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MEMORANDUM OF THE CHAIRMAN

To Members of the Senate Interior and Insular Affairs Committee:

I am transmitting for your information a report entitled “Mineral
and Water Resources of South Dakota,” prepared by the U.S. Geo-
logical Survey at the request of our colleague, Senator George
MecGovern.

This detailed survey will be particularly helpful to government
and business leaders in South Dakota. It will also be valuable to the
Congress and members of this committee as we consider legislation
regarding mineral, water, and related energy development.

Hexry M. Jackson, Chairman.
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FOREWORD

This report was prepared at my request by the U.S. Geological
Survey and the Department of the Interior, in cooperation with the
South Dakota Geological Survey and the South Dakota School of
Mines and Technology.

I am confident that it will prove to be an invaluable updating of a
similar report published by the Senate Interior and Insular Affairs
Committee in 1964. The 1964 report was a valuable tool in assisting
Federal, State, and local decisionmakers in planning ahead for the
future of South Dakota. Now, after the passage of over a decade, a
revised version is needed so that we may continue this effort and to
take into account the great wealth of mineral and water related
information which has been developed in the intervening years. As
the needs and goals of our society have changed, so too has the scope
of the information required to make the decisions to meet these goals.
The new “Mineral and Water Resources of South Dakota’’ will 20
far toward meeting this requirement as South Dakotans look to the
decades ahead.

I wish to thank the personnel of the Department of the Interior,
the South Dakota Geological Survey, and the South Dakota School
of Mines and Technology for their contribution to this report.

GEorRGE McGoOVERN.
V)



LETTER OF TRANSMITTAL

U.S. DEPARTMENT OF THE INTERIOR,
GEoLoGICAL SURVEY,
Reston, Va., April 24, 1975.
Hon. GEoreE McGovERN,
U.S. Senate,
W ashington, D.C.

DEear Senaror McGovern: In response to your letter of Febru-
ary 8, 1974, we are pleased to transmit herewith a report on the
minera] and water resources of South Dakota.

The report was prepared by the U.S. Geological Survey with the
help of the South Dakota Geological Survey, the South Dakota
School of Mines and Technology, the U.S. Bureau of Reclamation,
and the U.S. Bureau of Mines.

The report describes all the various kinds of mineral deposits
known in South Dakota. It tells where they are, sums up the funda-
mentals of the geology, explains their importance to the State economy,
and indicates how and where further deposits may be found.

The section of the report on water resources treats both the surface
water and ground water. It explains the distribution and availability
of water, both geographically and geologically, and discusses past and
future development of supplies.

We hope that this report will be helpful to yourself and your
colleagues and also to officials and residents of South Dakota.

Sincerely yours,
Henry W. Counrsr,
Acting Director.
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MINERAL AND WATER RESOURCES OF SOUTH DAKOQOTA

INTRODUCTION
(By J. J. Norton, US Geological Survey, Reston, Va.)

This report is the second, and an almost completely revised edition
of a volume issued in 1964 by the Committee on Interior and Insular
Affairs, U.S. Senate, and also as Bulletin 16 of the South Dakota State
Geological Survey. In the intervening years there have been many
changes. The State’s gross economic product nearly doubled between
1964 and 1972 (Michael Keegan, written communication, May 1,
1974). The output of farm products, which is much the largest business
in the State and depends heavily on knowledge and proper use of water
supplies, more than doubled in value. :

The price of gold in 1964 was $35 an ounce, where it had been pegged
for many years. The fixed price and the increased costs, resulting from
inflation and from the greater depth of mining, threatened extinction
of the State’s chief mining industry. Fortunately, through skillful

‘management aided by a reduction in taxes, the Homestake mine, which

has produced more than 90 percent of the gold and was the only gold
mine still operating, was able to stay open. In 1974 the price of gold
has generally risen to four or five times the previously fixed U.S. price.
Reevaluation of old deposits and the search for new deposits in the
Black Hills are resuming after a lapse of more than 30 years. Mean-
while new knowledge of the geology of the Black Hills and older knowl-
edge now receiving much closer attention have brought optimism that
sizable new deposits can be discovered.

Renewed exploration for gold may be accompanied by the discovery
of other metals. Lead-silver and lead-zinc deposits, which have been
mined in the past, can again become important. Discovery of deposits
of other metals, such as molybdenum and copper, which have never
been significant in the State, is a possibility worth attention. Iron
deposits of considerable size and quality have long been known in the
Black Hills, but economic influences are likely to continue to delay
their development.

Second only to gold among the mineral products of the State are the
construction materials, especially sand, gravel, and stone. These in-
dustries have remained vigorous, though fluctuating somewhat with
economic changes. Commercial activities of every description depend
so heavily on these products that a constant increase in knowledge of
their availability and quality is essential to economic well-being.

Many mineral commodities of some importance in the past have ex-
perienced a decline. Some of them, such as sheet mica, which has in
many years been a major industry in the southern Black Hills, may
never be mined again. The market is supplied by other and cheaper
sources elsewhere, or substitutes have taken their place.

Uranium, oil, and coal have all been produced in moderate quanti-
tities. An experimental coal gasification plant was built in Rapid City

(1)
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in 1969, and a coal boom in Wyoming and eastern Montana may ex-
tend its influence into South Dakota. In 1973 the general public was
abruptly forced into awareness of the supply problem in oil and gas,
and even persons long knowledgeable about the subject from the
technical and trade literature were surprised at the suddenness with
which it became a major concern. Increased prices and efforts to avoid
environmental deterioration have heightened the effect. A result may
be further exploration for oil in the ‘Williston Basin in central South
Dakota, development of coal in the northwestern part of the State, apd
additional search for uranium on the flanks of the Black Hills.

Similar problems lie in wait for the nation among other mineral re-
sources, especially the metals (Pratt and Brobst, 1974). Some of these
mineral products are known to be obtainable in South Dakota, and
there are grounds for suspecting the existence of others. The need for
increased geologic. knowledge will accelerate, both to find deposits and
to comprehend the environmental problems associated with their use.
Geologic investigations will include not only the long standing con-
ventional and relatively low cost field techniques of regional study and
exploration but also the more sophisticated geochemical and geo-
physical techniques that elucidate the subsurface geology. ;

At the same time that the hazards of national dependence on im-
ported mineral supplies became widely apparent, the United States
assumed increased importance as an exporter of farm products. The
study of soils, though dependent on the sciences of geology and min-
eralogy, is outside the scope of this report, as is a review of water from
rainfall. But surface water (the water of streams and lakes), which is
used for irrigation as well as other purposes, and ground water, which
is tapped by wells, will be discussed in some detail in the final section
of this report. This water, because it is in rather constant supply, is
commonly used for city water systems, for industrial purposes, and on
farms to meet domestic needs and for cattle. Waste water—or sewage
with various degrees of treatment—is in one way or another returned
to the surface and ground waters; the capability of receiving such
waste without harming sources of supply elsewhere is important.

This report will place somewhat more emphasis on the future out-
look than did the 1964 report. A key issue is the potential for discover-
ing new ore deposits or for enlarging the known reserves in previously
identified deposits. Similarly important is the enlargement of knowl-
edge of water supply, of how to facilitate its further use, and of what
the ultimate limits to this use may be.

The fundamentals of the geology of the State will be discussed in
the detail necessary as background for the resource appraisals. The
use of certain geochemical and geophysical techniques will be sum-
marized, for they will become increasmgly important. Activities of
the Earth Resources Technology Satellite system (ERTS), a major
tacility of which has been established at Sioux Falls, will be unmen-
tioned because they extend into many fields other than those covered
by this report and their applications to mineral and water investiga-
tions are still in a developmental stage. Environmental problems
arising from the use of mineral and water resources and from certain
geologic processes are such a large subject that they will be de-
scribed only briefly, but a guide to their basic nature has in recent
years become a necessity in the understanding of mineral and water
Tesources.
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The resources themselves will then be treated in some detail. Refer-
ences to the thousands of pages of publications and the many maps of
various kinds will be supplied for the further guidance of the interested
reader. Metals will be examined first, then nonmetallic minerals, next
the mineral energy sources, and finally water.

52-869—75 2




HISTORICAL BACKGROUND
(By J. J. Norton, U.S. Geological Survey, Reston, Va.)

South Dakota is, in many senses, a very youthful State. The two
Dakotas entered the Union in November 1889 as the 39th and 40th
states. Even the Dakota Territory was established only in 1861.
Many persons living today were once personally acquainted with
pioneers. As recently as 1950 a winner of the Congressional Medal of
Honor at the Battle of the Little Bighorn in 1876, Charles A. Win-
dolph, died in Lead. .

The last 25 years have seen the completion of much of the State’s
now modern intercity highway system, the development of most of
the State’s important tourist business, and the construction of all the
dams on the main stem of the Missouri River and many smaller dams
for flood control, electric power, and irrigation, as well as recreational
activities. Half a century ago it took two days to drive an automobile
from Rapid City to the state capital at Pierre—and an extra night
also if one missed the last ferry across the Missouri River. The great
river itself, being not readily navigable, subject to flooding, and costly
to bridge, was less the natural resource it really is than a cause of
inconvenience or actual hazard. And the tourist industry was non-
existent. _

This veport is being written in the centennial year of the 1874
exploration of the Black Hills under General George A. Custer,
commanding one of the last, largest, and best equipped military
expeditions in the West. Publication will be in 1975, 100 years after
the discovery of gold at Deadwood, which soon led to-the opening of
the Homestake mine and to the development of the many other gold
mines of the northern Black Hills. Yet the original discovery of gold
was in the southern Black Hills by the Custer expedition. This dis-
covery is now widely regarded as its principal accomplishment,
through in fact the most important result was to open the area west of
the Missouri River to development.

The two decades from 1870 to 1890 were also the period of the main
land rush east of the river. In 1870 the population of what is now
South Dakota was about 10,000; in. 1880 it was 98,268; and in 1890
was 328,808 (Schell, 1968, p. 159).

This is not to say that the region was totally unknown or untouched
in earlier years. The Lewis and Clark expedition crossed South
Dakota on the Missouri River between August and October of 1804
at the start of their exploration of lands acquired in the Louisiana
purchase. On their return trip, after reaching the Pacific coast, they
travelled down the Missouri in 1806.

Even Lewis and Clark had predecessors. French, Spanish, and
British fur traders and explorers had known the area and its native
inhabitants. The 1790’s saw important expeditions to start a major
fur trade along the Missouri River (Schell, 1968, p. 32-36). More than
a century earlier, in 1679, a French expedition may have touched on

%)
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th(;, northeast corner of what is now South Dakota (Schell, 1968, p.
25).

The fur trade began in earnest not long after the Lewis and Clark
expedition. Its most active years were between 1815 and 1850 (Schell,
1968, p. 50). Among the many trading posts, most of which were on the
Missouri River, the chief one was Fort Pierre, established in 1832,
which with a slight change in geographic position later became a city
that has been continuously inhabited ever since. It.was named after
Pierre Chouteau, Jr., a business leader in the fur trade. The city of
Pierre, on the other side of the river, was first laid out as a railroad ter-
minus, when the Chicago and North Western Railway reached the
Missouri River in 1880. Its present importance as the state capital
came much later. , o

With the decline of the fur trade and the onset of the Civil War,
the rate of dévelopment of South Dakota became negligible. When the
Dakota Territory was formed in 1861, its population was exceedingly
small. Schell (written communication, 197 4) estimates the 1860 popu-
Tation of settlers in South Dakota at only 500. Yankton, the first
capital, was also the first city to become incorporated, though not
until 1869. Meanwhile the westward migration largely bypassed
South Dakota, going to mining regions farther west and onward to the
Pacific coast via the Platte River valley in Nebraska and other
routes. ' ' T

Development really began with the land boom and the mining rush
of the 1870’s and 1880’s. For a long time the Black Hills was separated
from the rest of South Dakota by a broad expanse of land with a sparse
Tndian population but otherwise crossed only by wagon trains. The
first railroad to reach Rapid City came from the south in 1886. Rail-
toads from Pierre and Chamberlain, built in 1905-1907 (Schell, 19688,
p. 253), had a key role in unifying the eastern and western parts of
the State. _ _ ‘

The period of sod-busting and the beginning of crop-farming,
mainly east of the Missouri River, were succeeded by the start of
what became a major cattle industry, especially west of the river.
For a few years in the 1890’s Belle Fourche at the north fringe of the
Black Hills was the largest primary cattle shipping point in the
world (Schell, 1968, p. 250). Open range cattle operations had begun
after the extermination of the buffalo in the mid-1880’s and came
virtually to an end about 25 years later as much of the public domain
passed Into private ownership and lands were fenced (Schell, 1968,
p. 242-267). The industry then continued on privately owned ranches.

Long periods of drought have been troublesome, especially when
they followed long periods of relatively prosperous agricultural ac-
tivity. The 1930’s were the most devastating, but a series of dry years
between 1886 and 1897 (Schell, 1968, p. 343) showed the pioneers the
merit of caution. Modern techniques in the use of water have alleviated
but not eliminated this hazard.

Severe winters have also been damaging, especially to cattle, but
much less so in recent years than in the 19th century. The inecrease in
the number of settlements, the growth of windbreaks, improvement
in weather forecasting and communication, and storage of hay for
winter feeding started causing this change at an early date. Modern
transportation has done much more. Even aircraft, especially military
aircraft, were used in South Dakota after World War 11 to drop hay to
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stranded herds of cattle. The storms of January and February 1949,
which were perhaps the worst ever experienced in the West, did much
less damage than bad storms of winters during pioneer times.

A Dbright spot in the State economy of the 193(’s was mining in
the Black Hills, especially gold mining but also feldspar mining. The
increase of the price of gold to $35 an ounce in 1934 was especially
influential. The gold industry had pever, from its very beginning,
gone through a prolonged decline nor a startling increase. Yet the
dollar value of the output from 1936 through 1940, which exceeded $20
million yearly, was three times that of 1926—1930, thus greatly helping
a depression-riddes and drought-stricken State economy. Feldspar,
though generally with an annual production of only $100,000 to
$150,000, also greatly exceeded previous levels, for it too had depres-
sion resistant characteristics, especially as a constituent of glass
containers used in home canning.

An event of the 1930’s that had much more economic impact than
could possibly have been perceived at the time was the carving of the
monument at Mount Rushmore. After World War IT this attracted a
mass of tourist traffic to South Dakota that might otherwise have
taken other routes. The focus on Mount Rushmore encouraged a great
Increase in visits to the Badlands and to other Black Hills attractions,
especially Custer State Park, Wind Cave, and Jewell Cave.

World War II brought prosperity to crop farming and cattle
raising as well as other phases of the State economy. An ordnance
depot in the southern Black Hills and several Air Force training
centers were established. Ellsworth Air Force Base at Rapid City
became a permanent installation after the war. In the Black Hills the
lumbering industry and pegmatite mining, especially for sheet mica
needed for military electronic equipment, attained new levels of
importance. Gold mining, however, was shut dowrn. by Goverement
order to release workers for employment in more critical industries. The
Homestake Mining Company continued its lumber operations and
nsed its surface facilities at the mine for war work.

Prosperity continued after the war, though with sporadic and gener-
ally modest ups and downs. A drought in 1974 and economic deteriora-
tion of other kinds appear likely to be more serious.

Though the gross State economic product has increased greatly,
the population has been almost without change, quite unlike the great
increases elsewhere in a widespread movement to urban centers. The
population was 652,740 in 1950 and 666,257 in 1970, and the two
largest cities, Sioux Falls and Rapid City, had only 72,488 and 43,836
petsons in 1970. The major urban centers serving South Dakota are
outside the State, the nearest being Omaha, Minneapolis-St. Paul, and
Denver. Rapid City had a very destructive flood in June 1972, from
which it has made such a remarkable and well managed recovery that
the net economic result may be an actual improvement; measures to
protect against a similar future event should reduce the saddest result
of all, the considerable loss of life.

As the 1970’s unfold, the gold mining industry shows signs of going
through a rejuvenation, for advances in geologic knowledge have indi-
cated that exploration for major new deposits concealed in the sub-
surface has a considerable likelihood of success. Lead-silver deposits
hold similar, if less dramatic, possibilities, and certain other kinds of
mineral deposits also offer promise. Water resources of the State
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continue to present problems, especially through damage done in
years of low rainfall, but technical progress will continue to effect
improvements. Hazards of major floods have, however, been enor-

mously diminished.
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THE MINERAL INDUSTRY OF SOUTH DAKOTA
(By J. J. Norton, U.S. Geological Survey, Reston, Va.)

The mineral industry, which started: as the key influence on the
original development of western South Dakota, has continued to be
important down to the present day. The total value of mineral produc-
tion in 1973 was about $80,000,000.

A brief discussion of the State’s mineral industry, and particularly
of the overall production statistics shown in table 1, seems desirable
before describing the geology and mineral resources in greater detail.
Water is in a sense also a mineral resource, and the understanding
of it requires at least as wide a range of geologic data. Yet the sta-
tistical treatment of water and its geologic background present such
different problems that it is not ordinarily regarded as a part of
the mineral industry but as a separate and very large subject. For
these reasons discussion of water will be deferred to the final major
section of this report. '

The industry has always centered on gold, which accounted for 43
percent of the total in 1973. Nonetheless, the bulk nonmetallic
materials have impressive dimensions: the value of sand and gravel
was 21 percent and of stone was 14 percent of the 1973 mineral pro-
duction. The remaining 22 percent consisted chiefly of cement and
other commodities for which 1973 production figures have not been

published,
TABLE 1.—MINERAL PRODUCTION OF SOUTH DAKOTA
[From U.S. Bureau of Mines except as noted]

Total production through
1973 1973 preduction

Earliest
year of Value Value
record Quantity (thousands) Quantity (thousands)
Gold (troy ounces)_____._______________.______ 1875 35,484,483 §1, 065, 632 357,575 $34,974
Silver (thousands of troy ounces). _ 1889 13,048 10, 897 184 72
Lead (short tonsy__ _________ . 77 1877
Zine (short tons)._______ e 1942
Iron ore (usable, long tons)_______ 1880

Tungsten (short tons, 60 percent WO.
Vanadium____._____________ 1560

Tin (pounds)_ . _______ 1884
Manganese (short tons) 3. 1891
Molybdenum _______._ 1964
Copper (short tons)__________ """ 1910
Sand and gravel (thousands of short tons)___ 1888
Cement (thousands of 376-1b barrels)_____ —— 1925 3
Stone (thousands of short tons)_._________ .. 1889 67, 356 219,033 2,745 11, 607
Clays, bentonite, and lightweight aggregate (thou-
sands of shorttonsy2.__________ " 7 _ 1888 8, 559 45,962 201 181
Feldspar (thousands of long tons) 1923 21,713 29,531 @ (0]
Sheet and punch mica (pounds)._ 1879 7,067,537 3,074 ol

1899 253,911

Scrap mica (short tons)_____ %y e

Lithium minerals (short tons)

Beryl (shorttons)._._._.___ 1914 5, 364
Tantalum-columbium concentra 1805 2187, 862
Gypsum (thousands of short tons) 1884 2701

Gem materials________________ '~ 1506 g)
3,421

Petroleurn (1,000 42-gal barrels)__ 1954
Coal (thousands of short tons)_______ 1895 1,393
Uranium ore (thousands of short tons)_ ¢ 1956 3373
Undistributed.._________________ T v1877 .
Total e 1875 ...
1 Confidential figure; included in “‘undistributed.”

2 Some figures withheld as confidential but included in “undistributed.”

3 Excludes manganese nodules shipped for experimental work in 1940-42.

4 From table 9. Includes some 280-tb barrels.

5 Not available. : 5 A i

© 1956 is the date a mill began processing ore in South Dakota. Mining actually began shortly after the discovery of
uranium in the southern Black Hills in 1951 but the ore was shipped to plants outside the State.

7 Includes confidential figures and production of minor mineral commodities.

9)
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Many materials that were prominent in the past, such "as the
pegmatite products mica, lithium minerals, beryl, and tantalite-
columbite, have little production at present. Tungsten mining, once
of some importance, has no promise for revival in the short term and
perhaps never in significant amounts. : ‘ :

Changing patterns in future mineral production are equally expect-

able, and increased productions of several commodities appears likely
to. far more than offset the contractions. For example, neither coal
nor uranium was produced in 1973, ‘but production of each is likely to
be resumed. Recent-increases in petroleum prices will encourage
further exploration, the necessary. first step for increasing produc-
tion. - _ L ‘
. Improvements in understanding of Black Hills gold ‘deposits have
added to the likelihood that more deposits can be found concealed
beneath the surface. The large increase in the price of gold is a still
greater stimulus to exploration. -

Sizable iron deposits have for some time been known to exist.
The solution of - technical problems and the need to preserve the
environment, which.is both a cost and a social problem, are likely to
delay but not permanently prevent the establishment of an iron mining
industry. L , . . ‘

The lead-silver and lead-zinc deposits on the flanks of the Black
Hills have never been thoroughly explored. Geologic similarities with
mining regions elsewhere indicate that larger deposits can exist ab
depth. Exploration to test this possibility may someday be attempted.

Among the other major metals, molybdenum and copper deposits
worthy of attention might be found in western South Dakota. Evidence
is meager and the conclusion is partly deductive, but the implications
are clear. .

Sand, gravel, and stone will continue to keep pace with the regional
economy, for most such material is used locally. Bentonite, which is
shipped outside the State, has declined and is unlikely to increase in the
near future. Production of other clays and of all other nonmetals

robably will not increase significantly. :

South Dakota has not been a major source of oil and gas, coal, .or
uranium, but it has been a significant producer-and has potential for
all three. The chief oil and gas area is in the Williston Basin, the south
end of which occupies much of the western part of the State. Explora-
tion and discoveries increased in recent years until the output was
worth nearly $1 million in 1973 and probably very much more in
1974. This is small by the standards of the oil industry but nonethe-
less appreciable as a contributor to the State cconomy. Lignitic coal
has long been mined in the northwest part of the State and resources
are sizable, though there is no activity now nor likely to be much
in the immediate future because deposits nearby in Wyoming and
Montana are superior. Uranium, especially in the southern Black.
Hills, attracted attention in the 1950’s and 1960’s and probably will
do so again as nuclear power plants become more numerous. A process-
ing plant at Edgemont handles most of the uranium ore.

Many of the metals and also petroleum and uranium differ from
most of the monmetals in one important. economic: respect. Some
mineral exploration and mining, 2s for gold, are high risk ventures,
but the financial risk -is justified because very rich and profitable
deposits may be found. Other mineral products, such as crushed stone
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or sand and gravel, carry no more risk than is normal for any business
and the profits are correspondingly modest. These products are, for
the .most part, only common rock, existing in.abundance, mined by
simple methods, and sold to nearby users. They cannot.yield a large
financial ‘return because a company charging excessive prices- can
readily be undercut by competitors entering the business. . '~ - .

Msdny mineral commodities sell at. virtually: the same price world
wide. Very rich deposits yield large returns to the ownership and
generally have highly. skilled, and thus- highly paid, employees to
mine them and to operate mills and other processing. plants. The
other side of the coin is that deposits of marginal quality are treated
with caution if they require a large capital outlay, for unfavorable
developments elsewhere can quickly cause a severe financial setback.
Companies ‘are unwilling to undertake exploration or to prepare to
mine ‘e deposit unless a profit proportionate to the risk is ‘expectable.
Conservatism is widespread among major mining companies, perhaps
not by déliberate plan but because companies that act conservatively
are the ones most likely to survive. To accept a large risk can, if the
results are. adverse, cause great. damage and. even bankruptey; to
refuse to accept it can-at. worst only prevent the company from be-
coming larger and. more profitable. A : g

The economics of mining is too complex to:cover fully here. A key
point is that mining of an effectual kind, even for precious metals, Is
no longer the adventurous activity, with little planning or.no true
planning at all, and with small capital-expense, that it oftentimes has
been in the past. Tales of individuals who made rich: strikes were
widespread as recently as the uranium boom of the 1950’s, but such
strikes were very rare and oftentimes not as successful as anticipated.

Mining is-a far more important basic industry than its production
statistics generally imply. In South Dakota, as elsewhere in the
nation, the sales value of minerals is greatly overshadowed by that of
farm products, which in South Dakota during 1972 had a value of
$914,300,000 (Micliael Keegan, written communication, 1974). Yet a
comparison of the sales values of minerals and farm products, using
the ‘conventional methods of calculating' them, can be misleading.
Most mineral products increase far more in value as they pass through
the manufacturing and marketing: chain to the consumer than do
farm produects. .. - S ,

A dispassionate review of modern -mining, mineral economics, and
the potential of the mining industry of South Dakota fails to- tell the
whole story, either of the nature of mining through much . of the
State’s history, of its contributions to the romantic accounts of fact
and fiction engendered by events of the early years, or of calamitous
financial experiences that diminished the- reputation. of Black Hills
mining. : ' : . _ ‘

Deadwood has become a part of legend as one of the most lawless
settlements eéver to exist on the frontier. Even its name is picturesque.
The poker hand held by Bill Hickok at the time of his murder in 1876
is still known as the dead man’s hand. Many of the unsavory aspects
of the time are documented by contemporary writings; some of. the
rest have been passed down by word of mouth, probably changed
somewhat by fallible memories and a temptation to color the facts.
Actual daily life undoubtedly consisted mostly of hard work and the
endurance of harsh conditions.
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The historical record of early mining has similar strengths and
weaknesses. The exceptional tends to be emphasized by the expense
of the ordinary. Prudence requires applying 2 discount even to
written records. The physical evidence of mine workings is in many
instances a more reliable indication of what was actually done,
even this has its drawbacks, for extensive mine workings do not
?eceflsa,rily mean that a proportionate amount of ore was actually
ound. :

Black Hills mining has seen its full share of financial adventures
that were unwise, mismanaged, or worse. Certainly the region con-
tributed to the popularity of the phrase “gold fever,” which is a disease
not caused soleﬁr by gold. Even today, worthless stock certificates of
early mining companies occasionally are found in attics and old files.
The tin exploration and mining centering on Hill City from 1884
to 1893, which yielded only about $43,000 worth of tin (Cummings
and others, 1936, p. 1-4), supposedly cost at least $3,000,000, which
Wwas an enormous sum at the time. The extent of mine workings and
the apparent size of the mills imply no such expenditure. Either a
great amount of injudicious and fruitless prospecting was done, or
the cost was less than believed, or funds were diverted to other
channels. Recent minersl activities in the West, especially during the
uranium Tush of the 1950’s, indicate that similar experiences remain
possible. They indicate also, however, that important discoveries can
still be made. :

The first mining in South Dakota was in small plots of gold placer
ground, operated by a few men or even only one man. Mining of
bedrock deposits scon came into being, and with it a need for larger
organizations, mechanical equipment, and capital. Nevertheless the
mines were very small by modern standards. With the passage of tims,
most of the more productive gold deposits came to be operated by only
three companies. Other mineral products began to take on importance,
generally in small mines which in only a few instances ever became
large. Small mines were common as late as the 1950’s for such products
as uranjum and the various pegmatite minerals. Much of this kind of
mining subsequently expired or diminished greatly as®large mines
elsewhere took over the market.

Profitable modern mines are, with some exceptions, very large. The
first step is extensive and costly exploration; the next is a period of
mine development and plant construction lasting several years; and the
ultimate fruit is a large and technically intricate operation. Small and
short-lived mines are a thing of the past in the metals and some other
mineral fields except in such unusual instances as when a small but
very high grade deposit is discovered. Small mines remain occasionally
important for products such as sand and gravel that are shipped only
a short distance and for specialized commodities having a widespread
but small market. o '

Subsequent chapters of this report will indicate that South Dakota
still has the potential for the discovery of important deposits and for
the development of deposits already known. Exploration for such
deposits and development of them are rarely suited to individuals or
inadequately equipped small organizations. Instead the effort must be
well supported by funds and by many kinds of expertise.



GEOLOGY
INTRODUCTION

(By J. J. Norton, U.8. Geological Survey, Reston, Va.)

The ordinary view of South Dakota, especially to those who speed
across the State in an automobile, is that it consists of a broad ares
of flat or rolling land interrupted in the west by a small mountainous
area known as the Black Hills. One: also notices that the higher
rainfall areas of the eastern part of the State, belonging to the long
grass prairie of early times but now a prolific source of crops, change
westward to the short grass prairie, where cattle raising is the main
economic activity. In the Black Hills one enters pine forests and a
terrain resembling, on a small scale, the Rocky Mountain ranges
farther west. :

The most important geographic feature is the Missouri River, which
with its many tributaries drains all of the State except a small segment
at the northeast corner in the Minnesota River Valley. The Missouri
River enters the State near the center of its north border, then flows
south to Pierre, southeast to the Nebraska border, and along the border
to_the southeast corner of the State. It traverses a distance of 500
miles in which its altitude drops from 1500 feet to 1100 feet. Most of
the State east of the rim of the Missouri Valley is between 1200 and
2000 feet above sea level, but to the west altitudes are enerally
between 2000 and 3200 feet until, at the edge of the Black ills, they
begin an increase that ultimately attains 7242 feet at the summit of
Harney Peak.

The only consistently large flow of water is along the main stem
of the Missouri, which is generally known in the State as “the river.”
All the tributaries have periods of very low flow. The principal
tributaries in the east half of the State are the southward flowing
James and Big Sioux. To the west the main streams are the Grand,
Moreau, Cheyenne, and White, all of which flow eastward. The
largest of these is the Cheyenne, which circles the south and east
sides of the Black Hills and is joined by its tributary, the Belle Fourche
River, which comes from around the northern rim of the Black Hills.
All surface drainage from the Black Hills enters one of these two
rivers,

The largest physiographic subdivision of the State is the Missouri
Plateau, which extends from the hogbacks around the Black Hills to
the west edge of the James River basin. Along the south edge of the
State, in Bennett and adjacent counties, & small area of the High
Plains enters from Nebraska. The Missouri Plateau is unglaciated
west of a line near the river and preserves its preglacial character.
It has undulating uplands dissected by stream valleys, sizable flood-
plains along the larger streams, occasional bluffs and buttes, and
areas of badlands. Badlands are most prominent near or along the

(13)
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White River. The most spectacular display is in the Badlands National
Monument of southeastern Pennington County.

Fast of the river the stream systems were disrupted by glacial
action so that large areas lack a well-developed drainage system and
have many ponds and lakes. The Missouri Plateau east of the river
consists of rolling uplands cut by a few small valleys. Farther east is
the lowland of the James River valley, which in large part was once a
glacial lake. Beyond this, between the James and the Minnesota River
valleys, is the Coteau des Prairies or Prairie Hills, with a great many
ponds and lakes. The northeast side of the Prairie Hills drops down
about 1000 feet within a few miles to the Minnesota River valley.

The geologic map of the State (fig. 1), which is based on King and
Beikman (1974), and the generalized stratigraphic chart (fig. 2) sum
up what is known about the rocks. In most of the State the bedrock is:
the Pierre Shale, a dark gray shale formed in the late part of Mesozoic
time, which is commonly known as the age of the dinosaurs. Older
rocks come to the surface in the Black Hills and in the southeast and
northeast parts of the State: Younger rocks lie above the Pierre Shale
west of the Missouri River in broad areas along both the Nebraska and
North Dakota borders. The glacial boundary, also shown on the
ceologic map, marks the edge of an area, extending over the east half
of fﬁle State, in which glacial deposits conceal much of the underlying
rock. - : S
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' Nearly all the rocks that were formed since the end of the Mesozoic
(about. 65 million years ‘ago) are continental sediments; the only
exceptions .are deposits from one incursion of a seaway into north-
western South Dakota and a group of igneous intrusive rocks in the
northern Black Hills. Older rocks, exposed at the surface or cut by
drill holes, are almost entirely marine, deposited in seas that entered
and withdrew from the State many times, so that deposition of sedi-
ments and intervals of erosion, marked by unconformities, alternated
frequently. Some of the very oldest rocks are granites or other igneous
bodies, but few of. these are at the surface, even though apparently
abundant in deeply buried parts of the Precambrian basement.

The oldest dated rocks are granites about 2500 million years old,
which places them inthe older part of Precambrian time. In at least
one place a dated granite of approximately this age intrudes schist of
still greater age. In the Black Hills a series of many tens of thousands
of feet of metamorphosed and intensely folded sedimentary rocks with
& few bodies of metavolcanic rocks were formed probably after the
2500 million year date and certainly before the crystallization of the
Harney Peak Granite about 1700 million years ago. A few dates from
subsurface samples-in the southern part of the State range from 1410
to 1460 million years. Otherwise the geologic record indicates nothing
but erosion until a thick quartzite was laid down in the central and
southeast part of the State, probably about 1200 million years ago.
This event was succeeded by another long blank in recorded events
that lasted until about 500 million years ago, when the Late Cambrian
Deadwood Formation was deposited.

The advance and subsequent retreat of the Deadwood sea was the
first of a series of such advances and retreats that continued until the
end of the Paleozoic, about 225 million years. ago. Paleozoic units are
exposed only around the Black Hills, where they are thinner and leave
a much less complete record than obtained in the subsurface from drill
holes. Paleozoic rocks underlie the western and central parts of the
State but were either never deposited or have been eroded away in the
east. o , :
Mesozoic seas extended over the entire State, leaving several
thousand feet of sediments that have been eroded away in only a few
places. The Cretaceous is especially well-represented, widely exposed,
and greatly studied. =~ ' : - j

With retreat of the sea near the end of the Cretaceous, continental
sedimentation and even coal swamp conditions took over, and the
uplift of the Black Hills as well as the Rocky Mountains began. By the
beginning of Oligocene time the Black Hills had much the same form as
today, but were then partially buried by a blanket of sediments that
spread over much of western South Dakota. Most of what remains of
these sediments is distributed along the White River, from which they
take their name.as the ‘White River ‘Group. Subsequent alternating
sedimentation and erosion followed by glaciation and then modern
conditions complete the geologic history. 3

The overall structure of South Dakota is very simple at the surface.
It consists mainly of the oval dome forming the Black Hills and
nearly flat-lying sedimentary rocks virtually everywhere else. In the
subsurface the circumstances are more complex. The largest structure
is the thick lens of sedimentary rocks in the Williston Basin, which
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e
Rock unit thickness v us
(feet) for boundaries
{in million years)
Holocene Stream and lake sediments
uaternar i i
Quat v pleistocene Glacial deposits _and stream 800
and lake sediments
o 3 1.5-2
5 1 -
Pliocene Ogallala Formation 00 Lca. v
Batesland Formation 60
Rosebud Formation 250
GENOZOIC Miocene Harrison Formation
Arikaree
Monroe Creek Formation 600
B Group
Tertiary Sharps Formation -
White River | Brute Formation 600 10lig%cene)
ligocene =38 ——
Oligoct Group | chadron Formation Eocene
e e~~~ intrusive | (Eccene)
- ) Tongue River Formation rocks
Paleocene | Fort Union Cannonball Formation -54 ————
: . Group - 1000 (Paleocene}
Ludlow Formation o5
+ Hell Creek Formation 400 i
Montana Fox Hills Formation 400
. Group Pierre Shate : 3000
. Upper Niobrara Formation 220
L Colorado | Carlile Shate 550
e Group  VGreenhorn Limestone 1 380
»
Cretaceous Bellé Fourche Shale ‘| 450
o Mowry Shale T 250
Newcastle Sandstone 100
MESOZOIC Lower Skull Creek Shale 250
Inyan Kara Fall River Formation 150
Group Lakota Formation 550
I 136
Morrisan Formation 350
Upper
Sundance Formation 740 '
Jurassic - = .
Piper Formation 125
Middle
Gypsum Spring Formation 200
8 2 190-195
Triassi: i i 775
riassic Spearfish Formation ] L 225
Minnekahta Limestone 40
Permian
QOpeche Shale : 125
Pennsylvanian Minnelusa Formation ) 1400 "igg
{Big Snowy . . 11
Group) (Kibbey Sandstone) o ) oo
" . (Charles Formation) 550
ississippian’ (Madison — -
r 1
. N Group) {Mission Canyon Limes! one)rp_ahvasapa 1300
(Lodgepole Limestone) I‘—'m"s“"‘e
— Englewood Formation L 70 |-345
PALEOZOIC (Three Forks Shale)
Devonian {Bird Bear Formation)} . .
{Duperow Formation) 600
"(Souris River Formation)
396 ——
Silurian (Interlake Grou ;
. P} . 430-440
B § (Stony Mountain Formation)
{Bighorn —
Ordoyiciar Group) {Red River Formation) or 600
rdovietan, ;- | Whitewood Dolomite
Winnipeg Formation 180
P B - o N ca. 500
Cambrian Deadwood Formation 600 570
Sioux Quartzite 5000
iments, 17 Vi
metagabbro, granite, and
PRECAMBRIAN granite gneis‘s where exp?sed. At least
Largely granite and granite 6
< 1 0,000
gneiss in'subsurface. Formas
tion names in use apply only
to small areas
3000~

Fiaure 2.— Generalized stratigraphic chart showing rock units of South Dakota.
The nomenclature of this chart is not necessarily that accepted by the U.S.
Geological Survey. Names shown in parentheses apply only in the subsurface.
Compiled by E. A. Merewether after Sandberg (1962, fig. 6), Flint (1955),
Harksen (this report), Mallory, ed. (1972), Gries (this report), and Geological
Society of London (1964).
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extends from South Dakota far into Canada. Its south end includes
about one-third of the State, beginning east of the Black Hills and
becoming wider and deeper to the north until the thickness from the
surface to the Precambrian contact is about 10,000 feet at the North
Dakota boundary. The northeast part of the State is quite different,
for the top of the Precambrian basement has a gentle inclination and
is at a much more shallow depth. To the sout%, in the region from
Sioux Falls to near Pierre, the basement makes the Sioux Arch. Other
subsurface arches, basins, and nearly flat areas are distributed along
the south boundary of the State west of the Missouri River.

The foregoing summary of the geology will suffice for many users
of this report. Others will need the greater detail in succeeding
chapters, and still others will want to refer to the extensive literature,

- the most important parts of which are in the list of references,

For persons who need information on physiographic details, the
best sources are the topographic quadrangle maps shown on figure 3.
Much of the State has been mapped at a scale of 1:24,000 (2.64 inches
to; the mile). These maps are basic tools for many investigations in
geologic, water, engineering and agricultural fields as well ags in plan-
ning of many kinds. They may be purchased from the Distribution
Section, U.S. Geological Survey, Federal Center, Denver, Colorado
80225, and may also be obtained from a few sources in the State that
carry a small stock. An index map showing the names of all available
maps is updated each year and issued free by the U.S. Geological
Survey. Information on topographic work in progress can be obtained
from the same source. _ oo ,

52-369—-75--— 3
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Detailed geologic maps are less numerous, for they are more difficult
and costly to make and thus center around localities of special interest.
The outlines of areas mapped with considerable detail are shown in
figure 4, and areas of somewhat more generalized coverage are
recorded on figure 5. These maps are in many forms, some as single
maps and some as parts of journal articles or more lengthy reports
describing and interpreting the geology. They are issued by several
organizations, though chiefly by the South Dakots and U.S. Geological
Surveys. Most of them are available in the libraries of the University
of South Dakota at Vermillion and of the South Dakota School of
Mines and Technology at Rapid City. Information about how to find
those that are difficult to trace down can be obtained from the same
institutions or the U.S. Geological Survey, Reston, Va., or the U.S.
Bureau of Mines liaison office in Rapid City. :

PrEcAMBRIAN GEOLOGY OF THE Brackx Hius

(By J. A. Redden, South Dakota School of Mines and Technology and U.S.
Geological Survey, Rapid City, S. Dak., and J. J. Norton, U.S. Geological
Survey, Reston, Va.)

The Precambrian rocks forming the core of the Black Hills uplift
consist largely of metamorphosed sedimentary rocks and lesser
amounts of metabasalt and metagabbro. Two small areas of older
* granite have also been metamophosed, but the younger Harney Peak
Granite has experienced little change. At least three and perhaps as
many as six separate episodes of deformation and probably two
metamorphic events have affected the rocks.
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The region has been the object of a great number of investigations
by many geologists over the past century. Nonetheless, critical prob-
lems remain unsolved or imperfectly understood, and whenever new
detailed studies are made, new problems become recognized. The
generalized geologic map .of the Precambrian rocks presented in
Figure 6 is the first summary compilation of its kind to have been
prepared for the entire Black Hills area. -

This review of the Precambrian geology is greatly compressed and
generalized from: the abundant information now available. The discus-
sion and the map, although unavoidably somewhat technical, are pre-
sented to provide a framework for understanding the distribution of
known mineral resources, and for use by those who are interested in
searching for additional resources. : '

The map shows both the principal lithologic assemblages and the
relative intensity of metamorphism that has affected the Precambrian
rocks. Some assemblages are known to occur at more than one strati-
graphic level but for others the evidence is unclear. Some metasedi-
mentary rocks may have been deposited at the same time as rocks of
a somewhat different kind, shown by a different pattern, that appear
elsewhere on the map. Metamorphism causes no difficulty in identify-
ing the rocks despite a wide range in metamorphic grade. The structure
is too complex for strike and dip symbols, fold axes, and other struc-
tural symbols to be placed on a map of this scale. In short, figure 6 is
not a complete stratigraphic and structural geologic map, but does
show the main elements of the geology. _

An open-filed map by Bayley (1972¢) contains details of the entire
area north of 44° latitude.! Other important sources of information
about the northern Black Hills are Noble and Harder (1948) for the
Lead-Deadwood area, Bayley (1972a) for the Rochford area, and
Bayley (1972b) and Woo (1954) for the Nemo area. Published sources
for the southern Black Hills are mainly Ratté and Wayland (1969) for
the Hill City area and Redden (1963, 1968) for the region southwest
and northwest of Custer. The principal unpublished information comes
from Ratté north of Bear Mountain and from Norton and Redden
throughout the region south and east of the Hill City area. In addition,
Norton and Redden have at one time or another examined virtually all
subdivisions of the Precambrian rocks of the Black Hills.

As the map indicates, the most common trend of metamorphic rock
units and of faults.is north to north-northwest. The dip is very steep or
vertical through more than half of the region.

The chief exceptions to these generalizations are around bodies of
granite where the surrounding metamorphic rocks dip outward to form

domes. The largest dome is around the Harney Peak Granite, and
smaller domes are on its flanks, generally around satellitic bodies of
granite or in places where pegmatites are abundant. A second large
dome, at Bear Mountain, is partially covered by Paleozoic rocks.
Another dome, mostly covered by Paleozoic rocks, may exist around
the granite north of Nemo.

The highest grade metamorphic rocks are in the sillimanite zone,
which extends from just north and west of the Harney Peak Granite all
the way to the south border of exposed Precambrian rocks. A small
area south of Harney Peak has the so-called ‘high” or “second”

1 R. W, Bayley would have been a participant in wiiting this and the gold-silver sections of this report, but
he unfortunately died November 1, 1974, after a lengthy illness.
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sillimanite zone, in which the muscovite of the schists has virtually
entirely changed to sillimanite. These rocks reflect the high tempera-
tures prevailing before and during the emplacement of the Harney
Peak Granite. The temperature dropped off to the north, where a
staurolite zone occupies an area a few miles wide.

Farther north is a broad area belonging to the garnet zone, which
extends from the Rochford region southeast to Rockerville. Probably
the Tinton area is also in the garnet zone. Garnet has never been
reported there, but the locality has zoned pegmatites, which the world
over have rarely been found in rocks. of less than garnet grade.

Northeast of the garnet isograd is a biotite zone extending from
west of Lead southeast almost to Rockerville. These are the lowest
grade metamorphic rocks of the Black Hills and indicate the lowest
temperature. Whether they are products of the Harney Peak Granite
episode or of some earlier metamorphism is as yet unknown.

Garnet reappears near Lead and can also be found elsewhere in the
northern part of the region. A few localities near Deadwood have
staurolite, indicating an increase in grade to the northeast beneath
the Paleozoic cover.

The domes have brought the older metamorphic rocks to the surface.
The very oldest, so far as now known, are biotite schists in the core of
the Bear Mountain dome. These are intruded by small-bodies of granite
and pegmatite that have been dated at 2.5 billion years by Ratté and -
Zartman (1970). A probable unconformity at the top of these rocks is
overlain by metamorphosed conglomerate, part of which has feldspar
fragments apparently obtained from the granite. Rocks overlying the
conglomerate include quartzite, mica schist, amphibole schist, and
dolomitic marble. Rocks of the same kind, and presumably the same
age, reappear to the east as inclusions in the very much younger
Harney Peak Granite.

Another very ancient granite, of approximately the same age as
that at Bear Mountain (Zartman and Stern, 1967), is the Little Rk
Granite north of Nemo. This is a gneissic biotite granite with neither
the pegmatitic character nor the low biotite content of the granite at
Bear Mountain. The adjacent metamorphic rocks consist of quartzite
and taconite, said by Bayley (1972b) to be younger than the granite
despite the conclusion of Zartman and Stern (1967) that the relation-
ships are unclear. Probably the quartzite-taconite unit has north-
easterly trending folds formed before conglomerate adjacent to it
was laid down, but more evidence needs to be obtained. The quartzite-
taconite unit does not crop out anywhere else in the Black Hills, but
. Imagnetic surveys indicate it exists beneath Paleozoic rocks near Nemo.

The exceedingly conglomeratic unit that was the next to form
contains fragments of both the quartzite and taconite bui not of
granite, though it has enough feldspar to be at least compatible with
the supposition that it is younger than the Little Elk Granite. A very
fine-grained dolomitic marble of structurally peculiar distribution
(Bayley, 1972b) is associated with the conglomerate, and like the
conglomerate has boulders of quartzite and taconite within it.

Probably all the rest of the metamorphic rocks of the Black Hills
were formed later, either as sediments or as basalt flows or gabbroic
intrusives, in the span of time between the 2.5 billion year old granites
and the intrusion of the Harney Peak Granite, which Riley (1970)
dated at 1.74 billion years. The geologic map separates these rocks into
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‘four lithologic assemblages. The metagraywacke and the mica schists
accompanying it certainly occupy more than one stratigraphic posi-
tion. The same may apply to the other three assemblages, though
complex—not to say imaginative—combinations of folds, faults, and
unconformities could be devised to make each of them a single strati-
graphic unit. The total thickness of the four assemblages is at least
%0,000 feet, even with the simplest possible interpretation of the stra-
tigraphy (accompanied, of course, by the most complex interpreta-
tion of the structure). The largest and most common folds are tight to
isoclinal structures of north-northwest trend. These are deformed by
at least two sets of cross folds, nearly all of which are too small to
show on the map. At Rochford, however, the peculiar pattern resem-
bling an upside down T can at present be interpreted only as formed
by an older set of folds, represented by the cap of the T, and a younger
set having the regional north-northwest trend.

A very heterogeneous lithologic assemblage, extending from Lead to
Rochford, is quite similar and is shown on the map as identical to an
assemblage extending from Galena south to Keystone and onward past
the Harney Peak Granite nearly to Pringle. The Tinton area is also
tentatively placed in this unit, though on the basis of little evidence.

The predominant rock is- a micaceous schist or phyllite. Amphi-
bolite, some of it derived from basalt and some from gabbro, occurs in

“bodies ranging greatly in size, many of which are large enough to show
separately on the map. Other rocks include clastic and cherty quart-
zite and iron-formation. Meteconglomerate appears in many locali-
ties near Keystone and has been found as far north as Nemo.

One of the units of iron-formation is the host rock of the gold de-
%osits in the Homestake mine and hence is called the Homestake

ormation. Below the garnet isograd it consists of iron-rich carbonate
interlayered with cherty quartzite. Above the isograd the carbonate
changes to cummingtonite.

Below the Homestake Formation is a carbonate-bearing phyllite
called the Poorman Formation and above it is a mixture of quartzite
and phyllite named the Ellison Formation. Next is phyllite and schist
of the Northwestern Formation and then an unconformity on which
was deposited a diverse assemblage of rocks, now called the Flag Rock
Group (Bayley, 1972a), which includes phyliite or schist, metabasait,
iron-formafion, and cherty quartzite. The Ellison, Northwestern, and
Flag Rock are all exposed as far south as the Rochford area.

Des;{ite uncertainty about whether these stratigraphic units are
equivalent to the rocks in the belt south of Galena, the similarities
are considerable. According to Bayley (1972b) a carbonate unit is the
oldest, and it is followed by a quartzitic unit with iron-formation near
its base, then a slate, and finally units resembling the Flag Rock
Group. Farther south, at Keystone, is a mixture of schist, clastic and
cherty quartzites, iron-formation, conglomerate, and amphibolite that
may all belong to the Flag Rock Group, though if so there are changes
along strike. Perhaps the older units of the Lead stratigraphic sequence
have been wiped out at an unconformity.

Near Lead the youngest unit is the phyllitic Grizzly Formation.
This extends southward to occupy a large area around Rochford. As
the metamorphic grade increases, a distinctive thin-bedded biotite-
garnet schist becomes prominent. It has been traced all the way to the

Paleozoic contact at Pringle. The biotite-garnet schist is the most
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prominent phase of what Ratté and Wayland (1969) named the
Oreville Formation at Hill City. Other constitutents of the Oreville
Formation are muscovite-rich schists and metagraywacke, some of
which are shown separately on figure 6 to outline the structure.

Southeast of Lead, near Roubaix, metagraywacke is abundant. It
and mica schists and phyllites that accompany it predominate in &
belt that extends south to Custer. Similar rocks spread over most of
the area west of the fault that passes through Custer, where the
details of the structure and stratigraphy have been worked out by
Redden (1963, 1968). Metagraywacke and schist are also the most
abundant rocks between the Harney Peak Granite and Rockerville,
and a smaller body of metagraywacke is northwest of Rochford.
Clearly, the metagraywacke is of several ages. Most, but not neces-
sarily all, of it is younger than the rocks at Lead. Otherwise the
questions and possible answers about its stratigraphic relationships
are too complex and speculative to discuss here.

South of the Harney Peak Granite is a large area of clastic quartzite
interbedded with sillimanite schist. The structural and stratigraphic
relationships with adjoining rocks are puzzling. Because the under-
lying rocks change from place to place along the contact, an uncon-
formity seems plausible, though faults may also be present. Conclusive
proof is lacking to show that this is the youngest metasedimentary
unit in the Black Hills, but any alternative is difficult to explain

Very similar rock is exposed along the Paleozoic contact east of
Pactola Dam except that it lacks sillimanite because the metamorphic
grade is too low. No surmise about why it is there or whether it is
of the same age as the rocks to the south seems worth offering. Bayley
(1972¢) shows the same kind of rock to the northwest and labels it
Ellison Formation. We agree that the northwestward exposures do
have affinities to the section at Lead, and show it in this way on figure
6, but choose, at least for the present, to indicate that a part of the
quartzite-rich rocks may be quite unrelated.

A long history of folding, faulting, and metamorphism preceded the
emplacement of the Harney Peak Granite, which is the youngest
Precambrian rock. Though shown on the map as consisting of one
large and only a few small bodies, it actually includes many thousands
of sills and dikes scattered throughout the southern Black Hills, as
indicated in some detail on figure 21. Even the main body of granite
is not a single intrusion but a cluster of a great many lesser intrusions.
Most of the granite is in large sills, which follow the domal pattern,
but the sills send out dikes into adjoining rock and there also are large
vertical dikes with sills as offshoots. About 20 percent of the area
outlined as granite actually consists of remnants of the country rock.

The principal minerals of the granite are albite, quartz, perthitic
microcline, and muscovite. The chief dark accessory minerals are
biotite, tourmaline, and garnet. The granite has a decided pegmatitic
aspect caused mainly by large crystals of microcline, which can be
several feet long. Planar bodies of coarser grained material are inter-
spersed in finer grained albite-rich granite to give the rock a rude
layering. The layers are approximately parallel to the nearest contact
of the sill or dike. A less common but more easily observed planar
structure results from the alternation of layers, generally less than an
inch thick, of various combinations of fine grained minerals. Still 4
third structure, having a resemblance to layering, results where many
closely spaced dikes cut a larger body of granite. -
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Most of the granite has primary muscovite as 1ts only highly alum-
inous mineral, but some contains sillimanite as a primary mineral
and some has pseudomorphs of sillimanite after muscovite.. These
circumstances imply that some of the granite crystallized before the
pfeak of metamorphism, some during the pealk, but most shortly there-
alter.

The great thickness of the metamorphic rocks and inferences from
certain aspects of the metamorphism and the geology of the pegmatites
indicate that the Harney Peak Granite was Tormed at a great depth
in the earth’s crust. A good guess might be 10 miles.

No subsequent Precambrian events are recorded in the exposed
rocks for the very long period between about 1.7 billion years ago,
when the Harney Peak Granite formed, and about 500 million years
ago in late Cambrian time, when the Deadwood Formation was
deposited on the floor of an invading sea. Obviously a very great
thickness of rock was removed by erosion during this period, probably
for the most part at times when the country was mountainous. The
erosion seemingly took place mostly before deposition of the Sioux
Quartzite, which is probably about 1.2 billion years old (Steece, this
report). The Sioux Quartzite is flat lying and presumably a marine
deposit, thus implying that the surrounding areas were not far above
sen level. The nearest Sioux Quartzite is only 110 miles from the
Black Hills, but in the light of what is now known about the possibility
of large movements of segments of the earth’s crust, one must allow
for the possibility that it was not near the Black Hills when it formed.

All of the Black Hills Precambrian rocks were weathered to a
surface of low relief before the encroachment of the Deadwood sea.
The climate just before Deadwood deposition was quite unlike
the present environment, for chemical weathering was pronounced.
Kaolinite developed from feldspar in granite and pegmatite at depths
of 100 feet or more below the ancient surface, and both sulfides and
iron silicates in metamorphic rocks were extensively oxidized. Areas
of iron oxides occur in iron-formation several miles away from the
nearest Deadwood outcrop, but_they apparently were only a short
distance beneath the surface in Deadwood time. Some of the higher
peaks, such as Harney Peak, may never have been covered by Dead-
wood sediments. Except for the few places were local relief-is now
1000 feet or more, not much Precambrian rock seems to have been
eroded away since it was exhumed after the early Tertiary uplift that
formed the Black Hills.

PreECAMBRIAN Rocks OUTSIDE THE Brack Hiis
(By F. V. Steece, South Dakota Geological Survey, Rapid City, S. Dak.)

The Precambrian basement of South Dakota is undoubtedly
exceedingly complex, containing a wide variety of kinds of rock with
many different structures about which relatively little is. known
because most of the basement is concealed by younger sedimentary
rocks. Precambrian rocks exposed in the Black Hills are described in
the previous section of this report. Otherwise the only Precambrian
exposures are of the Sioux Quartzite in_the southeast part of the
State and a small area with granite near Milbank, Grant County, in
the northeast corner of the State.
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Four major age groups of rocks are outlined on figure 7. This map,
based on widely scattered data points, is undoubtedly correct in &
general way even though it surely has major shortcomings in detail.
The oldest rocks are at two localities in-the Black Hills and in the
northeast, corner of the State, where granites are generally about
2,500 million years old. In the next group, ages are mostly at 1,600 to
1,700 million years, obtained from granitic rocks and schist, This
period of time corresponds to an event that Goldich and others (1966)
called the Black Hills orogeny. The rocks'involved seem to underlie
most of the western part of the State and to extend east to the Minne.-
sota border. ST v

Another age group, represented by only five. dated rocks, falls in
the remarkably narrow range of 1410 to 1460 million years. I't consists
of gneiss and schist collected from the extreme southwest to the

extreme southeast corner of the State. e :
The youngest rocks of :Precambrian age are in the Sioux Quartzite,
which 1s a 5000-foot thick sequence consisting chiefly of quartzite
but containing a thin basal conglomerate, argillite, and pyrophyllite.
Goldich and others (1961) dated the rock at approximately 1200
million years by the K-Ar method, but suggest the date may be the
time of deformation rather than of deposition. Nonetheless, the
Sioux Quartzite obviously postdates all other Precambrian rocks in
the State. At one time (Steece, 1964), exotic rocks ocdurring within
the area of Sioux Quartzite were thought to be windows in the quartzite
through which the other rock showed. The present interpretation
(fig. 7) shows the quartzite to have a much more irregular outline
than on any previous map of the State’s basement rocks and it changes
what earlier were regarded as windows to re-entrants or “canyons”
- in the quartzite. The one exception is a window exposing gabbro in
Minnehaha County. [
No attempt is made in this report to prepare a paleogeologic map.
Several interpretations are available for ‘the ‘interested. readers. See,
for example, Steece (1964) and Lidiak (1971).: v e
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Not only is there a wide variation of rock types and a wide range
in ages of rocks in the State’s Precambrian basement, but there is also
a wide variation in the surface configuration shown on Figure 8. The
Sioux Quartzite has a more intricately carved surface than the re-
mainder of the basement. The appearance that this is true may be
partly because more holes ending in Precambrian rocks have been
drilled in the southeast quadrant of the State than elsewhere, but
nonetheless the Sioux Quartzite has stood as a ridge throughout a
large share of post-Precambrian time and thus has been subjected to
intensive weathering and erosion. Parts of the quartzite have 1000-
foot escarpments preserved above older surrounding rocks. An example
might be the fault (Steece, 1961) cutting the quartzite near s
terminus in Jones County (fig. 7); other faults probably also cut the
quartzite. :

The Precambrian surface in the southwest part of the State has an
undulatory form where folds are associated with the formation of the
Chadron Arch, the northern terminus of which is in this region. This
structure probably is of the same age as the Black Hills uplift. Although
no dates have been determined on basement rocks on this arch in
South Dakota, a date of 1620 million years shown in northwest
Nebraska by Goldich and others (1966, fig. 1) may date the basement
under the Chadron Arch.

The remainder of the basement surface seems to have been relatively
flat before the formation of the Williston Basin. From the bottom of
this basin the surface gradually rises toward the Black Hills on the
west, the margin of the Williston Basin on the south, and the Sioux
Quartzite and the smooth terrain on the east. The maximum relief on
the basement is nearly 14,000 feet between the depths of the Wil-
liston Basin and the highest peaks in the Black Hills.

Pavrozoic RoCks

(By J. P. Gries, South Dakota School of
' . 8. Dak.)

The sequence of Paleozoic sedimentary rocks is most nearly com-
plete in western South Dalkota. The area of the Black Hills was near
the eastern shoreline of the great Paleozoic seaway of the Rocky
Mountain area, and on the southwestern flank of the Williston
sedimentary basin which extends north and west from the Dakotas
into Canada. Individual sedimentary units are generally much
thinner near the shoreline and thicken towards the center of the basin.
Several Tock units present in the South Dakota part of the Williston
Basin pinch out before reaching the Black Hills outcrop area. No
strata of Paleozoic age are known over much of the eastern part of
the State, where any rocks of this age that may have been deposited
have subsequently been removed by erosion.

Mines and Technology, Rapid City,

Cambrian

In late Cambrian time the first of the Paleozoic seas advanced
over a surface of low relief developed on deeply weathered and weak
ochists interrupted by cliffs and ridges of quartzite and other resistant
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rocks. The total relief of the old Precambrian erosion surface appears.

to have been no more than 100. feet in the Black Hills outcrop area.

A relief of 600 feet or more over short distances is known from drilling

around the Sioux Quartzite ridge in central South Dakota.

The only Cambrian unit is the Deadwood Formation, which consists-
of sandstone, greenish-gray shale, and carbonate rocks. A few feet -
of pebble conglomerate Iocally underlie the basal quartzitic sandstone. .

Limestone and dolomite intraformational conglomerates are conspicuous

in the middle of the formation and glauconite and hematite are abund-
ant accessory minerals. The Deadwood represents near-shore depo-

sition by a generally retreating sea which covered the area in late

Cambrian and very early Ordovician time. On the outcrop, the thick-

ness ranges from as little as 5 feet in some exposures near Wind Cave
to about 400 feet in the type section at Deadwood. The formation
underlies the northwestern half of the state. It thins from about 600
feet in the northwestern part of Harding County to zero along a line
extending southwestward from Brown to Fall River County (hg. 9).

B}

~ In the northern Black Hills, a thin carbonate zone just above the .

basal quartzite and conglomerate was called the ‘“lower- contact”
by early day miners, and the term has continued in use. A similar
carbonate bed a few feet below the so-called Scolithus sandstone at
the top of the Deadwood is called the “upper contact.” Tertiary

ore-bearing solutions, rising along vertical fractures, locally replaced .
these carbonates, resulting in the formation of gold, silver, lead, zinc, -

and tungsten deposits of the northern Hills. Bodies of coarse, clean
sandstone, considered to be beach and bar deposits, have been mined
for silica sand in the southern Hills, and are useful aquifers downdip
from the outerop. :



Pahasapa Formation
(Madison Group, Mississippian)

Silurian and Devonian
Formations

Red River-Whitewood
Formation (Ordovician)

Deadwood Formation
(Cambrian)
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Spearfish Formatxon\—]

(Permo-Triassic)

Minnekahta lecstoncj

(Permian)

Minnelusa F\ormatlorj

(Pen_n_syl,ggnian and Permian)

Big Snowy Group j

(Upper Mississippian)

NOTE: Areas in Black Hills from
which Paleozoic rocks have been
eroded away are not shown.

Figure 9.—Distribution of Paleozoic rocks.
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Ordovician

Winnipeg Formation. In the northern Black Hills, 40 to 60 feet of
fissile green shale overlie the Scolithus sandstone. This shale was
formerly regarded as part of the Deadwood Formation, but was
separated from it when microfossils indicated a middle Ordovician
age. It is now called the Icebox Shale Member and correlated with the
Winnipeg Formation of the Williston Basin. The only exposures are in -
the northern third of the Hills outcrop area, for it has been removed
to the south by pre-Mississippian erosion. It thickens northeastward
and exceeds 120 feet in the north central part of the State. .

Lying with very slight unconformity upon the Icebox Member, and
orading upward into the overlying Whitewood Dolomite, is the Rough-
lock Member, which consists of 40 to 80 feet of clastic material that
changes laterally from a silty clay to a siltstone, and even to a clean,
fine, white sandstone. It is coextensive with the Whitewood Delomite.
Whether the Roughlock should be considered a member of the Win-
nipeg Formation or merely an introductory phase of Whitewood
deposition is not certain. ) :

Whitewood Dolomite—The Whitewood Dolomite crops out only in
the northern Hills, where it is at the southeastern edge of a wide-
spread blanket of Upper Ordovician dolomite known as the Bighorn
Group in Wyoming and Montana and the Red River Formation in the
Williston Basin. It reaches a maximum thickness of 60 to 80 feet in
outcrops in the vincinity of Deadwood and Spearfish Canyon, but
thickens northeastward into the Williston Basin to about 600 feet in
Corson County. The rock has a characteristic mottled appearance, and
weathers to rough, pitted surfaces.

Early settlers used the Whitewood as a building stone and burned
it for lime. It is a potential source of commercial dolomite. Porous
zones within the upper part of the formation contain commercial
accumulations of oil in Harding County. \

Silurian and Devonian

Carbonate and some clastic rocks, representing the southern edge
of widespread very late Ordovician (?), Silurian, and Devonian depo-
sition in the Williston Basin, underlie counties in the northwest and
north central part of South Dakota. They feather out to zero by erosion
to the south and before they reach the Black Hills outcrop area to the
southwest. The rocks, which are primarily middle Silurian (Interlake
Group) and Upper Devonian (Souris River, Duperow, Bird Bear,
and Three Forks Formations), attain a maximum thickness of at least
600 feet in Corson County. .

Mississippian

Englewood Formation.—A red to lavender argillaceous dolomite,
ranging in thickness from 40 to 70 feet, constitutes the Englewood
Tormation. Where this is thickest, as near Deadwood, the basal 20
to 30 feet are gray to faintly purple shale. Microfossils (conodonts)
indicate that its age straddles the Devonian-Mississippian boundary.
Tt rests on the Whitewood Dolomite in the northern Hills, and directly
upon the Deadwood Formation in the southern Hills, where the basal
few feet of the formation may be very sandy. The Englewood grades
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upward without discernible stratigraphic break into the overlying
Pahasapa Limestone, with which it is coextensive.

Pahasapa Limestone (Madison Group) —Pahasapa Limestone is the
local name for the Black Hills outcrops of the widespread Madison
Group of the northern Rocky Mountain and Great Plains region. In
the outcrop area it is largely dolomite, but it contains more limestone
and some beds of anhydrite toward the center of the Williston Basin.
The formation thins from 600 feet in Spearfish Canyon to less than
300 feet in some of the southern Hills outcrops, and it is entirely
missing in the subsurface a short distance southeast of the FHlls.
Within the State, it reaches a maximum thickness of 1300 feet in
Harding County, and thins by erosion to zero along a line extending
from McPherson County in the northeast to Fall River County in the
southwest.

"The Pahasapa rests on rocks of all ages from Precambrian to
Devonian. Following deposition of the Pahasapa, a karst topography,
characterized by smkholes, caverns, and collapse structures, was
developed on its upper surface. The overlying beds are red clays and
shales of Upper Mississippian and Pennsylvanian age.

The formation is mined in the Black Hills for various rock products,
and is a potential source of both limestone and dolomite. Due in part
to its cavernous nature, the formation is an excellent aquifer in
western South Dakota and in Wyoming. It has local oil accumulations
in the northern Rocky Mountain and Great Plains regions. In the
Black Hills, caverns in this formation are important tourist attractions.

Big Snowy Group.—Well bedded red shales and thin carbonate rocks
lie between the top of the Mississippian carbonate and the base of the -
detrital red shales of the Minnelusa Formation in the subsurface of
northwest and north central South Dakota. These are almost certainly
in the Big Snowy Group of Chesterian age, but the relation between
this red section and the lower red members (Fairbank and Reclama-
tion) of the Minnelusa Formation in Nebraska has not been
~ established. ’

Pennsylvanian and Permian

Minnelusa Formation.—The Minnelusa Formation is the only unit
containing Pennsylvania rocks in South Dakota. It consists of alternat-
ing beds of sandstone and dolomite, with lesser amounts of red and
black shale and chert. The outcrop thickness ranges from 500 to 700
feet. Numerous beds of anhydrite, which thicken the formation in the
subsurface, are missing on the outcrop except just across the Wyoming
line in Crook County. The Minnelusa underlies the western half of
the State, and reaches its greatest thickness of nearly 1400 feet in the
extreme southwestern corner of the State. ' ‘

The formation is divided into upper and lower units by a red shale
marker bed, probably a weathered zone that marks an erosional break
between Pennsylvanian and Permian time. The Pennsylvanian unit
consists of a basal red shale overlying the karst surface of the Pahasapa
and an upper sequence of dolomites, black radioactive shales, anhy-
drite, and thin sandstones. The sandstones yield oil in the Barker
Dome field in Custer County. The Permian segment also consists of
two units, a lower one of dolomite, anhydrite and sandstone, and an
upper sandstone with thin dolomites near the middle and often a cap
of very cherty dolomite. This sandstone is an excellent aquifer near
the outcrop, and contains oil accumulations in the Powder River Basin
in Wyoming.
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Opeche Shale.—The Opeche Shale consists of 85 to 125 feet of red
silty shale and fine red sand, commonly with thin discontinuous beds
of gypsum or anhydrite. Traces of rounded quartz grains and pebbles
of dolomite and chert in the basal few- feet of the Opeche indicate 2
break in deposition between the Minnelusa and Opeche formations.

Minnekahta Limestone.—The Minnekahta Limestone is 35 to 40
feet thick, gray to purple, and thin-bedded. Because it lies between two
shale units, its typical topographic expression is a low, tree-covered
escarpment, cut by steep walled canyons. Four lithologic units can
generally be identified. These are (a) & lower brick red shaly unit with
up to 60 percent silt and clay, (b) a lower pure limestone zone with very
little insoluble residue, (¢) an upper shaly zone that weathers to_thin
slabs and contains up to 10 percent insoluble clay and silt, and (d)
an upper unit of nearly pure limestone.

The Minnekahta is the principal source of crushed rock, ballast,
riprap and building stone, and it is the most widely used raw material
for manufacture of portland cement and lime. Selective mining of the
uppermost member yields & particularly high-calcium rock.

Spearfish Formation.—The Spearfish Formation extends from the
Permian into the Triassic according to evidence from Wyoming, but
the absence of fossils prevents pinpointing the boundary in South
Dakota. Probably the dividing line is near the middle of the formation.
Though the Spearfish extends over the western one-third of South
Dakota, the only outcrops are at the edge of the Black Hills, where
its low Tesistance to erosion causes it to form the prominent “Red
Valley” or “Racetrack’ lying within the encircling Cretaceous sand-
stone hogbacks. The rocks are mainly red beds of siltstone, sandstone,
and shale, but also include beds of gypsum. Rock salt is prominent
in the subsurface in Harding and Butte Counties. The thickness
ranges from about 275 feet at outcrops in the southern Black Hills
to about 700 feet on the northwest flank.

Mszusozoic Rocks
(By E. A. Merewether, U.S. Geological Survey, Denver, Colo.)

The sedimentary rocks of Mesozoic age in South Dakota (fig. 10)
consist mainly of interbedded shale, sandstone, and limestone in a
sequence as much as 8,000 feet thick. They were laid down from 65
million to 225 million years ago in the Triassic, Jurassic, and Creta-.
ceous Periods, which are commonly known as the age of dinosaurs.
The most widespread and thickest formation, the Pierre shale is a
dark gray shale that is at the surface over a very large share of the
State (fig. 1) and is a conspicuous feature of the prairie landscape.
Most of the Mesozoic rocks were deposited within or near large seas
that changed in size and outline through time (Mallory, 1972).
Periods of deposition, represented by the sedimentary rocks, were
separated by times of erosion or nondeposition, as shown by uncon-
formable contacts between certain formations or members.

The lowest Mesozoic beds, which are in the Spearfish Formation
of Permian and Triassic age, are gradational with the underlying
beds of Paleozoic age. Similarly, there is little apparent_difference
between the uppermost Mesozoic rocks in the Cretaceous Hell Creek
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ROCK UNITS
UNITED STATES GEOLOGICAL | MAXIMUM SOUTH DAKOTA GEOLQGICAL
SURVEY NOMENCLATURE THICKNESS SURVEY NOMENCLATURE
(FEET) BLACK HILLS AREA ] OTHER AREAS
Hell Creek 400 Hell Creek
Formation Formation
. Colgate Sandstone
Creek Member Member
. § om|
Fox Hills 400 Fox Hills © Builhead Member
Sandstong . Formation -
Fairpoint Timber Lake Member
Member Trail City Member
€1k Butte Member Elk Butte Member
Mobridge Member a Mobridge Member
. Virgin Creek Mambar § Virgin Creek Member
Verendrye Member Q Vaerendrys Member
a
DeGrey Member * < DeGrey Member
3 Crow Creek Member | | & Crow Creek Membar
2 Pierre ) e |s Piarre
H Shale R;"_ls"d Gregory | 8 Shale Red Bird Gregory
3 ity Member Silty Member Member
o Member
H Mitten Black Mitten Black
s Shale Member Shale Member
8 Sharon Springs Mamber Sharon Springs Member
e Gammon Ferruginous Gammon Ferruginous
[7) Member Membar
2 Niobrara 220 Niobrara
w Formation Formation
f1ed i
(5] g Sage Breaks Member Sage Breaks Momber
:‘; Carlite Turner Sandy Mamber | o0 Carlile Turner Sandy Member
b4 Shale Pool Creek a Shate Pool Creek Codell Sandstone Mem.
3 Shale Member 3 Shale Member
2| Greenhorn W 360 ‘g Greenhorn _rmmj
G| Formation Limestone Member & T Li e
Belle Fourche 450 & = Belle Faurche
Shale s o & Shale Member “D sand’”
e 0
Mowry Shale 250 © | Mowry Shale Member
— Graneros | % O
Newcastle 0 €| Newcastle Sandstone *'J sand’’
100 Shale 5
9 Sandstone o Member
2 Skull Creek 250 Skull Creek
g Shale Shale Member
]
(5] Fan River Keyhole Sandstone |, -0 g Fall River Keyhole Sandstons
Ol 8| Formation Meamber o Formatian Member
@0 O RPN NI NN I
13 2 Fuson Member g Fuson Member
Sty Lakota Minnewaste s50| % Lakota Minnewaste
St Formation Limestone Member s Formation Limestone Membar
> 3
B Chilson Mambaer z Chilson Member
I B e I S
Morrison
Formation 350 Morrison
Unkpapa Formation Unkpapa .
o Sandstone Sandstone Member
‘a Redwater Shale Member
s ] Hed:”ﬂ:::;f:‘ale Swift Member
3 Pine Butte Member
. I N NP P e |
g 3 Lak Member . Lak Member
2(5 ;f:rr::::; Hulett Sandstone Mam. | 740 Formution Hulett e Mem.
g Stockade Beaver Stackade Beaver Rierdon Member
5 Shale Member Shale Member .
Canyon Springs Canyon Springs
‘! - Sandstona Member Sandstone Member
— Piper NN
Formation? 3
2.2 NN
Tl G
o8 ypsum
=3 Spring
N Formation
g
TRI- Spearfish 350 Spearfish
ASSIC | Formation Formation

1 Recognized in eastern South Dakota
? Recognized in northwestern South Dakota

Fraure 10.—Stratigraphic nomenclature of Mesozoic rocks.
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Formation and the lowermost strata of Cenozoic age, in the Paleocene:
Ludlow Formation.
Triassic

Early and Middle (?) Triassic time is represented by the upper
part of the Spearfish Formation, a sequence mainly of red sandstone,
siltstone and shale. In wells in the northwestern part of the State the
upper Spearfish is as much as 350 feet thick (McKee and others, 1959,
pl. 3). Thickening of the formation from east to west indicates that it
may have been deposited on a westward-slopping mud flat along
the eastern shore of an inland sea. During Late Triassic time, South
Dakota was probably a source area for sediments that were accumu-
lating in Wyoming.

Jurassic

Gypsum Spring Formation.—The Early Jurassic was probably a
period of erosion in South Dakota. The Middle Jurassic Gypsum
Spring Formation lies unconformably over the Spearfish Formation.
The Gypsum Spring occurs only in the northwestern part of the State
and grows progressively thicker in a northerly direction. At outcrops
on the east side of the Black Hills, the Gypsum Spring consists of
interbedded gypsum, maroon siltstone, and shale, and is as much
as 40 feet thick (Mapel and Bergendahl, 1956, p. 86). Where pene-
trated by wells in northwestern South Dakota, it mcludes clayey
limestone and is as much as 200 feet thick (Francis, 1957, fig. 7).

Piper Formation.—The Middle Jurassic Piper Formation, which
rests unconformably on the Gypsum Spring, 1s a sequence of inter-
" bedded shale and limestone as much as 125 feet thick in the subsur-
face (Francis, 1957, fig. 9). The Gypsum Spring and Piper probably
accumulated in the shallows on the southeastern side of a seawasy.

Sundance Formation.—Conformably overlying the Piper is the
Upper Jurassic Sundance Formation, a unit of alternating sandstone
and shale, which thickens from a feather-edge in central South
Dakota to more than 740 feet in eastern Montana (McKee and others,
1956, pls. 5-6). Where the Sundance crops out around the Black Hills,
it has been divided into six members (fig. 10); in ascending order they
are the Canyon Springs Sandstone, Stockade Beaver Shale, Hulett
Sandstone, Liak (maroon sandstone and siltstone), Pine Butte (sand-
stone and shale), and Redwater Shale Members (Imlay, 1947, p. 245~
246; Pipiringos, 1968, p. D12). An unconformity separates the Pine
Butte and Redwater Shale Members. Where intersected by wells in
northwestern South Dakota, the lower five members and the Redwater
have been called, respectively, the Rierdon and Swift Members of the
Sundance. With the possible exception of the Lak Member, the Sun-
dance was deposited in marine water near the southeastern shore of
an epicontinental sea (Imlay, 1947, p. 265-266; Pipiringos, 1968, p.’
D18; Peterson, 1972, fig. 6).

Unkpapa Sandstone and Morrison Formation.—Lying with apparent
conformity on the Sundance are the Morrison Formation, and locally
the Unkpapa Sandstone, both of Late Jurassic age. In southwestern
South Dakota the Unkpapa lies conformably under the Morrison and
is as much as 225 feet thick (Gries, 1964, p. 26). The Morrison Forma-
tion is a sequence of interbedded varicolored shale, sandstone, and
minor limestone, and where it includes the Unkpapa may be as much as
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350 feet thick (McKees and other, 1656, pl. 7). In eastern South
Dakota, east of the Missouri River, the formation is absent. The
Morrison and Unkpapa are of nonmarine origin and were probably
deposited in streams and lakes on a broad flood plain. Fossils, includ-
ing dinosaur bones and small invertebrates, are abundant. Models
%f some of the dinosaurs are displayed at a hilltop park in Rapid
ity.
Cretaceous

Inyan Kara Group.—The Inyan Kara Group_of Early Cretaceous
age, which lies unconformably above the Morrison, includes the
Lakota Formation and the younger Fall River Formation. The Lakota
is composed of sandstone, shale, and locally limestone, and is as much
as 550 feet thick (McGookey and others, 1972, fig. 11). From the
southeast side of the Black Hills, it thins toward the southwest and
east, and has not been found in eastern South Dakota. The crossbedded
channel-filling sandstone of the lower Lakota commonly contains thin
lenses of conglomerate and fossil wood (Gaies, 1952b, p. 74). The
upper Lakota, the Fuson Member, is composed of varicolored clay-
stone and sandstone and contains abundant fossil plants. These rocks
and the locally intervening Minnewaste Limestone Member accumu-
lated in continental environments, perhaps in river valleys that
sloped toward the northwest.

The Fall River Formation, which rests unconformably on the
Lakota, consists of well-bedded, fine-grained sandstone and less
abundant interbedded siltstone and claystone. At outcrops around the
Black Hills, the formation is about 120-150 feet thick (Waage, 1959,
p. 26-33). In the northern Black Hills, a cross-bedded sandstone in the
middle of the Fall River is named the Keyhole Sandstone Member
(Davis and Izett, 1958). These rocks were deposited in shallow waters
along the eastern shore of the Skull Creek sea and represent the first
marine incursion of the Cretaceous. Fluvial and deltaic sediments of
the nonmarine Dakota sequence of eastern South Dakota may in part
have been deposited at the same time.

Graneros Shale—Conformably overlying the Fall River is an
assemblage of Cretaceous rocks which in South Dakota is called the
Graneros Shale. It consists, in ascending order, of four conformable
members: the Skull Creek Shale, Newcastle Sandstone, and Mowry
Shale, all of Early Cretaceous age, and the Belle Fourche Shale of
Late Cretaceous age (fig. 10). The Skull Creek is about 250 feet thick
and is mainly a concretion-bearing dark gray shale of marine origin
(Cobban, 1952, p. 86). The Newcastle is composed of sandstone
interbedded with lesser amounts of shale and bentonite and is locally
as much as 100 feet thick (McGookey and others, 1972, fig. 18). Where
the Newcastle crops out on the east side of the Black Hills, 1t consists
of channel-filling, bentonitic, carbonaceous sandstone, and was prob-
ably deposited in a river or delta system. Elsewhere, it may be partly
marine in origin. East and south of the Black Hills, the Newcastle 1s
interpreted to be laterally continuous with the “J Sand”. The Mowry
Shale is generally composed of gray siliceous shale interbedded with
less abundant bentonite; it is as much as 250 feet thick and originated
in & marine environment (Gries, 1952b, p. 76). The Belle Fourche



42

Shale consists of soft gray concretion-bearing shale and a little ben-
tonite, which were deposited in an inland sea. The Belle Fourche, as
much as 450 feet thick in western South Dakota (Robinson, Mapel,
and Bergendahl, 1964, p. 53), grades eastward into sandstone and is
partly equivalent to the “D Sand” of eastern South Dakota (Me-
Gookey and others, 1972, fiz. 26). The dominantly marine Graneros
rocks in western South Dakota probably change laterally to fluvial
sandstones generally called the Dakota Sandstone in southeastern
South Dakota. Sandstones of this interval are the source of most of the
artesian water in the eastern part of the State.

Colorado Group.—In the stratigraphic nomenclature of the U.S.
Geological Survey, the lower Late Cretaceous rocks that overlie the
Mowry Shale are termed the Colorado Group and are divided into
four formations (fig. 10). The group includes, from older to younger,
the Belle Fourche Shale (described above), Greenhorn Formation,
Carlile Shale, and Niobrara Formation.

The Greenhorn Formation is a marine unit of interbedded cal-
careous shale and thin limestone as much as 360 feet thick (Cobban,
1952, p. 86). In part of western. South Dakota, the basal beds of the
- Greenhorn are called the Orman ILake Limestone Member. The
Greenhorn is concordant with the overlying Carlile Shale, a formation
of marine origin which is as much as 550 feet thick (Cobban, 1951, p.
2187-2190). In western South Dakota, the Carlile is generally divided
into three members—in ascending order the Pool Creek Shale, Turner
Sandy Member, and Sage Breaks Member (Knechtel and Patterson,
1962, p. 921). The concretion-bearing, soft, dark gray shale of the
Pool Creek grades laterally into a silty shale unit and the overlying
Codell Sandstone of eastern South Dakota. The Turner, which occurs
near the Black Hills, is composed- of interbedded siltstone, shale, and
sandstone; the Sage Breaks consists of dark gray shale with abundant
light gray calcareous concretions. In eastern South Dakota neither the
Turner nor the Sage Breaks is recognized as such; either or both may
be represented by shale of the upper Carlile, but either or both may
have been removed by pre-Niobrara erosion. The Niobrara Formation
rests unconformably on the Carlile (Tourtelot and Cobban, 1968, p.
L18) and ranges in thickness from about 160 feet in eastern South
Dakota to about 220 feet near the Black Hills (Gries, 1952b, p. 77).
It is composed of calcareous shale, limestone, and thin beds of bento-
nite which were deposited in a broad inland seaway. :

Pierre Shale.—The Pierre Shale of Iate Cretaceous age crops ou
or underlies Cenozoic nonmarine rocks in most of the State. It lies
concordantly on and interfingers with the Niobrara in the western
Is)art of the State and lies disconformably on the Niobrara in central

outh Dakota (Schultz, 1965, pl. 2). The Pierre is as much as 3,000
feet thick (Gill and Cobban, 1966, p. A42) and consists mostly of
concretion-bearing gray shale which has been divided into many
members (fig. 10). The more distinctive members are the Sharon
Springs, a sequence of interstratified bituminous shale and bentonite;
the Crow Creek, a thin unit of sandstone and calcareous shale; and
the Mobridge, which is largely calcareous shale. Rocks of the Pierre
originated in the last Cretaceous sea that covered South Dakota.

" Fox Hills Sandstone.—The Fox Hills Sandstone lies conformably
above and interfingers with the Pierre in western South Dakota. It is
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as much as 400 feet thick (Gries, 1952b, p. 78) and is composed of
sandstone and sandy shale which have been divided into several
members (fig. 10). These beds were deposited in shallow water along
the western edge of the Niobrara seaway.

"Hell Creek Formation.—The Hell Creek Formation rests con-
cordantly on and interfingers with the Fox Hills Sandstone and is as
much as 400 feet thick in northwestern South Dakota (Gries, 1952b,
p. 78). It consists mostly of sandy shale, lenticular crossbedded sand-
stone, and thin beds of lignite, and commonly contains the fossilized
bones of dinosaurs. The formation is of nonmarine origin and probably
accumulated in large river valleys. It is conformably overlain by the
nonmarine Ludlow Formation of Paleocene age. '

Cenozoic Rocks

Tertiary Sedimentary Rocks
(By J. C. Harksen, South Dakota Geological Survey, Rapid City, S. Dak.)

The boundary between the Cretaceous and Tertiary in western
South Dakota was marked by no obvious change in climate or
sedimentation. In the absence of a noticeable stratigraphic break
between the- Cretaceous Hell Creek Formation and the Paleocene
Ludlow Formation, the dividing line between these two units has been
placed at the base of the first major coal bed above the uppermost
occurrence of dinosaur fossils. The Tertiary was a time of continental
rather than marine conditions except during deposition of the Paleo-
cene Cznnonball Formation, which represents the last marine invasion
of South Dakota.

At the beginning of the Oligocene, volcanic ash became a significant
constituent of the accumulating sediments. Volcanic activity in the
Yellowstone Park area or in Colorado furnished great volumes of ash
that were incorporated into the Oligocene and Miocene units. By late
Miocene time the supply of voleanic ash for the sediments had fallen
to insignificant levels.

The Pliocene was characterized by an extremely flat depositional
plain that stretched eastward from the Black Hills and Rocky Moun-
tains. Sedimentary rocks formed during the Pliocene originated
mainly as stream channel deposits of sand. In middle to late Pliocene
time western South Dakota went into the erosional cycle that has
continued unabated to the present.

Paleocene.~—All of the rocks of Paleocene age currently recognized
in South Dakota belong to the Fort Union Group, which is a sequence
of swamp and marine deposits that contain several. thick beds of
lignite. The lowermost unit is the Ludlow Formation, which contains
as much as 350 feet of interbedded lignite, shale, and loosely consoli-
dated tan sandstone. Most of South Dakota’s coal resources are in the
Ludlow Formation. '

Contemporaneous with the upper part of the Ludlow Formation is
the Cannonball Formation, the youngest deposit of marine origin
in the State. The Cannonball consists of as much as 170 feet of buil
to gray silty sandstone and claystone with abundant randomly spaced
gray to tan round calcareous concretions. The concretions resemble
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large stone cannonballs, which in an indirect way led to the naming of
this unit. '

Lying conformably on both the Ludlow and Cannonball Formations
is the Tongue River Formation, which consists of as much as 285 feet
of white to buff medium-grained unconsolidated sand, sandstone with
calcereous cement, and some poorly developed beds of lignite. The
Tongue River thickens greatly to the north and northwest, reaching
a maximum of 2,000 feet near Miles City, Montana.

Oligocene.—Perhaps the most photographed and studied of all the
rocks in South Dakota are those of the Oligocene White River Group.
These beds are well-exposed and easily accessible in the Badlands
National Monument, an area visited by many thousands of tourists
each year.

The White River Group marks the return of a depositional cycle
to the Great Plains after a long period of erosion which lasted virtually
from the end of the Paleocene until the Oligocene, though small

~deposits in the northwestern part of the State may be of Eocene age.

The climate was warm and moist during the period of erosion, and
remnants of a lateritic paleosol (a red, iron-rich soil), known as the
Interior Paleosol, are found on units directly underlying the White
River Group. .

The Chadron Formation, the lower of the two formations in the
White River Group, is as much as 180 feet thick. Generally it consists
of light green claystone that forms a popcorn-like surface where
weathered. Plentiful fossilized remains of the large mammal called

“the titanothere led early geologists to refer to the Chadron Formation
as the titanothere beds.

Little nearby volcanic activity is known during Early Tertiary time,
but there was extensive volcanic activity in Colorado and in the
Yellowstone Park area during the Oligocene. These eruptions fur-
nished a large amount of wind-borne volcanic ash that was incor-
porated in the White River Group. This ash is abundant in the
Brule Formation, the upper formation in the White River Group.
The Brule is composed of as much as 450 feet of pink siltstone which
weathers to a characteristic step-and-riser topography.

Vast quantities of mammalian fossils have been collected from the
White River Group. These fossils have been intensively investigated
and described in the scientific literature since their discovery in the
nineteenth century. Published studies of the Oligocene fauna from
this region are among the best documented in the world. .

Miocene.—The Sharps Formation of Miocene age, the lowermost of
three formations constituting the Arikaree Group, lies conformably on
the Oligocene Brule Formation. The Sharps consists of 350 feet of
pink silty claystone which contains many small (2- to 4-inch) randomly
spaced calcareous concretions. The base of the Sharps Formation is
marked by a 20- to 25-foot layer of impure white volcanic ash known
as the Rockyford Ash Member. ’

The middle unit of the Arikaree Group is the Monroe Creek Forma-
tion, which is as much as 100 feet thick and consists of tan sandy
siltstone with abundant volcanic ash.

The Monroe Creek grades upward into the Harrison Formation, a
gray ‘ash-bearing sandstone that contains many beds of fresh-water
[imestone. The Harrison rarely crops out and is ordinarily grass
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covered, markedly in contrast with the Oligocene and older Miocene
beds, which are generally well exposed.

The Rosebud Formation consists of approximately 250 feet of pink
ash-bearing claystone. Its age and stratigraphic relationships are not
wholly known, although on the Pine Ridge Indian Reservation it lies
unconformably on the Harrison Formation and is in turn uncon-
formably overlain by both the Miocene Batesland Formation and the
Pliocene Ogallala Formation. Fossils are extremely rare in the Rose-
bud, which is one of the reasons its time relationships are not
completely understood.

The Batesland Formation is thin, attaining & maximum thickness of
only 60 feet, and is restricted, so far as now known, to exposures in
Bennett County. It is a green silty claystone that contains many sand-
stone-filled channels. The sandstone is friable but the claystone is
generally extremely hard. Like the underlying Rosebud, the Batesland
has unconformable upper and lower contacts. One fossil locality in the
?atﬁsland, the Flint Hill quarry, has furnished a great many vertebrate

ossils.

Pliocene.—In South Dakota, the Pliocene is represented only by the
Ogallala, Formation, which consists of as much as 300 feet of uncon-
solidated tan sand and gravel in stream channels. Many geographic
names, such as Bijou, Ash Hollow, Valentine, and Hisle, have been
applied to parts of the Ogallala Formation in South Dakota, but the
current trend is to treat the unit as a single formation not differentiated
into smaller units. .

Tertiary Tgneous Rocks

(By J. A. Redden, South Dakota School of Mines and Technology and
U.S. Geological Survey, Rapid City, S. Dak.)

Tertiary igneous rocks are restricted to a belt of intrusions approxi-
mately 10 miles wide that erosses the northern Black Hills in a N. 75°
W. direction. As several geologists have noted, the trend of the belt
coincides with and is an extension of the Nye-Bowler fault zone to
the northwest in Montana.

There seem to be four main centers of intrusion as well as several
isolated small bodies. One of the four is the Vanocker-Galena area
southwest of Sturgis; another is the Lead-Deadwood dome; a third is at
Tinton on the Wyoming-South Dakota boundary; and the fourth is
the Bear Lodge Mountains, north of Sundance, Wyoming, or about 20
miles west-northwest of Tinton. The easternimost exposed intrusive is
at Bear Butte, but according to Kleinkopf and Redden (1975) a small
gravity anomaly and physiographic evidence suggest a buried intru-
sive about 12 miles north-northeast of Rapid City.

Anomalous geothermal gradients in wells in the south central part of
South Dakota (Schoon and MecGregor, 1974, fig. 1) have much the
same trend and are approximately along the same line as the intrusive
belt. Perhaps the intrusive belt continues as far as the Missouri River
or anomalous heat from some basement structure is associated with it,
though anomalous thermal gradients are not known along this belt
close to the Black Hills. '
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The intrusions have various compositions. The most common types
are quartz monzonite, monzonite, latite, and rhyolite or their por-
phyritic equivalents. Alkalic rocks, including phonolite, grorudite, and
other less common varieties, make up about 12 percent of the total
(Darton and Paige, 1925). The rocks have abundant alkalic feldspars;
locally, as near the Homestake Mine, they are greatly enriched in
potassium. Pyroxenite is, so far as known, limited to the Mineral Hill
area near Tinton, where it is associated with various alkalic rocks.
Trachytic and porphyritic textures are cominon. Detailed petro-
graphic and geochemical work on the entire group of rocks has not
been done. Kirchner (1971) made the most detailed study of the phono-
litic rocks, but in the main he restricted his work to the Lead-Dead-
wood area. Welch (1974) investigated the ring complex in the Tinton-
Mineral Hill region, where most of the rocks are alkalic.

The intrusions include sills, dikes, plugs, ring dikes, small stocks, and
laccoliths. Generally the form reflects the planar elements of the
country rock. Most of the larger masses emplaced in sedimentary
rocks are probably laccoliths, although Noble (1952) questioned this
interpretation chiefly on the basis of evidence from the Cutting Stock,
which is in the steeply dipping Precambrian rocks just west of Lead.
Certainly the larger mtrusives in Paleozoic and Mesozoic host rocks
produce prominent domal structures. Bayley (1972b) traced magnetic
anomalies, caused by ferruginous rocks in the Precambrian basement,
beneath domal Tertiary igneous rocks in the Kirk Hill area east of
Galena, which implies that the intrusion has a floor. The distribution
of dipole anomalies and flow structures in several of the larger intru-
sive areas (Anna, 1973; Rockey, 1974) indicate local conduits rather
than stocklike masses. In at least six separate areas the sedimentary
rocks form domes that have not yet been breached by erosion and
probably conceal igneous rocks.

Paleozoic rocks from the Deadwood through the Minnelusa Forma-
tions are especially favored as sites of large and small sills. In the Bald
Mountsain area west of Lead, Shapiro and Gries (1970) showed that
the Deadwood is commonly thickened from 300 to 600 feet by the em-
placement of sills. : _

The only ring dike structure is at Mineral Hill, Wyoming, where
nepheline syenite surrounds & pyroxenite mass which has intrusive
feldspathic breccia at its center. The breccia is cut by various dikes of
alkalic rocks, including pseudoleucite porphyry.

The only convincing evidence of a volcanic structure is in a small
area, largely of rhyolite, which crosses U.S. 385 about 6 miles south of
Deadwood where the surrounding rock is Precambrian schist. Asso-
ciated with rhyolite and pitchstone are apparently pyroclastic rocks
containing fossiliferous Upper Cretaceous Carlisle Shale fragments.
Presumably some kind of collapse structure has caused the Carlisle
fragments to be in a volcanic neck. ,

All authors agree that assimilation of country rock was extremely
_Limited and that the intrusions were forcibly injected, as shown most
convincingly by Noble (1952). Noble also presents substantial evi-
dence that the entire Lead-Deadwood dome is due to an increase in
volume resulting from emplacement of the igneous rocks.

Depths of cover may have varied somewhat but are unlikely to
have exceeded 8,000 feet at the time of intrusion. In the Precambrian
metamorphic rocks just below the Paleozoic unconformity, the steeply
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dipping sills and dikes made room by plastic deformation of the meta-
morphic rocks even at this shallow depth. In all types of country rock,
confact metamorphism is very limited, and it can be assumed that:
most of the magmas were relatively dry, partly crystallized, and did
not have excess heat. »

A total of twelve age determinations on six different kinds of rock
range in age from 38.8 to 60.5 million years (summarized in Shapiro,
1971b). This virtually brackets the Eocene epoch. Superimposition of
the domes on the larger subsidiary folds in the Black Hills uplift
(Sottek, 1959) indicates that the intrusions are younger than much
of the uplift and folding of the Black Hills.

The dating is inadequate to show distinct differences in age of
different kinds of rock types, but instead implies overlap in ages.
Nonetheless, the rocks to the west-northwest tend to yield the younger
ages. Most investigators agree that the field relationships indicate
the alkalic rocks are younger than the non-alkalic varieties in any
particular locality. Darton and Paige (1925) assigned & Quaternary
age to the volcanic structure previously mentioned and to another
small rhyolite area farther to the southeast, but later work by Drake
(1967) suggests these rocks are probably also of early Tertiary age.

Most recent investigators believe there were both an alkalic and a
non-alkalic magma series and that the rocks differentiated independent-
ly, despite the apparent overlap in time. In a general way, the alkalic
. rock types are more abundant in the western part of the belt at Tinton
and in the Bear Lodge Mountains of Wyoming. The Tinton district
is unique in having a ring structure, sizable intrusive breccia zones,
and magnetite-rich pyroxenite. These features suggest affinities with
alkalic rocks containing carbonatite. However, Welch (1974) found
no evidence of carbonatite, and the contents of certain trace elements
indicate dissimilarity with typical carbonatite complexes.

Obviously much more work is needed on the dating, geochemistry,
and petrogeny of these two apparently different rock series which
seem to be intermingled in space and time. Disseminated molybdenum
in at least one intrusive west of Lead, anomalous radioactivity at &
few places, the peculiar volcanic structures south of Deadwood, and
the probable relationship of the igneous activity to Tertiary mineral-
ization indicate that additions to the available information may also
be important in exploring for mineral deposits.

Quaternary Glacial Deposits and Alluvium
(By M. J. Tipton, South Dakota Geological Survey, Vermillion, 8. Dak.)

All of South Dakota east of the Missouri River and a small area
west. of the river have been glaciated. The glacial deposits are under-
lain principally by flat-lying marine Cretaceous strata and in a few
places by Precambrian igneous and metamorphic rocks. Topograph-
ically the area consists of two plateau-like highlands, the Coteau des
Prairies to the east and Coteau du Missouri to the west, separated by
the James River Lowland. Elevations range from 950 feet above sea
level in the extreme northeastern part of the State to a little over 2000
feet on both coteaus. The James River Lowland is generally at about
1200 feet above sea level. The region is drained mainly by the Missouri
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River and two of its primary tributaries, the James and Big Sioux
Rivers. Lakes, ponds, and swampy localities are common as a result
of disruption of the topography by glacial processes.

A thorough knowledge of the glacial geology of South Dakota is
important in understanding the distribution of ground water east of
the Missouri River, where crop farming is the preeminent industry.
Some glacial deposits are also sources of sand and gravel, but the
products may rank low in usefulness because they are of unsuitable
composition for concrete aggregate. To work out the geology, a series
of county studies by the South Dakota Geological Survey in coopera-
tion with other organizations has been underway for some years. Much
of the information in this chapter comes from these investigations
and from the geologists participating in them, who are too numerous
to mention individually. An earlier report by Flint (1955), who syn-
thesized the then available information and added new data and
interpretations, is the principal general reference.

Bast of the Missouri River glacial drift is very nearly continuous.
Tts average thickness is more than 100 feet and thicknesses of over 800
feet have been drilled in the northern part of the Coteau des Prairies.
West of the river the drift remnants consist of little more than scat-
tered boulders lying on bedrock.

Most of the drift consists of till made up chiefly of fragments of the
local Cretaceous rocks. The till is very rich in clay, reflecting the
predominance of shale in the Cretaceous bedrock. Outwash deposits
are very numerous in some parts of the region, especially along the
edges of the drift sheets.

Layers of till are separated by layers of stratified drift and occa-
sionally loess. The individual layers represent successive glacial stages
or substages and in some places have features such as soils which
record non-glacial conditions.

The tills are of both Wisconsin and pre-Wisconsin age. Early and
late Wisconsin tills can be distinguished from each other, especially
in the extreme eastern part of the State, by the presence of abundant
shale particles in the late Wisconsin tills and a far smaller amount of
Pierre Shale pebbles in the early Wisconsin tills. The three pre-
‘Wisconsin tills that have been identified in eastern South Dakota are
almost entirely devoid of Cretaceous shale pebbles, thus reflecting
southwesterly movement of the pre-Wisconsin ice across the Pre-
cambrian rocks of Minnesota. The late Wisconsin ice advanced ove
the marine Cretaceous shales from the northwest. '

The areal extent of all the pre-late Wisconsin glaciations is not
well known, mainly because of burial or erosion. Evidence gathered
to date indicates that only one glacial ice sheet, the late Wisconsin,
advanced west of the Coteau des Prairies in the northern half of the
State. Numerous radiocarbon dates show that the late Wisconsin ice
reached its maximum advance probably near the Missouri River about
12,500 years ago. The scattered boulders lying west of the Missouri
River must have been deposited also by the late Wisconsin ice sheet.
Why till was not deposited along with the boulders remains a mystery.
The early Wisconsin ice sheet must have been stopped by the Sioux
Ridge on the south and also went not very far to the west, for the only
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known deposits are from Beadle and Sanborn Counties to the eastern
border of the State north of the Siolix Ridge. The Illinoian, Kansan,
and Nebraskan ice sheets crossed the Sioux Ridge, and drift from these
advances has been found only'in the southeastern part of the State.

During the melting of the late Wisconsin glacier, two glacial lakes
existed in South Dakota. Glacial Lake Dakota occupied much of the
northern James River Lowland in Spink and Brown Counties, and
olacial Lake Agassiz extended into the northeastern tip of the State.
Numerous beach deposits were formed around Lake Agassiz but only
very sparse beach deposits can be identified around Lake Dakota,
probably reflecting its short lifetime. Water flowing southward out of
T.ake Dakota cut the deep narrow trench in which the James River
now flows. Water going southward out of the glacial Lake Agassiz
passed southeastward through the glacial Warren River, cutting a
deep and broad trench now occupied by the Minnesota River system,
which forms part of the eastern boundary of the State along Lake
Traverse and Big Stone Lake.

Although most of the rivers in South Dakota now drain to the south,
prior to glaciation (and therefore prior to the existence of the Mis-
souri River) the Grand, Moreau, Cheyenne, Bad, and White Rivers
all flowed eastward from their present junctions with the Missouri
River into what is now the James River Lowland. The extension of the
ancient White River flowed southeastward, but the others turned
north after reaching the James Lowland and were part of a major
northward flowing system. With the exception of the White River,
the date of the change to modern drainage conditions was almost
certainly late Wisconsin, as that was the only time the ice sheet reached
far enough to the west. The change of the White River was probably
during the Kansan ice advance.

The Big Sioux River flows southward on the Coteau des Prairies.
Throughout most of its course, it is on early Wisconsin drift. It
originated as a stream in the narrow ice-free belt between the James
and Des Moines lobes of the late Wisconsin ice sheet. Abundant
outwash was deposited along the Big Sioux valley, reflecting its
position beyond the terminus of the late Wisconsin ice. The James
River valley, in contrast, has very little outwash, probably because
meltwater was unable to escape the area of the James ice lobe until
the draining of glacial Lake Dakota.

Deposition of alluvium along streams and erosion-of uplands were
the prineipal geologic processes operating in the western part of the
State during the period of glaciation and over the whole State in
modern times as well as between glacial advances. In the geologically
brief time since the end of glaciation, the State has been much the
same as it is today but with the gradual destruction of lakes and
swamps that originated as a result of glacial interference with stream
systems.
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STRUCTURAL GEOLOGY

Outside of the Black Hills

(By F. V. Steece, South Dakota Geologicé.l Survey, Rapid City, 8. Dak.)

The main structural features of the State are the Black Hills,
Chadron Arch, Williston Basin, Kennedy Basin, Canadian Shield,
Sioux Ridge, and Forest City Basin (fig. 11). The structure of the
Black Hills will be described in the next section of this report. Con-
tours on the top of the Precambrian rocks (fig. 8) show more detail,
and are helpful in understanding the structural evolution and deposi-
tional history of the younger rocks.

Paleozoic rocks are absent outside the Williston Basin except for
* small areas in the Kennedy Basin, in the Forest City Basin, and in the
extreme southwest corner of the State. Paleozoic rocks are very
nearly flat-lying in parts of Washabaugh, Shannon, and Bennett
Counties, and dip gently northward into the Williston Basin and
southward into the Kennedy Basin (Schoon, 1967). Paleozoic rocks
dip southeastward away from the southeast corner of South Dakota
toward the depth of the Forest City Basin in Iowa, Nebraska, Mis-
souri, and Kansas, ‘

Mesozoic rocks overlap Paleozoic rocks and Precambrian rocks and
cover the entire State except where removed by erosion from the
Black Hills and from two small areas where Precambrian rocks crop
out in northeastern and southeastern South Dakota. Mesozoic rocks
on the Canadian Shield, extending onto and overlapping the Sioux
Ridge, are nearly flat-lying to very gently dipping, though the details
of their structure are masked by the widespread cover of glacial
deposits. South of the Sioux Ridge these rocks have gentle southerly
dips toward the Kennedy and the Forest City Basins. In the south-
west corner of the State they dip into the Kennedy Basin, arch across
the Chadron uplift, and then dip southwestward from the State.

Cenozoic sediments are nearly flat-lying throughout their extent in
the State. They lie, for the most part unconformably, on the Mesozoic
and Paleozoic rocks and mantle the upturned edges on the fringe of
the Black Hills. Little or no folding or faulting has been discovered in
these rocks except where local late Tertiary uplift in the Black Hills
has caused some minor tilting.

The eastern half of South Dakota is largely covered by glacial drift,
the distribution of which was not controlled by any of the major
structural features except possibly the Sioux Ridge. . -

Smaller structures, not shown on the map, include the south end of
the Cedar Creek anticline, extending into Harding County from
Montana and North Dakota, and the White Clay fault, running nearly
due west for 35 miles from Pine Ridge in Shannon County to Oelrichs
in Fall River County. A Precambrian fault with as much as 650 feet
of throw was first postulated by Steece (1961) in northern Jones
County (fig. 8). The edge of the Black Hills uplift has the Barker
dome and several anticlines and synclines shown on figure 12. There
are also a large number of small unnamed anticlines, synclines, and
faults scattered throughout the State.
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EXPLANATION
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1. Mule Creek 2. Barker Dome 3. Cottonwood
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7.Chadronarch 8, Fairburn 9. Rapid City
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Fieure 12.—Tectonic map of the Black Hil'sy
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Black Hills

(By A. L. Lisenbee, South Dakota School of Mines and Technology, Rapid City,
S. Dak.) :

The Black Hills is the easternmost of the uplifts of the Wyoming
Rocky Mountains. It is a kidney-shaped, relatively flat-topped dome
125 miles long by 45 miles wide. Shapiro (1971b) divided it into a
western block of northwest trend in Wyoming and an eastern block of
northerly trend in South Dakota. The Wyoming block is structurally
lower. From Tinton on the north to Newcastle on the south the two
blocks are separated by the Fanny Peak monocline (fig. 12). The mono-
cline extends southward another 40 miles to the Hartville uplift near
Tusk, Wyoming. In this region it is the pronounced structural boundary
between the Black Hills and the Powder River basin. Elsewhere, the
eastern block is bounded by local monoclines, folds, and homoclines.

The topographic expression of the eastern block resembles a reversed
C. The periphery is marked by the ‘“‘Cretaceous hogback,” which for
much of its length lies 5 to 15 miles inside the maximum structural
extent of the uplift. On the north and south ends, however, folds
plunge away from the topographic front for 10 to 25 miles, but their
topographic expression is obscured in the Cretaceous shales of the
prairie land. \

Structural relief of the eastern segment is approximately 8500 feet,
whereas that of the western block is 7000 feet. The greater uplift of the
eastern block has promoted extensive erosion of its sedimentary cover
and exposure of the underlying Precambrian rocks.

Pre-Laramide structure—The Precambrian metamorphic and igne-
ous rocks, exposed in the eastern segment have a strong north- and
northwest-trending fabric, as shown by the general lithologic distribu-
tion, schistosity, folds, and faults. Many folds in' the surrounding
sedimentary cover closely parallel this fabric which was probably a
cﬂltiifcal factor in controlling the structural character of the Laramide
uplift. ! ' :

Pre-Laramide sedimentary rocks are divisible into three sequences
(table 2), which indicate only long wavelength warping of the crust in
western South Dakota from the Cambrian through the Cretaceous.
Broad sagging or arching allowed the advance and retreat of shallow
seas throughout the Paleozoic. Shelf-facies clastic and carbonate rocks
deposited at this time (Sequence 1) contain many disconformities, but
evidence of local deformation is lacking. In general, the Paleozoic
rocks thin to the southeast. A

TABLE 2.—AGES OF ROCK UNITS AND STRUCTURAL DEVELOPMENT OF THE BLACK HILLS UPLIFT

Age © Rock units Structural development
Cenozoic:
Oli - Seq 4: Continentat clastic rocks..-..
EOCBNE . c am e acccmcc o cmmaen Near surface intrusive rocks. __...-.-- Laccolithic domes.
. Laramide uplift—drape folding.
Mesozoic:
Upper Cret - Seq e 3: Clastic rocks of the Rocky Geosynclinal subsidence.

i Mountain geosyncline. . X
Uppermost  Permian  through Seguence 2: Dominantly continental Broad warping; possible local folding
Lower Cretaceous. Tocks; marine components in Juras-  in Jurassic and Cretaceous.
sic.
Paleozoic;, Permian, Pennsylvaniana, Sequence 1: Marine sedimentary rocks Broad warping; several disconformi-
Mississippian, Devonian, Ordovician,  of shelf facies. ties.
Cambrian.
Precambrian Chiefly
edi

phosed eugeosynclinal Strong multiple folding and faulting.
tary and lcanic ~ rocks;

also granite.
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Broad warping tontinued in the Mesozoic with a change from marine
to dominantly continental sediments. Local folding may have occurred
in the Jurassic (Shapiro, 1971b) and lowermost Cretaceous (Gott,
1964), but evidence of widespread deformation is absent in the
sedimentary layers that ring the uplift. -Gentle downwarping allowed
minor advances of the sea in the Jurassic.

In the Cretaceous, central North America subsided from the Arctic
to the Gulf of Mexico to form the Rocky Mountain geosyncline, in
which thick sequences of shale and sandstone were deposited. Western
South Dakota lay along the eastern edge of this geosyncline.

A fourth sequence of sedimentary rocks lies with angular uncon-
formity on the older strata. This Oligocene continental clastic material
post-dates formation of the Laramide structures; most of it came from
erosion of the Black Hills uplift. '

Laramide structure—The Laramide uplifts of the Wyoming province
are classic examples of vertical tectonic movement in which elongate
blocks of Precambrian basement were raised or lowered with piston-
like motions. Initial movement was accommodated by faulting of the
basement and draping of the sedimentary cover over the margin to
form monoclines (Stearns; 1971). Further movement resulted in
upward development and flattening of the faults in the sedimentary
layers and thrusting of parts of the uplifted blocks over material in the
adjoining basins. :

Uplift of the Black Hills basement blocks produced monoclinal
folds on the east and west, but generally did not reach the stage of
strong faulting of the draped sedimentary layers. The Black Hills
and Fanny Peak monoclines on the west flank of the uplift have
inclined limbs dipping 30° to 90°. The east flank is bounded by a broad
and gentle monoclinal flexure from the Cheyenne River on the south
to at least Sturgis on the north. Abrupt local structures, the Little
Elk Creek and Buffalo Gap monoclines, which are superimposed on this
structure, dip as much as 90° in the inclined limb.

Asymmetric anticlines, such as the Cascade Springs and Whitewood
on the southern and northeastern flanks of the uplift, have steeper
dips on their west than on their east limbs. The trend of these folds
parallels that of several monoclines and also that of structures in the
Precambrian basement. They probably also formed by the draping of
sedimentary layers over underlying structures during the doming
process. '

The doming was instrumental in forming smaller structures as well.
Intraformational boxfolds are abundant in the thinly bedded Permian
Minnekahta Limestone. The axes of these structures are parallel to
the strike of the formation around the uplift. This suggests an origin
by down-dip gravity sliding during uplift of the dome and tilting of
the Minnekahta Limestone. Small folds are also present in the Penn-
sylvanian Minnelusa Formation, but the axes have locally chaotic
trends, probably resulting from a combination of gravity sliding and
slumping caused when the more soluble parts of the rock were carried
away by ground water.

The time of the main uplift of the Black Hills block was after the
Upper Cretaceous Hell Creek formation was deposited and prior to
emplacement of the Eocene intrusive rocks. According to Love (1960),
Paleocene clastic sediments in the Powder River basin came from the
Black Hills, thus indicating a Jatest Cretaceous or Paleocene age
for the uplift.
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Post-Laramide intrusive structures.—Groups of intrusive rocks were
emplaced during the Eocene in a belt of about N. 75° W. trend across
the northern part of the Black Hills. They consist mainly of dikes,
sills, stocks, and laccoliths, but also include a ring complex (Welch,
1974). The host rocks are almost entirely Precambrian or Paleozoic,
though two intrusive centers are in Mesozoic rocks. The sedimentary
cover forms a simple dome over large intrusions that are mostly or
entirely beneath the surface, but where erosion has cut to deeper
levels the margins have monoclines, faults, and dikes. Most of the
domes are between 2 and 6 miles in diameter.

Two domes, one at Lead and the other at Tinton and Mineral Hill,
are about 10 miles in diameter and have cores of Precambrian rocks.
Noble (1952), in the three-dimensional exposres of the Homestake
mine, showed that the Lead dome results from swelling of the base-
ment caused by emplacement of multiple dikes and stocks sub-
~ parallel to schistosity. Although the combined volume of all these
dikes is sufficient to dome the basement, emplacement of individual
members caused only minor deformation of adjacent country rock.
Fracturing has also been attributed to the doming process (Slaughter,

1968, p. 1444), but Shapiro and Gries (1970) showed that the principal
joints in Paleozoic rocks surrounding the Lead dome are older than
the doming and formed during the uplift of the Black Hills or earlier.

Control of igneous emplacement appears to be twofold. The elongate
trend of the entire belt of intrusive rocks suggests a major west-
northwesterly trending zone of crustal weakness that provided access
for magma. Local controls, such as fold structures and basement
faults, further channeled the magma. For example, intrusions lie along
the trend of what appears to be a basement fault separating the
Whitewood anticline from the adjoining syncline.



GEOPHYSICS AND GEOCHEMISTRY
INTRODUCTION

(By J. J. Norton, U.S. Geological Survey, Reston, Va.)

It has often been said that a geologist can see no farther into the
ground than anyone else. This is correct only in & strictly literal sense.
An exploration geologist who cannot, figuratively, see into the ground
shouldfsearch for other employment.

Geologic mapping and sampling of the surface or in mine workings
has been the longest standing, and to date probably the most effectual
aid to finding ore bodies. Geologic maps show the location, size, and
shape of the various bodies of different types of rock. They are the
foundation for constructing diagrams of several kinds that are used to
determine what is, or might be, beneath the surface or beyond the
limits of mine workings. Geologic mapping in the Homestake mine has
been critical in determining the position, shape, and size of the ore
bodies and how they were formed; one can fairly say that without
such maps the mine would long since have ceased operation. Most
exploration drilling is based at least to some degree on geologic
mapping, for obviously only in rare circumstances, oftentimes with
naive financial backing, does anyone drill without facts to support
his expectation of what might be found.

Prospectors and small mine operators are, in a way, doing geologic
mapping, though in. their heads rather than on paper, when they
trace ore-bearing rock and plan their mining operations. The risk of
mistakes is greater but oftentimes not enough to compensate for the
lower cost.

Yet as technology has improved, other methods have been developed
to predict where mineral deposits might be found. Nearly half a
century ago oil exploration was revolutionized by gravity and seis-
mographic methods used to find structures that might contain oil.
Since then other geophysical techniques have come into existence. At
the same time methods based on the chemistry of rocks have become
widely used in what is known as geochemical exploration. Another field
of geochemistry, the study of isotopes of chemical elements in rocks
and ores, has recently been effective in enlarging knowledge of the
origin of ores of the northern Black Hills (Rye and Rye, 1974). An
earlier and better known use of isotopes and physical particles is
through Geiger counters and allied devices that show the presence of
uranium and other radioactive materials. Still another use is in the
direct determination of the age of rocks, which can be useful in
understanding the rocks and thus in determining where exploration is
most likely to be fruitful.

' (57)
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Investigations in geophysics and geochemistry are still (with the
exception of geophysics in oil exploration) more scientific than utili-
tarian. The body of world literature on these subjects is enormous.
Only 2 modest amount of work has been done in South Dakota, by
companies, by academic institutions, and by governmental agencies.
Yet the future of these and allied fields seems so promising that the
following summaries have been written to explain what has been done
thus far in geophysics and geochemical exploration, and to hint at
what the outlook for coming years may be. Integrated programs
involving geophysics, geochemistry, geology, and drilling are most
likely to be used to search for new gold deposits, especially in the gold
province of the northern Black Hills, but they also can lead to the
discovery of buried iron ore, perhaps lead-silver deposits, uranium
concentrations, and other kinds of mineral deposits.

GEOPHYSICAL SURVEYS

(By M. Dean Kleinkopf, U.S. Geologieal Survey, Denver, Colo., and J. A. Redden,
South Dakota School of Mines and Technology, and U.S. Geological Survey,
Rapid City, S. Dak.) . :
Geophysics—the application of the principles of physics to the study

of the earth—has been used widely m the search for metals, oil, gas,
coal, and water. In most geophysical work electronic equipment is
used to detect variations in one or several of such properties as density,
magnetic susceptibility, electrical conductivity, and seismic velocity.
The commonly used methods rely on gravity, magnetic, electrical,
seismic, and radioactivity measurements. The work may be done from
aircraft, at the earth’s surface, or in boreholes. Typically, regional
geophysical surveys are made to identify broad anomalous areas that
may hold promise for economic deposits and thus eliminate large areas
not likely to contain specific types of mineral deposits: These high-
lighted areas then serve as prospecting targets for more expensvie
techniques of higher resolution, such as electrical or seismic surveys,
and ultimately drill holes. . ’

Many kinds of mineral deposits have 'characteristic physical
properties that can be detected directly or indirectly in geophysical
prospecting. Typical -examples of direct detection are location of
magnetite iron deposits with magnetometer surveys and identification
of sulfide minerals through electrical conductivity measurements.
In the indirect techniques, the approach is to determine geologic
structures, minerals, ‘and rocks that are likely to be associated with a
mineral deposit of interest. A prime example is the determination
by seismic surveys of subsurface geologic features such as anticlines,
faults, or buried topographic highs that may serve as traps for the
accumulation of petroleum. : '

‘ {Regional Gravity Surveys

A regional gravity map modified from the Bouguer Gravity Map of
the United States (American Geophysical Union, 1974) and the
Geologic Atlas of the Rocky Mountain Region (Brinkworth and
Kleinkopf, 1972) is shown for South Dakota in figure 13. The major
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highs and lows on the map are in accord with some of the known and
suspected regional geologic features in the State. The Bouguer values
show a total relief of some 110 milligals (mgals) from the highest to- -
lowest across the State. )

A gravity high with a closed zero mgal contour in extreme south-
eastern South Dakota can be related to near surface mafic Precambrian
crystalline rocks described by Petsch (1967) in his discussion of the
Spink ground magnetic anomaly. ' :

The large low closure of —110 mgals south of Pierre must reflect
a major difference in basement rocks inasmuch as the sedimentary
cover is relatively uniform. The axis of the low trends north-northwest
and corresponds to the areas having high geothermal gradients shown
by Schoon and McGregor (1974). The same trend fits the belt of
Tertiary intrusives in the northern Black Hills and the Nye-Bowler
fault farther to the northwest in Wyoming and Montana. Lum
(19612) indicates there are sizable local gravity highs within the major
low. Obviously greater detail is needed for better interpretation of
the anomaly. The combination of this major anomaly, the geothermal
area, and the linear structural and intrusive trends suggests that the
region may have potential for certain types of metal deposits.

Tn the north-central part of the state, Mound City lies on a regional
gravity-high that is elongate to the west and east for a distance of
some 150 miles. On the east end this high joins a southeasterly
trending high the axis of which forms a saddle between Aberdeen and
DeSmet and extends to the Minnesota line. The source of these highs
is almost certainly in the basement rocks but the actual cause is not
known.  The gravity trends seem to cross the basement trends as
shown by Lidiak (1971, fig. 2), who based his interpretation largely
on drill cuttings from scattered well locations and the regional mag-
netic map of Petsch (1967). ’

In the southeast part of the state in areas underlain by the Sioux
Quartzite, the gravity values show considerable ranges. These dif-
ferences probably reflect differences in older Precambrian rocks that
underlie the Sioux Quartzite.

Black Hills Gravity Surveys

In contrast to regional data described above, gravity studies with
more local objectives are undertaken where station spacing is one to
two miles and data can be contoured on a one-mgal interval. A few
such surveys have been made in South Dakota.

Tn connection with general geologic studies of mineral deposits of
the Black Hills, the U.S. Geological Survey has made gravity and
aeromagnetic surveys in cooperation with the U.S. Atomic Energy
Commission and the South Dakota Industrial Expansion Agency.
-Over 2,500 gravity measurements have been made across and adjacent
to the Black Hills uplift (Hazlewood, 1964; Black and Roller, 1961).

Data for the Black Hills (Kleinkopf and Redden, 1975) show that
in many places individual rock types, such as the carbonates, and-
certain Precambrian rocks, such as amphibolite and iron formation,
can be correlated directly with diagnostic gravity features. For the
‘Black Hills uplift, the gravity data show an irregular high of about
20 mgals relief with a maximum closure of —60 mgals. The highest
Bouguer gravity values were found about 10 miles southeast of Lead
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over outcrops of relatively iron-rich metamorphic rocks and about 8
miles northwest of Bear Mountain on a high plateau covered by
Paleozoic limestones. The lowest values in the area are along the
flanks of the Black Hills uplift and probably are related to the dis-
tribution of thick sections of less dense Mesozoic shales and sand-
stones overlying more dense Paleozoic limestone and dolomite.

On the plains immediately surrounding the Hills, anticlinal
folds in the sedimentary rocks were found in general to be marked by
very slight gravity highs in areas where the carbonate rocks are at &
relatively shallow depth (Kleinkopf and Redden, 1975). This is par-
ticularly evident to the south at the Cascade Springs and Chilson
anticlines southwest of Hot Springs, and at the Whitewood anti-
cline southwest of Sturgis. Other broad gravity features were noted to
the north of the Hills in areas of sedimentary rock outcrop where sub-
surface geologic information is sparse. Kleinkopf and Redden (1975)
speculated that a closed gravity low located 5 miles northwest of
Newell in Butte County and a large north-northwest trending elongate
high 7 miles to the northeast probably reflect structural and lithologic
contrasts in the Precambrian basement. -

Lum (1961a) in a regional survey covering 2,500 square miles just
west of Rapid City concluded that the local gravity anomalies ob-
served were related largely to density contrasts within Precambrian
basement rocks. Tullis (1963) also made a gravity survey covering
3,400 square miles in the area just south of Lum’s work.

Aeromagnetic Surveys

Aeromagnetic surveying has been meager in South Dakota. Three
separate surveys of the Black Hills that totaled nearly 4,200 miles
of traverse lines were made in the 1960’s (U.S. Geological Survey,
1969; Meuschke and others, 1963; Meuschke and others, 1962). The
interpretative report by Kleinkopf and Redden (1975) includes the
aeromagnetic as well as the gravity data overprinted on a generalized
geologic map. ) '

As an example of a survey that shows prominent high and low
closed anomalies and high gradients, figure 14 is a modified map
covering the northern Black Hills. The original map by Meuschke
and others (1962) has smaller contour spacing, flight lines, and other
details omitted in figure 14. The magnetic highs with the greatest
amplitudes, exceeding 4,000 gammas, cluster in the southeast near
Nemo. Harrer (1966, p. 29) in a study of iron resources showed that
these high amplitude anomalies are at the site of deposits of taconite
or iron-formation. Kleinkopf and Redden (1975) found that loecal
dipole anomalies, as at Whitewood Peak and Richmond Hill (figure
14), correlate well with the position of some of the Tertiary intrusive

" bodies. Details on the original map indicate the location of other
Tertiary intrusive centers. :
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after Meuschke, Philbin, and Petrafeso (1962).

One of the most interesting anomalies on figure 14 is the magnetic
low centered about 6 miles southeast of Lead. The large amplitude
indicates the presence of a thick section of weakly magnetized rocks.
This area probably is near the axis of a large syncline in which the
dominant rock is metamorphosed graywacke. The lowest part of the
anomaly lies just west of a small area of Tertiary rhyolite tuff and
breccia and small tilted outliers of Paleozoic rocks. The tuff and
breccia have been interpreted as part of a down dropped cylindrical
block that was the center of ap Focene volcano (Drake, 1967). Pos-
sibly the magnetic low is related to this structure. If so, the very size
of the anomaly relative to other Tertiary intrusion centers indicates
unusual conditions that warrant further investigation.
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Ground Magnetic Surveys

A broad reconnaissance magnetometer map of South Dakota has
been prepared by Petsch (1967). The data were collected from ground
readings spaced 4 to 6 miles apart and show only the general con-
figuration of the magnetic field for South Dakota. Petsch (1967)
made no attempt to draw specific conclusions based solely on the
magnetic data. However, in his discussion he listed 22 anomalies
with amplitudes greater than 1,000 gammas. Of these he called
particular attention to seven that had amplitudes exceeding 2,500
gammas. Both Petsch (1967) and Harrer (1966) discussed some of
these prominent highs in terms of drilling results obtained by the
Soutbh Dakota Geological Survey. For instance, at the Spink anomaly
in Union County, a drill hole penetrated basement at 792 feet and
encountered Precambrian mafic crystalline rocks which were found
by chemical analysis to contain 14.47 percent iron. Since Petsch’s
report was published, two highs of approximately 8000 gammas in
Marshall and Day Counties have been drilled and taconite deposits
were encountered (see iron section of this report). Petsch (1967) also
called attention to the unusual magnetic low anomaly that shows so
prominently in the aeromagnetic data about 6 miles southeast of Lead.
However, the broad spacing of his survey failed to reveal the magnetic
anomaly associated with the taconite deposits of the nearby Nemo
area. v

Bayley (1972 a, b, and c¢) used ground magnetic surveys to trace
the Precambrian taconitic iron formations beneath the overlying
Paleozoic rocks and also to follow the structure of various magnetic
rock units in the northern Black Hills.

Private companies have made an unknown number of local ground
magnetic surveys in the Black Hills during exploration for gold and
other metallic deposits. The results of these surveys are not available,
but it is known that sulfide-bearing Precambrian rocks give significant
local anomalies even though no ore bodies seem yet to have been
found by such work.

Other Types of Geophysical Surveys

Other geophysical prospecting in the state has been limited to
‘seismic surveys by petroleum companies and airborne radiometric
surveys to find uranium in the Cretaceous sandstones around the
Black Hills. Some electrical surveys have been done by private
companies but the results are confidential. Several radiometric
anomalies detected by airborne surveys led to the discovery of min-
able uranium deposits in the southern Black Hills.

In the eastern part of the State, the State Geological Survey has
used the resistivity method in evaluating ground water. reservoirs
in glacial outwash deposits. A report by Lum (1961b) summarizes
some of this work and diseusses the limitations of the method in these
particular deposits. : ‘

Conclusions

To date, most geophysical work has been restricted to the Black
Hills area and only very broad surveys have covered the remainder
of the state. The madequacy of the latter is apparent in the failure
of the widely spaced regional magnetic survey to show the Nemo
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taconite iron deposits. On the other hand, this same survey disclosed
anomalies in Day and Marshall Counties that were later shown to be
underlain by taconite. Magnetic surveys are of considerable assistance
in mapping and exploration of the taconite deposits in the Black
Hills and in helping decipher the structure of the Precambrian rocks.
Such work may ultimately lead to discoveries of additional metallic
deposits. Airborne radiometric surveys resulted in discoveries of
‘uranium deposits in the Cretaceous sandstones. Electrical surveys
have helped delineate ground water reservoirs in the eastern part of
the State in areas of glacial cover.

The geophysical studies, though limited, illustrate the potential
for defining target areas and stimulating exploration for minerals and
petroleum in the State. The greatest need is for aeromagnetic surveys
over the rest of the State. Such surveys provide data at a very low
cost per unit area for interpreting subsurface geologic conditions and
are notably valuable in areas of forests, crops, or glacial deposits. For
example, glacial deposits cover most of the bedrock in the State
east of the Missouri River, and magnetic surveys would be especially
- valuable in interpreting subsurface conditions. :

GEocHEMICAL EXPLORATION

(By G. H. Allcott, U.S. Geological Survey, Denvér, Colo.)

Geochemical exploration is the systematic measurement of the
chemical composition of natural materials as a guide to finding ore
deposits. This is accomplished by: 1) sampling appropriate materials;
2) analyzing the samples for chemical constituents that are likely to
be associated with a mineral deposit; 3) finding the normal level of
concentration for each constituent in the area; and 4) interpreting
significant differences from these normal levels as potential exploration
targets or as indicating trends that may point toward mineral deposits.

Geochemical techniques are most successful in the search for
metallic mineral deposits. Organic geochemical techniques have po-
tential in the search for deposits of fossil fuels.

The geochemical detection of a mineral deposit depends upon the
shape and size of the deposit, the primary chemical zoning around the
deposit, the secondary dispersion of elements into surrounding ma-
terials, the structures influencing the distribution of these materials,
and the relation of these features to the present ground surface. So
long as part of the deposit or its alteration envelope is exposed, it is
theoretically detectable by geochemical means. The degree of ex-
posure or depth of burial of an ore deposit as well as the commodity
sought and its geologic, geochemical, and climatic environment affect
the methods and sample media used. For exposed deposits, sediment
samples are preferred for reconnaissance and rock samples for de-
tailed exploration. If the deposit is covered by thin overburden, then
soils, water, gases, and vegetation may be sampled. Where the deposit
is more deeply buried, samples of fracture fillings containing products
of chemical emanations are useful, but where fractures cannot be
sampled, indirect techniques depending on ore-associated elements
and compounds in ground water have the potential of locating a
hidden deposit.
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Analytical methods must be precise enough so that the errors of the
method do not obscure the natural variation in the particular sample
medium. As a rule, the least precise methods that will be successful
are chosen, for they require less time and are less costly.

The oldest analytical procedure is the panning of stream sediments
for gold. The most common analytical methods currently in use
include semiquantitative emission spectography, atomic absorption
spectrography, X-ray fluorescence, and colorimetry.

Interpretation of the data involves a variety of statistical methods.
Oftentimes large computer facilities are required. The results of these
operations are the identification and mapping of geochemical anom-
alies or trends in concentration to be used as guides for drilling.

Past mining was started mainly by locating exposed mineral
deposits. Future mining will depend largely on the discovery of
buried deposits or the utilization of previously unrecognized kinds of
ore. The greatest future role of geochemical exploration will be in the
search for hidden deposits.

Mineral commodities most amenable to exploration by geochemical
techniques, and having substantial production or suspected resources
in South Dakota, are gold, silver, uranium, tungsten, iron, lead, zinc,
copper, manganese, and vanadium. Elements known to be associated
with these deposits, or appearing as independent mineral occurrences,
and also suitable for prospecting by geochemical methods,. include
molybdenum, arsenic, bismuth, cadmium, barium, strontium, thallium,
thorium, mercury, sulfur, selenium, tellurium, chlorine, fluorine, and
the rare earths. Deposits of lithium, beryllium, tin, niobium, and
tantalum in Black Hills pegmatites can be found more easily by
other methods than geochemical exploration, but nonpegmatitic
deposits of some of these metals may ultimately be found by geo-
chemical methods. : :

The known metallic mineral deposits of South Dakota are mainly
in the Black Hills. The paucity of metallic mineral deposits in the
eastern part of the State may be real; however, it may reflect the
low priority accorded exploration in an area difficult to prospect
because of the cover of glacial drift.

Results from Varioué Kinds of Saniples

Historically, rock and stream sediment samples have been most used
for prospecting in South Dakota, but also available are soils, glacial
sediments, vegetation, water, and gases. A survey by the Association
of Exploration Geochemists (H. W. Lakin, written communication,
1972) on kinds of samples used in 26 countries showed 47 percent soil
samples, 19 percent stream sediments, 8 percent rocks, and 26 percent
samples of other types.

Rock.—Nearly all exploration programs must at some stage involve
bedrock sampling, for most mineral deposits are in bedrock and the
distribution of the ore must be determined through the use of rock
samples. Most of the discoveries in South Dakota have been by
locating and analyzing exposed ore bodies. Probably most of the
favorable outcrop in the Black Hills has been sampled, and recon-
naissance surface sampling will not lead to the discovery of significant
new exposed deposits unless analyses are made for associated elements
and new interpretations are developed.
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In the uranium programs during the 1950’s in South Dakota the
analysis of rocks in place for uranium was accomplished by airborne
and ground radiometric detectors.

Geochemical investigations and geologic mapping of Precambrian
rocks in the Galena-Roubaix district and the Rochford .district
utilized rock as the sample medium (Bayley,-1970, 1972). The results
showed that the deposition of gold was controlled by a chert-silicate
lithology and by folds. Nearly all major folds were found to be at least
slightly mineralized in the surface exposure. ’ .

The disttibution of copper, silver, molybdenum, gold, zine, mercury,
and ‘arsenic in bedrock samples along Calumet Ridge, Pennington
County, has- been determined by Raymond and others (1975).
Although there has been development for copper in the area, a large
block of ground has anomalies in a number of metals and has not been
sufficiently explored.

The zoning pattern of copper, lead, zinc, arsenic, and mercury with
respect to high grade ore, low grade ore, and stratigraphic units at
different levels of the Homestake mine seems useful as a guide to ore
(Mahrholz and Slaughter, 1967). For example, near the surface,
concentrations of zine, copper, lead, arsenic, and mercury increase
slightly as ore is approached and decrease near and in the ore. At the
6,800-foot level neither lead nor zinc are in the ore but are 10 to 150
feet away from it. Arsenic anomalies are in or very close to gold ore
having more than 0.3 ounce of gold per ton of rock, but 50-75 feet from
gold ore of 0.06 to 0.3 ounce tenor. Mercury anomalies are 25 to 150
feet from high-grade ore.

Soils.—The use of soil as a sample medium for geochemical explora-
tion, introduced about 1935, has become common. Few soil samples
have been utilized for mineral exploration in South Dakota. Large
numbers of soil samples have been analyzed physically and chemically
for agricultural purposes, but the data have not been applied to min-
eral exploration. ‘

Minor elements in the soils of South Dakota are discussed in five
publications of which four are national in scope and in which South
Dakota is represented by only 8 to 18 samples (Shacklette and others,
1971, 1971a, 1973, 1974), but the results show the regional trends in
distribution of many elements. The fifth publication describes the use
of soil samples in mineral investigations of the Precambrian rocks in
the Galena-Roubaix area, where soil samples were found to be no
more effective than rock samples (Bayley, 1970).

Siream sediments—Panning of stream sediments was directly
responsible for the discovery of gold in the Black Hills and also led to
the discovery of other metals within a very short time. The ore of tin,
cassiterite, was first identified in gold dust from the Tinton district in
- 1876, and a second discovery of cassiterite was made in the southern
Black Hills in 1877 (Connolly and O’Harra, 1929, p. 212). The lead-
silver districts at Galena and Carbonate were identified and brought
inte production by 1881 and 1885 respectively. Most of the productive
metal deposits of the Black Hills, except the uranium deposits, had
been located by about 1900, and stream sediments or rock samples
were the principal source of information used by the prospectors.

Thereafter the use of stream sediments in prospecting appears to
have lagged until the 1960’s, when a geochemical exploration program
was undertaken by the South Dakota Industrial Development and
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Expansion Agency (IDEA) (Miller, 1962, 1964a, 1964b, 1967). This
program was the first attempt at a comprehensive mineral resource
evaluation by geochemical techniques in the-State.

IDEA conducted a stream sediment survey of the Black Hills in
the watersheds of Boxelder Creek, Spring Creek, Battle Creek,
Rapid Creek, Whitewood Creek, Spearfish Creek, False Bottom
Creek, Miller Creek, Bear Butte Creek, and Elk Creek. Analyses
were made of sediments along Boxelder and Spring Creek for copper,
iron, lead, manganese, tin, zinc, and zirconium. In the Battle Creek
watershed the list was expanded to include beryllium, chromium,
nickel, and vanadium. In the remaining watersheds beryllium and
zirconium were dropped and cobalt, molybdenum, and titanium were
added. Ansalyses were not made for some of the rare pathfinder ele-
ments associated with known ore deposits, such as arsenic, antimony,
selenium, and tellurium. These elements may be disbursed well beycnd
the ore deposit and thus could enlarge the exploration targets.

The raw data from the IDEA stream sediment survey is presented
in geochemical maps of the individual watersheds or geochemical
maps of several watersheds. The data probably should be used with
caution, but nevertheless are a source of valuable information. In
the Squaw Creek drainage, 4 miles west of Lead, the map shows a
textbook example of a geochemical anomaly for molybdenum in an
area of previously known molybdenite. This anomaly has been drilled
by a private company, but the results of the drilling have not been
reported (J. A. Redden, oral communication, 1974). The geochemical
map that includes False Bottom Creek shows anomalous lead and
zinc along the northeast flank of Spearfish Peak. Other potentially
interesting areas have been defined, but follow-up work is required.
Some of the more attractive include 1) copper and zinc in sections
27,28, 33, and 34, T. 2S., R. 5 E., 2) copper, tin, and zinc in sections
23 and 24 T. 2 S, R. 4 E., 3) copper and zinc in the northeast part
of T.2N., R. 4 E., 4) zinc in sec. 2, T. 3 N, R. 4 E,, 5) lead in sec.
34, T.3 N., R. 3 E., and secs. 3, 4, and 10, T. 2 N., R. 3 E., 6) molyb-
denum in T. 2 N., R. 3 E., 7) vanadium around Rochford, 8) scattered
copper, molybdenum, tin, and zinc highs {from the Bear Butte Creek
and Elk Creek drainages, and 9) copper, molybdenum, lead, and zinc
in T.5 N, R. 2 E.

Glacial deposits.—Glacial debris is widely available as a geochemical
exploration sample medium in the eastern part of South Dakota.
Tts use is complicated by variations in thickness within short dis-
tances and differences in the source and history of the material.
Geochemical anomalies may result from transported constituents as
well as from local causes.

Although geochemical exploration with glacial deposits has been
successful in other parts of the world, the only recorded use of this
material in South Dakota is associated with the occurrence of gold in
glacial gravels of the Big Sioux Valley (Rothrock, 1944).

Vegetation.—Vegetation is used in geochemical exploration by
chemical analyses of the ash of plants, by the study of the population
distribution of different kinds of plants, and by remote sensing. The
usefulness of these techniques depends on the responsiveness of the
vegetation to the chemistry of its environment.

The most commonly used method involves the sampling of vegeta~
tion, analysis of the ash, and interpretation of the variation in the
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concentrations of the chemical constituents. The conceptual basis
is that the roots of plants will reach covered or buried mineral de-
posits or water coming from such deposits, and will incorporate some
chemical elements thus obtained into the system of the plant. The
only such investigations in South Dakota appear to be unpublished.
~ An’example is a recent orientation study conducted by the writer in
which organs of ponderosa pine were collected over different rock
units in both mineralized and unmineralized areas of the Black Hills.
Preliminary results are encouraging.

Study of the distribution and population densities of indicator
plants can be enlightening. Indicator plants are either individual
species of plants or are plants with characteristic variations in growth
habits that reflect different geochemical conditions. Certain species
may be restricted to areas of anomalous concentrations of a particular
element, or the plants over a geochemically anomalous area may,
through color variations, stunting, or sparsity of numbers, reflect
the stress of growing in that environment. Helen Cannon ( ersonal
communication, 1974) in the early 1950’s, found that severa. plants,
especially the families Euphorbiaceae, Leguminosae, Cruciferae, and
Compositae, seemed to be associated with uranium ore deposits in
Craven Canyon, Fall River County.

Remote sensing is a technique by which differences in the surface
materials are detected by photographs or images using ultraviolet,
visible, infrared, or microwave radiation. Plants growing in a geo-
chemically anomalous soil may show symptoms of physiological stress,
such as the absence or deficiency of green pigment. Though the tech-
nique is in a research stage, experiments have shown (F. C. Canney,
personal communication, 1974) that detection of changes in reflectance
characteristics of vegetation in the infrared or the visible part of the
electromagnetic spectrum offer the best chance of locating geo-
chemical anomalies. One of the test areas is in the Black Hills.

Water —Most substances analyzed in geochemical exploration have
been transported by water and have gone through chemical reactions
in the process. Wafer is also one of the few media available for use in
the search for deeply buried mineral deposits. Watersrelated to mineral
deposits in South Dakota might be expected to include traces of
uranium, molybdenum, cadmium, zinc, copper, sulfur, and fluorine at
the parts per billion level. This low level is a hindrance because of the
lack of suitable analytical methods, but ways of overcoming this
deficiency are being developed.

No use of water in- geochemical exploration in South Dakota is
recorded.

Gases.—Gases for geochemical exploration are those in or near the
surface of the ground (soil gases) and those in the atmosphere. Ma-
terials include mercury, sulfur dioxide, hydrocarbons, certain metal-
organic compounds, rare gases, and airborne particulate matter. The
use of gases in geochemical exploration have been investigated mainly
since about 1960, and much of the work is in an experimental stage.
Aside from some work with mercury, gases have not been used in
South Dakota.

Future Geochemical Exploration in South Dakota

The future of geochemical exploration in South Dakota appears
bright. From what is known about the mineral deposits and geology of
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the State, it is reasonable to expect that buried deposits remain to be
d}ilscovered and that geochemical techniques will be helpful in finding
them.

Long range mineral evaluation.—Two alternatives are available for
the broad evaluation of the mineral resource potential of an area. The
historically most important is commodity oriented: as demand de-
velops for a mineral commodity an intensive effort is made to find re-
serves of it, to the mneglect of other mineral resources. The other
method is to gather basic data for as many kinds of mineral resources as
may be economically and technically feasible at the time. Both ap-
proaches are useful, but with more of the second there should be less
need of the first.

The geochemical part of a long range program for evaluating the
mineral resource potential of a State should begin with a reconnais-
sance survey of the entire State. Stream sediments are a good recon-
naissance sample medium, for they represent an averaging of the geo-
logic materials in the drainage basin. Such sampling would be most
applicable in the nonglaciated areas of South Dakota, though useful
also in glaciated areas if most of the drift has come from within a few
miles of its present position. Soil and rock samples, though also help-
ful, represent smaller geographic areas and tend to show greater varia-
tions in composition, thus requiring a detailed knowledge of the
geology for proper interpretation. Vegetation, particularly deep rooted
species, may provide a means for geochemical exploration through
the glacial drift of eastern South Dakota. ‘

Ground water is a geochemical sample medium which has not been
exploited in South Dakota. The thousands of wells scattered over the
State represent a great untapped source of data to use in exploring for
buried mineral deposits. A program to collect and analyze water from
these wells for trace elements, as well as the normal constituents sought
In testing for the quality of water, would provide information about
patterns of circulation and potential sites of mineral deposits.

Among the gases, hydrocarbons and rare gases, particularly the
helium reported in South Dakota gas wells, may indicate petroleum
and gas resources. Metal-organic compounds, sulfur gases, and mer-
cury can direct the way to sulfide deposits. The rare gases helium and
radon may indicate deposits of radioactive minerals,

Regional and detailed investigations.—More detailed geochemical
information would be particularly useful in and near the known min-
eralized areas of the Black Hills, not only to identify exploration tar-
gets but also to enhance the planning capability of government and
business organizations concerned with mineral Tesources.

Two recent studies have suggested areas and methods for further
exploration. Norton (1974) proposed that Precambrian gold deposits
similar to the Homestake ores may exist under cover of younger rocks,
and that they may be detected by Investigation of these younger rocks.
Shapiro and Gries (1970), from an Investigation of the ore deposits
in Paleozoic and Tertiary rocks of the northern Black Hills, recom-
mended further work in several localities.

The observations in the literature may be variously interpreted,
and some interpretations raise questions regarding former evaluation
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of the mineral potential in the State. Additional systematic geochem-
ical exploration could answer some of these questions or help lead to
answers. The literature shows:

1. The Black Hills is obviously a gold. province, but a thorough
geochemical evaluation has not been made of the distribution of gold
and related elements. - :

2. Several unusual commodities have been produced in this area—
tungsten and tin are the best examples—but results of systematic
heavy mineral surveys are not recorded.

3. Sporadic occurrences of molybdenum. are found in the Cre-
taceous and Tertiary sedimentary rocks outside the Black Hills and
in Precambrian rocks and Tertiary intrusions within the Black Hills.
What is their full distribution, and are they minable?

4. Fluorite is associated with Tertiary deposits of gold, silver, and
other metals in the Bald Mountain area, with gold in the Ragged Top
district, and alone in the Bear lodge area of Wyoming. Does this
reflect a?vertical zoning pattern that would serve as a guide to buried
deposits? )

5. Vanadium is associated with the lead-silver ores at Carbonate
and Galena. Fluorite is commonly reported in the Tertiary deposits
west of Lead, but no mention is found of fluorite to the east. If a
regional zoning pattern exists, it can be of importance to future
exploration. '

6. Tellurium is associated with Tertiary gold deposits. This element
should be used as a pathfinder, because a method for analysis at low
levels of concentration is available. .

7. The Homestake lode contains abundant arsenopyrite, closely
associated with gold. Arsenic may have been volatilized by Tertiary
instrusives. If so, it may be found around and in these intrusives and
used as a guide to buried ore. : '

Geochemical techniques are available to begin to provide evidence
bearing on these and other problems, and may well lead to the dis-
covery of new ore deposits.



ENVIRONMENTAL EFFECTS OF MINERAL AND WATER
DEVELOPMENT IN SOUTH DAKOTA

(By P. H. Rahn, South Dakota School of Mines and Technology, Rapid City,
S. Dak.)

The development of mineral and water resources inevitably has
effects, either good or bad, on the environment. The effects may be
caused directly by man’s activity, as is true of mine subsidence, or
may be the result of unwise use of terrain that is subject to natural
geologic hazards, as with the flooding of urbanized flood plains. Many
of these effects fall in the general field of study variously called
engineering geology, urban geology, or environmental geology.

The purpose of this section is to discuss the aspects of environ-
mental geology in South Dakota related to development of water
resources and mineral industries. Subjects such as earthquakes,
volcanic hazards, and landslides, normally considered part of en-
vironmental geology, are treated only to the slight extent that they
are pertinent in South Dakota.

Warer REsources DEVELOPMENT

One of the major uses of water resources is for the development of
urban areas, and it is not by chance that most of our cities are built
along rivers or lakes. Flood plains in particular seem desirable for
residential construction because of their level surface; but they are
level because they occasionally become flooded—a fact learned by
early settlers but too often ignored in today’s rush to house a growing
population. Indifference to a recognized natural hazard potential can
have disastrous results.

On June 9, 1972, as much as 14 inches of rain fell within 6 hours on
the eastern flank of the Black Hills, and the resulting floods killed 236
people and caused well over $100 million in damage. Rapid City was
especially hard hit, for the discharge reached a peak of 50,000 cubic
feet per second (cfs) on Rapid Creek and Canyon Lake dam was
washed out. Though a flood of this magnitude is rare, geologists and
hydrologists recognize floods as inevitable. A stream overflows its
banks and inundates the flood plain every few years. All the death and
destruction in Rapid City was limited to the flood plain of Rapid
Creek. A comparison of the area flooded (Larimer, 1973) and limits of
the flood plain, as mapped and published on conventional geologic
maps (Cattermole, 1669, 1971), shows an almost exact correlation.
Thus the flood plain was well-known, and outlined on published maps,
prior to the flood. The problem was that construction of homes on the
flood plain was not prohibited. '

Rapid City learned the hard way and has now invested $64 million
in its floodway, mostly through federal urban renewal funds, and is
converting the Rapid Creek flood plain into a park, which includes
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some commercial establishments but no residential areas. The next
flood of this size on Rapid Creek will not be a disaster in Rapid City.
However, in other areas in the eastern Black Hills the lesson has been
neglected. Some of the communities devastated by the June 9 flood
have been reconstructed. In Keystone, more buildings than ever are
jammed into the narrow flood plain of Grizzly and Battle Creeks.
On the flood plain of Rapid Creek just southeast of the city limits
of Rapid City, scores of trailer homes have been located since the
flood—on land that was inundated on June 9. Floods are inevitable;
but with proper planning, flood damage can be averted.

Flood-controlled dams are an alternative to flood plain zoning.
The Missouri River dams and large dams in the Black Hills afford
excellent flood contro! as well as making water available for recreation,
hydroelectric power, and irrigation. The construction of more dams
does not, however, meet all needs for flood control. Dams may afford
flood protection for only a short distance downstream; for instance,
the new Pactola Reservoir is only 10 air miles upstream from Rapid
City but did little to reduce the flood of June 9, 1972. Poorly con-
structed dams can fail and add to flood discharge, as with the failures
of Canyon Lake, Dalton Lake, and others on June 9, 1972. Some dams
have been poorly located geologically in the Black Hills and do not
serve the multiple functions for which they were designed. Cottonwood
Springs Canyon Reservoir near Hot Springs, completed in 1971, was
built on the permeable Minnelusa Formation and Pahasapa Limestone
and therefore does not hold water; the reservoir has been dry since
it was built. Other Black Hills dams—such as Cedar Canyon, Fort
Meade, and Cold Brook—are also built on permeable rocks and have
similar histories.

The construction of dams may cause unexpected adverse environ-
mental effects. The Missouri River is severely eroding its banks
below the large main stem dams. This is because the clear water
flowing over the dam contains no bedload and little suspended load,
and is trying to establish equilibrium between its load and other
hydraulic conditions. The rapid erosion affects both river banks and
bridge foundations. Elsewhere in the world, earthquakes have been
triggered by the increased load and hydrostatic head caused by
the construction of large dams, but there is probably little chance
that this would happen in South Dakota because of the absence of
active faults and very high dams. The great size of Oahe Reservoir
raises the possibility that earthquakes could be triggered near Pierre,
although Agnew and Tullis (1962) concluded that the Pierre earth-
quake of 1961, having a depth of 10 miles, was not caused by Oahe
Reservoir.

The possible adverse environmental effects of the proposed Oahe
irrigation project in the upper James River valley present an incom-
pletely resolved problem. The project calls for the diversion of at
least 1,200 cfs from the Missouri River near Pierre to-irrigate initially
190,000 acres and ultimately 495,000 acres in the Dakota Plain north
of Redfield. About 200 miles of main supply canals are required, as
well as three major regulating reservoirs and about 1,000 miles of
small canals and laterals. Because of the flatness and low permeability
of the glacial terrain that is to be irrigated, the construction of 935
miles of surface drains and almost 3,000 miles of subsurface collector



73

drains is required. The U.S. Bureau of Reclamation estimates the
project will cost more than $300 million (this report). .

Major environmental concerns associated with the Oahe irrigation
project were presented by the Environmental Protection Agency and
others in the Environmental Impact Statement (U.S. Bureau of
Reclamation, 1973). They include (1) the degradation of water quality
downstream caused by saline irrigation return flows to the James
River, (2) increased flooding caused by channelization of 120 miles of
the James River, and (3) waterlogging and salinization of the irrigated
areas. Construction of the pumping plant near Pierre began in 1974.

The development of ground-water resources in South Dakota has
had little direct impact on the surface environment. A more indirect
environmental effect has been the drain on the artesian water resource
itself. Many flowing wells waste water as their casings are eroded.
Some flowing wells discharge water under the Missouri River reser-
voirs; small circles of open water mark their location when the res-
ervoirs are frozen over in the winter. The mixing of brackish waters
from deep wells, where uncased, may lead to the pollution of overlying
fresh-water surficial aquifers. Because the aquifers are deep and
consolidated, land subsidence due to ground-water withdrawals from
artesian aquifers has not been observed in South Dakota as it has
elsewhere in the world.

MeraLLic MINERALS

The mining of gold placers in the Black Hills in the late 1870’s
caused disruption and pollution of the streams. Discharge of mine
wastes into streams continued with the development of bedrock mines.
Virtually all of these mining activities and related pollution have now
ceased. The single exception is the Homestake gold mine at Lead,
which has been operated almost continuously for nearly 100 years,
and is now the most productive gold mine in the United States. During
this time, an estimated total of 65 million tons of tailings have gone
iII{l'to Whitewood Creek, a tributary of the Belle Fourche and Cheyenne

ivers.

. Whitewood Creek at Whitewood has an average discharge of about
25 cfs and carries about 2,700 tons per day of silt, mostly crushed
quartzite. Mercury was formerly used in the amalgamation of gold, and
an estimated 12 to 40 pounds of mercury was lost each day into White-
wood Creek (U.S. Environmental Protection Agency, 1971). A prelimi-
nary check on the mercury level in the flesh of fish in the Cheyenne
River arm of the Oahe Reservoir showed that the levels were in excess
of the Food and Drug Administration’s guideline of 0.5 parts per mil-
lion (ppm). Other toxic effluents discharged by Homestake are average
daily loads of 312 pounds of cyanide, 240 pounds of zine, and 9.5
tons of arsenopyrite. The arsenopyrite is oxidized, resulting in arsenic
concentrations in the Cheyenne River that are four times greater than
the U.S. Public Health Service water-supply criterion. '

Untreated municipal waste from Lead and Deadwood also contri-
butes to the pollution of Whitewood Creek, and would constitute a
health hazard were it not for the fact that virtually all organisms are
killed by the mining wastes. Homestake discontinted using the mer-
cury amalgamation process in December 1970. However, the large
quantities of mercury as well as arsenic and cyanide contained in the
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alluvial deposits along Whitewood Creek and the Belle Fourche and
Cheyenne Rivers may be an environmental hazard for years to come.
The mercury content in shallow ground water in these deposits is
higher than the recommended limit of 0.5 ppm for drinking water
(U.S. Environmental Protection Agency, 1971)

Plans are now being made for the complete renovation of Whitewood
Creek. The initial plan by an engineering company for the construction
of a large tailings and sewage lagoon In Centennial Valley met with
strong opposition by a group of local citizens who feared the toxic
waters would pollute ground water. During the public hearings in
Deadwood in December 1973, the Lead-Deadwood Sanitary District
proposed an alternative plan by another company for a tailings lagoon
m Grizzly Gulch on Homestake property. This plan is being studied.

The uraniuvm mines northwest of Edgemont produce no significant
water or air pollution. Areas disturbed by underground or strip mining
are small. Some operations present minor hazards for livestock and
man, but these can be remedied by appropriate fencing. The radio-
active ore dumps along the banks of the Cheyenne River may consti-
tute a local hazard below Edgemont, but these are monitored by vari-
ous Federal agencies.

In plans for development of the large taconite iron deposits near
Nemo, some environmental problems must be faced. A major concern
is the source, use, and disposal of the water required for processing the
ore. The creeks near the deposits have little discharge. Withdrawal of
large amounts of ground-water from the Pahasapa Limestone several
miles to the east could effect water supply elsewhere. However, modern
technology, through recycling of water, precipitation of dust, and other
means, can keep water and air pollution to a minimum during roining
and concentrating of ore. No large area will be strip mined, for the sur-
face area underlain by taconite totals only about 160 acres (Bayley,
1972b). The iron mining will probably result in a few large open cuts
similar to the taconite mine at Atlantic City, Wyoming. The ore is
largely composed of iron oxides; it contains little soluble matter that
could pollute surface or ground waters, and lacks iron silicates of the
kind that in Minnesota have caused concern for public health.

Tron-rich waters drain from areas where bog iron was mined inr
Quaternary deposits along the flood plains of tributaries of Rapid
Creek near Rochford (Luza, 1970). Degradation of the streams, in
the form of rusty-colored acidic water and lack of aquatic life, gen-
erally persists for as much as a mile downstream from the mined
areas. However, the bog iron deposits are not likely to be mined in
the future, at least partly because of the resulting stream pollution
Similar iron-rich waters and sterile environments 'seem to be present
in many tributary canyons of Castle and Rapid Creck where there
has been no bog mining. This iron results from the natural oxidation of
sulfiderich slates and phyllites, and is transported into the valley
alluvium by ground-water (Rice, 1972).

Old abandoned metal mines in the Black Hills have little current
environmental impact, although numerous unmarked prospect holes
and shafts constitute a hazard for hikers. Gries (1971, 1974) measured
discharge, acidity (pH), and conductance of waters draining old
bedrock mines in the Black Hills, and found that in the northern
Black Hills the total discharge of water from abandoned metal mines
was less than 500 gallons per minute (gpm), and the mineral content
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and acidity of the drainage waters was generally highest where the
discharge 1s very low. The most acidic mine drainage observed was
in Strawberry Creek below the Gilt Edge mine near Galena, where the
average pH was 3.0 and the average discharge was 1 gpm. Strawberry
Creek empties into Bear Butte Creek, which contains no fish from the
mouth of Strawberry Creek to where it disappears in limestone sink-
holes 4 miles downstream. Mines having larger discharges have better
quality water. Drainage from the Cutting (@ladiator) Mine near Lead
is potable and serves as a source of water for the town of Deadwood.

NonmETALLIC MINERALS

Sand and gravel pits are scattered throughout the State and
contribute much to the mineral segment of the economy. Even the
largest pits—near Oral, Wasta, and Brookings—cause little ground to
be disturbed. Indeed, it may be argued that the land 3 miles south of
Brookings along I-90 is now more valuable for man and wildlife than
before the gravel was quarried, as the area now contains fresh-water
recreational ponds that occupy abandoned gravel pits.

Rapid City has the greatest air pollution in the State. A significant
contributor to this pollution, in spite of stack precipitators and
scrubbers, is the State-owned cement plant, the only cement plant in
the State. Plans are being made to double the plant’s current produc-
tion. One means of avoiding an increase in the pollution of Rapid
City’s air would be to build a new plant elsewhere, for the Minnekahta
Limestone, source rock for the cement, is present at the surface
entirely around the Black Hills.

Large quarries for the mining of road aggregate or dimension stone
are in the Sioux Quartzite at Sioux Falls and Dell Rapids, in the
Minnekahta Limestone at Rapid City, and in the Milbank granite
at Milbank. Little environmental damage is associated with these
operations except for the creation of dust and the aesthetic impact of
a large quarry. Quarries in the Sioux Quartzite are reclaimed by
allowing them to fill with water to become recreational lakes; those
in the Minnekahta Limestone in Rapid City could be used for urban
construction after quarrying ceases. .

Old bentonite strip mines west of Belle Fourche and south of Buffalo
Gap are marked by unsightly waste heaps and disturbed ground where
little reclamation work was done in the first half of this century.
Improved reclamation techniques at the pits near Belle Fourche may
imprové the duck habitat by creating artificial ponds.

Pegmatite mining has left many open holes and quarries in the
Black Hills, but most of them are very small. Their adverse effect on
the scenery is at least partly offset by their recreational value to
rockhounds. Perhaps best viewed as a mixed blessing is the fact that
some quarries are used as dumps for local refuse that might other-
wise be scattered throughout the Black Hills.

Orceanic FurLs

Gil and gas development in South Dakota has been minimal, and
has led to virtually no environmental damage. Plugging of abandoned
exploratory drill holes has prevented mixing of good and bad water
from different aquifers.
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South Dakota has vast lignite resources, but at present they are not
competitive with the exceptionally thick sub-bituminous coal and
lignite in Wyoming, Montana, and North Dakota. However, massive
coal developments that are anticipated in these adjacent states may
affect South Dakota’s environment. Mine-mouth electric plants could
pollute South Dakota’s air. Demands for surface and ground water in
the adjacent states may cause problems associated with interstate
streams and aquifers. A proposed coal slurry pipeline would take
9,000 gpm from wells in the Madison Limestone at a location in
Wyoming near the State border west of Edgemont. Although details
of the permeability, porosity, and recharge to the Madison are not
known, the cone of depression seems likely to cross the State boundary
and influence the water pressure in this aquifer in southwestern
South Dakota. In October 1974, South Dakota filed suit against
Wyoming in order to allow for a more detailed assessment of this
environmental impact.

SuMmARY

Past development of water and mineral resources has had varying
degrees of impact on South Dakota’s environment. Appropriate
planning is necessary to keep the effects of future developments within
acceptable limits. The Rapid City flood of 1972 indicates the need for
flood plain planning and zoning. Dam construction will continue to
serve valuable functions for flood control and low flow augmentation
-of streams. The location of dams requires careful consideration of
geology in order to avoid permeable rocks that allow leakage of reser-
voir water. Continued studies of ground water withdrawals, safe
yields, and long-term future needs are required. South Dakota’s role
m future ground- and surface-water diversions arising from the
development of coal in adjacent states should be studied.

Tailings from the Homestake mine have considerably degraded the
environment of the Whitewood-Belle Fourche River system, but
appropriate remedies for control of tailings discharge and milling
techniques should reduce this effect. Otherwise, past mining operations
in the Black Hills have had relatively little adverse effect on today’s
environment. Taconite iron mining is likely to be a major future
activity in the Black Hills, and appropriate planning is required to
keep potential environmental problems to a minimum.

A major need in the development of all mineral and water resources
is interdisciplinary planning to utilize these resources before some other
land use permanently preempts them. Planning would avoid such
problems as that of the Brookings dump, which is in Brookings
County’s best aquifer (Lee, 1958). Sand and gravel or rock quarries
near urban areas should be developed before the land is used for
home or residential areas. Once urbanized, the resource will be lost.



MINERAL RESOURCES

INTRODUCTION
(By J. J. Norton, U.S. Geological Survey, Reston, Va.)

- In the following pages the mineral deposits of the State are discussed
in three categories: 1) metallic minerals, 2) nonmetallic minerals,
which also are commonly referred to as industrial minerals and rocks,
and 3) the mineral energy sources. Most sections treat a single com-
modity, but where two or more mineral products ordinarily occur
together in one kind of deposit they are discussed as a group. The most
important products based on past production and future outlook are
generally discussed first and the least important last.

For each commodity the history of mining and exploration is sum-
marized and available production figures tabulated, generally for the
entire period from the earliest year of recorded mining to the end of
1973. The standing of South Dakota’s output relative to other sources
is mentioned where pertinent, but is omitted for commodities such as
- sand and gravel that are ordinarily shipped only a short distance. The
uses of many mineral products are too well-known to merit discussion;
flor ofhers the uses are less widely known and are described in some

etail.

The geographic distribution and geologic environment of the various
kinds of deposits are described extensively, as is their mineralogy,
structure, and other traits that influence their value. Mining, process-
ing, and marketing problems are summarized where they are out of
the ordinary.

A key question in discussing a mineral commodity is how much
material suitable for use remains in the ground. The question, more
exactly stated, is what is known to be present and what is the expecta~
tion for future discoveries or for development of known deposits that
have not yet been mined. The words ‘reserves’” and “resources’”’ are
the customary labels for estimates of the amounts Jikely to be avail-
able. Oftentimes such estimates are subdivided according to the com-
pleteness of the data on which they are based and the economic feasi-
bility of extraction. The words sum up a group of complex concepts
involving geologic, engineering, and marketing considerations. .

“Reserves” applies only to material that can be obtained at a profit
commensurate with the business risks and for which there is consid-
erable evidence of its existence and location. The word is almost
invariably misused by laymen, and oftentimes carelessly used by
professionals. Undiscovered ore, even if of great value, is not s reserve
until its existence and location become known and'its nature can at
least be inferred from geologic evidence. Then as tests of various
kinds increase knowledge of the quality of the ore bodies, their size
and shape, the amenability to milling or other processing, and the
marketability of the product, quantitative estimates proceed through
a series of categories until they become what is known as a “measured”’
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or ‘“proved’”’ reserve when the ore is ready for mining. Because such

- work is costly, the proved reserves of a mine tend to be maintained at
a level only large enough to plan the mining properly and to justify
any capital expenditures required, though there is also a necessity
to obtain enough information about additional ore to predict how
operations will proceed in the long-term future. Yet there is little
reason to spend money to prove reserves that will not yield a return
until many years Jater. For some commodities there is even a risk
that what are considered reserves now will cease to be reserves in the
future as a result of the discovery of better deposits elsewhere or
technological changes that alter the market.

“Resources’ includes both reserves and material that gives promise
of being mined in the future. It includes undiscovered deposits that
would, if found, be minable immediately. It also includes material,
discovered as well as undiscovered, that cannot now be profitably
used but may be mined when better deposits are depleted or tech-
nological and market conditions change. Investigations of such
resources, which are important in gaging the future, tend to be in the
province of governmental organizations, whereas the search for
reserves to be more promptly used is mainly by industry, though there
are exceptions on both sides. The example of resource studies that is of
greatest current interest is the many decades of work on coal and oil
shale, theresults of which have made the energy crisis less intimidating
than it would otherwise be. :

In estimates of reserves and resources, the quality and quantity
of the data and their probable meaning are more important than mere
numerical summaries. Most of the discussions of the various com-
modities on the following pages will treat resources not primarily in
terms of arithmetic calculations but instead will emphasize the mean-
ing and the shortcomings or strengths of the available information.

MeraLLic MINERALS
“Gold and Gold-Silver Deposits

(By J. J. Nérfon, U.S. Geological Survey, Reston, Va., and J. A. Redden, South
" Dakota School of Mines and Technology and U.S. Geological Survey, Rapid
City, 8. Dak.) -

Production and history. . - ,

South Dakota has a recorded gold production through 1973 of
35,484,483 troy ounces, of which 32,212,129 ounces or 91 percent came
from the famous Homestake mine at Lead (table 3). This amounts to
slightly more than 1 percent of all the gold that man has ever mined.
The gross value of the Black Hills production somewhat exceeds the
billion dollar mark, which: generally is taken as the lower limit in de-
fining what constitutes a major mining area. At the approximately
$180 per ounce price widely quoted in December 1974, this quantity of
gold would be worth $6.4 billion.
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TABLE 3.—GOLD AND SILVER PRODUCTION FROM SOUTH DAKOTA AND THE HOMESTAKE MINE, 1875-1373
[From U.S. Bureau of Mines except as noted)

Gold ) _ Silver
South Dakota South Dakota 2 Homestake
Homestake mine (thou-
Value mine (troy  Troy ounces Value  sands of troy
Year Troy ounces  (thousands) ounces)!  (thousands)  (thousands) ounces)1
70
3 60, 000
100, 606
157, 356
117, 067
174,150
193, 500
159, 637
154, 800
159, 638
154, 800
130, 612
116,110
125,775
140, 287 10
154, 800 3,200 3,636, 340 100 105
171,731 3,550 100 99
178, 987 3,700 58 51
193, 809 4,006 140 109
159, 5 3,299 59 37
187,187 3,870 159 104
240,414 4,970 230 155
275,491 5, 695 148 89
275,723 5, 700 152 90
312,962 6, 470 146 88
298,842 6,178 536 332
313,446 6,480 78 47
336, 952 6,965 340 180
330, 243 , 827 221 119
356, 7,364 162 93
334, 460 6,914 179 109
319,512 6, 605 155 105 3,604
200, 185 4,138 1, 676, 763 107 70
374,529 7,742 197 106
317,998 6,574 196 102
260, 267 5,380 121 65
359, 904 7,440 204 108
381,745 7,891 206 127
354,071 7,319 173 104
S5 720 706 b 101
360, 909 7.461 [ 2838803 215 142
356, 245 7,364 187 154
317,598 6, 565 159 159
235,250 4, 863 116 138
226,224 4,676 91 99
319, 525 6, 605 112 112
315,258 6,518 119 119
309, 905 6, 406 96 79
295,930 6,117 87 58
289,747 5,990 3,125,607 96 67
279,529 5,778 82 51
322,032 6,657 96 55
317,379 6,5 91 53
316, 837 6,550 85 45
407,221 8,418 105 a1
432,075 8,932 114 33
480,338 9,929 126 36
512,404 13,097 125 44
486,119 16, 990 100 64
567,230 19, 853 5,205, 669 151 109
586, 353 20,523 144 112
581, 544 20, 354 140 108
584, 847 20, 820 162 105 597
618, 536 21,649 168 114
586, 662 20,533 - 176 125
600, 637 21,022 556, 963 171 121 118
522,098 18,273 486, 696 187 133 109
106, 444 , 103, 675 36 26 21
407 11,495 5 4
59,948 1,958 53,498 27 19 13
312,247 10,929 298, 470 87 70 54
407,194 14, 252 393,174 112 .10t 78
377, 850 13,225 360, 716 95 N 86 72
464, 650 16, 263 447,070 109 99 84

See footnotes at end of table.
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TABLE 3.—GOLD AND SILVER PRODUCTION FROM SOUTH DAKOTA AND THE HOMESTAKE MINE, 1875-1973—Cont.

Gold Silver
South Dakota South Dakota? Homestake
— - Homestal mine (thou-
Value mine (troy  Troy ounces Value  sands of troy
Year Troy ounces  (thousands) ounces)!  (thousands)  (thousands) ounces) 1
567, 996 19, 880 548, 927 142 129 111
458,101 16,034 441,108 140 126 96
482,534 16, 889 466, 809 132 120 92
534,987 18,725 520, 072 139 125 106
541, 445 18,951 524,358 151 137 116
529, 865 18,545 514, 510 154 139 104
568, 523 19,898 551, 577 136 123 109
568, 130 19,885 554,912 135 122 117
570, 830 19,979 558,943 153 138 11
577,730 20,221 573,384 124 113 114
654,771 19,417 554,770 108 98 108
557, 855 19, 525 557, 838 127 118 127
577,232 20,203 577,231 113 123 112
576, 726 20,185 576, 723 117 150 116
616,913 21,592 616, 910 133 172 133
628, 259 21,989 628, 259 129 167 129
606, 467 21,226 606, 467 110 142 110
601, 785 21, 062 601, 783 121 188 121
593, 052 23,283 592,3 138 295 137
593, 146 24,621 593, 101 124 223 124
578,716 21,059 578, 644 120 212 117
513,427 21,179 513, 494 107 165 106
407,430 23,875 407,397 100 168 - 99
357,575 34,974 357,634 72 184 72
35,484, 483 1,065,632 32,212,129 13,048 10,897 7,440

1 From Slaughter, 1968, p. 1438 for 1878-1965. From Homestake Mining Co. annual reports thereafter except that silver
production for 1973 is assumed to be the total State production.

2 Dollar values are from Allsman, 1940, p. 8 for 1876~88. Qunces are calculated using prices quoted by U.S. Mint.

3 Allsman, 1940, p. 8, is the source of the value $1,200,000. Ounces estimated by dividing by 20.

Most of the more than 3 million ounces from mines other than the
Homestake also came from the northern Black Hills. Table 4, which
identifies the sources of the gold to the extent possible, shows that two
properties near Lead each approached a million ounces in output from
Tertiary replacement deposits in the Deadwood Formation. The same
table indicates that about 99 percent of all the gold came from within
5 miles of Lead. The principal district elsewhere is at Keystone,
which probably has yielded somewhat more than 100,000 ounces.
The Black Hills Mineral Atlas of the U.S. Bureau of Mines (1954a,
1955) summarizes data on 225 gold properties, and even it does not
treat all the places that have drawn more or less serious attention.
The most important localities are shown in figure 15.

Silver production has amounted to 13,048,000 ounces selling for
$10,897,000. Of this total, 7,440,000 ounces or 57 percent was a by-
product at the Homestake mine. Approximately 1,500,000 ounces
came from lead-silver deposits, to be described in the succeeding
section. The slightly more than 4 million ounces remaining came from
the smaller gold mines, especially the deposits in the Deadwood
Formation. :

The original discovery was of placer gold at an encampment of the
Custer expedition of 1874 on French Creek, 3 miles east of what is
now the city of Custer. The far richer placers of Deadwood Gulch
were discovered in November 1875, and the first lode claims on what
became a part of the Homestake property were located in December.
The original Homestake claim was located in April 1876.
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TABLE 4.—SOURCES OF GOLD MINED FROM THE BLAGK KILLS; 1875-19731 o

Gold pro-

Principal source of - duced (in
Mine or locality . Location ’ ore2 ~ troy ounces)

Principal mines:
Homestake. - oo ooa At Lead, Lawrence County....._..____
Golden Reward group of mines. 2 mi southwest of Lead__.___________
Bald Mountain group of mines 3miwestof Lead____.___.____.._____
Mogul . ___________.._ 3 mi southwest of Lea
Placers of Deadwood reg
Maitland (Penobscot).

.- 5 mi east-southeast of Lead___.
- 7miwestof lead__.______..._.
_- At Roubaix, 7 mi southeast of Lead.

Clover Leaf (or Uncle Sam)...
-- 2 mi west-southwest of Lead

Lundberg, Dorr, and Wilson__

Hoodoo—Union Hili.. ... .- 5 mi east-southeast of Lead___. -
Reliance..___._.._. - 5miwestof lead.____.__.__________
Rockerville placers.. ... .._._.__ Juzt eastt of Rockerville, Pennington
L ounty.
Ragged TOP. - coov oo .- 6miwestoflead ... _____._______
Deadwood, Standard__ - 7miwestofLead_ ___________ y
IR e e 3 mi N. 60° east of Hill City,
Pennington County. )
Hidden Fortune_ .. .__.._.__.._..... Justnorth of Lead___________________ 10,997
Other deposits: 3 i
- Lawrence County (especially Alder _________ o __ 50, 000
Creek—  Cleopatra,  Bismarck, :
Golden Crest, Monarch, and Kick- :
ing Horse).t : . . :
- Pennington County (especially Em- _________________ . _.__.______._. pCif and pCq.._..._ 30, 000
~ . pire, Bullion, Standby, and Sunny- .
side. )t .
Custer County_________________ - 4,000
Total production, from identified ___________________ [, ---- 35,301,378
sources.
Production from unidentified sources. ..o oo 183, 105
Total recorded production____________ 35, 484, 483

1 Madified from Norton, 1974, table 1. Footnotes to the original table give details of how the data was obtained.

2 pCif, Precambrian iron-formation; pCq, quariz veins in Precambrian metamorphic rocks; Cdc, conglomerate at the
base of the Deadwood Formation; Cdd, replacement bodies and veins in dolomite and other rocks of the Deadwood Forma-
tion; Mp, Pahasapa Limestone; Ti, Tertiary igneous tocks; QTp, Quaternary and Tertiary placer deposits.

$ None of the hundreds of small placer deposits mined after the gold rush years are included.

4 Mines specifically named are those-that have a recorded or estimated production of between 3,000 and 10,000 ounces.

Ore was also soon found in the basal conglomerate of the Deadwood
Formation, and not long thereafter the many replacement deposits
in the Deadwood began to be discovered. Many mines in the replace-
ment deposits were developed before 1900, and production continued
from some of them until 1959. ’

Small placer deposits were worked on most of the creeks elsewhere
in the Black Hills during the first few years of prospecting. Claims
were also staked on many other lode deposits. Except for the localities
identified in table 4 and figure 15, few of these have been profitable.
Occasional efforts to work placer ground by dredges or other mechani-
cal equipment have had little success. -

As table 3 indicates, gold production increased continuously, with
generally modest ups and downs, for several decades. The increase
accelerated in the 1930’s after the price of gold was raised to $35 per
ounce. A peak was reached in 1939 at 618,536 ounces. The closing of
gold mines in World War II caused a sharp decline, from which
recovery was gradual. The combination of inflating costs of mining and
the fixed price of gold caused virtually all mining except at Homestake
to come to an end at the termination of the 1950s.
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Homestake met the problems by intensive efforts to improve mining
methods and to enlarge the operation so as to reduce unit costs. The,
year of largest production was 1965, when 628,259 ounces were mined,
all of it at Homestake.

Fortunately skillful management enabled mining to continue, for
the release of the price restriction in the late 1960’s and the very great
price increases of the 1970’s have drastically changed the outlook.
The quantity of gold produced has diminished, probably from such
causes as the great depth of mining, the opportunity to use lower grade
ore, a shortage of skilled labor, and the difficulty of adjusting to the
changed economic environment after a long period of marginal opera-
tion in which exploration and development were necessarily minimal.
Nonetheless, the money value of the geld obtained has increased
dramatically, though not necessarily permanently, for the price of gold
can now go down as well as up. At the end of 1974 no additional mine
has opened nor is there promise that one soon will. Exploration has.
increased somewhat, but has yet to accelerate to the rate expectable.

Geology of the deposits :

The gold and gold-silver deposits may be divided into four different
categories involving four different ages of mineralization: (1) lode
deposits, either of replaced iron-formation and associated rocks or of
quartz veins, in Precambrian terrane in which most of the mineraliza-
tion probably was Precambrian; (2) deposits in the basal conglomerate
of the Deadwood Formation that appear to be fossil placers; (3)
Tertiary replacement deposits and veins, mainly in the Deadwood
Formation but also in the Pahasapa Limestone and Tertiary igneous
rocks; and (4) Tertiary and Quaternary placers. .

Homestake deposits and similar deposits.—The Homestake mine is
in what is known as a strata-bound deposit—that is, a deposit for the
most part confined to a single stratigraphic unit. In this instance the
rock containing the ore bodies is a metamorphosed iron-formation,
which appropriately is named the Homestake Formation. The most
important reports on Homestake geology are by Noble (1950),
Noble and Harder (1948), Noble, Harder, and Slaughter (1949), and
Slaughter (1968). , :

The Homestake Formation is a metamorphosed banded unit of
cherty quartzite and sideroplesite (magnesium-iron carbonate) below
the garnet isograd but changes to quartzite and cummingtonite just
a}l:ove the garnet isograd. The main ore bodies are in the zone of this
change. :

The rocks are in a set of large isoclinal folds, of southeasterly plunge,
that have been refolded by two sets of smaller folds. The older of the
smaller folds have a right-hand movement pattern (that is, they have
the shape of the letter N in plan) and the younger folds have an op-
posite shape. Configurations can be of such extreme complexity that
axes of the major folds may take on an exceedingly sinuous pattern,
plunges may change greatly and even turn to the north, and a few
fold noses have become detached from the limbs. Some warping re-
sults from emplacement of Tertiary igneous rocks and from the dome
formed around the Cutting stock, exposed west of Lead.

The ore bodies are irregular pipelike structures located in the
younger set of cross folds. They are a somewhat chloritized version
of the Homestake Formation impregnated with pyrrhotite, pyrite,

52-369-—75——7
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arsenopyrite, and free gold. Quartz veins are comnion but generally
not rich in gold. Veinlets of carbonate minerals, pyrite, and other
minerals are insignificant as sources of gold, but because they cut
Tertiary dikes they provide one of the arguments that the ore formed
in Tertiary rather than Precambrian time. B

Whether the gold was an original constituent of the sediments and
whether the ore bodies formed mainly in Precambrian or mainly in
Tertiary time are questions of considerable economic importance
because they influence exploration for additional deposits of the same
kind. The Homestake mine is in an isolated area of Precambrian
rocks surrounided by a cover of Paleozoic rocks. The attractiveness
of exploring for concealed deposits and how to do the exploration
depend on the premises one accepts. Norton (1974), in a review of
the geology urging such exploration, pointed out that without the
removal by erosion of the Paleozoic rocks the Homestake deposit
itself probably would not yet have been discovered. The very exist-
ence of a Homestake mine is thus something of an accident.

The age of the ore forming process has been the subject of consider-
able ‘debate. Noble (1950, pp. 245-247), who has contributed more
than any one else to the knowledge and interpretation of Homestake
geology, called the age of mineralization an unsolved problem, but
communications from him through the years indicate he favors a
Tertiary age. The chief reasons are that veins cut Tertiary rhyolite
dikes in the mine, gold deposits in nearby younger rocks are Tertiary,
the cross folds controlling the localization of the ore bodies may
also be Tertiary, and the ore of the Deadwood conglomerate shows
evidence of hydrothermal origin. , ,

Arguments to the contrary are: 1) the Tertiary ores are of different
mineralogy and have different gold-silver ratios than the Homestake
ores, 2) none of the Tertiary vertical gold veins have ever been traced
downward into ore in Precambrian rocks, 3) the chief -deposits -of
gold in Deadwood conglomerate are near the Homestake outcrop and
thus probably are fossil placers, 4) the ore bodies are in the zone where
sideraplesite gives way to cummingtonite, implying that metamor-
phism influenced their origin, and 5) cross folds have now been found
to be so abundant in Black Hills Precambrian rocks as to allow vir-
tually no reason to believe they are of Tertiary age. Furthermore;
geologic studies throughout the world since the time of Noble’s
work have shown that many strata-bound ore deposits carry metals
originally deposited in the sediments. Iron-formation throughout
the Black Hills contains gold, as chemical analyses and the great
abundance of prospect pits and small mines attest, and this wide
distribution of gold implies a Precambrian age. -

- The persuasiveness of these points was neglected until isotopic
data and interpretations of Rye and Rye (1874) and Rye and others
(1974) were published. They showed that the oxygen certainly and
the sulfur almost as certainly were original constituents of the Home-
stake sediment. The lead isotope data indicate the lead camé from a
2.5 billion year old source and went through metamorphism and
remobilization at 1.6 billion years. In isotopic compositions the
Homestake ores are quite different from the ores in the Deadwood
Formation.

Thus it appears the salfur, exygen, and other major constituents
of the Homestake deposit were part of the originil sediments and
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were redistributéd to form ore-bodies by fluids produced during
metamorphism. Whether the gold and also arsenic, with which the
gold commonly has a close association, went through the same history
or were introduced from an outside source is not so certain, for néither
of them is common in the world’s iron-formation (James, H. L.,
written communication, 1974). Nonetheless, Noble (1950, p. 231-232)
found ‘arsenopyrite to_be one of the first ore minerals formed. Thus,
regardless of whether the arsenic was original or was introduced during
the ‘mineralizing process, it alimost surely was deposited in the ore
bodies during the metamorphic épisode. The possibility that the gold
was not Precambrian is equally remote, especially as it Is a constituent
of iron-formation in many places in the Black Hills. '

From this evidence it may be concluded that the principal period
of mineralization was Precambrian’ and that the location of the ore
bodies was controlled by 1) a sufide-bearing phase of the Homestake
Formation, 2) the cross folds, and 3) proximity to the garnet isograd.
Any place where these three conditions come together should be
proinising for exploration. o '

Unfortunately the Homestake Formation is not known to crop
out anywhere except in the Lead area, nor is it even certain that the
stratigraphic level at which it should appear is at the surface any-
where else in the Black Hills. It may pinch out or be cut off by an
unconformity at some concealed locality. Yet many other places have
iron formation, several with gold mines of modest productivity. There
is no reason to suppose that these cannot somewhere have the same
geologic history as at Lead, if not at the surface then beneath younger
Precambrian rocks or beneath the Paleozoic cover.

The Rochford district, 15 miles south of Lead, has been the site of
extensive exploration, both'in early years and again recently after a
study of the area by Bayley (1972a), who obtained many encouraging
gold analyses. According to Bayley, the area has three separate banded:
quartz-grunerite units In an anticlinorial structure that has a trend
somewhat west of north. The rock units go beneath the Paleozoic
cover and probably pass beneath the Portland and Ruby Basin dis-
tricts, which contain the largest Tertiary gold deposits. The Home-
stake Formation, if it exists in the area, 1s concealed beneath the sur-
face according to Bayley, for the iron-forntations described by him
are higher in the stratigraphic section. An attempt to find the Home-
stake Formation by drilling near Rochford was unsuccessful.

The Keystone region has three quartzite-grunerite units that reach
thicknesses of several hundreds of feet, largely through duplication
by isoclinal folding. The principal gold mines, which are at or very
near Keystone, are in or near one of these units. At least three other
layers of iron-formation exist' nearby but are generally less than 20
feet thick. The lithologies of the iron-formations and the associated
rocks sufficiently resemble those at Rochford to suggest that they are
stratigraphically equivalent. Regardless of whether they are equiva-
lent, they were certainly some tens of miles removed from the Rochford
rocks at the time of original sedimentation.

Urits of iron-formation have also been prospected for gold, with
only slight success, in the Custer and Nemo regions.

Gold quartz veins.—Small quartz veins, some of which have gold,
are common in the Precambrian rocks. Some gold-bearing veins are
cut by pegmatites in the southern Black Hills (Redden, 1963, pp.
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217-218) and are clearly Precambrian but formed after the climax of
the main metamorphism, thus dating them rather closely as nearly
contemporaneous with the Harney Peak Granite.

One of the largest deposits is the Clover Leaf mine at Roubaix,
which is described by Irving (1904) as a saddle reet in an anticlinal
fold that plunges about 40° southeast. The quartz has some chlorite
and mica; ore minerals include gold, galena, sphalerite, and pyrite.
Adjacent schist contains gold, pyrite, pyrrhotite, and arsenopyrite.
The mine has been developed to the 750-foot level. Tts low silver
content implies the deposit is not Tertiary, though it is near areas of
known Tertiary mineralization. The low gold content and restriction
of ore to the one anticlinal structure offer little encouragement that
the deposit can become a major mine. v

The Holy Terror mine at Keystone is also a gold quartz deposit.
The vein was thin and only about 100 feet long at the surface but
thickened to a length of more than 1000 feet on the 500-foot level.
Total development extended to a depth of 1200 feet. Apparently the
grade of ore decreased as the vein thickened. The rich upper part of
the vein was bounded by a thin plaster largely of muscovite, and free
gold was abundantly sprinkled through the quartz near the contact.
Sulfide minerals consisted chiefly of sparse arsenopyrite and pyrite.

Other gold quartz deposits worthy of mention are at the J. R. and
the Empire mines, the former 3 miles N. 60° E. and the latter 4 miles
l\}T1 . 75° E. of Hill City. Little is known about the geology of either of
them. :

There are hundreds of other prospects and dozens of small mines on
quartz veins. They have no known stratigraphic control nor even
convinéing structural reasons for their localization. They are probably
all Precambrian, though Norton (1974, pp. 13-14) notes that several
are near ireshly brecciated zones. Some of these veins have graphitic
and tourmalinized wall rock but others have minimal alteration.

Deposits in basal conglomerate of the Deadwood Formation.—The
Deadwood basal conglomerate has gold of probable placer origin at a
few localities. Known deposits are restricted to conglomerates that
developed in topographic lows on the Precambrian surface and were
generally only a few feet or a few tens of feet thick. The richest ore
was near the base of the conglomerate and in the upper few inches of
underlying weathered schists. Not all such conglomerates are gold-
bearing, for a source of gold in the Precambrian rocks was necessary.

The presence of pyrite in the ore and evidence from the shapes of
gold particles indicate that later processes affected the deposits.
Noble (1950, p. 246) doubted that they even have a placer origin, but
early geologists (Devereux, 1882, and Irving, 1904), who surely had a
thorough familiarity with placer gold, were convinced that most of
the gold was detrital. The fact that the largest deposits are near the
outerop of the Homestake deposit and the variety of evidence that the .
Homestake ore is Precambrian are the most persuasive reasons now
available for believing in a placer origin, for the main deposits have
been mined out.

Large deposits formed at Lead because the outcrop of the Home-
stake deposit was an island that supplied gold to surrounding gravels
in the Deadwood sea. The ores were termed ‘‘cement ores” by the
early miners. Their decomposition and weathering contributed to the
rich stream placers that caused the original Deadwood gold rush.
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Deposits of apparently similar nature are near Rockerville, where
the Deadwood basal conglomerate is much better developed than is
ordinary in the southern Black Hills. Conglomerate a few miles to the
south near Hayward is also gold bearing. No pyrite is reported and
the area is far removed from known Tertiary mineralization. The
Precambrian source of the gold is not known but is presumably within
a few miles. Most of the gold workings in the Rockerville region
are not in the Deadwood but in Quaternary gravels that were sup-
plied with gold by the Deadwood and by decomposed schist nearby.

Replacement deposits in Paleozoic and Tertiary rocks.—A broad
area of the northern Black Hills contains Tertiary gold-silver deposits,
largely in the Deadwood Formation but also in the Pahasapa Lime-
stone and Tertiary igneous rocks. Most of the mining has been in the
Portland and Ruby Basin area on the south flank of the Lead dome,
but several important mines and many prospects are distributed
elsewhere around the dome. Total production is between 2.5 and 3
million ounces of gold (table 4), which is a sizable amount but so
greatly overshadowed by the Homestake output that even the
existence of these mines is not widely known. Shapiro and Gries (1970)
have issued a comprehensive report on these deposits.

Most of the ore bodies are where vertical mineralized fractures pass
through beds of dolomite, which are replaced outward from the frac-
tures. The largest deposits are where fracturing is most intense. Ore
is chiefly at two stratigraphic levels within the Deadwood—the so-
called ‘“lower contact”” and “upper contact’’ zones, a terminology which
Shapiro and Gries (1970, p. 29) suggest may have originated by being
used to designate ores at the top and bottom of a large sill in the Ruby
Basin district. In the locally conventional usage, however, the lower
contact zone is a 6- to 30-foot thick interval of interbedded sandy
dolomite and shale that lies immediately above the unit of quartzite
at or near the base of the Deadwood. The upper contact ore zone has
similar lithology but is about 15 feet below the upper massive Scolithus
sandstone of the Deadwood. Minor ore zones occur in other dolomite
beds as well as below a glauconitic quartzite immediately beneath the
upper contact ores and in quartzite at the bottom of the formation.
Contacts of sills and dikes can also be ore-bearing.

The ore bodies are long and narrow. Lengths range from only a few
tens of feet to 5,000 feet. Widths are generally small but may be as
much as 300 feet where fractures are closely spaced. The larger ore
bodies follow fractures of northeasterly or northerly trend, but north-
westerly and westerly trending ore shoots are also common.

Radial fracturing caused by intrusion of the Cutting Stock may
be an important control of the directions taken by the ore bodies
(Slaughter, 1968, p. 1444, fig. 1). On the other hand, Shapiro and
Gries (1970, p. 45-48, pl. 8) found evidence that some of the fractures
belong to regional systems of probably greater age.

Another possibility, previously overlooked, comes to notice from
the observation that many mines in the lower contact zone are in
places where the Deadwood basal units of conglomerate and quartzite
are absent. Such localities presumably were topographic highs on the
Cambrian surface. The edges of these highs would, during compaction
of the Deadwood sediments and any subsequent deformation, be
favored localities for the closely spaced fracturing necessary to allow
a large ore body to be formed.
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The ore in the Deadwood consists of the primary so-called blue
ore, which is siliceous, hard, and blue to blue gray, and the secondary
red or brown ore, which is oxidized primary ore. In the blue ore,
pyrite is abundant and is locally accompanied by fluorite, arseno-
pyrite, calcite, or gypsum. Other sulfide and carbonate minerals are
sparse. Some primary ore consists of pyrite in dolomite without any
silicification. The gold of all primary ore is finely disseminated in
pyrite and also-forms rich pockets of telluride minerals. In the second-
ary ores pyrite has been destroyed, thus freeing the contained gold
and making its recovery easier. -

 The Pahasapa Limestone contains gold-silver replacement deposits
in the Ragged Top district and the nearby Carbonate lead-silver
district. The ore follows joints, small faults, and breccia zones, but
differs from Deadwood ores in the absence of a noticeable regularity
in the selection of beds to be replaced and in the scarcity of pyrite
or other iron sulfides. Some limonitic fissure fillings were exceptionally
rich. Mineralized limestone is silicified and locally contains fluorite,
but elsewhere the rock is not strikingly different from normal
limestone. :

Among the Tertiary igneous rocks, mineralization was. common
in and along the contracts of sills in the Deadwood Formation in

the Lead area and districts to the west, but the most significant

mineralization was near Galena at the Gilt Edge mine and apparently
the Hoodoo-Union Hill mine. The Gilt Edge deposit is in a series
of extensively altered and mineralized rhyolite dikes. Pyrite is
abundant and intimately associated with ore. The wide extent of
the alteration (Mukherjee, 1968) suggests that the deposit could
be much larger than past production implies. The Hoodoo-Union Hill
mine is geologically similar but otherwise little known, for the mine
has been inaccessible since the early 1900’s (Allmans, 1940, p. 63).

Tertiary and Quaternary placer deposits.—All stream valleys and
many gravels on terraces above the valley bottoms were prospected
during the first few years after the discovery of gold. Many were
worked extensively, especially along major streams, where water
needed in mining was plentiful. Much of the physical evidence of
what was done has been destroyed because the placer localities are
also the places best adapted to farming and for town sites. Gold
production from placer ground is the most inaccurately known, for
nearly all the operations were conducted by individuals rather than
by companies. Probably many of the placer workings were profitless,
and some that yielded an adequate return in the 19th century would
not do so today because, being small and ill-adapted to mechanical
mining, they required a great amount of hand labor. ,

The largest and richest deposits certainly were those distributed
along the narrow gulches of the Lead-Deadwood region. . These
received their gold by erosion of the Homestake lode, the Deadwood
cement ores, and the Deadwood replacement deposits.

The Rockerville-Hayward region almost certainly ranked seéoﬁd,_

but a distant second. Most of its gold seems to have been reconcen-
trated from Deadwood fossil placer deposits. ‘, S
Localities along French, Castle, Rapid, and other creeks were worked
from time to time as recently as the 1930’s, and in a small way are
occasionally worked even today. Gravels on terraces along valley
walls or on divides between valleys are generally too small to be of

e
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interest now and were too far from water to be worked earlier, but some
of them may be attractive as sources of gold. A few of these may be
of Tertiary age, dating as far back as the Oligocene. Larger bodies of
Oligocene sediments distributed along the east flank of the Black
Hills seem not to have been searched for gold and do not necessarily
lack commercial concentrations. '

Outlook for exploration :

The current high gold price is causing renewed interest in the Black
Hills. The now persuasive evidence that the Homestake is a Pre-
cambrian deposit implies that other deposits of the same kind may lie
beneath Paleozoic cover. The remark by Norton (1974, p. 1-2) that
even the presence of outcrops of the Homestake deposit was an
erosional accident, without which the ore might still remain undis-
covered, has not escaped notice. ’

Exploration for concealed plunging ore shoots of the kind in the
Homestake mine is somewhat like looking for a needle in a haystack
without even knowing the needle exists. The key difference is that
geologic eévidence shows which parts of the haystack are the best
places to search. : ,

The distribution of exposed units of iron-formation in the Black
Hills is now well known, and the probable positions of many of them
beneath Paleozoic rocks can be guessed. Deciding where a sulfide
facies might be found is not possible from currently available informa-
tion, but merely knowing or suspecting that such a facies may be
required to form ore is helpful in deciding how exploration should pro-
ceed as new data accumulate. The garnet isograd, if one believes it
marks the site of ore-forming processes, becomes useful now that its
approximate position has been identified by Redden and shown on
figure 6. Interestingly enough, the Black Hills Mineral Atlas (U.S.
Bureau of Mines, 1654a) records very few metal deposits in the region
below the garnet isograd.

The distribution of Tertiary ore bodies may be a sign useful in
searching for Precambrian ore, because the gold of the Tertiary
deposits must have come from Precambrian sources. Whether the
source or sources are rich enough to be mined, whether they are shallow
or of excessive depth, and whether they are beneath the Tertiary
deposits or laterally far removed from them are all important questions.
The Homestake deposits lack.evidence that any gold was carried
away from them during Tertiary activity (Shaddrick, D.R., oral
communication, 1974). Nonetheless, an exploration plan that is keyed
to the distribution of mineralization in the Deadwood and younger
rocks has a chance of locating additional Tertiary ore bodies even if
no Precambrian deposit is found.

Helpful information could be obtained by making a contour map
of the Precambrian-Cambrian contact, acquiring detailed data about
the subsurface stratigraphy of the Deadwood Formation, and under-
taking a geochemical study to make maps showing the distribution of
some of the metals in basal units of the Deadwood. To acquire the
information, drilling as well as work along outcrops would be necessary.
Discovery of an ancient hill with gold-bearing conglomerate on its
flanks, as at the Homestake outcrop, is a possible result that would be
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too attractive to need explanation to anyone. A more likely outcome,
however, is to find circumstances of much greater complexity, the
meaning and use of which cannot now be anticipated. Only two of the
several Homestake ore bodies cropped out at the Precambrian-
Cambrian contact. The tops of all the others were at lower levels.
Even with the most comprehensive geologic information and the most
careful interpretation, a large measure of luck would be needed to
find such ore bodies. .

Yet the rewards of finding one or more major gold deposits would
be large, to the company making the discovery, to the economy of
the State, and to the nation’s position in the world gold market.
Exploration seems likely to become vigorous, especially if indications
of success become known and a follow-the-leader attitude develops.

Norton (1974, p. 19-21) suggested four places as worthy of atten-
tion: 1) north of Lead, 2) the Portland and Ruby Basin region, 3)
the Deadwood-Galena area, and 4) the vicinity of Rockerville. No
new data and no new interpretations have given reason to alter
these suggestions. The most important of the new information—the
delineation of the garnet isograd—has reinforced the evidence- that
these are the most attractive localities.

Exploration of the kind needed will be costly and time consuming,
and the development of a mine will be even more so. Yet the effort
seems worthwhile and may be undertaken.

Lead-Silver and Lead-Zinc Deposits

(By J. A. Redden, South Dakota School of Mines and Technology and U.S.
Geological Survey, Rapid City, 8. Dak.)

Lead-silver ores were produced largely during early mining of the
Black Hills and were mainly from the Carbonate and Galena districts
in the northern Black Hills (fig. 16). U.S. Bureau of Mines data indicate
the total lead production from the Black Hills was 508 tons from
1877 to 1973. According to Lincoln and others (1937, p. 36), the
tonnage could have been 8 to 10 times greater than this. Most of the
lead was produced between 1885 and 1902. Incomplete production
records show that the Carbonate and Galena districts produced
approximately 500,000 and 1,000,000 ounces of silver respectively.
Clearly the lead was a by-product of silver production. Total zinc pro-
duction recorded by the %.S. Bureau of Mines is only 266 tons, virtual-
ly all of which came from the Belle Eldridge mine southeast of Dead-
wood in the period 1942-48.



91

45"

BUTTE
COUNTY

WYOMING

SO0TH

y DAKOTA &

N =
o
2
&
MEADE
{gﬂpl
5L COUNTY

15' _103°%07'aQ"
T ase

oQ

45*

DR \> S
\ Foul
: _,((:ornara
7
-8 / - A 242
Deartisla co
=9 Res
PENNINGTON &
s ] county  HIE Gy
w J
w
=
=KZ\\
— R\ 45"
8
i K
N -
J 1\ PARK ¢
3 oy !
= 7 \_.,:l;j."
3 fenad . 4 s
= NATA/.-)\N\"J ')f:
Z PaRK{ € <, e
1= LL’“F "DE)W,(!{\ Fa30'
! oA
———/7#._ —_
N
5
8 ! Angostura | g
° r Ras R k\
= . FALL RIVER \
] l 1\\ COUNTY p—
2 J
.0 |
2 } ’\} P,
LJ___ A %v SOUTH|DAKOTA __ _*J 430
NEBRASKA (")
[*] 10 * 20 MILES
[+] 10 20 30 KILOMETERS

EXPLANATION

O

Lead-silver district

X
Lead-zinc deposit
()

N
Iron district

Iron deposit

LOCALITIES
1. Carbonate lead-silver district
2. Galena lead-silver district
3. Belle Eldridge lead-zinc ming
4, Spokane lead-zinc mine
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Fieurz 16.—Léad-silver, lead-zine, and iron deposits of the Black Hills.
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Carbonate district g ‘ : : S e
The deposits of the Carbonate District are irregular replacement
bodies along jasperized vertical fissures cutting the Pahasapa Lime-
stone and along contacts between the limestone and porphyry intru-
sions (Irving, 1904, p. 177). Most of the ore at the Iron Hill mine,
which was by far the largest deposit, was associated with porphyry,
but a vertical seam goes downward from the main ore body. The ore
was, mainly secondary silver and lead minerals, although galena
occurred in unoxidized areas. The minerals included cerargyrite,
cerussite, - pyromorphite, wulfenite, matlockite, plattnerite, and
atacamite (Irving, 1904, p. 178). Shapiro and Gries (1970) indicate
that the ore was followed to a maximum depth of 460 feet, which
must have been near the base of the Pahasapa Limestone. Crevices
along the vertical fissures commonly were filled with ferruginous
gouge-like material from which considerable gold was obtained.
Galena district o
Lead-silver ores of the Galena district are similar to the Tertiary
gold-silver ores in that relatively small lenticular deposits adjacent
to vertical fissures are ordinarily in two sandy dolomite zones in-the
Deadwood Formation. One zone is above the massive quartzite near
the base of the Deadwood and the other is above an upper quartzite
unit near the top of the formation. The ore either replaces the
_carbonate or occupies pocket-like cavities apparently caused by
““differential solution along the fissures. The vertical fissures follow
.. major fracture sets, which strike northwest, northeast, and east-west.
Apparently fracturing was largely restricted to the quartzite, but
mineralization affected overlying rocks as far up as the Pahasapa
:Limestone. Tertiary sills and dikes are common in areas of minerali-
zation but most of them are older than the ore. o
Ore bodies are commonly only a few feet thick and rarely more than
20 feet wide. Some can be traced along the strike of the vertical
fissures for several hundreds of feét. The ore in many of the mines was
completely oxidized to mixtures of cerussite, pyromorphite, jarosite,
and corkite. The primary ore was largely argentiferous galena,
sphalerite, freibergite, arsenopyrite, chalcopyrite, siderite, and quartz.
The district has many small mines. The largest was the Richmond-
Sitting Bull, the workings of which extend over an area about 1400 by
1000 feet. The ore was chiefly in the upper mineralized zone of the
Deadwood, although the basal quartizite also has ore in what is known
as the Double Rainbow mine. o o
The value of the ore produced was at least $1,200,000 and one source
estimates $2,500,000. Probably at least 80, percent of the value was
from silver. Since World War I1 there has been considerable exploration
from old workings. Mineralization was found to be relatively wide-
spread but the ore bodies tend to be small and difficult to locate by
drilling. e B
Other localities

The Belle Eldridge zinc deposits (fig. 16) .are similar to the other
Teritiary metals deposits for the ore is in replacement deposits
along vertical fissures cutting the Deadwood formation. Most of the
ore is a replacement of dolomite beds overlying a 240-foot thick quartz
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monzonite sill, which was emplaced a few feet above the basal Dead-
wood quartzite (Shapiro and Gries, 1970). The ore is unusual because
of the richness in sphalerite and arsenopyrite. It also contains pyrite,
chalcopyrite, galena, and pyrrhotite. Samples of sulfide ore taken
by Schwartz (1937) contain an average of 4.7 ounces of silver and a
little gold. Mining was chiefly during a short period in World War IT.

There are many other occurrences of lead, zine, and silver in the
northern Black Hills, but none have had much production nor does the
available evidence indicate any significant potential.

The only lead-zinc-silver deposit in the southern Black Hills
is the Spokane mine southeast of Keystone (fig. 16). The silver
content is apparently much lower than in the other districts, probably
about 0.5 ounce for each 1 percent of lead (Connolly and O’Harra, 1929,
p. 185). This deposit is a quartz vein, probably localized alorig a
small fault, in high grade metamorphic rocks and pegmatites. The ore
consists largely of galena, iron-rich sphalerite, pyrite, and arseno-
pyrite. The deposit has been explored to a depth of 300 feet and for
several hundreds of feet along strike. Production of lead was minor
and the deposit is of interest mainly because it seems to be the most
southerly occurrence of mineralization of probable Tertiary age.
Kulp and others (1956) obtained a lead isotope age of 400 m.y. but
commented that the results were not inconsistent with a Tertiary age.
Another center of Tertiary mineralization might exist in the area, but
Paleozoic rocks crop out just east of the mine and are not known
to be mineralized. '

Ezxploration potential

In the Black Hills—Both galena and sphalerite are minor con-
stituents in some of the Tertiary gold-silver deposits. A zonal arrange-
ment of the Teritary mineralization was recognized by Emmons
(1926) and Connolly and O’Harra (1929). A central area of gold-
tungsten deposits near Lead is surrounded by gold-silver deposits
followed by lead-silver deposits of the Carbonate and Galena districts
at the periphery of the area of mineralization.

Additional lead-silver deposits undoubtedly exist in the Galena
area, especially to the east of the Richmond-Sitting Bull mine.
However, these deposits surely are primary and can be expected to
have less silver than the deposits mined to date. Because the Double
Rainbow portion of the Richmond-Sitting Bull mine has been partially
developed by recent exploration. openings, deposits there may be
mined if high metal prices continue. = - '

The size and shape of all known ore bodies cause exploration by
drilling to be difficult and make the ore bodies not conducive to
large-scale mining methods. The Deadwood carbonate units favorable
for replacement are not known to be thicker anywhere than in places
already explored. Careful mapping of the structural complexities
adjacent to the Vanocker laccolith, northeast of Galena, may reveal
some fault or other structures that would permit extensive mineraliza-
tion in the thicker carbonate units above the Deadwood Formation.
Unless evidence can be obtained of an area of extensive fracturing
or potential channeling of solutions to form a large manto. deposit,
the outlook for future mining is not favorable. :
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Additional deposits similar to those at Carbonate should exist
but are surely concealed, for surface prospecting has been extensive.
Exploration of the Deadwood Formation below the known Carbonate
deposits may_ also be worthwhile, especially as ores richer in gold
than silver might be found. Nonetheless, the problems of exploration
and mining are the same as in the Galena district. 3

OQutside of the Black Hills—Much of South Dakota is underlain
by Paleozolc sedimentary rocks concealed by younger sedimentary
rocks. Lead-zinc deposits of what is known as the Mississippi Valley
type are commonly in carbonate rocks that have enough open space
for deposition of ore. Modern theory suggests that these deposits were
formed by up dip movement of metal-bearing connate fluids from
basins to structural and chemical traps or by migration of metal-
bearing fluids associated with thermal highs in deep rocks to similar
traps.

South Dakota contains the southern part of the Williston basin,
and such structural features as basement highs, faults, and reefs on
the flanks of the basin could be sites for deposits. Of course many
cimilar basins in the United States have no known deposits of the
Mississippi Valley type. Yet if special thermal conditions are necessary
for the movement of metal-bearing waters, then the problem takes
on a different color. The basic questions for South Dakota would be
whether or not it has thermal anomalies that may have produced
appropriate metal transport and whether there are suitable structural
or stratigraphic traps.

The Williston basin has thick lower and middle Paleozoic carbonate
rocks. Ordinarily these rocks change from limestone in the center of
the basin to dolomite on the edges. Furthermore, there is a change to
shallow reef conditions. Reefs are known to be favorable sites for many
lead-zinc deposits of the Mississippi Valley type. The large Pine Point
lead-zinc deposits occur in Devonian reefs at the extreme north end
of the basin in the Northwest Territories, Canada. Unfortunately,
the amount of deep exploratory drilling by oil companies on the
southern edge of the basin in South Dakota has been small. Yet drill
cuttings from one well in Walworth County has small amounts of
galena and sphalerite in Devonian carbonate rocks.

The chapter on geothermal energy in this report shows that deep

_groundwater in western South Dakota is commonly 38° C (100° F). or
botter. Schoon and McGregor (1974, fig. 1) show that ‘the highest
geothermal gradients are generally on the flanks of the Williston
Basin. Their data show high geothermal gradients have east-southeast
trends in the south central part of the state and one of the highs is in
line with the area of Teritiary intrusions in the Black Hills. Possibly
this is only coincidence but it may have significance. Groundwaters
in part of the area of high geothermal gradient have abnormal
radioactivity.

Swanson (1968) postulated that water from the Madison aquifer
moves eastward from outcrop areas in the Black Hills to the 'vicinity
of the Missouri River and there rises and recharges Cretaceous
aquifers. If so, a result would be mixing of hot chloride-rich Madison
waters with sulfate-rich waters of the Cretaceous. Because chloride
waters probably are a common medium of transport for metals, the
mixing zone might be the site of deposition of metal sulfides. Study
of the metal contents of water from wells in this area would test this
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possibility and perhaps indicate areas worthy of exploration, even
though deposits would be deep and extremely difficult to find and
evaluate. However speculative this sugoestion may seem, samples
from oil exploration holes and anomalies in geophysical logs should
routinely be examined for indications of the presence of metals, and
any data obtained on hydrology, water chemistry, structural geology,
thermal properties, and sedimentary facies changes should also be
viewed with same end in mind.

Jron

(By J. A. Redden, South Dakota School of Mines and Technology and U.S.
Geological Survey, Rapid City, South Dakota)

South Dakota has produced only a moderate quantity of iron ore
but has the potential for much greater production as economic condi-
tions change and reserves are depleted in states closer to industrial
areas. The deposits will require beneficiation but this is so for virtually
all of the domestic iron deposits now being mined. Special considera-
tions -controlling development of South Dakota deposits will be
transportation cost and environmental factors. _

The total production since the beginning of mining, in about 1890,
is at least 220,000 tons, though according to U.S. Bureau of Mines
records (table 1) only 91,000 long tons were usable as a source of iron.
Approximately 150,000 tons have been used as an additive in cement
produced at Rapid City. Most of the material used in cement has been
high grade limonitic or hematitic ore; the relatively higher grades of
taconite ! can also be used but bring a lower price. Recent production
of iron ore has been about 10,000 tons per year; all of this has been
used by the State Cement Plant at Rapid City. Expansion of this
plant is expected to require 22,000 tons per year after 1977. Small
amounts of iron ore were also mined for use as a paint pigment and
as nonferrous smelter flux prior to 1948.

The deposits that have been mined are in the Black Hills. They
include taconite, small bog iron deposits, and secondary iron deposits
associated with basal Cambrian rocks. Of these, only taconite has the
potential for significant future development. Details of the different
deposits have been described by Harrer (1966) in the most compre-
hensive existing report on iron deposits in the State. - :

Taconite deposits

The taconite deposits are restricted to the Nemo area (figure 16),
mostly in a relatively narrow belt of Precambrian metamorphic rocks
about 2 miles wide by 5 miles long (Harrer, 1966; Bayley, 1972b).
The taconite is steeply dipping and generally about 125 feet thick,
but it has been greatly thickened locally by intense folding to as much
as 1000 feet. These folded bodies plunge steeply. In the same area
lower grade iron deposits consist of taconite clasts and iron-rich
matrix in Precambrian conglomerate. ‘

The taconite ore consists largely of mixtures of the iron-bearing
minerals specularite, martite, and magnetite accompanied by quartz.

1Taconite iz a ferm used In Minnesota and adjacent states for an unleached iron-
f%rmation cor;taining magnetite, hematite, siderite, hydrous iron silicates, and ferruginous :
chert or quartz. .
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The deposits have not.been fully evaluated, although some exploration
by diamond drilling has been done. A small open cut yielded a few
thousand tons used in cement. ‘ :

Harrer (1966) estimated that the deposits contain about 500 million
tons of ore that has an average grade of 29 percent iron. The extent
of the area mapped as taconite by Bayley (1972b) implies the deposits
would contain substantially more ore—probably more than 700,000
tons per foot of depth. This estimate, however, may be about 25
percent too great because infolds of country rock and other structural
complexities could cause the deposits to be diluted by country rock.
One of the larger single bodies of taconite is exposed along Estes
Creek about 600 feet above the valley floor and presumably could
readily be mined to the floor of the valley. Tests by the U.S. Bureau
of Mines showed that Nemo taconite can be upgraded readily by
either flotation or magnetic separation: the tests indicate that bene-
ficiation is easier and recoveries are higher than for some of the
taconite deposits currently being mined in Minnesota.

Magnetic anomalies extend north and eastward from the exposed
deposits across an area covered by Paleozoic rocks (Meuschke - and
others, 1962; Bayley, 1972b). The anomalies presumably result from
concealed taconite deposits similar to the exposed deposits. Some of
these possible deposits are covered by only a few hundred feet of
Paleozoic rocks and probably could be mined by open-cut methods.

Major environmental factors that would affect the development of
the taconite deposits are the difficulty of obtaining an adequate
supply of water and of disposing of wastes. Sufficient water possibly
could be obtained from surface waters and from underground sources,
but recycling of the water would be necessary. Harrer (1966, p. 97)
stated that & one million ton per year taconite pellet plant having the
95 percent water recovery of the Erie plant of Pickands Mather
Company  in northeastern Minnesota would require between 250
and 500 gallons per minute. Waste disposal systems would need.
careful planning and sizable capital outlays because the potential
taconite mining district lies along the scenic Boxelder Creek drainage.
Construction of some type - of transportation system for ore con-.
centrates to railroad connections in Rapid City would also be
necessary.® : o S :

Other deposits in the Black Hills o

Low grade Precambrian deposits of iron carbonate-quartz or iron
silicate-quartz_iron-formation are widely distributed through the
Black Hills. These occur as thin units in the Lead-Deadwood area,
where some of the iron-formation is the host for the Homestake gold
deposit. Similar iron formations are known in the Rochford area,
and others extend south from Roubaix past the west side ‘of the
Nemo district to Keystone. Iron-formation reappears on the south
side of the Harney Geak Granite and extends, with interruptions,
south toward Pringle. All localities have been. extensively prospected,”
but mainly in the search for gold rather than iron. -

The iron-carbonate variety is restricted to the northern and east-
central parts of the Black Hills, where the metamorphic grade is
relatively low; the iron-silicate variety, on the other hand, occurs in
areas that contain higher grade metamorphic rocks. Cummingtonite=

grunerite is abundant. in the iron-silicate variety; an iron-rich pyroxene
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is also present in the south. Hematite, derived by weathering of
magnetite and the iron-carbonate and iron-silicate minerals, is the
common iron oxide near the surface. Weathering of the rocks to yield
local near-surface concentrations of hematite and hydrous iron oxides
is accelerated where iron-sulfide minerals occur in the iron-formation.
Magnetite is present but rarely exceeds more than a few percent of
the rock. In general, the total iron content of these rocks is 20 to 25
percent, but because the iron is chiefly in iron-silicate minerals, from
which it cannot be extracted under current technology, the deposits
are not presently of commercial interest. Furthermore, most of them
are small and perhaps none are large enough for mining. '

Bog iron deposits are most numerous along the tributaries of upper

Rapid Creek in the Rochford region, but a few exist in the Castle
Creek drainage and elsewhere. These deposits consist of bedded
iron-rich material and of porous replacements of organic material in
swampy areas. The bog iron deposits are less than 10 feet thick, and
individual deposits cover at most a few tens of acres. The iron min-
erals are mainly the hydrous iron oxides limonite and goethite. The
iron content typically ranges from 25 to 55 percent. The iron was
derived mostly from the weathering of either sulfide-rich schists or
iron-formation and was transported in surface and spring waters to
the bogs, where it was precipitated largely by organic. material.
Transport and deposition of iron still is going on in many places.
Several bog iron deposits along tributaries of Rapid Creck have been
mined for local use. Harrer (1966, p. 11) estimated that these deposits
contain about 0.5 million tons of iron-bearing material. .Yet because
mining, though small in scale, has had adverse effects on the streams,
public reaction probably will prevent further excavations, even
though appropriate techniques could insure minimum sedimentation
and minimal degradation of the streams. Ironically, most of the iron
content of the stream waters resulted from natural processes rather
than past mining activity.
- Additional small iron deposits in the Black Hills were apparently
formed mainly by extensive weathering that preceded deposition of
the Deadwood Formation. Several deposits of hematite occur along
the basal contact at Strawberry Ridge, in Lawrence County, and north
of Bear Mountain in Pennington County. The deposits are clastic
beds, a few feet thick, derived from weathering of the underlying
and nearby ferruginous Precambrian rocks. Another hematite deposit
of moderate size is at Iron Mountain, south of Keystone on the
Pennington-Custer County line. The deposit is believed to have formed
by deep weathering of sulfide-rich iron-formation. The weathering
preceded deposition of the Cambrian rocks, which subsequently were
removed in this region by erosion. Inasmuch as the deposit straddles
the scenic south approach to Mount Rushmore, mining is prohibited.
The Bald Hills area, 3 miles south of Pactola Dam, also contains
small deposits of apparently similar origin, for they also are not far
beneath the probable level of the Cambrian-Precambrian contact.
At this locality a little hematite has been mined above sulfide-rich
slates and phyllites. Other small deposits near the Cambrian-
Precambrian contact appear along the outer edge of the exposed Pre-
cambrian rocks, but these are thin and restricted in area by the
topography, type of bedrock, and Paleozoic cover.
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Deposits outside the Black Hills

Low-grade concentrations of iron of little economic significance
occur in concretions in terrace gravels derived form iron-manganese
. concretion zones of the Cretaceous Hell Creek Formation in the
Grand, Moreau, and Cheyenne River basins of western South Dakota
(Harrer, 1966, p. 71). Although extending over a broad area, there is
little likelihood that these deposits will be of economic interest during
this century. Any future development would depend on the produc-
tion of the coexisting manganese as well as the iron.

Large amounts of iron and manganese also occur in carbonate
concretions in the DeGrey Member of the Pierre Shale where it crops
out along the Missouri River (Gries, this report). Although there
are many millions of tons of the concretions, their average iron content
is only about 9 percent (Zinner and Grosh, 1949, p. 13); any possible
future development would depend mainly on production of manganese.

Exploration for additional deposits

Deposits of magnetic taconite of potential commercial significance
have been delineated locally by aeromagnetic and ground magnetic
surveys in the State. As noted previously, the Nemo taconite deposits
have been shown by magnetic survey to extend beneath the Paleozoic
rocks, but no avsilable information indicates that any of these mag-
netic anomalies have been penetrated and tested by drilling,

A reconnaissance ground magnetic survey of South Dakota, done
with approximately 6-mile station spacing (Petsch, 1967), failed to
show the anomalies of the Nemo deposits but did disclose other anom-
alies outside of the Black Hills. Two of these anomalies in the south-
eastern part of the state have amplitudes of approximately 3000 gam-
mas and have been drilled; diabase and gabbro of Precambrian age
were found at depths of 750 to 800 feet (Harrer, 1966, p. 72-73).
Three other anomalies of approximately 8000 gammas, in Marshall and
Day Counties, imply the existence of extremely magnetic deposits, and
drilling on two of them has confirmed this supposition (M. H. Berg-
endahl, personal communication, 1974). A vertical hole near Langford,
in Marshall County, reached Precambrian rocks at a depth of 924 feet
and after penetrating 108 feet of metavolcanic rocks encountered at
least 27 feet of hematite-magnetite-quartz iron-formation. Another
hole near Bristol in Day County entered the Precambrian basement at
1,485 feet and was entirely in magnetite-quartz iron-formation to a
total depth of 1,746 feet. Two composite samples contained 34.7 and
35.61 percent Fe, 0.079 and 0.084 percent P, 0.11 and 0.03 percent
Mn, 0.002 and 0.005 percent S, 2.10 and 3.76 percent Al:O;, and 45.38
and 40.62 percent SiO,. A second hole at Bristol was entirely in well-
bedded staurolite schist. The bedding in the rocks is nearly vertical
at both localities and thus the true thickness of the iron-formation
was not determined. Although these occurrences are not yet of eco-
pomic interest, they indicate that iron-formations in Minnesota ex-
tend southwestward in the subsurface into South Dakota. '
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Tungsten
(By S. W. Hobbs, U.8. Geological Survey, Denver, Colo.)

Tungsten has been of modest importance in the Black Hills in the
past and some small scale future mining may be anticipated under
favorable economic conditions. It was first discovered in the early
1880’s but no production is recorded before 1898, and only about 300
tons of concentrates and high grade ore valued at $25,000 was pro-
duced prior to 1915. The ‘“boom days” were from 1915 to 1918 when
about 57,000 units ? (950 short tons—60 percent WO; basis) valued at
$1,132,500 were produced—mostly from the northern hills in the vi-
cinity of Lead. A revival of activity in the period 192629 added ap-
proximately $165,000 to the production record, and small inter-
mittent production resumed after 1940. Total production through 1973
has amounted to less than 100,000 short ton units valued at approxi-
mately $1,379,000. This is about 0.6 percent of the total U.S. produc-
tion. Table 5 shows the detailed production record.

TABLE 5.—TUNGSTEN ORE AND CONCENTRATES PRODUCTION, 1898-1973
[From U.S. Bureau of Mines]

Quantity Quantity
(short tons, . (short tons,
60 percent 60 percent
Year W0, basis) : Value Year W03 basis) Value
1 300 $25, 000 | 1941 @ [0}
220 181,000 | 1942-43 o miceaio
239 404,775 | 1944___ - 7 ®
270 299, 644 4 [Q]
201 247,100 | 1946 1 @
@ @ 0] ) $335
90 41,900 | 1 ® 500
141 @) | 195573 e
@ ¢
5 ®) Total (1898-1973)... 41,638 41,378,694

1 Reported as concentrates and high-grade ore. Probably not converted to 60 percent WO; basis.
2 Confidential figure; included in total.

3 Less than 1 ton.

1 Includes figures indicated by footnotes 2 and 3.

Tungsten is critical to modern industry chiefly because its alloys and
carbides are notable for their extreme hardness and wear resistance and
particularly for retaining hardness at high temperatures. More than
70 percent of recent consumption has been in alloy tool $teel and in
tungsten carbide for cutting edges, dies, drill bits, wear-resistant
machine parts, tire studs, and other uses in which extreme hardness is
desirable.

The United States has in general imported tungsten in amounts
that exceed domestic production. Although the U.S. tungsten mining
industry has operated continuously (except for 1921 and-1922) for
over 75 years, the rate of production has ranged widely due to various

.economic factors, particularly Government stockpiling programs.
Only a few domestic producers have been able to compete consistently
on the open market with foreign producers (Holliday, 1960, p. 914).

2 One unit equals 1 percent WO, per ton or 20 pounds WO,

52-369—756——8
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However, a large domestic productivé capacity was demonstrated
twice in recent decades under conditions of special need or incentive:
in 194345, to fill heavy demand of the war effort, and between 1950
and 1956 under the influence of the price incentive of a Government
stockpiling program started during the Korean crisis. In 1955 produc-
tion reached an all-time peak that was nearly four times the average
annual production of the immediate post-war period 1946-50. After
the end of Government stockpile purchases in December 1956, the
price fell drastically and production from many mines was stopped or
radically reduced. In 1956 nearly 600 operations reported some pro-
duction;in 1958 only two producers were active (U.S. Bureau of Mines
Minerals Yearbook, 1956, p. 1227, and 1958, p. 1091). These facts
illustrate dramatically the tungsten resource situation of the United
States: there is a substantial supply of tungsten available if the need
warrants paying the price to extract it.

Tungsten minerals are widely distributed in various kinds of rocks,
but for the most part seem to be genetically associated with igneous
rocks of granitic composition. About 11 minerals contain tungsten
as an essential component, but of .these the only commercially im-
portant ones are those of the wolframite group (ferberite, FeWO,,
wolframite, (Fe, Mn) WQ,, and huebnerite, MnWOQ,) and scheelite,
CaWO,. Although the wolframite group is economically the more
important in the world as a whole, and also in South Dakota,
scheelite has accounted for nearly three-fourths of the United States
output.

IE the United States, tungsten deposits occur principally as quartz
veins that contain minerals of the wolframite group, scheelite, or
both, as contact metamorphic deposits (tactite), containing scheelite,
and as hydrothermal replacement bodies of wolframite and scheelite
in igneous, sedimentary, or metamorphic rocks.

In South Dakota tungsten is restricted entirely to the Black Hills,
within or very near its Precambrian core. Historical details of the
tungsten mining industry in South Dakota as well as descriptions of
the deposits are contained in publications of the South Dakota School
of Mines by Runner and Hartman (1918), Connolly and O’Harra
(1929), Lincoln, Miser and Cummings (1937), and Roberts and Rapp
(1965). These papers as well as reports by Irving (1904), Hess (1908)
and the U.S. Bureau of Mines (1954a, 1955) have supplied much
information for this brief description. The tungsten deposits have
been divided into twoimajor types based on the age and mode of
occurrence:- (1) Tertiary replacement bodies in dolomitic rocks or
quartzite of the Deadwood Formation, and (2) quartz veins and peg-
matities of Precambrian age. Figure 17 shows the principal localities.
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Wolframite is the chiéf mineral in both modes of occurrence, al-
though some huebnerite is found; scheelite is usually associated with
all the deposits, and in-a few places either huebnerite or scheelite is
the dominant mineral. o :

The mhiajor tungsten production from the Black Hills has come from
replacement deposits with wolframite and some scheelite in Cambrian
dolomite and quartzite near Lead, Lawrence County (no. 1 on fig. 17).
Two operations, one of them north of Lead and west of the Homestake
gold mine open pit, and the other, the Wasp No. 2 mine, 2 miles
south of Lead, were the principal producers of this type of ore. Both
localities were also important sources of gold and silver. Other tungsten
occurrences are known in the Lead-Deadwood area.

The ore consists of small grains of wolframite in a siliceous matrix
accompanied by gold, a little scheelite, and barite. The occurrence
of these tungsten deposits in Cambrian rocks and their close associa-
tion with Tertiary rhyolite porphyry dikes and sills clearly relate
their origin to a Tertiary period of mineralization. The deposits are
thus distinctly separate from the Homestake gold ore in the meta-
morphic rocks on which the Deadwood Formation rests.

Pegmatites and quartz veins occur widely in the Precambrian
rocks of the southern Black Hills, but tungsten-bearing bodies are
largely restricted to two areas, the Hill City district (no. 3 on fig. 17)



102

and a few miles southeast of Keystone (no. 4, fig. 17). The amount of
tungsten is small. Tungsten-bearing quartz veins, which have been
the main source of interest, range in width from a fraction of an inch
to-about 4 feet or more and.exhibit a strong tendency to pinch and
swell or branch. Usually no single vein or group of veins can be traced
for more than a few hundred feet, and the occurrence of tungsten
minerals within them is erratic. ‘

. The sizable output of tungsten in World War I was from small,
relatively high-grade deposits. The history of discovery and production
makes it apparent that most, if not all, of the ore bodies that could be
found easily were prospected or mined during the 1915-1918 period.
More tungsten ore bodies can be presumed to exist, but as they are
expected to be small in size and difficult or costly to find and exploit,
the outleok for a revival .of substantial production is not bright. A
small amount will undoubtedly continue to be recovered at times of
high prices or as a byproduct of operations for other mineral
commodities. :

-7 Vanadium
(By R: W. Séhnabel; U.8. Geological Survey, Denver, Colo.)

Most of the domestic supply of vanadium, and about half of the
world’s supply, has come from deposits of uranium-vanadium minerals
in sandstones of the Colorado Plateau in southwestern Colorado and
adjacent parts of New Mexico, Arizona, and Utah. Similar deposits
in the Black Hills of South Dakota and Wyoming have yielded a
small amount of vanadium as a byproduct of uranium. Otherwise the
world’s vanadium has come from a deposit of vanadium-bearing
asphalt in Peru and as a byproduct of: base-metal: deposits in Africa
and of iron deposits in Europe and Africa. The iron deposits, and
similar ones elsewhere in' the world, contain very large resources of
vanadium ; they will probably become increasingly important sources
in the future. ‘

Vanadium is used chiefly as an alloy with iron in making special
tool, engineering, and structural steels. It is used to control grain size,
impart toughness, and inhibit fatigue. Other domestic uses have been
in nonferrous alloys and in chemicals (U.S. Bureau of Mines, 1960,
and Busch, 1961). '

South Dakota’s production figures for vanadium are not available,
but the amount is very small in comparison with the U.S. annual
consumption of about 5,000 short tons (Fischer, 1973, fig. 74). Most
of the vanadium has come from deposits of uranium-vanadium min-
erals in sandstones of Cretaceous age in Fall River and Custer Coun-
ties; a small amount has come from uranium-vanadium deposits in
and associated with Tertiary lignites in Harding, Perkins, and Butte
Counties. The section on uranium in this report gives information on
the geology and mineralogy of thesé deposits as well as the locations
of some of them. A vanadium circuit was added to the mill at Kdge-
mont in 1960, and vanadium was produced from the uranium ores
until 1972. Other materials have been processed for their vanadium
content at the mill since uranium production stopped.
 The vanadium content of the South Dakota uranium ores averages
about 0.15 percent V05, which is a little more than enough to form
carnotite and tyuyamunite, the principal vanadium-bearing minerals.
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Additional vanadium is apparently in clay minerals. Ores of the
Colorado Plateau contain about 1.5 percent V,0O;.

As the uranium section of this report indicates, reserves total about
600,000 tons of ore. If the vanadium. content is consistently about
0.15 percent, these ores contain about 900 tons of V,0;. Additional re-
sources in the sandstone deposits and in lignites may amount to be-
tween 5,000 and 9,000 tons of V;0;. Although the vanadium contained
in ores of South Dakota is of small quantity in comparison with the
world’s needs and cannot be recovered from the ore economically as a
primary product, it should nonetheless be extracted during processing
for uranium.

Tin

(By J. C. Ratté, U.8. Geological Survey, Denver, Colo., and J. J. Norton,
U.S. Geological Survey, Reston, Va.)

Tin in the mineral cassiterite was discovered in gold placers in the
northern Black Hills in 1876 (Hess, 1909) ; the first lode tin was mined
at the Etta pegmatite in the southern Black Hills in 1884. Between
1884 and 1936, approximately 180 tons of metallic tin valued at about

- $99,000 was produced from placers, veins, and pegmatites. Since then,
approxn:nately 10 tons of tin has been added (table 6). Some tin was
produced as recently as 1969.

The history of tin activity in the Black Hills has been mainly one of
exploration, not actual production. The production is minute in rela-
tion to the size of the world tin industry, which annually yields 150,000
t0 200,000 tons of tin. No sizable tin deposit has ever been mined in the
Umted States, and the mere occurrence of tin, in the Black Hills or
anywhere else, tends to generate widespread interest. During the “tin
boom” of the southern Hills between 1884 and 1894, English interests
alone were reported to have invested at least $3 million (Eng. Mining
Jour., 1894, v. 58, p. 463). How much additional money has been
spent in the search for tin in the Black Hills is not known.

TABLE 6.—TIN PRODUCTION, 1884-1973
[From the U.S. Bureau of Mines]

Quantity Quantity
Year (pounds) Value Year (pounds) Value
314,000 $76,500 [ 1940 ... ... 4,000 $1,710
2,000 660 [ 1941 . 3,210 3
________________________________ 1942 _. 4,000 1,560
20,000 12,300 | 1943__ 2,000
200 | 1944 ® @®)
_____________________________ 194547 _ __ e mm
12, 000 6,000.11948_______ @) @
_____________________________ 1949 1965. . e cmameam
200 | 1966 ... (O] ®
4,000 2,000 1967—68 ______________________________
200 ) . Q]
3,045 1,100 1970 T
- 2,000 1, 000
2, 000 900 Total (1884-1973). . 5379, 979 5110, 276
® 608

1 Estimated.

2 Data shown for the period of years to avoid disclosure of confidential fgures
8 Confidential figure; included in total.

4 Confidential figure; not included in total.

& Includes confidential fi figures indicated by footnat:
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The U.S. Bureau of Mines (19544, 1955) records 51 prospects and
mines in which tin was of interest. Seven of these are near Tinton in
the northern Black Hills near the Wyoming border. The remaining
44 are in the southern Black Hills, about half of them within 3 miles
of Hill City. -

The Tinton district has accounted for much of the exploration and
about one-third of the total production. Most of this has been from
cassiterite-bearing lenses or layers in pegmatite at the Rough and
Ready mine. Tin also has been found in the Giant-Volney and other
pegmatites and in small placer deposits.

Most of the rest of the production has been from the Hill City
district, chiefly from quartz veins that contain muscovite, beryl,
and cassiterite. The Cowboy mine has generated perhaps the most
interest. In it the vein is 1 foot wide over most of its length but in
places narrows to a mere seam. The vein has been explored to a depth
of 300 feet beneath the surface; on the 100-foot level, it is continuous
for 425 feet. The vein has a single narrow ore shoot. Broken ore in
the stopes averages about 0.5 percent tin (Dougherty, Munson, and
Cummings, 1945). ,

Cassiterite is also sparsely distributed in zoned pegmatites of the
southern Black Hills. Its main habitat is mica-rich environments,
some of them in outer zones, some in replacement bodies, and some
elsewhere. The distribution of cassiterite is erratic, and tin is recovered
only as a minor byproduct in mining for other pegmatite minerals.
Worldwide, productive tin pegmatites are restricted largely to areas
where deep tropical weathering promotes residual and alluvial con-
centrations of cassiterite (Sainsbury and Reed, 1973, p. 643). '

Tn their appraisal of tin resources of the Tinton district, Smith and
Page (1941) estimated that there are about 200 tons of metallic tin
in the Rough and Ready pegmatite, and they suggest only a modest
potential for the Giant-Volney pegmatite and other deposits. Estimates
for the Hill City district, based largely on examination of the deposits
in 1941-43 by geologists' of the U.S. Geological Survey, suggest
measured and indicated reserves of 60 tons of tin and inferred reserves
of the same magnitude. Cassiterite-bearing pegmatites of the southern
Black Hills have several hundred tons of tin, but at a grade that in
no known deposit exceeds 1 percent.

In short, tin has been found in many places as a minor constituent
of rocks in the Black Hills, as in geologically similar localities through-
out the world. The possibility of discovering larger and richer deposits,
suitable for full-scale mining, should not be wholly disregarded, but
the history of the extensive and largely unsuccessful search for such

deposits can be viewed only as discouraging.

Manganese

(By J. P. Gries, South Dakota School of Mines and Technology, Rapi'd City,
8. Dak.)

Marnganese is obtained mostly from deposits of black oxide minerals
pyrolusite and psilomelane and a mixture of oxides called wad; a
small quantity is derived from the carbonate rhodochrosite.
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Manganese-rich nodules from deep ocean deposits are a promising
future resource that has been much investigated by industry and
governments. :

The manganese content of commercial ore normally is at least 25
percent before beneficiation. Annual world productior totals approxi-
mately 23 million tons of ores and concentrates containing 30 percent
or more Mn. Most of the 2 million tons consumed annually in the
United States is used in the manufacture of iron and steel, in which it is
indispensable; the remainder is divided between the manufacture of
storage batteries, the chemical industry, and a host of minor uses.
The United States has generally produced only a few percent of its
own needs but now produces none at all, thus depending entirely
upon imports. Two-thirds of the U.S. imports come from Brazil,
Gabon, and South Africa.

‘The Black Hills has produced small quantities of manganese, but
no large commercial reserves are known. Vast resources of low-grade
material along the Missouri River (fig. 18) are not competitive with
conventional ores.

Shipments of South Dakota manganese-bearing material, as recorded
in South Dakota State Mine Inspector’s reports, are listed below. The
large shipments of Chamberlain nodules were for experimental
work conducted by laboratories outside of the state.

Date Nature of materia! shipped Source . Amount

1892, e Oxide ore from Minnelusa Formation___.._.__ .- Custer County___...- 19 tons.
- “77 Ore of manganese, gold and silver, Davis Mine..._ Lawrence County__.. 1 carload.
_~~ Crude nodules, Chamberlain area....

- . Lyman County_.____. 600 tons.
FL: 7 T 0. o oo eemmmmemmmmememrmmmcammmma e s S, 2,500 tons.
1982 s e TR Cmmmmaes do__ oo 5,356 tons.
1942 e Oxide ore from North Star Mine.. Lawrence County___. 2 carloads.

Black Hills deposits

Connolly and O’Harra (1929, p. 340) describe a small deposit of
pyrolusite in the Minnelusa Formation of Pennsylvanian and Permian
age near Argyle, Custer County. The pyrolusite occurs in disseminated
form and as layers and irregular bodies within a sandstone unit about
35 feet thick. They report that small shipments were made prior to
1900, including one shipment of 19 tons in 1892. An analysis (Weeks,
1895, p. 423) showed 46.05 percent manganese.

Thin layers of manganese oxides are found in stratified fillings
within caves in the Pahasapa limestone. J. A. Redden (oral com-
munication, 1974) reports that 10 feet of high quality manganese ore
was encountered at 340 feet in an unsuccessful water well in sec. 18,
T. 5 S., R. 4 E., Custer County. I

Small concentrations of manganese minerals are associated with
Tertiary mineralization in the northern Black Hills. Manganese
oxides occur in Cambrian rocks at Galena as well as east and southeast
of Deadwood at Spruce Gulch, Two Bit Creek, and Strawberry Hill,
and in Pshasapa Limestone ores in the Carbonate district and at
Ragged Top Mountain. Lincoln and others (1937, p. 163) also report
one manganese prospect in Precambrian rocks 1 mile north of Pactola
Lake. Apparently none of these occurrences is commercial.
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Two carloads of manganese ore were reported to have been shipped
from the North Star mine near Deadwood during World War II
(South Dakota State Mine Inspector’s Report for 1942). This ore was
produced under a government buying program established to permit
mining of material that would normally be noncommercial either
because of small volume or low grade.

Missouri River deposits _

History of exploration.—Concretions that weather out of the
DeGrey Member of the Pierre Shale form a continuous black band
along the Missouri River breaks in central South Dakota (fig. 18).
Mr. Albert Amundsen of Lake Andes, S. Dak., discovered in 1927
that these concretions, or nodules, were unusually high in manganese.
This aroused the interest of the John A. Savage Co., of Duluth, and of
Mr. K. M. Leute of Minneapolis, who sponsored a program of test
pitting and sampling of the manganese-bearing beds both north and
south of Chamberlain, D. F. Hewett of the U.S. Geological Survey
analyzed this test pit data and concluded that the manganese concre-
tions underlying 9 townships near Chamberlain contained an esti-
mated 102,000,000 tons of metallic manganese (Hewett, 1930).

Stratigraphic studies in 1934-35 indicated that the manganese-
bearing zone formed a laterally continuous member of the Pierre
Shale formation, and a systematic program of section measuring,
mapping, trenching, and sampling was conducted by the South
Dak<))ta, Geological Survey in 1940 and 1941 (Gries and Rothrock,
1941).

The U.S. Bureau of Mines inaugurated an extensive evaluation of
the manganese deposits of the Missouri Valley in 1940. A pilot plant
was. built on the outcrop 8 miles west of Chamberlain in 1941.
Experiments in mining and transportation of concretion-bearing shale,
and in separating nodules from shale, continued from 1941 to 1947
(Pesonen and others, 1949; Zinner and Grosh, 1949).

In the late 1950’s the Pittsburgh Pacific Co. became interested in
the concentration of manganese nodules in terrace gravels along the
Missouri River north of Fort Thompson, Buffalo County. An experi-
mental plant was built to devise methods of separating the gravel
into (1) 2 manganese nodule concentrate, (2) gravel, and (3) waste
substances. :

Description of the deposits.—The DeGrey Member consists of dark
gray shale, numerous thin bentonite beds, and abundant iron-man-
ganese concretions. It is underlain by the thin, light-colored marl of
the Crow Creek Member, and overlain by the dark, gumbo-forming
shale of the Verendrye Member.

The nodules occur in distinct layers parallel to the bedding of the
enclosing shale. The average nodule has the size and shape of a large
potato. Nodules may be widely separated or so closely spaced as to
form a nearly continuous pavement. The Bureau of Mines has recog-
nized three types of concretions: (1) hard concretions having a
hardness of 4.0 to 5.0 on Moh’s scale, which are the most abundant,
(2) soft concretions that have a hardness of 2.5 to 3.5 and that may be
soft throughout or may have a hard core and (3) still softer nodules
that grade into shale and are as likely to have fractures going through
a concretion as around it. Types 1 and 2 easily break free of the
enclosing shale.
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Fresh unweathered concretions of the hard variety are medium
gray to olive. Weathered nodules have a gray center surrounded by
a rusty brown halo and a purplish-black outer crust. The soft varieties
are ordinarily white to cream colored when fresh and light brown
after weathering. The concretions are mostly. carbonates of man-
ganese, iron, calcium, and magnesium.. The non-carbonate con-
stituents are mainly silica and alumina, probably present in the
form of clay. A typical nodule contains 14 to 17 percent manganese
and 6 to 10 percent iron. : ‘

The Bureau of Mines conducted an intensive sampling program
along both sides of the Missouri River from T. 102 N. to T. 107 N,
and up the White River as far as T. 104 N., R. 74 W. The concretion
zone ranged in thickness from 12 feet at Wheeler Bridge, Charles
Mix County, to 72 feet near the Big Bend of the Missouri River. The
average thickness used in tonnage estimates was 40 feet. Samples
from bucket drill holes were dried and hand sorted to separate the
concretions from the shale. Concretions range from 2.45 percent by
weight near Big Bend to 6.11 percent near Oacoma, Lyman County;
the average, over all areas drilled, is 4.85 percent of the dry material
in the zone. If minus one-half inch material is excluded, the percentage
drops to 3.19. '

The average composition of concretions in 9 of the 10 areas drilled
is 15.68 percent manganese and 8.7 percent iron. For the plus one-half
inch concentrate, the percentages increase to 16.09 and 10.26
respectively.

Experimental mining indicated that the concretion zone could be
mined in a single bench, using a 3-yard or larger shovel. Mining and
hauling would be difficult in periods of continued wet weather.

A two- or three-stage wet jigging process appeared to be the most
satisfactory method of separating the nodules from the shale. Methods
that resulted in a shale-free concentrate yielded an appreciably
smaller percentage of the total manganese than methods that per-
mitted a small percentage of shale to remain in the concentrate.
Zinner and Grosh (1949) noted that it would be desirable to devise
a metallurgical process that could handle a concentrate with no less
than 10 percent shale..

Resources. In calculating resources, all material has been included
that is under overburden less than one-half the thickness of the con-
cretion zone. Pesonen and others (1949a, p. 87) state ‘‘that an out-
cropping and lightly covered manganiferous zone 532 miles in pe-
ripheral length, and 365 feet wide, contains approximately 12 million
tons of manganese in 77,700,000 tons of concretions, and that within
the same zone the enclosing shale itself contains at least an equal but
probably a much greater tonnage of manganese.” There is, however,
no known practical method of recovering the manganese disseminated
in the shale. ‘

Outlook for development.—At present there is no market for the
manganese nodules. Both the Bureau of Mines and private laboratories
have shown that it is technically possible to use the nodules directly
in the production of basic pig iron, or to produce metallic manganese
by an electrolytic method. Neither is economically feasible at present.
Manufacture of ferro-manganese by complex pyrometallurgical
processes or recovery of manganese by leaching and other chemical
processes is also technically possible but uneconomic in the fore-
seeable future.
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Molybdenum: and- Rhenium
(By R. U. King, U.8. Geological Survey, Denver, Colo.)

Only small amounts of molybdenum have been mined in South
Dakota, but recent explorations and new geologic interpretations may
alter the picture. Molybdenum is known in the crystalline rocks of the
central Black Hills; it accompanies uranium in bedded deposits in
sandstone and lignite along the southern margin of the Hills and near
the northwestern corner ol the State and it is in sandstone in the
Badlands region. Because of their apparently small size or low average
molybdenum content, the deposits have not been commercially ex-
ploited. Tiace amounts of rhenium have been found in the molybde-
num-uranium deposit in sandstone along the southern flank of the
Black Hills. .

The economic importance of molybdenum and rhenium is due chiefly
to their versatilities as alloying metals in the ferrous metal and
specialty metals industries and as catalysts in the petroleum industry.
About 80 percent of the molybdenum consumed in the United States
is used in the manufacture of high temperature alloy steels, stainless
steels, and castings (Bieniewski, 1970). The demand for molybdenum,
therefore, is to a large degree dependent on the demand for steel.
The remainder of domestic consumption goes into special alloys, metal
products, refractories, chemicals, pigments, catalysts, lubricants, and-
agricultural products. New uses are. continually being developed.
Molybdenum imparts hardness, toughness, and resistance to wear
and erosion when alloyed with steel. ,

The major uses of rhenium are in the manufacture of petroleum
reforming bimetallic catalysts (85 percent), and in the fabrication of
devices for electrical contacts, thermal controls, and X-ray tubes
(Shimamoto, 1973). It provides a stable catalyst when used in com-
bination with platinum that increases the yield and octane rating of
gasoline. It can be expected that the demand for rhenium will expand
as the use of unleaded gasoline grows. '

Molybdenum is widely distributed over the surface of the earth;
its abundance in rocks of the earth’s crust is estimated to be from
1 to 2.5 parts per million (.0001 to .00025 percent). Its most common
naturally occurring form, and the only one of current commercial
importance, is the mineral molybdenite (molybdenum disulfide, MoS,).
Other molybdenum minerals of interest include ferrimolybdite (iron-
molybdenum oxide), wulfenite (lead molybdate), powellite (calcium
molybdate, commonly with tungsten), jordisite (amorphous molyb-
denum disulfide), and ilsemannite (a water-soluble molybdenum
oxide). A number of rare minerals of doubtful economic significance
have been identified. ‘

Rhenium, in contrast to molybdenum, is truly a rare metal, its
abundance in the earth’s crust being estimated at between .5 and 10
parts per billion. It has been intensively studied in the short time
since its discovery in 1925. Except for the one rare mineral dzhezkaz-
ganite, a rhenium-copper sulfide recently found in sandstone ores in
Russia, rhenium minerals have not yet been identified; molybdenite
seems to be almost the sole host for significant amounts of rhenium.
Its range in molybdenite is from a trace to'a few tenths of 1 percent,
and it is of economic importance where present in amounts greater than
50 parts per million (.005 percent). Rhenium has been produced in
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the United States during the past 30 years, attaining a current pro-
duction of about 7,000 Ibs annually.

Not until the early part of the present century was the potential
value of molybdenum to the metals industry recognized and wide
applications for it developed. Intensive search for the metal followed,
which resulted in the discovery of high-grade vein deposits of wulfenite
in Arizona and Nevada, of molybdenite in New Mexico, and of the
large low-grade molybdenite deposit at, Climax, Colorado. Within the
past 50 years molybdenum production in the United States has grown
trom about 1 million lbs to slightly over 100 million Ibs annually, the
United States contributing about 90 percent of the world’s molyb-
denum supply.

Molybdenum is marketed either as concentrates (95 percent MoS,),
pominally priced at about $2 per pound of contained molybdenum,
or as molybdenum oxide (MoQj) produced by roasting molybdenite
concentrates. Rhenium is marketed as salts of the metal or as rhenium
metal powder valued at about $675 per pound.

Molybdenum deposits are of five types: porphyry deposits in which
metallic sulfides are concentrated in large volumes of altered and
fractured rocks; contact metamorphic zones and bodies of silicated
limestone adjacent to granitic rocks; quartz veins; pegmatites; and
bedded deposits in sedimentary rocks. :

Small but significant amounts of molybdenum are present in many
of the uranium-bearing lignites and coaly rocks in the North Cave
Hills, Flint Butte, and Slim Buttes areas in the northwestern part of
South Dakota. The uraniferous lignites and carbonaceous shales
contain important reserves of uranium. The more uraniferous rocks
contain more than 0.2 percent molybdenum; the deposits therefore
constitute a significant potential resource of byproduct molybdenum.
Some molybdenum has in fact been recovered in recent years during
the processing of lignite for uranium. .

A potential source of molybdenum is the Indian Creek deposits in
the Badlands southwest of the town of Scenic in the southwestern
part of the State. The deposits consist of lenticular beds of sandstone
i1 the basal unit of the Chadron Formation, which are impregnated
with molybdenum oxides. The mineralized beds are from a few inches
%o several feet thick and the molybdenum content ranges from a fow
hundredths of one percent to as much as 10 percent. A yellow molyb-
denum oxide and a blue efflorescence (ilsemannite) occur at surface
exposures; below the surface jordisite and pyrite become prominent.

Small quentities of molybdenum in the minerals jordisite and ilse-
mannite and trace amounts of rhenium are associated with the
uranium-vanadium ores in the Runge and East Runge mines, north
of Edgemont. However, unless a considerable tonnage is involved,
molybdenum and rhenium serve only as nuisance contaminants rather
than adding value as byproducts to the uranium-vanadium ore.

Anomalous concentrations of molybdenum and other bage, metals
have been found by geochemical surveys within the decade in several
areas in the northern Black Hills in a belt trending west-northwest
from the Galena district to Tinton. Recent exploration has revealed
that molybdenite is considerably more widespread than previously
‘believed. The complex intrusive systems of Tertiary porphyries in the
northern Black Hills have yielded evidence that some of these may
contain porphyry (disseminated) molybdenumn, perhaps with copper
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at depth. Specimen molybdenite occurrences associated with pegmatites
and a single molybdenite quartz vein deposit are also known in the
northern Black Hills.

Anomalous concentrations of Mo, Cu, Ag, As, Hg, Zn, and Co have
been discovered recently by a geochemical survey in the southern
Black Hills in an area north of Keystone (Raymond and others,
1975). The anomalies are in complexly folded and faulted iron-forma-
tion. Physical exploration would be needed to evaluate the economic
significance of these metal concentrations.

Perhaps, contrary to previous supposition, the Black Hills is enough
of a molybdenum province to warrant further investigation.

Copper
(By J. J. Norton, U.8. Geological Survey, Reston, Va.)

The Black Hills Mineral Atlas of the U.S. Bureau of Mines (19544,
1955) lists nine prospects and small mines in which copper is an im- -
portant constituent. Though several of these have some hundreds.of
feet of workings, recorded production has a value of only $23,000.

Most of the deposits are in phyllite or schist, generally graphitic
and associated with iron-formation and cherty quartzite. The deposits
have a remarkably limited distribution: the northernmost is 6 miles
north of Rochford and the southernmost is 8 miles west of Hill City at
Copper Mountain. A new locality, 8 miles southeast of Copper
Mountain, has recently been the object of claim-staking and diamond
drilling, reputedly with some- success. The molybdenum section
mentions geochemical anomalies both in iron-formation and in
Tertiary intrusions; such anomalies encourage hope for copper be-
cause the two metals are commonly associated.

Now that Rye and Rye (1974) have shown that the gold and sul-
fides of the Homestake mine were probably deposited as part of a
sediment of iron-formation, the tendency to regard copper as vir-
tually absent from the Black Hills merits reexamination. Yet, after a
century of prospecting, no one should expect to find a copper
deposit either at the surface or buried at a shallow depth. If any
deposit exists, it is well concealed.

The copper in many of the world’s largest and richest deposits is
now known to have been an original constituent of the sediments
with which it is associated. The Black Hills may well contain a buried
copper sulfide facies of metasedimentary rock. Furthermore, the
Tertiary plutonism of the northern Black Hills can have redistributed
deeply buried copper to form shallower vein or porphyry deposits.

Another possibility worth keeping in mind is that South Dakota
rocks of Paleozoic and Mesozoic age, which thus far are known only
to contain uranium deposits in Cretaceous sandstones around the
Black Hills, can also carry copper or other metals. As J. A: Redden
has pointed out (oral communication, 1974), black shale in the upper
part of the Minnelusa Formation has resemblances to shales mined
for copper elsewhere. Some logs of samples from oil drill holes in
South Dakota mention copper minerals, but chemical tests of a few
examples collected by Redden (oral communication, 1974) do not
confirm the identification.
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The known circumstances are not: sufficiently encouraging to war-
rant exploration for copper, especially when known copper: provinces
elsewhere in the world are incompletely explored. The -only expect-
able possibility for discovery in the near future is by accident in the
course of searching for other minerals more attractive for exploration.

Thorium and Rare Earths »
(By J. W. Adams and M. H. 'Staatz, U.S. ‘Geological Survey, ‘Denver, Colo.)

Thorium and the rare-earth metals are treated together in this
report because they are commonly-associated in nature and are closely
interrelated economically. Minable deposits of ores of these elements
have not been found in South Dakota, but the possibility of their
future discovery should not be discounted.. ) _

Thorium is a hedvy -silver-gray metal that, like uranium, is the
parent of a series of radioactive decay.products ending ‘in a stable

_isotope of lead. Unlike uranium, however, it tends.to be dispersed in
rocks rather than concentrated in sizable deposits.

‘The.chief non-nuclear uses of thorium are in,magnesium alloys and
the, manufacture of gas mantles: Thorium 1s also used as an atomic
fuel for reactors. Several reactors using.thorium are currently in
operation in the United States. Co

The rare-earth group of metals consists of the 15 lanthanide ele-
ments having atomic numbers 57 -to 71, including Jlanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium
(Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm),
ytterbium (YD), and lutetium (Lu). Yttrium (Y), with atomic num-
ber 39, is also classed with the rare earths because of its chemical
similarities and geochemical affinities.-One of the lanthanides, pro-
methium, is best known as an artifically produced element, although
its occurrence as minute traces in natural materials has been reported.

The rare earths are divided into two subgroups. Elements from
lanthanum to europium make up the cerium subgroup or “light” rare
earths. Yttrium and the elements from gadolinium to lutetium
constitute the yttrium subgroup or ‘“heavy” rare earths. Cerium
subgroup elements, especially cerium, lanthanum, and neodymium,
are the most abundant in most rare earth ores. )

The rare earths are used in a variety of ways (Parker and Baroch,
1971), notably in the catalysts used in petroleum refining, in the.
metallurgy of iron and steel, in the manufacture of glass and ceramics,
and in phosphors for high-intensity lighting and color television.
Domestic consumption now exceeds 10,000 tons of rare-earth oxides
per year. : .

Thorium and rare earths are constituents of many minerals, but
only a few of these occur in sufficient quantities to be considered ores
or potential ores. Monazite, a phosphate of the cerium subgroup, has
been the most important source of both thorium and the rare earths.
This mineral commonly contains from 3-10 percent ThO, and from 55
to 60 percent total rare earths. Bastnaesite, rare-earth fluocarbonate,
is an important source of cerium subgroup rare earths. This is the
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chief ore mineral in the large carbonatite being mined at Mountain
Pass, California, which is the world’s largest known rare-earth deposit.
Thorite, which commonly occurs in veins related to alkalic complexes,
is ' moderately abundant in Idaho, Montana, Colorado, and New
Mexico. Other minerals that are potential sources of thorium and
rare earths are thorianite, xenotime, and multiple oxide minerals
such as euxenite. The rare earths in most of these minerals are chiefly
cerium subgroup elements, but in xenotime and euxenite the yttrium
subgroup predominates. - .

Thorium and rare-earth minerals are found in several geologic
environments. Some of the world’s production comes from beach
placers formed from the weathering of high grade metamorphic rocks
mn subtropical and tropical climates -or from reworking similarly
formed sedimentary rocks, Monazite is recovered from beach sands as
a relatively minor byproduct in the recovery of other heavy minerals,
such as ilmenite, rutile, cassiterite, and zircon. Stream placers have
been a source of thorium in the United States, principally from the
Carolinas, where monazite was recovered prior to World War I, and
in Idaho, where euxenite and monazite were obtained in the 1950s.
Low grade deposits are also present in some sandstones and conglom-
erates. One of the largest thorium and rare-earth sources is in quartz-
pebble conglomerates of Precambrian age with large uranium deposits
in the Eiliot Lake area-of Ontario (Griffith and Roscoe, 1964). Small”
amounts of monfazite also occur in the basal conglomerate of the
Deadwood Formation of Cambrian age in the Big Horn Mountains,
Wyoming (Eilertsen and Lamb, 1956), and the Goodrich Conglom-
erate of Precambrian age in Marquette County, Michigan (Vickers,
1956). Thorium and rare earths are also commonly associated with
alkalic rocks such as syenites, phonolites, and shonkonites. In the
vicinity of these- intrusives they are-in carbonatites or veins. The
carbonatites are generally intruded in or near the alkalic rocks, and
are potentially a source of rare earths. Veins may occur in the same
region, but are generally farther from the alkalic rocks. Veins may have
sizable resources of both thorium and rare earths. :

- Very few localities of minerals containing thorium or the rare earths
have been reported in South Dakota. An early description of the
mineralogy of the Black Hills (Scott, 1897) saying that monazite
occurs ‘‘throughout the tin region around Harney Peak’ appears to
have been in error, for no monazite has since been found in the Harney
Peak Granite, pegmatites, or tin veins. Monazite is reported, however,
as a minor constituent of the conglomerate in the Deadwood Formation
north of Lead (Roberts and Rapp, 1965, p. 143). It was also listed as
occurring to the extent of 6 pounds per ton in black sand concentrate
from) the vicinity of Tinton in Lawrence County (Day and Richards,
1960).

Thorium-bearing limonitic quartzite is found in the basal 15 feet of
the Deadwood Formation 8 miles west-northwest of Rochford in
secs. 2 and 11, T. 2 N., R. 2 E. Appreciable amounts of thorium are
erratically scattered through the limonitic part of these quartzites;
the rare-earth content is low. The thorium is not in placer minerals,
such as monazite, and evidently was introduced into the limonite
after the deposition of the Deadwood Formation.

Several radioactive occurrences, some of which are due largely to
thorium, are 2 to 4 miles west of Lead near Bald Mountain (Vickers,
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1954). These are generally mineralized fractures in Lower Paleozoic
sedimentary rocks or Tertiary intrusives, part of which are of alkalic
rocks. Some contain as much as 0.1 to 0.2 percent thorium. Other
constitutents include uranium, rare earths, and gold. Neither thorium
nor rare earths appear to be present in sufficient amounts to be of
economic interest at the present time.

NONMETALLIC OR INDUSTRIAL MINERALS AND ROCKs
Sand and Gravel N
(By C. M. Christensen, South Dakota Geological Survey, Vermillion, S. Dak.)

Sand and gravel are produced in larger volume than any other
mineral product and consistently rank among the top five mineral
commodities nationally in total value. In South Dakota, production
of sand and gravel is the major nonmetallic mineral industry, and is
second only to gold in total value. Records indicate that since 1889
nearly 400 million short tons have been produced, with a value of
$278 ‘million (table 7). If the present trend of ever increasing use
continues, many additional deposits of sand and gravel will have to be
developed.

Economic deposits of sand and gravel exist in all counties in South
Dakota, and in 1973 some sand and gravel were produced in nearly
every county. Production varies markedly, for it is primarily
dependent upon demand for the product as a road metal.

" TABLE 7.—SAND AND GRAVEL PRODUCTION, 1889-1973

[From U.S. Bureau of Mines]

Quantity Cuantity
Year (short tons) Value Year (short tons) Value
4,500, 000 $900, 000 3,577,983 $1, 443,908
1,526, 714 271,260 2,291,450 701, 034
849, 800 157,738 2,501,431 956, 178
600, 000 90, 000 2,642,494 1, 106, 983
545,622 69,348 3,215, 608 1,537, 822
1,068, 833 89, 306 3,122,409 1,672,253
232,395 40,215 4,687, 055 3,247,428
256, 270 45,717 5, 456, 742 2,315,430
1,085, 5% 133,755 5,392, 247 2,750, 847
194, 520 , 65 5,037, 384 2,502, 340
229,787 48, 362 5, 846, 140 2,478, 314
648,939 231, 390 5,402, 378 2,817,726
572,259 253,614 14, 819, 228 7, 840, 393
185, 639 136, 152 13,537, 801 10, 096, 828
00, 408 121, 690 12, 539, 000 8,423, 050
304, 768 156, 914 14,758, 000 8,001, 000
323,303 113, 602 14, 705, 000 9,179, 000
1,769,922 576, 248 , 775, 000 11, 058, 000
2,013, 350 286, 591 13, 548, 000 , 359, 000
1,162,823 231,218 11, 324, 000 7,336, 000
, 461, 963 1,301,075 , 371, 000 9, 207, 000
2,728,271 578, 204 20, 806, 000 16, 313, 000
2,419, 441 931, 814 13,770,000 13, 641, 000
2,369, 279 931,137 13, 998, 000 14, 155, 600
, 065, 282 248,173 13, 630, 000 13,585, 000
3,233,940 624, 428 13, 463, 000 13,737, 000
3,863,410 773,559 , 558, 000 11, 578, 000
4,178,035 794,276 11, 158, 000 10, 807, 000
3, 325,490 746, 711 16, 556, 000 16, 656, 000
3,845,423 612, 552 16,727,000 18, 392, 000
4,677,593 627, 344 12,748, 000 14,793, 000
, 539, 417 722, 046 13, 963, 000 16, 587, 000

2,910,331 524, 84

2,627, 059 559, 766 Total (1889-1973).. 397,454,239 278,253,235

1 Estimated.
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.+ Most of .the sand and-gravel-deposits-east of the Missouri River are
directly related to glacial activity: and-are in .recognizable. glacial
landforms. - Most of the sand ‘and: gravel pits in ‘this part of: the State
are in glacial’ outwash occurring -es. outwash plains, valley - trains, or
terrace remnants. Other useful deposits are in. kames, kame terraces,
eskers, beaches, and as isolated bodies within moraines. s
In the unglaciated western half of the State most sand and gravél
‘sotirces’are confined 'to the terraces of the major streams &nd their
larger tributaries.’Near,;the Blaek Hills; mountain outwash provides a
valuable source of concrete aggrégate, ' antiies
“Uses of sanid and gravel ‘are exceedinigly diverse. & vast a
construction practices’ require large amoiints of sand and

vel to
ost, By far the
re used in all phases'of road’ construction. At the
90 per'cent of the sand and gravel prodided in the

impart durability, strength, and bulk at'low unit cost. By f

largest’ amot

presént time' ov.  perce
State is used’in highway fill, base course, and final surfacitg. Tn
addition,  all major construction projects, such as airpdi'téi,f‘t%m’s',
public and private buildings, and ‘the mraintenance of ballist in rail-
Toads, require sand ‘4nd-gravel. High pirity silica sand, which armotnts
to-only ‘a small share. of the production but has ‘been mined from’the
Deadwood  Formation “in western Pennington County, finds ‘Special
uses in. abrasive blasting, in molding, and in the hydrafrac process in

the il industry. _ o ;o :
Many factors, including quantity,.quslity, demand; and transpor-
tation cost, greatly affect, the value of sand and gravel. Bécause, they
are low cost commodities, the distance between the source of supply
and the market is of primary importance. Higher grade sipplies ¢an,
of 'course, bé hauled over longer distances than lower grade supplies.
As the demand continues to expand, and construction specifications
become more. rigid, high quality deposits will be depleteéd at’ an in-
cr