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Salt Plains and Brines in Western Oklahoma 
Result from Dissolution of Permian Salt 

and Distinguishing those Brines from Oil-Field Brines
Kenneth S. Johnson 
Retired Geologist 

Oklahoma Geological Survey

ABSTRACT. —Natural dissolution of Permian salt beds is occurring at shallow 
depths in western Oklahoma, and the resultant brine is coming to the land surface 
at 11 locations to form salt plains or salt flats in the Arkansas and Red River water-
sheds. Requirements for dissolution of salt are: 1) a deposit of salt (halite, NaCl) 
against which, or through which, water can flow; 2) a supply of water unsaturated 
with NaCl; 3) an outlet whereby the resulting brine can escape; and 4) energy (such 
as a hydrostatic head or density gradient) to cause water to flow through the system. 
Fresh groundwater migrates down and laterally, where it contacts salt beds at depths 
of 9 m to about 200 m below the surface and dissolves the salt to form brine. The 
brine is then forced laterally and upward by hydrostatic pressure through aquifers, 
karst features, or fractures in aquitards, until it is discharged at the surface, where 
the brine evaporates and salt is precipitated. This typically forms a salt crust about 
0.5 to 3 cm thick, but crusts as much as 15 cm thick have occurred at some sites 
where brine bubbles to the surface. These natural salt plains are then partly flushed 
of their salt during rainfall or flooding events and, as a result, parts of the Arkansas 
and Red River systems are naturally degraded with salt.

Six of the salt plains are in the Arkansas River watershed (which includes the 
Cimarron River): Great Salt Plains, Big Salt Plain, Little Salt Plain, Salt Creek Can-
yon Salt Plain, Okeene Salt Plain, and Drummond Flats Salt Plain. The remaining 
five are in the Red River watershed: Boggy Creek Salt Plain, Salton (or Chaney) 
Salt Plain, Robinson Salt Plain, Kiser Salt Plain, and Sandy Creek Salt Plain. The 
largest salt plain is Great Salt Plains, which covers about 65 km2, and the smallest 
are the Salton, Robinson, Kiser, and Sandy Creek Salt Plains, each of which covers 
from 1 to 4 hectares. The greatest salt emissions are from Big Salt Plain, which 
emits 2,600 to 4,870 tons of salt per day, and Great Salt Plains, which emits 2,310 
to 3,300 tons of salt per day. The lowest emissions are from Boggy Creek and 
Drummond Flats Salt Plains, which respectively emit 33 and 83 tons of salt per 
day. Most of the salt plains emit high-salinity brines, with chloride concentrations 
of 150,000 to 205,000 ppm and salt concentrations of 255,000 to 337,000 ppm; at 
the higher concentrations, brine is saturated and salt is precipitated on the salt flat 
almost immediately after brine reaches the surface. Salt was harvested from most 
of the salt plains by Native Americans and early European settlers, and since about 
1900 AD commercial salt has been produced at Big Salt Plain, Salt Creek Canyon 
Salt Plain, Boggy Creek Salt Plain, Salton Salt Plain, and Kiser Salt Plain.

In addition to natural salt-dissolution brines, as described above, another poten-
tial source of brines is oil-field brines or briny formation waters that can be released 
at or near the land surface and can contaminate freshwater sources. These brines 
can also have high concentrations of salt and dissolved solids, and it is important 
to distinguish them from salt-dissolution brines in order to determine the source of 
the brine—i.e., is a particular brine an oil-field brine or a salt-dissolution brine? The 
chief means of differentiating between these brines is comparing their sodium-chlo-
ride and calcium-sulfate ratios (Na/Cl and Ca/SO4 ratios). Pure salt has a Na/Cl 
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ratio of 0.648, and 28 salt-dissolution-brine samples from western Oklahoma have 
Na/Cl ratios that mostly range from 0.60 to 0.70, and average 0.649. On the other 
hand, 29 oil-field brines from western Oklahoma have Na/Cl ratios between 0.45 
and 0.59, and average about 0.50. Analyses of the 28 western Oklahoma salt-dis-
solution brines (which are all associated with gypsum and/or anhydrite) have Ca/
SO4 ratios mostly between 0.17 and 0.72, and average 0.4175—almost identical 
to the actual Ca/SO4 ratio in gypsum and anhydrite (0.4167). This contrasts with 
results for 19 randomly selected western Oklahoma oil-field brines, which have 
Ca/SO4 ratios that range from 3.2 to 251 and average 52; most of the values are 
between 20 and 80.

INTRODUCTION

In this report, the term “salt” refers to a rock con-
sisting of the mineral halite—sodium chloride (NaCl). 
Permian-age salt deposits underlie a vast region extend-
ing across western Oklahoma and adjacent states, and a 
number of natural salt plains exist along the east side of 
this region in the watersheds of Arkansas River (which 
includes the Cimarron River) and Red River (Fig. 1, 
2). These salt emissions result from natural dissolution 
of Permian salt deposits that underlie much of western 
Oklahoma and all of the Texas Panhandle, just to the 
southwest. Because of the large amount of salt entering 
these two major river systems, the Tulsa District of the 
US Army Corps of Engineers (USACE) was tasked to 
investigate and reduce this natural contamination and to 
improve water quality downstream from the salt plains. 

Efforts by the USACE are divided into studies of the Ar-
kansas River Chloride Control Project (which includes 
six Oklahoma salt plains; Fig. 3, sites 1–6) and the Red 
River Chloride Control Project (which includes the five 
remaining Oklahoma salt plains; Fig. 3, sites 7–11).

A cooperative effort of the USACE and the Oklaho-
ma Geological Survey provided basic information on 
the geologic framework in the vicinity of most of these 
salt-emission sites; this collaborative effort is the basis 
for much of this report, and no additional field work or 
sampling of emission areas was carried out in the study 
areas. Note: there are natural-brine emissions in the Kan-
sas portion of Arkansas River drainage, and a number 
of salt plains and emission sites in the Texas portion of 
the Red River drainage, but this report is limited to the 
Oklahoma occurrences.

An early report on salt plains in Oklahoma by Gould 

Figure 1. Simplified paleogeography and principal facies in the Greater Permian Evaporite Basin (GPEB) of south-
western United States during deposition of the evaporite facies (salt, gypsum/anhydrite, and clastics) of the Blaine 
Formation and Flowerpot Shale (modified from Johnson, 1981).
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(1901) focused on those in northwest Oklahoma, and a 
second report by Gould (1905) briefly discussed most of 
the major salt plains in the State (note—Gould referred 
to counties as they were in early 1900s: thus his “Woods 
County Plain” is Great Salt Plains in Alfalfa County, his 
“Roger Mills County Plain” is Boggy Creek Salt Plain in 
Beckham County, and his “Greer County Salt Plains” are 
the Salton, Robinson, and Kiser Salt Plains in Harmon 
County). A fairly detailed discussion of the major salt 
plains throughout Oklahoma is given by Snider (1913, p. 
202–214): this report includes descriptions of each site, 
along with chemical analyses of the brines. A discussion 

of early salt works in Oklahoma by Foreman (1932) dealt 
mainly with brine seeps and salt production in eastern 
Oklahoma, but also briefly describes early activity at 
the salt plains in northwest Oklahoma. A later report by 
Theis (1934) provides general information on the geol-
ogy of Great Salt Plains. Harris (1955) made an investi-
gation of the salt plains of northwestern Oklahoma, and 
summarized much of the early development of their salt 
resources.

The most comprehensive study of all the salt plains 
in Oklahoma, Kansas, and north Texas was by Ward 
(1963a): he discussed the local geology of all the sites 

Figure 2. Map and schematic cross section showing area underlain by Permian salt deposits and distribution of salt 
plains in western Oklahoma and adjacent areas (modified from Johnson, 1981). The water quality of rivers is degraded 
by salt for some distance downstream from each of the salt plains.
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Figure 3. Map of western Oklahoma showing region underlain by salt and location of 11 salt plains formed by subsur-
face dissolution of Permian salts. Salt distribution modified from Johnson (1976). Also shown are approximate axes 
of Anadarko Basin (AB) and Wichita Mountain Uplift (WMU). 
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in Oklahoma, along with chemical analyses of brines, 
and the amount of salt and chloride emitted at most of 
the Oklahoma sites. Additional reports that came out of 
Ward’s studies include those by Ward (1961a, b, 1962, 
1963b), by Ward and Leonard (1961), and by Leonard 
and Ward (1962). US Department of Health (1964) also 
carried out a detailed study of many of the emission 
sites in Oklahoma, and provided chemical analyses of 
the brines at most sites. A comprehensive study of Okla-
homa’s subsurface salt deposits by Jordan and Vosburg 
(1963) contains a series of maps and cross sections show-
ing the distribution, thickness, and depth of the principal 
Permian salt units, and a similar study of the Permian 
salts in Oklahoma and the Texas Panhandle was carried 
out later by Johnson (1976). Subsequent studies of the 
geology of Oklahoma’s salt plains include: an overview 
of salt dissolution on the east flank of the Permian Basin 
(Johnson, 1981); geology and brines at Great Salt Plains 
(Johnson, 2013a, 2019c); salt plains in northern Harmon 
County (Johnson, 2019a); and salt plains on the Cimarron 
River in northwest Oklahoma (Johnson, 2019b).

Salt flats in Oklahoma are all located in topographi-
cally low areas (in stream or river valleys) and the brine, 
formed by groundwater dissolution of Permian salt beds, 
migrates up towards the surface where it saturates local 
bedrock and alluvium. Because of the hydrostatic head, 
and/or capillary action, brine then is brought to the sur-
face and is evaporated to produce a salt crust on the bed-
rock and/or alluvium. Typically, some or all of the salt 
crust is dissolved by rain, but this is temporary and a crust 
is again formed after the rain stops. The crust reforms 
because: 1) the freshened water evaporates, so dissolved 
salt is thus concentrated and is again precipitated; and/
or 2) new brine is brought to the surface and new salt 
is precipitated. A thicker crust forms during the hot and 
dry summer months. The thickness of most salt crusts is 
about 0.5 to 3 cm, but as much as 15 cm has occurred 
locally where brine is bubbling to the surface. These salt 
crusts were often used as a source of salt by Native Amer-
icans and early settlers in (what would become) Oklaho-
ma and surrounding states. Several of the salt plains (Big 
Salt Plain, Salt Creek Canyon Salt Plain, Boggy Creek 
Salt Plain, and the Salton-Kiser Salt Plains area) have 
been developed as commercial sources of salt, and/or as 
sources of high-salinity brine for use in salt-based drilling 
muds for oil and gas wells drilled through salt beds in the 
Anadarko Basin.

The largest salt flat in Oklahoma is Great Salt Plains, 
located on Salt Fork Arkansas River in Alfalfa County 

(Fig. 3, site 1), where it covers about 65 km2. Another 
major area of salt flats, also in the Arkansas River sys-
tem, is along the Cimarron River and its tributaries: this 
includes Big Salt Plain, Little Salt Plain, Salt Creek Can-
yon Salt Plain, Okeene Salt Plain, and Drummond Salt 
Plain (Fig. 3, sites 2–6). The largest area of salt flats in 
the Oklahoma portion of the Red River drainage system 
are the three closely spaced salt plains in northern Har-
mon County: the Salton, Robinson, and Kiser Salt Plains 
(Fig. 3, sites 8–10). The remaining salt plains in south-
west Oklahoma, the Boggy Creek and Sandy Creek Salt 
Plains (Fig. 3, sites 7 and 11, respectively), are relatively 
small and make only minor contributions of salt to local 
streams in the Red River system.

Based on cooperative efforts by the Oklahoma Geolog-
ical Survey and the USACE, a series of reports have been 
released that characterize the geology, distribution of salt 
beds, and emission of brines at all the major salt plains 
(Johnson, 1981, 2013a, 2019a, b, c); these studies are 
the major source of information for much of the current 
report, and some data from these earlier reports are herein 
summarized or reproduced.

Being released in 2022, this publication is part of the 
celebration of the second year of the “International Year 
of Caves and Karst” (IYCK), which acknowledges the 
importance of karst in those parts of the world where 
carbonate and evaporite rocks are being dissolved at or 
near the Earth’s surface. The IYCK is organized by the 
International Union of Speleology, the worldwide orga-
nization of cave and karst explorers, scientists, managers, 
and educators: the IYCK is being co-sponsored by about 
150 national and international partner organizations.

Appreciation is extended to Leah E. Jackson, Tim K. 
Lowenstein, and James J. Zambito for critical review of 
the manuscript.

GENERAL GEOLOGIC SETTING

During the Permian Period, western Oklahoma was 
part of the Greater Permian Evaporite Basin (GPEB) 
(Fig. 4), a vast region of salt and gypsum and/or anhydrite 
deposition that covered about 650,000 km2, extending 
from west Texas and southeast New Mexico, northward 
through western Oklahoma and the Texas Panhandle, 
and including western Kansas and southeast Colorado 
(Johnson, 2021). Normal marine water entered this large 
inland sea and was evaporated to produce thick sequenc-
es of salt and gypsum/anhydrite (meaning: “gypsum and/
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or anhydrite”), interbedded with redbed shale, siltstone, 
and sandstone, as well as lesser amounts of limestone 
and dolomite. Figure 1 shows the paleogeography and 
principal facies in much of the GPEB during deposition 
of the Blaine Formation and Flowerpot Shale, two of the 
principal evaporite-bearing units in the northern and cen-
tral parts of the GPEB. Salt units deposited in the Okla-
homa portion of the GPEB include, in ascending order: 
1) the Hutchinson Salt; 2) the Lower and Upper Cimarron 
salts; and 3) the Flowerpot, middle-Blaine, and Yelton 
salts (Fig. 5). Salt units that are now contributing to the 
various salt plains and brine springs in Oklahoma are the 
Lower and Upper Cimarron salts, and the Flowerpot salt.

Although the vast extent of the evaporite deposits of 
the GPEB appear to be entirely, or predominantly, of 
marine origin (deposition in a large, shallow, inland sea 
with somewhat restricted connections to the open ocean 
to the southwest), work by Benison and Goldstein (2001), 
Benison and others (2013, 2015), and Soreghan and oth-
ers (2014) interprets deposition of the Nippewalla Group 
(including the Flowerpot salt of western Kansas) in a 
non-marine, saline-lake, and mudflat environment.

Outcropping rocks in most of western Oklahoma are 
strata of Permian age, and all the brine-emission sites 
are underlain by Permian bedrock. Therefore, the ge-

ology of Permian rocks in western Oklahoma is key to 
understanding the salt deposits and brine emissions in 
the region. At many places, bedrock is overlain by a ve-
neer of Quaternary alluvium and terrace deposits. Ma-
jor geologic provinces of western Oklahoma include the 
Anadarko and Hollis Basins, which are separated by the 
Wichita Mountain Uplift (Fig. 5, inset map). The Anadar-
ko Basin is a large, east-west trending syncline extending 
across western Oklahoma and the Texas Panhandle; the 
Lower and Upper Cimarron salts and the Flowerpot salt 
are being dissolved to supply brine-emission sites in the 
Anadarko Basin (Fig. 3, sites 1–7). The Hollis Basin, an 
eastern extension of the Palo Duro Basin, contains a less-
er amount of Permian salt: the Flowerpot salt is at shal-
low depths and yields brines at four sites in Harmon and 
Jackson Counties (Fig. 3, sites 8–11). The Wichita Moun-

Figure 4. Approximate limits of Permian-age salt and 
gypsum/anhydrite deposits in the Greater Permian Evap-
orite Basin (GPEB) of Texas, New Mexico, Oklahoma, 
Kansas, and Colorado (cover illustration from Johnson 
and others, 2021).

Figure 5. Stratigraphic nomenclature and lithology of 
Permian evaporites and associated strata in the Leon-
ardian, Guadalupian, and Ochoan Series in four areas of 
Anadarko Basin in western Oklahoma. Modified from 
Miser (1954), Jordan and Vosburg (1962), and John-
son (2021).
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tain Uplift, which separates the two basins, includes the 
Wichita Mountains in parts of Kiowa and Greer Coun-
ties: Permian strata onlap the uplift, and the mountain 
system plunges beneath Permian strata and is buried in 
western Greer County and farther to the west.

Permian outcrops throughout the region consist of 
shale, siltstone, sandstone, gypsum, and dolomite; they 
are interbedded with layers of salt in the subsurface im-
mediately below, or downdip from, the various salt plains 
in both the Anadarko and Hollis Basins. Outcropping 
Permian strata in the region typically dip gently toward 
the axes of the Anadarko and Hollis Basins at about 2 to 
6 m/km (about 0.1º to 0.3º). However, where salt beds are 
dissolved (referred to as “salt karst”) in the subsurface, 
overlying strata commonly are disturbed and may dip 
chaotically at angles of 5º to 30º. This is especially true in 
parts of the north flank of the Anadarko Basin, where cha-
otic structures, collapse features, breccia pipes, and other 
evidence of disturbed bedding are present in Permian and 
Cretaceous strata that overly areas of salt karst (Suneson, 
2012; Johnson, 2013b, 2017; Benison and others, 2015).

SUBSURFACE DISSOLUTION OF SALT

Salt is highly soluble—more soluble than any other 
rock in the Permian of western Oklahoma. Groundwater 
in contact with salt will dissolve some of the salt to form 
a brine, providing the water is not already saturated with 
NaCl. For extensive dissolution to occur, it is necessary 
for the brine thus formed to be removed from the salt, or 
else the brine becomes saturated and dissolution stops. 
Four basic requirements are necessary for extensive salt 
dissolution to occur (Johnson and others, 1977):

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 resulting brine can 

escape; and
4) �Energy (such as a hydrostatic head or density gra-

dient) to cause water to flow through the system.
When all four of these requirements are met, and addi-
tional unsaturated water replaces the escaping brine, salt 
dissolution and brine transport can be extensive and quite 
rapid, in terms of geologic time.

As described earlier (Johnson, 1981; Richter and Kreit-
ler, 1986), natural dissolution of bedded salt occurs at 
shallow depths at a number of places in western Oklaho-
ma and north Texas. Fresh and saline groundwater moves 

laterally through aquifers, sandstone, or karstic gypsum, 
dolomite, or salt; it also moves vertically through frac-
tures, sinkholes, and collapse features (Fig. 6). Fresh 
groundwater is generally recharged west of Oklahoma’s 
salt plains, in upland areas where unconsolidated sands, 
sandstone, gypsum, dolomite, terrace deposits, or alluvi-
um are at the surface. The water migrates down and lat-
erally (generally to the east) where it contacts salt beds at 
depths of 9 m to 200 m below the surface, and dissolves 
the salt to form brine. The brine is then forced lateral-
ly and upward by hydrostatic pressure through aquifers, 
karst features, or fractures in aquitards, until it is dis-
charged at the surface.

There are four principal ways for recharge of fresh 
groundwater in the region (Johnson, 1981) (Fig. 6):

1) �Water seeps into the ground through permeable 
rocks and soils, such as where sandstone is at 
the surface;

2) �Water enters the bedrock through highly perme-
able alluvium and terrace deposits along and near 
major streams and rivers;

3) �Water enters the ground through sinkholes, cav-
erns, and other karstic features in areas where gyp-
sum, dolomite, or limestone is at the surface; and

4) �Water enters the ground through joints and frac-
tures present in the rocks, particularly where salt 
or gypsum beds are partly dissolved and overlying 
rock is fractured due to collapse.

After water has dissolved some of the salt, and has 
become brine, there are six principal ways whereby the 
brine moves underground and is eventually discharged at 
the surface (Johnson, 1981) (Fig. 6):

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 rock is 
disrupted over dissolution zones;

3) �Brine moves laterally through aquifers of sand-
stone, siltstone, or other permeable rock;

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 or 
soil, where it can be forced upward under hydro-
static pressure and then drawn up by capillary ac-
tion as the brine evaporates. A crust of salt is then 
precipitated on the land surface as water (H2O) is 
evaporated from the brine.
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In all cases mentioned above, the energy needed to 
cause flow of the water is the hydrostatic head created 
in the recharge area, with resultant brine moving later-
ally and upward toward the piezometric surface. When 
dissolution occurs, the resulting collapse, subsidence, 
and fracturing of overlying rock causes greater vertical 
permeability along joints and openings. Therefore, salt 
dissolution can produce a self-perpetuating cycle: dis-
solution can cause cavern development and land sub-
sidence, with the result that this disrupted rock has a 
greater vertical permeability that allows increased water 
percolation and additional salt dissolution. As a result of 
the above-mentioned processes, a number of salt plains 
and brine springs have formed along the east side of the 
GPEB (Figs. 2, 3).

Tritium (3H), a radioactive isotope of hydrogen with 
a half-life of about 12.3 years, was determined in five 

samples from brine springs in the region (Ward, 1963a): 
two of the springs were in Oklahoma (Big Salt Plain and 
Salton Salt Plain). The results indicate that those spring 
waters were at least partly meteoric in origin, and young-
er than 20 years. Atmospheric testing of nuclear weapons, 
starting in 1945, introduced increased amounts of tritium 
to the atmosphere, and it then fell with precipitation and 
was incorporated in groundwater. Considering the rel-
atively low permeability of most Permian strata (most-
ly shales) in the region, it was therefore assumed that 
groundwater dissolving the salt and producing the brine 
springs fell to the ground in nearby areas and could not 
have travelled far. The water would likely be consider-
ably older, with little or no tritium, if it had migrated over 
great distances.

Along with the salt plains and brine springs in Oklaho-
ma, there are similar features in Kansas and north Texas 

Figure 6. Schematic diagram showing circulation of freshwater and brine in areas of salt dissolution in western Okla-
homa (modified from Johnson, 1981, 2019a). Evaporation of water from brine at the land surface results in a salt plain 
or salt flat.
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along other parts of the Arkansas and Red River systems. 
The geology of some of these non-Oklahoma sites are 
described by Ward (1963a), US Department of Health 
(1964), Johnson (1981, 2019a), and Richter and Kreit-
ler (1986).

AMOUNT OF SALT EMITTED AT 
SALT PLAINS

Different amounts of salt are emitted at the Oklahoma 
salt plains, and the amount emitted at each salt plain can 
vary widely, according to the season of the year, and over 
years and decades of time. The most comprehensive earli-
er studies of Oklahoma salt plains were by Ward (1963a) 
and the US Department of Health (1964): their estimates 
of the amount of salt emitted from each salt plain at the 

time of their measurements are presented in Table 1.
The salt flat with the largest area is Great Salt Plains, 

located on Salt Fork Arkansas River in Alfalfa County, 
with a flow of 2,310 to 3,300 short tons per day (Table 1). 
Another major area of salt flats, also in the Arkansas Riv-
er system, is along the Cimarron River and its tributaries 
where daily emissions of salt are: Big Salt Plain, 2,600 to 
4,870 short tons (the largest emission of salt in Oklaho-
ma); Little Salt Plain, 160 to 990 short tons; Salt Creek 
Canyon Salt Plain, 160 to 360 short tons; Okeene Salt 
Plain area (including areas upstream and downstream of 
the salt plain), average of 1,525 short tons; and Drum-
mond Flats Salt Plain, 83 short tons (Table 1).

The largest area of salt flats in the Oklahoma portion 
of the Red River drainage system are the three closely 
spaced salt plains in northern Harmon County: the Salton 
(also called Chaney), Robinson, and Kiser Salt Plains. 

Table 1. Estimated salt emissions from salt plains in western Oklahoma.
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Together, these three sites emit an estimated 410 to 490 
short tons of salt each day to the Elm Fork Red River (Ta-
ble 1). The two remaining salt plains in southwest Okla-
homa make smaller daily contributions of salt: Boggy 
Creek Salt Plain yields 33 short tons, and Sandy Creek 
Salt Plain contributes 132 short tons.

CHEMISTRY OF BRINES EMITTED AT 
SALT PLAINS

Brines emitted at the various salt plains in west-
ern Oklahoma are typically very high in sodium (Na), 
chloride (Cl), calcium (Ca), and sulfate (SO4). This re-
sults from natural dissolution of salt (NaCl), gypsum 
(CaSO4•2H2O), and anhydrite (CaSO4), which are a 
closely associated group of evaporite rocks/minerals 
in the Permian of western Oklahoma and in the Great-

er Permian Evaporite Basin of Oklahoma and adjacent 
states. In many places the brines are saturated, or nearly 
saturated, with NaCl, and thus evaporation of just some 
of the water can result in rapid precipitation of salt on the 
land surface. Ward (1963a) reported chemical analyses of 
brines from five of the major salt plains in the State (Table 
2). Four of his samples of brine came directly from the 
ground (the fifth sample, from Salt Creek Canyon, was 
collected downstream from the emission area, and was 
diluted by local freshwater stream flow), and these four 
undiluted samples show the following concentrations: 
chloride ranges from 114,000 to 190,000 ppm (parts per 
million), and averages 155,500 ppm; and salt ranges from 
185,300 to 310,000 ppm, and averages 254,425 ppm. The 
three samples collected from actual brine springs or seeps 
(at the Big, Little, and Kiser Salt Plains) show even high-
er average concentrations of chloride (169,333 ppm) and 
salt (277,333 ppm). For comparison, sea water has a to-

Table 2. Analyses of natural brines from various Oklahoma salt plains (Ward, 1963a). Results in parts per million, 
except as indicated.
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tal salinity of only about 35,000 ppm: it contains about 
19,500 ppm chloride and about 10,500 ppm sodium, or 
about 30,000 ppm salt (Na+Cl).

Additional brine samples were analyzed from most of 
the Oklahoma salt plains, and these other analyses are 
presented in the following discussions of each salt plain. 
In general, the highest concentrations of chloride and 
salt were measured in springs or wells at the Big, Little, 
Salton, Robinson, and Kiser Salt Plains.

Chloride concentrations mentioned in this report are 
those given in the various tables, and in most cases the 
salt concentrations mentioned are the sum of the sodium 
and chloride concentrations (Na+Cl) reported. However, 
some of the analyses report the chloride content, but not 
a specific value for the sodium content. In these cases, 
an estimation of the salt concentration is calculated to be 
the chloride concentration (Cl) x 1.65. The atomic weight 
of chloride is 35.45, and the atomic weight of Na+Cl is 
58.43: therefore, Na+Cl ÷ Cl is 58.43 ÷ 35.45 = 1.65.

Some of the analyses shown herein on tables are ex-
pressed in ppm, and some are in mg/l (milligrams per 
liter). In dilute water solutions, 1 mg/l = 1 ppm; in highly 
concentrated solutions, such as these brines, the numeri-
cal value in mg/l or ppm is essentially equal (ppm values 
are only about 0.0014% higher than mg/l values) (see 
UnitConverters.net in references). Therefore, numerical 
values reported in mg/l on these tables will be considered 
as the same in ppm. Discussions in this paper will refer 
to concentrations in ppm, even when a chemical analysis 
presents the concentrations in mg/l.

SALT PLAINS IN OKLAHOMA

A total of 11 known salt plains or natural brine springs 
are present in western Oklahoma (Fig. 3). They include 
six sites in the Arkansas River drainage basin, and five 
sites in the Red River drainage basin. The largest salt 
plains, with the greatest amount of salt being emitted, are 
in the Arkansas River Basin, although the salt plains in 
the Red River Basin are also significant. Following is a 
description of these 11 brine-emission sites.

Great Salt Plains

Great Salt Plains, in Alfalfa County (Fig. 3, site 1), is 
a most-impressive landform. The 65 km2 of flat, salt-en-
crusted land makes it the largest salt plain in Oklahoma, 
or in any part of the Arkansas River system (Figs. 7, 8). 

A dam, completed in 1941, created the Great Salt Plains 
Reservoir, and that lake now covers 36 km2 of the original 
salt plain: therefore, Great Salt Plains originally covered 
101 km2. Lake-water salinity varies from 2 to 15 grams of 
dissolved solids per kilogram of water (2,000 to 15,000 
ppm) (Johnson, 1972), with the higher salinities occur-
ring when heavy rains dissolve and wash the adjacent salt 
crust into the lake. Lake salinity varies considerably, and 
the amount of salt that flows from the reservoir into Salt 
Fork Arkansas River ranges from 2,310 to 3,300 short 
tons per day (Table 1); this is second only to the amount 
of salt emitted at Big Salt Plain (up to 4,870 short tons 
per day). The present surface of the salt plain appears 
horizontal (Fig. 8), but it actually slopes down toward the 
reservoir at a rate of about 1 to 2 m/km. The following 
description of Great Salt Plains is modified from earlier 
reports by Johnson (2013a, 2019c). In USACE studies, 
Great Salt Plains is referred to as “Area I.”

Great Salt Plains consists of loose Quaternary deposits 
saturated with high-salinity natural brine that is seeping 
up from underlying Permian rocks. Quaternary deposits 
consist of 3 to 8 m of alluvial and lacustrine sediments 
that were laid down upon, and now conceal, an irregu-
lar bedrock surface that was eroded by streams and riv-
ers. Aspects of the geology and/or brines of Great Salt 
Plains have been discussed by Davis (1968), Johnson 
(1972, 2013a, 2019c), Slaughter and Cody (1989), and 
Evans (2017).

The origin of the brine here appears to result from 
groundwater dissolving the Lower Cimarron salt at mod-
erate depths beneath, and just west of, the salt plains (Fig. 
9). Brine then moves laterally and upward under artesian 
conditions through several porous aquifers and through 
fractures in the bedrock until it is discharged into the bot-
tom of Quaternary sediments comprising the salt plains. 
Brine continues to rise through the Quaternary under 
artesian pressure, and finally capillary action brings the 
brine to the surface of the salt plain.

Surface Geology
Bedrock formations cropping out in the vicinity of 

Great Salt Plains include the Hennessey Shale (south 
and west of the salt plains) and the Nippewalla Group 
(north and east of the salt plains) (Miller and Stanley, 
2003). These units consist chiefly of interbedded red-
brown shales and siltstones, but also contain some layers 
of fine-grained sandstone and green-gray siltstone and 
shale. Beds of sandstone and siltstone are aquifers that 
bring brine up to the base of Quaternary deposits, where 
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Figure 7. Aerial view of Great Salt Plains in Alfalfa County, northwest Oklahoma (modified from Johnson, 2013a). 
Air photo from Google Earth, dated September, 2010.

Figure 8. View of part of the 65-km2 salt flats that comprise Great Salt Plains (courtesy Oklahoma Tourism Department).
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the brine can then move upward to reach the surface of 
the salt plain.

Permian bedrock in the area dips gently to the south-
west into the Anadarko Basin. The dip averages about 3 
m/km (about 0.15º). This agrees well with the structure of 
deeper strata: the base of the Wellington evaporites, about 
520 m below the salt flats, dips about 4 m/km (about 
0.2º) to the southwest (Jordan and Vosburg, 1963, Map 
B). Although Quaternary sediments cover the bedrock in 
most of the area, there is no evidence of faults or erratic 
dips in the bedrock that might result from their collapse 
due to underground dissolution of salt or other evaporites.

Most of the land surface at and around the salt plains 
is mantled by unlithified Quaternary sediments: they are 
alluvial, lacustrine, and terrace deposits consisting chief-
ly of sand, silt, and clay laid down by Salt Fork Arkansas 
River and its main tributaries. These deposits are gener-
ally 3 to 8 m thick at the salt flats, but they are up to 15 
m thick to the north and west, and Quaternary terrace 
deposits are as much as 27 and 40 m thick, respectively, 
to the southeast and northeast of the reservoir. Alluvial 
deposits are mantled by wind-blown sand dunes in some 
areas north, east, and south of the salt plains. The salt 
flats themselves are encrusted with deposits of salt that 
are locally up to 5 cm thick, especially after long hot and 
dry spells (Fig. 8).

Subsurface Salt Deposits
The Lower Cimarron salt is the shallowest salt at Great 

Salt Plains: it occurs in subsurface to the west of the area, 
and also beneath the western part of the salt flats (Figs. 
10, 11). The total thickness of the Lower Cimarron salt 
ranges from 25 to 37 m in most parts of western Alfalfa 
County, but it decreases to only 5 m in core #11 beneath 
the salt flats, and is absent farther east (core #9) and in the 
northern part of the county (cores #22 and #23) (all cores 
drilled by the USACE from 1968 to 1970).

The Lower Cimarron salt consists chiefly of red-brown 
and gray shale and siltstone in Alfalfa County. Salt occurs 
mainly as veins, nodules, and isolated crystals or masses 
in most cores, but is also present as discrete layers of rock 
salt in beds 0.6 to 2.4 m thick farther west in core #16 (lo-
cated in sec. 14, T. 27 N., R. 13 W., in Woods County). In 
core #16, salt comprises an estimated 40% of an interval 
that is 29 m thick (percentages and thickness of salt units 
in this and other cores are reported in US Army Corps of 
Engineers, 1971).

The amount of salt in the cores shown on Figure 10 is 
as follows: core #10 contains 20 to 30% salt in an inter-
val 16.5 m thick; core #18 contains about 20% salt in an 
interval 24.4 m thick; core #7 contains about 10% salt 
in an interval 15.8 m thick; and core #11 contains about 
10% salt in an interval 4.6 m thick.

Depth to the top of salt beneath and near the salt flats 
was also reported in US Army Corps of Engineers (1971): 
core #18 = 70.7 m deep; core #7 = 114.3 m deep; and core 
#11 = 82.6 m deep (note: depth to the original top of salt 
in core #11 should be much less, but, presumably, the 

Figure 9. Regional cross section showing Permian evaporites in northwestern Oklahoma (based in part upon Jordan 
and Vosburg, 1963, plate 2; modified from Johnson, 2019b). The Flowerpot salt is the source of brine emissions at Big 
Salt Plain, and the Lower Cimarron salt is the source of brine emissions at Great Salt Plains.
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Figure 10.  Map showing distribution and elevation of top of Lower Cimarron salt at Great Salt Plains, Alfalfa County. 
Based on 7 cores drilled by US Army Corps of Engineers (USACE) through salt or equivalent non-salt strata, and 
geophysical logs of nearly 50 oil and gas boreholes. Modified from Johnson (2019c).
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upper part of the salt has already been dissolved at this 
site). Salt in these cores is commonly smoky and faintly 
gray or red brown in color: it contains disseminated or 
mixed masses of gray or red-brown shale or siltstone. The 
salt is also associated with irregular masses and vein-like 
stringers or layers of anhydrite and shale.

Away from the salt flats, the depth to the top of the salt 
in oil and gas wells ranges from about 70 to 120 m in the 
north, near the Byron-Burlington area, and increases to 
the south to about 150 in the southwest corner of T. 26 N., 
R. 11 W., and to 208 m just northeast of Carmen (Fig. 10, 
core #10). This increase in depth results from the gentle 

southwest dip of the salt beds (about 3 m/km, or 0.15º) 
and the general increase in topographic elevation to the 
southwest, away from Salt Fork Arkansas River and 
Great Salt Plains.

The Lower Cimarron salt in Alfalfa County was de-
posited near the eastern edge of a shallow inland sea that 
extended westward across most of western Oklahoma 
and the Texas Panhandle (Jordan and Vosburg, 1963; 
Johnson, 1976). Beds of massive rock salt deposited in 
the west (core #16, and farther west) grade eastward into 
shaley salt and salty shale near the limits of evaporite 
deposition, and finally into shales and siltstones that lack 

Figure 11. Generalized geologic cross section showing salt and other Permian bedrock units near Great Salt Plains, as 
well as probable salt-dissolution zones and ground-water-flow patterns. Based primarily upon four cores (16, 18, 11, 
and 9) drilled in 1968-70 by USACE. Also shown is the percent of salt within the Lower Cimarron salt in each core. 
Modified from Johnson (2013a).

Figure 12. Generalized geologic cross section showing brine movement near Great Salt Plains (modified from Johnson, 
1972, 2013a).
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salt (core #9). The present-day eastern and northern limits 
of this salt in Alfalfa County are probably fairly close to 
the original depositional limits, but these have been mod-
ified, at least somewhat, by salt dissolution. Dissolution 
is probably occurring along the eastern limit of the salt 
in Ts. 26–28 N., and along the northern limit of the salt 
in Rs. 10–12 W. (Fig. 10): it is most likely occurring in 
the upper part of the salt unit at scattered locations in Ts. 
26–27 N., Rs. 10–11 W., where the salt is in contact with 
circulating groundwater, and the resultant brine is being 
emitted at Great Salt Plains through two artesian zones 
(the upper and lower artesian zones) (Figs. 11, 12).

The only other salt unit in Alfalfa County is the deep 
Hutchinson Salt Member at the top of the Wellington 
Formation (Fig. 9): it consists of 122 to 137 m of salt 
interbedded with anhydrite and shale, with salt making 
up about 40 to 50% of the unit. The top of the Hutchin-
son Salt is about 365 m deep in the vicinity of Great Salt 
Plains (Plate 3 in Johnson, 1976), and is too deep to be a 

source of the brine in this area.

Brine Emissions
Three sets of analyses of brines emitted at Great Salt 

Plains have been reported (Tables 2–4). There are no 
“salt springs” on the salt flats or nearby, so all samples 
for these analyses were obtained by digging holes 30 to 
75 cm deep in the unconsolidated Quaternary sediments, 
and sampling the water that filled the holes. Of the sev-

Table 3. Analyses of natural brines from Great Salt Plains in mg/l, except pH (unless otherwise indicated). From US 
Department of Health (1964).

Table 4. Analysis of natural brine from Great Salt Plains, 
in parts per million. From Snider (1913).
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en analyses in Tables 2–4, six of them are high-salinity 
brines with the following concentrations: chloride rang-
es from 113,000 to 161,000 ppm, and averages about 
137,000 ppm; and salt ranges from 185,000 to 263,000 
ppm, and averages about 228,000 ppm.

In addition, Slaughter and Cody (1989) collected simi-
lar groundwater samples from 63 uniformly spaced holes 
dug to depths of 0.5 to 1.2 m below the surface of the 
salt flats during summer and winter seasons. Their data 
showed slightly lower chloride averages in the south part 
of the salt plains (132,000 ppm in Summer, and 123,000 
ppm in Winter), and somewhat higher averages in the 
central and north parts of the salt plains (142,000 to 
155,000 ppm in Summer, and 146,000 to 160,000 ppm 
in Winter).

Two artesian zones in the Hennessey Shale subcrop 
at the base of Quaternary overburden in the vicinity of 
Great Salt Plains and the much smaller salt plain at Suck-
er Flat, about 6 km to the north (Figs. 11–13). The few 
test holes drilled south and north of the salt plains area 
did not yield much brine, so the brine-emission problem 
appears to be confined to Great Salt Plains and Sucker 
Flat, and areas close to them (Fig. 13). The two artesian 
zones that contain brine are siltstone and sandstone beds 

that are 6 to 30 m below the salt flats (Fig. 12): these 
beds were cored by the USACE, and they typically con-
tain many vugs, pits, and salt casts that indicate the prior 
existence of salt. Although salt has not been recovered 
or observed in these strata, these vugs and other cavities 
indicate that they may have contained scattered crystals 
of salt at one time.

Daily emission of salt from Great Salt Plains is es-
timated to be 1,400 to 2,000 short tons of chloride, or 
2,310 to 3,300 short tons of salt (Table 1). This is the 
greatest amount of salt that issues from any salt plain 
in Oklahoma.

The origin of brine at Great Salt Plains apparently re-
sults from the following: 1) fresh meteoric water seeps 
into the ground at unknown locations north, northwest, 
west, and/or southwest of the salt plains; 2) the water 
moves down vertically and laterally through porous 
sandstones and fractures in Permian bedrock; 3) it then 
dissolves salt from salt beds or salty strata; and 4) the 
resultant brine eventually rises to the surface beneath the 
salt plain (as shown generally in Fig. 6). The most prob-
able salt beds now being dissolved are thin layers, veins, 
nodules, and disseminated crystals of salt in the Lower 
Cimarron salt that are beneath and just west of the salt 

Figure 13. Maps of Great Salt Plains area showing subcrop of artesian aquifers and concentration of chlorides; based 
on borehole data from USACE (modified from Johnson, 2013a). A) Subcrop of Permian bedrock artesian zones at base 
of Quaternary overburden. B) Chloride concentration of groundwater at top of Permian bedrock (base of overburden).  
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plains (Fig. 11).
Brine is present in the bedrock under a hydrostatic 

head that causes it to rise above ground level as artesian 
flow in boreholes. It moves laterally and upward through 
aquifers and fractures in the bedrock and is discharged, 
mainly from the upper and lower artesian zones, into 
the bottom of overlying Quaternary sediments (Fig. 12). 
Salt is then precipitated on the salt flats (Fig. 8) as water 
(H2O) is evaporated from brine drawn to the surface by 
capillary action.

The upper and lower artesian zones are sandstone/silt-
stone units, each being up to 9 m thick, that are interbed-
ded with shales of the Hennessey Formation in a sequence 
that is about 25 m thick (US Army Corps of Engineers, 
1971) (Fig. 12). Brine movement is largely restricted to 
these two zones, wherein the sandstones and siltstones 
are generally friable and contain many vugs, pits, frac-
tures, and salt casts. Beds of sandstone and siltstone in 
the two aquifers are not sheet-like, continuous layers, but 

generally are lenticular: individual lenses are not easily 
correlated from borehole to borehole. Therefore, these 
aquifers are two zones in which high-salinity brines are 
preferentially carried, under artesian pressure, to the base 
of Quaternary deposits that cover the salt plains.

Cores drilled by the USACE established that the two 
artesian zones subcrop at the base of Quaternary over-
burden in the vicinity of Great Salt Plains and the much 
smaller Sucker Flat (Fig. 13A). High-salinity brine in 
these bedrock aquifers has a chloride content normally 
ranging from about 90,000 to 150,000 ppm, although lo-
cally it is up to 160,000 ppm (Fig. 13B). The other chief 
constituents of brine in the bedrock at Great Salt Plains 
are calcium, magnesium, and sulfate (table 3). Johnson 
(1972) reported similar results at Great Salt Plains for 
calcium (±1,500 ppm), magnesium (±1,000 ppm), and 
sulfate (±7,000 ppm). At these concentrations, the brine 
is fully saturated with respect to both sodium chloride and 
calcium sulfate, and thus evaporation of the brine and fur-

Figure 14. Collecting hourglass-selenite crystals on Great Salt Plains (from Johnson, 2013a). A) View of salt plains 
digging area. B) Families and groups digging for crystals on salt plains. C) Claren Kidd, retired geology librarian at 
The University of Oklahoma, digging for crystals. D) Selenite crystals (arrows) are exposed just several centimeters 
below the surface of the salt plain.
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ther concentration leads to precipitation of halite (NaCl), 
and also of gypsum (CaSO4•2H2O) as hourglass-selenite 
crystals (described below).

Although lateral movement of brine through artesian 
zones appears to be the dominant movement, vertical mi-
gration of brine also occurs through fractures, joints, and 
fissures in the rock. There is enough interconnection be-
tween the two artesian zones that the entire 25 m of strata 
could be regarded as a single aquifer system with two 
zones of much higher permeability. Fractures, joints, and 
fissures in the aquifer, and in the underlying and over-
lying bedrock, result at least in part from settling and 
collapse due to partial dissolution of underlying salt beds.

In pre-historic through early-Statehood days, salt was 
collected from Great Salt Plains by Native Americans and 
early European settlers, but no commercial production 
of salt has been recorded. The area is now a National 
Wildlife Refuge, and thus is not open to commercial de-
velopment of salt resources.

Hourglass-Selenite Crystals
Note: this section is liberally taken from Johnson 

(1972, 2013a, 2019c). Brine entering Great Salt Plains 
is fully saturated with respect to both sodium chloride 
and calcium sulfate. Once the brine enters the Quaternary 
sediments, it is further concentrated by evaporation at the 
land surface. Brine rises to the water table, several cen-
timeters or more below the surface, and capillary action 
draws it up to the land surface where it is evaporated. Salt 
is precipitated as a crust (locally up to 5 cm thick, after 
long hot and dry spells) on the surface of the salt flats, 
and gypsum is precipitated as hourglass-selenite crystals 
just below the surface, where the brine is saturated with 
respect to calcium sulfate. The evaporation rate here is 
extremely high: the average annual precipitation is only 
about 76 cm (H.L. Johnson, 2008), and the average rate 
of freshwater evaporation is about 203 cm (Davis, 1968).

Hourglass-selenite crystals are unique to the Great Salt 
Plains (Figs. 14, 15), and they were designated as the 
“official Oklahoma State Crystal” in 2005. The interi-
or of each crystal contains a ghostlike, hourglass form 
consisting of red-brown sand, silt, and/or clay particles 
incorporated within the crystal as it grows (Fig. 15). The 
red-brown color is due to the presence of iron oxides that 
coat the particles enclosed in the crystal. As the crystal 
grows, the loose particles are enveloped or enclosed only 
at the ends of the crystal, at the (110) crystal faces, where-
as particles adjacent to the sides of the crystal, the (111) 
faces, are merely pushed aside (Fig. 15B): crystal faces 

were identified by Merritt (1935).
The reason for this hourglass pattern is not certain, but 

it appears that the bond between molecules forming the 
smooth (111) faces on the sides of the crystal is so strong 
that each new layer of molecules that is added forces for-
eign particles away from the crystal. On the other hand, 
the bond between molecules forming the (110) faces at 
the ends of the crystal is not strong enough to push foreign 

Figure 15. Hourglass-selenite crystals collected at Great 
Salt Plains (Johnson, 2013a). A) Crystal, 8 cm long, that 
grew in sand and silt. B) Drawings of crystal, showing 
two stages of growth. C) Three crystals that grew in clay 
(bottom samples), and two examples of twin crystals (at 
top and left).
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Figure 16. Aerial views of Big and Little Salt Plains on Cimarron River in northwest Oklahoma. A) Oblique Google 
Earth photo (dated December, 2006) of Big Salt Plain, Little Salt Plain, and Cargill Salt Co. solar-salt plant. B) Vertical 
Google Earth photo (dated June, 2017) shows that Cargill Salt Co. has about 200 hectares (500 acres) of evaporating 
pans on Big Salt Plain. Modified from Johnson (2019b).
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matter aside, and therefore new layers on the ends of the 
crystal envelop the red-brown sand, silt, and clay particles.

Crystals form just below the surface of the salt flats, 
seldom more than 60 cm deep. Selenite occurs as individ-
ual crystals up to 18 cm long, and clusters of intergrown 
crystals have weighed as much as 17 kg. Crystals have 
also enclosed sticks, rocks, bones, and cockleburs that are 
part of the host sediment.

A study of the shapes and growth rates of these crys-
tals was conducted by members of the Enid Gem and 
Mineral Society from May 1966 to May 1969 (Vickers, 
1969). Pre-measured crystals they “planted” grew as 
much as 26% within a year, under favorable climatic con-
ditions (cool, wet springs and hot, dry summers). Also, 
they found that the quality of crystals depends in part on 
the host sediment, with the clearest crystals forming in 
clay and the more-cloudy ones forming in sand and silt. 
Several studies related to selenite-crystal growth and/
or brine chemistry were done by Merritt (1935), Davis 
(1968), Vickers (1969), Slaughter and Cody (1989), and 
Evans (2017).

Digging for crystals in the best collecting area on the 
salt flats is regulated by the Great Salt Plains National 
Wildlife Refuge (GSPNWR). To allow for new crystal 
growth, a new area is opened for digging and collecting 
each year (on a rotating basis) from April 1 through Oc-
tober 15. Only two areas on the salt plains are open to 
public access (Fig. 7): the crystal-collecting area in the 
south, and bird watching is permitted from the Sandpiper 
Trail Observation Platform on the north.

To dig for crystals (Fig. 14), the following is recom-
mended by the GSPNWR. Dig a hole about 60 cm wide 
and 30 to 60 cm deep, and allow it to fill with water 
that seeps in from below (you may need to bring your 
own water to have a sufficient supply). Splash water 
against the sides of the hole and gently wash the soil 
away from crystals until they are free. At first, crystals 
are fragile and must be gently placed where the sun and 
wind can dry them. When dry, they are quite hard and 
can be handled with normal care. A fine YouTube video 
shows how to dig for crystals: http://www.youtube.com/
watch?v=5qYDZ3ehNz8

Great Salt Plains also has historical significance. Ac-
cording to the GSPNWR website, an Osage Indian, Sans 
Orielle, guided Major George C. Sibley (the Indian Agent 
from Fort Osage, Missouri) and his party to Great Salt 
Plains in 1811. They are thought to have been the first 
white men to see the salt plains. From that time on, set-
tlers made trips to the site to collect salt, just as Native 

Americans had for centuries before. And during World 
War II, Great Salt Plains was used as a practice-bombing 
range, and a small area was used for disposal of World 
War II chemical-warfare-training kits. Discovery of these 
kits, which contained diluted mustard, lewisite, chloro-
picrin, and undiluted phosgene gases and liquids, led to 
closure of the crystal-digging area in 2007 and 2008. 
After a thorough search of the area by the USACE, the 
crystal-digging area was cleared in 2009, although warn-
ings are posted to advise the public of potential hazards

Big Salt Plain and Little Salt Plain

Big Salt Plain and Little Salt Plain (Fig. 3, sites 2 and 
3, respectively) are the largest area of salt plains on the 
Cimarron River, and are the second- and third-largest 
salt plain, respectively, in Oklahoma (Great Salt Plains 
being the largest) (Figs. 16–18). The major part of Big 
Salt Plain is in Woods County, but it also occupies parts 
of Woodward and Harper Counties; Little Salt Plain is 
almost entirely in Woods County, with just a small por-
tion being on the west side of Cimarron River in Harper 
County. The main part of Big Salt Plain covers about 
17.7 km2, and the main part of Little Salt Plain covers 
about 6.5 km2. Although they are two separate emission 
areas, they are discussed together here because of their 
proximity and similar geology. In USACE studies, Big 
Salt Plain is referred to as “Area II” and Little Salt Plain 
is referred to as “Area III.” The following description of 
the Big and Little Salt Plains is modified from an earlier 
report by Johnson (2019b).

High-salinity brine saturates the alluvium at both sites, 
with brine forming when groundwater dissolves Flow-
erpot salt at shallow depths beneath and adjacent to the 
river (Figs. 17, 18): brine then migrates, due to hydro-
static pressure, up from the bedrock into the base of the 
alluvium. The top of the Flowerpot salt ranges from 9 
to 60 m below the surface of the salt plains. Dissolution 
of salt is more advanced beneath the river, and as a re-
sult the adjacent bedrock is partly collapsed and drapes 
(or dips) down toward the river. The USACE plans for 
protecting freshwater and controlling brines in this area 
involve: 1) constructing a dam to capture fresh Cimar-
ron-River water just above Little Salt Plain (the dam to be 
located along the line of cross section A–B in Fig. 18); 2) 
constructing a canal to divert that freshwater around the 
two salt plains and back into Cimarron River below Big 
Salt Plain; and 3) allowing both salt plains to accumulate 
brine and salt, but remain separated from freshwater in 
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the Cimarron River.
Gould (1901) stated that Big Salt Plain is perhaps the 

most noted of the salt plains, from the standpoint of a 
historian. Coronado, the Spanish conquistador and ex-
plorer, probably was the first European to visit this place 
during his search for the Seven Cities of Cibola in 1540-
42. Later, Native American reports about Big Salt Plain 
as a “salt mountain” became part of the justification used 

by Thomas Jefferson to acquire the Louisiana Territory 
from the French (Isern, 1980). Jefferson wrote of the nat-
ural resources of the yet-to-be-acquired Louisiana Ter-
ritory, including a salt mountain which, reportedly, was 
“one hundred and eighty miles long, and forty-five in 
width, composed of solid rock salt, without any trees, or 
even any shrubs on it.” Isern (1980) states that Native 
Americans probably referred to the salt plain as their “salt 

Figure 17. Map and cross section of Big Salt Plain in northwest Oklahoma. Geologic and structure-contour map 
(above) and cross section (below) show drape of Blaine Formation toward Cimarron River and Buffalo Creek owing 
to dissolution of upper parts of Flowerpot salt; based on data from USACE (modified from Johnson, 1981, 2019b, 
Plate 1). Locations of dissolution cavities and brine paths in cross section are hypothetical.
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mountain” because it was at the base of a “mountain” (the 
local 35-m-high cliffs capped by gypsum) where they 
gathered their salt. Obviously, the reports that reached 
Jefferson were a great overstatement of the facts, and his 
detractors subsequently referred to this feature as “Jeffer-
son’s salt mountain.”

Surface Geology
Principal outcropping rock units around the two salt 

plains are the Flowerpot Shale and the overlying Blaine 
Formation (Figs. 17, 18). Large-scale, detailed geologic 
maps of both salt plains are given in Johnson (2019b, 
Plates 1 and 2 therein). The Flowerpot consists chiefly 
of red-brown shale, with many thin beds of gray shale, 
brown siltstone, and gypsum or gypsum nodules. The 
formation is about 90 m thick (Fay, 1965, reports 85 to 
130 m in outcrops of eastern Woods County), but the 
contact with the underlying Cedar Hills Member of the 

Hennessey Formation is not exposed in the study area, 
nor has it been cored in the vicinity of either salt plain. 
The upper part of the formation is well-exposed in bluffs 
along Cimarron River adjacent to both salt plains, and as 
much as 30 m of the formation can be examined at Big 
Salt Plain, just below the confluence of Cimarron Riv-
er and Buffalo Creek. Farther northwest, near Little Salt 
Plain, the top 20 m of the Flowerpot is exposed north of 
US Highway 64 bridge, but only the top 6 m is exposed 
near the Oklahoma–Kansas border. Where shales of this 
formation are interbedded with salt (back from the out-
crop, and beneath the salt plains), the salt-bearing unit is 
called the Flowerpot salt (Figs. 17, 18, cross sections).

The overlying Blaine Formation is 25 to 30 m thick and 
consists of white gypsum interbedded with red-brown 
shale and thin layers of green-gray shale and dolomite. 
The Blaine has three main gypsum beds, each 3 to 8 m 
thick, with the most conspicuous being the 8-m-thick 

Figure 18. Map and cross section of Little Salt Plain in northwest Oklahoma. Geologic map (above) and cross section 
(below) show dissolution of upper parts of Flowerpot salt beneath Cimarron River; based upon data from USACE 
(modified from Johnson, 2019b, plate 2). Locations of dissolution cavities and brine paths on cross section are hypo-
thetical. Cross section is along proposed alignment of a freshwater dam, just upstream of salt plain.
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Medicine Lodge Gypsum Bed at the base. Individual 
gypsum beds of the Blaine are abnormally thin at a num-
ber of places, and locally one or more of the gypsum 
beds is completely missing: this results from the gypsum 
bed(s) having been locally dissolved, most likely during 
the Late Cenozoic Era. In many places, a brown silty or 
clayey sediment was deposited in Quaternary time to fill 
original caverns and void spaces that resulted from dis-
solution of the gypsum. The Medicine Lodge Gypsum 
Bed is the best marker bed for structural mapping in the 
area (Fig. 17).

Overlying the Blaine Formation are several other for-
mations locally seen in outcrops. The Dog Creek Shale, 
immediately above the Blaine, is 12 to 15 m of most-
ly red-brown shale, and above the Dog Creek are or-
ange-brown sandstones of the Marlow Formation (the 
lower part of the Whitehorse Group).

Quaternary terrace deposits consist chiefly of sand and 
gravel deposited along the former courses of Cimarron 
River and Buffalo Creek. Typically, they are well above 
Cimarron River on the south side of the salt plains, but 
they extend down to, and are in contact with, alluvial 
deposits on the north side of the river. Terrace deposits 
range from 1 to 15 m thick.

The youngest sediments in the area are Quaternary 
sand, silt, clay, and gravel that comprise alluvium along 
flood plains of Cimarron River, Buffalo Creek, and their 
principal tributaries. These youngest sediments are typi-
cally 3 to 20 m thick on Cimarron River, and are 6 to 18 m 
thick on Buffalo Creek. Detailed information concerning 
thickness of the alluvium was available from boreholes 
drilled by the USACE, and from seismic profiles made 
by Geo Prospectors, Inc. (Figs. 17, 18).

Outcropping rocks throughout the area are essentially 
flat-lying, except for the gentle dip (4 to 8 m/km, or 0.2º 
to 0.4º) towards Cimarron River and Buffalo Creek at Big 
Salt Plain: the Blaine Formation, and the upper part of the 
Flowerpot Shale, form a definite synclinal structure along 
the two principal rivers in the area (Fig. 17). This dip of 
the rocks towards the rivers results from dissolution of 
salt in the upper part of the Flowerpot salt; dissolution 
is more advanced directly beneath Cimarron River and 
Buffalo Creek, and thus the amount of collapse and drape 
of overlying rocks is greatest in these areas.

Outcropping Permian strata on both sides of Cimarron 
River are disturbed locally as a result of dissolution of 
Flowerpot salt. One area that is highly chaotic is in sec-
tions 3, 4, and 10, T. 28 N., R. 21 W., just west of Little 
Salt Plain (Plate 2 in Johnson, 2019b). In this area, the 

logs of two oil wells show there is a difference in eleva-
tion of 11m at the base of the Blaine within a distance of 
about 3 km, and outcropping rocks between these two 
wells are chaotic blocks that dip 20º to 30º in various 
directions, as a result of being dropped into underlying 
dissolution cavities. Similar dissolution-and-collapse 
features near Big Salt Plain are in sec 21, T. 27 N., R. 
19 W., in sec. 4, T. 26 N., R. 19 W., in sec. 22, T. 27 N., 
R. 21 W., and several other places where the base of the 
Blaine has been dropped more than 3 or 6 m (Plate 1 in 
Johnson, 2019b).

Subsurface Salt Deposits
Flowerpot salt is at shallow depths beneath Big Salt 

Plain, Little Salt Plain, and adjacent areas (Figs. 17, 18), 
and the total thickness of Flowerpot salt here is about 
45 to 55 m (Plate 6 in Johnson, 1976). It consists of red-
brown shale interbedded with transparent to translucent 
layers, crystals, and veins of salt. Commonly, the salt is 
reddish in color, due to shale impurities, and in many 
layers it is intimately intermixed with shale. Stratigraphic 
zones containing salt are typically 1 to 3 m thick (based 
upon core holes drilled in 1960–1961 by the USACE), 
and salt appears to comprise about half of the entire 
Flowerpot salt unit. The full thickness of the salt unit 
has not been cored, but as much as 18 m of salt and in-
terbedded shale were cored by the USACE in the lower 
half of the 36-m-deep hole no. II–20, drilled in sec. 21, 
T. 27 N., R. 19 W.

The top of the Flowerpot salt is commonly about 30 
m below the top of the Flowerpot Shale near these salt 
plains, but the upper surface is irregular as a result of 
dissolution of the salt by groundwater; this irregularity 
is well displayed in the seismic profiles (Figs. 17, 18). 
Groundwater dissolves the salt principally from the up-
per part of the unit beneath Cimarron River and Buffalo 
Creek. In some boreholes there is a solution cavity, or 
a “zone of lost circulation,” at the top of the salt unit: 
this probably represents the zone in which dissolution 
is now most active, and/or the zone that is transmitting 
high-salinity brine away from the salt beds. The top of 
the Flowerpot salt is only 15 to 30 m below the top of 
the formation several kilometers from Cimarron River at 
Little Salt Plain, such as in two oil-well tests drilled in 
secs. 4 and 10, T. 28 N., R. 21 W.

The depth to the top of salt beds beneath Big Salt Plain 
is generally 15 to 30 m, and beneath Little Salt Plain it is 
30 to 38 m. The salt is shallowest at Big Salt Plain in sec. 
21, T. 27 N., R. 19 W., where it was encountered only 9 
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m below the surface in the USACE hole no. II–50. The 
top of the salt is at slightly greater depths to the northwest 
and west of that location, but it drops off to a considerable 
depth (about 55 m below the surface) eastward along the 
east line of sec. 21 (Ward, 1961b; Johnson, 1981).

Further evidence suggesting dissolution of Flowerpot 
salt near Big Salt Plain is the “Freedom Gas Blowout,” as 
described by Preston (1980a, b) and Johnson (2003). In 
1980, natural gas erupted from alluvium in the Cimarron 
River floodplain about 3 km east of Big Salt Plain and 
created a 6-m-wide crater from which mud was ejected 
to a height of 20 m. Other nearby craters were up to 9 m 
wide and 3.2 m deep. An estimated 20 million cubic feet 
(about 566 million liters) of gas was emitted daily from 
the larger vents. Johnson (2003) summarized that appar-
ently a mechanical failure in a deep gas well, drilled 16 
km to the southwest, allowed high-pressure natural gas to 
enter a “lost-circulation zone” (an open, probably cavern-
ous or karstic zone) at a depth of 54 m in the well—a well 
depth that is within the Flowerpot salt. The data suggest 
the following (Johnson, 2003): 1) high-pressure gas from 
the well entered dissolution cavities in the Flowerpot salt; 

2) the gas then migrated laterally 16 km to the northeast 
through dissolution cavities in the Flowerpot salt; and 3) 
then reached the land surface through fractured Flower-
pot shale that underlies Cimarron River alluvium just east 
of Big Salt Plain.

Other salt units are also present beneath Big Salt Plain 
and Little Salt Plain (Jordan and Vosburg, 1963; Johnson 
1976), but they are too deep to be making any contribu-
tion here to the flow of brine at the surface. Salty shale 
is present in the Upper Cimarron salt at a depth of 150 
m below both salt plains, and massive beds of salt in 
the Lower Cimarron salt are present about 240 to 275 
m below the salt plains. In addition, thick salts in the 
Hutchinson Salt are at least 520 m below both salt plains.

Brine Emissions and Salt Production
Three sets of analyses of brines emitted at Big Salt 

Plain have been reported (Tables 2, 5, 6), and two sets 
of analyses have been reported for Little Salt Plain (Ta-
bles 2, 7). Seven brine samples at Big Salt Plain, col-
lected from a combination of wells, springs, and holes 
dug on the salt flat, have the following concentrations: 

Table 5. Analyses of natural brines from Big Salt Plain in mg/l, except pH (unless otherwise indicated). From US 
Department of Health (1964).
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chloride ranges from 156,000 to 205, 076 ppm, and av-
erages about 182,286 ppm; and salt ranges from 262,000 
to 336,663 ppm, and averages about 294,000 ppm. Three 
samples at Little Salt Plain, collected from brine seeps 
and a hole dug less than 90 cm deep, have the following 
concentrations: chloride ranges from 61,000 to 194,000 
ppm, and averages about 137,667 ppm; and salt rang-
es from 103,500 to 319,000 ppm, and averages about 
229,500 ppm.

Clearly, brine is forming in the shallow subsurface by 
dissolution of salt beds in the Flowerpot salt, and it is 
coming to the surface through alluvial deposits in Ci-
marron River and Buffalo Creek (Figs. 17, 18). The brine 
is saturated with respect to sodium chloride: a sample 
from one brine well of Blackmon Salt Co. (now Cargill 
Salt Co., see Fig. 19) on Big Salt Plain contained up to 
205,076 ppm of chloride (Table 6). Ward (1963a) reports 
that a spring at the base of bluffs on the south side of Big 
Salt Plain had a concentration of 156,000 ppm chloride, 
and that a seep on Little Salt Plain had a concentration 
of 162,000 ppm. An artesian brine well on the south side 
of the Buffalo Creek portion of Big Salt Plain (USACE 
hole no. II–31, in sec. 33, T. 27 N., R. 19 W.) had salt en-
crusted over the surface pipe, because salt is precipitated 
here from saturated brine immediately upon coming to 
the surface.

Estimates of the daily salt emissions from the salt 
plains are (Table 1): Big Salt Plain, 1,600 to 2,950 short 
tons of chloride, or 2,600 to 4,870 short tons of salt; Lit-
tle Salt Plain, 100 to 600 tons of chloride, or 160 to 990 
short tons of salt. From these data, it appears that Big Salt 
Plain is the largest contributor of salt to the waterways 
of Oklahoma.

Brine is present in bedrock under a hydrostatic head 
that causes it to rise above ground level in artesian flow. 
This is seen both in Blackmon’s original wells and in the 
artesian well on the south side of Buffalo Creek. With 
this hydrostatic head, brine is forced into the base or the 
sides of the alluvial deposits and is then forced upwards 
to the surface of the alluvium. At the surface, water (H2O) 
is evaporated from the brine, and salt is precipitated as 
a crust on the salt plain. Ward (1963a) noted that tritium 
from a spring flowing from Flowerpot Shale on the south 
side of Big Salt Plain indicated an age of the water of 
less than 20 years, and that it had probably not migrat-
ed very far from where the original freshwater entered 
the ground.

Some of the brine flows in subsurface through dissolu-
tion cavities at and near the upper surface of the Flower-

pot salt. Much of the brine probably is entering the base 
of alluvium through bedrock joints and fractures formed, 
in part, by collapse of overlying Flowerpot strata when 
salt is dissolved. Some brine may also be entering alluvi-
um through thin aquifers in the Flowerpot Shale.

In general, water wells drilled on the north and east side 
of Cimarron River are in terrace deposits: they provide 
fairly good- to good-quality freshwater, and often they 
are flowing wells. Groundwater here results from pre-
cipitation falling on the terrace deposits. Wells drilled on 
the west and south side of the river (particularly north of 
US Highway 64, which crosses Cimarron River between 
the two salt plains) can obtain small yields of freshwater 
from the terrace deposits, but when drilled into bedrock 
they typically encounter salty water derived by dissolv-
ing the Flowerpot salt. The difference in groundwater 

Table 6. Analyses of solar salt and natural brine from 
Blackmon Salt Co. at Big Salt Plain¹. Samples obtained 
August 22, 1969. From Johnson (1970).
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quality between the northeast (terrace deposits) and 
southwest (bedrock) sides of Cimarron River is seen at 
many places farther downstream, such as in the Okeene 
Salt Plain area.

Alluvium near, and downstream from, the salt plains is 
undoubtedly saturated with high-salinity brine. Adjacent 
to Little Salt Plain, a water well drilled in 15 m of allu-
vium in NW¼ sec. 6, T. 28 N., R. 20 W., yielded water 
with about 60,000 ppm chloride, at a rate of more than 
375 liters per minute (the well supplied drilling water for 
a nearby oil test).

Salt has been harvested from Big Salt Plain since before 
Oklahoma Statehood (before 1907). Gould (1901) noted 

the presence of a dozen or more trails radiating out from 
the salt flats as evidence that this place had been used for 
a long time as a source of salt for Native Americans and 
for the various forts and early settlements in the region. 
Commercial solar evaporation of brine to recover salt be-
gan when the Blackmon Salt Co. established and carried 
out a small salt business starting in the 1920s (Johnson, 
1970). Brine used by Blackmon Salt Co. was saturated 
with respect to salt: it had a specific gravity of 1.208 and 
the Na+Cl content was about 337 g/liter (about 337,000 
ppm) (Table 6). Na+Cl were about 98.1% of dissolved 
solids in that brine, and Ca+SO4 made up about 1.8% of 
dissolved solids.

Table 7. Analyses of natural brines from Little Salt Plain in mg/l, except pH (unless otherwise indicated). From US 
Department of Health (1964).

SALT PLAINS IN OKLAHOMA 27



Figure 19. Views of Cargill Salt Co. solar-salt plant at Big Salt Plain on Cimarron River. A) Approaching Cargill Salt 
Co. evaporating pans from the north. B) View of brine pouring (on right) into one of the evaporation pans, and in 
the background are large piles of high-purity solar salt that has been harvested and is ready for market. From John-
son (2019b).
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In 1984, Cargill Inc. acquired the Blackmon lands and 
constructed about 200 hectares of solar ponds that could 
produce about 150,000 to 200,000 short tons of salt an-
nually (Figs. 16, 19). Joachims (1999) describes Cargill’s 
operation thus: 1) saturated brine is pumped to the surface 
from cavities in the Flowerpot salt beneath the salt plain; 
2) the brine is placed in about 200 hectares of earthen 
pans, surrounded by earthen embankments; 3) evapora-
tion of H2O from the brine is enhanced by lots of summer 
sunshine and strong winds, and thus salt is precipitated on 
the floor of the earthen pans; and 4) high-purity salt (99.5 
to 99.8% NaCl) is harvested from the earthen pans in 
the fall of the year, and is marketed for water-softening, 
industrial, and agricultural (livestock feed) uses, as well 
as for de-icing of roads in the winter.

There is no record of any historic or present commer-
cial production of salt at Little Salt Plain, although it is 
likely that at least some salt was harvested by Native 
Americans and early settlers.

Salt Creek Canyon Salt Plain

Salt Creek Canyon is one of the two known salt-emis-
sion areas in Blaine County (Fig. 3, site 4). Outcropping 
rocks in the area are the Permian Flowerpot Shale, Blaine 
Formation, and Dog Creek Shale, with brine coming from 
siltstone and sandstone beds in the Chickasha Tongue of 
the Flowerpot Shale exposed in the canyon floor (Figs. 
20–22). Brine apparently forms by dissolution of salt 
beds in the Upper Cimarron salt, which is about 80 m 
below the canyon floor (Fig. 20). Brine then migrates lat-
erally and upward through fractures and joints, and later-
ally through siltstone and sandstone beds, until it reaches 
the surface in Salt Creek Canyon (Fig. 21, 22).

It appears as if almost all of the chloride load entering 
Salt Creek is being emitted within the confines of the 
canyon itself. Therefore, to keep this brine from entering 
Salt Fork Arkansas River it seems best to attempt trap-
ping and retaining the brine at the mouth of the canyon. 
Salt Creek Canyon Salt Plain is the fourth-largest salt 
plain in Oklahoma. The area of the salt plain within the 
canyon itself is about 25 hectares, but an additional 200 
hectares of alluvium is occasionally encrusted with salt 
for a distance of about 5.5 km farther downstream to the 
east. In USACE studies, Salt Creek Canyon is referred 
to as “Area IV.” The following description of Salt Creek 
Canyon Salt Plain is modified from an earlier report by 
Johnson (2019b).

Surface geology

A clear understanding of the Flowerpot, Blaine, and 
Dog Creek strata in the area is provided in the Southard 
core (Appendix A), drilled by the USACE about 0.5 km 
west of the SE corner sec. 21, T. 18 N., R. 12 W., about 
2.5 km west of the salt plain (Fig. 21). Rock units of prin-
cipal importance are the Flowerpot Shale and the Chick-
asha Tongue, which is considered part of the Flowerpot 
Shale (Fay and others, 1962). The Flowerpot here con-
sists mainly of red-brown shale, with some thin layers of 
gray shale, gypsum nodules, siltstone, and sandstone. The 
formation is about 140 m thick in the area, but only the 
top 40 to 45 m are exposed in canyon walls adjacent to 
the salt plains. Older Flowerpot strata are exposed farther 
east along Salt Creek. Although the Southard core drilled 
through the top 16 m of the Flowerpot, it did not reach 
deep enough to penetrate any of the Chickasha Tongue.

The floor of Salt Creek Canyon consists mostly of in-
terbedded siltstone, sandstone, and mudstone layers of 
the Chickasha Tongue, which has large-scale cross beds 
that dip generally to the west: cross beds represent the 
foreset beds of a deltaic sequence (the land area at that 
time lay to the east). Cross-bedded deltaic sands are red 
brown and green gray, and they contrast with overlying 
layers of orange-brown and red-brown shale and mud-
stone in the Flowerpot Shale. Deltaic strata exposed in 
the floor of the canyon are the youngest deposits of the 
Chickasha Tongue in this area, and they probably are 
equivalent to unit Pf-4, as described by Fay and others 
(1962). The base of the deltaic sequence is not exposed 
in the canyon area, but the full thickness of the Chickasha 
Tongue is probably about 35 m.

Overlying the Flowerpot Shale are interbeds of thick 
gypsums and shales in the Blaine Formation. Resistant 
gypsum beds cap high escarpments in the area, and the 
thicker gypsums are being mined by US Gypsum Co. to 
the north of Salt Creek Canyon (Fig. 22A). The Blaine 
Formation is 24 to 27 m thick in the area, and individual 
gypsum/anhydrite beds are 2 to 5 m thick. At the base of 
the Blaine is the Medicine Lodge Gypsum Bed, which is 
2 m thick. Structure mapping on the base of the Blaine 
Formation (Plate 3 in Johnson, 2019b) shows that out-
cropping rocks dip to the southwest at a rate of about 
4 m/km (about 0.2º), and that there is no evidence of 
faults or folds.

Overlying the Blaine Formation is the Dog Creek 
Shale, which comprises 15 to 30 m of red-brown shale. 
The formation also contains several thin beds of siltstone 
and dolomite. At all places near Salt Creek Canyon, the 
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top of the formation is eroded and is overlain by Quater-
nary terrace deposits.

Terrace deposits consist mostly of sand and gravel de-
posited along former courses of North Canadian River: 
they are as much as 18 m thick. Their high permeability 
makes them an excellent medium for trapping precipita-
tion and allowing it to percolate down into the ground-
water system.

Quaternary alluvium is present along Salt Creek be-
low the mouth of Salt Creek Canyon. It is commonly 
about 1 m thick just east of the canyon, in sec. 24, T. 
18 N., R. 12 W. Alluvium is 2 to 4 m thick about 5 km 
farther downstream from the canyon, along the USACE 

Survey-Report axis (based upon boreholes drilled by the 
USACE in 1962 along the proposed axis). Within Salt 
Creek Canyon, bedrock is exposed in the creek bottom 
at most places, or it is covered by no more than 0.3 to 0.6 
m of alluvium.

Minor amounts of salt occur in the Blaine Formation in 
the Southard core (Appendix A): scattered small crystals 
and veins of salt make up 1 to 2% (or less) of some of the 
gypsum/anhydrite layers, and all the shales and siltstones 
of the Blaine have a taste of salt. There is no evidence 
of similar, minor amounts of salt either in the overlying 
Dog Creek Shale or in the upper part of the Flowerpot 
Shale in the Southard core; drilling of the Southard core 

Figure 20. Cross section showing subsurface geology related to Salt Creek Canyon and Okeene Salt Plains in Blaine 
County, northwest Oklahoma (modified from Johnson, 2019b). Brine apparently forms by dissolution of salt layers in 
Upper Cimarron salt, and reaches the surface through siltstone and sandstone aquifers in the Chickasha Tongue of the 
Flowerpot Shale and the Cedar Hills Member of the Hennessey Shale.
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ceased at a depth of 90.1 m, after penetrating only 16 m 
of the Flowerpot.

Subsurface Salt Deposits
The most probable source of brine in this area is sub-

surface dissolution of salt in the Upper Cimarron salt 
unit. Brine then probably moves upward and laterally 
through fractured and jointed strata and aquifers above 
the salt, and finally reaches the surface in permeable beds 
of the Chickasha Tongue (Figs. 20, 21). Although data on 
the shallow subsurface beneath Salt Creek Canyon are 

meager, salty shale and salt beds of the Upper Cimarron 
salt appear to be about 120 m thick, and the top of the unit 
is about 80 m below the canyon floor. Several km west of 
Salt Creek Canyon, where ground level is much higher, 
the top of the salt is about 180 m deep. Dissolution of 
this salt undoubtedly is taking place beneath or just west 
of the canyon, where salt is in this range of 80 to 180 m 
below the surface.

The Upper Cimarron salt is the only salt-bearing unit 
present here in the shallow subsurface. The nearest Flow-
erpot salt, which is stratigraphically equivalent to rocks 

Figure 21.  Geologic map and cross section of Salt Creek Canyon Salt Plain area in Blaine County, northwest Okla-
homa, showing chloride concentration of surface waters on and near salt plain (modified from Johnson, 2019b, Plate 
3). Permian rocks dip to southwest at about 4 m/km (20 ft/mile), about 0.2 degree.
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cropping out in Salt Creek Canyon, is about 50 km west 
and southwest of the area (Plate 6 in Johnson, 1976); 

and the Wellington Formation evaporites are about 600 
m below the surface at Salt Creek Canyon (Fig. 20). 
Therefore, neither the Flowerpot salt or the Hutchinson 
Salt can be making any contribution to brine emissions 
in this area.

Upper Cimarron salt has not been cored here, and thus 
it is impossible to give an accurate description of the unit. 
However, it probably consists mostly of red-brown salty 
shale, with some layers of rock salt. Salt probably makes 
up only about 10 to 25% of the unit, and the remainder is 
almost entirely shale.

Brine Emissions and Salt Production
Three sets of analyses of brines collected at Salt Creek 

Canyon have been reported (Tables 2, 8, 9). A total of 

Table 8. Analyses of natural brines from Salt Creek Canyon Salt Plain in mg/l, except pH (unless otherwise indicated). 
From US Department of Health (1964).

Table 9. Analyses of natural brines from Salt Creek Can-
yon Salt Plain, in parts per million. From Snider (1913).
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seven samples were collected from springs or streams 
in, or just below, Salt Creek Canyon. Based on their 
salinities, the samples fall into two groups: group one 
includes four brines of moderate salinity (Tables 2, 8), 
and group 2 includes three high-salinity brines (Table 
9). In group one, chloride ranges from 7,280 to 90,800 
ppm, and averages 61,045 ppm; salt ranges from 11,930 
to 148,100 ppm, and averages 114,069 ppm. In group 
two, chloride ranges from 123,600 to 150,400 ppm, and 
averages 139,067 ppm; salt (assuming salt is 1.65 x Cl 
concentration) ranges from 203,940 to 254,100 ppm, and 
averages 231,440 ppm.

Emission of brine appears to be restricted to the bot-
tom of Salt Creek Canyon in sec. 23, T. 18 N., R. 12 W. 
(Figs. 21, 22). Bedrock from which brine is emerging 
in all parts of the canyon is interbedded siltstone, sand-
stone, and mudstone of the Chickasha Tongue. Brine is 
mostly emerging from joints or fractures in the bedrock; 
one set of joints strikes east-west, and the other set of 
joints strikes N 35º E. There are four branches that feed 
water into Salt Creek Canyon: they are labeled as North, 
Northwest, West, and Southwest Branches of the canyons 
(Fig. 21). The flow of water in the uppermost reaches of 
all branches is relatively fresh, ranging from 200 to 500 
ppm chloride (Fig. 21).

High-salinity brine is introduced only in the North and 
West Branches, where it was 45,000 and 33,000 ppm 
chloride, respectively, on one day of measurements (Plate 
3 in Johnson, 2019b). Where the North and West Branch-
es converge in SE¼ sec. 23, the water is 71,000 ppm 
chloride, and it remains at 71,000 ppm chloride across 
the southern half of sec. 24 (Fig. 21). The concentration 
is then reduced farther to the east, in T. 18 N., R. 11W., to 
22,000 ppm chloride in sec. 29, and to 7,800 ppm chlo-
ride in sec. 21, because of the influx of large amounts 
of fairly fresh water from Ruby Mill Canyon, Bitter 
Creek, and other smaller tributaries (Plate 3 in Johnson, 
2019b). Ward (1963a) reported that water in Salt Creek, 
below the salt springs (location not given), was 82,000 
ppm chloride.

Principal tributaries entering Salt Creek downstream 
from the mouth of the canyon have a relatively low 
chloride content (Plate 3 in Johnson, 2019b). The larg-
est stream is Bitter Creek (in sec. 28, T. 18 N., R. 11 
W.), with 840 ppm chloride, and the other principal flow 
comes from the creek in Ruby Canyon, with 1,800 ppm 
chloride (sec. 25, T. 18 N., R. 12 W., in Fig. 21). Other 
tributaries entering Salt Creek contribute less water and 
range from 400 to 1,000 ppm chloride.

Daily emissions of salt from the Salt Creek Canyon 
Salt Plains are estimated to be 100 to 220 short tons of 
chloride, or 160 to 360 short tons of salt (Table 1).

Several outcrops along the banks of Salt Creek (down-
stream from the canyon), and along tributaries to Salt 
Creek, have encrustations of a white mineral. At many 
places this mineral does not have the taste of salt, but 
instead is somewhat bitter and may be a sodium-sul-
fate mineral (thenardite?) resulting from evaporation of 
mineralized water present in some of the siltstone beds 
in the area.

There is no production of salt here at this time, but 
Gould (1905, 1910) considered the area to have potential. 
He stated that a number of primitive salt-producing oper-
ations had been located at the edge of the plain at times in 
the past (pre-1905). Gould reported that operations here 
involved digging a well in the sand of the salt plain, and 
pumping the water, by hand, into vats for evaporation by 
boiling the brine. Fuel, gathered from nearby canyons, 
was chiefly cedar and oak trees. He reported that three 
buckets of brine would produce one bucket of salt upon 
evaporation, and that the capacity of one of the operations 
was reported to be 500 to 2,000 pounds (227 to 907 kg) 
per day. Salt was then hauled to local sites in wagons, 
and demand had exceeded supply for a number of years.

Gould (1905, 1910) also reported that one company, 
the Oklahoma Salt Company, was set up at the nearby 
(now abandoned) town of Ferguson, located about 1 km 
south of the east end of the salt plain in sec. 28, T. 18 
N., R. 11 W. The plant had a capacity of processing 450 
barrels of brine per day, with the brine being conveyed 
in iron pipes from wells drilled about 3 km away on the 
salt plain. Solar-evaporation pans at Ferguson were made 
of cement: their dimensions were about 3.7 by 15 m, and 
they were about 50 cm deep. This plant only operated for 
a few months, when it was purchased by a salt trust, and 
then shut down and dismantled (Gould, 1910).

Okeene Salt Plain

A newly recognized salt plain was described by John 
Dunlap as a result of his study of chloride emissions on 
Cimarron River between Okeene and Orienta (Dunlap, 
1975). This salt plain was referred to as the “Okeene 
Salt Plain” by Johnson (2019b). The main part of the salt 
plain is in the northeast corner of Blaine County (Fig. 
3, site 5), in secs. 1 and 2, T. 19 N., R. 10 W. (Fig. 23): 
the combined area of the two salt flats shown on Figure 
23 is about 7 hectares. Apparently, brine is also entering 
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Figure 22. Views of Salt Creek Canyon Salt Plain in Blaine County, northwest Oklahoma (from Johnson, 2019b). A) 
Oblique Google Earth photo (dated October, 2006) of Salt Creek Canyon showing salt crust on the canyon floor and 
farther downstream. B) Ground view (looking west) of Salt Creek Canyon at confluence of streams merging from 
north and west canyons.
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the Cimarron River for about 7 km upstream and down-
stream from the salt plain. Mr. Dunlap discovered, by 
talking with residents of the area, that the salt plain had 
once been more conspicuous and well developed, until 
a flood in the 1920s caused the river to shift its position 
and cut through the middle of the salt plain. Since then, 
it has been more difficult to recognize the area as a salt 
plain, probably because of repeated flush-outs by fresher 
water in the Cimarron River. The following description 
of Okeene Salt Plain is modified from an earlier report 
by Johnson (2019b).

Surface Geology

The principal outcropping rock unit in the area is the 
Cedar Hills Member, at the top of the Hennessey Shale. 
It consists of red-brown shale interbedded with light-gray 
and red-brown siltstone beds that commonly are 0.3 to 
2 m thick. Total thickness of the Cedar Hills Member is 
about 60 m, but only the top 30 m is exposed within the 
map area. The Cedar Hills dips gently to the southwest at 
about 4 m/km (about 0.2º), based upon regional mapping 
of the underlying Wellington evaporites (Plate III in Jor-
dan and Vosburg, 1963), and it grades laterally into part 
of the Upper Cimarron salt in subsurface southwest of 

Figure 23. Aerial photo showing Okeene Salt Plain developed on Cimarron River alluvium in Blaine County, northwest 
Oklahoma (from Johnson, 2019b). Photo from Google Earth, dated September, 2010.
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Okeene (Fig. 20). The lower part of the overlying Flow-
erpot Shale is also exposed in the study area, several kilo-
meters southwest of the salt plain. No cores are known to 
have been drilled in the vicinity of the Okeene Salt Plain.

Alluvium in this area consists of sand, silt, clay, and 
gravel deposited by Cimarron River; it is as much as 12 m 
thick, based upon water-well information. Cimarron Riv-
er alluvium rests upon shales and siltstones of the Cedar 
Hills Member in most of the study area, and elsewhere 
it is also in contact with terrace deposits. The terraces 
consist mostly of sand and gravel deposited along the 
former courses of Cimarron River. Terraces are generally 
12 to 24 m thick and are continuous on the northeast side 
of the river, whereas southwest of the river they typically 
are much thinner and are scattered.

Subsurface Salt Deposits
Salt beds believed to be responsible for brine emission 

at and near Okeene Salt Plain are in the Upper Cimar-
ron salt. This salt unit is present in shallow subsurface 
southwest of the salt plains (Fig. 20): Jordan and Vosburg 
(1963, Plate III therein) show that the nearest Upper Ci-
marron salt is about 15 km to the west. There are no cores 
of the Upper Cimarron salt there, and there is no detailed 
description of it any place in the study area. The Upper 
Cimarron salt probably is mostly salty shale with some 
interbeds of salt, based upon examination of geophysical 
logs of the unit in the region.

Thick salt beds in the Hutchinson Salt are nearly 500 
m below the surface at the salt plains (Fig. 20), and thus 
are so deep that they clearly make no contribution to the 
flow of brine at the surface.

Brine Emissions
Brine coming to the surface in the Okeene Salt Plain 

area is seeping into alluvium from the bedrock, and is 
probably under hydrostatic pressure in the bedrock. Aqui-
fers carrying brine to the base of alluvium are siltstone 
beds of the Cedar Hills Member of the Hennessey For-
mation, and they are laterally equivalent to the Upper Ci-
marron salt farther to the southwest (Fig. 20). Apparent-
ly, groundwater southwest of the river circulates down, 
where it dissolves the salt and becomes brine; the brine 
then moves up dip, and perhaps upward across fractures 
and joints, to emerge at the base of the alluvium. No brine 
was seen coming directly out of bedrock in this area.

Water-well drillers in the area (Wade and Charles Ew-
bank of Ewbank Drilling, Co., Fairview, OK) reported 
encountering brine at depths ranging from 20 m to as 

much as 90 m southwest of the river in the Orienta-Fair-
view-Isabella-Okeene region. Typically, the brine is 60 
to 90 m below the surface in the west, and it is at suc-
cessively shallower depths to the east, toward Cimarron 
River. Just west of Cimarron River, the brine is about 30 
m below the surface. Wade and Charles Ewbank say that 
at some places they recover saltwater, and at other places 
they encounter a “zone of lost circulation,” which they 
assume is saltwater. This zone of lost circulation may be 
a highly porous bed in the Cedar Hills Member that is 
carrying brine to the east, or a zone of salt dissolution in 
the Upper Cimarron salt. There may be several aquifers 
carrying brine eastward to the surface; in this way, it is 
similar to movement of brine through aquifers at Great 
Salt Plains in Alfalfa County, as described above.

Dunlap (1975) measured the contribution of chloride to 
Cimarron River along a 13-km-long stretch of the river, 
which included Okeene Salt Plain: measurements extend-
ed from 6 km above the salt plain to the State Highway 51 
bridge, located 7 km below the salt plain. Measurements 
made by him on a single day, or on consecutive days, 
along this part of the river showed the following increas-
es in total chloride load: 1) on May 22-23, 1974, the load 
increased from 878 tpd (short tons per day) to 1,447 tpd 
(an increase of +569 tpd) from km-13 (13 km above the 
Highway 51 bridge) down to the bridge; 2) on August 1, 
1974, the load increased from 49 tpd to 180 tpd (+131 
tpd) from km-11 to km-2; and 3) on January 1, 1975, the 
load increased from 4,159 tpd to 6,234 tpd (+2,075 tpd) 
from km-11 to the bridge. Dunlap’s work clearly shows 
a major influx of brine in the 13-km stretch upstream 
from Highway 51 bridge. During these three measuring 
periods, the daily increase in chloride ranged from 131 to 
2,075 short tons, and averaged 925 short tons (Table 1); 
these data indicate that the daily increase of salt ranged 
from 215 to 3,420 short tons, and averaged 1,525 short 
tons (chloride x 1.65 = salt).

Dunlap (1975) concluded that there was no significant 
influx of brine upstream from km-13; that is, from km-13 
up to the US Highway 60 bridge at Orienta, a distance of 
about 30 km. Inasmuch as the Na/Cl ratio of Cimarron 
River water during these measurements was commonly 
0.62 to 0.66, Dunlap properly concluded that this influx 
results from emission of natural brine formed by disso-
lution of salt, and not from oil-field brines (see section 
below on “Distinguishing salt-dissolution brines from 
oil-field brines”). It is certainly possible that more brine 
is entering Cimarron River downstream from Highway 
51 bridge.

SALT PLAINS IN OKLAHOMA36



Water wells drilled into thick terrace deposits northeast 
of the river encountered freshwater in almost all cases. It 
is clear that groundwater in these terrace deposits results 
from precipitation on the northeast side of the river, and 
there is little or no seepage of brine from bedrock into 
these terraces. However, influx of natural saltwater into 
terrace deposits farther downstream near Dover is report-
ed by the Oklahoma Water Resources Board (1975), but 
the source of these brines is unknown.

There is no record of historic or present production of 
salt from Okeene Salt Plain.

Drummond Flats Salt Plain

Drummond Flats Salt Plain, located about 16 km south-
west of Enid in southwest Garfield County (Figs. 3, 24), 
is the most difficult salt plain in Oklahoma to describe for 
the following reasons: 1) it does not have conspicuous 
salt encrustations (salt flats) that are common at the other 
salt plains; 2) although it covers a large area, it has one of 
the smallest salt emissions of all the salt plains; 3) there 
are fewer published data available for this salt plain than 
for most of the others; 4) the subsurface source of the salt/
brine is uncertain; 5) there are few chemical data avail-
able for the brines in the area; and 6) apparently these 
brines have the lowest salinity of any of the salt plains.

The main part of the Drummond Flats Salt Plain is 
within the Drummond Flats Wildlife Management Area 
(DFWMA) (Fig. 24), although some saline ground ex-
tends beyond its boundaries. Access to the DFWMA is 
limited, and is administered by the Oklahoma Depart-
ment of Wildlife Conservation. Several public county 
roads do cross the area, but leaving these roads for exam-
ination of the land or water within the DFWMA requires 
a hunting/fishing license, a permit, or approval from the 
Wildlife Department. A number of birds and mammals 
use the area permanently or during migrations, and the 
main hunting season for this wildlife area is from October 
1 through the end of February.

Surface Geology
Bedrock beneath Drummond Flats Salt Plain is the 

Permian Hennessey Formation, which consists of or-
ange-brown to red-brown silty shale and siltstone (Stan-
ley and others, 2002). The Hennessey dips gently to the 
southwest at about 3 m/km (about 0.15º), based upon 
regional structure mapping of the underlying Welling-
ton evaporites (Plate III in Jordan and Vosburg, 1963). 
No cores of near-surface rocks are known to have been 

drilled in the vicinity of the salt plain.
Surficial material covering the bedrock is mapped as al-

luvium by Stanley and others (2002), and is described as 
unconsolidated sand, silt, clay, and gravel. Barclay (1952) 
characterized these sediments as lacustrine deposits that 
fill a depression formed by collapse of near-surface rocks 
due to dissolution of soluble layers in the underlying bed-
rock (he presumed the soluble layers to be salt, gypsum, 
or calcium carbonate). The depression was then filled by 
a combination of lacustrine deposits, slope wash, and 
sediment deposited by Turkey Creek during floods. The 
collapse and the resulting lacustrine/alluvial sediments 
created a large, flat, roughly oval surface area about 10 
km long (north-south) and 5 km wide (east-west), most 
of which is within the DFWMA (Barclay, 1952).

Some of the Drummond, Miller, and Reinach soils, 
which are present in most of the DFWMA (Fig. 24B), 
are described as being saline, or containing soluble salts 
(Swafford, 1967): presumably he is referring to the pres-
ence of halite (NaCl). Some of these soils, or soil sub-
types, are sufficiently saline that they cannot support 
crops. In particular, the “Miller-Slickspots complex” and 
the “Reinach-Slickspots complex” are characterized as 
being high in soluble salt and with a thin platy crust. Un-
doubtedly, these soils are saline due to salt-water brines 
rising from the underlying bedrock.

Subsurface Salt Deposits
Identity of salt beds that are the source of brines at 

Drummond Flats is uncertain. Bedrock in the area is the 
Hennessey Formation, and the Hennessey is equivalent to 
the Lower and Upper Cimarron salts farther west. How-
ever, the mapped eastern limit of each of these salt units 
is about 30 km to the west or northwest (Plate III, Map 
D, in Jordan and Vosburg, 1962; Plates 4 and 5 in John-
son, 1976). It is possible (and probably likely) that some 
outlying salt or salty shale in the Cimarron salts extends 
east of those limits to, or almost to, the Drummond Flats 
area, and is being dissolved to produce the brine emitted 
at Drummond Flats.

Specifically, the most likely salt source for brines in the 
area is the Upper Cimarron salt. Based upon subsurface 
studies farther west, and projecting the stratigraphic po-
sition of the Upper Cimarron salt into well logs at Drum-
mond Flats, strata equivalent to this salt are about 30 to 
90 m deep beneath the Flats, whereas strata equivalent 
to the Lower Cimarron salt are about 180 to 210 m deep 
beneath the Flats. It is possible that salt or salty strata 
equivalent to the Upper Cimarron salt were deposited 
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some 30 km east of its previously mapped eastern limit, 
and, being at a fairly shallow depth, it is now being dis-
solved to form brine that is seeping into the local soils. 
The only other salt unit in the area is the Hutchinson Salt 
Member at, or near, the top of the Wellington Formation 
(Fig. 9). The top of the Wellington is about 450 m deep 
at Drummond Flats, and is too deep to be a likely source 
of the surface brines.

Brine Emissions
Brine emissions in the Drummond Flats area are due 

to saltwater rising from the bedrock, entering the soils, 
and capillary action apparently bringing the brine to, or 
near, the land surface. Saltwater is reported at a depth of 
less than 1.5 m beneath much of the central portion of 
the DFWMA, and Dry Salt Creek alluvium occasional-
ly contains a slight salt crust during dry weather (Ward, 
1963a; US Department of Health, 1964). Salinity of the 
brines is not as high as at most other salt plains, and a salt 
crust rarely forms when the brine reaches the land sur-
face: at other salt plains the brine is nearly saturated, so 
a salt crust forms quickly, with only minor evaporation. 
Although salt crusts are rare here, brine does enter the 
soils and then seeps into Turkey Creek and its tributaries, 
Elm Creek and Dry Salt Creek.

Evidence of brine entering the soils is found in the soil 
survey of Garfield County (Swafford, 1967): in particular, 
the three soils that are saline, or that contain soluble salts, 
are the Drummond soils, the Miller-Slickspots complex, 
and the Reinach-Slickspots complex. For Drummond 
soils, Swafford (1967) states: “Practically all their acre-
age is in native grasses or has been reseeded to salt-toler-
ant grasses. Salts injurious to most cultivated crops may 
be on the surface or throughout the profile.” For Mill-
er-Slickspots complex soils, Swafford states: “The slick-
spots part [of the Miller clay soil] has a thin, light-colored 
surface layer over a massive, very slowly permeable clay 
that is high in salts. A crust forms because salinity causes 
breakdown of soil structure, and the soil particles then 
run together….A crust forms on the slickspots that limits 
intake of moisture.” For the Reinach-Slickspots complex, 
Swafford states: “These spots range from 6 to 50 feet [2 
to 15 m] in diameter. The surface layer of the slickspots 
is light colored, high in soluble salt, and has a thin platy 
crust….In some locations, however, slight to moderate 
concentrations of salt crystals can be seen through the 
layers of this complex.” Presumably, Swafford’s descrip-
tion of salt or saline nature of these soils refers to ha-
lite (NaCl).

Distribution of these three saline soils covers more than 
half of the DFWMA (Fig. 24B). Swafford (1967) esti-
mates the acreage of each soil in Garfield County as fol-
lows: Drummond soils, 1,540 hectares; Miller-Slickspots 
complex, 955 hectares; and Reinach-Slickspots complex, 
669 hectares. The total of all three soils is 3,164 hectares, 
and the total acreage of the DFWMA is 1,884 hectares. 
These three soils are predominantly in and around DF-
WMA, and nearby parts of southwest Garfield County.

The only chemical data for the area result from the 
US Geological Survey (USGS) collecting water samples 
intermittently from 1951 to 1959 from Turkey Creek 
below Drummond Flats: the chlorides in Turkey Creek 
during that period ranged from a few ppm to 2,790 ppm 
(Ward, 1963a; US Department of Health, 1964). Ward 
(1963a) further reported that where Turkey Creek enters 
the Drummond Flats it has 77 ppm chlorides, and where 
it leaves the Flats it has 570 ppm chlorides. The chloride 
load, based on intermittent measurements from 1951 to 
1959 by the USGS, averaged about 50 short tons per day, 
and the salt load averaged about 83 short tons per day 
(Table 1).

There is no record of any historic or present production 
of salt at Drummond Flats Salt Plain.

Boggy Creek Salt Plain

Boggy Creek Salt Plain is a relatively small salt plain 
located about 5 km south of the town of Carter, in Beck-
ham County (Fig. 3, site 7), and it occupies parts of secs. 
10, 11, 14, and 15, T. 8 N., R. 22 W. (Fig. 25). The brine 
springs are at and near the base of the Blaine Formation, 
and may also emit from the upper part of the Flowerpot 
Shale. A number of brine springs also bubble up from the 
surface of the salt plain. The amount of brine emitted is 
small, and it flows only about 0.6 km to North Fork Red 
River. The source of brine is dissolution of the Flowerpot 
salt, which is present in subsurface just to the north, in the 
Anadarko Basin. A brief description of the area is given 
by Gould (1905), while more-extensive discussions are 
by Ward (1963a) and US Department of Health (1964). 
The actual area of salt encrustation is about 6 hectares.

Surface Geology
Outcropping rocks in Boggy Creek are the Flowerpot 

Shale and overlying Blaine Formation (Fig. 25). The 
Flowerpot Shale is about 45 m thick in the area, whereas 
thickness of the Elm Fork Member, the lower half of the 
Blaine Formation, is about 34 m; the Haystack Gypsum 
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Bed, at the base of the Elm fork Member, is about 7.5 
m thick (Scott and Ham, 1957). It is from the Haystack 
bed that most of the brine is emitted. Quaternary alluvial 
sand, silt, and clay associated with Boggy Creek mantle 
the Flowerpot Shale in much of the area.

A nearby core, the Carter core (Appendix C), recov-
ered the entire 45 m of the Blaine Formation, and only 
1 m of the uppermost Flowerpot Shale. The Carter core 

was drilled in the northeast corner of sec. 18, T. 8 N., 
R. 21 W., 5 km due east of Boggy Creek Salt Plain. Al-
though no salt was recovered in this core, all the rock in 
the core had a salty taste from a depth of 26 m to the total 
depth of 59 m.

Boggy Creek Salt Plain is located about 1 to 2 km south 
of the fault–flexure zone that separates the Wichita Uplift 
from the Anadarko Basin. Permian strata at the salt plain 

Figure 25. Aerial photo, geologic map, and cross section of Boggy Creek Salt Plain in Beckham County, southwest 
Oklahoma. A) Aerial photo from Google Earth (September, 2010); B) geologic map from Scott and Ham (1957); C) 
location map; D) cross section is interpreted from geologic and topographic maps. Brine, derived by dissolution of 
Flowerpot salt in deeper subsurface farther north, apparently flows through fissures and fractures in the Flowerpot 
Shale and cavities in the Haystack Gypsum, which is at the base of the Elm Fork Member of the Blaine Formation. 
True dip here is about 23 m/km (about 120 ft/mile), or about 1 degree, to the north.
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dip to the NNE, towards the Anadarko Basin, at a rate of 
about 30 m/km (about 1.5º).

Subsurface Salt Deposits
The source of brine at Boggy Creek is dissolution of the 

Flowerpot salt, which is present in subsurface just 1or 2 
km to the north where the salt is about 12 m thick and at 
a depth of about 38 m (Plate III in Jordan and Vosburg, 
1963). A bit farther north, deeper in the Anadarko Basin, 
those authors show the Flowerpot salt is about 30 m thick 
and at depths of 270 to 335 m. The Flowerpot salt is not 
of high purity and massive, but instead consists of a num-
ber of impure salt layers interbedded with salty shale. No 
cores of the salt are available in this area, but elsewhere, 
near the Salton Salt Plain (Chaney core in northern Har-
mon County, Appendix B), it is mainly colorless, with 
many impurities of green-gray and red-brown shale and 
with scattered layers and crystals of gypsum within the 
salt layers; individual salt beds there are 15 to 91 cm 
thick, and red-brown and green-gray shale interbeds are 
9 to 219 cm thick.

Brine Emissions and Salt Production
Dissolution of Flowerpot salt in subsurface just to the 

north produces brine that seeps to the surface at and near 
the base of the Haystack Gypsum Bed of the Blaine For-
mation, and also from the upper part of the Flowerpot 
Shale (Fig. 25). Some of the surface springs flow directly 
from the Permian bedrock, and some of the springs bub-
ble up from alluvium on the salt plain’s surface (Gould, 
1905; US Department of Health, 1964). Gould (1905) 
observed a total of 20 or more springs at the site, and 
US Department of Health (1964) noted that around some 
of the springs the salt crust attains a thickness of about 
7.5 to 10 cm.

According to US Department of Health (1964), salinity 
of the water from one of the larger springs was 64,000 
ppm chloride (105,600 ppm salt), although near where 
Boggy Creek enters North Fork Red River, the creek wa-
ter was diluted to only 1,650 ppm chloride: some of the 
nearby springs away from the salt plain emit water of 
relatively good quality.

It is estimated that the daily yield of Boggy Creek Salt 
Plain is about 20 short tons of chloride, or about 33 short 
tons of salt (Table 1).

Gould (1905) reported that salt had been manufactured 
from the brine at Boggy Creek for many years; he noted 
that the brine contained a lot of dissolved gypsum, but not 
enough to make it unfit for use in making and using salt. 

Apparently, production ceased not too long after Gould’s 
visit, and there is no production of salt here at this time.

Salton (Chaney), Robinson, and Kiser Salt Plains

Elm Fork Red River contains three principal 
brine-emission areas in northern Harmon County (Fig. 
3, sites 8–10), and the brine is emitted near the mouths of 
three canyons: Salton (also called “Chaney”), Robinson, 
and Kiser Canyons, on the south side of Elm Fork (Figs. 
26, 27, 28). Each of the three salt plains has an area of 
between 1 and 4 hectares.

Descriptions of these salt plains are given in Ward 
(1962, 1963a, b) and US Department of Health (1964). 
A brief review of the general geology, brine composi-
tion, and potential for solar evaporation of the brine to 
produce commercial salt at these salt plains is also given 
by Johnson and Denison (1973); they note that brine is 
produced from dissolution cavities in salt at depths of 9 to 
12 m, and include a generalized cross section through the 
Salton Salt Plain showing the inferred subsurface distri-
bution of salt and its relation to the brine springs and salt 
plains (Fig. 26). In shallow subsurface, and especially 
farther south in the Hollis Basin, the upper part of the 
Flowerpot contains beds of impure salt that are mixed 
with varying amounts of clay or shale. Additional de-
scriptions of these salt plains were published by Johnson 
(1981, 2019a). There has been intermittent commercial 
use of these brines. In USACE studies, the salt plains on 
Elm Fork Red River are referred to as “Area VI.”

Surface Geology
Outcropping rocks at the three salt plains are the Flow-

erpot Shale and overlying Blaine Formation (Figs. 26, 
28). All the brine is being emitted from the Flowerpot, 
which is mainly red-brown shale with thin interbeds of 
gray shale, siltstone, and gypsum. The formation is at least 
60 m thick in the area, but it’s base is indistinguishable 
from the underlying Hennessey Shale (Johnson, 1967). 
The upper part of the Flowerpot is well-exposed in bluffs 
along the south side of Elm Fork (Fig. 27), and about 20 
m of the formation can be examined along State Highway 
30, just east of Kiser Salt Plain (Edwards, 1958). In addi-
tion, the Chaney core (Appendix B), drilled about 2 km 
SSW of the Salton Salt Plain, provides excellent informa-
tion on the Flowerpot and Blaine Formations in the area.

Two gypsum beds in the upper part of the Flowerpot are 
well-exposed in the bluffs, and also in the Highway-30 
roadcuts. In these roadcuts, the Kiser Gypsum Bed, lo-
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cated about 4.5 m below the top of the formation, is 0.6 
m of greenish-white, shaley gypsum: another 4 m lower 
in the Flowerpot is the Chaney Gypsum Bed, which is 
0.9 m of white, fine-crystalline, massive gypsum. The 
Chaney Bed is the most conspicuous marker bed in the 
upper Flowerpot in the area. In the Chaney core, the Kiser 
Bed is 2.1 m below the Blaine Formation, and the Chaney 
Bed is 7.7 m below the Blaine (Appendix B).

Overlying the Flowerpot is the Blaine Formation, which 
consists of white gypsum beds alternating with layers of 
red-brown shale and thin layers of green-gray shale and 

dolomite. The Blaine here is about 50 to 55 m thick and 
comprises nine main gypsum beds, each 2 to 6 m thick, 
and most of them are underlain by dolomite beds 0.2 to 
0.9 m thick. Thickness of the various gypsum beds is a bit 
variable inasmuch as each of them is at least somewhat 
dissolved, locally, and karst features are conspicuous just 
south of each of the salt plains. The gypsum at the base of 
the Blaine is the Haystack Gypsum Bed, which is about 
6 m thick and, in the Chaney core, contains about 1.3 m 
of dolomite in the middle of the gypsum.

The Dog Creek Shale overlies the Blaine Formation, 

Figure 26.  Location maps and cross section showing geology of salt plains on Elm Fork Red River in Harmon County, 
southwestern Oklahoma (modified from Johnson and Denison, 1973).  Flowerpot salt is dissolved to produce brine 
springs at the Salton (or Chaney), Robinson, and Kiser Salt Plains. In 1973, two companies (Western Salt Co. and 
Acme Salt Co.) were producing salt in solar-evaporation pans on the alluvial plain of Elm Fork Red River.
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and in outcrops it consists of about 30 m of red-brown 
shale, with two beds of gypsum in the lower part of the 
formation. And above the Dog Creek Shale is the White-
horse Group, comprising unconsolidated (or loosely 
cemented) orange-brown to red-brown sandstone and 
siltstone.

Quaternary sand, silt, clay, and gravel are the youngest 
sediments at and near the salt plains. They comprise al-
luvium along the flood plains of Elm Fork Red River and 
the floor of the three canyons containing the salt plains. 
The thickness of these alluvial deposits is unknown, but 
may be up to 15 m thick in Elm Fork, and probably no 
more than 1 or 2 m thick in the canyons.

Permian strata in the area dip gently to the south at 
about 20 to 30 m/km (a little over 1º). This is due to strata 
dipping from the Wichita Uplift (on the north) toward the 
Hollis Basin (to the south) (Johnson, 2019d).

Subsurface Salt Deposits
Brine has been encountered in solution cavities with-

in salt beds at depths of 9 to 12 m beneath Salton and 
Kiser Salt Plains: Ward (1962) noted that test-hole 7 en-
countered salt 9 m beneath Salton Salt Plain. Additional 
subsurface data are available for local salt deposits be-
cause of the Chaney core (Appendix B) and a petroleum 
test, the Ran Ricks, Jr., Avery A #8, drilled about 10 km 

south of the salt plains (Figs. 28, 29). The Chaney core 
recovered about 37 m of the middle and lower Blaine 
Formation, underlain first by almost 25 m of Flowerpot 
Shale (from which salt has undoubtedly been dissolved), 
and then the top 6.7 m of the remaining Flowerpot salt. 
The Avery well penetrated the entire Flowerpot salt, and 
recorded these strata on a series of geophysical logs.

In the Avery well, the Flowerpot salt is 53 m thick, 
and essentially it extends up to the base of the Blaine 
Formation (Fig. 29). In the geophysical logs of this well, 
individual salt beds are 0.6 to 3 m thick, and shale inter-
beds are 0.6 to 5.2 m thick. The cumulative thickness of 
salt beds in the Flowerpot salt is about 15 m, and thus 
salt beds make up about 28% of the Flowerpot salt in 
the well. Salt beds probably are not high-purity salt, but 
are more likely to be impure salt layers, similar to those 
described (below) in the Chaney core.

In the Chaney core, located just 2 km SSW of the 
Salton (Chaney) Salt Plain, the Flowerpot salt is mainly 
colorless, but it contains many impurities of green-gray 
and red-brown shale, along with scattered layers and 
crystals of gypsum within the salt layers (Appendix B). 
Individual salt beds are 15 to 91 cm thick, and the red-
brown and green-gray shale interbeds are 9 to 219 cm 
thick. Although the top of the Flowerpot salt (at a depth 
of 62 m) is 24.6 m below the top of the Flowerpot Shale, 

Figure 27. Oblique aerial view of three salt plains on Elm Fork Red River in Harmon County, southwestern Oklahoma 
(modified from Johnson, 2019a). Aerial photo from Google Earth (dated November, 2014), looking to southwest.
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the overlying 12.5 m of the Flowerpot Shale has a salty 
taste. Clearly, there originally were salt beds in the upper 
part of the Flowerpot Shale, as can be seen in the Avery 
well, but they have been dissolved in the Chaney core and 
in outcrops around the salt plains.

Brine Emissions and Salt Production
Three sets of analyses have been reported for the brines 

emitted from the salt plains on Elm Fork Red River (Ta-
bles 2, 10, 11). A total of six samples were collected from 
the three salt plains: two samples were collected in Salton 
Canyon, one sample in Robinson Canyon, and three sam-
ples in Kiser Canyon. Four of the samples were tested for 
chloride: the range is 184,000 to 190,000 ppm, and the 
average is 186,000 ppm. Six of the samples were tested 
for salt (Na+Cl): the range is 296,500 to 333,643 ppm, 
and the average is 310,931 ppm. These are the second 
highest reported values for chloride and for salt at all of 

the salt plains in western Oklahoma: they are exceeded 
only by one analysis of brine at Big Salt Plain (Table 6).

Natural salt springs are emitted from Flowerpot strata 
into alluvial sand and silt that covers the floors of each 
of the canyons, and a few springs are flowing from the 
Flowerpot Shale near the base of the canyon walls. Brine 
is most likely moving through joints and fractures in the 
shale, and through mildly permeable zones (siltstones?) 
within the Flowerpot (similar to Fig. 6). Inasmuch as 
wells drilled in the canyon floors have penetrated solu-
tion cavities within the shallow salt beds, it is clear that 
brine is also flowing through these karst features. Brine 
in the cavities is under artesian conditions, with a pie-
zometric surface up to several meters above the canyon 
floors in some places. Therefore, wells that penetrate 
these cavities at depths of 9 to 12 m are able to produce 
high-salinity brine from flowing wells, and the rate of 
production is about 300 to 400 l/min per well (Johnson 

Figure 28. Geologic map of salt-plains area on Elm Fork Red River in northern Harmon County, Oklahoma. Consists 
of two geologic maps spliced together: north part is from Elk City Quadrangle (Johnson and others, 2003); south part 
is from Altus Quadrangle (Stanley and Miller, 2004). Also shown are locations of the Chaney core and the Ran Ricks 
Jr., Avery A #8 petroleum test.
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Figure 29. Geophysical logs and interpretive lithology of Ran Ricks Jr., Avery A #8 well, located in northern Harmon 
County, about 10 km south of salt plains on Elm Fork Red River. Appreciation is expressed to TGS, the Houston-based 
company with the largest online well-log database, for access to these geophysical logs.
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and Denison, 1973).
Salinity of brines from wells drilled in Salton and Kiser 

Salt Plains were reported by Johnson and Denison (1973) 
(Table 11). Both brines were saturated with respect to 
salt, and they contained 325 and 333 g/l NaCl: this rep-
resents almost 99% of the dissolved solids in the brine. 
Solar salts produced from these brines were 99.1 and 
99.2% NaCl. Brine analyzed by Ward (1963a) showed 
that the springs had a chloride content that ranged up to 
190,000 ppm (Table 2).

Although the amount of salt emitted from the salt 
plains varies, it is estimated that daily emissions from all 
three salt plains combined are about 250 to 300 tons of 
chloride, or 410 to 490 short tons of salt (Table 1).

Groundwater that dissolves the salt and emerges as 
brine travels a relatively short distance. Tritium analysis 
of brine from a spring in Salton Canyon suggests that 
the age of the water is less than 20 years (Ward, 1963a). 

Ward reasons that if the water had traveled a great dis-
tance before reaching Salton Canyon, its age would be 
greater than that shown by the tritium. The abundant karst 
features in the outcropping Blaine Formation to the south 
and southwest of Salton Canyon provide ample pathways 
for precipitation to enter the groundwater system locally 
and migrate down to the Flowerpot salt. Outcrops of the 
karstic Blaine Formation extend about 5 km to the south 
of Salton Canyon (Fig. 28), and thus the flow path for this 
salt-dissolving system is probably no more than about 5 
km. Ward (1963b) presented a map of the area south of 
Elm Fork Red River showing that the piezometric surface 
dips at rates of 10 to 25 m/km (0.5º to 1.3º) to the north 
and northeast, towards the river and the salt plains.

Salt and brine have been produced commercially from 
one or more of these salt plains for a long time. Gould 
(1905, 1910) stated that a local salt-manufacturing in-
dustry had flourished for 20 years, and that in some years 

Table 10. Analyses of natural brines from Kiser, Robinson, and Salton (Chaney) Salt Plains in mg/l, except pH (unless 
otherwise indicated). From US Department of Health (1964).
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as much as 300 short tons of salt had been produced at 
Salton and at Kiser Salt Plain. Inasmuch as early produc-
tion led to depletion of the local timber supply (wood 
was used as fuel to boil brine and precipitate the salt), the 
operators by then were largely using solar evaporation of 
brine in earthen pans. Snider (1913) noted that salt had 
been produced for several years before his visit also.

US Department of Health (1964) reported that at that 
time (about 1964) the Salton Salt Co. was producing solar 
salt from Salton Canyon. The company had a production 
area of about 3.7 hectares, and production capacity was 
about 15,000 short tons of salt per year. The brine had a 
chloride content of about 190,000 ppm, and yielded about 
3 pounds of salt per gallon of brine (about 0.36 kg of salt 
per liter of brine).

Production of salt continued for many years, and John-
son and Denison (1973) reported that two companies had 
constructed large evaporating pans to produce high-qual-
ity solar salt (Table 11). Western Salt Co. was then work-
ing brine from Salton Canyon, and Acme Salt Co. was 
using brine from Kiser Canyon; each company had set up 
about 2.4 hectares of evaporating pans on the Elm Fork 
alluvial plain, outside of the canyons, and each company 
had the potential of producing about 6,000 short tons of 
salt per year. In addition to producing solar salt, the com-
panies also sold brine to the petroleum industry to be used 
in salt-based drilling fluids for wells penetrating salt beds 
in the nearby Anadarko and Hollis Basins. At present, Di-
amond Holdings LLC is operating a solar-salt operation 
using brine from Kiser Canyon, but has reported only 
limited salt production over the past several years.

Sandy Creek Salt Plain

Sandy Creek Salt Plain, previously referred to as “Leb-
os Creek Salt Plain,” is a relatively small brine-emission 
area about 6 km south of the town of Eldorado, in Jack-
son County (Fig. 3, site 11). Salt emissions here are from 
the Blaine Formation and are described briefly by Ward 
(1963a) and US Department of Health (1964). Although 
groundwater seepage occurs along the lower 16 to 19 km 
of Sandy Creek, before it enters Prairie Dog Town Fork 
Red River, the main visible area of brine seepage is from 
several small sites in secs. 5 and 6, T. 2 S., R. 23 W. (US. 
Department of Health, 1964) (Fig. 30). The combined 
area of the four small salt flats shown on Figure 30 is 
about 1.6 hectares. Snider (1913) also mentions another 
small salt plain about 1.5 km north of the one in section 6, 
but it does not show up clearly in any of the Google Earth 

Table 11. Analyses of solar salt and natural brines from 
Kiser (Acme Salt Co.) and Salton (Western Salt Co.) Salt 
Plains. From Johnson and Denison (1973).
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photos of the area and is not included in this discussion. 
The source of the brine for the salt plain is dissolution of 
Flowerpot salt, which is present to the north and north-
west in the Hollis Basin.

Surface Geology
Bedrock in the area is the Blaine Formation, and brine 

is seeping from the upper part of the Elm Fork Member—
specifically, the Collingsworth Gypsum Bed, or the shale 
that immediately overlies the Collingsworth. Much of 

the area is mantled with Quaternary terrace deposits, and 
thus details of the local geology are somewhat obscure. 
Based upon borehole data from the area, the Colling-
sworth Gypsum is about 5 m thick, and the overlying 
shale is about 12 m thick. Above this shale is the Mang-
um Dolomite Bed, at the base of the Van Vacter Member 
of the Blaine Formation. Below the Collingsworth Bed 
are two gypsums, the Cedartop and Haystack Gypsum 
Beds (in descending order), and then the top of the Flow-
erpot Shale, which is about 20 m below the salt plain. The 

Figure 30. Aerial photo, geologic map, and cross section of Sandy Creek Salt Plain in Jackson County, southwestern 
Oklahoma. A) Aerial photo from Google Earth (October, 2005); B) geologic map from unpublished map of south-
western Oklahoma; C) location map; D) cross section interpreted from geologic and topographic maps. Brine, derived 
by dissolution of Flowerpot salt in deeper subsurface farther to the north or northwest, probably comes to the surface 
through cavities in gypsum and/or dolomite beds of the Elm Fork Member of the Blaine Formation. Strata are essen-
tially horizontal.

SALT PLAINS IN OKLAHOMA48



Blaine Formation here is essentially flat lying, and there 
are no known faults, flexures, or dissolution-collapse fea-
tures (Johnson, 2019d).

Subsurface Salt Deposits
The only salt present in the Hollis Basin, which em-

braces the Sandy Creek Salt Plain, is the Flowerpot salt. 
This salt unit is known to be nearly 25 to almost 50 m 
thick about 40 km NNW of the salt plain (Plate 6 in 
Johnson, 1976), and is 53 m thick a bit farther north, 
in northern Harmon County (Fig. 29). It is likely that 
there are residual patches or masses of this salt farther 
to the south-southeast of known occurrences, and these 
patches/masses are now being dissolved to supply brine 
to Sandy Creek Salt Plain. Although Ward (1963a) re-
ports “salt” in two wells at depths of 30 and 45 m below 
the surface in the north part of T. 1 N., R., 24 W., about 20 
km north of the salt plain (Plate 3 in Ward, 1963a), strata 
at these depths in that area are in the Blaine Formation. I 
have examined numerous cores and logs of wells drilled 
in the Blaine Formation in the Hollis Basin, and never 
saw salt, or reference to beds of salt in driller’s logs, in 
any of the Blaine strata (Johnson, 2019d, cross sections 
B–B’ and C–C’): therefore, it is unlikely that the Blaine 
contains salt in these wells, and it probably was saltwater 
(that may have evaporated to salt crystals upon reaching 
the surface?).

Saltwater is present in subsurface, based on wells 
drilled in the vicinity of Sandy Creek Salt Plain (Ward, 
1963a). One well, located 1.6 km west of the salt plain, 
encountered saltwater at a depth of 26 m, and another 
well, about 3 km southwest of the salt plain, found salt-
water at a depth of 36 m. Ward also reported that several 
other wells in the area encountered salt or saltwater at 
depths of less than 60 m below the land surface.

Brine Emissions
Undoubtedly, saltwater in the nearby wells, mentioned 

above, was derived by dissolution of the Flowerpot salt 
farther to the north and northwest, and is part of the same 
system that is causing brine to be emitted at Sandy Creek 
Salt Plain. At the salt plain, Ward (1963a) reports: “No 
springs have been observed, but during periods of dry 
weather a thin crust of salt and gypsum forms on sand 
bars and on the sandy alluvium along both sides of the 
creek. Some saltwater apparently seeps directly from 
bedrock into the alluvium and does not appear at the sur-
face before it enters the creek.” The main evidence of salt 
crusts now is near the two small tributaries on the west 

side of Sandy Creek, which are flanked by thin crusts of 
salt (Fig. 30).

Ward (1963a) noted that brine flowing from the salt 
plain in the NE¼ of section 6 (Fig. 30) contained 10,500 
ppm chloride: the surface flow was then only a trickle, 
and he thought the brine was concentrated by evapora-
tion. Snider (1913) noted that the water at the salt plain 
is not saturated: he observed minnows swimming in the 
small streams, almost up to the salt springs. He also noted 
that the water has a strong taste, but is bitter rather than 
salty: his analyses (not presented in his report) showed 
that the water contains much more sodium sulfate than 
sodium chloride. The high amount of sulfate probably 
results from the brine passing through, and dissolving, 
some of the gypsum beds of the Blaine Formation as it 
moves from the Flowerpot salt, through the Blaine For-
mation, to the land surface.

Daily brine emissions at Sandy Creek Salt Plain con-
tain an estimated 80 short tons of chloride, or 132 short 
tons of salt (Table 1).

There is no record of any historic or present production 
of salt at Sandy Creek Salt Plain.

DISTINGUISHING SALT-DISSOLUTION 
BRINES FROM OIL-FIELD BRINES

Although natural salt-dissolution brines are emitted at 
Oklahoma’s 11 salt plains, another source of brines that 
occasionally come to, or near, the land surface are oil-field 
brines originally present in the deep subsurface. These 
brines were incorporated or trapped in oil- or gas-produc-
ing formations at the time of their deposition, millions of 
years ago, or may have migrated into the producing for-
mation from other nearby rock units in subsurface: these 
brines are also referred to as “formation water.” Similar 
brines can also be present as connate waters that are in, 
or seep from, deep or shallow formations not associated 
with petroleum occurrences or production.

Although oil-field brines normally are deep under-
ground, they can rise up to, or near, the land surface when 
they are co-produced with oil or gas. For each barrel of 
oil produced in Oklahoma from 2014 to 2018, wells also 
generally produced 5 to 10 barrels of brine: a brine-to-oil 
ratio of 5:1 to 10:1 (personal communication from Kyle 
E. Murray, 2021). It is also possible for such brines to 
rise to, or near, the surface in poorly completed or aban-
doned wells.

Collins (1971) described a number of petroleum-relat-
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ed activities that could bring oil-field brines to, or near, 
the land surface. In addition to accidental spills, brine can 
escape from corroded pipe or leaky pipe connections, or 
from wells that are unplugged or improperly plugged. 
Wells can also be improperly cased or cemented at or 
near the surface, and it is possible that pipelines or storage 
tanks can corrode and develop leaks. Disposal of oil-field 
brines can also be a problem if there are leaks in pumps or 
in a brine-disposal well, and brine can leak from surface 
containment ponds that overflow or are poorly construct-
ed. Any of these problems can cause oil-field brine, or 
other saline water, to enter soils or streams at the land 
surface, or enter aquifers in the shallow subsurface.

The dissolved salts of oil-field brines generally range 
from about 5,000 to more than 200,000 ppm. Such salin-
ities can be almost as high as those of some salt-dissolu-
tion brines, but the details of their chemistry are different, 
and thus they can be differentiated from salt-dissolution 
brines. The chief means of differentiating between the 
two types of brine is comparing their sodium-chloride 
and calcium-sulfate ratios (Na/Cl and Ca/SO4 ratios), 
by their weight or mass (generally expressed in ppm, 
or mg/l). These four ions, Na, Cl, Ca, and SO4, are es-
pecially useful, as they are commonly tested for in all 
water analyses. Oklahoma’s salt-dissolution brines result 
from dissolution of Permian rock salt (i.e., halite, NaCl) 
that is intimately associated with gypsum and anhydrite 
(CaSO4•2H2O and CaSO4), whereas Oklahoma’s oil-field 
brines typically come from formations containing little or 
no rock salt, gypsum, or anhydrite. Among the other ionic 
ratios that have been used to distinguish salt-dissolution 
brines from oil-field brines are the bromide-chloride and 
iodide-chloride ratios (Br/Cl and I/Cl ratios).

Sodium-Chloride Ratio (Na/Cl)

Pure salt has a sodium-chloride ratio (Na/Cl ratio) of 
0.648, and a solution of salt dissolved in pure water would 
have that same Na/Cl ratio. Leonard and Ward (1962) and 
Ward (1963a) used this ratio to show whether a particular 
brine sample was derived from the dissolution of salt, or 
if it was an oil-field brine—which consistently have Na/
Cl ratios of less than 0.60. They concluded that it would 
be possible to distinguish between a salt-dissolution brine 
and an oil-field brine by determining the Na/Cl ratio of 
the suspect brine.

In their original work, Leonard and Ward (1962) and 
Ward (1963a) plotted the Na/Cl ratios of 13 salt-dissolu-
tion brines and 29 oil-field brines (Fig. 31). They found 

that the Na/Cl ratio for the salt-dissolution brines was 
between 0.62 and 0.66 for all their samples, and the mean 
was about 0.64, regardless of the amount of chloride pres-
ent. This indicated that a nearly pure salt (Na/Cl ratio of 
0.648) was the source of these brines.

Twenty-nine oil-field brines plotted by Leonard and 
Ward (1962) and Ward (1963a) all had Na/Cl ratios be-
tween 0.45 and 0.59, and averaged about 0.50 (Fig. 31): 
the ratio decreased as the chloride content increased. They 
concluded that the oil-field brines contained excessive 
chloride ions due to the presence of other compounds of 
chloride (i.e., calcium- or magnesium-chloride) that are 

Figure 31. Comparison of Na/Cl ratios for: 1) natural 
salt-dissolution brines (13 red triangles), derived by dis-
solving Permian salt deposits in western Oklahoma and 
southwestern Kansas; and 2) oil-field brines (29 black 
circles). Modified from Leonard and Ward (1962) and 
Ward (1963a). Dashed blue line is the mean of salt-dis-
solution data; black line is the trendline of plotted oil-
field data.
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not present in either salt deposits or the brines resulting 
from dissolution of salt.

As a further assessment of the utility of the Na/Cl ratio 
in differentiating the source of brines, the Na/Cl ratios 
were calculated (Table 12) and plotted (Fig. 32) for 28 
of the 29 salt-dissolution brines shown on Tables 1–10 in 
the current report: data from Table 11 were not included, 
inasmuch as they do not include specific analyses for so-
dium or chloride. Plotted data (Fig. 32) show the follow-
ing: 19 of the 28 Na/Cl ratios are between 0.60 and 0.70; 
four ratios are between 0.571 and 0.583; five are between 
0.716 and 0.730; and the mean for all 28 ratios is 0.649 
(virtually the same as pure salt).

The results plotted in Figure 32 agree fairly well with 

the plot in Figure 31, although Figure 32 does show a 
greater range of values; 0.571 to 0.730 in Figure 32, but 
only 0.62 to 0.66 in Figure 31. Why there is a greater 

Figure 32. Plot of Na/Cl ratios for 28 brines derived by 
dissolving Permian salt deposits in western Oklahoma. 
Source of brine is shown by different symbols. Dashed 
blue line is the calculated mean of plotted data. Data are 
based on all sodium and chloride analyses on Tables 1-10 
in this report; in Table 11, sodium and chloride were not 
determined separately. Calculation of Na/Cl ratios shown 
in Table 12.

Table 12. Calculation of Na/Cl ratios for 28 salt-derived 
brines in western Oklahoma. Data are based on all sodi-
um and chloride analyses on Tables 1-10 in this report; 
in Table 11, sodium and chloride were not determined 
separately. Na/Cl ratios are plotted in Figure 32.
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range of values in Figure 32 is uncertain, but it’s clear 
that even these data indicate that most Na/Cl values are 
over 0.60, and thus are above the probable range of Na/
Cl values of oil-field brines. The four brines with ratios 
below 0.60 (Table 12) were all taken directly from brine 
springs or brine wells on salt flats, so there is no question 
about their salt-dissolution sources: also, the Ca/SO4 ra-
tios of these four samples supports their salt-dissolution 
sources (see Ca/SO4 discussion, below).

Na/Cl data (Table 12), and the plot of those data (Fig. 
32), show which salt produced each brine sample. The 
14 brine samples from the Flowerpot salt include the 
most saline of the brines, and in most cases have a Na/
Cl ratio that is lower than the mean (0.649): twelve of 
the brines derived from the Flowerpot salt have Na/Cl 
ratios between 0.571 and 0.648; the other two have ratios 
of 0.660 and 0.697. The seven brines derived from the 
Upper Cimarron salt have a wide range of salinity, and 
their Na/Cl ratios are somewhat equally divided above 
and below the mean: four samples have ratios between 
0.583 and 0.639, and the other three samples have ratios 
between 0.720 and 0.729. The seven brines derived from 
the Lower Cimarron salt have the highest average Na/
Cl ratio of the three groups of brines: two have ratios of 
0.625 and 0.637, below the mean, and the remaining five 
samples are above the mean with ratios between 0.650 
and 0.730. In summary, brines from the Flowerpot salt 
are mostly below the mean, whereas brines from the Up-
per Cimarron salt are somewhat equally below and above 
the mean, and brines from the Lower Cimarron salt are 
mostly above the mean.

In summary, if a brine is encountered at or near the 
surface, and its source is unknown, the Na/Cl ratio of 
that brine and of oil-field brines in the vicinity should 
be determined to see if the suspect brine matches an oil-
field brine (generally in the range of 0.45 to 0.59), or a 
salt-dissolution brine (typically 0.60 to 0.70).

Calcium-Sulfate Ratio (Ca/SO4)

Another important criterion in distinguishing oil-field 
brines from those resulting from dissolution of Permian 
salts is the calcium-sulfate ratio (Ca/SO4 ratio) of the 
brine. Permian salt deposits in Oklahoma are all asso-
ciated with gypsum and/or anhydrite in subsurface, and 
both these minerals consist of calcium sulfate: gypsum is 
CaSO4•2H2O, and anhydrite is CaSO4. The ratio of cal-
cium to sulfate in both of these minerals is about 0.42 
(40÷96~0.42 [actually 0.4167]).

The Ca/SO4 ratios (Table 13) were calculated for all 
29 salt-dissolution brines shown on Tables 1–11 in the 
current report, and the data for 28 of those brines were 
plotted (Fig. 33): the Ca/SO4 ratio for the brine in Table 
4 is anomalous and inexplicably high (2.99), and is ex-
cluded from the plot and the characterization of Ca/SO4 
ratios (however, note that the Na/Cl ratio of this brine is 
0.730, so clearly this sample is derived by dissolution of 
salt). The other 28 analyses of brines formed by disso-
lution of salt beds (with associated gypsum/anhydrite) 
have Ca/SO4 ratios of between 0.17 and 0.72, and the 
average Ca/SO4 ratio of these analyses is 0.4175—almost 

Table 13. Calculation of Ca/SO4 ratios for 29 salt-derived 
brines in western Oklahoma. Data are based on all cal-
cium and sulfate analyses on Tables 1–11 in this report. 
Note that on Table 4, the Ca/SO4 ratio of brine from the 
Lower Cimarron salt is anomalously high (2.99). Ca/SO4 
ratios are plotted in Figure 33.
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identical to the actual Ca/SO4 ratio in gypsum and anhy-
drite (0.4167).

Noticeable patterns in the plotted data (Fig. 33) are: 1) 
there is an increase in the Ca/SO4 ratio with an increase 
in Ca content (note trendline); 2) Ca/SO4 ratios for the 
Lower Cimarron salt brines (all collected near the surface 
of Great Salt Plains [Table 3]) are lower than for either of 
the other brines, meaning that there is a higher percent of 
SO4, compared to the Ca content, in these brines than in 
the others; 3) although there are some anomalous ratios, 
the trendline of Ca/SO4 ratios for each of the brines plots 
reasonably close to the overall trendline; and 4), most 
importantly, that all the brines (except the one sample 
in Table 4) have exceptionally low Ca/SO4 ratios, when 
compared to those of oil-field brines (described below).

A cursory examination of the Ca/SO4 ratios of oil-field 
brines in Oklahoma shows a marked difference, when 
compared to salt-dissolution brines. To approximate the 
Ca/SO4 ratio of oil-field brines, 19 brine analyses from 
the west half of Oklahoma were randomly selected, out 
of the 923 State-wide oil-field brines analyzed by Wright 
and others (1957). The selected analyses are of brines 
co-produced from a variety of formations, including: 
granite wash, Hoxbar (several zones), Layton sand, Bar-

tlesville sand, Mississippi lime, Oswego lime, Hunton 
lime, Wilcox sand, Simpson lime, and Arbuckle lime. 
The Ca/SO4 ratio of these 19 brines ranged from 3.2 to 
251, and averaged 52; most of the values were between 
20 and 80, clearly well above the average Ca/SO4 value 
for salt-dissolution brines (~0.42).

Therefore, if a brine is encountered at or near the sur-
face, and its source is unknown, the Ca/SO4 ratio of that 
brine and of oil-field brines in the vicinity should be de-
termined to see if the suspect brine matches an oil-field 
brine (generally in the range of 20 to 80), or a salt-disso-
lution brine (generally 0.17 to 0.72).

Bromide-Chloride and Iodide-Chloride Ratios 
(Br/Cl and I/Cl)

Richter and Kreitler (1986) analyzed and characterized 
salt springs and shallow-subsurface brines from Perm-
ian salts in north-central Texas and in northern Harmon 
County, Oklahoma (the salt plains on Elm Fork Red 
River). Later, Richter and Kreitler (1991) concluded 
the following: 1) salt-dissolution brines had Br/Cl ratios 
less than 0.0004 (<4 x 10-4) and I/Cl ratios of less than 
0.00001 (<1 x 10-5); whereas 2) oil-field brines had Br/Cl 

Figure 33. Plot of Ca/SO4 ratios for 28 brines derived by dissolving Permian salt deposits in western Oklahoma. Source 
of brine is shown by different symbols. Dashed blue line is the trendline using Excel. Data are based on all calcium 
and sulfate analyses on Tables 1-11 in this report, except Table 4 where brine from the Lower Cimarron salt has an 
anomalously high Ca/SO4 ratio (2.99).  Calculation of Ca/SO4 ratios shown in Table 13.
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ratios greater than 0.0025 (>25 x 10-4) and I/Cl ratios of 
greater than 0.00002 (>2 x 10-5). Bromide and/or iodide 
concentrations of salt-dissolution brines are shown on 
only six of the tables in the current report (Tables 3, 5, 6, 
7, 8, and 10). Thus, the Br/Cl- and I/Cl-ratio data avail-
able for the Oklahoma salt-dissolution brines are not as 
comprehensive as the Na/Cl and Ca/SO4 data described 
above, but those data are discussed below.

Br/Cl data are available for 13 salt-dissolution samples 
in this report (Tables 3, 5, 6, 7, 8, and 10). The Br/Cl 
ratios for these samples range from 0.00011 to 0.00210, 
and average 0.00041. Although most of the samples have 
Br/Cl ratios well below 0.0004, two samples are quite 
high: on Table 3, the sample 2 ratio is 0.00210, and on 
Table 10, the sample 1 ratio is 0.00111, so both of them 
are well above the Br/Cl ratios for salt-dissolution brines. 
However, these two samples have Na/Cl ratios of 0.716 
and 0.660, respectively, and the Ca/SO4 ratios of 0.27 
and 0.50, respectively: these data clearly indicate they 
are salt-dissolution brines. The eleven remaining samples 
are in the range of 0.00011 to 0.00054. Therefore, all 13 
samples have Br/Cl ratios lower than the >0.0025 ratio 
that characterizes oil-field brines.

I/Cl data are available for only three salt-dissolution 
samples in this report (Tables 3, 6, and 7). The I/Cl ratios 
for these samples are: 0.0000015 (Table 3, sample 2), 
0.0000487 (Table 6), and 0.0000032 (Table 7, sample 2), 
and the three samples average 0.0000178. The I/Cl ratios 
for samples on Tables 3 and 7 are clearly in the range 
of salt-dissolution brines (<0.00001), but for the sample 
on Table 6 the ratio suggests that it is an oil-field brine 
(>0.00002). However, both the Na/Cl ratio (0.642) and 
Ca/SO4 ratio (0.56) for the Table-6 sample clearly indi-
cate that it is a salt-dissolution brine.

Mixing of Oil-Field Brine with Salt-
Dissolution Brine?

It is certainly possible for oil-field brine to mix with 
salt-dissolution brine and come to the surface at, or in 
the vicinity of, one or more of the eleven natural salt 
plains in western Oklahoma, but there is no obvious case 
where this is happening. Such an occurrence might be 
difficult to identify, unless the amount of oil-field brine 
was significant. If that were to happen, the Na/Cl ratio 
of the mixed brine should be reduced, and the Ca/SO4 
ratio should increase sharply. The Ca/SO4 ratio should be 
most telling in that case, inasmuch as oil-field brines have 

such a high Ca/SO4 ratio in comparison to salt-dissolu-
tion brines: most of the oil-field brines examined for this 
report have ratios of 20 to 80, whereas salt-dissolution 
brines typically have ratios between 0.20 and 0.70 (Table 
13). Therefore, even a moderate addition of oil-field brine 
to a salt-dissolution brine should result in a significant 
increase in the Ca/SO4 ratio.

The various salt plains of Oklahoma have been known 
since before Statehood (before 1907), and there is no ev-
idence so far to indicate that brines coming to the surface 
at any of these sites contain any oil-field brine. However, 
specific studies have not been carried out to date on the 
possible mixing of oil-field and salt-dissolution brines at 
Oklahoma’s salt plains. Additional sampling and analysis 
of salt-dissolution and oil-field brines in western Oklaho-
ma, along with a full discussion on this topic, are beyond 
the scope of this report, but they are fields of study that 
warrant future research.

SUMMARY AND CONCLUSIONS

Permian salt beds are being dissolved at shallow depths 
in western Oklahoma, and the resultant brine is coming 
to the land surface at 11 locations to form salt plains or 
salt flats in the Arkansas and Red River watersheds. Fresh 
groundwater is dissolving the salt beds at depths of 9 m 
to about 200 m below the surface, and the resulting brine 
is then discharged at the surface. The brine evaporates 
and salt is precipitated to form a salt crust that typically 
is about 0.5 to 3 cm thick, but can be as much as 15 cm 
thick. As a result of rainfall or flooding events, the salt 
plains are then partly flushed of their salt: as a result, 
parts of the Arkansas and Red River systems are naturally 
contaminated with salt.

The six salt plains in the Arkansas River watershed 
(which includes the Cimarron River) are: Great Salt 
Plains, Big Salt Plain, Little Salt Plain, Salt Creek Can-
yon Salt Plain, Okeene Salt Plain, and Drummond Flats 
Salt Plain. The other five, in the Red River watershed, 
are: Boggy Creek Salt Plain, Salton (Chaney) Salt Plain, 
Robinson Salt Plain, Kiser Salt Plain, and Sandy Creek 
Salt Plain. Great Salt Plains, the largest salt plain, covers 
about 65 km2 (originally about 101 km2), whereas the 
Salton, Robinson, Kiser, and Sandy Creek Salt Plains are 
the smallest, with each of them covering between 1 to 4 
hectares. Salt plains that produce the most salt are Big 
Salt Plain (2,600 to 4,870 short tons per day) and Great 

SUMMARY AND CONCLUSIONS54



Salt Plains (2,310 to 3,300 tons of salt per day).
Most of the salt plains emit high-salinity brines, with 

chloride concentrations of 150,000 to 205,000 ppm and 
salt concentrations of 255,000 to 337,000 ppm. Some 
brines are so highly concentrated that salt is precipitated 
on the salt flat almost immediately after brine reaches 
the surface. Native Americans and early European set-
tlers harvested salt from the Oklahoma salt plains be-
fore 1900 AD, and since then commercial salt has also 
been produced at Big Salt Plain, Salt Creek Canyon Salt 
Plain, Boggy Creek Salt Plain, Salton Salt Plain, and Kis-
er Salt Plain.

Oil-field brines or briny formation waters occasion-
ally contaminate freshwater sources, and it is important 
to distinguish between these brines and salt-dissolution 
brines. This can be done by examining the sodium-chlo-
ride and calcium-sulfate ratios (Na/Cl and Ca/SO4 ratios) 
of a suspect brine. Pure salt has a Na/Cl ratio of 0.648, 
and salt-dissolution brines of western Oklahoma in this 
report have Na/Cl ratios that mostly range from 0.60 to 
0.70, and average 0.649. On the other hand, selected oil-
field brines from western Oklahoma have Na/Cl ratios 
between 0.45 and 0.59, and average about 0.50. Gypsum 
and anhydrite, each with a Ca/SO4 ratio of 0.4167, are 
associated with all the salt beds in western Oklahoma. 
Salt-dissolution brines described in this report have Ca/
SO4 ratios between 0.17 and 0.72, and average 0.4175 
(although for one brine the ratio is 2.99). This contrasts 
with selected Oklahoma oil-field brines, which have Ca/
SO4 ratios that range from 3.2 to 251 and average 52; 
most of the values are between 20 and 80. Therefore, by 
measuring the Na/Cl and Ca/SO4 ratios of a particular 
brine, it should be possible to determine if it is a salt-dis-
solution brine or an oil-field brine. Other ionic ratios that 
have been used to distinguish between these brines are 
bromide-chloride and iodide-chloride ratios (Br/Cl and 
I/Cl ratios), and data in this report support the using of 
these ratios.

REFFERENCES CITED

Barclay, J.E., 1952, Origin of the Drummond Flat, Garfield County, 
Oklahoma: Proceedings of the Oklahoma Academy of Science, 
v. 33, p. 197–199.

https://ojs.library.okstate.edu/osu/index.php/OAS/article/view/3674
Benison, K.C., and Goldstein, R.H., 2001, Evaporites and silici-

clastics of the Permian Nippewalla of Kansas, USA: a case for 
non-marine deposition in saline lakes and saline pans: Sedi-
mentology, v. 48, p. 165–188. https://www.researchgate.net/
publication/229916639

Benison, K.C., Zambito, J.J., IV, Soreghan, G.S., Soreghan, M.J., 
Foster, T.M., and Kane, M.J., 2013, Permian red beds and 
evaporites of the Amoco Rebecca K. Bounds core, Greeley 
County, Kansas: implications for science and industry: in, 
Dubois, M.K. and Watney, W.L., conveners, Mid-Continent 
core workshop: from source to reservoir and seal, Mid-Conti-
nent Section, American Association of Petroleum Geologists, 
Wichita, Kansas, p. 9–14. https://www.researchgate.net/publi-
cation/263727968

Benison, K.C., Zambito, J.J., IV, and Knapp, J., 2015, Contrasting 
siliciclastic-evaporite strata in subsurface and outcrop: An ex-
ample from the Permian Nippewalla Group of Kansas, U.S.A.: 
Journal of Sedimentary Research, v. 85, no. 6, p. 626–645. 
https://doi.org/10.2110/jsr.2015.43

Collins, A.G., 1971, Oil and gas wells—potential polluters of the en-
vironment: Journal Water Pollution Control Federation, v. 43, 
no. 12, p. 2382–2393.

Davis, J.L., 1968, Meteorologic and hydrologic relationships on the 
Great Salt Plains of Oklahoma: Oklahoma Geological Survey, 
Oklahoma Geology Notes, v. 28, no. 5, p. 163–168. http://ogs.
ou.edu/docs/geologynotes/GN-V28N5.pdf

Dunlap, J.C., 1975, Salt load origin study for Cimarron River, Ar-
kansas River Chloride Control Project: preliminary report to 
US Army Corps of Engineers, Tulsa District.

Edwards, J.R., 1958, Areal geology of the northwest Mangum area: 
unpublished MS thesis, University of Oklahoma, Norman, 
Oklahoma, 96 p.

Evans, S., 2017, Selenite crystals in the Great Salt Plains: Oklahoma 
Geological Survey, Oklahoma Geology Notes, v. 76, no. 3, p. 
20–23. http://ogs.ou.edu/docs/geologynotes/GN-V76N3.pdf

Fay, R.O., 1965, Geology and mineral resources of Woods County, 
Oklahoma: Oklahoma Geological Survey, Bulletin 106, 189 p. 
http://ogs.ou.edu/docs/bulletins/B106.pdf

Fay, R.O., Ham, W.E., Bado, J.T., and Jordan, L., 1962, Geology and 
mineral resources of Blaine County, Oklahoma: Oklahoma 
Geological Survey, Bulletin 89, 252 p. http://ogs.ou.edu/docs/
bulletins/B89.pdf

Foreman, G., 1932, Salt works in early Oklahoma: Chronicles of 
Oklahoma, v. 10, no. 4, p. 474–500. https://cdm17279.con-
tentdm.oclc.org/digital/collection/p17279coll4/id/31046/rec/47

Gould, C.N., 1901, The Oklahoma salt plains: Kansas Academy of 
Science, Transactions of the Thirty-second and Thirty-third 
Annual Meetings, v. 17 (1899-1900), p. 181–184. https://www.
jstor.org/stable/pdf/3623887.pdf

Gould, C.N., 1905, Geology and water resources of Oklahoma: US 
Geological Survey, Water-Supply and Irrigation Paper no. 148, 
178 p. https://pubs.usgs.gov/wsp/0148/report.pdf

REFFERENCES CITED 55

https://ojs.library.okstate.edu/osu/index.php/OAS/article/view/3674
https://www.researchgate.net/publication/229916639
https://www.researchgate.net/publication/229916639
https://www.researchgate.net/publication/263727968
https://www.researchgate.net/publication/263727968
https://doi.org/10.2110/jsr.2015.43
http://ogs.ou.edu/docs/geologynotes/GN-V28N5.pdf
http://ogs.ou.edu/docs/geologynotes/GN-V28N5.pdf
http://ogs.ou.edu/docs/geologynotes/GN-V76N3.pdf
http://ogs.ou.edu/docs/bulletins/B106.pdf
http://ogs.ou.edu/docs/bulletins/B89.pdf
http://ogs.ou.edu/docs/bulletins/B89.pdf
https://cdm17279.contentdm.oclc.org/digital/collection/p17279coll4/id/31046/rec/47
https://cdm17279.contentdm.oclc.org/digital/collection/p17279coll4/id/31046/rec/47
https://www.jstor.org/stable/pdf/3623887.pdf
https://www.jstor.org/stable/pdf/3623887.pdf
https://pubs.usgs.gov/wsp/0148/report.pdf


Gould, C.N., 1910, Part I, Director’s bi-ennial report to the Governor 
of Oklahoma, 1910; Part II, Brief chapters on Oklahoma’s min-
eral resources: Oklahoma Geological Survey, Bulletin 6, 96 p. 
http://ogs.ou.edu/docs/bulletins/B6.pdf

Harris, C.W., 1955, The salt plains of northwestern Oklahoma: un-
published M.S. thesis, Stillwater, Oklahoma, Oklahoma Agri-
cultural and Mechanical College (now Oklahoma State Univer-
sity), 57 p.

https://shareok.org/bitstream/handle/11244/32502/Thesis-1956-
H313s.pdf?sequence=1&isAllowed=y

Isern, T.D., 1980, Jefferson’s Salt Mountain: the Big Salt Plain of 
the Cimarron River: The Chronicles of Oklahoma, v. 58, 
no. 2, p. 161–175. https://gateway.okhistory.org/ark:/67531/
metadc1752290/hits/?q=Jefferson

Joachims, G., 1999, Solar-salt production in northwest Oklahoma, 
in Johnson, K.S., ed., Proceedings of the 34th Forum on the 
Geology of Industrial Minerals, 1998: Oklahoma Geological 
Survey, Circular 102, p. 69–71. http://ogs.ou.edu/docs/circu-
lars/C102.pdf

Johnson, H.L., 2008, Climate of Oklahoma, in Johnson, K.S., and 
Luza, K.V., eds., Earth sciences and mineral resources of Okla-
homa: Oklahoma Geological Survey, Educational Publication 
9, p. 18. http://ogs.ou.edu/docs/educationalpublications/EP9.
pdf

Johnson, K.S., 1967, Stratigraphy of the Permian Blaine Formation 
and associated strata in southwestern Oklahoma: unpublished 
Ph.D. Dissertation, University of Illinois, 247 p.

Johnson, K.S., 1970, Salt produced by solar evaporation on Big Salt 
Plain, Woods County, Oklahoma: Oklahoma Geological Sur-
vey, Oklahoma Geology Notes, v. 30, no. 3, p. 47–54. http://ogs.
ou.edu/docs/geologynotes/GN-V30N3.pdf

Johnson, K.S., 1972, Northwest Oklahoma, Book 2 of Guidebook 
for geologic field trips in Oklahoma: Oklahoma Geological 
Survey, Educational Publication 3, 42 p. http://ogs.ou.edu/docs/
educationalpublications/EP3.pdf

Johnson, K.S., 1976, Evaluation of Permian salt deposits in the Tex-
as Panhandle and western Oklahoma for underground storage 
of radioactive wastes: unpublished report submitted to Union 
Carbide Corporation, Oak Ridge National Laboratories, Of-
fice of Waste Isolation, Y/OWI/Sub–4494/1, 73 p. Also avail-
able from: Oklahoma Geological Survey, Open-File Report 
19–2018. http://www.ou.edu/content/dam/ogs/documents/data/
OF19-2018.pdf

Johnson, K.S., 1981, Dissolution of salt on the east flank of the 
Permian Basin in the southwestern U.S.A.: Journal of Hydrol-
ogy, v. 54, p. 75–93. https://www.researchgate.net/publica-
tion/245098253

Johnson, K.S., 2003, Evaporite karst in the Permian Blaine Forma-
tion 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 Geo-
logical Survey, Circular 109, p. 41–55. http://ogs.ou.edu/docs/
circulars/C109.pdf

Johnson, K.S., 2013a, Great Salt Plains, Alfalfa County, Oklaho-
ma—geology, brines, and hourglass-selenite crystals: Okla-
homa City Geological Society, Shale Shaker, v. 64, no. 2, p. 
86–93. https://www.researchgate.net/publication/306374922

Johnson, K.S., 2013b, Salt karst and collapse structures in the 
Anadarko Basin of Oklahoma and Texas, in L. Land, Doctor, 
D.H., and Stephenson, J.B., eds., Sinkholes and the engineer-
ing and environmental impacts of karst–Proceedings of the 
thirteenth multidisciplinary conference, Carlsbad, NM, May 6 
through 10, 2013: National Cave and Karst Research Institute, 
Carlsbad, NM, p. 103-112. http://scholarcommons.usf.edu/cgi/
viewcontent.cgi?article=1118&context=sinkhole_2013

Johnson, K.S., 2017, Evaporite karst and collapse breccia in Permian 
strata, Canton Lake Dam, Blaine County, Oklahoma: Oklaho-
ma Geological Survey, Oklahoma Geology Notes, v. 76, no. 3, 
p. 5–18. http://ogs.ou.edu/docs/geologynotes/GN-V76N3.pdf

Johnson, K.S., 2019a, Salt in Permian Flowerpot, Blaine, and Dog 
Creek Formations is dissolved to create salt plains in Childress, 
Hall, Cottle, and Motley Counties, Texas, and northern Har-
mon County, Oklahoma: Oklahoma Geological Survey, Open-
File Report OF1–2019, 34 p. http://www.ou.edu/content/dam/
ogs/documents/data/OF1-2019.pdf

Johnson, K.S., 2019b, Geology of salt plains on the Cimarron River 
in northwest Oklahoma: Big Salt Plain, Little Salt Plain, Salt 
Creek Canyon, and Okeene Salt Plain: Oklahoma Geological 
Survey, Open-File Report 2–2019, 50 p. http://www.ou.edu/
content/dam/ogs/documents/data/OF2-2019.pdf

Johnson, K.S., 2019c, Geologic studies, natural-brine emissions, 
and hourglass-selenite crystals at Great Salt Plains on Salt Fork 
Arkansas River, northwest Oklahoma: Oklahoma Geological 
Survey, Open-File Report OF3-2019, 29 p. http://www.ou.edu/
content/dam/ogs/documents/data/OF3-2019.pdf

Johnson, K.S., 2019d, Blaine aquifer in the Hollis Basin of south-
west Oklahoma: structure-contour map and stratigraphic/hy-
drologic data: Oklahoma Geological Survey, Geologic Map 
GM-45, scale 1:125,000. http://ou.edu/content/dam/ogs/docu-
ments/GMs/GM-45%20map.pdf

Johnson, K.S., 2021, Overview of evaporite karst in the Greater 
Permian Evaporite Basin (GPEB) of TX, NM, OK, KS, and 
CO, in Johnson, K.S., Land, L., and Decker, D.D., eds., Evap-
orite karst in the Greater Permian Evaporite Basin (GPEB) of 
Texas, New Mexico, Oklahoma, Kansas, and Colorado: Okla-
homa Geological Survey, Circular 113, p. 1–37. https://www.
ou.edu/content/dam/ogs/documents/circulars/OGS_C113.pdf

Johnson, K.S., Brokaw, A.L., Gilbert, J.F., Saberian, A., Snow, R.H., 
and Walters, R.F., 1977, Summary report on salt dissolution re-
view meeting, March 29–30, 1977: report submitted to Union 
Carbide Corporation, Oak Ridge National Laboratories, Office 
of Waste Isolation, Y/OWI/TM–31, 10 p. https://www.research-
gate.net/publication/255153023

Johnson, K.S., and Denison, R.E., 1973, Igneous geology of the 
Wichita Mountains and economic geology of Permian rocks 
in southwest Oklahoma: Oklahoma Geological Survey, Special 
Publication 73–2, Guidebook for field trip no. 6 of Geological 
Society of America annual meeting in Dallas, November 1973, 
33 p. http://ogs.ou.edu/docs/specialpublications/SP73-2.pdf

Johnson, K.S., Stanley, T.M., and Miller, G.W., 2003, Geologic map 
of the Elk City 30’ x 60’ Quadrangle, Beckham, Custer, Greer, 
Harmon, Kiowa, Roger Mills, and Washita Counties, Oklaho-
ma: Oklahoma Geological Survey, Oklahoma Geologic Quad. 
OGQ–44, scale 1:100,000. http://ogs.ou.edu/docs/OGQ/OGQ-
44-color.pdf

REFFERENCES CITED56

http://ogs.ou.edu/docs/bulletins/B6.pdf
https://shareok.org/bitstream/handle/11244/32502/Thesis-1956-H313s.pdf?sequence=1&isAllowed=y
https://shareok.org/bitstream/handle/11244/32502/Thesis-1956-H313s.pdf?sequence=1&isAllowed=y
https://gateway.okhistory.org/ark:/67531/metadc1752290/hits/?q=Jefferson
https://gateway.okhistory.org/ark:/67531/metadc1752290/hits/?q=Jefferson
http://ogs.ou.edu/docs/circulars/C102.pdf
http://ogs.ou.edu/docs/circulars/C102.pdf
http://ogs.ou.edu/docs/educationalpublications/EP9.pdf
http://ogs.ou.edu/docs/educationalpublications/EP9.pdf
http://ogs.ou.edu/docs/geologynotes/GN-V30N3.pdf
http://ogs.ou.edu/docs/geologynotes/GN-V30N3.pdf
http://ogs.ou.edu/docs/educationalpublications/EP3.pdf
http://ogs.ou.edu/docs/educationalpublications/EP3.pdf
http://www.ou.edu/content/dam/ogs/documents/data/OF19-2018.pdf
http://www.ou.edu/content/dam/ogs/documents/data/OF19-2018.pdf
https://www.researchgate.net/publication/245098253
https://www.researchgate.net/publication/245098253
https://www.researchgate.net/publication/306374922
http://scholarcommons.usf.edu/cgi/viewcontent.cgi?article=1118&context=sinkhole_2013
http://scholarcommons.usf.edu/cgi/viewcontent.cgi?article=1118&context=sinkhole_2013
http://ogs.ou.edu/docs/geologynotes/GN-V76N3.pdf
http://www.ou.edu/content/dam/ogs/documents/data/OF1-2019.pdf
http://www.ou.edu/content/dam/ogs/documents/data/OF1-2019.pdf
http://www.ou.edu/content/dam/ogs/documents/data/OF2-2019.pdf
http://www.ou.edu/content/dam/ogs/documents/data/OF2-2019.pdf
http://www.ou.edu/content/dam/ogs/documents/data/OF3-2019.pdf
http://www.ou.edu/content/dam/ogs/documents/data/OF3-2019.pdf
http://ou.edu/content/dam/ogs/documents/GMs/GM-45%20map.pdf
http://ou.edu/content/dam/ogs/documents/GMs/GM-45%20map.pdf
https://www.ou.edu/content/dam/ogs/documents/circulars/OGS_C113.pdf
https://www.ou.edu/content/dam/ogs/documents/circulars/OGS_C113.pdf
http://ogs.ou.edu/docs/specialpublications/SP73-2.pdf
http://ogs.ou.edu/docs/OGQ/OGQ-44-color.pdf
http://ogs.ou.edu/docs/OGQ/OGQ-44-color.pdf


Johnson, K.S., Land, L., and Decker, D.D., eds., 2021, Evaporite 
karst in the Greater Permian Evaporite Basin (GPEB) of Tex-
as, New Mexico, Oklahoma, Kansas, and Colorado: Oklahoma 
Geological Survey, Circular 113, 346 p. https://www.ou.edu/
content/dam/ogs/documents/circulars/OGS_C113.pdf

Jordan, L., and Vosburg, D.L., 1963, Permian salt and associated 
evaporites in the Anadarko Basin of the western Oklahoma–
Texas Panhandle region: Oklahoma Geological Survey, Bulle-
tin 102, 76 p. http://ogs.ou.edu/docs/bulletins/B102.pdf

Leonard, A.R., and Ward, P.E., 1962, Use of Na/Cl ratios to distin-
guish oil field from salt springs brines in western Oklahoma, 
in Geological Survey Research 1962: US Geological Survey, 
Professional Paper 450–B, p. B126–B127. https://pubs.usgs.
gov/pp/0450b/report.pdf

Merritt, C.A., 1935, Gypsum crystals from Alfalfa County, Okla-
homa: American Mineralogist, v. 20, p. 674. AM20_674.pdf 
(minsocam.org)

Miller, G.W., and Stanley, T.M., 2003, Geologic map of the Alva 30’ 
x 60’ quadrangle, Alfalfa, Grant, Major, Woods, and Wood-
ward Counties, Oklahoma: Oklahoma Geological Survey, 
Oklahoma Geologic Quad. OGQ–42, scale 1:100,000. http://
ogs.ou.edu/docs/OGQ/OGQ-42-color.pdf

Miser, H.D., 1954, Geologic map of Oklahoma: US Geological Sur-
vey and Oklahoma Geological Survey, scale, 1:500,000. http://
ogs.ou.edu/docs/geologicmaps/GeologicMapofOklahoma.pdf

Oklahoma Water Resources Board, 1975, Salt water detection in the 
Cimarron terrace, Oklahoma: US Environmental Protection 
Agency, Ecological Research Series, Report EPA–660/3–74–
033, 166 p. https://babel.hathitrust.org/cgi/pt?id=mdp.3901500
6170461;view=1up;seq=4

Preston, D.A., 1980a, Bursting natural-gas bubble, Woods County, 
Oklahoma: Oklahoma Geological Survey, Oklahoma Geology 
Notes, v. 40, no.1, p. 1–2. http://ogs.ou.edu/docs/geologynotes/
GN-V40N1.pdf

Preston, D.A., 1980b, Gas eruptions taper off: Geotimes, v. 25, no. 
10, p. 18–20.

Richter, B.C., and Kreitler, C.W., 1986. Geochemistry of salt-spring 
and shallow subsurface brines in the Rolling Plains of Texas 
and southwestern Oklahoma: Texas Bureau of Economic Geol-
ogy, Report of Investigations no. 155, 47 p.

Richter, B.C., and Kreitler, C.W., 1991, Identification of sources of 
ground-water salinization using geochemical techniques: Rob-
ert S. Kerr Environmental Research Laboratory, US Environ-
mental Protection Agency, Ada, Oklahoma, EPA/600/2-91/064, 
259 p. https://nepis.epa.gov/Exe/ZyPDF.cgi/30000HXE.PD-
F?Dockey=30000HXE.PDF

Scott, G.L., Jr., and Ham, W.E., 1957, Geology and gypsum resourc-
es of the Carter area, Oklahoma: Oklahoma Geological Survey, 
Circular 42, 64 p. http://ogs.ou.edu/docs/circulars/C42.pdf

Slaughter, C.B., and Cody, R.D., 1989, Geochemistry of near-sur-
face ground water, Great Salt Plains, Alfalfa County, Oklaho-
ma: Oklahoma Geological Survey, Oklahoma Geology Notes, 
v. 49, no. 6, p. 200–223. http://ogs.ou.edu/docs/geologynotes/
GN-V49N6.pdf

Snider, L.C., 1913, The gypsum and salt of Oklahoma: Oklahoma 
Geological Survey, Bulletin 11, 214 p. http://ogs.ou.edu/docs/
bulletins/B11.pdf

Soreghan, G.S., Benison, K.C., Foster, T.M., Zambito, J., and 
Soreghan, M.J., 2014, The paleoclimatic and geochronologic 
utility of coring redbeds and evaporites: a case study from the 
RKB core (Permian, Kansas, USA): International Journal of 
Earth Sciences (Geologische Rundschau), 15 p. https://link.
springer.com/article/10.1007/s00531-014-1070-1

Stanley, T.M., and Miller, G.W., 2004, Geologic map of the Okla-
homa part of the Altus 30’ x 60’ Quadrangle, Greer, Harmon, 
Jackson, and Tillman counties, Oklahoma: Oklahoma Geolog-
ical Survey, Oklahoma Geologic Quadrangle OGQ–59, scale 
1:100,000. http://ogs.ou.edu/docs/OGQ/OGQ-59-color.pdf

Stanley, T.M., Miller, G.W., and Suneson, N.H., 2002, Geologic map 
of the Fairview 30’ x 60’ Quadrangle, Alfalfa, Blaine, Dewey, 
Garfield, Kingfisher, Major, Woods, and Woodward Counties, 
Oklahoma: Oklahoma Geological Survey, Oklahoma Geologic 
Quadrangle OGQ–41, scale 1:100,000. http://ogs.ou.edu/docs/
OGQ/OGQ-41-color.pdf

Suneson, Neil H., 2012, Custer County oysters: Oklahoma City Geo-
logical Society, Shale Shaker, v. 62, no. 6, p. 422–429. http://
www.ogs.ou.edu/pdf/ShaleShakerOYSTERS2012.pdf

Swafford, B., 1967, Soil survey of Garfield County, Oklahoma: 
US Department of Agriculture and Oklahoma Agricultur-
al Experiment Station, 57 p. https://babel.hathitrust.org/cgi/
pt?id=uc1.31210008651729

Theis, C.V., 1934, Preliminary geological report on the Salt Plains 
reservoir site [Alfalfa County], Oklahoma: US Geological Sur-
vey, Open-File Report 34-2, 15 p.

UnitConverters.net: website accessed June, 2022.
https://www.unitconverters.net/concentration-solution/milligram-

liter-to-part-million-ppm.htm
US Army Corps of Engineers, 1971, General geology and ground 

water of Salt Area I, Alfalfa County, Oklahoma: US Army En-
gineer District, Tulsa, Corps of Engineers, Tulsa, Oklahoma, 
Memo Report FG–71–1, 43 p., 24 plates.

US Department of Health, Education, and Welfare, 1964, Arkansas–
Red River Basins, Water quality conservation. Appendix: Vol-
ume I–The mineral pollution problem and proposed solutions. 
See especially: Part IV–Results of field study, p. IV–1 to IV–73.

https://books.google.com/books?id=_wANq7bNlA8C&pg=P-
P5&lpg=PP5&dq

Vickers, F.L., 1969, Oklahoma club completes three-year survey of 
selenite beds: Gems and Minerals, no. 383 (August), p. 20–22.

Ward, P.E., 1961a, Salt springs in Oklahoma: Oklahoma Geological 
Survey, Oklahoma Geology Notes, v. 21, no. 3, p. 81-85. http://
ogs.ou.edu/docs/geologynotes/GN-V21N3.pdf

Ward, P.E., 1961b, Shallow halite deposits in northern Woodward 
and southern Woods Counties, Oklahoma: Oklahoma Geologi-
cal Survey, Oklahoma Geology Notes, v. 21, no. 10, p. 275-277. 
http://ogs.ou.edu/docs/geologynotes/GN-V21N10.pdf

Ward, P.E., 1962, Shallow halite deposits in the Flowerpot Shale in 
southwestern Oklahoma: US Geological Survey, Professional 
Paper 450-E, p. E40-E42. https://pubs.usgs.gov/pp/0450e/re-
port.pdf

Ward, P.E., 1963a, Geology and ground-water features of salt 
springs, seeps, and plains in the Arkansas and Red River Ba-
sins of western Oklahoma and adjacent parts of Kansas and 
Texas: US Geological Survey, Open-File Report 63-132, 94 p. 
[Report was first printed with 1961 date, but open-filed in 1963] 
https://pubs.er.usgs.gov/publication/ofr63132

REFFERENCES CITED 57

https://www.ou.edu/content/dam/ogs/documents/circulars/OGS_C113.pdf
https://www.ou.edu/content/dam/ogs/documents/circulars/OGS_C113.pdf
http://ogs.ou.edu/docs/bulletins/B102.pdf
https://pubs.usgs.gov/pp/0450b/report.pdf
https://pubs.usgs.gov/pp/0450b/report.pdf
http://www.minsocam.org/ammin/AM20/AM20_674.pdf
http://www.minsocam.org/ammin/AM20/AM20_674.pdf
http://ogs.ou.edu/docs/OGQ/OGQ-42-color.pdf
http://ogs.ou.edu/docs/OGQ/OGQ-42-color.pdf
http://ogs.ou.edu/docs/geologicmaps/GeologicMapofOklahoma.pdf
http://ogs.ou.edu/docs/geologicmaps/GeologicMapofOklahoma.pdf
https://babel.hathitrust.org/cgi/pt?id=mdp.39015006170461;view=1up;seq=4
https://babel.hathitrust.org/cgi/pt?id=mdp.39015006170461;view=1up;seq=4
http://ogs.ou.edu/docs/geologynotes/GN-V40N1.pdf
http://ogs.ou.edu/docs/geologynotes/GN-V40N1.pdf
https://nepis.epa.gov/Exe/ZyPDF.cgi/30000HXE.PDF?Dockey=30000HXE.PDF
https://nepis.epa.gov/Exe/ZyPDF.cgi/30000HXE.PDF?Dockey=30000HXE.PDF
http://ogs.ou.edu/docs/circulars/C42.pdf
http://ogs.ou.edu/docs/geologynotes/GN-V49N6.pdf
http://ogs.ou.edu/docs/geologynotes/GN-V49N6.pdf
http://ogs.ou.edu/docs/bulletins/B11.pdf
http://ogs.ou.edu/docs/bulletins/B11.pdf
https://link.springer.com/article/10.1007/s00531-014-1070-1
https://link.springer.com/article/10.1007/s00531-014-1070-1
http://ogs.ou.edu/docs/OGQ/OGQ-59-color.pdf
http://ogs.ou.edu/docs/OGQ/OGQ-41-color.pdf
http://ogs.ou.edu/docs/OGQ/OGQ-41-color.pdf
http://www.ogs.ou.edu/pdf/ShaleShakerOYSTERS2012.pdf
http://www.ogs.ou.edu/pdf/ShaleShakerOYSTERS2012.pdf
https://babel.hathitrust.org/cgi/pt?id=uc1.31210008651729
https://babel.hathitrust.org/cgi/pt?id=uc1.31210008651729
https://www.unitconverters.net/concentration-solution/milligram-liter-to-part-million-ppm.htm
https://www.unitconverters.net/concentration-solution/milligram-liter-to-part-million-ppm.htm
https://books.google.com/books?id=_wANq7bNlA8C&pg=PP5&lpg=PP5&dq
https://books.google.com/books?id=_wANq7bNlA8C&pg=PP5&lpg=PP5&dq
http://ogs.ou.edu/docs/geologynotes/GN-V21N3.pdf
http://ogs.ou.edu/docs/geologynotes/GN-V21N3.pdf
http://ogs.ou.edu/docs/geologynotes/GN-V21N10.pdf
https://pubs.usgs.gov/pp/0450e/report.pdf
https://pubs.usgs.gov/pp/0450e/report.pdf
https://pubs.er.usgs.gov/publication/ofr63132


Ward, P.E., 1963b, Supplement, Geology and ground-water features 
of salt springs in northern Harmon County, Oklahoma: US 
Geological Survey, Open-File Report 63-132, 14 p. [This is a 
supplement at the end of report by Ward (1963a)] https://pubs.
er.usgs.gov/publication/ofr63132

Ward, P.E., and Leonard, A.R., 1961, Hypothetical circulation of 
ground water around salt springs in western Oklahoma, Texas, 
and Kansas, in Geological Survey Research 1961: US Geolog-
ical Survey, Professional Paper 424-D, p. D150-D151. https://
pubs.usgs.gov/pp/0424d/report.pdf

Wright, J., Pearson, C., Kurt, E.T., and Watkins, J.W., 1957, Analy-
ses of brines from oil-productive formations in Oklahoma: US 
Bureau of Mines, Report of Investigations 5326, 71 p. https://
babel.hathitrust.org/cgi/pt?id=mdp.39015078541573&view=1u
p&seq=5 also available at

https://www.google.com/books/edition/Analyses_of_Brines_
from_Oil_productive_F/DC7WUndoJtsC?hl=en&gbpv=1&p-
g=PA1&printsec=frontcover

REFFERENCES CITED58

https://pubs.er.usgs.gov/publication/ofr63132
https://pubs.er.usgs.gov/publication/ofr63132
https://pubs.usgs.gov/pp/0424d/report.pdf
https://pubs.usgs.gov/pp/0424d/report.pdf
https://babel.hathitrust.org/cgi/pt?id=mdp.39015078541573&view=1up&seq=5
https://babel.hathitrust.org/cgi/pt?id=mdp.39015078541573&view=1up&seq=5
https://babel.hathitrust.org/cgi/pt?id=mdp.39015078541573&view=1up&seq=5
https://www.google.com/books/edition/Analyses_of_Brines_from_Oil_productive_F/DC7WUndoJtsC?hl=en&gbpv=1&pg=PA1&printsec=frontcover
https://www.google.com/books/edition/Analyses_of_Brines_from_Oil_productive_F/DC7WUndoJtsC?hl=en&gbpv=1&pg=PA1&printsec=frontcover
https://www.google.com/books/edition/Analyses_of_Brines_from_Oil_productive_F/DC7WUndoJtsC?hl=en&gbpv=1&pg=PA1&printsec=frontcover


59APPENDIX A: SOUTHARD CORE



60 APPENDIX A: SOUTHARD CORE (CONTINUED)



61APPENDIX A: SOUTHARD CORE (CONTINUED)



62 APPENDIX B. CHANEY CORE



63APPENDIX B. CHANEY CORE (CONTINUED)



64 APPENDIX B. CHANEY CORE (CONTINUED)



65APPENDIX C. CARTER CORE



APPENDIX C. CARTER CORE (CONTINUED)66




	ABSTRACT
	INTRODUCTION
	GENERAL GEOLOGIC SETTING 
	SUBSURFACE DISSOLUTION OF SALT 
	AMOUNT OF SALT EMITTED AT SALT PLAINS 
	CHEMISTRY OF BRINES EMITTED AT SALT PLAINS
	SALT PLAINS IN OKLAHOMA 
	Great Salt Plains 
	Surface Geology 
	Subsurface Salt Deposits 
	Brine Emissions 
	Hourglass-Selenite Crystals 
	Big Salt Plain and Little Salt Plain 
	Surface Geology 
	Subsurface Salt Deposits 
	Brine Emissions and Salt Production 
	Salt Creek Canyon Salt Plain 
	Surface geology 
	Subsurface Salt Deposits 
	Brine Emissions and Salt Production 
	Okeene Salt Plain 
	Surface Geology 
	Subsurface Salt Deposits 
	Brine Emissions 
	Drummond Flats Salt Plain 
	Surface Geology 
	Subsurface Salt Deposits 
	Brine Emissions 
	Boggy Creek Salt Plain 
	Surface Geology 
	Subsurface Salt Deposits 
	Brine Emissions and Salt Production 
	Salton (Chaney), Robinson, and Kiser Salt Plains 
	Surface Geology 
	Subsurface Salt Deposits 
	Brine Emissions and Salt Production 
	Sandy Creek Salt Plain 
	Surface Geology 
	Subsurface Salt Deposits 
	Brine Emissions 
	DISTINGUISHING SALT-DISSOLUTION BRINES FROM OIL-FIELD BRINES 
	Sodium-Chloride Ratio (Na/Cl) 
	Calcium-Sulfate Ratio (Ca/SO4) 
	Bromide-Chloride and Iodide-Chloride Ratios (Br/Cl and I/Cl) 
	Mixing of Oil-Field Brine with Salt-Dissolution Brine? 
	SUMMARY AND CONCLUSIONS 
	REFFERENCES CITED 
	APPENDIX A: Southard Core
	APPENDIX B. Chaney Core
	APPENDIX C. Carter Core
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16
	Figure 17
	Figure 18
	Figure 19
	Figure 20
	Figure 21
	Figure 22
	Figure 23
	Figure 24
	Figure 25
	Figure 26
	Figure 27
	Figure 28
	Figure 29
	Figure 30
	Figure 31
	Figure 32
	Figure 33
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Table 7
	Table 8
	Table 9
	Table 10
	Table 11
	Table 12
	Table 13

