsaturated water to flow through or against salt deposits, thus allowing devel-
opment of small to large dissolution cavities. If the dissolution cavity is large enough and
shallow enough, successive roof failures above the cavity can cause land subsidence or cata-

strophic collapse.

INTRODUCTION

Evaporite deposits are those sediments that form
as a result of precipitation of various salts out of evapo-
rating water, mainly seawater. Principal evaporite
rocks are gypsum (or anhydrite) and salt (halite), al-
though potash salts and other, rarer salts also are lo-
cally important. With continued replenishment of the
water from which these salts originally were precipi-
tated, it is possible for evaporite layers to accumulate
to considerable thicknesses, even tens to hundreds of
meters thick. These evaporites are widely distributed
in the United States, and they contain evidence of
karst in most areas (Fig. 1).

Evaporite rocks are the most soluble of the com-
mon rocks throughout the world. Gypsum and salt are
dissolved readily to form the same types of karst fea-
tures and problems that typically are found in lime-
stones and dolomites. The principal difference is that
evaporite-karst features can form rapidly, in a matter
of days, weeks, or years, whereas carbonate-karst fea-
tures typically take years, decades, or centuries to form.

The current report provides an overview and sum-
mary of the general characteristics and distribution
of gypsum karst and salt karst in the United States,
and examples of engineering and environmental prob-
lems associated with this karst. Most of this report is
reprinted from an earlier article published in Carbon-
ates and Evaporites (Johnson, 1997), but those data
are modified and updated to incorporate new infor-

mation from Johnson (2001, in press) and from other
articles in this volume, Evaporite Karst and Engineer-
ing/Environmental Problems in the United States.

Principal earlier studies were by Johnson and
Gonzales (1978) and Dean and Johnson (1989), and
review papers were prepared by Quinlan and others
(1986), Johnson (1996, 1997, 1998, 2001, in press), and
Martinez and others (1998). Other comprehensive
studies of gypsum and/or salt in the United States were
published by Withington and Jaster (1960), Pierce and
Rich (1962), Withington (1962), Lefond (1969), Smith
and others (1973), and Ege (1985). In addition, nu-
merous local or regional studies deal with karst de-
velopment in the various evaporite deposits: contact
with the appropriate state geological surveys, the U.S.
Geological Survey, and local cave-exploration groups
is usually the best way to begin a search for such pub-
lished or unpublished data.

Hundreds of areas or districts in the United States
contain karst features that have developed in evapor-
ite rocks, but it is beyond the scope of this summary
report to document them all. Therefore, I will discuss
the following: (1) the general characteristics of evapo-
rite-karst processes; (2) the general distribution of
natural evaporite karst, and cite several examples of
problems that have been well documented; and (3) the
occurrence of human-induced evaporite karst that
causes collapse structures associated with solution
mining, petroleum activities, or dry mining in salt.

Johnson, K. S., 2003, Evaporite-karst problems in the United States, in Johnson, K. S.; and Neal, J. T. (eds.), Evaporite karst and
engineering/environmental problems in the United States: Oklahoma Geological Survey Circular 109, p. 1-20.
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Evaporite-Karst Problems in the United States 3

EVAPORITE-KARST PROCESSES

The processes for development of karst features in
evaporite rocks are identical to those that form karst
features in limestone and dolomite, except that the
processes are much more rapid. Water percolates over
or through gypsum or salt and dissolves the highly
soluble rock; typically, this causes formation of a se-
ries of sinkholes, caves, natural bridges, disappearing
streams, and springs. Once a through-flowing passage
is created in the evaporite rock, enlargement results
from further dissolution and from abrasion as water-
borne particles are transported through the cavity.

The process for dissolution of evaporites was de-
scribed earlier by Johnson (1981), with particular ref-
erence to salt; but it clearly applies to dissolution of
gypsum as well. He pointed out that ground water in
contact with an evaporite deposit will dissolve some
of the rock (Fig. 2), providing the water is not already
saturated with CaSO, (or NaCl). For extensive disso-
lution to occur, it is necessary for the aqueous solu-
tion (or brine) thus formed to be removed from the
evaporite deposit; otherwise, the water becomes satu-
rated, and the process of dissolution stops. The four
basic requirements for dissolution of gypsum (or salt)
are (1) a deposit of gypsum (or salt) against which, or
through which, water can flow; (2) a supply of water
unsaturated with CaSO, (or NaCl); (3) an outlet
whereby the resulting solution (or brine) can escape;
and (4) energy (such as a hydrostatic head or density
gradient) to cause the flow of water through the sys-
tem. When all four of these requirements are met, dis-
solution of gypsum (or salt) can be quite rapid, in terms
of geologic time.

Evaporite karst is rarely seen at the land surface
in the eastern United States, but gypsum karst is fairly
common in outcrops in the semiarid to arid regions of
the West. Owing to rapid dissolution of gypsum and
(especially) salt, most would-be outcrops in the East
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are quickly destroyed, and the rock and its dissolu-
tion features are observable only in excavations, mines,
tunnels, and boreholes. Abrupt thinning or termina-
tion of an evaporite unit, particularly where overly-
ing strata are brecciated, commonly marks a dissolu-
tion front (either ancient or modern) where karst pro-
cesses are, or have been, occurring.

Gypsum-Karst Processes

Gypsum karst develops rapidly, because gypsum is
highly soluble in water. The solubility of CaSO,- 2H,0
ranges from about 2,200 to 2,600 ppm in the tempera-
ture range of 0-40°C (Hardie, 1967; Blount and
Dickson, 1973). Gypsum-karst development can even
be accelerated when accompanied by dedolomitization
(Raines and Dewers, 1997). Karst features may be
present in gypsum deposits in all parts of the United
States, whether the gypsum crops out or is in the deep
subsurface; the karst may result from climatic and
hydrologic conditions of today, or it may be a relict
from an earlier, wetter climate and/or hydrogeologic
regime of the Pleistocene or pre-Pleistocene epochs.

In the eastern United States, where average an-
nual precipitation commonly is >75 cm, gypsum de-
posits generally are eroded or dissolved to depths of
at least several meters or tens of meters below the
land surface. In the West, however, in areas where
the average annual precipitation commonly is less
than ~75 cm, gypsum tends to resist erosion and typi-
cally caps ridges, mesas, and buttes; in spite of its re-
sistance to erosion in the West, gypsum commonly con-
tains karst features, such as cavities, caves, and sink-
holes, attesting the importance of ground-water move-
ment, even in low-rainfall areas.

Evidence of gypsum karst includes surface and shal-
low-subsurface features, such as caves, sinkholes
(dolines), karren, disappearing streams (swallow
holes), springs, collapse structures, and the dropping

e
A

Fresh water
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x~

Dissolution zones
and cavities

No vertical or
horizontal scale

Disrupted rock

Figure 2. Schematic block diagram of intrastratal salt karst in western Oklahoma (from Johnson, 1981). The horizontal dimension

is 1-15 km; the vertical dimension is 30—300 m.



4 K. S. Johnson

of drill bits and/or loss of drilling fluids while drilling
through gypsum beds. All these karst features, and
many more, are identical in character and genesis to
those found in carbonate rocks, with dissolution typi-
cally developing first along joints and bedding planes
(Fig. 3). In fact, paleokarst, brecciated zones, and other
karst features found in some carbonates may have
been initiated by earlier dissolution and karst devel-
opment in gypsum that is interbedded with the car-
bonates; Sando (1988), Palmer and Palmer (1995), and
Friedman (1997) provide examples and a summary of
this sulfate/carbonate karst relationship. Gypsum-
karst features commonly have a linear orientation, and
these appear to be controlled by joints or fractures in
the rock (Fig. 3); however, some karst features have a
seemingly random orientation, wherein the controls
are not understood.

Salt-Karst Processes

Salt is extremely soluble in ground water. Halite
solubility in water is 35.5% by weight at 25°C, and it
increases at higher temperatures (White, 1988). Salt-
karst features can be present in all parts of the United
States that are underlain by salt. The mechanisms
for salt dissolution and development of intrastratal
karst are described by Johnson (1981) and illustrated
in Figure 2. Fresh ground water can be recharged
through sandstone, gypsum, carbonates, alluvium, or
other permeable and/or karstic units at or near the
land surface (Fig. 2). This water migrates downward
and/or laterally to the salt beds and dissolves the salt
to form a brine. The resulting brine can then be forced
through, and away from, the salt to make room for
additional unsaturated ground water. Brine can mi-
grate into an aquifer, or it can be forced back to the
land surface in brine springs or salt flats. These mecha-
nisms involve the four basic requirements for the dis-
solution of salt, as described above.

Salt is so soluble that it survives at the land sur-
face only in arid areas. The two sites in the United
States with salt recently at the surface are Sevier
Valley, Utah (where salt outcrops were quarried), and
Virgin Valley, in Nevada and Arizona (where the salt
outcrops are now inundated by Lake Mead). Else-
where, salt has been dissolved to depths ranging from
tens to hundreds of meters below the present land
surface, locally causing collapse and brecciation of
overlying rocks and development of sediment-filled dis-
solution troughs (Fig. 4). In many places it is not easy
(or possible) to distinguish between modern dissolu-
tion/karst and paleodissolution/paleokarst: some of the
salt karst may be remnant from an earlier hydrogeo-
logic regime (perhaps as early as shortly after origi-
nal deposition of the salt unit).

Evidence of salt karst includes collapse structures,
sinkholes, subsidence features, brine springs, salt flats,
brecciated zones (in salt beds and overlying rocks),
and the dropping of drill bits and loss of drilling fluids
while drilling through salt beds. Many salt-karst fea-

tures are similar to those in carbonate rocks, but there
are only a few places in the world with extensive salt
outcrops (e.g., Mount Sedom in the Dead Sea Depres-
sion of Israel, and Forrat Mico near Cardona in east-
ern Spain) where typical karst features, such as caves,
sinkholes, shafts, and karren, can be documented
(White, 1988; Frumkin and Raz, 2001; Gutiérrez and
others, 2002).

DISTRIBUTION OF NATURAL EVAPORITE KARST

Gypsum and salt are present in 32 of the 48 con-
tiguous states, and they underlie ~35—40% of the land
area (Fig. 1). These evaporites occur in 24 separate
structural basins or geographic districts in the United
States, and are reported in rocks of every geologic sys-
tem from the Precambrian through the Quaternary.
Local or extensive evaporite karst is known in almost
all of these basins or districts. Below is a discussion of
the distribution and selected examples of gypsum karst
and salt karst.

Natural Gypsum Karst

Gypsum deposits are more widespread than salt and
are a significant part of all evaporite deposits in the
United States (Fig. 1). Gypsum crops out or is in the
subsurface in 32 of the 48 contiguous states. Gener-
ally, in areas where gypsum crops out, or is <30 m
below the land surface, karst features are present (at
least locally). The most widespread and pronounced
examples of gypsum karst are in the Permian Basin of
the southwestern United States. Other significant ex-
amples are in the Illinois Basin, Michigan Basin, For-
est City Basin, the Black Hills area of South Dakota,
and parts of Texas, Wyoming, and other western states.

The Permian Basin contains a thick sequence of
Permian evaporites and red beds that extend from
West Texas and southeastern New Mexico into west-
ern Oklahoma, western Kansas, and southeastern
Colorado (Fig. 1). Individual gypsum beds typically
are 3—10 m thick in most Permian Basin formations
but are 20-200 m thick in the Castile Formation of

Figure 3. Karst development in the Permian Cloud Chief Gyp-
sum in western Oklahoma. Dissolution is most pronounced
along joints and bedding planes.
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the Delaware Basin part of the Permian Basin (Dean
and Johnson, 1989). Low rainfall in the region per-
mits extensive outcrops of gypsum, particularly in the
Delaware Basin, to the south, and along the Permian
Basin’s west flank (eastern New Mexico) and east flank
(north-central Texas and western Oklahoma). In these
areas, typical gypsum-karst features abound, and are
described by Olive (1957), McGregor and others (1963),
Fischer and Hackman (1964), Myers and others (1969),
Kelley (1971), Quinlan (1978), Johnson (1986, 1990,
1996, 1997, 2003a,b,c), Bozeman (1987, 2003), Sares
and Wells (1987), Belski (1992), Hill (1996), Forbes
and Nance (1997), Christenson and others (2003),
Miller and others (2003), Tarhule and others (2003),
and Powers and Owsley (2003). Quinlan and others
(1986) report more than 500 gypsum caves in the
United States, most of them being in the Permian
Basin; most of the literature on these caves has been
published by local cave-exploration groups.

The Delaware Basin of West Texas and southeast-
ern New Mexico, in the southwestern part of the Per-
mian Basin, contains one of the greatest accumula-
tions of evaporites in the United States (Dean and
Johnson, 1989). Evaporites (gypsum/anhydrite and
salt) of the Upper Permian Castile, Salado, and Rus-
tler Formations typically are 500 m to >1,500 m thick
within the Delaware Basin (Fig. 4), and are >450 m
thick where these deposits extend north and east of
the basin. Outcrops of these three formations consti-
tute the most extensive examples of gypsum karst in
the nation. The area referred to as the Gypsum Plain
comprises about 2,600 km? of outcropping gypsum of
the Castile and Salado Formations (Kirkland and
Evans, 1980), and additional gypsum outcrops are
present just to the east in the Rustler Hills and into
Reeves County, Texas.

The Delaware Basin gypsum deposits contain abun-
dant sinkholes, caves, closed depressions, collapse

LIn

Figure 4. Map and cross section showing salt dissolu-
tion, subsidence troughs, and areas of gypsum sink-
holes in the Delaware Basin of West Texas and south-
eastern New Mexico (modified from Martinez and oth-
ers, 1998). Deep, sediment-filled subsidence troughs
result from natural dissolution of salt by unsaturated
ground water and resultant collapse of overlying strata.
Asterisks (***) show where preexisting salt layers have
been dissolved and now are marked by collapsed,
brecciated, or karstic masses of anhydrite or gypsum.
Wink Sinks are shown at east end of cross section.
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6

sinks, and underground drainage; an excellent sum-
mary is provided by Hill (1996). Much of the area has
been affected by subsurface dissolution of some of the
salt layers, and most of the outcrops consist of mas-
sive beds of gypsum (Fig. 4). Four principal areas of
gypsum karst in the area are the Gypsum Plain, Nash
Draw, Burton Flat, and the Pecos River Valley (Hill,
1996). Sinkholes, a few meters to 100 m across, are
active collapse features in all four areas, and gener-
ally they are related to shallow underground caverns
<100 m deep. One sinkhole, formed during a storm in
1918, collapsed suddenly to form a gaping hole ~25 m
across and 20 m deep (Hill, 1996). Caves are promi-
nent and abundant on the Gypsum Plain and Burton
Flat (Sares and Wells, 1987; Belski, 1992), and gyp-
sum karst is having an adverse impact on the align-
ment of New Mexico Highway 128 in parts of Nash
Draw (Powers and Owsley, 2003).

Along the west flank of the Permian Basin, in east-
ern New Mexico, gypsum crops out extensively along
parts of the Pecos River Valley. Various gypsum and
carbonate unmits are present in the Permian Artesia
Group and San Andres Formation, and they contain a
large number of sinkholes, caves, and other karst fea-
tures in the Vaughn~Roswell area (Fischer and Hack-
man, 1964; Kelley, 1971; Forbes and Nance, 1997;
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Land, 2003). Several of the caves in this area are
>3.2 km long, and the deepest has a vertical extent of
>120 m (Forbes and Nance, 1997). Subsurface evapo-
rite dissolution and collapse of overlying gypsum and
mudstone units have created the well-known Bottom-
less Lakes State Park just east of Roswell (Land, 2003).

Another major gypsum-karst area of the Permian
Basin 1s along its east flank, in north-central Texas
and western Oklahoma. Principal gypsum units are
the Permian Blaine and Cloud Chief Formations, with
gypsum beds 3-30 m thick. Among the more impor-
tant gypsum-karst features of the region are two well-
known caves and a major freshwater aquifer, all de-
veloped in the Blaine Formation; these three gypsum-
karst phenomena are beneficial, rather than being
problems. The D. C. Jester Cave of southwestern Okla-
homa (Fig. 5) was surveyed between 1983 and 1987
(Bozeman, 1987; Johnson, 2003a); the main passage
15 2,413 m long, but, along with the side passages, the
total length is 10,065 m, making it the longest reported
gypsum cave in the western world. The cave has pas-
sageways that typically are 1-5 m in diameter, and
locally are up to 20 m wide. Alabaster Cavern of north-
western Oklahoma (Fig. 5), now developed as a state
park and tourist cave, has a main passage ~700 m long;
it has a maximum width of 18 m and a maximum
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Figure 5. Schematic cross sections through major gypsum caves in the Permian Blaine Formation of western Oklahoma: from
Johnson (1997), based on Myers and others (1969), Bozeman (1987), and Johnson (2003a). At top (A) is D. C. Jester Cave; at
bottom (B) is Alabaster Cavern.
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height of 15 m (Myers and others, 1969; Johnson,
2003a). A major freshwater aquifer is developed in the
Blaine Formation of southwestern Oklahoma and
north-central Texas (Runkle and Johnson, 1988;
Johnson, 1990, 2003a). Water is produced from the
karstic and cavernous gypsum and dolomite beds of
the Blaine aquifer. The aquifer is 50—65 m thick and
consists of nine thick gypsum beds (each 3-8 m thick)
interbedded with thinner dolomite beds (0.1-1.5 m
thick) and shale beds (0.3—8.0 m thick). Irrigation wells
typically are 15-100 m deep and commonly yield
1,000-8,000 L/min. The water is a calcium sulfate type;
total dissolved solids average ~3,100 mg/L (of which
~90% is CaS0,), and the water is suitable for irriga-
tion but generally is unsuitable for drinking.

Exploration and speleology of gypsum caves in the
Blaine and Cloud Chief Formations of western Okla-
homa have been described by Bozeman and Bozeman
(2002) and Bozeman (2003). Special studies also have
been made of the Nescatunga Cave and the Vickery
Cave System in the Blaine of northwestern Oklahoma:
U.S. Highway 412 is being widened above these caves,
and there is concern about possible adverse impacts
on the highway as well as the need to preserve an
important cave fauna (Christenson and others, 2003;
Miller and others, 2003; Tarhule and others, 2003).

Problems associated with gypsum karst in south-
western Oklahoma affected the siting of the Upper
and Lower Mangum Damsites (Johnson, 2003b,c).
After ~60 years of study to find a suitable damsite for
the Upper Mangum Dam in the thick Blaine gypsum
beds, the search was abandoned because of extensive
karst in the abutments and in the impoundment area
(Johnson, 2003b). An alternative site, the Lower
Mangum Damsite, has been examined and found ca-
pable of containing water; however, gypsum karst in
the Blaine Formation in the upper parts of the reser-
voir will limit the elevation of the lake level and the
amount of water that can be stored (Johnson, 2003c).

Dams built in other areas where gypsum karst has
caused problems recently are the Anchor Dam in
northwestern Wyoming, the Quail Creek Dike in
southwestern Utah, and the Horsetooth and Carter
Lake Reservoirs in northern Colorado. Sinkholes in
the Anchor Dam reservoir area allow drainage of lake
water into underlying karstic gypsum and limestone
units (Jarvis, 2003). The dam, constructed ~60 km west
of Thermopolis in 1960, has not met expectations, and
only a small amount of water has been held in the
reservoir.

The Quail Creek Dike, an earth-fill embankment
near St. George, Utah, was constructed above a zone
of gypsum karst (Fig. 6) (Catanach and others, 1989;
Payton and Hansen, 2003). Strata beneath the dike
were thinly bedded layers of dolomite, gypsiferous silt-
stone, gypsum, and sandstone in the upper part of the
Triassic Moenkopi Formation: these strata were
jointed, karstic, and dipped at angles of 15-25°. Pre-
construction investigation did not detect the extent of

the joint-related karst system, or the potential for seep-
age problems (Catanach and others, 1989). Upon
completion of the dike, lake water flowed through the
joints and karst features, opened or enlarged the pas-
sageways in the gypsum, undercut the dike, and
caused its collapse and failure on January 1, 1989 (Fig.
6). Fortunately, there was no loss of life, but there
was considerable damage downstream from the dike.
A concrete dike was successfully rebuilt on the site in
1990, at a cost of about $12 million, with a deep cutoff
trench excavated down through the gypsum-karst
zone.

Horsetooth Reservoir and Carter Lake Reservoir,
just west of Fort Collins and Loveland, Colorado, re-
spectively, were built in the 1940s above the Permian/
Triassic Lykins Formation (Pearson, 2002). The Lykins
here consists of interbedded siltstone, shale, limestone,
and gypsum (anhydrite at depth), with cavities,
intrastratal breccias, paleo-collapse chimneys, and
other karstic features locally present. During the late
1980s and 1990s, sinkholes formed at the south end of
Horsetooth Reservoir, and seepage from the lake in-
creased dramatically (Pearson, 2002). In 2000, a sink-
hole formed at the upstream toe of the dam. At Carter
Lake Dam, seepage that exits downstream from the
dam is >100 L/s, and some of this water is nearly satu-
rated with dissolved gypsum (Pearson, 2002). Water
loss at both reservoirs is due to karst features in the
Lykins Formation, at least in part, and current inves-
tigations are aimed at controlling this water loss.

Gypsum karst is indicated, indirectly, along the east
and west sides of the Illinois Basin in Illinois, Indi-
ana, and Kentucky. The St. Louis Limestone (Upper
Mississippian) contains several gypsum/anhydrite
beds, 1-15 m thick, in the subsurface McGregor, 1954;
Saxby and Lamar, 1957; McGrain and Helton, 1964).
Gypsum does not crop out in Indiana and Kentucky,
however, because intrastratal karstification is dissolv-

Figure 6. Aerial view of Quail Creek Dike failure in southwest-
ern Utah (photo courtesy of Utah Division of Water Resources,
Ben Everitt). The central part of the earth-fill embankment,
built over a zone of gypsum karst, collapsed and washed away
in 1989 (center of photo). Partially drained reservoir at top of
photo; water flowed to the southwest (lower left).
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ing the evaporites and producing ground water with
a high concentration of dissolved sulfates along the
eastern boundary of the subsurface gypsum deposits
(George, 1977). Chemical analyses of springs and well
water show a sulfate concentration of up to 1,350 mg/L,
and a low chloride concentration, usually <30 mg/L.
Westward (downdip) advance of the gypsum-dissolu-
tion front in this region generates the sulfate-rich
water and collapse of overlying carbonate rocks into
cavities. George (1977) cites an example of the col-
lapsed carbonates in Squire Boone Caverns, Harrison
County, Indiana. Jorgensen and Carr (1973) show an
abrupt lateral thinning of gypsum (from ~4 m thick to
<0.5 m thick, within a distance of 150 m) in the St.
Louis Limestone near Shoals, Indiana; those authors,
along with French and Rooney (1969), ascribe this
thinning to dissolution along the eastern, updip limit
of the gypsum. Saxby and Lamar (1957) also recorded
the presence of breccia and the absence of gypsum in
outcrops of St. Louis Limestone on the west (Illinois)
side of the Illinois Basin, and they felt this may have
resulted from dissolution of the gypsum.

The Michigan Basin contains gypsum karst in the
Mississippian Michigan Formation in the central part
of the State (Elowski and Ostrander, 1977). The Michi-
gan Formation contains a series of gypsum beds, 1-
10 m thick, interbedded with sandstone and shale;
these strata crop out locally or are mantled by glacial
drift on the east and west sides of the basin. Gypsum
caves, sinkholes, and collapse features are described
in the Grand Rapids area of Kent County (in the west),
and also in parts of losco and Arenac Counties (in the
east) (Klowski and Ostrander, 1977). Black (2003) pro-
vides a recent overview of gypsum and salt karst in
Michigan.

The Forest City Basin area of Iowa contains evi-
dence of gypsum karst in Devonian and Jurassic
strata. The Devonian Wapsipinicon and Cedar Valley
Groups contain numerous gypsum/anhydrite beds in
central and southern lowa (Witzke and others, 1988).
Devonian gypsum does not crop out in Iowa, and it is
thought that the present limits of some of the evapo-
rite units are dissolutional; some of the breccia beds
(i.e., the Devonian Davenport breccias) are interpreted
as having formed by gypsum dissolution and collapse
shortly after evaporite deposition (Witzke and others,
1988). The Fort Dodge Formation is an outlier of Ju-
rassic gypsum present in ~40 km? of Webster County,
central Iowa. The gypsum is as thick as 10 m, but the
upper surface is irregular owing to partial dissolution
before deposition of an overlying Pleistocene till (Cody
and others, 1996; Sharpe, 2003). This till commonly is
10-30 m thick, but gypsum is exposed locally in stream
cuts and quarry faces. The principal karst features
are joint-controlled dissolution channels, ~1 m wide
and 1-3 m deep, incised into the upper surface of the
Fort Dodge gypsum.

Other examples of gypsum karst are noted in cen-
tral Texas, South Dakota, and Wyoming. The Creta-

ceous Kirschberg Evaporite Member of the Terrett
Formation contains 10 m of gypsum in a quarry near
Fredericksburg, Texas (Warren and others, 1990).
Vertical pipes, caves, and collapse breccia are well
exposed, and gypsum and calcite speleothems (mainly
in the form of popcorn and flowstone) were deposited
in the pipes and caves. In the Black Hills area of South
Dakota, gypsum in the Triassic Spearfish Formation
locally contains sinkholes and caves that have caused
environmental problems (Rahn and Davis, 1996; Davis
and Rahn, 1997; Davis and others, 2003; Epstein,
2003). Gypsum beds up to 5 m thick contain sinkholes
and caves, and the karst has resulted in general
ground subsidence, foundation cracking and seepage
in houses, failure of a sewage lagoon, and problems
with a proposed mine-tailings facility and a golf-course
reservoir. Gypsum karst and sinkhole development
in several other formations in the Black Hills have
shown the need to consider gypsum karst in land-use
planning (Epstein, 2003). In Wyoming, Sando (1988)
describes widespread paleokarst in the Madison Lime-
stone of Mississippian age. He notes that dissolution
of gypsum beds within the predominantly limestone
sequence during Late Mississippian—Early Pennsyl-
vanian time enhanced contemporaneous development
of sinkholes, caves, dissolution-enlarged joints, and
breccia zones. In Laramie, Wyoming, gypsite (an
earthy form of gypsum) has been dissolved locally to
produce collapse of roads and soil instability under
streets, gutters, sidewalks, and foundations (Jarvis
and Huntoon, 2003).

Mining of gypsum can be impacted adversely by
natural dissolution and karst features (Sharpe, 2003).
Dissolution can create an irregular surface or bound-
ary of a gypsum unit, and solution-enlarged fractures
may be filled with soil or mud that degrades the qual-
ity of the stone. Karst features in an underground
gypsum mine can lead to a potentially hazardous in-
flux of ground water into the mine. However, on the
positive side, circulation of ground water near and
within preexisting anhydrite beds causes hydration
of the rock to gypsum.

Natural Salt Karst

Salt deposits underlie a part of 25 of the 48 con-
tiguous states (Fig. 1). Some of the deposits are exten-
sive, such as the Salina Group salts of the Michigan
and Appalachian Basins, the Permian salts of the Per-
mian Basin, and the Louann Salt and salt domes of
the Gulf Coast Basin. These deposits rank among the
greatest salt deposits of the world. Data on salt de-
posits of the United States were compiled by Pierce
and Rich (1962), Lefond (1969), and Johnson and
Gonzales (1978). Evidence of modern natural dissolu-
tion or paleodissolution of salt has been found in al-
most every one of the states and districts, and there-
fore salt karst is a much more widespread phenom-
enon than commonly suspected.

The Delaware Basin area of West Texas and south-
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eastern New Mexico contains a great thickness of Per-
mian salts in the Castile and Salado Formations (Fig.
4). Castile salt beds have been dissolved from the west-
ern half of the basin, and hence their stratigraphic
position is marked by brecciated zones of anhydrite
that result from collapse and lowering of overlying
units (Fig. 4) (Anderson and others, 1972, 1978; Ander-
son, 1982). Salt dissolution, resulting in subsidence
and increased basin-fill sedimentation, has been ob-
served in various parts of the Delaware Basin; most
of the dissolution and subsidence occurred during the
Cenozoic Era (Maley and Huffington, 1953; Bachman,
1976, 1984; Lambert, 1983), but some of the dissolu-
tion occurred during or shortly after deposition of the
Permian salts (Powers and Hassinger, 1985; Johnson,
1993). Salt dissolution is still going on in the Dela-
ware Basin area, as attested by the presence of saline
seeps along Malaga Bend of the Pecos River in south-
eastern New Mexico. Hill (1996, 2003) has provided a
summary of salt-dissolution processes in the Delaware
Basin, along with discussion of lateral and vertical
dissolution features, subsidence troughs, breccia pipes,
sinks, and other disturbed zones related to salt karst.
Powers and others (2003) provide evidence that salt
dissolution has increased the transmissivity of the
Rustler Formation in southeastern New Mexico.

Permian salt beds are being dissolved at shallow to
moderate depths in western Oklahoma, western Kan-
sas, and the Texas Panhandle (Fig. 2). Conspicuous
results of this process are collapse and subsidence fea-
tures that reach to the land surface; for example, the
High Plains Escarpment coincides with, and is above,
the salt-dissolution front that is advancing westward
beneath the Texas Panhandle (Gustavson and others,
1980, 1982). Salt dissolution in the area 1s also accom-
panied by sediment-filled subsidence basins and frac-
tured rock at the surface (Irwin and Morton, 1969;
Simpkins and others, 1981; Gustavson and Finley,
1985; Johnson, 1989). Salt dissolution has also caused
formation of a series of breccia pipes in the Lake
Meredith area of the Texas Panhandle (Eck and
Redfield, 1965). Hovorka (1983) conducted petro-
graphic studies of the deep-seated evaporites in the
area and recognized criteria for post-Permian disso-
lution of the salt beds. Another result of modern salt
dissolution is the presence of large, salt-encrusted salt
plains that form where high-salinity brines are emit-
ted at the surface (Baker, 1977; Johnson, 1981, 2003a);
emission of these NaCl-rich brines attests ongoing salt
dissolution and karst development. Near Hutchinson,
Kansas, an active sinkhole, probably of natural ori-
gin, is subsiding along U.S. Highway 50 at a rate of
0.3 m per year (Miller, 2003): at this site the Hutchin-
son salt is ~40 m thick and 125 m deep.

The Holbrook Basin (formerly Supai Basin) of north-
eastern Arizona is the site of >500 sinkholes, fissures,
depressions, and other karst features that result from
ongoing dissolution of salt in the Permian Schnebly
Hill Formation (Fig. 7) (Neal and others, 1998). Sink-

holes and collapse structures related to this natural
salt dissolution would be potentially catastrophic if
they were to occur in densely populated areas. Salt
dissolution on the southwest side of the basin, in the
vicinity of the Holbrook anticline, has been recognized
for many years (Bahr, 1962; Johnson and Gonzales,
1978; Neal, 1995; Martinez and others, 1998; Rauzi,
2000), and the relationship of the dissolution front to
the surface karst features is now well documented (Fig.
7). The salt-dissolution front is migrating downdip to
the northeast, and collapse of overlying strata has en-
abled karst to develop in such areas as The Sinks, Dry
Lake Valley, and McCauley Sinks (Neal and others,
1998). Evaporite-karst development at other sites in
the Holbrook Basin is reported by Neal and Colpitts
(1997), Rauzi (2000), and Neal and Johnson (2003).
Salt deposits of central and southeastern Utah have
undergone diapiric movement and dissolution. In the
Paradox Basin of southeastern Utah and adjacent
southwestern Colorado, thick salts of the Pennsylva-
nian Paradox Member of the Hermosa Formation have
flowed into a series of long and narrow salt anticlines
(Hite and Lohman, 1973; Doelling, 1988). Past and/or
present dissolution of salt in the Paradox Basin ap-
parently is limited to the western and southeastern
edges of the salt basin and to the crestal areas of the
salt anticlines (Hite and Lohman, 1973). Hite and
Lohman (1973) point out that rivers draining the Para-
dox Basin increase their load of dissolved sodium chlo-
ride by ~610 metric tons per day: they also estimate
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Figure 7. East—west cross section showing natural salt disso-
lution and collapse on the southwest side of the Holbrook Ba-
sin, Arizona. Modified from Neal and others (1998) and
Martinez and others (1998).
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that the present-day, 33-m-thick cap rock in the anti-
clines represents the residue formed by dissolution of
~900 m of halite-bearing rock from the central cores
of the anticlines. In central Utah, the Jurassic Arapien
Shale and its thick interbeds of salt have flowed into
several major salt-cored anticlines similar to those
of the Paradox Basin (Willis, 1986; Witkind, 1994);
these anticlines also are believed to have undergone
episodes of salt dissolution and collapse. Exposed rock
salt was surface mined in several small areas of the
Sevier River Valley along the Sevier—Sanpete county
line.

Major evaporite-karst features in west-central Colo-
rado are the result of dissolution and flow of the Penn-
sylvanian Eagle Evaporites (Kirkham and others,
2002, 2003). Regional subsidence has occurred in the
Carbondale and Eagle collapse centers, an area of at
least 3,600 km?. Dissolution, mainly of salt and also of
some gypsum, caused vertical settlement of up to 1,200
m, mostly in the past 3 million years. Karst features
are still forming in both centers, as attested by active
sinkhole development and by contribution of large
amounts of dissolved evaporites into the Colorado
River from the collapse areas.

Salt dissolution has been documented at several
places in the Wyoming basins and the Williston Ba-
sin. Parker (1967) described dissolution of salt beds of
Middle Devonian and Permian age in the deep sub-
surface of Wyoming, North Dakota, and Montana. Salt
removal caused overlying rocks to subside and collapse
into the depressions thus formed, with subsidence
having occurred at various times between the Late
Devonian and Late Jurassic. Orchard (1987) showed
that beds of salt in the Mississippian Charles Forma-
tion pinch out abruptly over the Poplar Dome, at a
depth of 1,700 m in northeastern Montana; salt disso-
lution probably occurred during the Tertiary, and salt
removal was a major factor in creation of the large oil
field at Poplar Dome. Rasmussen and Bean (1984)
described salt dissolution and subsidence of overlying
strata in the Powder River Basin of Wyoming; Late
Permian salts of the Goose Egg Formation (Ervay
Member) were dissolved mainly during the Late Ju-
rassic and Early Cretaceous, and the dissolution zone
now is ~3,000 m below the surface.

The Michigan Basin contains several examples of
salt karst. Dissolution of salts in the Salina Group
(Silurian) and Detroit River Group (Devonian) across
the northern edge of the Michigan Basin by Middle
Devonian time created a broad area of collapsed rocks,
referred to as the Mackinac Breccia (Landes, 1959;
Black, 1984, 2003). In addition, Black (1983, 1984,
1997, 2003) has shown that a number of modern sinks
in the area, and subsurface zones where drilling flu-
ids are lost, are due to paleodissolution and ongoing
dissolution of the Detroit River Group salts by ground
water circulating in open fault systems.

The Gulf Coast Basin is one of the most significant
salt-dome provinces in the world (Halbouty, 1967;

Lefond, 1969; Johnson and Gonzales, 1978; Martinez,
1991). The Jurassic Louann Salt has flowed (and con-
tinues to move) into diapiric structures; more than 260
domes are either known or inferred in the onshore
portion of this region. The processes by which salt-
dome cap rock forms is a special type of intrastratal
salt karst; as salt rises in diapirs, ground water dis-
solves the upper surface of the salt, forming an accu-
mulation of residual, relatively insoluble anhydrite
and calcite as the cap rock (Walker, 1974; Kreitler and
Dutton, 1983). About half of the known domes have a
cap rock, and thus attest salt dissolution.

HUMAN-INDUCED EVAPORITE KARST

Human activities can play a special role in induc-
ing or enhancing karst processes in evaporite rocks,
and the results can be catastrophic. Owing to the rapid
dissolution of gypsum, and the extremely rapid disso-
Iution of salt, small to large dissolution cavities can
be developed in subsurface evaporites by allowing
unsaturated water to flow through or against the rock.
Human activity that can cause such cavity develop-
ment typically involves (1) construction upon, or di-
recting water into or above, outcropping or shallow
gypsum or salt deposits; or (2) the drilling of boreholes
into or through subsurface salt deposits. Human-in-
duced karst problems in gypsum areas are very much
like those that are well known in carbonate-karst ar-
eas, and I will cite only a couple of studies on this
problem; but human-induced salt karst is not as widely
understood, and its problems can be highly significant.

Human-Induced Gypsum Karst

Gypsum karst can be accelerated by human activ-
ity. Gypsum-karst problems are caused by the same
activities that cause problems in carbonate-karst ter-
ranes: (1) building structures that induce differential
compaction of soils above an irregular gypsum-bed-
rock surface; (2) building structures directly upon gyp-
sum-collapse features; and (3) impounding water
above, or directing water into, a gypsum unit where
soil piping can divert water (and soil) into underground
gypsum cavities. These human activities can cause
land subsidence, or can cause new or concealed sink-
holes and cave systems to open up; and this can result
in settling or catastrophic collapse of the ground.

Specific human activities that have accelerated gyp-
sum karst in the Black Hills area of South Dakota
include the following examples: (1) sewage lagoons,
built on alluvium above a karstic gypsum layer, be-
gan leaking badly within 1 year, and then failed with
partially treated sewage escaping the site; and (2) di-
recting runoff into buried gypsum karst caused sev-
eral houses to settle and crack, and produced sink-
holes in urban/suburban areas (Rahn and Davis, 1996;
Davis and Rahn, 1997; Davis and others, 2003;
Epstein, 2003). Cooper (1995) also pointed out that
(because gypsum dissolution is so rapid) pumping large
volumes of gypsiferous water from wells means that
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subsurface gypsum will be dissolved at an accelerated
rate, and this can cause increased subsidence and pos-
sible collapse.

Human activities in areas of natural gypsum karst
can result in creating major problems in the siting,
construction, and/or water-retention capacity of dams
and reservoirs, such as those in Oklahoma, Wyoming,
and Utah (these are discussed above, under “Natural
Gypsum Karst”). Gypsum-karst features can make it
impossible for water retention in an impoundment
area, or it is possible for impounded water to force
open preexisting, sediment-filled solution passages
(Fig. 6).

Human-induced Salt Karst

Human-induced salt dissolution can have cata-
strophic effects locally (Walters, 1978, 1991; Dunrud
and Nevins, 1981; Ege, 1984; Coates and others, 1985;
Johnson, 1987, 1997, 1998, in press; Johnson and oth-
ers, 2003). The drilling of boreholes into or through
the salt can enable (either intentionally or inadver-
tently) unsaturated water to enter the borehole and dis-
solve the salt. If the dissolution cavity is large enough
and shallow enough, successive roof failures can cause
the water-filled void to migrate upward; this can result
in land subsidence or catastrophic collapse (Fig. 8).

Human activities that can contribute to salt-karst
problems include solution mining of salt, petroleum
activity, and dry mining of salt.

Problems Caused by Solution Mining

Solution mining is the process of extracting soluble
minerals, such as salt or potash, by (1) introducing a
dissolving fluid (i.e., water) into the subsurface, (2)
dissolving the mineral (or rock) and forming a brine,
(3) recovering the brine, and (4) extracting the min-
eral from the brine (usually by evapora-
tion) (Johnson, 1997, 1998). Solution min-
ing typically entails creating one or sev-
eral large underground cavities that are
filled with brine; the cavities may be in
bedded salts, salt domes, or salt anti-
clines. Cavities typically are 10-100 m in
diameter and are 10-600 m high, both
dimensions based largely on the thick-
ness of the salt and the depth to the top
of the cavity. At some sites, unfortu-
nately, the cavity becomes too large, and
the roof collapses. Dunrud and Nevins
(1981) reported 10 areas of solution min-
ing and collapse in the United States.
Most solution-mining collapses result
from cavities formed 50-100 years ago,
before modern-day engineering safe-
guards were developed. Proper, modern
design has virtually eliminated this prob-
lem in new facilities.

Four well-documented subsidence/col-
lapse features resulting from solution

mining are Cargill Sink (Kansas), Grand Saline Sink
(Texas), Grosse Ile (Michigan), and Tully Valley (New
York). Examples of the explosive escape of gaseous hy-
drocarbons related to man-made, solution-mined stor-
age caverns in salt are the Elk City blowout (Oklahoma)
and the Hutchinson natural-gas explosion (Kansas).

The Cargill Sink formed in 1974 as a result of solu-
tion mining for salt by Cargill, Inc., near Hutchinson,
Kansas (Fig. 9) (Walters, 1978; Johnson, 1998, in
press). The surface crater reached a diameter of 60 m
within 4 hours and stabilized with a diameter of 90 m
and a maximum depth of ~15 m (Fig. 10); the volume
of the crater was calculated to be ~70,000 m3. Salt had
been solution mined in the area since 1888. The Per-
mian Hutchinson salt is ~105 m thick and occurs at a
depth of ~130 m. The sink developed in an active brine
field that included both operating and abandoned
wells. Embraced within the sinkhole was a brine well
that was drilled in 1908 and abandoned in 1929.

Grand Saline Sink developed in the city of Grand
Saline, Texas, in 1976 (Fig. 9) (Dunrud and Nevins,
1981; Johnson, 1998, in press). The sink occurred at
the site of a brine well that penetrated the top of the
Grand Saline salt dome at a depth of 60 m and had
produced brine from 1924 through 1949. The sink
eventually grew to a diameter >15 m, and a total of
8,500 m? of silt and clay was displaced into the under-
ground cavity.

On Grosse Ile, in the Detroit River near Detroit,
Michigan, several sinkholes developed in 1971 as a
result of 30 years of solution mining the Silurian Salina
Group salts at a depth of 325 m below the surface
(Nieto-Pescetto and Hendron, 1977; Ege, 1984).
Dunrud and Nevins (1981) estimated that the area
affected by subsidence was 37,000 m? and the volume
of subsidence, 1,200,000 m?.

Figure 8. Aerial view of Wink Sink no. 1 in West Texas, shortly after its col-
lapse in 1980 (photo courtesy of R. W. Baumgardner, Jr.). The sink, with a
diameter of 110 m, formed at the site of an abandoned oil well.
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Figure 9. Collapse and sinkholes resulting from solution mining in salt. On left is cross section through Cargill Sink, Kansas
(modified from Walters, 1978); cavity shape is hypothetical. On right is cross section through Grand Saline Sink in Grand Saline

salt dome, Texas (modified from Dunrud and Nevins, 1981).

In Tully Valley of central New York, the top of the
Silurian Salina Group salt ranges from 335 to 485 m
below the surface. The Salina comprises ~300 m of
interbedded shale, dolomite, halite, and gypsum/an-
hydrite; salt has a cumulative thickness ranging from
~8 to 100 m (Getchell, 1995). These salts had been so-
lution mined from the late 1800s until the mid 1980s,
and removal of the salt has resulted in land-subsid-
ence features that generally are closed depressions
with vertical displacements of 10—20 m and diameters
>60 m (Getchell, 1995).

The Elk City blowout occurred in Beckham County,
Oklahoma, in 1973 (Fay, 1973; Johnson, 2003a). An
underground salt-dissolution cavern, created to store
propane in the Permian Blaine Formation, leaked
small amounts of hydrocarbons over a long period of
time. Eiscaped propane accumulated in a shallow, per-
meable siltstone, and it migrated laterally (about 700
m) away from the cavern borehole until it burst to the
surface along natural joint patterns. The blowout was
explosive: it made a large crater, 6 m deep, and dis-
rupted rock slabs that weighed up to 30 metric tons.
It was in rural pastureland, and there were no injuries.

In the central Kansas town of Hutchinson, in Reno
County, natural gas exploded to the surface through

abandoned boreholes in January 2001, killing two
people, destroying two downtown businesses, and
causing evacuation of hundreds of residences (Watney
and others, 2003). The source of the gas was a casing
leak at an underground salt-dissolution storage cav-
ern created in the Permian Hutchinson salt near
Yaggy, ~11 km northwest of Hutchinson. The failure
occurred above the salt unit in one of the wells at the
Yaggy facility; this allowed high-pressure gas to es-
cape, apparently migrating in the subsurface to
Hutchinson within 2 days, and coming to the surface
through a number of abandoned wells that had been
drilled for solution mining or water supply. The gas-
migration path from Yaggy to Hutchinson was in frac-
tured dolomites that apparently were, in part, frac-
tured when the underlying Hutchinson salt was partly
dissolved, and overlying strata (including the dolo-
mites) subsided (Watney and others, 2003). Upon dis-
covery of the leak at Yaggy, the cavern was emptied,
and the supply of natural gas was cut off.

Problems Caused by Petroleum Activity

Petroleum-industry activities that can produce un-
intentional dissolution cavities include the drilling of
exploration, production, or disposal boreholes into, or
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through, subsurface salt units (Johnson, 1998, in
press). Unintentional dissolution of the salt can cre-
ate a cavity that is as large and shallow as those cre-
ated in solution-mining activities. And if the cavity
becomes too large for the roof to be self-supporting,
successive roof failures may cause the collapse to mi-
grate upward and perhaps reach the land surface (Fig.
8). Most collapses related to petroleum activity involve
boreholes drilled long ago, before development of
proper engineering safeguards pertaining to drilling-
mud design, casing placement, and salt-tolerant ce-
ments.

Three well-documented subsidence/collapse fea-
tures resulting from petroleum activities are the Wink
Sinks (Texas), Panning Sink (Kansas), and the
Gorham oil field (Kansas).

Several large sinkholes and subsidence features
have formed since 1980 in the giant Hendrick oil field
near the town of Wink, in Winkler County, West Texas
(Fig. 11) (Baumgardner and others, 1982; Johnson,
1987, 1998; Collins, 2000; Johnson and others, 2003).
Wink Sink no. 1 formed in 1980 (Fig. 8); it reached a
maximum diameter of 110 m, a depth of 34 m, and an
estimated volume of 159,000 m® (Baumgardner and
others, 1982). One abandoned well that produced oil
from 1928 to 1951 was incorporated within the sink
itself. This suspect well, the No. 10-A Hendrick, was
drilled through 260 m of salt in the Permian Salado

Figure 10. Aerial view of Cargill Sink, formed by collapse of a
solution mine in salt near Hutchinson, Kansas (photo cour-
tesy of Deming Studio). Sudden coilapse left the railroad tracks
suspended 6 m in the air, with the sink reaching a diameter of
~90 m.

Formation, with the top of the salt ~400 m deep.
Johnson (1987, 1998) described the various drilling
and well-completion activities that probably led to
eventual collapse around the suspect well (Fig. 12):
(1) fresh ground water unintentionally reached the
salt and created a large dissolution cavity around the
well; (2) collapse of the non-salt roof into the cavity;
and (3) by successive roof failures, the cavity migrated
upward until it finally reached the land surface to cre-
ate Wink Sink no. 1.

A second sink, Wink Sink no. 2, developed 1.6 km
south of Wink Sink no. 1 in May 2002 (Fig. 11). It
formed around, and thus incorporated, a water-sup-
ply well drilled through the Salado salts and into the
underlying Capitan Reef aquifer. By March 2003,
Wink Sink no. 2 was ~238 m long, 186 m wide, and
had an estimated volume of 1.33 million m? (Johnson
and others, 2003). Also near Wink, broad subsidence
features and earth fissures were first noticed at the
land surface ~300-900 m from Wink Sink no. 2 in 1999
(Fig. 11) (Collins, 2000; Johnson and others, 2003).
The land surface had sagged as much as 7 and 8.5 m
between 1970 and 1999 in two separate areas that
contained several producing or abandoned oil wells
and a water-supply well, all of which had been drilled
to depths below the Salado salts. The outlines of ar-
eas A and B (Fig. 11) are approximate and indicate
the probable maximum extent of subsidence and earth
fissures. It appears that the sinkholes and subsidence
features near Wink resulted from collapse or settling
into underground dissolution cavities developed in salt
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Figure 11. Location of Wink Sinks nos. 1 and 2, and approxi-
mate outlines of two broad subsidence features (areas A and
B), just northeast of the town of Wink, in Winkler County, Texas;
modified from Johnson (1987) and Johnson and others (2003).
Map area is in Block B-5, Public School Land Survey.



14 . K. S. Johnson

Well drilled in 1928.
Borehole iIs crooked.
Cavity develops between

1928-1980.

A 4 B s C »
Ft. Quaternary Quaternary
Alluvium - Alluvium
Santa Rosa Santa Rosa
fresh water enters
(=] borehole from one
O Tecovas or more aquifers Tecovas
0 !
TV 77 Dewey
o I\~ Lake
Sl — - ~——-_
A A NINEAANARN NXNNRNRNANNNNY
_—__/_:___—_:___ . Rustler fresh water
H + + +
8 + + + Early Cavity
0w H + 1+ +
- + +] + + Final Cavity
+ + \+ + Salado Salado
+ + + (Fresh wate
o H + + dlssolv::a sa:t
o + + + + and creates
o+ + + cavity)
]
w( Tansifl J Tansill
7 / Y brine
O [ -\ —
8_’7 Z /\_// Yates l\.b”ne \_ Yates
]

Oil produced from 1928-1951.
Well plugged in 1851 and 1964.

Roof collapses and cavity
migrates upward (19807)

Collapse reaches surface
June 3,1980.

Figure 12. Cross section through the No. 10-A Hendrick well, showing possible relationship of well to salt dissolution and devel-
opment of Wink Sink no. 1. From Johnson (1987) and Johnson and others (2003).

beds of the Salado Formation, and that cavity devel-
opment apparently resulted from, or was accelerated
by, local oil-field activity (Johnson and others, 2003).

Panning Sink was formed in 1959 by subsidence
and collapse around a salt-water-disposal (SWD) well
on the Panning lease in Barton County, Kansas (Fig.
13) (Walters, 1978; Johnson, 1998, in press). The sink-
hole reached a diameter of 90 m and was at least 18 m
deep. The suspect well, drilled originally as a produc-
ing oil well in 1938, penetrated 91 m of Permian
Hutchinson salt at a depth of 298 m. Freshwater drill-
ing fluids dissolved the salt in the borehole to an ex-
cessive diameter (1.4 m), and this washed-out zone
was not cemented behind the 15.2-cm-diameter cas-
ing. Conversion of the borehole to a SWD well from
1946 to 1958 caused a large quantity of unsaturated
oil-field brines (about 28,000 ppm NaCl) to be pumped
into the well and inadvertently encounter, and fur-
ther dissolve, the salt. A large cavern was formed, and
with successive roof falls the water-filled void migrated
upward to cause surface subsidence, tilting of an oil-
field derrick, and eventual collapse.

Gorham oil field, in Russell County, Kansas, is the
site of slow subsidence of a major highway (Interstate
70) above salt-dissolution zones in the Permian
Hutchinson salt (Walters, 1991; Croxton, 2003). A se-
ries of o1l wells, drilled on 4-hectare spacing in 1936—
37, penetrated 75 m of salt at a depth of 390 m. The
wells are now plugged and abandoned, but some of
them contain corroded casing that was left in the bore-

holes above, within, and below the salt unit. As a re-
sult, unsaturated water probably has flowed down
some of the boreholes and dissolved large volumes of
the salt. Subsidence of the I-70 pavement has occurred
at rates of <0.3 m/year, but cumulative subsidence
through 1987 in two “sinks” is ~4 m, and in a third
“sink” is ~0.3 m; this has required rebuilding parts
of I-70 in 1971 and again in 1986 (Walters, 1991;
Croxton, 2003).

Problems Related to Dry Salt Mines

Sinkholes may form at the surface above under-
ground mines of all kinds as a result of the collapse of
overburden into subsurface voids, especially where the
mines are shallow and overburden is poorly supported
because of large roof spans. Dry (room-and-pillar) salt
mines create special problems in this regard, when
abundant ground water enters the mined-out voids;
the salt can be dissolved quite rapidly. With introduc-
tion of large volumes of water, mined-out rooms can
fill with salt-dissolving water, and the facility then
behaves like a solution mine in salt. Uncontrolled dis-
solution can enlarge the rooms, remove salt pillars that
support the roof, dissolve salt that remains in the roof,
induce collapse of the overburden, and thus create
small to large sinkholes.

Two dry salt mines that have been invaded by wa-
ter and have developed overlying sinkholes are
Jefferson Island mine (Louisiana) and Retsof mine
(New York). Both mines are flooded and are now
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closed. The following discussion is modified and up-
dated from earlier reports by Martinez and others
(1998) and Johnson (in press).

Jefferson Island salt dome, just west of New Ibe-
ria, Louisiana, was the site of a catastrophic sink that
developed in 1980 (Autin, 1982; Martinez, 1991). This
huge sinkhole formed when an oil rig drilled into a
chamber of the Jefferson Island salt mine, some 400

m below shallow Lake Peigneur. Lake water began
leaking through the borehole into the underground
room-and-pillar mine. The flow of water became a tor-
rent, and soon the entire lake was drained; more wa-
ter was then drawn through a canal that connected
the lake to the Gulf of Mexico. The $5 million drilling
rig vanished into the giant sink, along with barges, a
tugboat, and 4 hectares of land. Although more than
50 workers were in the mine and on the lake at the
time of the accident, there was no loss of life—a
miracle, owing to well-planned evacuation and escape
procedures established for just such an emergency.

The Retsof salt mine, located in western New York
near the town of Cuylerville, just west of Geneseo, had
a roof failure in March 1994, and this led to a large
inflow of ground water from overlying strata (Nieto
and Young, 1998; Gowan and Trader, 2000, 2003;
Yager and others, 2001). The Retsof mine opened in
1885 and was the world’s largest salt mine, underly-
ing some 26 km?. It was an underground room-and-
pillar mine developed in Upper Silurian Salina Group
salts. Collapse occurred where the mine was ~340 m
below the land surface, and rooms in the salt mine
were ~3.5 m high. Mine-roof collapse opened hydrau-
lic pathways through newly created fractures in over-
lying rocks; ground water could now percolate down
through, and partly dissolve, a series of salt layers
above the mine and eventually enter the salt mine
itself.

About 4 weeks after the initial collapse, dissolution
of salt pillars in the Retsof mine (and parts of overly-
ing salt beds), along with downward slump or piping
of thick, near-surface unconsolidated sediments,
caused subsidence of the land above the mine, result-
ing in three large sinkholes—the largest, some 200 m
across and ~20 m deep. Flooding of the mine, at a flow
rate that eventually exceeded 60,000 L/min, could not
be controlled by in-mine grouting (the normal prac-
tice), and the entire mine was flooded. Adverse im-
pacts in the area include disruption of land, damage
to houses (some as far as 1.5 km from the sinkholes),
loss of a major highway and bridge, loss of water wells,
prohibition of public access to the collapse area, and
economic disruption to the community.

SUMMARY AND CONCLUSIONS

This report provides a brief overview of the proc-
esses and distribution of evaporite karst in the United
States. Caves, sinkholes, disappearing streams, and
other features typical of karst terranes are present in
evaporite deposits throughout the nation. Evaporites
are present in 32 of the 48 contiguous states, and karst
is known at least locally in almost all of these areas.
Evaporite karst is, in most respects, identical to karst
in carbonate rocks, except that the process is much
more rapid. It is much more widespread than is com-
monly believed.

Gypsum karst is most conspicuous in outcrops of
gypsum, but also it is likely to be found in many areas
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where the gypsum is as much as 30 m below the land
surface. The most pronounced areas of gypsum karst
are in the Permian Basin of the southwestern United
States, although other important areas include the
Michigan, Forest City, and Illinois Basins, and parts
of Texas, South Dakota, Wyoming, and other western
States.

Salt karst is almost entirely a subsurface feature,
owing to the extremely high solubility of salt and the
virtual lack of salt outcrops in the United States. Salt
karst is most conspicuous and widespread in the Per-
mian Basin region; several major salt units have been
extensively dissolved here to produce collapse features
and sediment-filled subsidence troughs. Other areas
of significant salt karst are the Holbrook, Paradox,
Michigan, and Gulf Coast Basins, and west-central
Colorado.

Human-induced karst results chiefly from mining
of, or drilling into, subsurface evaporite deposits. The
most conspicuous problems have developed in salt
deposits as a result of solution mining, petroleum ac-
tivity, or dry mining of salt. Deep-seated dissolution
cavities can result in land subsidence or catastrophic
collapse, with surface sinks commonly being 90-270 m
wide and tens of meters deep.
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ABSTRACT.—The U.S. Geological Survey, in cooperation with state geological surveys, other
federal agencies, and academia, is preparing a digitized map showing the distribution of
karst in the conterminous United States. The present Engineering Aspects of Karst (Davies
and others, 1984) will be revised to better display surficial-karst features. The digital map
will be maintained by the National Cave and Karst Research Institute and will serve as a
source for more detailed information at the state level. Evaporite rocks will be more ad-
equately shown than on the original map. Among the many areas of evaporite karst not
shown on the Davies and others map, the Holbrook Basin, Arizona, and the Black Hills,
South Dakota, are herein used as examples of how data can be presented on the new map.
The variety of karstic features that are produced by dissolution of the host evaporites, as
well as by collapse in overlying strata, include intrastratal collapse breccia, breccia pipes,
and sinkholes in overlying non-soluble rocks. The differences between karst in carbonate
and evaporite rocks in the humid eastern United States, and those in the semiarid to arid
western United States are delimited approximately by a zone of mean annual precipitation

of 32 in.

INTRODUCTION

During the energy crisis in the 1970s, the U.S. Geo-
logical Survey (USGS), in collaboration with other fed-
eral, state, and local agencies, universities, and the
private sector, developed programs to enhance the un-
derstanding of earth systems and their mutual intexr-
actions that might affect exploitation of the nation’s
energy resources. One aspect of this endeavor was to
educate the public on natural geologic hazards so that
earth-science information could be inter-
twined with public policy. Maps showing
the distribution of geologic hazards were
an integral part of this effort.

In 1975, the Environmental Aspects
of Energy Program was initiated in the
USGS to study geologic influences on the
development of coal and nuclear-energy
resources, and the effects of energy de-
velopment on the geologic environment.
One aspect of that program was the de-
velopment of a National Atlas (maps at
a scale of 1:7,500,000) showing the dis-
tribution of geologic events and processes
that affect or are affected by energy-re-
source extraction and utilization. The
maps included such hazards as swelling
soils, volcanic eruptions, earthquakes,
and landslides.

Another map, Engineering Aspects of
Karst, was published by Davies and oth-

ers (1984) that depicted areas of karstic rocks (lime-
stone, dolomite, and evaporites), and “pseudokarst”
areas, classified as to their engineering and geologic
characteristics (size and depth of voids, depth of over-
burden, rock/soil-interface conditions, and geologic
structure). This generalized map has been the only
synopsis of karstic conditions in the country (Fig. 1).
However, federal, state, and local government agen-
cies, the speleological community, and academia have

0 500 MILES
1
0 500 KILOMETERS

Figure 1. Map showing all types of karst, and features analogous to karst, in
the United States (modified from Davies and others, 1984).

Epstein. J. B.; and Johnson, K. S., 2003, The need for a national evaporite-karst map, in Johnson, K. S.;and Neal, J.T. (eds.), Evaporite
karst and engineering/environmental problems in the United States: Oklahoma Geological Survey Circular 109, p. 21-30.
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repeatedly expressed the need for a more accurate and
detailed national map to give a better understanding
of the distribution of soluble rocks in the United States.
Maps at a variety of scales are needed for the follow-
ing: to educate the public and legislators about karst
issues; to provide a basis for cave and karst research;
and to aid federal, state, and local land-use managers
in managing karst resources.

During the past 3 years, a diverse group of karst
experts strategized a long-term plan for karst map-
ping on a national scale. The resultant goal is to pro-
duce a national karst map in digital form, derived pri-
marily from maps prepared by the individual states,
and to link that national map on a web-based network
to state- and local-scale maps and related data. The
newly formed National Cave and Karst Research In-
stitute (NCKRI; http://www2.nature.nps.gov/nckri/
index.htm) will establish a web-based network of karst
information that will be used to build the national map.
The digital map will reside on the NCKRI web site
and be linked to individual states and speleological
organizations showing individual state karst maps, de-
tailed information about karst, annotated bibliogra-
phies, and outreach products.

The USGS will facilitate compilation of the national
map by cooperating with state geological surveys to
update or produce state karst maps and to establish
standards and consistent digital products. Methods for
presentation of data on karst maps vary considerably,
and boundaries of karst areas between some adjacent
states do not match. Some states have a digitized geo-
logic map from which a karst map could be prepared.
Outlines of known karst areas, caves and sinkholes,
depth of burial of karstic rocks, and areas of
“pseudokarst” of several types are among the types of
data shown on some maps. The new national map will
consider the distribution of carbonate and evaporite
units, intrastratal karst, karst beneath surficial over-
burden, and the percentages of areas cov-
ered by karst.

NATIONAL EVAPORITE-KARST MAP

The occurrence of karst in carbonate
rocks (limestone and dolomite) in the
United States is fairly well known, as
shown by Davies and others’ (1984) map.
However, the widespread distribution of
evaporite karst, including both gypsum
(and/or anhydrite) karst and salt karst,
in the United States is not as well appre-
ciated. Evaporites underlie about one-
third of the country but are not neces-
sarily exposed at the surface. Karst fea-
tures may be present in gypsum depos-
its in all parts of the United States,
whether the gypsum crops out or is in
the deep subsurface; the karst may re-
sult from climatic and hydrologic condi-
tions of today, or it may be a relict from

an earlier, wetter climate and/or a hydrogeologic re-
gime of the Pleistocene or pre-Pleistocene epochs.

In the eastern United States, where average an-
nual precipitation commonly is greater than 75 cm,
gypsum deposits generally are eroded or dissolved to
depths of at least several meters or tens of meters
below the land surface. So, although gypsum in the
East may locally be karstic, the lack of exposures
makes it difficult to prove this without subsurface
study of the gypsum and its dissolution features. In
the semiarid western part of the United States, how-
ever, in areas where the average annual precipitation
commonly is less than about 75 ¢cm, gypsum tends to
resist erosion and typically caps ridges, mesas, and
buttes. In spite of its resistance to erosion in the West,
gypsum commonly contains visible karst features, such
as cavities, caves, and sinkholes, attesting the impor-
tance of ground-water movement, even in low-rain-
fall areas.

Salt karst is commonly more difficult to identify at
the earth’s surface than is gypsum karst. Salt is so
soluble that it survives at the land surface only in arid
areas. The two sites in the United States with salt
recently at the surface are Sevier Valley, Utah (where
salt has been quarried), and Virgin Valley, in Nevada
and Arizona (where the salt outcrops are now inun-
dated by Lake Mead). Elsewhere, salt has been dis-
solved to depths ranging from tens to hundreds of
meters below the present land surface. In many places
it 1s not easy (or possible) to distinguish between mod-
ern dissolution/karst and paleodissolution/paleckarst:
some of the salt karst may be a remnant from an ear-
lier hydrogeologic regime (perhaps as early as shortly
after original deposition of the salt unit).

Whereas the distribution of carbonate karst on
Davies and others’ map is generally adequate, his map
only depicts gypsum karst in a few areas (Fig. 2). In
an extensive text on the back of the map, Davies men-
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500 KILOMETERS

Figure 2. Map showing areas of evaporite karst in the United States, as de-
picted by Davies and others (1984).
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tions caves and fissures in gypsum in western Okla-
homa and the eastern part of the Texas Panhandle.
His map does not show the distribution of salt or salt
karst, however, even though his text mentions natu-
ral subsidence and man-induced subsidence as a re-
sult of solution mining in salt beds in south-central
and southwestern Kansas.

A more accurate delineation of evaporite karst than
that presented by the Davies and others map 1s re-
quired at the national, state, and local scale to better
understand subsidence hazards, surface- and ground-
water-contamination potential, and cave resources,
and also to serve as a guide to topical research in these
rocks. Such a map would also be useful to educate land-
use managers, politicians, and the pub-
lic on issues related to karst, both in car-
bonate rocks and evaporites.

Several national maps of evaporite
deposits were prepared earlier than the
one of Davies and others (1984). The first
was a map by Adams and others (1904)
that showed several mines in gypsum
throughout the United States, supple-
mented with a few detailed regional
maps of gypsum-bearing formations. A
similar map, with additional localities,
was produced by Stone and others (1920).
Krumbein (1951) depicted the subsurface
and outcrop distribution of evaporites in
a variety of lithologic associations and by
individual geologic periods or systems.
He showed that these rocks are much
more widespread than was generally re-
alized. Figure 3 is a compilation of his 10
systemic maps. Withington (1962) pre-
pared an annotated bibliography of
gypsum and anhydrite deposits, cat-
egorized by age.

The distribution of rock-salt (hal-
ite) deposits was mapped by Pierce
and Rich (1962), and this was up-
graded by Johnson and Gonzales
(1978) and by Ege (1985). The pre-
cursor of the 1984 Davies and oth-
ers map was one prepared earlier
(Davies and LeGrand, 1972) that
was based on Davies’ extensive
knowledge of karst systems in the
country. The present-day under-
standing of the widespread distri-
bution of marine evaporites in the
United States was presented by
Smith and others (1973). They
showed four categories of deposits,
in combinations of gypsum, anhy-
drite, halite, polyhalite, sylvite, and

——

Evaporite Basin (Johnson
and others, 1989)

Outline of salt deposits (Ege, 1985)

and Johnson (1996); and finally the map of Johnson
(1997) showed generalized areas of evaporite karst
throughout the United States.

Figure 4 combines the information of Ege (1985)
and Johnson and others (1989), showing the present
perception of evaporite distribution in the United
States. Figure 5 includes the various gypsum/anhy-
drite and halite basins of that map, and incorporates
the rather limited areas of evaporite karst depicted
by Davies and others (1984) compared to the larger
areas of the same shown by Johnson (1997, 2003). Col-
lapse as a result of human activities, such as solution
mining, is also shown as well as a line of mean annual
precipitation (32 in.) that we suggest approximates

500 MILES
L~
500 KILOMETERS

Figure 3. Map showing distribution of evaporite deposits in the United States
(modified from Krumbein, 1951).

500 MILES
500 KILOMETERS

carnallite. Modifications of earlier
national anhydrite maps were pre-
pared by Dean and Johnson (1989)

[\\ \/\ Scattered evaporite deposits (Johnson and others, 1989)
Figure 4. Map showing distribution of outcropping and subsurface evaporite rocks
in the United States.
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the boundary between distinctively different karst
characteristics, both carbonate and evaporite karst,
between the humid eastern United States and the
semiarid West. Also shown are two localities for which
we briefly describe a variety of surface and subsur-
face evaporite-karst features in areas not shown on
the national Davies and others map; these areas are
the Holbrook Basin in Arizona and the Black Hills of
South Dakota.

Holbrook Basin, Arizona

The map by Davies and others (1984) shows areas
of carbonate rocks in Arizona, but no evaporites. Sev-
eral workers have reported a variety of evaporite- and
carbonate-karst features that are not found on this
map. Figure 6A shows some of these features and sug-
gests possible types of information that could be dis-
played on a state and national karst map for Arizona.

The anhydrite basins shown are similar to the ones
depicted in Figure 4. Subsurface halite deposits were
mapped by Eaton and others (1972), Johnson and
Gonzales (1978), Ege (1985), and Neal and others
(1998); more detailed mapping of salt deposits in the
Holbrook Basin was done by Peirce and Gerrard (1966)
and Rauzi (2000). An area of breccia pipes was delim-
ited in northwest Arizona by Harris (2002); they were
probably the result of collapse over carbonate rocks,
but evaporite collapse could not be ruled out. Scat-
tered gypsum and anhydrite localities were shown by
Withington (1962). Comparing this composite map
with the one by Davies and others (Fig. 6B) shows
that many types of karstic features could be depicted
for both evaporite and carbonate rocks in Arizona.
The Holbrook Basin in east-central Arizona is in-
teresting because it demonstrates that dissolution of
deeply buried evaporites can cause subsidence of over-

Holbrook
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Anhydrite basin (Johnson and others, 1989) (.2, Scattered deposits (Johnson and others, 1989)

7 Known halite deposits ( Eaton and
-1 others, 1972)

! Known area of saline water (Eaton and
others, 1972)

7S, Salt deposits (Ege, 1985)
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Limestone, gypsum, salt (Harris, 2002)

(" Region of breccia pipes (Harris, 2002)

O Holbrook salt basin (Harris, 2002)

Gypsum and anhydrite mines, pits, and
occurrences, Withington, 1962

- ;| Carbonate rocks (Davies and others, 1984)

Figure 6. Maps comparing types and distribution of karst features in Arizona. (A) Distribution of evaporite and carbonate karst, as
presented by various authors. (B) Distribution of carbonate karst (with no evaporite karst), as presented by Davies and others (1984).
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lying non-soluble rocks. The basin is >100 mi wide and
contains an aggregate of ~1,000 ft of salt, anhydrite,
and sylvite interbedded with clastic red beds in the
Permian Sedona Group (formerly Supai Group) (Peirce
and Gerrard, 1966; Neal and others, 1998: Rauzi,
2000). The top of the salt is between 600 and 2,500 ft
below the surface Mytton, 1973). These workers de-
scribe the removal of evaporites at depth along a north-
east-migrating dissolution front, causing the develop-
ment of presently active collapse structures in the over-
lying Coconino Sandstone and Moenkopi Formation.

For example, in the area ~10 mi northwest of Snow-
flake, Arizona, the Coconino and other rocks dip
monoclinally southward along the Holbrook “anticline”
(actually a monocline) toward a large depression en-
closing a dry lake. The depression is the result of sub-
sidence caused by evaporite removal. Collapse extends
upward from the salt, forming a network of spectacu-
lar sinkholes in the overlying Coconino Sandstone
(Neal and others, 1998; Harris, 2002) (Fig. 7A). Drap-
ing of the Coconino has caused the opening of exten-
sive tension fissures, some of which are many tens of
feet deep (Neal and others, 1998; Harris, 2002) (Fig.
7B). If the definition of karst is allowed to include sub-
sidence structures from the dissolution and removal
of soluble rocks below and extending upward into non-
soluble rocks, then a separate map category may be
needed to delineate these rocks. Thus, the proposed
national karst map must show non-soluble rocks whose
collapse structures are the result of dissolution of
evaporite rocks below. A somewhat similar situation
prevails in the Black Hills of South Dakota and Wyo-
ming.

Black Hills, South Dakota
and Wyoming

In the semiarid western part of the United States,
such as in the Black Hills of South Dakota and Wyo-

ming, gypsum and, to a lesser extent, anhydrite are
exposed at the surface (Fig. 8A). As discussed by
Epstein (2003), the outcrop pattern of sedimentary
units in the Black Hills is controlled by erosion on an
irregular domal uplift ~130 mi long and 60 mi wide. A
central core of Precambrian rocks is surrounded by
four zones of rock with contrasting lithologies and dif-
fering karstic features. These are, from the center (and
oldest) outward: (1) The limestone plateau, made up
of Cambrian to Pennsylvanian limestone, dolomite,
and siliciclastic rocks, and containing world-class
caves, such as Wind and Jewel Caves in the Missis-
sippian Madison (Pahasapa) Limestone. Overlying
these limestones, within the plateau, is the Minnelusa
Formation, which contains as much as 235 ft of anhy-
drite in its upper half in the subsurface. This anhy-
drite has been dissolved at depth, producing a variety
of dissolution structures (Fig. 8B). (2) The Red Valley,
predominantly underlain by red beds of the Spearfish
Formation of Triassic age and containing several gyp-
sum beds totaling >75 ft thick in places (Fig. 8A) and
shown areally by Darton (1904). Dissolution of these
evaporites, and those in underlying rocks, has pro-
duced sinkholes, some of which are >50 ft deep (Fig.
8C). The surficial expression of such collapse is also
indicated by many shallow depressions as much as
400 ft in diameter. Fresh scarps within the Spearfish
are evidence of ongoing subsidence. The Jurassic Gyp-
sum Spring Formation, which overlies the Spearfish,
contains a respectable gypsum unit that has devel-
oped abundant sinkholes in places. (3) The “Dakota”
hogback, held up by resistant sandstone of the Inyan
Kara Group of Cretaccous age, and underlain by shales
and sandstones of the Sundance and Morrison For-
mations of Jurassic age. Collapse structures, such as
breccia pipes and sinkholes, extend up through some
of these rocks from underlying soluble rocks, probably
in the Minnelusa Formation (Fig. 8D). (4) Limestone

Figure 7. Collapse structures in clastic rocks overlying the salt-bearing Sedona Group in the Holbrook Basin, 8—10 mi northwest
of Snowflake, Arizona. (A) Steep-sided sinkhole in a hole-pocked area called “The Sinks” developed in the Coconino Sandstone.
Note the variable amount of subsidence along major joints. (B) Open tension fractures in the Moenkopi Formation caused by
flexure of the Holbrook “anticline” (actually a monocline) caused by dissolution of salt at depth. Also see figures in Harris (2002).



The Need for a National Evaporite-Karst Map 27

and shale extending outward beyond the hogback,
some of which are shown as karstic units on Davies
and others’ (1984) map.

Figure 9 compares the map of limestone outcrops
shown by Davies and others (1984) for the Black Hills
of South Dakota with the more detailed categories that
we propose, including both carbonate and evaporite
karst, intrastratal karst, and non-soluble rocks with
collapse features caused by dissolution of other rock
units at depth. This characterization may also be suit-
able for other areas of the western United States.

Discernment of the surface and subsurface karstic
features in the Black Hills by state and local govern-
ments is necessary for understanding aquifer charac-
teristics and the potential for ground-water contami-
nation and susceptibility to surface subsidence. This
is especially important in the Red Valley because of

increased urban development (Davis and Rahn, 1997;
Davis and others, 2003). The city of Spearfish, South
Dakota, is an example of the very rapid growth in this
part of the western United States, although it is small
in comparison to the growth of other, major cities.
Anhydrite in the Minnelusa is generally not seen
in surface outcrops. It has been, and continues to be,
dissolved at depth, forming collapse breccias, breccia
pipes, and collapse sinkholes that extend upward
>1,000 ft into overlying units. Mapping this intra-
stratal karst is fairly easy, because the outcrop distri-
bution of the Minnelusa is well known. At depth, brec-
ciation of the upper part of the Minnelusa has devel-
oped significant porosity, resulting in an important
aquifer. Ground water migrates along breccia pipes
that extend upward through overlying formations.
Removal of anhydrite in the rocks of the Black Hills

Figure 8. Karstic features in the Black Hills, Wyoming and South Dakota. (A) Typical exposure of gypsum interbedded with red
beds in the Spearfish Formation, ~10 mi southeast of Newcastle, Wyoming. (B) Disrupted bedding and breccia pipes in the upper
part of the Minnelusa Formation, Hot Brook Canyon, 3 mi west of Hot Springs, South Dakota. The Opeche shale forms the pine-
covered slope above the Minnelusa, with the Minnekahta Limestone forming the top. Regional collapse from anhydrite dissolu-
tion in the Minnelusa has caused undulations in the Minnekahta. (C) Sinkhole in the lower part of the Spearfish Formation, north
of 1-90, 4 mi west of Beulah, Wyoming. A larger sinkhole nearby is 1,000 ft in diameter, and another steep-sided hole was used
by the plains Indians as a “buffalo jump,” whereby bison were driven over the rim to their slaughter. (D) Sinkhole in the Sundance
Formation, west of U.S. 85, 8 mi north of Newcastle, Wyoming. Below the Sundance are interbedded gypsums, aggregating as
much as 100 ft, in the Gypsum Spring and Spearfish Formations, and still farther down, as much as 200 ft of anhydrite and some
salt in the Minnelusa Formation, to a total depth of ~1,500 ft, below which are carbonate rocks of the Mississippian Madison

Limestone. The Minnelusa is favored as the focus of subsidence.
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probably began soon after the Black Hills were up-
lifted in the early Tertiary. Dissolution and collapse
continue today, as evidenced by recently formed sink-
holes, collapse features in springs and water wells,
fresh scarps, and calcium sulfate issuing from many
springs. Considering all the information regarding
dissolution of anhydrite and gypsum in the Minnelusa,
Epstein (2003) describes a transition zone or “dissolu-
tion front” that 1s present in the subsurface where dis-
solution of anhydrite is currently taking place, simi-
lar to the situation reported for the Holbrook Basin in
Arizona.

Subsidence caused by calcium sulfate dissolution
has resulted in collapse of houses, unstable and un-
suitable sewage-lagoon sites, and draining of reten-
tion ponds (Davis and Rahn, 1997). Outcropping gyp-
sum beds form level terraces in some places, and such
sites are considered by some to be suitable for build-
ing houses in the Black Hills area. However, because
of the potential for karst and collapse, the siting of
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houses upon these gypsum deposits poses engineer-
ing and environmental problems (Fig. 10).

Humid versus Semiarid Karst

Comparing the known locations of surface evapo-
rite karst with a map showing annual average rain-
fall shows a striking relationship between precipita-
tion and the occurrence of evaporite karst (Fig. 5). Most
occurrences of surficial karst in gypsum, shown in
Figure 5, lie west of a zone with annual precipitation
of ~32 in. (represented by the 32.5-in. mean-annual-
precipitation line). Many of the karst areas shown in
Figure 5 are due to dissolution at depth. In Michigan,
earlier studies suggest that the karstic collapse fea-
tures there were formed soon after deposition of the
Devonian evaporites (Landes and others, 1945), but
Black (1997) showed that sinkhole development oc-
curred after the most recent glaciation.

The degree to which soluble rocks are dissolved
depends, in part, on the amount of rainfall and the

== |mpure limestone; no known
=" karst (Greenhorn-Niobrara)

| Rare collapse structures (Inyan
Kara, Morrison, Sundance)

- Scattered gypsum karst
in red beds (Spearfish)

7 Scattered sinkholes in
| limestone (Minnekahta)

“ Intrastratal gypsum
\ karst (Minnelusa)

Abundant carbonate karst
(Madison-Englewood)
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(Precambrian)
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Figure 9. Maps comparing depiction of karst areas in the Black Hills of South Dakota. (A) Carbonate-karst units as presented by
Davies and others (1984). (B) Carbonate- and evaporite-karst units, as herein proposed for a new national karst map.
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solubility of the rock. Sulfate-bearing rocks—gypsum
and anhydrite—are perhaps 10-30 times more soluble
in water than carbonate rocks (Klimchouk, 1996). Both
carbonates and sulfates behave differently in the hu-
mid eastern United States and the semiarid to arid
West. Low ground-water tables and decreased ground-
water circulation in the West do not favor rapid car-
bonate dissolution and development of karst. In con-
trast, sulfate rocks are dissolved much more readily
and actively than carbonate rocks, even under semi-
arid to arid conditions. The presence of extensive karst
in carbonates in the West probably dates to a more
humid history. Additionally, the generally thicker soils
in humid climates provide the carbonic acid that en-
hances carbonate dissolution. Gypsum and anhydrite,
in contrast, are more readily soluble in water that lacks
organic acids. This relationship suggests an interest-
ing area for future study.

Human-Induced Karst

It is well known that subsidence in karstic rocks
can be exacerbated by human activities. Lowering of
the water table by well pumping or by draining of
quarries can reduce support of soils overlying sink-
holes, thus causing their collapse. Subsurface mining
of salt and other evaporites may eventually cause col-
lapse of overlying rocks, such as at the Retsof mine in
Livingston County, New York (Nieto and Young, 1998;
Gowan and Trader, 2003). Localities of subsidence
resulting from solution mining were mapped by
Dunrud and Nevins (1981) and are shown in Figure
5. Ege’s (1979) bibliographic list of ground subsidence
from evaporite dissolution contains many instances
where such subsidence was due to human activities.
Knowing the location of shallow and deep mines is

Figure 10. Lookout Peak, at the top
of the photograph, overlooks the City
of Spearfish, South Dakota, and of-
fers scenic views of the surrounding
hills. Lower down, the bench formed
on a 20-ft-thick gypsum bed in the
Gypsum Spring Formation (arrow)
offers what seems to be an attractive
building site. However, this same gyp-
sum bed has developed numerous
sinkholes elsewhere in the area, and
similar sinks here would be a hazard
to any construction.

important to local officials in order to understand the
potential for such subsidence. For example, abandoned
gypsum mines in western New York are abundant,
and recent settlement of many houses near Buffalo,
New York, partly may be the result of subsidence over
these mines. This possibility is currently under inves-
tigation.
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Effects of Karst Processes on Gypsum Mining

Roger D. Sharpe
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Chicago, lllinois

ABSTRACT.—The minability of a gypsum deposit is highly dependent upon the presence or
absence of ground water and karst processes. The hydration of anhydrite to gypsum is re-
lated to structural and stratigraphic factors as well as to the availability of ground water.
Infiltration of water affects the quality, quantity, and minability of the gypsum. If the per-
meability is low, a deposit may contain a significant proportion of anhydrite that may not be
used to produce valuable products. If the permeability and availability of ground water are
high, the deposit may have been fully hydrated and subjected to karst processes that signifi-
cantly affect the recoverability of gypsum reserves.

In surface mining, the minability of gypsum may be affected by solution, erosion, and
staining. An irregular bedrock surface, varying from hummocks to cutter-and-pinnacles to
erosional cutouts may be formed. Solution-enlarged fractures may be filled by soil, mud, or
organic material. The gypsum may be heavily stained by mud and/or iron and manganese
oxides. Any of these conditions may significantly reduce the recoverable gypsum reserves.

In underground mining, the hydration pattern, mining geometry, accessibility of mining
equipment, and potential for significant water inflows may be affected. In shallow under-
ground gypsum mines the workings may intersect solution-enlarged fractures, allowing di-
rect pathways for surface-water inflows. This may lead to soil piping, the formation of sur-
face sinkholes, or poor mine-roof conditions.

In deeper mines, ground water may travel from remote recharge zones through a combi-
nation of fractures and porous strata. Where the ground-water-infiltration rate has been
low, a gypsum deposit may contain significant areas of reserves that are contaminated by
anhydrite. Where ground water is abundant, the gypsum interval may thin quickly to an
unminable thickness or be completely dissolved in the updip direction. Zones of solution-
collapse breccia may occur within the gypsum seam, reducing reserves, and they are poten-
tial zones of poor roof conditions and/or water inflows. Changes in mine geometry to avoid
such zones may result in the disruption of the location of haulageways, conveyor beltlines,
ventilation, or other mining utilities, as well as the loss of gypsum reserves.

INTRODUCTION

There are two hydrologic states in the geology and
mining of gypsum deposits: too little water and too
much water. There has rarely been just enough ground
water available to produce a fully hydrated gypsum
deposit without detrimental effects. Structural or hy-
drologic conditions may have limited the infiltration
of ground water, resulting in gypsum containing sig-
nificant impurities of anhydrite or soluble salts. Con-
versely, when surface and ground water are readily
available, the gypsum may have significant solution
or erosional features. In either case, the result may
be a decrease in the amount of recoverable gypsum
reserves and an increase in the cost of mining.

Many papers deal with geotechnical engineering
problems, such as the location and construction of
dams, associated with gypsiferous rocks. However, this
paper describes the interaction of surface and ground
water with gypsum and anhydrite and the effects on

the minability of gypsum. Examples are given for sev-
eral of United States Gypsum Company’s (USG) un-
derground- and surface-mining operations.

Although usually considered detrimental because
of gypsum’s high solubility, the interaction of water
with gypsum and anhydrite ultimately determines the
extent, minability, and quality of gypsum deposits. In
many cases the effects of karst processes on gypsum
mining are manageable if the geologic, hydrologic, and
topographic factors are understood and integrated into
the mining plan.

The conversion of anhydrite to produce gypsum is
a reversible chemical reaction and occurs over a wide
range of temperature and pressure conditions:

CaSO, + 2H,0 « CaS0, - 2H,0.

Gypsum 1is formed from several primary and sec-
ondary geological processes. Primary gypsum and
anhydrite may simultaneously precipitate from sea-

Sharpe, R. D., 2003, Effects of karst processes on gypsum mining, in Johnson, K. S.; and Neal, J. T. (eds.), Evaporite karst and engineer-
ing/environmental problems in the United States: Oklahoma Geological Survey Circular 109, p. 31-40.
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water in a lagoonal environment or from pore water
in a tidal-flat (sabkha) environment. Gypsite, an im-
pure gypsum crust, forms as a crust on playa lakes in
arid climates. Minor amounts of gypsum occur as
exhalative deposits associated with deep-sea volcanic
vents (black smokers). Satin spar and selenite variet-
ies of gypsum are generally secondary in origin. These
forms may be derived from hydrothermal fluids or from
the solution and reprecipitation of gypsum along frac-
tures, fault zones, and vugs.

Gypsum and anhydrite may be converted to one
another, regardless of their origin. For example, pri-
mary gypsum may be converted to anhydrite after
burial in sedimentary basins. At depths greater than
about 2,000 ft, gypsum can easily dehydrate to form
anhydrite. Anhydrite will react with ground water to
form gypsum because of uplift, development of joints
and fractures, and the removal of overlying strata as
a result of tectonic activity or erosion. In some cases,
a gypsum deposit may contain evidence of multiple
phases of dehydration and hydration.

The effects of karst processes range from serious to
potentially catastrophic events, such as flooding of
underground mine workings to “nuisance” problems
affecting surface-mining conditions and the quality of
the gypsum.

FLOODING

The most serious effect of karst processes on gyp-
sum mining is an encounter with a water-filled cavity
system either adjacent to or hydraulically connected
to the mine workings. The USG Shoals, Indiana, un-
derground gypsum mine experienced total flooding in
1960 and 1965. In 1960, flooding occurred when de-
velopment headings encountered a substantial solu-
tion-cavity system in the gypsum seam and overlying
carbonate rocks. Extensive grouting from the surface
and construction of a bulkhead eventually stemmed
the inflow of water. In 1965, ground water worked
around and breached the 1960 grout plug and bulk-
head. The mine was shut down and production was
interrupted for about 6 months following each episode
of flooding. All of the mobile equipment and electrical
facilities were subjected to hydrogen sulfide-laden
ground water and required extensive refurbishing or
replacement.

Geological Background

Gypsum occurs near the town of Shoals in Martin
County in southwestern Indiana. The gypsum occurs
near the top of the St. Louis Limestone (Mississip-
pian) and was deposited in a broad sabkha (tidal-flat)
environment. The United States Gypsum Company
and the Gold Bond Products Division of National Gyp-
sum Company operate underground room and pillar
mines near Shoals. The mines are ~450 ft deep, and
the mining seam is ~12 ft thick.

The St. Louis Limestone dips ~35 ft/mi to the south-
west into the I1linois Basin. The mine is about 11-15 mi

downdip of the outcrop area of the formation, which
is known as the Mitchell Karst Plain. The karst plain
extends over an area of several hundred square miles
and forms a large recharge area with abundant caves
and subterranean drainages. Traces of nodular gyp-
sum and breccia zones have been observed in the out-
crop area, suggesting the widespread solution of a
more extensive gypsum deposit (French and Rooney,
1969).
Hydrology

Solution of the gypsum at Shoals is related to the
migration of ground water downdip from the Mitchell
Karst Plain to the east and the percolation of ground
water through the overlying strata. Ground water
flows down gradient through the St. Louis Limestone
from the karst-plain outcrop area and actively dis-
solves the updip fringe of the gypsum seam. Ground
water also percolates through the overlying strata
through fractures into the mining seam. A paleo-ero-
sional surface developed at the top of the overlying
Ste. Genevieve and Paoli Limestones (Mississippian).
Sand channels in the overlying fluvio-deltaic Bethel
Sandstone (Mississippian) also provide reservoirs of
ground water that migrate through fractures into the
underlying limestone strata. As the gypsum dissolves,
the ground water becomes laden with hydrogen sul-
fide (H,S), often called “pluto water.”

The hydrologic system in the Shoals area is com-
plex. Under normal conditions, ground water traverses
through a fracture system extending almost 300 ft
above the gypsum seam to resurge in the Indian and
Trinity Springs area, 7-8 mi north-northeast of the
USG mine. Features such as Sulphur Springs and
Sulphur Creek are also indicative of the resurgence of
hydrogen sulfide—laden water. Indian Creek flows into
Indian Spring during flooding conditions or when the
static water level in the cavity system declines. Moni-
toring of pressure gauges installed into holes drilled
into the cavity system from mine workings indicates
that the hydrostatic head varies from nearly the min-
ing seam elevation to 230 ft above the mining seam.
Fluctuations of the water level in the cavity system
correlate relatively well to flow conditions in Indian
Creek and the White River.

Production blasting in 1960 encountered a signifi-
cant cavity system in the updip direction of the gyp-
sum seam. Widely spaced diamond-core holes had
encountered solution rubble along the eastern (updip)
margin during exploration for and delineation of the
deposit. The subsequent water inflow was estimated
at 25,000 gallons per minute. The hoist operator dis-
covered the flooding while performing the daily pre-
shift inspection. The man cage encountered resistance
when lowered to the bottom of the hoisting shaft.
Water continued to flow into the mine until the static
water level stabilized at ~315 ft above the elevation of
the mining seam.

A grout plug was created to stem the water inflow
by drilling numerous holes from the surface and with
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the introduction of sand and grout. Extensive drilling
from the surface was carried out to locate the cavity
system just ahead of the development heading for the
injection of sand and cement grout. Some of the drill
holes encountered a cavity system at the top of the
mining seam. Most of the injected cement grout flowed
into the mine workings rather than into the cavity
system.

Dewatering of the USG mine took ~18 days at a
pumping rate of 7,500 gallons per minute. During de-
watering of the mine the flow from nearby springs
declined or ceased. Hydrogen sulfide has been present
in the resurgent springs.

The mine was compartmentalized, and concrete and
steel flood-control doors and air vents were constructed
through continuous pillars. Mining in the area near
the flood-inflow point and along the northeastern
margin of the mine was terminated. A concrete arch-
shaped bulkhead was constructed in the development
heading that originally encountered the cavity sys-
tem. The bulkhead was hitched into rib abutments in
the gypsum pillars.

By 1965, ground water had developed pathways in,
through, and/or around the cement grout plug and
concrete bulkhead. Initially, the inflow was ~300 gal-
lons per minute. As solution channels were enlarged,
ground-water inflows >10,000 gallons per minute oc-
curred. The mine was totally inundated again, with
subsequent loss of production, and had to be completely
rehabilitated. The flood-prevention measures con-
structed after the 1960 flood were relatively ineffec-
tive.

A massive concrete friction-plug bulkhead was con-
structed in 1976. Sulfate-resistant cement grout was
injected into about 200 drill holes to seal the fractured
rock adjacent to the plug and shrinkage cracks in the
plug. Chemical grout was also used at various times
since the construction of the bulkhead to stem minor
inflows of ground water.

In 1985, fluorescein dye that was injected during
the 1970s began to appear in minor roof “drippers”
near the bulkhead. The appearance of dyed water near
the bulkhead indicated the ongoing interaction of fresh
ground water with the gypsum seam. A new concrete
bulkhead was constructed in front of the other two
bulkheads, and an extensive grouting program was
carried out in 1987.

Lessons learned from the flooding of the Shoals mine
have been applied to other company underground mines.
Four out of five of USG’s underground mines have solu-
tion zones at the updip edge of the gypsum seam. How-
ever, the Shoals mine is the only mine to have encoun-
tered complete flooding. The updip edge—active solution
zone has been generally outlined by surface diamond-
drill holes. The proximity of the solution zone is deter-
mined during normal mining operations by (1) test drill-
ing of roof strata with a face drill, (2) thinning of the
height of the mining seam, and (3) the occurrence of
poor or wet roof conditions.
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Paleokarst Features

The USG Shoals underground mine contains solu-
tion breccia pipes or sinkholes that partially or com-
pletely penetrate the gypsum seam and are locally
termed “brown tornadoes” (Fig. 1). The brown torna-
does consist of blocks of carbonate rocks from the over-
lying strata that are indurated with clay. Although
the brown tornadoes generally do not produce signifi-
cant ground-water inflow, they represent a loss of re-
coverable reserves. The areas may have poor mine-
roof conditions and dilute the purity of the gypsum
recovered.

The USG Sigurd quarry, in Sevier County, Utah,
has a unique problem associated with old solution fea-
tures. Solution-enlarged fractures that extend deep
into the complexly folded gypsum strata contain mouse
middens and fecal material. The organic materialis a
contaminant in the quarried gypsum, which, upon
calcination to form calcium sulfate hemihydrate, acts
as a natural retarder for the recrystallization to gyp-
sum during the wallboard-manufacturing process.

SUBSIDENCE

The USG Fort Dodge operation is in Webster
County, Iowa. Gypsum has been mined in this area
since the 1870s. Underground mining of gypsum by
USG took place from the 1880s until 1927. Surface
mining of gypsum in the Fort Dodge area is currently
carried out by USG, National Gypsum Company, BPB,
and Georgia-Pacific. All of the companies operated
underground mines during their early history, but all
mining is currently done by surface methods. The ar-
eas of underground mining contain hundreds of oval
to circular, water-filled sinkholes (Fig. 2), which have
formed by soil piping along solution-enlarged joints.
A sinkhole occurred beneath a building at the USG
plant in early 2002 (Fig. 3). An investigation of the

Figure 1. Development of paleo-sinkhole or “black tornado” at
Shoals, Indiana.
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underground-mine workings discovered candy bars
from vending machines in the sloughed mud-glacial
till. Figure 4 shows a cross section of the underground
workings, including an enlarged fracture and incipi-
ent soil piping that have been exposed in a quarry
face. Although the sinkholes are generally of small
diameter (10-30 ft), there are also areas of extensive
subsidence that developed over areas of very high ex-
traction in the Georgia-Pacific mine. Figure 5 shows
areas of underground mining with abundant sinkholes
adjacent to the USG wallboard plant.

Figure 2. Typical circular, water-filled sinkhole overlying un-
derground-mine workings at Fort Dodge, lowa.

Figure 3. Development of a sinkhole inside a building at the USG Fort Dodge,
lowa, plant in early 2002.

Geological Background

Gypsum occurs in the Fort Dodge Formation (Ju-
rassic) and crops out discontinuously over an area of
~15 mi? in the vicinity of Fort Dodge. Although origi-
nally deposited in a single evaporite basin, gypsum
occurs as discontinuous masses with a maximum
thickness of ~30 ft. The gypsum was deposited on an
erosional surface that truncates the underlying Penn-
sylvanian and Mississippian strata. The gypsum has
been subjected to dissolution and erosion from glacial
and fluvial processes. Pleistocene glacial till covers the
gypsum everywhere except in ravines near the Des
Moines River. These areas were the first to be mined
by underground methods in the late 1800s. In some
areas the gypsum is directly overlain by the “Soldier
Creek beds,” an informal stratigraphic unit that pro-
tected the gypsum from dissolution and erosion. These
beds consist of calcareous siltstone and sandstone and
shale, as thick as 50 ft, that overlie the gypsum (Cody
and others, 1996).

Solution enlargement of joints and fractures oc-
curred prior to Pleistocene glaciation, according to
Cody and others (1996). However, Hayes (1986) at-
tributes the fracture orientations to the effects of the
deposition of gypsum on a disconformable topographic
surface and differential compaction of the strata un-
derlying the gypsum during glacial advances. A deep
paleo-stream channel was observed by the author in
the USG Carbon Quarry during the early 1990s. The
bell-shaped channel cut downward through almost the
total thickness of the gypsum seam. Scouring by coarse
gravel and boulders carried in the bed load resulted
in smooth, undercut channel walls. The undercut chan-

' nel contained stratified gravels when it
was exposed during quarrying.

Underground Mining

Underground mining began in the
Fort Dodge area during the 1870s and
continued until the 1940s. Enlarged so-
lution channels that were developed
along joints were commonly encountered
during underground mining. The solu-
tion channels are termed slips and are
up to 3 ft wide, and they extend partially
to completely through the gypsum seam.
Most slips are filled with clay. However,
some slips are filled with sand or clayey
sand. If there had been no ground-wa-
ter infiltration, the slips were lagged and
timbered to provide support. Internal
friction of the relatively dry sand grains
assists in holding the sand in place. An
examination of the underground work-
ings in 2002 showed some slips that were
still intact 75 years after mining had
ceased (Fig. 6). Although the wooden lag-
ging has almost completely decayed, the
sand fill is intact.
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Figure 4. Anatomy of a sinkhole that developed along a solution-enlarged
fracture at Fort Dodge, lowa. Underground workings are now exposed in a
quarry face.
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Figure 5. Sinkholes formed over underground-mine workings
at Fort Dodge, lowa. Aerial photograph.

Most of the solution-enlarged slips are effective con-
duits for ground-water inflow into the underground-
mine workings. Saturated clayey fracture filling and
the overlying glacial till often flowed into the mine
when mine headings encountered slips (Fig. 7). The
downward movement of the fracture fill and till re-
sulted in soil piping and ultimately the formation of
sinkholes at the surface.

INCOMPLETE HYDRATION OF THE MINING SEAM

The thickness and composition of the strata overly-
ing the gypsum and the presence of pathways for
ground-water infiltration are the predominant controls
for the conversion of anhydrite to economic gypsum
deposits. The effects of topography on the hydration
of gypsum deposits are evident in both underground-
and surface-mining operations.

Underground Mining

The USG Sperry underground gyp-
sum mine is in southeastern Iowa. The
wallboard-manufacturing facility and
mine are in Des Moines County, ~12 mi
north of the town of Burlington. A large
deposit of gypsum occurs at a depth of
~600 ft and has been mined by USG since
1962. The mine currently covers an area
of ~820 acres.

The main impurities in the Sperry
deposit are anhydrite and dolomite. The
thickness of anhydrite is highly variable
in the middle to lower part of the mining
seam (Fig. 8). The anhydrite thickness
may vary significantly over short dis-
tances as the mining-face line advances.
Maintaining a constant head grade at the
mine for manufacturing wallboard be-
gins with the blending of numerous mine
faces. Daily production planning involves
the measurement of the thickness of an-
hydrite in the mining seam and selec-
tion of available faces within the active
parts of the face line for blending. Areas of significant
anhydrite must be mined along with the higher pu-
rity faces to keep the face line relatively smooth and

Figure 6. Stull and lagging support in an open, sand-filled frac-
ture in underground-mine workings at Fort Dodge, lowa. Sup-
ports have been in place for >75 years.
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well formed to facilitate ventilation and
development activities. The face line in
the active part of the mine currently ex-
tends >2 mi.

Anhydrite is screened from the mine-
run production after processing through
the secondary crusher and screening cir-
cuit. Most of the anhydrite is removed
from the raw-material feed to the calcin-
ing plant by removing the +0.5-in. to —2-
in. fraction. About 25% of the total pro-
duction is screened, stockpiled, and
shipped to portland-cement plants for
use in the manufacture of cement.

Geological Setting

Gypsum occurs in carbonate and
evaporite rocks of the Spring Grove
Member of the Wapsipinicon Formation
(Devonian). The deposit lies on the west-
ern flank of the Mississippi Arch between
two large depositional basins, the For-
est City Basin to the west and the Illi-
nois Basin to the east. The general dip
of the strata is ~40-50 ft/mi toward the
west. The originally deposited evaporites
were buried by several thousand feet of
sediments, converting the originally de-
posited gypsum to anhydrite. Subse-
quent regional uplift and erosion of the
sediments, followed by subsidence and
burial, have resulted in several periods
of hydration and dehydration.

The surface topography in the Sperry
area is relatively flat and consists of gla-
cially deposited loess and till having a
total thickness of 75 ft to ~300 ft. The
surface topography masks a subcrop ter-
rain of glacially gouged stream and river
channels and highlands with topographic
relief of >200 ft. The buried highlands
are capped by the Burlington Limestone
(Mississippian), which overlies the Maple
Mill Shale (Devonian). Most of the mine
underlies a glacial river channel ~1 mi
wide that extends to a depth of ~300 ft
in the Maple Mill Shale.

The Spring Grove Member contains three gypsum
sequences, locally named the no. 1, no. 2, and no. 3
seams, in descending order. The no. 1 seam is 2-5 ft
thick and thickens in the downdip direction. The no. 2
seam varies in thickness from zero in the updip direc-
tion to a maximum of ~16 ft. The no. 3 seam lies ~3—4
ft below the base of the no. 2 seam and is ~5 ft thick.

The no. 1 seam consists of friable, porous, recrys-
tallized calcite. This is residue from the solution of an
originally thicker gypsum interval. A distinct collapse
breccia of sublithographic limestone is present directly
above the no. 1 seam in many drill cores. The seam

Figure 7. Mud flow from enlarged solution fracture into underground-mine
workings at Fort Dodge, lowa.

Figure 8. Anhydrite in the mining seam in the Sperry, lowa, underground
gypsum mine.

occurs 15-20 ft above the no. 2 seam. The no. 1 seam
forms a tabular aquifer between lower permeability
carbonate units. Ground water may take indirect path-
ways into the anhydrite/gypsum strata by infiltration
through joints or fractures in the overlying carbonate
strata, traveling downdip through the no. 1 seam and
then entering the mining seam or mine workings upon
encountering other fractures.

The no. 2 seam consists of (1) an upper zone of 10—
11 ft of nodular gypsum and anhydrite with dolomite
impurities, (2) gypsiferous dolomite with a thickness
of 1-2 ft, and (3) a lower zone of dolomitic gypsum 2—
3 ft thick. Only the upper zone of the no. 2 seam is
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mined by USG. The updip limit of the no. 2 seam is a
solution-cavity system. The limestone strata above the
gypsum crops out several miles to the east near the
Mississippi River flood plain. The downdip mining
limit occurs where the no. 2 seam is deeper and con-
sists almost entirely of anhydrite.

Although gently dipping westward, the strata are
deformed into a series of gentle, northeast-oriented,
open anticlinal and synclinal folds. The folds have a
wavelength of ~800 ft with an amplitude of only a few
feet. Delineation of the folding is not readily evident
in widely spaced diamond-drill holes. Instead, the fold-
ing has been mapped by level surveys of the mine floor
and roof elevations. There are also prominent north-
east-oriented joints and fractures and less well devel-
oped northwest-oriented discontinuities.

The northeast-oriented joints formed along the
crests and troughs of the folds. The origin of the fold-
ing is unclear, but there are two contributing factors:
(1) lithostatic unloading during formation of the over-
lying buried river channel, and (2) volumetric expan-
sion during the conversion of anhydrite to gypsum.
Glacial gouging of the channel removed at least 300 ft
of overlying strata and cut significantly downward into
the underlying Maple Mill Shale. Beneath the high-
lands, the Maple Mill Shale is ~480 ft thick and acts
as an aquitard. The hydration of anhydrite to gypsum
results in a volumetric expansion of ~26% (Fig. 9).

Mining Conditions

The minable part of the gypsum seam varies in
thickness from 9 to 12 ft. The gypsum is mined by
room and pillar techniques and currently covers >820
acres. The spatial distribution of anhydrite within the
mining seam is the predominant quality factor in the

Figure 9. Enterolithic fold in gypsum resulting from expansion
of anhydrite to gypsum near Sperry, lowa.

development of the mine. Anhydrite is commonly
present in the middle and lower parts of the mining
seam. The eastern mining limit is defined by the thin-
ning of the gypsum seam as the updip solution zone is
approached. The minimum mining height is 9 ft, based
upon equipment height restrictions and past experi-
ences with poor roof conditions associated with gyp-
sum solution. Solution cavities occur at the top of the
mining seam as the eastern mining limit is approached
(Fig. 10). Drill holes farther to the east of the mine
encountered cavities and collapse breccias. The pre-
dominance of anhydrite determines the westward limit
of mining. Between these constraints the no. 2 seam
contains a highly variable thickness of anhydrite, vary-
ing from zero to almost the full mining height. As a
mine heading advances, anhydrite initially appears
as a thin wedge in the middle part of the gypsum seam
and increases abruptly into the lower part of the seam.
Most of the hydration took place from the top down.
However, the wedge-shaped appearance of gypsum in
the middle part of the mining seam also indicates lat-
eral migration of ground water. Anhydrite thickness
is highly variable over short distances, such as oppo-
site walls of a mine room (27-38 ft apart) or within
the width of one to two pillars (~70-90 ft).

Attempts to model and predict the distribution of
anhydrite within the mined part of the seam, as well
as into undeveloped areas, have not been successful.
A data set of more than 10,000 anhydrite-thickness
measurements was subjected to rigorous geostatistical
techniques. The thickness of anhydrite forms “text-

Figure 10. Solution cavity at the top of the gypsum seam,
Sperry, lowa.



38 R. D. Sharpe

book” spherical variograms in which the range, sill,
and nugget values were used in kriging to predict the
distribution of anhydrite over short distances into the
unmined areas. The kriging tests incorporated the
anhydrite thicknesses in mine pillars as well as from
nearby drill-hole information.

Surface Mining—Sweetwater, Texas

Gypsum has been mined by USG at Sweetwater,
Nolan County, Texas, since the early 1920s. Multiple
beds of gypsum crop out along a highly dissected ero-
sional escarpment with a topographic relief of ~100
ft. The topography and overburden thickness are
highly correlative with the occurrence of anhydrite in
the underlying gypsum seams.

Geological Setting

The gypsum occurs in the Eskota Member of the
Peacock Formation (Permian). Four distinct beds of
gypsum are mined, and they are named, in descend-
ing order, the top vein (17 ft), middle vein (3—4 ft),
thin vein (0—18 in.), and bottom vein (8—10 ft). The top
vein is overlain by sandy-clay overburden. Some of
the overburden is relatively well indurated. Lenses of
weakly indurated sandstone occur in the lower part
ofthe overburden where the sandy clay is >25 ft thick.
The strata strike approximately north and dip toward
the west at ~45 ft/mi. The gypsum “veins” are sepa-
rated by shaly interburden varying in thickness from
3 to 9 ft.

The topographic surface is dissected by a trellis
drainage system developed along northwest-oriented
fractures. Stream erosion has cut headward along frac-
tures, forming deep ravines. Solution activity has re-
sulted in disappearing streams that reappear near the
bottom of the gypsum outcrop or quarry faces.

Gypsum outcrops along the low escarpment have
been subjected to considerable solution
and erosion. The gypsum is overlain by
residual material, such as clay and frag-
ments of weathered gypsum and collu-
vium from downslope wash of the over-
burden.

The tops of the gypsum seams vary
from smooth and regular to hummocky
and ultimately erosional cutouts (Fig.
11). In the updip direction, the top
and bottom veins may be significantly
thinned, representing a significant loss
of recoverable gypsum reserves.

Quarrying Conditions

The effects of ground-water solution
and erosion significantly impact the pro-
ductivity of the Sweetwater operation.
Considerable effort is expended in the
preparation of the upper surface of the
gypsum. The USG Sweetwater plant pro-
duces a variety of construction and in-

dustrial plaster products in addition to Sheetrock®
brand gypsum panels. High-purity gypsum is required
for the manufacture of the plaster products. Most of
the overburden is removed by draglines. Near the
upper contact of the gypsum the surface 1s cleaned by
either a smooth-lipped dragline bucket (Fig. 12) or by
ripping and pushing by a dozer. The surface of the
gypsum varies from relatively smooth and unaffected
to hummocky to highly eroded. The rough gypsum
surface provides some difficulty of access to the
blasthole drill. Where highly eroded, the remnants of
the gypsum seam may be completely directed to waste,
representing a loss of recoverable reserves.

Figure 11. Erosional cutout of gypsum seam at Sweetwater,
Texas.

Figure 12. Cleaning of hummocky bedrock surface of gypsum by dragline at
Sweetwater, Texas.
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Anhydrite appears in three of the four
gypsum seams as mining progresses
downdip. The thin vein, generally <18 in.
thick, 1s fully hydrated. The occurrence
of anhydrite is staggered toward the out-
crop of each gypsum seam, so that the
combination of overburden plus anhy-
drite plus interburden in the overlying
strata has a cumulative effect on the
availability of ground water in the lower
seams. The appearance of anhydrite in
the top vein generally occurs where the
overburden thickness is 35-40 ft. Anhy-
drite initially appears in the middle part
of the gypsum in the top vein and thick-
ens downward, similar to the anhydrite
at the Sperry underground mine. How-
ever, anhydrite occurs in the lower parts
of the middle and bottom veins and forms
the floor of the quarry pits in these
seams. There is generally no recoverable
gypsum in a seam underlying an upper
seam that contains anhydrite.

lowa.

Surface Mining—Fort Dodge, lowa

The geological conditions at Fort Dodge, lowa, were
described in detail in an earlier section. Since the late
1920s, all mining at the USG Fort Dodge operation
have been by surface methods. Glacial-till overbur-
den 1s stripped by pan scraper and disposed of in ear-
lier quarried areas. The top of the gypsum seam is
highly dissected by solution-enlarged fractures. The
Fort Dodge plant produces high-value-added products,
such as specialty plasters and cement products. There-
fore, the quarry needs to provide the calcining mill
with pure gypsum.

Quarrying Conditions

The top of the gypsum commonly forms a relatively
level surface that has been highly dissected into loz-
enge-shaped blocks by intersecting fractures (Fig. 13).
Stripping of the overburden progresses toc within a few
feet of the gypsum contact. The remaining overbur-
den s scraped off by a hydraulic excavator. Mud-filled,
solution-enlarged fractures are cleaned with “dental”
precision by Gradall articulated excavators using suc-
cessively narrower buckets down to 8 in. wide (Fig.
14). Almost all of the mud, clay, and surface-stained
gypsum rock are removed by these methods.

The spaces between the blocks of gypsum have to
be backfilled with broken gypsum in order to provide
a relatively level working surface for a blasthole drill.
Because the gypsum is highly dissected, considerable
attention is paid to the drilling pattern to ensure effi-
cient breakage of the gypsum.

Gypsum is also recovered in areas that were previ-
ously mined underground. Several feet of gypsum was
left in the roof of the mine to provide stable under-
ground-mining conditions. The gypsum is currently

Figure 13. Pattern of solution-enlarged, intersecting joints at Fort Dodge,

being recovered in some areas of past underground
mining. The bedrock surface of the gypsum is very
rough, owing to glacial scouring and proximity to a
prominent sand-filled paleo-stream channel. Sinkholes
into the underlying underground mine are common
at the intersection of enlarged fractures (Fig. 15).

Pinnacle Terrain

In humid environments the rate of solution and
erosion may exceed the rate of hydration of anhydrite
to gypsum. The resulting terrain consists of steep pin-
nacles or “heads” of gypsum or anhydrite alternating
with deep pockets filled with mud, clay, and organic
material.

Two subsidiaries of USG operate large gypsum
quarries in Nova Scotia, Canada. Fundy Gypsum Com-
pany operates near Windsor, Hants County. Little
Narrows Gypsum Company, Ltd., operates near
Baddeck, Victoria County, on Cape Breton Island.

Figure 14. Final surface preparation by cleaning clay from so-
lution-enlarged fractures at Fort Dodge, lowa.
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Geological Setling

The major deposits of gypsum in
Nova Scotia occur in the Mississippian
Windsor Group. The Windsor Group con-
sists of 2,500 ft of interbedded marine
evaporites and nonmarine sediments
that were deposited in a large, complex
intracontinental basin. The Windsor
Group is divided into five subzones rep-
resenting transgressive—regressive depo-
sitional cycles. Economic gypsum and
anhydrite deposits occur in the two low-
est subzones of the Windsor Group. The
earliest cycle (A subzone) represents a
single rapid marine transgression and
slow regression. The next cycle (B
subzone) represents numerous trans-
gressive—regressive pulses with exten-
sive deposition of sulfates. The A subzone
consists of as much as 1,000 ft of anhy-
drite with a variable thickness of near-surface gyp-
sum. The depth of hydration varies from O to 250 ft.
The B subzone consists of ~1,300 ft of sulfates
interbedded with dolomite, limestone, and siltstone.
Gypsum occurs to a maximum depth of 330 ft.

The gypsum and interbedded waste units have been
complexly folded and faulted into a series of anticlines
and synclines. The folding is complex and varies from
upright to recumbent. The folds have been refolded
and truncated by normal and reverse faults.

Quarrying Conditions

The surface topography varies from relatively flat,
where covered by glacial till, to a deeply incised karst
terrain in which gypsum and anhydrite are exposed
in outcrop. Solution pits as deep as 60 ft occur between
pinnacles of gypsum and anhydrite.

Figure 16 shows sharp, steep outcrops of gypsum,
with considerable vegetation growing in the deep in-
tervening pockets. The preparation of quarry work-
ings requires the excavation of the mud and organic
material from the deep pits with hydraulic excava-
tors. The initial surface of the gypsum in a newly de-
veloped area is extremely rough and requires consid-
erable effort to form a workable surface for blasthole
drills, loading, and haulage (I'ig. 17).
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Evaporite Karst in the Permian Blaine Formation
and Associated Strata of Western Oklahoma
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ABSTRACT.—Bedded evaporites (gypsum and salt) of Permian age have been dissolved natu-
rally by ground water to form a major evaporite-karst region in western Oklahoma. The
Blaine Formation and associated evaporites comprise 30—250 m of strata that dip gently
into broad structural and depositional basins. Fresh ground water has circulated down to
the evaporites in the Blaine Formation and associated strata at various times in the past,
thus creating the karstic features seen in the evaporites. Ground-water circulation and
karst development are ongoing processes in the region, inasmuch as both gypsum and salt
deposits are currently being dissolved. Outcropping gypsum, dolomite, and red-bed shales
of the Blaine display typical karstic features, such as sinkholes, caves, disappearing streams,
and springs. These karst features locally produce the normal problems associated with karst,
such as sinkholes and collapse structures. Large caves, such as Jester Cave and Alabaster
Cavern, are developed in gypsum beds 3-8 m thick. In southwestern Oklahoma the Blaine
aquifer is a major gypsum/dolomite karst unit that provides irrigation water to a large
region, and gypsum karst is a major factor in the siting of the Mangum Dam.

Salt karst is present beneath much of western Oklahoma, where salt layers above, within,
and below the Blaine Formation have been partly dissolved at depths of 10-250 m below the
land surface. Salt dissolution causes development of brine-filled cavities, into which overly-
ing strata collapse. Salt-water brine is emitted at the land surface at nine large salt plains
and salt springs in the State, and the brine degrades the quality of water downstream from
the emission sites.

Natural-gas blowouts near Elk City and Freedom are both related to natural or man-

made dissolution cavities in the Blaine Formation and associated strata.

INTRODUCTION

Evaporites, including gypsum (or anhydrite) and
salt, underlie about 35~40% of the contiguous 48 states
of the United States, and they underlie nearly 30% of
Oklahoma (all in the western part of the State; Fig.
1). In areas where the evaporites crop out, or are less
than 250 m deep, they may be partly or wholly dis-
solved by unsaturated water to form karst features
identical to those formed in carbonates. The present
report summarizes the processes, geologic setting,
characteristics, and associated problems of a major
evaporite-karst region in western Oklahoma, and is
modified and updated from an earlier report by
Johnson (1992). The study region consists mainly of
rural grasslands currently being used for agriculture
or ranching; it has a subhumid (nearly semiarid) cli-
mate, with precipitation averaging 55-70 cm/year.

Four major evaporite sequences are present in the
Permian of western Oklahoma: these include, in ascend-
ing order, the Wellington, Cimarron, Beckham, and
Cloud Chief evaporites (Jordan and Vosburg, 1963). The
current report deals only with the Blaine Formation and

associated strata (in the Beckham evaporites), because
they contain the most conspicuous, widespread, and
problematic karst features in the State.

Overviews of evaporite karst and evaporite-karst
processes in the United States are given by Quinlan
and others (1986), Johnson (1997, 2001, 2003a), and
Martinez and others (1998). Studies dealing with
evaporite-karst features in western Oklahoma and
adjacent Texas include those of Jordan and Vosburg
(1963), McGregor and others (1963), Myers and oth-
ers (1969), Johnson (1972, 1981, 1986, 1990a,b, 1992,
2003b,c), Gustavson and others (1982), Bozeman
(1987), Runkle and Johnson (1988), Hovorka and
Granger (1988), Bozeman and Bozeman (2001),
Bozeman (2003), Christenson and others (2003), Miller
and others (2003), and Tarhule and others (2003). Also,
White (1988) provides a good, brief overview of karst
processes in evaporite rocks.

DEVELOPMENT OF EVAPORITE KARST

Whereas most karst features in the world are de-
veloped in carbonate rocks, evaporite rocks are much

Johnson, K. S., 2003, Evaporite karst in the Permian Blaine Formation and associated strata of western Oklahoma, in Johnson, K. S,
and Neal, J. T. (eds.), Evaporite karst and engineering/environmental problems in the United States: Oklahoma Geological Survey

Circular 109, p. 41-55.
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Figure 1. Map of Oklahoma showing generalized distribution of outcropping sulfates (gypsum and anhydrite) and carbonates
(limestone and dolomite), and subsurface distribution of bedded rock salt (from Johnson and Quinlan, 1995). These areas
represent the general distribution of karst terranes in the State. Outcrops of the Blaine Formation gypsum are those in northwest-

ern and southwestern Oklahoma.

more soluble than carbonates, and they can be sculpted
into similar karst features. Karst features develop at
a much faster rate in evaporites than in carbonates,
and evaporite karst is found at and near the land sur-
face mainly in arid to semiarid areas of the world,
where rock-dissolving precipitation and seepage from
streams are minimal. The Permian Basin of the south-
western United States, including West Texas, the
Texas Panhandle, eastern New Mexico, western Okla-
homa, western Kansas, and southeastern Colorado,
constitutes the greatest area of evaporite karst in the
United States. Principal among the karstic units in
western Oklahoma is the Permian Blaine Formation,
which, in outcrops, consists of 30~75 m of interbedded
gypsum (or anhydrite), dolomite, and shale (Fig. 1).
In subsurface, the directly overlying and underlying
formations contain interbedded salt and shale, and
thus the entire sequence of bedded evaporites locally
is as thick as 250 m.

Evaporite-karst features in western Oklahoma are
mostly covered by a mantle of overlying soil, sediment,
or rocks, but in many areas the gypsum karst is ex-
posed. The term interstratal karst (Quinlan and oth-
ers, 1986; White, 1988) is used for dissolution beneath
a covering layer of younger, non-karstic rocks. This
term applies to all the salt karst and much of the gyp-
sum karst in western Oklahoma. Fresh water perco-
lates down through overlying rocks and dissolves the
salt or gypsum, forming a system of cavities (Fig. 2).
As a cavity enlarges, and the roof can no longer be
supported, overlying rocks settle or collapse; this dis-

ruption of the overlying rocks increases their perme-
ability and allows more fresh water to percolate down
to the evaporite rocks (Johnson, 1981).

Gypsum karst is exposed at many places along the
outcrop belt of the Blaine Formation. Although gyp-
sum is much more soluble than carbonate rocks, the
low rainfall in western Oklahoma inhibits the com-
plete dissolution or erosion of gypsum in most out-
crops, and thus the gypsum stands as a resistant and
conspicuous caprock on escarpments, buttes, and hills
throughout the area. In such areas, the dissolution of
gypsum has created a series of sinkholes, caves, and
other karst features that are well exposed.

GEOLOGIC SETTING FOR BLAINE EVAPORITES

The Blaine Formation and associated strata in-
volved in the current evaporite-karst studies in west-
ern Oklahoma are of early Guadalupian (Permian)
age. They make up a thick sequence of red beds and
evaporites deposited in and near a broad, shallow, in-
land sea that extended north and northeast of the
marine-carbonate platform that bordered the Midland
Basin (Fig. 3) (Johnson, 1981, 1990b). Evaporites,
mainly gypsum (or anhydrite) and salt (halite), were
precipitated from evaporating seawater as sedimen-
tary layers on the sea floor, or grew as coalescing crys-
tals and nodules within the mud just below the depo-
sitional surface. Thick clastic units, such as red-bed
shales, siltstones, and sandstones, were deposited
around the perimeter of the evaporite basin, and some
of these also extended as blanket deposits across the
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Figure 2. Schematic block diagram of interstratal karst, showing circulation of fresh water and brine in areas of salt dissolution in
western Oklahoma (from Johnson, 1981). No scale for diagram, but length may be 1-15 km, and height 30-300 m.

basin. Many thin red-bed clastic units are interbedded
with the evaporites.

Evaporites deposited in the inland sea during Per-
mian time now occur in several thick rock sequences
that underlie a vast area extending across western
Oklahoma and adjacent states (Fig. 4). Principal strati-
graphic units studied for this report are (in ascending
order) the Flowerpot Shale, Blaine Formation, and Dog
Creek Shale (Fig. 5).

In outcrops the Flowerpot typically is 60~100 m
thick and consists mainly of reddish-brown shale with
thin layers of greenish-gray shale, gypsum, and dolo-
mite. Salt is present in the upper and middle parts of
the Flowerpot at shallow to moderate depths, just back
from the outcrop in many areas of western Oklahoma
and adjacent states (Fig. 5). The total thickness of the
Flowerpot salt (the sequence of salt-bearing strata in
the upper part of the Flowerpot Shale) generally is
30-90 m (Jordan and Vosburg, 1963). The salt unit
consists of reddish-brown shale containing layers. crys-
tals, and veins of transparent. translucent, or opaque
salt. Commonly the salt is reddish, owing to red-brown-
shale impurities, and in many layers it is intimately
intermixed with shale. Individual salt beds typically
are 0.5-3.0 m thick, and halite appears to make up
about half of the entire Flowerpot salt unit.

Outcrops of the Blaine Formation consist of gyp-
sum beds, typically 2~10 m thick, separated by red-
brown shales 2--8 m thick; each gypsum bed is under-

lain by a dolomite bed that commonly is 0.05-2.0 m
thick. Anhydrite, instead of gypsum, normally is
present in the Blaine where the unit is >10-60 m be-
low the land surface, and anhydrite also is present in
some outcrops. The total thickness of the Blaine ranges
from ~30 m in northwestern Oklahoma to 60—75 m in
southwestern Oklahoma and nearby parts of Texas. In
the deep subsurface of the Anadarko Basin, and farther
west in the Texas Panhandle, the Blaine Formation con-
tains several salt interbeds that are each 2—6 m thick.

The Dog Creek Shale consists of 15-60 m of red-
bed shales in outcrops, although several gypsum and
dolomite beds 0.1-5.0 m thick are present in the lower
half of the formation in southwestern Oklahoma and
in Texas. The formation also contains 50-100 m of salt
interbeds (called the Yelton salt by Jordan and
Vosburg, 1963) in the deep Anadarko Basin and in
parts of the Texas Panhandle (Fig. 5). The Yelton salt
is lithologically similar to the Flowerpot salt.

GYPSUM KARST

Gypsum and dolomite make up a major karstic unit
that crops out and is at shallow depths in southwest-
ern and northwestern Oklahoma. The formation is 30—
75 m thick and consists of a sequence of laterally per-
sistent gypsum, dolomite, and shale interbeds. Sur-
face and near-surface Permian strata are essentially
structurally undisturbed in western Oklahoma: strata
typically dip gently toward the central part of either
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Figure 3. Permian paleogeography and principal facies in south-
western United States during deposition of evaporites in the
Blaine Formation and associated strata (from Johnson, 1981).

the Hollis Basin or the Anadarko Basin (Fig. 5) at rates
of 26 m/km (0.1°-0.3°).

Outcropping and near-surface gypsum and dolomite
beds of the Blaine have been partly dissolved by cir-
culating ground water, thus locally creating a cavern-
ous and karstic system. Karst features include sink-
holes, caves, disappearing streams, springs, and un-
derground water courses, and in some areas the Blaine
is a major aquifer. These features are most common
in areas where the Blaine consists predominantly of
thick gypsum beds and thin shale interbeds.

The development of porosity, and eventually of the
open conduits through which water flows, initially
occurs most commonly in the dolomite layers and in
the lower part of each of the overlying gypsum beds.
Dolomite porosity locally is due to early dissolution of
fossils (mainly pelecypod shells), of cement around
oolites and pellets, or of small nodules of gypsum; in
other places it is intercrystalline porosity. In many
places the development of porosity 1s so advanced that
the dolomite beds have a honeycombed appearance,
with only a skeletal framework of rock supporting a
system of voids.

The early flow of water through the dolomite beds
causes concentration of gypsum dissolution at the base
of the gypsum beds. Therefore, cavities and caverns
most commonly are at and near the contact between
gypsum and dolomite layers. Locally, the caverns have
been developed along joints and bedding planes in the
gypsum, but no preferential orientation of the disso-
lution features is known yet.

Caverns generally have a height and width that
range from a few centimeters to ~3 m, although lo-
cally they are up to 18 m wide. Enlargement of indi-
vidual cavities and caverns occurs from dissolution and
also from abrasion by gravel, sand, and silt carried by

through-flowing waters. The sediment carried by ground
water is deposited locally in the underground caverns,
and it partly or totally fills some of the openings, thus
forming clay-filled (or sediment-filled) cavities.

In some areas the caverns have become so wide that
their roofs have collapsed to partly close the caverns.
The collapse structures and resultant fractured rocks
thus enable vertical movement of water in many parts
of the karst system. Such enhancement of vertical flow
of water through fractures and collapse structure ac-
celerates dissolution of all affected strata, thus increas-
ing the amount of karst features in those areas. Dis-
solution and resultant collapse also can create many
problems in the local correlation of strata making up
the Blaine: in some boreholes, one or more of the indi-
vidual gypsum beds have been completely removed
by dissolution, and overlying strata have collapsed,
apparently occupying the stratigraphic position of the
dissolved strata.

Karst features are generally sparse to nonexistent
in those areas where the Blaine is buried at depths
>20-60 m below the surface. In these areas there has
been little or no hydration of massive beds of anhy-
drite to gypsum, and the pathways for ground-water
movement appear to be limited to the dolomite beds.

Southwestern Oklahoma

Three major karstic aspects of the Blaine Forma-
tion have been examined in southwestern Oklahoma:
the Blaine aquifer, which provides large quantities
of irrigation water in the Hollis Basin area; the D. C.
Jester Cave system, the longest known cave system
in Oklahoma and, reportedly, the longest gypsum cave
in the western world; and the Mangum Dam, a project
that for many years was planned in a gypsum-karst area.

Blaine Aquifer

The Blaine aquifer is a major karst aquifer that is
providing irrigation water in 2,500 km? of the Hollis
Basin (Fig. 6) in southwestern Oklahoma (Johnson,
1986, 1990a; Runkle and Johnson, 1988). The aquifer
typically is 50—65 m thick in the basin and consists of
nine thick gypsum units (each 3—8 m thick), interbed-
ded with thin dolomite beds (0.1-1.5 thick) and shale
beds (0.3-8.0 m thick) (Fig. 6A).

The Blaine Formation is divided into the Van Vacter
Member (above) and the Elm Fork Member (below)
(Fig. 6A). The Van Vacter is ~30 m thick and is made
up of six evaporite/clastic sequences. In some areas,
water moving through the Van Vacter Member has
dissolved and removed the gypsum and eroded the thin
shales, thus developing a good hydraulic connection
among gypsum beds. The Elm Fork Member is ~35 m
thick and consists of three evaporite/clastic sequences.
Shale beds, which tend to impede the vertical move-
ment of water, are two to five times thicker in the
Elm Fork Member than in the Van Vacter Member.

In areas where depths to the top of the Blaine aqui-
fer are greater than 30 m, anhydrite, or a combina-
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Figure 4. Map and schematic cross section showing distribution of Permian salt, salt plains, and salt springs in western Okla-

homa and adjacent areas (from Johnson, 1981).

tion of anhydrite and some gypsum, is present (Fig.
6C). The presence of anhydrite suggests that only
small quantities of slow-moving water may have infil-
trated the aquifer. Because of the relatively limited
contact with fresh water, anhydrite at these depths
generally has not been converted to gypsum, and the
small amount of gypsum that is present has not been
dissolved away. In these areas the permeability of the
Blaine aquifer is low (Fig. 6B).

In the western part of the study area the Blaine aqui-
fer is overlain by 15—60 m of Dog Creek Shale, consist-
ing of reddish-brown shale with three notable gypsum
and dolomite beds in the lower 20 m (Fig. 6). Where >30
m thick, the Dog Creek Shale generally acts as a confin-
ing unit; where it has been eroded to a thickness <30 m,
the Dog Creek Shale typically is a leaky confining unit.

The Blaine aquifer is recharged naturally in the
following areas (Fig. 6C): (1) mostly where karstic
gypsum beds of the Blaine crop out; (2) where the
Blaine aquifer is overlain by less than about 30 m of
the Dog Creek Shale, which is a leaky confining unit;
and (3) where the Blaine aquifer is overlain by allu-
vium or terrace deposits. The Blaine aquifer typically
is an unconfined aquifer, except where overlain by at
least 30 m of Dog Creek Shale.

Surface-water recharge to the ground-water system
enhances the conversion of anhydrite to gypsum and
the dissolution of gypsum, thereby increasing the per-
meability of the Blaine aquifer (Fig. 6B,C). In many
areas less than 5 km from the streams, gypsum and
dolomite beds have been largely or totally dissolved,
thus creating extensive conduits that allow large quan-
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tities of water to move rapidly through the aquifer.
Steele and Barclay (1965) estimated the following
properties for the Blaine aquifer: the transmissivity
ranges from ~1,500 to ~5,700 m?/day, with an average
of ~3,250 m?%day; and the storage coefficient ranges
from ~0.0004 to ~0.03, with an average of ~0.016. The

average annual runoff in the study area is estimated
at 1.3-3.1 cm, and the average annual evapotranspi-
ration is estimated to be 60 cm (Pettyjohn, 1983).
Irrigation wells completed in the Blaine aquifer are
typically 15-100 m deep and commonly yield 1,000—
8,000 L/min. The depth to water in the Blaine com-
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monly is ~1.5-25 m below land surface. The waterisa
calcium sulfate type; the average dissolved-solids con-
centration is ~3,100 mg/L, which is suitable for irriga-
tion but generally is unsuitable for drinking. At a few
localities, sodium and chloride concentrations are high
enough to kill irrigated crops, but in general there has
been no harmful buildup of other salts in soils that
have been irrigated for more than 50 years.

D. C. Jester Cave

The D. C. Jester Cave system was surveyed between
1983 and 1987 (Bozeman, 1987; Johnson, 1990a;
Bozeman and Bozeman, 2001). The surveyed length
of the main passage is 2,413 m, but, along with side
passages, the total length is 10,065 m, making Jester
Cave the longest cave in Oklahoma and the longest
gypsum cave reported in the western world (Bozeman,
1987). The cave follows a sinuous course, with the
passageways generally 1-3 m in diameter. It is a dry
cave except during and after periods of moderate rain-
fall.

Most parts of the Jester Cave system are developed
in a 5-m-thick bed of white gypsum (gypsum bed 1)
near the base of the Van Vacter Member of the Blaine
Formation (Fig. 7A). This gypsum directly overlies 0.5
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m of resistant Mangum Dolomite that forms the floor
of the main cave in many areas. In addition to the
main cave, many tributary branches are present in
the cave system. There are also many sinkholes and
other entrances to the cave system from the land sur-
face (Fig. 7A).

The local structure of the Jester Cave area consists
of Blaine strata dipping toward the west and south-
west at ~10 m/km (~0.5°). A cursory examination of
the alignment of various segments of the cave system
suggests that they may be controlled by several sets
of joints or fractures in the rock. If subtle joint pat-
terns do control the cave system, then ground water
has dissolved the rock and moved along the principal
joint system until it intersected a cross-cutting joint;
the water then followed that cross-cutting joint for a
short distance until it again encountered another
solutionally enlarged fracture in the principal joint
system.

Mangum Dam

Recent engineering-geology assessment of a pro-
posed damsite in an area of gypsum karst in south-
western Oklahoma has shown that the site is unsuit-
able and should be abandoned, and that an alterna-
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Johnson, 1990a). (B) Alabaster Cavern, developed mainly in the Medicine Lodge Gypsum in northwestern Oklahoma (from
Myers and others, 1969).
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tive site would be more acceptable. The proposed
Mangum Damsite has been investigated and evalu-
ated since 1937 as a potential site for a compacted,
earth-fill dam, about 33 m high, that would provide
for irrigation water, flood control, and recreation. The
initial site, the Upper Mangum Damsite, is ~14 km
west of Mangum on the Salt Fork of Red River (Fig.
8). The original approval of this site was based only
upon its favorable topography; both proposed abut-
ments are high and are separated by a narrow water
gap. This decision did not adequately consider the
geology, foundation conditions, or water-impoundment
capabilities of the site. Abutments would be in the
Blaine Formation, here consisting of 60 m of gypsum
with thin interbeds of dolomite and shale (Fig. 8). The
Blaine Formation locally has abundant gypsum-karst
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features, such as caves, sinkholes, disappearing
streams, and springs. Efforts since 1937 focused on
finding a suitable location for the Upper Mangum
Damsite, where karst problems would be minimal
within the flat-lying Blaine Formation.

In 1999, a final assessment was made of the sur-
face geology and the results of coring and pressure
testing of five boreholes (each 40-46 m deep) along
the proposed dam alignment (Johnson, 2003b). The
assessment showed that open cavities, clay-filled cavi-
ties, and other karst features are abundant in and near
the abutments (Fig. 8); and fluid losses (in each 3-m
interval that was tested) ranged from 60 to 250 L/min
in most borehole pressure tests, and in one borehole
all losses were 1,600-5,300 L/min. Engineering mea-
sures needed to remediate karstic-foundation condi-
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gypsum, dolomite, and salt led to its abandonment.



50 K. S. Johnson

tions here would add greatly to the cost of construc-
tion and still would not assure tightness of the reser-
voir or integrity of the dam. It was therefore recom-
mended that further examination of the Upper Man-
gum Damsite be abandoned (Johnson, 2003b).

As aresult, the first site was abandoned, and a study
of the Lower Mangum Damsite was initiated in 2002
(Johnson, 2003c¢). This newly proposed damsite is 11
km farther downstream on the Salt Fork of Red River,
just 3 km west of Mangum (location map in Fig. 8).
The foundation and abutments here would be below
the Blaine gypsums, in the thick Flowerpot Shale. On
the basis of geologic and hydrogeologic field studies,
along with core study, pressure tests, and laboratory
tests of cores, the foundation conditions at this damsite
appear favorable (Johnson 2003c). However, owing to
the presence of the karstic Blaine Formation in upper
reaches of the proposed Lower Mangum impoundment
area, there will be limitations on the lake level, size,
and storage capacity at the new location. If the reser-
voir level here is too high, it may cause excess water
to escape from the lake in the upper reaches; the wa-
ter then will enter a subsurface gypsum-karst conduit
in the Blaine Formation, and flow as ground water out
of the reservoir and into a different watershed. Investi-
gations at the Upper and Lower Mangum Damsites
demonstrate the importance of hydrogeological stud-
ies in areas of evaporite karst for planning the loca-
tion and size of potential dams and reservoirs.

Northwestern Oklahoma

Northwestern Oklahoma contains a number of gyp-
sum-karst features. The speleology of caves in the re-
gion 1s discussed by Bozeman and Bozeman (2001),
and the Nescatunga Cave is described elsewhere in
this volume (Christenson and others, 2003; Miller and
others, 2003; Tarhule and others, 2003). But the best
known and most visited karst site in the region is the
Alabaster Cavern area of Woodward County.

Alabaster Cavern

Alabaster Cavern was discovered by settlers in the
late 1800s and was first explored in 1898; but tourism
at the cave was not seriously encouraged until the mid-
1950s (Myers and others, 1969). The main cave, as
well as four other known smaller caves, are now in-
cluded in the Alabaster Caverns State Park, one of
the finest tourist attractions in northwestern Okla-
homa. The following description is based mainly upon
the study by Myers and others (1969).

Alabaster Cavern is almost wholly developed within
the Medicine Lodge Gypsum Bed, near the base of the
Blaine Formation (Fig. 7B). The accessible part of the
cave is about 700 m long and has a maximum width of
18 m and a maximum height of 15 m. Although there
are many branches from the main chamber, most lat-
eral openings are small and have not been explored.
A second, smaller cave, called the Upper Room, has
developed in the Nescatunga Gypsum and its under-

lying shale (Fig. 7B). The Upper Room has a single
known opening through a sinkhole. Although no large
opening has been found connecting the Upper Room
to Alabaster Cavern, there are probably small, open
crevices or tubular connections.

Alabaster Cavern consists of three main sections,
each of nearly equal length: a collapse section near
the entrance, a middle section with domes in the roof,
and a channel section at the end. In the collapse sec-
tion, the cavern floor is a mass of gypsum, shale, and
selenite boulders that have fallen from the roof. In
the Rotunda, the first and largest room, the roof is
the base of the Nescatunga Gypsum, and the floor is
part of the Flowerpot Shale: thus, the entire Medicine
Lodge Gypsum has been dissolved here, and parts of
the underlying and overlying shales are also eroded.

The ceiling of the middle section is characterized
by many domes. The land surface above the dome sec-
tion is a dissolution valley with a cluster of sinkholes
that recharge the perennial stream flowing through
the cave. The abrasive action of the underground
stream that helped form the cavern is best seen in the
channel section, where the gypsum roof, walls, and
floor are smooth and polished.

Rock layers at Alabaster Cavern are essentially flat-
lying: they dip no more than 1-2 m/km (<0.1°). The
strata are not faulted or noticeably jointed, and there
1s no conspicuous alignment to various segments of
the cave system or drainage features. The control for
development of the cave system is not clear, but most
likely it is the result of faint and irregular fractures
in the rock that have established slightly preferential
zones of ground-water dissolution; and these fissures
then were widened by through-flowing waters, once
the underground stream system was developed. Myers
and others (1969) believe that Alabaster Cavern prob-
ably began to develop in the latter part of the Pleis-
tocene Epoch, when the nearby major river and its tribu-
taries cut down to elevations below the Blaine gypsums.

SALT KARST

Salt (halite) beds in the Flowerpot, Blaine, and Dog
Creek Formations (Fig. 5) are being dissolved natu-
rally at shallow to moderate depths in western Okla-
homa. They are the shallowest salt beds in most areas
underlain by salt (Fig. 1), and these strata constitute
a significant interstratal karstic unit in the region.
The most conspicuous surface manifestations of natu-
ral salt-karst processes are the large and barren, salt-
encrusted salt plains that have formed in a number of
stream and river courses where the high-salinity
brines are being emitted (Figs. 2, 4). Data on natural
salt karst in this region are mainly from Johnson
(1981). In addition, human activities in the Elk City
and the Freedom areas of western Oklahoma have
triggered problems related to salt dissolution and salt
karst.

Fresh ground water is recharged generally to the
west of the salt plains, in upland areas where uncon-
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solidated sands, sandstone, gypsum, dolomite, allu-
vium, or terrace deposits are at the surface (Fig. 2).
This water migrates downward and laterally (east-
ward) to salt beds that are 10-250 m below the sur-
face, and dissolves the salt to form brine. The result-
ing brine is then forced laterally and upward by hy-
drostatic pressure through aquifers or through frac-
tures in aquitards until it is discharged at the surface
(Fig. 2). Fresh water and the brines can flow laterally
in the subsurface through aquifers, such as sandstone
or cavernous gypsum, dolomite, or salt, and the water
also can move vertically through fractures, sinkholes,
and collapse features.

A total of nine significant salt plains and salt springs
are present in western Oklahoma (Fig. 4; three of the
salt plains on Elm Fork, in the southwest, are shown
together on the map). Several of the salt plains are
only 2-10 hectares in size, whereas the two largest
are 16 and 64 km?. Individual salt plains release brines
with concentrations of 20-340 g NaCl/L, and each con-
tributes 100—3,000 metric tons of NaCl per day that
degrades the quality of water flowing in the Arkansas
and Red River systems.

Salt is highly soluble, more soluble than any other
rock in the Permian sequence of western Oklahoma
and nearby areas. Ground water in contact with salt
will dissolve some of the salt, providing the water is
not already saturated with NaCl. For extensive disso-
lution to occur, it is necessary for the brine thus formed
to be removed from the salt deposit; otherwise the
brine becomes saturated, and the process of dissolu-
tion stops.

Four basic requirements are necessary for salt dis-
solution to occur here, or in other evaporite basins
(Johnson, 1981): (1) a deposit of salt against which or
through which water can flow, (2) a supply of water
unsaturated with NaCl, (3) an outlet whereby the re-
sulting brine can escape, and (4) energy (such as a
hydrostatic head or density gradient) to cause the flow
of water through the system. When all four of these
requirements are met, salt dissolution and brine trans-
port can be quite rapid, in terms of geologic time.

There are four principal ways whereby fresh ground
water is recharged in the region (Fig. 2): (1) water seeps
into the ground through permeable rocks and soils,
such as in areas where sands or sandstones are at the
surface; (2) water enters the bedrock through highly
permeable alluvium and terrace deposits along and
near the major streams and rivers; (3) water enters
the ground through sinkholes, caverns, and other
karstic features, in areas where gypsum, dolomite, or
limestone is at the surface; and (4) water enters the
ground through joints and fractures in the rocks, par-
ticularly where underlying salt beds are partly dis-
solved and the rock is more fractured owing to col-
lapse.

After the water has dissolved some of the salt and
has become brine, there are six principal ways whereby
the brine moves underground and is eventually dis-

charged (Fig. 2): (1) brine moves through dissolution
cavities in the salt or other soluble rocks; (2) brine
moves vertically and/or laterally through joints and
fractures, particularly where the rock is disrupted over
dissolution cavities; (3) brine moves laterally through
aquifers consisting of sandstone, siltstone, or other
permeable rocks; (4) brine may be discharged at a point
source as a saline spring; (5) brine may be discharged
along the course of a stream bed and become part of
the surface flow; and (6) brine may enter the base of
an alluvial deposit, where it can be forced upward
under hydrostatic pressure and then drawn upward
by capillary action as the brine is evaporated; a thin
crust of salt then is precipitated on the land surface
as water is evaporated from the brine.

In all cases cited above, the energy needed to cause
flow of the water is the hydrostatic head created in
the recharge areas. The brine moves laterally and
upward toward the piezometric surface (Fig. 2).

The process of salt dissolution produces cavities,
normally at the updip limit or at the top of the salt
unit, into which overlying rocks can settle or collapse
chaotically (Fig. 2). Disrupted rock helps to make salt
dissolution a somewhat self-perpetuating process, in-
asmuch as cavern development, followed by collapse
and fracturing of the rock, will cause a greater verti-
cal permeability, and this allows further access of fresh
water to the salt. In most areas, strata overlying a
salt-dissolution zone are mildly to intensely folded,
fauited, jointed, or fractured where they have collapsed
and subsided into the dissolution cavities. It is pos-
sible that collapse of overlying rock into the cavity can
ultimately reach up to the land surface as a sinkhole
or subsidence feature, and this can be a danger to
humans, livestock, or property.

Boreholes drilled in and around the salt plains com-
monly encounter artesian flows of brine. Solution cavi-
ties or zones of lost circulation 0.1-1.0 m thick are
also common at or near the top of the salt unit, but
these features generally are absent within the salt unit
(Fig. 2). Such cavities represent the zones at which
dissolution is most actively taking place, and the path-
ways whereby high-salinity brine is escaping from the
salt beds. The thin, somewhat cavernous zone at the
top of the salt typically is an artesian aquifer, wherein
the piezometric surface locally is at, or just above, the
elevation of the surface of the salt plains (Fig. 2).

Salt-Dissolution Problems
Associated with Human Activities

Human activities have caused evaporite-karst prob-
lems at various places in the United States, particu-
larly in salt deposits (Johnson, 2003a), and some of
these problems also have occurred in Oklahoma. Bore-
holes have been drilled into salt deposits to create
underground solution caverns in the State (Jordan and
Vosburg, 1963), and one of these caverns (near Elk
City) ultimately developed a leak that caused a cata-
strophic blowout at the land surface. Also, a petro-
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leum test that was drilled through a zone of natural
salt karst apparently allowed natural gas to escape
from the well, migrate 16 km laterally through solu-
tion cavities, and emerge in blown-out craters near
Freedom in northwestern Oklahoma.

Elk City Blowout

In February 1973 a landowner in rural Beckham
County, western Oklahoma, reported that a creek bed
on his land was blown out and uplifted 1.5-6 m or
more (Fay, 1973a,b). The blowout site consisted of (1)
a central crater 9 m wide, 15 m long, and 6 m deep; (2)
pressure cracks (with 1.5-3 m of uplift) radiating as
much as 50 m from the crater; (3) tension zones with
cracks up to 0.3 m wide and 2.5 m deep; and (4) ejecta,
consisting of 0.3-m blocks of rock weighing up to 33
kg, thrown as much as 23 m from the crater (Fay,
1973b). Monoliths thrown up around the main crater
were up to 1 m thick, 3 m wide, and 6 m high, and
weighed an estimated 30 metric tons; once-horizontal
slabs of bedrock were tilted 28° to 78° from the hori-
zontal (Fig. 9).

The Elk City blowout occurred in the NE% sec. 22,
T.10N.,R. 21 W,, ~10 km south of Elk City. This site
also is close to the Shell Oil Company natural-gas-
processing plant, where LPG (liquefied petroleum gas),
mostly propane, was being stored in an underground
cavern formed by intentionally dissolving salt in the
Van Vacter Member of the Blaine Formation (Jordan,
1959; Jordan and Vosburg, 1963). The storage cavern,
completed in 1954, was at a depth of 415-430 m in the
Shell No. 1-LPG Yelton well, in the SE% sec. 15, ~700
m north of the blowout. The cavern is in the Blaine
Formation, in the deep part of the Anadarko Basin
(see Fig. 5, cross section C-D).

Fay (1973b) concluded, on the basis of information
from cooperative Shell Oil Company officials and vari-
ous State and federal agencies, that long-term undetec-
ted leakage of small amounts of propane through near-
surface casing in the No. 1-LPG Yelton well had oc-
curred. Propane evidently accumulated in a shallow,
permeable siltstone (a “thief” zone) and migrated later-
ally away from the well until it burst to the surface along
natural joint patterns. The blowout was an explosive
event that caused no injuries, and it was not heard or
observed. On March 12, 1973, the blowout site was bull-
dozed and restored to its normal appearance.

Freedom Gas Blowout

On January 31, 1980, natural gas erupted at a num-
ber of sites in the flood plain and valley of Cimarron
River, about 6 km northwest of the town of Freedom,
in northwestern Oklahoma (Fig. 10; Preston, 1980a,b).
The rural site, along the Woods-Woodward county line,
is ~5 km west of the crossroads at Camp Houston, and
~45 km north-northeast of Woodward. Surficial de-
posits in the Cimarron River Valley are Quaternary
alluvium and terrace deposits that mantle the Flow-
erpot Shale, which is the bedrock in the valley.

Figure 9. Views of Elk City blowout, with Robert O. Fay for
scale. Top, large uplifted vertical blocks of siltstone stand 6 m
high and weigh 30 metric tons. Middle, view of same uplifted
blocks, with Shell Oil Company natural-gas-processing plant
in right background. Bottorn, pressure cracks up to 50 m long
raised the ground about 1.5-3 m.
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Figure 10. Views of Freedom gas blowout in northwestern
Oklahoma (from Preston, 1980). Top, a gas bubble rises about
0.5 min one of the larger mud craters. Bottom, gas vents and
craters in the Cimarron River flood plain reflect fracture orien-
tations in the underlying Flowerpot Formation.

Just 3 km west of the blowout area is the Big Salt
Plain, an area well known for natural dissolution and
intrastratal karst in the Flowerpot salt, and the natu-
ral emission of salt-saturated brines onto this salt
plain on Cimarron River (Johnson, 1970, 1972, 1981;
Joachims, 1999). In the blowout area the depth to the
top of the karstic Flowerpot salt is ~60 m, and the
depth to the top of the Cimarron salts 1s ~150 m.

Initial venting occurred along a county road (SW¥%
sec. 19, T. 27 N, R. 18 W.), creating a 6-m-wide crater
from which viscous mud was ejected to a height of
more than 15 m (Preston, 1980b). Other craters in the
area were up to 9 m wide and 3.7 m deep. More than
50 separate vents were mapped in an area ~1.5 km by
2.5 km, although there were also many more small
craters, collapsed fissures, and violently boiling bubble
trains in local stock ponds. Within 2 days, many large
fish and much of the other aquatic life in the ponds
began to die. Preston (1980a,b) estimated that the to-
tal gas emitted from the larger vents alone was about
20 million cubic feet per day; but he felt this was a
highly conservative estimate for the total emissions,
because it did not include gas from the smaller vents
or the general effusion of gas through the sandy soils.

Initially, a mechanical failure in one of the several

nearby gas-producing wells was suspected as the
source of the gas. However, all these wells were
checked and found to be intact. Comparison of analy-
ses of the escaping gases with wellhead samples in
the area showed that these gases were probably com-
ing from the Mississippian Chester/Oswego interval,
at depths of ~1,700 m in the area. A temperature log
run on a nearby well disclosed a temperature anomaly
in the Cimarron evaporites at a depth of 180-200 m.
Preston (1980a,b) presumed that this anomaly resulted
from natural gas entering the wellbore at this depth,
between the wall rock and the production casing.

Although the origin of the gas has not been proven,
the Oklahoma Corporation Commission, which regu-
lates oil and gas activities in the State, finally con-
cluded that the gas probably came from a well ~16 km
southwest of the blowout (Vanderwater, 1980). The
well, the National Cooperative Refining Association
No. 1-31 Selman (SE% sec. 31, T. 26 N., R. 19 W.), was
spudded on January 2, 1980, and casing was set and
cemented at a depth of 305 m in the Cimarron anhy-
drite. The overlying Upper Cimarron salt appears to
be absent in this hole (apparently due to salt dissolu-
tion), and the Lower Cimarron salt is present just 26
m below the Cimarron anhydrite. The hole was finally
drilled to a depth of 2,449 m. Following a drillstem
test at the bottom of the hole, high-pressure natural
gas in the well caused a blowout just 4 days prior to
the initial gas eruptions near Freedom. During drill-
ing of the NCRA well, a lost-circulation zone was en-
countered at a depth of 54 m, a depth that is within
the Flowerpot salt (known for its salt-karst features
in the region).

Commission officials concluded (Vanderwater,
1980) “that the same pressure that caused the blow-
out at the NCRA well fractured the underground rock.
That let natural gas below the well’s casing [set at
305 m] enter caverns which honeycomb the area, build-
ing up pressure there and eventually erupting through
weak surface points like cracks and under ponds.” If
that analysis is correct, then high-pressure gas escap-
ing from the NCRA well may have (1) entered the
intrastratal karst system in the Cimarron and/or Flow-
erpot salt; (2) migrated laterally for 16 km to the north-
east, through salt-dissolution cavities; and (3) then
(within 4 days) reached the land surface through the
fractured Flowerpot Shale, which overlies the salts.

So, if these events did occur, salt karst was instru-
mental in allowing fugitive, high-pressure natural gas
to travel a long distance in a short period of time, thus
creating a potentially hazardous condition at a site
far removed from the site of the initial well blowout.

SUMMARY AND CONCLUSIONS

The Blaine Formation and associated strata con-
stitute a major evaporite-karst unit in western Okla-
homa and adjacent areas. Gypsum, dolomite, and shale
interbeds, with an aggregate thickness of 30-75 m in
outcrops, contain a well-developed suite of karstic fea-
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tures, such as caves, sinkholes, disappearing streams,
and springs. Where these same strata are in the shal-
low subsurface, they locally are a major karst aquifer
used beneficially as a source of irrigation water. But
elsewhere, gypsum karst can create problems, such
as difficulty in the siting of a dam in the Mangum
area of southwestern Oklahoma.

Where salt 1s interbedded with red-bed shale, gyp-
sum (or anhydrite), and dolomite in the deeper sub-
surface, the evaporite unit typically is 100-250 m thick.
Salt at depths of 10-250 m below the surface locally is
being dissolved by ground water to form a karst sys-
tem typified by brine-filled cavities, collapse structures
(in overlying strata), salt plains, and salt springs. Salt-
rich brine emitted at the land surface degrades the qual-
ity of water in several of the major rivers and streams
of Oklahoma. Also, human activities in salt-karst ar-
eas may trigger problems such as those associated with
the storage of LLPG in an underground salt-dissolu-
tion cavern near Elk City, and drilling through natu-
ral salt-dissolution cavities in the vicinity of Freedom.
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Exploration of Western Oklahoma Gypsum Caves

John Bozeman

Central Oklahoma Grotto, National Speleological Society
Oklahoma City, Oklahoma

ABSTRACT.-——The gypsum karst of western Oklahoma, comprising three separate geomor-
phic provinces variously referred to as “gypsum hills,” contains an abundance of gypsum
caves. Caves of the Cimarron Gypsum Hills (northwest) and the Mangum Gypsum Hills
(southwest) are developed in the Permian Blaine Formation with its alternating dolomite,
gypsum/anhydrite, and shale beds. Caves of the Weatherford Gypsum Hills (west central)
are formed in the Permian Cloud Chief Formation, which contains lenticular gypsum bodies
within a series of interbedded shale, sandstone, and thin dolomite units. The caves and
associated karst features, such as natural bridges, solution pans, solution valleys, sink-
holes, and disappearing streams, attest to the high solubility of gypsum and its susceptibil-
ity to erosion. The processes of dissolution and passage enlargement found in limestone
caves also take place in gypsum caves, but the development and evolution of gypsum caves
proceed at a much more rapid rate. Entrances and passages have collapsed in the recent
past, and conditions are currently evolving at rates measured in decades rather than mil-
lennia, as in limestone.

Because the rates of chemical and mechanical modification of gypsum caves and karst
are so high, monitoring them is especially important, allowing for adequate response to
those engineering, environmental, and agricultural considerations common for all karst
terrains. Many of the gypsum-karst features can be monitored through surface mapping
and aerial-photography techniques. Currently, however, the physical and hydrological com-
plexities of western Oklahoma gypsum caves and karst features can be documented best
through active cave exploration and survey. Such efforts illustrate how internal collapses
and other ongoing modifications within the cave environment exert influences on surface

processes and help in predicting them and their consequences.

INTRODUCTION

Organized groups of cavers, such as the Central
Oklahoma Grotto (COG), a chapter of the National
Speleological Society (NSS), have been locating, ex-
ploring, mapping, and otherwise documenting west-
ern Oklahoma gypsum caves from the 1950s through
the present. The locations of ~280 gypsum caves have
been verified, and evidence of many more awaits in-
vestigation. Exploration and mapping of the various
caves is an ongoing process. The results of most of those
efforts, along with personal observations of the cavers
providing the details of exploration and mapping, have
been documented in the monthly COG newsletter,
C.0.G.nizance, and in Oklahoma Underground, the
journal of the Central Oklahoma Grotto. Observations
have dealt with surface phenomena as well as subter-
ranean ones. The most important service provided (in
return for the pleasure of exploration) by cavers to
cave owners, whether public or private, is this docu-
mentation process. Trip reports, maps, photographs,
and the like, over the last forty-odd years, have done
much to illustrate the rapid changes common in gyp-
sum caves and karst.

- Cavers are usually amateurs rather than profes-
sionals, in that most pursue caving on a recreational
basis. Nevertheless, their accumulated observations
on the speleology, geology, zoology, and environmen-
tal ecology of western Oklahoma’s caves and karst are
resources that should be utilized. Methods used by
cavers have evolved over the years; therefore, as in
all human efforts, the information is variable in its
utility, but it is nonetheless valuable in any synthesis
of gypsum caves generally, and Oklahoma gypsum
caves specifically. The current report is an attempt to
characterize some of those observations, focusing on
those concerned with geology and karst geomorphol-
ogy, and through them a variety of the pleasures and
the problems associated with exploration of western
Oklahoma gypsum caves. Other observations and find-
ings such as ones dealing with zoology, biology, ar-
chaeology, anthropology, and other aspects would best
be characterized elsewhere.

GYPSUM CAVES IN WESTERN OKLAHOMA

All of the known gypsum caves of western Okla-
homa are formed in the Permian red beds of three

Bozeman, John, 2003, Exploration of western Oklahoma gypsum caves, in Johnson, K. S.; and Neal, J. T. (eds.), Evaporite karst and
engineering/environmental problems in the United States: Oklahoma Geological Survey Circular 109, p. 57-64.
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separate geomorphic provinces (Fig. 1). In the
Cimarron Gypsum Hills of northwestern Oklahoma
and the Mangum Gypsum Hills of southwestern Okla-
homa, the caves are found in the Blaine Formation
and have significant similarities. The Blaine Forma-
tion of northwestern and southwestern Oklahoma is
stratigraphically and lithologically similar, for in both
areas it is composed of cyclical rock units of (in as-
cending order) dolomite, gypsum, gypsiferous red-
brown shale, and argillaceous green-gray shale. These
two areas are stratigraphically dissimilar in that the
Blaine in the northwest, which varies from 40 to 100
ft in thickness (Fay, 1964), normally contains three
cyclical rock units, and the Blaine in the

southwest, which averages ~200 ft in

have rather narrow (2-10-ft) passages (Fig. 4) with
vadose channels in the floors. This gypsum is less crys-
talline than the gypsum members of the Blaine and
seems softer and more susceptible to both solution and
corrasion. The caves are more segmented, and large
rooms are rare, because the Cloud Chief does not ex-
hibit the shale interbeds and undercutting relation-
ships found in the Blaine. Hence, breakdown constric-
tions are also extremely rare. Recognition of the strati-
graphic influences on speleogenesis and cave modifi-
cation is critical to any appreciation or anticipation of
problems to be encountered during exploration and
mapping. A more detailed report on the speleclogy of

thickness, contains nine cyclical rock

units (Fig. 2). _ .
The gypsum caves of the Blaine For- \
mation, with its relatively thin beds, com- )
monly have collapsed entrances and large - _
rooms filled with breakdown. The vari- \

ous collapses result from the inability of
the thin gypsum beds and the thinner o
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and dolomite members are usually rela-
tively narrow (2—15-ft) solutional tubes
or canyons, but the segments through
shale members are usually wider (20-50
ft), with flat ceilings formed by the next
dolomite or gypsum above. Whereas dis-
solution plays the major role in passage
enlargement in the gypsum and dolomite
beds, corrasion is dominant in the shale
beds. The large, sediment-laden water

ﬂ&ws pf major rain ever_lécs are exEt:re_me:ily “ Dog Creek Shale Dog Creek Shale

ective in passage widening. Episodi- d

e © b g & p . = \\\\ Shimer Gypsum unit6

cally, downstream passage constrictions 5 A Altona Dolomite Acme Dolomits -
cause backflooding, resulting in under- LEE wit5 {N\N| §

. . . . 3 ey <
cutting in the shale intervals (Fig. 3). x \\\\\\V Nescatunga Gypsum unit4 ’ 2
Eventually, the ceilings of these ever- (g - Magpie Dolornite wits | -‘;
widening rooms collapse. Such collapses W \ 0 \\\\ g
may extend upward through the overly- g \ unit2 4\ ¢ |
. . . . . a Medicine Lodge Gypsum . R L
ing cyclical rock units, resulting in col- & unit 1 >
lapse sinks, or breakdown rooms, often o Cedar Springs Dalomite 10030 Mangum Dolomite &
with ceilings only a few feet or inches M Flowerpot Shale 4" | o

L m (O
from the surface and, therefore, very . 3|2
unstable. 1 00 Collingsworth Gypsum ?31 %

In the Weatherford Gypsum Hills, the - Creta Dolomite =] g
. . . . o
caves occur in the Permian Cloud Chief Explanation 50 —— Cedartop Gypsum 2
Formation, which contains lenticular \ 4 Jester Dolomite 2
. . . . . &\\ Gypsum L 10
gypsum bodies within a series of intex- A =
bedded shale, sandstone, and thin dolo- . Dofomite = Haystack Gypsum
mites. In cavernous areas the Cloud Gypsum Creek Dolomite

Chief gypsum is 60—100 ft thick and has
a sandy to chalky texture with thin lami-
nations (S. Bozeman and others, 1979).
The caves formed in the more massively
bedded Cloud Chief gypsum typically
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Figure 2. Generalized geologic sections showing the Permian Blaine Forma-
tion as encountered in the gypsum karst of northwestern Oklahoma {modi-
fied from Fay, 1964, 1965; Myers and others, 1969) and southwestern Okla-
homa (modified from Johnson, 1990).

L

Figure 1. Schematic map showing areas of gypsum outcrops (hatched) of
western Oklahoma in relation to other regional features (modified from Fay,
1964, and Curtis and Ham, 1972).
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Figure 3. View of cave-passage section, showing passage widening common in shale members. The Nescatunga Gypsum/
Magpie Dolomite ceiling has a narrow, meandering canyon channel, and a similar channel is incised in the Medicine Lodge
Gypsum floor (obstructed from view). The large breakdown boulders are also Nescatunga Gypsum/Magpie Dolomite. (Photo by
Susan Bozeman.)

Oklahoma gypsum caves can be found in Bozeman and
Bozeman (2002).

Locating Caves

Over the years, organized cavers have been led to
western Oklahoma gypsum caves through rumors,
landowner referrals, fortuitous encounters, newspa-
per articles, literature searches of historical archives,
and surface reconnaissance. More recently other, more
dependable, data sources—such as aerial photographs,
topographic-quadrangle maps (first, 15-min. maps,
and later, 7.5-min. maps), digital orthophotoquads,
and satellite imagery—have become generally avail-
able. The exposure of the gypsum karst (Fig. 5), and
the relative lack of vegetative cover of the typically
semiarid terrain of western Oklahoma, present an al-
most totally unobscured view of sinkholes, pits, and
other cave-entrance types. The few trees and other
dense vegetation are associated with cave entrances
or with entrenched streams of which the caves are
usually tributaries.

An indispensable part of the cave-location effort is
obtaining permission to explore the caves, the major-
ity of which are privately owned. Conversations with

landowners, ranch hands, farm workers, oil-field work-
ers, and others have provided a wealth of anecdotal
material on the gypsum caves and some of the prob-
lems associated with them. Much of this falls into the
realm of local folklore, but a significant portion is help-
ful. In the folklore portion of anecdotes are included
matters such as cave size (“big enough to drive a wagon
through”), cave length (“it comes out at Carlsbad Cav-
erns’), and, of course, Jesse James, but other accounts
have the ring of authenticity. Members of the COG
have been told of drilling rigs that required “skidding”
because of washouts beneath well pads; the use of a
cave as a “reserve pit” during drilling operations; sud-
den appearances of new sinkholes; the loss of horses
and cattle in the caves; or livestock killed through falls
into cave-pit entrances or over cliff faces into a cave
entrance below. This personal contact with people fa-
miliar with the land and its history is as important as
the physical survey of the caves and is a crucial, and
rewarding, component of the documentation process.

Cave Exploration and Documentation

After a cave has been located, and permission to
explore it has been secured, the process of mapping is
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son), and optionally a scout—passage dimensions per-
mitting. Often two or three separate crews may be
simultaneously at work in different parts of the sub-
ject cave.

The cave surveys are conducted using fiberglass
tape, compass (either a pocket transit [Brunton™ type]
or a direct-sighting compass), and clinometer (either
direct sighting or the one on the pocket transit). These
types of instruments have proven to be the most suit-
able and versatile in the sometimes harsh subterra-
nean conditions. In gypsum caves, a typical survey
traverse may include commodious passage segments;
narrow, tortuously meandering canyon segments;
crawlways; unstable breakdown; bedding-plane seg-
ments; and complex multilevel mazes. Those condi-
tions, along with the generally high humidity of the
caves, muddy conditions associated with cave streams,
partial to almost complete immersion, and various
situations entailing high-angle survey shots, require
the use of sturdy, easily manipulated instruments.
Back-sighting of survey shots is normally done to re-
duce instrument-reading errors, but in particularly
awkward sections back-sighting is often difficult to
impossible to accomplish. Errors, of course, are intro-
duced in those circumstances but are usually of ac-
ceptable magnitude. Generally, re-surveys are done
whenever closure errors exceed £1%. Most of the cave
maps have been hand drafted, but more recently
computers have been utilized in the data-storage and
-reduction phases, as well as in the final drafting phase.
The map of the Selman Cave System (Fig. 6), published
in 2002, is an example of the maps being produced.

Figure 4. View of a narrow cave passage in a
Weatherford Gypsum Hills cave formed in the
Cloud Chief Formation. This passage configura-
tion, showing vadose modification, is common
in gypsum members. (Photo by Marcus Barker.)

controlled by the physical proportions of
the cave and the personal attributes of
the cavers. A cave survey can take from
just hours or weeks, to months or years,
for successful completion. The mapping
of 6.25-mi-long Jester Cave, in the
Mangum Gypsum Hills, and the longest
gypsum cave in the United States
(Collins, 1968, 1969; S. Bozeman, 1987),
took ~b years. After a survey is initiated
by the COG, the group makes an effort
to conduct at least one survey trip per
month. Typical survey parties are made
up of three to four people: one person to
take survey notes and sketch (both plan
and cross-sectional views), two people on
tape for distance measurements (the one
closest to the note taker is the primary
instrument person, and the other estab-

Figure 5. This view of a part of the Cimarron Gypsum Hills shows the ex-
posed karst development of the Permian Blaine Formation. A cave entrance
lishes each survey station and is the sec- is visible in the middie right foreground, and the Cimarron River flood plain is
ondary [back-sighting] instrument per- visible in the background. (Photo by David Jagnow.)
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Ultimately, the purpose of the maps is to resolve
the relationships of the subterranean components of
the local karst to the visible surface components (e.g.,
Selman Cave has >25 entrances, and Jester Cave has
>70 entrances). The resultant maps delineate hydro-
logic connections, which are often much more com-
plex than would at first be supposed based solely upon
examination of surface features. The moderately den-
dritic patterns, obvious on most maps of large gyp-
sum caves, mask their complex dissolutional histories.
Passages are often oriented along ceiling fractures
(Fig. 7), and many dead-end cross-passages are en-
larged along cracks. Other passages are free of frac-
tures, whereas some areas of complex passage inter-
connections are associated with bedding-plane anas-
tomoses, most of which terminate in mud plugs. These
anastomosed passages, whether joint related or not,
point to an earlier phreatic phase of interstratal dis-
solution that predated stream entrenchment and the
current vadose regime. Examples of phreatic dissolu-
tion, which have escaped vadose modification, are oc-
casionally found in upstream sections or in remnant
higher level passages.

Figure 7. Cave-passage view, illustrating the influence of ceil-
ing fracture on passage development in Cascade Spring Cave
(J. Bozeman, 1994) in the Mangum Gypsum Hills.

During the exploration and mapping of a cave or
system, beyond the survey itself, cavers document
other observations concerning the zoology, paleontol-
ogy, archaeology, geology, and any other aspect of the
cave considered germane. The completeness of the
observations is determined by the makeup of the ex-
ploring group. In most caving groups (grottos), the
membership is in constant flux and is composed of
those with a desire to explore caves rather than those
trained in any particular discipline. Since both expe-
rience and necessity are often good teachers, most com-
mitted cavers tend to develop a broad general knowl-
edge of the multidisciplinary science of speleology.

Historical graffiti (from the late 1800s and early
1900s) are in degraded condition and illustrate rapid
dissolution. Some of the areas of graffiti have fallen to
the cave floor as breakdown blocks (S. Bozeman, 1987,
1996). In some cases, dissolution has erased deep carv-
ings in under a decade. Cave entrances, both inflows
and resurgences, have collapsed in the period from
the 1950s to the present, and others have altered suf-
ficiently to pose a present danger of collapse. Canyons,
along which landslides (Fig. 8) are common, are also
features of western Oklahoma gypsum karst, and com-
monly result from such progressive collapses. Within
a number of the gypsum caves, large breakdown blocks
of several tons have fallen, and ceiling collapses have
also been documented. The high solubility of gypsum
and its susceptibility to corrasion have resulted in high
rates of dissolution and passage collapses, leading to
ephemeral karst development on a human scale. An-
other indicator of the short-lived nature of western
Oklahoma gypsum caves is zoological: no cave-adapted
biota has thus far been found associated with them.

Exploration in gypsum caves is potentially danger-
ous, as is all caving. However, proper training in an
organized grotto, with members familiar with gypsum
karst and its caves, helps to effectively reduce the like-
lihood of accident or injury. Attention to the cave en-
vironment and proper regard for personal and group
safety are vitally important in cave exploration and
are required in any successful exploration effort.

The maps and sketches produced in the 1950s,
1960s, and early 1970s by organized Oklahoma cavers
were done more casually than is now the case. Many
of the older maps in the COG files are pace maps—
really no more than rough sketches. Others were made
using tapes and military-style lensatic compasses, with-
out the benefit of a clinometer for vertical control.

Gypsum Caves and Human Impact

Human impact—past and present—is one of those
aspects requiring inclusion in trip reports and narra-
tives of survey histories. Evidently, humans have used
sinkholes and pits as handy disposal sites—“trash
sinks” associated with old homesteads (Fig. 9). Evi-
dence of earlier, aboriginal use of gypsum caves and
sinkholes is relatively rare and is, presumably, due to
lower environmental impact, coupled with rapid evo-
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Figure 8. View of a canyon landslide downstream of the resur-
gence entrance of Vickery Bat Cave (Beaty, 1969). The can-
yon was developed, and is evolving, through progressive
headward collapses of the cave-entrance ceiling.

lution of the gypsum-karst terrain. More recent trash,
usually beer cans and the like, discarded by trespass-
ers, 1s routinely collected and removed by cavers. How-
ever, much older debris have been found cemented
into travertine dams and pavements or partially bur-
ied in cave fills.

Cave maps have been used to illustrate the subter-
ranean interconnectedness of the surface sinks, alert-
ing current cave owners to the danger to livestock
posed by the dumping of any pollutants into the sinks.
This information is especially important in western
Oklahoma because the gypsum caves drain plateaus
or other high areas, collecting meteoric waters and/or
perennial stream flows, shunting them through to re-
surgences as karst springs or free-flowing streams
near the level of the nearest entrenched streams and
thereby extending the scope of any detrimental effects.

Information sharing is an ongoing effort and, if done
correctly, helps cave owners to appreciate the subsur-
face component of their properties; and most seem to
respond positively. In one situation, the COG was re-
quested to “check out” the proposed path of a salt-

Figure 9. View along a series of sinkholes associated with
Swimminghole Cave (S. Bozeman, 1999), in the Mangum Gyp-
sum Hills. The small sinkhole in the foreground has been used
as a “trash sink.” The middle sink exceeds 60 ft in depth.

water-disposal pipeline across a karsted area in north-
western Oklahoma. In another instance, because gyp-
sum is used locally to surface and repair ranch and sec-
tion-line roads, COG cavers were consulted concerning
the safety of a proposed surface-mining site before any
gypsum was removed. Such inquiries indicate that the
efforts of the cavers have had some success.

Grotto maps and observations have been used, at
least on one occasion, to alert county officials of a dan-
gerous situation in which a cave passage lay beneath
a section-line road (Kowalski, 1990). The distance from
the cave ceiling to the roadbed was estimated to be <2
ft. The county road was regularly used by heavy ve-
hicles, such as petroleum tank trucks, and has subse-
quently been diverted to avoid the cave. Fortunately,
the examples of caves crossing beneath public road-
ways—with such dangerous potential—are few in
Oklahoma’s gypsum karst. However, roads need not
be public to warrant concern, and cave surveys and
caver observations have been used to warn ranchers
of “thin spots” on their land with a view to avoiding
any surprise, catastrophic sinkhole appearances.

Finally, cave maps and the knowledge of experi-
enced gypsum cavers have been useful in rescue situ-
ations in western Oklahoma. Although a rarity, grotto
members have been contacted for assistance in res-
cues (of humans and animals), and, happily, those res-
cues have been successful. The most recent incident
was a Christmas Eve call for help in removing a year-
ling that had fallen into a pit. The large calf was suc-
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cessfully, and somewhat comically, liberated in good
condition—perfectly healthy and assured of its date
with a meatpacker.

CONCLUSIONS

Cave location, exploration, and survey amid west-
ern Oklahoma’s gypsum-karst areas bring some light
of knowledge to the subsurface complexities of gyp-
sum karst. Admittedly, cavers are driven by personal
considerations, and the exploration and mapping ef-
forts are not altruistically conducted. Curiosity about
“how it all fits together” and the desire to find some-
thing “no one else has seen” are paramount. The proc-
ess of producing the cave maps linking surface geo-
morphologic expressions—mesa, canyon, solution val-
ley, sinkhole, and stream—to intricate subsurface geo-
morphologic expressions—slot canyon, bedding-plane
crawlway, breakdown chamber, and phreatic maze—
is, at once, the pursuit and the pleasure of organized
groups of cavers.

The relative speed with which chemical and me-
chanical alterations in western Oklahoma gypsum
karst occur suggests that those alterations should be
monitored on a continuous basis in order to properly,
and in a timely fashion, respond to them. The work
done by organized groups of cavers in the past, and
their future efforts, have the potential to be of signifi-
cant use in any such process. Certainly, professional
efforts are vital for a more complete knowledge and
appreciation of western Oklahoma gypsum caves and
karst. However, the dangers and discomforts experi-
enced in cave exploration are usually not ones most
researchers relish or are prepared to endure. Indeed,
one researcher, who was also a member of the COG,
was heard to proclaim that “biologists don’t crawl!”
Accordingly, the ongoing efforts of organized groups
of cavers, such as the Central Oklahoma Grotto, can
go far in helping to assure that knowledge of Okla-
homa’s gypsum karst is not merely superficial.
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Correlating the Location of a Cave Passage in Gypsum Karst
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ABSTRACT.—The Oklahoma Department of Transportation (ODOT) plans to widen U.S.
Highway 412 in western Oklahoma in an area underlain by the Permian Blaine Formation.
The project would widen the highway from a two-lane to a four-lane divided highway and
decrease the existing grades. One area of particular concern was in Major County where
Nescatunga Cave passes under the highway at a relatively shallow (<65-ft) depth, but the
location of the cave passage relative to the highway was not known. The preliminary plans
for the highway-widening project specified lowering the grade by removing overburden in
the vicinity of Nescatunga Cave.

Concern regarding possible roadbed failure caused the ODOT to seek methods to deter-
mine the location of Nescatunga Cave relative to the highway-widening project. Volunteers
from the National Speleological Society used low-frequency-radio direction-finding equip-
ment, commonly referred to as a cave radio, and a tape-and-compass survey to depict the
position and dimensions of the Nescatunga Cave passages relative to the highway-widening
project. A transmitter was placed sequentially at seven stations in the cave passage, and a
radio direction-finding receiver was used to identify and mark points at the surface directly
above the transmitter stations.

Subsequent core drilling by the ODOT at three of the survey sites intercepted the cave
passage at all three locations. Knowledge of the depth and location of the cave passages
allowed the ODOT to minimize drilling costs. The ODOT is considering design changes for

the highway-widening project to maintain more overburden above the cave passage.

INTRODUCTION

The Oklahoma Department of Transportation
(ODOT) plans to widen U.S. Highway 412 in western
Oklahoma, including an area underlain by the Per-
mian Blaine Formation (Fig. 1). The Blaine Forma-
tion contains evaporite karst and numerous large
caves. The ODOT’s project would widen the highway
from a two-lane to a four-lane divided highway and
decrease the existing grades.

One area of particular concern was in Major County
where Nescatunga Cave passes under the highway at
a relatively shallow (<65-ft) depth, but the precise lo-
cation of the cave passage relative to the highway was
not known (Fig. 2). The preliminary plans for the high-
way-widening project specified lowering the grade by
removing overburden in the vicinity of Nescatunga
Cave. Concern regarding possible roadbed failure
caused the ODOT to seek methods for determining the
location of Nescatunga Cave relative to the highway.

Members of the Tulsa Regional Oklahoma Grotto,
the Meramec Valley Grotto, and the Boston Moun-
tain Grotto chapters of the National Speleological So-
ciety volunteered to assist the ODOT in locating
Nescatunga Cave’s position relative to the existing
highway and the proposed widened highway. They
used a device commonly referred to as a cave radio (a
low-frequency-radio direction-finding system) and a
tape-and-compass survey in Nescatunga Cave to de-
termine the location of the cave relative to the high-
way.

GEOLOGIC SETTING

U.S. Highway 412 crosses the Blaine Formation in
western Oklahoma in an area with well-developed
evaporite karst (Fig. 1). Nescatunga Cave was devel-
oped in the Medicine Lodge Gypsum Member of the
Blaine Formation, with some of the larger rooms pos-
sibly extending upward to the Nescatunga Gypsum
Member (Fig. 3). The Blaine Formation in northwest-

Christenson, Scott; Hayes, Curtis; Hancock, Earl; and McLean, John, 2003, Correlating the location of a cave passage in gypsum karst
to a highway right-of-way using a cave radio, in Johnson, K. S.; and Neal, J. T. (eds.), Evaporite karst and engineering/environmental
problems in the United States: Oklahoma Geological Survey Circular 109, p. 65-70.
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ern Oklahoma is as thick as 90 ft and consists of an
alternating cyclic sequence of three or four named
massive gypsum beds with red-brown shale layers,
generally with a dolomite at the base of each gypsum
layer, and a greenish-gray shale layer at the base of
each dolomite layer (Morton, 1981). The gypsum mem-
bers are, from top to bottom, Shimer, Nescatunga,
Kingfisher Creek (not shown in Fig. 3), and Medicine
Lodge (Fay, 1964).

Stratigraphically, the Dog Creek Shale is above the
Blaine Formation (Fig. 3). The lower section of the
Dog Creek is found at the top of the hill above
Nescatunga Cave. The Dog Creek Shale ranges in
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§ ;

-
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N
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and gray (5.8 ft)

Flowerpot
Shale

Logged by C. Hayes and K.S. Johnson

Figure 3. Lithology and stratigraphy of a boring near the
centerline of the proposed parallel lane of the highway-con-
struction project. The Kingfisher Creek Gypsum Member is
absent at this location.

thickness from 30 to 100 ft and consists of red-brown
shale and silty shale, with gypsum, dolomite, and or-
ange-brown sandstone layers (Morton, 1981).

Fay (1964) described a measured geologic section
in eastern Woodward County a few miles from Nes-
catunga Cave. Part of the measured section is given
in Table 1. A cross section showing the topogra-
phy and location of Nescatunga Cave is shown in Fig-
ure 2.

The ODOT obtained a core drilled through the en-
tire Blaine Formation near the centerline of the pro-
posed parallel lane, 740 ft east and 60 ft north of the
extreme west end of the highway-construction project,
about 1.25 mi west of the cave. The core provided in-
formation on the thickness and character of the en-
tire Blaine Formation underlying the highway-con-
struction project.

At this location the Blaine consists of three gyp-
sum members, with underlying thin dolomites and
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Table 1. — Measured Section along Ewers Creek, Eastern Woodward County, Oklahoma

Thickness

Description (feet)
Haskew Gypsum Bed (Dog Creek Shale).

Gypsum, white, mottled red-brown, fine-grained, wavy bedded, massive; forming ledge .......cooeviiiiiiii 0.5

Shale, red-brown, silty, well-indurated, crinkly bedded; with mUCh gypSUM ... 3.7
BLAINE FORMATION (total thickness, 86.5 ft)
Shimer Gypsum Member:

Gypsum, white, fine-grained, well-cemented, laminated; with crinkly upper surface ... 21.0
Altona Dolomite Bed:

Dolomite, light-gray, fine-grained, oolitic, medium-bedded; weathering massive, into DOXWOIKS v 1.7
Unnamed units (Blaing).

Shale, greenish-gray, weakly indurated, DIOCKY ........ooviiiiiii e 0.3

Shale, red-brown, blocky; mottled with greenish-gray SpOtS ... 12.5
Nescatunga Gypsum Member:

Gypsum, white, fine-grained, massive, weathering coarsely selenitic; forming escarpment ... 22.0
Magple Dolornite Bed:

Dolomite, light-gray, oolitic, weil-cemented, massive; grading into gypsum at top, weathering into boxworks .......... 0.5
Unnamed urits (Blaine).

Shale, greenish-gray, dolomitic, blocky, weakly indurated; grading into argillaceous dolomite ... 2.0

Shale, red-DroOWN, DIOCKY ......i ettt b e e bbb e 1.0

Kingfisher Creek Gypsum Bed:

Gypsum, greenish-gray and red-brown, argillaceous, well-indurated, thin-bedded, crinkly bedded; forming ledge... 1.2

Unnamed unit (Blaine):

Shale, red-brown, blocky; with MUCh SEIBNILE ..........cocoiiiiii 2.8
Medaicine Lodge Gypsum Mernber:

Gypsum, white, mottled light-gray, fine-grained, massive; weathering coarsely Selenitic ... 17.0
Cedar Springs Dolornite Bed:

Dolomite, light-gray to light-brown, fine-grained, oolitic, thin-bedded; grading upward into gypsum ...................oeee 45

FLOWERPOT SHALE

Shale and siltstone, greenish-gray and red-brown, with thin beds of dolomite (exposed thickness, 97.0 ft)

Source: Fay (1964).

intervening red clay shales (Fig. 3). The thickness of
the gypsum layers in this boring were as follows:
Shimer Gypsum Member, 20.3 ft; Nescatunga Gyp-
sum Member, 23.6 ft; and Medicine Lodge Gypsum
Member, 17.5 ft. The Kingfisher Creek Gypsum Mem-
ber is absent at this location. In this boring, the Shimer
and Nescatunga Gypsum Members are composed of
massive, pure, coarsely crystalline selenite, whereas
the Medicine Lodge Gypsum Member contains sub-
stantial amounts of anhydrite.

CAVE-RADIO SURVEY

The cave-radio survey of Nescatunga Cave consisted
of three parts: (1) radio soundings using a cave radio,
(2) a tape-and-compass survey of the cave, and (3) data
reduction and map production.

Radio Soundings

Radio soundings were performed with a home-built
low-frequency (874-Hz) radio transmitter, which was
placed in the cave, and a home-built double-quadra-
ture radio receiver at the surface. This specific cave-
radio system was constructed by several members of
the Meramec Valley Grotto of the National Speleo-
logical Society, following plans described in France and
Mackin (1991).

The transmitter consists of a square, hand-wound
antenna 50 cm in diameter and covered with wood
and fiberglass, a small plastic box containing the trans-
mitter electronics, and a battery. The electronics, bat-
tery, and antenna are connected, and a switch is closed
to begin transmission. In addition to the transmission
coils, the antenna contains a single independent coil
of wire connected to a resistor and a small incandes-
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cent light bulb. The transmission coils generate cur-
rent in the independent coil sufficient to illuminate
the light bulb to verify that the transmitter is operat-
ing. The signal pulses two times per second (120 Hz)
to provide a distinct signal to the receiver.

The receiver consists of a loop antenna, a double-
quadrature radio receiver with an internal battery,
and headphones. When the transmitter is operating,
the 120-Hz pulsed signal is heard in the receiver head-
phones.

To conduct a radio sounding, cavers carry the trans-
mitter into the cave in steel ammunition cans, except
for the antenna, which is rugged enough to transport
unprotected. Once at the site in the cave chosen for
transmission, the antenna is leveled (that is, the loop
antenna is horizontal) using attached spirit levels. The
transmitter and receiver of this particular unit can-
not transmit messages (although cave radios can be
constructed for voice or data communication), so it was
not possible for the in-cave and surface parties to com-
municate. A schedule for transmission was established
prior to carrying the transmitter into the cave.

At the time scheduled for a transmission, the re-
ceiver is switched on. The antenna is held vertically
and rotated until the signal disappears or “nulls.” The
transmitter is positioned on the plane of the receiver
antenna when the receiver antenna is in the null po-
sition. After establishing an initial null plane, the re-
ceiver antenna is taken to a new position and a new
null plane established. The transmitter is positioned
on the vertical line defined by the intersection of the
two null planes. In practice, after establishing the two
null planes, the receiver operator moves to the ap-
proximate position of the intersection of the planes
and moves the antenna loop until the spot is found
where the signal is nulled regardless of the orienta-
tion of the receiver loop antenna. This location is des-
ignated ground zero and marked as the point directly
over the transmitter antenna.

After ground zero is determined, the receiver can
be used to get an approximate depth of the transmit-
ter. The receiver is moved some distance from ground
zero, the receiver antenna is turned perpendicular to
ground zero, and the antenna is tipped until the sig-
nal nulls. In this case, because of the shape of the trans-
mitter field, the transmitter is not in the same plane
as the receiver antenna.

The approximate depth of the transmitter antenna
can be computed by knowing the angle of the antenna
from the vertical, the shape of the field, the conduc-
tivity of the rock, and the distance from ground zero.
This specific receiver has a plumb bob and scale
mounted on the side of the antenna that incorporates
all these factors except the distance from ground zero,
making computation of depth relatively simple.

The cave radio used for this survey is home-built,
so there are no manufacturer’s specifications. An esti-
mate of the performance of this specific unit is based
on field observations for the Nescatunga survey and

other applications. The range of the transmitter is
~1,000 ft, and the horizontal repeatability of the loca-
tion of ground zero during the Nescatunga Cave sur-
vey was ~2 in.

Seven radio soundings were performed for the
Nescatunga Cave radio survey. The surface crew suc-
cessfully located six of the seven points. Difficulty in
moving the transmitter in the cave caused the in-cave
team to deviate from the schedule, so that point D
(Fig. 4) was not located by the surface team. The points
spanned the width of Highway 412 and the proposed
widening project, including two points directly under
the existing two-lane highway. A stake was driven into
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Figure 4. Map of a section of Nescatunga Cave that passes
under U.S. Highway 412.
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the surface at each radio sounding location, and, for
the locations on the pavement, marks were painted
on the road surface.

In-Cave Tape-and-Compass Survey

A tape-and-compass survey also was performed in
Nescatunga Cave to show the configuration of the cave
passages in the vicinity of Highway 412 and the pro-
posed widening, as well as the relationship between
the cave-radio soundings and the cave passages. Tape-
and-compass surveying requires establishing a series
of points in the cave with line of sight between the
points. Compass bearings, clinometer readings, and
distance measurements (using a tape measure) are
taken between points.

Points are typically rocks in the middle of the pas-
sage, or prominent spots on the passage wall, to which
a marker with a station number can be attached. Dis-
tance, bearing, and vertical angle are recorded in a
survey book with waterproof pages by one caver, des-
ignated “the bookman.” Passage dimensions are re-
corded at every survey station, and the bookman may
draw passage cross sections or profiles at selected sites.
The bookman also makes a sketch showing the con-
figuration of passage walls and other prominent fea-
tures in relation to the survey points, such as details
about the floor of the cave passage. Of course, sketches
are subjective, and vary between bookmen.

The procedure described in the preceding paragraph
for a typical cave survey was modified slightly for the
Nescatunga Cave radio survey. Cavers typically ex-
tend the distance between stations to the maximum
possible for rapid surveying, which often results in
survey stations that are close to passage walls. For
the Nescatunga survey, the stations were sited near
the center of the cave passage for subsequent drilling
by the ODOT. Stations in the center of the passage
offer the best possibility for drilling into the passage.

Because of the uneven floor of Nescatunga Cave, it
was not possible to place all the radio-sounding sta-
tions in the passage center. Passage dimensions were
measured at every survey point instead of the typical
caving practice of estimating dimensions, and cross
sections were drawn at every radio sounding. Ceiling
heights in the two largest rooms encountered in the
survey were determined by triangulation using a la-
ser pointer, a clinometer, and a tape measure, because
the ceiling heights were too tall for direct determina-
tion with a tape measure. Floor detail was completely
omitted from the survey, as it was felt to be irrelevant
to the project’s objectives.

Tape-and-compass surveys are not especially accu-
rate by modern surveying standards, with an error
factor typically on the order of one part per hundred.
This level of accuracy is sufficient to meet the needs
of most caving applications, which is to show the gen-
eral extent and configuration of cave passages and for
speleologists to travel through the cave without get-
ting lost, but it is not sufficient to meet the needs of

the ODOT. The accuracy of the cave-radio soundings
and that of the tape-and-compass survey are com-
pletely independent of each other.

Data Reduction and Map Production

The tape-and-compass survey in Nescatunga Cave
established 12 stations in the cave and surveyed 627.8
ft of passage (Fig. 4). Measured distances, bearings,
inclinations, and passage dimensions were entered
into a cave-survey computer program named Compass
(http://lwww.fountainware.com/compass/). Compass
allows the user to enter cave data, revise the data,
generate statistics for the cave, close loops using least-
squares methods, view plots from various angles on
the screen, and generate plots. Compass generates an
ASCII output file of coordinates that was passed to
Fortran programs to generate ASCII input files for
the Arc/Info Geographic Information System. Arc/Info
coverages were created of survey lines and stations.

The underground sketches of passage geometry
were scanned and output as TIFF images, then digi-
tized and registered to export the digitized images to
Arc/Info. The cave sketches were registered using the
coordinates from Compass, then exported to Arc/Info
as shape files, and combined with the coverages of
survey lines and stations to produce the cave map (Fig.
4). Final annotation of the map was done with the
CorelDraw program.

VERIFICATION BY DRILLING

Subsequent to the cave-radio soundings and tape-
and-compass survey, the ODOT conducted a drilling
project to verify the location of Nescatunga Cave be-
neath U.S. Highway 412 and the proposed widening
project. The ODOT used a CME-55 drilling rig with a
coring system. The drillers raised the mast to the ver-
tical position but did not take extraordinary measures
to ensure that the borehole was vertical.

Drill holes were bored at stations D1, F, and G, and
all three borings encountered the cave passage. The
depths to the roof of the cave passage are as follows:

Station Depth
D1 62.5 ft
F 65.0 ft
G 76.0 ft

Cavers associated with this project entered Nes-
catunga Cave several months after the borings were
completed to measure the deviation between the
borings and the radio sounding stations in the cave.
The boring at station D1 emerged from the cave pas-
sage ceiling ~1 ft from the marker in the cave. Con-
siderable shale had fallen from the cave roof at sta-
tion G, possibly as a result of the drilling, and the
marker could not be found in the cave, but a caver
familiar with the location of the station estimated that
the borehole was ~6.5 ft from the marker. The marker
at station F was missing, and no features existed in
that part of the cave from which to estimate the origi-
nal position of the marker. Visual observation of the



70 Scott Christenson and others

base of the boreholes gave the impression that the
boreholes were not exactly vertical.

SUMMARY

The Oklahoma Department of Transportation
(ODOT) plans to widen U.S. Highway 412 in western
Oklahoma in an area underlain by the Blaine Forma-
tion of Permian age. The project would convert the
highway from a two-lane to a four-lane divided high-
way and decrease the existing grades. One area of
particular concern was in Major County where Nes-
catunga Cave passes under the highway at a relatively
shallow (<65-ft) depth, but the location of the cave
passage relative to the highway was not known. The
preliminary plans for the highway-widening project
specified lowering the grade by removing overburden
in the vicinity of Nescatunga Cave. Concern regard-
ing possible roadbed failure caused the ODOT to seek
methods for determining the location of Nescatunga
Cave relative to the highway-widening project.

Volunteers from the National Speleological Society
used low-frequency-radio direction-finding equipment,
commonly referred to as a cave radio, and a tape-and-
compass survey to depict the position and dimensions
of the Nescatunga Cave passages relative to the high-
way-widening project. A transmitter was placed se-
quentially at seven stations in the cave passage, and
aradio direction-finding receiver was used to identify
and mark points at the surface directly above the
transmitter stations. Transmitter stations, as well as
the cave-passage position and dimensions, were sur-
veyed using a tape and compass. The surface points
were repeatable to within 5 cm.

Subsequent core drilling by the ODOT at three of
the survey sites intercepted the cave passage, which
ranged in width from 16 to 32 ft, at all three locations.
Knowledge of the depth and location of the cave pas-
sages allowed the ODOT to minimize drilling costs.
The ODOT 1s considering design changes for the high-
way-widening project to maintain more overburden
above the cave passage.
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ABSTRACT.—Cavern morphology and distribution in two western Oklahoma evaporite-karst
systems were mapped using a laser/Global Positioning System (GPS) device. Parts of the
Corn Caves and Nescatunga Cave systems, within the gypsiferous Permian Cloud Chief
and Blaine Formations, respectively, are being mapped in association with a series of sur-
face geophysical studies to develop a cavern-detection methodology.

To map the caverns digitally, an initial carrier-phase GPS position was first determined
directly outside a cavern entrance. By means of laser-range-finder position offsets, transects
of position stations were established into and throughout the cave. Three-dimensional (3-D)
cavern morphology at select localities was determined by combing the inside of the cavern
with laser positions from a single station at a given locality. Data were logged with handheld
computers and downloaded into a 3-D geographic information system (GIS). Absolute posi-
tioning errors were determined by reoccupying stations and were found to be ~30 cm or less
in the horizontal plane. Under optimal conditions, these cave systems can be easily mapped
in this manner at a rate of ~100 m per hour.

INTRODUCTION

The Permian Blaine and Cloud Chief Formations,
outcropping in western Oklahoma, contain numerous
intricate cavern systems developed in their soluble
gypsum members (Johnson, 1990; Bozeman and oth-
ers, 1987). Many of these cavern systems have been
painstakingly mapped by the traditional “tape-and-
compass” method (Bozeman and others, 1987), in
which directional vectors are determined with a
Brunton compass, elevation changes marked with a
surveyor’s staff, and distances determined with mea-
suring tape. A standard surveying technique for use
under bridges, next to tall buildings, and under heavy
tree canopies combines Global Positioning System
(GPS) receivers with laser range finders. In this
method, positions to be mapped—Dbut in locations
where sufficient GPS satellite signals are unattain-
able—are recorded as laser position offsets, or a se-
ries of position offsets, from one or more GPS loca-
tions with good satellite coverage.

In this study, novel digital mapping of cavern voids
makes use of this technology, using a reflectorless la-
ser range finder with an internal inclinometer linked
to a digital compass and referenced to GPS receivers
positioned outside the cavern entrances. A series of

control stations are laser-located along a cavern
traverse at roughly 20-m intervals and marked by
mounted reflectors. Fifty or so additional laser posi-
tions of cavern floors and walls are taken as offsets
from each station. In such a manner, a three-dimen-
sional (3-D) digital map of a cavern system can be ac-
curately and relatively rapidly made.

Laser/GPS positioning was used as “ground truth” to
test methodology and imaging algorithms of several
surface geophysical-imaging techniques. Results are
discussed in Tarhule and others (2003) in this volume.

STUDY AREAS AND GEOLOGIC SETTING

Both of the study areas are in the extensive Per-
mian strata of western Oklahoma that contain cyclic
red beds and evaporite units. Regions in which gyp-
sum strata crop out or lie within 30 m of the surface,
and thus are susceptible to karstic processes, are
shown in Figure 1. In the Nescatunga Cave study area
(Looney, 1968), the Blaine Formation consists of two
to four massive gypsum beds, each with an underly-
ing dolomite bed. The members of the Blaine Forma-
tion (from oldest to youngest) are the Cedar Springs
Dolomite, Medicine Lodge Gypsum, unnamed shale,
Kingfisher Creek Gypsum, unnamed shale, Magpie

Miller, Galen; Dewers, Thomas; and Tarhule, Aondover, 2003, Laser positioning and three-dimensional digital mapping of gypsum karst,
western Oklahoma, in Johnson, K. S.; and Neal, J. T. (eds.), Evaporite karst and engineering/environmental problems in the United

States: Oklahoma Geological Survey Circular 109, p. 71-75.
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Nescatunga Cave

Endless Cave

Figure 1. Digital elevation model of Oklahoma, showing areas (darker shaded) underlain by gypsum and susceptible
to karst-related collapse and other hazards (after Johnson and Quinlan, 1995). A generalized stratigraphic section
shows the gypsum-bearing units in which the surveyed caves have been formed.

Dolomite, Nescatunga Gypsum, unnamed shale,
Altona Dolomite, and at the top the Shimer Gypsum
(Fay and others, 1962). The Nescatunga Cave was
formed in the Medicine Lodge Gypsum. The Blaine
Formation is in conformable contact with the under-
lying Flowerpot Shale and the overlying Dog Creek
Shale (Stanley and others, 2002).

Endless Cave, one among several cavern systems
in the region known collectively as the Corn Caves
(Looney and Bozeman, 1984), was formed in the Per-
mian Cloud Chief Formation (Fig. 1). In the study area
the Cloud Chief Formation is ~300 ft thick and con-
sists of (oldest to youngest) an unnamed shale, a
Moccasin Creek gypsum/anhydrite unit, and a unit
at the top containing alternating sandstone and shale
beds. At the type locality of the Cloud Chief Forma-
tion near Endless/Corn Caves, the gypsum/anhydrite
unit is 100 ft thick (Fay and others, 1962). The Cloud
Chief Formation is conformable with the underlying
Rush Springs Sandstone and the overlying Doxey
Shale.

EQUIPMENT AND METHODS

The equipment we used in our methodology is rela-
tively mobile and can be easily handled by a single
person (Fig. 2). We used a Trimble ProXRS™ system,
a LaserTech™ reflectorless range finder, and a
MapStar™ digital compass together with a Compagq
IPAQ™ running the SOLOField™ data-logging soft-
ware. Uniform resource locators (URLs) for equipment
vendors are found in the Acknowledgments section
below.

To map the caves, the ProXRS™ GPS receiver was
mounted on a tripod near an entrance to the cavern

system being surveyed, along with the reflectorless
laser range finder and digital compass. A differential
GPS (DGPS) carrier-phase location was established
at this initial position. Differential corrections were
obtained onsite using the OmniStar™ gsystem and
later, via internet resources, using Trimble’s Path-
finder™ software. A series of control points or stations
were then located within the cavern itself spatially
referenced to the DGPS position by a series of offsets
using mounted bicycle reflectors (Fig. 2A,B).

The laser was aimed at the reflectors and “fired” in
filter mode, which only records a position if sufficient
energy is returned to the laser. This was done to en-
sure that the laser was hitting only the reflector—i.e.,
only the reflector position was being returned. The
mounting height on the tripod of the laser/compass
assembly was entered directly into the handheld com-
puter at each location so that each position was auto-
matically referenced to the tripod base on the cavern
floor in Universal Transverse Mercator (UTM) north-
ing, easting, and elevation in meters. Beginning at the
entrance to the cave, the laser/compass configuration
then occupied each of these control stations succes-
sively, permitting a survey of the surrounding cavern
walls consisting of locations referenced to the control
points to be conducted. This was done with the filter
mode turned off so that every laser “shot” returned a
position. Although positioning error invariably in-
creases with each successive control point occupied
within the cavern, we achieved decimeter-scale accu-
racy in distance and inclination from each control
point, and confirmed the accuracy by reoccupying con-
trol stations. Other sources of error influencing the
precision of the method include errors in the geoid
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A

B

Figure 2. (A) A co-author (GM), showing the digital-mapping method in action, taking a laser position of horizontal distance,
vertical distance, and azimuth to a reflector shotpoint. The reflectorless laser range finder, a digital compass, and a handheld
computer are all mounted on a monopod/tripod assembly. Cave graffiti seen in the background unfortunately are a common
occurrence close to the entrance. (B) The other end of the survey: reflection of camera flash is seen from a bicycle reflector used

in laser positioning of cave transects.

model and random errors in the initial DGPS position
determination. These are estimated to be a few tens
of centimeters in the horizontal plane and roughly
twice that in the vertical.

Positioning data were then downloaded from the
data logger onto a laptop computer and visualized with
GIS and computer-aided-design (CAD) software, en-
abling a real-time geo-referenced image of cavern
shape to be developed. The resulting digital 3-D map
of a part of each cavern system investigated was used
in interpreting the results of surface geophysical-im-
aging techniques (Tarhule and others, 2003), both in
order to provide “ground truth” for the geophysical
surveys and to refine methods for cavern detection in
surface-inaccessible sites.

In summary, the steps used in acquiring and utiliz-
ing the data are as follows: (1) acquire carrier-phase
DGPS position outside the cave entrance; (2) survey a
series of offset stations from this position into and
through the cave using laser positioning (in filter
mode) and reflectors; (3) survey cavern-wall morphol-
ogy at sites of interest from surveyed offset stations
with filter mode off; and (4) export positions to CAD
or GIS software for visualization.

RESULTS
Corn Caves

The Corn Caves, in Washita County, have long been
explored and mapped, largely by the Central Okla-
homa and Tulsa Grotto Societies (Looney and
Bozeman, 1984). We mapped a small part of Endless
Cave (see elegant map on page 39 in Looney and
Bozeman, 1984) over about 3 hours in September 2002.
In Figure 3, we show the traverse used in a geophysi-
cal survey (Tarhule and others, 2003), the initial DGPS
position outside the cave, the surveyed stations, and

the data points collected to record cavern morphol-
ogy, at two scales and in two and three dimensions.
These are included with various sources of GIS—in-
cluding digital orthophoto quadrangles (DOQs), a digi-
tal raster graph (DRG) of the USGS 7.5-minute Corn,
Oklahoma, quadrangle, and a 10-m-resolution digital
elevation model (DEM)—and assembled using ESRI’s
ARCView™ goftware.

Figure 3A shows the Endless Cave study site on
Gyp Creek near the boundary between Washita and
Custer Counties. A base map of surface topography
was produced by draping a 1-m DOQ over the DEM.
In Figure 3B the horizontal locations of the resistivity
survey discussed by Tarhule and others (2003) and
the cave-survey station transect are given by inter-
secting white lines. A cluster of points at this inter-
section denotes more than 50 locations of cave-wall,
ceiling, and floor morphology that were used by
Tarhule and others (2003) as “ground truth” for the
surface geophysical imaging of the cavern in this lo-
cality. A three-dimensional portrayal of this data set
1s shown in Figure 3C, with the DOQ drape rendered
transparent. This image is oriented as north-looking;
north—south-running section-line roads are visible on
the underlying digital raster graph going from the bot-
tom of the image to the horizon at the middle of the
image.

Nescatunga Caves

The Nescatunga Cave system, discussed by Looney
(1968, see map on p. 9) and briefly by Elliot (1994), is
found in Major County in northwestern Oklahoma,
close to Alabaster Caverns and Boiling Springs State
Parks, both of which contain gypsum karst. Similar
to Endless Cave shown in Figure 3, we show in Figure
4 the two- and three-dimensional GIS of a part of
Nescatunga Cave produced in about half a day during
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July 2002. Figure 4A shows the Window study site
south of Highway 15, ~20 mi east of Woodward in
Major County. Figure 4B shows the horizontal points
along the resistivity survey discussed by Tarhule and
others (2003), and the cave survey—station transect is
shown by intersecting white lines connecting the sur-
vey points. A cluster of points at this intersection de-
notes approximately 100 locations of cave-wall, ceil-
ing, and floor morphology that were used by Tarhule
and others (2003) as “ground truth” for the surface
geophysical imaging of the cavern. A three-dimen-
sional portrayal of this data set is shown in Figure
4C, with the DOQ drape rendered transparent. The
DRG beneath is the 7.5-minute Belva, Oklahoma,
quadrangle. The view is looking nearly due east.

SUMMARY

Herein we introduce a method for three-dimen-
sional digital mapping of cavern systems. The method
offers a fast, accurate, and relatively non-intrusive
means for mapping cave position and morphology. It
provides “(under)ground truth” for geophysical meth-
ods used for cavern detection. It is a bit costly, but
equipment is rugged and fairly mud-proof. Better ac-
curacy and precision could be obtained with more so-

Transect

Initial DGPS
Position

Figure 3. Results of survey at Endless Cave, part of the Corn
Caves in Washita County, in September 2002. (A) Study area,
viewed from the south on draped DOQ/DEM. (B) Two-D GIS
depiction of cave locations, cave morphology, and surface re-
sistivity survey line discussed by Tarhule and others (2003).
(C) Three-D GIS depiction of cavern location beneath ground
surface. Contour interval is 2 m, and UTM grid shows 50-m
spacing for scale.

phisticated (and expensive) laser and GPS devices
currently available. Millimeter-to-centimeter-scale
accuracy could be used to ascertain the degree to which
such cavern systems evolve over time scales of decades.
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URLs for equipment used in this study as of this
writing are: for the GPS, http:/www.trimble.com/
pathfinderproxrs.htm; the reflectorless laser range
finder and digital compass, http://www.afds.net/
lasertech.html#B; the Compaq IPAQ palmtop com-
puter and data-logging software, http:/welcome.hp.com/
country/us/eng/prodserv/handheld.html]l and http:/
tdsway.com; and finally the differential GPS beacon,
http://www.omnistar.com/.
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ABSTRACT.—Timely detection of karst geohazards could potentially minimize expensive
investigations, litigation, or remediation that frequently attends damage to surface struc-
tures such as buildings or highways. This paper reports preliminary results from a study
that investigated the feasibility of using geophysical subsurface-imaging techniques to de-
tect voids in the gypsum karst of Oklahoma.

Four methods—seismic reflection and refraction, broadband electromagnetic induction
(EMI), and electrical-resistivity tomography (ERT)—were used to map the Nescatunga Cave
system along U.S. Highway 412, ~20 mi east of Woodward. The following procedure was
adopted. First, a coupled Trimble ProXRS® GPS system and LaserTech®reflectorless range
finder were used to map the precise location of sections of the cavern. Next, geophysical
surveys (using the four methods above) were carried out at the surface to attempt to detect
the known caverns. This approach permits evaluation of the relative positional accuracy of
cavern detection by the various methods.

The following findings emerged from the study: (1) shot records of seismic reflection did
not detect the cavern, but seismic refraction appears to hold some hope for detecting, though
not imaging, the cavern; (2) broadband EMI showed some indication of the presence of the
cavern, but the image is poorly resolved; (3) ERT successfully detected the cavern, although
cavern position was slightly offset.

It is concluded that further investigations of these methods are warranted, especially
because of significant cost and time savings that could result from combining rapid, non-

invasive surveys with conventional well-drilling programs.

INTRODUCTION

Undetected subsurface voids and cavities may un-
dermine highways and other surface structures, caus-
ing economic damage, insurance claims, litigation,
expensive engineering remediation work, and, in some
cases, loss of lives (Smith, 1997; Lambert, 1997;
Johnson and Quinlan, 1995; Paukstys and others,
1999). The risk of subsidence and/or collapse is espe-
cially severe in gypsum karst because of the rapid
dynamics of gypsum karstification: gypsum is approxi-
mately 150 times more soluble than limestone (Gallo-
way and others, 1999). As a result, gypsum karst can
develop on a human/engineering time scale, sometimes
in a matter of days to years, particularly when land-
use practices induce changes in ground-water-circu-
lation patterns.

Timely detection of voids is therefore desirable—
preferably in the preplanning phase of projects—to

save time and potentially minimize expensive inves-
tigations or remediation owing to structural damage.
The problem is that conventional site-characterization
techniques, such as drilling and core sampling,
downhole geophysical logging, well monitoring, and
hydrochemical- and spring-discharge hydrograph
analysis, can be expensive and unreliable. Johnson
(2001) describes the case of the Mangum dam site,
investigated and evaluated since 1937. Coring and
borehole-pressure testing conducted in 1999 along the
proposed dam alignment revealed open and clay-filled
cavities in and near the abutments. Fluid losses ranged
from 60 L/min to 5,300 L/min. Engineering measures
needed to remediate karstic foundation problems
would greatly add to the cost of the dam, and still
would not assure tightness of the reservoir or dam
integrity. This example illustrates the point that even
with close-spaced networks of drilled wells, the risk

Tarhule, Aondover; Dewers, Thomas; Young, Roger; Witten, Alan; and Halihan, Todd, 2003, Integrated subsurface-imaging techniques for
detecting cavities in the gypsum karst of Oklahoma, in Johnson, K. S.; and Neal, J. T. (eds.), Evaporite karst and engineering/
environmental problems in the United States: Oklahoma Geological Survey Circular 109, p. 77-84.
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that the discrete well points miss large voids is very
high. Additionally, significant uncertainties can arise
in interpolating the lateral continuity and true sub-
surface geometry of voids between wells.

On the other hand, integrating conventional bore-
hole information with continuous subsurface-imaging
techniques could significantly improve both strati-
graphic resolution and the probability of void detec-
tion. In this paper we report preliminary results of a
study applying geophysical subsurface-imaging tech-
niques to detect, delineate, and map the karst geo-
hazards around the Nescatunga Cave system along
U.S. Highway 412 in Major County, western Okla-
homa. Within this large cave system (some chambers
measure 25 ft high by 30 ft wide), there is clear evi-
dence of partial collapse beneath U.S. 412, possibly
dating to the original construction of the highway. Our
approach is to test the effectiveness and reliability of
the study methods for detecting known caverns, and
then to use the insights and experience gained to map
unknown voids, vents, and chambers.

BACKGROUND AND STUDY AREA

The Oklahoma Department of Transportation
(ODOT) proposes to upgrade U.S. 412 from the present
two lanes to four lanes. The new engineering designs
will lower the grade of the highway above the Nes-
catunga cavern by about 20 ft, significantly increas-
ing the risk of structural damage to the highway if
subsurface karstic features are not detected and prop-
erly treated. The geology of the study site consists of
Permian soluble gypsum beds and red-shale beds of
the Blaine Formation, underlain by the Flowerpot
Formation. Four gypsum beds, two dolomites, and in-
tervening clay shales make up the Blaine Formation
at this site. The Medicine Lodge Gypsum Member, the
lowermost gypsum layer of the Blaine, contains the
cavern system. The Medicine Lodge is overlain by
shale, dolomite, and then by the Nescatunga Gypsum
Member. Red shales overlie the Nescatunga, and top-
ping the red shales is another layer of dolomite. Fay
(1964) and Miller and others (2003) provide more ex-
tensive descriptions of the geological setting. Success-
ful detection of subsurface karstic features at this
site could have wide applications throughout the
State of Oklahoma, because soluble rocks underlie sig-
nificant parts of the State (see Johnson and Quinlan,
1995).

METHODS

The research approach consisted of a two-step proc-
ess. First, a new GPS/laser positioning system, which
is capable of taking GPS (UTM) coordinates inside a
cave was used to map the internal dimensions of sec-
tions of the Nescatunga cavern. The system, compris-
ing a Trimble ProXRS® GPS unit and a Laser Tech®
reflectorless range finder, established the coordinates
and elevations of selected points inside the cave pas-
sage. Miller and others (2003) provide detailed descrip-

tions about the procedure. Next, surface surveys, uti-
lizing seismic reflection, seismic refraction, broadband
electromagnetic induction (EMI), and electrical-resis-
tivity tomography (ERT), were carried out in an at-
tempt to detect the previously mapped cavern sections.
For each method, survey transects were carried out
approximately perpendicular to the known cave pas-
sage. The Trimble ProXRS® GPS system was again
used to obtain GPS coordinates and elevations of se-
lected points along each transect. Superimposing the
two transects allowed us to establish the true position
and elevation of the cave beneath the surface transect.
Miller and others (2003) illustrate the procedure. Fi-
nally, the relative accuracy of each method in detect-
ing the cavern was evaluated by comparing the posi-
tion of the cavern signature detected from the geo-
physical methods against its true location as deter-
mined from the internal cave mapping.

Surveys were carried out along two sections of the
cavern, designated A and B (Fig. 1). The depths to the
cave at section A are available from cores drilled by
ODOT, which are used as “ground truth” to validate
features detected from geophysical surveys. A major
collapse at B permits entry into the cave at this point
and is sometimes referred to as the “window” entrance.
Here, GPS coordinates and elevations of the cave pas-
sage were determined for ~300 m, using the combined
GPS/laser range-finder system. The following para-
graphs describe the surface survey methods.

Seismic Reflection and Refraction

Seismic experiments were conducted from July 23
to July 24, 2002, to assess the feasibility of using ham-
mer seismic shear-wave surveys in the karst topogra-
phy of the Nescatunga Cave area. Two surveys were
completed: one parallel to and north of U.S. 412, and
the second near the window entrance (Fig. 1). A 24-
channel EG&G StrataView recorder was used to
record shear waves generated by the OU shear source
and sensed by 10-Hz horizontal-component geophones.
The choice of shear-wave surveys rather than com-
pressional-wave surveys was made to minimize the
ground-roll noise frequently observed in shallow seis-
mic recordings. The anticipated geologic structure was
a cave of uncertain extent (but estimated to be about
5 m wide by 2 m high and situated ~21 m below ground
surface).

Broadband Electromagnetic Induction

Electromagnetic induction (EMI) exploits the fact
that whenever an electrically conductive object is ex-
posed to a time-varying magnetic field, a time-vary-
ing electric current is induced in the object (Witten
and others, 1997a). The magnitude of this current,
referred to as an eddy current, depends on the strength
of the magnetic field to which it is exposed and the
electrical conductivity of the object. The stronger the
field or the greater the electrical conductivity, the
stronger the eddy current induced. Since any object
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conveying a time-varying electrical current will emit
a time-varying magnetic field, the conducting object
can be detected by monitoring the strength of its emit-
ted secondary field. Depth information can be ex-
tracted from EMI measurements by transmitting time-
varying magnetic fields that oscillate with different
frequencies. Higher frequency magnetic fields are pref-
erentially attenuated by geologic material, so depth
sounding can be accomplished by sequentially lower-
ing the transmitted frequency (see Witten and oth-
ers, 1997D).

We employed the GEM-2, consisting of two coils,
one to transmit a time-varying electric field and a sec-
ond to measure the secondary field. One survey was
conducted over a 20-m by 20-m grid at the Nescatunga
Cave system. The grid was positioned directly above
a cavern chamber 25 m below ground surface. Mea-
surements were made at intervals of 0.66 m (2 ft) along
grid lines 0.66 m (2 ft) apart, and the results were
plotted in Surfer.

Electrical-Resistivity Tomography

These ERT methods consist fundamentally of in-
troducing an electrical current of known voltage into
the subsurface through two current electrodes, and
then using two potential electrodes to measure the
potential drop induced by the differential response of
various earth materials to the penetrating current.
Voids or cavities appear as anomalously
low (water-filled) or high (air-filled) ar-

exhibit seismic noise, but no reflections are observ-
able. It was surmised that construction work using
bulldozers, plus a pumping unit, in the vicinity of the
survey might have been the source of the seismic noise.
However, high-frequency noise (west end) and seis-
mic noise (east end) were still present during a subse-
quent survey near the window entrance when no con-
struction activity took place (Fig. 3). It is possible,
therefore, that the noise is simply ambient noise am-
plified by the very high gains (~50 dB) applied. Any
reflections present ought to have been detectable at
these gains. Hence, it appears that the pursuit of very
weak to nonexistent reflections compelled the use of
extreme amplification in order to see them. As a re-
sult, however, exaggerated noise dominates the pro-
file because the noise is very large relative to the pos-
sible reflections.

Figure 3 shows dots marking the traveltime picks
for the refraction. Note how the times are linear from
traces 1-15, then the time increases, producing a cup-
shaped set of picks. Clearly, something has caused the
apparent velocity of the refraction to increase and then
start to decrease at traces 22—24. The center of the
cave 1s at approximately trace 11. The traveltime in-
crease 1s seen to the right of the cave. Additionally,
both the first-arrival pattern and ground roll changed,
possibly suggesting the presence of the cave.

Hence, seismic reflection failed to detect the pres-

eas relative to the background-resistiv-
ity field (National Research Council,

2000). The method has been successfully Hr o
employed to map subsurface cavities and
karst in limestone (e.g., Lambert, 1997;
Zou and others, 2000; Abdul Nassir and
others, 2000).

ERT mapping was accomplished by
using a Sting R1-IP resistivity meter (28
electrodes) manufactured by Advanced
Geosciences, Inc. (AGI), in Austin, Texas.
Surveys utilizing dipole—dipole, Wenner
and Wenner-Schlumberger arrays, were
carried out between May 28 and May 29,
2002, along the highway (Fig. 1, A). Elec-
trode spacing was set at 7 m. A second
survey, utilizing the same arrays and with
electrode spacing at 5 m, was completed
(Fig. 1, B) between July 24 and July 25,
2002. The field data were analyzed
using RES2DINV (Loke and Barker,
1996).

RESULTS AND DISCUSSION
Seismic Reflection and Refraction
Figure 2 shows the very noisy records
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ence of the cave. It is possible that the irregularity of
the karst terrain, which is characterized by small to
large and irregularly shaped voids plus compositional
variation in the gypsum, results in extreme scatter-
ing of energy and no specular reflection. On the other
hand, the refraction traveltimes (seismic refraction)
and the change in appearance of ground roll hold some
hope of detecting, but not imaging, the cavern.

Electromagnetic Induction

Figure 4 plots the result of the EMI survey. The
cavern extends diagonally across this region from
lower right to upper left, and some indication of its
presence is evidenced by the relatively low conductiv-
ity response displayed in the light shades. Whereas
the possible outline of the cave is indicated, it is poorly
resolved, most likely because of the significant slope
(>7°) in the surface terrain. In general, voids are best
resolved with a uniform background. Further studies
are therefore needed to improve cavern resolution.

Electrical-Resistivity Tomography

Figure 5A shows the resistivity cross section near
the highway. The plot is based on a dipole—dipole ar-
ray utilizing 7-m electrode spacing. Electrode 14 was
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positioned next to an ODOT drill hole (95 m from the
start of the survey transect). The depth to the bottom
of the cave (measured in the drill hole) is 21 m. The
cavern is approximately 5 m high by 10 m wide. This
information was used to locate the cave on the resis-
tivity profile. The cave coincides in position with an
area of anomalously high resistivity (>22,000 ohm-m),
providing definitive proof of this anomaly as a void.
However, the resistivity anomaly is slightly offset to
the right of the true position of the cave. An examina-
tion of the measured resistivity data points revealed
two missing measurements at this depth. Missing
measurements occur during surveys owing either toa
faulty electrode or an inability of the Sting device to
obtain usable data at that measurement point. Hence,
interpolation over the missing points could have re-
sulted in a shift of the anomaly. Even so, the result is
consistent with other investigators (see www.agiusa.
com/stingcave.shtml) that have also reported marginal
positional offsets to the true locations of caves as de-
tected from resistivity profiles. No other resistivity
anomalies are detected on this profile.

Figure 5B is a plot of the resistivity cross section
near the window entrance. The survey utilized a
Wenner array with 5-m electrode spacing (equipment
failure precluded the use of a dipole—di-
pole array at this site). The plot revealed
two anomalies, one in the center of the
plot with a resistivity >24,000 ohm-m, and
a second to the left of the profile but at
the same depth as the first anomaly with
a resistivity >11,000 ohm-m. From the re-
sults of the GPS/laser-range mapping, it
was established that the centroid of the

action

cave passage 1s at electrode 14 (65 m) and
the depth to the bottom of the cave is 10—
11 m. The cave itself measured 3 m high
by 12 m wide at this point. Superimpos-
ing this information on the resistivity pro-
file confirmed that the anomaly in the
center of the image is the target cave pas-
sage. Such excellent agreement suggests

reflections

strongly that the second anomaly is also

Non-
seismic
noise

most likely a cavern passage. Although
this passage is not mapped, local cavers
with whom we spoke mentioned a second
cave passage parallel to the main one we
surveyed and in the general location of
the anomaly identified. The results sug-
gest that ERT is a viable method for de-
tecting subsurface features in the gypsum

Seismic noise

karst of Oklahoma. Further studies are
needed, however, to determine the dimen-

Figure 3. Results of seismic reflection and refraction survey near the window

entrance.

sions and depths at which karst features
can be detected reliably and consistently.

SUMMARY AND CONCLUSIONS

Rapid dissolution of karstic rocks poses
serious hazards for land use and surface
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Figure 4. Electromagnetic-induction data near U.S. Highway 412, showing the response to subsurface variations in
electrical conductivity. Lower measured values are associated with lower conductivity. The target cavern crosses the
image diagonally from upper left (west) to lower right (north).

features including highways. This study investigated
the feasibility of using geophysical methods to non-
invasively detect and map voids in Oklahoma’s gyp-
sum-karst environments. The following preliminary
findings emerged from the study.

1. The capability for GPS mapping inside a cave
system allowed us to establish the precise location of
target voids in an x,y,z coordinate system. This infor-
mation is used to evaluate the positional accuracy of
anomalous features detected from geophysical meth-
ods. This approach minimizes uncertainties that may
arise concerning the true location of a cavern on mod-
eled plots of geophysical surveys. As a research tool,
the method could provide valuable insight about the
void-detection potential of different subsurface-imag-
ing methods, permitting refinements to be made prior
to surveys in areas with limited or no information
about subsurface features.

2. Seismic reflection failed to detect the target voids
in the study area. We hypothesize that extreme scat-
tering of energy in the highly irregular karst geology
may be responsible for the inability to detect the voids.
On the other hand, the refraction traveltimes and the

change in appearance of ground roll hold some hope
of detecting, but not imaging, a cave.

3. Broadband EMI produced a smudged image, sug-
gesting the possible location of the target cave pas-
sage. The orientation of the image on the EMI plot is
consistent with the known direction of the cave pas-
sage, but its resolution is poor, possibly as a result of
significant terrain heterogeneity. Further tests in ar-
eas with more homogeneous terrain are recommended,
as well as methods that incorporate terrain heteroge-
neity.

4. ERT successfully detected target cavities at both
study sites. Resistivity anomalies show excellent
agreement with the true position of caverns estab-
lished from GPS/laser-range mapping and drilled
holes. Such “ground truth” provides confidence in the
results and suggests that resistivity tomography is a
viable method for detecting subsurface voids in
Oklahoma’s gypsum karst.
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Gypsum Karst and Abandonment of the Upper Mangum Damsite
in Southwestern Oklahoma

Kenneth S. Johnson

Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.—Recent engineering-geology assessment of the proposed Upper Mangum
Damsite, in an area of gypsum karst in southwestern Oklahoma, has shown that the site is
unsuitable and should be abandoned. The damsite, on the Salt Fork of Red River near the
town of Mangum, has been investigated since 1941, based mainly upon its favorable topog-
raphy; both proposed abutments are high and form a narrow water gap between them. This
decision did not adequately consider the geology, foundation conditions, or water-impound-
ment capabilities of the site. Abutments would be in the Permian Blaine Formation, here
consisting of 200 ft of gypsum with thin interbeds of dolomite and shale. The Blaine Forma-
tion locally is characterized by abundant gypsum-karst features, such as caves, sinkholes,
disappearing streams, and springs.

In 1999 a final assessment was made of the surface geology, and the results of coring and
pressure testing five boreholes (each 130-151 ft deep), along the proposed dam alignment.
The assessment showed that open cavities, clay-filled cavities, and other karst features are
abundant in and near the abutments; and fluid losses (in each 10-ft interval of rock that was
tested) ranged from 15 to 62 gpm in most borehole pressure tests, and in one borehole the
losses were 410—1,316 gpm. Engineering measures needed to remediate karstic-foundation
conditions here would add greatly to the cost of construction and still would not assure
tightness of the reservoir or integrity of the dam. Therefore, it is recommended that this site
be abandoned and that future studies be at the Lower Mangum Damsite, a more favorable

site 7 mi farther downstream on the Salt Fork of Red River.

INTRODUCTION

This report presents the results of geotechnical in-
vestigations at the proposed Upper Mangum Damsite,
on the Salt Fork of Red River in the southwestern part
of Greer County, Oklahoma (Fig. 1). The site is ~9 m1
west and 2 mi south of the city of Mangum. Investiga-
tions consisted of evaluating all previous geologic and
hydrogeologic studies bearing on the project, drilling
five exploratory core borings, collecting soil samples
for laboratory testing, water-pressure testing of com-
pleted boreholes, and geologic reconnaissance along
the dam axis.

The study was carried out on behalf of the Tulsa
District Office of the U.S. Army Corps of Engineers
(Corps), the Oklahoma Water Resources Board
(OWRB), and the citizens of Mangum. It was done
under the Planning Assistance to States Program
(Public Law 93-251). This report is a summary of the
final study (U.S. Army Corps of Engineers, 1999),
which was prepared by the current author.

Appreciation for support and assistance 1s expressed
to the following individuals: Phil Cline, Frank Oler,
and Bob Thurman, with the Corps; Mike Mathis and

Terri Sparks, with OWRB; and Stephen Scott, Roger
Lively, Dale Clayton, and other members of the
Mangum Reservoir Project Committee.

PROJECT HISTORY

A series of reports by the U.S. Bureau of Reclama-
tion (BOR) characterized several potential damsites
on the Salt Fork of Red River, upstream from Mangum
(Kirchen, 1941; Smith and Nickell, 1941; Current,
1942; U.S. Bureau of Reclamation, 1943, 1963; Darnell,
1954; Redfield, 1960). The earliest reports (Kirchen,
1941: Smith and Nickell, 1941) summarized reconnais-
sance surveys of five potential sites, and an early de-
cision was made that “the best site at least from a
topographic standpoint which we saw on Salt Fork is
the Upper Mangum in section 10, T. 4 N, R. 23 W,
6% miles southwest of Mangum” (Smith and Nickell,
1941, p. 3). That decision was based mainly upon to-
pography at the potential damsite and did not ad-
equately consider the geology, foundation conditions,
or water-impoundment capabilities of the site.

Since the 1941 report, all efforts were focused on
the search for a possible damsite in that general area,

Johnson, K. S., 2003, Gypsum karst and abandonment of the Upper Mangum Damsite in southwestern Oklahoma, in Johnson, K. S.; and
Neal, J.T. (eds.), Evaporite karst and engineering/environmental problems in the United States: Oklahoma Geological Survey Circular

109, p. 85-94.
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in spite of the extensive gypsum-karst system discov-
ered at all prospective damsites at or near the origi-
nal Upper Mangum site. Gypsum-karst featuresiden-
tified in the project area, and described in most of the
site investigations, include major caves, sinkholes, dis-
appearing streams, springs, and underground water
courses; these result from dissolution of relatively
soluble gypsum and dolomite rock units that are wide-
spread in the area.

Following a final BOR report on the Upper Mangum
project (Jackson, 1991), the Corps was asked to join
with the OWRB and local Mangum officials to make a
final determination of the viability of the project (U.S.
Army Corps of Engineers, 1993). A second Corps re-
port (U.S. Army Corps of Engineers, 1995) focused on
characterizing the geology and ground-water condi-
tions at and near the site on the basis of a review of
existing data and of new geotechnical investigations
conducted at the proposed damsite. The report con-
cluded that (1) the abutments contain extensive
amounts of soluble gypsum; (2) core samples and pres-
sure tests show these rock units to be highly perme-
able; (3) karst features are present at the surface and
at depth, particularly near the stream bed; (4) foun-
dation conditions are marginal, at best, and could
impact the integrity of the dam foundation and em-
bankment; and (5) defensive measures required to
mitigate the adverse impact of these conditions would
be extensive, and still may not provide a permanent
solution to the problem posed by karst features.

The final Corps report on the project (U.S. Army
Corps of Engineers, 1999) incorporates data from the
1995 report, along with new evaluations of the geol-
ogy, salt deposits, hydrogeology, karst features, foun-
dation conditions, and reservoir tightness at and near
the proposed damsite. That report (summarized here)
pointed out that almost all geologic, engineering-
geology, and hydrogeologic conditions at the site are
adverse to building a dam and reservoir that would
hold water, and that the Upper Mangum Damsite is
unsuitable and should be abandoned. Furthermore, a
more suitable site was identified about 7 mi down-
stream on the Salt Fork of Red River; a preliminary
study of this Lower Mangum Damsite is reported by
Johnson (2003b).

GEOLOGY

The proposed Upper Mangum Dam and Reservoir
would be situated in the Mangum Gypsum Hills of
southwestern Oklahoma (Curtis and Ham, 1972). The
area is characterized by a series of low-lying, widely
spaced benches or escarpments, capped by resistant
layers of gypsum and dolomite in the Permian Blaine
Formation. In the vicinity of the damsite the escarp-
ments are well defined and are up to 100 ft high. The
Salt Fork of Red River rises in the High Plains of the
Texas Panhandle, near the city of Claude, and flows
in an east-southeasterly direction, through the
Mangum area, to its confluence with Red River near

Harmon E_ounty
Greor County

100 Miles
160 Km

Figure 1. Map showing location of proposed Upper Mangum
Damsite in southwestern Oklahoma.

Elmer, Oklahoma. The drainage basin of Salt Fork
above the proposed damsite is about 1,313 mi?.

Some of the most striking topographic and geologic
features of the area are the dissolution and karst fea-
tures in outcropping and underlying bedrock strata.
Karst features, which are most prevalent along and
near major streams, include numerous caves, disap-
pearing streams, springs, fissures, and sinkholes, as
well as subsidence basins and locally erratic dips of
the underlying rocks (Johnson, 1986, 1990b, 2003a;
Jackson, 1991).

Regional Geology

Rock units in the project area are a thick sequence
of Permian sedimentary red beds and evaporites. The
red beds are mostly reddish-brown shales, siltstones,
and sandstones; the evaporites consist of layers or beds
of gypsum, dolomite, and salt that were deposited on
the Permian sea floor owing to evaporation of seawa-
ter (Fig. 2). The proposed dam is situated in the Hollis
Basin, directly south of the Wichita Uplift. The Wichita
Uplift, a part of which is now exposed as the Wichita
Mountains, separates the deep Anadarko Basin on the
north from the Hollis Basin on the south. As a result,
bedrock units of the project area dip to the south and
southwest into the Hollis Basin at rates of 10-50 ft
per mi. Local variations of dip and strike result from
karst features, including sinkholes and subsidence
basins (Johnson, 1986, 1990b, 2003a; Jackson, 1991).
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Figure 2. Map showing paleogeography and principal facies in
the Permian Basin during deposition of gypsum and other evapo-
rites in the Blaine Formation (from Johnson and Denison, 1973).

Site Geology

Principal bedrock stratigraphic units at the damsite
are Permian in age and include, in descending order,
Dog Creek Shale, Blaine Formation, Flowerpot Shale,
and Flowerpot Salt (Fig. 3). The Blaine Formation has
been subdivided into the Van Vacter Member (above)
and the Elm Fork Member (below). A general geologic
map is presented in Figure 4. Permian bedrock units
are overlain locally by overburden in the form of (1) al-
luvial (flood-plain) deposits along principal streams, and
(2) terrace deposits in uplands away from the streams.

Overburden

Alluvial deposits at the damsite are of Quaternary
age and consist predominantly of sand, silt, clay, and
minor gravel in the channel of Salt Fork and the adja-
cent flood plain. The thickness of these deposits is 23
ft in borehole BH-1-99, and they are estimated to be
1-50 ft thick in the area. Terrace deposits mantle some
of the upland areas near the proposed reservoir. These
loose sediments are Quaternary in age and consist
mainly of sand, gravel, silt, and clay; their thickness
generally ranges from 5 to 50 ft.

Dog Creek Shale

The Dog Creek Shale consists of ~50-150 ft of red-
brown shales in nearby outcrops, with several dolo-
mite and gypsum beds present in the lower half of the
formation. The gypsum and dolomite beds are gener-
ally 0.3—16 ft thick (Johnson, 1990a,b). Thin remnants
of the lower part of the Dog Creek Shale are present
in the right abutment (Fig. 4).

Blaine Formation
The Blaine Formation consists of interbedded gyp-

sum, dolomite, and shale, and has a total thickness of
~200 ft (Johnson, 1990a,b). Individual beds of gypsum
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Figure 3. Stratigraphy of the Permian Blaine Formation and
associated strata in the Hollis Basin area of southwestern
Oklahoma (from Johnson, 1990a).

and dolomite are laterally persistent and have a fairly
uniform thickness throughout the project area, except
where they are partly or totally removed by dissolu-
tion or erosion. The Blaine Formation consists of nine
major gypsum beds, each 10-30 ft thick: each gypsum
bed typically is underlain by a dolomite bed 0.5-5.0 ft
thick (Fig. 3). Where deeply buried (at a depth >85 ft
in BH-1-99), the Blaine contains layers and lenses of
anhydrite within the gypsum beds.
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Figure 4. Geologic map of the proposed Upper Mangum Dam and Reservoir area (from Johnson and
Ham, undated), and outline of proposed Conservation Pool.

The Blaine Formation is subdivided into two mem-
bers, the Van Vacter Member above, and the Elm Fork
Member below. The Van Vacter Member is ~100 ft
thick and consists of six thick gypsum/dolomite units,
separated by thin shales (Fig. 3). Gypsum beds in the
Van Vacter are informally referred to as gyp-1 through
gyp-6, and at the base of the Van Vacter is the wide-
spread Mangum Dolomite Bed, which locally is up to
5 ft thick. The great amount of soluble gypsum and
dolomite in the Van Vacter Member (~90% of its total
thickness) makes this unit especially vulnerable to natu-
ral dissolution and development of karst features. The
Van Vacter Member forms the left and right abutments
for the proposed dam, and it also forms most of the im-
poundment area for the proposed reservoir (Fig. 4).

The Elm Fork Member is ~100 ft thick and consists
of three thick gypsum/dolomite units, separated by
thick shales (Fig. 3). The only Elm Fork outcrops in
the project area are shales (just below the Mangum
Dolomite) exposed ~0.5 mi upstream.of the dam, and
also along Cave Creek (Fig. 4). Soluble gypsum and
dolomite make up ~50% of the Elm Fork Member, and
a number of cavities and solution fractures occur
within these units in subsurface.

Flowerpot Shale and Salt

Underlying the Blaine Formation throughout the
project area is the Flowerpot Shale. It consists mainly

of red-brown shale with thin layers of greenish-gray
shale, gypsum, dolomite, and salt (Johnson, 1990a,b).
West of the damsite, in northern Harmon County, the
Flowerpot contains layers of salt (halite), which is re-
ferred to as the Flowerpot Salt. The Flowerpot Salt
was not known to be present in the project area until
it was encountered in borehole BH-1-99 at a depth of
115 ft, ~14 ft below the top of the Flowerpot Shale.
Only the uppermost 15 ft of Flowerpot Salt was cored
beneath the damsite; rock salt makes up about half of
this cored interval, and layers of shale containing veins
of reddish-brown halite make up the remainder. Drill-
ing ceased upon encountering artesian brine water and
a flow of gas from the salt beds. The Flowerpot Salt
has been partly dissolved in the project area by circu-
lating ground waters, leaving patches of undissolved
salt and/or high-salinity brine in the upper part of the
Flowerpot Shale and the Flowerpot Salt.

CORING AND PRESSURE TESTING
OF BOREHOLES
Foundation exploration at the final proposed
damsite consisted of four core borings, CH-1 through
CH-4, drilled in 1995 in the abutments, along the
centerline of the proposed dam (Fig. 5). A fifth core
boring, BH-1-99, was drilled in March 1999 in the
stream bed of Salt Fork along the centerline of the
proposed dam. Bedrock units were cored using a 4-in.
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Figure 5. Map of proposed Upper Mangum Dam axis and lo-
cations of exploration boreholes.

core barrel equipped with a diamond bit. A geologic
log of one of the borings is shown in Figure 6.

The rock most commonly encountered in the bore-
holes was gypsum, with lesser amounts of dolomite
and shale. None of the borings encountered open cavi-
ties or caves as large as those exposed in the left abut-
ment, or in the several caves mapped in the area. Some
smaller voids were encountered in the boreholes,
where the drill bit dropped rapidly during drilling;
these voids are a few tenths of a foot to 1.8 ft high. All
boreholes encountered vugs and open solution joints
in most of the gypsum beds, and the Mangum and
Creta Dolomite Beds typically are described as
“solutioned, pitted, and broken” on geologic logs. Clay-
filled solution cavities, cored in several holes, show
that the original dolomite and gypsum have been re-
moved locally by dissolution, and soft clayey rubble
has collapsed into the cave or was deposited from
through-flowing cave waters.

Borehole BH-1-99, drilled in the stream valley, also
encountered solution cavities, solution fractures, and
vugs in each of the gypsum and dolomite beds. The
drill rig lost circulation of drilling fluid at the 24.5-ft
depth, in the upper part of the Collingsworth Gyp-
sum, indicating the presence of a through-going cav-
ity that could accept a large amount of water. In addi-
tion, the rig drilled into a 2-ft-high dissolution cavity
at the top of the Flowerpot Salt at a depth of 115.2—
117.2 ft, and encountered additional vertical and hori-

zontal voids to the total depth of 130 ft. At 128.5 ft the
drill bit entered an artesian zone that caused salt water
to flow up through the borehole to the land surface.
Therefore, karst features are well developed in each
of the Blaine gypsum and dolomite beds at the pro-
posed damsite, and also in the underlying Flowerpot
Salt.

Pressure tests were conducted in all borings at 10-
ft intervals to determine seepage characteristics of the
bedrock materials (Table 1). In borings CH-1 through
CH-4, zones of high water loss were common. In
borings CH-2 and CH-3, which are nearer the stream
valley and thus subjected to more dissolution and col-
lapse (as evidenced in the rock cores), zones of high
water loss (15—61.7 gpm) typically were present over
the entire length of each borehole rather than being
confined only to selective intervals.

Pressure testing of BH-1-99 showed a remarkably
high water loss from 40 to 120 ft (Table 1). Water loss
increased constantly from 410 gpm (at 40-50 ft) to
1,316 gpm (at 100-110 ft), and the average loss for all
11 pressure tests was 682 gpm. Most of these pres-
sure tests involved injection of water into gypsum, do-
lomite, and/or salt beds, thus showing that karst de-
velopment is most extreme at, and beneath, the stream
valley.

Therefore, the Blaine Formation and Flowerpot Salt
are highly permeable, karstic formations at the
damsite, as indicated by the following: a lack of drill-
water return during coring; a general high loss of water
pumped into the ground during borehole pressure test-
ing; and the condition of the bedrock observed in rock
cores and outcrops (cavities, voids, and open solution
joints). A geologic profile depicting general foundation
conditions and inferred karst along the proposed dam
axis is shown in Figure 7. Construction at the pro-
posed damsite would require addressing methods of
cutting off the flow of water at all levels down to at
least 120 ft (and probably to 130 ft or more) beneath
the dam in the stream valley.

HYDROGEOLOGY
Regional Karst and Hydrogeology

Gypsum and dolomite beds of the Blaine Forma-
tion contain extensive caves and sinkholes and make
up a major karst aquifer that is providing irrigation
water for much of the Hollis Basin (to the south) and
the Reed area (just north of the proposed damsite)
(Steele and Barclay, 1965; Havens, 1977; Johnson,
1986, 1990b, 2003a; Runkle and McLean, 1995; Runkle
and others, 1997; Osborn and others, 1997). The aqui-
fer typically is 160-210 ft thick and generally is un-
confined. Gypsum and dolomite have been partly dis-
solved by circulating ground water, creating a karst
system that includes major caves, sinkholes, disap-
pearing streams, springs, and underground water
courses. These features are most common in areas
where the thick and abundant gypsum beds of the Van
Vacter Member are at or near the surface.
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Borehole BH-1-99, drilled on March 5-9, 1999. Surface elevation about 1,580 ft (482 m); total depth is 130 ft (39.6 m).
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Figure 6. Geologic log of borehole BH-1-99, drilled in the stream valley along the axis of the proposed Upper Mangum Dam.

The development of porosity, and eventually of the
open conduits through which water flows, occurs most
commonly in the dolomite layers and in the lower part
of each of the overlying gypsum beds. Dolomite poros-
ity occurs along bedding planes and cross-cutting frac-
tures. In many places the development of porosity is
so advanced that the dolomite beds have a honey-
combed appearance, with only a skeletal framework
of rock supporting a system of voids. The early flow of
water through the dolomite beds causes gypsum dis-
solution and cavern development to occur most com-

monly at, and just above, the gypsum—dolomite contact.

Gypsum caverns in the region generally have a
height and width that range from several inches to
about 10 ft, although some caves reach a width of 50
ft. Enlargement of individual cavities and caverns is
due to dissolution of the soluble rock as well as to abra-
sion of the rock by gravel, sand, and silt carried by
through-flowing waters. The sediment carried by
ground water is deposited locally in the underground
caverns, and it partly or totally fills some of the open-
ings.
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Table 1. — Charts of Pressure Tests in Boreholes Drilled at Proposed Upper Mangum Dam

CH-1 CH-2 CH-3 CH-4 BH-1-99 j
GAUGE CAUGE GAUGE GAUGE DEPTH G'}:%l € GPM
DEPTH pst | cPH OEPTH PSt | GPM DEPTH PSI | GPH DEPTH PSI | GPH " - =
13.0- 23.0] -- | ---- 6.0 - 13.0] 10 | 16.7 14.0 - 22.0] == ] = 15.0 - 25.0 ] 16 | 30.0 338 - 41.
23.0 - 33.0] 10 | 31.0 13.0 - 23.0] 10 | 27.3 22.0 - 32.0 | 10 _{ 30.0 25.0 - 35.0 ] 10 | 1.0 400 - 500 10 410
33.0 - 43.0 | 10 | 60.7 23.0 - 33.0] 10 | 10.1 32.0 - 42.0 | 10 | 22.0 35.0 -~ 45.0 | 10 | 26.8 50.0 — 60.0 10 528
43.0 - 53.0 | 10 | 48.3 33.0 - 43.0 | 10 | 36.0 42.0 - 52.0 | 10 1.6 45.0 - 55.0 | 10 | 2.8 60.0 - 70.0 10 561
§3.0 - 63.0| 10 | 2.0 43.0 - 53.0 | 10 | 31.1 52.0 - 62.0 | 10 | 18.4 755.0 -~ 65.0 | 10 | 2.6 700 — 800 10 707
63.0 - 73.0| 10 | 2.3 53.0 - 63.0 | 10 | 37.3 €2.0 - 12.0 | 10 | 44.0 €5.0 - 15.01 10 | 2.4 800 — 900 10 724
73.0 - 83.0 | 10 | 60.7 €3.0 - 713.0] 10 | 61.7 72.0 - 82.0 | 10 | 46.4 15.0 - 65.0 | 10 | 0.8 80.0 — 900 20 830
83.0 - 93.0 | 10 | 60.0 73.0 - 83.0 | 10 | 57.3 82.0 - 92.0 | (0 | 36.4 85.0 - 95.0 | 10 | 1.8 90.0 = 1000 20 [1,065
93.0 - 103.0 | 10 | 3.3 83.0 - 93.0] 10 | 51.3 92.0 - 102.0 | 10 | 33.0 95.0 - 105.0 | 10 | 1.6 500 = 1100 2 1316
103.0 - 113.0 | 10 | 2.3 93.0 - 103.0 | 10 | 50.0 102.0 - 112.0 | 10 | 21.6 105.0 - 115.0 | 10 | 15.6 : 200 ” p
113.0 - 123.0 | 10 | (.1 103.0 - 113.0 ] 10 | 2.1 112.0 - 122.0 | 10 | 15.0 115.0 - 125.0 | 10 | 3.0 1100 - 120.
123.0 - 133.0 | 10 | 2.3 113.0 - 123.0] 10 | 6.8 97.0 - 107.0 | -- | --=- 125.0 - 135.0 | 10 | 0.0 110.0 - 1200 55 765
133.0 ~ 143.0 | 10 | 46.7 125.0 - 133.0 | 10 0.0 107,0 - 117.0 | 10 | 31.6 135.0 - 145.0 | 10 0.0 120.0 —~ 130.0
143.0 - 148.0 | 10 | 0.7 - {1170 -121.0( 10 | 135.0 - - J

In many parts of the region, underground caverns
have become so wide that their roofs have collapsed
to partly close the caverns. The collapse structures
and fractured strata enable vertical movement of wa-
ter in many parts of the aquifer, thus increasing the
amount of karst features in those areas. Dissolution
and resultant collapse in some areas have caused one
or more of the individual gypsum beds to be completely
removed by dissolution, and they have been “replaced”
by overlying strata that have dropped to a lower level.

Karst Features in the Reservoir Area

All of the regional karst features described above
are present in the area of the proposed reservoir, and
previous reports by the BOR and the Corps all make
numerous references to the presence of these karst
features. Caves, sinkholes, disappearing streams,
springs, and underground water courses have all been
observed or reported in the area.

One specific feature in the reservoir area is Horse-
shoe Valley Cave, just northwest of the center of sec.
35, T. 5 N., R. 24 W. This cave system, just north of
the mouth of Cave Creek, was mapped by members of
the Central Oklahoma Grotto (S. Bozeman, 1996; J.
Bozeman, 1996). About 10,900 ft of passages have been
surveyed and mapped, and all these passages are in
the lower part of the Van Vacter Member of the Blaine
Formation (Johnson, 1990b). The explored portion of
Horseshoe Valley Cave consists mainly of sinuous
passages 1040 ft wide and 5-20 ft high. If the reser-
voir were to rise to the planned Conservation Poollevel
of 1,632 ft, water would flow into, and flood, much of
the Horseshoe Valley Cave system, and presumably it
could then completely bypass, or flow under, the dam.

Several other caves in or adjacent to the impound-
ment area have been mapped or identified by the Cen-
tral Oklahoma Grotto (Sue Bozeman, personal com-
munication, 1999). These caves are inhabited by three
species of bats (Myotis velifer, Pipistrellus subflavus,
and Corynorhinus townsendii), and one of the caves
contains an Oklahoma Archaeological Site.

Field examination of the dam abutments revealed
several sinkholes and caves in the immediate abut-
ment area. One sinkhole/cave system, ~300 ft up-
stream of the centerline of the left abutment, appears
to be 50—75 ft long and to be several feet high and
several feet wide. In addition, several crevices and
small openings in gypsum beds exposed in bluffs at
and near the right abutment may open into cave sys-
tems just back of the outcrop.

A large number of sinkholes, caves, and disappear-
ing streams are visible in Van Vacter strata at other
sites adjacent to the Salt Fork of Red River. Although
the abundant sinkholes, caves, and disappearing
streams are the only visible parts of the karst system,
each of these surface features leads down underground
into part of an unseen cave passage.

SIGNIFICANCE OF KARST ON THE PROJECT

The abundance of karst features in the abutments
and beneath the foundation (Fig. 7), as well as in the
impoundment area, seriously compromises the abil-
ity or likelihood that the proposed reservoir would be
able to contain and retain water, without extensive
and expensive engineering actions (such as deep ex-
cavation, deep cutoff trenches, and/or extensive and
deep grout curtains). Such defensive measures may
not even provide a permanent solution to the karst
problem. Furthermore, reservoir impoundment may
act as a catalyst for initiating, or further accelerating,
dissolution of the evaporites. The hydraulic head of
the reservoir also may cause clay-filled cavities in gyp-
sum beds to weaken and fail, thus allowing water to
flow through preexisting subsurface solution channels.

Bedrock in almost the entire impoundment area
consists of karstic gypsum, dolomite, and shale of the
Van Vacter Member of the Blaine Formation (Fig. 4).
Beneath the Van Vacter Member are additional karst
features in the Elm Fork Member and in the Flower-
pot Salt. Thus, the final depth to which excavations,
cutoff trenches, and/or grout curtains would need to
extend is uncertain, and this makes it difficult even
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to estimate the engineering needs and costs for im-
pounding water in the reservoir.

Owing to the extensive karst features in the abut-
ments, beneath the foundation, and throughout the
impoundment area, the ability of the proposed dam
and impoundment area to hold water is unlikely. A
number of remedial engineering steps in the founda-
tion and impoundment area should increase the tight-
ness of the proposed structure, but even then there is
no assurance that the results would be acceptable.
Karst features already identified include (1) voids,
cavities, clay-filled cavities, and caves in the left abut-
ment; (2) voids, cavities, and clay-filled cavities in the
right abutment; (3) voids, cavities, clay-filled cavities,
bedded salt (with cavities), and artesian flow of salt

water beneath the stream valley; and (4) long caves,
sinkholes, clay-filled cavities, disappearing streams,
and springs at numerous sites in the impoundment
area. The full extent of the karst system in subsur-
face can only be speculated upon at this time.

CONCLUSIONS

On the basis of evaluation of data from boreholes,
laboratory tests, aerial-photography analysis, field
studies, geologic mapping, and hydrologic mapping
along the proposed dam axis and in the impoundment
area, the following is observed:

1. The abutments, and almost all of the impound-
ment area, are in the Van Vacter Member of the Blaine
Formation;

NORTHEAST SOUTHWEST
1700 ft. _ CH-1 CH-2 BH-1-99 CH-3 CH-4 I
(518m) ° ° o o ° < == Dosgh(;::ek
Salt Fork TN
~ Red River '3' .
R ° _g
Z SE| §
1600 PN Conserv. = ,9.:
(488) - ————— <= N Pool Level § = g
: S
uw
-~ ]
ol g
S8l m
1500 _| Eo
(457) = o=
Flowerpot
1400 I~ o Shale
(427) i —
0I 90(IJm = — — = — — — —_ —
. . . Sinkhole Borehole
: ] Gypsum: some Caves, Cavity, or Fissure: either open void,
Alluvium k\\\\\\\ dolomite and shale or filled with clay and/or collapsed rock
-] T Salt and Shale:
- - - -1 Shale | about 50% of each @ Movement of ground water » N \
AN 2
as
LOCATION MAP Upper Mangum Mangum

0 5 Miles 10
| |
i | l
0 8Km 16

4

Damsite (abandoned)

Lower Mangum ¥

Damsite (proposed)
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View looking downstream to the southeast. Proposed Conservation Pool level (1,632 ft) is shown.
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2. The Blaine Formation, especially the Van Vacter
Member, contains extensive amounts of seluble gyp-
sum and dolomite;

3. Extensive karst features, including caves, sink-
holes, disappearing streams, springs, clay-filled cavi-
ties, and underground water courses, have all been
observed or reported in the area;

4. Karst features are widespread at the surface and
at depth, particularly close to and beneath the Salt
Fork of Red River;

5. Karst features are also present in the Flowerpot
Salt, including a 2-ft-high dissolution cavity at the top,
numerous dissolution features throughout its thick-
ness, and an artesian flow of brine that reached to the
land surface;

6. Cores and pressure-testing data from along the
dam axis show that the foundation materials are
highly permeable;

7. A loss of fluids during pressure testing in bore-
holes generally ranged from 15 to 62 gpm in CH-1
through CH-4, and losses of 410—-1,316 gpm occurred
in most intervals tested in BH-1-99; and

8. Several known extensive gypsum-cave systems
and sinkholes in the impoundment area would be
flooded when water reaches the Conservation Pool
level of 1,632 ft, and these karst features lead under-
ground into unseen cave passages.

These foundation conditions are marginal at best,
and could impact the integrity of the dam foundation
and embankment. Engineering (defensive) measures
required to mitigate these adverse conditions would
be extensive and expensive, and still may not even
provide a permanent solution to the problems posed
by karst features. Additionally, reservoir impound-
ment may act as a catalyst for initiating, or further
accelerating, dissolution of the gypsum, dolomite, and
salt units within and beneath the dam foundation.

Engineering measures that may be needed to ad-
dress the karstic foundation conditions at the proposed
damsite include (1) excavation of the left and right
abutments for placement of cutoff trenches; (2) exca-
vation of alluvial and karstic bedrock beneath the
stream bed for placement of a cutoff trench; (3)
remediation of the karstic condition of the Flowerpot
Salt at depths >115 ft beneath the stream bed; (4)
grouting the karstic units in the foundation and abut-
ments beneath the cutoff trenches; and (5) grouting
the karstic units for 0.5 mi north of the left abutment,
and for 2—4 mi west of the right abutment, to prevent
impounded water from moving underground and by-
passing the dam.

All these engineering steps would add significantly
to the cost of construction, and still would not assure
the tightness of the reservoir. Further investigation
of the proposed Upper Mangum Damsite, or any
nearby site that would be mostly within the Van Vacter
Member, will not give any greater assurance of its
suitability for impoundment.

Owing to the adverse geologic and hydrologic con-

ditions at the proposed Upper Mangum Damsite, and
the potential difficulties and high costs in attempting
to remediate these conditiens, it is herein recom-
mended that this site be abandoned. Also, an alterna-
tive damsite, with more favorable geologic and hydro-
logic characteristics, is herein proposed at a site about
7 mi downstream on the Salt Fork of Red River. Pre-
liminary studies of this new site, the Lower Mangum
Damsite, indicate that it appears to be a favorable site
(Johnson, 2003b).
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Gypsum Karst As a Major Factor in the Design
of the Proposed Lower Mangum Dam in Southwestern Oklahoma

Kenneth S. Johnson

Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.—Foundation conditions at the newly proposed Lower Mangum Damsite, 2 mi
southwest of Mangum on the Salt Fork of Red River, appear to be favorable. Studies con-
ducted at and near the damsite indicate that water would be contained behind the dam.
Bedrock for the dam foundation, and in most of the impoundment area, would be the thick
Permian Flowerpot Shale, which is an impermeable (or low-permeability) aquiclude that
would allow little or no loss of water. Overlying the Flowerpot Shale are karstic gypsum,
dolomite, and shale beds of the Permian Blaine Formation. These karstic strata would be
above the proposed conservation-pool level in all but the uppermost parts of the reservoir,
and thus would not affect reservoir tightness in most areas. Karstic strata in the abutments
are above conservation-pool level and would be excavated during dam construction.

Complex geology and karst conditions in the uppermost part of the proposed reservoir,
near Commissioner bend of Salt Fork, probably will impose limits on the lake level, size,
and capacity of the Mangum Reservoir. Impounding water to an elevation above 1,550 ft
may cause loss of lake water into karstic rocks at Commissioner bend, and that ground
water then may flow south through a karst conduit into the Turkey Creek watershed. How-
ever, it may be possible to raise the lake level to as much as 1,560 ft if additional investiga-
tions show that no excessive water loss would occur at Commissioner bend.

If the projected surface area, storage volume, and water-supply yield are sufficient to
justify further study, then additional investigations are needed to fully evaluate conditions
at the damsite and at and near Commaissioner bend, where reservoir water is most likely to
be lost. With better data on the level to which the lake level can be raised, design of the dam

can proceed.

INTRODUCTION

This report presents the results of geotechnical in-
vestigations at the newly proposed Lower Mangum
Damsite, which is 2 mi southwest of the city of
Mangum, Oklahoma (Fig. 1). The site is on the Salt
Fork of Red River in the southwestern part of Greer
County. The investigations consist of evaluating all
previous geologic and hydrogeologic studies bearing
on the project, drilling three exploratory core borings
along the proposed-dam alignment, water-pressure
testing of completed boreholes, collecting water-well
data to determine the elevation and configuration of
the regional water table, and geologic reconnaissance
along the dam axis and in the reservoir area.

The proposed dam probably would be a compacted,
earth-fill embankment that would be 60-80 ft high
and about 5,000-6,000 ft long (Fig. 2). Preliminary
study indicates that the conservation-pool level should
not exceed 1,550 ft (to prevent lake water from inun-
dating a karst area and leaving the reservoir), but later
studies may show that the pool level can be as high as
1,560 ft without adverse effects. Water depth directly

behind the dam would be 40-50 ft deep. The total stor-
age volume in the reservoir would be 26,080 to 47,043
acre-ft, depending upon whether the conservation-pool
level is set at an elevation of 1,550 or 1,560 ft, respec-
tively.

Investigation of the Lower Mangum Damsite was
recommended at the conclusion of a long-term study
to find a suitable damsite in the vicinity of Mangum
(Johnson, 2003b). Studies in the area since 1941 had
focused on a potential damsite about 7 mi farther up-
stream on Salt Fork (the Upper Mangum Damsite),
but that site was finally abandoned in 1999 because
of extensive gypsum karst in the Blaine Formation in
the proposed abutments and impoundment area. The
history of the Mangum Dam Project, the importance
of gypsum karst at the abandoned Upper Mangum
Damsite, and the reason for recommending the Lower
Mangum Damsite are presented by Johnson (2003b).

Study of the Lower Mangum Damsite was carried
out on behalf of the Tulsa District Office of the U.S.
Army Corps of Engineers (Corps), the Oklahoma Wa-
ter Resources Board (OWRB), and the citizens of

Johnson, K. S., 2003, Gypsum karst as a major factor in the design of the proposed Lower Mangum Dam in southwestern Oklahoma, in
Johnson, K. S.; and Neal, J. T. (eds.), Evaporite karst and engineering/environmental problems in the United States: Oklahoma

Geological Survey Circular 109, p. 95-111.
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Mangum. It was done under the Planning Assistance
A to States Program (Public Law 93-251). The current
report is a summary of a study done by the current
author and released by the Corps (U.S. Army Corps of
Engineers, 2002).
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GEOLOGY

The proposed dam and reservoir would be situated
at the eastern edge of the Mangum Gypsum Hills of
southwestern Oklahoma (Curtis and Ham, 1972). The
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Figure 1 (at left). Map showing location of proposed Lower
Mangum Damsite and Reservoir in southwestern Oklahoma.
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Figure 2. Topographic map showing proposed Lower Mangum Dam and Reservoir, along with boreholes at the damsite and
outline of conservation pool (1,550 ft). Base maps: 7.5-minute topographic maps; contour interval is 10 ft (~3 m).
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region around the reservoir is characterized by a se-
ries of low-lying (10-50-ft high), widely spaced benches
or escarpments capped by resistant layers of gypsum
and dolomite in the Permian Blaine Formation (Fig.
3). Adjacent to the damsite and reservoir, however,
the escarpments are better defined and range up to
100 ft high (7.5-minute topographic maps for the
Mangum South and Russell quadrangles). The dam
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Figure 3. Stratigraphy of the Blaine Formation and associated
strata in the Hollis Basin area of southwestern Oklahoma (from
Johnson, 1990a).

and reservoir would be sited almost entirely in the
thick Flowerpot Shale, although the upper reaches of
the reservoir would inundate a small area of Blaine
Formation gypsum and dolomite outcrops.

The Salt Fork of Red River rises in the High Plains
of the Texas Panhandle, near the city of Claude, and
generally flows in an east-southeasterly direction,
through the Mangum area, to its confluence with Red
River near Elmer, Oklahoma. The drainage basin of Salt
Fork above the proposed damsite is about 1,356 mi2.

Some of the most striking topographic and geologic
features near the reservoir are the dissolution and
karst features in outcropping and underlying bedrock
strata. Karst features, which are most prevalent along
and near major streams, include numerous caves, dis-
appearing streams, springs, fissures, and sinkholes,
as well as subsidence basins and locally erratic dips of
the outcropping rocks (Johnson, 1986, 1990b, 2003a,b;
Jackson, 1991). Such karst features should be only
minor concerns at the damsite, but are of higher con-
cern in the upper reaches of the reservoir.

Regional Geology

Rock units in the project area consist of a thick se-
quence of Permian sedimentary red beds and evapo-
rites. The red beds are mostly of reddish-brown shales
and siltstones; the evaporites consist of layers or beds
of gypsum and dolomite that were deposited on the
Permian sea floor owing to evaporation of seawater
(Fig. 4). The proposed dam is situated in the Hollis
Basin, directly south of the Wichita Uplift. The Wichita
Uplift, a part of which is now exposed as the Wichita
Mountains, separates the deep Anadarko Basin on the
north from the Hollis Basin on the south. As a result,
bedrock units of the project area dip gently to the

Colorado

Kansas

160
KM

Figure 4. Permian paleogeography and principal facies in south-
western United States during deposition of evaporites in the
Blaine Formation and associated strata (from Johnson and
Denison, 1973).
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southwest. Local variations of dip and strike just out-
side of the reservoir area result largely from karst fea-
tures, including sinkholes and subsidence basins
(Johnson, 1986, 1990b, 2003a,b; Jackson, 1991). A lo-
cal system of faults and/or flexures near Commissioner
bend, in the upper reaches of the reservoir, is due to
post-Permian tectonic movements.

Site Geology

Principal bedrock units at the damsite and reser-
voir area are Permian in age and include, in ascend-
ing order: Flowerpot Shale, Blaine Formation, and Dog
Creek Shale (Fig. 3). The Blaine Formation has been
subdivided into the Elm Fork Member (below) and the
Van Vacter Member (above). A geologic map of these
units in the reservoir area is presented in Figure 5.
Permian bedrock units are overlain locally by Qua-
ternary overburden in the form of (1) alluvial (flood-
plain) deposits of Salt Fork and principal streams, and
(2) terrace deposits in uplands away from the streams.

Flowerpot Shale

The major rock unit throughout the project area is
the Flowerpot Shale, which is 200-300 ft thick in the

region. The uppermost Flowerpot strata make up most
of the damsite abutments and are the bedrock unit
for almost all of the reservoir-impoundment area. In
outcrops and cores, this formation is mainly red-brown
shale with thin layers of greenish-gray shale and gyp-
sum. The shale generally is blocky and is non-lami-
nated; it contains varying amounts of silt and sand,
and technically could be called a mudstone. Shale typi-
cally has a very low permeability, and this is the case
for the Flowerpot Shale in the project area.

Several thin beds of gypsum are present in the up-
per part of the Flowerpot Shale (Fig. 3); the most con-
spicuous is the Chaney Gypsum Bed, ~50 ft below the
top of the Flowerpot. The Chaney Bed typically is 2—-3
ft of white, massive rock gypsum that locally forms a
topographic bench. About 20 ft above the Chaney Bed
is the Kiser Bed, which consists of 1-2 ft of impure,
greenish-gray gypsum that also locally forms a small
topographic bench. Both the Chaney and Kiser Beds
are exposed only in the vicinity of the proposed
damsite, and along Salt Fork for 1-2 mi upstream from
the dam. There is no evidence of karst development
in the Chaney or Kiser Bed—probably because these
beds are thin gypsums overlain and underlain by thick
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units of impermeable (or low-permeability) shale, and
thus there is little or no known flow of karst-produc-
ing ground water through these shales and gypsum
beds.

West of the damsite, in northern Harmon County
and farther to the west, the Flowerpot contains layers
of salt (halite), which are referred to as the Flowerpot
Salt. The Flowerpot Salt was encountered beneath the
Upper Mangum Damsite (7 mi west of the Lower
Mangum Damsite) at a depth of 115 ft, ~14 ft below
the top of the Flowerpot Shale (Johnson, 2003b). No
evidence of salt is present in outcrops of the top 50—60
ft of Flowerpot strata at and near the proposed Lower
Mangum Damsite, or in the three drill holes that cored
the uppermost 200 ft of Flowerpot Shale along the
proposed dam alignment. The Flowerpot Shale does,
however, have a salty taste in a core recovered 140 ft
below the top of the formation (at depths below 88 ft
in borehole B-2).

Blaine Formation

The Blaine Formation consists of interbedded gyp-
sum, dolomite, and shale, and has a total thickness of
~200 ft in the study area (Fig. 3). Individual beds of
gypsum and dolomite are laterally persistent and have
a fairly uniform thickness throughout the project area,
except where they are partly or totally removed by
dissolution or erosion. The Blaine Formation consists
of nine major gypsum beds, each 10-30 ft thick; each
gypsum typically is underlain by a dolomite bed that
is 0.2-5.0 ft thick (Fig. 3). Where deeply buried (at
depths >75-100 ft) the Blaine typically contains lay-
ers or lenses of anhydrite within the gypsum beds.

The Blaine Formation is subdivided into the Elm
Fork Member below and the Van Vacter Member
above. The Elm Fork Member is ~110 ft thick in the
project area and consists of three thick gypsum and
dolomite units separated by thick shales (Fig. 3).
Soluble gypsum and dolomite make up ~50% of the
Elm Fork Member, and a number of cavities and other
karst features occur within these units in outcrops and
in subsurface. The most important unit in the Elm
Fork Member for this study is the Haystack Gypsum
Bed, at the base of the Blaine Formation, directly above
the top of the Flowerpot Shale. (The Gypsum Creek
Dolomite Bed, at the base of the Haystack Bed, is thin
and is only locally present.) The Haystack is white,
massive rock gypsum 10-15 ft thick; it consists of a
lower gypsum bed (8-10 ft thick) and an upper gyp-
sum bed (2—4 ft thick), separated by ~1 ft of shale.

The Van Vacter Member is ~85 ft thick in the study
area and consists of six thick gypsum and dolomite
units, separated by thin shales (Fig. 3). Gypsum beds
in the Van Vacter are sometimes informally referred
to as gyp-1 through gyp-6, and at the base of the Van
Vacter is the widespread Mangum Dolomite Bed that
locally is up to 6 ft thick. The great amount of soluble
gypsum and dolomite in the Van Vacter Member
(~90% of its total thickness) makes this unit especially

vulnerable to natural dissolution and development of
karst features. Although ground water can flow readily
through karst features in any of the gypsum or dolo-
mite beds, the Mangum Dolomite typically is highly
porous and commonly is the major water conduit in
the Blaine aquifer (Johnson, 1990b).

Dog Creek Shale

The Dog Creek Shale consists of ~150—200 ft of red-
brown shale in outcrops in the Hollis Basin, with sev-
eral beds of dolomite, gypsum, and green-gray shale
in the lower half of the formation. Gypsum and dolo-
mite beds are generally 0.3-16 ft thick in the Hollis
Basin (Johnson, 1990a). The Dog Creek Shale crops
out ~50-100 ft above the Salt Fork of Red River near
Commissioner bend, in the upper reaches of the res-
ervoir (Fig. 5), and includes exposures of the Guthrie
Gypsum Bed (5-7 ft thick) and the underlying Guthrie
Dolomite Bed (0.5-1.0 ft thick). The Guthrie Beds are
~40 ft above the base of the Dog Creek, although lo-
cally they have been dissolved and are missing.

Alluvium and Terrace Deposits

Alluvium at the damsite is of Quaternary age and
consists predominantly of unconsolidated sand, silt,
clay, and gravel in the channel of the Salt Fork of Red
River and the adjacent flood plain. The thickness of
these deposits is 51 ft in borehole B-2 and is estimated
to be typically 15-60 ft in the area. Alluvium and ter-
race deposits are also referred to as “overburden,”
which rests upon bedrock.

Terrace deposits mantle the bedrock in both the left
and right abutments, and also cover some of the up-
land areas near the proposed reservoir. These sedi-
ments are Quaternary in age and consist mainly of
unconsolidated sand, gravel, silt, and clay, and their
thickness generally ranges from 5 to 50 ft; they are 25
and 39 ft thick, respectively, in boreholes B-1 and B-
3, drilled in the abutments.

Structural Geology

Permian bedrock units are essentially flat lying in
all parts of the project area except in the uppermost
reaches of the proposed reservoir. Flowerpot and
Blaine strata are mostly horizontal, or dip gently to
the southwest at rates of 5-10 ft per mile (~0.1°). For
example, the elevation of the base of the Haystack Bed
(at the base of the Blaine Formation) is 1,569 ft at the
proposed damsite, and it ranges from 1,565 to 1,585 ft
for 4 mi farther upstream (to the west and southwest).
Westward across sec. 10, T. 4 N., R. 23 W, the eleva-
tion of the base of the Haystack Bed descends from
~1,565 to 1,545 ft within a distance of 1 mi, and then
it dips below Salt Fork river level (Fig. 5) in the vicin-
ity of Commaissioner bend of Salt Fork and the Price
fault/flexure zone (described below, under the major
section “Karst and Hydrogeology”).

The Blaine gypsum beds would be above the con-
servation-pool level of 1,550 ft (or 1,560 ft) in all parts
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of the reservoir except in the uppermost reaches (the
W+ sec. 10, T. 4 N., R. 23 W., and farther west and
southwest). Therefore, karst features in the Blaine
gypsums and dolomites would not pose any problem
concerning containment of water in the impoundment
area except in these uppermost parts of the reservoir.

GEOTECHNICAL INVESTIGATIONS

Geotechnical studies at the Lower Mangum Dam-
site and Reservoir area consisted of drilling three core
borings, performing pressure tests in those boreholes,
aerial-photograph examination, field studies, geologic
mapping, and hydrogeologic mapping in and around
the proposed impoundment.

Borehole Investigations
Core Borings

Three core borings, B-1, B-2, and B-3, were drilled in
March and April 2002 along the centerline of the pro-
posed dam. Borehole B-1 is on the left abutment, B-3 is
on the right abutment, and B-2 is in the stream bed of
Salt Fork (Fig. 2). These boreholes were drilled with a
BK-66, truck-mounted drill rig equipped with wireline
coring equipment. The holes were advanced using a
hollow-stem auger with a 5-in.-diameter drill bit, and
were drilled to depths of 149.5 to 150 ft (Table 1).
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| — tKlser Bed —
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Red River A

{
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The boreholes penetrated mostly shale, with minor
amounts of gypsum and siltstone (Fig. 6). The thick
Flowerpot Shale typically is red brown, blocky shale
in the boreholes, with some thin interbeds of green
shale, siltstone, gypsum, and anhydrite. Gypsum and
anhydrite occur as thin beds, as zones of nodules, and
as veins of satin-spar gypsum. The most prominent of
these units is the Chaney Gypsum Bed, which is ~2.5
ft thick in B-1 and B-3. There is no evidence of karst
development in the Chaney Gypsum or other gypsum
units in the Flowerpot, probably because there is little
or no circulation of ground water through the thick
shales that surround the gypsums.

At several depths in hole B-1, core recovery con-
sisted of loose, sand-sized particles of shale and gyp-
sum (at depths of 85, 114, and 135 ft). The particles
are fine to medium, rounded grains of shale (rolled into
balls) and of selenite gypsum; they comprise about 85%
shale and 15% gypsum. Field studies near B-1 show
that such anomalous beds or zones of loose sand-sized
material do not exist in outcrops of the upper Flower-
pot Shale. Thus it is concluded that the core samples
resulted from drilling, crushing, and grinding of blocky
gypsiferous shale, which is common in nearby out-
crops. It appears that these zones are competent in
subsurface and have a low permeability that is typi-
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Table 1. — Borehole Information for Cores Drilled at Lower Mangum Damsite

Borehole Depth of Depth to Elevation of Depth to
Borehole elevation borehole water table water table top of rock
no. (feet) (feet) (feet) (feet) (feet)
B-1 1,630.5 150.0 58.0 1,5672.5 24
B-2 1,515.2 149.5 2.0 1,513.2 51
B-3 1,592.1 150.0 46.0 1,546.1 39

cal of shale, as attested by pumping tests in these zones.

The Flowerpot Salt is not present at the Lower
Mangum Damsite; the boreholes penetrated 205 ft
below the top of the Flowerpot, and no salt was en-
countered. The only evidence of salt at the damsite is
the salty taste of shales in the Flowerpot in B-2 at
depths below 88 ft (~140 ft below the top of the Flow-
erpot). Such a salty taste probably results from incor-
poration of salty sea water in these Flowerpot sedi-
ments at the same time that rock salt was being de-
posited at the Upper Mangum Damsite and farther to
the west.

Gypsum in the lower part of the Blaine Formation
was penetrated only in B-1 (Fig. 6). A cavity at the top
of the Haystack Gypsum Bed is 2.5 ft thick, and it was
an interval of high water loss during pressure tests.
Strata drilled above the Haystack Bed in B-1 do not
include the overlying gypsum and dolomite beds that
normally are present; these soluble strata have been
dissolved or eroded, and are replaced by red and green
shales. The base of the Haystack Gypsum (base of
Blaine Formation) is at an elevation of 1,569 ft in B-1,
and if the conservation-pool level is only 1,550 ft (or
perhaps 1,560 ft), then reservoir water will not en-
counter these karst features. Furthermore, the Blaine
strata undoubtedly will be excavated and removed
during dam construction.

Quaternary alluvium and terrace deposits range
from 25 to 51 ft thick in the three boreholes (Fig. 6).
Alluvium in B-2 is 51 ft thick and consists of poorly
graded loose sand and silt that grades down into
coarser sand and gravel. The alluvium is porous and
permeable, and will have to be excavated, or removed
in a cutoff trench, to establish an impermeable bar-
rier down to unweathered shale in the Flowerpot.
Terrace deposits are unconsolidated sand, gravel, silt,
and clay that are 25 ft thick (B-1) and 39 ft thick (B-
3). These deposits are porous and permeable, and will
be excavated down to impermeable zones in the up-
per part of the Flowerpot Shale.

Pressure Testing

Pressure testing, using an NQ2 wireline double-
packer system (operating as a single packer), was per-
formed following completion of each 5 ft of coring.
Water was pumped into the borehole for a set amount
of time (mostly 15 minutes), and the water loss was
measured; these data are summarized in Table 2.

Water loss in almost all parts of the Flowerpot Shale
is low to extremely low, typically ranging from 0.1 to
1.0 gpm (gallons per minute) (Table 2). Only in the
uppermost layers of the Flowerpot in borehole B-1
(64.5-69.5 ft) is the water loss a moderate 13.8 gpm.
This part of the Flowerpot is just below the karst zone
of the Haystack Gypsum Bed, and the higher water
loss here probably is due to proximity to karst in the
overlying gypsum. Furthermore, this part of the Flow-
erpot Shale probably will be excavated in dam construc-
tion and will be replaced by impermeable material.

The average water loss in unweathered Flowerpot
strata in each borehole was 1.23 gpm in B-1 (at depths
below 69.5 ft), 0.31 gpm in B-2 (below 59.5 ft), and
0.30 gpm in B-3 (below 39.0 ft). The highest water
losses in the Flowerpot were 2.5, 3.2, and 4.06 gpm,
respectively, in the three 5-ft increments between 89.5
and 104.5 ft in B-1 (Table 2). However, even these
values are low, and thus the Flowerpot Shale is char-
acterized by a very low permeability.

The Blaine Formation was cored and pressure
tested only in borehole B-1. A moderate water loss of
8.56 gpm was recorded in the upper part of the Hay-
stack Bed (from 49.5 to 54.5 ft), and karst conditions
in the Haystack made it impossible to pressure test
the interval 54.5-64.5 ft. These karstic strata will be
excavated during dam construction and will be re-
placed by impermeable material.

Aerial-Photography Analysis

Aerial photographs of the proposed dam and im-
poundment area were examined to determine (1) the
geology of the area, and (2) the presence and charac-
ter of karst features in the area. Black-and-white pho-
tos, at a scale of 1:20,000, provided stereoscopic cov-
erage of the entire reservoir and all lands extending
several miles from the reservoir. The results of this
study are incorporated in the geologic map (Fig. 5).

Field Studies

Field studies involved examination of outcropping
rocks and overburden in the vicinity of the left and
right abutments, and in the impoundment area. Spe-
cial attention was given to examining karst features
—such as caves, sinkholes, springs, disappearing
streams, collapse structures, and clay-filled cavities
in gypsum or dolomite beds—that might be flooded or
covered by the reservoir. The elevation of the base of
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Table 2. — Pressure-Test Data in Boreholes at Lower Mangum Damsite
B-1 B-2 B-3

Depth Gauge Water Depth Range Gauge Water Depth Gauge Water

Range Pressure Loss (feet) Pressure Loss Range Pressure Loss
(feet) (pst) (gpm) (psf) (gpm) (feet) (psf) (gpm)
29.5-39.5 10.0 0.331 59.5-64.5 8.0 0.180 3944 26.5 0.0704
39.5-44.5 16.0 1.092 64.5-69.5 13.0 0.017 39-49 15.0 0.0088
44.5-49.5 20.0 1.377 69.5-74.5 16.0 0.000 49-54 20.0 0.0264
49.5-54.5 6.0 8.562 74.5-79.5 22.0 0.159 49-59 22.0 0.1849
64.5-69.5 20.0 13.836 79.5-84.5 25.0 0.564 59-64 27.0 0.1744
69.5-74.5 25.0 2.164 114.5-119.5 50.0 0.120 64—69 30.0 0.8101
74.5-79.5 27.0 0.204 119.5-124.5 52.0 0.120 69-74 30.0 0.0176
79.5-84.5 30.0 0377 124.5-129.5 56.0- 0.171 74-79 40.0 0.2201
84.5-89.5 36.0 0.963 129.5-134.5 60.0 0.000 79-84 45.0 0.0757
89.5-94.5 40.0 2.501 84.5-89.5 30.0 1.770 79-89 48.0 0.3381
94.5-99.5 42.0 3.182 89.5-94.5 35.0 0.217 89-94 50.0 0.2606
99.5-104.5 48.0 4.063 94.5-99.5 38.0 0.218 94-99 54.0 0.6199
104.5-109.5 38.0 1.150 99.5-104.5 42.0 0.238 99-104 58.0 0.3152
109.5-114.5 50.0 0.810 104.5-109.5 46.0 0.180 104-109 60.0 0.4579
114.5-119.5 56.0 0.652 109.5-114.5 50.0 0.134 104-114 64.0 0.2730
119.5-124.5 60.0 0.800 134.5-139.5 64.0 0.315 114-119 65.0 0.2025
124.5-129.5 60.0 0.669 139.5-144.5 70.0 0.748 119-124 68.0 0.1796
129.5-134.5 65.0 1.127 144.5-149.5 69.0 0.382 124-129 70.0 0.1374
134.5-139.5 66.0 0.421 129-134 70.0 1.7030
139.5-144.5 70.0 0.491 134-139 72.0 0.3170
144.5-150 80.0 0.088 139-144 75.0 0.0528
144-150 78.0 0.1814

Data compiled by Heather Balven, MACTEC Engineering and Consulting, Inc., Tulsa, Oklahoma.

the Haystack Gypsum Bed adjacent to the impound-
ment area was determined to ascertain that it would
be above the conservation-pool level in all but the up-
permost parts of the proposed reservoir.

Geologic Mapping

The geologic map of the reservoir area (Fig. 5) sum-
marizes the results of field studies, borehole data, and
aerial-photo analysis. Superposition of the outline of
the proposed conservation pool (1,550 ft) onto the geo-
logic map shows that almost the entire impoundment
will be in the Flowerpot Shale, or in alluvium and ter-
race deposits that overlie the Flowerpot. Only in the
uppermost reaches of the reservoir (secs. 9, 10, and
16, T. 4 N., R. 23 W.) do the Blaine gypsum and dolo-
mite beds dip down below the proposed conservation-
pool level.

Hydrogeologic Mapping

Four principal hydrogeologic units-are present in
the project area: the Flowerpot Shale aquiclude, the
Blaine aquifer, the terrace deposits aquifer, and the
Salt Fork alluvium aquifer.

Flowerpot Shale Aquiclude

The Flowerpot Shale has a very low permeability
and is an aquiclude. The low permeability of this
aquiclude is attested by the minimal loss of water
during pumping tests in the Flowerpot at the proposed
damsite (Table 2). Inasmuch as the Flowerpot Shale
is the bedrock unit in all but the uppermost part of
the impoundment area, there should be little or no
loss of reservoir water to the aquiclude, except the
water that will go into bank storage. Also, the low
permeability of the Flowerpot aquiclude will prevent
or inhibit seepage or flow of reservoir water through
the dam abutments. The several thin gypsum beds
(the Chaney and Kiser Beds) are not known to be
karstic, and thus should not be pathways for flow of
water through the abutments. However, the poten-
tial for karst features and water transmission in the
thin gypsum units should be examined in all future
boreholes and excavations in the abutments.

Blaine Aquifer

The Blaine gypsum/dolomite karst aquifer is the
principal source of irrigation water in the areas around
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Hollis, Duke, and Eldorado (to the south), and in the
area just east of Reed (to the north). And the Blaine
aquifer could be the principal conduait for loss of water
from the upper reaches of the Mangum Reservoir if
the conservation-pool level is raised too high (above
1,550 or 1,560 ft). Reports on the Blaine aquifer in the
region are by Schoff (1948), Steele and Barclay (1965),
Havens (1977), Johnson (1986, 1990b, 2003a,b),
Runkle and McLean (1995), Osborn and others (1997),
and Runkle and others (1997).

The elevation of the water table in the Blaine aquifer
and other bedrock units in the project area is presented
in Figure 7. Most of the water wells examined for this
map are drilled into the unconfined Blaine aquifer; how-
ever, several water wells close to Salt Fork, and the three
Corps boreholes at the damsite, yield water levels in
the Flowerpot aquiclude. Elevations for water levels in
the Flowerpot aquiclude and Salt Fork stream bed are
usable on this map because the Blaine aquifer is hydro-
logically connected with the Flowerpot aquiclude and
also with the alluvium and streamflow. Ground water,
recharged mainly from precipitation in upland areas,
moves toward Salt Fork and its tributaries, where it is
discharged. The water table slopes down toward Salt
Fork from all upland areas (Fig. 7).

A comparison of current water levels (Fig. 7) with
data collected in earlier studies (Steele and Barclay,
1965; Jackson, 1991; Runkle and others, 1997) shows
a similar configuration of the regional water table from
1949 to the present.

Terrace Deposits Aquifer

Terrace deposits in the area are highly porous and
permeable, and typically they are excellent freshwa-
ter aquifers. Commonly, these deposits rest directly
upon the Blaine aquifer, and these two units are hy-
drologically connected. Terrace deposits overlie bed-
rock in both abutments at the proposed damsite. Ow-
ing to their high permeability, terrace deposits on the
abutments probably will need to be removed to pre-
vent water loss.

Salt Fork Alluvium Aquifer

Quaternary alluvium generally is highly porous and
permeable, and typically is a good freshwater aquifer.
It 1s in direct contact with the underlying Flowerpot
aquiclude in most of the impoundment area, and with
the Blaine aquifer in the upper reaches of the pro-
posed reservoir. Alluvium probably will have to be
excavated down to unweathered Flowerpot Shale be-
neath the dam foundation to eliminate flow of water
beneath the dam.

KARST AND HYDROGEOLOGY

Regional Karst and Hydrogeology

Gypsum and dolomite beds of the Blaine Forma-
tion contain extensive caves and sinkholes and make
up a major karst aquifer that is providing irrigation

water for much of the Hollis Basin and Reed area
(Schoff, 1948; Steele and Barclay, 1965; Havens, 1977;
Johnson, 1986, 1990b, 2003a,b; Bozeman, 1987;
Runkle and McLean, 1995; Osborn and others, 1997;
Runkle and others, 1997). The aquifer typically is 160—
210 ft thick in southwestern Oklahoma and generally
is unconfined. Karst features include caves, sinkholes,
disappearing streams, springs, and underground wa-
ter courses. These features are most common in areas
where the thick and abundant gypsum beds of the Van
Vacter Member are at or near the surface; the low-
permeability shale interbeds in the Van Vacter are
quite thin, and they do little to inhibit aquifer devel-
opment.

Gypsum caverns in the region generally have a
height and width that range from several inches to
~10 ft, although some caves reach a width of 50 ft.
Enlargement of individual cavities and caverns is due
to dissolution of the soluble rock as well as to abra-
sion of the rock by gravel, sand, and silt carried by
through-flowing waters. The sediment carried by
ground water is deposited locally in the underground
caverns, and it partly or totally fills some of the open-
ings.

In many parts of the region, underground caverns
have become so wide that their roofs have collapsed
to partly close the caverns. The collapse structures
and fractured strata enable vertical movement of wa-
ter in many parts of the aquifer, thus developing a
good hydraulic interconnection among the various
gypsum and dolomite beds. Dissolution and resultant
collapse in some areas have caused one or more of the
individual gypsum beds to be completely removed by
dissolution, and they have been replaced by collapsed
overlying strata or cave-filling sediments. These cave-
filling sediments are not well cemented, and they can
be eroded easily if ground water again starts to flow
through them.

Ground-water and surface-water interaction near
principal streams, such as the Salt Fork of Red River,
enhance the dissolution of gypsum, thereby increas-
ing the number and size of karst features and the per-
meability of the Blaine aquifer. In areas within 2 or 3
mi of these streams, gypsum and dolomite beds are
more likely to have been partially or totally dissolved,
thus creating conduits that allow large quantities of
water to move rapidly through the aquifer.

Karst Features in the Reservoir Area

All of the regional karst features described above
are present in the project area, mostly in the upper
reaches of the proposed reservoir. All the earlier re-
ports by the BOR and the Corps make numerous ref-
erences to the presence of caves, sinkholes, and col-
lapse structures just upstream from the Lower
Mangum Reservoir area, and discuss the likelihood
that severe leakage would occur if a reservoir had been
built at the Upper Mangum Damsite (Johnson, 2003b).

Examination of the dam abutments, and boreholes
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B-1 and B-3 in the abutments, revealed karst features
in the Blaine gypsum beds in the immediate damsite
area. However, these karst conditions are at eleva-
tions above 1,569 ft and would not impact water con-
tainment if the conservation pool is maintained at
1,550 or 1,560 ft. Furthermore, karstic zones in the
Blaine Formation would probably be excavated along
with unconsolidated terrace deposits during dam con-
struction.

The Haystack Gypsum Bed and overlying gypsum
and dolomite units of the Blaine Formation contain
karst features in many places upstream from the pro-
posed damsite. However, these karstic strata are at
elevations greater than 1,565 ft in all but the upper-
most part of the reservoir and thus would be above
the conservation-pool level of 1,550 or 1,560 ft; there-
fore, these karst conditions will not affect retaining
water in most of the impoundment.

In the uppermost reaches of the reservoir (in secs.
9and 16, and W% sec. 10, T.4 N, R. 23 W), the Blaine
Formation gypsum beds are partly or totally missing
owing to dissolution. Most outcrops consist mainly of

the intervening shales, interbedded with remnants of
partly dissolved or eroded gypsum and/or dolomite
beds, and these strata are largely mantled by Quater-
nary terrace deposits. Where these karstic beds dip
below stream level, or below conservation-pool level,
they constitute a zone where reservoir water will en-
ter into bank storage and will possibly flow (as ground
water) into the Turkey Creek watershed to the south.

Examination of the Chaney and Kiser Gypsum
Beds, and other units in the upper Flowerpot Shale,
yields no evidence of karst conditions in these thin
gypsum beds. Therefore, there appears to be no po-
tential for water loss from the reservoir related to these
upper Flowerpot strata. However, future boreholes
and excavations in the Flowerpot should be examined
for possible evidence of karst.

Geologic and Karst Features
in the Upper Part of the Reservoir
Although the geology at the damsite and in most of
the reservoir appears favorable for impounding and
holding water, the complex geology and karst condi-
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tions near the upper reaches of the proposed reser-
voir will impose limits on the size and capacity of the
reservoir. If lake water rises and covers the Commis-
sioner bend of Salt Fork, there may be a loss of reser-
voir water southward (to the Turkey Creek watershed)
through the complex Price fault/flexure zone. The Price
zone coincides with the area where the Burns ground-
water saddle can allow ground-water flow beneath the
Schwabe topographic saddle. These features are herein
named for principal landowners in the area.

Commissioner Bend of Salt Fork of Red River

An important topographic feature in the project
areais the Commissioner bend of the Salt Fork of Red
River in the N% sec. 16, T.4 N., R. 23 W. (Figs. 2, 8); it
is herein named because that land is administered by
the Oklahoma Commissioner of School Land Office.
Commissioner bend is important because (1) it is where
the Price fault/flexure zone crosses Salt Fork; (2) it
has a stream-level elevation of 1,550 ft, and it would
be the upper end of the reservoir if the conservation-
pool level is 1,550 ft; (3) it is just north of the Schwabe
topographic saddle and the Burns ground-water
saddle, through which water may exit the reservoir if
the pool level exceeds 1,550 or 1,560 ft; and (4) it is a
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Figure 8. Map showing the Schwabe topographic saddle (along
Ladessa Road), and the Commissioner bend of Salt Fork of
Red River near the upper part of the proposed Lower Mangum
Reservoir. Also shown are boreholes portrayed in Figure 9.
Base maps: U.S. Geological Survey, Russell and Mangum
South 7.5-minute-quadrangle topographic maps; contour in-
terval of base maps is 10 ft (~3 m).

segment of Salt Fork in which there appears to be a
loss of river water into the ground.

Price Fault/Flexure Zone

An area of complex structure in the upper reaches
of the reservoir is herein named the Price fault/flex-
ure zone; the zone crosses lands owned by Ronald Price
in the S% sec. 16, T. 4 N., R. 23 W. (Fig. 5). The Price
zone consists of at least two faults and/or flexures that
extend in a N. 30° W. direction across Ladessa Road,
and then across the Salt Fork of Red River in the vi-
cinity of the Commissioner bend of the river. The faults
and/or flexures are known through field studies and
interpretation of data from earlier drilling by BOR
along Ladessa Road, in the area of the Schwabe and
Burns saddles (Fig. 9). The fault/flexure zone is a tec-
tonic feature of Late Permian or post-Permian age; it
is not a collapse structure resulting from karst devel-
opment in the Blaine gypsum beds.

The Price zone is ~4,000 ft wide, and strata in the
Blaine Formation (and overlying and underlying
strata) are dropped down ~100-150 ft on the west (Fig.
9). Within this zone the Blaine Formation and associ-
ated strata have been faulted, fractured, and strained;
this undoubtedly has increased the permeability of
these rocks. Therefore, rocks here are more readily
subject to weathering and erosion, and the gypsum
and dolomite units of the Blaine and Dog Creek For-
mations are more susceptible to dissolution and karst
development. These karst conditions enhance the flow
of ground water toward the south from the Commis-
sioner bend of Salt Fork, beneath the Schwabe topo-
graphic saddle.

Schwabe Topographic Saddle

The topographic divide between the Salt Fork of
Red River (on the north) and the Turkey Creek wa-
tershed (on the south) forms a saddle near Ladessa
Road, along the north side of sec. 21, T.4 N, R. 23 W.
(Fig. 8). This roughly east—west-trending feature is
herein named the Schwabe topographic saddle, after
Charles and Renée Schwabe (pronounced “shwa’-bee”),
owners of the NEY% sec. 21.

The lowest elevation on the drainage divide along
the Schwabe saddle 1s about 1,620 ft, which is 70 ft
above stream level (1,550 ft) of the nearby Salt Fork
at Commaissioner bend. There are geologic reasons for
the low elevation in this part of the saddle: (1) the
Price fault/flexure zone passes through the saddle
here, and the faulted, fractured, and strained rock is
more readily eroded; (2) the less resistant, more eas-
ily eroded Dog Creek Shale is at the land surface in
much of the saddle area; and (3) karst development in
gypsum and dolomite beds beneath the saddle prob-
ably has caused subsidence of some of the land sur-
face in the area.

Burns Ground-Water Saddle

The Burns ground-water saddle 1s a subsurface
hydrologic feature that divides ground-water move-
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Figure 9. Schematic geologic cross section through the Schwabe and Burns saddie area. This is also the location of the Price
fault/flexure zone. Cross section based upon boreholes (shown in Fig. 8) and field studies. Water table measured April 1-19,

2002. View looking to the north.

ment into a northward flow (to Salt Fork of Red River)
and a southward flow (to the Turkey Creek watershed)
(Fig. 10). The saddle lies along the north side of sec.
21, T.4N., R. 23 W_, and is named for J. W. and Phyllis
Burns, owners of the NW4% sec. 21. The Burns saddle is
within the complex Price fault/flexure zone (Fig. 5) and
underlies the Schwabe topographic saddie (Figs. 8, 9).
Gypsum and dolomite beds of the Blaine Forma-
tion beneath the Schwabe saddle have been partly to
extensively dissolved to form a system of karst fea-
tures. This 1s affirmed by examination of BOR cores
and of drillers’ logs from seismic shot holes in the area,
and is readily understood because permeability and
karst development would be enhanced by faults, frac-
tures, and strains in the gypsum and dolomite beds in
the Price fault/flexure zone. Karst development in this
area, particularly in the thick gypsum beds of the Van
Vacter Member, undoubtedly has been accompanied
by intermittent subsidence or collapse in the past, thus
increasing the hydraulic interconnection between the

various gypsum and dolomite beds. Raising the level
of the reservoir up to or above the karst features may
act as a catalyst for initiating, or further accelerating,
dissolution of gypsum and dolomite.

Earlier studies of the Upper Mangum Damsite
(Darnell, 1954; Redfield, 1960) established the impor-
tance of the Schwabe/Burns saddle area to the suc-
cess of a dam and reservoir that might inundate the
Commissioner bend of Salt Fork, and they described
the potential for excessive leakage of impounded wa-
ter through this area. This concern is attested by the
significant amount of drilling and collection of water-
level data in this area during earlier studies, and those
data are presented here in Figure 11.

Currently, the lowest known elevation of the water
table along the Burns saddle is 1,567 ft (Fig. 10). How-
ever, in earlier studies the lowest measured elevation
was 1,563 ft in 1954 and 1,568 ft in 1960 (Fig. 11).
Unfortunately, there are not enough data (enough
water-level measurements) to define the precise loca-
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tion and elevation of the crest and the low point on
the Burns saddle. Additional test holes and water-level
measurements in the Schwabe/Burns saddles would
help establish these parameters.

Loss of Streamflow at Commissioner Bend

Several observations indicate that there may be a
loss of streamflow from the Salt Fork of Red River at
Commissioner bend. These include measurements that
show loss of streamflow in the vicinity of Commissioner
bend, a change in the stream gradient of Salt Fork
just above Commissioner bend, and the pronounced
flow of ground water just south of Commissioner bend.

Loss of streamflow in the general area is described
by Darnell (1954, p. 3). He mentions that streamflow
studies show a slight increase in streamflow down to
the Upper Mangum Damsite, and a loss of streamflow
from there to the Mangum bridge (see locations in Fig.
1). Unfortunately, data are not provided on precise
locations where the water loss is suspected, but it ap-
pears that they may be in the vicinity of Commaissioner
bend.

The gradient of Salt Fork changes significantly at,
and just above, Commissioner bend. Far above and
below this area, the elevation of the stream bed nor-
mally drops 20 ft within river distances of 15,000—
20,000 ft—a stream gradient of 5—7 ft per mile. How-
ever, the elevation of the stream bed drops 20 ft (from
1,570 ft to 1,550 ft) within a river distance of only
11,000 ft just above Commissioner bend (Fig. 7)—a
stream gradient of ~9.6 ft per mile. The steeper gradi-
ent here indicates that the river is flowing more rap-
idly and is cutting down more rapidly, and then the
water appears to be removed from the river near Com-
missioner bend. This suggests that there may be a sink
or some other feature that is draining water from the
river near Commissioner bend, thus causing an in-
crease in the stream’s gradient as it approaches the bend.

The location and configuration of the Burns ground-
water saddle, and the water table for several miles
south of the saddle, indicate that a highly permeable
conduit exists for ground-water flow from north to
south in the area (Figs. 7,9, 10, 11). The Burns saddle
and this permeable, karstic conduit are directly south
of Commissioner bend and probably represent a path-
way for some of the surface flow of Salt Fork to exit
the river and move southward as ground water into
the Turkey Creek watershed.

To determine the quantity and location of stream-
flow loss, and the potential for loss of reservoir water
to ground water in this area, measurements of stream-
flow in Salt Fork should be made at one or two sites
upstream and downstream of Commuissioner bend.

Significance of Karst on the Project

If karst features are present in the abutments and
in the impoundment area, these features could com-
promise the ability of the proposed reservoir to con-
tain water. Furthermore, filling the reservoir to too

high a level could act as a catalyst for initiating, or
further accelerating, dissolution of the evaporites. The
hydraulic head of a reservoir that is too full may also
cause clay-filled cavities in gypsum beds to weaken
and fail, thus allowing water to flow through preex-
isting subsurface solution channels.

Fortunately, bedrock in almost all parts of the im-
poundment area is the thick Flowerpot Shale, which
lacks karst features. The abutments do contain karst
features in the Haystack Gypsum Bed and overlying
strata in the Blaine Formation. However, these karstic
strata are at elevations above 1,569 ft, well above the
proposed conservation-pool level of 1,550 or 1,560 ft;
also, these karstic rocks will be excavated in construct-
ing the dam.

Only in the upper reaches of the reservoir, at the
Commissioner bend of Salt Fork and the Schwabe/
Burns saddles, are karst features of the Blaine For-
mation likely to allow reservoir water to escape as
ground water and flow south to the Turkey Creek
watershed. To prevent, or at least minimize, such a
loss of water, the conservation-pool level should not
exceed 1,550 ft (stream level in Commissioner bend),
or perhaps 1,560 ft (based upon what is learned about
water levels and ground-water flow in the Schwabe/
Burns saddles).

It is likely that ground water is flowing northward
from the Burns ground-water saddle toward Salt Fork
at Commissioner bend (in sec. 16), as is indicated by
water-level contours (Figs. 10, 11). If so, perhaps the
reservoir level could be raised to an elevation ap-
proaching the low point on the ground-water divide:
to an elevation of about 1,560 ft. Although current data
show that the divide may be as low as 1,567 ft (Fig.
10), the data are sparse along the divide and it may
locally be lower than 1,567 ft. It is also possible that
the 1,567-ft value represents a perched water table,
and that karstic features in underlying Blaine gyp-
sum and dolomite beds may be channeling water to
the south at a lower elevation, beneath the ground-
water divide.

Additional data are needed to answer certain im-
portant questions: (1) What is the lowest elevation
along the ground-water divide? (2) Is there a perched
water table at the Burns ground-water saddle? (3) Is
ground water flowing to the south beneath the ground-
water divide through karst conduits that are not con-
nected with a shallower (perched) water table? (4) Can
the reservoir level be raised above 1,550 ft, with as-
surance that there would not be excessive loss of wa-
ter through the Schwabe/Burns saddles? Until these
conditions are evaluated, it is uncertain whether the
conservation-pool level should be limited to 1,550 ft,
or perhaps be raised as high as 1,560 ft. These data
are critical in designing the Lower Mangum Dam.

RESERVOIR TIGHTNESS

The combination of geologic and hydrogeologic field
studies, along with core descriptions and pressure tests
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on the three boreholes, indicates that the proposed
dam and most of the impoundment area are water
tight and will hold water behind the dam. Providing
that the conservation-pool elevation does not exceed
1,550 ft (or perhaps 1,560 ft), the bedrock unit at the
damsite, and in all but the uppermost part of the res-
ervoir, will be the Flowerpot Shale; and Flowerpot
strata have such a low permeability that seepage of
water should be minimal. The loose, sand-sized par-
ticles of shale and gypsum recovered at three levelsin
borehole B-1 are regarded as an artifact of drilling,
and those strata will not be pathways for water loss
under the dam. Also, there is no evidence of karst fea-
tures in the thin Chaney and Kiser Gypsum Beds, or
in other gypsiferous zones in the Flowerpot, so they
should not be conduits for water loss.

Karst features in the Blaine Formation are poten-
tial pathways for water loss if the reservoir level were
to rise up to (or above) the elevation of the Haystack
Gypsum Bed. At the damsite, the base of the Hay-
stack is 1,669 ft, and excavating the gypsum beds here
and replacing them with impermeable material re-
moves the potential for karst problems at the damsite.
In most of the reservoir area, the elevation of the base
of the Haystack Bed is 1,5665—1,585 ft; thus the karst
zones of the Blaine Formation will be above the con-
servation-pool level in all but the uppermost part of
the reservoir. Only in the vicinity of Commissioner
bend and the Price fault/flexure zone does the base of
the Blaine dip to 1,545 ft, and lower, beneath the
stream bed of the Salt Fork of Red River.

The elevation of the regional water table slopes
down toward the reservoir from all directions (Fig. 7).
This assures that lake water will be contained within
the impoundment in all but the uppermost part of the
reservoir. Some of the lake water will go into bank
storage as the reservoir fills up; bank-storage water
will seep into currently unsaturated alluvium, terrace
deposits, and bedrock units that will be inundated.
Once the bank-storage capacity is reached, there
should be no additional bank-storage seepage into
these rocks and sediments.

One of the limiting factors on reservoir tightness
and the capacity of the reservoir is the potential for
loss of surface water to the subsurface at Commis-
sioner bend of Salt Fork, in the uppermost parts of
the reservoir. In this area, the Blaine Formation is
faulted, fractured, and strained in the Price fault/flex-
ure zone, and ground water may flow southward
through the Schwabe/Burns saddles to the Turkey
Creek watershed. Karstic gypsum and dolomite beds
of the Blaine Formation are below river level (below
1,550-ft elevation) in this area (Fig. 9), and thus would
be below conservation-pool level. To eliminate loss of
surface water at Commissioner bend, where the el-
evation is 1,650 ft, it may be necessary to limit the
conservation-pool level to 1,550 ft; this would assure
that there is no more loss of water at this site than is
already occurring. However, water-level contours in

the Schwabe/Burns saddle area (Fig. 10) indicate that
the reservoir level might be raised nearly as high as
the low point on the Burns ground-water divide, or to
an elevation of about 1,560 ft. Further study will be
needed to assess this possibility.

Alluvium and terrace deposits at the proposed
damsite are permeable. They consist of loose sand,
gravel, and clay, and are potential pathways for wa-
ter loss beneath the dam. Alluvium underlies much of
the valley of the Salt Fork of Red River, and terrace
deposits overlie bedrock units on both abutments (Figs.
5, 6). Both alluvium and terrace deposits probably will
need to be excavated down to the competent, imper-
meable (or low-permeability) Flowerpot Shale at the
damsite, either by complete excavation of the over-
burden or by a narrow cutoff trench, backfilled with
impermeable material.

RESERVOIR STORAGE
AND WATER-SUPPLY YIELDS

Data on the surface area, reservoir storage, and
water-supply yields for several different conservation-
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pool elevations of the Lower Mangum Damsite and
Reservoir were determiined (Tables 3, 4). Streamflows
along the Salt Fork of Red River were measured by
U.S. Geological Survey stream gages at Wellington,
Texas, and Mangum, Oklahoma, for the period of Janu-
ary 1967 through September 1991. Also, the water-
supply yields determined here are based on conditions
that existed during the period-of-record available at
the stream gages used in the analysis.

Current data (Tables 3, 4) for the proposed reser-
voir are as follows: if the conservation pool is estab-
lished at 1,550 ft, the lake would have a surface area
of 1,863 acres, a total storage volume of 26,080 acre-ft
of water, and a water-supply yield of 11.07 mgd (mil-
lion gallons per day); and if the conservation pool can
be set higher, at 1,560 ft, the lake would have a sur-
face area of 2,604 acres, a total storage volume of
47,043 acre-ft of water, and a water-supply yield of
16.51 mgd. Water-supply yields were calculated for con-
servation storage amounts ranging from 7,314 to 46,993
acre-ft, resulting in yields from 2.67 to 16.51 mgd.

SUMMARY AND CONCLUSIONS

Foundation conditions at the proposed damsite ap-
pear favorable. The combination of geologic and
hydrogeologic field studies, along with core descrip-
tions and pressure tests on the three boreholes drilled
at the damsite, indicates that water would be con-

Table 3. — Elevation—Area—Capacity Data for
Lower Mangum Dam and Reservoir

Elevation Surface area Storage volume
(feet) (acres) (acre-feet)
1,540 1,184 12,311
1,545 1,397 18,766
1,550 1,863 26,080
1,555 2,142 35,953
1,560 2,604 47,043

Data compiled by Russell Wyckoff, U.S. Army Corps of Engineers,
Tulsa, Oklahoma.

tained behind the dam. The thick Flowerpot Shale will
be the bedrock foundation for all parts of the dam and
most of the impoundment area. Reservoir tightness is
demonstrated by pressure testing in boreholes at the
damsite and by the presence of the low-permeability
Flowerpot Shale aquiclude as bedrock in almost all
parts of the reservoir. Pressure tests show the water
loss typically to be only 0.1-1.0 gpm, with some val-
ues up to 4.6 gpm. The highest water loss (13.8 gpm)
in the Flowerpot is in borehole B-1 at a depth of 64.5—
69.5 ft; this interval is at an elevation of 1,566-1,561
ft, and this rock would be excavated with the overly-
ing Blaine strata.
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Table 4. — Water-Supply and Yield Data for Lower Mangum Dam and Reservoir
Runs: 1 2 3 4 5 6 7 8
Top conservation pool: 1,650 1,550 1,550 1,560 1,560 1,560 1,550 1,560
Bottom conservation pool: 1,520 1,525 1,530 1,620 1,625 1,530 1,545 1,550
Water-supply storage (ac-ft): 26,030 24,351 22,182 46,993 45,314 43,145 7,314 11,090
Water-supply yield (mgd): 11.07 10.46 9.65 16.51 15.9 15.13 2.67 3.28

Drawdown time:

4yré6mo 3yrimo 3yrimo 8yr3mo 8yr3mo 8yr3mo 2yriOmo 2yri11mo

Runs 1, 2, and 3 have acceptable drawdown periods, whereas runs 4, 5, and 6 have excessive drawdown periods. Runs 7 and 8 have minimal
drawdowns, but small yields, representing a small pool fluctuation for recreational interests.

Data compiled by Russell Wyckoff, U.S. Army Corps of Engineers, Tulsa, Oklahoma.

The water table for all areas around the reservoir
is above the proposed conservation-pool level of 1,550
ft (or 1,560 ft), and it slopes down toward the reser-
voir from all directions. This assures that lake water
will be contained within the impoundment, except
perhaps in the uppermost reaches of the reservoir, at
the Commissioner bend of Salt Fork and the Schwabe/
Burns saddle area.

Karst features are present in the Blaine Forma-
tion in areas surrounding the proposed reservoir. How-
ever, these karstic units will be excavated at the
damsite, or will be above conservation-pool level in
all but the uppermost parts of the reservoir. There-
fore, these karst conditions will not affect reservoir
tightness in most of the impoundment.

The complex geology and karst conditions in the
uppermost reaches of the proposed reservoir will im-
pose limits on the lake level, size, and capacity of the
Mangum Reservoir. Water impounded up to and above
the Commissioner bend of Salt Fork may cause loss of
reservoir water southward (to the Turkey Creek wa-
tershed) through the Price fault/flexure zone. Rock in
this zone is faulted, fractured, and strained, and the
karst conditions here may allow ground water to pass
through the Burns ground-water saddle, beneath the
Schwabe topographic saddle. Also, raising the reser-
voir level too high may act as a catalyst for initiating,
or further accelerating, dissolution of gypsum and
dolomite units beneath the Schwabe topographic
saddle.

There appears to be a loss of some streamflow from
the Salt Fork of Red River at Commaissioner bend, and
this water then appears to move as ground water to
the south through a karstic zone in the Schwabe/Burns
saddles. The elevation of the stream bed in Salt Fork
at Commissioner bend is 1,650 ft, and it may be nec-
essary to maintain the conservation pool at a maxi-
mum of 1,550 ft. Under these conditions, water loss
through the Schwabe/Burns saddles would be no more
than it is currently. It may be possible to raise the
conservation pool to as much as 1,560 ft if subsequent
testing shows that the low point of the Burns ground-
water saddle is higher than 1,560 ft, and if one can

assure that excessive reservoir water will not pass
southward (as ground water) into the Turkey Creek
watershed.

If the calculated surface area, storage volume, and
water-supply yield are sufficient to warrant further
study and planning, several activities are necessary
to determine limits on the conservation-pool level and
reservoir size. These activities include drilling addi-
tional boreholes along the dam, determining the quan-
tity and location of streamflow loss at Commissioner
bend, and fully assessing the hydrogeologic conditions
(and the potential for loss of reservoir water) in the
Schwabe/Burns saddle area.
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Regional Mapping of Karst Terrains in Oklahoma for Avoidance
of Engineering and Environmental Problems

Kenneth S. Johnson
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Norman, Oklahoma

ABSTRACT.—The Oklahoma Geological Survey will prepare a map of the State at a scale of
1:500,000 (or possibly 1:750,000) to show potential karst terrains and associated engineer-
ing and environmental problems in Oklahoma. Surface and near-surface carbonates (lime-
stone and dolomite) cover ~6% of the surface area of the State, whereas surface and near-
surface sulfates (gypsum and anhydrite) cover ~4% of the State. Areas of carbonates and
sulfates will be differentiated and mapped separately as two zones: in zone 1 these water-
soluble rocks are 0-6 m deep, and in zone 2 they are 6-30 m deep. Areas underlain by
bedded salt (halite) within 300 m of the surface extend over 14.6% of the State, and they will
be mapped as zone 3. Data on the karst map of Oklahoma will be incorporated into a planned

national karst map.

INTRODUCTION

This brief paper, modified and updated from an
earlier report by Johnson and Quinlan (1995), de-
scribes plans of the Oklahoma Geological Survey
(OGS) for preparing a map and text showing the po-
tential karst terrains and associated engineering and
environmental problems in Oklahoma. This will not
be a detailed map showing individual caves, sinkholes,
or other specific karst features. Instead, the map will
show the general distribution of potential karstic ar-
eas in the State so that engineering, construction, and
ground-water-related projects in those areas can an-
ticipate, and then solve or avoid, problems related to
development in karst terrains. The State map and text
will not replace the need for site-specific geotechnical
and/or hydrogeological investigations for projects that
may be impacted by location in or near a karst ter-
rain.

Almost all terrains in which carbonate, sulfate, or
chloride rocks crop out, or are in the shallow subsur-
face, are probably karstic, at least to some extent. In
the case of carbonates and sulfates in Oklahoma, it is
likely that karst features may cause problems in ar-
eas where the soluble rock is 0—6 m below the land
surface, and problems may even exist where the sol-
uble rock is 6-30 m deep; for chlorides (halite, or rock
salt), karst features may be important where the salt
is 0—300 m deep.

The karst map of Oklahoma is part of a larger pro-
gram of preparing a generalized karst map for the
entire United States. This national program, described
by Epstein and Johnson (2003), is being carried out
by the U.S. Geological Survey (USGS) in cooperation

with state geological surveys, other federal agencies,
and academia. The digitized national karst map will
be maintained by the National Cave and Karst Re-
search Institute (NCKRI). Oklahoma’s karst map also
is part of an overall OGS program to identify and char-
acterize the State’s geologic hazards (Luza and
Johnson, 2003).

A related program being carried out by OGS 1s
preparation of an annotated bibliography on caves and
karst in Oklahoma. This bibliography is being pre-
pared with support from NCKRI and is available online
through the OGS web site (http://www.ogs.ou.edw/).

GEOLOGIC SETTING

Sedimentary and low-grade metasedimentary rocks
make up ~99.5% of the outcrops in Oklahoma (Fig. 1),
and Paleozoic strata are as thick as 6,000-9,000 m in
the depocenters of the major sedimentary basins (Figs.
1, 2). Carbonates and evaporites make up a signifi-
cant portion of the outcrops and shallow-subsurface
rocks in several of the geologic provinces, and thus
the known and potential karst regions of the State
are widespread.

Carbonates, mostly limestone and minor dolomite,
crop out chiefly in the Arbuckle Mountains, Wichita
Mountains, and Ozark Uplift (Figs. 2, 3): in these ar-
eas, carbonates occur in units 15—-2,000 m thick and
are of Late Cambrian through Early Pennsylvanian
age. Pennsylvanian and Early Permian limestones. 2—
15 m thick, occur in the northern shelf areas; and Cre-
taceous limestones, ~6 m thick, crop out in the Coastal
Plain of southeastern Oklahoma. Permian evaporites
(gypsum, anhydrite, and salt) are important in, and

Johnson, K. S., 2003, Regional mapping of karst terrains in Oklahoma for avoidance of engineering and environmental problems, in
Johnson, K. S.: and Neal, J. T. (eds.), Evaporite karst and engineering/environmental problems in the United States: Oklahoma

Geological Survey Circular 109, p. 113-117.
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Figure 1. Generalized geologic map and cross sections of Oklahoma.

are restricted to, western Oklahoma (Figs. 1, 3). Out-
cropping gypsum beds typically are 2—-30 m thick, and
five major subsurface salt (halite) sequences are each
commonly 30-150 m thick and consist of shale inter-
bedded with salt beds that are 1-10 m thick.

Within Oklahoma’s area of ~180,000 km?, limestone
and dolomite crop out, or are no more than 30 m deep,
in ~10,700 km? (6% of the State) (Fig. 3); gypsum and
anhydrite crop out, or are no more than 30 m deep, in

~7,100 km? (4%); and salt is within 300 m of the land
surface in ~26,300 km? (14.6%).

MAPPING PROCEDURES

The OGS has been involved for many years in a
long-term program of basic geologic mapping, carried
out by OGS staff members, university faculty, and
supervised graduate students. Field mapping normally
is conducted through a coordinated program involv-
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Figure 3. Map showing general distribution of potential karst terrains in Oklahoma (from Johnson and Quinlan, 1995).

ing stereoscopic examination of aerial photos and field
study. Carbonate and sulfate rocks in Oklahoma can
be mapped somewhat easily; they commonly form con-
spicuous topographic highs (ridges and escarpments),
because the annual precipitation is rather low—rang-
ing from ~50 cm in the west to ~125 cm in the east.
At present, ~40% of Oklahoma’s surface geology has
been mapped at a scale of 1:62,500, or larger, and this
is adequate for delineating areas where potentially
karstic rock units crop out or are in the shallow sub-
surface. Fortunately, most of the counties or regions
containing karstic-rock outcrops are among those al-

ready mapped, and compilation of reconnaissance-
level data for karst areas in unmapped terrain will be
carried out by stereoscopic photo examination and field
checking.

Using geologic maps and aerial photos, OGS will
outline the areas in Oklahoma where carbonates
and/or sulfates are at least 1 m thick and are <30 m
deep. Furthermore, these areas will be divided into
two zones (Fig. 4). In zone 1 the karstic rocks crop out,
or are within 6 m of the surface, and in this zone the
potential is greatest for karst development and asso-
ciated engineering and environmental problems. In
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able for karst development in Oklahoma
at this stage of the study. OGS will, how-
ever, evaluate these depth ranges as
work progresses, and will modify them,
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Figure 4. Schematic diagram showing proposed karst zones 1 and 2, which
are related to the depth of karstic carbonates and sulfates in Oklahoma (from

Johnson and Quinlan, 1995).

zone 2 the top of the karstic rocks is 6-30 m deep, and
here there is a somewhat lesser (yet real) potential
for karst development and associated problems. These
two zones will be shown separately on the final State
map, and the areas of carbonates and sulfates will be
differentiated (i.e., carbonates, zones 1 and 2; and sul-
fates, zones 1 and 2).

Depth limits of 6 m and 30 m for zanes 1 and 2 are
somewhat arbitrary but reasonable. Any significant
construction/engineering project in Oklahoma is likely
to excavate, and/or deal directly with, bedrock karst
units that are present to a depth of 6 m. And karst
development in the greater depth range of 6-30 m may
be important, locally, and may have an adverse im-
pact on a construction/engineering project. Karst fea-
tures are also present in Oklahoma carbonates and
sulfates at depths greater than 30 m (probably as deep
as 50-100 m, locally), but they are much more spo-
radic and less well developed, and their potential to
cause problems 1s probably quite low.

Areas underlain by shallow salt deposits in west-
ern Oklahoma are well known as a result of interpre-
tation of cores, sample logs, and geophysical logs avail-
able for a great number of oil and gas tests and other
borcholes drilled throughout the Statc. OGS will de-
lineate those areas where the top of the shallowest
salt is within 300 m of the land surface, and show those
areas as zone 3 on the karst map. Salt does not crop
out in Oklahoma, but it does occur at depths of only
10-15 m in several localities (Big Salt Plain and the
northern Harmon County salt plains).

The depth limit of 300 m for zone 3 is also arbitrary
but reasonable. Active, natural dissolution of salt in
Oklahoma occurs locally at depths of 10-150 m; and
human-induced dissolution and consequent collapse,
commonly associated with boreholes (drilled for salt-
cavern development or in petroleum activity), have oc-
curred at several places in the United States where salt
beds are as deep as 300 m below the surface (Johnson,
1998, 2003, in press). I am not aware of any ongoing,
natural dissolution of salt in Oklahoma at depths greater
than 300 m, although paleodissolution may have oc-
curred in salts that now are at such great depths.

roads, and principal rivers and lakes. The
map will delineate areas of potential
limestone/dolomite karst and gypsum/an-
hydrite karst (zones 1 and 2), and will
outline areas of shallow salt deposits
(zone 3). An accompanying text will describe the geol-
ogy and nature of karstic rocks in Oklahoma, and will
discuss the known and potential hazards associated
with karstic rocks and karstic terrains.

SUMMARY AND CONCLUSIONS

Owing to the importance of assessing the signifi-
cance of karst in engineering and environmental prob-
lems in Oklahoma, the OGS will prepare a statewide
map showing the general distribution of potentially
karstic terrains and a description/discussion of known
and potential karst-related problems in the State.
These data will then be incorporated into the national
karst map being prepared by the USGS. The Okla-
homa map will be compiled at a scale of 1:500,000 from
existing geologic maps and reports, and from stereo-
scopic aerial-photo examination in areas not yet
mapped in detail.

Areas of limestone/dolomite and gypsum/anhydrite
will be differentiated, and each will be divided into
two zones (0—6 m deep, and 6-30 m deep). Areas where
salt is within 300 m of the surface will be mapped as a
third zone. Depths for each of these zones are consid-
ered reasonable for Oklahoma at this stage of the
study, but they will be further evaluated (und per-
haps modified) as the work progresses. These data,
and the accompanying text, will aid in the planning of
engineering, construction, and ground-water-related
projects, and should reduce the adverse impact of en-
gineering and environmental problems associated with
karstic terrains. Such data will not take the place of
site-specific studies, as these detailed studies always
will be needed to evaluate the relationship between a
proposed project and local karst conditions.
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Evaluation of the Role of Evaporite Karst in the Hutchinson, Kansas,
Gas Explosions, January 17 and 18, 2001
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Saibal Bhattacharya, and David Young
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DISCLAIMER

This study is designed to provide insights into the geology related to the gas transport
that culminated in the gas explosions at Hutchinson, Kansas. Multiple scenarios have
been invoked regarding the source of gas released and how gas has been transmitted in
the subsurface. This paper takes no direct position on this matter.

ABSTRACT.—On January 17 and 18, 2001, a series of natural-gas explosions and geysers
occurred at widely spaced locations within the City of Hutchinson in central Kansas. A
major natural-gas leak, estimated later to have been 143 million cubic feet, was reported at
the Yaggy gas-storage field 7 mi northwest of Hutchinson. The Kansas Geological Survey
(KGS) was involved from the outset to understand the transmission of natural gas through
the subsurface. Subsequent vent and observation wells drilled adjacent to the Yaggy gas-
storage field, between Yaggy and Hutchinson, and in the City of Hutchinson, encountered
natural gas in shallow dolomite beds referred to as the 3-finger dolomite. The KGS also
acquired two seismic lines to image the gas zone. The dolomite-bearing interval is probably
equivalent to the Milan Limestone Member, at the top of the Lower Permian Wellington
Formation of the Sumner Group. The 3-finger dolomite refers to the three lobes imaged on
a gamma-ray log that were used to correlate the gas-bearing zone.

The current investigation into the potential role of evaporite dissolution in the formation
of geological pathways for gas migration is focused on interpretation of high-resolution strati-
graphic correlation and mapping of 14 intervals within the Permian strata ranging from the
upper salt beds in the Hutchinson Salt Member to intervals above the 3-finger dolomite.
Well logs used in the analysis represent 116 wells covering 150 mi® in the area surrounding
Hutchinson. Also, detailed interpretations were made of two seismic lines, one crossing a
broad, westerly plunging anticline between Yaggy and Hutchinson, and the other at the
crest of the anticline on the west side of Hutchinson. General findings indicate that this
anticline forms the northern margin of a much larger (~3-mi-wide) northwest-trending struc-
tural feature referred to here as the Arkansas River Lineament (ARL) that extends beyond
the mapped area and probably between Great Bend and Wichita based on other regional
mapping. This northwest-trending lineament is characterized by episodic structural activ-
ity that led to recurring minor vertical movements, including development of fractures and
minor faults, probably linked to the distinctive southern boundary of the Midcontinent Rift
graben. A second major regional structural feature, the Voshell Anticline, imparts a north-
northeasterly “grain” to the maps, the crest of the anticline itself controlling the main disso-
lution front of the Hutchinson Salt Member east of Hutchinson. Fractures paralleling the
Voshell Anticline are probably responsible for creating small-scale (~10-15 ft of thinning
over a distance of 1 mi), linear northeast-trending paleodissolution margins of salt beds
within the uppermost Hutchinson Salt Member within central and eastern Hutchinson.

A set of northwest-trending fractures associated with the ARL apparently episodically
acted as conduits for contact between undersaturated ground water and uppermost halite
beds that led to an extensive, elongated area of dissolution of an upper salt bed in the
Hutchinson Salt Member immediately south of the Yaggy—Hutchinson anticline. Episodes
of dissolution include Permian (just after deposition), pre—-Equus Beds, and probably during

Watney, W. L.; Nissen, S. E.; Bhattacharya, Saibal; and Young, David, 2003, Evaluation of the role of evaporite karst in the Hutchinson,
Kansas, gas explosions, January 17 and 18, 2001, in Johnson, K. S.; and Neal, J. T. (eds.}, Evaporite karst and engineering/environ-
mental problems in the United States: Oklahoma Geological Survey Circular 109, p. 119-147.
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the early Holocene. Early Holocene and younger dissolution may be expressed by isolated
areas of surface depressions seen west of Hutchinson along the Arkansas River as inferred
from topographic maps. High-resolution isopach mapping reveals paleosubsidence result-
ing from salt dissolution that probably led to enhanced structural dip of the southern flank
of the Yaggy—Hutchinson anticline. In addition, narrow zones (0.25 mi wide) of minor salt
dissolution (several feet), interpreted as pre—-Equus Beds in age, occurred on either side of
the crestal area of the Yaggy—Hutchinson anticline, further accentuating local relief. Small
faults are interpreted from the seismic lines at locations corresponding to the edges of these
areas of salt dissolution, suggesting a role of fractures in episodic salt dissolution. Faulting
is both deep-seated, extending below the Hutchinson Salt Member, and shallow, bottoming
out in upper beds of halite that have undergone dissolution in the Hutchinson Salt Member.
The narrow northwest—southeast bands of salt dissolution probably reflect the location of a
tectonic fracture system that borders the northern edge of the ARL. The linear trend of this
dissolved salt may also delimit locations of fractures attributed to either later stage salt
dissolution or tectonic origin. North-northeast linear trends of dissolved salt in eastern
Hutchinson probably have similar affiliations to fracture systems that parallel the Voshell

Anticline trend, as discussed in the paper.

INTRODUCTION AND BACKGROUND

While the stated objective of this paper is to evalu-
ate the role of evaporite karst in the gas explosions at
Hutchinson, the investigation results from the gen-
eral goal to improve the geologic understanding of ap-
parently subtle geological features associated with the
gas explosions and locations of active gas venting and
observation wells in the Hutchinson area and adja-
cent to the Yaggy gas-storage field. The current seis-
mic and geologic study attempts to improve under-
standing of the formation of the geologic features, par-
ticularly structures and lineaments, to better ascer-
tain subsurface gas conduits. The study also attempts
to resolve suspected occurrences of salt dissolution,
including their timing and distribution, and to evaluate
their relation to the geologic setting. Methodologies de-
veloped here could be generally useful in characteriza-
tion of the geology related to gas containment. Color
versions of the graphics in this paper are available on
the Kansas Geological Survey’s Hutchinson Response
Project website, http://www kegs ku.edwHydro/Hutch.

Gas Explosions in Hutchinson, Kansas

On the morning of January 17, 2001, a gas explo-
sion occurred in downtown Hutchinson, Kansas. Later
that day, gas geysers began erupting 2 mi to the east,
along the eastern edge of Hutchinson. The following
day, a gas explosion at a trailer park near the geysers
in eastern Hutchinson led to the death of two people.
The outgassing in the city began 2% days after a ma-
jor gas leak in a natural-gas-storage well, S-1, at the
Yaggy gas-storage facility, 7 mi northwest of
Hutchinson (Fig. 1), where natural gas is stored in
caverns in the Lower Permian Hutchinson Salt Mem-
ber of the Wellington Formation of the Sumner Group
(Fig. 2). An estimated 143 million standard ft? of natu-
ral gas at high pressure (600+ psi) escaped from a cas-
ing leak at a depth of ~600 ft. The casing leak was
stratigraphically just below the top of the Hutchinson
Salt Member (bedded halite and shale) and 184 ft
above the top of the salt cavern in which the natural

gas had been stored. The salt-storage cavern itself was
not breached nor directly involved in the loss of gas.
The Yaggy gas-storage facility was originally devel-
oped in the early 1980s to store liquid propane. The
wells were later removed from service and in 1989
were plugged by filling the casings with cement on
top of bridge plugs. In the early 1990s the cement was
drilled out and the wells converted to store high-pres-
sure natural gas. It is believed that the casing in the
S-1 well was damaged at the depth of the leak when a
metal obstruction was milled during reentry in the
cemented well. The metal obstruction in the S-1 well
was apparently part of the tubing used in the cement
injection above the bridge plug that was not removed,
but left in the well. The S-1 had a satisfactory casing-
pressure test, as required by the Kansas Department
of Health and Environment, demonstrating the integ-
rity of the casing at that time. However, the well at
the depth of the leak was never tested to the maxi-
mum pressure that would be experienced in service.
New Kansas Department of Health and Environment
regulations require a much more rigorous well-test-
ing program.

In order to find and vent remaining gas from be-
neath Hutchinson, a vent-well drilling program com-
menced. Observation wells near Yaggy encountered
gas at a depth of 420 ft, in a stratigraphic interval
~170 ft above the level of the casing leak at the top of
the Hutchinson Salt Member. Vent wells drilled in
eastern Hutchinson encountered gas as shallow as 240
ft in an equivalent stratigraphic zone, reflecting re-
gional westerly structural dip typical of bedrock in this
area of Kansas. With the exception of DDV (deep drill
vent) no. 64, gas was confined to a 17-21-ft-thick in-
terval encompassing three thin (2—3-ft) beds of
dolomicrite. DDV 64, on the western edge of Hutchin-
son, is unique in that, on July 7, 2001, it suddenly
vented gas measured at 330 psi with an estimated 30—
40-ft flare. Gas pressure diminished to 6 psi after 3 days
(Allison, 2001a). This gas seems to have originated from
a zone 70 ft below the gas interval in the other wells.
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Figure 1. Surface-drainage map of the detailed study area around Hutchinson and the Yaggy natural-gas-storage facility. Loca-
tions of gas geysers are shown by white triangles, and explosion sites are shown by black stars. Observation and vent wells that
vented natural gas are indicated by black producing-well symbols. Vent wells that did not produce gas are indicated by dry-hole
symbols. Additional wells used for log correlations are shown by open circles. Wells discussed in the text are labeled. Locations
of log cross sections in Figures 6 and 7 and seismic lines in Figures 8 and 9 are indicated. Known areas of subsidence are shown
by black squares.

In general, engineering-test results have noted  pressures, measured only after the pressures were low

higher surface shut-in pressures in vent and observa-  enough to shut in the wells safely, beginning in March
tion wells closer to Yaggy, forming a linear trend of 2001, have decreased and are now subhydrostatic, with
gas-producing wells on the north side of a broad, west-  no measureable flow at any of the vent wells currently

erly dipping asymmetric anticline. Surface shut-in  open. Maps showing bottom-hole pressuresin the gas-
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Figure 2. Natural-gamma-ray and unscaled neutron-porosity
logs from the No. 1 Nelson well in sec. 34, T.22 S., R. 6 W,,
showing distinctive log responses of stratal members signifi-
cant to the study, including Lower Permian Leonardian Sumner
Group containing the Hutchinson Salt Member of the Wellington
Formation and the Ninnescah Shale, unconformably overtain
by the Quaternary Equus Beds. Closely spaced marker beds
G2 to S4 mapped in this study are shown as horizontal lines.
The regional CM3 marker bed mapped in Watney and others
(1988), which divides the upper and lower Hutchinson Salt
Member, is also indicated.

bearing zone under shut-in conditions (March 2001
and July 2002) can be interpreted to indicate appar-
ent continuity of a subsurface region pressurized by
gas between producing vent wells in and around
Hutchinson. Subsequent maps of pressures from later
dates show a slow decline in subsurface (shut-in) pres-
sures at the 3-finger dolomite associated with negli-
gible gas flow at vent wells, indicating reduced
permeabilities and perhaps loss of apparent connec-
tivity (Bhattacharya and Watney, 2002). A fracture

model was proposed on the basis of linear trends of
pressurized subsurface areas, fractures in a borehole-
image log from a borehole adjacent to the Yaggy gas-
storage facility, and faulting interpreted from seismic
data acquired between Yaggy and Hutchinson and at
the western edge of Hutchinson. Also, a lack of no-
table matrix porosity, as obtained from core plugs from
vent well DDV 67, in the strata harboring the gas im-
plied possible fracture control. Calculated static bot-
tom-hole pressure of 250 psi at zones at depths of 300—
400 ft translate to a pressure gradient that is close to
the fracture gradient of the rock (roughly 0.8-1 psi/ft).
Initial gas pressure in the gas-producing interval may
have, for a limited time, parted preexisting fractures
and/or allowed propagation of fractures and lateral
gas migration comparable to published models and
field data on stress-dependent porosity and permeabil-
ity and fracture propagation (Settari and others, 1999).
With declining gas pressure, the loss of permeability
in the vent wells and accompanying negligible gas flow,
as now observed in shut-in pressure tests, may be in-
dicative of reduced and closed fracture apertures as a
result of decreased pore pressure.

At the vent wells, multiple surveys of tubing-head
shut-in pressures (THSPs) and corresponding static
fluid columns were carried out, starting in March 2001.
The shut-in times in the first survey were short, <30
hours for most wells, owing to safety concerns related
to the surface equipment’s ability to handle the buildup
pressures. Shut-in times in later surveys varied from
72 to 96 hours. Pressure in the 3-finger dolomite was
calculated by adding the THSP to the pressure exerted
by the fluid column. Figure 3 shows the distribution
of subsurface pressures as of March 2001 and July
2002. Automated triangulation gridding was used to
generate the subsurface-pressure distribution because
of the irregular distribution of data points. The pres-
sure maps indicate that pressurized subsurface areas
are aligned along the northern edge of the subtle north-
west-trending anticline between Hutchinson and the
Yaggy gas-storage facility. Subsurface pressures un-
der the City of Hutchinson have decreased between
March 2001 and July 2003. However, pressures as high
as 180 psi (though sub-hydrostatic) still prevail in the
vicinity of the Yaggy gas-storage facility (at vent well
OB 2) as recently as the last series of reported pres-
sure measurements taken in January 2003.

Arough calculation was carried out using estimated
data to approximate the average effective permeabil-
ity necessary for gas to be transmitted laterally over
significant distances—i.e., miles. The formulation used
for this calculation includes viscous (laminar) gas flow
in a homogeneous linear system and is given below
and on the next page (Ahmed, 2000).

_ 0.003164T, Ak(P; — )
P, TLzy,

Qsc

(»

Where:
Qsc = gas flow rate at standard conditions, scf/d;



Role of Evaporite Karst in the Hutchinson, Kansas, Gas Explosions 123

k = permeability, md;

T = temperature, °R;

Mg = gas viscosity, cp;

A = cross-sectional area available to gas, ft?;
L = total length of the conduit, ft;

z = gas-compressibility factor.

The preceding formulation assumes constant zand
g over the range of the pressure gradient and is there-
fore valid for applications where the pressure is below
2,000 psi. It was assumed that the upstream pressure
in the flow system was 650 psi (pod pressure at Yaggy).

Along with the gas explosions, a geyser erupted in
downtown Hutchinson. Also in the current model, the
depth of the 3-finger dolomite under the city is 250—
300 ft. Lacking other data, it was assumed that the
downstream pressure in the flow conduit was at least
130 psi (using a water gradient of 0.433 psi/ft). A gas
gravity of 0.66 was assumed in these flow calculations.
The total volume of gas that leaked from the Yaggy
facility is estimated at 143 MMscf. Gas surfaced in
the city of Hutchinson through abandoned, unplugged
brine wells within 2.5 days after the reported leak.
Vent wells drilled in and around the city continued to
produce measurable quantities of gas for another 3
months. To estimate the average permeability of the
gas conduit in this scenario, the gas-flow rate was cal-
culated by assuming that this leaked volume took at
least 90 days to bleed off. Also, it is unknown what
fraction of the leaked volume would make it to the
city. Thus, two cases were modeled: (1) assume that
all of the leaked gas came toward the city, and (2) as-
sume that only one-tenth of the leaked volume came
toward the city. Using equation (1), a conduit with
460-darcy permeability would be necessary to trans-
mit all of the leaked gas volume from Yaggy storage
to Hutchinson’s city center. However, if one assumes
that only one-tenth of the leaked volume traveled to-
ward the city, the conduit permeability must be in the
range of 46 darcies. It is not unreasonable to think
that a fracture system could have permeabilities rang-
ing from tens to hundreds of darcies.

New geologic data described in this paper provide
further support for several extensive kilometer-scale
lineaments and associated fracture systems that could
have served as conduits for gas migration in and
around Hutchinson. Also, the implication important
to the City of Hutchinson is that if fracture continuity
were developed between the gas source and its release
point, darcy-level permeability could have vented a
considerable amount of the pressurized gas in a short
period of time (days to months) (Watney and others,
2003). Furthermore, the implication is that certain
geological elements, such as fracture systems and lin-
eaments, may present inherent risks for focused lat-
eral migration of gas stored under pressure.

Geology of the Hutchinson Area
The Quaternary Equus Beds, an extensive uncon-
fined freshwater aquifer, unconformably overlies the

Permian strata in the vicinity of Hutchinson, ranging
from zero to as much as 100 ft thick (Fig. 2). The Lower
Permian Hutchinson Salt Member of the Wellington
Formation of the Sumner Group, ~350 ft thick in the
area of Hutchinson and the Yaggy gas-storage facil-
ity, unconformably underlies the Equus Beds and dips
westward at 20 ft/mi beneath the storage facility from
the subcrop, a natural, regional salt-dissolution front
~13 mi east of the storage facility and 6 mi east of
Hutchinson (Fig. 4). The Hutchinson Salt Member is
overlain by ~450 ft of Permian gypsiferous shales that
are interbedded with thin (1-3-ft-thick) intervals of gyp-
sum, anhydrite, and dolomite. The Permian section
above the Hutchinson Salt Member is divided into the
upper Wellington Formation, a gray gypsiferous shale,
and the Ninnescah Shale, a reddish, more silty gypsif-
erous shale.

A 15-20-ft-thick zone of thin interbedded dolomite
and shale ~160-170 ft above the top of the Hutchinson
Salt Member, informally referred to as the 3-finger
dolomite, provided the primary conduit along which
natural gas migrated through the area. This unit is
probably equivalent to the Milan Limestone Member
of the upper Wellington Formation. The 3-finger do-
lomite refers to three characteristic lobes observed on
the gamma-ray log trace, the primary logging tool that
was used to define and correlate the interval between
vent and observation wells (Fig. 2). The dolomite beds,
while approximately less than 3 ft in thickness and
variable in shale content, are continuous throughout
the immediate study area.

The gypsiferous shales of the upper Wellington
Formation contain abundant irregular satin-spar
veins/fractures, which probably formed during volume
increase that occurred during hydration of anhydrite
to gypsum as the overlying strata were removed by
erosion, burial depths decreased, and undersaturated
water contacted these strata. These fractures may
have been involved in movement of high-pressure gas,
but no data are available to corroborate this.

Evaporite Dissolution and Evaporite Karst
Near Hutchinson

Natural Dissolution

Dissolution along a part of the eastern margin of
the Hutchinson Salt Member in central Kansas has
been well documented, most recently using seismic
data (Steeples and others, 1984; Anderson and oth-
ers, 1994; Anderson and others, 1995a,b; Anderson and
others, 1998; Miller, 2002). The prominent dissolution
front, characterized by abrupt loss of the entire
Hutchinson Salt Member over several miles, lies 7.5
mi east of Hutchinson (Fig. 4), where halite beds come
to within 200 ft of the surface (Watney and others,
1988). The primary mechanism for dissolution of the
shallow salt beds is believed to be contact with mete-
oric ground water. The area east of the salt-dissolu-
tion front near Hutchinson is inferred once to have
contained bedded salt, and which now contains col-
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Figure 3. (A) March 2001 shut-in-pressure map gridded by triangulation, showing pressures in psig units. Dip vectors at the top
of the 3-finger dolomite are also shown. Shut-in pressures were not taken in several active gas-venting wells owing to excessive
pressure and safety concerns. Shut-in pressures are calculated at the 3-finger dolomite using recorded surface pressures and
standing fluid columns. (B) July 2002 shut-in pressure calculated at the 3-finger dolomite.
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lapsed Permian strata called the Wellington aquifer.
Quaternary alluvial sediments, the Equus Beds, were
deposited in the surface depression left by the collapse
of the upper Wellington Shale resulting from the dis-
solved halite strata. The Equus Beds in aggregate ac-
cumulated as part of large, ancient river systems that
drained the Rocky Mountains during wetter intergla-
cial periods, contrasting with today’s setting. Upward
of 200 ft of salt was dissolved along a corridor between
Wichita and McPherson, forming a bedrock low some
50 mi long, covering 300 mi? (Lane and Miller, 1965).

The uppermost salt beds progressively pinch out
eastward at depths shallower than 300 ft below the
surface and some 15 mi west of the inferred maximum
limit of deposition (Watney and others, 1988; Ander-
son and others, 1994). A broad stair-stepped salt-dis-
solution margin was formed. The pinch-outs may have
been depositional as halite accumulation came to a
close, or the result of later dissolution that led to trun-
cation of the edges of the salt (Miller, 2002).

A regional net-salt map (Fig. 5A) reveals the domi-
nant north-northeast trend of the primary salt front
between the cities of Hutchinson and Salina. A promi-
nent salient or embayment of the main dissolution
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Figure 4. Net-salt isopach map of the Hutchinson area from
Watney and Paul (1980). Contour interval = 20 ft. The axis of
the Voshell Anticline, believed to be related to north-northeast-
trending salt dissolution, is shown. The box outlines the de-
tailed study area in Figure 1.

front was formed at the juncture of the dissolution
front and the Arkansas River southeast of Hutchinson
(Figs. 4, 5A). Local north-northeast-trending second-
ary salt dissolution behind (west) and parallel to the
primary salt front immediately east of Hutchinson
is attributed to a fracture zone along the Voshell
Anticline (Anderson and others, 1994). The greater
McPherson—Voshell Anticline closely corresponds to
a deep-seated magnetic lineament in the underlying
Precambrian Midcontinent Rift system and is a promi-
nent, ~50-mi-long, faulted anticline affecting Paleo-
zoic strata (Xia and others, 1995a,b; Newell and Hatch,
1999). The southern terminus of this lineament cor-
responds to the southern end of the sediment-filled
portion of the Midcontinent Rift. Lineaments corre-
sponding to the Arkansas River and the Voshell Anti-
cline are also shown on a preliminary State lineament
map for Kansas (Gerhard, 2003).

Recent 2-D-seismic surveys acquired ~6.5 mi south-
east of the eastern Hutchinson explosion sites along
U.S. Highway 50 in the Arkansas River Valley by
Miller (2002) indicate that a moderate-sized (300-ft-
diameter) sinkhole developed at the surface along the
highway. Miller found that this surface expression is
only a small part of a much larger area of subsidence
in the subsurface, as much as 1,500 ft wide and elon-
gated west to east, immediately west of the main dis-
solution front. Sinkhole development probably began
in earnest during the late Tertiary during a signifi-
cant erosion and valley-incision event, prior to depo-
sition of the Equus Beds (Miller, 2002). Widespread
ponding of surface waters in this general area within
several miles of the solution front suggests recent natu-
ral subsidence in addition to that along U.S. Highway
50. Seismic data show that 135 ft of salt remains at
the Highway 50 location within 0.5 mi of the salt front,
suggesting that some 200 ft of the Hutchinson Salt
Member has been removed by dissolution.

The Wellingt