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Preface and Acknowledgments

The Forum on the Geology of Industrial Minerals is
an annual meeting during which representatives of in-
dustry, government, and universities discuss the prob-
lems of geology, exploration, evaluation, and production
of our important industrial minerals (stone, sand, clay,
cement, gypsum, salt, and other nonmetallic rocks and
minerals). Each year the Forum is held in a different
state or province, and in 1998 Oklahoma was privileged
to host the 34th Forum. The meeeting was attended by
a total of 177 people from the United States, Canada,
England, Chile, Greece, and Turkey.

The 34th Forum was organized and supported by the
following agencies and individuals:

Oklahoma Geological Survey
Charles J. Mankin, Director

U.S. Geological Survey
Aldo F. Barsotti, Chief
Industrial Minerals Section

Oklahoma Department of Mines
Mary Ann Pritchard, Director

Oklahoma Mining Commission
J. Welton Kelley, Chairman

The following companies and agencies provided ad-
ditional financial support as co-sponsors of the 34th
Forum:

Activation Laboratories, Ltd.
Bureau of Indian Affairs, Division of Energy and Minerals
Dolese Bros. Co.
Industrial Minerals Information, Ltd.
Kansas Geological Survey
Material Producers, Inc.

McCabe Industrial Minerals, Inc.
Meridian Aggregates Co. (a Limited Partnership)
New Mexico Bureau of Mines and Mineral Resources
New Mexico Geological Society
Republic Gypsum Co.

Unimin Corp.

U.S. Gypsum Corp.

U.S. Silica Co.

It was because of the generous contributions and sup-
port of all the organizers and co-sponsors listed above
that we were able to provide such an excellent program
and amenities for the attendees.

Appreciation also is expressed to the Forum Steering
Committee for 1997-1998, and the 34th (Oklahoma)
Forum Planning Committee, listed below:

Forum Steering Committee, 1997-1998
Richard B. Berg, Chair  (1996-1998)

Robert Ganis (1997-1999)
Stan D. Bearden (1998-2000)
Kenneth S. Johnson (1998 host)

34th (Oklahoma) Forum Planning Committee

Kenneth S. Johnson General Chair
LeRoy A. Hemish Posters
Michelle J. Summers Registration
Tammie K. Creel Registration
Judy A. Schmidt Registration
Connie G. Smith Publicity

Betty D. Bellis Guest Program
Dorothea J. Johnson Guest Program

Technical sessions for the 34th Forum were held in
Norman, Oklahoma, at the Oklahoma Center for Con-
tinuing Education on the campus of The University of
Oklahoma. A one-day, pre-Forum field trip was con-
ducted in the Arbuckle Mountains, where participants
examined the following: (1) high-purity silica sand (Or-
dovician Oil Creek Formation), operated by U.S. Silica
Co. (Edwin Lips, Manager) north of Mill Creek; (2) gran-
ite with diabase dikes (Precambrian Troy Granite),
mined for railroad ballast by Meridian Aggregates Co.
(Joel Livingston) south of Mill Creek; (3) high-purity do-
lomite (Cambrian Royer Dolomite), mined by Unimin
Corp. (David Rush) south of Mill Creek; and (4) display of
Acrocanthosaurus atokensis (an enormous, Late Creta-
ceous meat-eating dinosaur), at Goddard Youth Camp
(Wayne Edgar) south of Sulphur.

In addition, a two-day, post-Forum field trip to north-
west Oklahoma focused on evaporite deposits and brines
at the following sites: (1) high-purity gypsum (Permian
Blaine Formation), mined for wallboard and plaster
manufacture by U.S. Gypsum Co. (Bill Weber and Roger
Sharpe) at Southard; (2) high-purity gypsum and anhy-
drite (Permian Blaine Formation), mined for surface
material on dirt roads by Western Plains Material Co.
(Richard Shore) south of Bouce Junction; (3) iodine-rich
brines (pumped from Pennsylvanian Morrow sands,
7,000 ft deep), produced as source of iodine by Woodward
Iodine Co. (Bill Gerber) north of Woodward; (4) solar salt
(brine pumped from Permian Flowerpot salt, 50-150 ft
deep), produced for water softeners and agricultural
products by Cargill Salt Co. (Greg Joachims) west of
Freedom; (5) a visit to Alabaster Caverns State Park
(Permian Blaine Formation), south of Freedom; and (6)
collect hourglass-selenite crystals (formed in Recent allu-
vium by evaporation of brine flowing from underlying
Permian red beds and evaporites), at Great Salt Plains
National Wildlife Refuge east of Cherokee.

We are indebted to the many authors and co-authors
who presented talks and posters at the Forum. Of the 32
talks and 18 posters presented during the Forum in Okla-
homa, a total of 45 papers and 5 abstracts have been con-
tributed to this proceedings volume.

Technical editing of this volume was done by Thomas
W. Henry, Lakewood, Colorado; layout and production was
done by Sandra Rush, Denver, Colorado.

A hearty “thanx!” is extended to all the contributors
mentioned above, for it is through their generosity and
efforts that the 34th Forum was so successful.

KENNETH S. JOHNSON
General Chair, 34th Forum

iii



Annual Meetings of the Forum on the
Geology of Industrial Minerals

Ist
2nd
3rd
4th
5th
6th
7th
8th
9th
10th

11th
12th
13th
14th
15th
16th
17th
18th
19th
20th

21st

22nd
23rd
24th
25th
26th
27th
28th
29th
30th

31st

32nd
33rd
34th
35th
36th
37th
38th

1965
1966
1967
1968
1969
1970
1971
1972
1973
1974

1975
1976
1977
1978
1979
1980
1981
1982
1983
1984

1985
1986
1987
1988
1989
1990
1991
1992
1993
1994

1995
1996
1997
1998
1999
2000
2001
2002

Columbus, Ohio
Bloomington, Indiana
Lawrence, Kansas
Austin, Texas
Harrisburg, Pennsylvania
Ann Arbor, Michigan
Tampa, Florida

Iowa City, Iowa

Paducah, Kentucky
Columbus, Ohio

Kalispell, Montana
Atlanta, Georgia

Norman, Oklahoma
Albany, New York
Golden, Colorado

St. Louis, Missouri
Albuquerque, New Mexico
Bloomington, Indiana
Toronto, Ontario, Canada
Baltimore, Maryland

Tucson, Arizona

Little Rock, Arkansas
North Aurora, Illinois
Greenville, South Carolina
Portland, Oregon
Charlottesville, Virginia
Banff, Alberta, Canada
Martinsburg, West Virginia
Long Beach, California

Fredericton, New Brunswick/
Halifax, Nova Scotia, Canada

El Paso, Texas

Laramie, Wyoming

Quebec City, Quebec, Canada
Norman, Oklahoma

Salt Lake City, Utah

Bath, England

Victoria, British Columbia, Canada
St. Louis, Missouri

iv



iii

CONTENTS

Preface and Acknowledgments

iv  Annual Meetings of the Forum on the Geology of Industrial Minerals
OKLAHOMA
1 Geology and Industrial-Mineral Resources of Oklahoma
Kenneth S. Johnson
13 Origin of High-Purity Simpson Sands in the Arbuckle Mountains
Rodger E. Denison
19 Economic Geochemistry of Industrial Minerals in the Arbuckle Mountains, Oklahoma
Robert L. Neman
25 Exposed Basement Rock of Oklahoma: Geology and Economic Use
M. Charles Gilbert and Rodger E. Denison
37 Quantitative Models for Aggregate: Some Types and Examples from Oklahoma Carbonate Rocks
James D. Bliss
47 Evaluation of the Croweburg Coal Underclay for Possible Commercial Utilization
Kenneth V. Luza and LeRoy A. Hemish
57 Oklahoma’s Gypsum Resources—An Overview of Geology and Manufacturing of Value-Added
Products
Roger D. Sharpe and William A. Schroeder
69 Solar-Salt Production in Northwest Oklahoma -
Greg Joachims
73 Iodine Geology and Extraction in Northwestern Oklahoma
Kenneth S. Johnson and William R. Gerber
81 Industrial Minerals and Regulatory Requirements in Oklahoma
Steven Johnson and Douglas Schooley
ARKANSAS
85 Geology of Crushed-Stone Aggregate Resources in Arkansas
Stephen W. Kline
95 Summary of USDA Forest Service Assessment of Minerals, Geology, and Mining within the
Ozark-Ouachita Highlands Assessment Area, Arkansas, Missouri, and Oklahoma
John C. Nichols
97 Summary of the 1990s Exploration and Testing of the Prairie Creek Diamond-Bearing
Lamproite Complex, Pike County, Arkansas
J. Michael Howard
105 Celestine (Celestite) in Southwest Arkansas
William D. Hanson and Robert B. McElwaine
KANSAS
111 Development, General Geology, and Economic Resources of the Kansas River Corridor
David A. Grisafe and James R. McCauley
119 Industrial Uses of Lamproite from Silver City Dome, Woodson and Wilson Counties, Kansas

Pieter Berendsen



COLORADO AND WYOMING

125 Defining Models and Measuring Aggregate Quality for Gravel Deposits of the Front Range
Urban Corridor, Colorado

David A. Lindsey and William H. Langer

139 A GIS and Decision-Support-System Demonstration of Aggregate Maps and Data for the
Front Range Infrastructure Resources Project Area
William H. Langer, David A. Lindsey, Daniel H. Knepper, Jr., and Brenda G. Faber

147 Geophysics in Exploration for Sand and Gravel
Karl J. Ellefsen, Jeffery E. Lucius, and David V. Fitterman

151 Processing Remotely Sensed Data for Industrial-Mineral Prospecting
K. Eric Livo and Daniel H. Knepper, Jr.

153 Development of Silica-Sand Resources of Wyoming
Ray E. Harris
GULF OF MEXICO

161 Industrial-Mineral Resources Associated with Salt Domes, Gulf of Mexico Basin, U.S.A.
J. Richard Kyle

179 Development of a Multimedia Tutorial for Gulf Coast Salt-Dome Geology and Mineral Resources
Stephen Leslie and J. Richard Kyle
OTHER STATES

181 Variations in New Mexico Concrete through Time
Kristen E. Coose and George S. Austin

189 Raw Material in Cement Manufacture in California
Dinah O. Shumway

197 Adobe/Earthen Construction on the Northern Plains: Empowering Standing Rock Sioux
Housing Choices
David A. Holmes and David Archambault

209 Update on By-Product Resources in Virgina
Palmer C. Sweet

219 Coastal Plain Mineral Resources of Georgia: Environments of Deposition
Mark D. Cocker

299 Nonmetallic Mineral Resources of Wisconsin
Bruce A. Brown
UNITED STATES AND GENERAL TOPICS

235 An Overview of the Status of Industrial Minerals in the United States
Aldo F. Barsotti

951 Economic Evaluation of Industrial Minerals on Federal Lands
Andrew J. Regis

955 Advances in Topographic Mapping of Industrial Minerals
Thomas E. Newman

263 Design Approaches in Quarrying and Pit-Mining Reclamation
Belinda F. Arbogast

973 Use of Limestone Resources in Flue-Gas Desulfurization Power Plants in the Ohio River Valley
Michael P. Foose and Aldo F. Barsotti



279 Scenic Mines, Spectacular Geology, and Scenery Observed on Forum Field Trips

Otis M. Clarke, Jr.

MARKETING AND TRANSPORATION

281

297

301

What Geologists (and Perhaps Others) Should Know About Marketing Industrial Minerals,
Rocks, and Materials '
James M. Barker, George S. Austin, and Ken Santini

Niche Marketing of Industrial Minerals: An Oklahoma Company’s 22-Year History
Henry F. McCabe and Verne L. McCabe

Transloading: A Case Study of the Tucker Hill Perlite Project and Its Transloading Terminal
Charles N. Speltz

INTERNATIONAL

309

313

319

329

337

341

347

Industrial Minerals of Saskatchewan
Lynn I. Kelley

The Application of Airborne Electromagnetics and Ground Geophysics to the Detection of
Buried Gravel Deposits
Greg Hodges and Michael Latoski

Industrial Minerals in the Caribbean
Peter W. Scott and Trevor A. Jackson

Investment Opportunities in Industrial Minerals for Small- to Medium-Scale Operations in
Chile
Anibal Gajardo

Recent Data Regarding the Genesis and Formation of Sulfur Deposits around Isparta Region,
Turkey
Mustafa Kumral and Atasever Gedikoglu

Albite Occurrences and Their Economic Significance in the Mugla-Milas Region, Southwestern
Anatolia, Turkey
Murat Budakoglu and Fikret Suner

Formation of the Cryptocrystalline Magnesite Ores within the Yaylacik (Travsanli-Turkey)
Ophiolite Sequence and Its Industrial Use
Numan Elmas, Ahmet Celenli, and Fikret Suner

PRESENTATIONS AS ABSTRACTS ONLY

353

3564

355

356

357

359

Nepheline Syenite Resources of Central Arkansas
Angela K. Braden

A Mineralogical, Stratigraphic, and Geochemical Profile of Trona Bed 17 in the Solvay Trona
Mine near Green River, Wyoming
Paul L. Boni and William W. Atkinson, Jr.

Flue Gas Desulfurization (FGD) Scrubber Stone in Indiana
Nelson R. Shaffer and Robert Sadowski

A Rapid, Inexpensive, Nondestructive Technique to Assess Building-Stone Stains
Nelson R. Shaffer and Tracy D. Branam

Mining of Aggregates in Oklahoma
Andrew S. Lain

APPENDIX: List of Forum Participants and Attendees



Oklahoma Geological Survey Circular 102, 1999

Geology and Industrial-Mineral Resources of Oklahoma

Kenneth S. Johnson

Oklahoma Geological Survey
Norman, Oklahoma

GEOLOGY OF OKLAHOMA

Oklahoma is a region of complex geology where
a mobile belt of Paleozoic geosynclines and uplifts on
the south abuts against the margin of the North Ameri-
can craton to the north. The state contains many
classic areas where fundamental concepts of sedimen-
tation, stratigraphy, structural geology, historical
geology, mineral investigation, and petroleum explora-
tion have been formulated through the years. In the
southern Oklahoma mountain belts, there are exposed
a great variety of igneous and sedimentary rock units
seen at few other places in the Midcontinent area.

Major geologic provinces of Oklahoma (Fig. 1) in-
clude: (1) the cratonic and relatively stable northern
shelf areas, including the Ozark uplift; (2) the Ouachita
geosyncline (now the Ouachita Mountain belt) and as-
sociated Arkoma basin in the southeast; and (3) the
southern Oklahoma aulacogen (geosyncline), compris-
ing the area of Anadarko, Ardmore, Marietta, and
Hollis basins, as well as the Arbuckle and Wichita
Mountain uplifts. The three principal fold belts, the
Ouachitas, Arbuckles, and Wichitas, all originated
from a series of Pennsylvanian orogenies (about 300
million years ago) in the two Paleozoic geosynclines.

Most of the outcropping rocks in Oklahoma are of
sedimentary origin, and most of these units are of Pa-
leozoic age (Fig. 2, map). The thickness of Paleozoic
section ranges from 2,000 to 10,000 ft in cratonic shelf
areas of the north, and is 30,000-40,000 ft in deep ba-
sins of the south (Fig. 2, cross sections). Sedimentary
rocks overlie a basement of Precambrian to Middle
Cambrian igneous rocks, Precambrian metamorphic
rocks, and mildly metamorphosed Precambrian sedi-
mentary rocks. Limestone and dolomite make up
most of the Upper Cambrian to Lower Mississippian
strata and attest the early and middle Paleozoic crustal
stability in most of Oklahoma prior to the Pennsylva-
nian episodes of mountain building. Thick units of
shale and sandstone predominate in the Upper Missis-
sippian and Pennsylvanian sequence. Permian sedi-
ments are characterized by red-bed shale and sand-
stone, with interbedded gypsum and salt. Triassic,
Jurassic, and Tertiary deposits are mostly thin units
of conglomerate, sandstone, and shale; Cretaceous
deposits are similar but also include limestone
units.

Oklahoma’s three mountain regions have been the
subject of much study. The Arbuckle Mountains in
south-central Oklahoma make up an area of low to
moderate hills containing 15,000 ft of folded and
faulted sedimentary rocks ranging in age from the Late
Cambrian to the Pennsylvanian. About 80% of these
sedimentary rocks are limestones and dolomites, and
the remainder are shales and sandstones. Rocks in this
part of the southern Oklahoma aulacogen were thrust

-upward and were folded and faulted during several

mountain-building episodes during the Pennsylvanian
Period. The sedimentary cover has been eroded from
the underlying Precambrian granites and gneissesin a
150-mi? area in the southeastern part of the Arbuckle
Mountains, making this the largest exposure of Pre-
cambrian rocks in the state. The Arbuckles contain the
most diverse suite of mineral resources in Oklahoma—
limestone, dolomite, glass sand, granite, sand and
gravel, shale, cement, iron ore, lead, zinc, tar sands,
and oil and gas. All of these minerals are or have been
produced commercially.

In the Wichita Mountains of southwestern Okla-
homa, granite, rhyolite, and gabbro are the dominant
outcropping rocks. These igneous rocks are of Middle
and possibly Early Cambrian age and are flanked by
scattered outecrops of Late Cambrian and Ordovician
limestones and dolomites like those of the Arbuckle
Mountains. The Wichita fault blocks were thrust up-
ward and slightly northward during several Pennsylva-
nian uplifts, at which time the cover of pre-Pennsylva-
nian rocks was eroded. The exposed igneous rocks now
form hills and mountains that rise 500—1,000 ft above
a surrounding plain of Permian red beds. The Wichita
Mountains have been mined for granite, rhyolite, gab-
bro, limestone, and sand and gravel. They have been
prospected (with only limited success) for kaolin, mont-
morillonite, gold, silver, copper, lead, zinc, aluminum,
titanium, and iron ores. Oil and gas have been pro-
duced from sedimentary rocks that surround the moun-
tain area.

The Ouachita (pronounced “Wa’-she-tah”) Moun-
tains of southeastern Oklahoma and western Arkansas
make up an arcuate belt of forested mountain ridges
and subparallel valleys. Rocks making up the Ouachi-
tas are mostly thick units of Upper Cambrian through
Lower Pennsylvanian deep-water sandstones and
shales, with lesser amounts of chert and novaculite (a

Johnson, K. S., 1999, Geology and industrial-mineral resources of Oklahoma, in Johnson, K. S. (ed.), Proceedings of the 34th
forum on the geology of industrial minerals, 1998: Oklahoma Geological Survey Circular 102, p. 1-12.
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Figure 1. Major geologic p

fine-grained, light-colored silica rock, similar to flint).
These strata, deposited in a geosyncline, have an aggre-
gate thickness in excess of 40,000 ft. The area was then
folded and faulted during the Pennsylvanian, produc-
ing a series of broad anticlines and synclines, and a
number of major thrust faults with as much as 50 mi of
northward displacement. Resistant beds of sandstone,
chert, and novaculite now form long, sinuous mountain
ridges that tower 500—1,500 ft above adjacent valleys
formed in easily eroded shales. Mineral resources that
are, or have been, produced in the Ouachitas include
limestone, quartzite, sand and gravel, asphaltite, cop-
per, lead, and oil and gas.

Outcropping Paleozoic rocks outside the mountain
regions are essentially horizontal, with dips of 10-50 ft
per mile being most common. Eastern Oklahoma Pa-
leozoic rocks are chiefly Mississippian limestones and
cherts in the Ozark uplift and Pennsylvanian sand-
stones, limestones, and shales elsewhere. In western
Oklahoma, Paleozoic rocks are mainly red beds and
evaporites (gypsunm/anhydrite and salt). All these Pa-
leozoic strata typically form gently rolling hills and
plains, although the thick shale units form broad, flat
plains and valleys. In places, resistant sandstones and
limestones cap cuestas and hills 100-500 ft high. Bad-
lands, sinkholes, and caves are common in the gypsum-
hill regions of western Oklahoma, and deeply dissected
cavernous limestones and cherts are typical of the
Ozark uplift in the northeast. Surface rocks dip to the
west across northeastern and central Oklahoma and
dip toward the axes of sedimentary basins in other
parts of the state. Minerals produced from Paleozoic
strata outside the mountain regions are quite diverse;
they include limestone, dolomite, sandstone, shale,
gypsum, salt, building stone, sand and gravel, tripoli,

i AL pL4//V
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rovinces of Oklahoma.

iodine, asphalt, chat, lead and zinc (the Tri-State Dis-
trict), copper, coal, and oil and gas.

Cretaceous strata of the Gulf Coastal Plain in the
southeast generally consist of loose sands, gravels,
limestones, and clays that dip gently southward toward
the Gulf of Mexico. The sediments are only slightly
dissected by streams, and they commonly form gently
rolling hills and plains. Minerals produced from Creta-
ceous strata are limestone and sand and gravel.

Tertiary deposits in the west are loose sands, grav-
els, and clays deposited by ancient streams and rivers
draining the Rocky Mountains. They now constitute a
featureless, flat upland surface, which is part of the
High Plains. Tertiary mineral deposits include sand
and gravel, clays, and limestone (caliche).

Quaternary sediments are chiefly unconsolidated
sand, silt, clay, and gravel deposited by Pleistocene and
Holocene rivers and lakes; typically they are 25-100 ft
thick. Mineral resources being mined are extensive
deposits of sand and gravel and scattered accumula-
tions of volcanic ash derived from volcanoes in western
United States.

Our knowledge of Oklahoma geology has come about
largely through intensive investigations of the state’s
petroleum and nonpetroleum mineral resources, and
through the cooperative exchange of information by all
agencies and companies interested in construction and
earth materials. The drilling of more than 500,000
wells in search of oil and gas (a statewide average of
seven wells per mi?!) has provided basic data in all geo-
logic provinces. Although Oklahoma is well known as
an oil state, its nonpetroleum resources (limestone,
clay, coal, gypsum, salt, etc.) represent a vast mineral
reserve needed for future industrial development and
construction.
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Figure 2. Generalized geologic map and cross sections of Oklahoma.

INDUSTRIAL MINERALS OF OKLAHOMA

Industrial minerals (which are the nonfuel, nonme-
tallic minerals that have potential for economic use)
are widely distributed in Oklahoma (Fig. 3), and many
of them are being mined for local, regional, and na-
tional markets. Numerous and varied industrial-min-
eral industries are active in 69 of Oklahoma’s 77 coun-
ties. Although such activity is widespread in the state,

some of the most important regions are the Wichita,
Arbuckle, and Ouachita Mountain uplifts in the south,
and the Ozark uplift in the northeast (Figs. 1-3); itis in
these areas that some of the state’s unique rock and
mineral deposits have been uplifted and are now ex-
posed at the land surface. For one such important re-
gion, Neman (1999, this publication) describes the
character and uses of some of the major industrial-min-
eral resources in the Arbuckle Mountains.
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Crushed-stone and building-stone resources include As an aid to present and future mining operators in
limestone, dolomite, granite, and rhyolite; other major Oklahoma, a symposium was held in 1992 to document
construction resources are cement (inade from lime- the resource base, rules, regulations, and environmen-

stone and shale) and the extensive sand and gravel  tal issues related to wise development of Oklahoma’s
deposits along modern and ancient river ways. Glass  industrial minerals. The resulting publication (John-
sand (a high-purity silica sand) is used for glass mak- son, 1993a) presented the major factors involved in
ing, foundry sands, ceramics, and abrasives. Enormous starting up and operating an industrial-mineral mine;
resources of gypsum in the western part of the state are  these factors include exploration, leasing, permits,
mined for wallboard, for plaster, as retarder in portland quality control, transportation, marketing, inspections,
cement, and as soil conditioner. Thick layers of rock  water quality, wetlands, air quality, reclamation, and
salt underlie most of western Oklahoma, and natural  future developments. A further discussion of the regu-
springs emit high-salinity brine to the several salt latory requirements for mining industrial minerals in
plains. Oklahoma iodine, produced from deep-subsur-  Oklahoma is given by Johnson and Schooley (1999, this

face brines in the northwest, is the nation’s sole domes-  publication).

tic supply. Other important industrial minerals in The remainder of this report, modified from Johnson
Oklahoma include clays and shales (to make brick and  (1993b), is a description of the state’s industrial miner-
tile), and tripoli and volcanic ash (abrasive and/or ab-  als, arranged alphabetically. Many of the data are
sorbent materials). Gemstone production includes  based upon reports by Johnson (1969a, 1977), Morris
freshwater mussel shells and freshwater pearls. (1982), and the Oklahoma Department of Mines (1994);

The total value of industrial-mineral production in the reader is referred to these reports, as well as other
Oklahoma during 1997 was $386 million (Table 1),  reports that are referenced separately for several of the
and the state ranked 32nd in the nation. Leading  commodities. The many companies that mine Okla-
nonfuel commodities during 1997 were portland and  homa’s mineral resources are listed in a “Directory of
masonry cement ($138 million), crushed stone ($112 Oklahoma Mining Industry” (Arndt and Springer,
million), sand and gravel ($29 million), glass sand ($28 1993), and maps from that report are reproduced here
million), iodine ($20 million), and gypsum ($17 million)  (Figs. 4-7) to show the number of mining operations for
(Table 1). various commodities in each county during 1993.
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Table 1.—Industrial-Mineral Production in Oklahoma?
(thousand metric tons and thousand dollars unless otherwise specified)

1995 1996 1997
Mineral Quantity Value Quantity Value Quantity Value

Cement:

Masonry 95 $7,248 101 $8,8490 89 $6,499P

Portland 1,740 110,096 1,745 117,591b 1,898 131,530°
Clays

Common 674 3,579 799 4,090 653 4,426

Fire — — 23 w — —
Gemstones NA w NA 603 NA 354
Gypsum, crude 2,831 17,003 2,694 16,549 3,099 17,484
Iodine, crude (metric tons) 1,207 12,466 1,274 14,617 1,321 19,640
Sand and gravel:

Construction 7,800 25,107 7,905 27,686 8,254 28,999

Industrial 1,249 25,363 1,349 27,189 1,379 28,231
Stone:

Crushed® 31,053 124,784 28,330 117,366 31,871 112,056

Dimension (metric tons) 9,172¢ 2,354¢ 9,710 2,220 5,773 995
Combined value of feldspar, helium (crude,

Grade-A [1996-97]), lime, salt, stone

(crushed shell and traprock [1995-96],

crushed shell, traprock, and mise. [1997],

dimension quartzite and sandstone

[1995]), tripoli, and values indicated by

symbol W XX 28,676 XX 32,339 XX 35,817

Total XX $356,676 XX $369,099 XX $386,031

Source: U.S. Geological Survey.
Dashes (—) indicate that no production was reported.
NA = Not available.

W =Withheld to avoid disclosing company proprietary data; value included with “Combined value” data.

XX = Not applicable.

aProduction as measured by mine shipments, sales, or marketable production (including consumption by producers). Data are rounded to three significant

digits; may not add to totals shown.
bEstimated.
¢Excludes certain stones; kind and value included with “Combined value” figure.

Asphalt

Asphalt is an oil-based commodity, but, because it
has been used mainly as a road-surfacing and tar ma-
terial in Oklahoma, it is considered herein as a nonfuel
mineral resource. Asphalt forms where crude oil mi-
grates upward near the land surface. There, the lighter
hydrocarbons evaporate, leaving a thicker, heavy resi-
due that impregnates the rocks as rock asphalt or that
fills voids as a tar-like substance called asphaltite.

The major sources of rock asphalt and asphaltite are
in sedimentary rocks in and around the Arbuckle and
Ouachita Mountains of southern Oklahoma (Jordan,
1964). Additional smaller deposits occur in sedimen-
tary rocks surrounding the Wichita Mountains and in
northeastern Oklahoma. From the state’s large re-
sources, about 3 million tons of asphalt were produced
between 1891 and 1960, chiefly from asphaltic sand-
stones and limestones in the Sulphur and Dougherty
districts of the Arbuckle Mountains. Principal mines
for asphaltite were operated near Page, Sardis, and
Jumbo in the Ouachita Mountains; these shaft mines
and surface mines operated between 1890 and 1916.

Most of the rock asphalt mined in Oklahoma was
used as paving material for roads in Oklahoma and
adjacent states. Petroleum refineries now produce the
large quantities of asphaltic material needed for road
construction and maintenance, and all natural-rock-
asphalt quarries currently are inactive. Asphaltite was
used mainly in making roofing pitch, paints, varnishes,
rubber substitutes, and electrical-wire insulation. Fu-
ture demands for asphaltic materials and/or heavy oils
can readily be satisfied by the vast resources that re-
main in the state.

Cement

Raw materials for the manufacture of portland
cement and masonry cement are limestone and
clay or shale. Oklahoma has an abundance of both
these resources, and they are discussed separately
elsewhere in this report. Three cement plants currently
are operating, one each in Mayes, Pontotoc, and
Rogers Counties. Production in 1997 was 2.0 million
metric tons, with a value estimated at $138 million
(Table 1).
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Figure 5. Number of bentonite, gypsum, iodine, iron ore, salt, tripoli, and volcanic-ash operations in each of Oklahoma'’s coun-

ties in 1993 (from Arndt and Springer, 1993).

Chat

Chat, which consists of crushed limestone, dolomite,
and chert, was produced as a waste by-product of min-
ing and milling of lead/zinc ores in the world-famous
Tri-State District of northeastern Oklahoma. The ma-
terial, which now exists in large piles in the Miami-
Picher area of Ottawa County, has been used as road

metal, railroad ballast, concrete aggregate, and rock
fill.

Chemical Raw Materials

Oklahoma has vast resources of certain high-purity
minerals suitable as raw materials for various chemical
industries (Johnson, 1969b). Major deposits of Jime-
stone, dolomite, and glass sand are in the south-central
and eastern parts of the state, whereas gypsum and
salt are widespread in the west; these individual re-
sources are discussed elsewhere in this report. The
abundance and purity of these minerals should enable
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Figure 7. Number of stone quarries in each of Oklahoma’s counties in 1993 (from Arndt and Springer, 1993).

manufacture of caustic soda, soda ash, chlorine, sulfur,  red brick and tile products are widely distributed
sulfuric acid, lime, sodium silicate, and other chemical  (Fig. 4). Light-firing clays, low-grade refractory clays,
products. Oil, natural gas, and water, needed in the  and clays suitable for making pottery are present at
manufacture of these chemical products, are plentiful ~ a few localities, and clay suitable for making light-
in most parts of the state, and bituminous coal is abun- ~ weight aggregate is common in the eastern portion of
dant in eastern Oklahoma. the state.
Most of the shale deposits in Oklahoma contain illite
Clay and Shale as the dominant clay mineral, and the illite is associ-
Clay and shale are present in almost every county in  ated with varying mixtures of clay-sized quartz and
Oklahoma, and deposits suitable for manufacture of  other clay minerals. Chlorite, kaolinite, montmorillon-
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ite, and mixed-layer clays generally are less important,
although each of these clays is predominant in certain
localities. In addition to these common shales, there are
several types of specialty clays in parts of Oklahoma:
small to moderate-sized deposits of bentonitic clay
(montmorillonite) are associated with, and altered
from, volcanic ash, mainly in northwestern Oklahoma.
Recent reports on clays and shales in Oklahoma are by
Bellis (1972) and Johnson and others (1980). In addi-
tion, Luza and Hemish (1999, this publication) have
described the characteristics and potential uses of the
Croweburg coal underclays in the eastern Oklahoma
coal field.

Shale has been an important part of the construction
industry in Oklahoma since before statehood. More
than 120 brick plants have operated since 1888, with
most of them being in the central part of the state (Mor-
ris, 1982). Also, shale is one of the major ingredients at
the three cement factories now operating in the state.
In 1993, 21 companies were producing clay and shale in
many different parts of Oklahoma (Oklahoma Depart-
ment of Mines, 1994), and in 1997 the state produced
653,000 metric tons of clay and shale valued at about
$4.4 million (Table 1).

Dimension Stone

Oklahoma has a variety of sandstones, limestones,
dolomites, and granites suitable for building and orna-
mental purposes, and native stone has been used
extensively in residence and building construction.
The quality of some sandstones in eastern Oklahoma
and of oolitic limestone in southern Oklahoma com-
pares favorably with any in the nation, and several of
the limestones and dolomites have unusual beauty

"and texture. The various types of dimension stone
are discussed further in this report under the rock
names. In 1997, Oklahoma produced about 5,773 met-
ric tons of dimension stone, valued at about $1.0 mil-
Lion (Table 1).

Dolomite

Large resources of high-purity Cambrian dolomite
are present in the Arbuckle Mountains (Ham, 1949);
the stone is quarried for high-purity material at one
site and is quarried for crushed stone at two other sites
in the Arbuckle Mountain region (Fig. 7). The high-
purity Royer Dolomite is about 500 ft thick in the area,
and other dolomite units are also 400-500 ft thick.
Smaller deposits or thinner beds, generally of lower
purity, are known in the Wichita Mountains, in Dela-
ware and Osage Counties, and in widely scattered Per-
mian outcrops of western Oklahoma; several of these
deposits are worked for dimension stone and/or for
crushed stone.

Current and potential uses of dolomite are for flux-
ing stone, glass manufacture, refractories, dolomitic
lime, magnesium metal, fertilizers, feeds, and as a soil
conditioner. Quantity and value of current production
are included within the estimates for crushed and di-
mension stone (Table 1).

Gemstones

Gemstone production consists of the harvesting of
freshwater mussel shells from lakes and rivers, chiefly
in eastern Oklahoma. The shells then are cut up and
rounded, and the shell pellets are implanted in oysters
for creating cultured pearls. Small quantities of fresh-
water pearls are also recovered from the mussels, but
these are only a minor by-product of the shell produc-
tion. Three firms are currently buying freshwater mus-
sels from independent divers in Oklahoma, and almost
all the shell material is being exported to Japan. The
value of freshwater mussel shells and pearls harvested
in 1997 was $354,000 (Table 1).

Although there are about 300 species of freshwater
mussels, only about 15-20 are suitable for use as shell
pellets for implanting. Also, about 100 species are al-
ready declared endangered species, or are proposed for
such a listing. Thus, great care must be exercised in
harvesting shells. Licensing of divers and shell buyers
is carried out by the Oklahoma Wildlife Conservation
Department.

Glass Sand

Large deposits of high-purity silica sand (Ordovician
Simpson Group) are worked at two places (Johnston
and Pontotoc Counties) in the Arbuckle Mountains re-
gion (Ham, 1945), with plant-run sands containing
99.8% silica and normally only 0.01-0.03% iron oxide.
The origin of these multicycle sands that have under-
gone eolian transport is described by Denison (1999,
this publication). Ordovician sand almost as pure is
present in northeastern Oklahoma, and scattered expo-
sures of Cretaceous sands with 98.5-99.5% silica are
reported south and east of the Arbuckles. Alluvial sand
from the Arkansas River is being specially treated in
Muskogee County to produce a high-purity feldspathic
sand for glass manufacture. The processed sand in-
cludes about 75% quartz (silica), about 25% feldspar,
and less than 0.04% iron oxide. In 1997, Oklahoma’s
production of glass sand (reported as industrial sand in
Table 1) was 1.38 million metric tons, with a value of
about $28 million.

A number of glass-manufacturing plants in eastern
and central Oklahoma produce a variety of glass prod-
ucts, including bottles, jars, window panes, tumblers,
tableware, and pyrex glass. Sand also is shipped from
the state for glass making, foundry sands, ceramics,
and the manufacture of sodium silicate. One glass-sand
plant produces ground silica for use in ceramics and
abrasives and as an inert filler.

Granite

Granite and similar igneous or metamorphic rocks of
the Wichita and Arbuckle Mountains of southern Okla-
homa (Figs. 1,3) are extensively produced as dimension
stone for the monument and building trades; crushed
granite and rhyolite are also produced, mainly for rail-
road ballast (stone in the railroad bed) and intermit-
tently for aggregate and rip-rap. Granite and similar
rocks in Oklahoma are Precambrian and Cambrian in
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age. Colors are red, pink, gray, and black, and the tex-
tures range from fine to coarse crystalline. The charac-
ter and uses of granite and rhyolite in Oklahoma re-
cently have been described by Gilbert and Denison
(1999, this publication).

At present, eight companies are regularly producing
granite and rhyolite from quarries in Greer, Kiowa,
Jackson, Johnston, and Murray Counties (Fig. 7), and
the state produced about 3.6 million short tons of gran-
ite and rhyolite in 1993 (Oklahoma Department of
Mines, 1994). The major production (2.7 million tons)
was from Johnston and Murray Counties, where gran-
ite and rhyolite are being quarried for railroad ballast.
The value of granite and rhyolite production is divided
among several categories (dimension stone and crushed
stone) in Table 1.

Gypsum

Enormous resources of high-purity Permian gypsum
crop out in western Oklahoma (Fig. 3). The gypsum
beds of the Blaine Formation are 5-30 ft thick and 95—
99% pure in the northwest and southwest, and the
Cloud Chief gypsum of Washita and Caddo Counties is
25-100 ft thick and 92-97% pure. Anhydrite crops out
only locally, but is present underground where overbur-
den 1s 25-100 ft, or more.

Total gypsum resources in Oklahoma are estimated
at 48 billion short tons (Johnson, 1978). These re-
sources are well suited for open-pit mining or quarry-
ing, because gypsum typically forms hills in the semi-
arid climate of western Oklahoma, and the gypsum
layers are nearly flat lying, without folds or faults.
Sharpe and Schroeder (1999, this publication) recently
described the gypsum resources and products of
Oklahoma.

Oklahoma ranks first among the United States in
crude-gypsum production, with about 3.1 million met-
ric tons produced annually by 14 companies in 9 west-
ern counties (Fig. 5). The value of gypsum produced in
1997 was about $17 million (Table 1). Present uses are
for plaster, for wallboard, as retarder in portland ce-
ment, and as soil conditioner. In the future it may be
used as a source of sulfur.

Helium

Helium, a colorless, odorless, and nonpoisonous gas,
is the second lightest of all elements. Helium was ex-
tracted for many years from natural gas at the U.S.
Bureau of Mines plant near Keyes, in Cimarron
County, but production has ceased. The helium-produc-
ing field is largely depleted, although some resources
still remain.

Iodine

Iodine is a grayish-black, nonmetallic element that
is a solid at ordinary temperatures. In Oklahoma, it is
dissolved in iodine-rich natural brines (>300 ppm io-
dine) 6,000-10,000 ft below the land surface in the
Woodward, Vici, and Dover areas in the northwestern
part of the state (Johnson, 1994; Johnson and Gerber,

1999, this publication) (Fig. 5). The major production is
in the Woodward and Vici areas, where iodine occurs in
Morrow sandstones (basal Pennsylvanian) preserved in
a south-trending paleovalley, informally called the
“Woodward trench.” Other iodine production comes
from several Paleozoic sandstones, limestones, and
dolomites, as a by-product of oil and gas production.
Iodine-rich brines are produced from wells drilled into
these rock units, and the iodine is then treated chemi-
cally and precipitated from the brine. After being
stripped of its iodine, the waste brine is treated and
then reinjected into the same producing formation
(Cotten, 1978). The Oklahoma brines range from 100 to
1,560 ppm iodine; they average 300—350 ppm iodine in
most of the producing wells, and are the richest-known
iodine brines in the world (Johnson, 1994; Johnson and
Gerber, 1999, this publication).

Oklahoma’s production of iodine began in 1977, and,
with the cessation of iodine production in Michigan in
1987, Oklahoma is now the sole source of iodine in the
United States. The U.S. (Oklahoma) produces about 9%
of the world’s annual output. At present, three compa-
nies operate three major plants and one miniplant in
northwestern Oklahoma, and annual production is
about 1.3 million kg, valued at about $20 million (Table
1). A new plant was built in Woodward to make about
50 iodine-derivative products from the iodine being
produced. Major uses of iodine include catalysts, stabi-
lizers, animal feeds, disinfectants, pharmaceuticals,
photography, and colorants.

Lime

Quicklime, made by calcining high-purity limestone,
has many chemical and industrial uses, as well as be-
ing used in construction and agriculture. High-calcium
limestone is being mined to produce lime in Sequoyah
County, and other deposits of high purity are present
in northeastern, south-central, and southeastern
Oklahoma.

Limestone

Limestone is abundant in northeastern Oklahoma,
in the Wichita and Arbuckle Mountain areas, and in
southeastern Oklahoma (Rowland, 1972) (Fig. 3). It is
used mainly as aggregate (crushed stone) in concrete,
in building roads, and in other construction, and it also
is used in making cement, dimension stone, and chemi-
cal-grade lime. In the western and Panhandle districts,
extensive deposits of caliche are acceptable substitutes
for some purposes, and at other places dolomite is quar-
ried for crushed stone.

Major limestone formations of the Arbuckle and
Wichita Mountains are several hundred to several
thousand feet thick, and, because they crop out over
large areas, they are an almost unlimited resource of
stone. The principal market for stone from these two
areas is the Oklahoma City metroplex, although some
stone also is shipped to major cities out of the state.
Usable limestones in the southeastern, northeastern,
and north-central parts of the state commonly are 10—
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50 ft thick, and they are quarried to provide stone
mainly for local markets. A report by Bliss (1999, this
publication) characterized a number of Oklahoma lime-
stones, and he showed that the lower Paleozoic carbon-
ates are best suited for use as aggregates.

"More than 30 companies are quarrying limestone
at various sites in Oklahoma (Fig. 7), and the produc-
tion in 1993 was 25-30 million tons (Oklahoma Depart-
ment of Mines, 1994). Most of the limestone production
is reported as crushed stone in Table 1, and the value
of crushed stone produced in 1997 was about $112
million.

Salt

Thick sequences of Permian rock salt (NaCl) under-
lie most of western Oklahoma (Fig. 3), at depths rang-
ing from 30 ft to more than 3,000 ft (Jordan and Vos-
burg, 1963). Individual salt beds are 5-25 ft thick and
are interbedded with thinner layers of shale and anhy-
drite. The depth and thickness of salt beds in the region
make them suitable for either underground or solution
mining. No attempts have been made at opening a con-
ventional underground dry mine in Oklahoma, but
such mines have operated in the same salt beds for
many years in Kansas, just 60 mi north of the state
line. Solution mining of salt has been carried out inter-
mittently near Sayre, in Beckham County, with mar-
keting either of high-salinity brine or of salt that is
precipitated from the brine by evaporation of water.

A number of major natural salt plains and salt
springs are present along the rivers of western Okla-
homa. Saturated brine, formed by dissolution of salt in
the shallow subsurface, is discharged at 11 natural salt
springs or salt plains in the state, with emissions rang-
ing from 150 to 3,000 tons of salt per day at each salt
plain. These natural springs have been used commer-
cially since the beginning of this century, and even ear-
lier by Native Americans. Several small salt producers
have tapped salt plains in the northwestern and
southwestern parts of the state in the past, and each
company produced about 2,000—10,000 tons of solar
salt per year. At present, a single major producer of
solar salt, Cargill Inc., is operating on Big Salt Plain
near Freedom, in Woods County (Joachims, 1999, this
publication) and a small company operated until re-
cently in Harmon County (Fig. 5).

Oklahoma’s vast salt resources, estimated at 20 trll-
lion tons (Jordan and Vosburg, 1963) are virtually un-
tapped. Production from the one solar-salt plant in
Woods County during 1993 was about 125,000 tons
(Oklahoma Department of Mines, 1994). The salt was
used primarily in recharging water softeners and for
stockfeed, but other potential uses include chemical
industries (chlorine, caustic soda, soda ash, and so-
dium), human consumption, and snow removal.

Sand and Gravel

Sand and gravel, which are essential to almost all
types of construction, are widespread and available in
most parts of Oklahoma. Principal deposits are along

present-day major rivers, in terrace-like remnants
of Pleistocene river beds, and in Tertiary deposits cov-
ering much of the northwest. Gravels are common
in the western third of the state, as well as in and
around the Wichita and Arbuckle Mountains, and in
Cretaceous rocks south of the Arbuckle and Ouachita
Mountains.

Sand and gravel are used in the building industry
chiefly as aggregate, which is the term used for inert
and hard, fragmental material that is bound by a ce-
menting material to form concrete, mortar, or plaster.
In the paving industry, sand and gravel are used as
aggregate in both asphaltic mixtures and portland-ce-
ment concrete.

In 1993, more than 170 companies operated sand
and gravel pits in 53 of Oklahoma’s 77 counties (Okla-
homa Department of Mines, 1994; Fig. 6). Construction
sand and gravel produced in 1997 was 8.2 million met-
ric tons, and it was valued at about $29 million (Table
1). Industrial sand and gravel consists mainly of glass
sand, described elsewhere in this report.

Sandstone

Sandstone is a common rock type in most parts of
Oklahoma. Deposits in the eastern half of the state are
mostly hard, are gray, brown, or buff, and some are
suitable for dimension stone or aggregate. Those in the
western half of Oklahoma are mostly soft or friable, are
reddish-brown, and are only locally suitable for build-
ing material. Sandstone is quarried as dimension stone
at several sites in east-central Oklahoma, and has been
quarried for riprap and aggregate at several places in
the eastern half of the state (Fig. 7).

Stone

The state has many types of stone that can be used
in the construction industries. Sandstones, limestones,
dolomites, and granites are widely distributed in most
parts of Oklahoma, and each of these resources is dis-
cussed separately elsewhere in this report.

Tripoli

Tripoli is a white or cream-colored, microcrystalline
form of high-purity silica that is porous, lightweight,
and friable. It is derived from a partly siliceous parent
sedimentary rock from which soluble carbonate miner-
als have been leached (Quirk and Bates, 1978). Impor-
tant tripoli deposits are present in northeast Okla-
homa, with the first mine having been opened in the
Missouri-Oklahoma tripoli district in 1869. Tripoli de-
posits typically are 2—20 ft thick, and they occur in
Mississippian cherty limestones beneath 2—-10 ft of
overburden.

After quarrying, tripoli is dried, crushed, and
screened to various grain sizes. Ground tripoli is used
mainly as a mild abrasive or in buffing-and-polishing
compounds. It is prized for its abrasiveness, porosity,
permeability, absorption, and low specific gravity. One
company operated a number of pits during 1993 in Ot-
tawa County (Fig. 5).
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Volecanic Ash

Small to large deposits of uncemented volcanic ash
occur in western and east-central Oklahoma (Burwell
and Ham, 1949). They result from local accumulations
of ash and dust blown from volcanoes that erupted in
New Mexico, Wyoming, and other western states dur-
ing Tertiary and Pleistocene times. Some of the ash
deposits are altered in part to bentonite clays.

Volcanic ash is used as an abrasive, mainly in pol-
ishing powders, scouring soaps, and cleansing powders;
it also can be used as an admixture in pozzolan cement
and as an insulating compound. In recent years, two
companies have been mining volcanic ash in Beaver
and Okfuskee Counties (Fig. 5); production from 1990
to 1993 ranged from about 100 to 700 tons (Oklahoma
Department of Mines, 1994), but both companies are
currently inactive.

Miscellaneous Minerals

Several other industrial minerals are present in
small or low-grade deposits, described below.

Barite nodules, veins, and concretions are sparingly
present in some shales and sandstones south of the
Wichita Mountains and in central and south-central
Oklahoma (Ham and Merritt, 1944). At a few localities
there are surface concentrations of high-grade nodules
that may have possibilities for limited production.

Celestite and minor amounts of strontianite are as-
sociated with dolomite and gypsum in eastern Washita
and Custer Counties, but these deposits are quite small
and apparently are not commercial.

Diatomite deposits are small and of low grade, and
are widely scattered in western Oklahoma.

Phosphate occurs as nodules, plates, and lenses in
several limestones and black shales of eastern Okla-
homa and the Arbuckle Mountains (Oakes, 1938). The
P,O, content of these nodules and plates is generally
15-30%, whereas that of selected whole rocks is com-
monly 1-10%.

Quartz occurs as large vein deposits and some well-
formed crystals in the Ouachita Mountains, especially
in central McCurtain County (Honess, 1923).
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Origin of High-Purity Simpson Sands in the Arbuckle Mountains

Rodger E. Denison
The University of Texas at Dallas
Richardson, Texas

INTRODUCTION

The Middle Ordovician Simpson Group in the
Arbuckle Mountains of southern Oklahoma contains
sandstones of unusual purity. These have been ex-
ploited as glass sands since 1913 (Ham, 1945). Where
quarried, the sandstones are uncemented or weakly
cemented, greatly facilitating mining and processing.
The origin, sedimentary setting, and lack of cementa-
tion of these valuable sands has been the source of
much discussion.

The lowest of the sandstone units in the Simpson is
at the base of the Oil Creek Formation. The basal Oil
Creek sandstone is exposed in a series of accessible
quarries north of the town of Mill Creek in Johnston
County. Virtually all conclusions and generalizations
concerning origin of the Simpson sandstones are based
upon observations made in these quarries. The three
Simpson sandstones overlying the Oil Creek share
many of the same distinctive qualities, and there is an
assumption that they share a common origin.

THE SETTING

In the Late Cambrian and Early Ordovician, Okla-
homa lay near the southern edge of a peritidal carbon-
ate platform of exceptional size and stability (Fig. 1). In
Oklahoma the domination of carbonates of the Ar-
buckle Group was almost complete. The source of po-
tential terrigenous material was so distant and the
transportation across the platform so difficult that
Oklahoma received only a trivial amount of sand and
clay during this period. The carbonate thickness in the
future Arbuckle Mountains is at least two times thicker
in southern Oklahoma because a northwest-trending
Cambrian rift zone, the southern Oklahoma aulacogen,
allowed the crust to sink at a faster rate (Ham, 1969;
Johnson and others, 1988; Denison, 1997). Near the
end of the Early Ordovician, there was a significant
lowering of sea level. For the first time since the basal
Paleozoic transgression, the continent was drained and
the vast peritidal platform was exposed—except for the
aulacogen site in southern Oklahoma, where a finger of
the sea remained (Fig. 2).

THE SIMPSON GROUP

During the ultra-regional post-Arbuckle sea-level
lowering, the Joins Formation, the oldest unit in the

Simpson Group, was deposited in the finger of sea re-
maining in southern Oklahoma (Denison, 1997). Strata
within the Simpson represent the first introduction of
significant terrestrial material into the depositional
system since the Cambrian transgression. Sandstones
of unusual thickness and purity are conspicuous in this
sequence. The following discussion is taken mostly
from the classic outcrop study of Decker and Merritt
(1931).

The Simpson Group consists of five formations
within the aulacogen area and was deposited over a
period of about 25 million years, representing all of the
Whiterockian and the earlier part of the Mohawkian. A
comparison of the thickness, lithology, and distribution
of the units with the Simpson are shown in Figure 3.
The Joins Formation is followed by four similar forma-
tions, each characterized over most of the area by a
distinctive basal sandstone.

The Joins Formation consists of thin, grainy lime-
stones and shales. The Joins distribution in the
Arbuckle Mountains extends just beyond the
aulacogen. It is absent over most of the Hunton anti-
cline apparently through nondeposition. Each of the
four overlying formations of the Simpson Group shares
a common lithologic sequence—a basal sandstone over-
lain by limestones containing variable amounts of
shale. Within the Arbuckle Mountain area, there are
also local sandstones, some quite substantial, within
the middle parts of the McLish and Oil Creek Forma-
tions. Each of the four formations shows major differ-
ences in both thickness and composition inside and
outside the aulacogen (Fig. 3).

THE SANDSTONE

McPherson and others (1988) gave the first detailed
description of the features seen in the crucial quarry
exposures. The basal Oil Creek sandstone is best seen
on fresh, wet surfaces in the quarries. The glass sand in
the quarries consists of regularly stacked horizontal
beds 3-25 cm thick. The bedding is laterally continu-
ous, even for the thinnest beds, over many tens of
meters. Each bed consists of a sharp base with uniform
sand size throughout. Illitic clay coats each sand grain
and imparts a pale greenish color. The clay coats in-
crease in thickness toward the top but never exceed a
few microns. Some beds have a clay cap that may be up
to several millimeters thick. It is the pattern of clay

Denison, R. E., 1999, Origin of high-purity Simpson sands in the Arbuckle Mountains, in Johnson, K. 8. (ed.), Proceedings
of the 34th forum on the geology of industrial minerals, 1998: Oklahoma Geological Survey Circular 102, p. 13-17.
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Figure 1. The Late Cambrian—Early Ordovician carbonate platform, on which the Simpson sandstones were deposited, cov-
ered a vast area in the United States. Interpreted from Cook and Bally (1975).

distribution that defines bedding (Fig. 4). Some beds
have dewatering structures and fluid-escape pipes at
the base (McPherson and others, 1988). There is no
large-scale cross-stratification or evidence of biotur-
bation.

The sand grains are composed almost entirely of
single quartz crystals, with traces of microcline, zircon,
tourmaline, and garnet. Secondary pyrite (now com-
pletely oxidized) occurs as scattered cement that forms
nodules several centimeters in diameter. The McLish
sandstone contains tiny disseminated pyrite crystals.
Ham (1945) gives a more complete discussion of
mineral composition of the sands. The sand is very
fine to fine grained, well sorted, and well rounded.
The individual sand grains show surface frosting and
crescent percussion marks (Fig. 5). The specifics of
sand quality, sorting, and rounding are given by Ham
(1945). The sand, washed to remove the illite, is >99.5%
Si0,,.

DEPOSITION OF THE SIMPSON SANDSTONES

Over most of the area, each of the post-Joins forma-
tions has a remarkable basal sandstone. Sandstones of
similar composition and age are distributed from Min-
nesota to Oklahoma (the St. Peter problem of Dake,
1921) and into West Texas. Each sandstone is overlain
by a sequence of shale and limestone. Because most of
the sandstone is poorly cemented, few outcrops expose
the internal sedimentary structures that might be de-
finitive in establishing an environment of deposition.
Attempts to core the poorly consolidated sands are in-
variably unsuccessful. The limestones overlying the
sands were deposited in a shallow-water, peritidal en-
vironment. The purity of the Simpson sandstones has
been exploited for glass sands. The sandstones are com-
posed of supermature, multicycle sand. Beds of dolo-
mite- or calcite-cemented sandstone up to 1.8 m thick
are present within the Oil Creek sandstone.
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Figure 2. Approximate extent of the Joins sea and the transportation of eolian sands across the exposed carbonate platform
during the post-Arbuckle ultraregional unconformity. Joins sea limits shown in relationship to present basement outcrops. From

Denison (1997).

The origin of these sands, how were they trans-
ported to the deposition site, and the environment of
deposition have been subjects of much speculation. The
sands must have originated outside the vast limits of
the underlying carbonate platform, at least hundreds of
kilometers away (Fig. 1). Dapples’ (1955) regional
study showed that the sandstones were transported
from the north. With the extreme flatness of the plat-
form, what mechanism transported the sand to the
depositional site? The pitting and frosting of the sand
grains (Fig. 5) has long been regarded as a criterion of
wind transport. However, the few exceptional quarry
exposures of the Simpson in the Arbuckles do not show
eolian sedimentary structures. The simple, uniform
horizontal bedding seen in quarries is defined by the
occurrence of varying amounts of green illite clay as
coatings on the sand grains (Ham, 1955; Denison and
Ham, 1973).

McPherson and others (1988) showed that outcrops
in Oil Creek quarries north of Mill Creek were the re-
sult of repeated storm deposition. Each of the horizon-
tal beds represented a single storm episode that trans-
ported the sand and clay from shallow, nearshore
localities to deeper water to be deposited below storm-
wave base. Their model brought the sands across the
exposed Arbuckle carbonate plain as eolian dunes dur-
ing a post-Arbuckle lowstand until the sands reached
the edge of the Joins sea. There, the sand was deposited
in a beach and shallow-marine environment, later to be

reworked during a subsequent transgression into
deeper water during storms (Figs. 2,6). '

The McLish, Tulip Creek, and Bromide Formations
that overlie the Oil Creek all have a basal sandstone
overlain by peritidal limestones interbedded with
shale. The upper four formations are, in fact, so similar
on the outcrop that Ham (1945) could distinguish the
units only on the basis of fossil content and strati-
graphic position. Because the post-Joins formations are
so similar, a common depositional model may well be
appropriate for them. The Oil Creek is considered a
general model—sand brought from a great distance by
wind during a lowstand. The subsequent marine trans-
gression redistributed the sands into a marine environ-
ment. Eventually, eolian sand transport is shut off, and
the system evolves into a peritidal carbonate platform
with interbedded clays brought in suspension from dis-
tant sources.

ORIGIN AND PRESERVATION

The high-purity quartz sand is clearly due to mul-
tiple sedimentary cycles during which less stable min-
erals were systematically eliminated from the system.
The eolian transport caused the unusually good sorting
and rounding and the percussion marks. The deposi-
tion below storm-wave base allowed the clays to filter
into the just-deposited, uncompacted sands to coat each
grain (Fig. 6). It is the lack of bottom-feeding organisms
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Figure 3. Contrast in thickness and composition of Simpson-
age strata overlying Arbuckle Group rocks of the West Spring
Creek Formation. Arrow shows the approximate location of
quarry exposures. Based on Ham (1955).
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Figure 4. Schematic representation of horizontal storm de-
posits that make up most of the Oil Creek sandstone in quar-
ries north of Mill Creek, Johnston County.

HUNTON and currents that allowed the clay coats to remain un-

disturbed. The maintenance of the clay coats is crucial
in preventing cementation during later diagenesis. The
clay coats effectively “poisoned” the surface of the sand
grain, precluding subsequent overgrowths and cemen-
tation. When the clay coats are removed or disrupted,
the consequences are dramatic. This can be seen along
small faults and fractures in the quarries where silica
overgrowths result in tightly cemented sandstones.
Certain beds within the Oil Creek, up to a few meters
thick, are tightly cemented by carbonate. These beds
floor some quarries. Internal structure of these ce-
mented beds commonly shows delicate crossbedding
that is the evidence of bottom currents that removed or
prevented the deposition of the clay coats.

It is only by understanding the regional setting of
the source, transportation, and deposition that there
can be a true appreciation of fortuitous circumstances
leading to the preservation of the original character of
these remarkable sandstones.
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Figure 5. Scanning-electron micrographs of Oil Creek sand grains. (A) Single grain showing excellent rounding. Mild depres-
sions are caused by pressure solution at grain contacts. Grain is 0.3 mm in diameter. (B) Enlarged view of grain surface show-
ing percussion marks developed during an eolian cycle. Field width is 85 microns. Taken from Denison and Ham (1973, fig.
4B).
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INTRODUCTION

Southern Oklahoma (including the Arbuckle Moun-
tains) has outcrops of rocks representing Precambrian,
Paleozoic, and Cretaceous ages. Thus, rocks of every
geologic age in the Paleozoic and Mesozoic Eras, except
the Jurassic and Triassic Periods, are present in south-
central Oklahoma. With rocks of such an enormous age
range present in a relatively small geographic area, it
is little wonder that a wide variety of economic rock
and mineral resources are locally present. This report
will describe the occurrence, mining, processing, and
end-uses (dictated by chemical and physical properties)
of the Precambrian Troy Granite, the Cambrian Royer
Dolomite and Fort Sill Limestone, Ordovician silica
sands of the Simpson Group, Ordovician limestones of
the Viola Springs and Welling Formations, and Ordovi-
cian Sylvan Shale. In general, the more the end-use
depends upon chemical composition and purity, the
greater the price that can be demanded for such miner-
als. The not-so-successful attempts to mine zinc, man-
ganese, copper, and iron from the Arbuckle Mountains
also will be discussed briefly, and I will provide a
sermonette on analytical chemistry and its usefulness
to corporate CEOs.

I may be one of the few persons at this Forum on the
Geology of Industrial Minerals who is not a profes-
sional geologist. I am an analytical chemist specializing
in geochemistry. In particular, I investigate trace ele-
ments in rocks and their consequences in industrial
processes. As such, I have consulted to the mining in-
dustry (and their clients) for two decades, always with
the intent of improving service and product quality.

INDUSTRIAL MINERALS IN THE
ARBUCKLE MOUNTAINS

The major industrial minerals that occur in the
Arbuckle Mountains are silica sand, granite, limestone,
shale, and dolomite (Table 1). Silica sand is mined at
two localities by two different corporations, U.S. Silica
Co. (at Mill Creek) and Unimin Corp. (at Roff). How-
ever, the geological differences in the two Ordovician
units, the Oil Creek and McLish Formations, dictate
their economic end-uses. The older Oil Creek Forma-

tion is purer than the McLish (e.g., less iron by a factor
of 10), and, therefore, can be used in applications that
call for high-purity silica, such as flat glass, optical
glass, and lenses for microscopes, telescopes, etc. The
McLish Formation’s higher iron content dictates that
the chief end-use is container glass. Although the two
corporations operate sand pits only 10 mi apart, the
purity, as dictated by trace-element content, deter-
mines the chief end-use of the ore. Both pits are mined
by hydraulic methods. However, the less-pure sand
(McLish Formation) has to be floated with a surfactant
before being sold; the Oil Creek sand does not.

The Precambrian Troy Granite is mined by Merid-
ian Aggregates Co., just south of Mill Creek, chiefly for
use as ballast rock by the Burlington Northern Santa
Fe Railroad. The “fines” resulting from the crushing
process have limited use as sand-blasting grit. Rock
chemistry is not generally important in this quarry,
because physical properties (resistance to abrasion and
wear) are more important in railroad ballast. West of
Davis, another quarry has been opened by Western
Rock Products, Inc., in the Cambrian Colbert Rhyolite
to produce railroad ballast, but for a different track of
the Burlington Northern Santa Fe Railroad. In the
early 1980s, the (then) Santa Fe Railroad investigated
the use of the Cambrian Royer Dolomite south of Mill
Creek for ballast but concluded that it was inferior to
granite for that purpose.

Limestone and shale are important industrial min-
erals in south-central Oklahoma. Whereas the ubiqui-
tous limestone is used primarily for aggregate (road-
base material), it also is used by the glass, cement, and
filler industries. The Holnam, Inc., cement plant near
Ada mines the Ordovician Viola Springs and Welling
(Fernvale) Limestones of the Viola Group and Sylvan
Shale to produce cement. Cement manufacture re-
quires using a calcium-rich limestone; dolomite, with
its high magnesium content, cannot be used because it
retards the setting time of cement. Therefore, magne-
sium is an impurity in limestone as far as the cement
industry is concerned. Glass manufacturers need to
know the silica (SiO,) content of limestone, but, as long
as it is fairly consistent, they can use almost any lime-
stone containing up to about 7% silica.

Neman, R. L., 1999, Economic geochemistry of industrial minerals in the Arbuckle Mountains, Oklahoma, in Johnson, K. S.
(ed.), Proceedings of the 34th forum on the geology of industrial minerals, 1998: Oklahoma Geological Survey Circular 102,

p. 19-23.
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Table 1.—Industrial Minerals in the Arbuckle Mountains of Southern Oklahoma

Quarry/Owner Location Analyzed for Impurities Age/Description/Use

Meridian Aggregates Co., Sec. 1, T3S, R4E None Clay Cambrian Ft. Sill Lime-

south of Mill Creek stone and Royer Dolomite/
road aggregate

Unimin Corp., Sec. 36, T2S, R4E Ca, Mg, Al, Clay, SiO,, Royer Dolomite, Upper

south of Mill Creek Fe, K, Na, Fe,O, Cambrian/high-purity

LOI, Si dolomite for glass, filler,

aglime

Meridian Aggregates Co., Sec. 29, T2S, R5E None None Precambrian Troy

Mill Creek Granite/ballast rock
for railroad

U.S. Silica Co., Sec. 14, T1S, R4E Fe, Ti, Al Fe Ordovician Oil Creek

north of Mill Creek Formation/high-purity
sand for optical glass,
container glass

Mill Creek Mining Sec. 27, TIN, R4E Fe Gold? (They Ordovician West Spring

(bankrupt) sure weren’t Creek and Kinblade For-

mining Fel)* mations (Arbuckle Group)

Unimin Corp., Sec. 18, T2N, R5E Ca, Mg, Si, Fe, Ca, Mg Ordovician McLish For-

at Roff Al, Fe, Ti mation/high-purity sand
for container glass,
foundry sand

Holnam Inc., Sec. 25, T3N, R5E Ca, Mg, Fe, Mg Ordovician Viola Springs

Ideal Cement Division, Al Sy, S, K, and Welling Limestones

south of Ada CO,, Na and Sylvan Shale/manu-

facture cement

*] was told there was a “part-per-million” of gold in the iron. When the operators were told that this was not a Colorado placer
deposit, and that any gold present was in the form of a compound (a sulfate, chloride, etc.), they went out of business as quickly

as they could.

One of the nation’s few high-purity dolomite deposits
occurs in the Arbuckle Mountains. Whereas dolomites
and dolostones occur worldwide, the Cambrian Royer
Dolomite approaches the theoretical composition of
dolomite (55% CaCOg + 45% MgCO,). This deposit has
been mined since 1948 and now is mined by Unimin
Corp. Its chief uses are in glass manufacture, as agri-
cultural lime (ECCE over 100%), and as filler for the
composition-shingle industry. These fillers serve to add
weight and provide flame retardation to composition
shingles. The PVC (polyvinyl chloride) industry also
uses considerable quantities of filler, but generally
limestone is employed because of its lower cost and
because limestone typically is whiter than dolomite.
Ironically, another local company (Meridian of Denver,
Colorado) is mining the Royer Dolomite and Fort Sill
Limestone for different purposes; their chief product is
aggregate for the Dallas—Fort Worth area. Thus the
same formation is being mined by two different corpo-
rations for two entirely different end-purposes; Unimin
does not market aggregate, and Meridian does not deal
in industrial chemicals. The chief impurities in the

Royer Dolomite are those that concern the glass indus-
try—iron, aluminum, and silica. At the request of the
companies involved, representative amounts of impuri-
ties and other data (such as price per ton) are not given
in this paper; these figures are considered proprietary.

In the early part of this century, attempts were
made to mine copper, zine, iron, and manganese from
small, localized deposits located throughout the
Arbuckle Mountains; none proved profitable, and con-
sequently none have survived. They are now of interest
only to mineral and rock collectors.

SAMPLING AND ANALYTICAL METHODS

As an analytical chemist concerned with both the
bulk composition and the impurities in industrial min-
erals, it concerns me that I have seen (all too often!)
decisions made and money (lots of it!) spent on bad
data. The analytical work was not bad, but the method-
ology prior to a sample arriving in my laboratory was
highly suspect. As a consultant to the geochemical in-
dustry, I have seen boxcars of industrial minerals re-
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turned to the mine because people at the receiving end
did not know that granular products settle and that
there is a right way and a wrong way to sample a box-
car. I have seen core samples selectively isolated be-
cause they “look good.” Likewise, rather than truly
sampling a quarry, I have watched CEOs (who ought to
know better) selectively choose rock specimens from a
quarry highwall for analysis. Therefore, the analysis
was of selected specimens and was not representative
of the quarry as a whole. But the problem I cannot
abide in the “real world” of corporate geochemistry is
that of the CEO wanting to hear only what they al-
ready believe about their quarry or product. I have lost
clients because I refused to tell them what they already
believed and wanted to hear.

If corporate management were more knowledgeable
about what happens in a chemical laboratory and the
steps involved in an analysis (including sampling, re-
ducing the sample to a workable size, processing, mea-
suring a chemical parameter, reporting, and interpret-
ing this report), then the work of a geochemist would be
easier and the CEO generally would be happier and
understand more about his raw material. Of all the
steps involved in analytical chemistry, sampling is the
most important. To this end, the remainder of this pa-
per will be a personal sermonette to managers and
CEOs to help them better understand their operations.

A sample from your quarry is taken and submitted
to your own laboratory, or mailed for analysis. Several
hours (or days) later, you receive a report, which may
read as follows:

LOI 47.27%
Na,O 0.027
K,0 0.058
CaO 30.49
MgO 21.28
Fe,0, 0.118
ALO, 0.28
Sio, 0.48
TOTAL 100.003%

Knowledge of what has transpired since the sample
was taken and submitted to the laboratory, along with
a general overview of the nature of analytical chemis-
try, are both useful in helping the laboratory do a suc-
cessful job and in helping management appreciate and
understand the results.

Whereas the general discussion that follows is appli-
cable to most kinds of rock analyses, the examples will
be taken from actual analyses of dolomite, normally
composed of about 55% calcium carbonate (CaCO,) and
45% magnesium carbonate (MgCO;) with traces of so-
dium (Na), potassium (K), iron (Fe), and aluminum (Al)
as the chief impurities.

Analytical chemistry is generally concerned with: (1)
obtaining a suitable sample and reducing it to a man-
ageable size; (2) selecting an appropriate analytic
method; (3) preparing the sample for analysis, a proc-

ess normally involving a weighing procedure, dissolu-
tion in some liquid, and adjustment of some factors,
such as pH; (4) separation of the appropriate constitu-
ents from one another; (5) determining some property
about the desired constituents, such as weight, volume,
etc.; (6) calculating results; and (7) reporting and inter-
preting them. Very often, replicate analyses are per-
formed for verification of results.

Several comments about these various steps are in
order. First, the analysis can be no better than the
sample taken. If the sample is not representative of the
product actually going through the plant, or, for ex-
ample, of the first 20 ft of a test hole, the results are
largely meaningless. Commonly, the laboratory person-
nel do not take their own samples and must rely upon
others to make sure that the analysis is not biased at
the outset.

The chemist will grind the product to a powder of
about 60 mesh and, through a series of splittings, re-
duce the sample to a manageable size, normally about
1 gram. (For comparison, a U.S. nickel weighs about 5
grams.) Thus, a 100-ton boxcar of material is normally
analyzed on the basis of 1 gram of product, a weight-
reduction factor of about 90 million! Sampling is very
important.

The lab can analyze either for one particular con-
stituent or for all constituents that react similarly to a
given reagent. For example, analyzing for Fe and Al
together, called a proximate (approximate) analysis, is
reported as an R,O4 analysis, where R = Al + Fe + any
other element reacting similarly. The sample can be
analyzed “as received,” or on a dry basis after driving
off the trace of water contained in most samples.

Selection of analytical method is commonly deter-
mined by what the analyst expects to find and in what
quantity he expects to find it. In all cases, a property of
the material must be measured—weight, for a gravi-
metric analysis; volume, for a titration procedure; or
some physical property, such as light absorbed or emit-
ted, for an instrumental method. In the analysis of do-
lomite, high calcium and magnesium content dictate
that gravimetric methods would work best, whereas in-
strumental techniques, such as atomic absorption (AA),
work well for the trace quantities of Na, K, and Fe.
Loss-on-ignition (LOI) must, by its very nature, be de-
termined by a weighing procedure, generally by heat-
ing a preweighed sample in a furnace at 1,000°C for
about an hour, then reweighing when cool. LOI repre-
sents traces of water and organic matter that are
present and the conversion of carbonates to oxides,
with the corresponding loss of CO,.

Other factors, such as economics, equipment avail-
able, time, the accuracy required, and the number of
analyses to be performed all play a role in the selection
of a method. Commonly, several methods are available,
and the author frequently correlates one method
against another for verification of the results.

When considering the calculation and interpretation
of results, it must be realized that an analysis generally
can be reported in several different ways. For example,
if a sample of impure sodium sulfate is submitted to
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four different laboratories, the results might come back
looking like this:

Lab #1: 59.42% Na,SO,
Lab #2: 40.20% SO,
Lab #3: 33.50% SO,
Lab #4: 13.42% S

Which is correct? Answer: they are all correct. The
laboratories simply chose to report the results in differ-
ent ways. I once worked about a week to verify a water-
hardness test done by another lab, only to find that the
other lab was reporting the percentage of CaO,
whereas my lab was reporting the parts per million
(ppm) of calcium. Although we were both correct, I had
lost a week over a reporting problem, not a chemical
analysis (my client lost time and money!).

Rock and mineral analyses generally are reported as
percent metallic oxide. If other forms of reporting are
needed or wanted, the following conversion factors will
be helpful. To convert % oxide to % metal, multiply by
the appropriate factor, shown below:

Fe,O4 x 0.6999 = Fe
Ca0 x 0.7147 = Ca
MgO x 0.6031 = Mg
Na,0 x 0.7419 = Na
K, O x 038301 =K

Al,O; x 0.5292 = Al

CuO x 0.7988 = Cu
ZnO0 x 0.8034 = Zn

Thus, if your analysis reads 30.51% CaO, it contains
21.80% Ca; and 21.36% MgO corresponds to 12.88%
Mg. Obviously, the table can be utilized in the reverse
manner; if the %Fe is divided by the factor 0.6999, the
%Fe, Oy, is obtained.

If a sample contains 0.047% K, this is equivalent to
0.047 g of K per 100 g of sample; this in turn is equal to
470 g of K per million g of sample, or 470 ppm. Thus,
percentage multiplied by 10,000 is equal to ppm, and
ppm divided by 10,000 is equal to percent.

Several techniques are available to determine the
precision and accuracy (they are not the same, as dis-
cussed below) of analytical work. Two different meth-
ods of analysis of Fe—atomic-absorption and visible-
absorption spectrophotometry utilizing phenanthroline
as the color developing reagent—should correlate
nicely. A complete analysis should total up to 100.00%
+0.050%. A check on analytical work also can be ob-
tained by submitting the analysis to an independent
laboratory.

What is meant by precision and accuracy? Results
may be precise and agree with themselves without nec-
essarily being accurate. An analogy illustrating the
difference between precision and accuracy can be made
if a target at which a marksman has taken five shots is
envisioned. If the shots are all in the “bulls eye,” they
are both precise and accurate. If they are all clustered

about the two-o’clock position, they are precise, but
hardly accurate. If they are scattered randomly about
the target, they are neither precise nor accurate.

I have taught analytical chemistry and consulted for
the mining industry since the mid-'70s. If identical an-
swers to multiple analyses are reported to me, I imme-
diately suspect that something is not right. It is almost
humanly impossible to reproduce analytical answers
that agree perfectly. After all, the analytical balance is
good to only the nearest 0.0001 gram, a buret can be
estimated to only the nearest 0.01 mL, calibrated glass-
ware is not perfect, a calibration curve (to be described
later) is not perfectly linear at all times, and it is com-
monly difficult to remove all interferences. Reagents
are never perfectly pure, and seldom is routine analyti-
cal work performed under temperature-corrected situ-
ations. Thus, for these reasons and many more, not the
least of which is that imperfect people are performing
the analyses, exact duplication is virtually impossible.

Analytical chemists operate under the philosophy
that large errors occur seldomly and small errors (both
positive and negative) occur frequently. Thus, a slight
variation in duplicated work is to be expected, and is
even desirable. It can be shown mathematically that an
analysis of a dolomite whose percentage of CaO is
30.00% could have a true value anywhere in the range
29.95-30.05%, simply because of the limitations on the
accuracy of the best measuring equipment available. In
my classes, any replicate analyses that result in iden-
tical answers are immediately suspected of being
analyzed by the well-known “graphite” method or the
equally well-known “pencil titration” technique (also
known as “copying”).

Chemists are trained to report all numerical digits of
which they are sure, and the first digit that is doubtful.
Unfortunately, bias, prejudice, and a desire to “tell the
boss what he wants to hear” are not unheard of in the
analytical world, and the reporting of data is often not
all that it should be.

Once the sample has been taken, ground, reduced to
manageable size, and weighed accurately on a balance
(that may have cost several thousands of dollars), it
must be dissolved. For limestones and dolomites of any
type, dilute hydrochloric acid (HCl) works nicely. It
destroys the carbonate structure, releasing carbon di-
oxide and solubilizing the metallic elements:

CaCO4 + MgCO, + 4HCl —
Ca** + Mg** + 4Cl~ + 2CO, + 2H,0

Only quartz sand (SiO,) and clay-type silicates are
impervious to attack by HCL They are filtered off and
weighed as the acid-insoluble fraction. If SiO, analysis
is desired, the acid-insoluble fraction is subjected to a
treatment of hydrofluoric acid (HF), the only acid
known to attack silica and silicates. From knowledge of
the amount of material dissolving in the HF, the per-
centage of SiO, can be calculated. It always will be
slightly smaller than the acid-insoluble fraction.

The acid-soluble fraction of the rock or mineral is
generally dituted to a specific volume, and then is split
into several smaller portions (aliquots) for analysis of
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both the major and minor constituents. Ca and Mg are
generally reacted with reagents that will cause them to
precipitate. Calcium precipitates as the oxalate,
CaC,0,, and the magnesium as the pyrophosphate,
Mg,P,0.,. These solids are weighed after drying and
reported as the oxides CaO and MgO, respectively.
There are other ways to analyze for Ca and Mg, notable
among them a double-indicator titration with EDTA;
this method is quicker and cheaper, but suffers from a
slight loss in accuracy. As a general rule in analytical
chemistry, the “quick and dirty” analyses are not nor-
mally the most accurate.

Trace elements generally are determined by meth-
ods involving some physio-chemical property, such as
light absorbed or light emitted by an excited sample.
These methods encompass visible and ultra-violet spec-
trophotometry, flame-emission spectrophotometry,
atomic absorption, and an interesting technique called
inductively coupled argon-plasma spectrophotometry,
or ICP for short. This technique will be described
shortly.

Iron generally is determined by reacting the element .

with phenanthroline after some prior adjustment of
parameters such as pH. An orange-red solution results,
and the intensity of its color is directly related to the
concentration of iron in the system. When light of a
certain wavelength is passed through the system, a
photocell records the amount absorbed, and the
amount of iron is calculated. Calibration standards are
used and the aliquots compared with thenr.

Atomic absorption (AA) is also concerned with the
absorption of light when a liquid sample is sprayed into
a flame. AA techniques are relatively commonplace
now, and AA instruments can be found pretty much
industry-wide. Related to this, but operating on the
principle of light emission, is the ICAP instrument. If a
sample is sprayed into a plasma of argon nuclei and
electrons, which is held at a temperature of about
10,000°C, light is emitted by excited atoms. If we sur-
round the hot plasma with its emitting elements with a
variety of photocells, we can obtain qualitative and
quantitative data on many elements simultaneously.
The instrument operates well over concentration
ranges from tenths of ppm to several thousands ppm.
Data from these high-powered instruments commonly

are corrected for interferences and tabulated by an
onboard computer. Although expensive, they save
many hours of time in the laboratory. Regardless, for
any instrumental method, extensive preparation work
must be performed. An instrumental method does not
mean that traditional analytical chemistry should be
avoided.

As an example of data generated by either AA or
ICAP methods, if the potassium content of a 100.00 mL
aliquot of a 1.0000 g sample were reported as 4.70 ppm
(mg/L), then:

1.0000 g

4.7 mg/1.(0.1000 L)
1000 mg

)(100%)/ 1.0000 g sample

= 0.047% K
= 0.057% K,0

As an example of the power and value of an ICAP
analysis, a recent sample of dolomite was found to have
the following parts per million of trace-metallic ele-
ments: 0.6 Mn, 0.5 Cu, 0.05 Ni, 1.56 Zn, 0.3 Ba, and
that cobalt, molybdenum, arsenic, selenium, cadmium,
beryllium, antimony, chromium, silver, lead, mercury,
lithium, tellurium, germanium, and vanadium were
below the limit of detection of the instrument, generally
0.01 ppm.

CONCLUSIONS

In conclusion, when a sample is submitted for analy-
sis, the chemist has had to make literally hundreds of
operations, ranging from grinding and weighing to
manipulation of mathematical formulas to arrive at the
set of answers. The chemist normally uses pure re-
agents and complex equipment, valued at tens of thou-
sands of dollars, if not hundreds of thousands of
dollars, in some cases. It is hoped that the role of
the chemist in performing rock analyses (not to men-
tion other purely physical tests, such as particle-size
analysis) is better understood by all who use analytical
data, for the more one understands about the data gen-
erated by the chemist, the better one is able to make
intelligent decisions regarding product quality and
service.
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ABSTRACT.—Basement rocks in southern Oklahoma are divided into two groups. One
group is the Lower Cambrian Wichita Igneous Province, a diverse igneous suite that
crops out in the western Arbuckle Mountains and in the Wichita Mountains. These
largely bimodal igneous rocks were emplaced in an intracratonic-rift environment. The
other group, the older, is a set of Precambrian rocks of the Eastern Arbuckle Province,
yielding ages between 1,350 and 1,400 Ma, exposed in the core of the eastern Arbuckle
Mountains. These are deeply eroded mesozonal granitic rocks and associated granitic
gneisses cut by numerous dikes ranging in composition from diabase to rhyolite.
The southern Oklahoma igneous rocks have long been utilized mostly as dimension
and crushed stone. Most of the early quarries were in granite of various red hues for
monuments and facing stones. Large crushed-stone quarries are now exploiting both
granite and rhyolite, which is used chiefly as aggregate and railroad ballast. The
exposed basement rocks in Oklahoma represent an underdeveloped and accessible

resource.

INTRODUCTION

Two principal outcrop areas of basement in Okla-
homa expose igneous and metamorphic rocks—the
Arbuckle Mountains (AM) of south-central Oklahoma
and the Wichita Mountains (WM) of southwestern
Oklahoma. The basement rocks have been divided into
two groups by Ham and others (1964). One group is
represented by the Wichita Mountains area, which con-
tains a bimodal sequence of felsic and mafic rocks of
Early Cambrian age (~530 Ma). These consist of promi-
nently layered gabbroic anorthosites, less strongly lay-
ered anorthositic gabbros with primary biotite, a series
of variably grained granites, and mostly massive rhyo-
lites. This terrane is part of the southern Oklahoma
aulacogen (Gilbert, 1982, 1983; Gilbert and Denison,
1993).

Both groups crop out in the Arbuckle Mountains.
The felsic extrusives of the aulacogen are exposed in
the western Arbuckles. The other group outcrops in the
eastern Arbuckles and is known as the Eastern
Arbuckle Province (EAP) or Arbuckle basement. These
rocks yield ages between 1,350 and 1,400 Ma. They are
related to rocks that seem to form most of the basement
buried in the eastern and northern parts of the state
and consist of medium- to course-grained mesozonal
granitic rocks cut by numerous dikes.

Both the WM and AM are exhumed older topogra-
phies, which means that most of the rocks have been
subjected to more than the present cycle of weathering.
The felsic rocks, particularly, show evidence of oxida-
tion to considerable depths (20—-30 m) (Price and others,
1998), but this has not noticeably affected the desirabil-
ity of the rock for quarrying. Most quarries have not
penetrated beyond these depths.

Granites from Oklahoma have been quarried since
statehood (1907). Taylor (1915) provides the necessary
background for this early period. The tombstone indus-
try has favored those granites that are coarser and
have more textural homogeneity and continuity. Be-
cause most Oklahoma granitoids are oxidized, they
have distinct red to pink colors, which have been found
desirable. Most of the historical monuments in Okla-
homa using granite, as well as the newer “welcome”
signs on the interstate highways, are made from the
Reformatory Granite from the Wichita Mountains.
However, some of the most active quarries today are
producing crushed-rock aggregate for railroad ballast
and concrete.

Table 1 gives a simplified stratigraphic section of the
principal basement rock units and indicates which of
these units currently is being quarried. In this paper,
the fundamental geology and petrology of the Arbuckle
and Wichita Mountains will be reviewed, with special
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Table 1.—Lithostratigraphy of Exposed Basement of Southern Oklahoma

Group Constituent units Lithology®
Late Proterozoic (¢)-Early Cambrian
Wichita Granite Group East: Quanah Fine- to medium-grained granite
Cache Fine granite
Saddle Mountain Fine granite
Mount Scott Fine granite (widespread)
Rush Lake Fine granite
Medicine Park Fine granite
West: Lugert Fine granite
Cooperton Fine granite
Long MountainP Fine granite
Reformatory® Medium granite
Headquarters Fine granite
?7? Cold Springs Breccia Fine mafic to fine granitic (including
local diorite)
Carlton Rhyolite Group Bally Mountain section Layered
Blue Creek Canyon section Layered
Fort Sill section Massive and layered
East Timbered Hills section Cut by fine granite
West Timbered Hills section? Massive and volcanic breccia (including
significant mafic components)
Raggedy Mountain Roosevelt Gabbros Fine to medium anorthositic gabbro
Gabbro Group Mt. Baker (subtly but distinctly layered)
Iron Mountain (some of these units may be younger
Glen Creek? than some granites)
Sandy Creek
Mt. Sheridan

Glen Mountains Layered Complex?

K-L-M-N zones

Proterozoic (~1,400 Ma)

Arbuckle basement Tishomingo Granite
Troy GraniteP

Burch Granodiorite

Blue River Gneiss

Medium gabbroic anorthosite, generally
noticeably layered at several scales

Coarse two-feldspar granite
Medium two-feldspar granite
Medium granodiorite to quartz diorite

Mixed lithology (age relative to other
Arbuckle basement members unknown)

aFine, medium, coarse refers to average grain size (rock texture).

PRock bodies currently being quarried.

attention given to those units being quarried. The clos-
ing sections of this paper will look to the future and the
economic potential for basement rocks.

ARBUCKLE MOUNTAINS BASEMENT ROCK

Basement rocks in the Arbuckle Mountains are
divided into two groups (Ham and others, 1964). The
oldest are massive Precambrian rocks of the Eastern
Arbuckle Province. These rocks, yielding ages between
1,350 and 1,400 Ma, are exposed in the core of the
eastern Arbuckle Mountains. These are deeply eroded
mesozonal granitic rocks associated with granitic
gneisses. These massive granitic rocks are cut by
numerous dikes ranging in composition from diabase
to rhyolite. The Early Cambrian Wichita Igneous

Province is a diverse igneous suite that crops out
the western Arbuckle Mountains and in the Wichita
Mountains.

Western Arbuckle Mountains

The Colbert Porphyry (=Carlton Rhyolite of Table 1),
part of the Wichita Igneous Province, is exposed in the
core of the Arbuckle anticline. The two small exposures
of rhyolite represent part of a vast volcanic field devel-
oped during Early Cambrian rifting. A large quarry for
crushed stone in the largest of the two exposures re-
veals a complicated rock sequence. Rhyolite flows make
up most of the core exposures; however, an igneous
breccia is conspicuous in the quarry. This explosive
breccia contains a diverse suite of rhyolite, micro-
granite, diabase, and monzanite-syenite set in a basal-
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Figure 1. Geologic map of the Eastern Arbuckle Province basement (after Denison, 1994; Lidiak and Denison, 1999). Three

of the noteworthy quarries are shown.

tic matrix. The volcanic sequence is cut by undeformed
diabase dikes.

Eastern Arbuckle Mountains

The core of the eastern Arbuckle Mountains, the
Tishomingo-Belton anticlines, exposes massive Pre-
cambrian rocks that were uplifted and eroded during
the Late Pennsylvanian. Frankly, one might expect the
core to be topographically more impressive. It is, after
all, one of the most deformed areas (along with the
Wichita Mountains some 160 km to the west) in the
central interior of the United States. The ravages of
Cretaceous peneplanation have left the igneous and
meta-igneous rocks in the core of the eastern Arbuckle
Mountains unimpressive at best. The maximum relief
is only about 150 ft (45 m) over a distance of 0.25 mile
(400 m). The relief rarely exceeds 50 ft (15 m) over most
of the core area.

Four major rock units are recognized in the eastern

Arbuckle Mountains (Table 1; Fig. 1). The youngest
major map unit, the Tishomingo Granite, effectively
separates differently appearing rocks to the east and
west.

To the west, the Tishomingo intrudes the Troy Gran-
ite and the Burch Granodiorite. The Troy is seen to
intrude the granodiorite at several widely separated
localities, with minor chilling. The Tishomingo is
strongly chilled for a distance of up to 200 m away from
the contact with the granodiorite. Granodiorite and
gneissic xenoliths are common in the chilled zone. The
Troy-Tishomingo contact has not been seen but can be
traced to within approximately a meter of one another.
Minor diminution of grain size is present, but no exten-
sive chilled zone was developed in the Tishomingo at
the contact with the Troy.

To the east, the Tishomingo intrudes the Blue River
Gneiss. The intrusive contact is irregular with minor
chilling and numerous xenoliths of the gneiss within
the Tishomingo. Mappable isolated masses of the
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gneiss are found in the eastern half of the Tishomingo
exposure. These are interpreted as roof pendants.

The granitic rocks are cut by numerous dikes. The
following discussion of these dikes is taken largely from
Denison (1995). The majority of the dikes are four basic
types: diabase, rhyolite, granite, and microgranite por-
phyry. Only five diorite and quartz-diorite dikes were
identified in the field. The diabase dikes are mostly
vertical and are estimated to make up more than 90%
of the dikes. The diabases vary from a foot or so (0.3 m)
to about 100 ft (30 m) in thickness, although most are
estimated to be 5-15 ft (1.5-4.6 m) thick. The diabases
are of two ages—some near the age of the host rock and
others clearly of Cambrian age. The two ages of dia-
bases are petrographically indistinguishable, and there
is no meaningful way to estimate relative abundances
of the two dike suites. All diabase dikes show a very
strong preferred N60°W strike direction. The Cam-
brian diabases are of two different ages. Most dikes are
believed to be the earliest manifestation of the rift that
led to the subsequent igneous activity. Another set of
diabases, indistinguishable except for context, repre-
sent the youngest of all Cambrian igneous activity. The
distinctive brick-red rhyolite dikes are of Cambrian
age. They are few in number, strike generally N60°W
and may represent feeder dikes for the Colbert
Porphyry (Carlton Rhyolite). The granite dikes are
mostly local, rarely large, and show no systematic atti-
tude. The microgranite-porphyry dikes, although not
numerous, are conspicuous. Most are greater than 10 ft
(3 m) in width, and some can be traced for several miles
along strike. The dikes form slight linear hills cutting
the Troy and Burch but have never been identified in
the Tishomingo and therefore are thought to be post-
Troy and pre-Tishomingo in age. The microgranite-
porphyry dikes show a clear N60°W preferred strike
direction and are the best evidence for the early
establishment of this zone of weakness, about 1,375 Ma
ago.

Burch Granodiorite

The oldest map unit west of the Tishomingo Granite
is a distinctive igneous rock, the Burch Granodiorite,
originally called the “unnamed granodiorite” by Deni-
son (1973). The Burch has a fairly uniform appearance
but varies considerably in mineralogy, particularly in
microcline-perthite content, so that the intrusion
ranges from granodiorite to quartz diorite in composi-
tion. The rock is evenly grained, has medium crystallin-
ity and, when fresh, has a dark green and white speck-
led appearance that is in clear contrast to the pink color
of the other units.

Most of the rock is made up of plagioclase (50%),
quartz (18%), and microcline perthite (12%) with the
remainder composed largely of biotite (10%) and horn-
blende (5%). Opaque minerals, sphene, zircon, and apa-
tite are minor minerals. Chlorite, feldspar alterations,
and epidote are found as nearly ubiquitous secondary
minerals. Microcline-perthite content varies from 1% to
20%. The texture is hypidiomorphic and does not ap-
pear to have been modified from the original crystalli-

zation fabric even near the contact with the younger
Troy. The color index averages nearly 17, more than
two times greater than the other granitic units.

No evidence indicates what the host for the Burch
may have been. The granodiorite carries a few foliated
and schistose xenoliths, but these are sparse. The
Burch Granodiorite represents an unusual occurrence
in the Precambrian of the south-central United States,
where rocks of intermediate composition are rare.
Thomas and others (1984) determined a concordia age
of 1,397+7 Ma on zircons from the granodiorite.

Troy Granite

The Troy Granite occupies most of the outcrop area
west of the Tishomingo contact (Fig. 1). The granite is
mostly uniformly medium grained. The texture is
hypidiomorphic and shows no evidence of post-crystal-
lization modification other than minor deuteric alter-
ation and remelting along major diabasic dikes. It is
composed mainly of plagioclase (39%), perthite (29%),
and quartz (25%) with lesser amounts of biotite (3%)
and small to trace amounts of opaque minerals,
sphene, apatite, zircon, and hornblende. Secondary
mincrals include feldspar alterations, chlorite, and
epidote. The average color index is less than 5, al-
though a darker, more biotite-rich phase of the Troy
has an index near 10. The darker phase of the Troy is
gradational with the normal Troy over a distance of a
few centimeters. The biotite-rich Troy also contains
proportionally more plagioclase and less perthite and
approaches a granodioritic composition. The Troy can
be seen to intrude that Burch Granodiorite at several
places where minor chilling occurs and the grain size is
reduced by half at the contact. Bickford and Lewis
(1979) determined a concordia age of 1,399195 Ma on
zircon from the Troy.

Blue River Gneiss

Taylor (1915) mapped the area east of the Tisho-
mingo Granite as the Troy. Although some outcrops
bear a strong resemblance to the Troy, the granitic
rocks are clearly different, and Denison (1973) used the
name Blue River for this unit. Lidiak and Denison
(1999) presented an extended discussion of the geology
and composition of the Blue River. This complicated
unit is not well exposed. The bulk composition of the
most gneiss outcrops is similar to that of the Troy or
Burch—from a quartz diorite to a granite. A third com-
mon phase of the gneiss is a fine-grained (<1.0 mm
average), weakly or nonfoliated gneiss, a granofels. It is
composed almost entirely of quartz and feldspar—a
curious aplitic-looking rock. Where the color index is
high enough in any of the gneiss types, a pronounced
foliation and locally a banding is seen. In the more
leucocratic phases, foliation is not discernable. How-
ever, on some weathered surfaces when the light is at
the proper angle, a subtle dimensional orientation can
be seen in the quartz and feldspar. In some outcrops,
otherwise homogeneous-appearing granite gneiss con-
tains scattered K-feldspar megacrysts (relict and modi-
fied phenocrysts or porphyroblasts) that show a dimen-



Exposed Basement Rock of Oklahoma: Geology and Economic Use 29

sional orientation. In thin section, every sample shows
a clear and complete recrystallization during regional
metamorphism. Bickford and Lewis (1979) determined
a concordia age of 1,396140 Ma on a gneiss sample.

The average composition is dominated by the more
abundant granite gneisses, with plagioclase (40%),
quartz (30%), and microcline (22%) making up most of
the rock. Feldspar alterations, mostly after plagioclase,
make up about 3% of the gneisses. Biotite, opaque min-
erals, sphene, apatite, and zircon are consistent acces-
sory minerals. Muscovite is uncommon but locally well
developed, and some hornblende occurs in the interme-
diate gneisses. The average color index is about 5 but
shows a large variation, with many of the more silicic
gneisses having an index in the 2-3 range.

The origin of the heterogeneous Blue River Gneiss
remains illusive. It appears to be a suite of igneous
rocks that has undergone profound regional metamor-
phism and is intruded by the undeformed Tishomingo
Granite. The Blue River has undergone a metamorphic
event not recorded in the other granitic rocks. Geologic
reasoning, therefore, would assign an older age to the
Blue River, but the zircon age of 1,396+40 Ma reported
by Bickford and Lewis (1979) is within the error of the
undeformed granitic rocks.

Tishomingo Granite

The Tishomingo intrudes older rocks to the east and
west and is clearly the youngest major Precambrian
unit of the Arbuckle Mountains. The granite is remark-
ably uniform in appearance and composition over
the area. It carries conspicuous, pink microcline-
perthite phenocrysts (averaging about 2 cm but rang-
ing to 5 cm in length) and forms smooth, unjointed out-
crops that are very difficult to sample. The granite is
composed mostly of plagioclase (33%), quartz (30%),
and microcline perthite (26%). Biotite, opaque miner-
als, sphene, apatite, and zircon are the other common
minerals. Feldspar alterations, chlorite, and epidote
are ubiquitous secondary minerals. Hornblende is not
common but does occur in small amounts in scattered
samples. Sphene, the most unusual and conspicuous
accessory mineral, is found as resinous, euhedral,
wedge-shaped crystals. The quartz contains rutile
needles, a feature unique to the Tishomingo. The color
index averages about 8. The original igneous texture is
unmodified.

To the east, the Tishomingo intrudes the Blue River
Gneiss. Minor chilling is seen, and numerous Blue
River xenoliths of all sizes exist in the Tishomingo near
the contact. Near the Burch Granodiorite, the
Tishomingo is strongly chilled and contains numerous
xenoliths of granite gneiss, diorite, and granodiorite.
The intrusive contact with the Troy has never been
seen, but it clearly is much less chilled and, although
poorly exposed, does not appear to carry xenoliths. The
chilling at the Tishomingo-Burch contact indicates that
the Burch was significantly cooler than the Troy and
Blue River at the time of Tishomingo intrusion.
Bickford and Lewis (1979) determined a zircon age of
1374+15 Ma on the Tishomingo Granite.

Economic Potential

The basement rocks in the Arbuckle Mountains have
been and continue to be an important source of indus-
trial minerals (Table 2). The main uses have been
for dimension stone, crushed aggregate, and gravel.
Attempts to exploit mineralization were made in the
early days of statehood, but these never achieved any
success.

Dimension stone has been successfully quarried
from both the Troy and Tishomingo Granites. The
Tishomingo was quarried for the base of the Oklahoma
state capitol at Ten Acre Rock (NEYasec. 3,T.3S5,,R. 5
E.). The quarry has not operated since about 1916. A
quarry north of the town of Tishomingo (NEYa SW¥4
sec. 28, T. 3 8., R. 6 E.) was used to supply building
stone for the Chickasaw Council House and the Harris
Bank in that town. The quarry has not operated since
about 1915. The Troy Granite was quarried largely for
memorials from a number of sites south of Mill Creek
in Johnston County. The Troy takes a nice polish and
has a number of subtle color differences, depending on
the location. No dimension stone has been taken from
the Blue River, and it is probably not suitable for most
purposes due to inhomogeneity.

Crushed stone, used largely for railroad ballast, is
produced from a large quarry along the railroad south
of Mill Creek (NWY4 sec. 29 and SW¥% sec. 20, T. 3 S, R.
5 E.). This quarry exposes a remarkable diabase-dike
swarm (Fig. 2). The host rock is largely Troy Granite
but minor Burch Granodiorite also is exposed. In addi-
tion to the diabase, a few dikes of a distinctive
microgranite porphyry also cut the Troy. The diabases
are believed to be the manifestation of the Cambrian
rifting and the microgranite dikes are near the age of
the host rocks. The coarser-grained Tishomingo is prob-
ably not as suitable as the medium- and even-grained
Troy for aggregate. The Blue River Gneiss should be an
excellent source of aggregate. Chemical analyses of
some of the rock types are given in Table 3.

The granites all weather to a gravelly soil or grus.
This material, particularly from the Tishomingo Gran-
ite, is an inexpensive and accessible source of road
metal used along county section line roads. Numerous
shallow pits have been opened to fill this need. These
pits feature conspicuous residual boulders of the origi-
nal granite that have been left behind. Some of these
are exceptionally fresh.

SOUTHERN OKLAHOMA AULACOGEN
Framework

A large rifting event cut diagonally into the North
American plate (Laurentia) from its Proterozoic south-
ern boundary, starting approximately at the position of
Dallas, northwestward through southwestern Okla-
homa to Amarillo, Texas. The tectonic setting for this
rift has been described as an aulacogen (see Gilbert and
Denison, 1993), or alternatively as part of the trans-
form-fault system (Thomas, 1991). Most current work-
ers prefer to treat the WM outcrops as part of an
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Figure 2. Meridian Quarry, Johnston County, taken in March 1998. This quarry is set in the Troy Granite and produces aggre-

gate. Large diabasic (basaltic) dikes cross-cut the granite.

aulacogen (Gilbert and Denison, 1993; Hogan and Gil-
bert, 1998).

The rift has been modeled as being about 50 km
wide and about 400 km long. McConnell and Gilbert
(1990) estimated the extension at about 10—20 km.
Because the rifted zone appears to be mostly filled with
bimodal igneous materials, it is concluded that it oc-
curred at high temperatures. Based on ages from igne-
ous rocks in the aulacogen, the age of rifting is Early
Cambrian. The largest intrusive mass is the Glen
Mountains Layered Complex. It outcrops in the Wichi-
ta Mountains, and that unit, or similar ones, can be
further delineated through their strong gravity and
magnetic signature. The geophysical signature pro-
vides the best evidence of the extent of the rift and its
fill. Ham and others (1964) mapped part of the subsur-
face extent of gabbroic rocks from drill-hole records
through much of southern Oklahoma. There, Pennsyl-
vanian erosion uncovered the basement section which
is now overlain by <1 km of Permian cover.

Ham and others (1964) argued that, subsequent to
the emplacement of this large mafic unit, uplift oc-
curred allowing Cambrian erosion to decapitate the top

of the intrusion. On this unconformity, rhyolitic mate-
rials began to erupt and build up. Shortly after this
event, felsic magmatism started, and some of the rising
felsic liquid intruded as sheet granites between the
substrate gabbroic rocks and the overlying rhyolites.
Hogan and others (1998) provided a mechanical model
that explains a cyclic “rhyolite to granite to rhyolite to
granite” sequence utilizing the formation of a near-sur-
face, crustal magma trap (Hogan and Gilbert, 1995)
along with variations in the source depth of the mag-
mas. The rocks of the southern Oklahoma aulacogen
appear to have formed in a fairly tight time interval of
530-540 Ma (Hogan and Gilbert, 1998). All of the igne-
ous units studied thus far were emplaced at very shal-
low crustal depths in an intracratonic environment.
Records from any deep-seated parts of the rift are not
available.

The sedimentary sequence that overlies these igne-
ous rocks is the Upper Cambrian Timbered Hills
Group, which is well dated paleontologically and is
about 505 Ma. Thus, subsequent to the emplacement of
the igneous units, an erosional interval of at least 20
Ma occurred. Considerable stripping of part of the
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Table 2.—Locations of Prominent Basement Quarries in the Arbuckle Mountains

Map no. Quarry names Rock types Location Product
1 Meridian Troy Granite Johnston County, OK Aggregate (esp. railroad
NEV2sec. 30, T.3S.,R.5 E. ballast)
2 Capitol Quarry Tishomingo Johnston County, OK Facing stone for Okla-
(inactive) Granite NEVisec. 30, T.3S.,R.5 E. homa State Capitol
3 Meridian Troy Granite Johnston County, OK Aggregate (esp. railroad
NWW sec. 29, and SW ballast and asphalt
sec. 20, T.3S.,R.5 E. highways)
4 Western Rock Carlton Rhyolite Murray County, OK Aggregate (esp. railroad
Products Group NEVisec. 10, T.1S,R. 1 W. ballast)

Table 3.—Representative Major Element Compositions of Basement Rocks of Southern Oklahoma

Burch Troy Troy Tishomingo Reformatory  Mount Scott Long Mountain
Oxide % Granodiorite? Granite? Granite® Granite® Granite® (10) Granite® (6) Granite? (4)

Si0, 61.05 72.01 73.59 71.60 75.38 73.56 75.00
TiO, 0.74 0.24 0.26 0.39 0.25 0.45 0.19
Al,O,4 16.55 14.61 14.08 14.05 12.57 12.59 11.90
Fe,O, \ l 0.70 1.17 2.37 3.82 2.30
FeO 5.52 1.31 0.66 1.10 T T T
MnO 0.09 0.06 0.04 0.05 0.05 0.08 0.03
MgO 2.80 0.43 0.55 0.20 0.36 0.34 0.20
CaO 4.97 1.32 1.28 1.65 0.50 1.17 0.39
Na,O 4.30 4.54 4.00 3.47 4.01 3.73 3.70
K,0 2.21 441 4.63 5.20 491 4.30 4.60
P,0, 0.20 0.07 0.06 0.15 0.03 0.08 0.01
H,0+ — — 0.19 0.25 — — 0.57
LOI 0.68 0.53 — — — —

Total 99.11 99.53 100.02 99.79 100.43 100.12 98.89

Note: T! Total Fe expressed as one oxide. () Number of analyses averaged.

aFrom Lidiak and Denison (1998, table 1).
bFrom Ham and others (1964, table 18).

°From Hogan and Gilbert (1998, table 4).
dFrom Myers and others (1981, table 7).

Early Cambrian igneous sequence was possible and is
probable (see Donovan and others, 1998).

Quarried Units in Wichita Mountains

Figure 3 is the geologic map of the pre-Permian
Wichita Mountains area showing the location of cur-
rently quarried basement-rock units that are identified
in accompanying Table 4. The quarries are mostly in
units of the Wichita Granite Group. The granites of this
group are known as A-type, being low in CaO, high in

SiO,, and are hypersolvus quartz-perthite rocks. The
color index is 4-7%, the chief mafic minerals are am-
phiboles, biotite, and magnetite. Most of these units
were emplaced at low pressures and high temperatures
resulting in fine grain sizes of the constituent minerals
and widespread granophyric texture.

One quarry is working in both gabbroic units of the
Raggedy Mountain Gabbro Group: the Glen Creek
member of the Roosevelt Gabbros, and the M-zone of
the Glen Mountains Layered Complex. Both of these
units are plagioclase-rich. The following discussion



M. C. Gilbert and R. E. Denison

32

x3|dwo) paJaken
SUIBJUNOW U3|D

uelquwies) - uelqueddld

0JQQeS) J9A8S00Y

ayloAyy uoyed

auuBRIO 109G JUNOW

ajuRID
UlBJUnoiN 3jppes
ajuelo

Med auioipaly

ajiuels) ayoe)

aluBID Yeuuend

ajuelD
slayenbpeap

9)luBJS AJO}BUIIO)DY

ajjues
uieunopy BuoT

ayuelo uoyadoo)

‘uMoys aJe salsenb aaloe Jo suol
8007 (8661 ‘LOqIID PUE UBBOH ‘186 ‘SI8YI0 PUE SIBAN ‘0861 ‘SIUI0 PUE [[eMOd J8le) JUBWSSE] S0UIAOId SNOSUD| surelunopy BNYIIAA 84l JO dew o1Bojosy) ‘g ainbi4

ayueso wabn

e120a4g sbuuds pjod

NZL

NEL

NvLl

O

uenqwed

C.ZDO NYW1 .r

>PZDO >>O_v_

sow 0} o S ol
sJalBwWoy oz 0l 0 S 0l
dnao
S|IiH pajsquil] _/
dnolo aponqiy
ueldlAOpPIO /

pue ueuqwe)

palojooun pue
pajenualayipun
AeusajenDd)
pue uejwiad

oLE
sjebaibby '€ @
uoilsuswid Z'L ®
fiaenp aAloY

e

MeLy >>v«m MGl

A
€

1B

<
7p)

2.

g
| ML o




Exposed Basement Rock of Oklahoma: Geology and Economic Use

33

Table 4.—Locations of Prominent Basement Quarries in the Wichita Mountains

Map no. Quarry names Rock types - Location Product

1 Willis Granite Reformatory Granite, Greer County, OK Facing stone and
Products Granite NEYisec. 26, T.6 N.,, R. 21 W. tombstone

2 Oklahoma Granite Lugert Granite Snyder, Kiowa County, OK Facing stone and
Company (formerly SW¥isec. 4, T.2N.,R. 17 W. tombstone
Roosevelt Granite
Company)

3 Kiowa County Glen Creek Gabbro, Roosevelt, Kiowa County, OK Aggregate for county
Blue Rock Pit and Glen Mountains NEVisec. 14, T.4N.,R. 17 W. roads

Layered Complex

4 Meridian Aggregate  Long Mountain Snyder, Kiowa County, OK Aggregate (esp. railroad

(Snyder Division) Granite NWvasec. 13, T.2 N.,R. 18 W.  ballast and asphalt
highways)

will concentrate on those rock units being quarried
with some later comments on those units with future
potential. Bulk chemical analyses are given for some of
the granitic rock units in Table 3.

Reformatory Granite

The Reformatory Granite is the most coarsely crys-
talline granite of the Wichita Granite Group, with the
feldspars ranging up to 2 cm in size and showing some
zoning (Merritt, 1958). The rock description is a
hypersolvus, leucocratic, amphibole-biotite alkali-feld-
spar granite. It is about 67% feldspar and 33% quartz.
The Reformatory Granite can have a seriate texture
that is normally developed near contacts or around in-
clusions of other preexisting rock types. Certain areas
of the Reformatory outcrop contain large and noticeable
inclusions of rhyolite and the older, distinctly finer-
grained Headquarters Granite. The Reformatory Gran-
ite is relatively uniform where quarried. Minor and
accessory minerals include ferro-edenitic hornblende,
annitic-biotite, magnetite, titanite (sphene), fluorite,
zircon, apatite, sparse ilmenite, and possibly allanite or
chevkinite. Riebeckite (a sodic amphibole), calcite, he-
matite, and chlorite all occur as common subsolidus-
alteration products.

The Reformatory may be the most-used Oklahoma
granite. It is extremely common as tombstones and
widespread as historical and event markers. The Willis
Co., which mines this granite at Granite, Oklahoma,
locally pioneered the use of images, designs of varying
types, and scenes etched onto polished slabs, which
promote this kind of use.

Long Mountain Granite

The Long Mountain Granite crops out prominently
just west of Snyder, Oklahoma. This granite is typically
a granophyric microporphyry with hornblende being
the dominant mafic phase. The Long Mountain, or vari-

ants of it, has been quarried for some time. The biggest
current quarry operation is the Meridian Quarry on the
north side of Long Mountain itself (Fig. 4). This quarry
produces aggregate material for railroad ballast, high-
way construction, and other uses.

The old Roosevelt Granite Co. Quarry, which pro-
duced tombstones, has been sold and is to be operated
as the Oklahoma Granite Co. It will continue to pro-
duce facing stone.

Glen Creek Gabbro/Glen Mountains
Layered Complex

The quarried area in this complex now cuts across
two rock types. The Glen Creek Gabbro was the center
of the original quarry. This body is a small elongate
intrusion of biotite-bearing anorthositic gabbro (out-
crop area ~1.5 x 0.4 km). This gabbro has a hypauto-
morphic-granular texture, with large (up to 5 cm)
anhedral, ophitic to subophitic augite grains enclosing
lath-shaped labradorite crystals and rounded olivine
grains. Magnetite, ilmenite, and phlogopitic biotite are
present. Hastingsitic amphibole also occurs. The ultra-
mafic segregations (olivine + magnetite) prompted the
original excavations. However, the main reason for the
quarrying is that much of the Glen Creek Gabbro at the
level of exposure was sufficiently altered to be able to
dig it out with mechanical shovels without blasting.
This altered material makes excellent pads for set-up of
large petroleum drill rigs and for road metal. Roadways
layered with this altered gabbro hold up well for ve-
hicular travel under wet conditions. Kiowa County ac-
quired the property some time ago and now uses it to
surface county roads.

Because all the easily available altered gabbro has
now been removed, most of the quarrying is directed
northward to the enclosing M zone of the Glen Moun-
tains Layered Complex. This rock is anorthosite, being
predominately plagioclase with less pyroxene than
Glen Greek Gabbro and no primary hydrous phases. It
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Figure 4. Aerial photo of the Meridian Aggregate Quarry, Kiowa County. Quarry is situated on the north side of Long Moun-
tain in the Long Mountain Granite. The photo was taken looking south-southwest on December 16, 1998.

is distinctly layered at several scales. Importantly for
the quarrying operation, it does not alter the same way
Glen Creek does, and thus is harder to extract. It may
not be as effective as road metal.

Dikes of four types cross-cut the quarried area—
microgabbro (related to the Glen Creek body), Cold
Springs Breccia (consisting of a mafic component called
the Otter Creek Microdiorite intermingled with a
microgranitic to microgranodioritic component), Late
Diabase, and microgranite. These dikes have not
proved bothersome to excavation activities or to the
uses to which the altered rock material has been put.
Other areas showing less diking could be chosen if rock
for facing stone were to be quarried.

WICHITA MOUNTAINS UNITS
WITH QUARRYING POTENTIAL

Roosevelt Gabbros
(especially Mt. Sheridan Gabbro)

The Glen Creek Gabbro is quarried for aggregate,
but other members of the Roosevelt Gabbros have prop-

erties that would make desirable facing stones or tomb-
stones. The Mt. Sheridan Gabbro, which has the larg-
est outcrop of any of the Roosevelt Gabbros, was quar-
ried for facing stone in the 1960s on the Rowe Ranch (C
sec. 32, T. 4 N., R. 13 W.). Although this gabbro has
subtle mineralogical layering and some pegmatite de-
velopment, it has nearly uniform character over lateral
distances of 100+ m. The rock is very dark on fresh
surfaces, relatively fine grained for a gabbro, and con-
tains 60-70% plagioclase + clinopyroxene (augite) +
orthopyroxene (hypersthene) + magnetite + phlogopitic
biotite * olivine.

Cold Springs Breccia

The Cold Springs Breccia was quarried sporadically
until the 1940s. The rock unit consists of two mixed
components—a felsic end member and a mafic end
member. Mixing has been complete enough in some
areas that a locally uniform gray quartz diorite/diorite
has formed. However, mineralogical and textural con-
tinuity are too local for a large quarry operation unless
these variational properties are desired.
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Mount Scott Granite

The Mount Scott Granite is the most widespread
granite in southwestern Oklahoma. The largest part
of its outcrop is in the Wichita Mountains Wildlife
Refuge, a part of the Fish and Wildlife Service, U.S.
Department of the Interior. As such, this area is not
available for commercial exploitation. However, at
least one quarried site, the old Ira Smith Quarry
(SE% sec. 4, T. 3 N., R. 15 W.), has yielded blocks that
were processed for tombstones. The resultant polished
stone has an appearance that is distinctive and might
well be desired commercially. Although this old quarry
is too close to the Wildlife Refuge to sustain more
development, other privately held outcrops nearby
might be useful. In addition, outcrop areas of Mount
Scott Granite northwest of Mountain Park and east of
Cooperton could be evaluated for possible quarry
sites.

The Mount Scott has a micro-Rapakivi texture,
rounded phenocrysts of alkali feldspars rimmed by
sodic plagioclase. The cores of these phenocrysts are
dark colored. Although the color index of the rock is not
high (~6), the combined effect of the mafic minerals and
the dark feldspar cores gives an interesting darker red
rock than is found in most of the rest of the Wichita
granites.

Cooperton Granite

The Cooperton Granite is a fine-grained rock with a
very uniform composition and character over its out-
crop area (see Fig. 3). It is a granophyric microporphyry
with biotite as the dominant mafic phase. The outcrops
of this granite occur as isolated hills to which access
would be easy.
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Quantitative Models for Aggregate:
Some Types and Examples from Oklahoma Carbonate Rocks

James D. Bliss

U.S. Geological Survey
Tucson, Arizona

AgstracT.—Evaluation of data for three engineering variables—absorption, bulk spe-
cific gravity, and freeze-thaw durability (350 cycles)—was made for quarries in carbon-
ate rocks in Oklahoma that supply aggregate. It was found that lower Paleozoic
carbonate rocks (Cambrian through Devonian) are likely to make a better quality ag-
gregate than upper Paleozoic (Mississippian to Permian) carbonate rocks. In addition,
freeze-thaw durability can be forecast from absorption and is exemplary for lower

Paleozoic carbonate rocks.

PURPOSE OF STUDY

Quantitative models of the kind considered in this
report are expected to be particularly useful in evaluat-
ing (or quantitatively assessing) the possible types and
amounts of aggregate that may be present in a region.
Although there is a long history of quantitative assess-
ments of various resources, an assessment of this type
for aggregate has been envisioned but not yet executed
(Bliss, 1998).

Models can be powerful tools, because they help
make forecasts about postulated situations concerning
future aggregate resources. Models also systematically
organize data about aggregates by their geology and
other attributes in ways that help us recognize both
interrelationships and groupings of geotechnical char-
acteristics. Relationship can be empirical.

This study is focused on developing models of geo-
technical characteristics of carbonate rocks of Okla-
homa, particularly those quarried and processed for

aggregate.
WHAT ARE MODELS?

Four general types of models are used in regional
aggregate assessment:

1. Descriptive models use text to provide a descrip-
tion about a geologic entity in sufficient detail so that it
can be used for recognition. A simple example would be
a description necessary to allow a geomorphologist to
recognize an alluvial fan, even though the reader had
never seen one before. Examples of the geologic entity
can be expected to contain one or more distinctive char-
acteristics that are shared by other members of the geo-
logic feature.

2. Distribution models use statistical distributions of

geologic, economic, geometric, and geotechnical vari-
ables for a grouping of geologic features,

3. Relationship models use statistical links, like re-
gression analysis, that tie geologic variables to other
variables expressing ease of extraction, suitability for
end uses, and economics of extraction and use.

4. Spatial models use statistical distributions of geo-
logic, economic, geometric, and geotechnical variables
in two or three dimensions.

The quantitative models (nos. 2-4, above) will be
more useful for data systematically grouped using de-
scriptive models. However, this not necessarily a pre-
condition for using these models.

Both distribution models (no. 2) and relationship
models (no. 3) will be used in the analysis of the
geotechnical characteristics of carbonate rocks of Okla-
homa. The study was primarily one of data exploration
(an expanded discussion is given below) where descrip-
tive details about the rocks were not formally codified.
Groupings of carbonate rocks can be relatively simple,
as used here. They can also be very complex; however,
that generally requires more data than are available
for this study. Spatial-modeling requirements were not
met by the type of data that are readily available.

DATA EXPLORATION
Introduction

Data exploration is a fundamental activity for any-
one trying to make sense of a mass of data either self
determined or collected by others. Remarkably, data
are commonly not fully examined. Some data are
viewed as meeting just a single need, and other infor-
mation that they contain about the phenomenon under
investigation is not addressed. This focused approach is

Bliss, J. D., 1999, Quantitative models for aggregate: some types and examples from Oklahoma carbonate rocks, in Johnson,
K. S. (ed.), Proceedings of the 34th forum on the geology of industrial minerals, 1998: Oklahoma Geological Survey Cir-

cular 102, p. 37-45.
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not without merit, because data analysis can consume
resources without necessarily providing reward. One
goal of the data-exploration exercise undertaken here
was to develop distribution models and relationship
models.

There are numerous ways that data may be ex-
plored. Basic statistics can be quite effective. Perhaps
one of the important parts of data exploration is the
search for natural groupings that can subsequently be
summarized using statistical methods. Grouping of
geologic data may be done using one or more geologic
variables, including lithology, stratigraphy, age, and
other recognizable features. Age is commonly a proxy
for differing geologic processes that were operating at
different times or at different rates. If the model is ex-
pected to link to economic-type variables, a number of
other factors need to be included.

Exploration Tools and Statistical Analysis

Four basic diagrams are used to examine and dis-
play data in this study. They are the histogram, box-
plot, and the normal curve shown in both standard and
cumulative formats.

Histograms, or frequency-distribution diagrams, are
familiar to most people as an easy way to display data
(Fig. 1A). Deceptively simple, histograms have shapes
that are very sensitive to both the number of intervals
and interval width. In the example, the number of val-
ues within each interval are counted. Another possible
display option is showing a percentage of observations
in each interval. Some statistical programs make cu-
mulative histograms as well.

The boxplot is an extremely useful diagram for de-
tecting asymmetry and the presence of extreme values
(Rock, 1988), as well as comparing the distribution
among different data sets. The boxplot in Figure 1B is
constructed for the same data set used to make the his-
togram in Figure 1A. The box is divided by an internal
line, which is the median value (2.64; Fig. 1A), the
value halfway through the data set. The left and right
boundaries of the box contain 25% of the values above
and below the median. Whiskers extend out from the
box on both sides to vertical lines (called fences).
The fences bound 40% of the values above and below
the median (Fig. 1B)—that is, 80% of the observations
are between the fences. Data beyond the fences are
shown as points and account for the lowest 10% of the
values and the highest 10% of the values in the data
set.

Two or more boxplots may be displayed together,
which commonly is done in this study. When boxplots
are not particularly well aligned, one might suspect
that the data sets are different from one another. What
are the chances that the differences between two
boxplots is not due to chance? Because the data sets in
the study are small, nonparametric methods for analy-
sis are used. Standard parametric methods can be sen-
sitive to small departures from normality or other un-
derlying assumptions about the data. Small data sets
are particularly vulnerable to these types of depar-
tures. Nonparametric tests do not operate on the values
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Figure 1. Examples of a histogram (A) and a boxplot (B) us-
ing the same data. Data from ODOT (1997).

directly. Each value assumes the rank of its position in
the data set. The effect of extremely small or large val-
ues is greatly reduced. Tests are then run on the ranks.
The nonparametric test used in this study to compare
two data sets is the Mann-Whitney U test. This test
operates under the assumptions that the two data sets
come from continuous distributions and that they are
independent of each other (Gibbons, 1976).

One of the best-known and often-observed frequency
distributions in larger data sets is the normal distribu-
tion. It is one of the most commonly reported popula-
tion distributions in geology (Krumbein and Graybill,
1965). Data with a normal distribution have a predict-
able bell-shaped frequency distribution when plotted in
a histogram (Fig. 2A). Histograms of large data sets
with small intervals and having a normal distribution
will have outlines similar to the normal distribution
curve (Fig. 2A). However, it can be difficult to deter-
mine if the normal distribution can be used to describe
a small data set. A particularly useful statistical proce-
dure for checking this is the Lilliefors test, a special
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Figure 2. Example of histogram with a normal distribution
curve (A) and model (B) use the same absorption data. Data
from ODOT (1997).

form of the Kolmogorov-Smirov test (Rock, 1988). Mod-
erate-sized (on the order of 35 to 100 values) and larger
data sets that fail to have normal distribution may
suggest that the data contain more that one population,
or can be better described using a different distribu-
tion.

A normal distribution also can be displayed in a cu-
mulative format (Fig. 2B) where the data points are
shown in descending order from smallest to largest.
Here, the data are cumulated so that larger values are
at the lowest percentage of observed quarries. For ex-
ample, 90% of the quarries in the data set have absorp-
tion of 0.52 or greater, 50% of the quarries have absorp-
tion of 1.18 or greater, and 10% of the quarries have ab-
sorption of 1.85 or greater. The format in Figure 2B is
one commonly used to display data distributions for
computer simulation and referred to as a model. In this
example, it is an absorption model. Although a normal
distribution was used in the example, models can also
be developed using data having other types of distribu-
tions or none at all.

DATA SOURCE AND QUALIFICATIONS

Three sources supplied the basic data used in this
study—Woolf (1953), Rowland (1972a), and Oklahoma
Department of Transportation (ODOT, 1997). Some of
the data reported in Woolf (1953) were collected as
early as 1909.

Results taken from the ODOT (1997) report were
averages of all tests for each coarse-aggregate quarry
located in carbonate rock. ODOT (1997) also notes on
the cover of the compilation that:

The test results of the samples taken by the Depart-
ment, as set out in this report, represent only the
aggregates that are present at the time of sampling.
In as much as this sampling represents a limited
amount of the production from the quarry, the test
results should not be interpreted to imply that the
Department warrants that the material produced
from this site is acceptable to be used in work per-
formed under the Department’s construction con-
tracts. The Department makes no claim that this
information is complete or accurate. This informa-
tion is subject to change without notice.

Clearly, there are no guarantees that either quarry
or sample locations are representative of the carbonate
rocks in which they are located or sampled.

Determination of the geology of quarries in carbon-
ate rocks involved using regional overviews of carbon-
ate rocks (Rowland, 1972b), the 1:750,000 scale mineral
map by Jochnson (1969), and the directory of Oklahoma
mining industry by Arndt and Springer (1993). Maps
from the 1:250,000-scale hydrologic atlas of Oklahoma
were particularly useful: they were prepared by
Marcher (1969), Marcher and Bingham (1971, 1983),
Hart (1974), Bingham and Moore (1975), Carr and
Bergman (1976), Havens (1977), Morton (1980), and
Bingham and Bergman (1991).

OKLAHOMA CARBONATE ROCKS

Carbonate rocks, particularly limestone, are wide-
spread in Oklahoma. Limestones and dolomites with
greatest thicknesses (100-1,000 ft) are found in the
Arbuckle Mountains in south-central Oklahoma and
the Wichita Mountains in southwest Oklahoma. Other
limestone units in the state are notably thinner, typi-
cally 10-50 ft (Johnson, 1993).

Insufficient data on individual carbonate formations
prevent them from being modeled separately. There-
fore, grouping of carbonate units had to be made. Data
for a few quarries in rocks not of Paleozoic age are too
few and were excluded from the analysis. Two groups
were eventually developed for Paleozoic carbonate
rocks, based on preliminary data-scatter plots (not
shown) of the geotechnical characteristics under review
(and discussed below) and from the evaluation of the
major trends of depositional history of the Paleozoic
section, as summarized in Johnson and others (1988).
The two groups are defined as follows: (1) Lower Paleo-
zoic carbonate rocks are formations of Cambrian to
Devonian age, and (2) Upper Paleozoic carbonate rocks
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Figure 3. Bulk specific gravity boxplots of three reports. Upper Paleozoic carbonate rocks are Mississippian to Permian age.
Lower Paleozoic carbonate rocks are Cambrian through Devonian age.

are formations of Mississippian to Permian age. These
groupings are used in the discussion that follows.

MODELING DISTRIBUTIONS
Introduction

Analysis began with boxplots to help identify group-
ings of geotechnical data from carbonate-rock quarries
that could be treated as a single population and then
modeled using ODOT (1997) data. Two earlier compila-
tions of data (Rowland, 1972a; Woolf, 1953) also were
examined to verify the differences seen in the ODOT
data. In general, the pattern found in the ODOT data is
also found in the earlier work. As the data were col-
lected and determined using different techniques and
sampling protocol, they cannot be directly combined for
analysis. Following evaluation with boxplots, distribu-
tions were determined and models were developed,
where possible.

Bulk Specific Gravity

Bulk specific gravity of coarse aggregate is the ratio
of the weight of dry aggregate in air to the weight of
water of equal volume. Verhoef and Van de Wall (1998)
suggest that density is one of the two best indicators of
aggregate quality. As a general rule, material suitable
for aggregate should have a specific gravity >2.55.

Three studies of carbonate rocks in Oklahoma
(Woolf, 1953; Rowland, 1972a; ODOT, 1997) all show
that bulk specific-gravity measurements of lower Pa-
leozoic carbonate rocks are greater, on average, than
those of upper Paleozoic carbonate rocks (Fig. 3). The
upper Paleozoic carbonate rocks have a greater prob-
ability of being less suitable because of their lower spe-
cific gravity.

A model was developed for the distribution of spe-
cific gravity of lower Paleozoic carbonate rocks (ODOT,
1997); these data have a normal distribution and are
shown in Figure 4A as a cumulative proportion of quar-
ries. Also shown is a histogram of the data used, over-
lain by a calculated normal-distribution curve (Fig. 4B).
The model, based on the sample quarries, suggests that
90% of lower Paleozoic carbonate-aggregate quarries
have a specific gravity of 2.63 or greater, and 50% have
a specific gravity of 2.71 or greater. Only 10% of the
quarries have a specific gravity of 2.78 or greater. A
better model would be possible if more data were avail-
able, and the model, therefore, must be considered pre-
liminary.

Analysis of bulk specific-gravity data for upper Pa-
leozoic carbonate rocks suggests that multiple distribu-
tions may be present, and no model can be developed
without additional data refinement.

Absorption

Verhoef and Van de Wall (1998) suggest that one of
the two best indicators of aggregate quality is absorp-
tion, and that absorption values less than 3% are desir-
able based upon ASTM Test Method C 127 (Goldman,
1994). Note that the data used in this study are absorp-
tion measurements derived by using AASHTO Test No.
T-85 for those measurements that were made by ODOT
(1997) and by unidentified procedures in the reports by
Woolf (1953) and Rowland (1972a). The three studies of
carbonate rocks in Oklahoma show that absorption of
lower Paleozoic (Cambrian to Devonian) carbonate
rocks is, on average, less than that of upper Paleozoic
(Mississippian to Permian) carbonate rocks (Fig. 5).

Initial analysis of absorption (ODOT, 1997) of lower
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Figure 4. Bulk specific gravity shown as a preliminary distri-
bution-type model (A) and as a histogram (B) with a normal
distribution curve of lower Paleozoic carbonate rocks, Okla-
homa. Data from ODOT (1997).

and upper Paleozoic carbonate rocks suggests that two
separate models can be developed (Figs. 6,7). Lower
Paleozoic carbonates have a distribution that is limited
by zero absorption, and a distribution was achieved by
fitting an exponential curve with an r-squared of 94%.
This means that the regression line explains 94% of the
observed variation in proportion of quarries from the
absorption data (Fig. 6A). A histogram of the data is
shown in Figure 6B. The model is read in the same
fashion as described for specific gravity. A better model
would be possible if more data were available, and
therefore the model must be considered preliminary.

Upper Paleozoic carbonate rocks have absorption
values with a distribution that can be successfully de-
scribed using a normal-distribution model (Fig. 7A). A
histogram of the data is shown in Figure 7B. The model
is read in the same fashion as for specific gravity. This
is the most robust model of those in this study.

MODELING RELATIONSHIPS
Freeze-Thaw Durability

The freeze-thaw durability (FWD) test is a measure
of an aggregates resistance to deterioration during cy-
clic freezing and thawing. ODOT (1997) uses AASHTO
Test No. T-161, with a test run for 350 cycles of freezing
and thawing. The study of FWD shows that lower Pa-
leozoic carbonate rocks have a higher durability than
those of upper Paleozoic carbonate rocks (Fig. 8). Note
that lower Paleozoic carbonates are likely to be of bet-
ter quality.

FWD testing is a lengthy process. Can other tests be
used that might forecast FWD? For lower Paleozoic
carbonate rocks, FWD is found to be highly dependent
on absorption. FWD can be forecast for lower Paleozoic
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Figure 5. Absorption shown as boxplots of data from three reports on carbonate rocks in Oklahoma. Upper Paleozoic carbonate
rocks are Mississippian to Permian age. Lower Paleozoic carbonate rocks are Cambrian through Devonian age.
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Figure 6. Absorption shown as a preliminary distribution-type
model (A) and as a histogram (B) of lower Paleozoic carbon-
ate rocks, Oklahoma. Data from ODOT (1997).

carbonate-rock quarries from absorption by using this
regression equation (Fig. 9):

FWD = 106 — (50 x Absorption) V)

The regression on absorption (Fig. 9, line A) explains
95% of the observed variation (at the 1% level of signifi-
cance) in FWD, based on data from nine quarries. The
small size of the data suggests that care needs to be
used when applying the model.

For upper Paleozoic carbonate rocks, FWD is also
dependent on absorption. In this situation, FWD can be
forecast for upper Paleozoic carbonates from absorption
by using the following equation (Fig. 10):

FWD = 93 — (31 x Absorption) (2)

The regression on absorption (Fig. 10, line B) ex-
plains 80% of the observed variation (at the 1% level of
significance) in FWD, based on data from 22 quarries.
More variability is seen for upper Paleozoic carbonate
rocks (Fig. 10) when compared with lower Paleozoic
ones (Fig. 9).

Figure 7. Absorption shown as a distribution-type model (A)
and as a histogram (B) with a normal distribution curve of
upper Paleozoic carbonate rocks, Oklahoma. Data from
ODOT (1997).
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Figure 8. Freeze-thaw durability (350 cycles)—boxplots of
lower Paleozoic carbonate rocks and upper Paleozoic car-
bonate rocks. Data from ODOT (1997).
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on absorption of upper Paleczoic carbonate rocks. See text
for regression equation B. Data from ODOT (1997).

Outliers Classification

Three outlying data points are present and excluded
from the regression equation (eq. 2), and are noted as
C, D, and E on Figure 10; they are discussed below. As
noted in Rock (1988), outliers can be classified into four
types. The first type is the true (geological) outlier. The
observation is, in fact, real, but is discordant with the
rest of the data. True outliers are reproducible observa-
tions. They can be valuable indicators of possibly un-

recognized relationships outside the norm of the situa-
tion under investigation.

The second type of outlier is called a bizarre outlier
(Rock, 1988). Bizarre outliers may be due to contamina-
tion. However, bizarre outliers are reproducible. Mis-
classification of a rock as a “carbonate” rock, when in
fact it is not, may result in a bizarre outlier; it may also
be due to inclusion of an extreme or unrepresentative
value or values in an average value taken for samples
collected at a mine or quarry. This is particularly prob-
lematic when only a few samples are collected.

The third type is the false outlier (Rock, 1988). These
are mistakes of one type or another that are not repro-
ducible. For example, a FWD test that was executed
incorrectly may give a value that may be a false outlier.
The same result is not likely to be obtained on repeti-
tion, because the second test probably would be run
correctly on a split of the same field sample. Bad sam-
pling and incorrect sample preparation can also cause
false outliers.

The fourth type is the statistical outlier. It is one
identified by “purely statistical means” (Rock, 1988, p.
114) and will also be true, bizarre, or false. Both true
and bizarre outliers may give insight during geologic-
data exploration. It is only the false outlier that is not
of use. Geologic data are complex, and, commonly, a
geologic reason is apparent for excluding a given outlier
with individual inspection. However, there is no guar-
antee that a geologist will be successful in classifying
an outlier as true, bizarre, or false. Perhaps a fifth type
of outlier is needed in this classification scheme—the
enigmatic outlier.

Outliers Evaluation

The outliers (C, D, and E) in Figure 10 may result
for a situation shared by all data in this study. There
are few FWD observations per quarry; this situation
may result in bizarre outliers. Some quarries are also
represented by few absorption values. As noted above,
the FWD test is lengthy. The number of absorption
observations are far more numerous. Is the FWD aver-
age value (ODOT, 1997) for each pit representative?
Additionally, the average value of absorption for each
pit may have come from different (and certainly more)
samples. Therefore, the FWD results from samples
may not be representative of those in samples used for
absorption measurement.

Outlier C is a data point from a quarry thought to be
from the Pennsylvanian Atoka Formation. Classifica-
tion of the formation is queried. The bedrock is identi-
fied as a cherty limestone (ODOT, 1997). Only two
FWD tests have been run. Six tests have been con-
ducted for absorption. The average FWD is 45.8%. The
result of the last test run on April 21, 1992, was 27.9%,
which is extremely low given an absorption of 0.47%
(Fig. 10). Given that only two FWD results are avail-
able, the other FWD result would have a value of
63.3%; this is more consistent with other observations
for absorption of 0.71% (Fig. 10), the average for six
samples. The average absorption for outlier C should
not be used in the regression, because the differences in
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the two absorptions are too great to be likely represen-
tatives of the quarry as a whole.

Outlier D is a data point from a quarry in the Penn-
sylvanian Hoxbar Formation. The bedrock is identified
as a limestone (ODOT, 1997). Twelve FWD tests have
been run and 56 tests were made for absorption. This
quarry is data rich, contrasted to most quarries exam-
ined in this study. The average FWD is 35.4%; the av-
erage absorption is 0.82%. The number of observations
strongly suggests that the averages are typical for the
quarry, so the outlier is likely not false. It has been
noted that the limestone at this quarry contain faults
that have been recemented, and the bedding is not
horizontal; this means that quarried rocks come from
several different parts of the geologic section and this
results in high variability from one part of the quarry
to next. Outlier D is bizarre and can be excluded from
the regression. Post-depositional processes apparently
have modified the limestone in ways that have affected
the overall FWD and absorption relationship for the
quarry as a whole.

Outlier E is a data point from a quarry in the Penn-
sylvanian Fort Scott Formation. The bedrock is identi-
fied as a limestone (ODOT, 1997). Only one FWD test
has been run (on 11/26/90), as compared to six for ab-
sorption. The FWD value is 27.1%. The average absorp-
tion is 1.1%. However, absorption for the last result for
a sample measured on December 5, 1994, was 1.34%. A
point plotted using this absorption value and the single
FWD value would fall with the rest of the data (Fig.
10), although it is unlikely the test was run on the
same sample. This outlier is bizarre and was computed
from too few observations; it needs to be excluded from
the regression-equation computation, because it is not
representative of the quarry geology as a whole.

CLOSING REMARKS

This study confirms the long-held observation that
rock porosity (here expressed as absorption) is useful in
forecasting rock durability. The paper by Ordéfiez and
others (1997) proves one example. For Oklahoma car-
bonate rocks, this study found that absorption can be
used to predict FWD. It also suggests that the relation-
ship is better for carbonate rocks from the lower Paleo-
zoic carbonates (albeit based on a small data set) than
for upper Paleozoic carbonates. What rock characteris-
tics, in addition to absorption (as a measure of poros-
ity), are more prevalent in the younger carbonate
rocks? Can heterogeneities of absorption and FWD
within quarries (perhaps more prevalent in upper Pa-
leozoic carbonate rocks) be a contributing factor? What
role does the limited number of observations play? Ab-
sorption is possible in carbonate rocks with voids, par-
ticularly where they are interconnected by micro-
fractures or secondary minerals (Fookes and others,
1988). Texture and compactness are other petrographic
properties of carbonate rocks that can be expected to
influence freeze-thaw test results (Fookes and others,
1988). West (1998) suggests that a rock’s texture and
mercury-intrusion-porosimetry values (used to mea-
sure pore-size distribution) appear to be a highly effec-

tive way of gauging aggregate durability, including
freeze-thaw loss.

FUTURE RESEARCH

Freeze-thaw durability is dependent on other rock
characteristics beyond those measured using absorp-
tion. Some of the more important characteristics are
suggested in the closing remarks. Why samples of
lower and upper Paleozoic carbonate rocks differ in
terms of their FWD-absorption-relationship models
needs to be examined.
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Evaluation of the Croweburg Coal Underclay
for Possible Commercial Utilization

Kenneth V. Luza and LeRoy A. Hemish

Oklahoma Geological Survey
Norman, Oklahoma

ABsTRACT.—Underclays are associated with coals found in eastern Oklahoma. These
coals are of bituminous rank and are in beds of Middle and Late Pennsylvanian age.
They occur in an area of about 8,000 mi?, within the southern part of the Western In-
terior Coal Region. The rocks of the area consist of a thick series of sandstones, shales,
underclays, coals, and limestones.

There are more than 40 beds of bituminous coal in the state, but only 12 of these
have been mined over large areas. The 12 are, from oldest to youngest: the lower
Hartshorne, upper Hartshorne, McAlester (Stigler), upper McAlester, Cavanal, Rowe,
Secor, Weir-Pittsburg, Mineral, Croweburg, Iron Post, and Dawson coals. None of the
underclay associated with these coal beds is known to have been exploited commer-
cially.

Nine samples of underclay from beneath the Croweburg coal were collected over a
wide area in the eastern Oklahoma coal field for evaluation. The underclays are usu-
ally shades of gray with brown or orange iron-oxide staining. Although soft and plastic
in some places, they are generally hard and slickensided, and contain abundant car-
bonized plant fragments.

Bulk chemical analyses, clay mineral identification, and ceramic tests were per-
formed on each underclay sample. The dominant clay minerals are illite and kaolin-
ite with some mixed-layer clays. Silica (SiO,) ranges from 45.96% to 59.03% and alu-
mina (Al,O,) varies from 14.98% to 23.60%. The U.S. Bureau of Mines Tuscaloosa Re-
search Center conducted the ceramic evaluations. Samples were slow fired from
1,000°C to 1,250°C in 50°C intervals. Bulk density, color, percent linear shrinkage,
and percent absorption were determined for each slow fire test. All Croweburg

underclay samples are best suited for building brick.

INTRODUCTION

A program to evaluate the chemical and firing prop-
erties of Oklahoma underclays began in the early
1980s. This program was conducted simultaneously
with the Oklahoma Geological Survey’s (OGS) coal pro-
gram. The northeastern Oklahoma coal program, un-
der the direction of LeRoy Hemish, was an extensive
study of the coal resources in that part of the coal field.

Sixty-six samples of underclay from 18 different
named coal beds were collected over a wide area in the
eastern Oklahoma coal field for evaluation (Luza and
Hemish, in preparation, “Evaluation of Selected Okla-
homa Underclays for Possible Commercial Utiliza-
tion”). The Croweburg coal underclay was selected for
this paper to represent the information compiled dur-
ing the study mentioned above.

Underclay is an argillaceous rock that is commonly
found beneath beds of coal. It is generally nonbedded,

light colored, and contains plant roots (such as
Stigmaria) and randomly oriented slickensides (Rim-
mer and Eberl, 1982). A sharp contact commonly exists
between the underclay and the overlying coal, and the
lower contact typically is gradational (Gresley, 1887).
Underclay is generally a few inches to 3 ft thick, but
may be 18 ft thick or more (Grim and Allen, 1938).
Underclay beds commonly are classified by the fol-
lowing clay types: (1) flint, (2) semiflint, (3) plastic, and/
or (4) some combination (Hosterman, 1972). Underclay
color, which varies from light gray to dark gray, is gen-
erally caused by varying amounts of organic matter in
the clay (Hosterman, 1972). Flint clay is a hard,
nonplastic refractory clay with high alumina (Al,O,)
content. High-grade flint clays have firing tempera-
tures that range from 1,760°C to 1,810°C (Hosterman,
1972). Semiflint clay is gradational between flint and
plastic clay with maximum firing temperatures from
1,680°C to 1,745°C (Hosterman, 1972). Plastic clay,

Luza, K. \'4 ; and Hemish, L. A., 1999, Evaluation of the Croweburg coal underclay for possible commercial utilization, in
Johnson, K. S. (ed.), Proceedings of the 34th forum on the geology of industrial minerals, 1998: Oklahoma Geological

Survey Circular 102, p. 47-55.
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which has the lowest alumina content, has a maximum
firing temperature below 1,670°C (Hosterman, 1972).

A comprehensive discussion of underclay origin(s) is
beyond the scope of this paper. Several origin theories
have been proposed since Logan presented his fossil
soil theory in 1842. McMillian (1956), Huddle and
Patterson (1961), Hosterman (1972), and Rimmer and
Eberl (1982) gave excellent literature summaries of the
various origin theories since Logan (1842). Bolger and
Weitz (1952) and Burst (1952) proposed that some
underclays are formed from colloidal material derived
from subaerial erosion and deposition in swamps.
Seiders (1965) and others proposed that some under-
clays form from the alteration of volcanic ash beds.
Other authors propose that in situ leaching of fine-
grained sediments in acid swamps is an important
process. The origin of underclay has stimulated a num-
ber of studies by geologists and clay mineralogists for
more than 150 years, and their work suggests a com-

plex origin.
PREVIOUS INVESTIGATIONS

Significant clay/shale reserves occur throughout cen-
tral and eastern Oklahoma. In 1997, Oklahoma pro-
duced 772,000 metric tons of clay/shale with a value of
$3.55 million (Johnson, 1998). The clay was produced
from 10-12 mines mostly in central and eastern Okla-
homa. Oklahoma clay/shale is primarily used in the
manufacture of cement and brick.

Snider (1911) did the first comprehensive study of
clays/shales in Oklahoma. Ceramic firing tests were
performed on more than 80 samples. Six samples, clay
numbers 10, 45, 47, 172, 286, and 287, were collected
beneath coal seams in eastern Oklahoma (Snider,
1911). Sheerar (1932) presented ceramic test fire data
for - more than 200 shale samples collected throughout
the State of Oklahoma. Knox (1948) and Chase and
Burwell (1952) conducted clay studies of kaolin and
montmorillonite clays in the Wichita Mountains in
southwestern Oklahoma. Several of the more compre-
hensive and/or detailed studies of clays and shales in
Oklahoma include Bellis (1972), Bellis and Rowland
(1976), Laguros (1972), Funnell (1949), and several stu-
dent theses.

GEOLOGIC SETTING

Figure 1 (index map) shows the eastern Oklahoma
coal belt, and delineates its two general regions: (1) the
northeastern Oklahoma shelf area, and (2) the Arkoma
basin. Figure 2 is a generalized geologic column show-
ing Pennsylvanian coal-bearing strata in northeastern
Oklahoma.

The Croweburg coal underclay is one of the principal
underclays of eastern Oklahoma. These coals are of
bituminous rank and are in beds of Middle and Late
Pennsylvanian age. They occur in an area of about
8,000 mi2, within the southern part of the Interior Coal
Province (Fig. 1) (Averitt, 1967; Friedman, 1974, 1978;
Wood and Bour, 1988). The rocks of the area consist of
a thick series of sandstones, shales, underclays, coals,
and limestones.

The Croweburg coal occurs only in the extreme
northwestern part of the Arkoma basin (Hemish, 1994,
1998a). However, it is present, and has been mined
extensively by both surface and underground methods
throughout the northeastern Oklahoma shelf area
(Hemish, 1986, 1989, 1990, 1994, 1998a,b). The
Croweburg coal and its underclay have not been inves-
tigated south of the Okfuskee county line. The
Croweburg coal splits into several beds just north of the
Hughes-Okfuskee county line, and in that area has
little commercial potential owing to interstratified
shale layers (Hemish, 1988a, 1994). However, core-
drilling by the OGS shows that the Croweburg coal
underclay is 1.6-2.5 ft thick in this area (Hemish,
1988a).

In general, rocks of the shelf area dip to the west and
northwest away from the axis of the Ozark uplift at
about 25-50 ft/mi (Huffman, 1958). Strata in the
Arkoma basin are much more faulted and folded, and,
in many areas, the coal beds are not as amenable to
surface mining as they are in the shelf area.

STRATIGRAPHY OF THE UNDERCLAYS

There are more than 40 beds of bituminous coal in
the state (Friedman, 1974; Hemish, 1987), but only 12
of these have been mined over large areas. The 12 are,
from oldest to youngest: the lower Hartshorne, upper
Hartshorne, McAlester (Stigler), upper McAlester,
Cavanal, Rowe, Secor, Weir-Pittsburg, Mineral,
Croweburg, Iron Post, and Dawson coals (Fig. 2). None
of the underclay associated with these coal beds is
known to have been exploited commercially.

Nine samples of the underclay from beneath the
Croweburg coal bed were collected over a wide area in
the eastern Oklahoma coal field for purposes of this
study (Fig. 3; Table 1). The Croweburg coal underclay
occurs in the Senora Formation within the Cabaniss
Group of the Desmoinesian Series (Fig. 2).

SAMPLE COLLECTION AND ANALYSES

Channel samples of underclay were collected at ac-
tive-coal-mine locations, whenever possible, to mini-
mize the effects of surface weathering. The sampling
procedures as outlined by Friedman (1978) were
followed.

The Chemistry Section of the OGS analyzed the
Croweburg underclay samples. Values in percent of
oxides of silica, alumina, iron, magnesium, calcium,
sodium, potassium, and manganese are given in Table
2, along with the percent of water and loss on ignition
(LOD).

The types and relative abundances of clay minerals
were determined by X-ray diffraction methods. Ori-
ented and unoriented slides were prepared and ana-
lyzed on a Norelco diffractometer using Cu-Ko: radia-
tion and scanned over the interval from 2 through 50
degrees 2 theta. All oriented slides were treated with
ethylene glycol to test for the presence of expandable
clay. No attempt was made to determine the amount of
individual mineral constituents present in each
sample.
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Figure 1. (A) Map showing coal rank in the coal provinces of the
United States (Averitt, 1967). (B) Index map showing location of
northeast shelf and Arkoma basin areas in the bituminous coal field

of Oklahoma.

Underclay samples were submitted for ceramic
evaluation to the U.S. Department of Interior Bureau
of Mines Metallurgy Research Center in Tuscaloosa,
Alabama. The test procedures are described by Liles
and Heystek (1977). Raw properties include water of
plasticity, working properties, color, drying shrinkage,
dry strength, pH, and effervescence (HCI) for each
sample. Samples were slow fired from 1,000°C to
1,250°C in 50°C intervals. Bulk density, color, percent
linear shrinkage, and percent adsorption were deter-
mined for each slow-fire test. A preliminary bloating
test was conducted on each sample. Potential commer-
cial use (or uses) for each underclay sample were in-
cluded with the test results.

CROWEBURG UNDERCLAYS

Nine samples of underclay from beneath the
Croweburg coal were taken for chemical, mineralogical,

and ceramic evaluation (Fig. 3; Tables 2-5). For com-
parison, these samples were grouped into the following
three regions: north, central, and south. The sample
sites begin on the shelf in the northern edge of the
Oklahoma coal field and end in the Arkoma basin.

North

Map numbers, 1, 4, and 19 comprise the north group
of samples (Fig. 3; Table 3). These samples were col-
lected from active coal mines in Rogers County. The
underclays, which vary from light gray to dark gray,
are 9 in. to >12 in. thick in this region. The dominant
clay minerals in samples 1 and 4 were illite and kaolin-
ite. The principal clay minerals in sample number 19
were illite, kaolinite, and mixed-layer clays (Table 1).
The SiO, content for these samples ranges from 50.39%
to 56.42%, and the Al,O, contents were about 20%
(Table 2).
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Firing-test data are summarized in Table 3 for the
Croweburg underclay samples from the north group.
The data indicate potential use as building brick in the
general firing range of 1,050-1,100°C. All three
samples had abrupt vitrification between 1,100°C and
1,150°C.

Central

Map numbers 12, 14, and 22 comprise the central
sample group (Fig. 3; Table 4). Samples 12 and 14 were
collected from abandoned coal mines in Wagoner
County. Sample 22 was collected at an active coal mine
in Okmulgee County. The underclay thickness ranges
from >12 in. to 18 in. and varies in color from light

to medium gray. Illite and kaolinite are the principal
clay minerals in sample 12. In samples 14 and 22, the
dominant clay minerals are illite, kaolinite, and mixed-
layer clays. Sample 22 had the lowest SiO, content
(45.96%) and the highest Al,O; content (22.88%)
(Table 2). Sample 14 had the highest SiO, content
(569.03%) and the lowest Al,O,4 content (16.55%) (Table
2).

Firing-test data for the central group of samples
are summarized in Table 4. The data indicate potential
use as building brick in the general firing range of
1,050-1,100°C for samples 12 and 14. Both of these
samples had abrupt vitrification between 1,100°C and
1,150°C. Sample 22 showed good firing characteristics
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Figure 3. Locations of Croweburg coal underclay samples in the northeastern Oklahoma coal field. Map numbers correspond

to those shown in Tables 3, 4, and 5.

at 1,050°C and vitrification between 1,050°C and
1,100°C.

South

Map numbers 24, 25, and 26 comprise the south
sample group (Fig. 3; Table 5). All samples were col-
lected from active coal mines in Okmulgee County. The
light-gray-to-gray underclay varies from >12 in. to >14
in. thick. The principal clay minerals are illite, kaolin-
ite, and mixed-layer clays in all three samples. Sample
26 had a slightly higher chlorite content. Sample 24
had the lowest SiO, content (48.89%) and the highest
Al,0O, content (23.60%). Samples 25 and 26 had ap-
proximately 20% Al,O,. However, sample 25 had the
highest SiO, content (58.98%) (Table 2).

Firing-test data for the Croweburg underclays in the
south sample group are summarized in Table 5. The
data indicate potential use as building brick at 1,050°C
for samples 24 and 26. Vitrification occurred between
1,050°C and 1,100°C for these samples. Sample 25 had
a slightly higher firing range, 1,100-1,200°C, and po-
tential use as building brick.

DISCUSSION AND CONCLUSIONS

All the Croweburg coal underclay samples indicate
potential use as building brick. The general firing
range was between 1,050°C and 1,150°C. The alumina
content (Al,O,) of the underclay samples varies from
~15% to 23.6%. In contrast, the Olive Hill clay in Ken-
tucky, which is used to manufacture fire brick and
other specialty products, has alumina content as high
as 40% (Crider, 1913). Chemical and firing data for the
Croweburg coal underclay are based on laboratory tests
that are preliminary in nature. More research will be
needed to determine what, if any, additives could be
mixed with the Croweburg underclays to improve firing-
properties.

Because Oklahoma has large reserves of clay and
shale deposits at or near the surface that are suitable
for the manufacture of brick, it is unlikely that under-
clays will ever have much, if any, commercial potential.
Limited areal distribution, relative thinness, and high
stripping ratios preclude Oklahoma’s underclays from
becoming a viable resource unless underclay mining
could be done in conjunction with surface mining of
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Table 2.—Chemical Analyses of Croweburg Coal Underclays

Map Sample ) ) Recovery
no. no. Si0; Al;O3 Fey03 FeO MgO CaO Na,O0 K;0 TiO; MnO H,0* LOI (%)
NORTH
1 80U1H 56.42 2021 134 133 113 0.13 080 311 092 001 764 6.65° 99.69
4 80U4H 53.94 1980 132 183 141 082 0.68 348 090 0.02 6.10 835" 98.65
19 80U23H 50.39 2039 221 408 130 037 055 4.01 0387 005 622 810 98.54
CENTRAL
12 80U16H 56.81 1655 560 039 0.78 049 084 331 101 0.01 950 647 101.76
14 80U18H 59.03 1498 262 128 128 0.13 1.04 285 092 002 891 6.28 99.34
22 81U2H 4596 22.88 178 242> 194 020 039 362 089 003 791 966 97.68
SOUTH
24 81U5H 4889 2360 264 153 176 025 031 387 093 003 444 987 98.12
25 81U6H 5898 1958 141 269 150 0.18 090 316 102 0.03 275 579 97.99
26 82U1H 51.78 2020 185 232 170 014 063 340 0.93 0.03 944 6.69* 99.11
Note: Values given as weight percentage.
2110°C.
bIndicates the reported value is the mean of two replicates.
Table 3.—Physical Properties of Croweburg North Underclays
Unfired characteristics Ceramic property tests
Water of Drying Firing Total fired Bulk
Map Sample plasticity shrinkage temperature shrinkage Absorption density
no. no. pH Color (%) (%) (°C) Color (%) (%) (gm/cm?)
1 80U1H 6.9 gray 20.1 2.5 1,000 light orange 2.5 19.2 1.74
1,050 light orange 5.0 16.6 1.83
1,100 orange 5.0 13.6 1.93
1,150 dark brown 10.0 4.8 2.17
1,200 — melted — —
4 80U4H 5.2 gray 21.6 2.5 1,000 reddish yellow 5.0 18.5 1.76
1,050 reddish yellow 5.0 13.8 1.91
1,100 reddish yellow 7.5 104 2.01
1,150 reddish brown 7.5 2.1 2.21
1,200 — melted — —
19 80U23H 54  gray 194 5.0 1,000 reddish yellow 5.0 14.6 1.94
1,050 reddish yellow 7.5 11.0 2.07
1,100 reddish yellow  10.0 7.8 2.17

1,150 — melted —
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Table 4.—Physical Properties of Croweburg Central Underclays

Unfired characteristics

Ceramic property tests

Water of Drying Firing Total fired Bulk
Map Sample plasticity shrinkage temperature shrinkage Absorption density
no. no. pH Color (%) (%) °C) Color (%) (%) (gm/cm?®)
12 80U16H 5.3 tan 22.8 5.0 1,000 light red 5.0 17.3 1.80
1,050 red 7.5 12.6 1.96
1,100 red 10.0 9.8 2.05
1,150 reddish brown  12.5 1.6 2.28
1,200 — melted — —
14 80U18H 4.5 tan 21.5 2.5 1,000 light red 2.5 23.2 1.64
1,050 light red 5.0 20.5 1.72
1,100 light red 5.0 18.3 1.79
1,150 reddish brown 125 4.3 2.20
1,200 — melted — —
22 81U2H 7.3 gray 24.8 5.0 1,000 pink 5.0 18.6 1.76
1,050 pink 7.5 13.7 1.92
1,100 pink 10.0 4.9 2.19
1,150 yellowish red 12.5 1.2 2.29
1,200 — melted — —
Table 5.—Physical Properties of Croweburg South Underclays
Unfired characteristics Ceramic property tests
Water of Drying Firing Total fired Bulk
Map Sample plasticity shrinkage temperature shrinkage Absorption density
no. no. pH Color (%) (%) °C) Color (%) (%) (gm/cm?®)
24 81USH 4.1 gray 25.6 5.0 1,000 light orange 5.0 18.8 1.75
1,050 reddish orange 7.5 12.9 191
1,100 reddish brown 12.5 3.6 2.14
1,150 — melted — —
25 81U6H 52 gray 20.4 2.5 1,000 reddish yellow 2.5 19.5 1.73
1,050 reddish yellow 5.0 16.7 1.83
1,100 red 7.5 10.9 2.02
1,150 reddish brown 10.0 5.1 2.21
1,200 brown 10.0 11 2.27
1,250 — melted — —
26 82U1H 6.2 gray 22.7 2.5 1,000 reddish yellow 2.5 19.8 1.73
1,050 light red 5.0 15.2 1.85
1,100 light red 10.0 7.1 2.14
1,150 reddish brown 10.0 1.2 2.31
1,200 — melted — —

coal. Extraction of the underclay thus could be done
immediately upon removal of the overlying coal and
prior to reclamation.
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Oklahoma’s Gypsum Resources—An Overview of Geology
and Manufacturing of Value-Added Products

Roger D. Sharpe and William A. Schroeder

United States Gypsum Company
Chicago, Illinois

ABsTRACT.—Oklahoma contains extensive resources of high-purity gypsum that were
deposited in the Anadarko and Hollis basins during Permian time. The gypsum re-
sources and reserves are estimated to be about 48 billion short tons and are located in
the western portion of the state. Oklahoma is the largest producer of gypsum products
in the United States.

The Blaine Formation and the Cloud Chief Gypsum contain several beds of minable
thickness. Four stratigraphic units in the Blaine Formation are quarried in Oklahoma.
The Shimer, Nescatunga, and Medicine Lodge Members are quarried in northwest
Oklahoma. The Van Vacter Member, consisting of three gypsum beds, is quarried in
southwest Oklahoma. The Cloud Chief Gypsum is quarried in the west-central part of
the state. The gently dipping gypsum in the Blaine Formation generally crops out
along low escarpments and is covered in the downdip direction by increasing overbur-
den, consisting of sand, shale, and/or dolomite. Anhydrite occurs in the downdip direc-
tion under the thicker overburden. The Cloud Chief Gypsum crops out as hills, which
are eroded remnants of a more widespread, massive sulfate unit. All of the gypsum
produced in Oklahoma is extracted using quarrying methods.

A variety of products are made from gypsum quarried in Oklahoma. The products
are manufactured from uncalcined, calcined, and deadburned gypsum. Products vary
from raw, ground gypsum used for agriculture, to high-value-added industrial plas-
ters, cements, and fillers produced from calcined gypsum. A sampling of the many
products manufactured from Oklahoma gypsum includes: (1) agricultural—soil
amendment; carrier for insecticides, pesticides, and herbicides; calcium supplement in
animal feeds; (2) gypsum wallboard—common, fire-resistant, and water-resistant
varieties; (3) industrial gypsum plasters—art and casting, pottery and ceramic, mold-
ing and tooling, crayons, wall patching; (4) industrial gypsum cements—oil-well ce-
ment, high-strength statuary, high-strength tooling, fiber-reinforced architectural,
road and bridge repair; (5) food and pharmaceutical—filler and binder in aspirin and
other medicines, yeast activator in brewing of beer, moisture absorbent in bread and
pizza dough; and (6) portland-cement retarder—ground with clinker to control setting
time.

INTRODUCTION

Oklahoma is the largest producer of gypsum prod-
ucts in the United States (15% of the total national
production). In 1997, 3.4 million short tons were pro-
duced with a value of $17.5 million (U.S. Geological
Survey, 1998). There are enormous resources of gyp-
sum in Oklahoma. Johnson (1978) estimated the
resources at 48 billion short tons. A great variety of
gypsum products are produced in Oklahoma, varying
from low unit-value crushed gypsum that is used for
road-base material, to high-value-added products, such
as food and pharmaceutical fillers. This paper will dis-
cuss briefly the geological relationships of gypsum in

Oklahoma, and, more specifically, will highlight vari-
ous products manufactured from the state’s vast gyp-
sum resources. The reader is referred to Johnson
(1978), Jorgensen (1994), and Kebel (1994) for more
complete discussions of the geology and processing
methods of gypsum.

GEOLOGIC SETTING

Economic deposits of gypsum occur in Permian rocks
in Oklahoma. The stratigraphic and structural rela-
tionships of the evaporites in Oklahoma have been de-
scribed by Ham and Curtis (1958), Fay (1964), and
Johnson (1978). The following description of the geo-

Sharpe, R. D.; and Schroeder, W. A., 1999, Oklahoma’s gypsum resources—an overview of geology and manufacturing of
value-added products, in Johnson, K. S. (ed.), Proceedings of the 34th forum on the geology of industrial minerals, 1998:

Oklahoma Geological Survey Circular 102, p. 57-67.
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logical relationships of economic gypsum in Oklahoma
is based upon Johnson (1978).

During the Permian, a vast epicontinental sea ex-
tended northeastward across portions of New Mexico,
Texas, Oklahoma, and Kansas. Marine carbonates
were deposited in the Permian basin in western Texas,
and evaporites were deposited in northwestern Texas,
western Oklahoma, and extending into southwestern
Kansas. Terrigenous fresh-water to brackish-water
clastic rocks were deposited along the margin of the
basin. The distribution of gypsum outcrops and gyp-
sum-bearing strata is shown in Figure 1.

Four evaporite sequences, with a total thickness of
about 5,000 ft, occur in Permian rocks in Oklahoma.
Evaporite deposition in Oklahoma occurred mainly in
the Hollis and Anadarko basins, which are separated
by the Wichita-Criner uplift. The four evaporite se-
quences are the Wellington, Cimarron, Beckham, and
Cloud Chief evaporites, in ascending order. The evapor-
ite sequences are 100-1,300 ft thick and consist mainly
of gypsum, anhydrite, and/or rock salt. Interbeds of
dolomite, shale, and sandstone are common. Produc-
tion of gypsum in Oklahoma is currently limited to the
Beckham and Cloud Chief evaporite units.

Blaine Formation

The Blaine Formation occurs in the middle portion
of the Beckham evaporites. In the Anadarko basin of
northwestern Oklahoma, economic gypsum deposits
occur within the Shimer, Nescatunga, and Medicine
Lodge Members of the Blaine Formation. The strati-
graphic relationships of these gypsum beds are
well exposed in Salt Creek Canyon, just north of Ro-
man Nose State Park, in Blaine County (Fig. 2). Eco-
nomic gypsum occurs in the Van Vacter Member of the
Blaine Formation in the Hollis basin of southwestern
Oklahoma.

Individual Oklahoma evaporite beds generally are

10-30 ft thick. Gypsum within the Blaine Formation
typically has a purity of 95-99%. Interbeds of shale,
with a thickness of 2-30 ft, separate the gypsum units.
The gypsum beds typically are underlain by thin dolo-
mite beds. Anhydrite lenses, commonly present within
the gypsum beds, increase in thickness in the downdip
direction under increasing overburden thickness.

In the semiarid climate of Oklahoma, gypsum and
anhydrite are resistant to erosion and crop out as
benches and dissected escarpments. In northwest Okla-
homa, the gypsum beds dip gently southwestward at a
rate of 10—40 ft/mi (<0.5°). Near the outcrop, the upper
surface of the gypsum has been affected by ground-
water solution. Irregular bed thickness and clay-filled
solution cavities and fractures occur where overburden
is thin to absent. Anhydrite increases in the downdip
direction under increasing overburden. Hydration of
anhydrite appears to have been from the top down and
the bottom up, leaving a wedge or lens of anhydrite in
the middle of the gypsum units. In some areas, the
upper surface of the gypsum has been buckled upward
from expansion of rock during hydration from anhy-
drite to gypsum (26% volume expansion), forming what
is known locally as “bear dens.” In the Southard area of
Blaine County, solution vugs containing long bladed
selenite crystals have been found.

In northwestern Oklahoma, overburden consists of
Pleistocene fluvial sand terraces of the Canadian River,
and shales/mudstones and thin dolomites of the upper
Blaine Formation. In southwestern Oklahoma, the Van
Vacter Member is overlain by thin shale overburden.

Cloud Chief Gypsum

The Cloud Chief Gypsum is the uppermost of the
evaporite sequences deposited in the Permian basin in
Oklahoma. The Cloud Chief Gypsum outcrops in west-
central Oklahoma in the central portion of the
Anadarko basin.

T

)klahom:

LA

Figure 1. Distribution of gypsum resources in Oklahoma (Johnson, 1978).
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Figure 2. Exposure of the Shimer, Nescatunga, and Medicine Lodge Members of the Blaine Formation in Salt Creek Canyon,

Blaine County.

The Cloud Chief Gypsum has a total thickness of
about 100 ft. The sulfate bed has been partially eroded,
resulting in a hilly terrain with 20-75 ft of gypsum.
The lower portion of the sulfate unit typically contains
anhydrite up to 40 ft thick; the upper part consists of
25-70 ft of massive gypsum.

The purity of the gypsum is high, about 97%, but
this is reduced to 93-95% during quarrying due to the
presence of clay and soil that fill solution cavities in the
upper surface. Anhydrite is not present in the Harrison
Gypsum operation, but occurs as residual lenses in the
Temple-Inland gypsum deposit (Johnson, 1978).

GYPSUM PROCESSING AND PRODUCTS

Gypsum is a very versatile mineral, which can be
used in the manufacture of several hundred products.
Processing methods vary from simply grinding and siz-
ing of quarry-run gypsum to the calcination of sized
gypsum in closed pressure vessels.

Uncalcined Gypsum

Gypsum that has been processed only by grinding
and sizing is known as landplaster, portland-cement
retarder, and Terra Alba. Landplaster is used for
agricultural gypsum and is a raw feedstock for

manufacturing wallboard and plasters. Portland-
cement retarder is used in the manufacture of portland
cement. Terra Alba is used in food and pharmaceutical
applications.

Agricultural Gypsum

Ground gypsum provides several benefits in agricul-
ture. As gypsum dissolves it provides a source of el-
emental calcium (25% by weight) and sulfur (20% by
weight). Gypsum has a neutral pH (7.0) and is 150
times more soluble than ground limestone. Finely
ground agricultural gypsum permits rapid dissolution
and absorption of its elements by plants. Long-term
availability of these elements during a growing season
may be accomplished by the application of agricultural
gypsum consisting of multiple particle sizes. Finely
ground gypsum can also be dissolved in irrigation wa-
ter for easy application.

Agricultural gypsum aids in the growth of Okla-
homa crops such as peanuts and cotton. It can also be
used in the production of fruits, such as apples, straw-
berries, and blueberries. It is used in the growth and
maintenance of lawns and golf courses.

Gypsum loosens and aerates heavy clay and wet
soils. The gypsum particles act as nuclei for the floccu-
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lation of clay particles, producing more granular and
well-drained soils. Gypsum aids in reducing the alka-
linity of soils by cation replacement of calcium for so-
dium. Application of gypsum prevents crusting of soils,
where low-electrolyte irrigation water is used, or where
the soil contains a high sodium content. Soil crusting
results in excessive runoff and erosion in sloping ter-
rain or standing water on more level ground.

In dairy-farm applications, gypsum can be applied to
manure piles to prevent the loss of nitrogen by reacting
with nitrogen to produce ammonium sulfate. An addi-
tional benefit is the reduction of ammonia odors.

Gypsum can be applied to bodies of water with high
total suspended solids, such as muddy ponds. The gyp-
sum acts as a flocculating agent to settle the suspended
clay particles.

Portland-Cement Retarder

Gypsum and anhydrite are used as a source of SO,
in the manufacture of portland cement. The SO, acts to
control the setting time and strength of the finished
product, as well as controlling shrinkage during drying.
Approximately 3-6%, by weight, of gypsum or a gyp-
sum and anhydrite mixture is ground with clinker to
produce portland cement.

Portland-cement rock is produced by two companies
in Oklahoma (Fig. 3). The United States Gypsum Com-
pany produces portland-cement rock at the Southard
Plant, in Blaine County. The United States Gypsum
Company also acquired the H&B Gypsum Company,
located near Watonga, in 1998. The Harrison Gypsum
Company operates a quarry near the town of Cement
in Caddo County.

Terra Alba

Terra Alba is a white, high-purity, uncalcined gyp-
sum that has numerous uses in the food and pharma-
ceutical industries. Terra Alba is made by fine-grinding

and air-separation of gypsum with a purity of greater
than 97%. Terra Alba has a calcium content of 23% (by
weight).

Terra Alba is produced by the United States Gyp-
sum Company at the Southard Plant in Blaine County
and by Harrison Gypsum Company in Caddo County.
Some of the beneficial uses for this high-purity product
are described below. Deadburned gypsum, which is
described later in this paper, shares some of the same
characteristics and applications as Terra Alba.

1. Beer Brewing. Calcium ions, derived from the
Terra Alba, buffer the pH and reduce the hardness of
water used in the beer-brewing industry. The yield of
the main mash is increased by promoting the proper
gelatinization of the starch in the cooker mash, as
well as protein degradation and starch conversion.
Flocculation and precipitation of undesirable protein
complexes is achieved by the addition of Terra Alba.
These effects produce beer with improved stability and
shelf life.

2. Baking. Terra Alba is used in the baking industry
as a source of supplemental calcium. It is used in en-
riched flour and breads, pasta products, baking pow-
der, yeast foods, and bread conditioners. Calcium en-
richment of bakery products, in addition to providing
supplemental calcium, also counteracts the effects of
excess phosphorous in a person’s diet. Many foods are
high in phosphorous, but few foods are good sources of
calcium. A deficiency of calcium causes the dough to be
soft and sticky.

3. Pharmaceuticals. Terra Alba is used as a dilutent
and inert extender in pharmaceutical products, such as
aspirin tablets. As described above, it also provides a
source of dietary calcium.

4. Other Food Applications. Terra Alba is also used
in the production of canned vegetables, cheeses, and
artificially sweetened jellies and preserves.
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Figure 3. Location of portland-cement-rock producers in Oklahoma.
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Figure 4. Counties that produced gypsum or anhydrite for road base, road surfacing, and drill pads in 1992.

Road-Base Material

Northwest Oklahoma does not have suitable aggre-
gates for use as a road-base material. Gypsum and
anhydrite are produced in several counties for use as
surface material on unpaved county roads and on oil-
and gas-well access roads and drillpads (Fig. 4). Gyp-
sum and anhydrite cannot be used as concrete aggre-
gate. A mixture of gypsum and anhydrite produces
well-compacted unpaved roads.

Gypsum and anhydrite for use as road-base material
is produced by the United States Gypsum Company,
Western Plains Material, and H&B Gypsum, Inc.
The 1992 directory of Oklahoma mineral producers
(Arndt and Springer, 1992) listed several small com-
panies producing road-base material. Some small bor-
row pits may be operated by local county highway
departments.

Calcined Gypsum

Gypsum, which has been transformed chemically
through the application of heat and/or pressure, thus
removing three-fourths of the water of crystallization,
is known as calcium sulfate hemihydrate, stucco, and
Plaster of Paris. Calcination produces two products,
beta hemihydrate and alpha hemihydrate, depending
upon the processing method used. However, the chemi-
cal reaction for both products is the same:

CaSO, - 2H,0 + heat = CaSO, - %H,0 + 1%:H,0

Many different products may be manufactured from
either alpha or beta hemihydrate, or a mixture of both.
The products are further mixed with portland cement,
fiberglass, plastic resins, and other materials to
produce products with high strength and density, fire
and water resistance, and other specialized character-
istics.

Beta Hemihydrate

Beta hemihydrate is produced by calcining finely
ground gypsum (95% minus 100 mesh) in vertically
oriented, cylindrical, steel kettles at atmospheric
pressure. The calcination can be done in a continuous
process or in a batch process. Continuous calcining
of landplaster is used predominantly for producing
stucco for wallboard. Batch calcining is used predomi-
nantly for manufacturing construction and industrial
plasters. The beta-hemihydrate calcining process
produces rough, fractured, fragmented particles as
shown in Figure 5. The predominant products man-
ufactured from beta hemihydrate are described
below.

In the continuous calcining process, landplaster is
introduced into the top of the kettle. As the molecular

X1.568 1Bvm KD 9
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Figure 5. Electon micrograph of beta hemihydrate (magnifi-
cation x1,500).
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Figure 6. Location of gypsum-wallboard plants in Oklahoma.

water is removed during calcination, the beta hemihy-
drate becomes less dense and rises toward the top of
the kettle. The beta hemihydrate overflows the top of
the kettle into a hotpit where calcination is completed
and entrapped steam is released. The beta hemihy-
drate is discharged from the continuous kettle at a tem-
perature of 280-309°F.

In the batch kettle process, the calcining is done on
a measured amount of landplaster, then the entire
batch is dumped into a hotpit for the completion of cal-
cination and release of entrapped steam. Batch calcin-
ing produces beta hemihydrate with high plasticity,
high strength, and high density. The product from
batch calcination is used for construction and in some
industrial plasters. Batch calcining is performed at a
temperature of 300-330°F.

Gypsum Wallboard

Gypsum wallboard is produced by three companies
in Oklahoma (Fig. 6). All gypsum produced in Okla-
homa is quarried by open-pit methods. Several differ-
ent types of wallboard are manufactured, including the
common variety and specialized varieties, such as fire
resistant, water resistant, and plaster lath.

Gypsum wallboard is manufactured by mixing beta-
hemihydrate stucco, water, and other additives to form
a slurry. Additives, such as asphalt emulsion, vermicu-
lite, chopped fiberglass, and paper fiber, impart to the
wallboard characteristics such as water resistance, fire
resistance, and strength. The slurry is discharged onto
a continuous roll of paper; the edges of the paper are
folded upward, and another sheet of paper applied to
the top forms a soft, gypsum “sandwich.” The gypsum
sandwich travels along a conveyor for several hundred
feet until the stucco slurry has recrystallized to gyp-
sum. The continuous stream of wallboard is cut into
lengths varying from 8 to 14 ft, which then enter a
multi-deck drying kiln to remove excess water. Upon
exiting the kiln, the wallboard is packaged into two-

Figure 7. Typical gypsum-waliboard products produced in
Oklahoma.

sheet bundles, stacked, warehoused, and shipped to
customers (Fig. 7).

United States Gypsum Company.—The United States
Gypsum Company, a subsidiary of USG Corp., operates
a wallboard-manufacturing plant at Southard in
Blaine County. A gypsum-calcining mill was founded
under the name of Independence Plaster Company by
George L. Southard in 1905. The United States Gyp-
sum Company acquired the operation in 1912. The
United States Gypsum Company products are known
by the trademark SHEETROCK™.

The Shimer and Nescatunga Members of the Per-
mian Blaine Formation are quarried at the Southard
Plant. The gypsum members are overlain by as much
as 70 ft of sand and shale. To the south of the Southard
Plant, the overburden consists of shale and thin dolo-
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mite. North of the plant, the shale overburden is over-
lain by unconsolidated Pleistocene terrace sands of the
Canadian River.

The Shimer Member is 10-16 ft thick. The Shimer
and Nescatunga Members are separated by about 30 ft
of shale interburden. The upper few feet of the
interburden consists of argillaceous dolomite. The
Nescatunga Member is 12-15 ft thick. The Nescatunga
Member is underlain by the Medicine Lodge Member,
which is not quarried at the Southard Plant. The Medi-
cine Lodge Member varies in thickness from 1 to 15 ft
and increases in thickness from south to north.

Republic Gypsum Company.—Republic Gypsum Com-
pany, a subsidiary of the Republic Group Inc., operates
a gypsum-wallboard-manufacturing plant at Duke,
Jackson County. Republic Gypsum Company was
founded in 1961 by the Simpson family, which had
been involved in the manufacturing of building prod-
ucts in Texas and the Southwest since the 1880s.

The quarry is located about 5 mi from the manufac-
turing plant. Republic Gypsum Company operates its
own fleet of trucks. The company-owned Hollis and
Eastern Railroad connects the Duke plant to major rail
carriers.

Three gypsum units within the Van Vacter Member
of the Blaine Formation are quarried by Republic Gyp-
sum. The three units, labeled Bed 1 (9 ft thick), Bed 2
(17-21 ft thick), and Bed 4 (9 ft thick), in ascending
order, are separated by shale intervals that are about 9
ft thick.

Temple-Inland Forest Products Corporation.—The
Temple-Inland Forest Products Corporation, a subsid-
iary of Temple-Inland, Inc., operates a gypsum-wall-
board-manufacturing plant at Fletcher, Comanche
County. The company was formerly known as the
Texas Gypsum Company.

Temple-Inland Forest Products quarries gypsum
from the Permian Cloud Chief Gypsum. The Cloud
Chief Gypsum consists of approximately 100 ft of sul-
fate rock, overlain and underlain by red shale and
sandstone. In the Fletcher area, the top of the Cloud
Chief Gypsum is partially eroded, leaving 20-75 ft of
gypsum as remnant hills.

Pottery and Ceramic Plasters

Plasters used in the manufacturing of pottery and
ceramic products may be either alpha hemihydrate,
beta hemihydrate, or mixture of both crystal phases.
White art plasters used in schools and arts-and-crafts
classes are made from beta hemihydrate.

The process of manufacturing pottery and ceramic
products involves several steps, from preparation of an
initial model to the final product. An original block
mold is manufactured from the finished model of the
product to be manufactured. Then a case mold is made
from the block mold. The case mold becomes a die for
fabricating multiple-working or production molds. The
block-and-case molds are typically manufactured from
alpha hemihydrate. The use of alpha hemihydrate al-
lows for the production of dense, hard, strong, and du-

rable molds, which can be intricately detailed. Working
molds, which are used for mass production, are manu-
factured from a blend of alpha and beta hemihydrate or
from alpha hemihydrate (Fig. 8). Industrial manufac-
turing processes for pottery and sanitary ware involve
three major types of working molds: slip-cast molds,
jigger molds, and press molds.

In slip casting, a relatively fluid mixture of clay and
other ceramic raw materials, called “slip,” is poured
into a mold, which may consist of several individual
pieces. The excess water in the slip is absorbed by the
plaster mold. Slip-cast molds are generally manufac-
tured from a mixture of 15-20% alpha hemihydrate
and 80-85% beta hemihydrate. Examples of slip cast-
ing include the manufacture of sinks and toilets.

In jigger casting, a relatively soft, plastic clay mix-
ture is placed on a rotating bottom mold. As the mold
rotates, an upper molding template moves downward
and forces the clay to fill the bottom mold. The upper
molding template also impresses or cuts the desired
design elements into the clay. This method is not very
labor intensive and is used to manufacture lower priced
dinnerware items. Jigger-cast molds generally are
manufactured from a mixture of 70% alpha hemihy-
drate and 30% beta hemihydrate. The alpha hemihy-
drate gives the mold durability and hardness for use in
longer production runs.

In press casting, the clay mixture is formed into the
final product by hydraulically pressing a lump of clay
between the two halves of a mold. This method is used
to produce products such as dishes, ashtrays, some
cups, and bud vases. This method of casting is also rela-
tively fast and low cost. The molds are manufactured
entirely from alpha hemihydrate.

Alpha Hemihydrate

Alpha hemihydrate is produced by calcining sized
gypsum, or “lump rock,” in an autoclave at elevated
steam pressure in a batch process. This method of cal-
cination produces dense, orderly, well-formed crystals
(Fig. 9). Alpha hemihydrate may be used alone or
mixed with additives such as beta hemihydrate, port-
land cement, resins, and fiberglass to produce very
durable products. Alpha hemihydrate is used in the
following applications:

Industrial Prototypes and Models

Gypsum-based plaster has been used for pattern,
model, and mold making for over a thousand years.
Alpha-hemihydrate cements are used to meet the spe-
cialized needs of the aircraft, automotive, foundry, plas-
tics, and other industries. The characteristics of the
alpha-hemihydrate cements allow for the manufacture
of molds and patterns with high accuracy, high
strength, high surface hardness, and low expansion
during drying and curing. Patterns and molds may be
made to close tolerances, such as required by the air-
craft industry.

One of the latest innovations in the preparation of
industrial prototypes and models is the development of
a machinable alpha-gypsum cement. This product was
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Figure 8. Pottery and ceramic plasters used for casting of sinks, toilets, dishes, and pots.

Figure 9. Electon micrograph of alpha-hemihydrate crystal
(magnification x1,500).

developed by the United States Gypsum Company in
the 1990s to meet the needs of the rapid prototype-tool-
ing industry and serves as a replacement for preformed
polymer-based boards (Kaligian, 1997). The castable
alpha-gypsum cement may be poured into containment

vessels or molds of any size, and it hardens in about
one hour. Dimensional stability is achieved after three
hours.

Alpha-hemihydrate cement typically is used with
computer-controlled numerical-milling machinery to
produce prototypes and models (Fig. 10). The material
also may be used to produce forms for vacuum molding
of sheet plastics. Milling of cast blocks of this material
produces chips, rather than dust, and does not require
lubricating fluids.

Art and Statuary

Alpha-hemihydrate-gypsum cement and plaster is
used to manufacture dense, durable, three-dimensional
art and statuary products (Fig. 11). Art and statuary
cement and plaster may be modified by the addition of
polymers and glass fibers to produce resilient and chip-
resistant castings. These products may be used to pro-
duce solid figurines, lamp bases, and hollow statuary.

Traffic-Surface Repair

Traffic surfaces, such as expressways, bridges,
ramps, and commercial concrete floors that carry high
volumes of traffic may be repaired with a mixture of
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Figure 10. Numerically controlled milling of alpha-hemihydrate cement to product industrial prototypes and models.

Figure 11. Three-dimensional art and statuary products
made from alpha-hemihydrate-gypsum cement.

alpha hemihydrate, portland cement, and a suitable
aggregate. This is a quick and effective method to re-
pair or replace traffic surfaces that cannot be out of ser-
vice for a significant period of time. The United States
Gypsum Company manufactures Duracal™ at the
Southard Plant, near Watonga in Blaine County.
Traffic-surface-repair cement expands upon setting
to insure a tight contact with the surrounding pave-
ment. This characteristic protects reinforcing steel by
restricting the seepage of water and salt. The product

sets quickly, and it rapidly develops relatively high
compressive strength. The total process of repair or
replacement of sections of pavement can be completed
in less than five hours. The traffic-surface-repair ce-
ment will develop a compressive strength of 3,200 to
4,100 psi within about one hour. The compressive
strength after 28 days reaches approximately 10,000
psi.

The Central Artery in Boston, Massachusetts, car-
ries approximately 200,000 vehicles per day. Duracal™
was used to repair or replace road surfaces and bridge
decking during the nighttime hours without disrupting
normal rush-hour-traffic flow (Fig. 12). During a two-
year period, approximately five million pounds of
Duracal™ were used to repair large portions of the
roadbed. Warehouse floors may be repaired and driven
over by loaded fork trucks within just a few hours.

Architectural Applications

Fiberglass-reinforced alpha-hemihydrate cement
(FGR) is used to fabricate highly detailed interior ar-
chitectural features. The United States Gypsum Com-
pany produces HYDROCAL™ FGR Gypsum Cement at
the Southard Plant. Strong, resilient, high-strength
architectural details can be produced with a thickness
of as little as 0.1 in. Column capitals and covers, light
coves, medallions, cornices, coffers, and wall and ceiling
moldings are examples of details that can be fabricated
from this material. Architectural-detail elements can
be pre-cast offsite from original pieces with exacting
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Figure 13. Intricate architectural details produced from fiber-reinforced gypsum cement. Interior view of Caesar's Palace Hotel
in Las Vegas, Nevada.
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detail. Historical architectural elements can be easily
replicated with stronger, lightweight, FGR Gypsum
Cement. Figure 13 shows the application of FGR ce-
ment in the creation of molded architectural and artis-
tic elements at Caesar’s Palace, Las Vegas, Nevada.
The view includes molded features such as columns,
balustrades, statuary bases, and cornices.

Deadburned Gypsum

Gypsum that has been calcined at a temperature
above 400°C loses both molecules of the water of crys-
tallization, forming a deadburned calcium sulfate
(CaS0,). Although it has the same chemical formula as
anhydrite, deadburned gypsum is relatively inert and
insoluble. Deadburned gypsum is almost anhydrous,
with more than 99.6% of water of crystallization being
removed during calcination. The deadburned gypsum
has a high calcium content (29% by weight).

Deadburned gypsum has several high-value-added
uses. It is used as an inert filler in plastics. It also is
used in agricultural products as a binder or as a carrier
for herbicides and pesticides. Deadburned gypsum is
used in pharmaceutical products, such as aspirin tab-
lets. It is also used in pizza dough and other bakery
products, acting as a desiccant and a source of calcium.
The deadburned gypsum absorbs moisture in products
such as pizza dough, which can be manufactured and
then stored for a period of time before use. Deadburned
gypsum also is used as a filler in thermoplastics, such
as PVC. These PVC products include vinyl siding, win-
dow frames, moldings, conduit, and pipe. The filler

imparts special characteristics, such as acid resistance
and low electrical conductivity. It also is used in food

packaging.
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Solar-Salt Production in Northwest Oklahoma

Greg Joachims
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Freedom, Oklahoma

INTRODUCTION

Composition of salt in the Permian Flowerpot Shale
in northwest Oklahoma suggests that the salt in this
formation was deposited in the early phase of solar
evaporation. Brine produced through natural dissolu-
tion of the subsurface salt has netted very pure brines,
with relatively low concentrations of magnesium salts
that should result from late-stage precipitation of salt
deposits from sea water.

Over the last 100 years, extensive studies of sea-
water evaporites, in relation to brine density, have
been a topic of discussion. The development of evapora-
tion models has facilitated the increased production
and purity of solar salt (salt produced through evapora-
tion of brine by the sun’s energy). Conversely, this in-
formation can be utilized to gain an understanding of
how rock-salt formations were precipitated from sea
water by analyzing the elemental constituents of the
rock salt and of the resulting brine. By evaluation of
well-documented, phase-curve tables of sea-water
evaporation, a basic theory can be formulated on how
the Flowerpot salt unit was formed.

Whereas the evaporation of sea water has netted
consistent and predictable results around the world,
utilization of saturated brine formed by dissolution of
the Flowerpot salt has yielded some unusual results.
Crystallization of basic elements (such as calcium sul-
fate) known to precipitate from brines of lower densi-
ties has been identified in these saturated brines. Un-
til recently, there was little understanding as to how
and why these elements could remain in solution at
such high densities.

The purpose of this paper is to present general ob-
servations based upon salt-production activities in
northwest Oklahoma. Whereas the Big Salt Plain has
long been a source of salt, there has been little study of
the brine constituents formed by dissolution of the
Flowerpot salt in this area.

DISCUSSION

The Big Salt Plain, located in northwest Oklahoma
(Fig. 1), has been a documented source of salt produc-
tion since early written records of the area. The salt
flats consist mainly of alluvial sands of the Cimarron
River. Big Salt Plain is flanked by the Cimarron Gyp-
sum Hills, where high escarpments of red Flowerpot

Shale are capped by gypsum beds of the Blaine Forma-
tion (Johnson, 1972).

Solar-salt production results from pumping satu-
rated brine from the Flowerpot salt to the surface
(Fig. 2). Specialized earthen pans are designed to
maximize use of the prevailing winds to enhance
evaporation. The earthen pans were constructed by
leveling the sandy flood plain, building a series of
earthen embankments to contain the brine, and then
lining the ponds with reddish clays from the surround-
ing hills.

Harvesting of the salt is conducted annually in the
fall, after the summer heat and winds have facilitated
precipitation of salt in the earthen pans. The salt is
removed, washed of impurities, and stockpiled for fur-
ther processing. The processing plant produces a vari-
ety of products for water-conditioning, industrial, and
agricultural uses.

The Flowerpot salt is located 80-100 ft below the
land surface and consists of rock salt intermixed with
lesser amounts of red and gray shale. Natural ground-
water has dissolved small channels atop the salt unit,
and these channels convey brine upward through frac-
tured Flowerpot Shale and into the alluvium. Exten-
sive drilling data indicate that the channels atop the
salt unit are much like small “streams” that flow at the
contact between the shale and salt. Hydraulic pressure
and flow are considerable in these channels, and force
the nearly saturated brine up to within a few feet of the
surface.

Precipitation of minerals from evaporating sea
water follows a basic phase curve, as shown in Figure 3.

Brine utilized for salt production at Big Salt Plain is
chiefly from the upper surface of the Flowerpot salt,
which should contain the highest amounts of magne-
sium chloride, if the precipitation of the salt went to
late-stage crystallization from sea water. However, this
is not the case, because magnesium chloride is lacking.
Operations in West Texas and the Texas Panhandle
that utilize other Permian salts do recover magnesium
chloride, thus supporting the idea that Flowerpot salt
formed in the early phase of solar evaporation.

The resulting salt produced is 99.5-99.8% pure so-
dium chloride (NaCl). The main impurities are calcium
sulfate (CaSO,) and wind-blown sand. As stated
earlier, calcium sulfate (gypsum) typically is precipi-
tated at lower densities prior to salt production,

Joachims, Greg, 1999, Solar-salt production in northwest Oklahoma, in J ohnson, K. S. (ed.), Proceedings of the 34th forum
on the geology of industrial minerals, 1998: Oklahoma Geological Survey Circular 102, p. 69-71.
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Figure 3. Graph showing the various minerals that normally crystallize from sea water with increasing specific gravity.

although continued analysis of brine has indicated
differently.

The source of calcium sulfate is chiefly from dissolu-
tion of the gypsum beds in the Blaine Formation. As
meteoric water flows through the cavernous gypsum
hills and then down into the Flowerpot salt, gypsum
(CaS0, - 2H,0) is dissolved, forming a hemihydrate
(CaSO, - .H,0). The calcium-sulfate-rich water then
continues to move underground, where it dissolves the
Flowerpot salt to form brine.

The saturated brine does not readily precipitate the
calcium and sulfate in a hemihydrate state. However,
during rainfall events, the density of the brine may
drop to a specific gravity of less than 1.2, allowing ex-
cess H,O to combine with the hemihydrate and thus

form gypsum that is precipitated across the earthen
pans.

Solar-salt production on the Big Salt Plain has
served to improve the economy of northwest Oklahoma
and also to reduce the natural chloride degradation of
the Cimarron River.
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ABSTRACT.—Oklahoma is the only state in the nation that is currently producing io-
dine. The iodine is extracted from iodine-rich natural brines being pumped from deep
wells drilled into Pennsylvanian sandstones in the Anadarko basin of northwestern
Oklahoma. Woodward Iodine Corp., started in 1977, was the first plant in the United
States built for iodine recovery since the 1930s. At present, three companies are oper-
ating four iodine-producing facilities in northwestern Oklahoma. The combined pro-
duction of these facilities, 1,321,000 kg in 1997, is about 26% of the U.S. annual
consumption.

Iodine is present in concentrations ranging from less than 100 ppm (parts per mil-
lion) to as much as 1,560 ppm in brines in various Paleozoic strata in the subsurface
of northwestern Oklahoma; these concentrations are exceptionally high, and are well
above those of any other known brines in the world. Strata with the highest iodine
content in the area (Mississippian limestones) have low permeabilities, and thus
would yield only small amounts of brine. On the other hand, the lower Morrow sand-
stones (Lower Pennsylvanian) have a relatively high permeability and are capable of
yielding large quantities of brine that average 300-350 ppm iodine. The Morrow brine
reservoir was deposited in shallow-water-marine and intertidal-shelf environments
and now is buried 6,000—-10,000 ft below the land surface. Production is localized to
Morrow channel deposits confined to an Early Pennsylvanian paleovalley that is 1-2
mi wide, is about 70 mi long, and is referred to informally as the “Woodward trench.”
All three companies are producing iodine-rich brines from Morrow sandstones in three
different parts of the Woodward paleovalley, and one of the companies also is extract-
ing iodine from oil-field brines coming from several petroleum reservoirs near Dover,
about 80 mi east of Woodward.

The basic extraction method employed by Woodward Iodine Corp. was used in
Louisiana and California operations in the late 1920s. This method is commonly called
the air-stripping process. Lower Morrow brine containing dissolved sodium iodide is
pumped to the plant through a series of pipelines, where by-product natural gas is
separated and processed. The brine is then acidified and subsequently oxidized with
chlorine to convert the iodide to iodine. The iodine is air stripped and reabsorbed with
sulfur dioxide and water, converting it to hydriodic acid, or process liquor. The process
liquor is then processed, using chlorine once again, to crystallize the iodine as a solid.
This is then melted and frozen to form a solid product, which is packaged in 110-Ib (50-
kg) drums and shipped to end users throughout the world.

HISTORY AND GEOLOGIC SETTING Iodine was first produced in the United States be-
tween 1917 and 1921, from seaweed harvested in Cali-
This brief discussion about the history of iodine pro-  fornia. However, anomalously high concentrations of

duction in the United States and the geologic settingin  iodine in brines is known in a number of major sedi-
northwestern Oklahoma is essentially reproduced from  mentary basins in the United States (Fig. 1). The first
Johnson (1994), with updates from the U.S. Geological commercial production of iodine from these U.S. brines
Survey (USGS, 1998a,b). was in Louisiana, between 1928 and 1932; some of

Johnson, K. S.; and Gerber, W. R., 1999, Iodine geology and extraction in northwestern Oklahoma, in Johnson, K. S. (ed.),
Proceedings of the 34th forum on the geology of industrial minerals, 1998: Oklahoma Geological Survey Circular 102,
p- 73-79.
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Figure 1. Areas of known iodine concentrations in the United
States (from Cotton, 1978). Exceptionally high icdine con-
centrations in northwest Oklahoma are in Mississippian
(Miss.) and Pennsylvanian (Penn.) strata.

the Louisiana oil-field brines contained about 35
ppm iodine (Lyday, 1986). Oil-field brines in parts of
California contain 30-70 ppm iodine, and these were
produced at various times between 1928 and 1966. In
Michigan, natural brines containing an average of 15—
30 ppm iodine were processed mainly for bromine, and
by-product iodine, by Dow Chemical Company, until
the wells were plugged and abandoned in 1987.

With closure of Dow’s Michigan operation, iodine
production in the United States now comes completely
from iodine-rich (production brines average about 300—
350 ppm iodine) natural brines in the deep subsurface
of the Anadarko basin of northwestern Oklahoma
(Figs. 2,3). Oklahoma production began in 1977, and
three companies currently operate three major plants
and one miniplant for the recovery of iodine. Total pro-
duction from the three companies was: 1,207,000 kg
(valued at $12.5 million) in 1995; 1,274,000 kg ($14.6
million) in 1996; and 1,321,000 kg ($19.6 million) in
1997 (USGS, 1998b). World production of iodine was
13,400,000 kg in 1995, 15,600,000 kg in 1996, and
15,500,000 (estimated) in 1997; the reported consump-
tion of iodine in the United States in 1997 was
5,140,000 kg (USGS, 1998a). Therefore, in 1997 Okla-
homa produced an estimated 9% of the world’s output
and 26% of the United States’ reported consumption.

Oklahoma’s first iodine operation was the Wood-
ward lodine Corp. It opened early in 1977 as a joint
venture between Amoco Production Co. and Houston
Chemicals, a subsidiary of PPG Industries (Cotton,
1978). In 1984, the company was purchased by Asahi
Glass Co. of Japan (Lyday, 1986) and then was sold to
Ise Chemical Industries Co. Ltd. of Japan in 1994
(USGS, 1998a). Discovery of these iodine-rich brines
near Woodward resulted from a 12-year program of
analyzing brine samples collected by Amoco (Cotton,
1978). Amoco noted unusually high concentrations of
iodine from several formations in the Woodward area,
with concentrations as high as 1,560 ppm iodine in low-
permeability Chester (Upper Mississippian) limestones
and up to 700 ppm in the more porous Lower Pennsyl-
vanian Morrow sandstones.

lodine (mg/L)
in brine
100-500
500-1000 N
N 1000-1500 ‘\\v_\/__\
Brcuns domsurs 0" N

on top of Mississippian (After Collins, 1969)

Figure 2. Map of western Oklahoma showing area of high
iodine concentrations on the north flank of the Anadarko
basin (after Collins, 1969). Structural contour lines are in feet
below sea level.

The basal Pennsylvanian Morrow sandstones are as
much as 200 ft thick in the area and are preserved as
channel sands in a south-trending paleovalley (infor-
mally referred to as the “Woodward trench”) that was
cut into the underlying Chester limestone surface
(Figs. 4,5). Although iodine concentrations are higher
in the Chester limestones, these strata have low
permeabilities and do not yield large volumes of water.
On the other hand, Morrow sandstones here have a
much higher porosity (about 14%) and permeability
(about 20—40 millidarcies) and yield large volumes of
brine averaging about 300-350 ppm iodine; production
wells yield 5,000-10,000 barrels of brine per day
(200,000-400,000 gal per day).

The Woodward trench has an average width of 1-2
mi and a known length of about 70 mi (Cotton, 1978).
Woodward Iodine Corp. operates 20 production wells,
extracts iodine from the brine at their Woodward plant,
and then injects the waste brine back into Morrow
sandstones within the trench through nine injection
wells (Fig. 6). The main plant is located about 8 mi
north of Woodward. Brine-production wells and injec-
tion wells are 7,000-8,200 ft deep at Woodward.

A second iodine-recovery plant in Oklahoma was
started in late 1987 by Iochem Corp. of Japan. The
Iochem plant, located near Vici, about 20 mi south of
Woodward, also produces iodine-rich brines from Mor-
row sandstones at depths 0f 9,850-10,440 ft, in a south-
ern extension of the Woodward trench. The company
has 11 production wells and 5 injection wells.

North American Brine Chemicals operates the two
remaining iodine-recovery plants in Oklahoma. The
company built a major facility about 20 mi north of
Woodward in 1989, where they produce iodine-rich
brine from Morrow sandstones in a northern extension
of the Woodward trench. This facility operates three
production wells and three injection wells, all about
6,000 ft deep. The company also operates a miniplant
near Dover where they extract iodine from oil-field
brines collected from about 50 oil and gas wells that
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produce from several formations in
nearby parts of northwestern Oklahoma.
Iodine, present in concentrations of from
100 ppm to more than 1,000 ppm, is
stripped from the brines, and the waste
water then is injected into the subsurface
in a brine-disposal well. North American
Brine Chemicals is a joint venture of
Beard Oil Co. (40% share) and two Japa-
nese firms (Godoe, Ltd., 50% share, and
Mitsui and Co. Ltd., 10% share).

To capitalize on these four iodine-pro-
ducing operations, another company,
Deepwater Chemical, opened a new
plant at Woodward in 1994 to manufac-
ture a range of inorganic and organic
compounds from the crude iodine.

The origin of the iocdine-rich brines on
the north flank of the Anadarko basin
has been an enigma for many years. Re-
cent work on iodine-isotope ratios by
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Figure 5. Cross sections showing iodine-bearing Morrow
channel sandstones preserved in the Woodward trench that
has been cut into the underlying Chester limestones (from
Johnson, 1994; modified from Cotton, 1978). Datum is top of
Morrow strata. Length of A~A” and B-B" is about 10 km;
length of C—C" is about 15 km,

Moran (1996) indicates that the Woodford Shale (an
Upper Devonian-Lower Mississippian, organic-rich
shale} is the probable source formation for these high
iodine concentrations, and that iodine-rich brines mi-
grated from the Woodford Shale into a number of brine
reservoirs in northwestern Oklahoma.

EXTRACTION METHOD AT
WOODWARD IODINE CORP.

The following description of extraction methods is
modified from an internal company report of Wood-
ward Iodine Corp. by R. S. Cook.
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Figure 6. Map showing wells and production system for part
of the Woodward lodine Corp. plant north of Woodward (from
Cotton, 1978).

The basic extraction method employed at Woodward
(Fig. 7) was used in Louisiana and California opera-
tions in the late 1920s. This method, now used by Japa-
nese iodine producers, is commonly called the air-strip-
ping process. One of the major advantages that Wood-
ward brine has over other domestic and many foreign
reserves is its relatively high iodine concentration,
which is several times the concentration of most other
known reserves. Consequently, capital-investment re-
quirements and operating costs compare favorably with
those of other producers.

Bringing Brine to the Recovery Plant

The technology of the Woodward facility was tai-
lored by PPG’s technical staff for the character of the
Woodward brine. Environmental safeguards and corro-
sion-resistant construction materials were major items
considered in the design of the Woodward facility. The
process provides for total containment and recovery of
iodine and other chemical vapors, resulting in no emis-
sions to the atmosphere. The process equipment was
built using advanced materials of construction that can
cope with the extremely corrosive materials handled.
From an environmental point of view, the plant is de-
signed to provide total containment of the iodide-bear-
ing waters by re-injection of the depleted brines into
the same formation (Morrow sandstones) from which
they were produced. Land subsidence is thereby
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Figure 7. Flow sheet for the iodine process used at the Woodward lodine Corp. plant north of Woodward.

avoided, and fluid pressures in the reservoir are main-
tained. Amoco developed the waterflood methods used
to raise iodine-rich brine to the recovery plant and to
then dispose of waste brine after iodine has been re-
moved. Amoco also set up a gas-processing method to
remove by-product natural gas contained in the brines
handled by the iodine-recovery plant. PPG Industries’
Chemicals Group’s experience in chemical-plant design
and operation enables efficient removal of the iodine
from the brine.

Extracting Iodine from Brine

Todine occurs in the natural brines as a soluble com-
pound, sodium iodide. After natural gas (primarily
methane) is flashed from the brine, some sulfuric acid
is added to maintain the pH below 4.0 to ensure effi-
cient iodine liberation in the oxidation and stripping
process. Gaseous chlorine serves to oxidize the iodide in
the brine to iodine. After the oxidation stage, the brine

passes through a packed column where free iodine is
stripped from the brine as it is exposed to large vol-
umes of air. The depleted effluent that leaves the strip-
ping column is then treated and returned to the origi-
nal formation. The iodine vapor is carried by the air-
process stream from the stripping column to an absorb-
ing column, where a reducing atmosphere is main-
tained by the injection of gaseous sulfur dioxide and
water. The basic chemical reactions that take place in
the oxidation and reduction stages of the stripping and
absorption steps are as follows:

Oxidation: 2I1+Cl, > I, T +2C1!

Reduction: Ly(air) + SO, + 2H,0 — 2HI + H,SO,
Absorbing-tower concentrations are controlled at

optimum hydriodic-acid levels by the continuous addi-

tion of water and withdrawal of hydriodic- and sulfuric-



78 K. S. Johnson and W. R. Gerber

acid solution. This solution is kept in an interim-stor-
age vessel.

In acid solution, chlorine gas reacts with hydriodic
acid to form crystalline iodine. The process liquor accu-
mulated in the interim-storage vessel is processed
through the oxidizing and crystallization steps. The
crystallizer vessel contains agitated absorbed liquor
into which gaseous chlorine is injected. The rate and
quantity of chlorine addition are precisely controlled to
avoid particle contamination, over-oxidation, and re-
sultant product loss. The best available oxidation/
reduction-potential instruments are used to control this
step. The reaction taking place here is:

2HI+Cl, - L, | + 2HCI

The oxidized crystallizer liquor is a mixture of water,
sulfuric acid, hydrochloric acid, and iodine crystals.

Converting Iodine Crystals to Flakes

After the crystallization step, it is necessary to sepa-
rate the crystals from the mother liquor. This is done
through batch filtration, followed by vacuum drying of
the filter cake. The filtrate is recovered and reused at
the front end of the plant, where the sulfuric and hy-
drochloric acids serve to acidify incoming brine. Wet
iodine filter cake is transferred to a heated purification
vessel containing molten iodine under a layer of hot,
concentrated sulfuric acid. As the filter cake settles
through the hot sulfuric acid, the acid effects additional
drying of the crystals. The diluted acid is withdrawn
and replaced with fresh 93% sulfuric acid. The diluted
sulfuric acid withdrawn from the purification vessel is
recovered and reused at the front end of the process to
acidify the incoming brine. The molten iodine accumu-
lated in the purification vessel is processed through a
final solidification step designed to produce flakes. The
iodine flakes are packaged in 110-1b (50-kg) fiber drums
and stacked on pallets for shipment.

USES OF IODINE

The following discussion of uses is from Lyday
(1989a,b), as presented by Johnson (1994).

Iodine was discovered in 1811 and identified as a
new element in 1813. Iodine products were first used
commercially in the late 19th and early 20th centuries
as a remedy for goiter, as a disinfectant for cuts and
abrasions, and for sanitation. Since then, iodine has
been used in a variety of specialty chemicals for many
commercial applications. Major uses include disinfec-
tants, pharmaceuticals, stabilizers, catalysts, animal
feeds, colorants, and photography.

Disinfectants

The major use of iodine is in the manufacture of dis-
infectants. Iodine is an effective germicide for many
microorganisms, and its compounds are used in dairies,
laboratories, food-processing plants, and dish washing
in restaurants. Iodine also is used as a disinfectant in
swimming pools and in water supplies.

Pharmaceuticals

Pharmaceuticals are another major use of iodine,
mainly as radiopaque media that are injected into the
blood stream for producing X-ray photographs of the
internal structure or blood circulation of the body. Po-
tassium iodide is widely used in cough medicines as an
expectorant, and iodine compounds are used in the syn-
thesis of amphetamine, methamphetamine, and
ethylamephetamine.

Stabilizers

A third major use is as a stabilizer in the manufac-
ture of nylon for tire cord and carpets, and for convert-
ing rosins, tall oil, and other wood products to more
stable forms.

Catalysts

Another important use of iodine is in catalysts.
With development of the Monsanto process for produc-
ing acetic acid (using an iodine-promoted rhodium
complex as catalyst) in the 1960s, most new acetic-acid
producers used this process. Iodide catalysts also are
used in the dehydrogenation of butane and butene to
butadiene, and in the preparation of stereo-regular
polymers.

Animal Feeds

Another important use of iodine is in the form of
additives for animal feeds. Cattle and sheep are fed
iodized salt and other iodine compounds to reduce cer-
tain livestock ailments, such as soft-tissue lumpy jaw
and goiter.

Colorants

Iodine is a coloring agent in some red dyes used in
foods and on materials. Red food coloring has been used
in carbonated soft drinks, powdered drinks, gelatin
desserts, icings, and pet foods, whereas red dyes are
used in dyeing and/or printing of cotton, half-silk, jute,
and straw products.

Photography
Photography is one of the oldest industrial uses of
iodine. As much as 7% of the silver salt in the emul-
sions of negatives is iodide, and ammonium iodide is
used as a photographic developer.

Other Uses

Todine is also used in: (1) the modification of sele-
nium to make semiconductors; (2) the manufacture of
high-purity metals, such as titanium, zirconium, boron,
and hafnium; (3) the production of motor fuels; (4)
making additives for rechargeable dry cells; (5) produc-
tion of smog inhibitors; and (6) as cloud seeders to in-
duce rainfall.

End uses for iodine in 1996 were estimated, from a
USGS (1998a) canvass of consumers, as follows: sanita-
tion (39%); pharmaceuticals (24%); heat stabilizers
(13%); catalysts (9%); animal feeds (7%); and other
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(8%). The “other” uses included inks and colorants,
photographic chemicals, laboratory reagents, produc-
tion of batteries, high-purity metals, motor fuels, and
lubricants.
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INTRODUCTION

The regulatory landscape has changed considerably
since the first passage of Oklahoma’s land-reclamation
requirements in 1968 (Open Cut Reclamation Act of
1968). The Oklahoma Legislature revised the reclama-
tion requirements in 1971 with passage of the Mining
Lands Reclamation Act. With the passage of this Act,
the Legislature empowered the Oklahoma Department
of Mines with jurisdiction for permitting and regula-
tory authority over non-coal (industrial-minerals) min-
ing operations. This act required all operators to file
with the State, through the Department of Mines, a
written application for a permit to engage in non-coal
mining. Each application consisted of a mining plan,
which included location maps of the proposed mining
area along with a reclamation plan for the area to be
covered. Additionally, a reclamation bond is required
prior to issuance of a permit to ensure that the site
would be reclaimed.

Since 1971, the Act has been amended to include
public notification and public participation in the re-
view process of any application. Also, the operator can
request that the Department review the mining plan
based on the Life Expectancy of the mine, instead of the
original one-year plan (HB 1409 in 1993). Even though
the operator is granted a mining plan tied to the “Life
Expectancy” of the site, the permit is reviewed annu-
ally for compliance as required by law.

In 1983, the Department promulgated a set of “Rules
and Regulations for the Non-Coal Division of the De-
partment of Mines” (Section 460:10, subchapters 1-37).
These rules consist of permitting and bonding require-
ments, reclamation-release procedures, and State au-
thority and inspection requirements. In 1994, the rules
were revised to require more information with respect
to an operator’s reclamation plan. This detailed plan
includes a plan for permanent vegetation, best manage-
ment practices to assist in erosion control and off-site
siltation, and a handling plan for any settling ponds
and tailings-disposal areas on the permitted land. The
revised rules require each company to submit its plan
in a narrative form, with an accompanying reclamation

map, which documents the referenced plan, outlines
the areas affected, and shows the planned post-mine
usage (460:10-15). In addition to new permitting guide-
lines for all non-coal operations, the rules outline strict
conditions for operating in the watershed of a scenic
river (460:10-13). In June 1998, the Legislature passed
a new law that requires public display of the mining
application near the proposed site, to allow more pub-
lic access to the permitting process.

Although one might assume that the new regula-
tions and permitting guidelines would cause the indus-
trial-minerals industry in Oklahoma to suffer a decline,
the opposite is quite true. The Department administers
more than 400 mining permits on an annual basis. The
production reported to the Department for last calen-
dar year (1997) reached a new peak at 57,342,990 tons
of industrial minerals mined in the State.

PERMITTING REQUIREMENTS

The State of Oklahoma environmental requirements
for non-coal (industrial-minerals) mining are adminis-
tered by more than one regulatory agency. Air and
water issues are regulated by agencies other than the
Department of Mines. The Oklahoma Department of
Environmental Quality (ODEQ) regulates, through
permitting and inspection, the Storm Water Run Off
Program and the Point Source and Non-Point Source
water discharges, under Oklahoma Pollutant Dis-
charge Elimination System permitting activity. The
ODEQ also regulates the fugitive dust from mine sites
through the Air Quality Program. The U.S. Army
Corps of Engineers, along with the ODEQ, issues per-
mits to allow non-coal mining in the rivers and streams
of the State, providing that such actions comply with
Section 404 of the Federal Clean Water Act and Section
401 of the Federal Pollution Control Act. Each respec-
tive agency has specific jurisdictional boundaries.
There is no overlap or duplicate enforcement, and these
environmental regulations are concurrent with each
other. For the purpose of this paper, only the permit-
ting responsibility of the Oklahoma Department of
Mines will be outlined.

Johnson, Steven; and Schooley, Douglas, 1999, Industrial minerals and regulatory requirements in Oklahoma, in Johnson,
K. S. (ed.), Proceedings of the 34th forum on the geology of industrial minerals, 1998: Oklahoma Geological Survey Cir-

cular 102, p. 81-83.
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APPLICATION PACKAGES

Specific statutory requirements for permitting of
non-coal mining operations are found under Title 45,
Chapter 8A, of the Mining Lands Reclamation Act,
Sections 721 through 738, Non-Coal Rules and Regula-
tions, Oklahoma Administrative Code 460:10, Sections
1 through 31, covers the permitting process, the posting
of bonds, and the blasting plan. The required docu-
ments for an aepplication package follow.

Formal Application Section

This section is used to disclose the operator’s name,
address, and phone number, as well as the method of
mining, legal description, bonded and permitted acre-
age disclosure, and bonding instrument used. A Land-
owner Disclosure and Public Information page is lo-
cated in this section. This form references the legal
estate status of the site and also outlines the additional
permits needed from other regulatory agencies. An at-
tachment to this section of forms is the Compliance
Information document, which requests disclosure of
past practices and operations, and corporate or indi-
vidual disclosure. An instrument of legal estate verifi-
cation is a required attachment to be included with this
section. A Statement of Certification, pertaining to legal
right of entry and the accuracy of the information con-
tained in the application, must be attached to the appli-
cation, executed and sworn to by the applicant.

Reclamation Section

This section discloses and justifies the post-mine
land use of the permit area. The reclamation standards
for permitting disclosure were revised in 1994 to re-
quire a detailed process for reclamation. The Reclama-
tion Plan Section must include, to the extent appli-
cable, the following six items:

1. The methods to prevent or eliminate conditions
that will be hazardous to animal or fish life in or
adjacent to the affected land;

. The methods for rehabilitating settling ponds;

. The method for the control of contaminants and
disposal of the refuse, including tailings;

4. The method to provide safety to persons and ad-

joining property owners;

5. The plan for permanent revegetation, including

soil tests, site preparation, and seeding;

6. Best management practices that will be used on

the mine site.

W N

In addition to the required site maps, a map that
describes and justifies the post-mine reclamation
should be submitted with the plan. Useful attachments
for the plan can be topographic maps, flood plain area
maps, soil data, and/or reclamation cross sections and
maps.

Mapping Requirements

State law requires grid Location Maps to be filed
with the application. Additionally, the application must
contain a Site Map. This map must be an accurate rep-
resentation of the requested acreage to be permitted.

This map must have, as a minimum, the plotted loca-
tion of the plant site, processing area, stockpiles, sedi-
ment ponds, excavation locations, haul roads, scale
house, and all support facilities. This map must be
scaled to accurately represent the acreage being dis-
closed. These maps will have the permit area outlined,
as well as the bonded area indicated; this should in-
clude any property setbacks as required by law. Trans-
mission, electrical, fluid, or gas lines must be plotted on
these maps. The maps utilized for this purpose should
be aerial photos, topographic maps, or a metes-and-
bounds survey.

Bilasting Plan

A Blasting Plan (only required with explosives) must
be submitted on those locations where explosives will
be used as part of the mining procedure. A Blasting
Plan requires disclosure of the blaster’s name and
State Certification Number. Types and amount of ex-
plosives are to be referenced, as well as procedures for
control of site, and the plans for blasting signals and
blasting procedures. Procedures include the use of a
seismograph or the utilization of the Standard Weight
Distance formula outlined in the Department’s Rules
and Regulations for Non-Coal Mining. A copy of the
blaster’s recording form is to be attached to the plan for
retention requirements of each shot fired.

Reclamation Bond

Statutory law requires an operator to post a Recla-
mation Bond to insure reclamation of the permit site.
The bond is conditioned for performance of the docu-
mented Reclamation Plan. The State will accept either
a surety bond or a collateral bond. Each bond amount,
form, and duration must be accepted by the Depart-
ment prior to permit issuance.

AFTER COMPLETION OF
PERMITTING APPLICATION

Figure 1is a flow chart that represents the permit-
ting procedures that are followed. Once all permitting
documentation has been received, and the application
is considered complete, a copy of the documents is sub-
mitted to the appropriate County courthouse for public
access and viewing. When the application is filed for
public review, the applicant must publish a public no-
tice disclosing the intent of the applicant, the legal loca-
tion of the mining operation, and the location of the
public-inspection copy. Said notice must be published
once a week for four consecutive weeks. The public no-
tice will state that comments, objections, or a hearing
on the application will be allowed by qualified protest-
ors. Once the notice is published, an affidavit of publi-
cation must be submitted to the Department to docu-
ment this action.

All hearings and conferences requested will be held
in accordance with the Department’s Non-Coal Rules
and Regulations, the Department’s Rules of Practice
and Procedure, and the Oklahoma Administrative Pro-
cedures Act. The Department’s rules do allow for an
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Figure 1. Flow chart showing industrial-minerals-permitting procedures of the Oklahoma Department of Mines.

internal appeal of the conference officer’s findings. A and inspects the proposed location for site evaluation
formal hearing will be provided for those who have and recommendations. Based on this field inspection or
appealed, allowing for adjudication in a formal setting  a hearing determination, the plan may be modified or
in front of an administrative-law judge. conditioned. All permits issued by the Department are

Even if a hearing is not requested, a field inspector ~ approved by the Director, and are considered final or-
reviews the application, prior to any permit issuance, ders of the Department.
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Geology of Crushed-Stone Aggregate Resources in Arkansas

Stephen W. Kline
Arkansas Center for Energy, Natural Resources,
and Environmental Studies
Arkansas Tech University
Russellville, Arkansas

ABSTRACT.—Rock suitable for crushed-stone aggregate is almost entirely restricted to
the Highlands region of Arkansas, mostly from Paleozoic sedimentary units, but also
from a few Cretaceous igneous plutons. Reserves in the state are sufficient for local
needs, and Arkansas is geographically well situated for export markets to the south,
where resources for crushed-stone aggregate are lacking. A study of 423 quarries, test
pits, and exploration sites in Arkansas has been completed to evaluate the relative
quality of bedrock units for producing crushed aggregate. Of these, 274 sites have
records of engineering tests for stone evaluation done by the U.S. Army Corps of
Engineers and/or the Arkansas State Highway and Transportation Department
(AHTD). Of the 1,775 sample records from these sites, the most commonly reported pa-
rameters are the LA abrasion test and the Na-sulfate soundness test. Many records
also have absorption and specific-gravity data, and, for some, petrographic information
helps identify the potential for alkali-silica reactivity in portland-cement concrete. By
determining the bedrock sources of the tested samples, comparison is made between
the various geologic mapping units as to their relative quality for crushed stone.

INTRODUCTION

The crushed-stone industry is important to the
economy of Arkansas in terms of both domestic needs
and out-of-state trade. Stone aggregate is essential for
maintaining existing infrastructure in the state and for
expansion to meet the needs of a growing population.
Arkansas, with abundant near-surface hard rock that
is suitable for construction aggregate, is also strategi-
cally located for supplying this material to neighboring
Gulf Coast states that lack this resource. The national
movement to “Superpave” specifications in road design
is increasing the role of crushed aggregate, as opposed
to river gravels, in highway construction (Cominsky
and others, 1994), thus heightening interest in Arkan-
sas as a base for exports.

To meet the growing demand for information regard-
ing stone resources in Arkansas, a project was con-
ceived to determine the suitability of the various bed-
rock sources f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>