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ECONOMICS OF GLASS-SAND PROSPECTS

THOoMAS E. SHUFFLEBARGER, JR.!

Abstract—Glass sand is a virtually pure, fine- to medium-grained, quartz sand. It is produced in
25 states from a variety of chemically different source rocks. Deriving their raw material largely
from either friable sandstones or loosely consolidated sands, 59 operations produced 14.9 million
tons of melting sand in 1976. About one-third of this tonnage was obtained from the Oriskany and
St. Peter Sandstones. Glass-sand prospects are discussed in this paper with regard to chemistry,
environment, transportation, and costs. Demand for a quality product will range from 36 million

to 46 million short tons in 1995.

BACKGROUND

Glass must surely be considered one of
man’s most useful products. The oldest pure
glass is .a molded amulet reported to have
been made about 7000 B.C. (Encyclopaedia
Britannica, 1953). The earliest glass from
Egypt dates some time after 2500 B.C., and
glass of Babylonian origin may have been
made about 2600 B.C. (Encyclopaedia
Britannica, 1975).

As early as 1535, the Spanish estab-
lished glassmaking plants in Puebla, Mex-
ico, possibly the first such enterprise in the
Americas (Encyclopaedia Britannica, 1975).
In 1608, Captain John Smith, with the help
of skilled workmen from Poland and Prus-
sia, erected a building for making glass in
Jamestown, Virginia Colony; by December
of that year, he provided Captain Newport
with small samples of glass for his return to
England (Wust, 1969).

Glassmaking in Colonial America,
however, became firmly established in New
England, New Jersey and eastern Pennsyl-
vania. By 1808 operations were established
as far west as Pittsburgh. Beginning in the
1860’s, in response to increased demand for
fuel, the industry moved toward the Ohio
Valley. This move resulted in the use of the
glass sands for which the Oriskany (Devo-
nian) and St. Peter (Ordovician) Sandstones
have become singularly well known
(Keroher and others, 1966; Fettke, 1918, p.
19; Willman and Payne, 1942).

Beginning about 1902, again pressed by
the demand for natural gas as fuel, many
glass plants moved to southeastern Kansas.

1Pennsylvania Glass Sand Corporation, Berkeley
Springs, West Virginia.

These plants depended primarily upon the
St. Peter Sandstone in eastern Missouri for
their melting sand and later depended on
the sand from the Oil Creek and McLish
Formations (Simpson Group) in Oklahoma
as well as the St. Peter in Arkansas (Giles,
1930; Ham, 1945, p. 15-16).

Currently, there are 190 glass plants
(Bentzen, 1977) in the contiguous United
States. Upon inspection it is apparent that
competitive advantage in marketing rather
than proximity of raw materials (other than
fuel) is the decisive factor in considering lo-
cations for plants.

DEFINITION AND SOURCES OF
GLASS SAND

Glass sand is a virtually pure, fine- to
medium-grained, quartz sand (Fettke, 1918,
p. 19; Gary, McAfee and Wolf, 1972; Tooley,
1974), which may constitute as much as 75
percent of the glassmaking raw materials.
Although produced in comparatively small
tonnages, germanium, phosphate, and bo-
rate glass are examples of the non-silicate
glasses.

Definitions of glass sand are apparently
subject to opinion; this is particularly the
case where chemical composition is con-
cerned. Tooley (1974) and Murphy (1975)
provide definitions which are useful in the
industry and approximate the following: 95
percent of the grains passing 30 mesh and
essentially 100 percent retained on 140
mesh; the composition of “No. 1” glass sand
approximates 99.6 to 99.8 percent SiQOe.
Alumina Al2Os seldom exceeds 0.3 percent
and iron (Fe20s3) will range consistently
from 0.02 to 0.03 percent. Other grades of
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sand may contain 0.05 to 0.15 percent iron.
However, acceptable glass sands are those
which most nearly fit the glassmaker’s
economic needs, and any method used to
evaluate a raw material’s potential must fi-
nally prove compatible with such needs
(Shufflebarger, 1974).

Sources of glass sand include sand-
stones,. unconsolidated silica sands, quart-
zites, pegmatites, and vein-quartz. Admix-
tures of silica sand and either feldspar or
kaolin have proven useful. These admix-
tures may prove readily separable and re-
sult in a two-product operation (such as
silica sand and kaolin produced from the
Wilcox Group in east Texas). Unconsoli-
dated feldspathic sands, as well as feldspar
and quartz “fines” which result from
granite-quarrying operations, are bene-
ficiated and marketed successfully.

GLASS-SAND PRODUCERS

The St. Peter and Oriskany Sandstones
deserve special attention because of their
long-established value to the glass industry,
and the fact that nearly one-third of the
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glass-sand producers in the contiguous
United States derive their raw materials
from these sandstones.

Grimsley (1916, p. 332) considered the
Ottawa, Illinois, glass sand the standard
sand of the West and mentioned that the
Berkeley Springs (Oriskany) sand was of
similar quality. Lower Paleozoic sandstones,
those below and including the Oriskany,
supply nearly 30 percent of the nation’s
melting-sand requirements.

Where it is a source of glass sand in
Pennsylvania, Virginia, and West Virginia,
the Oriskany (more precisely, the Ridgeley
Sandstone, Keoher, 1966) is an indurated,
friable to tightly cemented rock. Attitude of
beds and outcrop patterns favor modern
materials-handling methods, and conven-
tional methods of reduction and beneficia-
tion result in a consistently high-quality
product (Fettke, 1919, p. 149-261; Butts and
Edmundson, 1966; Grimsely, 1916, p.
321-345).

The St. Peter, as well as the Galesville,
dJordan, Oil Creek, McLish, and Sylvania
sandstones, account for practically the total
melting-sand production in the central re-

X - Glass-sand plant

Figure 1. Distribution of the 59 glass-sand producers in the United States.
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gion (fig. 1; Keroher, 1966; Willman and
Payne, 1942; Giles, 1930, p. 1-112; Ham,
1945, p. 15-16; Grabau and Sherzer, 1910, p.
40-86; Landes, 1951; Dake, 1918, p.
105-169).

Glass sand is produced in 25 states from
a variety of chemically different source
rocks that constitute an apparently ade-
quate reserve base (table 1). Clearly,
melting-sand resources are a select portion
of quartz-bearing rocks in general, and
standards of acceptance, affected either by
economics or by rock properties, act to
further restrict possible uses. Hence, the
various land-use regulations (Ketner, 1973)
and punitive tax legislation (Engineering
and Mining Journal, 1977) could prove par-

ticularly detrimental to future prospects.

Because of the proprietary nature of the
information, the tonnage of melting sand
produced annually is difficult to determine.
However, two independently derived esti-
mates indicate that the production from 59
plants ranged from 14.6 million (Bentzen,
1977) to 14.9 million short tons in 1976 (fig.
2). The median output of all producers ap-
proximated 210,000 tons of melting sand in
1976 (fig. 2). A more realistic tonnage, about
250,000 tons/year, is indicated for the prin-
cipal producers if the distribution is adjusted
by eliminating the relatively small-tonnage
operations. Melting sand constitutes about
80 percent of the total silica output of glass-
sand producers.

TaBLE 1.—Li1sT oF GLASS-SAND PRODUCERS
(Does not include all producers of quartz-bearing, melting materials)

ARKANSAS

1. Silica Products Co.
Guion, Ark.
St. Peter Sandstone (-40 mesh)

CALIFORNIA
F1 2. OIG

Ione, Calif.

Ione formation, clay-sand

. Wedron
Byron, Calif.
Domengine Sandstone, feldspathic

. OIG
Pacific Grove, Calif.
Beach (Recent) sand, feldspathic

. OIG
Mission Viejo, Calif.
Silverado Formation, feldspathic

. Ottawa Silica Co.
Oceanside, Calif.
Tejon Formation, feldspathic

CANADA

7. Indusmin
Midland, Ont.
Lorrain quartzite

8. Indusmin
St. Canut, Que.
Quartzite, Grenville Age

COLORADO

9. Columbine Sand Co.
Morrison, Colo.
Source?

CONNECTICUT

10. Ottawa Silica Co.
Lantern Hill, Conn.
Pegmatite

FLORIDA

11. Standard Silica Co.
Davenport, Fla.
Citronelle Formation (40 mesh)

12. NL Industries (Edgar Plastic
Kaolin)
Edgar, Fla.
Citronelle(?), kaolin byproduct

GEORGIA
F 13. Dawes Silica Mining Co.

Thomasville, Ga.
Recent(?) sand

. Georgia Marble Co.
Junction City, Ga.
Tuscaloosa Formation(?)

. Dawes Silica Mining Co.
Eden, Ga.
Terrace (Recent) sands

IDAHO

F? 16. Simplot Silica Co.
Bovill, Id.

Source(?), clay-sand(?)

. Wedron
(Gem Silica)
Emmett, Id.
Payette Formation

F = Flotation
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ILLINOIS
18.
LOUISIANA
F 19.
MICHIGAN
20.
MINNESOTA
21.
MISSOURI
22
23.
24.
25,
NEVADA
26.
NEW JERSEY
F 27.

28.
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Ottawa District

(A) Arrowhead (Manley Bros.)
(B) Bellrose Silica Co.

(C) Manley Sand Division, Martin

Marietta
(D) Ottawa Silica Co.
(E) Wedron Silica Division

St. Peter Sandstone (“reconsti-
tuted” and naturally occurring
40 mesh)

Dresser Industries
Minden, La.
Recent sands(?), Sparta sands(?)

Ottawa Silica Co.
Rockwood, Mich.
Sylvania Sandstone (40 mesh)

Unisil (Gopher State)
Le Suer, Minn.
St. Peter Sandstone (40 mesh)

PGS Corp.
Pacific, Mo.
St. Peter Sandstone (-40 mesh)

PGS Corp.
Augusta, Mo.
St. Peter Sandstone (-40 mesh)

Manley Sand Division
Festus, Mo.
St. Peter Sandstone (-40 mesh)

Unisil
Crystal City, Mo.
St. Peter Sandstone (-40 mesh)

Simplot Silica Co.—Johns
Manville?

Overton, Nev.

Baseline Sandstone

PGS Corp.
Newport, N.J.
Cohansey Sand

J. Morie
Millville, N.J.
Cohansey Sand

F 29. Unisil
Millville, N.J.
Cohansey Sand

30. Whitehead Bros.
Millville, N.J.
Cohansey Sand

NORTH CAROLINA

F 31. Carolina Silica, Inc.
Cognac, N.C.
Tuscaloosa Formation

F 32. Kings Mountain Mica Co.
Kings Mountain, N.C.
Pegmatite (40-50 mesh)

F 33. IMC (Sobin)
Spruce Pine, N.C. (Kona)
Pegmatite
OHIO
F 34. The Central Silica Co.

Zanesville, Ohio
Sharon Sandstone(?)

35. Walter Best
Chardon, Ohio
Sharon Sandstone

OKLAHOMA

36. PGS Corp. (2 plants)
Mill Creek, Okla.
Oil Creek Sandstone (-40 mesh)

F 37. Mid-Continent Glass Sand Co.
Roff, Okla.
McLish Sandstone (40 mesh)

PENNSYLVANIA

38. PGS Corporation
Mapleton Depot, Pa.
Oriskany Sandstone

SOUTH CAROLINA

F 39. PGS Corporation
Columbia, S.C.
Tuscaloosa Formation

. Wedron Silica Division
Lugoff, S.C.
Tuscaloosa Formation

41. E. R. Pitts Sand Corp. (Locher)
Nichols, S.C.

Recent sand

SOUTH DAKOTA

42. Pacer Corporation
Custer, S.D.
Pegmatite
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TENNESSEE
F 43. Wedron Silica Division
Sewanee, Tenn.
Sewanee Conglomerate
F 44. Hardy Sand Co.
Camden, Tenn.
McNairy Sand
F 45. ASG Industries, Inc.
(Hunt’s Gap Mine)
Kingsport, Tenn.
Bays Formation
TEXAS
F 46. Dresser Minerals
Kosse, Tex.
Wilcox (-30 mesh)
F? 47. Wedron Silica Division
Cleburne, Tex.
Paluxy Sand (-40 mesh)
VIRGINIA
F 48. Unisil
Gore, Va.
Oriskany Sandstone (40 mesh)
WASHINGTON

49. Lane Mountain Silica Co.,
Inc. (Del Monte)
Valley, Wash.
Addy Quartzite?

50. Smith Bros. Silica Co., Inc.(?)
Plant—Ravensdale,
King County, Wash.
or P.O. Box 236, Auburn, Wash.
Raw material?

51. Alberg Associates, Inc.(?)
Plant—Cedar Mountain area,
Wash.

Raw material?

WEST VIRGINIA

52. PGS Corporation
Berkeley Springs, W. Va.
Oriskany Sandstone

53. Greer (Deckers Creek Sand Co.) (?)
Morgantown, W. Va. (near)
Pottsville Formation(?)

WISCONSIN

54. Manley Bros.
Hanover, Wisc.
St. Peter Sandstone (40 mesh)

55. Manley Sand Division
Portage, Wisc.
Galesville/St. Peter Sandstone (40
mesh)

56. Chier Ste. Marie Sand Co.
(C. A. Chier Sand Co.)
Fairwater, Wisc.
Jordan/St. Peter Sandstone (40
mesh)

20
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Figure 2. Graph showing number of glass-sand plants in
various levels of estimated production.

BASIC CONSIDERATIONS
IN DEVELOPING
GLASS-SAND PROSPECTS

Market
One company’s measure of an adequate
return on investment may differ radically

from another’s. Moreover, the cost of design
as well as operation is the result of local ex-
perience and time. Hence, it is relatively
easy to analyze the industry’s hardware and
opportunity for expansion but practically
impossible to derive standards from the re-
sults of their use.

Either a significant expansion of exist-
ing plants or the establishment of new oper-
ations is largely the result of an increased
demand for melting sand. However, a mar-
ket that includes industrial sands, chemical
sand, fillers and abrasives, as well as melt-
ing sand, is the desirable goal, and all these
uses are important in evaluating a prospec-
tive market.

During a period of about five years,
three glassmakers have built new plants in
the southeastern United States (fig. 3).
Coincident in time and area, three new
glass-sand plants began operations. It is es-
timated that the combined melting-sand
capacity (not actual sales) of the three new
sand producers ranges at least from 600,000
to 750,000 short tons per year (tpy). The new
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TREND OF COARSE SAND
AND MIXED CLAY AND
SAND OF CRETACEOUS
AND RECENT AGE

© New glassmaking
plant

X New glass sand
producer

Figure 3. New glassmaking plants and glass-sand pro-
ducers in southeastern United States.

sand producers derive their raw materials
from coarse-grained, Cretaceous (or Recent)
sands. These sands require scrubbing and
flotation, and their grain-size distribution
results in about 50 percent recovery in the
glass-sand-size range. Initially, the total,
new demand created by these glassmakers
approximated 230,000 tpy. Moreover, for a
period of nearly two years, one glassmaker
responded to the increase in regional sand-
producing capacity by obtaining melting
sand from Guion, Arkansas. Unless markets
other than melting sand are developed, idle
capacity c¢ould result in an economically in-
defensible situation.

Development Potential

The location and geology of broadly de-
fined prospect areas, such as the strike belts
of the St. Peter Sandstone, are generally
well known. Hence the investigator is con-
cerned with reappraisal in light of his par-
ticular set of economics rather than the
evaluation of an untried prospect.

Unlike most metals, glass-sand pros-
pects may not be judged solely by the
adequacy of reserves. A combination of
characteristics that favor the development
of a prospect rather than one redeeming vir-
tue is necessary to assure the success of an
operation. Hence, proximity to markets or
“place value” (Murphy, 1975), though cer-
tainly important, may be overridden by im-
practical operation and established competi-
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tive practice. The growth of the glassmaking
industry in the 48 contiguous states has
fixed the distribution of glass-sand produc-
ers; few possible markets are beyond reach
of an existing supplier. These existing pro-
ducers tend to augment capacity by addi-
tions to existing facilities rather than by the
development of new operations.

Investment

I. F. Stone (The Daily Princetonian) said
in part—"It’s very easy to create plausible
patterns from the little we know, put them
together, make them look very interesting,
very meaningful, and feel like a very bright
and very good engineer and say to yourself,
‘Well, it sounds good, but is it true’?”

(1) The cost of construction as well as
the return on investment may be estimated
with reasonable accuracy.

(2) Melting sand required by a major
glassmaking operation will range from
50,000 to 200,000 tpy but less often the
larger tonnage.

(3) The development of prospects is sole-
ly the result of a significant increase in the
demand for melting sand. It does not follow,
however, that a given tonnage, area by area,
will prove sufficient to warrant the invest-
ment.

(4) For example, a modern glass-sand
plant built to produce 300,000 tpy melting
sand might have a basic capacity in the
range of 500,000 to 1,000,000 tpy. Depend-
ing upon the nature of the raw material as
well as the diversity of products, the cost of
such an operation will range from $7.00 to
$15.00 per ton of annual capacity.

(6) The silica prospect, if considered
competent, will include a minimum of 20
years of reserves. However, few, if any oper-
ations are considered where reserves are so
narrowly limited; Murphy (1975) considers
50 million tons in salable reserves necessary
to insure the success of the operation.

Fettke (1919, p. 211-212) reports that in
1869 “first class” glass sand sold for $12.00
per ton f.o.b. Pennsylvania origin. In 1914
glass sand was marketed in Pennsylvania
for an average price of nearly $1.20 per ton.
Ham (1945, p. 15-16) estimates that the
value of glass sand produced in Oklahoma in
1944 was about $1.80 per ton.

It is probably true that a modern glass-
sand operation requires a sophistication of
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equipment as well as management which is
beyond the product’s commensurate value.
Since 1968 the average price of melting sand
(fig. 4) has not kept pace with the rate of
inflation (6.5 percent for 1969-1976); the in-
flated (6.5 percent) curve is probably near
current values.

Growth in tonnage output, about 5.5
percent, is entirely a function of the glass
industry’s fortune. The 5.5 percent projected
growth rate (fig. 5), when used with infor-
mation derived locally, results in a demand
of 41 million tons (melting sand) in 1995. If
the locally obtained data is adjusted by a
tonnage equal to two standard deviations,
the demand in 1995 will range from 36.6
million to 46.3 million tons.

EVALUATION OF PROSPECT

By far the major tonnage of glass sand
produced in the United States is taken from
friable sandstones and unconsolidated
sands. The widespread nature of such pros-
pects, a region of nearly 300,000 square
miles for the St. Peter and equivalent sands
alone, renders dependence on the more in-
durated rocks to a secondary importance.

Of principal concern to the investigator
are those properties of the orebody which in-
clude (1) total chemistry of the silica-
bearing body, (2) the nature and diversity of
the component grains, and (3) the grain-size
distribution.

Chemistry

Iron-bearing contaminants are particu-
larly objectionable to the glassmaker. Iron
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oxides usually form either crusts or stains
on quartz grains and, ideally, should be so
weakly bonded as to permit their removal by
simple washing methods. Attrition (scrub-
bing) is used to remove stubbornly held
crusts and films; in some cases, flotation
(Bentzen, 1977) may be used to remove
iron-stained quartz. Also, clays and other
minerals in the clay-size range will have
been reduced to an acceptably uniform
amount by use of conventional washing
equipment. Except when used in the produc-
tion of special-purpose silica, flotation is sel-
dom a necessary adjunct to the beneficiation
of lower and middle Paleozoic sandstones.

Heavy Minerals

The wide variety of heavy minerals
commonly found in glass sands (table 2) are
typically the durable mineral grains that
have withstood long periods of abrasion
prior to deposition. The lower and middle
Paleozoic rocks contain a restricted suite of
heavy minerals, and they are present in
small proportions (Stow, 1938; Martens,
1939; Willman and Payne, 1942, p. 71-72).
This assemblage is consistent in its composi-
tion and is rarely objectionable to glass-
makers.

2000
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TaBLE 2.—HEAVY MINERALS THAT COMMONLY
OccUur IN SiLica-SAND SourceE Rocks

Opaque Minerals--Excessive proportions may discolor
or leave unmelted residual in glass melts.

1
Chromite Ilmenite, leucoxene

Hematite, limonite Iron sulphides

magnetitel Rock fragments

Transparent Minerals--Refractory minerals with
melting points generally higher than glass-
melting temperatures.

Beryl Spinel
Corundum Staurolite
Kyanite Topaz
Sillimanite Zirconl

Transparent Minerals--Nonrefracotry.

Andalusite Monazite
Apatite Rutile
Epidote Titanite
Garnet Tourmal inel
Hornblende

lComponents of heavy-minerals assemblages in lower
and middle Paleozoic source rocks.

Coastal plain sediments, and practically
all post-Paleozoic sources of silica sand, con-
tain a varied and commonly distinctive,
detrital-mineral suite. This suite includes
refractory minerals, particularly beryl,
corundum, kyanite, sillimanite, spinel, and
topaz, that can prove detrimental in glass
melting. Those refractories, generally larger
than 80 mesh, may remain unmelted and
become particularly damaging in the glass
batch; ordinarily, flotation is the remedy for
separating these refractories from glass
sand (Bentzen, 1977).

Byproducts

In special instances, naturally occur-
ring mixtures of clay-silica and feldspar-
silica are used in the production of glass-
making materials. Examples include sandy
clays of the Wilcox belt in Texas and of the
Ione and Tejon Formations in California.
The clay and feldspar may, in some areas,
prove to be a valuable byproduct, whereas
the heavy minerals are seldom economically
recoverable.

Grain Size

Glass sand is defined by its particle-size

range, as well as its chemical characteris-
tics, and a source whose component grains
nearly approximate the appropriate screen
limits is indeed desirable.

Local techniques of sand melting, as
well as the glass product, may dictate size
specifications. Generally top sizes are given
as minus 20 mesh, but may commonly in-
clude minus 30 and minus 40 mesh limits
and in each instance with practically all
sand retained on the 140 mesh screen. Typi-
cally, about 80 percent of the sand is con-
fined between the 30 and 80 mesh screens.
Pre-batching and pelletizing techniques,
providing they prove acceptable to the glass
industry, could result in an increased de-
mand for finer grained silica sand.

Mining and Production

Open-pit quarrying is the dominant
method employed in mining glass sand, al-
though there are exceptions, such as the op-
erations near Guion, Arkansas. Tunnel—or
coyote blasting methods as practiced in the
Oriskany Sandstone may be combined with
high-capacity haulage and conventional
crushing. Hydraulic mining is used effec-
tively in poorly cemented sands of the St.
Peter, Oil Creek, and McLish Formations.
Where near-surface water and geologic con-
ditions permit, unconsolidated sands are
removed by dredging. Either hydraulic min-
ing or dredging and subsequent removal by
pumps offer a relative optimum in economy;
fluid mechanics, applicable to flow in pipe-
lines, may also provide a measure of attri-
tion scrubbing and prove an aid to beneficia-
tion (Shufflebarger, 1974).

Environmental Factors

In addition to state laws, there are at
least 20 federal acts that are designed to
either regulate mining or protect the envi-
ronment. Ad hoc groups as well as nation-
ally established organizations have pursued
the cause of environmental protection—in
some instances with dramatic effect.

Except that these laws may effectively
bar mineral development in wetlands, wil-
derness areas, national parks, and certain
public lands, the prospector’s most im-
mediate concern is zoning. Zoning is the
principal method by which land-use plans
are either policed or administered. The
aesthetic, economic, ethical, political, and
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environmental considerations of land-use
planning must be weighed in every land-use
situation (Knight and Duhaime, 1977).

Essentially, land-use regulations may
be considered as (1) either use- or area-
restrictive, (2) as landscape-cosmetic, and
(3) as air/water protective.

While the areas now affected by zoning
practices, public land controls, and local
landowner associations may be apparent,
neither the future extent of these areas nor
the intentions of policy makers are so read-
ily predictable. Until a degree of predictabil-
ity becomes possible, it will be prudent to
assume that future controls will not neces-
sarily respect mineral development.

The terms sand, silica sand, and glass
sand are relatively commonplace; they tend
to connote abundance—something less than
elegant. Indeed, melting sand (in dollars per
ton) is the least expensive of the
glassmaker’s raw materials. Glass-sand op-
erations are long term ventures; the visibil-
ity of the operation increases as a function of
time. Hence, efforts to lessen the impact of
mining on the countryside in general are a
matter of common sense and well-considered
public relations as well as law.

Any prospect for the development of a
glass-sand operation must include a readily
accessible source of water. Long established
in some areas, regulations that concern the
withdrawal of ground water, diversion of
surface water, and the possible contamina-
tion of either ground or surface water have
nationwide effects.

Air-pollution controls, used in the
abatement of dust and either airborne or
air-mixed matter, may be considered in-
dispensable.

Finally, all of these regulations combine
to become a significant factor in the cost of
production and a vital element in the
prospector’s appraisal of a mineral venture
(Shufflebarger, 1974).

Energy Requirements

Practically all melting sand is sold on a
near-moisture-free basis, and modern plants
are equipped with either oil- or gas-fired
rotary or fluid-bed dryers. Coal-fired,
steam-tube dryers are used locally.

Exclusive of mining, initial electric
power requirements range from 0.75 to 1.75
connected horsepower per ton of product per

day. The figures for installed horsepower are
approximate; the minimum being more
nearly applicable to operations involving
hydraulic mining and a single-product,
melting-sand milling circuit. By compari-
son, the addition of crushing, grinding, and
scrubbing circuits will substantially in-
crease power requirements. Nearly one half
of the glass-sand plants in the conterminous
United States include flotation.

TaBLE 3.—SAND ScaLE (Crass) RATEs
(from PGS Corp.—Traffic Division; subject to
revision)

Official or Eastern Territory

Miles Truck Rail
100 $ 7.00 pnt $ 8.11 pnt
200 13.00 9.64
300 19.20 10.99
400 25.40 12.23
500 30.80 13.76
600 35.40 15.36
700 39.80 16.44
800 45.40 17.18

Southern Territory

Miles Truck Rail
100 $ 6.92 pnt $ 3.78 pnt
200 11.18 5.14
300 14.83 6.10
400 20.12 7.16
500 25.44 8.14
600 29.66 8.95
700 33.94 9.87
800 39.57 10.48

Southwest Territory

Miles Truck Rail
100 $ 4.83 pnt $ 6.79 pnt
200 7.67 8.93
300 11.50 10.35
400 15.32 11.48
500 19.15 12.86
600 22.98 14.26
700 26.81 15.10
800 30.64 15.77
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Figure 6. Comparison of freight rates for shipment of glass sand by truck and rail in eastern and southwestern territories.

Transportation

The cost of transportation is a standard
by which the market must be tested. Few, if
any, producers of glass sand in the United
States are waterway-oriented; highway and
railway systems are practically the sole car-
riers of this commodity.

Immediate access to truck and rail
transportation is as essential to the supply
of the glass-sand plant as it is to the most
economical distribution of its product. An
examination of the final sale price (per ton)
of glass sand shows that the cost of transpor-
tation may exceed the f.0.b. value threefold.
Either redistribution from off-plant storage
facilities or multiple handling in shipment
becomes prohibitively expensive as well as
undesirable because this treatment provides
possible inlets for contaminants.

Truck transportation, with the advan-
tage of schedule and route flexibility, is at
least competitive with rail shipments within
a range of about 150 miles. Truck transpor-
tation accounts for a maximum of about 15
percent of the total glass-sand traffic. Traffic
beyond the 150-mile range is almost entirely
rail directed. Bulk rail shipments customar-
ily require covered hopper cars. The average

load per hopper car is about 80 tons whereas
a truck, depending upon state laws, may be
loaded to a maximum gross weight of 36.5
tons.

Freight rates which have been given
herein concern official (eastern), southern,
and southwestern (western) territories (fig.
6). The numbers used represent class (scale)
rates. Rail carriers as well as truckers have
established, in all areas, commodity rates
between points of major usage. Commodity
rates reflect competitive practices and are
generally less than the class rate (table 3).

During 1976, Southern Railway System
(J. A. Johnson, personal communication,
1977), for example, handled more than 7,000
carloads (about 613,000 tons) of industrial
sand. The average loading per car was 87.5
tons while the charge for transportation was
less than 1.75 cents per ton-mile. This
charge is probably less than that for any
other mode; it is largely the result of in-
crease in car capacity, the efficiency of a
four-man train crew and a consist which in-
cludes 8,000 horsepower coupled to a net
lading of about 4,000 tons. (Southern Rail-
way System’s routes span a wide variety of
topography.)



Economics of Glass-Sand Prospects

FUTURE PROSPECTS

The current pace of glassmaking tech-
nology, the manufacturer’s demand for
high-volume output, the significance of fuel
economy, and faster schedules for melting of
sands indicate more stringent demands for
quality control.

As a result of the glassmaker’s efforts to
fit efficiency to product quality, the glass-
sand producer must respond with a melting
sand that is (1) virtually free of refractory
minerals (these are particularly objectiona-
ble in thin-wall containers and plate glass),
(2) screened to specifications (oversize
quartz-grains may remain unmelted) and (3)
so beneficiated as to remove practically all
components other than the mineral, quartz.

Future prospects will, then, be con-
cerned with raw materials of the best
quality—a concern which will possibly prove
more difficult and surely more expensive to
dispatch as markets and product lines are
expanded.

SUMMARY

The competency of silica-sand prospects
may be measured by three fundamental
factors—(1) a new market of a significant
volume either by value of tonnage or by a
single product, (2) a raw material suitably
located with respect to transportation, and
(3) a single prospect from which would result
in minimum costs of production.

A number of questions must be asked in
evaluating a particular silica-sand prospect.
Is the overall chemistry of the raw material
suitable? To what extent is beneficiation
necessary? How will the raw material be
mined? Does grain-size distribution fit
glassmakers’ specifications? Finally, have
land-use laws been properly evaluated?
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STUDIES OF THE VARIABILITY OF FELDSPATHIC SANDS

REFINED FROM THE ARKANSAS RIVER

Frank W. Bowbpisu?

Abstract—During the early 1960’s, a method was developed for refining sand from the Arkansas
River to produce a feldspathic product that was proposed for use in making colorless glass. Because
of the need for chemical uniformity, a cooperating glass manufacturer specified certain ranges of
percentages for each chemical constituent of the sand. These specifications were met by fulfilling
the single requirement that alumina vary by no more than +0.1 percent from the specified value.
This translated to a total variation of only about 1 percent in the feldspar content of the mixed
quartz-feldspar products.

Because the feldspar was lighter than the quartz, the average density of refined sand varied
depending on composition. Densities, determined to five significant figures, of several samples
were correlated with their chemical analyses, and the correlation could then be used with density
determinations to more reliably indicate compositions than by chemical analyses only.

The effects of several variables on the composition of refined sands were studied. There was a
regular variation in the proportion of feldspar with screen size. A series of samples with their
natural size distributions were more nearly uniform in composition than the same sands after
screening and recombination. The screening and recombination process was done so that the sands
had identical size distributions. Variations in the refining showed little effect on composition.

A pile of flow-back sand from a construction sand washer was found to be severely segregated.
However, samples taken from many points in the river near the sand plant and from the flow-back

discharge pipe over several weeks very nearly met the uniformity specification.
If care was taken to avoid segregation either before or during processing, it should be possible
to meet the uniformity specifications for a feldspathic glass sand.

INTRODUCTION

Among the materials required in the
manufacture of glass for food and beverage
containers are the minerals quartz and
feldspar. Quartz or glass sand provides most
of the silica needed, while feldspar is used
for its alumina content to make the glass
corrosion resistant. Ordinarily, supplies of
these minerals in rather pure form are
obtained separately and mixed together in
exact proportions along with the other
ingredients required in the glass. Since the
color of glass depends upon certain minor
constituents, it is customary to select
materials that are as low as possible in these
coloring agents, notably iron. Good supplies
of glass sand are rather widespread, but
deposits of suitable feldspar are more
limited and are often located far from the
glass plant.

Quartz and feldspar occur together in
rocks such as granites, but unfortunately
they are generally so contaminated that
they are unsuitable for glass making. In

1Nevada Mining Analytical Laboratory, Mackay School
of Mines, Reno, Nevada.

certain places, sands containing both quartz
and feldspar are processed to yield pure
mineral concentrates or unseparated mix-
tures of the two (Bowdish, 1967). About 25
years ago, I began research on methods of
making glass products from sands of the
Kansas and Arkansas Rivers. These sands
are essentially ground up granite eroded
from the Rocky Mountains of Colorado
having been deposited first as the Late
Tertiary Ogallala Formation and then
reworked by the tributaries of the Kansas
and Arkansas Rivers or carried downstream
directly from the mountains by the Arkan-
sas River (fig. 1). The sands contain quartz,
feldspar, iron-bearing accessory minerals,
and a small amount of calcite. In addition to
being mixed with a host of unwanted
minerals, the quartz and feldspar particles
are stained and impregnated with iron
oxides.

At first research followed the procedure
of grinding the sand, treating it by wet
magnetic separation, desliming it, and
making concentrates of the feldspar and
quartz by flotation (Bowdish and Runnels,
1952). This was followed by development, in
cooperation with Owens-Corning Fiberglas
Corp., of a procedure to remove enough of
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Figure 1. Map showing location of Kansas and Arkansas Rivers crossing the Late Tertiary Ogallala Formation

the iron minerals by magnetic separation to
permit the non-magnetic sand to be used in
making glass wool, as has been done at
Kansas City since 1953 (Bowdish, 1955, p.
55). Research a few years later resulted in
magnetically separated and acid-leached
products from the Arkansas River suffi-
ciently low in iron for use in making
colorless container glass. I was then joined
by Arkhola Sand and Gravel Co. and
Brockway Glass Co. in a cooperative project
to commercialize such refined feldspathic
sands. At this point, however, questions
were raised by the glass manufacturer
regarding the uniformity to be expected in a
mixed product derived from the river sand.
This paper deals with studies made to
answer these questions.

DESCRIPTION OF REFINED SAND

For this research, samples of crude sand
were sent to me in Reno, Nevada, and
refined by procedures intended to produce
products suitable for glass making. The
sands were scalped by screening through
either 20 or more usually 28 mesh (Tyler
Standard Screen Scale), and the undersize
was washed to remove slimes if this had not
already been done. Then the dried undersize
sand was treated once or twice on an
induced-roll magnetic separator having
three rolls to remove about 30 percent of its
weight which was rejected. After being

e ——— -
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stippled).

separated, the non-magnetic sand was
leached in a hot acid solution to remove iron
stains and filling. Washing and drying
resulted in refined sands that were light
colored in comparison to the brownish red of
the crude sand, yet a pinkish gray in
comparison to white quartz sand.

Samples of refined sand were analyzed
by a commercial laboratory, and the aver-
ages for five samples of unsegregated sand
are shown in table 1. Also shown are the
variations in these analyses and those
indicated by the glass manufacturer as
being permissible. The data indicate that
these sands met or nearly met the require-
ments for uniformity.

The refined sand appeared to consist of
quartz and feldspar with a trace of white
mica, and since the treatment should have
removed or dissolved all other minerals, all
of the K20, Na:z0, and CaO were assumed to
occur as feldspar. Table 2 shows chemical

TABLE 1.—COMPOSITION AND VARIABILITY OF
REFINED SANDS

Five samples SiO3 Alp03 Ks0 Nap0O CaO

Average 9132 459 3.04 078 0.08

Variation 05 023 035 0.01 0.05

Allowable ¢ g5 0.4 0.15
variation

In addition: 0.035% Fe203 and 0.013% TiO2
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formulas and theoretical compositions for
these minerals, and table 3 gives calcula-
tions for the mineralogical composition of
the average sand tested. The sand is about
25 percent feldspar of which about 72
percent is potassium feldspar (K-spar).

Data in table 1 suggest that most of the
variations in the analyses may be caused by
variations in the content of K-spar and
corresponding variations in the quartz
content; the other feldspars having rather
little variation. The specification of an
allowable variation = 0.1 percent Al=Os from
the average sand composition would corres-
pond to a variation of about 1.09 percent in
the K-spar content. Since the allowable
variation for each of the other analyses
would require an even greater variation in
feldspar content, they could all be replaced
by a single requirement for uniformity of
alumina.

DENSITY DETERMINATIONS
OF REFINED SAND

Answers to questions about sand uni-
formity were required before commercial

TaBLE 2.—FELDSPARS AND THEIR COMPOSITION

Composition, weight
percent

Name Formula

K20, Nag0 .
or Ca0 Al903 SiO2
K-spar
(Orthoclase or ~ K20-Al203-658i07 16.9 18.4 647
microcline)
Albite Nag0-Alx03-65i02 11.8 195 68.7

Plagioclase — Mixtures of albite and anorthite

Anorthite Ca0-Al303:2Si02 20.1 36.7 432

TaABLE 3.—CALCULATION OF MINERALOGICAL
COMPOSITION OF AVERAGE SAND

Weight percent

Mineral  Calculation ' Che 21 in sand
K-spar % 18.0
Albite a8 6.6
Anorthite 998 0.4
Quartz — o

By difference

development could proceed, and a program
of sampling and testing of sands was
planned. My chief problem was the determi-
nation of the composition of numerous
samples of refined sand. Not only were
commercial analyses expensive, but there
was doubt about their reliability. Some
alternative methods including x-ray fluores-
cence were considered and abandoned.
Finally it was suggested by John Butler of
the Mackay School of Mines that because
quartz and K-spar have different densities,
it might be possible to correlate the
compositon of the refined sands with their
average densities. This idea was developed
into a usable method that proved to be more
dependable than individual chemical
analyses. The effect of sand composition
upon average density is shown by the
calculations in table 4. A variation of + 0.5
percent in the proportions of K-spar and
quartz should cause a total variation of only
0.0011 g/ml in the average density. Thus the
density values should be determined with
five significant figures.

In the technique that was developed for
determining average sand densities, all
weights were determined to the nearest
tenth of a milligram. This was preferably
done with a modern single-pan balance on
which the pycnometer could be weighed
quickly before evaporation of water changed
its weight. About 50 grams of dry sand were
weighed and placed in a 50-ml pycnometer
fitted with a thermometer through a ground
glass joint and a side arm for final filling.
The sand was covered with distilled water
and the air in it was removed by gentle
stirring while the mixture was heated to the
bubble point of water. It is believed that
steam bubbles nucleated on the tiny bits of
air which otherwise could not be removed
from the sand, and then the air diffused into

TABLE 4.—CHANGE IN DeNsiTY CAUSED BY 1
PERCENT CHANGE IN K-Spar

High spar sand Low spar sand

Handbook

Mineral density ;‘:Zféi?\t: Contribu_tion [‘Jl:il:z:i Contribu_tion
o/ml in sand to density in sand to density
K-spar 2.54 185 0.4699 175 0.4445
Albite 2.62 6.6 0.1729 6.6 0.1729
Anorthite 2.75 0.4 0.0110 0.4 0.0110
Quartz 2.65 74.5 1.9742 75.5 2.0008

Density of sand 2.6281 2.6292

Change in density  0.0011
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the steam to be carried away with it. Only in
this way could consistent results be ob-
tained. At first this was done by heating the
pycnometer vessel in a small oven until
bubbles appeared and then stirring the sand
before it boiled over, but the care required
and frequent mishaps made the method
unsatisfactory. Figure 2 is a diagram of a
deairing oven that facilitated this operation.
The pycnometer body was held at an angle
and slowly rotated on its axis by a small
gear motor while a lamp at the end of the
enclosing tube provided heat. The heat was
adjusted by a Variac to give gentle boiling
while a glass rod was inserted into the
pycnometer through a hole in the enclosing
wall to stir the sand.

After deairing, the pycnometer body
and its contents were allowed to cool, and
then it was filled with distilled water and
the thermometer installed. Consistent re-
sults were obtained only by placing the
assembly in a small wooden box for half an
hour to allow it to come to a uniform
temperature. Just before the final weighing
the temperature was read to 0.05°C, and the
side arm was filled and wiped off at the very
top with water from a hypodermic needle.

Calculation of density from data on the
weights of the sand, the dry pycnometer, and
the total assembly involves the volumes of
the pycnometer and the water in order to
obtain the volume of sand by difference. To
obtain the accuracy desired, a calibration
curve was prepared showing temperature
versus the volume of the pycnometer to
0.00001 ml. Water volume was calculated by

Figure 2. Cross-sectional view of apparatus for deairing
sand in a pycnometer.

multiplying its weight by the specific
volume, to seven significant figures, for the
temperature mentioned earlier.

Density values obtained by dividing the
weight of sand by its volume were recorded
to five or six figures. While the sixth figure
probably had little significance, the fifth one
was generally reproducible within two
units, and thus was significant. Tables 5 and
6 show that repeated determinations on the
same sample either with the same pycnome-
ter or with different pycnometers gave
maximum variations of less than 0.0004
g/ml. Since it was determined later that the
permissible variation corresponded to a
density range of 0.0014 g/ml, it is clear that
such density determinations might be used
to indicate sand compositions.

One interesting observation was that
the density determined for a sample shortly
after it had been deaired was about 0.0002
g/m] lower than if determined several hours
or more after deairing. This must be caused
by dissolution in the water of a tiny volume
of air remaining in the sand.

TaBLE 5.—REPRODUCIBILITY OF DENSITY
DETERMINATION ON SAME SAMPLE USING SAME

PYCNOMETER
Date of determination Density, g/ml
January 10, 1965 2.62875
February 23, 1965 2.62887
February 24, 1965 2.62872
February 25, 1965 2.62903
Maximum variation 0.00031

TABLE 6.—REPRODUCIBILITY OF DENSITY
DETERMINATIONS ON SAME SAMPLE USING
DIFFERENT PYCNOMETERS

Pycnometer number Density, g/ml
1 2.6268
2 2.62715
3 2.6270
Maximum variation 0.00035
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CORRELATION OF DENSITY
WITH COMPOSITION

Complete chemical analyses of 17
samples of refined sand were used in
correlating density with composition. Of
these, nine analyses were available at first,
and attempts at correlation were encourag-
ing but not entirely convincing. Alumina
analyses on two samples failed to fit a
pattern established by the other seven, but
when reanalysed later they fitted. Silica
values determined by difference, mirrored
the correlation of alumina values. The sum
of the alkalies did not correlate well with
density.

Table 2 shows that all of the feldspars
contain alumina and alkali or alkaline earth
oxides in equal molecular quantities. Thus
values for alumina analyses and those for
K20, Na20, and CaO could be used in a
single correlation with density by calculat-
ing and plotting the moles of alumina in a
given quantity of sand as well as the sum of
the moles of alkali and lime. This has been
done in figure 3 for analyses from all 17
samples. Certain analyses have been omit-
ted from the plot because they were
corrected by reanalysis, or because the
samples are believed to have been contami-
nated during preparation. The values plot-
ted in figure 3, all of which are based on
analyses that appear to have been done
correctly, vary considerably from the corre-
lation. This is based on the assumption that
the straight line on the figure is the correct
correlation of composition with density and
that the density determinations of the
samples were correct. On the other hand, the
variation in composition indicated by the
correlating line and the densities reported in
either table 5 or table 6 are small in
comparison. Thus single density determina-
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Figure 3. Correlation of average sand densities with
chemical analyses. (Dashed lines show density spread
corresponding to a variation of 0.2 percent alumina.)
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tions should indicate the composition of sand
samples more reliably than single chemical
analyses, especially since more than a dozen
points were eliminated from figure 3
because of questionable analyses.

SIZE DISTRIBUTION AND
VARIATIONS IN DENSITY
AND COMPOSITION

Several series of samples were prepared
by refining the sands as described, then the
density of each sample was determined.
These series were designed to show the
effects of different factors on sand densities
and their variations.

The effect on the density of the refined
sand of the fraction of crude sand removed
by magnetic separation was studied by four
tests made on identical portions of crude
sand. Table 7 shows that this had no effect
on the density or composition of the sand.

A sample of refined sand was screened
and the density of each size fraction is
reported in table 8. From these limited data,
there are apparently at least two factors
that work together to determine the quartz-
feldspar proportions in the different sizes.
Feldspar is softer and more easily broken
than quartz. Thus feldspar would be ex-
pected to break down and enter finer sizes
proportionately more rapidly than the
quartz and will therefore become enriched

TaBLE 7.—EFFECT OF PERCENTAGE REMOVED BY
MAGNETIC SEPARATION ON DENSITY AND

COMPOSITION
Percent removed . Indicated
as magnetic Density, g/ml Percent Alp O3
12.4 2.6290 454
22.2 2.6292 4.52
32.3 2.6290 454
42.0 2.6293 450
TABLE 8.—VARIATION OF DENSITY AND

COMPOSITION WITH SiZE FRACTION
Indicated

Size, mesh  Weight, percent  Density, g/m! Percent AlyO3
Plus 28 1.0 —_ —_—
28—35 16.5 2.6278 4,71
35-48 47.4 2.6269 4.83
48—65 26.0 2.6296 4.45

Minus 65 9.1 2.6318 4.16
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as the size becomes smaller. This is the
pattern when the 28-35 and 35-48 mesh
fractions are compared, but it is not true for
finer adjacent fractions. There must be
another factor that helps remove feldspar
from these finer fractions more rapidly than
it is added through breakage of coarser
particles. This is probably because of
chemical weathering which would be more
rapid on the feldspar than on the quartz. The
increasingly greater specific surface area as
the particles become finer permits weather-
ing to remove feldspar at even higher rates
resulting in the decreased alumina contents
shown in table 8.

Sand in the river was carried in a leap
frog sort of fashion for hundreds of miles,
being swept up and redeposited repeatedly.
This has resulted in wide variations in the
general size of the sand in different places
with some parts being quite coarse and
others much finer. Natural classification is
not perfect, however, so that even coarse
deposits of sand carry much material of the
size required for glass making. Two samples,
one from a sand bar consisting of coarse-
grained sand and the other consisting of a
fine-grained sand, were studied to deter-
mine the effects that the depositional setting
has on composition of the glass-sand sizes.

The hand-screened minus 28 mesh
portions of these sands had different size
distributions as shown by the curves in
figure 4. The graph of the sample from the
coarse-grained sand bar shows the truncated
finer end of its size distribution, modified
perhaps by imperfect screening of particles
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Figure 4. Plots of percent oversize versus screen size for
minus 28 mesh samples screened from coarse and fine
sand bars.

near the 28-mesh size. Nearly three quar-
ters of this sample was coarser than 48 mesh
and over half of it was between 35 and 48
mesh. Sand from the fine-grained sand bar
on the other hand had almost no plus 28 mesh
material to be removed, and the sample for
study contained less than 15 percent of plus
48 mesh. Its most abundant size, with well
over half of the sand contained in it, was the
48- to 65-mesh fraction, and there were
substantial amounts of still finer sand.

Since there was a whole screen size
difference in the average size of the two
samples, -a difference in composition was
expected. Thus in the hope of lowering this
discrepancy, samples were prepared from
each sand by screening and recombining
weighed portions of the size fractions to
yield identical size distributions. Then these
prepared samples, and naturally occurring
ones, were refined and their densities
determined as shown in table 9. It was
surprising and gratifying to find that the
natural size distributions yielded identical
densities, and that the adjustment to
identical size distributions had caused a
wide difference. Other experiments also
indicated that sands with their natural size
distributions were generally more nearly
uniform in composition than those with size
distributions adjusted to be identical.

In the commercial operation that was
contemplated, the crude sand for refining
would consist of the fines rejected by a
sand-production unit as well as sand
pumped from fine deposits in the river. In
order to simulate sand that might be
available for refining over a long period of
time, 15 samples were refined with their
natural size distributions. Several of these
were taken directly from widely separated
places from sand bars in the river at times

TaBLE 9.—DENSITY OF REFINED SaND FrOM
CoARSE AND FINE DEPOSITS

Indicated

Parent sand Percent Al203

Density, g/ml

Samples with natural size distributions

Coarse 2.62875 4.58
Fine 2.62875 458
Samples with identical size distributions
Coarse 2.6302 4.37
Fine 2.6278 4.71
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more than a year apart, and others were
taken at weekly intervals from the fines-
discharge pipe of the operating sand plant.

Statistics on the distribution of the
densities of these samples are shown in table
10. If the requirement for uniformity is for
sample densities to be within a range of
0.0014 g/m] centered on the average density
of 2.6291, then only three samples fall
outside the range and one of these is just
barely outside. These samples came from
points in a very large amount of material,
yet they very nearly meet the uniformity
requirement. Mixing occurring during pro-
cessing should help keep the products
uniform, if care were taken to avoid
segregation.

Even though feldspar and quartz are
only slightly different in density and their
particles have generally similar shapes,
under some circumstances it is possible that
they might become segregated while being
deposited from flowing water. Such segrega-
tion may occur in the river, but an analysis
there appeared too complicated to be
attempted. However, there was a low pile of
fine sand several hundred feet across that
had been built up by discharging the water
and fine sand overflow from construction-
sand classifiers onto the pile and letting the
water flow back to the river. Since the water
flowing in shallow streams had carried the
sand away from the discharge point in all
directions and built up sort of a flat
cone-shaped pile, the sand would likely have

TABLE 10.—Di1STRIBUTION OF DENSITIES OF NON-
SEGREGATED SANDS FROM RIVER AND PLANT

e W G
specification  specification
T 2.6300
1.0 2.6298
6 ..........
Average ....... 2.6291
5.. .. ...,
2.6284
T 2.6283
L 2.6280

been segregated as to size and perhaps also
as to composition. Because this pile of sand
would be used first in any commercial
sand-refining operation, it became essential
to study it.

Thirty-two samples of sand were taken
by augering a hole through the full depth of
sand. Sand depths ranged from about 9 feet
near the center to about 2 feet near the
edges. The minus 28-mesh material from
each sample was refined and its density
determined. These values were plotted in
their proper positions on a map of the pile,
and lines were drawn to represent contours
of equal density as shown in figure 5. It may
be seen that the sand was severely segre-
gated with the central portion near the
discharge pipe having higher densities than
the edges which were enriched in the lighter
feldspar. When this pile was subsequently
mined for feed to the refinery, it was
necessary to mix material from the edges
with that from the center in order to
maintain a reasonably uniform product.
Failure to do this one time resulted in
difficulty at the glass plant because the
alumina content of the glass became too
high.

CONCLUSIONS

A study was made of the variability of
quartz-feldspar sands from the Arkansas
River prior to commercialization of the
sands as material for making colorless

100 Feet
30 Meters

Figure 5. Map of pile of flow-back sand with sample
locations and density contours.
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container glass. A method was developed for
use in this study to estimate the composition
of refined sand by determining its average
density to five significant figures. This
method proved to be more dependable than
chemical analyses of the samples.

The study showed that the fraction of
material removed during refining did not
cause the composition to vary. Variations in
composition of different size fractions of
sand were explained by the opposite effects
of the softness of feldspar and its lower
resistance to weathering. Fine feldspar with
a high surface area weathers away faster
than it is created by the breaking of coarser
particles. When fine sand is washed down a
gentle slope and deposited there, the quartz
and feldspar can become segregated with the
feldspar being enriched down slope. It was
concluded that the requirement for chemical

uniformity of refined sand specified by a
glass manufacturer could be maintained if
care were taken to avoid segregation of the
sand.
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IMPACT OF ENVIRONMENTAL CONSIDERATIONS
ON THE INDUSTRIAL-SAND INDUSTRY

Ricuarp A. HuNNisETT and GrorGE H. Dipawick!

Abstract—Silica sand is one of the world’s most plentiful resources and is a basic necessity in our
way of life. The end uses of silica sand are an integral part of our homes, transportation, and places

of work.

The environmental legislation enacted in the early 1970’s, coupled with the oil embargo and
higher than normal inflation, have had a very real impact on the industry and its primary
consumers, the foundries and glass producers. The present environmental laws directed at air and
water pollution and the working environment can, in most cases, be met, but not without large
capital expenditures for equipment. These expenditures must reduce the funds available for ex-
pansion and modernization of existing processes which are necessary if the costs to produce indus-
trial sand are to remain at acceptable levels. The concern for the future is the enactment of more
stringent laws, and the available technology and equipment to economically comply with them.

INTRODUCTION

The term industrial-sand industry, as
used here, covers those plants producing
foundry sand, oil-well “frac” sand, and
high-purity silica sand (used primarily as a
melting sand by the glass industry). The
processes used in operating these plants in-
clude quarrying, crushing, washing, drying,
grinding, and shipping both bulk and
bagged material.

In common with all industry,
industrial-sand plants are affected by the
federal and state legislation concerning
plant effluents, air pollution, and the work-
ing environment. In attempting to meet this
legislation, the expenditures have been sub-
stantial. - Over the past six years it is esti-
mated that 11 percent of total capital expen-
ditures, or $23.0 million, have been spent on
equipment directly related to pollution con-
trol. An additional $7.5 million will be re-
quired in the next four years to bring the
plants, presently operating under a variance
from the law, into compliance.

This level of capital spending that is re-
quired just to remain in operation must
limit, at least in the short term, the finances
for more efficiently producing the industrial
sand. In the meantime, operating costs, par-
ticularly those for fuel and power, go up. In-

tPennsylvania Glass Sand Corporation, Berkeley
Springs, West Virginia.

deed, apart from using capital at zero re-
turn, the environmental installations add to
the already increasing operating costs.

ENVIRONMENTAL
CONSIDERATIONS

If we consider that investment oppor-
tunities giving returns of 12 percent after
taxes were lost because of the environmen-
tal expenditures, a truer cost to the
industrial-sand industry between 1972 and
1981 would be closer to $60.0 million or
$0.20 per ton produced during those years.

What do we get for these expenditures?
How well do they allow compliance with the
legislation? How clean will the water and
air be, and how acceptable the working en-
vironment? What problems, if any, remain
unsolved, and what is the practicality of
meeting them? Some of these questions can
best be answered by briefly reviewing what
is presently being done.

Water Pollution

As of July 1, 1977, or until presently
held permits expire, Environmental Protec-
tion Agency (EPA) effluent guidelines that
wil: apply for industrial-sand plants are:

No discharge will be allowed of process
water or any pollutants they carry. Mine
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dewatering discharge will be limited to a
maximum daily concentration of suspended
solids of 30 mg/liter (approximately 30 ppm)
and a pH range of 6.0 to 9.0, although, under
certain natural circumstances, a discharge
may have a pH as low as 5.0. However, the
overflow from settling-pond dams caused by
excessive storms will be allowed, and area
runoff is not regulated, unless the runoff en-
ters the process or mine dewatering im-
poundments. Obviously, meeting these re-
quirements will all but eliminate pollution
of the country’s streams and rivers by the
industrial-sand industry.

Industrial-sand plants use large quan-
tities of water in their washing processes to
remove clay and the fine sand with as much
as 100 gallons/minute per ton used. In many
cases, thickeners and settling ponds have
always been part of the plant process circuit
so that most process water could be re-
claimed. However, the finer sand and clay
that settled during washing were discharged
into the natural waterways. Additional
settling ponds are now required to contain
the fine sediments, and pumping installa-
tions to return the clarified water from these
ponds. Putting all plant process water in
closed circuit are mandatory. Approxi-
mately 15-20 percent of mined material con-
sist of unsalable fine sand and clay. For the
industry this amounts to over 5 million tons
per year that must be impounded.

The cost to provide and operate the
ponds can vary a great deal, depending on
the availability of land close to the plant and
the topography of the terrain. A recent in-
vestigation of a 1-million-ton-a-year silica-
sand plant in Pennsylvania showed that
over the next six years the capital and
operating cost of providing settling ponds
and pumping to and from them will add at
least $0.10 a ton to the operating cost.

A flocculating agent is often, but not al-
ways, required to achieve adequate settling
of the suspended particles, and this can
affect flotation circuits. Closing the water
circuit at one plant increased chemical costs
for flocculation and flotation by $0.04 per
ton. These costs are significant and increas-
ing.

Air Pollution

The areas of the plant that require con-
trols for preventing air pollution are stack
gases from the combustion of fuel in
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indirect-heat exchangers, such as coal-and
oil-fired boilers, pollution from process op-
erations, and fugitive dust. The pollutants
from these sources are emissions of particu-
lates and sulfur dioxide which cause opacity.

The regulations covering stack emis-
sions from the combustion of fuel are nor-
mally related to the amount of btu’s gener-
ated per hour. The permitted emissions per
hour from process operations are based on
process through weight per hour. The allow-
able concentrations are often again modified
depending on locality and size of operation.

In general a plant in a populated area
will have tighter restrictions than a plant in
a rural area. Most industrial-sand plants
will be considered small polluters and as
such will have the less stringent require-
ments.

Industrial-sand plants have for many
years used dust collection in their crushing,
dry screening, pulverizing, and material
handling situations. Many of these installa-
tions met the particulate emission standard;
others required the installation of a more
efficient collector.

Cleaning the stack gases from fuel-
burning units, very few of which had collec-
tors on them in the past, is the greatest addi-
tional capital expenditure. These collectors,
although often the same design as those
used for dust collection (namely wet scrub-
bers) have a 30 percent higher capital cost
because of the extensive use that must be
made of stainless steel to overcome the cor-
rosive action of the sulfur dioxide. Operating
costs of dust and stack collectors in the
industrial-sand industry will add anywhere
from $0.07 to $0.14 per ton to operating
costs.

Table 1 shows how effective a wet
impingent-type scrubber is on the particu-
late matter in the stack gases from an oil-
fired fluid-bed sand dryer.

The cost to the industrial-sand industry,
high as it is, to meet the air-pollution re-
quirements would be much greater if the
more stringent sulfur dioxide emission
standards, such as are required of power
plants, were required of them. It is hoped
that such standards will not be applied to all
industry until the newer developments to
solve the sulfur dioxide problem are more
thoroughly tested and have become more
economic. Such developments involve im-
proved coal preparation to reduce the coal’s



46 Richard A. Hunnisett and George H. Didawick

TasLE 1. FLuip-BED DRYER STACK TEST
(location, Pennsylvania; collector,
impingent-type scrubber)

Test 1 Test 2 Test 3

Stack gas flow rate 26,800 29,000 30,000
SCF at 70° F

Particulate concentration 0.003 0.005 0.004
Grains/SCF

Allowable concentration 0.04 0.04 0.04
Grains/SCF

Pollutant mass rate 1b./hr. 0.746 1.34 0.923

Allowable mass rate lb. /hr. 9.8 9.8 9.8

sulfur content, improved lime-based systems
for stack-gas scrubbing, and the develop-
ment of synthetic fuels.

Working Environment

Federal regulations for the condition of
the working environment are issued and en-
forced by the Mining Enforcement and
Safety Administration. Apart from safety
regulations, which are not considered here,
maximum allowable noise levels and respir-
able free-silica-dust levels have been estab-
lished.

The maximum allowable noise level of
90 decibels is being successfully met by iso-
lation of equipment, isolation of the worker
in a control booth, and (or) silencers on the
equipment.

For the respirable free silica dust, the
maximum time weighted allowable level for
a daily 8- to 10-hour exposure, or the
threshold limit value, calculates to approx-
imately 0.20 mg/m?® for industrial-sand
plants. This is assuming a 50 percent silica
level in the dust.

Careful attention to the maintenance of
dust collecting equipment, limiting expos-
ure in areas of known dust hazard, improv-
ing housekeeping with the use of large vac-
uum cleaners, and the use of electrostatic air
cleaners in control rooms has allowed the
threshold limit value to be reached for most
workmen without the use of respirators.
Table 2 shows the effect of an electrostatic
air cleaner used in a crusher control room.

In the areas such as bagging ground and
unground sand and bulk loading, however,
it is more difficult, certainly in the short
term, to reduce the airborne concentration of
dust to safe levels by dust control alone, and
there is the problem of the maintenance
worker who must at times enter the dust

TABLE 2. DusT-SURVEY RESULTS
(location, inside primary-crusher control room)

Threshold

Limit Value Air Sample
Date mg/M3 mg /M3
October 1971 0.20 0.6255
1.2284
0.7023

January 1972 Installed Electrostatic Air Cleaner

February 1972 0.0190
0.0086
0.0155

0.0051

collector itself. In these circumstances we do
what we can by dust control and then pro-
tect our work people with respirators. An in-
teresting alternative to the face mask res-
pirator is the airstream anti-dust helmet
which provides head, eye, face, and lung pro-
tection, togther with a high degree of user
comfort.

CONCLUSION

In conclusion, we can say that the cost
to meet the present environmental legisla-
tion concerning plant effluent, air pollution,
and the working environment has been and
will continue to be high. Some plants have
closed because of it, other plants must accept
smaller profit margins or increase the pro-
duct price and thus add to the inflationary
trend.

The effect would have been more crip-
pling if water conservation and dust collec-
tion had not been a major consideration in
the industrial-sand industry since the
1930’s, and much of the basic equipment to
meet the legislation had already been in-
stalled.

However, existing practical technology
is already being applied and further tighten-
ing of the constraints, particularly in the
area of air pollution, could be difficult,
costly, and unnecessary. Compliance with
the existing environmental codes virtually
eliminates water pollution, cleans the air
dramatically, and provides an acceptable
working environment. Of course in the fu-
ture the evaluation of potential industrial-
sand deposits must take more fully into ac-
count the aspects of environmental control.
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TRIPOLI DEPOSITS OF SOUTHWEST MISSOURI
AND NORTHEAST OKLAHOMA

W. F. Quirk! and A. K. BaTEs?

Abstract—The Missouri-Oklahoma tripoli district was discovered and first mined in 1869 near
Seneca, Missouri. Tripoli is a microcrystalline form of high-purity silica that is porous, light-
weight, and friable and is derived from a parent siliceous sedimentary rock from which soluble
minerals have been leached. Tripoli deposits, 2 to 20 feet thick, occur in cherty limestones of
Mississippian age beneath 2 to 10 feet of overburden. They are mined in open pits up to 9 acres in
size. The color of tripoli is white, but it also commonly is light pink or red where stained by red iron
oxides and clays. Ground tripoli is used commercially as an abrasive or in buffing and polishing
compounds and is prized for such physical characteristics as its abrasiveness, porosity, permeabil-

ity, absorption, and specific gravity.

INTRODUCTION

The name tripoli was originally applied
to siliceous material found near Tripoli in
North Africa. In the late 1800’s, it was also
applied to material found near Seneca, Mis-
souri, that appeared similar to North Afri-
can tripoli. Subsequent studies showed that
the two materials are quite different; the
North African material, which consists of
siliceous skeletons of diatoms, is now called
tripolite. The Seneca deposits, which are
still referred to as tripoli, consist of a mic-
rocrystalline form of high-purity silica
(SiO2) that is porous, lightweight, and fri-
able and that apparently is derived from a
parent siliceous sedimentary rock from
which soluble minerals have been leached.
The term tripoli is also now applied in a
general way to most silica deposits similar
in physical characteristics and geologic
origin to the Seneca deposits (Bradbury and
Ehrlinger, 1975).

The Missouri-Oklahoma tripoli district,
with Seneca near the center, includes sev-
eral small to medium deposits scattered in
Newton County, Missouri, and Ottawa
County, Oklahoma (fig. 1). Major mining
areas in the district are near Peoria, Ok-

1Electro Minerals Division, The Carborundum Com-
pany, Niagara Falls, New York.

2American Tripoli Division, The Carborundum Com-
pany, Seneca, Missouri.

lahoma, and Seneca, Racine, and Spring
City, Missouri; although additional deposits
are found in the area from Spring River on
the west to Neosho on the east.

GEOLOGIC SETTING

Tripoli occurs as flat-lying deposits that
are 2 to 20 feet thick. The deposits typically
are located beneath a thin overburden of
topsoil and residuum on broad, flat-topped
hills. Overburden is commonly 2 to 10 feet
thick and consists of a poor grade of “rotten”
tripoli that grades up into red-brown cherty
clay at the surface. Individual deposits are
lenses or pockets that range in size from a
few tens of feet across to several acres, and
the largest known deposit, located 0.8 mile
south of Peoria, is about 9 acres.

Tripoli in the Missouri-Oklahoma dis-
trict occurs in cherty limestones of Missis-
sippian age that previously were assigned to
the “Boone Formation.” According to cur-
rent stratigraphic nomenclature, most of the
tripoli occurs in the Warsaw Formation,
with the remainder in the underlying
Keokuk Formation (Fellows, 1967).

Chert occurs in many of the deposits,
and in some places it negates the commer-
cial value of the deposit. Primary chert oc-
curs as interbedded layers and nodules,
whereas secondary chert results from later
deposition in near-vertical cracks and fis-
sures (Dobbs, 1960).
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Figure 1. Map showing area of Missouri-Oklahoma tripoli district and major mining areas within the district.

PHYSICAL AND CHEMICAL
CHARACTERISTICS

Tripoli consists almost entirely of
double-refracting chalcedony and has a pur-
ity of 90 to 98 percent silica (SiOz). It typi-
cally is soft, porous, and fibrous, and the av-
erage grain size is less than 0.01 millimeter.
When ground, the individual grains lack
sharp edges or corners and have a grain size
ranging from 100 microns to 0.02 micron.

The bulk weight of crude tripoli from
the quarry averages 35 pounds per cubic
foot, and this led early residents to refer to
the material as “cottonrock.” Although the
bulk weight is low, the specific gravity of the
mineral grains is high, ranging from 2.15 to
2.6. The porosity of the erude tripoli is 45
percent, whereas the powdered or ground
tripoli ranges from 63 to 68 percent, depend-
ing upon fineness (Dobbs, 1960). Absorption
of water is 35 percent by weight for crude
tripoli and 52 percent for the ground variety.

Oil absorption ranges from 48 to 52 percent
(by weight), depending upon how fine it is
ground.

For commercial purposes, the tripoli is
classified as cream for the white deposits
and rose for the light-pink to red deposits.
Both types are found in the same areas and,
in fact, are intermixed in some of the quar-
ries. The rose tripoli is colored by red iron
oxides and clay that have percolated down
through the red clay overlying the deposit. A
flint-like cap overlying the cream-colored
deposits is sufficiently impermeable so that
iron oxide and clays do not penetrate and
thereby color the tripoli.

Aside from color, the principal differ-
ences between the rose and cream tripoli are
in their chemical composition (table 1). The
rose tripoli contains more iron oxide,
alumina, and titania than the cream vari-
ety, and these elements contribute to the
color of the product. Variation in the con-
centration of these three oxides from deposit
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TABLE 1.—AVERAGES OF CHEMICAL ANALYSES FOR
RosE AND CrREAM VARIETIES OF TRIPOLI FROM
MissoURI-OKLAHOMA DISTRICT

Constituent Percentage
Rose Cream
SiO2 92.08 97.81
Fe2o3 1.29 0.29
A1203 3.63 0.64
Tio2 0.11 0.01
Other 1.02 0.74
LOI (not including moisture) 1.87 0.51
pH 4.6 6.5

to deposit accounts for the color gradation
from light pink to dark red. Because of the
chemical constituents, the fusion point of
the rose tripoli is 2985°F whereas that of the
cream is 3105°F.

The following is the summary of a com-
pany report provided to American Tripoli
Division in 1948 by A. E. Austin and C. M.

Schwartz:

“Physical properties of Rose and Cream Tripoli have
been determined by optical and electron microscopy,
X-ray diffraction, air classification and specific sur-
face area measurements. The particle size distribu-
tion ranges from 100 micron down to 0.02 micron in
diameter. There is a larger amount of very fine par-
ticles in the Rose variety than in the Cream variety.
Specific surface area as determined by nitrogen-
adsorbtion measurements range from 11.9 square
meters per gram for the Rose variety down to 4.7
square meters per gram for the Cream variety.
X-ray diffraction shows that Tripoli has the crystal
structure of alpha quartz. Optical examination
shows it to be of the chalcedony form of silica which
does have the quartz structure.”

ORIGIN

Several hypotheses have been advanced
over the years on the origin of the
Missouri-Oklahoma tripoli deposits, but no
fully acceptable explanation has been made
as to why these deposits are concentrated in
this relatively small district.

One of the early theories held that the
beds of tripoli are the result of weathering
and alteration of thick beds of chert (Perry,
1917). It was also suggested that the tripoli
is the residual concentration of porous silica
after leaching of siliceous limestone or cal-
careous chert (Fellows, 1976; Bradbury and
Ehrlinger, 1975). However, it is our belief
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that these tripoli deposits are due to deposi-
tion of colloidal silica and alkaline salts, and
that subsequent dissolution of the soluble
alkalies has left the silica little changed
from its original condition. This view is well
summarized in a company report prepared
in 1931 by G. V. B. Levings, who was man-
ager of American Tripoli Division from 1919
to 1937:
“The deposits are of sedimentary origin found in the
Boone formation of the lower Mississippian. They
have not been subjected to any appreciable faulting
and no folding or crushing; they remain in their
original condition except for the removal of the solu-
ble alkalies by percolating surface waters where the
conditions have been favorable. It is in no sense an
altered chert, as was at one time assumed from the
fact that primary chert occurs in the deposits. These
chert occurrences are identical with those in the
neighboring siliceous limes . . . . The present
Tripoli is not a product of alteration, decomposition
or disintergration, it is simply the original silica
remaining after the soluble alkalies, which consti-
tuted a considerable portion of the original mass had
been removed; it has very evidently experienced lit-
tle change from its original condition other than an
evident hardening and increased density.”

PRODUCTION TECHNIQUES

Mining has been carried on in the
Missouri-Oklahoma tripoli district since
1869. All mining now is by open-pit methods
following removal of overburden in a ratio
that rarely exceeds 1:1. After the surface of
the tripoli is cleaned, to prevent contamina-
tion by clay, the material is blasted into
large chunks that can be sorted by hand ac-
cording to color and grade. At this time
nodules or other masses of chert are hand
cobbed and discarded.

Crude tripoli is highly absorbent and
quarry-run material contains 20 to 35 per-
cent moisture, depending upon the weather
conditions. Therefore, the crude tripoli is
stored in drying sheds for several months
before it is processed in the mill at Seneca.
Tripoli is then crushed, dried in a rotary
dryer, and then ground in a hammermill
and a tube mill. The powder then passes
through screens and air separators and is
packed in 100-pound bags for shipment to
domestic and foreign users.

INDUSTRIAL USES

Industrial use of tripoli is not based
mainly upon its chemical purity, but upon
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such physical characteristics as abrasive-
ness, porosity, permeability, absorption, and
specific gravity. Early uses included cut
blocks for filtering water and for use in
scouring and polishing. Currently, however,
most tripoli is crushed and used as an abra-
sive or in buffing and polishing compounds.
As an abrasive, it is used in soaps, cleansers,
powders, and teeth-cleansing preparations,
whereas the buffing and polishing com-
pounds are used mainly in lacquer finishing
and the automobile industry. Ground tripoli
is also used as fillers and extenders in paints
and plastics. Other uses include foundry
parting, wood finish, insecticides (fillers and
carriers), and cosmetics.
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ARKANSAS NOVACULITE—A SILICA RESOURCE

Drew F. HoLBroOOK! and CHARLES G. STONE!

Abstract—Most of the siliceous rocks of the Arkansas Novaculite are novaculite, but they also
include some chert, siliceous shale and, rarely, sandstone. Novaculite is defined as a homogeneous
mostly white or light-colored rock, translucent on thin edges, with a dull to waxy luster, and
comprised almost entirely of microcrystalline quartz. The most plausible theory of origin for
novaculite is that primary silica from submarine volcanism was picked up by organisms and
deposited as amorphous silica, which was subsequently converted to microcrystalline quartz
(novaculite) through diagenesis. The Arkansas Novaculite crops cut over an east-west distance of
200 miles in the Quachita Mountains of Arkansas and Oklahoma. Three divisions of the formation
have been defined: a Lower Division, almost entirely massive light-colored novaculite; a Middle
Division of interbedded dark chert and shale; and an Upper Division of massive calcareous novacu-
lite. The Lower Division and most of the Middle Division are Devonian in age, and the remainder
of the Middle Division and all of the Upper Division are Mississippian. The massive novaculites of
the Upper and Lower Division attain their maximum development along the southern and central
outcrop belts of the formation in Arkansas, and it is these rocks that are the source of current silica
production. The calcareous novaculite of the Upper Division weathers readily to a light-colored,
porous, less brittle rock, and in places to tripoli deposits. Currently tripoli is mined from a single
deposit near Hot Springs, Arkansas, and the rock is processed for highly specialized filler and
abrasive applications. In the vicinity of Hot Springs, Arkansas, certain novaculite layers from the
Lower Division with unique textural characteristics are quarried and processed into whetstones.
Several small quarries produce this rock for two local and one out-of-state whetstone-fabricating
plants. Chemical analyses of composite samples of novaculite from both the Upper and Lower
Divisions taken at widely separated localities average 99 percent SiO:z indicating a substantial
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resource of high-silica rock.

INTRODUCTION

For many years siliceous rock in the vi-
cinity of Hot Springs, Arkansas, has been
used as whetstones. In his book on the geol-
ogy of Missouri and Arkansas, Schoolcraft
(1819, p. 183) named the rock novaculite, a
term that had been in use for sometime to
describe a fine quality of whetstone. In 1892
Griswold published a comprehensive report
on the very fine grained siliceous rocks of
the Ouachita Mountain region in Arkansas
entitled, Whetstones and the Novaculites of
Arkansas. He mapped these rocks and called
them the Arkansas Novaculite, but he in-
cluded what is now known as the Bigfork
Chert in the mapped unit. It was Purdue in
1909 that named the group of siliceous rocks
lying between the Stanley Shale and the
Missouri Mountain Shale as the Arkansas
Novaculite. Other workers identified the
Arkansas Novaculite in the Black Knob
Ridge and Potato Hills in McCurtain
County, southeast Oklahoma. The Arkansas

1Arkansas Geological Commission, Little Rock, Ar-
kansas.

Novaculite is comprised largely of novacu-
lite, lesser amounts of shale, and a few thin
sandstone beds. This report is concerned
particularly with those deposits of novacu-
lite that are the source of current tripoli and
whetstone production and that are a poten-
tial source of these and other industrial
mineral products.

DEFINITION OF NOVACULITE

When the term novaculite was first ap-
plied to the rock found in the vicinity of Hot
Springs, Arkansas, it referred to a white
siliceous rock whose textural characteristics
and hardness made it particularly suitable
for whetstones. Griswold (1892, p. 89) in fact
described the fine-grained whetstone known
as Arkansas Stone as a “true novaculite
satisfying all the necessary conditions re-
garding homogeneity, grittiness, finely
granular structure and siliceous composi-
tion, it is translucent on the edges and has a
marked conchoidal fracture.” As mapping of
these remarkable rocks was extended
throughout the Ouachita Mountains, the
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term novaculite was retained to describe
them despite the fact that they showed some
variation in both physical and chemical
characteristics from place to place. To ac-
commodate these variations, novaculite is
here defined as a homogeneous, mostly
white or light-colored rock, translucent on
thin edges, with a waxy to dull luster, and
almost entirely comprised of microcrystal-
line quartz.

ORIGIN OF NOVACULITE

The subject of the origin of the novacu-
lite in the Arkansas Novaculite has in-
trigued geologists ever since the rock was
first identified, not only because of its un-
usual texture, but also because it is essen-
tially pure silica that occurs in massive
layers over a very broad area. At the time
that Park and Croneis (1969) published
their version of the origin, 13 alternatives
had already been proposed. They grouped
those theories into three categories: direct
precipitation of silica by chemical or organic
means; replacement of non-siliceous de-
posits; recrystallization and silicification of
volcanic material. As a result of their
studies of both the Arkansas Novaculite and
the Caballos Novaculite of Texas, they pro-
posed that novaculite was formed from or-
ganically precipitated silica particles in the 1
to 10 micron range, and that the ultimate
texture was the result of diagenetic pro-
cesses. More recently Lowe (1975) has agreed
that siliceous organisms were the local
source of the silica in the novaculite, but

proposed further that volcanism away from
the immediate sites of accumulation may
have provided much of the primary silica.

DESCRIPTION OF ARKANSAS
NOVACULITE

The Arkansas Novaculite crops out
along the borders of the Benton-Broken Bow
Uplift in Arkansas and southeastern Okla-
hema and at Potato Hills and Black Knob
Ridge in southeastern Oklahoma, a distance
of some 200 miles (fig. 1). The formation var-
ies in thickness-throughout its outcrop area.
It attains its maximum thickness, 950 feet,
near West Hannah Mountain in Polk
County, Arkansas. It thins rather gradually
both eastward and westward from this point,
but it thins very rapidly northward. Miser
(1917) subdivided the formation into three
lithologic divisions based on the exposures
at Caddo Gap, Arkansas; a Lower Division
of almost entirely massive white novaculite,
a Middle Division of interbedded dark chert
and shale, and an Upper Division of massive
mostly calcareous novaculite (fig. 2).

Very few fossils have been found in the
Arkansas Novaculite. Findings thus far
have been limited mostly to conodonts,
sponge spicules, radiolarians, and spores.
Hass (1951), on the basis of conodont studies
at Caddo Gap, placed the Lower Division of
the formation and all except the upper 28
feet of the Middle Division in the Early or
Middle Devonian. The remainder of the
Middle Division and all of the Upper Divi-
sion were defined as Early Mississippian in
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Figure 1.Map of Ouachita Mountains (stippled area) region showing outcrop of the Arkansas Novaculite (black
lines) in Arkansas and Oklahoma. Thick, shale-free portions of novaculite unit are within area outlined by dots.
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age. The contact between the Arkansas
Novaculite and both the underlying Mis-
souri Mountain Shale and the overlying
Stanley Shale are conformable.

The Ouachita Mountains are a product
of extensive folding and thrust faulting fol-
lowed by erosion. This intense deformation
resulted in the folding and fracturing of the
novaculite beds as well as the variation in
the attitude of these beds at different places.
Along the southern belt of exposures of the
formation, particularly, the massive novacu-
lite of the Lower Division forms the steep-
sided ridges of the region. The Middle Divi-
sion cherts and shales underlie very narrow
adjacent valleys, and the thinner bedded
less resistant novaculites of the Upper Di-
vision are frequently expressed as a series
of low knobs paralleling the main ridges.
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Figure 2. Diagrammatic columnar section of the Arkansas
Novaculite (after Sholes and McBride, 1975).

The relative proportions of each con-
stituent (novaculite, chert, and shale) of
the Arkansas Novaculite vary through-
out the outcrop area. The thicker shale-
free sections of novaculite, which are the
particular concern of this report, are re-
stricted to the Upper and Lower Divisions
along the southern and central outcrop belt,
specifically that segment of the outcrop belt
within the area outlined by the row of dots
on figure 1.

Lower Division

The Lower Division of the formation
contains the thicker sections of novaculite
that form the most prominent ridges and
outcrops. This division in the southern
outcrop belt is comprised of massive novacu-
lite in beds 4 to 30 feet thick with the thicker
beds being near the top. The novaculite is
white, gray, or light brown, with black and
reddish-brown beds in a few places. Near the
base of the division the massive novaculite
is slightly calcareous, and it is the leaching
of the calcite rhombohedra that has de-
veloped the whetstone texture found in the
novaculite near Hot Springs. Laminations
are present throughout the Lower Division
novaculite but they are particularly promi-
nent near the base. Jointing is common, the
most prevalent set being normal to the
bedding and the joints are frequently filled
with quartz. A few very widely spaced thin
shale beds are present, and in places thin
quartzitic sandstone beds occur near the
base of the Lower Division.

Upper Division

The Upper Division of the novaculite is
generally thinner than the Lower Division,
attaining a maximum thickness of 120 feet
at Hot Springs and thinning abruptly to the
north and south and gradually to the west.
This division is entirely absent from the
northern outcrop belt except near Little
Rock. Beds are even to irregular and up to
four feet thick. It consists chiefly of massive
novaculite that when fresh is light gray to
bluish black and generally resembles the
novaculite of the Lower Division. In much of
the area, however, the Upper Division
novaculite is calcareous, and it has weath-
ered to a light-brown or buff-colored punky
rock with a gritty texture giving it the ap-
pearance of a porous siltstone. Weathered
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novaculite varies from a firm, slightly por-
ous rock to tripoli depending on the percen-
tage of carbonate present in the original
rock. The carbonate in the fresh novaculite,
which can constitute up to 30 percent of the
rock, may be rhodochrosite, calcite, man-
ganiferous calcite, or ankerite. In fact, it is
the manganese-bearing carbonates that are
the primary source of the manganese in the
ores found in both the Upper and Lower Di-
visions of the Arkansas Novaculite in the
southern outcrop belt.

TRIPOLI

The term tripoli is used in this report in
the geologic sense rather than as a trade
term, and it refers to a microcrystalline,
finely particulate, more or less friable form
of silica. In the Ouachita Mountain region of
Arkansas and Oklahoma, the tripoli de-
posits have been formed by the leaching of
calecium carbonate from the Upper Division
of the Arkansas Novaculite. Tripoli deposits
and prospects occur in three general areas of
novaculite outcrop (fig. 3). East-northeast of
Hot Springs, tripoli float and outecrops occur
on the flanks of the novaculite ridges in T. 2
S., R. 18-19 W, Garland County, Arkansas,
and the only currently active tripoli mine,
Malvern Minerals Company operation, is lo-
cated in this area. Further west at Blocker
Creek are two quarries insec. 1, T. 5 S., R.
27 W., Pike County, Arkansas, that mark
the eastern end of a tripoli trend that con-
tinues practically uninterrupted for 7%
miles to the west. The two Blocker Creek
quarries have produced tripoli used in buff
ing compounds in the recent past. In this

same general area just west of the Blocker
Creek trend is a mile long trend from which
a small tonnage of tripoli was produced at a
quarry near Shady Lake in the NE4SW%
sec 26, T. 4 S., R. 29 W., Polk County, Ar-
kansas.

The third area is near Bog Springs, Ar-
kansas in the NW%4NWX sec. 16, T. 5 S., R.
32 W., Polk County, near the Arkansas-
Oklahoma border. This locality is the begin-
ning of a tripoli trend that extends westward
a distance of 5 miles of which 3 miles are in
Oklahoma. Also in Oklahoma, tripoli float
has been found along the upper outcrop of
the novaculite in secs. 19, 20,and 21, T. 2 S,
R. 25 E., just west of Broken Bow Reservoir
and southeast of the reservoir in secs. 4, 5, 6,
and 7, T.4 S.,R. 27 E.

Exploration and Mining

The tripoli beds are confined to a
specific stratigraphic horizon, the Upper Di-
vision of the Arkansas Novaculite, that fre-
quently has a characteristic topographic ex-
pression, a series of low knobs or ridges that
parallel the higher main novaculite ridges.
Exposures in stream beds and float blocks
are relatively common, and all these factors
combine to simplify exploration. The proce-
dure generally used is to bulldoze off the
shallow soil and vegetation cover to deter-
mine the width and quality of the material,
and, if justified, drill to ascertain the depth
of the deposit. Open-pit mining methods are
used. Both the overburden and the tripoli
must be drilled and blasted, and scrapers or
front-end loaders are used to remove the
overburden and mine the tripoli.

OKLAHOMA
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Figure 3.Outcrop map of novaculite (black lines) showing tripoli mines and prospects.
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Character of the Tripoli

The tripoli deposits range from inches to
over 100 feet in true thickness. There is a
wide range of hardness in the individual
beds that constitute the tripolitic zone re-
flecting the variation in carbonate content of
the unweathered novaculite. The beds vary
from material that can be crumbled by hand
to hard unweathered non-calcareous
novaculite layers. The tripoli consists of
cryptocrystalline quartz grains or aggre-
gates of grains more or less firmly bonded
together. The range of particle size of indi-
vidual quartz grains is from 1 to 10 microns,
and the quartz particles are essentially
equidimensional. The color of the tripoli var-
ies considerably even within the same de-
posit. Original colors are frequently con-
taminated by surface wash or seepage along
joints and fractures. Original colors are
white, cream, tan, and brown, with white
being the least prevalent.

Malvern Minerals Company
Tripoli Deposit

As noted, the only tripoli producer at
this time is the Malvern Minerals Company
whose quarry is located 5 miles northeast of
Hot Springs in the NE4LUNW% sec. 21, T. 2
S., R. 18 W., Garland County. The deposit is
situated on an overturned fold so that the
tripoli (Upper Division) is overlain by shale
of the Middle Division and massive novacu-
lite of the Lower Division of the Arkansas
Novaculite. The tripoli bed is 40 feet thick
and dips 35 degrees to the northwest. Both
the overburden and ore are drilled, shot, and
moved by scrapers, and the stripping and
mining is done by contract. The ore is
shipped by truck to the mill at Hot Springs.
Beneficiation consists of drying, grinding,
and classification by air separation. Several
fine-grained silica products are derived from
the tripoli, some with a maximum particle
size of 10 microns, and others ranging up to
200 mesh maximum particle size. These
products are shipped for use in highly
specialized filler and abrasive applications.
Production in 1976 was approximately
10,000 short tons.

WHETSTONE ROCK

Novaculite has been mined for whet-

stones in the Hot Springs, Arkansas, area
since 1832. For many years novaculite
blocks were shipped to out-of-state plants for
processing into whetstones. In 1962 a local
processing plant was built, and there has
been at least one such processing plant in
Arkansas since that time. At this writing
there are two plants in the state and one
out-of-state processor.

Location of Deposits

The area of active whetstone mining is
located just northeast of Hot Springs (fig. 4).
All of the mining and most of the explora-
tion has been confined to two areas; T. 2 S,
R.18 W.and T. 2 S, R. 19 W., Garland
County. Recently a small tonnage has been
produced from a deposit in Pike County
some 50 miles west of Hot Springs. All of the
commercial whetstone rock deposits are con-
fined to the massive novaculite in the lower
part of the Lower Division of the Arkansas
Novaculite.

Exploration and Mining

The area where whetstone rock is mined
is one of steep, densely-wooded hills. Good
outcrops are scarce, because the hillslopes
where the whetstone rock layers occur are
usually covered with novaculite debris.
Furthermore, these whetstone layers are
somewhat less resistant to erosion than the
adjacent novaculite. From experience the
miners know the approximate elevation on a
particular hillside where the whetstone rock
layers are likely to occur. They first clear
the selected site with a bulldozer, and, if the
rock looks promising, the exposure is drilled
and shot. Quarrying follows if the quality of
the rock persists. Quarrying consists simply
of drilling and blasting using a very light
explosive charge. A follow-the-ore concept is
used in quarrying the whetstone rock; fol-
lowing along the strike and dip of the bed
until the quality of the rock deteriorates, or
quarrying becomes too expensive.

The quality of a particular whetstone

rock layer (lead) may vary both along the

strike and the dip of that layer. Individual
leads are narrow varying from 6 to 35 feet,
but they may persist up to 900 feet along
strike. After the rock is broken up it is hand
mined with bar and pick. Blocks are trimmed
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Figure 4.Outcrop map of novaculite (black lines) showing whetstone quarries.

to a roughly equidimensional shape
weighing 10 to 20 pounds and are hand
sorted for quality before shipment to the
plant for processing. Quartz veins, cavities,
cracks or fractures, laminations, stylolites,
and lack of uniform texture are all a basis
for rejection.

Characteristics of the Whetstone Rock

Whetstone-grade novaculite or whet-
stone rock, as it is called here, is found in the
lower part of the Lower Division of the
Arkansas Novaculite. These particular
layers of novaculite are especially suited for
whetstones because of their porosity, uni-
formity of texture, and the sharp edges of
the minute quartz grains making up the
rock. The porosity is due to rhombic cavities
from which carbonate has been leached
during weathering. Uniformity of texture
implies not only uniformity in the size of the
individual quartz grains but more especially
a uniform distribution of the cavities
throughout the rock. Individual quartz
grains present sharp edges because the
grains are not rounded but rather are closely
packed in a mosaic texture, the individual
grains exhibiting polygonal shapes in cross
section (fig. 5).

In the sharpening process small micro-
quartz particles bounding the pore spaces
break off preventing the pores from being
filled with steel particles which would cause
the stone to glaze over. Several varieties of
whetstones are manufactured under differ-
ent trade names, and the essential differ-
ence between them is a difference in poros-
ity. Thus, the Arkansas Stone has a porosity
of 0.07 percent, while the more rapid-

sharpening Washita Stone has a porosity of
16 percent. The increased porosity in the
Washita Stone is due not only to a greater
frequency of rhombic cavities but also to an
increase in the size of the individual
cavities. This variation in porosity is re-
flected in a difference in luster in the two
stones. Thus, the denser Arkansas Stone is
characterized by a waxy luster while the
more porous Washita Stone has the dead ap-
pearance of unglazed porcelain.

Whetstone Processing

Quarry blocks are sawed into desired
shapes with a diamond saw using cutting oil
as a lubricant. These shapes are then
finished on a lap with carborundum powder,
given a final visual quality-control check,
then packaged and shipped. Only about 5

Figure 5.Scanning electron micrograph of whetstone
novaculite showing sharp edges of quartz grains (SEM
courtesy of W. D. Keller and George W. Viele, University
of Missouri-Columbia).
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percent of the blocks quarried end up as
finished whetstones.

The four types of stones produced for
market are listed in order of decreasing
porosity:

Trade Names

Washita Stone
Soft Arkansas

Use

for rapid sharpening

for general all round
sharpening

for polishing a blade to
a very fine edge

Hard Arkansas

Black Hard for polishing to the most
Arkansas perfect possible edge
Arkansas whetstones are marketed

worldwide, but the bulk of the sales are in
the United States. Approximately 1,700,000
pounds of novaculite were quarried for mak-
ing whetstones in 1976.

OTHER USE OF NOVACULITE

For several years novaculite has been
used in making silica-brick refractories, and
small tonnages have been shipped for test
purposes as lightweight aggregate, non-
polishing asphalt aggregate, and for grind-
ing media. Chemical analyses of quarry and
outcrop samples (fig. 6) reveal that it has
potential as a high-silica rock resource
(table 1).
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(black lines) and location of novaculite samples listed in table 1.
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TABLE 1.—CHEMICAL ANALYSIS (IN PERCENT) OF SAMPLES AND ADDITIONAL DATA ON SAMPLES
(see fig. 6 for location map)

Sample

number SiO2 1&1203 MnO }:“ezo3 TiO2 Cao Mgo Na20 K20 Lol
1 99.03 0.42 0.01 0.07 0.02 0.03 0.03 0.004 0.10 0.29
2 99.18 0.26 0.07 0.09 0.02 0.03 0.02 0.003 0.03 0.30
3 99.07 0.25 0.01 0.29 0.02 0.03 0.02 0.003 0.05 0.26
4 99.19 0.19 0.03 0.19 0.01 0.03 0.02 0.003 0.05 0.29
s 99.19 0.25 0.01 0.14 0.02 0.02 0.02 0.003 0.05 0.30
6 99.16 0.27 0.04 0.16 0.02 0.03 0.03 0.002 0.01 0.28

Sample True thickness Division of Location

number (feet) Novaculite Formation
1 130 Lower Abandoned quarry, NWsNW% sec. 6, T. 5 S., R. 31 W., Polk Co.
2 100 Bottom of Lower Caddo Gap outcrop, SWh4SE% sec. 18, T. 4 S., R. 24 W., Montgomery Co.
3 249 Remainder of Lower Caddo Gap outcrop, SWaSE% sec. 18, T. 4 S., R. 24 W., Montgomery Co.
4 105 Upper Caddo Gap outcrop, NW4NE% sec. 19, T. 4 S., R. 24 W., Montgomery Co.
5 210 Lower Butterfield quarry, SWiNE% sec. 34, T. 3 S., R. 17 W., Hot Springs Co.
6 60 Lower Lawson Road outcrop, NE4SE% sec. 19, T. 1 N., R. 13 W., Pulaski Co.
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THE SIGNIFICANCE OF POROSITY AND SURFACE AREA
MEASUREMENTS OF CHERT TO CONCRETE PETROLOGY

WiLLiaM A. KNELLER! and KARINLEE KNELLER!

Abstract—Fifteen samples of chert from seven localities in Ohio were tested for potential durabil-
ity and reactivity in concrete. The tests determined are porosity, pore-size distribution, relative
degree crystallinity, specific surface area, and degree of dissolution according to the ASTM
C289-71, Potential Reactivity of Aggregates, Chemical Methods. The results of these tests were
compared with petrographic, electron optical, physical-chemical, and engineering properties of the
chert samples. Based on these tests, the important properties that affect the durability and reac-
tivity of chert in concrete were observed to be: (1) porosity, (2) pore-size distribution or pore
spectra, (3) relative degree of crystallinity, (4) grain size, (5) specific surface area, (6) impurities,
and (7) amount and species of quartz present—all of which are functions of original composition,
time (geologic age), depth of burial, tectonics, and diagenesis.

Preliminary results of this study indicated that the geologic history and physical-chemical
properties of chert vary from one sample to another, and any one or combination of these parame-
ters affect the performance of the chert in concrete. These complex interrelationships are difficult to
ascertain; if the performance of the chert in concrete is to be predicted, it is necessary to study in
detail this enigmatic material.

1The Eitel Institute for Silicate Research, University of Toledo, Toledo, Ohio.

DOMESTIC PETROLEUM OUTLOOK AND ITS IMPACT ON
INDUSTRIAL MINERAL DEVELOPMENT

TroMAS M. GARLAND!

Abstract—During the rest of this century, the United States faces no more complex or challeng-
ing problem than that of assuring availability of adequate, secure energy supplies in general, and
crude oil and natural gas in particular. This talk will present the bare facts concerning where we
have been, where we are, and what we can expect, focusing primarily upon consumption and
supply of crude oil and natural gas.

1Bureau of Mines, Dallas, Texas.
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ORIGIN AND CHEMICAL EVOLUTION OF BRINES IN
SEDIMENTARY BASINS

ALDEN B. CARPENTER!

Abstract—Brines (a solution containing more than 100,000 mg/l dissolved solids) in sedimentary
basins are genetically related to evaporites in one of three ways: (1) dissolution of evaporite
minerals, generally halite; (2) interstitial fluids in evaporites which are expelled from their source
rock during compaction; (3) incongruent alteration of hydrous evaporite minerals (carnallite).
Most brines of commercial interest originate as interstitial fluids in halite-rich rocks. These
fluids are initially rich in magnesium, sulfate, and potassium but evolve in composition to an
Na-Ca-Cl brine during their migration to their present host rock. A particularly important

reaction in this process is:

2CaCO0s + Mg? = CaMg(COs)2 + Ca*

(1a)

This reaction reduces the magnesium content of the brine and ultimately converts it to a
calcium-rich brine. The loss of sulfate occurs by two mechanisms. One of these is by direct
precipitation as calcium sulfate (either as gypsum or anhydrite):

Additional sulfate may be lost from the brine by sulfate reduction:

804*~ + 1.33CHz2 + 2H* = HaS + 1.33CO: + 1.33H20

The loss of carbonate species occurs by precipitation as carbonates:

The net result of reactions 3 and 4 is:

Ca? + 804% + 1.33CHz = HaS + CaCOs + 0.33H20 + 0.33CO:

The loss of potassium from brines is caused by the formation of potassium aluminosilicates:

2K* + AlSi2Os (OH} + 48i02 = 2H* + 2KAlISisOs + H20

The hydrogen ions produced by this reaction dissolve carbonates:

The net result of reactions 6 and 7 is:

Ca? + SO4% = CaS0s (2a)

(3a)

H20 + CO2 + Ca?* = CaCOs + 2H* (4a)
(5a)

(6a)

2H* + CaCOs = Ca* + CO2 + H20 (7a)
OH)s + 48i02 = Ca?" + 2KAlSizOs + H20 + CO2 (8a)

2K* + CaCOs + Al2Si20s

A study of brines from central Mississippi has shown that the composition of these brines is
related to the interaction of pore fluids from evaporites with minerals in the enclosing sedimen-

tary rocks.

INTRODUCTION

Occurrences of brines in sedimentary
basins containing intervals of bedded halite
are known in a number of areas around the
world. In many of these locations, certain
stratigraphic intervals are important pro-

!Department of Geology, University of Missouri,
Columbia, Missouri.

ducers of hydrocarbons and, in some cases,
contain major base-metal deposits. The
purpose of this investigation has been to
develop a model for predicting the chemical
composition of brines produced by the
evaporation of sea water and a model for
quantitatively predicting the changes in the
composition of these brines as they migrate
into sedimentary rocks and react with a
variety of common minerals. If the brines
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and their associated hydrocarbons in oil-
field reservoirs have migrated to their
present position along the same path, the
ability to determine the point of origin and
the migration path of a brine from its
chemical characteristics could be a valuable
tool in petroleum exploration.

A second goal of this investigation is to
establish a basis for estimating the
mineralogical and physical changes that are
induced in different types of sedimentary
rocks by exposure to various types of
subsurface brines. Some of these changes
result in significant increases in permeabil-
ity while others result in a loss of
permeability. The ability to quantitatively
predict the mineralogical and hydrologic
changes which will be induced in a rock by
interaction with brines may permit better
evaluation of the hydrocarbon production
potential of a reservoir with data obtainable
from a limited number of holes. The
development of such a technique would be of
value in reducing the cost of petroleum
exploration.

CLASSIFICATION AND ORIGIN OF
BRINES

There are two general schemes for the
classification of water based on the total
concentration of dissolved solids (table 1).
Davis (1964) has commented that the
classification used by Krieger (1963) is
difficult to remember being neither arith-
metic nor geometric in progression. Davis
also noted that the term brine, as commonly
used, indicates water saturated with or
nearly saturated with ordinary salt. A
histogram of total dissolved solids in oil-field
waters does not provide any indication of a
discontinuity in frequency of occurrence in
the range 1,000 to 500,000 mg/1 dissolved
solids (fig. 1). Since the histogram indicates
that the classification of these waters into
groups is arbitrary, it seems best to adopt
the classification proposed by Davis with the
modification that the unit of dissolved solids
be changed from parts per million (ppm) to
milligrams per liter (mg/l). The vast major-
ity of water samples are analyzed on a
weight per unit volume basis, and the
density of a sample may not have been
determined. The modification of units from
parts per million to milligrams per liter
makes Davis’s classification easier to apply
to most data.

Although the term brine in both clas-

TaBLE 1.—CLASSIFICATION OF WATER BASED ON
ToTtaL DissoLvED SaLTs (parts per million)

Krieger (1963) Davis (1964)

Slightly saline 1,000-3,000 Fresh water <1,000

Moderately

saline 3,000-10,000
10,000-35,000

35,000

Brackish water 1,000-10,000
Saline water 10,000-100,000
>100,000

Very saline

Brine Brine

1400, 10,000 100,000

brackish
water

26%

sallne

I brine
water 1

1

|

1200

44% 30%

1000—
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Figure 1. Histogram illustrating the relative abundance of
oil-field waters of differing salinities (data courtesy of A.
Gene Collins, U.S. Bureau of Mines).

sification systems is applied to water sam-
ples on the basis of a measureable parame-
ter. The usage proposed by Davis has definite
genetic implications, whereas that used by
Krieger does not. Natural aqueous solutions
containing more than 100,000 mg/l dissol-
ved solids appear to originate either as a re-
sult of the crystallization of siliceous magma
or as a result of some process involving
evaporites (table 2). It has been established
that most, if not all, porphyry copper de-
posits contain minerals with inclusions of

~ highly saline solutions containing as much

as 600,000 mg/l dissolved salts (Roedder,
1977). Kilinic and Burnham (1972) have
shown experimentally that, if an aqueous
phase forms during the crystallization of a
siliceous magma, much of the chloride in the
magma is incorporated into this aqueous
phase. As a result of this process, the aque-
ous fluid can become a highly concentrated
brine. Fluid-inclusion studies of brines as-
sociated with porphyry copper deposits indi-
cate that these are Na-K-Cl brines.

The association of evaporites and brines
in sedimentary basins has been recognized
for some time. Although evaporites and
brines of nonmarine origin are known to
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TaBLE 2.—ORIGIN OF BRINES
I.-Crystallization of siliceous magma
II.~Brines in sedimentary basins
A) Dissolution of evaporite minerals {especially halite)
B} Evaporation of HZO from saline water

C} Incongruent alteration of hydrous evaporite minerals

occur, this review is restricted to evaporites
of marine origin. Brines produced by the
dissolution of highly soluble minerals such
as halite generally have distinct composi-
tions which can be used to determine the
mineral or minerals that have been dis-
solved. Brines produced by the dissolution of
halite consist almost entirely of sodium and
chloride and have very low concentrations of
bromide and calcium. The incongruent
alteration of hydrous evaporite minerals to
form brines has been described by Braitsch
(1971, p. 118-122). These brines are usually
very high in calcium and (or) magnesium
and relatively low in sodium. Their occurr-
ence is generally restricted to the immediate
vicinity of evaporite deposits containing
potash salts.

Sodium-calcium chloride brines appear
to originate as interstitial fluids in evapo-
rites and are then subsequently expelled as
a result of the compaction occurring in
response to loading by younger sediments.
Landes (1960, p. 60) states that evaporite-
mineral accumulations usually have initial
porosities in excess of 50 percent which are
in considerable contrast to the negligible
porosities of ancient evaporites.

The modification of ground-water com-
position can occur through a variety of
mechanisms. Mangelsdorf and others (1970)
have reviewed the effects of gravitational
settling of ions, ion movement in a thermal
gradient (Soret effect), and thermocell
diffusion. They concluded that these
mechanisms cannot account for the enrich-
ment of dissolved salts commonly found in
subsurface brines but may modify ion
distributions due to other phenomena. The
effect of shale-membrane filtration on the
chemistry of brackish water has been
studied experimentally by several individu-
als notably Hanshaw and Coplen (1973) and
Kharaka and Smalley (1976). Hanshaw and
Coplen demonstrated that the concentration
of sodium in brackish water could be
increased from 225 to 400 ppm using a
montmorillonite clay and a pressure on the
residual solution of 330 bars. Kharaka and
Smalley conducted experiments with bento-

nite and fluid pressures of 690 bars and
measured the differential mobility of ions in
solutions containing up to 6,400 mg/l
dissolved solids. However, the formation of a
brine from sea water has yet to be
demonstrated. Manheim and Horn (1968)
have carefully evaluated the difficulties of
producing brines by shale-membrane filtra-
tion. They concluded that the pressure
requirements for appreciable salt filtration
remain unsatisfied by known geologic envi-
ronments. They also noted that a second
requirement of a filtration system capable of
producing brinés is that “enormous volumes
of fluids must be pushed through poorly
permeable (membrane-active) strata in pre-
ference to permeable channels, under virtu-
ally leak-free conditions.” They concluded
that “field evidence of such a system has
never been offered and that such systems
would appear to defy standard ground
water, petroleum engineering and geologi-
cal engineering and experience.”

The majority of oil-field brines appear to
be sodium-calcium chloride brines contain-
ing significant amounts of bromine. The
evidence indicates that these brines origi-
nated as interstitial fluids in evaporite
deposits. The details of the origin and
chemical evolution of these brines are
discussed in later sections.

EVAPORATION OF SEA WATER

Attempts to reconstruct the chemical
history of subsurface brines derived from sea
water require the use of one or more
“marker” constituents. Such a constituent
must neither precipitate during the evap-
oration of sea water nor participate in
diagenetic reactions with subsequent
mineralogical environments. Zherebtsova
and Volkova (1966) showed that during the
evaporation of sea water essentially all of
the potassium, rubidium, lithium, and
bromide remain in solution until potash
salts begin to precipitate and that most of
the lithium and bromide remain in solution
during potash-salt deposition. Of these ele-
ments, however, only bromine is essentially
free from participation in diagenetic reac-
tions. The inert character of bromine makes
it ideal for tracing the chemical evolution of
brines derived from the sea water. Ritten-
house (1967) has already successfully used
bromide concentrations to determine the
origin of some oil-field brines.
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Although there have been several
studies on the evaporation of sea water and
the precipitation of evaporite minerals, few
of these investigations included the deter-
mination of bromide as part of their analyti-
cal work. Those investigations that have in-
cluded data on bromide concentrations suf-
fer from internal inconsistencies in the data.
The purpose of this section is to critically
review existing data on compositional
trends established during the evaporation of
sea water and to eliminate the inconsisten-
cies which appear to be present.

In this context, a key aspect of the evap-
oration of aqueous solutions is worth noting
in detail. If a solution containing several dif-
ferent ions is concentrated by evaporation,
the ratios of the various ions with respect to
each other remain constant except in the
cases of ions that are being precipitated or
reacting with the substrate in which the
brine is contained. This relationship may be
expressed in the form:

B _ (la)
A
or
B = kA (1b)

where A and B are ions in solution and % is a
constant. Using logarithmic form for equa-
tion 1b:

log B =log A + logk (2)
results in an equation which plots as a
straight line with a 1:1 slope, regardless of
the numerical value of 2. Any ion which de-
viates from this relationship with other ions

in solution as increments of water are re-
moved is being affected by some process
other than the removal of water. This very
simple test is a powerful method both for
checking the validity of analytical data and
for detecting the presence of chemical reac-
tions within the system which are not read-
ily apparent.

The study by Zherebtsova and Volkova
(1966) on compositional trends during the
evaporation of sea water stands out as a
classic paper on this subject. Water from the
Black Sea was evaporated in flat vinyl tubs,
“evaporators,” placed at the gates separat-
ing the evaporating basins of the Saki
saltern. “Brines corresponding to five stages
of salt deposition, i.e., deposition of gypsum,
halite, magnesium sulfates, potassium salts,
and bischofite, were collected and analyzed.”
Because the Black Sea contains only one
half the total dissolved solids of sea water, it
is conceivable that contributions from river
water cause the Black Sea to have a
composition that is different from that of
ocean water. A comparison of the composi-
tions of ocean water and Black Sea water is
presented in table 3. The data show that,
although the Black Sea is slightly enriched
in calcium and slightly low in potassium
relative to ocean water, the differences are
small. Selected data derived from Zhere-
btsova and Volkova’s study are presented in
tables 4 and 5.

Four important points are evident from
the data:

1)-—The ratios of Mg/Br and Mg/K remain
constant until a magnesium salt begins to
precipitate.

2)—The ratio of K/Br remains constant
until potash salts begin to precipitate.

TaBLE 3.—COMPARISON OF WATERS FROM THE BLACK SEA WITH WATERS FROM THE OCEAN (MG/L)

Ca Mg
Black Sea Waterl 233 679
Black Sea water scaled to 448 1305
19,870 mg/1 Cl
Ocean Water (S = 35 o/oo) 422 1326
(Riley and Chester, 1971)
Differences between ocean +6.2% -1.6%

water and Black Sea water

1Zhet:ebet:sova and Volkova (1966).

Na K cl Br S0

4
5,817 192 10,340 35.5 1463
11,180 369 19,870 68.2 2812
11,050 416 19,870 68. 2780
+1.2% -11.% +.3% +1.2%
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TaABLE 4.—CoMPOSITION OF BRINES PRODUCED BY THE EVAPORATION OF WATER FROM THE BLACK SEA(MG/L)
(based on data in Zherebtsova and Volkova, 1966)

Reported Stage of

Mineral Deposition Ca Mg Na
Black Sea water 233 679 5,820
Beginning of gypsum 1,040 7,590 59,700
precipitation

Beginning of halite 307 19,600 94,300
precipitation

Halite precipitation - 50,500 55,200
Beginning of Mg-sulfate - 56,100 48,200
precipitation

Beginning of K-salts - 72,900 22,100
precipitation

Precipitation of K-salts - 92,600 8,960

K SO4 Cl Br T.D.S. Den
193 1,460 10,340 35 18,760 1.014
2,220 13,300 107,800 396 152,000 1.131
5,600 27,700 183,300 1010 331,800 1.227
15,800 76,200 187,900 2670 388,300 1.271
17,700 82,200 190,500 2970 397,700 1.286
25,900 56,100 224,000 4770 405,800 1.290
18,800 54,200 254,000 6060 434,600 1.318

T
TABLE 5.—RATIOS OF Di1ssoLVED CONSTITUENTS TO BROMIDE IN WATER FROM THE BLACK SEA DURING
EvaroraTiON (based on data in Zherebtsova and Volkova, 1966)

Reported State of

Mineral Deposition Ca/Br Mg/Br
Black Sea water 6.5 19.1
Beginning of gypsum 2.6 19.1
precipitation

Beginning of halite .3 19.5
precipitation

Halite precipitation - 18.9
Beginning of Mg-sulfate - 18.8
precipitation

Beginning of K-salts - 15.2
precipitation

Precipitation of K-salts - 15.3

Na/Br K/Br SOA/Br C1l/Br Mg/K
164 5.4 41.2 291 3.5
151 5.5 33.6 272 3.4

94 5.5 27.5 182 3.5
21 5.9 28.5 70 3.2
16 5.9 27.6 64 3.2
4.6 5.4 11.7 47 2.8
1.5 3.1 8.9 42 4.9

3)—The sample which was collected when
gypsum crystals were first observed was, in
fact, collected well after gypsum had begun
precipitating. This statement is supported
by the fact that the ratios of Ca/Br and
SO4/Br in this sample are considerably
different from those in the original solution.
4)—The sample which was collected when
halite crystals were first observed was, in
fact, collected well after halite had begun
precipitating. This statement is supported
by the fact that the ratios of Na/Br and Cl/Br
in this sample are considerably different
from those in the parent solution.
There are two useful principles which
emerge from these observations:

1)—Magnesium or potassium concentra-
tions in bodies of evaporating sea water may
be used to estimate bromide concentrations
if the Mg/K ratio in the water is the same as
in normal sea water. This fact is useful in
estimating bromide concentrations in sam-
ples collected during earlier studies which
did not include bromide determinations (for
example, Morris and Dickey, 1957). These
estimates permit older data to be more read-
ily compared with the results of recent in-
vestigations.

2)—Generally speaking, it is difficult to
determine by direct observation the point at
which a brine begins to precipitate a new
phase. However, the precipitation of an ion
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phase has a drastic effect on the ion ratios
involving that element in the aqueous
solution. The reason for this effect is that the
concentrations of essential constituents in
crystals is very much higher than in the
parent solution. For example, the maximum
concentration of calcium in solution during
the evaporation of normal sea water is
approximately 1,500 ppm whereas the
concentration of calcium in gypsum is
260,000 ppm. Thus, the precipitation of a
small amount of gypsum causes a large shift
in the Ca/Br ratio of the parent solution. The
careful monitoring of ion ratios in aqueous
solution is a particularly effective technique
for determining water compositions at the
beginning of precipitation of solids from
complex solutions. The monitoring of ion
ratios is also an extremely sensitive method
for detecting the addition of soluble salts to a
solution and for detecting chemical interac-
tions between a solution and the solids with
which it is in contact.

Herrmann and Knake (1973) made an
extensive study of the evaporation of water
from the Adriatic Sea at the Secovlje salt
works, Yugoslavia. These salt works have
been in use since the 13th century, and the
method of operation has remained essen-
tially unchanged since 1904. The salt works
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consist of a series of pans (P) connected by
canals (C) containing water of increasing
salinity. “The bottom and the dams of the
individual pans within the salt works
consist of the silt and clay of the flysch.
. . . The bottoms of the basins are covered
with stromatolitic mats of algae, mainly
consisting of cyanophyceae and cemented by
biogenetically precipitated calcium carbo-
nate. The evaporating pans remain un-
touched by man for decades. The pans in
which NaCl precipitates acquire a new layer
of Cyanophyta each year—the so-called
‘petola’ which is cemented by calcium
carbonate and calcium sulphate. This is so
strong that workers can walk on it when
they heap up the salt. The salt is piled up
next to the pans until it is transported in the
store houses of Portoroz.” The Adriatic Sea
water studied by Herrmann and Knake and
ocean water are closer in chemical composi-
tion than Black Sea water and ocean water.
Data derived from Herrmann and Knake’s
study are presented in table 6.

The data in table 6 have several
noteworthy aspects confirming the conclu-
sions derived from the data in Zherebtsova
and Volkova’s study. The first “event” of
interest was the major increases in the
Na/Br, Cl/Br, SO4/Br, and Ca/Br ratios

TABLE 6.—RaTIOS OF D1ssOLVED CONSTITUENTS TO BROMIDE IN WATER FROM THE ADRIATIC SEA
DuRING EVAPORATION
(based on data in Herrmann and Knake, 1973)

Sample
Sample Location Remarks Ca/Br Mg/Br Na/Br K/Br Cl/Br SOA/Br Mg/K
1 SW Adriatic sea water 6.3 22.2 163 6.5 303 42.6 3.4
2 P 1 6.5 22.3 168 7.0 312 43,2 3.2
3 P 2 6.2 21.4 166 6.8 305 42.9 3.2
4 P 3 6.5 22.4 164 6.8 305 42.3 3.3
5 P 4 6.6 21.6 165 6.5 305 42,1 3.3
6 C 4 6.4 21.7 176 6.4 322 42.5 3.4
7 P 5 6.4 20.9 171 6.2 310 42,6 3.4
8 P 6 6.5 21.5 169 6.5 310 42.3 3.3
9 P 7 7.0 22.1 190 6.8 342 46,2 3.2
10 P 8 7.1 22.6 189 7.2 340 48.4 3.2
11 c &g 7.0 23.0 191 7.1 345 48.4 3.3
12 P 9 6.4 22.1 178 6.6 323 45.3 3.4
13 P 10 6.8 22.8 179 6.7 326 47.1 3.4
14 P11 6.8 25.1 183 7.0 339 47.7 3.6
15 P 12 Precipitation of calcite 5.7 24.3 181 6.6 333 44,2 3.7
16 c 12 4.6 25.9 181 7.1 350 46.5 3.6
17 P 13A 3.9 27.0 204 7.4 368 52.4 3.6
18 P 13B Precipitation of gypsum 1.2 28.3 200 7.6 369 40.6 3.7
19 P 13C 1.1 27.3 197 7.3 363 39.4 3.7
20 P 13D 0.9 27.9 199 7.5 367 40.0 3.7
21 P 13E Precipitation of halite 0.2 32.8 96 7.1 222 44.0 4.6
22 P 13F 0.2 33.8 69 7.4 186 36.8 4,6
23 P 13G 0.2 32.8 71 7.4 184 37.4 4.5
24 P 13H 0.2 33.3 65 7.5 175 38.8 4,4
25 P 131 0.2 33.2 65 7.5 175 38.9 4.4
26 P 13K 0.2 33.4 62 7.3 174 34.2 4.6
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which occurred between pan 6 and pan 7.
These changes were not accompanied by
simultaneous increases in the ratios of
Mg/Br and K/Br although there is sufficient
scatter in the data that this statement may
be considered debatable. The essential
question, however, is whether the shifts in
ion ratios which occurred between pan 6 and
pan 7 were a result of the removal of
bromide from the water, perhaps by the
action of the algae, or whether halite and
gypsum were being added to the water in
pan 7. The data in table 7 clearly show that
the shift in Na/Br and Cl/Br ratios was a
result of the addition of halite to the water
in pan 7. The concentration of bromide in
pan 7 is 1.013 times higher than in pan 6. If
the concentrations of sodium and chloride in
pan 6 are multiplied by the same factor, the
calculated concentrations are 26,240 and
48,050 mg/l, respectively. These concentra-
tions are less than observed concentrations
in pan 7 by 3,260 and 5,030 mg/l, respec-
tively. The weight percent sodium in this
surplus sodium plus chloride is 39.3 percent,
exactly equal to the weight percent sodium
in halite. Other calculations show that
calcium sulfate was also being added to pan
7. The changes in x/Br ratios between pans 6
and 7 are an excellent demonstration that
monitoring ion ratios is a sensitive method
for detecting the addition of soluble salts to a
solution.

A similar event occurrred between pans
10 and 11 where there was an abrupt rise in
the Mg/Br ratio and a corresponding rise in
the Mg/K ratio. A soluble magnesium salt
was being added to pan 11; although there is
no obvious clue to its identity, the most
likely candidate is magnesium sulfate.

Pan 12 marks the beginning of a steady
decline in the Ca/Br ratio, which Herrmann
and Knake attributed to the precipitation of

TABLE 7.—RELATIONSHIPS BETWEEN BRr, Na, AND
CL IN PANs 6 AND 7, SECOVLJE SALT WORKS

Location Br Na Ccl

Pan 6 153 25,900 47,430

Pan 7 155 29,500 53,080

Pan 6 x 1.013 155 26,240 48,050
Surplus constituent

assuming constant

X/Br ratios -

3,260 5,030

Na, Cl surplus halite
39.3% Na 22.99

3,260 _ .99 _
3,260 + 5,030  60.7% CL 22.99 + 35.45

39.3% Na
60.7% C1

calcium carbonate in pan 12 and the
precipitation of gypsum in pan 13b. It is a
remarkable coincidence that the composi-
tion of the water in pan 12 is essentially the
same as Black Sea water which also
precipitates gypsum. It is also noteworthy
that the rate at which calcium decreases
relative to the increase in bromide is
identical for both waters. In all probability
both gypsum and calcium carbonate began
precipitating in pan 12. Unfortunately this
hypothesis cannot be tested because of the
absence of data on bicarbonate in the water
and because of the addition of excess sulfate
to the Adriatic Sea water.

There is a final point of interest in the
abrupt change in the Mg/K ratio which
occurred in pan 13e. Herrmann and Knake
noted that “From pan 13e onward the Mg/K
ratio increases from about 3.7 to 4.6, This
means the K content of the solution
increases less than its Mg content. Some of
the K therefore must be bound up in some
way. However, no K mineral has crystal-
lized at this stage of seawater concentration.
Some of the K may be adsorbed onto the
anaerobic mud in the pans.” However, the
data in table 6 show no evidence of decrease
in the ratio of K/Br as would be expected to
accompany the loss of potassium from
solution, whereas, there is a distinct in-
crease in the Mg/Br ratio. The obvious
explanation for the change in Mg/K ratio is
not as a result of the loss of potassium from
the solution but rather from the addition of a
soluble magnesium salt, again probably
magnesium sulfate. There appears to be an
increase in the SO4/Br ratio in pan 13e, but
the continued precipitation of gypsum in the
succeeding evaporating pans makes this
relationship difficult to demonstrate from
ratio calculations alone. Herrmann and
Knake’s unfortunate conclusion that the
change in Mg/K ratio was due to a loss of
potassium illustrates the importance of
selecting a more inert element, such as
bromide, in using element ratios to detect
and interpret changes in water chemistry.

Clearly, the antiquity, design, and
operation of these salt works result in the
contamination of the brines by previously
precipitated salts. The nature and extent of
this contamination can be detected using
bromide concentrations and x/Br ratios to
monitor changes in the composition of the
brines.
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The data outlined above are amenable
to some very simple but effective graphical
and algebraic methods for predicting com-
positional trends during the evaporation of
ocean water. Included in table 3 are data for
calcium, sulfate, and bromide in ocean
water. From these data and equations 1 and
2, it follows that calcium and sulfate
concentrations in ocean water increase
during evaporation in a predictable manner,
provided that none of these constitutents are
added to or removed from the water during
this process:

Log (Ca) = Log (Br) + 0.792 3

Log (SO4) = Log (Br) + 1.611 (4)
These relationships are illustrated in figure
2. The data in studies by Zherebtsova and
Volkova (1966) and Herrmann and Knake
(1973) show that Log (Ca) decreases linearly
with respect to Log (Br) during the
precipitation of gypsum. The intersection of
this line with that represented by equation 3
indicates that the precipitation of gypsum-
begins when Log (Br) = 2.55 (275 mg/l).
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Figure 2. Concentration trends of calcium and sulfate
relative to bromide during the evaporation of sea water
and the precipitation of calcium sulfate. (Data from
Zherebtsova and Volkova, 1966, shown as squares; and
from Herrmann and Knake, 1973, shown as circles.) The
intersection of the two segments of the calcium-bromide
trend line indicates that calcium sulfate begins to
precipitate at a bromide concentration of 269 mg/l instead
of 395 mg/! reported by Zherebtsova and Volkova or 548
mg/l reported by Herrmann and Knake. The increase in
calcium and sulfate relative to bromide at Log Br = 2.22 is
a result of the dissolution of calcium sulfate in pan 13B at
the Secovlje salt works. Note the excellent agreement
between the calculated sulfate-bromide trend line and the
experimental observations of Zherebtsova and Volkova in
the range Log Br = 2.6-3.5.

The relationships shown in figure 2 may
also be used to predict trends in sulfate
concentration during the precipitation of
gypsum. This is done by extending the lines
representing equations 3 and 4 past the
point of the initial precipitation of gypsum
(fig. 3). These lines indicate what the
concentrations of calcium and sulfate would
be at a specified bromide concentration in
the absence of gypsum precipitation. The
difference between the extrapolation of
equation 3 and the observed concentration of
calcium (line A, fig. 3) is related to the
amount.of calcium which has precipitated.
Since calcium and sulfate are removed from
solution in equal molar amounts (whether
precipitated as gypsum or as anhydrite) the
amount of sulfate precipitated can be
calculated (line B, fig. 3). As the process of
evaporation and precipitation of calcium
sulfate continues, the supply of calcium in
the ocean water is exhausted, and the
sulfate concentration again rises in 1:1
proportion with bromide. The new equation
relating these two parameters can be
calculated without any experimental infor-
mation. Every milligram of calcium precipi-
tated as calcium sulfate is accompanied by
2.397 milligrams of sulfate:
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Figure 3. Calculated concentration trend of sulfate relative
to bromide during the evaporation of sea water and the
precipitation of calcium sulfate. (Concentration trend of
calcium relative to bromide is based on data in
Zherebtsova and Volkova, 1966, and Herrmann and
Knake, 1973.)
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molecular weight SO4 ~ 96.06

molecular weight Ca  40.08 2.397
sulfate-precipitated sulfate

bromide

_ 2,780 -2.397 (422) 1,770

- 68 - 68

Log (SOs) = Log (Br) + 1.415

In summary, as shown in figure 3, the
rise in sulfate concentration relative to
bromide is a 1:1 relationship until the
precipitation of calcium sulfate. This rela-
tionship then changes in a predictable
manner if the decrease in calcium relative to
bromide is known from observation. Finally,
the trend in sulfate concentration relative to
bromide resumes a new predictable 1:1
relationship with bromide when the supply
of calcium in the water is exhausted. This
new trend line is, of course, parallel to the
original line but displaced to lower relative
sulfate concentrations. Zherebtsova and
Volkova’s data shown in figure 2 have
excellent internal consistency and are in
excellent agreement with the constraints on
compositional trends in evaporating ocean
water in an inert container.

This technique can be used to predict
trends in the concentration of any con-
stituent relative to bromide induced by the
coprecipitation of any other constituent. It
has been used to determine the effect of
chloride on sodium during the precipitation
of halite and the effect of sulfate on
magnesium by the precipitation of mag-
nesium sulfate. The predicted relationships
and observed values are presented in figures
2, 4, and 5. The calcium data for both studies
in figure 2 are in relatively good agreement.
Figure 2 shows the increase in calcium
relative to bromide which occurred in pan 7
and shows that the decrease in Log(Ca)
relative to Log(Br) during the precipitation
of calcium sulfate is linear. Figure 2 also
illustrates that the trend in sulfate concent-
ration in the Secovlje salt pans is in poor
agreement with both Zherebtsova and
Volkova’s data and with trends required
during the evaporation of ocean water in an
inert environment. Figure 4 illustrates the
effects of the addition of sodium chloride to
pan 7 at Secovlje. There is good agreement
between the two studies on the sodium trend

5.5
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Figure 4. Concentration trends of sodium and chloride
relative to bromide during the evaporation of sea water
and the precipitation of halite and carnallite. (Data from
Zherebtsova and Volkova, 1966, shown as squares; and
Herrmann and Knake, 1973, shown as circles.) The
intersection of the two segments of the chloride-bromide
trend line indicates that halite begins to precipitate at a
bromide concentration of 617 mg/l instead of 1,010
reported by Zherebtsova and Volkova or 1,040 mg/l
reported by Herrmann and Knake. The increase in sodium
and chloride at Log Br = 2.22 is a result of the dissolution
of halite in pan 13B at the Secovlje salt works. Note the
excellent agreement between the calculated sodium-
bromide trend line and the experimental observations of
Zherebtsova and Volkova in the range Log Br = 2.7-3.5.

during the precipitation of halite, but the
excess chloride in the Secovlje pans is
inconsistent with Zherebtsova and
Volkova’s data and with respect to the 1:1
relationship between chloride and bromide
prior to the precipitation of halite. The data
for potassium and magnesium for both
studies are shown in figure 5. The data for
potassium in both salt pan studies are in
relatively good agreement. However, there
is considerable disagreement with respect to
magnesium. Figure 5 shows distinct in-
creases in magnesium relative to bromide in
pan 11, just prior to the beginning of gypsum
precipitation in pan 12, and again in pan
13e. These data, with the data illustrated in
figure 2, strongly suggest that the mag-
nesium was added to the brine in the salt
pans primarily as magnesium sulfate.

Figure 6 illustrates the trends in the
concentration of the major ions in sea water
relative to bromide during the evaporation
of sea water in an inert environment. A
computer program which generates the
trends shown in figure 6 is available from
the author.
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Figure 5. Concentration trends of potassium and
magnesium relative to bromide during the evaporation of
sea water and the precipitation of magnesium sulfate and
carnallite. (Data from Zherebtsova and Volkova, 1966,
shown as squares; and Herrmann and Knake, 1973,
shown as circles.) The increase in magnesium relative to
bromide at Log Br = 3.02 is a result of the dissolution of a
magnesium compound in pan 13E at the Secovije salt
works.
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Figure 6. Concentration trends of ions in sea water relative

to bromide during the evaporation of sea water and the
precipitation of evaporite minerals.

INTERACTION OF BRINES WITH
FRESH WATER, SEA WATER,
AND HALITE

It is very likely that brines produced by
the evaporation of sea water will be moved
from their point of origin as a result of sedi-
ment compaction, tectonic deformation, and
other processes. Figure 7 illustrates the ef-
fects of mixing fresh water and sea water
with halite-saturated brines that are not in
contact with halite. The mixing of such a
brine (brine A, for example) with fresh
water causes the composition of the brine to
move along a straight line toward point B
with a 1:1 slope parallel to the line produced
by the evaporation of sea water prior to the
precipitation of halite. The mixing of
halite-saturated brines with sea water pro-
duces trends toward the composition of sea
water (fig. 7).

The dissolution of halite in sea water
produces brines which are rich in chloride
but relatively low in bromine (fig. 8). This
diagram is based on the assumption that the
halite which is being dissolved by sea water
contains 68 ppm bromine in its crystal struc-
ture. If the halite contains a larger amount
of bromine, the compositional trend will
curve more perceptibly toward higher dis-

S.5

Log CI

1.5 2.0 2.5 3.0 35 3.0
Log Br

Figure 7. Relationships between chloride and bromide as
a result of mixing NaCl-saturated brines with fresh water
and with sea water. The addition of fresh water to a brine
of composition A causes the chloride and bromide
concentrations to move along a line with a 1:1 slope
toward B. The addition of sea water to NaCl-saturated
brines causes the chloride and bromide concentrations to
move along trend lines which are initially nearly parailel to
line AB but which converge on sea water as the
percentage of sea water becomes large. The percentages
of sea water in brine-sea water mixtures are indicated by
the nearly horizontal isopleths.
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Figure 8. Relationships between chloride and bromide as
a result of adding halite (containing 68 ppm bromine) to
sea water. The isopleths indicate the percentage of
chloride in the brine contributed by dissolved halite.

solved bromide concentrations in the man-
ner illustrated by Rittenhouse (1967).

Samples which contain more bromide
and less chloride than would result from the
evaporation of sea water are apparently a
result of the mixing of waters of different
origins and compositions. Unfortunately, it
is generally not possible to determine the
compositions and proportions of the waters
that combine to form the hybrid solution.
For example, brine B (fig. 9), can be pro-
duced by mixing six volumes of brine A with
four volumes of average sea water. Brine B
can also be produced by mixing 0.37 liters of
brine C with 0.63 liters of sea water contain-
ing 60.4 grams of added halite in solution
(brine D). Despite the fact that brine B may
originate as a result of mixing solutions of
differing origin, the interaction of brine B
with minerals in reservoir rocks will be the
same regardless of the mechanism by which
the brine was formed.

INTERACTION OF CONCENTRATED
SEA WATER WITH
SEDIMENTARY ROCKS

Figure 10 illustrates the chloride and
bromide concentrations in 86 oil-field brines
from Jurassic reservoir rocks in central Mis-
sissippi. The data points straddle the
chloride-bromide concentration trend line
for ocean water, strongly suggesting that
these brines are genetically related to con-
centrated sea water. These brines probably
originated as interstitial fluids in the
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Figure 9. An illustration that a brine of arbitrary
composition, B, can be produced by different
mechanisms. Brines A and C are produced by the
evaporation of sea water and the precipitation of halite.
Brine D is produced by the addition of 60.4 grams of halite
per liter of average sea water. Brine B can be produced by
mixing 6 volumes of brine A with 4 volumes of average sea
water. Brine B can also be produced by mixing 3.7
volumes of brine C with 6.3 volumes of brine D. The
chemical composition of brine B is the same in all respects
for the two cases described here.
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Figure 10. Chloride-bromide relationships in 86 oil-field
brines from Jurassic reservoir rocks in Mississippi
(Carpenter and others, 1974 and Carpenter, unpublished
data). (The chloride-bromide relationships in most
samples are close to the chloride-bromide concentration
trend produced by the evaporation of sea water and the
precipitation of halite.)

Louann Salt and have been expelled up-
wards along fracture systems as a result of
loading by younger sediments. The expul-
sion of large volumes of K-Mg-SOs-rich
brines associated with the compaction of
thick evaporite sequences produces major
changes in the overlying rocks and in the
composition of the migrating brines. This
section demonstrates that many of the
specific changes in the rocks and brines are
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predictable and that regional data on rock
mineralogy and brine chemistry can be used
to reconstruct or recognize some aspects of
ancient hydrologic systems.

Table 8 presents data on brines from
Jurassic reservoir rocks in central Missis-
sippi and from fluid inclusions in ore
minerals from the Mississippi Valley region.
The major differences between most oil-field
brines and concentrated sea water are that
oil-field brines contain high concentrations
of calcium, appreciable strontium, and are
very low in sulfate.

TaBLE 8.—CoMrosITION OF BrINES IN Fruip IN-
CLUSIONS, M1ssissipPI VALLEY REGION (PPM)

A B C D
Ca 18,000 7,600 20,400 31,200
Mg 2,400 1,300 2,200 2,220
Sr 1,870
Na 57,100 49,000 53,400 65,500
X 2,700 2,800 2,500 713
Cl 124,600 94,000 120,000 161,200
SO4 <3,000 2,200 1,000 15
T.D.S.1 208,000 156,900 199,500 264,700

A. Sphalerite, Tri State district, Ottawa Co., Oklahoma.
(Roedder, et al., 1963).

B. Yellow fluorite, Cave-in-Rock district, Illinois.

(Hall and Friedman, 1963).

C. Purple fluorite, Cave-in-Rock district, Illinois.

(Hall and Friedman, 1963).

D. Metal-rich brine, Raleigh field, Smith Co., Mississippi.,

{Pb 91 ppm; 2n 296 ppm). (Carpenter et al., 1974).

lTotal dissolved solids

Divalent Cations

The high calcium content of oil-field
brines is undoubtedly due to the conversion
of calcite to dolomite by magnesium-rich
water:
2CaCO0s3 + Mg = CaMg (COs)2 + Ca? (6)
Strontium in oil-field brines is most likely
related to the recrystallization of aragonite
to calcite:

(Cai-xSr«)COs + yCa? = (Car-x+v)COs + ySr? (D
(An excellent summary of the geochemistry
of strontium during carbonate diagenesis is
available in Bathurst, 1975.) The essential

point of this brief discussion is that there are
abundant sources of calcium and strontium
in sedimentary rocks and that these ele-
ments are readily exchanged for magnesium
either directly or indirectly.

Some brine samples have characteris-
tics which suggest the formation of au-
thigenic laumontite (CaAl2SiaO12-4H=20).
Merino (1975) reported the presence of
laumontite in sandstones in the Temblor
zone V, Kettleman North Dome, California,
and noted that two independent lines of
evidence indicate that detrital plagioclase in
this reservoir alters to albite plus laumon-
tite. A reaction which may occur in the
deeply buried sandstone reservoirs in cen-
tral Mississippi is:

Ca? + 2NaAlSisOs + 4H20

= CaAl2SisO12 - 4H20 + 2Si02 + 2Na* (8)
Laumontite has not been reported in
reservoir rocks in Mississippi; this may be
because it is present in relatively small
amounts and because no one has systemati-
cally examined these rocks for the presence
of laumontite.

Sulfate

The availability of additional calcium to
a brine as a result of dolomitization may re-
sult in the precipitation of additional sulfate
either as gypsum or anhydrite:

Ca? + S04% = CaSO4 9

Additional sulfate may also be lost from the
brine by the process of sulfate reduction
(Orr, 1974):

S04 % + 1.33CH2 + 2H”

= H2S + 1.33CO2 + 1.33H20 10
Oil-field brines ordinarily contain less than
1,000 mg/l HaS and are usually very low in
both free CO2 and HCOs~ (Collins, 1975).
The loss of HaS from the brine may be
attributed to precipitation as pyrite. The
loss of carbonate species may be attributed
to precipitation as carbonates, for example:

Hz0 + COz + Ca? = CaCOz + 2H? (11)

The net reaction involving sulfate reduction
then becomes:
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Ca? + S0s4%* + 1.33CHz

= H2S + CaCOsz + .33H20 + .33CO02 (12)

Ashirov and Sazonova (1962) have shown
experimentally that sulfate reduction in the
presence of calcium is, in fact, accompanied
by the precipitation of calcium carbonate. A
fundamental aspect of the loss of sulfate
from brines is the requirement that electri-
cal neutrality in the solution be maintained.
Since the loss of sulfate from brines is not
accompanied by the addition of equivalent
amounts of other anions, it follows that the
loss of sulfate must be accompanied by the
loss of cations from solution. These cations
will be the divalent cations and will be
precipitated as gypsum, anhydrite, calcite,
and (or) dolomite.

Potassium

Carpenter and others (1974) noted
substantial variations in potassium con-
centrations relative to bromide in central
Mississippi brines. Brines stratigraphically
just above the Louann Salt, have K/Br ratios
similar to the K/Br ratio of sea water. Brines
from approximately 5,000 feet above the
Louann Salt have lost 90 percent of their
potassium relative to bromide. The sand-
stone intervals for 2,000 feet above the
Louann Salt contain abundant authigenic
potash feldspar and (or) illite. These data
indicate that the loss of potassium is related
to such reactions as:

2K* + 3Al2Si205(0H)4

= 2H* + 2KAlAlSi3010(OH) + 3H20 (13)
2K+ + KAl2AlSisO10(OH)2 + 68102

= 2H* + 3KAISisOs (14)
2K* + Al2Si20s(OH)s + 4Si02

= 2KAISisOs + H20 + 2H* (15)

The loss of potassium from the brine ceases
when the K/H ratio reaches the appropriate
equilibrium value. The reaction of potas-
sium with low-potassium clay minerals to
produce potassium-rich aluminosilicates can
release substantial quantities of H* to the
brine. For example, a brine containing 1,510
mg/l bromide should contain 9,240 mg/l
potassium if the K/Br ratio is the same as
that in sea water. Lower Cretaceous brines
in central Mississippi with this concentra-
tion of bromide contain only 900 mg/1 potas-
sium (Carpenter and others, 1974). In this
instance the formation of potassium
aluminosilicates has resulted in the release

of 0.24 moles H* per liter (pH<2). Since the
observed pH’s of these brines are considera-
bly higher (pH = 5.4 at room temperature),
it is evident that the H' has reacted with
some constituent(s) in the rocks, probably
carbonate minerals:

2H" + CaCO; = Ca® + CO:2 + Hz0 (16)

Thus the sum of equations 14 and 16 can be
written:

2K+ + CaCOs + KAl2AlSi3O10(OH)2 + 6Si0O2

= Ca? + 3KAISisOs + H20 + COz (17)

Sodium

The volume for volume replacement of
detrital plagioclase and the presence of al-
bite overgrowths on altered plagioclase in
Tertiary sandstone, Kettleman North Dome,
California, have been described by Merino
(1975). A similar volume for volume altera-
tion of detrital plagioclase to albite occurs in
Jurassic and Cretaceous sandstones in cen-
tral Mississippi (Carpenter and others, in
preparation). This reaction can be expressed
schematically as:

Na Ca sl 2051 «Ox +.2Na + .4Si0, + .1H,O + 2H*
= NaAlSizOs + .1Al2S8i205(OH)s + .2Ca* (18)

The decision to express the aluminum re-
leased by the alteration of plagioclase as au-
thigenic kaolinite is based on the observa-
tions that the reaction proceeds on a volume
for volume basis and the dissolved
aluminum in oil-field water is generally less
than 0.1 mg/l (data from Chevron Oil Com-
pany and from Barnes, 1975).

Sodium may also be lost from brines as
a result of reaction with clay minerals such
as kaolinite to form authigenic albite:

2Na* + Al2Si2Os(OH)a + 4SiOe

= 2NaAlSisOs + H20 + 2H* (19)

The hydrogen ions released by this reaction
presumably react with carbonate minerals
in a manner analogous to equation 17 so
that the sum of equations 16 and 19 be-
comes:

2Na* + CaCOs + Al2Si20s(OH)s + 48102

= Ca? + 2NaAlSisOs + 2H20 + CO2 (20)

Other Considerations

The chemical composition of standard
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ocean water is given in table 9. An ex-
tremely useful fact illustrated in this table
is that regardless of the choice of salts
selected to represent the composition of
ocean water, a significant amount of
divalent cations (=0.035 moles/liter) must be
considered present as chlorides, expressed
here as MClz. Both CaClz and MgCl: are
extremely soluble and do not precipitate
from sea water in significant amounts until
the deposition of carnallite (KMgCls-6H20)
This fact provides a basis for determining if
a brine has originated from the evaporation
of sea water followed by simple diagenetic
interactions with sedimentary rocks or
whether the brine has had a more complex
origin. Table 10 illustrates the relationship
of MCl2 to bromide in evaporating sea water
and during diagenesis. This relation may be
expressed in the form:
Ca + Mg + Sr - SOs - HCOs meq/l

R =

Br mg/l (21)

This equation takes into account any sulfate
or bicarbonate present in the brine as a re-
sult of inadequate opportunity for mag-
nesium to react with CaCOs, producing
dolomite and releasing calcium to be pre-
cipitated by reactions involving sulfate. In
most oil-field brines the concentrations of
sulfate and bicarbonate are very low so that:

Ca + Mg + Sr meq/]

R (21a)
Br mg/l

e

In fact, Ca> >Mg, Sr in many oil-field
brines so that as a crude approximation:

Ca meg/l

R = (21b)
Br mg/l

TABLE 9.— CHEMICAL COMPOSITION OF SEA WATER
(after Riley and Chester, 1971, p. 64)

Constituent mg/1 Salt moles/liter

Ca 422 CaCo, .0012
Mg 1,326 CaSO4 .0093
Na 11,050 MgS0, . 0196
K 416 NaCl .4806
Cl 19,870 KC1 .0106
80, 2,780 MgCl, .0349
HCO 142

3
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TapLe 10.—CuemicaL COMPOSITION OF SEA
WATER DURING EVAPORATION AND DIAGENESIS
(MOLES/LITER)

1 Gypsum

Constituent Seawater Calcite Anhydrite Diaqenesis2 Residue

Ca .0105 .0012 .0093

. 0196 .0349

Mg . 0545

Na .4806 .4806

K .0106 .0106

cl -5605 .5605

S0, . 0289 L0093 .0196 .0000

HCO, .0023 .0023 .0000
Br .00085 .00085
R3 1.0265  1.0265  1.0265 1.0265 1.0265

1 ca®* 4+ uco,” = caco, + co, + '

3 3 2

2 yg?t . 2caco, = CaMg(Coy), + ca?t
2+ 2- .
ca?” + 50,77 = caso,
2+ 2- _
ca? + 50,27 + 1.33CH, = H,5 + CaCOy + .33H,0 + .33C0,

3 Ca + Mg + Sr - S0, - l<ICO3 meq/1

R = Br mg/1

Anderson and others (1966) noted that there
is an approximately linear relationship be-
tween calcium and bromine in saline waters.
They suggested that this relationship might
involve dolomitization followed by the re-
tention of calcium and bromide by a shale-
membrane filter. However, the simplest ex-
planation for the high correlation coefficient
for calcium and bromide, or total divalent
cations (meg/l) and bromide, in subsurface
brines is that it is the natural result of
dolomitization and the loss of sulfate from
solutions produced by the evaporation of sea
water.

The parameter MCl:, Ca+Mg+Sr
—S04—HCOz meq/], appears to be of some
value in determining the chemical history of
chloride-rich brines. A plot of Log MCl
against Log Br in evaporating sea water (up
to the point of carnallite precipitation) is a
straight line with a 1:1 slope (fig. 11):

Log MCl2 = Log Br + 0.011 (22)

Brines which plot above this line, such as
point A, are enriched in MClz or depleted in
bromine relative to sea water. Enrichment
in MClz can easily be a result of the forma-
tion of potassium aluminosilicates (for ex-
ample, equation 17) or the albitization of
plagioclase (equation 18). Brines which plot
below this line, such as point B, are depleted
in MClz2 or enriched in bromine relative to
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Figure 11. Calculated concentration trend of MClz (meq.
M* /1) relative to bromide during the evaporation of
average sea water. (Data points for the evaporation of
Black Sea water are from Zherebtsova and Volkova, 1966.)
Hypothetical brine A is either enriched in MCl2 or depleted
in bromide with respect to brines produced by the
evaporation of average sea water. Hypothetical brine B is
either depleted in MCl2 or enriched in bromide with respect
to brines produced by the evaporation of average sea
water.

sea water. One can usually determine which
constituent is enriched or depleted with re-
spect to sea water from the relationship of
bromide to chloride (fig. 6) or MCl: to
chloride in evaporating sea water. (The rela-
tionship of MClz to chloride in evaporated
sea water is essentially identical to that for
bromide to chloride.) At least one of these
two relationships will generally be in good
agreement with that of evaporated sea
water and may be used to estimate the con-
centrations of the major components of the
original brine. One relationship, Br-Cl or
MClz-Cl, may appear to be abnormal; this
must be taken into account in attempting to
reconstruct the unusual aspects of the origi-

nal composition and subsequent chemical
evolution of the brine.

THE CHEMICAL EVOLUTION OF AN
Na-Ca-Cl BRINE

The combined effects of the reactions
described above on a brine produced by the
evaporation of sea water is illustrated
below. This particular brine was collected
from a well (Blakeney et al.) in central
Mississippi producing from within the
Cotton Valley Group (Upper Jurassic) at a
horizon approximately 2,400 feet (730 m)
above the Louann Salt (table 11). The first
step in reconstructing the chemical evolu-
tion of this brine is to distribute the charge
balance error among the ions in proportion
to their concentration in milliequivalents
per liter (meg/l). The brine from the
Blakeney et al. well contains approximately
6,500 mg/l more chloride than would be
expected in an NaCl-saturated marine brine
containing 2,300 mg/l bromide. The addi-
tional chloride is probably the result of the
dissolution of an additional 10,770 mg of
halite per liter of brine (table 12). Carpenter
and others (1974) noted that undiluted
samples of Jurassic and Lower Cretaceous
brines in this region usually precipitate
readily visible amounts of NaCl within
seven days from the time of collection. The
additional 970 mg/l sodium may be attribut-
able to the alteration of a small amount of
albite to laumontite (equation 8).

The calcium content of the brine can be
estimated on the basis of the types of
reactions that have occurred (table 13). The
most important reaction affecting this
constituent is the conversion of calcite to
dolomite (equation 6). Additional calcium is
brought into solution as an indirect result of
the formation of authigenic aluminosilicates
(equation 17). Loss of calcium from the brine
occurs as a result of exchange for strontium

TaBLE 11.—CoMmPOSITION OF O1L-FIELD BRINE FROM THE BLAKENEY ET AL., UNIT 1, BAY SPRINGS

FieLD, JaspER CouNTy, M1ssISSIPPI (MG/L)

o

Ca Mg Sr Na K Cl Br SO4 Error
Raw Data 45,900 2,960 1,740 63,200 6,100 196,100 2,320 < 100 =-0.7
Adjusted Data 46,200 2,980 1,150 63,700 6,140 194,700 2,300 < 100 0.0
Evaporated
Sea Water 100 44,800 <1 58,500 14,000 188,100 2,300 60,300 0.0




Brines in Sedimentary Basins

TaBLE 12.—CHEMICAL EVOLUTION OF AN
Na-Ca-CL BRINE-I (MG/L)

Na Cl

Brine 63,660 194,670
Evaporated Sea Water 58,450 188,140
Excess Na, Cl 5,210 6,530
Addition of 10.77 gms

NaCl/liter 4,240 6,530
Excess Na 970

Na from alteration

of 11.1 gms of albite 970

in CaCOs (equation 7), as a result of the loss
of sulfate from the brine (equation 9 or
equation 12), and as a result of the
formation of a small amount of laumontite
or some other calcium aluminosilicate
(equation 8).

These reactions also affect the detrital
minerals in the rock which are reacting with
the brine. In this particular case, 0.10-0.15
moles (26.9-40.4 gms) of kaolinite would be
consumed by the growth of authigenic
potassium aluminosilicates per liter of brine
(equations 13, 14, and 15). In addition, the
formation of authigenic K-spar from kao-
linite and the alteration of albite to
laumontite would result in the conversion of
up to 0.56 moles (33.7 gms) of quartz into
authigenic alkali aluminosilicate minerals
(equations 8, 14, and 15). The calcite
produced as a result of sulfate reduction
minus the calcite dissolved as a result of the
formation of potassium aluminosilicates can
be as large as 0.527 moles (52.7 grams of
calcite) per liter of brine. The calcium
precipitated as a result of sulfate reduction
may not actually be present as calcite since
the large amount of magnesium in the
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initial brine is capable of converting 3.44
moles (344 gms) of calcite to dolomite.

The preceeding tables and statements
indicate that the potassium-magnesium-
sulfate-rich brines produced by the evapora-
tion of normal sea water can significantly
alter the mineralogy of the rocks with which
they may come in contact. Generally, the
product of these reactions will be rocks that
have lost much or all of their original calcite
and kaolinite and now contain dolomite, and
authigenic illite, K-spar, and albite. The
brines in the pores of these rocks will be
Na-Ca-Cl brines, which are low in potas-
sium and essentially devoid of sulfate. Thus,
the migration path of marine brines can be
recognized by the spatial variations in the
authigenic minerals and brine chemistry
within sedimentary basins.

The interaction of brines with the
minerals in sedimentary rocks will obvi-
ously modify the porosity and permeability
of these rocks. However, the magnitude of
the changes in porosity (and perhaps
permeability) cannot be made without first
specifying the initial mineralogy and poros-
ity of the original sediment or rock and
without specifying the volume of brine that
has reacted with the rock. In some cases,
reasonable estimates of these parameters
may be available, and the quantitative
estimation of brine-rock interaction may be
of value in understanding, predicting, or
evaluating the characteristics of potential
petroleum reservoir rocks.

FUTURE WORK

The logic and procedure for estimating
the nature and extent of brine-rock interac-

TagLE 13.—CueEmicaL EvorutioN oF AN Na-Ca-CrL Brine-II (Mc/L)
ca Mg Sr K

Brine (Blakeney et al. well) 46,200 2,980 1,750 6,140
Evaporated sea water 100 44,800 <1 14,000
Dolomitization +68,870 -41,780
Recrystallization of

aragonite -800 +1,750
Formation of potassium

aluminosilicates +7,190 -7,860
Loss of sulfate -25,160
Formation of laumontite -850
Reacted sea water 46,200 2,980 1,750 6,140
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tion outlined above is a product of an exten-
sive study of the brines and petroleum re-
servoir rocks of the central Mississippi salt-
dome basin. For the most part, the Jurassic
and Lower Cretaceous brines in this region
are relatively simple, NaCl-saturated, Na-
Ca-Cl brines. An investigation of the
bromide-rich brines of southern Arkansas
(Carpenter and Trout, 1978) has shown that
brine-rock interaction in this region may be
estimated by a slight modification of the
technique outlined here. However, a pre-
liminary study of the very calcium-rich
brines of southern Michigan has shown that
still other factors, such as the effect of MgClz
released by the alteration of carnallite, must
be taken into consideration in attempting to
unravel the origin and chemical evolution of
those brines. A procedure for reconstructing
the chemical evolution of different types of
evaporite-related brines is in progress, but
additional work is required before it will be
capable of contending with the range of
origins and evolutionary paths that appear
to exist.

SUMMARY

A brine may be defined as an aqueous
solution containing more than 100,000 mg/l
dissolved solids. A review of the literature
on dissolved salts in subsurface waters indi-
cates that brines in sedimentary basins are
genetically related to evaporites. The most
common type of brine appears to originate as
interstitial fluids in evaporites and is then
subsequently expelled as a result of the
compaction that occurs in response to load-
ing by younger sediments.

The chemical composition of brines pro-
duced by the evaporation of sea water has
been studied by Zherebtsova and Volkova
(1966) and by Herrmann and Knake (1973).
A critical review of this data indicates that
bromine is an inert constituent during the
evaporation of sea water and that the ratios
of other constituents to bromine is a sensi-
tive indicator of the precipitation of evapo-
rite minerals and other reactions.

The interaction of brines produced by
the evaporation of sea water with common
minerals in sedimentary rocks involves a
number of chemical reactions: (1) the con-
version of calcite to dolomite that results in
an increase in the calcium content of the
brine; (2) the precipitation of calcium sul-
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fate; (3) the reduction of sulfate to sulfide
accompanied by the precipitation of calcite
or dolomite; (4) the formation of authigenic
sodium and potassium aluminosilicates ac-
companied by the destruction of detrital
kaolinite and the dissolution of carbonates.
In some cases brines are affected by the gain
or loss of bromine or magnesium chloride.
This type of situation can be detected and
taken into account using the relationship of
MClIz (Ca + Mg + Sr — SOs4 — HCOs, meq/])
to bromide.

Brines from dJurassic and Lower Cre-
taceous oil fields in the central Mississippi
salt-dome basin are generally simple,
NaCl-saturated, Na-Ca-Cl brines. The
chemical evolution of these brines can be
reconstructed with little difficulty.
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GEOCHEMISTRY OF BROMIDE-RICH BRINES OF THE DEAD SEA
AND SOUTHERN ARKANSAS

ALDEN B. CArRPENTER! and MicuaxrL L. TrouT?

Abstract—The Dead Sea is the only relatively large body of surface water having bromide con-
centrations comparable to those in the brines of the Smackover Formation in Arkansas. The Dead
Sea, like the Smackover brines, contains a great deal of calcium and is very low in sulfate and
iodide. The relationships between potassium, divalent cations, and chloride indicate that over 20
percent of the bromide in the Dead Sea is derived from some source other than by the evaporation
of sea water. A similar type of study of the Smackover brines in Arkansas indicates that approxi-
mately 60 percent of the bromide has been derived from some source other than sea water. Both
the Dead Sea and Smackover brines are very low in iodide suggesting that the excess bromide has
not been derived from organic matter. The origin of the excess bromide is probably the same for
both of these brines, but the source of this bromide remains unknown.

INTRODUCTION

In 1976 approximately 300 million
pounds of bromine were recovered from
bromide-rich brines in the Smackover For-
mation of southwestern Arkansas. This
quantity represents approximately 50 per-
cent of world bromine production. The
bromide-rich brines of the Dead Sea are
another major source of bromine for world
consumption. The Dead Sea is estimated to
contain one billion tons of bromine. The
purpose of this report is to analyze selected
aspects of the geochemistry and origin of
these bromide-rich brines.

The origins and chemical evolution of
brines in sedimentary basins have been
summarized by Carpenter (1978). (Brine is
an aqueous solution containing more than
100,000 mg/1 total dissolved solids.) These
brines are genetically related to evaporites
although the chemical composition of these
brines can be modified to some extent by
gravitational settling of ions, ion movement
in a thermal gradient, thermocell diffusion,
and interaction with minerals in the enclos-
ing rocks. Experimental and field data re-
lated to shale-membrane filtration indicate
that although these processes are capable of
increasing the salinity and modifying the

1Department of Geology, University of Missouri, Co-
lumbia, Missouri.
2Phillips Petroleum Co., Bartlesville, Oklahoma.

composition of brackish water, it is not a
plausible mechanism for producing brines
from sea water.

The trends in the chemical composition
of sea water during evaporation and during
the precipitation of evaporite minerals have
been reviewed by Carpenter (1978). The var-
iations in chloride and bromide concentra-
tions during the evaporation of sea water
are illustrated in figure 1. The concentra-
tions of chloride and bromide in brines from
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Figure 1. Concentration trend of chloride relative to
bromide during the evaporation of sea water and the pre-
cipitation of evaporite minerals (from Carpenter, 1978).
The precipitation ranges of the common evaporite miner-
als are indicated by the horizontal bars. The concentra-
tions of chloride and bromide in Smackover brines in Ar-
kansas and Mississippi and brines in the Dead Sea lie in
the dashed rectangle in the upper right-hand corner of the
diagram.
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the Smackover Formation in Arkansas and
in brines from the Dead Sea area lie within
the dashed rectangle in the upper right-
hand corner of the diagram.

DEAD SEA BRINES

The Dead Sea is the only large body of
surface water having bromide concentra-
tions comparable to those in the brines of the
Smackover Formation in Arkansas. The
Dead Sea, like the Smackover brines, con-
tains a great deal of calcium and is very low
in sulfate. It seems likely that these two
bodies of water had a similar history, and
any information on the origin and chemical
evolution of the Dead Sea will be of value in
reconstructing the history of the Arkansas
brines. The most significant recent papers
on the origin and geochemistry of the Dead
Sea are those by Bentor (1961), Neev and
Emery (1967), Lerman (1967) and Zak
(1974).

The Dead Sea lies near the center of the
Jordan-Arava graben which extends some
600 km from the Red Sea at the Gulf of Eilat
to the Mediterranean. According to Bentor
"(1961), this graben is believed to have origi-
nated during the early Tertiary (probably
Oligocene); and the central portion was
flooded, at least intermittently, with sea
water during the Neogene. In the late
Pliocene or early Pleistocene, tectonic
movements severed the connection of the
Dead Sea with the Mediterranean, and the
Dead Sea is believed to have been isolated
from a source of sea water since that time.
During the Pleistocene, the Dead Sea depres-
sion was occupied by a fresh water lake,
Lake Samra. After a short interval, the
water turned brackish; the fresh water lake
was replaced by the saline Lisan Lake.

The sedimentology and bromine
geochemistry of sediments in the Dead Sea
basin have been described by Neev and
Emery (1967) and by Zak (1974). More than
2,400 m of Pliocene and earliest Pleistocene
halite is known to occur beneath the Dead
Sea at two different locations. Zak noted the
presence of halite with “rare zones with
traces of dispersed and disseminated sylvite
and pockets of carnallite and sylvite” at a
depth of approximately 1,000 m. The thick
salt deposits beneath the Dead Sea are over-
lain by 900 m of Pleistocene and Recent

marls and sand with some evaporite inter-
vals. Zak noted the presence of “small acicu-
lar crystals of CaCla and MgCle salts dis-
persed in laminated sediments” in the top
400 m of sediment. The laminated sediments
consist of aragonite, calcite, dolomite, gyp-
sum, anhydrite, halite, clay, and silt. The
halite in the thick salt deposits beneath the
Dead Sea contains 40-600 ppm bromine
(Zak, 1974). The mean bromine content of
the halite generally increases from 100 ppm
at a depth of 2,530 m to 290 ppm in the
halite of Recent sediments of the Dead Sea.

Reliable estimates of the sources of the
dissolved salts in the Dead Sea are not
available because of uncertainties in the
chemical composition of the Jordan River
and uncertainties in the relative discharge
from the Jordan River and various salt
springs into the Dead Sea. Many geologists
agree, however, that most of the salts have
been derived from earlier residual marine
brines trapped in the evaporite sediments
beneath the Dead Sea. The high calcium
concentrations in these brines are a result of
the dolomitization of calcite and aragonite
in sediments of the Dead Sea Group. Low
sulfate concentrations are a result of the
precipitation of gypsum and anhydrite and
of sulfate reduction accompanied by the pre-
cipitation of calcium carbonate. The very
low SQ04/Cl ratio in the Jordan River, rela-
tive to spring water within the same drain-
age basin but located above the Dead Sea
Group sediments, very strongly suggests
that the Jordan River salts are also largely
of residual brine origin (Neev and Emery,
1967). The chemical composition of brines
from various sources in the Dead Sea area
are presented in table 1. One of the remark-
able features of the Dead Sea brine is its
extremely low iodine content (less than 0.1
mg/l) (Bentor, 1961).

BROMIDE-RICH BRINES OF
SOUTHWESTERN ARKANSAS

Brines containing more than 4,000 mg/l
bromide are present in the Smackover
Formation (Jurassic) throughout a 3,000
square kilometer area in southwestern
Arkansas. Five companies recover bromine
from brine fields in Union and Columbia
Counties.

The geology of the bromide-rich area is
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TABLE 1.—CHEMICAL COMPOSITION OF BRINE FROM THE DEAD SEA AREA (MG/L)

Brine Ca Mg Na K Ccl Br SO4 HCO3 Reference
Dead Sea Water
(Deep Member) 17180 42430 39700 7590 219,250 5270 420 220 Neev and Emery, 1967
Subsurface Brines
Sedom I 85200 21100 23100 30100 274,800 3100 trace Bentor, 1969
(artesian well)
Sedom I 80530 18430 17930 27360 255,500 2870 108
(artesian well)
Mumillah Spring, 48010 45650 14390 14720 255,300 3060 58
Mt. Sedom
Avg. of 3 Mt. 37240 41670 24813 15992 247,720 2900 107 127
Sedom Springs
Mayan Ha Relach, 22810 38360 33450 18355 228,600 2330 263 neg. Mazor, 1962
S. (well)
Tumillet hole 40900 41000 26600 14900 259,080 3310 380
Well near 12860 56220 21620 28780 240,170 3830 134 376
Mayan Ha Reilach, N.
Jordan River 129 95 224 32 762 9 97 181 Neev and Emery, 1967
summarized in table 2. Brines and pe- DISCUSSION

troleum are produced from the upper portion
of the Smackover Formation, known locally
as the Reynolds Oolite. The oolite consists of
calcite with minor amounts of dolomite and
anhydrite and trace amounts of quartz,
pyrite, sphalerite, and galena. Chemical
analyses of Smackover brines from a
number of localities in southwestern Arkan-
sas are presented in table 3.

Collins (1974) conducted an extensive
investigation of the geochemistry of liquids,
gases, and rocks from the Smackover For-
mation including the bromine-rich region of
Arkansas. His data show that iodine con-
centrations in the bromide-rich brines are
typical for brines of that salinity (10-30
mg/l). Collins also determined the bromine
concentration in the halite of the Louann
Salt which underlies the Smackover Forma-
tion in this region. His data show that the
bromine content of the halite ranges from 80
to 405 ppm with a mean value of 240 ppm.
The data on the bromine content of Louann
halite are too limited to determine whether
there are any systematic trends in bromine
content with respect to stratigraphic posi-
tion.

Figure 2 illustrates the relationships
between chloride and bromide concentra-
tions in brines from the Dead Sea area and
in brines from the Smackover Formation in
southwestern Arkansas. Chloride and
bromide concentrations in Smackover brines
from central Mississippi are also shown for
comparison (Carpenter and others, 1974,
and Carpenter, unpublished data). The data
points for the Smackover brines in Missis-
sippi are quite close to the chloride-bromide
concentration trend produced by the evap-
oration of sea water. The Smackover brines
in Arkansas contain similar chloride con-
centrations but are very much higher in
bromide. In fact, with the exception of one
sample from the Arkansas-Louisiana State
line, the bromide concentrations of the Ar-
kansas brines are comparable to bromide
concentrations in salt pans in which potash
salts are being precipitated. The brines from
springs and wells in the Dead Sea area con-
tain more chloride than any of the other
brines under consideration and have
bromide concentrations intermediate be-
tween the Smackover brines from Mississip-
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TABLE 2.—SUMMARY OF SOUTHWESTERN ARKANSAS STRATIGRAPHY (FROM TROUT, 1974)

SERIES FORMATION THICKNESS (ft.)

LITHOLOGIC DESCRIPTION

UPPER JURASSIC

Cotton Valley
Group

0-2700

Principally near-shore red beds consisting of
varicolored shale, sandstone and basal con-
glomerate; grading southward to offshore gray
shale, sandstone and limestone and the dark
shales and sand of the Bossier Formation.

Buckner

0-274

Red shale grading to red shale with inter-
calations of anhydrite with dolomitic streaks
grading to fairly massive anhydrite.

Smackover

0-1000

The upper portion is dense dolomite and dolo-
mitic shale "Cap Rock" (lower Buckner of some
authors) overlying the Reynolds Oolite zome
and lower chalk zone. The lower member is
dense, argiilaceous limestone.

Norphlet

0-150

Red and gray shale and sandstone with
fluvial gravel and mudstone in the northern
part of the area.

MIDDLE

OR LOWER
JURASSIC

Louann

0-1404

White to gray, coarsely crystalline halite
with anhydrite streaks.

Werner

0-200

Dense granular anhydrite overlying beds of red
shale and sandstone, commonly conglomeratic at
the base.

UPPER
TRIASSIC

Eagle Mills

0-6968

Continental, water-laid deposits; principally
red shale mottled gray or green. Also contains
sandstones and siltstones with some conglomerate,
and nodular limestone, dolomite and anhydrite

Pre-Werner diabase intrusions are known.

pi and from Arkansas. The brine from the
Deep Member of the Dead Sea Group (Neev
and Emery, 1967) contains less chloride and
significantly more bromide than the brines
collected from the nearby springs and wells.
The chloride and bromide content of the
Dead Sea brine is comparable to that of some
of the Smackover brines in Arkansas.

The relationships between potassium
and bromide in sea water during evapora-
tion and in the brines under consideration
are shown in figure 3. There is a perceptible
degree of scatter in the data points for the
Smackover brines. This scatter is probably
due to variations in the extent to which
these brines have reacted with clay minerals
to produce potassium-rich authigenic

aluminosilicates:
2K+ + Al2Si205(0H)4 + 4Si02

= 2KAlSis0g + H20 + 2H* (1)
Figure 2 clearly illustrates that the mean
potassium concentration of the Mississippi
brines is much higher than in the bromide-
rich brines of Arkansas and that the
potassium-bromide relationships in some
Mississippi brines is the same or very simi-
lar to the potassium-bromide trend. The
brines from springs and wells in the Dead
Sea area cluster about the potassium-
bromide trend produced by the evaporation
of sea water. Although the brine in the
deeper portions of the Dead Sea is much
richer in bromide, it is much lower in potas-
sium.
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Table 3 (cont.)

% Error

Br SOA HZS TDS Den.

cl

Zn Mg Ca Sr Ba Li Na

Pb

Fe

Type of
Sample

Well

Samplel

(1/16/74)

Spirit Lake Field, Lafayette Co.

322,400 1.221 0.6

153

134 68000 2400 194,600 6360

44300 2470 20

3990

64

Carter-Moore #2 WH 39 38 18

23

322,800 1.221 0.6

127

136 68300 2430 194,600 6360

4020 43800 2510 13

66

38 37 19

WH

Carter~Moore #3

24

(1/8/73)

Village Field, Columbia Co.

-1.8

12 286,500 1.196

64 65500 1250 176,600 5030

3700 32600 1660 <20

<1

<1

Lewis D1

27
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-0.9

288,100 1.197

67 65500 1220 176,500 5030

3720 34000 1690 <20

<1 <1

196

Harris El1

29

(1/11/73)

Walker Creek Field, Lafayette and Columbia Cos.

286,000 1.198 -2.3

116

102 62400 1710 178,400 2240

2710 35300 2900 34

<.5 17

9

207

Hunt-Ham #1

30

1 Sample numbers are the same as those used in Trout (1974).

2

f Sample (WH, well head; SP, separator).

Type o

3

Sample may be from the oolitic facies of Buckner Formationm.

Carpenter (1978) showed that sea water
contains a significant concentration of
calcium-magnesium chloride and that the
concentration of divalent ions electrically
balanced by chloride can be calculated by
the expression,

MCL: = Ca + Mg + Sr — SOs — HCOs (meq/l), (2)

where M?* as chlorides is stated in
milliequivalents per liter (meq/l). Since the
concentration of sulfate and bicarbonate in
these brines is extremely low, the concentra-
tion of M2+ as chlorides becomes

MClz = Ca + Mg + Sr (meq/D) (3)

Carpenter noted that the ratio MClae/Br is
constant during the evaporation of sea
water, and that the ratio,

Ca + Mg + Sr — SOs — HCOs (megq/l) —R= 1.0265.

Br (mg/1) (4)

can be used as the first step of a procedure to
determine the nature and extent of the
chemical alteration of marine brines. Figure
4 illustrates the relationship between MCl2
and bromide during the evaporation of sea
water. The data points for the Smackover
brines in Mississippi straddle the
MClz2-bromide trend line for sea water
indicating these brines have not gained or
lost significant amounts of MClz or bromide
relative to sea water. The brines from the
springs and wells in the Dead Sea area have
compositions that plot to the left of the trend
line indicating that these brines are en-
riched in MCl: or depleted in bromide
relative to sea water. The brine in the
deeper portions of the Dead Sea and the
Smackover brines in Arkansas have compos-
itions that plot to the right of the trend line
indicating that these brines are depleted in
MCl2 or enriched in bromide relative to sea
water.

A solution to the problem of which
brines have gained or lost which con-
stituents can be obtained by a comparison of
the brine data with the MClz-chloride trend
line shown in figure 5. In this figure the data
points for all of the brines lie relatively close
to the trend line. The data points for the
Smackover brines from both Mississippi and
Arkansas plot within a common region
along the trend line. The relatively good
agreement between the MClz-chloride data
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Figure 2. Concentration trend of chloride relative to bromide during the evaporation of sea water and the precipitation of

halite and carnallite. Halite is present along the full length of the trend line. The precipitation range of carnallite is
indicated by the horizontal line.
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Figure 3. Concentration trend of potassium relative to
bromide during the evaporation of sea water and the pre-
cipitation of carnallite. The precipitation of carnallite begins
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Figure 4. Concentration trend of MClz (meq/l) relative to
bromide during the evaporation of sea water.
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TABLE 4.—ExCEss BROMIDE IN BroMIDE-RIcH BRINES (MG/L)

Arkansas Bromide Percent

Total From Excess Excess

Sample Well Bromide Sea Water Bromide Bromige
3 McKean Bl2 5970 2330 3650 61
4 McKean D6 6150 2450 3700 60
5 Edwards D1 5420 2120 3290 61
6 Murphy-Mckinney 5560 2150 3410 61
8 BSW #17 6080 2440 3640 60
9 BSW #36 5850 2480 3380 58
10 Jameson 6190 2400 3790 61
11 Carter 6150 2340 3810 62
12 Beasley et al #1 5710 2240 3470 61
13 Morton 5450 2160 3290 60
14 Crisp #1 4430 2340 2090 47
16 Flournoy #1 3900 1630 2270 58
17 Featherstone #2 4590 2000 2590 56
18 BSW #7 5040 2010 3030 60
19 BSW #8 5070 2190 2880 57
23 Carter-Moore #2 6390 2450 3940 62
24 Carter-Moore #3 6380 2410 3970 62
27 Lewis D1 4930 1900 3030 61
29 Harris El 4970 1960 3010 61
30 Hunt-Ham #1 2180 2000 180 8
Dead Sea - Deep Member 5280 4110 1170 22
Mean? 59%

lExcess bromide (percent of total bromide).

2Excluding sample 30 and the Dead Sea.

points for the Arkansas brines and the sea-
water trend line contrasts with the dis-
agreement present in the chloride-bromide
and MClz-bromide relationships (figs. 2 and
4). In figures 2 and 4, the Arkansas samples
contain more bromide than expected based
on the amount of chloride or MCl2 present.
This phenomenon is undoubtedly due to the
presence of bromide in these brines from
some source other than sea water. The
amount of “excess” bromide can be esti-

mated from the relationship between MCl.
and bromide in sea water (fig. 3). The con-
centration of bromide derived from sea
water is calculated using equation 4; the ex-
cess bromide is the difference between total
bromide and the bromide derived from sea
water. The results of these calculations are
presented in table 4. These data show that
the mean excess bromide amounts to 60 per-
cent of the total bromide in these brines. Ar-
kansas sample 30 was collected from an oil
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field to the south of the high bromide brine
region and has a composition similar to the
Smackover brines in Mississippi.

The origin of the major chemical
features of the brines from the Dead Sea
area can be estimated by the same techni-
que. Using the concentration of MCl2 as a
reference, the excess bromide in the Dead
Sea is estimated to amount to 22 percent of
the total bromide (table 4). The data on the
composition of brines from springs and wells
in the Dead Sea area indicate that these
brines may be regarded as being either
enriched in MClz or depleted in bromide.
The data in figure 2 indicate that, if the
character of the brine is due to the loss of
bromide, the initial concentration of
bromide must have been 6,100 mg/l and that
approximately half of this bromide has been
subsequently lost from the brine. A concent-
ration of 6,100 mg/l bromide in evaporated
sea water would be characteristic of brines
that have precipitated considerable amounts
of potash salts and is equal to the maximum
bromide concentration achieved by Zhere-
btsova and Volkova (1966) in their study on
the brines produced by the evaporation of
water from the Black Sea. The relationship
between MCl2 and chloride in these brines

5.6

shows a close similarity to the MClz-chloride
trend line of sea water (fig. 5) although there
does appear to be some excess chloride in
some samples. If the bromide in the springs
and wells is assumed to be entirely of
marine origin, the amounts of excess
dissolved MClz2, KCl, and the deficiency of
dissolved NaCl can be estimated (table 5).
The source of the excess MCl2 and potassium
chloride may be due to the alteration of the
carnallite and CaClz-MgClz minerals noted
by Zak (1974). Braitsch (1971) has described
the incongruent alteration of carnallite,

KMgCls-6H20
— KC1 + KCl-saturated MgClz brine (5)

in response to an increase in temperature
and by the action of NaCl-saturated brines.

The source of the excess bromide in the
Smackover brines of southwestern Arkansas
and in the Dead Sea appears to be an unsol-
ved problem at the present time. Day (1974)
reviewed the geochemistry of the halogens
and noted that bromine is enriched in a few
varieties of marine organisms and plants.
However, marine organisms and plants
usually contain even higher concentrations
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Figure 5. Concentration trend of chloride relative to MCl2 (meg/l) during the evaporation of sea water.
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of iodine. Organic-rich sediments (> 1 per-
cent organic carbon) of the Barents Sea con-
tain 44-84 ppm bromine. These sediments
also contain 130-280 ppm iodine and have
an iodine/bromine ratio of approximately 3:1
(Price and others, 1970). The low iodide con-
tent of the bromide-rich brines in Arkansas
and in the Dead Sea indicates that the ex-
cess bromide has not been supplied as a re-
sult of the degradation of organic matter.
The recrystallization of bromide-rich halite
to low-bromide second-generation halite has
been described by Holser (1966). However,
the halite beneath the bromide-rich brines
in Arkansas and in the Dead Sea generally
appears to be relatively rich in bromide, and
there is no indication that any significant
amount of these halite deposits have been
altered in a manner that could account for
the high bromide content of the strati-
graphically higher brines. The data on the
bromide content of the Louann Salt in Ar-
kansas are such as to suggest that some of
this halite originally precipitated from a
brine that was abnormally rich in bromide.
Scattered occurrences of brines containing
more than 3,000 mg/l bromide have recently
been discovered in west-central Mississippi
and in the Florida panhandle. Possibly, the
determination of the geologic setting of
these brines will provide clues to the origin
of the excess bromine in bromide-rich
brines.
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IODINE IN NORTHWESTERN OKLAHOMA

Howarp M. CoTTEN!

Abstract—Early in 1977, Amoco Production Company and Houston Chemicals, a subsidiary of
Pittsburg Plate Glass (PPG) Industries, started producing iodine commercially in northwestern
Oklahoma. This is significant because it is the first plant in over 40 years to be built in the United
States with iodine as its sole commercial product. With the exception of a limited amount of iodine
produced by Dow Chemical in Michigan, the United States is dependent upon imports from Chile
and Japan for its iodine needs. The two million pounds of iodine produced annually from the
Woodward plant will supply over one-third of the United States’ requirements.

Routine analysis of subsurface brines by the Formation Water Lab at the Amoco Production
Company Research Center in Tulsa, Oklahoma, revealed unusually high concentrations of certain
potentially economic minerals. Investigations determined that, of the minerals in question, iodine
appeared to offer the best potential. The brines in question are located in the Morrow sands (basal
Pennsylvanian) at a depth of 7,175 to 7,400 feet, in an area where Amoco has been active in a gas
play for the past 20 years. The regional iodine concentration ranges from 10 to 700 ppm and
averages around 300 ppm with the project area. The project is located 8 miles north and slightly
east of the town of Woodward, where the well-developed, porous, and permeable sands of the
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Woodward trench contain large volumes of brine.

BACKGROUND ON IODINE

A brief look at the history of iodine,
some of its uses, where it is found, and how it
is recovered might give a better understand-
ing as to why and how this project came
about. Iodine is the heaviest of the halide
series, and, like other halides, it is very reac-
tive. In fact, iodine is never found in the ele-
mental state in nature. Iodine was discov-
ered by Bernard Courtois in 1811 and iden-
tified as a new chemical-element by Gay-
Lussac in 1813. Immediately, chemists and
medical men found uses for this new ele-
ment. Eight years after its discovery, a
Swiss, Dr. Coindet, determined that iodine
was lacking in the drinking water in a cer-
tain area of France, and he began the treat-
ment of goiter with tincture of iodine. In less
than 20 years, iodine tincture was being
used to treat wounds, with its first battle-
field application during our Civil War. In
1928 the first production of iodine in the
United States was from oil-field brine in
Louisiana. The first gasoline antiknock
compound found before TEL (tetra-ethyl-
lead) was developed was iodine. A minor
problem developed—the corrosion rate was

1Amoco Production Company (Research), Tulsa, Ok-
lahoma.

so great the engine lasted only long enough
to run a single test series.

Table 1 shows seven categories under
which iodine is classified for use in today’s
market. As you can see, no single category
accounts for more than 25 percent of the
total, and each category can also be further
subdivided. The only category to be dis-
cussed is the last one on the list. This miscel-
laneous category includes some of the more
unique uses of iodine that are becoming
more and more essential. Quartz-iodine
lights are finding increased usage in photo-
graphy and television studio lighting, as au-
tomobile headlamps, and as floodlamps in
sports stadiums and drilling rigs. Scintilla-
tion crystals of sodium iodide are used in
geiger counters and in airport luggage scan-
ners. Although not yet commercial, two uses
that have future potential for utilizing large
quantities of iodine are water purification
and coal liquefaction.

The free world’s total consumption of
iodine is about 20 million pounds per year.
Prior to about 1950, the demand was in-
creasing at the rate of 2 to 3 percent per
year. Since then, the rate has been about 15
percent per year. The United States pres-
ently consumes approximately 9.5 million
pounds of iodine per year and depends on
foreign supply for about 95 percent of this.
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TABLE 1.—CURRENT aAND ProOJECTED Usks oF CRUDE IoDINE IN UNITED STATES

Percent

of
Use Total
Catalysts 25
Animal feed supplements 20
Nylon stabilizers 15
Pharmaceuticals 13
Inks and dyes . 13
Sanitation 7
Other 7
Totals 100

Growth Rate

Thousand (percent Thousand
1bs. per year) 1bs.
1974 1973-77 1977
1,750 15 3,060
1,400 7 1,840
1,050 0 1,050

910 5 1,110
910 4 1,060
490 10 720
490 7 640
7,000 48 9,480

The price of iodine has gone from $1.18 a
pound in 1968 to $2.59 a pound in February
1977. The price is expected to continue to
rise.

As shown in figure 1, the world’s iodine
market is supplied by two countries at
present—Chile and Japan. Japan accounts
for about three-fourths of the worid’s supply
of iodine, while Chile produces the other
one-fourth. Dow Chemical, in Michigan,
produces a limited amount for sale. In-
donesia produces a few thousand pounds a
year, which is consumed domestically. Rus-
sia and several eastern European countries
produce small amounts, but they are also
net importers of iodine. In Chile, iodine is a
byproduct of the nitrate industry, which is
located in the Atacama Desert in northern
Chile. Iodine occurs as sodium or calcium
iodate crystals in the evaporite deposits of
Chile. In contrast to the Chilean deposits,
where iodine is present in the oxidized or io-
date form as a solid salt, iodine in the Unit-
ed States and Japan is produced from sub-
terranean brines, where it occurs in the re-
duced form as sodium iodide and is most
probably of organic origin. Both Chile and
Japan have been having problems in meet-

ing iodine demands. The Chilean production
has fallen, primarily because of the political
situation, while the Japanese producers
have land subsidence problems created by
the withdrawal of the brine.

Iodine was recovered from seaweed
commercially from its discovery in 1811 to
about 1940. Seaweed is no longer a commer-
cial source of iodine anywhere in the world.
However, seaweed in the diet does supply
much of the nutritional need for iodine for a
large part of the world’s population. The av-
erage person requires about 75 mg of iodine

CHILE
(24%)

2 7
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Figure 1. Countries in the free world producing iodine.
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per year. In this respect, 18 tons would sup-
ply the total United States’ need for a year. If
this 75 mg of iodine were in the solid state, it
would be a piece about the size of a BB or
small buckshot.

WOODWARD IODINE PROJECT

The Woodward iodine project is unique
in that it was both conceived and developed
by a research organization. This means that
for the past several years Amoco Research
Center, through normal operational chan-
nels, has been purchasing acreage and dril-
ling wells.

This project had its origin as a byprod-
uct of a hydrocarbon exploration study that
started about 12 years ago. In the process of
reporting the analytical results of surface
and subsurface water samples that had been
submitted to the Formation Water Lab, un-
usually high concentrations of certain po-
tentially economic minerals were noted. As
a result of investigations into the feasibility
of developing several or possibly all of these
minerals, it was determined that iodine ap-
peared to offer the best potential for diver-
sification at this time. Based on the United
States being almost completely dependent
upon foreign imports for this vital resource,
plus the fact that our annual consumption of
iodine is steadily increasing, the time ap-
peared right for a local iodine supplier to
enter the market.

Figure 2 shows the location of some of
the unusually high iodine concentrations in
the United States. With concentration highs
of 1,560 ppm in the Chesterian (Mississip-
pian) and 700 ppm in the Morrowan (Penn-
sylvanian), it is obvious why Amoco concen-
trated its effort in northwestern Oklahoma.
Unfortunately, the Chesterian (Mississip-
pian) does not normally contain large vol-
umes of brine, nor is it generally capable of
delivering large volumes of water to the sur-
face; rocks of the Chesterian series will not
be discussed in this report. Based on
analyses run on drill-stem tests and pro-
duced waters, plus a few from the U.S.
Bureau of Mines, two areas of unusually
high iodine concentrations within the Mor-
row Formation were isolated. The concen-
trations within these two areas range from
10 to 700 ppm and average around 300 ppm.
Subsequent drilling has substantiated this

SEA WATER 0.05

(CONCENTRATION IN PPM)

Figure 2. Areas of known iodine concentrations in the
United States.

concentration. Table 2 shows a comparison
of the average concentration within the pro-
ject area with other commercial plants.

To determine how much brine was
needed, an investigation was made of iodine
supply and demand as it affected the world
market. This investigation indicated that
there would be no major problem in market-
ing an initial 2,000,000 pounds of iodine per
year. At a concentration of 300 ppm, a
42-gallon barrel of brine contains 0.105
pound of iodine. Therefore, it takes 10 bar-
rels of brine to produce 1 pound of iodine. To
produce 2,000,000 pounds of iodine would
require 20,000,000 barrels of brine. That is,
for one year, with a 10-year plant life, it
would take 200,000,000 barrels. This is pro-
duced brine delivered to the surface. Since
we can expect to recover only about 50 per-
cent of the brine in-place, it will require re-
serves of approximately 400,000,000 barrels
in the formation. Based on this, the daily
requirement for the plant is approximately

TABLE 2.—CONCENTRATION OF IODINE FROM
COMMERCIAL PLANTS AND SEA WATER

Parts Per Million

Plants (ppm)
Japan 60 - 120
Chile 400 (in the ore)
Michigan 40
Oklahoma 300
Others 10 - 40
Seawater average 0.05
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60,000 barrels. The processed brine is rein-
jected into the Morrow Formation to main-
tain reservoir pressure.

Two obvious questions had to be re-
solved: first, is there sufficient brine in place
to supply the plant; and, second, is the Mor-
row Formation capable of delivering 60,000
barrels a day of 300 ppm brine to the surface
for a period of 10 years from a limited number
of wells? This paper deals primarily with the
first question-—do we have sufficient re-
serves? To answer this question, electric logs
were exarmined over a large area of north-
western Oklahoma covering the areas of
high concentration. Calculations were made
on the Morrow Formation in each well to
determine the number of feet of water-
bearing sands with porosities greater than
10 percent. Using these data, reserves were
calculated for each well. Since most wells in
the area are drilled on 640-acre spacing,
these conditions were assumed to extend
over the entire section. Primary interest was
on areas of thick, porous sands that could
contain large volumes of brine. Based on
this work, it soon became apparent that the
Woodward trench, a recognized subsurface
geologic feature in the area with an average
width of about 1 mile and a known length of
about 70 miles, had well-developed Morrow
sands that contained an unusually high con-
centration or volume of brine. There is a
vast difference between the Morrow sands of
the wells drilled in the trench and those in
the wells drilled in the flood plains on either
side. This is considered reasonable since the
trench is apparently an ancient, meandering
river channel that cut a gorge down into the
top of the underlying Chesterian limestones
(Mississippian). This north-south trend-
ing channel or gorge was in turn filled with
well-developed, porous, and permeable
sands and shales of Morrowan age.

Cross sections A and B in figure 3 illus-
trate the development of sands within the
trench as compared to the flood plains on
either side. The Morrowan interval in this
area dips and thickens to the south-
southwest, which is downdip into the
Anadarko basin. The Morrow sands pinch
out to the east of the trench by truncation.
Section A-A’ shows one well with an abnor-
mally thick sand interval as compared to
wells on either flank. The thick sand is in
the trench. Section B-B’, located approxi-
mately 15 miles south of section A-A’, illus-
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trates the same thing—a well in the trench
with thick, well-developed sands compared
to poor or no sands on either side. Section
C-C’ in figure 3 illustrates the sand de-
velopment down what appears to be the
center of the trench in a localized area
northeast of Woodward. The well on the ex-
treme left or the downdip end of the section
is located on the edge of the trench, which
accounts for its thin sand section. This sec-
tion also demonstrates one of the most criti-
cal factors of the project, and why Amoco
zeroed in on the Woodward trench. This fac-
tor is the continuity or continuous nature of
the Morrowan sands in the trench.

Based on the geological evaluation,
there are adequate brine reserves in-place to
support a plant capable of producing
2,000,000 pounds of iodine per year for 10
years. To determine if the Morrowan sands
were capable of delivering this much brine
to the surface, wells were drilled and suffi-
cient testing was done to satisfy the criter-
ion that a limited number of wells could de-
liver the necessary brine. Table 3 gives a
brief summary of test results.

A total of 14 wells has been drilled in
parts of T. 24 and 25 N., R. 20 W. in conjunc-
tion with this project—nine producers and
five injectors. The production wells are lo-
cated in Woodward and Harper Counties,
with brine production coming from depths
ranging from 7,175 to 7,400 feet in various
wells. Figure 4 shows the locations of the
wells and the plant site superimposed on the
generalized configuration of the Woodward
trench.

Early in the evaluation, Amoco’s man-
agement decided that it wanted a partner in
this project. Following negotiations,
Pittsburgh Plate Glass (PPG) was selected,
and a joint-venture agreement was made. It
was felt that a joint venture would bring to-
gether the expertise required to develop this
project. Amoco would be responsible for the
field well development, and PPG, through
their Houston Chemical Company sub-
sidiary, would develop the plant and market
the product.

While Amoco was drilling wells, PPG
was designing a pilot plant for the recovery
process. Over the years, recovery plants
have been built which use certain chemical
and physical properties of iodine. These
properties are shown by the three column
headings in table 4. No attempt is made to
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Figure 3. Cross sections across the Woodward trench.

TABLE 3.—SUMMARY OF RESULTS OF RESERVOIR
TEsTs

I. Iodine concentration 310 ppm average

II. Reservoir porosity 15 percent

III. Formation continuous Yes, 6,000 feet
IV. Production rate from

each producer

5,000 - 15,000 bbl/day
avg. 7,500

V. Production depths 7,175 - 7,400 feet

discuss the first two columns. However,
vapor stripping, or the blowout process,
which is the one being used at Woodward, is
briefly discussed. This process is based on

the fact that even though iodine is a solid at
room temperature, it has a high vapor pres-
sure and will pass directly from the solid to
vapor state without going through the liquid
phase. High operating costs, low recovery ef-
ficiency, and pollution problems have forced
the closing of all the silver, copper, and acti-
vated carbon plants. One Japanese ion-
exchange plant, built about ten years ago, is
still operating. However, because of high in-
vestment and operating costs, no new ones
will be built. All new Japanese plants use
some form of vapor stripping, but each com-
pany has its own version that is kept confi-
dential.

Figure 5 is a flow sheet of the process
used in Woodward, Oklahoma. It is a vapor
stripping process that was developed by the
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Figure 4. Map showing wells and production system for
iodine plant at Woodward.

TABLE 4.—PROPERTIES OF IODINE AS USED IN THE

RECOVERY PROCESSES

Insoluble Vapor
Salts Adsorption Stripping
silver activiated air
carbon
copper ion exchange steam

air & steam

PPG Industries Research Center in Corpus
Christi, Texas. Brine is pumped from the
wells to the plant surge tank. The iodine-
rich brine is fed into the first column, where
it is oxidized under close control. The iodine
vapor stripped from the brine passes to a
second column where it is reduced and ad-
sorbed in an iodine solution. This solution
advances to a final recovery section where it
is oxidized to form a solid iodine crystal,
which is purified and packaged for ship-
ment. This design is environmentally ac-
ceptable. The only net withdrawal from the
system is the iodine product. Nothing is
added to the brine. The spent brine returns
to the same formation from which it is with-
drawn.

The Woodward Plant is not a big project
by large corporation standards. However,
the 2,000,000 pounds being produced annu-
ally will cover about one-third of the needs
of the United States. Also, by developing a
natural resource that we have here in Okla-
homa, the petroleum industry can contrib-
ute to making the United States a little
less dependent upon foreign imports.
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Figure 5. Flow sheet of the iodine process from the
Woodward plant.
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GEOCHEMISTRY OF ANOMALOUS
LITHIUM IN OIL-FIELD BRINES

A. GENE CoLLINs!

Abstract—The demand for lithium may increase because of its potential use in lithium batteries
and in the generation of electrical power by fusion. Therefore, lithium abundance in some United
States oil-field brines was surveyed. Qil-field brines from numerous locations were found to con-
tain more than 100 mg/l lithium and several exceeded 500 mg/l. An area of 25,000 km?, with a
reservoir thickness of 60 m, an effective porosity of 5 percent, and a brine with a specific gravity of
1.2 containing 100 mg/l of lithium, contains about 0.75 x 10° tonnes (1 tonne = 1 metric ton =
1,000 kg) of lithium in 7.5 km3 of brine. It is postulated that the brines were enriched in lith@um by
lithium-rich spring water or lithium leached from volcanic rocks followed by evaporation se-

quences.

INTRODUCTION

The demand for lithium may increase
because of its use in the manufacturing of
lithium batteries and in the generation of
electrical power by controlled thermonu-
clear power. Electric batteries used to power
vehicles require about 45 kg of lithium in
the electrolyte and electrodes. Batteries in
only 130,000 vehicles would have consumed
the entire 1974 U.S. production of lithium
(about 6,000 tonnes). Thermonuclear power
plants, now being designed, will require
lithium to produce tritium, the prime fuel.
The required amount of lithium is depen-
dent upon the design but could be of the
order of 3 to 900 kg of lithium per megawatt
of electrical power. Lithium is used in sev-
eral other industries such as ceramics, glass,
greases, air conditioning, brazing, welding,
and metallic alloys (Cummings, 1970). Sub-
surface brine in Clayton Valley, Nevada,
has been the major source of lithium since
about 1967; however, the economic life of
this deposit is limited to only a few more
decades at the present rate of production.
The concentration of lithium in Clayton Val-
ley brine is about 300 mg/l.

LOCATIONS OF OIL-FIELD WATERS
WITH > 50 MG/L OF LITHIUM

Most oil-field waters contain lithium,
and some studies indicate that lithium con-

1U.S. Energy Research and Development Administra-
tion, Bartlesville Energy Research Center, Bartles-
ville, Oklahoma.

centrations can be used to explore for pe-
troleum (Miodrag, 1975). Several oil-field
waters contain more than 50 mg/1 of lithium.

Table 1 lists the state, county, location,
depth, geologic formation, specific gravity of
the water, and concentrations in mg/l of
lithium, sodium, potassium, rubidium,
cesium, and fluoride for several oil-field
waters in the United States. Lithium con-
centrations up to 692 mg/l were found in the
Smackover Formation, 118 mg/l in the Sas-
katchewan Formation, 400 mg/l in a Devo-
nian formation, 345 mg/l in the Madison
Formation, 164 mg/l in the Rival Formation,
70 mg/l in the Wilcox Formation, and 51
mg/] in the Arbuckle Formation.

The analyses shown in table 1 were de-
rived from an oil-field-water data bank at
the Department of Energy (formerly ERDA),
Energy Research Center in Bartlesville, Ok-
lahoma. Although several oil-field waters
have been analyzed for lithium, there are
many other oil-field water systems that
have not been analyzed for lithium. There-
fore, it is possible that an oil-field water ex-
ists that contains lithium in excess of 700
mg/l.

GENERAL GEOLOGY OF THE
SMACKOVER FORMATION

Because more data concerning lithium
concentrations in the Smackover water are
available, with respect to the other forma-
tions shown in table 1, it was decided to try
to determine the origin of the lithium in the
Smackover. According to Imlay (1940), the
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TABLE 1.—LisT OF GLASS-SAND PRODUCERS
(Does not include all producers of quartz-bearing, melting materials)

e | Comty e e nge | o Fomation | TR e
Alabama Choctaw 3I5-TIN-4w 11,974 Smackover 1.222 61 75,370 8,000 - - -
Arkansas Columbia 23-195-23wW 10,913-11,038 ..do..... 1.197 86 66,100 163 3.75 4.0 3.6

..Do...... c..do..., 8-185-20W 8,540- 8,750 .doo.l.. 1.23) 462 70,200 4,670 13.8 7.0 3.1
..Do...... ...do.. 31-175-20wW 8,438- 8,732 L.doL.. 1.231 481 77,900 6,950 14.5 2.0 6.9
Do...... do 2-185-20W 8,345~ 8,645 ..do.... 1,229 423 78,400 5,640 12.0 6.0 3.4
Do...... do 11-185-20W 8,310- 8,600 ..do..... 1.229 404 75,700 5,330 12.5 6.0 7.6
Do...... do 7-185-20W 8,656- 8,926 ..do..... 1.230 481 73,800 5,260 14.0 6.0 7.5
.Do...... do 1-185-21w 8,608- 8,902 do..... 1.231 519 73,000 7,460 16,0 8.0 3.2
L.do.... 5-185-20W 8,490- 8,800 .do..... 1.128 481 71,400 5,550 15.5 10.0 6.4

..do.... 5-185-20W 8,475- 8,777 do..... 1.230 442, | 74,000 | 4,410 |15.0 9.0 | 7.1

..do.... 32-175-20wW 8,394~ 8,708 do...., 1.231 462 64,900 6,230 4.5 8.0 4.7

..do.... 6-185-20W 8,564- 8,850 ..do..... 1.230 462 64,200 1,100 14.5 10.0 7.

..do.... 23-185-20W 8,501- 8,575 ..do..... 1.22) 308 84,400 5,790 9.5 3.0 4.8

. Lafayette 12-155-25W 6,552- 6,556 1.183 75 59,400 720 3.5 2.0 5.1
N o - Union 13-175-13W 6,224 . 1.157 50 55,470 614 - - -
Florida Santa Rosa 21-5N-29w 15,692 sdo..... 1.226 102 73,100 7,650 - - -
«Do..i... ...do.... 40-5N-30W 15,550 ..do..... 1.209 81 79,200 5,360 - - -
Lovisiana Webster 10-23N-9W 11,032-11,052 do..... 1.227 66 113,000 616 - - -
«.Do...... Cloiborne 10-23N-6W 10,000 ..do...., 1.186 101 87,400 1,090 - - -
w.Do...... odo.. L. 19-23N-6W 10,000 .do.. ... 1.191 80 82,800 1,380 - - -
Mississippi Jones 22-9N-10W 12,990 ..do...., 1.209 75 70,947 800 - - -
..Do...... Smith 9-1N-%E 15,860 .do..... 1.188 &7 55,200 4,260 - - -
Do...... Wayne 26-10N-6W 12,688 cdoaia.. 1.210 80 74,500 650 - - -
North Dokota Divide 3-152N-96W 10, 882-10, 903 Saskatchewan 1.223 18 51,300 13, 400 - - -
..Do...... Williams 6-155N-95W 10,190-10,530 Devonian 1.238 400 58,200 2,500 - - -
..Do.... .. Burke 10-162N-92w 6,350- 6,373 Madison group 1.210 345 106,000 633 - - -
..Do..... .. ...do.... 15-162N-92W 6,200 Rival 1.231 164 [115,000 3,850 - - -
Oklahoma Noble 22-20N-2w 5,131 Wilcox 1.161 70 74,400 860 - - -
..Do...... Carter 4-45-3W 3,090 Arbuckle 1.140 51 56,700 1,340 - - -
Texas Cass Sur. G. J. Aerrod 10,050 Smackover 1.105 473 26,800 280 - - -
Do....., vaodol.. Bryon Mills Unit 10,492 Jdo..... 1.211 404 69,300 6,390 - - -
«.Do...... Franklin B.J. Putoff 12,180 Jdo..... 1.129 293 49,000 4,680 - - -
Do Hopkins W.L. Houghton Sur, 9,474 do..... 1.160 99 53,600 2,400 - - -
..Do.,.... Van Zandt M. Dewberry 12,784 ool 1.081 100 25,300 2,860 - - -
..Do...... Robertson - 14,274 do..... 1.237 624 90,000 15,820 - - -
Doo..... Rains B Deosinia survey 13,740-13,800 ..do..... 1.233 224 75,500 6,645 - - -
..Do...... Wood Qscar Engledow Sur, 12,765-12,797 codoaa.. 1.210 692 75,400 7,430 25.0 | 25.0 -
Daggett 22-3N-24F - Madison 1.044 85 | 15,000 | 1,700 - - -

San Juan 16-305-24E 8,376 Mississippion 1.049 56 21,400 1,400 0.5 0.2 -

Lodo..., 19-435-22¢ 4,849 Ismay 1.052 58 19,700 1,010 - - -

. Grand 16-235-17E 8,605 Leadville 1.148 53 59,600 2,400 5.0 1.0 -
..Do..., Duchesne 2-15N-2w 5,902 Green River 1.064 68 28,900 408 - - -
Wyoming Campbell 16-47N-70w 9,642 Minnelusa 1.103 90 52,400 2,100 - - -
wDo...... ...do..,. 16-17N-70W 9,943 vodo.... 1.082 75 41,800 950 - - -
«.Do...... Sweetwater 1-12N-107W 8,780 Rock Springs 1.106 93 54,830 700 - - -
«.Do...... Campbell 16-47N—76W 9,642 Minnelusa 1.103 70 52,800 2,100 - - -
Do, L..doL. .. 16-47N-70W 9,943 Jdo..... 1.082 75 41,820 950 - - -

Smackover Formation was named after the
Smackover oil field in Arkansas. In that
area it is composed of 213 m of oolitic lime-
stone. Smackover time equivalents have
been identified in Mexico, Texas, Arkansas,
Louisiana, Mississippi, and Alabama. These
rocks are definitely Jurassic age (Imlay,
1945) with good paleontological correlations
with the Argovian strata of Late Jurassic
age in England.

The Smackover Formation is the equi-
valent of the Zuloaga Formation in Mexico.
The Zuloaga carbonate outcrops west of the
Tamaulipas Peninsula in northwest Mexico.
The Smackover in the United States covers
a salt-dome basin in the western part of the
Rio Grande embayment in southwest Texas.
It crosses the crest of the San Marcos arch,
the northwest part of the east Texas salt
basin, the northern portion of the north
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Louisiana-Arkansas salt basin, then south-
east over the north area of the central Mis-
sissippi salt basin, and under the Florida
panhandle and offshore areas, as illustrated
in figure 1. The Smackover Formation does
not outcrop anywhere within the continen-
tal United States.

The Smackover (Zuloaga) equivalent
lies below Cotton Valley (La Casita) or
Buckner (Olivido) equivalents in northwest
Mexico. The updip limits of the Zuloaga are
west of a parallel to the Tamaulipas Penin-
sula.

A pure coarsely crystalline salt (Louann
Salt) is found below the Jurassic sediments
in Milam County, Texas. The Smackover
Formation in Texas usually consists of an
arenaceous basal zone, a microcrystalline
middle zone, and a top zone of oolitic lime-
stone or dolomite.

ORIGIN OF LITHIUM
IN THE SMACKOVER WATER

Correlation coefficients of the Smack-
over-brine data show a high degree of inter-
correlation among K, Rb, Li, and B. Iodide
does not correlate. Combining data from the
Smackover with data from an altered relict
bittern produced a high correlation between
K and B and between Li and Rb. This sug-
gests that a mechanism in addition to sea
water evaporation is involved in producing
the high concentration of Li and Rb in the
brines.

Data shown in table 2 indicate the rela-
tive concentrations of various constituents
in the Smackover brine. The excess factors
were obtained by assuming that bromide,
which does not form minerals, is the best
single indicator of the degree to which sea
water was concentrated. As shown in table
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Figure 1. Approximate geographic extent of the Smack-
over Formation in the Gulf Coast basin.

ing and 40 percent of the original B is miss-
ing, whereas there is about 18.1 times as
much Li and about 10.4 times as much
iodide.

The anomalous iodide can be reasonably
explained as a result of bioconcentration
(Collins, 1969). However, a similar
mechanism to explain all of the anomalous
lithium is not available. It has been pos-
tulated that lithium enrichment results at
least in part from exchange reactions with
clays because lithium has a small radius, a
low atomic number, a larger hydrated
number than sodium, and a larger polariza-
tion than sodium. Therefore, its replacing
power in the lattices of clay minerals is low.
Other ions such as Ba, Sr, Ca, Mg, Cs, Rb, K,
and Na will preferentially replace Li in clay
minerals thus releasing Li to solutions. Also
the solubility products of most lithium com-
pounds are higher than those of other al-
kalies or alkaline earths, so lithium tends to
stay in solution (Collins, 1975).

A plausible source of some of the
anomalous lithium is continental drainage
of lithium-enriched solutions into an
evaporating sea such as is now cccurring at
the Great Salt Lake. The effect of this
mechanism can be determined. For example,
assume that continental water with the ap-
proximate composition of Clayton Valley,
Nevada, spring water were mixed with a
brine and subjected to evaporation similar to
that of the Great Salt Lake. The Clayton
Valley spring water contains about 4 mg/l of
bromide and 55 mg/l of lithium.

Table 2 indicates that bromide in the
Smackover water is concentrated about 48
times relative to sea water; therefore, as
shown in table 3, in nine assumed evapora-
tions the lithium concentration in the brine
is greater than 500 mg/l. If the fresh water
source were river water containing 0.02 mg/l
of lithium rather than spring water, nine
evaporations would yield a lithium concen-
tration of only 9.76 mg/l.

To determine how long such evapora-
tion sequences might take under optimum
conditions, again consider the Great Salt
Lake. With a volume of 12 km?® and an an-
nual inflow and evaporation of 3 km?, each
equal volume dilution and evaporation
would require only 4 years, or a total of only
36 years for nine cycles.

This evaporation sequence assumption
is too simplistic for total direct application,
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TABLE 2.—CONCENTRATION RaTios AND ExXCEss
Facror RaTi0s FOR SOME CONSTITUENTS IN
SMACKOVER BRINES

Seawater Sml::rti::::er ratio® factor? camples
Lithium...... 0.2 174 870 18.1 Al
Sodium...... 10,600 66,973 é A 283
Potassium . ... 380 2,841 8 .2 82
Calcium..... 400 34,534 86 1.8 284
Magnesium. .. 1,300 3,465 3 R 280
Strontium . ... 8 1,924 24 5 85
Barium ...... .03 23 767 16 73
Boron ....... 4.8 134 28 .6 71
Copper...... .003 1.1 359 7.5 64
fron..ovuvuns 0 41 4,049 84.2 90
Manganese. .. .002 30 14,957 31 69
Chloride..... 19,000 171,686 9 .2 284
Bromide ..... 65 3,126 48 1 74
ledide....... .05 25 501 10.4 73
Sulfate ...... 2,690 444 .2 .003 n
Mg'® ...l 1,543 24,362 16 .3 284

! Amount in brine/amount in seawater.
2Concentration ratio of a given constituent/concentration of bromide.
2Mg' = (24.31/40.08) x mg/l calcium + mg/l magnesium.

TaBLE 3.—ComMPosITIONS OBTAINED BY SUCCES-
SIVELY MIXING ONE VOLUME Or CLAYTON VALLEY
SPRING WATER WiITH ONE VOLUME OF BRINE AND
THEN EVAPORATING TO THE ORIGINAL BRINE

VoLUME

Trem B’::/ife Lithium
Seawater 65 0.2
48X Seawater 3,120 9.6
Spring water 4 55
One volume each of 2 and 3 1,562 32.3
Evoporate 4 to one-half volume 3,124 64.6
Add second volume of 3 and evaporate to one~-half 3,128 119.6
Add third volume of 3 ond evaporate to one-half 3,132 174.6
Add fourth volume of 3 and evaporate to one-half 3,136 229.6
Add fifth volume of 3 ond evaporate to one~half 3,140 284.6
Add sixth volume of 3 and evaporate to one-half 3,144 339.6
Add seventh volume of 3 and evaporate to one-half 3,148 394.6
Add eighth volume of 3 and evaporate to one-half 3,152 449.6
Add ninth volume of 3 and evaporate to one-half 3,156 504.6

but it can be used to postulate a plausible
theory for anomalously high concentrations
of lithium in the Smackover brine.

The probable origin of the lithium-rich
Smackover brine was an influx of continen-
tal water, enriched in lithium either from
spring water or leached from volcanic rocks,
into the Smackover Sea in the vicinity of the

A. Gene Collins

Mexia-Talco fault system as shown in figure
2. The Smackover Sea was subjected to
evaporation sequences, and volcanism oc-
curred during the Triassic in the Gulf Coast
area.

ESTIMATE OF LITHIUM CONTENT IN
SMACKOVER BRINE

The amount of lithium in Smackover
brine can be estimated. Assume that an area
of 25,000 km? has a reservoir thickness of 60
m with a porosity of 5 percent, and that the
1.2 specific gravity brine contains an aver-
age of 100 mg/] of lithium. The total volume
of brine in the sedimentary rock is about 7.5
km?® and contains about 0.75 X 10° tonnes of
lithium. The total area of the Smackover
more nearly approximates 250,000 km? than
25,000 km*. However, the concentration of
lithium in the brine and the thickness and
porosity of the strata are not constant.
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Figure 2. Map showing the concentrations of lithium (in
mg/l) in the Smackover waters in Arkansas and Texas
along an arcuate contour line parallel to the truncated out-
crop of the formation and their relation to the Mexia-Talco
fault zone.
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PRELIMINARY DESIGN AND ANALYSIS OF RECOVERY OF

LITHIUM FROM BRINE WITH THE USE OF
A SELECTIVE EXTRACTANT!

Vi-DuonG DANG2 and MEYER STEINBERG2

Abstract—Lithium requirements in the next few decades for batteries and controlled ther-
monuclear fusion reactors (CTR) may exceed the availability of the current mineral and brine
reserves. It is thus prudent to search for new reserves and resources to satisfy these and future
lithium applications. The lithium content of the waters from the Smackover oil field, located in the
Gulf Coast region of the United States, ranges from 100 to 500 mg/l and could represent a
substantial new reserve.

Experimental evidence described in the literature indicates that a specific chelating agent
dipivaloylmethane (DPM), of the diketone type, has a specific selectivity toward lithium in
the presence of other metal ions in aqueous solutions. Based in part on this unique property of
dipivaloylmethane, a conceptual design of a full-size plant to extract lithium from the Smackover
brine is presented in this paper. This study includes alternate flow-sheet development, design
information on the major units of the process, energy requirements, and an economic analysis of a
facility capable of producing 10¢ kg of lithium per year. The economics of three different process
concepts depend primarily on the amount of water needing to be evaporated from the initial
oil-field feed waters in concentrating the brine. The results, as a function of production rates, are
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indicated only in a general manner.

INTRODUCTION

The requirement of lithium for energy
applications, such as those for a lithium
battery and for the blanket region of
controlled thermonuclear fusion reactors
(CTR), were presented in a previous sym-
posium (Vine, 1976). Several of the papers in
this previous symposium presented assess-
ments of the reserves, resources, and
requirements of lithium by the year 2000.

Estimates of the amount of lithium
required beyond the year 2030 for the
blanket region of controlled thermonuclear
fusion reactors are between 4.3 x 107 and
4.3 x 10° kg (Energy Advisory Panel, 1973;
and Steinberg and Dang, 1976). Present
lithium reserves are about equal to the
estimated demand for lithium required for
fusion-reactor and battery applications
(Chilenskas and others, 1976; Cooper and
others, 1976). An ultimate resource of
lithium could be sea water which contains a
total quantity of lithium of about 2.5 x 10*4
kg. The lithium concentration in sea water,
however, is very dilute, 170 ppb (Steinberg

1This research was performed under the auspices of the
United States Energy Research and Development
Administration under Contract No. EY-76-C-02-0016.

2Process Technology Division, Brookhaven National
Laboratory, Upton, New York.

and Dang, 1976).

The lithium concentration in Smack-
over oil-field brine is about 174 mg/l. This
concentration is about three orders of
magnitude higher than in sea water.
Smackover brine is water which is as-
sociated with petroleum produced from the
Jurassic Smackover Formation in the Gulf
Coast region. The total quantity of lithium
in the brine is estimated to be 6.3 X 10%° kg
(Collins, 1976). Extracting lithium from
brines should be easier than extracting
lithium from sea water because of the
existing drilling technology and the higher
lithium concentration in brines.

Ion-exchange methods have been pro-
posed to extract lithium from sea water
(Steinberg and Dang, 1976). These processes
have the disadvantage of needing a larger
quantity of ion-exchange resins to extract
the dilute concentration of lithium from sea
water. From a literature search, a diketone-
type chelating agent, identified as di-
pivaloylmethane (DPM), was found capable
of separating lithium from alkali metal ions
in aqueous solutions. A specificity for
extraction of lithium from other ions was
indicated; an application of this chelating
agent for studying lithium transfer across
red blood cells was reported (Martin and
others, 1973). Although additional informa-
tion is needed for process design purposes, a
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preliminary design can be undertaken for
initial evaluation.

CHEMISTRY OF SEPARATION

Guter and Hammond (1956) reported
that based on experiments lithium can be
selectively extracted from aqueous solution
by dipivaloylmethane (DPM). Dipivaloyl-
methane (2, 2, 6, 6-tetramethyl-3,
5-heptanedione) is a chelating agent and is
a colorless oil with a specific gravity of
0.883. It exists almost entirely in the form of
the symmetrical enolic modification I in
pure liquid and in organic solvent:

o.. RN E T :o
(CH3)3C— C\ ./C —=C(C H3)3
CH
Structure |

When combining with lithium, the chelate
probably has the following structure II:

i
R—C: C—R

New”

Structure Il

The specificity of DPM for lithium ion in the
presence of sodium, potassium, and other
ions is due to the small radius of the lithium
ion (0.60 A). Although sodium ions may
interfere with lithium ions in the process of
extraction (Guter and Hammond, 1956),
careful successive extractions show that
lithium can be recovered to the extent of 97
percent. Without further experimental re-
sults, the following process analysis and
design will be based on the work of Guter
and Hammond (1956).

CONCEPTUAL PROCESS DESIGN
FOR EXTRACTION OF LITHIUM
FROM SMACKOVER BRINE

The process concept for the extraction of
lithium from brine includes a number of
unit operations including evaporation,

Vi-Duong Dang and Meyer Steinberg

mixing-settling, electrolysis, distillation,
and drying. The key step is the liquid-liquid
extraction of lithium from the brine by
means of DPM in ether. Process analysis
depends also on the initial concentration of
the constituents in the feed brine. Table 1 is
a list of the composition of Smackover brine
taken from the work of Collins (1976). Table
2 is a compilation of the analyses of lithium
concentration in a number of oil-field and
geothermal waters from various locations
around the country, which were determined
in the Brookhaven National Laboratory.
About 50 percent of the samples taken from
Texas contained less than about 10 mg/l of
lithium and were not listed in the table.

TaBLE 1.—CONCENTRATION OF SOME
CONSTITUENTS IN SMACKOVER BRINES (after
Collins, 1976, p. 119)

Average composition

Constituent (mg/1) Number of samples
Lithium 174 71

Sodium 66,973 283
Potassium 2,841 82

Calcium 34,534 284
Magnesium 3,465 280
Strontium 1,924 85

Barium 23 73

Boron 134 71

Copper 1.1 . 64

Iron 41 20
Manganese 30 69
Chloride 171,686 284

Bromide 3,126 74

Iodide 25 73

Sulfate 446 271
TaBLe 2.—LiTHiuUM CONCENTRATION IN

SMACKOVER OIL-FIELD AND GEOTHERMAL WATER
FROM VARIOUS LoOCATIONS (analysis determined
at Brookhaven National Laboratory)

Lithium
Concentration
State Field County mg/1

Arkansas Section 1, Columbia 310
Township 18 South,
Range 21 West

Texas Bryans Mill Unit #1, Cass 550
Bryans Mill

Texas Currie Plant, Navarro 370
Currie

Arkansas Dow Chemical Co., 280
Magnolia

California East Mesa 6-1, Salton Sea 33
Holtville

Texas Chitsey #1, Chitsey Wood 103

Texas Buchanan #1, Alba Wood 72

Texas Fred Gregg #1A, Hopkins 190
Birthright

Tex

Texas Seager #1, East Yantis Wood 36

Texas Teas Plant, Teas B, Freestone 25

Carter Bloxom




Recovery of Lithium from Brine

Different process concepts were developed
depending on the amount of water evapo-
rated from original oil-field brine.
Referring to process flow diagram in
figure 1, Smackover water is first pumped
out from the well and separated from the
associated oil and gas at the well head in a
separation tank. After the initial separa-
tion, further separation can be achieved in
skimming tanks. The separated brine is
passed into an evaporator to precipitate out
the sodium chloride and evaporate a large
part of the water. The concentrated bittern
is then mixed with ether and DPM in a
mixer-extraction vessel. Part of the sepa-
rated sodium chloride is redissolved and the
aqueous sodium chloride is electrolyzed to
produce hydrogen and chlorine. The latter is
then burned to produce hydrogen chloride
which is subsequently used to recover the
DPM from the metal chelate lithium DPM.
Bittern and DPM in ether are then mixed in
a mixing tank. After rigorous stirring, the
mix is transferred to a settling tank to
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dissolves in ether. Therefore, the water
layer from the settling tank is transferred to
a distillation tower where ether and water
are separated and recovered. The top layer,
which is lithium DPM in ether from the
settling tank, is fed into the lithium
extraction tower together with the recycled
water and hydrogen chloride from the HCI
burner. Inside the lithium-extraction tower,
water and lithium DPM in ether is well
mixed in order to ensure improved extrac-
tion of lithium from the organic phase into
the aqueous phase. The extraction process is
further facilitated by the presence of HCI.
The aqueous and organic phases are then
separated in the separation tank. The
organic phase will be recycled to remix with
the bittern for lithium extraction. The
aqueous lithium chloride is transferred to
the drying tower to evaporate the water, and
the lithium chloride is then electrolyzed to
produce lithium and chlorine.

The major reactions of the process are:

separate the water layer and the lithium NaCl + H20 — NaOH + %H: + %Cl2 (1)
DPM in the ether layer. Part of the ether “%Hz + %Clz — HCl (2)
may remain in the water layer as a result of HDPM + Li — LiDPM + H
incomplete separation and partial miscibil- Ls 1 H, (3)
ity between ether and water. At room
temperature 1-1.5 percent of the ether LiDPM +HCl — HDPM + LiCl (4)
dissolves in water, and 7.5 percent of water LiCl — Li + %Cl2 (5)
[———cas REACTIONS
(D NoCl + M0 ~—= NaOH + L iy + f0i,
) @ Ly + Lo, — Har @ LioPM + HCI — HOPM + LiC)
’ on ,_.]LLOIL @ HOPM + Li —= LIDPM + LJ‘E e ®uici—u + X
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Figure 1. Flow diagram for lithium production from Smackover oil-field water.
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PROCESS DESIGN AND
ECONOMIC ANALYSIS

Process design and analysis are based
on the flow diagram in figure 1. The design
calculation is based on the production of W
gm Li/yr. The first step in the separation
process is the separation of other metal ions
from lithium, which is similar to a previous
method described by Steinberg and Dang
(1976) for extraction of lithium from sea
water. There are particular advantages of
separating out the sodium ion first: (1)
sodium may interfere with lithium for
chelating with DPM, and (2) sodium
chloride separated out from the brine can be
used in electrolysis to produce hydrogen and
chlorine, and subsequently, for production of
hydrogen chloride, which can be used as a
neutralization agent for recovery of DPM
from its chelating salt. The carbonate
precipitation method used in extraction of
lithium at Silver Peak, Nevada, cannot be
easily applied here because the concentra-
tion ratio of magnesium to lithium in
Smackover brine is high, about 20 compared
to about 1 in Silver Peak. The lithium ions
may be adsorbed to magnesium hydroxide
when the latter is precipitated, resulting in
a large bittern loss.

The following discussion will describe
the calculation of the important operations
of the process. The first two items are the oil
tank and the skimming tank; the volume of
the skimming tank has to be at least 2,000 W
cm?® based on the storage capacity of the
brine.

Evaporator—In contrast to solar evap-
oration previously used for crystallization of
other salts like sodium chloride, the present
method employs evaporators to concentrate
the solution because the volume processed is
much reduced. The composition of various
salts in the bittern is given in table 3.

Brine of 2,000 W g/hr flows to the
evaporators. Assuming 2 ppm of water are
left after evaporation, bittern of 0.00286 W
g/hr will be obtained after evaporation.
Selection of this concentration level is based
on a compromise of capital investment and
thermal energy required for evaporation.
These evaporators use triple effect backward
feed. Heat-transfer coefficient of the steam
tubes of the evaporators is 0.0678
cal/sec-cm2-°C. Saturated steam from nuc-
lear power plant at 9.843 kg/cm?2 and 196°C
is used, and water is evaporated as
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TABLE 3.—ESTIMATED CONCENTRATIONS OF THE
MadJgor CONSTITUENTS IN BITTERN

Concentration

gm gm
Constituent constituent\ water
Sodium 0.151
calcium 5.794 x 107>
Magnesium 0.134
Potassium 0.194
Lithium 0.0136
Chloride 0.176
Sulfate 1.388 x 107

superheated steam at 67.78°C and satura-
tion temperature at 63.89°C. Total energy
needed to evaporate the water is 308.37 W
cal/sec. If we use a steam economy (ratio of
total water evaporated to total steam
supplied) of three, the actual energy re-
quired for evaporation is 102.79 W cal/sec.
Taking the maximum possible heat flux for
the evaporator as 8.665 cal/cm?2-sec, the total
area needed for the evaporator is estimated
as 35.58 cm?2.

NaCl solution tank—Using the average
concentration of sodium and chloride ions
given by Collins (1976), the concentration of
sodium chloride in Smackover brine is
determined as 205,659 mg/l. The require-
ment for the design of the NaCl solution
tank is the volume of the tank. In order to
obtain that, the total flow rate of sodium
chloride, which is 412 W g/hr based on 2,000
W g/hr of brine, is needed. After water is
evaporated, the rate that sodium chloride
crystallizes is almost complete, about 412 W
g/hr. To saturate this quantity of sodium
chloride, the volume of the solution tank
should be at least 1,073 W cm?.

NaCl electrolyzer—There are many
kinds of NaCl electrolyzers available com-
mercially. The present design will be based
on the current information with possibly
some scale-up or application of more units.
One suitable type of NaCl electrolyzer is the
De Nora vertical cell® with dimensions of
1.2 m X 1.1 m x 3 m (Mantell, 1960) that
has a capacity of chlorine production of 100
tons/day or 165 tons/day sodium chloride

3Any use of trade names is for descriptive purposes and
does not constitute endorsement by the Oklahoma
Geological Survey.
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required. Based on several calculations, the
number of electrolyzers needed to produce W
g/hg of lithium follows the expression 5.34 X
107 W.

HC! burner—Determination of a burner
or furnace usually depends on the heat
requirement of the reaction. The exothermal
heat of reaction of hydrogen chloride is 22.1
kcal/g mole. If the production rate of sodium
chloride from the NaCl solution tank is 412
W g/hr, hydrogen can be produced at a rate
of 7.043 W g/hr from the NaCl electrolyzer.
The rate of hydrogen chloride produced in
the HCI burner is 257.06 W g/hr. Hence, the
total heat released from the burner is 43.23
W cal/sec which is an important value for
determination of the capital investment of
the unit.

Mixing tank, settling tank, Li-extraction
tower, and Li-separation tank—These four
units are similar in the present process in
the sense that they serve as storage units.
The determination of these units will be
based on their volumes. In order to allow for
sufficient capacity, a safety factor of 2.5 to 3
is used here. The volume of a mixing tank
and settling tank is evaluated as 6.6 x 107
W gallon, while the volume of the Li-
extraction tower and Li-separation tank is
calculated to be 7.9 x 107 W gallon.

LiCl drying tower—Commercial drying
towers are available in several dimensions.
One type has a diameter of 182.9 cm and a
depth of 60.96 cm. Several of these dryers
can be directly applied to the present
process, or the unit can be scaled-up to
larger dimensions in order to reduce the
number of units required. The number of
drying towers needed can be readily calcu-
lated by knowing the production rate of
lithium, which then determines the evap-
oration rate of water in the drying tower and
the dimension of the selected dryer.

The rate of water evaporation in the
dryer can be determined by using 6.145 W
g/hr as the flow rate of lithium chloride (in
the bittern) to the dryer. In this flow stream,
the concentration of lithium chloride is
20.36 percent (by weight), based on 20
percent (by weight) of HCl from the
separation tank. The dryer has to be
designed so that 3.912 gm H20 must be
evaporated per gram LiCl input. Hence, the
total rate of water that has to be evaporated
in the dryer is 24.04 W g/hr. This quantity is
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a basis for determining the number of
drying towers.

LiCl electrolyzer—Commercial elec-
trolyzer for LiCl has been reported by Hader
and others (1951). The electrolyzer is
rectangular with a graphite mode, 883.9 cm
long with a diameter of 38.1 cm supported
from above the cell, and it also has a steel
cathode. These commercial electrolyzers can
be scaled for use in the present process. For
example, the scale-up of the conventional
cell with dimensions of 121.9 cm X 182. 9 cm
x 91.4 em can serve the present process
well. An electrolyzer cell of 8.7 x 107 cm®
(3.5 times of the above cell dimension) can
handle 1.34 x 10* gm/hr lithium. For a
higher production rate of lithium, one can
increase the number of unit cells.

Distillation tower for ether—Ethyl ether
can be distilled out from water by means of a
tray tower. Solubility of ethyl ether in water
is 7 percent or 0.01798 by mole fraction.
Assume the ether concentration is 97
percent at the top product stream and water
concentration is 98 percent (by weight) in
the bottom stream. The average molecular
weight of the feed is 19.01. Once the feed
rate into the tower is specified, the top
recycle stream and the bottom reboiler
stream can be determined. Using a reflux
ratio of 3.5, the number of plates required by
a standard method such as Ponchon-Savarit
are determined. As an example, a feed rate
of 754 g-moles/hr will give a top product
stream of 11.18 g-moles/hr and a bottom
stream of 742.82 g-moles/hr. The diameter of
the tower can be determined by the
Sanders-Brown method (Ludwig, 1964). For
the present case, the diameter is 30.48 cm,
and the height of the tower is 152.4 cm. The
operating pressure can be 2.84 atmospheres.

A summary of the dimensions and
number of units needed for any production
rate of lithium and an example for a lithium
production rate of 1.25 x 10° g/hr is
presented in table 4. The dimensions of
equipment chosen are either of a commercial
size or a reasonably practical size. Since the
capacity of the LiCl electrolyzer can produce
more than 1.25 x 10° g/hr Li, the number of
electrolyzers needed is only one. The
dimensions and the number of distillation
tower units are not listed because these
values usually have to be designed for each
production rate of lithium.
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ENERGY REQUIREMENT AND
ECONOMIC ANALYSIS

The energy balance of the process, and
for each piece of equipment, is also an
important factor in the process. Thermal
energy in the form of steam is required to
evaporate water. Thermal energy (t) re-
quired by the evaporator is 1.291 W kwh
(t/hr. Dissolution of sodium chloride re-
quires the heat of solution, and the total
heat required for the process is 1.639 x 102
W kwh(t)/hr. Electrical energy (e) required
for electrolysis of sodium chioride is esti-
mated to be 8.48 x 10 W kwh(e)/hr taking
into account the inefficiency of the cell. The
HCl burner will release heat due to the
recombination reaction of hydrogen and
chlorine. Total heat released in the burner is
0.181 W kwh(t)/hr, and this heat is assumed
to be recoverable. The energy required for
the dryer to evaporate to dryness is
estimated to be 1.551 x 102 W kwh(t)/hr.
Electrical energy supplied to electrolyze
LiCl in the electrolyzer is 1.796 x 102 W,
taking into account the inefficiency. The
distillation tower requires a small energy
input to the bottom reboiler, and the overall
energy balance shows that only 4.86 x 108
kwh(t)hr is needed. Mechanical energy
requirement for pumping and transporting
liquid and solid in the process is considered
to be small, and hence no further detailed
calculation is performed. A summary of the
energy requirement for process is shown in
table 5. The energy required for production
of 1 gm Li is very small as compared to the
energy value of 3,400 kwh(e)/gm Li which
can be produced in the fusion process.

The preliminary economic analysis was
performed as follows: Cost data and infor-
mation were obtained from Peters and
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TABLE 5.—ENERGY REQUIREMENT FOR THE
ProrosSED PROCESS

Energy Required

Equipment or Thermal energy Electrical energy

unit kwh(t}/hr kwh(e}/hr
Evaporator 1.291 W
NaCl solution tank 1.639 x 1072
NaCl electrolyzer 8.48 x 10-3 124
HCL burner -0.181 ¥

Dryer 1.551 x 1072 ¥
LiCl electrolyzer 1.796 x 1072 W
8

Distillation tower 4.86 x 107 W

Subtotal 1.142 ¥ 2.644 x 102 W

Total energy
{thermal & electrical 0.400 Wl & 0.026 W = 0.426 W (e)

llhermal to electrical conversion efficiency = 35%

Timmerhaus (1968) and Popper (1970). If
information was not available from these
two references, cost estimation was based on
raw material and construction cost of the
equipment. Estimates of the cost of the LiCl
electrolyzer was obtained in this manner.
Correlation of the cost of the equipment with
the production rate of lithium has been
established for several important pieces of
equipment. This cost correlation is based on
1968 dollars, and a conversion factor was
applied to obtain 1976 dollars.

Cost-scaling correlations for the HCI
burner was determined to be 184.6 W8 (in
dollar units); for the LiCl electrolyzer it is
0.3 W; and for the evaporators it is 32.25 A8
(where A is the heat transfer area needed for
evaporation). Cost correlations for the other
equipment such as drying towers, mixers,
aqueous NaCl electrolyzers, and drilling
devices are not available; these were
determined analytically.

TABLE 4. —EXTRACTION OF LITHIUM FROM BRINE: SUMMARY OF DIMENSIONS AND NUMBERS oF MAJOR
PiecEs or EQUIPMENT

NaCl
solution tanmk

NaC1

Evaporator electrolyzer

Equipment

Li-extraction
tower and

separation tank

Licl
electrolzyer

Mixing tank &

settling tank Drying tower

6.35 x 10° cn’

each

5.12mx 5.12 m
x 512 m

78 DeNora Cells
of 1.2 m x
l.lmx3m

Dimensions

Number of Unirs (N) N =—20:38% 1073 ¥

6.35 x 105 5123

Example Tabulation
for N=1 N=1

5 8.56 sets of
W =1.25 x 10 g/hr

78 DeNora Cells

N =53 % 100w

5.12mx 5.12 m
x 512 m

5.12mx5.12m
x 5.12 m

426.7 cm x 640 cm
x 320 cm

182.88 cm (dia)
x 60.96 cm
(length)
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Capital investment for a 105-kg/hr
Li-production plant from the brine is given
in table 6. The largest capital equipment
cost is the evaporator, which has to handle a
great deal of brine to produce concentrated
bittern. Use of solar ponds could decrease
the capital investment, however, as discus-
sed previously, solar ponds are not always
feasible for evaporating water from brine.
Initial inventory and recycling cost of ethyl
ether and DPM are also taken into account.
In addition to the major pieces of equipment,
piping and other unlisted equipment, ser-
vice facilities, site preparations, and electri-
cal instrumentation have also been in-
cluded.

The production cost for the 10%-kg Li/yr
plant is given in table 7. Yearly charge,
maintenance, electrical and steam costs are
taken to be similar to those previously
reported (Steinberg and Dang, 1976) and as
indicated in table 7. The production cost for
this plant is 5.52 cents/gm, which is in the
order of magnitude of the present cost of
lithium of 3.3 cents/gm (verbal communica-

TABLE 6.—CAPITAL INVESTMENT FOR A PLANT
THAT EXTRACTS LITHIUM FROM BRINE
(concentrate brine by evaporating to 2 ppm water)

Capital Investment Cost §$106).l

(1) Equipment (itemized) 29.04
Drilling device 0.60
Aqueous NaCl electrolyzer 0.60
Evaporator 15.19
HCl burner 6.90
Mixing, settling, and
separation tank 1.50
Drying tank 0.65
LiCl electrolyzer 0.10
Ether and DPM 3.50
(2) Piping, 29% of item 1 8.42
(3) Service facilities, 56% of item 1 16.26
(4) Unlisted equipment and misc., 10%
of items 1-3 5.37
{5) Installation of equipments, 35%
of items 1-4 20.68
(6) Site preparations and buildings, 20%
of items 1-5 15.95
(7) Electrical and instrumentation, 20%
of items 1~6 19.14
Subtotal 114.86
(8) Engineering, construction, overhead,
and contingency 114.86
r————
Total 229.72

1 .
Basis: 106 kg Li/yr plant, 300 days operation, 1976 dollar
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tion, Foote Mineral Co., Exton, Pennsyl-
vania). With this cost information the
present process appears to be feasible.
Since the most capital-intensive item in
table 6 is the evaporator, alternative method
for lithium production using the present
general process is to evaporate less water or

TABLE 7.—ProDUCTION COST FOR A PLANT
PropucING 10% KG OF LITHIUM PER YEAR

(concentrate brine by evaporating to 2 ppm of

water)
Ttems Cents/gm]
(1) Annual depreciation, 13% 2.98

(2) Electrical energy cost (for

pumping and electrolysis) 1.5 cents kwh 0.04

(3) Steam cost 0.249 cents/1000 gm 0.21
(4) Raw material 0.00
(5) Maintenance, labor, and similar items 2.29
(6) Ether and DPM loss 0.01
Total 5.53

11976 dollar

TABLE 8.—CAPITAL INVESTMENT FOR A PLANT
THAT ExTRACTS LITHIUM FROM BRINE
(concentrate brine by evaporating to 50

percent of initial water)

Capital Investment Cost §$106[1

(1) Equipment (itemized) 41.15
Drilling device 0.60
Aqueous NaCl electrolyzer 0.60
Evaporator 3.35
HCl burner 6.90
Mixing, settling, and
separation tank 5.14
Drying tank 1.46
LiCl electrolyzer 8.60
Distillation tower 8.00
Ether and DPM 6.50
(2) Piping, 29% of item 1 11.93
{(3) Service facilities, 56% of item 1 23.04
(4) Unlisted equipment and misc., 10%
of items 1-3 7.61
(5) Installation of equipments, 35%
of items 1-4 29.31
{6) Site preparations and buildings, 20%
of items 1-5 22.61
{7) Electrical and instrumentation, 20%
of items 1-6 27.13
Subtotal 162.78
{8) Engineering, construction, overhead,
and contingency 162.78
=
Total 325,56

]'Basis: 106 kg Li/yr plant, 300 days operation, 1976 dollar
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TaBLE 9.—PRrODUCTION COST FOR A PLANT THAT
PropUCES 106 KG LITHIUM PER YEAR
(concentrate brine by evaporating to 50 percent
of initial water)

Items Cents/gm1
(1) Annual depreciation, 13% 17.00
(2) Electrical energy cost (for pumping

and electrolysis) 1.5 cent/kwh 0.60

(3) Steam cost 0.249 cent/1000 gm 0.05

(4) Raw material 0.00
(5) Maintenance, labor, and similar items,

10% 6.04

(6) Ether and DPM loss 2.76

Total 26.45

11976 dollar

TaBLE 10.—CAPITAL INVESTMENT FOR A PLANT
FOR THE EXTRACTION OF LITHIUM FROM BRINE
(no concentration of brine)

Capital Investment cost ($10%)!

(1} Equipment (itemized) 76.68
Drilling device 0.60
Liquid-liquid extraction tower 59.11
Drying tank 1.46
LiCl electrolyzer 8.60
Ether and DPM 6.91

(2) Piping, 29% of item 1 22.23

(3) Service facilities, 56% of item 1 42.94

(4) Unlisted equipment and misc., 10%
of items 1-3 . 14.19

(5) Installation of equipments, 35% of
items 1-4 54.61

(6) Site preparations, buildings, 20%
of items 1-5 42.13

(7) Electrical and instrumentation, 20%
of items 1-6 50.56

Subtotal 303.34

(8) Engineering, construction, overhead,

and contingency 303.34
Total 606,68

1 . 6 X .
Basis: 10 kg Li/yr plant, 300 days operation, 1976 dollar

to use the raw brine without evaporation for
liquid extraction. If 50 percent of water in
the initial brine is evaporated in the
evaporation process, the same procedure of
calculation as previously discussed for this
process (fig. 1) can be followed. The capital
investment and production cost of this
method are given in tables 8 and 9. The
other process is to use the brine directly with
DPM in ether for liquid-liquid counter
current extraction. Subsequently, lithium is
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extracted from the ether phase to the
aqueous phase in another liquid-liquid
extractor. The flow diagram of this process is
shown in figure 2. Process calculations have
been performed, and the results of economic
analysis are given in tables 10 and 11. In
comparing tables 6 through 11, the most
economical process involves evaporating
water to give two parts of brine from an
initial million parts of Smackover oil-field
water. Further laboratory process bench
scale work will have to be performed to
determine operational feasibility especially
concerning losses of lithium and the specific-
ity of lithium .extraction with a chelating
agent such as DPM.

TaBLE 11.—ProbucTiON COST FOR A PLANT THAT
Propuces 10¢ kG LiTHIUM PER YEAR

(no concentration of brine)

Ttems Cents/gm]
(1) Annual depreciation, 13% 4.22
(2) Electrical energy cost (for pumping
and electrolysis) 1.5 cents kwh 0.40
(3) Steam cost 0.249 cents/1000 gm 0.05
(4) Raw material 0.00
(5) Maintenance, labor, and similar
items, 10% 3.24
(6) Ether and DPM loss 1.38
Total 9.29

11976 dollars

CONCLUSION

Data from the literature are used as the
basis for a preliminary process design and
analysis of the extraction of lithium from
Smackover oil-field brine by means of the
chelating agent dipivaloylmethane (DPM).
Assuming the feasibility of the scale-up of
the process chemistry, process-design calcu-
lation was performed as a production rate of
lithium. A typical example of lithium
production rate of 10° kg/yr is tabulated. The
major pieces of equipment needed are
described. Energy requirement (converted
from thermal to electrical energy) for the
process is low, 0.426 kwh(e)/gm. Production
cost of the most economic process investi-
gated is 5.52 cents/gm (1976 dollar) for a
production plant of 10° kg/yr. This price is
compatible with the present cost of lithium
of 3.3 cents/gm.
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Figure 2. Flow diagram for lithium production from Smackover oil-field water using direct liquid-liquid extraction with

water evaporation.
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