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Preface

Th Is vo Iume represents the proceed Ings of a
1983 joint conference of the Geological Survey of
Wyoming, the University of Wyoming Department of
Geology and Geophysics, and the Wyoming Geological
Association, held on the Un Iverslty of Wyoml ng
campus In Laramie. Talks presented on minerai de­
pos Its that occur In rocks of Archean to Recent
age In Wyoming and adjacent areas provided optl­
mIsm for future discover Ies. These ta I ks a I so
po Inted out the need for geochem Ica I , Isotop Ic,
and petrographic studies, and detailed geological
mapping of the known deposits, so that useful ex­
ploration and ore models can be formulated. Recent
advances In the understand I ng of tecton Ic set­
tings, In particular for the Precambrian, are
clearly a step In the right direction (see
Houston, this volume).

Gold production from the Archean Wyoml ng Pro­
vince has been significant, largely due to the
Homestake mine In the northeastern corner of the
province. Greenstone belts have not contributed a
proportionate share to the total precious metal
product Ion from the Archean, but In the future
that share could be Increased by minerai dlscover­
Ies stemml ng from more deta II ed and Intens Ive
exp Iorat Ion In these vo I canogen Ic terra Ins. In
partlcul ar, Graff and Hausel (this volume) point
to the South Pass-Atlantic City and Lewiston min­
Ing districts In the South Pass greenstone belt as
areas that warrant further attention.

Near the southern edge of the Wyoming Province
within the Proterozoic basement, Conoco Minerals,
Incorporated recognized volcanogenic massive sul­
fides In 1979, In a low-grade metamorphosed ter­
rain (see Schmidt, this volume). Drilling by Cono­
co def Ined a th Ick strat Iform z Ine-copper-s liver
deposit with some zones assaying better than two
percent zinc. A number of strati form massive
sulfide deposits are now known In this region.

Wyoming Is a recognized uranium province. ura­
nium occurrences are scattered throughout the gao­
log Ic record, but the greatest Interest In the
past years has been the Tertiary roll-front depo­
sits. Uranium In these roll-front-type deposits
provides Wyoming with the second largest domestic
uranium resources. However, a little more than
five years ago, Witwatersrand-type, Proterozoic,
uraniferous quartz-pebble conglomerates were dis­
covered along the southeastern edge of the Wyoming
Province. opening a new frontier for uranium ex­
p Iorat Ion. Scattered go Id anoma I Ies have a Iso
been detected In these ancient conglomerates (see
Hausel. this volume). Harris (this volume) dls-
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cusses another type of uranium deposit that could
open another exploration frontier In Wyoming - the
nonconformity type. Several years ago, under more
f avora bIe econom Ic cond It Ions, one such depos It
was considered for development in the Copper Moun­
tain district of the Owl Creek Mountains.

Diamonds were discovered In a kimberlite dia­
treme 20 miles south of Laraml e In 1975. Before
this discovery, very few people considered Wyoming
as a place to find diamonds. Today. at least 100
kimberlite diatremes and dikes have been discover­
ed and at least 15 are diamond bearing. Testing by
Comlnco American, Incorporated showed low-grade
diamond mineralization <0.005 to 0.01 carat per
ton) with gem-quality to Industrial-quality ratios
similar to many South African pipes. In Colorado.
Superior Minerals Company recovered near-economic
grades of 0.2 carat per ton. Diamonds weighing
up to a carat have been recovered by both compan­
Ies. Contributions In this volume by McCallum and
LI ncol n, Marks and Marrs, and Br Ink and others
discuss aspects of diamond exploration.

Wyoming Is the nation's largest bentonite pro­
ducer. The clay Is used principally In drilling
muds by petro Ieum compan Ies, and I s a I so used to
pelletize Iron concentrates from taconite mining
operations. In this volume. Rath discusses the
origin of bentonite, how It Is mined. and how It
Is refined.

Fol lOWing Kentucky. Wyoming Is the nation's
second largest producer of coal. However, no other
state In the United States contains as large coal
resources as Wyoming. This Important energy miner­
ai Is Investigated by Rich (this volume). In his
paper. the or Igin of some Wyom Ing coa I s are com­
pared to the accumu I at Ion of organ I c debr Isin
modern wetlands.

Papers and extended abstracts on shear zone­
hosted base and precious metals. classification of
Iron formations, sandstone-hosted sllver-copper­
zinc deposits, Stillwater platinum reef deposits.
mineralization associated with alkalic Intrusive
complexes. porphyry copper-molybdenum. trona, and
zeolites are Included. We appreciate the contri­
butions of the authors and wish to thank everyone
who participated In the 1983 symposium.

Abstracts for the 1983 symposium were pUb I Ished
In Geological Survey of Wyoming Public Information
CI, rcu Iar 19. Genasis ani explozation of zretallic
ani rx>meta1.1.ic mineral ani ore defosits of
W!Pmirg ani ai~ ara3S.

W. Dan -Hause I and Ray E~ Harris
Symposium Chairmen





Wyoming Precambrian Province

-example of the evolution of mineral deposits through time?

Robert S. Houston

Introduction

The suggestion that environments
favorable for the formation of mineral
deposits have changed through time as
the planet evolved has become a popular
and reasonable thesis with economic
geologists and petrologists in recent
years (Watson, 1973; Anhaeusser, 1981;
Meyer, 1981). If processes that
generate mineral deposits differ through
time, or if environments of deposi tion
were not the same in the past as they
are today, mineral exploration should be
guided accordingly. The Wyoming Pro-

vince, which includes the State of
Wyoming and adjacent parts of Montana,
South Dakota, Idaho, and Utah, is an
excellent area to use as an example of
such evolution because of the remarkably
complete geologic section preserved,
from Archean to Cenozoic. Inasmuch as
this symposium emphasizes metallic
mineral deposits, these deposits, which
are chiefly of Precambrian age in this
area, will be the main ones treated in
this review.

Evolution of Archean deposits

Archean rocks of the Wyoming Province
underlie an area as far east as the
Black Hills, south roughly to the Wyo­
ming-Colorado and Wyoming-Utah State
Lines, west to the Albion Range of Idaho
and Utah, and north to the Little Rocky
Mountains of Montana (Plate 1, back
pocket). The Archean is divided into
Early (greater than 3,400 million years
[m.y.] ago), Middle (3,400 - 3,000 m.y.
ago), and Late (3,000 - 2,500 m.y. ago).
The Wyoming Province includes rocks
representative of 'each of these Archean
eras.

Archean rocks are generally divided
into three types (Windley, 1977): granu­
lite terrains composed of gneiss with
inclusions of high-rank metasedimentary
and metavolcanic rocks; gneiss-granite
terrain of amphibolite metamorphic
grade; and greenstone belts. In Wyoming
the most ancient rocks are the granulite
terrains and the younges t are believed
to be the greenstone belts# but this age
relationship is certainly not true in

all Archean cratons.

Early and Middle Archean core area

There is a core area of the Wyoming
Province that includes the Beartooth
Mountains, Bighorn Mountains, Owl Creek
Mountains, and northern Wind River Range
that may contain the most ancient rocks
of the Province (Plate 1). Ages in
excess of 3,400 m.y. (Henry and others,
1982) have been suggested for metasedi­
mentary rocks of this region, and there
are a number of examples of ages greater
than 3,000 m.y. that are believed to
date metamorphic events. This is also a
region where evidence for early episodes
of granulite facies metamorphism has
been best documented (Worl, 1968; Worl,
personal communication, 1981; Reid and
others, 1975; Henry and others, 1982),
but where subsequent tectonic and meta­
morphic events have been so severe that
the early history is largely destroyed
(Reid and others, 1975), and much of the
area is now of lower metamorphic rank.



Remnants of metasedimentary and meta­
volcanic rocks are present in this
gneiss-granite complex, but they are
usually in small masses (Worl, 1968).
The exceptions are large areas of meta­
sedimentary and metavolcanic rocks in
the western Beartooth Mountains (Reid
and others, 1975; Page, 1977; and
Casella and others, 1982). Experience
in similar areas (Anhaeusser, 1981)
indicates that mineral deposits are most
likely to be in the metasedimentary­
metavolcanic units. These uni ts might
include chromite in ultramafic bodies;
iron formation; and nickel sulfide and
associated platinum group metals in
mafic bodies.

If most of this core area was subject
to granulite facies metamorphism at some
early stage in its history, the rocks of
the region may also be impoverished in
such elements as K, Rb, Th, and U
(Tarney, 1976), and any mobile mineral
concentrations have probably been de­
stroyed. It is certainly inappropriate
to condemn the entire area for mineral
exploration, since included in the area
are younger intrusives such as the
Stillwater Complex that have substantial
promise for economic mineralization.
However, using the evolutionary ap­
proach, the gneiss terrain and included
metasedimentary-metavolcanic rocks are
not as promising for exploration as
other parts of the Wyoming Province.

Middle and Late Archean granite-gneiss
terrain and felsic intrusions

Middle and Late Archean rocks of the
Wyoming Province include four distinct
terrains: (1) a gneiss-granite basement;
(2) greenstone belts; (3) a terrain
having characteristics intermediate be­
tween the volcanic succession-dominated
greenstone belt and typical Early Pro­
terozoic metasedimentary rocks (Houston
and Karlstrom, 1979); and (4) felsic
intrusions that invade these succes­
sions. The gneiss-granite basement is
like that of the Early Archean except
that it is primarily amphibolite facies
and has yielded no evidence of an early
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granulite facies event. The tonalitic,
trondhjemitic, and granitic gneisses of
the gneiss-granite terrain are not pro­
mising hosts for mineralization, and the
level of erosion of the granite is such
that it is not a promising exploration
target, except perhaps for skarn depos­
its near contacts with calcium-rich
rocks.

At least three subdivisions of felsic
intrusions of the Wyoming Province can
be made. These are:

(1) Middle Archean felsic intrusions
(older than 2,900 m.y.) of the northern
Bighorn Mountains and northern Wind
River Range.

(2) Late Archean felsic intrusions
(dated at about 2,600 to 2,800 m.y.)
found in the western Beartooth Moun­
tains, in the northern Yellowstone Park
area, and in the south central Wind
River Range (Lewis Lake batholith).
Such granite may invade large areas of
the gneiss-granite basement of the
eastern Beartooth Mountains (Mueller and
others, 1982).

(3) Late Archean to earliest Protero­
zoic granite (ranging in age from about
2,450 m.y. to 2,600 m.y.) found through­
out the southern part of the Wyoming
Province including the Black Hills, Owl
Creek Mountains, Granite Mountains, Wind
River Range, Seminoe Mountains, Freeze­
out Hills, northern Laramie Range,
northern Medicine Bow Mountains, and
northern Sierra Madre (Plate 1).

No major mineral deposits have been
found in or associated with the Middle
Archean or the 2,600 to 2,800+ m.y. old
Late Archean felsic intrusions, but the
2,450 to 2,600 m.y. old Late Archean to
Early Proterozoic granites are believed
to have major economic significance.
These Late Archean to Early Proterozoic
granites are pink, uranium-, thorium­
and potassium-rich granites that appear
to have acted as a source of uranium
from the Archean to the present
(Houston, 1979; Stuckless, 1979) and may
have been a direct or indirect source of
uranium in the Tertiary deposits of the
Wyoming Province.



Late Archean, uranium-bearing gran­
i tes are present in other Precambrian
shield areas, and their development may
be related to the initial evolution of
rigid subducting plates or to the devel­
opment of a thick enough crust to allow
melting at its base (Condie, 1982).
Whatever their origin, these pink gran­
ites are the key to the uranium industry
of the Wyoming Province.

Middle and Late Archean "greenstone
belts"

Geologists specializing in the Pre­
cambrian tend to group volcanic rock ­
dominated successions of unlike charac­
ter into the greenstone belt classifica­
tion, and there is an implication that
greenstone belts all have certain uni­
form characteristics. This generaliza­
tion is necessary if we are to discuss
this type of terrain in a reasonable
space. The term greenstone implies a
low metamorphic rank (greenschist
facies), and most rocks of greenstone
belts, although commonly deformed, are
of low rank, and in many cases have
well-preserved primary texture and
structure. Greenstone belts generally
have a thick lower volcanic sequence
that makes up three quarters or more of
the total thickness of the rock suc­
cession. This volcanic sequence is
overlain by a sedimentary sequence domi­
nated by graywacke (Anhaeusser, 1971).

The character of the volcanics seems
to have changed through time. In older
greenstone belts, ultramafic rocks are
abundant in the lower part of the vol­
canic pile. In younger belts, basalt
dominates and volcanic cycles may be
present in the upper part of the volcan­
ic pile that are like calc-alkaline
suites and range in composition from
basalt to rhyolite. Various combina­
tions of these types are possible, and
the proportion of sedimentary rocks as
well as the maturity of the sedimentary
rocks may be greater in the younger
belts.
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The maturity and character of the
greenstone belt of any given area is of
economic importance because the nature
of the mineralization is thought to be
tied to the stage of evolution of the
greenstone belt (Anhaeusser, 1981). For
example, where greenstone belts are old
or have thick ultramafic successions,
nickel deposits may be present in the
ultramafics. In addition, chromite,
chrysotile asbestos, gold, and iron
deposi ts might also be present in the
ultramafic successions (Meyer, 1981).
In contrast, Canadian greenstone belts,
which are generally younger than those
of South Africa, have much higher pro.....
portions of basalt, and may be charac­
terized by cyclic basalt-rhyolite
sequences, typically containing abundant
volcanogenic stratiform sulfide deposits
(Sangster, 1972; Goodwin, 1979).

Wyoming "greenstone belts" are in
the Owl Creek, southern Wind River,
Granite, Seminoe, Laramie, and Casper
mountains (Plate 1). As can be seen
from the discussions of stratigraphy
below, the term greenstone belt may not
be an appropriate designation for the
supracrustal successions in such areas
as the southern Wind River Range, Gran­
ite Mountains, Owl Creek Mountains, and
possibly even Casper Mountain. In addi­
tion these successions are largely
amphibolite facies and can certainly not
be designated as classic or typical
greenstone belts. I will use "green­
stone belt" in quotes as a temporary
designation to separate these supra­
crustals from those I consider true
greenstone belts.

The stratigraphy of Wyoming "green­
stone belts" is not well established,
and classic successions, ranging from
metavolcanics to metasedimentary rocks
up-section, have been established in
only two areas: the Seminoe Mountains
(Klein, 1982) and the Laramie Range
(Graff and others, 1981; 1982). In the
Seminoe Mountains, a basal volcanic suc­
cession about 10,600 feet (3,300 meters)
thick, consisting of around 90 percent



tholeiitic basaltic volcanics and about
10 percent ultramafics, is overlain by
about 2,200 feet (700 meters) of meta­
sedimentary rocks including about 480
feet (150 meters) of iron formation. In
the EImers Rock greenstone belt of the
central Laramie Range, the lower three
quarters of the greenstone belt succes­
sion is mafic volcanics, including
ultramafic flows and sills near the base
and andesite and rhyolite near the top,
which is overlain by metasedimentary
rocks consisting of graywacke, para­
conglomerate, quartzite, marble, and
iron formation. On Casper Mountain
(Gable and Burford, 1982), the "green­
stone belt" succession· is not complete,
but includes a lower group of feld­
spathic schists and quartzite that may
have been graywacke, overlain by a suc­
cession of serpentinized ultramafic
rocks that contain podiform chromite.

The "greenstone belt" of the southern
Wind River Range is similarly only par­
tially preserved. The lower part of the
Wind River "greenstone belt," which
Bayley and others (1973) believed to be
mafic volcanics, is represented by
inclusions in granite that invades the
base of the succession. The upper part
consists of a lower quartzite, iron for­
mation, and pelitic schist facies,
overlain by a middle section of marine
basaltic metavolcanics, and an upper
succession of metasedimentary rocks con­
taining local beds of tuff and flows.
The Owl Creek "greenstone belt" is not
well enough mapped to summarize the
stratigraphy, but it does include a
thick amphibolite mass that may be meta­
volcanics and successions of metasedi­
mentary rocks including iron formation
(Condie, 1967; Duhling, 1969; Granath,
1975) • The same situation applies to
the "greenstone belt" of the Granite
Mountains (Peterman and Hildreth, 1978;
Houston, 1973).

Geochronologic studies on the vol­
canic rocks of the Wyoming Province
"greenstone belts" are sorely needed so
that the relationship between isolated
belts can be established. Information
to date suggests that most "greenstone
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belts" may be 100 to 300 m.y. older than
the 2,450 to 2,600 m.y. old Late Archean
granites that intrude them. There are
four dates on felsic volcanics of the
"greenstone belts": 2,755 + 101 m.y.
on metadacite of the Owl Creek
"greenstone belt" (Mueller and others,
1981); 2,729 + 62 m.y. on metarhyolite
located in a small mass of greenstone
belt-type rocks near Garrett, Wyoming,
in the central Laramie Range (Z.E.
Peterman, personal communication, 1984);
2,860 ~ 80 m.y. on metamorphism of sup­
racrustals of the Granite Mountains
(Peterman and Hildreth, 1978); and 2,800
+ 100 m.y. on metamorphism of metagray­
wacke and metavolcanic rocks of the Wind
River "greenstone belt" (Z.E. Peterman,
personal communication, 1982). These
dates suggest that the "greenstone
belts" of the Owl Creek Mountains, Wind
River Range, and Granite Mountains are
older than those of the central Laramie
Range, but there is a large enough un­
certainty in the dates to make this in­
terpretation questionable. I suspect
that the "greenstone belts" are not the
same age, and it is probably not even
safe to regard them all as Late Archean
at this time. Nonetheless, the Wyoming
Province "greenstone belt" successions
are more like the younger greenstone
belt type of the Canadian Shield; cer­
tainly the proportion of ultramafic
rocks is too low for these rocks to
equate to older South African types.

From an economic viewpoint, the
significance of the above classification
is that this type of greenstone belt is
more likely to have volcanogenic strati­
form sulfide deposits than nickel­
platinum ores, but, to date, no volcano­
genic deposits of economic significance
have been found. Certainly, more map­
ping needs to be done before the Wyoming
"greenstone belts" can be fully evalu­
ated. Cyclic volcanic successions con­
taining rhyolite are the more favored
hosts for volcanogenic sulfide deposits
in the Canadian Shield, and although
cyclic successions have not been iden­
tified in Wyoming, many of the "green­
stone belts" do have felsic volcanic
rocks.



Greenstone belt successions are also
hosts for gold as a trace element in
volcanogenic sulfide deposits and
exhalative-type iron formation, as well
as in veins that may represent material
mobilized from the other types of depo­
sits during metamorphism (Boyle, 1979).
The "greenstone belts" of Wyoming might
offer more promise for gold if the pro­
portion of ultramafic rocks were greater
in the volcanic succession. The most
important Archean gold province is in
South Africa (Auhaeusser, 1976) where
ultramafic rocks are abundant in green­
stone belts. Geochemical studies in
those rocks (Crockett, 1974) show that
gold content decreases from ultramafic
to felsic rocks. However, gold, is
found in all Archean greenstone belts
regardless of the stage of evolution.
In the Wyoming Province, gold has been
found in both iron· formation (Hausel,
1982; Hausel and Harris, 1983) and vein­
type deposits (Spencer, 1916).

In summary, the "greenstone belts" of
the Wyoming Province probably offer the
greatest potential for Archean minerali­
zation of any part of the Province.
Iron formation is the only mineral de­
posit of current economic interest that
has been identified in any of the belts.
Whether this is a function of less than
fortuitous exposure, inadequate mapping
and exploration drilling, or the stage
of evolution of the belts is yet to be
determined. It is obvious that much
could be gained from detailed mapping
and geochronological studies in vir­
tually all "greenstone belt" areas.
Hausel (1982) described mineral pros­
pects in the Wyoming portion of the
"greenstone belts".

Middle and Late Archean transitional
terrain

The third Late Archean terrain in­
cludes sequences of metasedimentary and
metavolcanic rocks having characteris­
tics transitional between the greenstone
belt and the Early Proterozoic metasedi­
mentary successions. These terrains are
located along the margin of the Wyoming
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Province in southwest Montana, northern
Utah and southern Idaho, and southern
Wyoming (Plate 1).

The Phantom Lake metamorphic suite
(Houston and others, 1986) of the
northern Sierra Madre and Medicine Bow
Mountains of southern Wyoming is a good
example of a succession of this type.
The basal Phantom Lake metamorphic suite
is cut by 2,700 m.y. old granite (Hedge
in Karlstrom and others, 1981, p. 68)
and is thus Archean, but the exact age
of all rocks of the succession is
unknown. The basal beds of the Phantom
Lake metamorphic suite are fluvial and
include radioactive quartz-pebble
conglomerate of the Blind River type
that unfortunately is thorium rich
rather than uranium rich. The presence
of this well-developed fluvial suc­
cession suggests that by the time of
deposition of the Phantom Lake meta­
morphic suite, cratonization had pro­
ceeded to the extent that substantial
river systems could develop on Archean
land masses. The fluvial successions
grade upward into marj.ne sedimentary
rocks which are, in turn, overlain by
marine and continental volcanic suc­
cessions. The uppermost beds of the
Phantom Lake metamorphic suite are
marine quartzites. The rocks of the
Phantom Lake metamorphic suite are more
like those of a mature island arc such
as Japan than they are greenstone belt
successions.

A somewhat similar Archean succession
has been described in the Hartville
uplift of Wyoming by Snyder (1980), but
here marine successions such as stroma­
tolitic dolomite and iron formation are
more prevalent than in the Phantom Lake
metamorphic suite. Archean metasedimen­
tary rocks with greater amounts of
mature marine sedimentary rocks than
volcanics are also present in the Albion
and Raft River Ranges of Idaho and Utah,
on the southeastern margin of the Great
Salt Lake, and in the western margin of
the Wasatch Range, and are represented
by the Red Creek Quartzite of the
northeast Uinta Mountains. However,
perhaps aside from the successions of



southern Wyoming, the most extensive
area underlain by the above type of
Archean metasedimentary rocks is in
southwestern Montana where metasedimen­
tary rocks are present in the Ruby
Range, Blacktail Range, Tobacco Root
Mountains, Gallatin Range, and Madison
Range. In order of abundance, the meta­
sedimentary succession includes quart­
zofeldspathic gneiss, hornblende gneiss,
anthophyllite-gedrite gneiss, quartzite,
aluminous schists, iron formation, and
marble (Vitaliano and Cordua, 1979).

Perhaps the most striking feature of
this metamorphic rock succession is the
low percentage of rocks interpreted as
volcanic compared with rocks interpreted
as sedimentary (Vitaliano and Cordua,
1979). According to Vitaliano and
Cordua (1979), the stratigraphy of this
complexly deformed succession is not
well enough known to determine its de­
positional environment, but one possibi­
lity is that the entire succession is
part of a single sequence derived from
an eastern land mass. The clastic suc­
cession, dominated by feldspathic
gneisses and concentrated in the east,
may have graded westward into finer
clastic material that was deposited
along with chemically precipitated car­
bonate and iron formation, possibly on a
shallow platform (Vitaliano and Cordua,
1979).

The above interpretation may be an
oversimplification. For example, Erslev
(1983), working in the southern Madison
Range of southwest Montana, sees an
older gneissic succession that he inter­
prets as a volcanic pile with interbed­
ded sediments, overlain by a metasedi­
mentary suite t~at he interprets as
having been deposited on a distal shelf
environment of a passive continental
margin. Erslev's interpretation is, in
some respects, a return to earlier
interpretative schemes that postulated
an older gneissic succession, the Pony
Series (Tansley and others, 1933) and a
younger Cherry Creek Group (Runner and
Thomas, 1928) for the Precambrian of
southwest Montana.
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The above non-greenstone or tran­
sitional Archean successions are among
the most intriguing of all rocks of the
Wyoming Province because they do not fit
any of the classic models for typical
Archean rocks. In fact, some of these
rocks more closely resemble the Gren­
ville Supergroup than an Archean
greenstone succession.

A curious aspect of the mineraliza­
tion in the transitional success10n of
southwest Montana is that one of the few
known mining districts having economic
potential for metals is the Jardine­
Crevasse Mountain area. This is a gold­
tungsten district described as having
vein and replacement type deposits
(Seager, 1944), but having deposits with
characteristics of volcanogenic strati­
form deposits in and associated with
iron formation. Perhaps, as suggested
by Erslev (1983), volcanism was more
prevalent in southwest Montana than
suspected.

It is not possible to fully evaluate
the mineral potential for rocks like
these until their age and depositional
environment are better established. I
suspect that most of these rocks are
Late Archean, but both the Phantom Lake
metamorphic suite and the southwest Mon­
tana successions are older than 2,700
m.y. and might well be 300 to 400 m.y.
older (James, 1981). Certainly we can­
not prove that these rocks in widely
separated areas are of the same age.
They do lie along the margin of the Pro­
vince and probably developed after a
major episode of cratonization and at a
time when volcanism was less prevalent
than before.

In two areas, southwest Montana
(Cohenour and Kopp, 1980) and southern
Wyoming (Karlstrom and others, 1981),
placer deposits of possible economic
interest have been found in these tran­
sitional successions. Both are thorium
rich rather than uranium rich, which
suggests that uranium-rich source rocks
had not developed at the time the pla­
cers formed. There may be a potential



for gold in these placers or in veins
and fractures developed during meta­
morphism of these rocks. To date, the
most important secondary mineralization
has been copper deposits in the rocks of
the Sierra Madre (Phantom Lake meta­
morphic suite) that may be derived from
gabbroic intrusions (Spencer, 1904) and
thus are not genetically related to the
host rocks. Talc deposits in marble of

southwest Montana are important economi­
cally and may be present elsewhere, but
they may have originated during meta­
morphic events that were not the same in
all areas. These transitional-terrain
rocks do contain economically signifi­
cant iron formation (Hartville uplift),
and the potential is present for the
development of iron mines in other areas
(James, 1981).

Evolution of Proterozoic deposits

The Proterozoic is divided into Early
(2,500 to 1,600 m.y. ago), Middle (1,600
to 900 m.y. ago), and Late (900 to 570
m.y. ago). The most critical rocks of
Proterozoic age in the Wyoming Province,
from an economic viewpoint, are Early
Proterozoic successions of the Sierra
Madre and Medicine Bow Mountains of
southern Wyoming and the Black Hills of
South Dakota (Plate 1). These Early
Proterozoic successions represent the
next step in planetary evolution and
include sedimentary rock types quite
similar to those of the Phanerozoic. In
other parts of the planet, miogeoclinal
equivalents of these rocks are noted for
gold and uranium placers and extensive
thick beds of iron formation -- their
deposition being related to the stage of
evolution of atmospheric oxygen (Houston
and Karlstrom, 1979). In the Wyoming
Province, uranium-, thorium-, and gold­
bearing placers have been found in these
rocks in all three areas mentioned above

. (Graff and Houston, 1977; Houston and
others, 1977; Hills, 1979), but, so far,
no deposits of economic interest have
been located. The fluvial placers of
the Black Hills and Medicine Bow Moun­
tains are substantially richer in ura­
nium than those of the Late Archean and
were most likely formed after the em­
placement and denudation of uranium-rich
Late Archean granite.

There is evidence in southern Wyoming
(Karlstrom and others, 1981) and the
Black Hills (Redden, 1980) that miogeo­
clinal sediments of Early Proterozoic
age were deposited in rifted areas that
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finally widened to allow sedimentation
in deep water. In the Black Hills the
rift may have ultimately developed into
a northwest-striking aulacogen, in which
deeper water sedimentation accompanied
by volcanism resulted in the formation
of eugeoclinal facies rocks such as
graphitic slate, marine volcanics, and
iron formation. The graphitic slates,
schists, and quartzites of the Home­
stake mine area of the northern Black
Hills are hosts for the most significant
primary gold deposits in the United Sta­
tes. Although there is a long-standing
debate as to whether the gold is Pre­
cambrian or Tertiary (Slaughter, 1968),
the overall characteristics of the depo­
sits do not rule out redistribution and
concentration of Precambrian gold at the
time of emplacement of Tertiary rhyolite
plugs (Woodfill, this volume). Gold and
other metals may have been deposited in
the reducing Precambrian environment and
may possibly have had an ultimate source
in Precambrian volcanics. If there is
any substance to this hypothesis, it
might be worthwhile to examine similar
facies in other areas such as the Early
Proterozoic French Slate of the Medicine
Bow Mountains of southern Wyoming
(Houston and others, 1968).

While rifting in the Black Hills may
have resulted in the development of an
aulacogen of limited areal exent, Early
Proterozoic rifting in southern Wyoming
is believed to have resulted in the com­
plete separation of a southern block of
unknown character and proportions, re­
sulting in the development of an Atlan-



tic-type margin (Karlstrom and others,
1983). Ultimately, perhaps around 1,700
m.y. ago, mature island arcs that may
have developed in what is now Colorado
collided with the rifted southern margin
of the Wyoming Province (Hills and
Houston, 1979), bringing eugeoclinal
environments against the Atlantic-type
margin -- somewhat like the Appalachian
models of Williams (1979) and Hatcher
(1978) • These events, if interpreted
correctly, offer additional opportuni-

ties for mineral exploration. For
example, tin- and tungsten-bearing gran­
i tes may be found near collision
sutures; stratiform sulfide deposits may
occur in the island arc successions
(Houston and Lane, 1984); and if deeper
levels of the crust are brought up at
such sutures as suggested by Hills and
Houston (1979), mafic complexes may have
sulfide (Theobald and Thompson, 1968) or
oxide mineralization (Houston and
Orback, 1976) of economic interest.

Summary

The Precambrian history of the Wyo­
ming Province is interesting and perhaps
even unique in some ways. There are
enough critical anomalies in the Archean
history of the Wyoming Province to
suggest that the new time-bound evolu­
tionary models do not fit the geology
well enough to use them as a guide in
exploration. I suspect that this has
much to do with our incomplete knowledge
of the Archean geology and geochronology
of the Wyoming Province and perhaps ~lso

with the stage of development of Archean
time-bound evolutionary models them­
selves. Certainly the better we under­
stand the geologic history, the better
our opportunities for using geologic
models in mineral exploration. I believe
that we are doing much better in the
Early Proterozoic; here we are able to
successfully apply plate tectonic models
and thus better understand geology and
should have greater success in mineral
exploration.
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Gold from Wyoming greenstone belts

-production and prognostications

Paul J. Graff and W. Dan Hausel

Introduction

The term "greenstone belt" has been
applied to a variety of Precambrian vol­
canic-sedimentary supracrustal sequen­
ces, which vary significantly in age, in
the lithology of the volcanic section,
and in the style of mineralization
(Anhaeusser, 1981; Meyer, 1981). These
Archean greenstone terrains have long
been favorite targets for exploration

geologists because of the large quan­
tities of gold mined from such belts in
the past. Historic gold production from
free-world greenstone terrains is
approximately 480 million ounces. This
estimate was derived by updating figures
for belts in Africa, Australia, India,
Brazil, Canada, and other shield areas
cited by Anhaeusser (1976).

Worldwide gold production from greenstone belts

Production from southern Africa comes
from two Archean domains, the Kaapvaal
and Rhodesian cratons. At least 29 vol­
canic-sedimentary belts have been mapped
on the Kaapvaal craton (Anhaeusser,
1976). The best studied and most pro­
ductive of these is the Barberton belt,
where companies have been mining gold
for nearly 100 years. Total production
from the Barberton belt is over seven
million ounces. Another million ounces
of gold have been produced from other
areas of the Kaapvaal craton. Mines in
the greenstone belts of the Rhodesian
craton, located north of the Kaapvaal
craton across the Limpopo mobile belt,
have produced about 74 million ounces of
gold.

Mining in the African belts has con­
centrated on occurrences in favorable
structural and stratigraphic sites.
These include carbonate-rich layers,
arsenopyrite-rich strata, and gash veins
formed late in the structural history.
Ore-mineral assemblages for the auri­
ferous veins suggest that temperatures
were around 400°C to 450°C at the time
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of deposition. Quartz lode and strati­
form-type deposits are the principal
exploration targets in southern Africa
and have been the sources for more than
82 million ounces of gold extracted from
some 4,000 mines (Anhaeusser, 1976).

Archean greenstone belts of the
Pilbara and Yilgarn blocks of western
Australia have been the sources of more
than 78 million ounces of mined gold.
It appears that most gold in the Pilbara
region originated in ultramafic rocks in
the lowest section of the greenstone
succession and was mobilized during
regional metamorphism to favorable depo­
sitional sites. The gold in the Yilgarn
block is found in a variety of settings,
but seems more prevalent in mafic rocks
(Hutchison, 1983).

Records from the Indian Shield are
very poor, but estimates place produc­
tion at about 24 million ounces. The
bulk of that was won from the Campion
Lode of the Kolar gold fields (Anhaeus­
ser, 1976).



Brazilian production records are not
at all clear, but the total production
probably approaches 50 million ounces.
Most of that came from Archean rocks in
the Minas Gerais province.

Canada is the world ' s larges t pro­
ducer of gold from Archean rocks. Total
Canadian gold production is approximate­
ly 235 million ounces. Hutchison (1983)
estimated that three-fourths of Canada's
annual production of 1.6 million ounces
comes from quartz lodes such as those of
the Porcupine district and the other

one-fourth from massive sulfide deposits
such as the Noranda and Kidd Creek de­
posits of the Abitibi greenstone· belt.
Canadian deposits appear to have exhal­
ites and felsic volcanics as source
rocks (Goodwin and Ridler, 1970; Ridler,
1976). Both massive sulfide and quartz­
lode styles of mineralization are close­
ly associated with greenstone belts.
Although South African and Canadian
deposits differ in genesis, both types
appear to have formed when gold was
remobilized into structurally prepared
sites.

Gold in Wyoming greenstone belts

The greenstone belts of the Wyoming
Province (Plate 1, back pocket) have not
been major contributors to the total
production of gold in the free world.
Optimistic estimates put gold production
at 327 thousand ounces from the South
Pass-Atlantic City district in the South
Pass greenstone belt and at no less than
500 ounces from the Seminoe Mountains
greenstone belt (Hausel, 1980). Although
the Lewiston district along the south­
eastern margin of the South Pass green­
stone belt contributed some gold to the
overall production from Wyoming's green­
stone belts, the amount of gold mined
from this district apparently went unre­
ported (Hausel, 1986a). Mines in other
known belts of the province have pro­
duced only minor amounts of gold. Based
on very poor records, up to 20 thousand
ounces may have been produced from
quartz lodes in the 2.5 billion year
(b.y.) old granites in the Corner Gulch
mine in the Raft River Mountains of
northern Utah. These granites intrude.a
very poorly exposed metavolcanic-meta­
sedimentary belt. A brief visit to this
area revealed what looked like highly
metamorphosed pillow basalts with inclu-

sions of de-carbonatized carbonates
filling the space between the pillow­
like structures. If these rocks repre­
sent a greenstone belt sequence, then
the Corner Gulch gold mine may be analo­
gous to mines in the Rhodesian craton
that are in granites that intruded the
flanks of greenstone belts.

Total production of gold from Wyoming
greenstone belts is apparently more than
350 thousand ounces and may be as high
as 500 thousand ounces (Hausel, 1986b).
Significant gold production of 35
million ounces is recorded from the
Homes take Mine in the Black Hills
(Woodfill, this volume) at the edge of
the Wyoming Province, or perhaps from a
remobilized zone within the province.

Gold from the Homestake mine may be
of several ages. Two possibilities for
its origin are of interest: (1) remobi­
lization of Archean greenstone deposits,
and (2) emplacement during the formation
of a Proterozoic volcanogenic belt. If
either of these hypotheses is correct,
then the Wyoming belts may be tan­
talizing targets for gold exploration.

Comparison of greenstone belts

We have noted differences in styles
of mineralization in greenstone belts,
and corresponding differences in the
physiology of supracrustal belts them-
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selves. Although the detailed studies
of structure, lithology, and chemistry
available for the Canadian and African
belts are lacking in Wyoming, data from



available reconnaissance studies indi­
cates that the belts of the Wyoming Pro­
vince are not direct correlatives of the
Canadian and African belts.

None of the Wyoming belts are green­
stone belts in the strict sense; most
differ in lithology, sedimentary
sequence, and structure from the classic
greenstone belts of South Africa and
Canada. Wyoming belts do not contain
vast amounts of prograde greenschist
facies rock. Instead, they exhibit
metamorphic grades of at least middle
amphibolite facies. The original tex­
tures of the sequences have been
destroyed during metamorphism. For
example, some ultramafic rocks in the
Seminoe Mountains belt have been termed
spinifex-textured (Figure 1). Although
the crystals from these ultramafic rocks
display the same textures as the koma­
tiites described by Naldrett (1970),
there is no pyroxene or olivine in the
coarse-splayed crystals, but only amphi­
boles produced during metamorphism. It
is not yet determined if the amphiboles
are pseudomorphic after olivine and
pyroxene. Chemical compositions may
likewise have been altered during meta­
morphism.

The sedimentary sequences and cycli­
city exhibited in the classic greenstone

belts of the world are se~dom preserved
in the Wyoming belts. Unlike the ex­
posed shield areas of South Africa and
Canada, exposures in Wyoming are limited
to blocks of Precambrian rocks uplifted
during the Laramide orogeny. The belts
themselves may occur near the toes of
the uplifted blocks and be disrupted by
later faulting. Such structural disrup­
tion may have destroyed evidence of the
volcanic-sedimentary cycles and j ux­
taposed greatly different levels or
units from within the belts. In the
South Pass belt, the sequence is domi­
nated by aluminous rocks (in particular
graywackes), and the ultramafic and
mafic to felsic volcanics are poorly
exposed. In the Seminoe Mountains,
fairly well-developed banded iron forma­
tion, which is often characteristic of
the uppermost sediments of greenstone
belts, lies directly on rocks of koma­
tiitic affinities, characteristic of the
bases of greenstone sequences.

However, disregarding metamorphic
grade and considering only structural
and stratigraphic data, one greenstone
belt in the Wyoming Province, the EImers
Rock greenstone belt of the central
Laramie Range, shows similarities to
classic greenstone belts. Structurally,
the Elmers Rock belt is a domed series
of anastomosing synclinal keels which
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Figure 1. Spini­
fex(?) texture
in ultramafic
rock f rom Semi­
noe Mountains
belt, Wyoming.
Large crystals
are amphiboles
with no relict
pyroxene or oli­
vine identified.



are tightly folded and upright in the
center of the belt, but are overturned
near enclosing or intruding granite­
gneiss domes. Contacts with granitic
bodies are highly strained; schistose
elements have been rotated parallel to
bedding and coaxial planar faults occur
along the synclines. The belt is
locally cut by post-metamorphic granites
(Figure 2).

The EImers Rock greenstone belt con­
tains ultramafic to mafic flows and
sills that form the volcanic group in
the lower part of the sequence. The
chemical equivalents of komatiites are
found within this group as sinuous, len­
ticular bands (Graff and others, 1982).
Pillow basalts and thin interflow meta­
sedimentary lenses overlie mafics and
form the upper portion of the volcanic

EXPLANATION
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hi ..':..,/1 Proterozoic syenite
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~ Mafic and ultramafic dikes and folded sills

Figure 2. Geologic sketch map of EImers Rock greenstone belt and surrounding area,
Laramie Range, Wyoming.
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group. The sedimentary portions of the
EImers Rock area are also like those of
the shield areas. Coarse clastic
facies, conglomerates, and graywackes
are deposited on, and are occasionally
interlayered with the flows of the upper
part of the volcanic group. These imma­
ture sediments are overlain by thin
quartzi te and marble layers. Rarely,
stromatolitic facies occur in the car­
bonate rocks. Pelites and poorly devel­
oped banded iron formation overlie the
more mature clastic and carbonate rocks.
Figure 3 provides comparative sketches
of the EImers Rock belt and the classic
Barberton greenstone belt South Africa,
and shows the striking similarities of
these two belts.

There are some fundamental differen­
ces in lithology between EImers Rock and
the auriferous belts of Africa and
Canada (Figure 4). The lithologic per­
centages for the EImers Rock belt are
estimated from preliminary mapping of
the region. When volcanic constituents
of each area are compared it appears
that the Wyoming rocks are more like the
South African than the Canadian se­
quence. The African and Wyoming belts
are dominated by basaltic and ultramafic
rocks while the Abitibi belt shows a
well-developed mafic to felsic trend,
which progresses up the volcanic stra­
tigraphic sequence. While the Canadian
belt contains negligible (less than 5
percent) ultramafic flows and a thick
andesitic series, the Wyoming and Afri­
can systems have almost no andesite to
rhyolite series rocks.

As stated earlier, the styles of
mineralization in the Canadian and Afri­
can belts are also different. Ridler
(1976) showed that gold mineralization
in the Abitibi belt is often con­
centrated in the felsic rocks of the
mafic to felsic suite -- the series con­
taining andesites. The deposits are
most likely related to exhalatives. In
Africa, ultramafic magmas are believed
to be the source of most of the gold.
In establishing a link between ultrama­
fic magmas and the occurrence of gold,
Anhaeusser (1976) cites (1) field rela­
tions between ultramafics and gold de-

10 Miles

Gneissic complex

BARBERTON
GREENSTONE BELT

o 15 30 Kilometers
r--I-----',~-'..."

o 10 20 Miles

Figure 3. Comparative sketches of EImers
Rock greenstone belt, Wyoming, and Bar­
berton greenstone belt, southern Africa.
(After Anhaeusser, 1976 and Graff and
others, 1982.) Fine broken lines indi­
cate foliation trends.
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Figure 4. Lithologic comparison of volcanic rocks in the Abitibi (Goodwin, 1971),
Barberton (Anhaeusser, 1976), and EImers Rock greenstone belts.

posits, (2) the hydrated nature of the
komatiites as evidence of alteration
that may have moved gold, and (3) the
presence of gold in fresh olivine
crystals. Fresh and similarly altered

ultramafic rocks are present in the
Wyoming and Mrican belts, but felsic
rocks and associated exhalatives are not
widely recognized in either of these
belts.

Exploration in Wyoming supracrustal belts

for the construction of such a classifi­
cation is not available.

Although the exact number of meta­
volcanic-metasedimentary supracrustal
belts in the Wyoming Province varies
epending on how one chooses to group

them, there are 14 areas which have been
called greenstone belts (Houston and
Karlstrom, 1980; Houston, this volume).
These Archean metasedimentary belts show
great variety, and defining and reclas­
sifying these belts must await the
detailed studies that are needed.

The above comparisons are based on
general features of belts in Wyoming and
other Archean cratons and do not address
the many details in which these belts
compare favorably or unfavorably. Such
fundamental comparisons may prove useful
in constructing exploration programs and
separating greenstone belts from other
Archean supracrustal belts.

We are currently at a crossroads in
the study of Wyoming belts. Reconnais­
sance studies are just beginning to pro­
vide detailed surface data on a few
sequences, but there is virtually no
subsurface data. Industry needs an easy
to use, practical classification of
supracrustal sequences for the Wyoming
Province today, but the data necessary

From reconnaissance studies
vious work, some suggestions
made. First, nearly all of the
imentary sequences are probably

and pre­
can be

metased­
fragmen-
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tal belts, because, unlike belts located
in the vas t shield areas, all of the
Wyoming belts are exposed in basement
slabs that have been up-thrust as a
result of brittle crustal failure.
Because they have been transported for
miles in both a vertical and horizontal
sense, the Wyoming "greenstone belts"
are likely to be fractured and struc­
turally disrupted rather than preserved
intact. This is especially true of
belts of the central Wyoming Province.
Before we can classify them, we must
recognize the possibility that portions
of the belts, necessary for exact
classification may have been struc­
turally removed or displaced.

The second suggestion is a twofold
classification that can be effectively
employed at our present level of under­
standing and that will remain usable as
we learn more about these belts. We
suggest the use of the terms "greenstone
belts" and what Windley (1977) has
described as "high-grade supracrustal
belts." Such a classification of
Archean supracrustals will be of value
to the exploration geologist because, as
a group, greenstone belts are related to
world-class gold deposits while high­
grade supracrustal belts contain only a
limited number of economically valuable
deposits. For the present, the EImers
Rock belt and two fragmental belts, the
Seminoe Mountains and South Pass belts,
probably qualify as greenstone belts
(Plate 1, back pocket). High-grade
supracrustal belts include belts of the
Granite Mountains, Copper Mountain,
Casper Mountain, and possibly equivalent
rocks in the Wasatch and Raft River
Ranges. Mos t of these sequences are
also fragmental belts. These thin
belts, which lack the structural charac­
teristics, stratigraphic sequences, and
cyclicity of true greenstone belts, pro-

bably represent depositional enclaves on
the early Archean crust. Whether these
enclaves lay between early sialic proto­
liths or within the more mature Archean
craton, they were subject to tectonic
interleaving, folding, and migmatization
of styles not widely recognized in
greenstone belts proper. Such belts are
best typified by the occurrence at
Copper Mountain. Condie (1969) and Gra­
nath (1975) ranked this sequence as a
greenstone belt, but studies by Hausel
and Graff (1983) and Hausel and others
(1985) showed that metasediments of the
Owl Creek Mountains are more akin to the
high-grade supracrustal belts.

Not all Archean metasedimentary
sequences should be ranked in this two­
fold classification. Falling outside
are the quartz-rich, continentally
derived clastic series in the Tobacco
Root region and thick volcanogenic,
clastic, and carbonate assemblages in
the Black Hills and Hartville uplift.
Archean volcanic-sedimentary sequences
in the Medicine Bow Mountains and Sierra
Madre are more characteristic of rocks
along the leading edge of major plates,
and since they are located on the margin
of the craton, they may represent proto­
plate tectonic subduction systems. In
some places, the structural setting and
stratigraphic sequences of these groups
are more like ophiolites. In other
places, they are more similar to margi­
nal volcanic or perhaps Archean island­
arc terrains. Evidence from mapping
suggests depositional environments that
differ significantly from the environ­
ments forming either greenstone or high­
grade supracrustal belts. Exploration
programs in these areas must be tailored
to meet the problems of those terrains;
programs designed for greenstone belts
may not be applicable.

Summary

In summary, it is evident that some
of the world's richest ore deposits,
those containing precious metals, are
related to greenstone belts. It is also
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evident that supracrustal assemblages of
the Wyoming Province, whether they are
greenstone belts or other metasedimen­
tary terrains, are not yet fully



understood, and may well contain impor­
tant economic concentrations of metals.
Changes in the character of deposits
from belt to belt elsewhere in the world
suggest that each occurrence is dif-

ferent. Exploration in the Wyoming Pro­
vince must be innovative, and we will
probably have to modify models based on
known belts and mineral occurrences.
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Base and precious metal mineralization associated

with the Mullen Creek -Nash Fork shear zone

and related fault systems

M.E. McCallum

The Mullen Creek-Nash Fork shear zone
and associated fault systems in the
Medicine Bow Mountains are characterized
by locally signif icant copper minerali­
zation, copper-gold and copper-go1d­
p1atiunum-pa1adium mineralization, and
minor copper-si1ver-pa1adiuffi mineraliza­
tion. Except for platinoids, similar
mineralization is associated with struc­
tures of this major tectonic zone in ad­
jacent ranges. Geological relationships
of mineralized zones and geochemistry of
ore and host rock assemblages suggest
that the majority of these deposits were
formed by lateral secretion processes.
Although the deposits are enclosed in a
variety of felsic and mafic intrusive
metavolcanic and metasedimentary rocks,
all demonstrate a pronounced spatial
affinity to mafic assemblages that
apparently were the source of both base
and precious metals. 'Mineralization
generally is localized at intersections
of faults and shear zones, in brecciated
zones and fissures in shear zones and
faults, and in minor tear faults and
fissures associated with major faults.

No dates are available for the

various ore deposits, but field rela­
tions suggest that they are essentially
penecontemporaneous. The principal
mineralizing event may have been related
to a thermal-tectonic disturbance asso­
ciated with intrusion of the Sherman
batholith approximately 1,400 m.y. ago.
This and associated intrusions may have
served as the heat source needed for the
mobilization of metals for comminuted
mafic materials present in faults and
shear zones. Some ore assemblages show
the effects of post-crystallization
deformation, and a few have been exten­
sively weathered to supergene products.

Chemical and mineralogical studies of
ore assemblages and altered wall rocks
indicate that the base and precious
metals were transported as chloride
complexes. Sericitic alteration of wall
rock adjacent to most deposits infers
low pH conditions that do not favor
transport of metals as sulfide com­
plexes. Gold-rich deposits all contain
carbonates, and associated mafic rocks
have been variably carbonatized, charac­
teristics that typify many lode gold
deposits throughout the world.
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Metavolcanic rocks and associated volcanogenic mineral deposits
of the Fletcher Park and Green Mountain areas,

Sierra Madre, Wyoming
Thomas Schmidt

Introduction

Stratabound volcanogenic sulfide de­
posits occur in a number of localities
in the Precambrian metavolcanic-sedimen­
tary rocks of the Sierra Madre, Wyoming.
The deposits are contained within a
12,000-foot succession of Early Protero­
zoic (greater than 1,791 m.y. old, W.
Premo, personal communication, 1983)
submarine volcanic, volcaniclastic, and
sedimentary rocks. Reconstruction of
the depositional environment indicates
alternating mafic and felsic volcanism
occurred during the Early Proterozoic.
Large accumulations of volcanic and
clastic sediments were deposited above
the mafic and felsic rocks. The
volcanic-sedimentary strata have been
tightly folded and later intruded by
granite and granodiorite stocks.

Graff (1978) proposed that the meta­
volcanic rocks south of the Cheyenne
belt (Mullen Creek-Nash Fork shear zone)
were part of an island arc that collided
with the Archean craton in southern Wyo­
ming 1,700 m.y. ago. This paper supports
his idea by showing that the chemistry
of the metavolcanic rocks in the Sierra
Madre is similar to the chemistry of
rocks found at recent convergent plate
boundaries.

The metallic deposits consist pri­
marily of pyrite, chalcopyrite, and
magnetite and are associated with cal­
cium-rich and brecciated rock. Spencer
(1904) described five types of minerali­
zation in the Sierra Madre. The descrip­
tion of one of those types, the Hinton­
type, is similar to the description of
the stratabound Kuroko deposits in
Japan. This study proposes that the

Hinton-type deposits are stratabound
volcanogenic sulfide deposits.

Regional geologic setting

The Sierra Madre is a northwest­
trending uplift of Precambrian rocks
that forms a portion of the continental
divide in southern Wyoming. The Pre­
cambrian core of the Sierra Madre was
uplifted during the Laramide orogeny
(Graff, 1978). West-dipping Mesozoic
sedimentary rocks occur along the west
flank of the Sierra Madre. Pleistocene
glacial and Holocene fluviatile deposits
cover the valley bottoms between ridges
of Precambrian rocks.

Graff (1978) divided the Precambrian
rocks in the Sierra Madre into three
portions -- the northern, central and
southern domains (Figure 1). The north­
ern domain is composed of Archean grani­
tic gneisses, granite and metasediments.
The central domain contains Proterozoic
metasediments that lie unconformably on
rocks of the northern domain and are in
fault contact with rocks of the southern
domain. The southern domain is composed
of intrusive igneous rocks and metamor­
phic rocks. The southern domain is
separated from the central domain by a
shear zone thought to be an extension of
the Mullen Creek-Nash Fork shear zone of
the Medicine Bow Mountains and part of
the Cheyenne belt of Houston and others
(1979).

This study is concerned with the
metavolcanic rocks that are in the north
portion of Graff's (1978) southern
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Figure 1. Generalized geologic map of the Sierra Madre.
and others, 1981; domain designations from Graff, 1978).
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domain. These metavolcanic rocks are
bounded on the north by granite, gneiss,
sheared dolomite, and mylonite of the

Cheyenne belt. On the south, the meta­
volcanic rocks are bounded by granite
and quartz monzonite (Figure 1).

Green Mountain area

The Green Mountain area consists of a
group of metamorphic rocks that are
thought to be Early Proterozoic. These
rocks were deposited as a sequence of
volcanic tuff, lapilli tuff, lava flows,
and volcaniclastic sediments. The com­
position of the rocks ranges from basalt
to rhyolite. Basalt and dacite are most
abundant. Generally, the succession has
a mafic volcanic base, a felsic volcanic
top, and a metasedimentary central por­
tion (Figure 2). These metavolcanic
rocks were cut by gabbro dikes and later
surrounded and cut by the 1,680 m.y. old
Sierra Madre Granite (Divis, 1976).

Spencer (1904), was the first to re­
cognize the relict volcanic textures. He

noted that the rocks have been recrys­
tallized, but their original character
can be seen in the angular fragmental
texture and relict amygdaloidal struc­
ture that are characteristic of volcanic
lapilli tuff and lava flows.

The tuffs, lava flows, lapilli tuff
and metasediments in the Green Mountain
area have a variable lateral extent and
pinch out or grade into one another
(Figure 3). This type of chaotic depo­
sition is common in volcanic rocks.
The occurrence of graded sediments,
cross bedding, and carbonate rock
suggest that the volcanic rocks were at
least in part deposited into a submarine
environment.
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Figure 2. Generalized stratigraphic column of the rocks in the Green Mountain
area. Age relations are from Premo and Van Schmus (1982), W. Premo (personal com­
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Fletcher Park area

The Fletcher Park area consists of a
group of metamorphic rocks that are
thought to be Early Proterozoic (Divis,
1976). Exposed within the region are
metamorphosed volcanic tuff, lapilli
tuff, agglomerate, lava flows and vol­
caniclastic sediments (Figure 4).

The composition of the volcanic rocks
ranges from basalt to rhyolite. The vol­
canic succession has a mafic base, a
felsic central portion, and a mafic
upper portion that represents repeated
cycles of mafic to felsic volcanism.
Sediments occur above the volcanic

rocks.

Numerous thin layers of tuffs, agglo­
merate, and flows indicate many periods
of explosive volcanism. As in the Green
Mountain area, the occurrence of graded
sediments, cross bedding, and calc-sili­
cate rock suggest that the rocks were at
least in part deposited in an aqueous
environment. Field relations show that
the Encampment River Granodiorite
intruded the volcanic rocks and was sub­
sequently intruded by the Sierra Madre
Granite (Figure 3).

Geochemistry

Rocks of the Green Mountain and
Fletcher Park areas were deposited about
1,780 m.y. ago (W. Premo, personal com­
munication, 1983), and have been affect­
ed by at least two periods of deforma­
tion and metamorphism. The extent of
compositional changes that these rocks
have undergone cannot be absolutely
determined. Nevertheless, the geochemi­
cal evidence presented here will show
that the volcanic rocks in these areas
were most likely formed at a convergent
plate boundary and are arc related.

Variation diagrams can be used to
determine the tectonic setting of a
suite of rocks. Chemical analyses of
samples from the Green Mountain and
Fletcher Park areas are plotted on
Figure 5 in order to compare them with
oceanic ridge tholeiites (ORT), Aleutian
andesites (island arc) (AA), and Medi­
cine Lake volcanics (continental arc)
(ML). These samples plot along roughly
the same trend as the Aleutian arc and
Medicine Lake rocks. The Ti02 and MgO
diagrams show this particularly well.
Note that oceanic ridge tholeiites con­
tain much higher amounts of Ti02 and MgO

than the arc volcanics. In general,
Ti02 values of less than 1.3 percent
are typical of subduction zones (Fiess,
1982).

AMF diagrams are commonly used to
separate tholeiitic from calc-alkaline
rocks. On this type of diagram tho­
leiitic and alkaline rocks show an ini­
tial trend of iron enrichment that
changes to alkali enrichment. Calc­
alkaline suites on the other hand have a
more direct trend of alkali enrichment
(Irvine and Baragar, 1971). Samples
from the Green Mountain and Fletcher
Park areas plot in both calc-alkaline
and tholeiitic fields (Figure 6).

Given the degree of alteration of the
rocks in the Green Mountain and Fletcher
Park areas, it appears unlikely that the
chemistry can give unequivocal answers
to the original rock composition and
tectonic setting. However, the trend of
the samples plotted on variation dia­
grams show that the volcanic rocks were
deposited in an arc-related environment.
The low Ti02 values of these samples
suggest a subduction-related setting.
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EXPLANATION

THICKNESS DESCRIPTION AGE

Variable Sierra Madre Granite. ',,',-,'_...., ..../ ....' :.1_....
-\ -1-\' \ ',' -I,680±20 m.y.
/ _/ - '.,.... / .... ,-,-

Variable Epidatized metasediment intruded by
\ ~ ',,/ ... \ ~ .,::' I '-: ~, -I,780±5Encampment River Granodiorite. m.y.

2,200 feet white me·tarhyalite breccia, tuffTon and
and crystal tuff, layered and llraded: ~'/r(:.::~/·~~~:r·:{;::.:.:.::~'~\:~.
10 fe.t thick mineralized zane which
Iltends 1/2 mile and contains x x x x x x x x
mallnetite, chalcopyrite, pyrite, epidote a a a a a a a
and quartz. Breccia rock is· associated
with the mineralized zone. x x x x X X X

X x X x x x x
x x x x x x x

y
vv-

FAULT

~ Igneous intrusionI', ....... "

0 Metagreywacke

~ Brecciax x x

~ Metavolcanic flowa a

~~~~j Metalapilli tuff

~
Metavolcanic

" " agglomerate

B Metatuff

- Calc-silicate rock

- Mineralized zone

2,000 feet

Variable

2,900 feet

2,900 feet

,., ,.,
Metallreywacke, stratified and llraded, v

maximum llrain size 0.08 inches,POOdY~'I

sorted, angular to subanllula.r. Contains ~-'-,'_'
llreater than 15 percent m,ca and ,~, ,
has a dark grey color and a dirty ,-,::.-/:: _I 778 ±
appearance. :.. \~ ,

Metaarkoae,llrain size less than 0.04 inclHi•.~
Metabasalt, metaandesite, metadacite

agglomerate, flows and tuffi stratified
and llraded. This group is highly
epidotized and contain. greater than
25 percent epidote and Ie.. than
10 percent anorthoclase.

Metarhyolite. rhyodacite tuff, flOWS,
breccia and agglomerate: white to
pink, contains less than 5 percent
mica. At the tap of this unit is a
30-foat section of fine - grained
calc - sll icate and calcite - garnet
rich rock. Above this is a 10-foot
mineralized zane.

5 m.y

[~::.::
Scale

4,200 feet

1,200 feet

Mind succeaaion of metabasalt,
metaandealte and metadacite tuff,
lapilli tuff and ag910merate: clast
size ranges from len than 0.0.4
Inch.. to greater than I footl
contains Ie•• than 10 percent
epidote, greater than 15 percent
biotite, greater than 10 percent
anorthocla...

Metarhyollte tuff, maximum grain
.ize Ie.. than 0.2 inth••.

·::·:::'t···:·.··..t:..!~. ,~~~:
A.a. •• • 6..7"':£6. 6.

Figure 4. Generalized stratigraphic column of the rocks in the Fletcher Park area.
Age relations are from Premo and Van Schmus (1982) ,W. Premo (personal communica­
tion, 1983), and Divis (1976).
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Figure 5. variation diagrams (Schmidt, 1983). Samples from the Green Mountain area
are shown as closed symbols, samples from the Fletcher Park area are shown as open
symbols. Outlined areas enclose oceanic ridge tholeiites (ORT) (Engel and Engel,
1963; 1964a; 1964b; Engel and others, 1965; Muir and Tilley, 1964; Aumeto, 1968);
Aleutian andesites (AA); (Kay, 1977; Coats, 1952; Marsh, 1976; Arculas and others,
1977; Barth, 1956; Byers, 1961; Coats, 1959; Wilcox, 1959; Marsh, 1976; Drewes and
others, 1961; Simons and Mathewson, 1947; 1955; Byers, 1959; Delong and others,
1975; Coats, 1956a; 1956b; Fraser and Barnett, 1959; Forbes and others 1969;
Waldron, 1961; Perfit and others, 1980; Fraser and Snyder, 1959); and Medicine Lake
volcanics (ML) (Hayslip, 1973; Mertzman, 1977; 1979; Powers, 1932; Anderson, 1933;
1941).
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Structure

This region of southern Wyoming is
thought to be an ancient plate boundary.
The granitic gneiss of the northern
domain (Figure 1) represents the Archean
craton. The Proterozoic metasediments
of the central domain are thought to
represent continental shelf-type sedi­
ments. They have been folded into an
east-west trending system of nappes.
The southern domain is composed of
intrusive igneous rocks and metamorphic
rocks and is separated from the central
domain by an east-west trending shear
zone of mylonite and ultramylonite.

Green Mountain area. The metavolca­
nic rocks in the Green Mountain area
have undergone at least two periods of
deformation. The first period (F1) can
be seen in the tightly folded syncline
of Green Mountain (Figure 3). The axis
of this syncline trends east-west and
plunges to the west. The faulted axial

surface dips steeply to the south.
Gabbro intruded along the fault and was
later folded during the second period of
deformation.

The second period of deformation (F2)
refolded the metavolcanic rocks into an
open fold about an axis trending 832°W,
70° 8. This axis can be seen in the
lineated hornblende needles that plunge
steeply to the southwest.

Fletcher Park area. The metavolcanic
rocks in the Fletcher Park area form a
plunging syncline (Figure 3). This
tightly folded F1 syncline plunges
N700E, 400E. The axial surface of this
fold is oriented N700E, 70°8. Two sets
of faults displace the metavolcanic
rocks in the Fletcher Park area. The
first set of faults are left lateral and
trend N500E, subparallel to the axial
surface; the second set of faults trend
N45°W and are right lateral.

F F

•••....-......,,/ ,.
YJ';. ""/. , -

• Calc- Alkalin.

A '-----------------~ M

Calc-Alkalln•

•

o
~ • 0

• ••Thol.in,c ........-~.../. "
,,"'. '

/e/ •• "". .
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Green Mountain
area

Fletcher Park
area

Figure 6. AMF plots of samples from the Green Mountain and Fletcher Park areas.
A=NA20 + K20; M=MgO; F=Fe203 + FeD. Open circles are samples taken near iron for­
mation and have higher than normal iron content. (Dividing line from Irvine and
Baragar, 1971.)
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Economic geology

Spencer (1904) was the first to de­
scribe the economic geology of the En­
campment district. Copper-bearing quartz
veins were discovered in 1868 by J.W.
Southwick and systematic mining of the
area began in 1881 at the Doane-Rambler
mine. Spencer describes five types of
copper occurrences; the Hinton type is
the occurrence most important to this
report. Spencer noted that the Hinton
ore was confined to distinct bands but
that there was an absence of fractures
by which the metals could have been
introduced. He assumed that the ores
were produced during metamorphism.
However, these rocks have characteris­
tics that are similar to Kuroko-type
deposi ts and are more likely to have
been formed by submarine volcanic pro­
cesses.

The composition and nature of the
associated rocks in these deposits show
them to be submarine volcanogenic. The
rocks in the Green Mountain and Fletcher
Park areas show repeated cycles of mafic
to felsic volcanism and the rock com­
position ranges from basalt and andesite
at the base of the section to dacite at
the top (Figures 2 and 4). Mineralized
zones occur above the felsic units and
are associated with volcanic breccia and
felsic metasediments.

Green Mountain area

A stratabound mineralized zone can be
found along the north face of Green
Mountain that extends in an arc east
from section 34, T.14N., R.85W. (Figure
3). Numerous prospect pits and small
mines mark this magnetite deposit. The
Sun Anchor and Sweet claims were located
along this stratabound deposit but were
still undeveloped when Spencer visited
them in 1902. There is no report avail­
able of the ore grade at these claims.
When visited in 1982, all the mine
shafts were caved a few feet below
ground level.

The stratabound mineralized zone con­
sists of a magnetic layer eight feet
thick that extends 100 feet before it is
covered by glacial debris. This layer
can be traced east from section 34 for
about one mile. The magnetite is inter­
layered with epidote and quartz. In this
section, the magnetite layer consists of
25 percent magnetite, 20 percent quartz,
20 percent hornblende, 15 percent car­
bonate, 10 percent almandite garnet and
minor biotite. The magnetite occurs as
equant particles and has a maximum grain
size of 0.002 inches.

Fletcher Park area

There are two types of copper depos­
its in the Fletcher Park area, a contact
metamorphic deposit and a stratabound
deposit. Spencer (1904)· described the
contact metamorphic deposit at the Itmay
mine (Figure 3). This copper deposit
occurs along the walls of a mafic dike
that cuts granodiorite. The dike has
been altered to chlori te. Spencer re­
ports a band of schistose gouge on the
north side of the dike that contains
streak copper ore and varies from a few
inches to two feet wide. He also reports
that there are practically no other
copper minerals besides chalcopyrite and
that one sample contains 0.05 ounces of
gold per ton and 17.92 percent copper
(Spencer, 1904, p. 51). When visited in
1982, the shaft was caved ten feet below
the surface; only small amounts of chal­
copyrite were found on the mine dump and
no gold was detected.

More important to this report is the
second type of copper deposit that can
be found 160 feet north of the Itmay
mine. This deposit is similar to the
Hinton type (Spencer, 1904) and to the
stratabound volcanogenic deposit found
at Green Mountain. The mineralized zone
occurs at the top of a metarhyolite unit
and is closely associated with a felsic
volcanic breccia (Figure 7). This zone
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Figure 7. Mill rock
breccia near the min­
eralized zone. Scale
is in inches.

is 10 to 30 feet thick and can be traced
for over 2,000 feet. The outcrop shows
thin layers of magnetite and epidote
that are arranged into disharmonic
layers and there is no vein or fracture
that would allow for the introduction of
the metal into the surrounding rock. A
fresh sample from the mine dump contains

magnetite, pyrite, chalcopyrite, quartz,
chlorite, epidote, and apatite. Chemical
analysis of this sample (Table 1, no.
TGS 30-81) shows 15,000 parts per mil­
lion copper and 200 parts per million
nickel. Four samples from the Fletcher
Park area show mildly anomalous zinc
values. One sample (TGS 73-81) contains
a small amount of tungsten.

Table 1. Chemical analyses of samples from Green Mountain and Fletcher Park areas
(Schmidt, 1983).

Sample FE Ti Ag Au Ba Bi Cu Ni Pb Zn H
percent parts per million

Green Mountain Area

TGS 5-82 10 0.3 500 N G(5,OOO) 500 G(20,OOO) 30 200 200 N Granite intrusion
TGS 9B-82 15 0.5 L N 5,000 N 200 20 500 300 N Quartz vein
TGS 33-82 G(20) 0.1 N N 100 300 20 L 10 N N Sun Anchor claim
TGS 80-81 10 0.5 0.7 N 200 50 15,000 100 10 N N Chlorite schist

Fletcher Park Area

TGS 30-81 20 0.1 3 N 700 N 15,000 200 10 N N Itmay mine
TGS 36-81 10 0.5 N N 500 N 50 50 15 500 N Basalt lapilli tuff
TGS 37081 10 0.3 N N 500 N 20 70 30 300 N Andesite lithic tuff
TGS 40-81 20 0.3 N N 300 N 20 15 15 700 N Basalt flow
TGS 45-81 10 0.5 3 N 1,000 N 15 7 300 500 N Dacite agglomerate
TGS 66-81 20 0.02 N N 20 N 200 30 15 N N Gossan
TGS 73-81 20 0.05 N N 300 N 1,500 7 15 N 100 Gossan

N none detected; L detected but in amount below detection limit; G = greater than value shown.
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Comparison to other base-metal massive
sulfide deposits

Hutchinson (1980) described four
types of massive base-metal sulfide
deposits under his exhalative volcano­
genic category. The oldest and most
primitive is the copper-zinc type, which
occurs in subsiding basins. This group
forms in deep to shallow water, and
includes well-differentiated tholeiitic
to calc-alkaline, mafic and felsic
volcanic rocks. Clastic sedimentary
rocks are common. The ore bodies are
concordant to bedding and occur above
felsic breccia. Examples of this type
include Noranda, Quebec (Spence and
DeRosen-Spence, 1975) and Jerome, Ari­
zona (Anderson and Nash, 1972).

Hutchinson's polymetallic or Kuroko
zinc-lead-copper-type massive sulfide
deposit occurs in shallower basins,
along with increasing amounts of craton­
derived and carbonate-sulfate rich sedi­
mentary rocks. These deposits are asso­
ciated with bimodal rock suites includ­
ing tholeiitic basalts and calc-alkaline
lavas. These rocks were deposited in
very shallow subaqueous or possibly
subaerial environments. This group is
commonly rich in lead and zinc. Examples
of this type of deposit include Buchans,
Newfoundland (Thurlow and others, 1975)
and the famous Kuroko deposit (Lambert
and Sato, 1974).

The third type of massive sulfide
deposit is the cuperous pyrite group,
which is very different from the pre­
vious two in that it is associated with
ultramafic and tholeiitic rocks. The
ores occur in pillow lavas and there is
only minor sedimentary cover. The fourth
group is the Besshi type. This type con­
sists of thick sedimentary sequences and
tholeiitic volcanic rocks and there is a
lack of calc-alkaline or felsic rocks.

The stratabound deposits in the Green
Mountain and Fletcher Park areas have
characteristics similar to both the
primitive type and the polymetallic
group, but seem to be more closely re­
lated to the polymetallic group. Aspects

of these deposits that resemble the
polymetallic group include composition
and nature of the associated rocks. On
variation diagrams, the rocks demon­
strate bimodal basalt-rhyolite trends
with relatively few samples of inter­
mediate composition. AMF diagrams show
the rocks to have both calc-alkaline and
tholeiitic composition, which is charac­
teristic of the polymetallic group. The
carbonate and calc-silicate rocks that
are found in and near the mineralized
zone represent submarine limestone depo­
sition during times of volcanic quies­
cence. The lack of pillow basalts in
the Fletcher Park and Green Mountain
areas suggest the rocks were deposited
in very shallow water, or at times,
subaerially. Metasediments in the Green
Mountain area are commonly mature and
possibly craton derived. The most
striking similarity between the deposits
of this study and polymetallic deposits
is their occurrence at the top of felsic
cycles and their association with felsic
breccia.

Proposed depositional environment

Massive base-metal sulfide deposits
are formed at discharge vents of sub­
marine hydrothermal systems (Sangster,
1980). Hot metal-bearing fluids flowing
from these vents mix with sea water, and
the precipitation of sulfides is caused
by changes in temperature, pH, and pres­
sure that result from either mixing or
boiling (Franklin and others, 1981).
The presence of polymict agglomerate and
stringer sulfides suggest boiling of
hydrothermal fluids and steam explosions
were common during formation of base­
metal massive sulfide deposits. Sang­
ster (1980) described two types of
sulfide deposits: proximal and distal.
Proximal deposits are precipitated
around the fumerolic vent and are asso­
ciated with boiling, explosion breccia
and agglomerate. Distal deposits lack
signs of explosive volcanism and occur
in layers over a wide area. Density of
the metal-bearing fluid controls whether
the deposit develops into a proximal or
distal type. Fluids that are more dense
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than sea water would flow downhill and
collect in depressions near the vent.
Fluids that are less dense than the sea
water would gradually increase density
during mixing and the deposition of
sulfide would occur as a thin layer over
a large area away from the vent. In the
Green Mountain and Fletcher Park areas
the deposits generally occur as uni­
formly thick layers that extend over 0.5
miles and are associated with brecciated
and calc-silicate rocks. This suggests
both proximal and distal deposits occur

in the Green Mountain and Fletcher Park
areas.

In summary, the stratabound sulfide
deposits in the Green Mountain and
Fletcher Park areas were formed in a
complex volcano-sedimentary pile and are
classified as the polymetallic type on
the basis of bimodal affinity; shallow
water deposited, craton derived sedi­
ments; and occurrence of sulfides and
brecciated rock at the top of mafic and
felsic cycles.
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On the reactions leading to the formation of magnetite

in ferruginous rock and their implications

f or the classification of iron formations

B. Ronald Frost

(2) siderite + hematite = magnetite +
CH4

(3) greenalite + 9 siderite = 2 quartz
+ 4 magnetite + 8C02 + CH4

If siderite and greenalite were still
present in the rock after reactions (1)
and (2) had gone to completion, addi­
tional magnetite may have formed by the
reaction:

Reaction (3) will occur only as long as
conditions are sufficiently reducing to
allow CH4 to form. As the reaction pro­
ceeds, however, the conversion of the
iron component to magnetite will pro­
gressively enrich greenalite in magne­
sium. This will cause the buffering

Recognition that these processes
occur in low-grade metamorphism of iron
formation leads to the observation that
the traditional classification of iron
formations into oxide, silicate, car­
bonate, and sulfide facies can lead to
gross misinterpretation of the sedimen­
tary environment of some rocks. For
most iron formations the primary sedi­
ment either consisted of interlayered
hematitic chert and siderite (i.e. the
Algoman type iron formation) or of in­
terlayered hematitic chert-siderite and
greenalite (i.e. the Lake Superior type
iron formation). Whether an oxide, sili­
cate, or carbonate iron formation formed
during diagenesis of these rocks would
have been as much a function of the ori­
ginal abundance of the primary phases
and degree of metamorphism as of the
sedimentary environment. For example, an
"oxide-facies iron formation" could have
formed from a sediment that was origi­
nally poor in siderite relative to hema­
tite while a sediment from the same en­
vironment that was richer in siderite
could have formed a "carbonate-facies
iron formation" during diagenesis. Pri­
mary magnetite and iron sulfides may

surface for the assemblage greenalite­
magnetite-quartz to rise to ~igher oxy­
gen fugacity and eventually this upward
shift will cause reaction (3) to cease.
Once this happens no further magnetite
will form, and the remaining reactions
occurring with prograde metamorphism of
iron· formation will involve only dehy­
dration and decarbonation. The primary
effect of these higher-grade reactions
is to convert siderite to silicate, a
process which for most bulk compositions
is complete by lower amphibolite facies.

3 magne-(1) greenalite + 3 hematite
tite + 2 quartz + 2H20

Recent studies of phase relations in
metamorphosed iron formations indicate
that the protoliths of most of these
rocks probably contained hematite as the
major iron oxide rather than magnetite.
Petrographic studies of weakly meta­
morphosed iron formations also show
ample evidence for the reaction of
greenalite and siderite to magnetite.
Due to the extremely low abundance of
free oxygen in metamorphic fluids, any
conversion of silicates or carbonates to
magnetite must have occurred as the
result of oxygen-conserved reactions.
Two of these reactions may have occurred
as internal buffering of the fluid drove
the oxygen fugacity down to the hema­
tite-magnetite buffer. As the fluid
crossed the buffer these reactions would
have ensued:
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have occurred in some iron formations,
but they are likely to have been re­
stricted to exhalative environments
where they could have formed either as a
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primary deposit on the distal portions
of a fumarolic center, or as the result
of incomplete suboceanic weathering pro­
ducts of massive sulfides.



The geology of the Homestake mine, Lead, South Dakota

Robert D. Woodfill

The Homestake mine at Lead, South
Dakota is a world-class gold mine.
Since it began production in 1876, the
mine has produced over 35 million troy
ounces of gold, worth $16 billion at
present prices.

The ore at Lead is contained within
Precambrian metasedimentary rocks that
total 17,000 feet thick. The Poorman
Formation, the oldest, is an ankerite­
bearing phyllite. The overlying Home­
stake Formation is a quartz-sideroples­
ite schist altered to cummingtonite
schist at higher metamorphic grades.
The overlying Elliston Formation is
comprised of quartzites and interbedded
quartz-mica phyllites. Younger for­
mations are argillaceous with some
quartzites. The Cambrian Deadwood For­
mation unconformably overlies the Pre­
cambrian.

The dominant structure at Lead is an
elongated dome about 10 by 12 miles long
whose center is cut by an Eocene stock.
Isoclinal folds in the Precambrian rocks
plunge 10° to 45° SE, with axial planes
dipping slightly to the east. At least
eleven deformational events have been
recognized at the Homestake mine.

Progressive metamorphism of the Pre-

cambrian rocks at Lead increases from
the southwest to the northeast from the
biotite zone, through the garnet zone,
to the staurolite zone. Ore deposits
are found only in the biotite and garnet
zones.

Two distinct types of mineralization
are recognized in the northern Black
Hills: Homes take-type ores that are
restricted to Precambrian host rocks,
and Tertiary replacement ores that are
restricted mostly to Paleozoic host
rocks. At the Homestake mine, major ore
bodies, termed ledges, are a group of
ore shoots, each pencil-like in shape
and parallel to the plunging folds to
which they are confined as replacements
of the Homestake Formation. These ore
bodies are in highly chloritized parts
of the Homestake Formation and are asso­
ciated with abundant veins and masses of
quartz with pyrrhotite, pyrite, and
arsenopyrite. Gold is gene~ally asso­
ciated with arsenopyrite.

Rye and Rye (1974) showed that stable
isotope data are consistent with a
sedimentary Precambrian origin for the
major ore constituents with later migra­
tion of syngenetic components during
metamorphism.
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Review of kimberlite exploration and evaluation methods

M.E. McCallum and James B. Lincoln

Kimberlite is the principal primary
source of naturally-occurring diamonds,
and as such, it is the target of exten­
sive exploration activity. Exploration
for kimberlite is an integrated effort
that involves a variety of techniques.
Effectiveness of any given method varies
as a function of the size; geologic,
geographic and climatic nature of the
target area; and whether kimberlite is
known to be present. Regional studies
are designed primarily to establish dis­
tricts favorable for more detailed eval­
uation. Airborne surveys are most ap­
plicable regionally, and comparison of
similarly scaled LANDSAT (infrared re­
flectance) and radar images and high­
altitude aerial photographs with aero­
magnetic, gravity, geologic, topograph­
ic, and drainage maps, along with any
other available comparable data that may
provide information on the surface and
subsurface character of an area, may
reveal the presence of intersecting or
interrupted regional trends. This tex­
tural interference may reflect deep­
seated structures that could have pro­
vided the zones of weakness necessary
for the emplacement of deeply derived
kimberlite melt.

Airborne techniques are effective
locally in identifying individual kim­
berli te occurrences. Surface and near
surface structural trends that may be
related to pipe and (or) dike emplace­
ment are readily recognized on a variety
of images, and both aeromagnetic and
gravity surveys can reveal the Idcation
of kimberlite if host rocks are suffi­
ciently different in physical character.
Ground geophysical methods appear to be
effective only in the delineation of in-
dividual kimberlite bodies. Magnetic,
gravity, electromagnetic, electrical
resistivity, refraction seismic, radio-
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activity and radiometric surveys have
been conducted in a number of kimberlite
districts, but generally only the magnet­
ic, electromagnetic, and resistivity
methods are useful in defining kimber­
lite-host rock contacts.

Most effective in the search for kim­
berlite are heavy mineral surveys that
rely on recognition of one or more of
the kimberlite indicator minerals (py­
rope garnet, magnesian ilmenite, chro­
mian diopside, and chromian spinel) in
the heavy mineral fraction of alluvial,
colluvial, and eluvial material. These
minerals are common only in ultramafic
rocks and all but diopside are relativ­
ely resistant to abrasion and weather­
ing, thus they persist for considerable
lengths of time and over considerable
transport distances (miles to tens of
miles) except in tropical regions. Defi­
nitive identification of the indicator
minerals is dependent upon chemical,
optical, and (or) x-ray determinations;
however, they generally can be recog­
nized by color and magnetic properties.
The opaque oxides Mg-ilmenite (picroil­
menite) and chromian spinel commonly can
be distinguished from their more abun­
dant counterparts ferro-ilmenite and
magnetite by their lower magnetic poten­
tials, although more iron-rich varieties
of both indicators may be appreciably
magnetic. Chromian diopside is readily
recognized by its emerald green color,
and its presence indicates relatively
close proximity to the source. However,
this indicator mineral also is charac­
teristic of a variety of locally abun­
dant non-kimberlitic rocks (e.g., alpine
peridotites). Pyrope garnets generally
can be recognized by their red-purple,
burgundy, to deep greenish purple
colors, although some may be character­
ized by lighter shades of red and pur-



pIe. Other garnets derived from deep­
seated xenoliths transported to the sur­
face in kimberlite magma also may be
useful locally in exploration if no
other deep-source intrusive rocks are
present. For example, many pink, reddish
orange to reddish brown, and brown gar­
nets are characteristic of websterites,
pyroxenites, eclogites, and granulites
that may represent xenolithic assembla­
ges. A detailed color classification of
garnet grains using a Rock Color Chart
is a rapid and useful tool in defining
garnet populations that although not
"kimberlitic", might be related to asso­
ciated xenolith suites.

Geochemical surveys are useful in
some districts, but generally only as
part of detailed evaluations of target
areas established by other means. Kim­
berlites are usually enriched in such
elements as Mg, Ca, Ni, Co, Cr, Ti, Nb,
and rare earths, but use of these ele­
ments as pathfinders is dependent upon
their dispersion into overlying and
adjacent materials and their insignifi­
cance or absence in host rocks.

Final ground surveys in target areas
utilize a variety of surface charac­
teristics to establish the presence of
kimberlite. Of particular value are
linear structural controls and the
intersections of cross-structures; the
presence of contrasting soils (e.g.,
green to gray montmorillonite-rich vs.
brown to orange kaolinite-rich); sharp
vegetative changes; nodules or exotic
rocks (e.g., in Colorado-Wyoming kim­
berli te district, rounded xenoliths of
garnet peridotite, eclogite, websterite,
granulite, and lower Paleozoic sedimen-

tary units occur in weathered granitic
material); nodules and xenocrysts of
kimberlite minerals (e.g., pyrope,
magnesium ilmenite, and diopside); and
localized caliche deposits in non­
carbonate terrains.

Many models have been proposed to
relate various parameters of a kimber­
lite to its diamond content. Most of
these models suggest a correlation be­
tween the Cr, Ni, Ti, and Fe content of
the kimberlite and the presence or' ab­
sence of diamond. Although the indi­
cated trends may apply locally, it does
not appear that such models have region­
al applicability. More recent studies
on the chemistry of pyrope, magnesian
ilmenite, and spinel demonstrate con­
siderable promise. The Cr203-CaO con­
tent of pyrope and the Cr203-MgO con­
tents of magnesian ilmenite and spinel
in kimberlite appear to correlate rea­
sonably well with the diamond content of
individual kimberlite occurrences.

Consideration of the morphological
features of diamonds present in a kim­
ber1i te may also be of value in pre­
dicting the economic potential of a
given pipe. Resorption of diamond
crystals in kimberlite is an extremely
important process, and it is responsible
for converting primary octahedron and
cube forms to the tetrahexahedroid form
(rounded dodecahedron). Robinson (1980)
demonstrated that this conversion pro­
cess involves a mass loss of at least 45
percent and that there is a correlation
between the proportion of diamonds with
octahedral and (or) cubic surfaces and
the diamond content of the host kim­
berlite.
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Remote sensing techniques applied to kimberlite exploration
in southeast Wyoming and north-central Colorado

Janet E. Marks and R.W. Marrs

Introduction

M.E. McCallum first recognized kim­
berlite in the Colorado-Wyoming region
in 1964 (Chronic and others, 1965).
Since that time, approximately 100 kim­
berlite occurrences have been identified
in the Laramie Range of southeastern
Wyoming and the Front Range of north­
central Colorado. At least 15 of these
are now known to host diamonds (Hausel,
1985, p. 10).

Kimberlite diatremes in the Colorado­
Wyoming region are difficult to locate
using conventional geological methods
because the terrain is mountainous, the
field season is limited, and exposures
of kimberlite are poor. Many common ex­
ploration techniques -- geochemical and
mineralogical alluvial sampling, field
mapping, and geophysical methods (gra­
vity, conductivity, magnetics and seis­
mic reflection)--are time-consuming and
costly. Multispectral remote sensing
techniques, the subject of this report,
are relatively fast and economical. The
major objective of the research describ­
ed here was to develop techniques for
detecting poorly exposed kimberlite dia­
tremes using an eight-channel multispec­
tral scanner (NS-001) as a remote-sens­
ing exploration tool. Data from the
scanner were digitally enhanced and then
interpreted to define target areas to be
field checked. Field checks include
sampling and geophysical surveys.

Three test areas (Figure 1) in
southeastern Wyoming and north-central
Colorado were selected on the basis of
their proximity to known kimberlite
occurrences (Hausel, 1985). Scanner
coverage and false-color infrared pho­
tographs for these areas were obtained
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Figure 1. Location map of kimberlite
diatremes and test areas.

from the National Aeronautics and Space
Administration (NASA) through the NASAl
Ames medium-altitude aircraft program.

Control sites were chosen in areas
where known kimberlite diatremes are
exposed. With the infrared photographs
as location guides, multispectral image
data for the control sites were selected
and corresponding images were processed
to enhance the spectral contrast of kim­
berlitic material. Using interpretation
techniques that best expressed the kim-
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berlites in the control sites, potential
target areas were identified. These new
target areas were checked by field exa­
mination and electrical and magnetic
surveys.

Our approach was to (1) analyse the
unique spectral and spatial surface
characteristics of kimberlite diatremes;
(2) define a sequence of digital image
processing techniques that would best
discriminate kimberlite diatremes from
the surrounding granitic country rock;
(3) identify several target areas where
hidden kimberlite pipes might be found;
and (4) confirm and map ~- or disprove
-- the occurrence of kimberlite in these
target areas on the basis of field
observation, geophysical surveys, and
mineralogical and geochemical analyses.

We hoped to discriminate kimberlite
from the surrounding country rock on the
basis of geomorphology, structural rela­
tionships, and spectral characteristics.
Kimberlite shows such distinguishing
characteristics as elliptical plan, as­
sociation with faults or fractures,
bluish soil color, lack of tree cover,
lush grassy vegetation, and clay-rich

soil that holds abundant moisture. To
the degree that these unique character­
istics are discernable, kimberlite may
be detected by interpretation of the
digitally processed multispectral
scanner data, even if the kimberlite is
very difficult to detect on the ground.

The area covered in one digitally re­
constructed scene is a little over one
square mile. The spatial resolution is
approximately 12.5 feet on the ground.
The NS-001 scanner provides spectral
images in the range of 400 to 2,350
nanometers (nm) and a thermal infrared
band (9,000 to 11,000 nm).

Digital processes were used to empha­
size spectral and spatial contrasts be­
tween kimberlite and its host rock.
Spectral band ratios and principal-com­
ponent color composites were found to be
the most valuable process products for
discriminating kimberlite. When the
spectral signatures of the known kimber­
lite diatremes (control sites) had been
determined on the processed images,
other target areas could be identified
on the basis of similar spectral and
spatial expression.

Regional Precambrian geologic setting

The southern Laramie Range is a north­
trending, broad, aSYmmetrical anticline
with highly jointed Precambrian crystal­
line terrain exposed in the core. The
Precambrian crystalline core consists
mainly of older, complexly folded gran­
ite gneiss, intrusive granite, anortho­
site, and syenite, and minor volcano­
genic metamorphic rocks.

A major age discontinuity divides the
Precambrian rocks of the Laramie Range
and continues to the west, through the
Medicine Bow Mountains and Sierra Madre,
where it is marked by the northeast­
trending Mullen Creek-Nash Fork shear
zone (Houston and others, 1968; Hills
and others, 1968). The Laramie Range

anorthosite-syenite complex emplaced
around 1,510 + 30 m.y. ago (Hills and
Armstrong, 1974), masks evidence of the
shear zone in the Laramie Range. Its
emplacement may have been controlled by
the shear zone.

The Sherman Granite batholith intruded
the Laramie anorthosite-syenite complex
on its southern and eastern border ap­
proximately 1,335 + 30 m.y. ago (Hills
and others, 1968) or 1,430 + 60 m.y. ago
(Hills and Houston, 1979).- Within the
Precambrian Sherman Granite terrain are
small exposures of gneissic rock dated
at 1,750 m.y. ago (Peterman and others,
1968).
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Diatreme geology

The known kimberlite diatremes pene­
trate the Precambrian crystalline ter­
rain and are scattered in a north-trend­
ing region coincident with the trend of
the Laramie Range. They extend north to
Sybille Canyon, approximately 45 miles
north of the Colorado-Wyoming State
Line, and south to Boulder, Colorado,
approximately 70 miles south of the
State Line. The kimberlite pipes are
dated between latest Silurian and Early
Devonian on the basis of Ordovician and
Silurian sedimentary rocks incorporated
in the diatremes. Naeser and McCallum
(1977) report an age of 377 + 9 m.y.,
based on fission-track dating of the
kimberlites. This date is consistent
with the Devonian age implied by the
inclusions.

The State Line district in the Lara­
mie Range (Front Range) (Figure 1) is a
north-trending zone, 17 miles long by 5
miles wide. This district contains
approximately 40 kimberlite diatremes
that penetrate the Precambrian Sherman
Granite and Log Cabin Granite batho­
liths. The Sherman Granite includes the
Trail Creek Grani te and the Inner Cap
Rock quartz monzonite. Much of the
State Line dist;rict (including the
Schaffer pipe area discussion below)
lies within the Virginia Dale ring-dike
complex, a circular structure 8 miles in
diameter within the Sherman Granite
batholith (Eggler, 1968). The Sherman
Granite terrain in this vicinity shows a

dominant north-northwest structural
trend of joints and diabasic dikes
(Hausel and others, 1979a; 1979b; 1981).

The Schaffer cluster of kimberlites
is located in the State Line district in
Wyoming. The kimberlite diatremes are
emplaced on a N30 0 W N40 0 W trend
(Hausel and others, 1979a; 1979b; 1981).
Because of this linear pattern, their
emplacement is suspected to be control­
led by northwest-trending shear zones.
Approximately 20 pipes occur in this
cluster; they intrude the Inner Cap Rock
quartz monzonite (Hausel and others,
1981) •

The Schaffer pipes are relatively
small, averaging 85 to 120 feet wide by
130 to 280 feet long (Puckett, 1971).
The largest, the Schaffer 13, is 1,800
feet in the maximum horizontal dimen­
sion. These diatremes were poorly
exposed, but most have been extensively
prospected since 1980 by Cominco Ameri­
can, Incorporated and are now partially
revegetated.

Because of its large size, relatively
easy access, and good exposure, the
Schaffer 13 pipe was used as an initial
control site for determining the best
techniques for kimberlite detection
using digital image processing. Ground
measurements were taken at this control
site both before and during the over­
flight.

Description of kimberlite and its surface expression

Dawson, (1971, p. 188) defined kim­
berlite:

Kimberlite is a very rare, potassic,
ultrabasic, hybrid igneous rock that
occurs in small diatremes, or in dykes
or sills of limited extent. It has an
inequigranular texture, the porphyritic
aspect being due to megacrysts of 01 i­
vine, enstatite, chrome diopside, py­
rope, picroilmenite and phlogopite, set
in a finer-grained matrix of which ser-

pentine, carbonates, phlogopite, magne­
tite and perovskite form the major part.
Many of the megacrysts are derived from
fragmentation of mantle-derived garnet
lherzolite (blocks of which are embedded
in the kimberlite) and are in various
stages of reaction with the kimberlite
matrix. The matrix may, or may not,
contain diamond; even in the most dia­
mondiferous kimberlites, diamond is a
very rare and widely dispersed mineral.
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Nodules derived from the upper mantle
and lower crust are often present in the
kimberlitic matrix. These include gar­
net and spinel peridotite, eclogite,
granulite and monomineralic xenocrysts.
The olivine and orthopyroxene are usu­
ally completely serpentinized, leaving
only relict outlines.

Kimberlite is always altered, al­
though the degree of alteration varies
depending upon depth and on whether the
pipe records repeated eruptions or a
single intrusive event. The alteration
processes typical of kimberlite are
hydration (serpentinization and clay
formation), carbonatization, and feniti­
zation.

Kimberlitic soil (soil derived from
kimberlite) in the study area is gener­
ally devoid of tree growth, while the
host granitic rock is commonly forested
with Ponderosa pine. The kimberlite is
typically covered by relatively thick,
lush, grassy vegetation and scrub brush.
However, many grassy, non-forested areas
are not kimberlitic. Kimberlitic soil
tends to be moister than granitic soil
because the clays, especially smectite
(montmorillonite), in kimberlite absorb
water. Granitic soil tends to dry more
quickly and to support xeric vegetation.
The contact between well-exposed kimber­
lite and the host rock can sometimes be
defined by vegetation differences. For
detection of vegetation contrasts by re­
mote sensing, data should be obtained
when the moisture and vegetation differ­
ences are most pronounced, in late
spring or early summer.

Kimberlite is unstable at surface
temperatures and pressures, and weathers
more easily and deeper (10 to 100 feet),
than the surrounding granite. Granite
typically forms massive outcrops, while
kimberlite does not crop out prominent­
ly. Kimberlite decomposes and erodes
readily to produce topographically low
areas, except where it has undergone

silicic alteration (Smith, 1977).

Kimberlite dikes and diatremes in the
study area are quite small, varying from
a few feet to nearly 1,800 feet wide.
They are typically elliptical to elon­
gate in plan, with their long axes par­
allel to prominent fractures (Mannard,
1968). The close association of frac­
tures and kimberlite suggests that their
emplacement is often structurally con­
trolled by preexisting faults and frac­
tures.

The saprolite developed on kimberlite
is generally greenish gray or bluish
gray due to the weathering products of
serpentine, smectite, chlorite, calcite,
and talc. Although kimberlites are com­
monly covered by soil derived from the
surrounding host-rock terrain, badgers
and other burrowing animals often expose
this "blue ground" in their burrowing.
Some kimberlite bodies in the study area
that contain calcareous lower Paleozoic
sedimentary xenoliths show a white sap­
rolite coloration. Nodules of garnet
and spinel peridotite, eclogite, granu­
lite, and monomineralic xenocrysts de­
rived from the upper mantle and lower
crust may also be present. These nod­
ules are generally ellipsoidal and 2 to
10 centimeters in size. They are usu­
ally altered by hydration to serpentine
and smectite.

All of these characteristics of
weathered kimberlites are readily de­
tectable on remote sensing images of
good kimberlite outcrops, but are not
detectable on images of kimberlitic
bodies that are poorly exposed or cover­
ed by a layer of soil. Consequently, it
is critical to distinguish minor amounts
of kimberlitic soil mixed with soil
derived from granite, or to distinguish
subtle vegetation contrasts. Multispec­
tral data, enhanced as described below,
can provide discrimination of these very
subtle soil and vegetation contrasts and
reveal covered kimberlite locations.
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Description of imagery

The 8-channel NS-001 multispectral
scanner is an airborne) scanning radio­
meter designed to record reflected radi­
ation in spectral bands that respond to
subtle variations in the character and
condition of rocks and soils. It has an
instantaneous field of view (IFOV) of
2.5 mrad. At an altitude of 5)000 feet
above mean terrain it provides spatial
resolution approaching 12.5 feet and a
total swath width of approximately 8)740

feet. The total, usable scan-angle is
100 degrees) and there are 699 pixels
per scanline oriented perpendicular to
the flight direction.

The scanner images in the seven
Landsat-D Thematic Mapper bands plus a
band from 1.00 to 1.30 micrometers) band
6 (Table 1). These bands can be com­
bined in various ways to enhance subtle
spectral contrasts.

Table 1.
548.)

Description of the NS-Oll bands. (After Freden and Gordon, 1983, p.

Type of Wavelength
Band radiation (in microns)

1 Visible blue 0.45-0.52

2 Visible green 0.52-0.60

3 Visible red 0.63-0.69

4 Near-infrared 0.76-0.90

Principal applications

Differentiates water) soil and vegeta­
tion.

Shows high reflectance of healthy vege­
tation.

Absorbed by chlorophyll.

Delineates water bodies that absorb
electromagnetic radiation in this band.
Ferrous iron also shows an absorption
in this band due to electronic tran­
sitions.

*5

6

7

8

Near-infrared

Near-infrared

Near-infrared

Thermal infrared
emission

1.00-1.30

1.55-1.75

2.08-2.35

10.4 -12.5

Chlorophyll in healthy vegetation ~hows

a high reflectance in this spectral
region.

The peak rock reflectance band; vegeta­
tion moisture detection.

The clay band) discriminates hydrother­
mally altered rocks from unaltered
rocks) hydroxyl ions in clays and other
minerals show a strong absorption near
2.20 due to Al-hydroxyl vibration or
2.30 due to Mg-hydroxyl vibration.

Sensitive to moisture and vegetation
changes.

* Not used on Landsat-D Thematic Mapper
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Color infrared photographs were also
acquired over the study area with a
Zeiss camera while the eight-channel
Thematic Mapper Simulator (multispectral
scanner) gathered multispectral infor­
mation. Flights were flown in late June
and early July, 1982. The aircraft was
flown at an average altitude of 5,000
feet above mean ground elevation to
yield adequate resolution with the
scanner. Ground data were acquired

before and during the overflight.

The color infrared photographs sup­
plement the digital scanner data by pro­
viding location and spatial reference.
Earlier work indicated that color infra­
red photographs are very useful for
general mapping, although they are not
generally amenable to the detection of
poorly exposed kimberlite in this region
(McCallum, 1974).

Interactive digital processing and enhancement techniques

Processing procedures were selected
on the basis of trial application in
areas of known kimb~erlite. The selec­
tion procedure is as follows: (1) a
control site is first defined that
includes a known kimberlite diatreme;
(2) the unique surface expression and
spectral characteristics of kimberlite
are then determined in an examination of
the photographs and unenhanced images;
and (3) digital image processing tech­
niques are found that enhance subtle

spatial and spectral characteristics of
the kimberlitic soils (Short 1982, p.
145-178 and 433-444).

The moderately well-exposed Schaffer
13 reference area, located on the Wyo­
ming-Colorado border, served as an ini­
tial control (calibration) site from
which to define distinct spectral con­
trasts between granitic rocks and kim­
berlitic soils (Figure 2). This kimber­
lite has been disturbed by mining acti­
vity but is now mostly revegetated.
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Analysis of single bands of imagery

Analysis was applied to single spec­
tral bands selected from the 8-band
image set. Because many spectral re­
flectance differences are subtle, inter­
preting low-contrast differences is
important. Interpreting the images is
much easier when they are contrast­
stretched. To accomplish a useful
contrast-stretch, a histogram is pro­
duced representing the frequency of
occurrence of various pixel values. The
density-level distribution is then
expanded to take advantage of the full
dynamic range of the image processor
(0-255 digital grey-levels).

The clay band (band 7) is the most
diagnostic single band, because soil
derived from kimberlite contains smec­
tite. Smectite, with its unique crystal
structure, contains abundant hydroxyl
ions. When a hydroxyl ion is bonded to
a metal cation, vibrational processes
absorb electromagnetic radiation in this
wavelength range, and produce an absorp­
tion anomaly over the kimberlite when
the clay band is displayed. Therefore,
kimberlite appears dark in the contrast­
stretched band-7 image.

Analysis of combinations of two bands
was applied using arithmetic operations.
Ratioing is the most common and useful
combination technique because it dimin­
ishes strong contrasts while enhancing
subtle spectral detail. These, however,
do not appear to be as useful for litho­
logic discriminat~on as ratioing. Other
divariant analysis techniques are sum­
ming, subtracting, and multiplying. How­
ever, these do not appear to be as use­
ful for lithologic discrimination as
ratioing. Ratioing is performed by
dividing the intensity level in one band
by the intensity level in a second band,
pixel by pixel. The resulting quotients
fall over a very narrow range so con­
trast-stretching is routinely performed
to enhance the ratio combinations.
Higher values are assigned to lighter
tones.

Ratio images have the unique charac­
teristic of enhancing subtle spectral
reflectance differences relative to
first-order radiance differences. In­
strument noise is muted. Therefore,
materials that are spectrally similar in
the ratioed bands will appear the same
regardless of albedo (intensity) varia­
tions. Areas that are spectrally unique
show up as stronger contrasts against
the normalized background. Because
rocks are often distinguishable on the
basis of subtle spectral contrasts,
ratioing is an extremely useful tech­
nique for discriminating among rock
types.

The choice of the multispectral bands
to be used depends on the spectral pro­
perties of the rock types to be distin­
guished. For kimberlite detection,
ratios of bands 4/3 (near-infrared/red)
and 6/7) (peak rock/clay) appear to be
the most effective. Kimberlite has
moisture-retaining clays that absorb
much of band 7 radiation, so kimberlite
appears dark. Vegetation appears light,
and granite yields an intermediate re­
sponse on the 6/7 ratio. Kimberlite
sometimes shows high reflectivity in the
near-infrared spectral bands due to the
presence of lush, grassy vegetation
cover. Therefore, kimberlite should
appear light and granite dark on a 4/3
band ratio.

Some enchancement techniques involve
manipulation of three or more spectral
bands. Color composites, stretched­
ratio color composites, and principal
component analysis fall into this cate­
gory. Any of the previously discussed
techniques may also be performed on the
resulting mu1tiband composite images.

Color composites are constructed by
assigning three different images to the
red, green, and blue hues of the video
display. Ra tio color composites are
produced by assigning each ratio of two
bands a different color on the video
display.
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In principal component analysis
(factor analysis), the computer selects
the best combinations of bands with
which to display the brightness differ­
ences in all bands of the multiband
scene. Principal component computations
effectively reduce the number of spec­
tral bands needed to represent varia­
tions in the data. The number of ima­
ges that must be evaluated simultaneous­
ly is reduced without losing any essen­
tial information.

Principal component analysis deter­
mines an array of correlation coef­
ficients between eight sets of data. It
then constructs a smaller set of vari­
ables (components or factors) by mathe­
matical transformations of the original
eight-band data. The components are
selected to be mathematically orthogo­
nal, or independent of one another. The

process then rearranges the data by
rotation and translation of the spectral
bands to maximize the information con­
tent of the first factors constructed.
The last factors can be discarded. With
eight-channel data, the essential infor­
mation is condensed to four or five
principal components. Principal compo­
nent images may be displayed on the
image processor monitor either indivi­
dually or color-combined to produce a
principal-component color composite.

The fourth principal component (fac­
tor) seems to be best for discriminating
kimberlitic soils from granitic soils
(Figure 3). This factor usually reveals
the very subtle differences between rock
and soil types. Principal component
color composites that incorporate the
fourth principal component were selected
as the mos t interpretable of the
enhanced image products.

Results

All of the standard digital image­
enhancement techniques discussed above
were examined to see which produced the
optimum image product for discriminating
kimberlitic soils from the surrounding
host rock. The Schaffer 13 kimberlite
was used as the initial control site.
Principal component analysis was select­
ed as the most effective standard image
enhancement technique. The fourth prin­
cipal component offers the most dis­
tinctive image display of kimberlites.
The fourth principal component (Figure
3), and principal-component color com­
posites that include the fourth princi­
pal component, were examined for zones
that appeared anomalous and similar to
spectral features associated with the
known kimberlite diatremes in the
Schaffer control site.

Twenty possible anomalous zones were
defined by interpretation of several
enhanced-image products (Figure 4).
Eight of these interpreted anomalies
were correlated with known kimberlites
in the area, and twelve were not. Upon
review of the interpretation with W.D.

Hausel of the Geological Survey of Wyo­
ming, three of the twelve anomalies (8,
9, and 12) (Figure 4) were found to be
coincident with field-reported occur­
rences of kimberlite in areas that have
not been mapped because access to the
property is restricted.

The remote sensing anomalies 1 and 2
(Figure 4) were examined in the field
with electromagnetic and magnetic equip­
ment to confirm the occurrence of kim­
berlite and map the subsurface distribu­
tion of each diatreme or disprove its
presence. Both of these anomalies
yielded negative results.

Field evidence indicates a success
rate of 60 percent for detection of kim­
berlitic bodies by this method. At this
time we have field information for only
five of the twelve identified target
areas. Features 3 through 7, 10, and 11
have not yet been verified as kimber­
lite, nor has the occurrence of kimber­
lite been disproved.

The results of this project were gen-
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Figure 3A. Reconstructed
image of the fourth princi­
pal component for the State
Line area TMS data. Density
slice of fourth principal
component. Kimberlites,
road, lakes, and barren
(disturbed) areas appear
light toned.
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Figure 4. Interpretation of
the color composites of
principa1 components 2, 3,
and 4 and 3, 4, and 5. Both
known kimber1ites and areas
interpreted as possible kim­
berlite occurrences from
spectral anomalies (numbers
1-12) are shown. (From
Marrs and others, 1983.)
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era11y encouraging. Computer-processed
multispectral imagery has excellent po­
tential as a tool for regional recon­
naissance for kimberlite intrusives.
Both ratioing and principal component
analysis of the eight channel multispec­
tral data effectively enhance the subtle
contrasts in soils and vegetation.
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Lake Alice Copper district, Lincoln County, Wyoming

W.W. Boberg

The Lake Alice district is within the
Overthrust Belt of western Wyoming about
20 miles north of Cokeville, Wyoming.
The principal prospect of the district
is the Griggs mine, which was discovered
in 1895. The Griggs mine consists of
several adits into sediments of the
Triassic/Jurassic Nugget Sandstone and
the Gypsum Spring Member of the Jurassic
Twin Creek Limestone. It had minor pro­
duction between 1914 and 1920. Bleached­
white sandstones of the normally red­
dish-colored Nugget Sandstone; and
dirty, gray, silty sandstones and petro­
liferous, cherty dolomites of the Gypsum
Spring Member of the Twin Creek Lime­
stone contain extremely variable con­
centrations of copper, lead, and zinc
sulfides with some associated silver.

The Griggs mine prospect contains the
greatest observed thicknesses and high­
est grades of sulfide mineralization in
the district. Sulfide mineralization was
apparently concentrated in a structural­
ly-prepared zone on the flank of an an­
ticline. This is the only area where
sulfides can. be observed in bleached­
white Nugget Sandstone. Outcrops of
bleached-white Nugget Sandstone occa­
sionally contain numerous cavities that
probably represent the complete leaching
of sulfide minerals at the surface.

Sulfides are nearly ubiquitous in low
but observable concentrations within
specific units of the Gypsum Spring
~Member of the Twin Creek Limestone. A
locally continuous, two- to three-foot
thick, gray to yellow-gray, silty
sandstone within the Gypsum Spring
Member contains low-grade copper (0.2
percent Cu) and silver (0 .1 ounce/ ton
Ag) wherever it is found in an area of
more than two square miles. Another
thin (two to five feet thick), discon­
tinuous, cherty, petroliferous dolomite

and limestone contains variable amounts
of lead and zinc as well as some silver.

It is believed that the sulfide
occurrences at Lake Alice formed solely
by sedimentary and hydrodynamic pro­
cesses in much the same manner as the
major stratiform sulfide deposits of
central Europe. The metals probably
precipitated from a briny formation
fluid developed within the red-bed
sequence of the Nugget Sandstone and
underlying Ankareh Formation. The pres­
ence of a petroliferous shale, lime­
stone, or dolomite above the red-bed
sandstones was important in limiting
fluid flow as well as in providing
varying chemical environments that
affected the composition of briny for­
mation fluid. The type and amount of
metals available in the red-bed sequence
determined the availability of metals in
the briny formation fluid. During
diagenesis and burial, deep-basin hydro­
dynamic flow moved the variously metal­
enriched briny formation fluid upward
into and through the less permeable,
reducing, reactive petroliferous and
limy sediments. Precipitation of metals
carried by the formation fluid occurred
at or near the formation contact. Spe­
cific facies of the overlying sediments
(Gypsum Spring Member) tended to local­
ize greater amounts of metals or were
more consistent in localizing metals.

Another structurally-controlled phase
of mineralization occurred during Lara­
mide time when overthrusting caused
intense variations in hydrodynamic flow
in the Nugget Sandstone, the formation
of folds, and the opening of faults near
the crest of anticlines. It appears
that the metal content of the initial
ore-forming briny formation fluid was
not sufficient to develop large, blan­
ket-like, sulfide deposits, and it took
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the second stage of structurally-con­
trolled fluid flow to develop small
deposits of higher grade, such as the
Griggs mine prospect. Hydrocarbons
within the Nugget Sandstone were subject

to the same pressures and hydrodynamic
flow during overthrusting and may have
been involved in the movement of metals
into the later, structurally-controlled
sites of deposition.
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Further thoughts on the genesis of platinum reefs
of the Stillwater/Bushveld type

Craig S. Bow

Platinum group metal (PGM) minerali­
zation within the Stillwater Complex
occurs in a distinctive portion of
banded zone stratigraphy, coincident
with the reappearance of olivine in the
crystallization of the complex. The
immediate host rocks to the mineraliza­
tion are distinguished by variable pro­
portions of olivine, orthopyroxene, pla­
gioclase, and augite. Hornblende, phlo­
gopite, apatite, sulfides, and chrome­
spinel are accessory.

Significant concentrations of PGM
within the reef are restricted to sul­
fide minerals. The sulfides show clear
evidence for an origin as accumulated,
immiscible sulfide liquid droplets. The
high concentrations of PGM in a subor­
dinate weight fraction of sulfide melt,
confined to an extremely narrow strati­
graphic interval, constitutes the most
fundamental constraint on models of
genesis.

The presence of olivine- and sulfide­
bearing rocks within reef stratigraphy
is attributed to the influx of a pulse
of primitive magma during a unique in­
terval in the evolution of the chamber.
The prolonged interval of plagioclase
crystallization resulted in a signifi­
cant decrease in the residual melt den­
sity, to the point where the new pulse
of mafic/ultramafic magma was actually
buoyant. As a consequence of this den­
sity inversion, a diapiric upwelling of
hot, but less dense, magma ascended to­
wards the roof of the chamber, rather
than flowing across the floor. The
cri tical PGM collector was provided by
subsequent saturation and formation of
an immiscible sulfide melt. The ascent,
ponding, and subsequent decay of the

plume, with attendant magma mixing and
crystallization, accounts for the high
volume of silicate magma to sulfide melt
required to explain the high PGM con­
centrations in the reef. This mechanism
also explains, at least in an intuitive
way, the complex mineral assemblage and
sulfide-silicate textures of the reef.

The fundamental lithologic makeup
and distribution of economic mineraliza­
tion within the Stillwater and Bushveld
igneous complexes are strikingly simi­
lar. Certainly the most singular and
enigmatic similarity between the two
intrusions -- from an economic geolo­
gist's point of view -- is the posi­
tioning of the PGM reefs with respect to
the major cumulus phases. This is com­
pelling evidence that very similar
mechanisms controlled the evolution of
these deposits.

One of the many shared characteris­
tics between the Bushveld and Stillwater
intrusions is the presence of thick
cycles of ultramafic cumulates in the
lower portions of the stratigraphy.
Recent research has provided new insight
into the origins of cyclic layering in
layered intrusions that may affect our
understanding of PGM mineralization.
The fluid dynamic behavior of successive
pulses of mafic magma, introduced into a
partly crystallized chamber, has been
modeled theoretically, and with low­
temperature solution analogs (Huppert
and Sparks, 1980). These studies,
interpreted in the light of fractional
crystallization processes in open-system
magma chambers, provide a plausible
mechanism for enriching residual melts
in PGM prior to the critical pluming
event.
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Biogeochemical prospecting in the
Stillwater (Pt) Complex, Montana

Walter C. Riese and Gerald K. Arp

Introduction and background

The Stillwater Complex is a large,
stratiform, tholeiitic igneous body that
was intruded into a stable Archean cra­
ton approximately 2,700 m.y. ago.
Platinum-group elements are concentrated
in the lower part of the banded zone of
the complex in a unit referred to as the
Howland reef. Significant concentra­
tions of platinum-group elements within
the reef are restricted to sulfide
minerals; the dominant minerals belong

to the braggite-vysotskite [CPt, Pd,
Ni)S] solid solution series.

The Howland reef is continuous over
the exposed length of the Stillwater
Complex. It strikes approximately N700W
and dips steeply to the north at between
65° to 70° in the area covered by this
study. High-angle reverse faults cause
the zone of platinum group-bearing
sulfides to be repeated in places.

Geochemistry

The geochemical orientation survey
performed over the Howland reef portion
of the Stillwater Complex in 1982 was
designed to test the utility of litho­
geochemical, pedogeochemical, and bio­
geochemical samples in mapping the
outcrop/ subcrop of this zone. We also
hoped that the more platinum-rich zones
could be mapped or projected using these
media.

Lithogeochemical samples were quickly
ruled out as a viable sampling medium
because of the paucity of outcrop. Rock
chip samples from C-horizon float were
also ineffective: i this region has been
the site of alpine glaciation, and much
of the area is covered by kame-terrace
deposits which have moved downslope due
to solifluction. In short, there is no
way to relate the geochemistry of these
rock chip samples to the underlying
lithologies.

For the same reasons, the pedogeo­
chemical samples were not anticipated to
be useful. Our hypothesis, however, was
that because the platinum- and palladi-

um-bearing phases were sulfides, these
elements should be available to oxidiz­
ing ground-water solutions and might
migrate sufficient distances to produce
break-in-slope anomalies downslope from
the more platinum-rich zones. This pro­
cess of anomaly formation would be fur­
ther augmented if organic acids were
available to the ground-water system;
the amount of vegetation present in the
area suggests that such acids are avail­
able (Huang and Keller, 1970a, 1970b,
1971; Riese and others, 1978). Pedo­
geochemical samples were therefore
collected.

With regard to the biogeochemical
samples, several conifer species indige­
nous to the area offered possible
sampling media: Douglas fir (Pseudotsuga
menziessi), Ponderosa pine (Pinus pon­
derosa), Limber pine (Pinus flexillis),
and Lodgepole pine (Pinus contorta).
Only Douglas fir was sufficiently well
distributed to be viable as a sampling
medium. Because this was an orientation
survey, we did not choose a mul tiple­
species program: it was felt that inter-
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species normalization might be too dif­
ficult for so small a survey.

The survey was conducted in early
Augus t of 1982. In all, 65 samples of
each medium were collected at 8-foot (25
meter) intervals along lines that were
approximately 100 feet (300 meters)
apart (Figure 1).

The soil samples were prepared for
analysis in Anaconda's Monte Vista,
Colorado, facility. This involved
drying and sieving to -80 mesh. The
prepared pulps were then sent, with
standards as well as field and labora­
tory replicates, to Bondar-Clegg, Lake­
wood, Colorado. Analyses for copper,
zinc, nickel, and cobalt were performed
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Figure 1. Location of stillwater project and orientation survey lines. Numbers
and ticks on lines designate samples.
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using an aqua regia digestion and AA
finish; analyses for chromium, platinum,
and palladium were performed using
either fusion or hydrofluoric digestion
and an AA finish.

The biogeochemical samples were all
three-tree composite samples of Douglas
fir. These were prepared and analyzed
at the Arco Exploration and Production

Research Center in Plano, Texas. All
needles were first separated from the
woody material that was to be analyzed;
initial analyses demonstrated that the
stems were preferential accumulators.
Approximately five to seven years of
woody material growth was then dried at
110°C, ashed at 550°C, and digested with
aqua regia. Palladium, nickel, and
chromium were analyzed by ICP.

Discussion

Line plots and topographic profiles
of the data are presented as Figures 2
through 4.

Pedogeochemistry

Of the elements analyzed in soils,
neither chromium nor nickel was found to
be of use in mapping the subcrop of the
Howland reef. Palladium was consis­
tently mapped as anomalous over the main
zone and offered suggestions that other
imbricate zones might be present (Figure
2). This is most strongly suggested in
lines 3 and 4, where strong, additional
peaks were found across the creek from
the main Howland reef zone in areas
where the topography precludes the
possibility that these are the product
of hydromorphic dispersion.

The soil platinum analyses (Figure
3) revealed the location of the main
platinum-palladium zone in all lines
except line 5. There, there is a weak
platinum anomaly several hundred feet
downslope from the projected subcrop of
the main zone: this may mark the devel­
opment of a hydromorphically displaced,
break-in-slope anomaly.

Biogeochemistry

In general, neither nickel nor chro­
mium was found to be an acceptable or
reliable pathfinder for the main
platinum-palladium zone of the Howland
reef (Figure 4); this is probably due to

the overall high background in the
ultramafics. The two exceptions to this
are the nickel profiles in lines 3 and 4
(Figure 4). In line 3, the nickel in
the biogeochemical samples does appear
to be anomalous over the main zone. In
line 4, the nickel maps quite well
define the subcrop of a fault sliver(?)
of this zone (compare nickel in Figure
4, line 4 with the biogeochemical plati­
num in Figure 3, line 4).

The palladium in biogeochemical
samples was very difficult to analyze,
so the quality of these data may not be
as good as it should be. Conversely,
lines 1, 3, 4, and 5, all show anomalous
palladium concentrations in biogeochemi­
cal samples collected downslope of the
main Howland reef zone. The only inter­
pretation that can be applied to this
distribution is that the palladium,
being more readily oxidized and complex­
ed in solution (Pourbaix, 1966), is more
mobile and is migrating down the hydro­
logic gradient. Plants are, therefore,
picking up the palladium from ground
water and not directly from the rock.
This, of course, represents a false ano­
maly.

The platinum in biogeochemical
samples (Figures 3) consistently showed
the position of the main Howland reef
platinum-palladium zone. The anomalies
of this element in lines 3 and 4 suggest
that the zone of interest may be wider
here than mapped.

The primary criteria in selecting
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an element and sampling medium for a
geochemical survey is that the two pro­
vide an interpretable product. A low
noise-to-signal ratio, high anomaly-to­
background contrast, a range of concen­
tration at analytically sound levels,
and high absolute contrast between
background and anomaly peak are all
desirable factors. These factors were
best met by the platinum in biogeochemi­
cal samples collected during this sur­
vey. In general, the noise-to-signal
ratio is extremely low, certainly lower

than in the pedogeochemical data. The
concentration range is approximately one
order of magnitude higher in the biogeo­
chemical data than in the pedogeochemi­
cal data and is at levels sufficiently
high to eliminate any question about
analytical relics. Finally, although
the anomaly-to-background contrast is
about the same for both the biogeochemi­
cal and pedogeochemical data, the abso­
lute variance in this measurement is
much greater and therefore more
desirable in the biogeochemical data.

Conclusions

This orientation survey was designed
to test the utility of pedogeochemical
and biogeochemical samples to map the
Howland reef platinum-palladium zone of
the Stillwater Complex. Palladium and
platinum appear to be useful for this
purpose in both media although the
palladium in biogeochemical samples is
admittedly questionable.

Our geochemical orientation survey
over this zone of mineralizatiom demon­
strated that Psedotsuga menziessi
(Douglas fir) is an effective accumula­
tor of platinum and that this element in
this medium is a useful exploration
tool. The survey also suggests that
neither nickel nor chromium is selec­
tively enriched by this species and that
neither is a useful indicator of miner­
alization •.

In selecting a sampling medium and
elemental suite for exploration, par-

ticular care must be taken to assure
that the resulting data will provide an
interpretable background-to-anomaly con­
trast. If possible, these thresholds
should be at absolute levels suf­
ficiently high to eliminate any
questions that they may be analytical
relics. The platinum in Douglas fir
fulfills these requirements and provides
a reliable sampling medium for sub­
sequent work in this area.
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The genesis of uranium deposits in Athabasca, Canada and
northern Australia -- Wyoming exploration significance

Ray E. Harris

Introduction

The world's largest uranium reserves
are found in the Northern Territory,
Australia, and the Athabasca Basin of
northern Saskatchewan, Canada. These
reserves occur in similar geologic
environments, and may have formed in
similar ways. Reported reserves for
these two regions are 436,360,000 tons
of U308, or one quarter to one third of
the noncommunist world's proven uranium
reserves (Dahlkamp and Adams, 1981). In
comparison, total 1982 United States
uranium $30 reserves (ore minable at a
price of $30.00 per pound of yellowcake,
U308) were 205,000 tons of U308, and
total 1982 Wyoming uranium $30 reserves
were 52,700 tons of U308 (Hansen, 1982).

Wyoming has some uranium occurrences
in geologic environments similar to
those of Australia and the Athabasca
Basin, and appears to have the potential
for a uranium deposit similar in magni­
tude to those depoists.

The purpose of this report is to sum­
marize the geology and theories of ori­
gin of the Canadian and Australian de­
posi ts , to discuss and compare similar
uranium occurrences in Wyoming and other
areas in the United States, and to indi­
cate promising areas for uranium explor­
ation in Wyoming.

Since 1945, uranium occurrences have
been known to exist in the Athabasca
region of Northern Saskatchewan, Canada.
Uranium exploration in that area was, at
first, unsuccessfully directed towards
the discovery of deposits of the Beaver­
lodge type, (Tremblay, 1982) or the
Shinkolobwe type. Beaverlodge-type
deposits are controversial high-tempera-

ture or low-temperature deposits found
in high-grade metamorphic rocks.
Shinkolobwe-type deposits are hydrother­
mal deposits in metamorphic rock, and
contain many unusual uranium minerals.
These two deposits were the primary
supplies of uranium to atomic weapons
and energy research before 1945. Prior
to the mid-1960s, uranium exploration
companies largely ignored the Athabasca
area, for it was then the the fashion to
search for Beaverlodge-type and Shink­
olobwe-type deposits within metamorphic
rocks or for sandstone-type occurrences
similar to those in Wyoming and the
Colorado Plateau in the United States.

From 1965 to 1968, a few pioneering
companies, guided by models of supergene
transport of uranium in sandstones and
igneous and metamorphic rocks as
developed by Garrels and Christ (1965),
Finch (1967), and especially Moreau and
others (1966) --began conducting geo­
chemical and radiometric surveys of the
Athabasca Basin. In 1968, the discovery
of the Rabbit Lake orebody was announc­
ed. In 1969, the discovery of the first
orebody at Cluff Lake was announced.
Since that time, as a result of the ura­
nium exploration rush generated by these
announcements, about fifteen deposits of
substantial size have been discovered in
Saskatchewan (Figure 1). In November,
1984, the. discovery of an orebody at
Cigar Lake, 40 miles southwest of Rabbit
Lake, was announced. This orebody is
remarkable for its 8.49 percent average
grade of uranium (Mining Magazine,
1984).

Several surface occurrences of ura­
nium were mined in the Northern Terri-
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tory, Australia (Alligator River and Rum
Jungle areas) in the early 1950' s
(Kalliokoski and others, 1978). Follow­
ing the Athabasca discoveries the area
received intensive airborne radiometric
and surface geochemical exploration
during 1970-1973, and several large
discoveries were announced, beginning

with Nabarlek in 1970. The Jabiluka II
ore body, discovered in 1973, is the
second largest single uranium deposit in
the world mineable under current econo­
mic conditions, with announced reserves
of 203,800,000 tons of uranium oxide at
a grade of 0.39 percent (Figure 2).
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Figure 2. Geology of the Northern Australian uranium producing area and major ura­
nium deposits. (After Kalliokoski and others, 1978.)
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There are no producing orebodies in
the United States similar to those of
the Athabasca Basin and Northern Aus­
tralia, but two deposits, not currently

_being mined, may be of similar genesis.

These are the deposits near Chatham,
Pittsylvania County, Virginia, and at
Copper Mountain, Fremont County, Wyo­
ming. These and other, similar deposits
in Wyoming are discussed below.

The geology of nonconformity-related uranium deposits

It is beyond the scope of this paper
to present detailed geologic summaries
of the individual Athabasca and Northern
Australia deposits, but a general dis­
cussion of those regions is in order.

In Saskatchewan (Figure 1), uranium
occurs in large concentrations in meta­
morphic rocks of the Wollaston Lake belt
(Early Proterozoic) and the Tazin and
Chipewyan belts (Archean) near a noncon­
formity overlain by slightly metamor­
phosed, red, quartz-rich sands tones of
the Athabasca Group (Middle and Late
Proterozoic). Uranium mineralization
within the sub-nonconformity meta­
morphics is structurally and lithologi­
cally controlled (Figure 3). The min-

West

eralization is concentrated along
faults, fractures, and shear zones in
chlorite-rich and graphite-rich feld­
spathic rocks and calc-silicate units.
The deposits appear to extend to only
320 feet below the nonconformity and 130
feet into the Athabasca Group above the
nonconformity. Host rocks have been
altered (1) by argillization to sericite
and chlorite, possibly by low-tempera­
ture hydrothermal processes, or (2) by
surface weathering prior to the deposi­
tion of the Athabasca Group, which pro­
duced additional sericite clay, and
chlorite as a regolith. Locally, the
overlying Athabasca Sandstone has been
converted to quartzite by silicifica­
tion. Other elements present in some
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deposits are cobalt, nickel, arsenic,
selenium, tellurium, gold, vanadium,
molybdenium, copper, lead, and silver.
Some deposits only contain high concen­
trations of uranium, while the Gaertner
deposit contains significant nickel con­
centrations, and Cluff Lake D deposit
contains significant gold. Uranium
minerals are generally low-temperature
pitchblende and coffinite, but where
selenium and arsenic are abundant,
minerals may include complex selenides
and arsenides (Tremblay, 1982). The age
of the deposits is 1,281+ 11 m.y.
(Cumming and Rimsaite, 1979):- The tem­
perature of mineralization is low, below
3000 C (Dahlkamp, 1978).

In Northern Australia (Figure 2),
uranium occurrences in lower Proterozoic
and Archean metamorphic rocks at a non-
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Figure 5b. Unconformity at
the base of the Kombolgie
Formation, Northern Terri­
tory, Australia. (Photo by
Dave Mickle.)

Mineralization consists primarily of
low-temperature pitchblende and minor
coffinite and brannerite. Gold is asso­
ciated with uranium at Jabiluka, and
traces of nickel, copper, zinc, lead and
tellurium are present (Kalliokoski and
others, 1978). The age of the Austral­
ian deposits is not known with certain­
ty, but appears to be near 1,700 m.y.
with remobilization at 900 and 600 m.y.
(Kalliokoski and others, 1978).

Common characteristics of uranium ore
bodies of the type found in the Atha­
basca region and in Northern Australia
are:
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Figure 5a. Kombolgie Forma­
tion escarpment near Jabi­
luka, Northern Territory,
Australia. (Photo by Dave
Mickle.)

(1) They are spatially associated
with a nonconformity between older
metasedimentary or igenous rocks and
an overlying, relatively unmeta­
morphosed, sandstone unit.

(2) The overlying sandstone has been
oxidized, and is red.

(3) The overlying unit is medium- to
coarse-grained, well-sorted, fluvial
sandstone.

(4) The sub-nonconformity units con­
tain reductants, usually graphite,
but sometimes pyrite and other sul­
fides.



(5) The uranium ore bodies are
controlled by structures in the sub­
nonconformity rocks.

(6) The uranium minerals formed at
low temperature (less than 3500 C).

(7) Alteration of the host rock is
characteristically argillization and
associated chloritization and serici­
tization.

(8) Primary thorium is never present.

(9) The deposits formed 1,200 to
1,800 m.y. ago in the Middle to Late
Proterozic (the Canadian deposits

seem to be somewhat younger than the
Australian).

Characteristics of some, but not all,
of the deposits include the following:

(l) A regolith is developed at the
nonconformity prior to deposition of
the overlying sandstone.

(2) Cobalt, nickel, gold, copper,
lead, zinc, silver, molybdenum,
selenium, or tellurium are present.

(3) The overlying sandstone may con­
tain some mineralization, but never
in amounts greater than the sub-non­
conformity metamorphics.

Genesis of the Canadian and Australian deposits

Three primary theories have been pro­
posed for the origin of the Athabascan
and northern Australian deposits:

(1) A hydrothermal theory: Urani­
ferous hydrothermal fluids originated
at depth, migrated upward through the
sub-nonconformity rocks, and depos­
ited uranium at the unconformity.

(2) A diagenetic theory: The source
of the uranium was weathering of the
sub-nonconformity rocks. The uranium
was then transported by surface or
near-surface water to its present
location. Some proponents of this
theory believe that a regolith formed
over the deposits, protecting them
from later oxidation and weathering,
particularly during deposition of the
overlying units.

(3) A modified diagenetic theory:
Uranium was carried through the
overlying sandstones in solution and
deposited in the host rocks by reduc­
tion. This theory does not give a
source for the uranium.

The writer favors the modified dia­
genetic theory for the origin of the
deposits. There is little evidence for
characteristic hydrothermal uranium

associations, particularly thorium and
rare-earth elements. The absence of
large quantities of hydrothermal sul­
fides in these deposits also seems to
negate this theory. Diagenetic forma­
tion before post-unconformity sandstone
deposition is chemically possible. How­
ever, the location of all these deposits
beneath red sandstones suggests that the
overlying unit was involved in the for­
mation of the uranium deposits. No
deposit of this type has been reported
beneath nonconformities overlain by
limestones or other marine units, or
beneath clay-rich or fine-grained sedi­
mentary units. The essential difference
is that the sand would have been origi­
nally quite permeable, thereby providing
a conduit for uranium-bearing fluids.
The writer proposes the following theory
of origin for these deposits (Figure 6):

(1) Formation of pre-nonconformity
units through sedimentation, meta­
morphism and intrusion. Favorable
units contain graphite or pyrite.

(2) Structural preparation of pre­
nonconformity rocks, which may have
been contemporaneous with the last
stages of step 1, forming fault
zones, shear zones, breccia zones,
and joint systems into which uranium-
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bearing solutions could penetrate.
The deposition of pyrite may have
accompanied this step, providing
reductants. Folding episodes may
also have produced permeable zones,
particularly in the hinge areas of

the folds. This was followed by ero­
sion of metamorphic and igneous rocks
to a surface of nonconformity. In
Canada, it appears to have ended with
a period of lateritic weathering and
formation of the regolith.
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(3) Deposition of the overlying sand­
stone in either an oxidizing or a
reducing environment.

(4) Diagenesis of the overlying sand­
stone unit with transportation of
uranium in oxidized form. If the
overlying sandstone was deposited in
a reducing environment, oxidizing
water, containing uranium, could have
oxidized the sandstone in a manner
similar to that which produces redox
type (roll-front and peneconcordant)
deposits in sandstone (Harris, 1982;
1984). The solutions entered the
units beneath and along the noncon­
formi ty, especially where the rocks
were structurally prepared. Upon
encountering reductants, uranium was
reduced and precipitated, along with
other trace elements. Low-tempera­
ture alteration produced clay from
feldspar and removed biotite and
hornblende, from which iron was freed
for the production of chlorite. This
alteration is charcteristic of low-
temperature roll-front deposits
(Harris, 1982; 1984). Continued
diagenesis and deeper burial altered
the hydrology of the system and the
formation of ore-deposits ceased.
Silicification cemented the overlying
sandstone into quartzite. Some ura­
nium may have been remobilized into
the overlying sandstone, as the sands
were locally reduced. In some areas
thermal events altered the ore bodies
and reset the uranium-lead clocks,
resulting in relatively young age
determinations. If this diagenesis
was too severe, uranium deposits
formed earlier could have been
destroyed, with uranium mobilized
into high-temperature solutions and
transported elsewhere. No highly
metamorphosed nonconformity has been
found to contain uranium of this mode
of occurrence.

(5) Uplift and erosion of the present
cycle brought the uranium deposits to
near the surface, permitting discov­
ery. Probably, uranium deposits occur
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beneath the Kombolgie (Ojakangas,
1979) and Athabasca sandstones away
from their erosional edges.

This theory does not designate a
source of uranium for the water moving
through the overlying sandstone. As in
the case of redox deposits in sandstone,
it could be from the weathering of gran­
ite, volcanic ash, or the sandstone unit
itself. Ojakangas (1979) proposes a
theory in which the sandstone overlying
the nonconformity, can be a source of
the uranium. This case seems likely,
particularly since acidic volcanogenic
units are scarce or absent in the Atha­
basca region. Volcanic ash can be a
potential source in other areas, how­
ever. The relatively unique occurrence
of these deposits near nonconformities
of Middle Proterozoic age suggests that
ground water was transporting large
quantities of uranium at this time. The
earth's atmosphere is considered to have
been reducing prior to 2,300 m.y. ago,
and uranium minerals were stable at the
surface. After 2,300 m.y. ago, the at­
mosphere became oxidizing (Roscoe,
1973); these minerals were no longer
stable and were easily weathered, liber­
ating uranium into surface water and
ground water. It is likely that most
surface water and ground water at this
time were greatly enriched in uranium,
and that more uranium was available to
form deposits in favorable areas.

This theory does not, however, re­
strict formation of uranium deposits to
the Middle and Late Proterozoic, as sug­
gested by Dahlkamp and Adams (1981). If
the geologic conditions are favorable,
and if there is sufficient uranium in
the system, nonconformity-related ura­
nium deposits may be formed in any age.
In Wyoming, several uranium occurrences
near unconformities of other ages may
have formed similarly and are classed as
nonconformity-type deposits. In fact,
the bounding surface between the favor­
able host rocks and oxidized, permeable
sandstone need not be a nonconformity,
but can also be a fault plane surface.



Derry (1973) refers to "contemporaneous
surfaces" in his observations on the
origin of the Beaverlodge occurrences
and other low-temperature deposits. The
presence of a surface at which reactions
can occur is the critical relationship.

The proposed theory of formation for
these deposits, then, can be related to
other surfaces between oxidized, per-

meable rocks capable of supplying
uranium-bearing solutions and adjoining
rocks containing reductants. Unconform­
ities of all types are possible targets,
as well as fault surfaces. Roll fronts
in sediments, as boundaries between oxi­
dizing and reducing zones, can possibly
be classified contemporaneous surfaces
as the term is used by Derry (1973).

Examples of nonconformity-related uranium occurrences
in the United States

Exploration for nonconformity-related
uranium deposits in the United States
has generally been restricted to noncon­
formities of the same age as the pre­
Athabasca nonconformity in Canada and
the pre-Kombolgie nonconformity in
Australia. Although nonconformity-re­
lated uranium occurrences have been
found in a few areas to date (Figure 7),
only one uranium discovery has been an­
nounced.

The largest and one of the most in­
tensively explored area of this type in

United

& Nonconformity type
uranium occurrences

the United States is the Fond du Lac
region of Minnesota (Figure 7). There,
the Keweenawan Fond du Lac Formation, a
red, arkosic, slightly metamorphosed
sandstone, rests upon older units. The
nonconformity is not exposed, except for
a small area in the suburbs of Duluth
that is exposed from time to time near
an intermittently active landslide. Due
to the lack of exposure and the thick
glacial cover, prospecting in the area
is expensive and relies heavily on
geophysics and other indirect methods.
To date, some drilling and geophysical

States

o 300mi
, I
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Figure 7. Areas of nonconformity-related uranium occurrences and exploration in
the United States.
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studies have been completed, but no ura­
nium discovery has been announced. A
related area is the small outcrop of the
Keweenawan Puckwunge Formation in Min­
nesota, northeast of Duluth. Uranium
occurrences have been located near
Keweenawan units in the upper peninsula
of Michigan (Figure 7). Other areas of
Precambrian nonconformi ties have not
been extensively explored.

phic units. The nature of the minerali­
zation has not been made public, but the
setting is similar to nonconformity­
uranium deposits, with two exceptions:
the contemporaneous surface is a fault,
and the age of the deposit may be
younger than Triassic. Nevertheless, on
first glance, it seems to have formed
similarly to the Athabasca or Northern
Australia deposits.

A recent uranium discovery with 30
million pounds of uranium oxide at a
grade more than four pounds per ton of
ore near Chatham, Pittsylvania County,
Virginia, is of interest (Figure 7) (The
Mining Record, 1982). This deposit
occurs along a fault in which a red,
arkosic sandstone of Triassic age is in
contact with high-grade metamorphic
units of the Piedmont Belt. The ore
occurs mainly in the Piedmont metamor-

Similar geologic settings are found
in two Triassic basins south of the
Chatham area (the Wadesboro and the
Raleigh-Durham Basins in North and South
Carolina) and elsewhere in the eastern
United States. There are uranium geo­
chemical anomalies in the Raleigh-Durhan
and Wadesboro Basins. Uranium minerals
are present in Triassic arkose near the
fault boundary of the Connecticut Basin.
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Nonconformity-related uranium occurrences in Wyoming

In Wyoming, radioactivity anomalies
are found along the nonconformable con­
tacts between the Cambrian Flathead
Sandstone and underlying Archean igneous
and metamorphic rocks around the margin
of the Bighorn Basin and in surrounding
uplifts (Figure 8). (See also Harris,
1983.)

In Montana, along the Beartooth Moun­
tain front, about six miles north of the
Wyoming State Line, sooty pitchblende is
present in fractures in granitic and
gneissic Precambrian rocks and the Cam­
brian Flathead Sandstone. In Wyoming,
radioactivity occurrences are common
along the nonconformity in the Shoshone
River, Clarks Fork, and Littlerock Creek
canyons, and on the divides between
these drainages. Along Sunlight Creek,
significant radioactivity extends into
the Precambrian along joints in the
gneissic units.

The Flathead Formation contains con­
centrations of radioactive heavy miner­
als, particularly at Bald Mountain and
Cookstove Basin on the east side of the
Bighorn Basin (Figure 8). Those occur­
rences along the nonconformity that are
primarily located in the Precambrian
units are nonconformity related. At the
Clarks Fork locality, anomalies occur

sporadically along the nonconformity
from the river level to the crest of the
ridge north of the river (Figure 9).

In other areas in the state, notably
the Hartville uplift, radioactivity
anomalies, as well as a general increase
in background radiation, are associated
with this nonconformity (Figure 8). On
South Twin Hill, sec. 17, T.Z8N.,
R.64W., above-normal radioactivity (from
uranium) occurs with visible copper
mineralization in gneissic units beneath
the Flathead Formation (Figure 10). At
this locality, the Flathead is near its
wedge-edge and is only about five feet
thick. The radioactivity and copper
mineralization appear to be selectively
concentrated in mafic units and along
f rae tures in the Precambrian rocks
beneath the nonconformity. The Flathead
is also anomalously radioactive in this
area. The overlying Guernsey Limestone
(Mississippian-Devonian) contains no
anomalous radioactivity.

Fluvial Tertiary rocks, which host
all of the currently producing and most
of the past-producing uranium deposits
in Wyoming, rarely directly overlie Pre­
cambrian igneous and metamorphic rocks.
At the Copper Mountain area (Figure 8),
uranium occurs in fractured and faulted

Figure 9. Basal Flathead
Formation (Cambrian) non­
conformity,Clarks Fork Can­
yon, Park County, Wyoming.
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Figure 10. Basal Flathead Formation
(Cambrian) nonconformity with visible
copper mineralization, South Twin Hills,
Goshen County, Wyoming.

Precambrian rocks and in the nonconfor­
mably overlying Eocene Tepee Trail For­
mation. The uranium occurrence is sub­
economic but of promising grade and
size. Rocky Mountain Energy Company has
conducted detailed drilling on the North
Canning deposit in the Copper Mountain
area. According to Yellich and others
(1978), uranium is spatially related to
fractures and subsidiary faults asso­
ciated with the Laramide North Canning
fault. Mineralization occurs in Pre­
cambrian granitic rocks and enclosed
metasediments. Figure 11 illustrates
the spatial relationship of ore to the
host rocks there. Alteration includes
propylitization and argillitization.
Mineralization is primarily low­
temperature pitchblende and coffinite,
with secondary minerals developed in
zones of oxidation.

In mineralization and alteration, the
North Canning deposit is similar to non­
conformity-related uranium deposits. It
is likely that the deposit formed by
processes similar to those that operated
in the Athabasca and Northern Australia
regions. Yellich and others (1978)
suggest a modified nonconformity-related
theory involving redox changes during
the structural evolution of the area.
This theory, although more complex than
the modified diagenetic theory, involves
similar processes, with uranium-bearing
solutions migrating through overlying
sediments, depositing the uranium in
structurally controlled zones in
multiple cycles of redox changes.
Multiple cycles may also have been fac­
tors in the Athabascan and Northern
Australian areas, which exhibit much
less structural complexity than Copper
Mountain.

Another nonconformity in Wyoming that
meets the general criteria of nonconfor­
mity-related uranium producing areas is
between Precambrian granites and meta­
morphic rocks and the overlying Fountain
Formation (Pennsylvanian) in the south­
ern Laramie Mountains and southern Medi­
cine Bow Mountains in southeastern Wyo­
ming (Figure 8). Uranium radiometric
anomalies occur locally in the Fountain
Formation, a red, coarse-grained arkose
(Harris and Hausel, 1984). Uranium­
bearing veins occur in Precambrian rocks
immediately below the nonconformity
southwest of Fort Collins, Colorado, on
Horsetooth Mountain, 40 miles south of
the Wyoming State Line. Favorable meta­
morphic rocks, containing reductants,
are present beneath the Fountain Forma­
tion in the area of Jelm and Ring Moun­
tains and the southern Medicine Bow
Mountains in Albany County, Wyoming.

Several unconformities within a Pro­
terozoic and Archean metasedimentary
sequence occur in the Sierra Madre and
northern Medicine Bow Mountains in
south-central Wyoming (Figure 8). In
the Sierra Madre, rocks of the Deep Lake
Group overlie Archean units (Figure 12).
The Magnolia Formation, the lowest unit
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Figure 11. Schematic cross section, North Canning area, Copper Mountain, Fremont
County, Wyoming. (After Yellich and others, 1978.) Compare with Figures 2 and 4.

of the Deep Lake Group, contains some
uraniferous quartz-pebble conglomerates
(Karlstrom and others, 1981), indicating
that this nonconformity may have formed
before the post-2.3 billion year atmos­
pheric change, and oxidizing solutions
carrying uranium would not have been
present. Younger unconformities, at the
base of the Vagner Formation and Cascade
Quartzite (Figure 12), may be more
favorable. Similarly, in the Medicine
Bow Mountains, rocks of the Deep Lake
Group (Magnolia Formation) unconformably
overlie older units of the Phantom Lake
Metamorphic Suite (Karlstrom and others,
1981). Younger unconformities at the
base of the Cascade Quartzite and Vagner
Formation (Figure 12) may be more favor-

able. Uranium occurrences are present
in the quartz pebble conglomerates
(Karlstrom and others, 1981), but there
are no reported uranium anomalies asso­
ciated wi t h unconformi ties. Areas in
the northern Medicine Bow Mountains, . in
which rocks of the metasedimentary
sequence overlie Archean gneisses
(Houston and others, 1978), may also be
favorable. Since these unconformities
are not nonconformities, in that they
involve relatively unmetamorphosed stra­
tified sedimentary rocks both above and
below the erosional surface, they do not
fit into the nonconformity category.
They may be related to a contemporaneous
surface, as used by Derry (1973), where­
in other unconformities, depositional
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boundaries, or faults, may be boundaries
along which similar deposits may form.

In the Hartville uplift in east-cen­
tral Wyoming (Figure 8), a nonconformity
exists between overlying Proterozoic
metasedimentary rocks (including a basal
quartzite named the Whalen Group by
Snyder, 1980) and Archean gneiss and
granite. Near Hell Gap (sec. 15, T.28N.,
R.65W.), radiometric anomalies at the
base of the Whalen Group may indicate
nonconformi ty-type uranium occurrences.
Elsewhere along the outcrop belt of the
Precambrian of the Hartville uplift,
uranium radioactivity anomalies are com­
mon. The Hartville uplift may be a
target worth exploring with efforts con­
centrated along both the basal Cambrian
and basal Proterozoic nonconformities.

Summary of areas in Wyoming favorable
for nonconformity-related uranium

deposits

Several areas in Wyoming are favor­
able for nonconformity-related uranium
deposits (Figure 8). Criteria are: a
nonconformity overlain by red, oxidized,
permeable (or formerly permeable) sedi­
ments of fluvial or near-shore origin
overlying metamorphic or igneous rocks
that may contain reductants and be
s trueturally favorable. Three noncon­
formities that meet these criteria are
the basal Cambrian (Flathead Sandstone
or Deadwood Formation) nonconformity,
the basal Tertiary (Tepee Trail For­
mation and others) nonconformity, and
the basal Pennsylvanian (Fountain For­
mation) nonconformity. In addition,
unconformities are present in Precam­
brian rocks in the Sierra Madre, Medi­
cine Bow Mountains, and Hartville uplift
where most of the favorability criterion
are met. These last unconformities are
of the same age as the Athabascan and
Northern Australian producing regions.

Other areas worth exploring are those

in which Precambrian igneous rocks are
faulted against red oxidized sandstones.
Although of limited extent, these areas
provide geologic conditions similar to
those of the Chatham, Virginia, uranium
deposit.

Wyoming is a uranium province (Stuck­
less, 1978), with uranium occurring in
rocks of nearly all major time divisions
in the state. Uranium was available for
mobilization during every major weather­
ing period related to the nonconfor­
mities described. The key to exploration
is detailed examination of the basal
igneous and metamorphic units. These
should be studied for structural trends
and lithology. Areas of favorability
along the nonconformities can be deter­
mined where the basal units are faulted
and fractured and sometimes folded, and
contain reductants, particularly graph­
ite but also pyrite or other sulfides.
Copper Mountain is a good example of an
area of basal Precambrian rocks that are
structurally prepared and contain reduc­
tants. This and other areas need to be
explored by detailed geophysical methods
to locate structurally and lithologi­
cally favorable zones beneath the non­
conformity. Electromagnetic and conduc­
tivity or resistivity methods are most
useful, and should be supplemented by
radiometric (gamma or alpha particle)
and geochemical (ground-water) studies.
Favorable areas should then be drilled.

Given the impressive length of expo­
sure, the relatively shallow subcrop
depths of favorable nonconformi ties in
Wyoming, and the great amounts of ura­
nium available for mobilization, a non­
conformity-related uranium deposit
should exist somewhere in Wyoming. The
Geological Survey of Wyoming is conduct­
ing field studies to define favorable
nonconformi ties and locate areas along
them where lithology and pre-nonconform­
ity structures could have contributed to
the formation of uranium deposits.
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Origin and characteristics of Wyoming bentonite deposits

David L. Rath

Introduction

because the name taylorite was already
in use, Knight (1898) changed the name
to bentonite after the Fort Benton For­
mation from which it was mined. Since
then, numerous uses for bentonite have
been discovered, and major markets have
developed. Despite many fluctuations
caused by changing economic condi tions
and market adjustments, demand for ben­
tonite has increased over the years.

In 1984 bentonite companies produced
3,083,324 tons of Wyoming bentonite (Ad
Valorem Tax Division, 1985). This figure
is up by approximately one million tons
from the 1983 production total (Ad
Valorem Tax Division, 1984). It is esti­
mated that about half of the 1984 pro­
duction was sold to the drilling mud
industry. Pelletizing and foundry sand
bonding were the next largest uses. The
balance was consumed by a variety of
other industries. The price for all
grades of bentonite as of December, 1985
ranged from $28.60 to $45.50 per ton
(Anonymous, 1985).

Bentonite was first commercially pro­
duced in Wyoming in 1888 at the Taylor
Ranch north of Rock River. The product
was initially called taylorite but

Origin

Wyoming bentonite deposits are the
result of the in situ alteration of vol­
canic ash deposits in shallow marine
environments. The alteration products
are primarily clay minerals of the smec­
tite group, predominantly montmorillon­
ite and sometimes beidellite. Most Wyo­
ming bentonite is composed of a sodium­
rich montmorillonite that gives Wyoming
bentonites special qualities not asso­
ciated with the more common calcium­
montmorillonite bentonite. Wyoming ben­
tonite swells many times its volume in
water and forms viscous suspensions and
thixotropic gels in water containing re­
latively low concentrations of benton­
i te; it has high dry-bonding strength,
high adsorption capacity, and the abil­
i ty to form an impervious seal. Such
properties make Wyoming bentonite useful
for many industrial,. construction engi­
neering, and agricultural applications.

The source of the volcanic ash that
formed Wyoming's bentonite deposits was
explosive volcanoes active in western
Wyoming and Idaho during the Cretaceous.
In their report on the Mowry Formation
bentonites in the Bighorn Basin,
Slaughter and Earley (1965) theorized
that these volcanic eruptions were asso­
ciated with regional tectonics and the
emplacement of the Idaho batholith. The
large ash clouds were carried eastward
by the prevailing wes terly winds. The
source direction is evidenced by the
thick and coarse-grained deposits in

central Wyoming that thin and fine east­
ward toward the Black Hills. Models for
the transport and depositional distribu­
tion of such ash falls have been devel­
oped by Slaughter and Hamil (1970). The
process was very similar (but on a much
larger scale) to the 1980 Mount St.
Helens eruption.

During the Cretaceous much of Wyoming
was covered by a shallow sea. Alteration
of the ash probably began immediately
upon contact with the sea water and con­
tinued as the ash particles filtered
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down to settle on the bottom. Water­
soluble salts coating the ash particles
would have dissolved first, altering the
chemistry of the sea water. Recent
studies of leaching characteristics of
Mount St. ~elens' ash were conducted by
the U.S. Geological Survey (Smith and
others, 1982). Sea water chemistry as
well as the degree of circulation and

off-shore currents probably played an
important role in the alteration pro­
cess. In the ocean environment, the
volcanic glass began to dissolve quick­
ly, freeing the elements necessary to
form montmorillonite. The heavy insol­
uble constituents of the ash settled
faster and are concentrated toward the
bottom of the bentonite beds.

Characteristics of deposits

Outcrops of bentonite deposits occur
in many parts of the state. Those of
commercial interest are usually found
where Cretaceous sediments are exposed.
Locations of major bentonite deposits
are shown in Figure 1. The most per­
sistent bed of bentonite is the Clay
Spur bed which occurs at the top of the
Cretaceous Mowry Formation. Histori­
cally, most of the high-yield bentonite
mined has come from the Clay Spur bed.
Other formations hosting bentonite of
commercial interest include the Early
Cretaceous Thermopolis Shale (central
Wyoming) and Newcastle Formation (Black
Hills district); and the Late Cretaceous
Frontier Formation (central Wyoming)
Belle Fourche Shale, and Greenhorn For­
mation (Black Hills district).

Because of varied surface topography
and enclosing rock competency, the ben­
tonite outcrops may be covered by surfi­
cial material. Generally, however, an
abrupt change in vegetation or a profu­
sion of selenite crystals on the surface
will indicate bentonite. Outcrops ex­
posed to weathering will often exhibit a
frothy or popcorn-like texture caused by
swelling and shrinking of the bentonite
during wet and dry conditions. Calcium
bentonites or bentonites of low swelling
capacity will exhibit an alligator-type
cracked surface. The average moisture
content of bentonite is approximately 30
percent. The material does not appear
to be that wet because much of the water
is adsorbed between the layers of the
clay. Unweathered bentonite has a waxy
texture.

The contact with the underlying rock
is sharp. The rock immediately below
the bentonite is usually very siliceous
and is capped by a thin layer of glassy
to cherty material that was formed by
silica leached from the ash during al­
teration. The bottom inch or so of ben­
tonite is very gritty and is usually of
poor quali ty. This layer is usually
lighter colored than the overlying
material. However, in some beds in cer­
tain areas this layer is darker. Ben­
tonite overlying the gritty zone is
generally massive or blocky, grading to
coarsely laminated and then to finely
laminated toward the top of the bed.
Color varies with increasing overburden
from light yellow, to cream, to yellow
green, to olive, to bluish gray. Varia­
tions in color reflect the degree of
oxidation, which is a surface-weathering
related process caused by the infiltra­
tion of oxygenated surface water.
Generally, the color of all bentonite
beds becomes bluish gray to gray with
depth. In the transition zone between
the oxidized and unoxidized bentonite
the bentonite has a blocky character.
Joint surfaces are stained orange red
with iron oxides and sometimes filled
with selenite or calcite. Depending on
the amount of weathering, the blocks
have a bluish gray core surrounded by a
yellow rim of oxidation.

The contact with the overlying shale
is gradual. Fine laminae of organic-rich
bentonitic shale alternate with benton­
ite, and the proportion of shale laminae
increases upward. The thickness of the
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Figure 1. Location of major bentonite deposits in Wyoming.

zone varies from a few inches to as much
as half the thickness of the main ben­
tonite bed. Locally, this zone is called
"bonded clay". Often this bentonite is
of poor quality and is discarded as
overburden during the stripping opera­
tion. However, this layer should be
spot checked because in a few cases it
has been of good quality and sometimes
even of higher quality than the under­
lying material.

Local and regional structural fea­
tures resulting from tectonic events
that occurred since the deposition of
the bentonite have had a significant
influence on the character of the ben­
tonite deposits. Regionally, dips range
from nearly level to nearly vertical.
In the northern Black Hills, folding and

erosion associated with the Black Hills
uplift has repeatedly brought the ben­
tonite beds to the surface (Knechtel and
Patterson, 1962). Locally, bentonite
beds exhibit rather abrupt thickening
and thinning, which may be due to depo­
sitional or tectonic events. Thickness
of beds may vary from a few inches to
more than 10 feet and average between
2.5 and 5 feet. Swales and rolls are
common features. The beds in many places
are crisscrossed with faults, most with
displacements of less than 10 feet. A
number of deposits are controlled by
small combination structures (Davis,
1965). In addition, local structure can
significantly affect the quality of the
bentonite because faulting and joints in
the overlying shale act as conduits for
surface water to penetrate the beds.
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Mineralogy

Other clay minerals sometimes present
in minor amounts are kaolinite and less
often, illite. Non-clay minerals found
in bentonite are feldspars, quartz,
cristobalite, biotite, zeolite, mica,
and minor amounts of minerals of igneous
origin. Selenite, iron oxides, and some
carbonates and sulfates may also be pre­
sent.

Such substitutions cause a positive
charge deficiency on the structural unit
layers that attracts available alkaline
cations. These cations, which are usual­
ly Na+, Ca+2 , and Mg+2 and sometimes K+
and H+, are weakly attracted to posi­
tions between the layers and, therefore,
are readily exchangeable for other
cations. When Na+ and Ca+2 are the
cations filling the exchange sites,
water is adsorbed between the montmoril­
lonite layers. Ca+2 provides a stronger
bond between the layers; however, when
Na+ is the dominant cation, a greater
number of water layers may be adsorbed,
thereby expanding the crystal structural
layers in the c-axis direction. This
accounts for Wyoming bentonite's ability
to swell many times its volume when wet.
A typical distribution of exchangeable
cations is shown below:

Unaltered mineral assemblage studies
and estimates of the composition of the
unaltered glass indicate the composition
of the original ash for Wyoming ben­
tonites varied from rhyolite to dacite
or trachyte to latite (Slaughter and
Earley, 1965).

The clay mineral montmorillonite of
the smectite group is the major consti­
tuent in bentonite (65 to 90 percent).
I t is this clay, when sodium is the
dominant exchangeable cation, that is
responsible for Wyoming bentonite's u­
nique properties. Montmorillonite occurs
in the bentonite as extremely small
flake-like particles composed of a num­
ber of stacked montmorillonite layers.
The structure of montmorillonite has
been described by Hoffman and others
(1933), Marshall (1935), and Hendricks
(1942). In addition, literature relat­
ing to the chemical and physical proper­
ties of montmorillonite has been sum­
marized by Ross and Hendricks (1945),
Grim (1953) and Bleifus (1972). Essen­
tially, montmorillonite is composed of
three structural sheets: an octahedral
sheet of aluminum coordinated with oxy­
gen and hydroxyls sandwiched between two
silica tetrahedral sheets. The sheets
form a structural layer by sharing oxy­
gen ions. Within this arrangement a
considerable amount of substitution
occurs. In the tetrahedral sheet, some
Al+3 may substitute for Si+4 , and in
the octahedral sheet Mg+2, Fe+2 , and
Fe+3 will readily substitute for Al+3
A typical chemical analysis of Wyoming
bentonite shows the percent of major
elements present as oxides:

Sodium - Na+
Calcium - Ca+2
Magnesium - Mg+2
Potassium - K+

MEQ/100 grams
100 grams

MEQ/I00 grams
62
23

9
1

95

milliequivalents per

Si02
A1203
Fe203
FeO
Na20
CaO
MgO
K20

54.48%
20.23

1.19
2.00
2.40
0.61
2.01
0.49
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Quality

The desired quality of bentonite de­
pends primarily on its intended use.
Properties desirable for one use may be
undesirable for another use. Histori­
cally, natural bentonite that exceeded
the American Petroleum Institute's (API)
specifications, in which one ton of ben­
tonite yields more than 92 barrels of
drilling mud having a viscosity of 15
centipoises, was considered high grade.
However, bentonite has numerous other
uses and nearly as many specifications.
Information on published specifications
may be found in the references listed.
In many cases specifications are esta­
blished by the individual customers,
some of whom consider such information
as proprietary process information. Be­
cause most published work in this area
has dealt with correlating physical and
chemical properties of bentonite to
standard API specifications, this dis­
cussion will be limited to rheologic
properties desirable for drilling mud.

Attempts to correlate physical and
chemical properties of bentonite with
rheo10gic properties have been mostly
unsuccessful. A recent attempt at cor­
relation was conducted by the U.S.
Geological Survey (Wolfbauer, 1977). The
immediate problem with bentonite is that
some of the rheo10gic properties do not
correlate with one another. Most ben­
tonite specifications include more than
one property. For example, API s tan­
dards include specifications for a mini­
mum viscosity and a maximum water loss
or filtrate loss. Bentonites charac­
terized by low water loss exhibit a wide

range of viscosities (Wo1fbauer, 1977).
In the Wolfbauer study, exchangeable
cation composition and cation exchange
capacity were selected because of their
strong influence on the quality of ben­
tonite. In addition to cation exchange
capacity and the amount of exchangeable
cations present, the ratio of cations
present is also important. A good
quality bentonite will usually have a
ratio of Na+/Ca+2 + Mg+2 of 2 or more;
however, because of other variables,
this ratio is no guarantee of good
quality. Other factors that may influ­
ence the quality of bentonite under cer­
tain conditions are the ratio of Fe+2 to
Fe+3 (Foster, 1953); net charge imbal­
ances and selective adsorption of
cations (Solmonson, 1961; Slovinski,
1958); presence of other minerals; the
degree of crystallinity; and particle
size and shape.

Most of the factors mentioned above
are interrelated. Some may vary widely
without having much effect on the qual­
ity of the bentonite, while others, such
as the Na+/Ca+ 2 + Mg+2 ratio, will in­
duce large changes in quality with only
slight shifts in value (Williams and
others, 1954). In areas where bentonite
exists under light overburden, weather­
ing has altered the chemical character­
istics of the bentonite, primarily by
the introduction of alkaline cations
leached from the overlying formations,
and by oxidation. In many cases, such
weathering significantly improves the
rheo10gic properties of the bentonite.
However, excessive weathering is gener­
ally detrimental.

Reserves

A conservative estimate of remaining
reserves is around 90 to 100 million
tons. Most companies do not willingly
give out reserve figures. As with all

reserve estimates, figures change signi­
ficantly with changing economic con­
d i tions. Geologically, there is con­
siderably more bentonite available than
is presently commercially mineable.
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Mineral deposits associated with alkaline intrusive complexes:
examples from Wyoming, Colorado, Montana, and California

Theodore J. Armbrustmacher

Ore-forming processes have operated
in and around certain alkaline intrusive
complexes, resulting in economic and
near-economic deposits of rare-earth
elements, niobium, titanium, copper,
iron, thorium, vermiculite, phosphate,
and other commodities. Mineral deposits
have been found in nearly every part of
a typical alkaline intrusive complex:
early stage mafic-ultramafic rocks are
known to contain iron and titanium
minerals concentrated in magmatic segre­
gations (Powderhorn, Colorado), and ver­
miculite formed by hydrothermal altera­
tion and weathering (Rainy Creek,
Montana) ; more leucocratic rocks, such
as nepheline syeni te, ij olite, and
others, can contain disseminated pyro­
chlore (Miask, U.S.S.R.) or eudialyte
(Ilimaussaq, Greenland), and residual
concentrations of bauxite (Arkansas);
central-core carbonatite can contain
disseminated rare-earth mineral (Moun­
tain Pass, California) or niobium (aka,
Quebec), and residual concentrations of

phosphate (Cargill, Ontario); fenite
zones surrounding the complex can be
enriched in uranium and thorium
(Ilimaussaq, Greenland); later stage
carbonatite dikes can contain anomalous
amounts of rare-earth elements and
thorium (Powderhorn, Colorado); and
latest stage hydrothermal veins can con­
tain abundant thorium and barite (Wet
Mountains, Colorado) or copper (Bear
Lodge Mountains, Wyoming).

Most of these kinds of mineral de­
posits tend to be found in carbonatitic
alkaline complexes, such as the Iron
Hill complex at Powderhorn, Colorado.
Gabbroic alkaline complexes are found
in the western United States, for
example at Iron Mountain in the Wet
Mountains area, Colorado, and at Rainy
Creek, Montana, but few mineral depos­
its, other than vermiculite, appear to
be genetically related to these kinds of
complexes.
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Volcanic geology and mineralization in the upper
Wood River-Kirwin area, Absaroka Mountains,

Park County, Wyoming

William H. Wilson

Rock exposed in the Wood River-Kirwin
area (located 20 to 30 miles southwest
of Meeteetse and 45 miles south of Cody,
Wyoming), consist of the lower Eocene
Willwood Formation, the middle Eocene
Pitchfork Formation, and the upper
Eocene Wiggins Formation. The contact
between the base of the Pitchfork For­
mation and the top of the Willwood For­
mation has been mapped as the toe of a
detachment fault. Breakaway faults and
other vertical faults and shear zones
cut and offset both the Pitchfork and
Wiggins Formations.

Most of the area is underlain by
volcanic rocks of the Wiggins Formation.
These andesite flows and flow breccias,
which probably represent a shield vol­
cano or large complex vent, intertongue
with and grade into a volcaniclastic
facies in all directions away from the
central Kirwin vent area. Although the
vent and alluvial facies are essentially
andesitic in composition; the former is
more felsic. Total thickness of the
volcanic rocks is 6,500 feet. Intrusive
rocks consist of granodiorite, andesite,
and dacite plugs, as well as many ande­
site and dacite dikes north-northwest
trending to sub-radial around the
granodiorites.

Mineralization at Kirwin consists of
narrow, steeply dipping, lead-silver,
and minor gold and copper veins, essen­
tially clustered radially around the
central disseminated copper-molybdenum
zone in the Bald Mountain area. Drill
hole data indicate that the rocks on
Bald Mountain are composed of an outer
doughnut-shaped mineralized stockworks;
a central volcanic vent zone of intru-

sive breccia of older rocks and minera­
lized rock fragments-partially intruded
into the stockworks; and fine-grained
quartz porphyry (or highly altered and
silicified andesite ?) that occupies a
major area of the central vent zone. A
zone of welded(?) tuff, which occurs to
the north-northwest, is of obscure rela­
tionship, but may intrude the rocks
described above.

The stockworks shows a crude hypogene
zoning in which low-grade pyrite and
chalcopyrite and molybdenite occur in
the center, and high-grade pyrite and
chalcopyrite and low-grade molybdenite
occur in the inner zone with high-grade
molybdenum around the vent rocks contact
described above. A secondary enriched
zone, containing chalcocite, digenite,
and covellite overlies part of the
stockworks, which, in turn, is overlain
by a barren leached cap.

Copper mineralization in Meadow Creek
(approximately 4 miles north of Kirwin)
occurs in a multiple pluton composed of
a westernmost, older, dark gray, fine­
grained granodiorite in contact with an
easternmost, younger, light to medium
gray, coarse-grained to porphyritic
granodiorite. An ill-defined zone
trending north-northwest across the
western half of the stock is more grani­
tic in composition and is believed to
represent the chilled contact facies of
the younger granodiorite. The location
of the intrusion, as a whole, is believ­
ed to have been partially controlled by
the intersection of the main east-west
Wood River fault and a north-trending
fault which offsets the volcanics to the
north of the plug.
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An area of intense quartz-serici te­
pyrite alteration and disseminated
copper mineralization occurs in an
irregular north-striking zone within the
younger granodiorite along the north
fork of Meadow Creek. The zone, which
is about 3,000 feet long and averages
300 feet wide, contains disseminated
chalcopyrite and azurite- and malachite­
coated fracture surfaces. Traces of
molybdenite(?) associated with quartz
veining also occur here. Copper con­
centrations in this zone range from 200
to 700 parts per million.

Rhyolite and granodiorite plugs,
crosscut by andesite dikes, crop out in
the Yellow Ridge area at the head of the
Greybull River. A northeasterly trend­
ing mineralized zone, 200 to 300 feet
wide by 2,500 feet long, associated with
an andesite (dike ?), is exposed in the
southeasterly part of the composite

granodiorite (andesite ?) plug. Data
are sparse, but maiachite, pyrite,
chalcopyrite, bornite (?), and molyb­
denite (?), in order of decreasing abun­
dance, occur as fracture coatings and
disseminations in the main mineralized
zone and sporadically elsewhere in the
intrusive mass.

In summary, mineralization is con­
fined to areas of Wiggins vent facies
rocks intruded by granodiorite plugs,
which are in turn cut by andesite dikes
that are often weakly mineralized. All
mineralized areas show varying degrees
of bleaching, silicification, and
argillic and potassic alteration. Pro­
pylitization of andesite flows and brec­
cias is common and generally increases
in intensity (along with secondary sili­
cification) towards the centers of
mineralization.
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Genesis and distribution of trona deposits
in southwest Wyoming

William C. Culbertson

As many as 42 beds of trona
(Na2C03'NaHC03'2H20), a primary source
of the industrial chemical soda ash,
underlie an area of about 1,300 square
miles in the Green River Basin west of
Rock Springs, Wyoming. The 25 thickes t
and most extensive beds range from 3 to
37 feet thick, from 105 to 870 square
miles in areal extent, and up to 3,500
feet below the surface. They contain an
estimated 81.7 billion tons of trona and
52.7 bill ion tons of mixed t rona and
halite.

The trona beds were formed about 50
m.y. ago by the recurrent evaporation of
an inland lake. They occur wi thin a
sequence of persistent thin beds of oil
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shale, marlstone, and tuff, and blanket­
like beds of sandstone and mudstone,
which constitutes the Wilkins Peak
Member of the Eocene Green River For­
mation.

Three episodes of trona deposition
are recognized. Most beds of the first
episode (beds 1-18) occupy areas of 300
to 870 square miles in the southern and
central parts of the trona area, and
locally contain intermixed or inter­
layered halite. Beds of the second epi­
sode (beds 19-23) occupy areas of 200 to
300 square miles in the northwest, and
are halite-free. Beds of the last epi­
sode (beds 24 and 25) occupy areas of
105 to 150 square miles in the north­
east, and also are halite-free.



Relationships between modern wetlands and
ancient environments of peat deposition in Wyoming

Fredrick J. Rich

Introduction

Wetlands are a common and geologi­
cally significant part of the earth's
diverse biosphere. Whether called
swamps, marshes, fens, or bogs, these
typically lowland areas of impounded or
slowly moving water are the home of a
great variety of plant speciee. Usually
the wetlands have permanently saturated
soils or, in many cases, the plants grow
in water which may be many inches, or
even several feet deep. These wet con­
ditions can lead to preservation of some
of the remains of the plants, and a
sediment rich in organic materials accu-

mulates around the plants' roots. The
deposition of this organic sediment,
which may range from organic clay to
sandy peat or peat, makes wetlands
interesting to geologists. Given proper
burial conditions and a suitable geolo­
gic history, these deposits may become
coal beds, carbonaceous shales, etc.
Wyoming has a vast amount of coal of
various ages, all of which was derived
from ancient wetlands that may be
likened to modern swamps and marshes.
This paper presents a comparison of
modern wetlands with the ancient swamps,
marshes, and bogs of Wyoming.

General characteristics of wetlands

Size

The size of wetland areas is one of
the chief variables characterizing them.
The smallest may be sinkholes or kettles
a few dozen square feet in diameter.
Wetlands may appear as singular fea­
tures, or, more commonly, as aggregates
of individuals. Thus, dozens or hundreds
of individual lakes and swales comprise
the wetland morass of the Coteau des
Prairies in northeastern South Dakota,
the Kettle Moraine of eastern central
Wisconsin, and the karst region of
northern Florida. The environmental
effect of these lakes, ponds, and
marshes may not be significant over a
very large area, but they are critical
in holding ground water. Other, more
extensive wetlands are known, however,
which make the marshes of the Coteau
vanish in importance. For example, the

arctic muskeg lies in a circumboreal
fashion from Scandinavia, across north­
ern Asia to Alaska and across Canada.
Radforth (1969) estimated that nearly
500,000 square miles of muskeg may exist
in Canada alone. The aggregate extent
of muskeg worldwide must be tremendous.

Wetlands in the central and southern
United States were once also of great
extent. Blair (1981), in an appeal to
preserve what is left of the North
American bottomland hardwood forest,
estimated that 50 million acres of the
Mississippi Valley and southeastern
United States were once covered by
swamp. A slightly smaller area of
northern Africa is still the habitat of
giant marsh grasses and papyrus. There,
in the Sudan, the Bahr el Jebel, Bahr el
Zeraf, and Bahr el Ghazal cover nearly
11,500 square miles of land surface
(Rzoska, 1974).
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Bogs, swamps, and marshes of such an
extent certainly have a pervasive in­
fluence on regional water cycling, nu­
trient supplies, and sediment deposition
patterns. Though the impact may be dif­
ficult to access, the tremendous extent
of muskeg probably even influences glo­
bal weather patterns. The actual effect
that most wetlands have on the external
environment apparently has not been mea­
sured in most cases. One swamp, however,
has been scrutinized so thoroughly from
so many different scientific perspec­
tives that its influence is well known.
The Okefenokee Swamp, in southeastern
Georgia and an adjacent part of Florida,
covers nearly 600 square miles. As head­
waters area for both the St. Marys and
Suwannee Rivers, the Okefenokee occupies
a position of great importance hydrolo­
gically. The fact that the swamp occu­
pies a confined basin with a perched
water table seems to dictate eventual
filling of the basin with peat, and
ultimate self destruction of the swamp.
However, Reuter and Beck (1974) found
that, through breakdown of the peat mass
by normal biological processes, and sub­
sequent flushing by the Suwannee River,
upwards of 110,000 tons of humic
(organic) material is removed from the
swamp each year. The humic materials
are carried seaward by the tea-colored
St. Marys and Suwannee Rivers and pro­
bably influence nutrient cycling and
sediment deposition at the mouths of the
rivers.

Species composition and chemistry

The species composition of modern
wetlands is tremendously variable. In
fact, it even determines how we refer to
t hem. The term swamp, for example, may
be used by the Platte Valley rancher for
his patch of cattails, or it may be em­
ployed by a Georgia forester as he sur­
veys 100 square miles of cypress forest.
Even the professionals confuse the issue
at this point, and Bellamy (1967), for
example, refers to ephemeral swamp eco­
systems when he is, in fact, writing
about shallow depressions that fill with

rainwater during the monsoons. These
swamps of floating and rooted aquatic
herbs, which last only a few months, are
not considered swamps in this study.

The definition of swamp used here is:
a wetland area with saturated soil,
which may be partially or completely
inundated with water most of the year,
and which supports a cover predominantly
of trees and shrubs. Swamp is, thus,
distinguished from herbaceous communi­
ties (marsh, bog, moor, muskeg, fen,
etc.). The distinction is important
simply because it may take many years,
perhaps even centuries for a mature
swamp to develop, whereas a grassy marsh
may form in just a few years or less.
Marshes, bogs, and other wetland com­
munities are dominated by herbaceous
species and this also distinguishes them
from swamps, in terms of the type of
organic sediment they produce. There
are sharp differences in the appearance
and composition of herbaceous peats and
woody peats (e.g. Cohen and Spackman,
1977), and the differences are carried
through the coalification process.

The chemistry of wetlands also varies
and may be as important a distinguishing
factor as vegetation type. European
scientists have differentiated many
herb-dominated wetlands, depending upon
whether the soil is always, sometimes,
or only partially saturated. Alkalinity
is also an important factor and, in
spite of the usual reference to acid
swamp conditions, alkaline wetlands are
also significant. Figure 1 illustrates
some of these chemical environmental
parameters and identifies the types of
wetlands associated with particular com­
binations of them.

Hundreds· of plant species found in
various parts of the world have adapted
to the peculiar physical and chemical
properties of the wetland environment.
To treat the many plant communities here
would take too much time and space, and,
thus only a few kinds of modern wetlands
will be discussed. Only a few swamp/
marsh types appear to have been impor-
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Figure 1. Some chemical and physical
characteristics of European wetlands
(After Pearsall, 1965.)

tant in Wyoming's distant past, and
those plants must certainly have had
physiological characteristics similar to
modern species. Plants of all wetland
habitats, for example, share certain
capabilities that make them successful
where upland species fail. Foremost is
their ability to withstand drowning in a
habitat that is often submerged. Meanley
(1972) notes that parts of the White
River swamp in Arkansas may be submerged
under 34 feet of water for days at a
time, with no apparent ill effects on
the plants. However, it is also true
that even cypress trees (Taxodium
distichum) can be drowned if the water
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stays too deep for too long. Just how
swamp/marsh species maintain themselves
in a flooded environment is not well
understood, and problems associated with
gas exchange, in particular, are unre­
solved.

Nutrient absorption presents another
difficulty for wetland species, espe­
cially those inhabiting bogs and swamps
of high acidity. The low pH conditions
in which many species live (pH 3.5-5.0)
have led to a low plasma permeability,
or salt absorption ability. At a pH of
4, even relatively high concentrations
of mineral salts in the water will not
be absorbed. Decreased acidi ty, on the
other hand, results in a disruption of
the plasma permeability and cells become
flooded with salts (Ruttner, 1953). The
low plasma permeability, coupled with
the naturally low nutrient content of
swamp or bog waters results in such
places being fairly sterile environ­
ments, habitable only by certain well­
adapted species. Exceptional members of
the acid-water community have developed
unconventional means of compensating for
the meager nutrient conditions in their
environment. Thus, many modern species
have adopted the carnivorous habit and
t rap and diges t insect-s and small
crustaceans to supplement their intake
of nitrogen and phosphorous (Darwin,
1893; Erickson, 1968).

History of ancient wetland development in Wyoming

Wet lands have evidently been impor­
tant world wide since mid-Paleozoic
times. Flourishing Devonian swamps pro­
duced coal beds of variable thickness
and extent in such places as Virginia
and Norway. The area now occupied by
Wyoming did not lie within the limits of
the Paleozoic coal swamps, however, and
appreciable amounts of peat (and, hence,
coal) did not accumulate in Wyoming
until the earliest Cretaceous. The Cam­
bria coal, found near Newcastle, Wyo­
ming, in Weston County is earliest Cre­
taceous and is associated with fluvial
sediments of the lnyan Kara Group. The
peculiar nature of the coal and the

nearly complete lack of macrofossil re­
mains from the coal-bearing units leave
the Cambria coal a genuine enigma. Knell
(1985) showed that the coal may have
formed as transported plant debris ac­
cumulated in a large enclosed flood
basin, perhaps similar to a lake basin.

The majority of Wyoming coals are
Late Cretaceous and early Tertiary.
Among the 11 types of modern wetlands
that Rich (1982) discussed as analogues
to ancient environments of peat deposi­
tion, three appear to have been most
important in Wyoming during the Late
Cretaceous and (or) Tertiary. The three
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types include, (1) deltaic swamps, (2)
non-deltaic coastal plain swamps, and
(3) inland river swamps. The signifi­
cance and characteristics of these swamp
types are discussed below.

Deltaic swamps

Coal-bearing units of undisputed
deltaic or1g1n are found principally
within the Cretaceous System. Tewalt
and others (1983) and Ayers and Kaiser
(1984) describe what they consider to be
deltaic deposits within the Paleocene
Fort Union Formation. These deltas are
presumably entered Lake Lebo from the
margins of the Powder River Basin.
Though substantiation of the lacustrine
origin of the Lebo Shale may prove the
existence of such lacustrine deltas, it
seems much more likely that the sand
bodies that Tewalt and others (1983) and
Ayers and Kaiser (1984) identified were
actually deposited in humid alluvial
fans.

The best-documented deltaic sequences
occur in the Upper Cretaceous Rock
Springs and Blair Formations (Horne and
others, 1980) and the Adaville Formation
(Lawrence, 1982). Coal beds in those
formations are associated with fluvial
sandstones, interdfstributary siltstones
and clays, and occasional oyster beds
that represent brief marine incursions.
The thickness of the 32 reported beds of
the Adaville Formation vary consider­
ably, with the thickest one being the
Adaville no. 1 (at 74 to 84 feet, Glass,
1978). Lawrence (1982) attributes the
variable thickness and lateral extent of
the beds to the dynamics of the delta.
Rapid deltaic progradation, for example,
would produce thin continuous peat beds,
while strand-line stabilization would
produce extraordinarily thick peats, and
delta abandonment would result in
destruction of the swamp flora and its
peat deposit.

A deltaic system as active as the one
that produced the Adaville sequence is
likely to have been very dynamic. Over-

all progradation and· recession of the
deltas, and local stream channel shift­
ing or delta lobe abandonment would have
created a variety of habitats suitable
for many different plant communities.
Opportunistic herbaceous species could
have taken residence in ephemeral habi­
tats, such as sandy distributary mouth
bars or point bars in streams, while
more slowly growing species probably
dominated the flood-plain swamps. In
all likelihood there are distinct plant
communities, ranging from marshes to
swamps or, perhaps, floating bogs. These
types of communities are common on the
Mississippi and Fraser River Deltas
(Montz and Cherubini, 1973; Styan and
Bustin, 1983, respectively), and have
resulted in deposition of variable quan­
tities of distinctly different types of
peat. Unfortunately, there are not many
published accounts of the paleobotany
and palynology of the Cretaceous deltaic
coals. We can only guess which plants
occupied the marshes. Grasses and
sedges had not yet evolved, and consid­
ering the great diversity of ferns and
their allies that were common in Meso­
zoic times, it may have been ferns that
comprised the herbaceous vegetation.
This contention is based in part upon
work by Parker (1976) on the Upper Cre­
taceous Blackhawk Formation in Utah.
The concept is also supported by analy­
ses of a megaflora from the Frontier
Formation of Western Wyoming (Tidwell
and others, 1976). The Fronter is
slightly older than the Adaville Forma­
tion, but the plant communities were
probably similar during deposition of
the two formations. Andrews and Pear­
sall (1941) reported seven species of
ferns among their 25 described Frontier
plant species. Trees may have been re­
presented by a variety of conifers and
hardwoods. Tidwell and others (1976)
mention numerous authors who have re­
ported Sequoia, Ficus, Myrica, Magnolia,
Salix, Populus, Platanas, and Sabalites
from sediments in Utah which are strati­
graphically equivalent to the Adaville.
Reconstruction of the ancient Adaville
delta swamp/marsh communities must await
further detailed paleontological re-
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search. Palynostratigraphic work of the
type performed by Nichols and Jacobsen
(1982) would be most welcome, though
emphasis should be placed on paleoecolo­
gical reconstruction rather than bio­
stratigraphy.

Non-deltaic coastal plain swamps

Nondeltaic swamps are very common
features along the coastal plain in the
eastern United States. Tens of thousands
of square kilometers of southern New
Jersey, eastern Virginia, the Carolinas,
Georgia, and Florida are covered with
mixtures of conifer and hardwood swamps
and extensive marshes. White cedar swamp
is common in New Jersey and Virginia,
whereas cypress swamp is prevalent fur­
ther south where Carolina bays are com­
mon features. These bays are small lakes
or ponds whose origin is problematical,
but which are associated with extensive
fresh-water swamps. The floral diver­
sity of the coastal plain swamp/marsh
complex culminates in the Everglades,
which is the single largest tract of
this type of landscape remaining in
America. Carr (1973) estimated that the
Everglades covers 13,000 square miles of
southern Florida. Folkerts (1982) de­
scribes a less extensive, and rather
bizarre element of the Gulf Coastal
Plain swamps, pitcher plant bogs. Though
these communities of carnivorous plants
may have once covered nearly 1,100
square miles of Alabama, Mississippi,
and Louisiana, they have been reduced to
a fraction of that extent.

The white cedar and cypress swamps or
pitcher plant bogs all exist where they
do because drainage is impeded on the
coastal plain by the very low relief.
The water tables are also very high,
being near or actually above the ground
surface in many places, and the climate
is mild. These are excellent conditions
for plant growth and peat deposition, so
the coastal plain of the eastern and
southeastern United States is almost
literally covered with peat.

The non-deltaic coastal plain swamp/
marsh/bog complex has some ancient coun-

terparts, although this type of wetland
does not appear to have been as common
in the past as it is now. Livingston
and Wilson (1982) describe lower coastal
plain fluvial/paludal deposits from Car­
bon County, Wyoming. There, wi thin a
lower coal-bearing unit of the Almond
Formation, sediments consist of a fluvi­
al, fresh-water dominated system of
channel, overbank, splay, and swamp de­
posits typical of lower coastal plains.
(Livingston and Wilson, 1982). Massoth
(1982) described a similar interdeltaic
coastal plain sequence near Craig, Colo­
rado. The tabular coal seams there are
laterally continuous (30 square miles)
and of moderate thickness (1 to 15
feet). While Massoth (1982) illustrated
swamps, marshes, and lakes or ponds in
his paleoenvironmental reconstruction,
the actual paleobotanical composition of
those coal-forming communities remains
to be described. In view of the great
variety of modern plant communities on
the coastal plain, one might expect the
Cretaceous coals to have been derived
from diverse plant types.

Inland river swamps

Inland river swamps comprise one of
the most visible of modern wetland
types. Nearly every permanent stream of
any size has some swamp/marsh land with­
in its flood plain. The wetlands may be
as apparently insignificant as the cot­
tonwood groves and marshes along the
Platte River in Wyoming, or as extensive
and impressive as the tupelo forest
lining northern Florida's Chipola River.
Modern inland river swamps vary in com­
position from the tupelo/cypress forests
of the Deep South, to canebreak marshes
of western Tennessee, and silver maple/
rover birch forests of Wisconsin and
Illinois. Maximum peat development pro­
bably occurs in the South, where the
growing season is long and the climate
is mild. The best examples of inland
river swamps in North America are those
of the Deep South. They line the banks
of rivers with names like the Suwannee,
Appalachicola, Choctawhatchee, and Pas­
cagoula. There, and inland along the
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Mississippi River, some of the most
extensive wetlands in the United States
once existed.

Ancient river swamp deposits are
usually associated with prominent chan­
nel sandstones. Thus, the fluvial Fort
Union and Wasatch Formations of the
Power River Basin contain not only
numerous, often thick coals, but abun­
dant channel sandstones as well. The
work of Flores and others, and Obernyer
(in Glass, 1980) and many other workers
has shown very clearly how the early
Tertiary swamps grew along what were
probably large, slowly moving streams.
Abundant natural exposures of fossili­
ferous shales and naturally fired
clinker show further that the swamp
flora was domianted by conifers (e.g.
Metasequoia) and cottonwood-like hard­
woods, while numerous herbaceous species
(e.g. the tropical fern Lygodium) lived
among the trees. Preliminary petro­
graphic work (Dorsett, 1984) has shown
that the vertical composition of the
Wyodak bed near Gillette is variable and
reflects peat deposition under alternat­
ing wet and dry conditions. Petrographic
and palynological investigations of the
coals from the Power River Basin have
only begun however, and it may be
several years before we understand the
genesis of the coals themselves.

Coal beds within the Powder River
Basin are unusually thick. For example,
the Wyodak bed at the Wyodak mine is 100
feet thick. Other currently mined coals
such as the Badger coal at the Dave
Johnston mine, and the Monarch coal at
the Big Horn No. 1 mine are also quite
thick (16.8 to 26.1 feet respectively,
as reported by Glass, 1975). The unu­
sual thickness of Powder River Basin
coal beds has been attributed to their
youth and low rank and had not been con­
sidered to be much more than an oddity
until about three years ago when the
U.S. Geological Survey reported the
discovery of Big George. Pierce and
others (1982) describe this super-thick
coal bed, which is 182 feet thick at the
discovery si te. Big George lies 1,100
feet below the surface, and extends over

950 square miles. Current exploration
and research will provide us with more
information about Big George. Until
then it is tempting to speculate about
Big George, the Wyodak bed, and other
unusually thick coals, and relate their
formation to some reasonable deposition­
al/tectonic framework.

Several fundamental ideas must be
considered first:

(1) Pierce and others (1982) note that
throughout the basin, coal resources are
commonly concentrated in definable sub­
areas where several coal beds merge
locally to form thick deposits. B.H.
Kent (U.S. Geological Survey, personal
communication, 1982) has shown that
these subareas usually lie in a north­
south orientation.

(2) The axis of the Powder River Basin
strikes north-south.

(3) The Powder River Basin is strongly
asymmetrical, with the axis adjacent to
the base of the Bighorn Mountains.

(4) Regional paleochannel flow direc­
tions were south to north (Etheridge and
Jackson, in Glass, 1980; Flores, 1982).

(5) Sand percent maps and distribution
of lithologies in the subsurface suggest
that during deposition of the Tongue
River Member of the Fort Union Formation
the basin was filled by two deltaic
lobes that were supplied sediment from
an eastern source in the ancestral Black
Hills (Tewalt and others, 1983).

(6) The Powder River Basin was subsid­
ing while the Black Hills and Bighorn
Mountains rose.

Certain assumptions may be added:

(1) The basin was not filled with water
before deposition of the deltaic lobes,
therefore they were not deltas. More
likely they were akin to alluvial fans.

(2) Maximum peat thickness probably de­
veloped during periods of greatest, or
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into the swampy basin (Figure 2B). The
warm, humid climate would have encour­
aged rapid, abundant plant growth. As
very thick layers of plant debris peri­
odically accumulated beneath the swamps
and marshes, tremendous quantities of
peat must have been produced. The very
thick peats later became the unusually
thick coal beds exemplified by the Wyo­
dak coal. When subsidence slowed, river
meandering disrupted peat accumulation
by disturbing the swamps and reworking
the peat deposits (Figure 2C). Layers
of clastic sediment eventually covered
the peat beds, perhaps destroying the
swamp vegetation. Slow subsidence would
also have kept the peat beds at the
ground surface for long periods of time,
where it was destroyed by oxidation and
biological activity. This could account
for the many charcoal-rich zones that
Dorsett (1984) identified in the Wyodak
coal. Such periods of slow basin sub­
sidence might also have caused thin beds
of peat to accumulate, resulting in thin
coals. The thin coals that overlie some
of the thicker beds were probably pro­
duced under these environmental and tec­
tonic conditions. Large influxes of
stream sediment periodically terminated
peat accumulation altogether, and pro­
duced thick sequences of sandstones,
shales, and siltstones such as those
along Interstate-90 between Gillette and
Sheridan. When rapid basin subsidence
resumed, thick peats began to accumulate
again at the distal margins of the allu­
vial slopes (Figure 2D), and another
cycle of river stabilization and even­
tual meandering began.

The test of this theory will be to
prove the lateral relationships of flu-

The peat-producing environments grad- vial, paludal, and alluvial facies that
ually moved laterally, from east to have been described here. It will also
west, as the alluvial deposits encroach- be essential to describe the tectonic
ed from the east, and the basin subsided activity of the Powder River Basin using
progressively more in the west. The zone as many sources of information as possi­
of optimal topographic relief shifted ble in order to determine if the episo­
laterally, in effect taking the swamps dic nature described here is accurate.
and marshes with it. Thus, we can ima- The periodic nature. of basin subsidence,
gine long corridors of swamp vegetation which Winczewski and Groenewold (1982)
extending north-south, between the major described for the Williston Basin, is
streams and the alluvial slopes. During quite plausible, and their work adds
periods of subsidence, peat produced by credibility to the hypothesis offered
the swamps and marshes subsided rapidly here.
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Coarse clastics were stripped from
uplifted areas and deposited in the
basin either as alluvial deposits that
built out into the basin from the slopes
of the Black Hills and Bighorn Moun­
tains (Figure 2A), or as finer-grained
clastics which, upon reaching the major
northward-flowing stream systems, were
diverted toward the Williston Basin.
Sediment production and transport would
have been of intermittent intensity
depending upon tectonic activity. If
the basin was subsiding comparatively
rapidly, the rivers presumably stayed
within narrowly defined flood plains.
With much slower rates of subsidence,
the rivers meandered widely and reworked
their own flood-plain sediments, and,
perhaps, the distal margins of the allu­
vial deposits.

most rapid subsidence.

The tectonic scenario proposed here
is that the basin and adjacent areas of
uplift were intermittently active, with
periods of basin subsidence and (or)
mountain block uplift alternating with
periods of tectonic quiescence. The
asymmetry of the basin developed gradu­
ally, with the axis starting and remain­
ing in the west, or migrating westward
to its present position.

(3) The swamp/marsh vegetation probably
grew in the most favorable location
topographically, not in the major stream
channels, which lay always to the west,
and not on the edaphically dry alluvial
plain to the east, but at the interface
of the alluvial deposits and the flood
plain of the rivers.
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Figure 2. Generalized early Tertiary tectonic and depositional history of the
Powder River Basin: (A) Initial uplift of Bighorn Mountains and Black Hills/Bear
Lodge Mountains. Symmetrical subsidence of basin, with river lying in the east and
alluvial fans developing on flanks of uplifts. (B) Moderate uplift and erosion of
Black Hills, but increased basin subsidence. Fan margin, swamp, and river all
occupy stable positions for many years, with subsequent accumulation of very thick
peat. (e) Subsidence and uplift are both reduced, river meanders, truncating peat
deposits and eroding toes of alluvial fans. (D) Basin subsidence and uplift are
both renewed. Initial slow subsidence allows alluvial fans to migrate rapidly
westward, causing westward shift of river. Subsequent increased subsidence once
again causes stabilization of river, fan margins and swamp, with resulting thick
accumulation of peat.
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Conclusions

A wide variety of wetland plant com­
munities exist. They range from small
patches of cattails or grassy marsh, to
cypress forest and the circumboreal mus­
keg. Each different community thrives
according to the chemistry and climatic
conditions of the environment where the
plants grow. Under optimal conditions,
each plant community will produce a peat
deposit that may be preserved and alter­
ed to become coal.

Swamps and marshes of many different
ages have produced coal beds in North
America and elsewhere. Cretaceous -and
Tertiary wetlands were the primary
source of Wyoming coal beds. Sedimen­
tary and paleontological evidence show
that three wetland types were important
in producing Wyoming coals. These were:
deltaic swamps, non-deltaic coastal
plain swamps, and inland river swamps.
These three swamp types are common today
and suitable modern analogues to the
ancient swamp/marsh environments can be

identified. The Tertiary inland river
swamp deposits of the Powder River Basin
have unusually thick coal beds. It is
suggested here that the thickness is the
result of periodically rapid subsidence
of the Powder River Basin and the exis­
tence of extensive corridors of swamp
that grew on the distal slopes of large
alluvial fans. Much more work remains
to be done to prove or disprove this
theory of thick coal bed formation.
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Zeolites in Washakie Basin

H.D. Curry and K. Santini

The Washakie Basin is a large, sub­
rectangular, equidimensional structural
basin located southeast of the Rock
Springs uplift and immediately north of
the Colorado-Wyoming border. An area of
about 2,500 square miles is covered by
rocks of the Wasatch, Green River, and
Bridger (Washakie) Formations; the ages
of these rocks span nearly the entire
Eocene epoch. The upper Eocene in par­
ticular has long been known to contain
considerable volcanic ash. Bradley
(1964) and later workers have reported
disseminated zeolites and essentially
monomineralic units of analcite, mor­
denite, and clinoptilolite, but only the
latter is here considered to have poten­
tial commercial importance.

The color of the main clinoptilolite­
rich tuff unit is variegated with pastel
shades ranging from off-white through
lemon yellow, buff, orange, light olive
green, and a distinctive and striking
robin's-egg blue. It is dense, fine
grained, hard, brittle, splintery, and
moderately resistant. The main unit
varies from a few inches to as much as
twelve feet thick and intertongues
laterally and vertically with tuffaceous
mudstones and siltstones. The clinop­
tilolite content may exceed 90 percent,
with an ammonia adsorption capacity as
high as 2.0 milliequivalents per gram.
It is nearly completely altered, with
common relict glass shards and scattered
biotite flakes.

Rocky Mountain Energy Corporation
staked claims on the clinoptilolite de­
posits several years ago. This claim
block, plus contiguous acreage held in
fee, is- estimated to contain several
million tons of relatively high-grade
material. Other areas of zeolites are
characterized by thin beds, low grade,
thick overburden, and inaccessibility
which make mining less attractive.

The volcanic ash apparently had a
distant source, probably the Absaroka
area of northwestern Wyoming which was
volcanically active during the late
Eocene. It is a largely reworked ash­
fall tuff deposited in a relatively
high-energy, fluvial-lacustrine environ­
ment during one or more short episodes,
rather than in a true deep-water lake
such as is believed to characterize the
underlying Laney Shale Member of the
Green River Formation.

Roehler (1973) noted that a variegat­
ed tuff occurring just above the thick,
widespread, brown, cliff-forming sand­
stone that marks the base of the Adobe
Town Member of the Washakie Formation,
was clinoptilolite-bearing. He traced
this unit (his marker bed 579) intermit­
tently almost completely around the
basin. The Adobe Town Member is best
developed on the north. It is locally
missing or obscured by structural com­
plications, or by a large influx of
sands in the southeast. The Miocene
Browns Park Formation overlies it uncon­
formably on the southwest. Although it
is not one continuous bed (it pinches
out laterally) and varies in color and
sedimentary features, the Adobe Town
Member is remarkably persistent. In a
few places clinoptilolite lenses are
also found just below the basal brown
sandstone, but these lenses are small
and of minor importance. Similarly,
thin zeolitized tuffs occur in places
several hundred feet stratigraphically
higher in the section.

Al though there are
tilolite occurrences in
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many clinop­
the west, few



have such desirable properties, mining
configuration, and commercial promise.

Eventually, these deposits should prove
of real commercial value.
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Minerals exploration in Wyoming
W. Dan Hausel

Introductiori

About 10 percent of the State's sur­
face area lies within Laramide uplifts
that are cored by Precambrian crystal­
line rock, and less than three percent
(excluding Yellowstone National Park) is
covered by Tertiary volcanics. Much of
the remaining surface area occurs within
broad Tertiary basins (with Cretaceous
sediments exposed on their flanks) that
are favorable environments for ~nergy
and industrial minerals, but generally
unfavorable for base, ferrous and fer­
roalloy, and precious metals (other than
placers).

The 10 percent of Wyoming's surface
area that is exposed as mountainous
terrain contains large regions of rela­
tively unmineralized Archean granite­
gneiss. These basement rocks are pri­
marily gneisses, migmatites, and grani­
tic plutons and batholiths. This con­
siderably restricts the potential areas
of exploration for metals; however Devo­
nian diamond-bearing kimberlites could
occur throughout the exposed Precambrian
basement.

Exploration targets

Energy and industrial minerals have
historically been more important to
Wyoming's economy than metals. However,
Wyoming has several regions in which the
geology is favorable for metal and
possibly diamond deposits. Supracrustal
terrains such as South Pass have been
the source for nearly all of the iron
ore and gold that have been mined in
Wyoming. Terrains similar to South Pass
are scattered throughout the granite­
gneiss basement complex (Plate 1, back
pocket). Diamonds have been found in
the Precambrian terrain of the Medicine
Bow Mountains and southern Laramie
Range. Large areas containing Creta­
ceous to Recent auriferous placers have
been reported in northwestern Wyoming,
and Tertiary to Recent gold placers
occur in southwestern Wyoming.

Wyoming is also relatively unexplored
compared to its neighbors. But within
the last decade a number of important
discoveries, rediscoveries, and inter­
esting finds have been enticing to the

exploration geologist. The following
list reminds us of Wyoming's potential:

(1) In 1981 significant amounts of
gold were detected in analyses of
selected samples collected in the
Bradley Peak area (Figure 1). These
specimens were collected from an
historic mining camp (Penn Camp)
which lies within metagabbros and
ultramafic rocks that form part of
the Seminoe Mountains "greenstone
belt" (Hausel, 1982a; Hausel and
Harris, 1983) • The metals are
believed to have been mobilized from
adjacent country rock and transferred
to dilational zones (Klein, 1981).
There appear to be similarities bet­
ween the Bradley Peak gold deposits
and the Yellowknife region of Canada
(e.g. Boyle, 1959).

(2) Between 1975 and 1978, Precam­
brian quartz-pebble conglomerates in
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Figure 1. Location of exploration areas and discoveries described in the text.

the Sierra Madre and Medicine Bow
Mountains (Figure 1) were discovered
to be radioactive (Houston and others
1977; Houston and Karlstrom, 1979).
Large regions of these metaconglomer­
ates remain untested for uranium.
They are also untested for gold,
although it was suggested as early as
1968, that Precambrian conglomerates
could contain fossil placer deposits
(Houston and others, 1968).

(3) During 1979 and 1980, Conoco
Minerals discovered a stratiform,
volcanogenic, zinc-copper-silver sul­
fide deposit in the southern Sierra
Madre (Figure 1). This deposit
occurs in a eugeoclinal setting with
thick successions of Proterozoic
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calc-alkaline metavolcanic and meta­
volcaniclastic rock (Divis, 1976;
1977) • AI though many copper mines
and prospects in the area have not
been evaluated as volcanogenic depos­
its, it has been suggested that two
nearby mines, the Itmay and the Hin­
ton (Verde), are possibly volcanogen­
ic sulfide bodies (Hausel, 1982a;
Hausel and Harris, 1983). The geolo­
gic settings of these historic mines
have recently been described by
Schmidt (1983) and Swift (1982),
respectively.

(4) The 1975 accidental discovery of
diamond in a mantle nodule collected
from a Wyoming kimberlite pipe
(McCallum and Mabarak, 1976) led to



the discovery of numerous kimberlite
intrusives as well as additional dia­
mond-bearing pipes (McCallum and
others, 1977; 1979; Hausel and
others, 1979; 1981; 1985). Large
regions remain unexplored, but recon­
naissance stream sampling in some
areas has identified anomalies that
suggest the presence of several un­
discovered kimberlites. No potential
placer deposits have been tested,
even though the known kimberlites are
considered to be deeply eroded (e.g.
McCallum and Mabarak, 1976, Figure
6).

In addition, there are (l) the
recent discovery of placer diamonds
in the northern Medicine Bow Moun­
tains; (2) the reported occurrence of
pyrope garnets and chrome diopside in
ant hills over a six to eight square
mile area in the Green River Basin
(Hausel and others, 1979;,McCandless,
1984); and (3) unverified reports of
diamonds in the Wind River Range and
in the Gros Ventre Range, (J.D. Love,
personal communication, 1981) (Figure
1).

(5) The rediscovery of copper-sil­
ver-zinc mineralization in Nugget and

Twin Creek Formation red beds of the
Lake Alice District (Figure 1) (Love
and Antweiler, 1973; Boberg, 1983)
led to the discovery of several more
occurrences in red beds of the
Overthrust Belt (Love and Antweiler,
1973; Hausel and Harris, 1983).

(6) Love and others (1978) reported
significant amounts of gold dissemi­
nated throughout Wasatch Formation
(Tertiary) boulder conglomerates in
the Dickie Springs region several
miles south of South Pass (Figure 1).
More than 28,500,000 ounces of gold
may occur within these conglomerates
(Love and others, 1978),

(7) Antweiler and others (1977) re­
ported significant amounts of gold in
Cretaceous and Tertiary conglomerates
and alluvial gravels in the Snake
River region (Figure 1).

(8) Several porphyry copper-molyb­
denum deposi ts have been discovered
in the wilderness areas of the Absa­
roka Mountains (Figure 1) in recent
years (Wilson, 1971; 1975; Fisher and
Antweiler, 1980; Fisher and others,
1977; Fisher, 1981; Hausel, 1982b).
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Stream sediment exploration sampling for kimberlite in

Colorado-Wyoming and techniques of diamond extraction

Carl Brink, Karl Albert, and W. Dan Hausel

Exploration for kimberlites in Wyo­
ming and Colorado is based on methods
that have been effectively used for many
years in Africa, Australia, and the
U.S.S.R. The most efficient of these is
reconnaissance stream sediment sampling
for the diagnostic kimberlite indicator
minerals (pyrope garnet, chrome diop­
side, and magnesian ilmenite) that have
been released into the surrounding soil
and drainages by decomposition of kim­
berlite.

Stream sediment sampl ing • Once a
promising area has been selected, sample
sites are plotted on U.S. Geological
Survey 7~2- or 15-minute topographic
maps. These sites are spaced 0.5 to 1.0
mile apart on all major drainages. This
spacing has been chosen because studies
done in Colorado (Leighton and McCallum,
1979) have shown that abrasion of grains
during transport effectively destroys
indicator minerals at relatively short
distances from their parent rock.
Magnesian ilmenite grains survive up to
2.5 miles, garnet 1.5 miles and chrome
diopside only 0.25 miles.

Sample locations in the field are
chosen to take advantage of the best
possible heavy mineral collection site
in the drainage. Samples are collected
from one to three feet below the sur­
face. The sample is shoveled into a
grizzly pan, and material greater than
V4 inch (coarse fraction) is visually
examined before being rejected. Material
smaller than V4 inch passes through the
mesh and is collected in a gold pan.
This fine fraction is repeatedly panned
in gently running water until all light­
er minerals have been washed away, leav­
ing only a black heavy mineral concen-

trate. This pan concentrate is briefly
examined for distinctive purple to la­
vender pyrope garnet and emerald green
chrome diopside before being placed in a
separate bag. Between three and five
pounds of concentrate are collected at
each site.

At the laboratory, the samples are
dried and run through a magnetic separa­
tor to remove magnetic minerals. The
coarse nonmagnetic fraction is further
concentrated in a jig while the fines go
to a Wilfley table where material of
less than 3.2 specific gravity is
removed. After the final concentrates
are dried, they are ready for optical
examination for indicator minerals.

The most important indicator minerals
are pyrope garnet, chrome diopside, and
magnesian ilmenite. Pyrope garnet is
well-rounded and recognizable by its
deep red-purple color and refractive
index; chrome diopside is emerald green
and has excellent cleavage and parting;
and magnesian ilmenite is glossy black
and nonmagnetic.

Diamond extract ion techniques. Kim­
berlite is crushed and sieved into two
size fractions. After passing through a
magnetic separator, the coarse fraction
(+16 mesh; >1.19 mm) is passed over a
grease table, the grease consisting of a
mixture of vaseline and paraffin up to
1/4-inch thick. Diamonds, being non­
wettable by water, adhere to the grease
while other minerals are washed off.
Tests have shown that the grease table
is 100 percent efficient on this size
sample. The fine fraction (-16 mesh;
<1.19 mm) is processed in a skin flota­
tion unit (as well as on the grease
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A model for low temperature copper transport and. deposition

Robert J. Starkey and B. Ronald Frost

The zonal sequence pyrite-chalcopy­
rite-bornite-chalcocite ~ native copper
has been described in sediment-hosted,
syngenetic and diagenetic copper depos­
its of Zambia and White Pine, Michigan
as well as in higher temperature hydro­
thermal deposits (the Sustut deposit).
The variety of geologic settings and
rock types in which these deposits occur
suggest a similar, geologically simple
mode of formation.

Copper mineralization typically is
associated with a permeable hematitic
oxidized layer and an impermeable re­
duced layer, leading many workers to
deduce that the zonation is a result of
progressive reduction of an oxidized,
copper-bearing fluid, possibly in the
presence of hydrogen sulfide. Simple
calculations of copper mineral stabili­
ties from 25°C to 300°C in the presence
of aqueous sulfur species in log f02

versus pH space show that over geologi­
cally reasonable pH ranges at constant
aqueous sulfur concentrations, the pro­
gression of mineral stabilities with in­
creasing oxygen fugacity is pyrite-chal­
copyrite-bornite-chalcocite-native cop­
per. In addition, these calculations
reveal that bornite, chalcocite, and
native copper are stable with respect to
hematite and aqueous sulfate. This sug­
gests that copper and sulfur can be
transported in the same fluid, and upon
reduction of this fluid, copper sulfides
will be precipitated. Calculations also
show that native silver is stable with
chalcocite and native copper and that
lead and zinc are very soluble under the
oxidizing conditions associated with
native copper. This explains the common
occurrence of native silver in low-tem­
perature copper deposits .and the absence
of galena and sphalerite within the
zonal sequence in these deposits.
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