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SI UNITS AND INCH-POUND SYSTEM EQUIVALENTS

[SI, International System of Units, a modernized metric system of measurement. All values have been rounded to four significant digits ex-
cept 0.01 bar, which is the exact equivalent of 1 kPa. Use of hectare (ha) as an alternative name for square hectometer (hm?) is restricted
to measurement of land or water areas. Use of liter (L) as a special name for cubic decimeter (dm?3) is restricted to the measurement of
liquids and gases; no prefix other than milli should be used with liter. Metric ton (t) as a name for megagram (Mg) should be restricted to
commercial usage, and no prefixes should be used with it. Note that the style of meter? rather than square meter has been used for con-
venience in finding units in this table. Where the units are spelled out in text, Survey style is to use square meter]

SI unit Inch-Pound equivalent SI unit Inch-Pound equivalent
Length Volume per unit time (includes flow)—Continued
millimeter (mm) = 0.039 37 inch (in) decimeter3 per second = 15.85 gallons per minute
meter (m) S 3.281 feet (ft) (dm3/s) (gal/min)
= 1.094 yards (yd) 543.4 barrels per day
kilometer (km) = 0.621 4 mile (mi) (bbl/d) (petroleum,
= 0.540 0 mile, nautical (nmi) 1 bbl=42 gal)
meters per second (m3/s) = 35.31 feet® per second (ft3/s)
Area = 15 850 gallons per minute
(gal/min)
centimeter? (cm?) = 0.1550 inch? (in?)
meter? (m?) = 10.76 feet? (ft?) Mass
= 1.196 vards? (yd?2)
hectometer? (hm?) = (2)2(7)(1) 2471 ;‘8:35 gram (g) = 0.035 27 ounce Ia)ivoim:lupais (oz
= + av
- 0.003 861 Seclh;:;;z (640 acres or kilogram (kg) 2.205 poungs avoirdupois (Ib
2 2 — s avdp
kilometer? (km?) = 0.3861  mile® (mi?) megagram (Mg) = 1.102 tons, short (2 000 1b)
Volume = 0.984 2 ton, long (2 240 1b)
centimeter? (emd) = 0.06102  inch® (in3) Mass per unit volume (includes density)
decimeter? (dm3) = 61.02 inches?® (in3)
= 2.113 pints (pt) kilogram per meters = 0.062 43  pound per foot® (Ib/ft?)
= 1.057 guarts (qt) (kg/m3)
= 0.264 2 gallon (gal)
= 0.035 31 foot3 (ft3)
meter? (m?) = 35.31 feet® (ft2) Pressure
= 1.308 yards? (yd3)
= 2642 gallons (gal) kilopascal (kPa) 0.1450 pound-force per inch?
= 6.290 barrels (bbl) (petro- (1bt/in2)
leum, 1 bbl1=42 gal) 0.009 869 atmosphere, standard
= 0.000 810 7 acre-foot (acre-ft) (atm)
hectometer? (hm3) = 810.7 acre-feet (acre-ft) = 0.01 bar
kilometer? (km3) = 0.239 9 mile? (mi3) = 0.296 1 inch of mercury at
N " 60°F (in Hg)
Volume per unit time (includes flow)
dec(iénest/elj per second = 0.03531  footd per second (ft?/s) Temperature
m3/s
= 2.119 feet3 per minute (ft3/

min)

temp kelvin (K)
temp deg Celsius (°C)

[temp deg Fahrenteit (°F)4459.67]1/1.8
{temp deg Fahrenheit (°F) —382]/1.8

does not constitute endorsement by the U.S. Geological Survey.

Any use of trade names and trademarks in this publication is for deseriptive purposes only and
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MINERAL-RESOURCE AND MINERAL-FUEL INVESTIGATIONS

UNITED STATES AND WORLD MINERAL-
RESOURCE ASSESSMENTS

The study of mineral deposits and the geologic
factors responsible for their formation is essential if
we are to assess national and worldwide supplies and
potential for mineral commodities. This continuing
effort provided important statements on chromite,
fluorite, and alunite resources during 1977. Studies
of major U.S. regions produced a deeper understand-
ing of the metalliferous deposits of the West and
called attention to the possibility of important undis-
covered metallic mineral deposits in a geologic en-
vironment that is widespread in eastern and central
United States.

Geological analysis of world chromite production

Cumulative world production of chromite from
1797 to 1975 was compiled by B. R. Lipin and T. P.
Thayer. World production of chromite totals about
150x10¢ t, of which 130x10¢ t has been produced
since 1946. Production since 1946 and world re-
sources are as follows:

Production (10° tons)
1946-70 1971-75

World Resources

Deposit Type Use* (106 tons)

Podiform

High-Al ___R 11.3 2.1 15

High-Cr .__.M 48.7 16.4 155~
Stratiform

High-Fe ___C+M 22.1 10.5 18,000

High-Cr .__M 124 5.9 2,700

* R=Refractory; M —=DMetallurgical; C—=Chemical

Before 1970, 64 percent of all production came
from podiform deposits and was mostly high-chro-
mite ore. However, in the period 1971-75, podiform
deposits yielded only 53 percent. By 1980, stratiform
deposits will be outproducing podiform deposits.

Estimated world demand for chromite from 1976
to 2000 is about 300x10¢ t, which is double the en-
tire production up to 1975. Probable resources of
podiform deposits are equivalent to about 170X 10° t
of shipping-grade ore or less than 1 percent of the
world total. Present methods of exploration are not
adequate to find concealed podiform deposits. South

Africa and Rhodesia will dominate the world chro-
mite market by 1990 by virtue of the immense re-
sources (over 20X 10?t) in their stratiform deposits.

Fluorine provinces, reserves, and resources of the United States

R. E. Van Alstine’s study of fluorine provinces of
the United States showed that the fluorine provinces
based on fluorspar deposits are concentrated in the
Rocky Mountains, the Appalachian Mountains, and
the midcontinent region. Fluorine provinces based on
fluorapatite in marine phosphate rock are mainly in
the Coastal Plain areas of southeastern United
States, in Tennessee and Kentucky, in the northern
Rocky Mountains, and in California.

The host rocks of productive fluorspar deposits are
commonly Precambrian or Paleozoic rocks uplifted
along major fault zones; elsewhere the host rocks are
of Cretaceous or Tertiary age. Fluorine-bearing
phosphate deposits are found in upper Tertiary
rocks in the southeastern Coastal Plain and Cali-
fornia. They are found in upper Paleozoic rocks in

. the northern Rocky Mountains and Alaska and in

lower Paleozoic rocks in Tennessee and Kentucky.
Deposits of fluorapatite phosphate rock were dis-
covered recently in Precambrian rocks of the Upper
Peninsula of Michigan (Cannon and Klasner, 1976).

United States reserves of fluorspar total about
16 X 10¢ t of ore containing about 35 percent CaF, or
2.7%10° t of fluorine. In addition, 180x10¢ t of fluor-
spar averaging about 17 percent CaF,, which is
equivalent to 15x10¢ t of fluorine, are classed as
identified resources. About 55 percent of the reserves
are in the Illinois-Kentucky fluorspar district. The
lower grade resources that are not presently com-
mercial are mainly in Colorado, Illinois, Nevada,
New Mexico, Oregon, and Tennessee.

United States reserves of recoverable fluorine in
phosphate rock, which contains about 3 percent F,
were estimated at 11X 10¢ t; an additional 20x10° £
of fluorine in phosphate rock that is not presently
commercial are classed as identified resources
(Wood, 1976, p. 386). The chief reserves of phos-
phate rock being mined are in Florida, Idaho, North
Carolina, Tennessee, and Utah. Other reserves and

1
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resources of fluorine in phosphate rock are mainly in
Alabama, Alaska, California, Georgia, Montana,
South Carolina, and Wyoming.

Alunite resources of the United States

Three main types of alunite deposits are recog-
nized in the United States: (1) veins, (2) replace-
ments, and (3) thin nodular layers of supergene or
diagenetic origin localized in argillic sediments. Only
the large-tonnage, low-grade metasomatic replace-
ments in hydrothermally and (or) solfatarically al-
tered volcanic terranes in southwest Utah and other
western States constitute a significant resource that
can in part substitute for imported bauxite and
alumina. Alunitic rock must contain at least 30 per-
cent alunite (11 percent ALQO;) and very little solu-
ble silica to be considered potentially exploitable.
R. B. Hall estimates that there is a total resource of
at least 2 10° t for the western United States. This
is an adequate base for a domestic alumina-from-
alunite industry, providing that economic feasibility
can be established. Recovery of potassium sulfate
fertilizer and sulfuric acid as byproducts is essential.

Potential for massive sulfides in eastern and central United
States

Recent studies by Helmuth Wedow, Jr., in connec-
tion with research on zinc-lead ore deposits have led
to the couaclusion that a significant potential exists
for undiscovered base-metal resources in massive
sulfide ores from the relatively unmetamorphosed
Phanerozoic shale sequences of eastern and midcon-
tinent United States. Comparison of the sedimentary
environments that contain zinc-lead ore deposits
(such as Meggan and Rammelsberg in West Ger-
many, Howard Pass in northern Canada, and Sulli-
van in British Columbia) with those in the United
States suggests that the coincidence of diverse fea-
tures (such as abrupt sedimentary rises, euxenic
off-reef environments, accumulations of catastroph-
ically destroyed pelagic faunas, evidence of deep
plutonian, along incipient rift zones, and the occur-
rence of pyroclastic-derived debris mixed with other
sedimentary rocks) can point to a local habitat for
the concentration of massive sulfides and related
deposits such as iron oxides, barite, and fluorite.

Mesozoic and Cenozoic metallogenesis in the western United
States

Geologic phenomena are being fitted increasingly,
and apparently successfully, into plate-tectonic mod-

els. P. W. Guild concludes that although the Meso-
zoic and Cenozoic metallogeny of the western United
States seems to have resulted from convergence of
the North American and Pacific Ocean plates, sub-
duction alone does not adequately explain the dis-
tribution of the ore deposits in Laramide and post-
Laramide time when magmatism and mineralization
extended irregularly eastward at least 1,500 km
from the continental margin. Stable isotopes, lead
and initial Sr/®*Sr, indicate derivation of some
rock- and ore-forming elements from continental
lithosphere rather than oceanic lithosphere. A gross
east-west metals zonation lacks the clearcut divisions
evident to the north and south in the Cordillera.
Lineaments, difficult or impossible to document un-
equivocally, probably played some role in localizing
mineral belts transverse to plate boundaries.

Guild suggests that mantle convection in a reacti-
vated ensialic backarc, triggered at least in part by
subduction on one or more Benioff zones, became in-
creasingly important both with time and with dis-
tance eastward from the Mesozoic trench. Small
magma pockets were generated episodically by par-
tial fusion of the continental lithosphere, itself
probably inhomogeneous, where deep crustal flaws,
many ancient but some perhaps newly created, re-
lHeved pressure and provided access to the upper
crust.

MINERAL-RESOURCES ASSESSMENT OF
LAND AREAS

The availability of mineral resources and the as-
sessment of mineral-resource potential is a critical
prerequisite to informed land use planning. The
USGS continued this work during 1977. Under
agreement with the Bureau of Indian Affairs, phase
I studies (summary and analysis of existing infor-
mation) were completed in 13 reservations, and
phase II studies (field studies) were underway on 4
reservations. Results of the studies to date include
publication of an aeromagnetic map of the Papago
Reservation in Arizona and completion of detailed
field studies of six 15—minute quadrangles.

The importance of resource appraisal is also
recognized in the Wilderness Act of 1964, which di-
rects the USGS and Bureau of Mines to assess the
mineral-resource potential of all lands recommended
for inclusion in the Wilderness System. That effort
began in 1966 and will continue for many years. Sig-
nificant results of some of the wilderness work in
1977 follows.
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Mineral-resource potential of Wambaw Swamp Wilderness Study
Area in South Carolina

The mineral-resource potential of Wambaw
Swamp was evaluated by C. C. Cameron. An esti-
mated 4X10° t of phosphate (P.0;) occurs in the
northern half of the study area as grains and scat-
tered nodules overlying and in the weathered sur-
face of the Cooper Formation of early Tertiary age;
however, the phosphate lies under 12 to 15 m of
overburden, and the grade is considerably lower than
that presently being mined elsewhere in the United
States. Uranium associated with the phosphate is
also below the grade currently considered economic-
ally feasible to mine; the total amount is only about
250 t of U,04. Peat is too thin and too high in ash
content to be a potential resource. Oil and gas poten-
tial is also very slight. Some deeply buried fluvial and
beach sands contain 1 to 5 percent potassium feld-
spar. However, richer deposits occur near the area
at the surface. Well-sorted Pleistocene beach sands
used for road construction do not extend far into the
Swamp; heavy minerals in these sands have little
economic value. The only clay body that might be
suited for lightweight aggregate or vitreous clay
products occurs at depths of 10 to 18 m. The under-
lying limestone is also too deep to be considered a
resource.

Mineral-resource assessment of the Citico Creek Wilderness
Study Area in Tennessee

Geologic mapping and reconnaissance geochemical
sampling were carried out by J. F. Slack in the 567-
ha Citico Creek Wilderness Study Area. Slightly
anomalous concentrations of Cu, As, Co, Pb, and Zn
were found within one narrow (<150 m thick)
stratigraphic unit composed of sulfide-rich graphitic
slate and metagraywacke of the Great Smoky Group
(Precambrian). No economic potential appears to
exist for this horizon. Very minor deposits of sand
and gravel and abundant rock suitable for crushing
constitute the only known mineral resources in the
study area.

Large submarginal iron resources in Mill Creek, Peters
Mountain, and Mountain Lake Wilderness study areas in
Virginia and West Virginia

Reconnaissance mapping and study of previous
drilling data by F. G. Lesure (USGS) and B. B. Wil-
liams and M. L. Dunn (U.S. Bureau of Mines) pro-
vided data for the calculation of 1.75x10° t of sub-
marginal iron resources in the Mill Creek, Peters
Mountain, and Mountain Lake Wilderness study

areas in Giles and Crag Counties, Virginia, and Mon-
roe County, West Virginia. The iron is in hematitic
sandstone beds of the Rose Hill Formation of Siluri-
an age. The iron-rich sandstone beds range from 1 to
10 m thick and are as much as several kilometers
long. They are scattered throughout an interlayered
series of red and green shale and sandstone of lower
grade that ranges in thickness from 45 to 60 m. The
iron content ranges from 10 to 30 percent, and the
phosphorous content ranges from 0.05 to 0.8 percent.
Mining or quarrying of hematitic sandstone in areas
of outcrop would be relatively inexpensive, but bene-
ficiation methods are not yet adequate to permit eco-
nomic production at existing prices.

New River Gorge in West Virginia

A mineral-resource assessment of 440 km? of the
New River Gorge study area in West Virginia was
completed by the USGS and U.S. Bureau of Mines
on April 1, 1977. Twelve maps were prepared for
open-file and printed (Englund and others, 1977a).
These include a geologic map of the area at a scale of
1:50,000, a structure contour map, a stratigraphic
section, aeromagnetic and gravity maps, maps show-
ing coal resources in the proposed Wild and Scenic
River area and in the National Park area, natural-
gas-productive intervals and subsurface maps, a geo-
chemical sample localities map, nonmetallic re-
sources map, a landslide map, and extent of mining
and reserve base maps. A short text open-filed sepa-
rately summarizes the information on the maps
(K. J. Englund and others, 1977b), and a separate
open-file lists all analytical data for geochemical
samples (D. F. Siems and others, 1977).

Coal resources of 66X10° t occur in 12 coalbeds in
the area of the proposed Wild and Scenic River, and
coal resources of 151x10¢ t are present in 13 coal-
beds in the larger area of the proposed national
park. The entire New River Gorge area has a poten-
tial for natural gas resources, but oil is unlikely to
be found within or near the study area. The exten-
sive resources of sandstone and shale are not con-
sidered to be economically important in the gorge
area. Resources of other nonmetallic materials, in-
cluding limestone and fire clay, are small or non-
existent. Resources of metallic minerals are not
known in the study area.

Mineral resource appraisal of the Washakie Wilderness in
Wyoming

A survey by J. C. Antweiler, D. W. Rankin, and
F. 8. Fisher to evaluate the mineral resource poten-
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tial was completed for the Washakie Wilderness in
Park County, Wyoming, and contiguous study areas
for the North and South Absaroka Wilderness
Areas. The survey included preparation of a geologic
map, geochemical sampling, and aeromagnetic and
ground gravity surveys. Known mineralized areas
were studied in detail to determine criteria for rec-
ognizing and evaluating precious and base metal
mineralization particularly in intrusive centers.
Several localities with alteration and mineralization
characteristic of copper porphyry deposits occur in
the project area. Two of these, Stinkingwater and
Eagle Creek, have been known since early in the
20th century; another, Meadow Creek Basin, was
staked in 1975; two others were discovered in 1976
as a result of work done on this project.

GEOLOGIC STUDIES OF MINERAL DISTRICTS
AND MINERAL-BEARING AREAS

The appraisal of mineral-resource potential de-
mands a thorough understanding of the chemical,
physical, and geologic features that lead to the for-
mation of a mineral deposit. This information, ob-
tainable through the study of known deposits or
mineral districts, can then be applied in new areas
that appear to have similar characteristics.

New studies during 1977 provided further addi-
tions to our understanding of mineral deposits, and
applications of our knowledge led to further infor-
mation on their origin and distribution.

Mineralization controls at the Haile gold mine in South Carolina

Planetable mapping by R. W. Luce and Henry Bell
at the Sericite Pit of the Haile gold mine in Lancas-
ter County, South Carolina, has revealed that min-
eralization is concentrated along several northeast-
trending fault contacts between foliated argillites
and massive pyroclastic units. Sericitic alteration is
pervasive throughout a 1.5 km-wide area surround-
ing the district, but silicification, sulfide mineraliza-
tion, and gossan formation are most developed at the
fault contact of the two units. Pyrite, with which
gold is associated, is the dominant sulfide mineral. It
was formed in several stages both as a replacement
of coarse pyroclastic fragments and as a general dis-
semination.

Ground checks of aeroradioactivity anomalies in the Atlantic
Coastal Plain of South Carolina

Extensive total-count gamma aeroradioactivity
coverage in the Atlantic Coastal Plain is now avail-

able as a result of cooperative funding from the
Coastal Plains Regional Commission. E. R. Force
and Andrew Grosz examined the data for the
Charleston, S. C., region and field checked areas with
anomalously high levels of radioactivity. Of about
100 anomalies checked, 11 are heavy mineral con-
centrations in Pleistocene beaches. Five together
contain about 2x10° t of heavy minerals at roughly
economic grades. Radioactivity of the concentrations
comes mostly from monazite, rather than zircon.
The proportion of hornblende, epidote, and K-spar
in the sediments vary widely depending on the ex-
tent of weathering since their deposition.

Some anomalies were caused by uraniferous
phosphate in silt-size particles in muddy facies of
the Cooper Formation. Although the radioactive
minerals are more abundant in these silt-size de-
posits than they are in beach sands, they are too
fine grained to permit economic recovery with exist-
ing technology.

Radioactivity distribution from aerial surveys
were ground checked with gamma logs and chemical
analyses. Results show that the area with potential
uraniferous phosphate resources extends far beyond
the previously known Charleston phosphate district.

Efficient exploration for heavy minerals with aero-
radioactivity maps requires extensive use of spectral
radioactivity information, geologic and soils maps,
and knowledge of detrital minerals likely in the re-
gion.

Geologic mapping of Cretaceous and Tertiary kaolin in the
Macon-Gordon district of Georgia

A geologic map of the Macon-Gordon district of
Georgia, prepared by S. H. Patterson and C. L.
Neeley (USGS) in cooperation with B. F. Buie
(Florida State University) and J. H. Hetrick
(Georgia Geological Survey), shows new informa-
tion about the kaolin deposits. All of the kaolin was
formerly thought to be of Late Cretaceous age; it is
now known that some deposits are of this age, but
many others occur in Tertiary beds. Much of the
Tertiary kaolin is middle Eocene. Lower Eocene and
Paleocene kaolin deposits may be present, but as yet
they have not been definitely identified. The deposits
of Cretaceous age are widely distributed through the
central part of the district and occur under over-
burden too thick for profitable stripping in the
southern or downdip part. Deposits of Tertiary age
overlap the Cretaceous ones; therefore, the younger
deposits under thin overburden are much more
widely distributed.
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High-calcium marble in the Beaver Creek area of St. Lawrence
County in New York

C. E. Brown reports that one of the three belts of
marble mapped in the Beaver Creek drainage area
in St. Lawrence County, New York, is composed of
coarsely crystalline, pure calcitic marble. The belt
of marble is exposed in a zone at least 11.2 km in
length and 0.8 km wide. All samples analyzed con-
tain more than 92 percent CaCQ,, and some samples
contain as much as 97 percent CaCO, with small
amounts of MgO and Fe,0.. Some rocks in the other
marble belts also are nearly pure calcitic marbles,
but the possibility of proving up large tonnages is
less.

The extensive deposit in the town of Macomb,
west of Beaver Creek, has a chemical composition
favorable for specialized chemical, industrial, and
metallurgical uses. This coupled with inexpensive
water transportation on the St. Lawrence Seaway
available at Ogdensburg, N. Y., only 27 km away
from Macomb, might make economical exploration
of the high-calcium marble possible.

Geology of Port Leyden, New York, heavy mineral deposit

Heavy minerals of the Port Leyden deposit occur
in Pleistocene lake delta sands on the east side of the
Black River valley in New York (Force and others,
1976). B. D. Stone and E. R. Force found that the
deposit is a series of coalescent glacial outwash
deltas deposited in glacial Lake Port Leyden (Fair-
child, 1912), the water level of which was controlled
by a bedrock spillway south of Boonville, N. Y. Melt-
water streams that drained the active glacial margin
in the Adirondack crystalline upland to the east
deposited crystalline-derived sands in delta wedges
as much as 80-m thick (Force, Lipin, and Smith,
1976) . These wedges overlie slightly older ice-contact
fluvial deposits derived from local valley crystalline
and sedimentary rocks. The volume of these ice-
contact deposits under some delta wedges locally
may be large. Heavy minerals are most concentrated
in climbing-ripple cross-laminated fine sand in delta
bottomset beds. Late glacial eolian dunes, commonly
3-m high, overlie some delta plains and till hills.

Keweenawan igneous complex identified in Michigan

J. S. Klasner and W. F. Cannon have identified by
geophysical surveys a swarm of mafic to ultramafic
dikes in northern Marquette and Baraga Counties
in Michigan. The area is deeply covered by glacial
drift, and two outcrops of peridotite form the only
surface expression of the dikes. The area was pre-

viously believed to be underlain entirely by middle
Precambrian metasedimentary rocks but newly ac-
quired geophysical data indicate a dike swarm about
25-km long in an east-west direction and as much as
2-km wide intrudes the metasedimentary rocks. The
dikes can be traced by a complex magnetic anomaly
that is in places coincident with gravity and electro-
magnetic anomalies. Paleomagnetic determinations
indicate the dikes were intruded during the early
Keweenawan magnetic reversal. The peridotite has
anomalously high copper and sulfur content, which
is a favorable indicator of copper or nickel sulfide
mineralization. Positive electromagnetic anomalies
coincident with positive gravity anomalies are at-
tractive targets for further mineral exploration be-
cause they may indicate the presence of buried sul-
fide concentrations in the area.

Previously unreported mineralization found in the Darlington
quadrangle of southwestern Wisconsin

W. S. West’s field investigation in the Darlington
T14-min quadrangle of Upper Mississippi Valley-
zine-lead district of Lafayette County, Wisconsin,
disclosed several previously unreported and unmap-

-ped areas of mineralization. These areas of mineral-

ization consist of four patches of old lead diggings,
some of which are quite extensive. One is in an area
about 2.5 km due north of Darlington, one is about
1.5 km south-southeast of Darlington, and two are
on the east bank of the Pecatonica River about 4.5
and 5.5 km southeast of Darlington. The discovery
of these mineralized localities has enlarged the tar-
get area for more detailed prospecting and improves
the possibility of finding new zinc-lead orebodies in
the eastern part of the mining district.

Peat resources in part of Lake of the Woods County in
Minnesota

Field reconnaissance by C. C. Cameron in an area
of about 130 km® in northern Lake of the Woods
County, Minnesota, reveals vast swamp and marsh
peatlands. However, deposits of commercial quality
reed-sedge moss and humus peat, thick enough for
use as soil conditioner and possible manufacture of
natural gas, are largely restricted to areas behind
relict barrier beaches formed during the retreat of
Glacial Lake Agassiz. Here the peat attains a thick-
ness of at least 1.5 m, and resources are estimated
as 4.08x10¢ t of air-dried peat.

The field reconnaissance was undertaken as part
of the field exploration of the peat deposits for as-
sessment of peatland use in terms of the environ-
ment and the industry.
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Faulting in the Duluth Complex in Minnesota

Preliminary results of large-scale (1:24,000)
mapping in the Duluth Complex in Minnesota by
M. P. Foose and R. W. Cooper for the first time
gives evidence for the presence of a large number of
faults. Most of the faults appears to have only small
(<100 m) normal or strike-slip displacements, but
some faults, mostly with northeast-southwest trends,
represent major discontinuities of undetermined
size. The intense fracturing is similar in style to
tensional regimes such as the Basin and Range and
suggests a paleorift origin for the Duluth Complex.
The recognition of faulting is important in evaluat-
ing the continuity of nickle—copper ores in the com-
plex and in estimating the region’s nickle—copper
resources.

Potential economic significance of gahnite (zinc spinel) in
Colorado

During recent field investigations in Colorado,
D. M. Sheridan and W. H. Raymond found that
gahnite, a zinc spinel, occurs in and near many
Precambrian sulfide deposits in the Front Range,
Park Range, Wet Mountains, and Salida regions.
Although sphalerite, chalcopyrite, and lesser
amounts of silver-bearing galena are the principal
sulfide ore minerals in these deposits, a newly rec-
ognized concept identifies potential economic sig-
nificance of gahnite (Sheridan and Raymond, 1977).
Gahnite may be sufficiently abundant at some of the
deposits to constitute an ore mineral. Samples of
gahnite-rich rocks from various mines and prospects
range in zine content from 3.5 to 19 percent, and the
pure mineral contains up to 27 percent Zn. More-
over, the geologic relations found in some localities
suggest that gahnite may be used as a significant
guide for prospecting, characterizing favorable lith-
ologic trends, even where cogenetic sulfides are
sparse or absent in outcrops.

Production of quartz-muscovite schist from Poncha Pass area
in Colorado

A wide extensive zone of Precambrian quartz-
muscovite schist is being mined in the Bonanza
northeast quadrangle northwest of Poncha Pass,
Colo. The schist is excavated from open cuts, trans-
ported to nearby Salida for crushing and screening,
and then shipped by rail to Denver for use in mak-
ing bottles; previously it was used in gypsum board,
paint, and insulation material. R. E. Van Alstine
reports that the steep schist zone locally is more
than 150 m thick and extends north from Highway

U.S. 285 for about 1.6 km. It is localized along one
of the faults that bound the east side of the north
extension of the Rio Grande trough. In 1975 and
1976 schist produced from here was valued at
$100,000 each year (Colo. Div. Mines, 1976, p. 21,
23, 74, and 109; Colo. Div. Mines, 1977, p. 11, 53).

Course of Eocene Wind River locates auriferous sedimentary
rocks in the western Wind River Basin in Wyoming

The distribution of roundstone conglomerates in
the upper part of the Wind River Formation in the
western part of the Wind River Basin was found
by D. A. Seeland to coincide exactly with the course
of the Eocene Wind River as determined by a study
of crossbedding in the sandstones of the Wind River
Formation. This is most significant because analysis
of panned concentrates from these roundstone con-
glomerates indicates the presence of a substantial
quantity of gold. The volume of conglomerate de-
creases eastward, but there is no eastward diminu-
tion of grade. Thus, if sandstones of this strati-
graphic horizon exist to the east and contain similar
gold values, then the course of the Eocene Wind
River should define the location of a substantial ad-
ditional volume of auriferous rocks.

Carbonatite dikes in Bear Lodge Mountains, Wyoming

Numerous carbonatite dikes were recognized by
M. H. Staatz in cores from deep drilling of alkalic
rocks in the southern Bear Lodge Mountains. These
intrusive rocks, which dome up the surrounding
sedimentary rocks, are principally trachyte and
phonolite. At depth they tend to be coarser grained
and become fine-grained syenite and nepheline sye-
nite. As many as 22 carbonatite dikes have been en-
countered in one hole. One carbonatite was subse-
quently found on the surface during detailed
mapping. The dikes range in thickness from about
1 mm to 5 m. Calcite is the principal mineral. Other
minerals commonly found in many samples are bast-
naesite, ancylite, strontianite, pyrite, pyrrhotite,
sphalerite, and galena. In addition at least 14 other
minerals have been identified in various samples.
These carbonatites, like the massive carbonatite at
Kangankunde Hill, Malawi, are both rare-earth and
strontium-rich. Samples of the Bear Lodge carbon-
atites containing 2 to 5 percent rare-earths and 3 to
10 percent strontium are common.

Relationships of copper and gold deposits in the ophiolitic
Canyon Mountain Complex in Grant County, Oregon

Until recently, copper and gold veins in the
Canyon Mountain Complex in Oregon had been as-
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sumed to be related, although they differ in some ,
respects. Recent interpretations of the origins of the |
two vein groups suggest that they are not related
(Thayer, Case, and Stotelmeyer, 1977). The Canyon
Mountain Complex is about 160 km? in area; about
50 percent ultramafic and 30 to 35 percent gabbroic
rocks form a continuous metamorphosed cumulate
sequence. About 20 percent of the complex consists
of basaltic dikes and plagiogranite that form a com-
posite sheeted dike unit and cut the gabbro along
through-going fractures. The entire complex prob-
ably is of Early Permian age.

Chalcopyrite-bearing pyritic quartz veins are lo-
calized in the southern part of the gabbro, mostly
within 600 m of the contact with the sheeted dike
unit. The veins are associated with basaltic dikes,
albite granite, and albite-chlorite-epidote alteration
along shear zones. Although small epidotic quartz
veins and lenses are common with albite granite in
the sheeted dike unit, few of them contain sulfides.
Sampling by the U.S. Bureau of Mines has indicated
about 45,000 tons of material that averages 0.30 to
0.35 percent copper in two deposits. The larger de-
posit is in a zone about 750 m long that was followed
by several basaltic dikes from an offset in the gabbro
contact against the sheeted dike unit. The copper
veins contain only traces of gold and silver.

Gold occurs in pockety quartz-calcite veins that
cut carbonatized gabbro and serpentinite in the
northwestern corner of the complex. Goldbearing
veins also occur in greenstone and argillite north of
the complex, and in Mesozoic rocks 2.5 km west of
it. Gold production, mostly from nearby placer de-
posits, has been about 26,000 kg, with about 400 kg
of silver and some platinum. The veins contain no
copper. A major difference in ages of the gold and
copper veins is indicated by gold veins west of the
complex that cut Triassic conglomerate, which ‘con-
tains many clasts of albite granite. The gold veins
appear to be related to Upper Jurassic dioritic to
granitic plutons in the Blue Mountain region. Pe-
trogenetic relationships between gabbro, basaltic
dikes, and plagiogranite are not known (Thayer,
Case, and Stotelmeyer, 1977).

The close association of copper veins with basaltic
dikes in gabbro suggest that their origin may be
similar to the massive cupreous pyritic ores of Cy-
prus. The Canyon Mountain dikes are interpreted as
feeders for pillow lavas that have been eroded away.
In Cyprus, deposition of massive sulfides resulted
from reaction of seawater with volcanic emanations,
and ore-grade mineralization was shallow. It is

postulated that the copper veins in the Canyon

Mountain may represent former channels for solu-
tions that formed massive sulfide deposits at higher
levels on the Permian seafloor.

Characteristics of a porphyry copper stock in the Globe-Miami
district of Arizona

In the Globe-Miami district of Arizona, the por-
phyry copper deposits are temporally and spatially
related to the Schultze Granite, a porphyritic quartz
monzonite stock of Laramide age. Recent geologic
mapping by S. C. Creasey within the stock has
shown that it is composite. The early intrusive phase
contains more biotite and is not so conspicuously
porphyritic. The intermediate, or main, intrusive
phase is lighter in color and contains less biotite
and larger and more abundant K-feldspar pheno-
crysts. The youngest intrusive phases are porphy-
ries. All of the disseminated sulfide mineralization
in the district is in, or adjacent to, the porphyries.
Although not abundant, breccia pipes are also in, or
near, porphyries and mineralized ground. The impli-
cation is clear that whatever the nature of the ore-
forming process, the formation of porphyries is
related to it in some way.

In addition the entire stock is cut by quartz-seri-
cite-magnetite-sulfide veins ranging in width from
less than 2 mm to perhaps 3 m, and in length from
about a meter to as much as 650 m. These veins oc-
cupy fractures and are more abundant near the por-
phyry copper deposits. Although K-Ar ages on
sericite from the veins indicate they are about the
same age as the porphyry copper deposits, the small
amount of development work on the veins suggests
that they were low in base and precious metals. The
origin of these veins is not clear, but the possibility
of circulating meteoric water comes to mind.

Another model of porphyry copper generation

The orthomagmatic and meteoric water models of
porphyry copper genesis find no support and con-
siderable conflict in the data produced during de-
tailed field and petrologic studies of the stocks asso-
ciated with the Ray, Ariz., porphyry copper deposit,
one of the 10 top producers of copper in the country.
The studies, which resulted in a new model of ore
generation (Banks and Page, 1977) included de-
tailed geologic mapping; thin section and polished
thin section petrography; fluid-inclusion work;
whole rock major and minor chemistry; electron
and ion microprobe analyses of igneous and altera-
tion minerals for Cu, S, Cl, H,A, F, and major ele-
ments; and petrology of the magmatic sulfide min-
erals. Very little copper and sulfur occur in the
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rocks; and the data are best explained if the copper
and most of the sulfur, chlorine, and water in the
magmas were used by the igneous minerals dur-
ing crystallization of the magmas. The stocks, and
by analogy any parental upper crustal magma, thus
were themselves unlikely to produce an ore fluid.
Furthermore, not only did the stocks contain little
copper and sulfur to supply to an ore fluid of cir-
culating meteoric water, but also copper was more
likely added to rather than extracted from the rocks
in the outer parts of a circulation cell. Incorporated
into the new model is the petrologic confirmation
that sulfur is essentially insoluble in siliceous silicate
melts, and it is postulated that sulfide minerals ac-
cumulate in a zone of partial melting around, but
not in, pockets of magma. Some of the magma is
mobilized and intruded into the upper crust. The
sulfides, however, remain in the zone of partial melt-
ing until local or regional cessation of melting allows
excess metamorphic and late magmatic water to be
present, which remobilizes and transports the sul-
fides to upper crustal sites. The new model explains
the time-space relationship of ore and magma. It also
explains the failure of considerable research to dis-
cover petrologic and chemical distinctions between
“ore” and “non-ore” plutons. The model places
renewed emphasis on regional structure in delineat-
ing favorable zones and localities for discovery of
ore.

Geology of the Cuprite mining district of Esmeralda County
in Nevada

Studies by R. P. Ashley show that the Cuprite
mining district contains mineralization of two dif-
ferent types and ages. The younger is characterized
by intense acid-sulfate alteration that has converted
Cambrian siltstones and Tertiary tuffs, flows, and
volcanic sedimentary rocks to silicified, opalized,
and argillized rocks. Mineral production associated
with this alteration includes only minor amounts of
sulfur, silica, and clay. Potential for substantial dis-
coveries of commercial sulfur and clay is low, for
silica the potential is high, and for gold and mercury
it is low to moderate. Alunitic rock exists, but its
tonnage is too small and its mineralogy too unfavor-
able for exploitation by presently contemplated com-
mercial processes.

The older mineralization at Cuprite consists of
base-metal veins (mainly copper-lead) with minor
precious metal values (mainly silver) in unaltered
to locally hornfelsic Cambrian siltstones. This min-
eralization is probably Mesozoic in age, associated
with a buried pluton. These veins have little eco-

nomic potential, but minor potential exists for dis-
seminated copper mineralization at depth.

Molybdenum mineralization in the Battle Mountain mining
district of Lander County, Nevada

Numerous base and precious metal deposits in the
Battle Mountain mining district are related to Upper
Cretaceous and middle Tertiary granodiorites to
quartz monzonites emplaced into thick sequences of
Paleozoic sedimentary rocks. Molybdenum mineral-
ization occurs sporadically throughout the district,
but is especially concentrated in an elongate stock-
work system near Copper Basin that is being studied
jointly by T. G. Theodore and J. N. Batchelder
(USGS) and D. W. Blake and E. L. Kretschmer
(Duval Corporation). This system is related to
numerous small Tertiary(?) quartz monzonite in-
trusions. Near Copper Basin the emplacement of
most intrusive rocks was controlled by two promi-
nent fracture sets, one striking N. 70° W. and the
other north-south. The molybdenite mineralization,
including very minor chalcopyrite, is related mostly
to the N. 70° W. set. In addition, other mineralized
fractures striking approximately N. 45° W. and
N. 45° E. acted as important conduits for mineraliz-
ing fluids. Many of the molybdenite-stockwork veins
and their selvages reflect locally intense potassic al-
teration, and the veins typically contain potassium
feldspar-biotite-calcite-molybdenite, and quartz-
molybdenite-calcite + potassium feldspar +white mi-
ca assemblages. The molybdenite-bearing veins con-
tain abundant liquid plus vapor fluid inclusions.
Preliminary fluid-inclusion studies of these veins
suggest the bulk of the molybdenite mineralization
occurred during circulation of nonboiling to slightly
boiling, moderately saline fluids that range mostly
between 8 and 12 weight percent NaCl equivalent.
Temperatures were approximately 300° to 400°C.
The values of §*0 of the water calculated to be in
equilibrium with hydrothermal quartz from molyb-
denite-bearing veins are +5.7 to +6.2, an unusually
restricted range suggesting significant isotopic ex-
change with the wallrocks. Last, the molybdenite-
stockwork system has been intruded extensively by a
series of late north-south-striking, westward-dipping
quartz latite porphyry dikes associated with minor
lead and zine mineralization.

West-northwesterly structural zone controlled gold mineraliza-
tion at Manhattan in Nevada

Geologic mapping by D. R. Shawe in the vicinity
of Manhattan shows a major west-northwest-trend-
ing zone of faults that was probably a primary con-
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trol of late Tertiary gold mineralization. The struec-
tural zone also may have localized middle to late(?)
Tertiary volcanism, including eruption of volcanic
melange or megabreccia.

GEOCHEMICAL AND GEOPHYSICAL
TECHNIQUES IN RESOURCE ASSESSMENTS

REGIONAL GEOCHEMICAL AND GEOPHYSICAL
STUDIES

Lithogeochemical studies in Missouri

Regional geochemical studies by R. L. Erickson,
E. L. Mosier, and J. G. Viets of ‘“barren” sedi-
mentary rocks of Cambrian age in the Rolla, Mo.,
1:250,000-scale quadrangle showed that two distinet
suites of trace elements are present in these rocks—
an intrinsic suite and an introduced, or epigenetic,
suite. This observation should aid in assessment of
the mineral resource potential of the quadrangle and
may contribute to our understanding of the origin of
the southeast Missouri lead belts. This study was
based upon spectrographic and chemical analyses of
splits of drill hole samples, insoluble residues, and
mineral separates obtained from the sample library
of the Missouri Geological Survey. Samples from 62
drill holes were selected for study; samples from
31 holes were analyzed (about 4,000 samples). None
of the drill hole samples available for study was lo-

cated in the known ore trends (Old Lead Belt and .

Viburnum Trends). None intersected economically
significant mineralized ground, and some were as
much as 40-km distant from known ore trends.

The intrinsic suite of trace elements was found to
be unique to the Derby Dolomite, Davis Formation,
and Bonneterre Dolomite of Cambrian age, and the
distribution and abundance of this suite reflected the
lithology of those formations. The suite, in approxi-
mate order of abundance, was Fe, Ti, Mn, Ba, Zr,
B, Cr, V, Y, Ni, Co, and Be. The mineralogic resi-
dences of these elements were clay minerals, micas,
glauconite, and detrital heavy minerals such as zir-
con and iron-oxides. Thus, the shale facies of the
Davis Formation, the shaly and silty limestone
facies of the Bonneterre Dolomite, and the glauco-
nite-rich zones in any of the three formations con-
tained the highest contents of intrinsic trace ele-
ments. Strontium, in amounts ranging from 300 to
1,000 ppm, characterized the Ilimestone facies.
Strontium was contained in the caleite lattice, and
it was an indicator of high limestone-dolomite ratios.
Manganese, in amounts greater than 500 ppm, was

unique to Bonneterre dolomite facies, and it was
contained in the dolomite lattice. Cambrian dolo-
mites, overlying any facies of the Bonneterre Dolo-
mite, contained little manganese.

The introduced, or epigenetic, suite of metals that
consisted of Pb, Zn, Cu, Ni, Co, Mo, Ag, As, Sb, and
Sn were detected in a few samples. The content of
individual metals in the original samples commonly
was below spectrographic detection limits (appar-
ently barren rock), but their presence was readily
detectable and enhanced in insoluble residue sam-
ples. The introduced suite and the relative abund-
ance ratios of one metal to another were the same
as for the Southeast Missouri Lead Belt ore suite.
The most common mineral residence for this suite
was pyrite and (or) marcasite. Galena, sphalerite,
and chalcopyrite were observed, but they were not
common. Stratigraphic zones that contain anomal-
ously high amounts of the epigenetic suite appeared
to be solution channelways. The sulfide minerals
found in the soluble residues of samples from the
channelways recorded the passing of waters
(brines?) that carried metal ions. The channelways
always occurred in highly porous and permeable car-
bonate zones that contained only very small amounts
of the intrinsie suite of trace metals. Some drill holes
showed vertical stacking of several epigenetic metal-
rich channelways that were separated by clastic-
rich (shale and siltstone) zones characterized by
large amounts of the intrinsic trace element suite.

Some metals, such as nickel and cobalt, were com-
mon to both suites. However, nickel and cobalt were
contained in glauconite and illite when they were
intrinsic, and they were contained in sulfide when
they were introduced.

Trace elements in silver-lead-gold veins in idaho

New quantitative analyses obtained by C. M.
Tschanz (U.S. Geological Survey Research 1976, p.
2) for samples from veins in Boulder Basin, Idaho,
generally confirmed the remarkably high gold, silver,
and selenium contents, but the highest gold value
found was only 235 ppm. These new analyses show
that the productive ore shoots generally contained
from 1,000 to 4,300 ppm Ag and 14.5 to 25 ppm Au.

A semiquantitative spectrographic analysis of a
sample of steel galena collected by W. E. Hall re-
vealed that the galena contained 15,000 ppm Ag and
200 ppm Au and 200 ppm Hg. The close association
of mercury with ore richest in gold and silver sug-
gested that mercury was present in argentiferous
tetrahedrite, the most abundant silver mineral and
host for most free gold in the samples studied. This
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element association suggests that mercury can be
used as a pathfinder in the search for the galena-
tetrahedrite ores. High concentrations of Hg, Sbh,
Cu, and high Ag/Au ratios all generally decrease
to minimums near or within the zone of optimum
gold values in most gold deposits, according to sev-
eral Soviet geochemists. The extremely high con-
centrations of these same elements together with
the high Ag/Au ratios in the Idaho samples suggest
that higher gold concentrations may occur below
levels presently explored. Microscopic study of the
ore-related minerals revealed blebs and minute vein-
lets of fine gold up to 75 ym in maximum dimension
in tetrahedrite, diaphorite(?), owyheeite(?), and
a ruby silver that is usually found in galena.
Anomalous radioactivity was not detected by field
scintillometer surveys conducted by C. M. Tschanz
in any of the veins in Boulder Basin. Subsequent
reexamination of the spectrographic film disproved
the previous report of 500 ppm U (U.S. Geological
Survey Research 1976, p. 4).

Stream-sediment and panned-concentrate investigations,
northern Sonora, Mexico

As a result of a regional geochemical exploration
study in northern Sonora, Mex., that was conducted
in cooperation with the Consejo de Recursos Min-
erales of Mexico, E. L. Mosier and G. H. Allcott re-
ported that results from emission spectrographic
analyses of stream-sediment and panned-concentrate
samples delineate a broad belt containing high con-
centrations of rare-earth elements. Elements in-
cluded in the rare-earth suite were Th, Y, La, Sc,
Nb, and U. The belt was found to be approximately
45 km in width and centered near Cerro del Chile
in the northwest corner of the study area. The belt
extended 180 km to the southeast, cutting across
several north-trending mountain ranges, to a point
approximately 20 km northeast of Bacoachi. The
host thorium mineral was isolated and identified as
thorite.

Reconnaissance geochemical studies in Alaska

Stream sediment samples were collected by P. K.
Theobald, Jr., and H. N. Barton in the National
Petroleum Reserve Alaska (NPRA) and in the ad-
joining Brooks Range of Alaska. A heavy-mineral
concentrate was separated from part of each stream-
sediment sample, and both types of samples were
then analyzed. The distributions of regional geo-
chemical anomalies within the NPRA suggested that
five types of mineralization may occur there: (1)

Barium anomalies related to concretionary or bedded
barium deposits; (2) zine, silver, and barium
anomalies related to zine-rich massive sulfide de-
posits; (3) arsenic, lead, and silver anomalies not
related to any known source; (4) lead, silver, and
zine anomalies in areas of low barium and not re-
lated to any known source; and (5) chromium and
associated element anomalies related to ultramafic-
associated mineralization south of the NPRA.

T. D. Hessin’s studies in the Big Delta quad-
rangle, east-central Alaska, revealed several areas
in the northeastern part where heavy-mineral con-
centrates from stream sediment contained anomal-
ous concentrations of Sn, W, Mo, Pb, Zn, and Ag.
This metal suite was found to be associated with
granitic plutons and suggested possible economic tin
occurrences. A similar element correlation also
exists, to a lesser degree, in the southeastern part of
the quadrangle.

Also in Hessin’s investigation, samples of heavy-
mineral concentrates collected in the Goodnews
quadrangle, southwest Alaska, revealed anomalous
amounts of copper, lead, zine, and arsenic in heavy-
mineral concentrates collected near Cretaceous and
Tertiary granitic stocks in the northeast part of the
quadrangle.

Geochemical studies by R. C. Karlson and others
(1977) of heavy-mineral concentrates collected in
the western part of the Talkeetna Mountains quad-
rangle in south-central Alaska, revealed several

- areas containing anomalous amounts of either silver

and gold or copper and molybdenum. The results of
this survey suggested that as-yet undiscovered metal
deposits may occur in these areas.

Geochemical anomalies associated with mercury deposits in
Nevada and Oregon

According to J. J. Rytuba, mercury deposits with-
in the McDermitt Caldera, along the Nevada-Oregon
border, contained high concentrations of Be, U, As,
Sb, Hg, and Mo in association with the deposits.
Anomalous concentrations of this same element suite
in tuffaceous, sedimentary rocks in other portions of
the McDermitt caldera indicated a potential for
other mercury deposits.

Soil-gas investigations, Hawaii Volcanoes National Park in
Hawaii

Molecular sieve absorbers buried in the ground
over a thermal area in Hawaii Volcanoes National
Park were used to collect soil gases. These gases
were analyzed by mass spectrometry, gas chroma-
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tography, and atomic absorption. According to M. E.
Hinkle, anomalies of sulfur compounds and helium
were found to be present near the Puhimau Thermal
Area, and mercury concentrations were very high
directly over the thermal area.

In-hole gamma ray studies in Texas

Two sealed sondes, with germanium gamma-ray
detectors cooled by melting propane, were field tested
by R. M. Moxham, A. B. Tanner, and F. E. Senftle to
depths of 79 m in water-filled boreholes at a uranium
mine in Bee County, Texas. When used as total-count
devices, the sondes were found to be comparable in
logging speed and counting rate with conventional
scintillation detectors for locating zones of high
radioactivity, When used with a multichannel ana-
lyzer, the sondes were found to be detectors with
such high resolution that individual lines from the
complex spectra of the uranium and thorium series
could be distinguished. Gamma rays from each group
of the uranium series can be measured in ore zones,
permitting determination of the state of equilibrium
at each measurement point. Series of 10-minute
spectra taken at 0.3- to 0.6-m intervals in several
holes showed zones where maxima from the uranium
group and from the **2Rn group were displaced rela-
tive to each other. Apparent excesses of 23°Th at
some locations suggested that uranium-group con-
centrations at those locations were severalfold
greater some tens of thousands of years ago. At the
current state of development a 10-minute count
yields a sensitivity of about 80 ppm U.Os. Data re-
duction could in practice be accomplished in about 5
minutes. The result was practically unaffected by
disequilibrium or radon contamination. In compari-
son with core assay, high-resolution spectrometry
(1) allowed a larger volume to be sampled; (2)
avoided problems due to incomplete core recovery,
loss of friable material to drilling fluids, and errors
in depth and marking; and (3) permitted use of less
expensive drilling methods. Because gamma-rays
from the radionuclides are accumulated simultan-
eously, the technique also avoided the problems in-
herent in trying to correlate logs made in separate
runs with different equipment,

Geophysical studies in southwestern New Mexico

The Emory Pass Caldera in New Mexico, previous-
ly only inferred (Elston, Seager, and Clemons, 1975),
was clearly delineated along its southern half by
gravity data interpreted by J. C. Wynn. An aero-

magnetic low on the southern margin of the caldera
has strong geochemical haloes around it that may be
caused by hydrothermally altered rocks beneath the
widespread Kneeling Nun Tuff. A gravity ridge was
delineated that stretches south from the Copper
Flats porphyry copper deposit to an area where
anomalous bismuth and tungsten were previously re-
ported. This ridge may come to within a kilometer of
the surface at a point about 8 km southeast of Hills-
boro, N. Mex.

TRACE ELEMENTS IN MINERALS

Trace elements in galena and sphalerite in the Montezuma
district of Colorado

Grains of galena and sphalerite that were hand
picked from vein material collected in the Monte-
zuma district of Colorado were analyzed by emission
spectrography. According to Theodore Botinelly, the
areal distributions of trace elements detected in
samples of these two minerals were found to be spa-
tially related to major geologic structures in the
district.

GEOCHEMICAL STUDIES OF WATER

Radon analyses of water in Carbon County, Wyoming

W. R. Miller and others (1977) conducted a pilot
study in the vicinity of Arrastre Lake in the Medi-
cine Bow Mountains of Carbon County, Wyoming, to
determine the most effective exploration methods for
uranium in the area. The so-called “Deep Lake For-
mation,” Precambrian X in age, is present in the
area and includes slightly radioactive conglomerates.
Radioactivity caused by radon was as high as 2,600
pCi/L in waters of the area, much higher than could
be accounted for by uranium in exposed rocks. The
results indicated that uranium mineralization is
present in subsurface rocks.

Stream water sampling in Puerto Rico

In a geochemical investigation of stream water in
the Rio Tanama porphyry copper district of Puerto
Rico, R. E. Learned and T. T. Chao found that the
copper concentrations in water delineated the inter-
fluvial areas of known deposits. The copper concen-
trations ranged from 1 to 50 ppb. The molybdenum,
lead, and zinc contents of stream waters appeared to
be much less useful for exploration purposes. The
sulfate content of stream water delineated a broad
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area of hydrothermal alteration around the deposits
and was therefore found to be a useful guide in
regional exploration. Low pH measurements were
characteristic of small tributaries draining areas of
hydrothermal alteration.

Radioactive spring site guides to uranium in southwestern
United States

The effects of four major geochemical processes
on the chemical composition and properties of radio-
active spring and ground waters were identified by
R. A. Cadigan and J. K. Felmlee who used multi-
variate factor analysis of sample information. Simi-
larly, the effects of five major processes involved in
the chemical composition of precipitates at spring
sites were also identified. Samples used in this study
represented 33 localities in Colorado, Utah, New
Mexico, and Arizona. Major factors, in order of im-
portance, controlling properties of these radioactive
waters (by analysis of variance?) were: (1) total
dissolved solids in solution, (2) true alkalinity, (3)
temperature, and (4) iron-uranium concentration.
Major factors controlling compositional properties
of precipitates of spring sites were: (1) amounts of
contamination by detritus and migrating salts, (2)
manganese precipitation, (3) iron-arsenic- beryllium
precipitation, (4) heavy metal precipitation, and
(5) barium-radon precipitation. .These nine geo-
chemical factors accounted for approximately 70
percent of variation in both sets of data. Differences
in water properties and precipitate composition
were found to be functions of variation in the in-
tensity at which the nine processes operated in dif-
ferent springs and in different geologic environ-
ments. Intensity levels were computed; the result
was a set of intensity scores—one for each process,
for each water and precipitate sample. Sample lo-
calities were also ranked by the use of nonparametric
ranking methods in terms of the overall level of in-
tensity at which the controlling geochemical factors
were operating. The higher ranked sample sites were
considered to be associated with areas having the
highest potential for significant uranium mineraliza-
tion.

Helium and radon in uranium exploration

Helium surveys conducted by G. M. Reimer
showed anomalous helium concentrations in soil gas
and subsurface water in the vicinity of various types
of uranium deposits. The anomalies were difficult to
interpret in view of the diverse geologic nature of
uranium deposits, but preliminary models were de-

veloped to aid the interpretation (Reimer and Otton,
1976). Several sampling techniques were success-
fully evaluated in order to enhance helium and
radon concentrations before analysis (Reimer,
1977). The results of these continuing investigations
indicated that helium data supported by radon
analyses can be useful in locating uranium min-
eralization.

NEW ANALYTICAL METHODS AND TECHNIQUES

New atomic-absorption method for tellurium

A new flame and flameless atomic absorption
method for the determination of tellurium in geo-
logical materials was developed by T. T. Chao, R .F.
Sanzolone, and A. E. Hubert. This method was found
to tolerate considerable amounts of iron in a sample
and was found to be both sensitive and rapid. A
sample is decomposed with a solution of hydrobromic
acid and bromine, ferric iron is reduced with
ascorbic acid, and tellurium is extracted into methyl
isobutyl ketone. An oxidizing air-acetylene flame is
used to determine tellurium in the 0.1 to 200 ppm
range. For samples containing 4 to 200 ppm Te,
analysis is done by the use of a flameless carbon-
rod atomizer after washing the organic extract with
0.4 normal hydrobromic acid to remove the residual
iron. The flame procedure is useful for rapid pre-
liminary monitoring, and the flameless procedure
can determine tellurium at very low concentrations.

MINERAL RESOURCE INFORMATION SYSTEMS
AND ANALYSIS

The Mineral Resource Information Systems and
Analysis program assists national mineral policy de-
cisionmaking and USGS resource programs by im-
proving methods of assessing and locating mineral
resources, as well as methods for the storage, re-
trieval, manipulation, and display of geologic and
commodity information for mineral resource evalua-
tion and prediction.

Highlights of the program for fiscal year 1977 in-
cluded:
¢ Development of a model to assess the interrela-

tions between energy and other input prices
and depletion on commodity costs with special
emphasis on the effect of such costs on substitu-
tion and recycling with respect to copper and
aluminum,
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® Development of a method to quantitatively ap-
praise the resource potential of a mineralized
area by using weighted aggregations of geologic
attributes including lithology, structure, mag-
netic intensity, and remotely sensed reflectance.
This method will be particularly useful in as-
sessing the resource potential of large regions
for purposes of land classification and land use
decisions.

¢ Application of the Arps and Roberts discovery
process model, which was initially tested and
found to produce very accurate predictions for
the Denver Basin, was found to produce nearly
as accurate predictions in the much more com-
plex Midland Basin and Gulf Coast OCS regions.

® Investigation of the exploration techniques of
firms operating in the Denver Basin, which in-
dicated that operators are making optimal use
of information obtained in the discovery his-
tory of the petroleum province.

® An analysis of petroleum discovery and produc-
tion data for the non-Communist world outside
the United States and Canada, which indicated
that the date of maximum petroleum produc-
tion for this area will occur during the decade
of the 1990’s. The peak of total world petroleum
production is predicted to occur before then.

® Worldwide computer conferencing on resource
data bases and resource-assessment methodolo-
gies was implemented and used by 141 geolo-
gists representing 10 countries for a total of

over 1,100 hours in 15 months, which is the

largest amount of data on the use of computer
conferencing in an operational environment to
date. Applications for the new communications
medium include sharing data bases, raising
policy issues, and disseminating scientific in-
formation.

¢ International standards and methodologies for re-
source assessments, primarily in developing
countries, were developed and have been ac-
cepted by over 40 nations. This provides, for
the first time, a means to conduct such studies in
a format useful to all nations for assessing
mineral resource and reserve endowment.

COAL

To appraise the amount and quality of coal re-
sources, the Coal Resources Investigation program
(1) conducts research to determine the physical and
chemical characteristics of coal; (2) collects,

analyzes, and evaluates geologic, geochemical, and
mining data to provide information for the selection
of future mines sites; (4) develops and uses geo-
physical techniques to aid in assessing the thickness,
depth, and composition of coalbeds; (5) determines
the geologic processes that partly or wholly control
the selection, development, and operation of existing
and future mines; (6) studies the organic, metallic,
and mineral contaminants in coal as related to
depositional environments, diagenesis, and complete
geologic history; and (7) continues expansion of the
National Coal Resources Data System (NCRDS).
Accomplishments for fiscal year 1977 included:

e Development and implementation of numerical
analysis techniques and graphic display capa-
bilities for coal-resource assessment studies.
The procedures operate in interactive, time-
shared mode on the USGS Multics computers
providing the coal-resource analysts with ex-
tended analytical techniques and more accurate
and rapid methods for conducting assessment
studies.

¢ Conduction of a detailed core drilling and sample
analysis study of Bureau of Land Management
(BLM) lands in Utah to determine their suit-
ability for leasing activities for evaluating their
reclamation potential and for predicting any
possible mining and environmental hazards.

o Estimation of the total original coal resources of
the Cache coalbed in the Recluse (Wyoming)
model area to be 2xX10° t. Study included geo-
logical mapping, core drilling, sample analysis,
and environmental analysis to determine that
recovery by conventional methods is possible.

® Development of a geophysical technique for cor-
relating coalbeds in areas where little other
data are available. Geophysical data from
>3,650 m of logging in 50 holes are valuable
in defining the geometry and thickness of coal-
beds so that potential mining sites may be
identified.

MINERAL EXPLORATION POTENTIAL MAPS

An experimental inventory and map showing min-
eral exploration potential in the Death Valley
1X2° quadrangle of California—-Nevada has been
published, and similar maps and tables for the
Needles quadrangle of California—Arizona and Med-
ford quadrangle of Oregon-California are in prepa-
ration. The publications clarify and document state-
ments about the exploration potential of these areas.
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GEOTHERM FILE

The GEOTHERM file is a fully operational data
base on geothermal resources. It is divided into three
subfiles, which are geothermal fields, wells, and
chemical analyses. The geothermal fields file con-
tains information of the location, geology, and geo-
thermal characteristics of geothermal fields/areas.
There are 290 fields listed from the United States.
The well file contains information on well localities,
depths, casings, pressures, flows, and temperatures.
There are 430 well records from the western United
States. The chemical analysis file contains water
quality data and temperatures from thermal waters.

COAL RESOURCES

REINHARDT THIESSEN COLLECTION NOW AT
RESTON, VIRGINIA

The Reinhardt Thiessen collection of coal thin sec-
tions, formerly housed in Columbus, Ohio, (U.S.
Geological Survey Research 1974, p. 7) is currently
available for reference and study at the USGS Na-
tional Center in Reston, Va. The collection consists
of more than 19 thousand slides from 682 different
localities and includes examples of coal from fields
in the United States and other parts of the world.
Of historic interest are the examples of coal used in
early studies on which were based the origin of coal,
coal classification, and the first quantitative system

of coal petrology. All available sections of coal stud-

ied by the U.S. Bureau of Mines and the USGS that
used Theissen’s system of petrography are included,
as well as some sections of oil shale and peat. The
collection is cataloged in USGS Bulletin 1432
(Schopf and Oftedahl, 1976) and is referenced ac-
cording to coal basins and geographic area. In addi-
tion to the slide collection, Thiessen’s point count
books and photomicrographs are also available for
inspection, as are more than 800 hand specimens of
coal collected by J. M. Schopf. Arrangements to
study all these items may be made by contacting the
Branch of Coal Resources, U.S. Geological Survey,
Mail Stop 956, Reston, Va. 22092.

GROWTH OF THE NATIONAL COAL RESOURCES
DATA SYSTEM

The National Coal Resources Data System
(NCRDS) continues to grow in size and use under
the direction of M. D. Carter and A. L. Medlin.

A. C. Olson’s systems software development is near-
ing completion

During the year, approximately 60,000 records on
coal resources and chemical analyses were added to
the system, which raised the total to nearly 86,000
records. Currently, the data base includes 31,000
coal resource tonnage records and 53,000 records of
USBM proximate and ultimate analyses, nearly all
records reported by coal bed on a State and county
basis. In addition, the NCRDS contains 2,300 geo-
detically-located records of proximate, ultimate,
major-, minor-, and trace-element analyses and as-
sociated data from the Branch of Coal Resources
geochemical program.

At present the NCRDS has cooperative arrange-
ments with five State geological agencies for col-
lection, correlation, transmission, entry, retrieval,
manipulation, and display of drill hole, chemical
analyses and other relevant coal resource-related
data, and the NCRS hopes for additional joint efforts
to promote rapid building of the data base.

COAL IN THE NEW RIVER GORGE AREA IN
WEST VIRGINIA

A ‘mineral-resource assessment was made jointly
by the USGS and USBM for a proposed National
Park or Wild and Scenic River of the New River
Gorge area in West Virginia (Englund and others,
1977). In this investigation, a total of 220X10° t
of original coal resources were mapped and identi-
fied. Mining has depleted about 38 percent or
83x10° t. Because of the large remaining coal re-
sources, 137x10¢ t, the proposed boundary was re-
duced substantially to eliminate large blocks of coal
from the park area. Core drilling in conjunction with
this investigation extended the known distribution
of economically important low-sulfur coal in central
West Virginia.

INTERTONGUING, PALEOCHANNELS, AND FAULTS
IN THE WASATCH PLATEAU IN UTAH

Lithostratigraphic environmental modeling of the
Blackhawk Formation and the Star Point Sandstone
in the Wasatch Plateau of Utah has resulted in the
reinterpretation of the genesis of these rock units
by R. M. Flores. Correlations of 125 closely spaced
stratigraphic sections in an area of 67 km? show
interfingering of the lower part of the Blackhawk
Formation with the upper part of the Star Point
Sandstone. A 20-m thick zone of this previously un-
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known intertonguing was traced for about 10 km in
a north-northwest direction in the Muddy Creek
area of the Wasatch Plateau coalfield by Flores,
P. T. Hayes, J. D. Sanchez, and W. E. Marley. The
trend should provide a useful guide to future ex-
ploratory drilling in the area. This relationship
demonstrates a very limited lateral continuity of the
thick, minable coalbeds in the lower part of the
Blackhawk Formation. Heretofore, these coalbeds
had been identified as having broad lateral extent
in the Wasatch Plateau; therefore, modifications in
earlier concepts of coal-bed correlation and con-
tinuity will be required, and estimates of coal re-
sources in the Wasatch Plateau probably will be
lowered. The lateral variations, nature of content,
sedimentary structures, petrographic properties,
trace- and macro-fossil content, and morphology of
the detrital rocks associated with coal suggest a
depositional continuum of the Blackhawk Formation
and Star Point Sandstone. That is, the lower and
middle parts of the Blackhawk Formation represent
delta plain deposits that grade seaward into the
delta front sediments of the Star Point Sandstone.
The Star Point Sandstone was originally inter-
preted as a barrier bar deposit.

In the central portion of the Wasatch Plateau coal-
field, E. G. Ellis has identified paleochannels that cut
into coalbeds of the lower part of the Blackhawk For-
mation. He has also located, within the area of coal-
mining interest in the Ferron Canyon 714-minute
quadrangle, some previously unmapped fault zones
of the north-trending graben system partially
mapped by Spieker (1931).

Mapping by L. F. Blanchard in the Johns Peak
T14-min quadrangle, Sevier County, Utah, has shown
a zone of intense normal faulting that trends
north-northeast and effectively forms the western
boundary of the Emery coalfield. The extreme len-
ticularity of coalbeds in the Ferron Sandstone Mem-
ber of the Mancos Shale observed on the outcrop was
confirmed by drilling. The investigations also showed
that the economically important Last Chance Creek,
Upper Last Chance Creek, and Ivie coalbeds in the
lower part of the Blackhawk Formation range from
1.2 to 2.7 m in thickness.

MONTMORILLONITE IN COAL PARTINGS

The mineralogy of bentonitic partings in coal is
directly related to the environment of the peat
swamp during or immediately following peat deposi-
tion, according to evidence presented by B. F. Bohor.

Samples of partings in the Fruitland coal in the San
Juan Basin, New Mexico, showed that amounts of
montmorillonite increased upward in the vertical
succession where the coal is overlain by marine beds
(Bohor, 1977). These relationships were confirmed
at the San Juan mine and at a similar section in the
Fruitland coal near Durango, Colo.

COAL RANK RELATED TO DEPTH OF BURIAL
AND BURIED INTRUSIVE ROCKS

Twelve channel samples of coal were collected
from five different beds by V. A. Trent, J. H.
Medlin, and S. L. Coleman at mines in a 38-km?
area in McDowell and Tazewell Counties in West
Virginia. The coalbeds are distributed through 265
m of strata in the Pocahontas and New River For-
mations of Early Pennsylvanian age. Standard
USBM chemical analyses of the samples show that
the rank of the coal spans the medium-volatile range
and increases with depth of burial of the bed. There
are direct proportional relationships between the
depth of burial of the coal and its fixed carbon con-
tent and carbon-hydrogen (C/H) atomic ratio, the
two most widely accepted indices of rank in car-
bonaceous materials. Linear regression curves were
fitted to the two sets of point data and the calculated
correlation coefficients are high for the number of
samples.

Research by G. P. Eager indicates that the rank
of the Upper Cretaceous coal in the Grand Mesa
field in Delta and Mesa Counties in west-central
Colorado is related to structural location within the
Piceance Creek Basin. Coal rank in the lower part
of the Mesaverde Formation changes from high
volatile B bituminous at an altitude of 1,460 m to
subbituminous B at an altitude of 2,440 m. Thinning
of the Tertiary formations over the structurally
higher, lower rank coal implies depth of burial as
the primary mechanism for rank variation.

The carbon-oxygen (C/0) ratios (dry basis) in
Cretaceous coal in the Somerset coalfield in Gunni-
son and Delta Counties in Colorado were found to
increase from about 5.5 to 30 eastward across the
field, which indicates an eastward increase in rank
of the coal. J. R. Dyni and D. L. Gaskill attribute
this increase in C/0O ratios to heating by laccoliths
that intrude the coal-bearing strata around the
eastern side of the coalfield. Coal having C/0O ratios
greater than about 7.5 has marginal or better coking
qualities; such coal is likely to be found in the east
and northeast parts of the coalfield. Carbon-oxygen
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ratios may be useful in delineating the boundaries
of buried intrusive rocks and in locating areas of
methane-enriched coal that may have considerable
value for in situ gasification.

GEOCHEMISTRY OF U.S. COAL RESOURCES

Vanadium content in coal

During the past year, 934 coal samples were
analyzed by the USGS for 60 to 80 inorganic ele-
ments and by the USBM for proximate and ultimate
determinations. According to Peter Zubovie, J. H.
Medlin, and C. L. Oman, results of analyses on more
than 2,700 coal samples from the United States
show the following mean values for vanadium con-
tent: Pacific Coast coal, 120 ppm; Alaskan coal, 60
ppm ; Rocky Mountain lignite, 59 ppm; Rocky Moun-
tain bituminous coal, 14 ppm ; Northern Great Plains
subbituminous coal, 17 ppm; Northern Great Plains
lignite, 7 ppm; and Appalachian bituminous coal,
22 ppm.

Sphalerite-bearing coal in lllinois

As determined by H. J. Gluskoter (Illinois Geo-
logical Survey), the sphalerite-bearing Colchester
(No. 2), Springfield (No. 5), and Herrin (No. 6)
coalbeds in the northwestern part of the Illinois
Basin coalfield contain approximate mean values of
629 ppm zinc and 6.0 ppm cadmium. Resources of
coal in Fulton, Knox, Peoria, and Stark Counties in
Illinois amount to 5,600x10¢ t. The mineral re-
sources in that amount of coal would be about
63.45x10° t zinc and 26x10® t cadmium. The
abundance of zinc and cadmium in sphalerite-bear-
ing coal must be determined from large samples that
are representative of both disturbed and undisturbed
parts of the coalbed. Disturbed parts of coalbeds
are characterized by fractures, faults, slips, and clay
dike intrusions, all of which may contain sphalerite.
A sampling program was developed that includes
composite auger, composite face channel, composite
face grid, channel, and bench samples. Results of
zinc and cadmium determinations on certain sample
types have a bimodal distribution. The lower mode,
which ranges from 100 to 500 ppm zine, corresponds
to samples that were collected in undisturbed parts
of the coal beds. Samples of the higher mode, which
range from 650 to 1,250 ppm zine, were collected
from disturbed parts of the coalbeds. The origin of
sphalerite in coal is thought to be the result of
warm, formational brines moving through the coal
along structural features such as cleats, fractures,

faults, and clay dikes. It is hypothesized that these
brines originated in deeper parts of the basin and
migrated updip in response to increasing hydraulic
pressures resulting from sedimentary loading in the
main part of the basin.

Hydrogenation of coal and sulfide minerals

Lignite from North Dakota and bituminous coal
from Illinois have been exposed by I. A. Breger to
a methane plasma produced by a radio-frequency
discharge in an attempt to obtain detailed informa-
tion about the chemical structure of coal and thereby
determine its best possible use. When in a vacuum
at ambient room temperature, the methane and coal
appear to react to produce light yellow to dark
brown products. The reaction leads to vaporphase
products that, condense to produce thin, non-crystal-
line films of the products that have atomic hydrogen—
carbon (H/C) ratios as much as 70 percent greater
than the ratios in the original coals. The ability to
hydrogenate coal under vacuum without a catalyst
and at ambient room temperature is of particular
interest in the conversion of coal to liquid fuel.

Breger has also exposed several copper and iron-
copper sulfide minerals to a hydrogen plasma pro-
duced when hydrogen gas is passed through a radio-
frequency discharge. A reaction between activated
hydrogen and (or) hydrogen-free radicals with the
sulfide mineral takes place at ambient room tem-
perature in a vacuum to produce metallic copper. A
patent application covering this “invention” will be
submitted.

Mass balances of trace elements at powerplants

Peter Zubovic’s studies of mass balances of 16 en-
vironmentally hazardous elements show that Be, Cr,
Cu, Ni, and V- are not emitted from powerplants in
amounts greater than that associated with the fly
ash passing through the entrapment equipment.
When this equipment is highly efficient, near zero
emission of these metals occurs. Mercury, chlorine,
and iodine are almost totally emitted from the power-
plants. Other elements have the following emission
ranges in percent: As, 0 to 74; Br, 43 to 96; Cd, 0 to
69; F, 0 to 90; Pb, 0 to more than 43; Sb, 0 to 98; Se,
0 to 65; and Zn, 0 to 40. This variability of emissions
from six different powerplants is similar to that re-
ported by other investigators.

Environmental pollution of the Everglades in Florida

Pollution of the Everglades from agricultural and
automotive sources is revealed by the enrichment of
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phosphorus, zinc, and lead analyzed in the uppermost
material of peat cores that were taken by Z. S. Alt-
schuler 150 to 200 m from the highway along the
Tamiami Trail in Florida. Although the pollution is
not extreme, phosphorus and zinc range from 2 to 4
times background, and lead, 10 to 20 times back-
ground. These results will aid the National Park
Service in evaluating the human impact on the Ever-
glades environment. Also, the anomalies are relevant
to understanding trace-element geochemistry in coal
for, in the case of phosphorus and zinc, they reveal
appreciable and widespread dispersion of soluble al-
lochthonous material from the farming district near
Liake Okeechobee; the lead in introduced from auto-
motive traffic.

NEUTRON ACTIVATION AND MAGNETICS OF COAL

The nuclear borehole sonde (U.S. Geological Sur-
vey Research 1976, p. 25) was successfully used for
in situ elemental analysis by high energy capture
gamma-ray spectrometry. A new borehole sonde has
been developed by F. E. Senftle, A. B. Tanner, J. L.
Mikesell, and R. M. Moxham (USGS) and R. J.
Macey (Princeton Gamma Tech., Inc.) to examine
the possibility of using low energy capture gamma-
ray analyses. Preliminary tests have been made in a
coalbed in Harrison County, Ohio, and the data are
still under study. Certain elements, such as oxygen,
that cannot be seen at high gamma-ray energies can
be seen in the low energy end of the spectrum.

Magnetic susceptibility, magnetization, and the
Curie constant were measured on about 50 samples
of lignite, bituminous coal, and anthracite by F. E.
Senftle, A. N. Thorpe, and C. C. Alexander. The mag-
netic properties varied drastically even in a small
hand specimen, and oxidation of the samples took
place by merely sitting in air. The Curie constant
was related to the carbon concentration and to the
heat value. Measurements are being made to deter-
mine the source of paramagnetic component of the
observed magnetic susceptibility.

OIL AND GAS RESOURCES
ALASKA

Petroleum potential of Lisburne Group in the North Slope

The Lisburne Group, a thick, dominantly ecar-
bonate unit of Mississippian and Pennsylvanian age,
is an important drilling objective in a large area of

northern Alaska. A comprehensive review of the
Lisburne in the subsurface of the eastern Arctic
Slope by K. J. Bird indicates possible reservoir rocks
in favorable source and migration settings, wherein
numerous trapping mechanisms appear to be avail-
able. Evaluation of this group is timely because of
current exploration programs in the Prudhoe Bay
area and in Naval Petroleum Reserve No. 4.

Dolomite and sandstone have been identified as
possible reservoir rocks. Oolitic grainstone is a com-
mon rock type, but observations indicate little reser-
voir potential owing to complete void filling by cal-
cite cement. The most important potential reservoir
rock, as judged by thickness, areal extent, and pre-
dictability, is microsucrosic dolomite of intertidal
and supratidal origin. Microsucrosic dolomite is pres-
ent throughout the Lisburne Group, and it is most
abundant near the middle of the sequence. North-
ward the microsucrosic dolomite decreases in thick-
ness from 300 m to <30 m. Porosity of the dolomite
in selected wells averages 10 to 15 percent and has a
maximum of slightly more than 25 percent. Net
thickness of reservoir rocks (i.e., rocks with greater
than 5 percent porosity) in these wells ranges from
40 to 120 m. Oil shows are common, and drill-stem
tests have yielded as much as 1,600 bbl/d of oil and
623,000 m*/d of gas in the Lisburne pool of the Prud-
hoe Bay field and as much as 2,057 bbl/d of salt-
water elsewhere. The widespread occurrence of

‘mierosucrosic dolomite in the studied area makes its

presence in the offshore Beaufort Sea and adjacent
Naval Petroleum Reserve No. 4 fairly certain. The
presence of a sandstone facies as thick as 40 m in the
middle and upper parts of the Lisburne in two coast-
al wells suggests that larger areas of sandstone may
be found to the north in offshore areas. Shows of oil
and gas and a saltwater flow of 1,470 bbl/d have been
recorded from this sandstone facies.

Shales of Permian and Cretaceous ages uncon-
formably overlie the Lisburne Group, providing ade-
quate sealing beds above potential reservoirs. Im-
permeable limestone (completely cemented grain-
stone) and thin beds of shale may serve as seals
within the Lisburne, but the possible presence of
fractures in these units may negate their sealing
capability.

The most favorable source rock for hydrocarbons
in the Lisburne Group appears to be shale of Cre-
taceous age that unconformably overlies the Lis-
burne east of Prudhoe Bay. This shale is reported to
be a rich source rock and is the most likely source
for the entire Prudhoe Bay field. A source within the
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Lisburne or within the underlying Kayak Shale is
postulated for oil shows in the southernmost wells.
This postulated source may be in a more basinal
facies of the Lisburne and may be similar to dark
shale in the upper part of the Lisburne in thrust
slices in the Brooks Range. Coal in the underlying
Endicott Group is a possible source for dry gas. At
present, much of this coal probably is in a gas-
generating regime downdip from the Prudhoe Bay
field.

Stratigraphic traps involving the Lisburne Group
may have resulted from widespread Permian and
Cretaceous unconformities. Structural traps related
to normal faulting may be present along the trend of
the Barrow arch, and faulted anticlines are numer-
ous in the foothills of the Brooks Range. Combina-
tion traps are possible along the trend of the Barrow
arch.

Petroleum potential of Tertiary formations on Alaska peninsula

Analysis of outcrop samples by 1. F. Palmer and
J. G. Bolm (USGS) and W. M. Lyle (Alaska Div. of
Geological and Geophysical Surveys) suggests that
porosity and permeability of sufficient quality to con-
stitute potential petroleum reservoirs exist in young-
er Tertiary formations on the Alaska peninsula.
Kerogen studies indicate a moderately immature to
mature regime of hydrocarbon maturation in possi-
ble source rocks and a capability for generation of
either dry gas or liquid hydrocarbon. Many analyzed
samples yield a C,;;* hydrocarbon extract in excess
of 300 ppm.

ROCKY MOUNTAINS AND GREAT PLAINS

Hydrocarbon potential of Disturbed Belt in northwestern
Montana

The northern part of the Disturbed Belt has a high
potential for natural gas accumulations, as deter-
mined by D. D. Rice (1977). Petroleum probably was
generated in Jurassic and older marine shales and
expelled, migrated, and accumulated in stratigraphic
traps prior to early Tertiary orogeny. Some of these
traps were associated with northeasterly-trending
linaments. The oil was thermally cracked, converted
to methane-rich gas and condensates, and redis-
tributed into primarily structural traps associated
with the thrust faulting and associated structures.
The faulted eastern edge of reservoir rocks in the
upper plate of a thrust block is probably the primary
type of structural trap; associated folding is a sec-
ondary type.

The primary reservoir target is carbonate rocks of
Mississippian age, which are the primary reservoirs
in the Alberta Foothills to the north and in the
Sweetgrass arch to the east. Porous zones are de-
veloped in areas of secondary dolomitization or or-
ganic buildups, such as encrinites. Previously un-
evaluated reservoirs may be present in underlying
Devonian carbonate rocks, such as the Birdbear
Member of the Jefferson Formation. Potential reser-
voirs in clastic rocks, such as the Jurassic Swift and
Cretaceous Kootenai Sandstones, are regarded as
secondary targets because of clay infilling and dia-
genetic effects associated with deformation.

Hydrocarbon potential of proposed Great Bear Wilderness in
western Montana

The potential for discovery of petroleum and
natural gas, but mainly gas, is very high for most of
the Great Bear Wilderness in western Montana, ac-
cording to M. R. Mudge, R. L. Earhart, and G. E.
Claypool. Excellent source and reservoir rocks are
present in the study area. Surface mapping of strue-
tures indicates that subsurface structures favorable
for hydrocarbon accumulation may occur at depth.
However, they cannot be determined without seis-
mic surveys. Forty-two outcrop samples from the
Wilderness and nearby areas were analyzed and
evaluated as hydrocarbon source rocks. Organic mat-
ter in rocks of Jurassic and Early Cretaceous age
has the capacity for generating natural gas, and
burial of these rocks beneath thrust plates should
have generated significant amounts of gas at a time
favorable for trapping. Petroleum probably will not
be found in reservoir rocks in most of the study area.
However, possible petroleum source rocks of Late
Cretaceous age are present near the western part of
the study area, and oil occurrences there may have
developed when these rocks were deeply buried by
thrust plates with thick rock sequences. These data
probably explain the production of oil between 1902
and 1906 from a depth of about 150 m in Upper Cre-
taceous rocks in the east part of Glacier National
Park and oil seeps in other parts of the eastern
Rocky Mountains in northwestern Montana and ad-
jacent parts of Canada.

New biostratigraphic, paleogeographic, and tectonic data on
Cretaceous rocks in Minnesota and eastern South Dakota

Upper Cretaceous strata in mines and quarries of
northern and western Minnesota and eastern South
Dakota were examined by E. A. Merewether, W. A.
Cobban, and G. W. Shurr as part of a regional in-
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vestigation of Cretaceous unconformities. Index fos-
sils from outcrops and specimens in collections at
the University of Minnesota were identified and re-
lated to the ammonite zonation of the Cretaceous
Western Interior sequence by Cobban. Many of the
Cretaceous beds in Minnesota and eastern South
Dakota now can be correlated with strata in the
Rocky Mountain area. The ages of the fossils and
the altitudes of the fossil localities in Minnesota
and eastern South Dakota are interpreted as evi-
dence of slight differential crustal movement in the
region during or after early Late Cretaceous time.

The studied Cretaceous beds contain marine. fos-
sils of Cenomanian and Turonian Age and discon-
formably overlie Precambrian igneous and meta-
morphic rocks. Near Calumet, in northern Minn-
esota, a basal Cretaceous conglomerate contains the
ammonite Dunveganoceras albertense (Warren) of
later Cenomanian Age, other mollusks, reptillian
bones, and fossil wood. The basal strata in the east-
ern part of the area also contain fossils of brackish-
water origin. The marine fossils and conglomeratic
beds probably represent a near-shore depositional
environment of moderate to high wave energy. Near
Bellingham, in western Minnesota, Precambrian
granite is overlain by limestone and pebble-bearing
shale, which contain Inoceramus labiatus (Schlo-
theim) of early Turonian Age, other mollusks, and
abundant fish bones. The basal strata near the town
of Milbank, in northeastern South Dakota consist
of slightly calcareous pebble-bearing shale, which
contains Collignoniceras woollgari (Mantell) of
early to middle Turonian Age, other mollusks,
abundant fish bones, and large fragments of fossil
wood. A few of the bedding planes display branch-
ing burrows, about 1 em in diameter, which are
probably Thalassinoides. The fossils, burrows, and
scattered sand and pebbles in the shale and lime-
stone of the Milbank-Bellingham area are inter-
preted to evidence a near-shore depositional environ-
ment of low to moderate wave energy.

Sloan (1964, p. 5) determined that the uncon-
formity at the base of the Cretaceous sequence in
Minnesota had a relief of as much as 427 m prior
to Cretaceous deposition. The new data support his
suggestion (Sloan, 1964, p. 15, figs. 2 and 11) that
the Cretaceous sediments accumulated between the
islands and peninsulas of a dominantly granitic and
metamorphic coastal region during a period of
marine transgression.

In northern Minnesota, where the basal conglom-
erate contains Dunveganoceras albertense (Warren)’

of late Cenomanian Age, the altitude of the uncon-
formity is 420 to 440 m. At the town of Comfrey, in
southern Minnesota, the same ammonite was found
in shale at an altitude of about 345 m. The Cenoma-
nian strata in the northern part of Minnesota seem
to be about 75 to 95 m higher than beds of the same
age in the southern part of the State. In the Mil-
bank-Bellingham area, where the basal strata are of
early to middle Turonian Age, the altitude of the
unconformity is 290 to 330 m. Thus, the altitude of
the unconformity is greater in northern Minnesota
than it is in southern Minnesota and adjacent South
Dakota. This difference in altitude seems to indicate
minor tectonism in the region during or after early
Late Cretaceous time, rather than remnant depres-
sion of the crust caused by continental glaciers. De-
pression probably would be directly opposite and
greater in northern than in southern Minnesota.

Natural gas resources of shallow, low-permeability (tight)
reservoirs of the northern Great Plains

Geological investigations by D. D. Rice and G. W.
Shurr and analysis of recent exploration activity in
western Canada indicate that major natural gas re-
sources are entrapped in reservoirs of low perme-
ability at depths of less than 1,200 m in the north-
ern Great Plains area of eastern Montana, western
North and South Dakota. and northeastern Wyo-
ming. These shallow accumulations of gas, which
consist predominantly of methane, are the product
of the immature stage of hydrocarbon generation
and are referred to as biogenic gas.

Prospective low-permeability (tight) gas reser-
voirs in the northern Great Plains range in age
from late Early Cretaceous to Late Cretaceous and
include most of the sequence from the Mowry Shale
to the Bearpaw Shale. Individual reservoirs are thin,
discontinuous siltstone and sandstone beds enclosed
in thick sequence of marine shale. Shale, where
naturally fractured, may serve both as a source rock
and as a potential reservoir. Laterally continuous
marls in the Greenhorn, Carlile, and Niobrara For-
mations that have high porosity but low perme-
ability, are potential targets for exploration, par-
ticularly in the eastern part of the study area. All
of these tight reservoirs were formed in sediments
deposited in a low-energy, marine-shelf environment
along the north-trending Western Interior seaway.

Gas production from tight reservoirs north of the
study area is reported from the southern part of
22 m 3/km 2. Using these reserve data as an analog,
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the northern Great Plains area should contain re-
sources of natural gas in excess of 3 trillion ms. The
volume of recoverable gas will be dependent on the
development of recovery technology and on gas
prices.

Hydrocarbon accumulation in Cretaceous shallow-marine sand-
stones of the northern Denver Basin

Surface and subsurface studies by L. W. Kiteley
of the Pierre Shale (Upper Cretaceous) in the
northern Denver Basin have established a regional
lithologic and time-stratigraphic framework for
sandstone units within the Pierre Shale. Paleon-
tologic information indicates that the “Shannon”
and “Sussex” sandstones of drillers’ informal subsur-
face usage in the Denver Basin are entirely different
in age from and depositionally unrelated to the type
Shannon and Sussex Sandstone Members of the
Steele Shale (Upper Cretaceous) in Wyoming.
Stratigraphic correlations indicate that the so-called
Shannon and Sussex sandstones are approximately
equivalent to the Parkman Sandstone Member and
younger beds of the Mesaverde Formation (Upper
Cretaceous) in the Powder River basin. Consequent-
ly, Hygiene and Terry Sandstone Members of the
Pierre Shale should be used in the'place of Shannon
and Sussex in the Denver Basin.

In the northern Denver Basin the upward in-
crease northwestward from Boulder, Colo., of sand-
stone interbeds within the Pierre Shale indicates
a major eastward regression of the strandline.
Analyses of outcrop data suggest that the lower
third of the Pierre was deposited in open-marine en-
vironments, the middle third in shallow-marine en-
vironments, and the upper third in open-marine to
very near shore environments. Computed rates of
deposition for the Hygiene and Terry Sandstone
Members indicate that the source of sand for these
members probably was a delta, which lay to the
north and northwest in north-central Colorado and
south-central Wyoming. Stratigraphic relations and
computed rates of deposition of the Hygiene near
Boulder, Colo., where it is thickest, indicate rapid
accumulation in a locally subsiding basin. The rapid
accumulation in this area, where both the Hygiene
and the Terry produce oil and gas, is believed to
have favored preservation of potential source rocks.
Hydrocarbon accumulation in producing sands is in
an area of updip facies change from sands to low
permeability, lower energy siltstones and shales.

GREAT BASIN AND CALIFORNIA

Permian source rocks, northeastern Great Basin

Initial laboratory analyses of samples of organic-
rich shale beds collected by E. K. Maughan from the
Permian Phosphoria Formation and Park City
Group in Box Elder and Tooele Counties, Utah; Elko
County, Nevada; and Cassia County, Idaho; indi-
cate organic-carbon contents as high as 5.4 percent
in some beds. Most of the analyses, however, indi-
cate contents of less than 1 percent. The higher or-
ganic-carbon values are from the Meade Peak Mem-
ber of the Phosphoria Formation in the Terrace
Mountains in Box Elder County. The Meade Peak
Member attains a maximum thickness of 65 m there,
but it thins and seems to wedge out westward within
Elko County, in northeastern Nevada. A tentative
evaluation of the shale beds as a source of petroleum
is indicated by their regional extent, volume, and
relatively high organic-carbon content. Petroleum
may have been generated throughout most of the
four-county area, but the better source beds and
most likely the center of petroleum generation are
in central Box Elder County, near the northern
arm of Great Salt Lake in Utah.

Early gas discovery in Cordilleran hingeline area in Utah

A new gasfield has been discovered in an area,
the petroleum potential of which had been predicted
earlier by C. A. Sandberg and R. C. Gutschick
(1977) in U.S. Geol. Survey Open-File Rept. 77-121
released in February 1977. The same prediction was
made by these authors and W. J. Sando in Geological
Survey Research 1977. The discovery well, Ameri-
can Quasar Petroleum Co. No. 1-20 Hogback Ridge,
in sec. 20, T. 13 N., R. 7 E., Rich County, Utah,
was first tested in June 1977 and was completed in
September and October 1977 producing from two
zones : 280,000 m? of gas per day from the Permian
Phosphoria Formation at a depth of 3,070 to 3,120
m and 635,000 m? of gas per day from the Dinwoody
Formation (Triassic) at a depth of 2,887 to 2,936 m.
The well is located only 10.5 km northeast of the
measured section of the phosphatic shale member
of the Little Flat Formation (Mississippian) at Old
Laketown Canyon near the south end of Bear Lake
in Utah. On the basis of regionally low conodont
color alteration index (CAI) values of 1 to 114 for
conodont collections from this and other localities,
Sandberg and Gutschick (1977, p. 9-10) success-
fully predicted in two consecutive years that both
the southern Pavant Range and the area around
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Bear Lake in northern Utah offer the best prospects
for successful petroleum exploration of the Cor-
dilleran hingeline in Utah, that (2) in this area the
oil expelled from the phosphatic shale member may
have migrated upward into upper Paleozoic or
Mesozoic formation, and that (8) the Trap Spring
oilfield in Nevada lies within a “cold spot” area
where thermal maturation of hydrocarbon has not
progressed beyond optimum temperatures.

“Cold spots” were described by Sandberg and
Gutschick (1977, p. 8) as the opposite of ‘“hot spots,”
which are caused by mantle plumes. They theorized
that “cold spots” could be caused by convection cur-
rents in the mantle and would produce abnormally
low geothermal gradients in the overlying conti-
nental crust. In such areas, Paleozoic source rocks
would have been refrigerated and would have had
their thermal maturation retarded so that they are
now at or near optimum temperatures for genera-
tion and expulsion of petroleum and natural gas.

Rates of sedimentation of petroleum source rocks in Utah,
Nevada, and Idaho

C. A. Sandberg and F. G. Poole (1977) proposed
a method for determining the rates of sedimentation
of petroleum source rocks and non-source rocks by
using conodont zonation. They use as a model the
depositional basin of the Upper Devonian (Fras-
nian and lower Famennian) lower member of the
Pilot Shale in western Utah and eastern Nevada. It
is assumed that the combined length of the Frasnian
and Famennian Stages is 18 m.y. based on current-
ly accepted radiometric age dates and divided by the
27 conodont zones in the standard Upper Devonian
conodont zonation. Because the zonation is based
primarily on the phylogeny of a single conodont
genus, Palmatolepis, that evolved very rapidly un-
der optimum stable ecological conditions across at
least half the diameter of the Earth, the zones are
arbitrarily assumed to have a duration of the same
order of magnitude. The length of a single Upper
Devonian conodont zone can be calculated to rep-
resent approximately 0.5 m.y. From this figure and
interpretations of the lithologic character of the
sediments, it was determined that (1) the better
source rocks were deposited at a rate of 32 to 55
m/m.y. and (2) flyschlike sediments that contain
fewer source beds and more terrigenous material
were deposited at a rate as high as 160 m/m.y. The
rate of starved sedimentation, which did not pro-
duce source rocks because of aerobic bottom condi-
tions, was only 4.5 to 6 m/m.y. The sedimentation

of aerated shallow-water shelf carbonate rocks sur-
rounding the Pilot Basin took place at a rate of
40 m/m.y. It was also determined by applying the
same method to Lower Mississippian rocks that
calcareous Antler flysch sediments, which contain
interbedded source rocks, were deposited at a rate
of 267 to 400 m/m.y. in the Pioneer Mountains of
central Idaho.

Many source beds accumulate where a moderate to
rapid rate of sedimentation preserves organic matter
from seafloor scavengers. However, source beds also
can accumulate in starved phosphatic basins where
the rate of sedimentation is about 10 m/m.y. Such a
slow rate of sedimentation took place in the basin of
the Mississippian (Osagean to lower Meramecian)
phosphatic member of the Deseret Limestone in
Utah. There, dysaerobic (minimal-oxygen) condi-
tions on the seafloor reduced the number of scaveng-
ers, so that the organic matter was preserved and
source beds were produced.

Mineralogic character of some hydrocarbon reservoirs in
Uinta Basin, Utah

Some reservoirs in the Green River Formation
(Paleocene and Eocene) at Pariette Bench field are
fractured, marginal-lacustrine channel-form sand-
stone interbedded with calcareous and carbonaceous
claystone and some grain-supported carbonate, ac-
cording to J. K. Pitman and T. D. Fouch. Rocks
formed in similar depositional environments produce
oil and (or) gas in Utah at Ute Trail, Natural
Buttes, and Altamont-Bluebell fields. Petrographic
and X-ray diffraction analyses indicate the primary
mineral constituent is very fine to fine, subrounded
to angular grains of quartz; alkali and plagioclase
feldspar, Ca-Mg-Fe carbonate, heavy minerals, and
clays are present in minor amounts. Dominant
framework grains are monocrystalline quartz ex-
hibiting straight grain contacts. Scanning electron
microscope (SEM) analyses indicate that complex
detrital and authigenic carbonate, clay, and zeolite
assemblages fill intergranular pore space cementing
the framework grains. Little evidence for extensive
compaction, pressure solution, and quartz over-
growths indicates that much of the cementation may
have taken place during early diagenesis. Clay min-
eral constituents are interstratified mixed-layer il-
lite-smectite and chlorite.

Sedimentation, tectonics, and petroleum potential of California
Coast Ranges

Within California, there are principally four Up-
per Cretaceous depo-tectonic terranes: (1) an are



22 GEOLOGICAL SURVEY RESEARCH 1978

terrane (Sierra Nevada-Klamath Mountain crystal-
line basement), (2) a regional fore-arc basin (Great
Valley sequence, sedimentary rocks), (8) a subduc-
tion complex (Franciscan assemblage, sedimentary
and metamorphic rocks), and (4) a wrench-tec-
tonic(?) borderland (Salinian block; plutonic, meta-
morphic, and sedimentary rocks). The first three
terranes follow the arc-trench gap model of W. R.
Dickinson, and reflect underthrusting of the oceanic
Farallon plate beneath the continental North Ameri-
can plate. The original distribution of these terranes
has been greatly modified because of late Tertiary
faulting (San Andreas fault system) between the
Pacific and North American plates. Sandwiched
within the disrupted pattern of the first three ter-
ranes is a relatively young plutonic clastic terrane of
the Salinian block. The geologic relations of this
allochthonous body suggest a major episode of Late
Cretaceous transform faulting. D. G. Howell, J. G.
Vedder, and Hugh McLean recognized within the
Salinian block, five distinct sedimentary basins, each
characterized by abrupt, lateral and vertical litho-
facies changes. Locally, the sediments that lie dep-
ositionally on plutonic rocks postdate by only 10
m.y. the emplacement age of this crystalline base-
ment. This minor difference in age and the litho-
facies patterns suggest active and complex tectonic
and depositional relations.

Deposition in restricted basins, such as those in
the Salinian block, can provide a favorable setting
for petroleum accumulation. Preliminary analyses
indicate, however, that the source-rock potential is
very low and the quality of reservoir rocks is poor.

APPALACHIAN BASIN AND FLORIDA

Possible stratigraphic controls for Devonian gasfields in the
Appalachian Basin

Isopachs of the black shale facies of Middle to Late
Devonian age in the Appalachian Basin outline two
distinct north-trending belts of thick black shale
accumulations separated by a transition zone of
thinner black shale, according to L. D. Harris. The
thick belts apparently accumulated at different times
during separate near-stillstand episodes in the
growth of the Catskill delta. The thicker and earlier
belt accumulated in the eastern part of the Appa-
lachian Basin during Middle to Late Devonian time;
whereas, the second belt accumulated mainly during
Late Devonian time in the western part of the basin.
Commercial gas production from the black shale
facies is confined to the western black shale belt and

part of the adjacent transition zone. The Big Sandy
gasfield in Kentucky and West Virginia is centered
over two major partly coalesced black shale lobes
within the western black shale belt. Limited data
suggest that the largest initial and stimulated pro-
duction occurs from wells drilled along the crestal
regions of lobes in the Big Sandy field. Conversely,
initial and stimulated production decreases on the
slopes of lobes as the thickness of the black shale
decreases. Thus, a correlation may exist between
thickness of black shale and potential gas produc-
tion. Other thick lobes, which are relatively untested
by modern well completion and stimulation methods,
underlie parts of central Ohio.

Hydrocarbon maturation in Kentucky and Virginia

Core samples of black shale of Devonian age from
Martin County, Kentucky, and Wise County, Vir-
ginia, were canned at the well site. After outgassing
in the cans for periods of 3 to 4 months, the
amount and chemical composition of the gas, and the
stable carbon isotope ratio of the methane in the gas
were measured. According to G. E. Claypool and
C. N. Threlkeld, differences in the amounts and com-
positions of the gases are due to the marked differ-
ence in temperature history at the two localities. This
difference in temperature history is suggested by
present depth of burial and published conodont al-
teration and coal rank studies in the overlying rocks.
The difference in thermal maturity is confirmed by
geochemical analyses, such as thermal analysis,
which indicates that the solid organic matter (kero-
gen) has evolved to an early post-mature stage at
Wise County; whereas, it is in a mature stage at
Martin County. The original nature of the organic
matter at these localities is believed to have been the
same. ’

Quick evaluation by gamma-ray intensity and density crossplot
of Devonian shale in West Virginia

J. W. Schmoker has found that the density cross-
plot versus gamma-ray intensity from a sequence of
shale of Devonian age penetrated by three wells in
Lincoln County, West Virginia, is linear. A linear
crossplot is predicted from geochemical considera-
tions, assuming that organic content is the only
variable producing changes in formation density.
Thus, quantitative evidence is obtained that factors
such as shale mineralogy, porosity, or pore-fluid type
have only a second-order effect upon density
changes. The gamma-ray log can be used (1) to dis-
tinguish lithologic and stratigraphic units in the
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Devonian shale sequence in this area and (2) to esti-
mate their density to +.02 g/em?® (at a 68 percent
confidence level). The crossplot between density and
gamma-ray intensity can be used as a preliminary
tool to identify intervals that differ from the normal
section in that factors other than organic content are
contributing to density changes. Such factors could
include the presence of siltstone, increased porosity,
or gas as a pore fluid, all of which would be favor-
able for gas production.

Source-rock potential of South Florida Basin

Preliminary studies by J. G. Palacas indicate that
in the South Florida Basin, carbonate rocks of Early
Cretaceous (Comanchean) age are relatively richer
in average organic-carbon content (0.41 percent)
than those of earliest Cretaceous (Coahuilan) age
(0.28 percent), Late Cretaceous (Gulfian) age (0.18
percent), and Paleocene age (0.20 percent). They
are also nearly twice as rich as the average carbon-
ate rock worldwide (0.24 percent).

Possible petroleum source rocks were noted in
almost each subdivision of the Coahuilan and Co-
manchean Series, particularly in the subsurface
units of the “Fredericksburg ‘B’ 7, upper and lower
parts of the Sunniland Limestone, “Trinity ‘F*”,
and Punta Gorda Anhydrite.

Preliminary analyses also indicate that in most of
the analyzed carbonate samples, about 80 percent
of the solid organic matter is the marine, amor-
phous, hydrogen-rich, oil-prone type of kerogen.
Consistent with this finding is the relatively high ap-
parent conversion of organic matter to hydro-
carbons, commonly ranging from 4 to 15 percent, in
the majority of these samples, particularly from the
Lower Cretaceous.

OFFSHORE AREAS

0il and gas resources of the Outer Continental Shelf

Geologic assessments of undiscovered resources
of oil and natural gas for several areas of the Outer
Continental Shelf (OCS) that were proposed for
leasing, including the Bristol Basin off Alaska, the
Oregon—-Washington OCS, the Central and Northern
California OCS, and the South Atlantic—Blake Pla-
teau continental margin, have been completed by a
USGS team. The assessments (McCulloch and
others, 1977; Snavely and others, 1977) suggest that
significant quantities of undiscovered recoverable
oil and gas may reside in these areas. The Bristol
Basin of the Bering Shelf was considered to have

the greatest potential of these four areas with its
undiscovered recoverable resources estimated to be
0 to 2.5 10° bbl of oil and 0 to 5.4X102 ft* of gas
at the 95 percent and 5 percent probabilities of oc-
currence of the low and high ranges, respectively.
This area was followed closely by the South At-
lantic-Blake Plateau continental margin and the
Central and Northern California OCS. The Oregon-
Washington OCS appears to be least attractive.

0il and Gas resources of the Gulf of Mexico

A new assessment of the undiscovered oil and gas
resources of the western Gulf of Mexico clastic
province from east of the Mississippi delta westward
and southward to the United States—Mexico border
has been completed by a USGS team. The team com-
prised B. M. Miller, R. S. Pike, E. W. Scott, R. B.
Powers, G. D. Lambert, B. T. Vietti, K. H. Carlson,
and William Markewich. They were assisted by
R. J. Cassidy (USGS) and E. E. Remmenga (Colo-
rado State University). The resource appraisal is a
report on (1) assessments of the in-place undis-
covered oil and gas resources by major stratigraphic
units or depth intervals; (2) assessments of the
distributions by size and number of the undiscovered
oilfields and gasfields for each of the above units;
(3) assessments relating to the distributions by
depth of occurrence of the undiscovered resources;
and (4) the projected finding-rates for crude oil and
natural gas. The results of these assessments are
reported in graphic form as probability and fre-
quency distributions for the subprovinces or zones
as defined by water depths of 0 to 200 m, 200 to
1,000 m, and 1,000 to 2,500 m within the Gulf of
Mexico.

NEW EXPLORATION AND PRODUCTION
TECHNIQUES

Detection of marine oil slicks as a petroleum exploration tool

Recent work by R. D. Watson, M. E. Henry, A. F.
Theisen, T. J. Donovan, and W. R. Hemphill sug-
gests the suitability of using a Fraunhofer Line
Discriminator (FLD), operating in an imaging
mode, to detect marine oil slicks. This technique may
be used for reconnaissance exploration of submarine
oil seeps as well as for pollution monitoring. Air-
borne measurements of the areal extent of oil from
selected seeps in the Santa Barbara Channel in Cal-
ifornia displayed high sensitivity and realtime
display of luminescence gray-level maps that include
up to 94 gray levels. No change in luminescence with
oil-film thickness occurs for the Santa Barbara
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measurements owing to the high specific gravity of
the oil. However, laboratory measurement on a suite
of oil samples with lower specific gravities, ranging
from 0.73 to 0.96, indicates positive correlation be-
tween oil-film thickness and luminescence.

Application of stable carbon isotopic ratios to exploration for
deep-water source sediments

P. A. Scholle made analyses of the stable carbon
isotopic ratios of carbonate carbon from chalks and
related deep water limestones of Jurassic to Ter-
tiary age. Closely spaced samples were collected
from stratigraphically well-controlled sections in
England, Germany, Italy, and Mexico. Preliminary
results indicate that maxima carbonate carbon ratios
(8Cys; PDB=+4.0 occur near the Cenomanian-
Turonian and Aptian—Albian boundaries. Minima
ratios occur at the Turonian—Coniacian and
Maestrichtian—Danian boundaries. These carbon
isotopic variations have now been correlated in lime-
stones from five European localities across more
than 1,500 km. Apparently, the major positive car-
bon intervals also correlate with time intervals of
accumulation of organic-rich black shales in the
North Atlantic Basin as determined from DSDP
drilling. Thus, this study may not only provide for
isotopic correlation of sediments but also may serve
as an indicator of time intervals of unusually high
organic carbon preservation in basinal sediments. In
turn, it might be predicted that Atlantic basinal
sediments of Aptian and Albian, and to a lesser ex-
tent of Cenomanian—Turonian Age, may be eco-
nomically significant source intervals for hydro-
carbons.

Studies of eolian deposits aid production problems

Recent findings by T. S. Ahlbrandt that can be
applied to petroleum production problems associated
with eolianites (Lupe and Ahlbrandt, 1975) include:
(1) statistical methods of differentiating eolian bed-
forms with strike and dip or borehole dipmeter data,
(2) detailed analyses of primary and secondary
structures in dune and interdune deposits, and (3)
recognition within eolian deposits of indigenous
hydrocarbon sources and burrows previously
thought to be incompatible with eolianites.

Data from an eolian sand trap, developed by S. G.
Fryberger and Ahlbrandt, demonstrate that field
sand movement rates are less than predicted by wind
tunnel studies because of armoring of dune and in-
terdune surfaces. Short- and long-term pulses of
wind energy may correlate to individual laminae and

beds, suggesting that the different laminae styles
observed in eolian deposits may correspond to wind-
energy level.

Application of helium surveys to petroleum exploration

Two new surveys by A. A. Roberts, T. J. Donovan,
Mary Dalziel, and R. L. Forgey of the concentration
of helium in soil gas over known petroleum reser-
voirs further demonstrate the utility of such surveys
in oil and gas exploration.

A traverse was made across a newly discovered
oilfield at Rublesanto, Guatemala, and off-structure
southward to a second untested structure. Helium
values were found to be high over the known oil
reservoir and to drop to background off-structure.
High helium values were not found over the second
structure; this suggested that drilling there would
be unsuccessful. A wildcat well being drilled at the
time of the survey was subsequently found to be dry,
proving the prediction of the helium survey.

A helium survey was also completed over the Ce-
ment oilfield near Chickasha, Oklahoma. A grid of
about 150 samples showed an area of high helium
values that had the same general shape and size as
the oilfield and that lay directly over it. Thus, most
of the producing and dry wells would have been cor-
rectly predicted had a helium survey been used as
an exploration tool.

These two surveys support the hypothesis that
near-surface helium anomalies can sometimes be
used as indicators of buried petroleum deposits. The
helium surveying technique has proved to be a quick,
inexpensive, and environmentally non-destructive
exploration tool under a wide variety of climatic con-
ditions, from the tropical rain forest in Guatemala
to the semi-arid plain in Oklahoma.

New seismic procedure for locating stratigraphic traps

Measurements of the attenuation of seismic
waves, made by A. H. Balch, M. W. Lee, and R. T.
Ryder, indicate that sand percentage in some rock
formations can be estimated by measuring seismic
aftenuation. An empirical relation between seismic
attentuation and sand percentage has been observed
in the Minnelusa Formation (Pennsylvanian and
Permian) in the Powder River basin in Wyoming.
Measurements made in several parts of the Min-
nelusa in two wells invariably indicated that in-
creased sand percentage was associated with an
increase in seismic attenuation.

Vertical seismic profiling was used to make the
attenuation measurements. This procedure involves
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lowering a special geophone into a well on a conven-
tional logging cable, energizing a seismic source at
the surface, and measuring the resultant wave field
in the earth. Important acoustic properties of the
subsurface reflecting layers are thus measured.
Some of these properties may be related to the
presence or absence of petroleum. The procedure
also permits a better interpretation of surface seis-
mic data because reflected events can be traced from
the surface to their source, deep in the ground. If
the preliminary results from the Minnelusa Forma-
tion can be substantiated by further measurements,
a valuable aid to seismic exploration may result.

Accuracy of borehole gravity data

Using the LaCoste and Romberg borehole gravity
meter, J. W. Schmoker made repeated subsurface
gravity measurements to determine the accuracy of
the borehole gravity data and thus the precision of
bulk densities calculated from the borehole gravity
measurements. Schmoker found that the likelihood
of poor interval gravily measurements increases
sharply for intervals in the well >45 m, and in-
creases approximately linearly with increasing time
between readings. Contrary to expectations, data
quality does not improve with the passage of time
from the beginning of a survey. In a properly de-
signed borehole gravity survey, the gravity differ-
ence between two points in a borehole can be meas-
ured to +£10 pgals. This translates to a density error
of .02 g/cm?® or less for vertical intervals >6 m.

Nonconventional natural gas resources

Joint appraisal by government and industry has
been made of nonconventional (noneconomic) nat-
ural gas resources (gas-in-place), of recoverability
of such resources, and of the estimated cost of such
recoverability using currently developing production
techniques. When experimental techniques such as
massive hydraulic fracturing and chemical-explosive
fracturing are used, the anticipated increase in nat-
ural gas production from tight or low-permeability
(0.001-0.050 mD) gas reservoirs is possibly three
to five times the production rate of conventionally
completed gas wells. However, where a convention-
ally completed well produces tens of thousands of
cubic feet of gas per day, and where a well with
improved production techniques might produce a
few hundred thousand cubic feet per day, such in-
creased production would be only marginally eco-
nomic.

OIL-SHALE RESOURCES

Lower Tertiary rocks in the southeastern Uinta Basin of Utah

W. B. Cashion’s stratigraphic studies of lower
Tertiary rocks in the subsurface of the southeastern
Uinta Basin have permitted the delineation of allu-
vial, marginal lacustrine, and open lacustrine facies
in intertonguing beds of the Wasatch (alluvial) and
Green River (lacustrine) Formations. Lacustrine
deposition became progressively more widespread
from Paleocene into middle Eocene time. The
sequences of complexly interbedded distal lacustrine
and alluvial rocks are likely hydrocarbon traps.

Isolation of zones in oil shale with distinctive chemical
characteristics using statistical techniques

Several objective statistical techniques were used
by W. E. Dean to isolate six zones of distinctive
chemical characteristics within the saline facies of
the Green River Formation (Eocene) in the Pice-
ance Creek Basin in Colorado. The data consisted of
measured concentrations of Al, Si, Na, K, Ca, Sr, Fe,
and S in a 232-m section of the saline facies in the
Juhan 4-1 core hole (Dyni, 1974). Statistical tech-
niques used for zonation included analysis of vari-
ance (Gill, 1970) and moving correlation coefficients
(Dean and Anderson, 1974). Zones chosen by the
statistical techniques largely reflect variations in

.amounts of nahcolite, dawsonite, and pyrite. Oil-

yield zones appeared to be poorly correlated with
the geochemical zones. However, high positive cor-
relations between oil content and iron during periods
of high salinity (as interpreted from zones of high
nahcolite content) and low negative correlations be-
tween oil content and iron during periods of lower
salinity suggested that the affect of organic content
on iron diagenesis, probably through controls on pH
and Eh, was maximized by whatever geochemical
conditions were unique to the Green River lake
during deposition of nahcolite.

Intertonguing of the Green River and Uinta Formations in Rio
Blanco County, Colorado

Investigation by J. R. Donnell showed significant
intertonguing between the Green River and Uinta
Formations along the Cathedral Bluffs in the south-
western part of the Sagebrush Hill quadrangle of
northwestern Piceance Creek Basin in Rio Blanco
County, Colo. The upper part of the Green River
Formation between the “Mahogany” bed and “Big
3” oil-shale zone (Pitman and Donnell, 1973) was
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found to be approximately 122 m thick and con-
sisted almost entirely of oil shale. In the northeast-
ern part of the quadrangle the interval between the
same stratigraphic markers was almost doubled and
consisted of roughly equal amounts of oil shale
(Green River Formation) and tongues of tuffaceous
siltstone (Uinta Formation), three of which are well
developed. In the Sagebrush Hill quadrangle the
lowermost tongue of the Uinta Formation was found
near the stratigraphic position of the wavy bedded
tuff (Pitman and Donnell, 1973); it wedged out
along a west-trending line approximately 3 km north
of the southern boundary of the quadrangle. Earlier
mapping in the quadrangle to the north showed that
the Uinta tongue occupied intervals stratigraph-
ically as low as the “Mahogany” marker (Pitman
and Donnell, 1973).

Contact between the Parachute Creek Member of the Green
River Formation and the Uinta Formation of south-central
Piceance Creek Basin in Colorado

Recent mapping by W. J. Hail in the Mount
Blaine quadrangle of Garfield County, Colorado,
shows a southward stratigraphic rise in the contact
between the Parachute Creek Member of the Green
River Formation and the Uinta Formation; this rise
was effected by intertonguing. Thus, most of the
Uinta Formation as mapped to the north was found
to be laterally equivalent to the upper part of the
Parachute Creek Member as mapped in this part of
the southern Piceance Creek Basin.

Geology of the Bates Knolls quadrangle of east-central Uinta
Basin in Utah

G. N. Pipiringos completed geologic mapping of
the Bates Knolls quadrangle of Uintah County,
Utah. The base of the Uinta Formation as mapped
by Keighin (1977) in the adjoining Cooper Canyon
quadrangle to the east, was traced across the Bates
Knolls quadrangle. However, many of the sandstone
beds in the lower 158 m of the Uinta Formation
were found to thin westward and were replaced by
barren marl and low grade oil shale.

The “Mahogany” oil-shale bed, the richest oil-
shale unit in the Parachute Creek Member of the
Green River Formation averages about 2 m in thick-
ness. It was traced completely across the southern
part of the quadrangle, and underlies approximately
90 percent of the mapped area.

The Douglas Creek Member of the Green River
Formation, which underlies the Parachute Creek
Member, crops out in the southwest and south-
east corners of the mapped area. In all areas ex-

amined, at least the upper 10 m were found to consist
of sandstone whose matrix contained dried hydro-
carbon.

Geology and oil-shale resources of the South Elko Basin in
Nevada

Geologic mapping of portions of the Elko West
and Elko East quadrangles of Elko County, Nevada,
was completed by B. J. Solomon and C. A. Brook.
Mapping revealed a maximum thickness of 3756 m
for the Elko Formation (Oligocene or Eocene) in
the South Elko Basin.

The Elko Formation has been subdivided into five
informal units: (1) chert-pebble conglomerate with
interbedded lean oil shale and mudstone; (2) rich
oil shale of approximately 25 m with interbedded
siltstone and minor lignite; (3) lean oil shale, mud-
stone, and minor thin beds of calcareous siltstone
and limestone; (4) basal tuffaceous siltstone over-
lain by lean oil shale, mudstone, siltstone, and minor
tuff and lignite; and (5) basal air-fall tuff overlain
by shale, siltstone, tuff, and ash beds. At the Lara-
mie Energy Research Center, Department of En-
ergy, analyses of oil shale from member 2 showed
that the richest beds yield up to 357 L/t of oil.

Strata of the Elko Formation and associated
Eocene and lower Oligocene rocks dip eastward and
are transected by several northtrending normal
faults. These rocks are unconformably overlain by
subhorizontal beds of air-fall tuff and andesite.
Biotite from the tuff, dated by E. H. McKee, gave a
K-Ar age of 37.1+1.0 m.y. A whole rock K-Ar date
from the andesite gave an age of 31.0+1.0 m.y.
These early and middle Oligocene dates differ sig-
nifleantly from the late Miocene age that has been
assigned to these volcanic rocks on previously pub-
lished reconnaissance maps of the region. Such data,
in conjunction with the faulted and tilted nature of
the underlying lower Oligocene and older rocks,
suggested that the South Elko Basin was subjected
to tensional stress in the early Oligocene. Post-
middle Oligocene Basin-and-Range crustal extension
uplifted the South Elko Basin as a discreet block
bounded by range front faults, with little concur-
rent deformation within the basin.

NUCLEAR-FUEL RESOURCES

Sedimentological guide to uranium deposits in southern Utah

Recent studies by Fred Peterson (U.S. Geol. Sur-
vey Circular 753) in the Henry Mountains mineral
belt of south-central Utah showed that uranium de-
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posits in the Salt Wash Sandstone Member of the
Morrison Formation occur in sandstone beds that
are closely associated with dark grey mudstone beds
that were deposited in offshore lacustrine environ-
ments. Thus, locating the grey mudstone beds is an
important guide to undiscovered uranium deposits,
but because they are thin (<1 m thick), covered
by talus or soil, or underground, methods other
than direct identification are needed to locate the
areas most likely underlain by the grey mudstones.
An indirect method of determining the approximate
location and areal extent of the grey mudstones is
based on their lateral gradation shoreward into
marginal lacustrine sandstone beds that are more
conspicuous and easier to recognize. The marginal
lacustrine sandstones generally contain 80 percent
or more horizontally laminated bedding, are mod-
erately to well sorted, do not vary appreciably in
thickness, and locally are well burrowed. The
lacustrine sandstones are readily distinguished from
the numerous fluvial sandstone beds in the region in
that the fluvial sandstone beds contain about 10-30
percent horizontal laminations, are poorly to mod-
erately sorted, vary in thickness because of scours
and channels at the base, and generally lack bur-
rows. The area with the highest probability of con-
taining the grey mudstones and associated uranium
deposits lies in an offshore direction from the mar-
ginal lacustrine sandstones. This relationship can
be a helpful exploration guide to undiscovered ura-
nium deposits, and it can be used in subsurface
studies where cores, cuttings, and geophysical logs
are available.

Uranium in the Date Creek Basin area of west-central Arizona

Uranium occurs in Eocene(?) and Miocene(?)
tuffaceous, carbonaceous lacustrine rock in the Date
Creek Basin of west-central Arizona. The total re-
sources of the basin are estimated by J. K. Otton to
be [50 to 1007 4.57x 102t of U;0; in low-grade ores
(0.03 to 0.1 percent). The Chapin Wash Formation
(Miocene?) is the most important host unit, with
occurrences at the Anderson mine, Black Butte, and
the Lincoln Ranch Basin. At these localities, ura-
nium is associated with tuffaceous siltstones and
mudstones, rich in organic debris, which have been
partly silicified. The Anderson mine is presently un-
dergoing development by Union Minerals and Uran-
gesellschaft. Uranium also occurs in the basal part
of the Artillery Formation (Eocene?) near Artillery
Peak and in the Ester Basin.
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Genesis of tabular uranium bodies in Triassic and Jurassic
basins in Eastern United States

Field studies conducted by C. E. Turner-Peferson
in the Newgate mine area of the Hartford Basin in
Connecticut provide new evidence that uranium
mineralization in the Triassic and Jurassic basins
of the eastern United States is facies controlled. The
model proposed to explain mineralization in the
Newark Basin of Pennsylvania and New Jersey
(Turner-Peterson, 1977) requires the intercalation
of nearshore lacustrine flat-laminated to massive
sandstones with offshore lacustrine black mudstones
in the mineralized areas. In this model, pore-water
chemistry and hydrology would have favored min-
eralization of the sandstones during early burial,
with humic acids being supplied by the compacting
mudstones and uranium being supplied by ground
water. If the model has validity, a similar facies
relationship is to be expected in association with
other uranium occurrences in similar basins. The
presence of flat-laminated to massive lacustrine
sandstones and offshore lacustrine black mudstones
in association with uranium in the Newgate mine
and vicinity therefore lends support to the model.

Examination of facies in the Gettysburg Basin of
Pennsylvania and the Danville-Dan River basins of
Virginia and North Carolina indicates that lacus-
trine facies similar to those in the Newark Basin
occur in other Triassic and Jurassic basins of the
Eagst. The nearshore lacustrine sandstone facies of
these basins may therefore be good exploration tar-
gets. The model proposed for the Newark Basin
and extrapolated to other Triassic and Jurassic
basins of the East also has bearing on the genesis
of tabular ore bodies in general, in particular those
of known lacustrine associations such as in the
Basin and Range province.

Uranium mineralization at the Upper Cretaceous Fox Hills
Sandstone—Lance Formation interface

Studies by H. W. Dodge, Jr., of the northeastern
Powder River basin in Wyoming and southeastern
Montana indicate that uranium mineralization at
the Upper Cretaceous Fox Hills—Lance (Hell Creek)
interface is patchy and quite variable in quality.
Where seen, mineralization is generally confined to
organic-rich, thin-bedded siltstone and sandstone
interbedded with claystone. These sediments were
deposited in ancient estuaries and tidal flats. Or-
ganic plant detritus was concentrated at the fresh-
water—saltwater interface during and following a
period of fluvial erosion, which cut into offshore-
| marine and transitional-marine shale and fine-
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grained sandstone, and into shoreface and beach
sandstones.

Uranium in Triassic rocks in southeast Utah

In southern Utah, R. D. Lupe found that the
Chinle Formation (Upper Triassic) was deposited
as a series of fluvial-lacustrine sediments. Region-
ally, uranium mineralization is related to these en-
vironments. Significant uranium deposits exist in
areas dominated by the transition between proximal
and distal braided stream deposits in the lowest part
of the Chinle. Locally, rocks that host uranium were
deposited low in the alluvial plain, in low energy,
distal environments, such as abandoned channel fill,
point bar deposits, and Gilbert-type delta deposits.
Features common to rocks of these distal environ-
ments, which may have influenced uranium mineral-
ization, include lenticular geometry, a complex dis-
tribution of porosity and permeability, and the
presence of clays and preserved plant material.
These host-rock bodies are spottily distributed be-
cause of their depositional habit and erosion by the
overlying, extensive proximal braided stream de-
posits. The sandstones of these braided stream de-
posits probably served as the conduits for mineral-
izing solutions. This geologic model for the
relationship between depositional environments and
uranium in the Chinle was used to assess resources
for a 15,000 km? area in the San Rafael Swell-Moab
region. The formation contains between 30,000,000
to 70,000,000 kg U,0; in grades similar to that pro-
duced to January 1977.

Facies change related to ore deposition

Sites of uranium ore deposition in the Powder
River basin of Wyoming are, in part, spatially re-
lated to facies changes in the Wasatch Formation.
By plotting sandstone-mudstone ratios calculated
from subsurface data, E. S. Santos found that a
high-energy facies with ratios greater than 1.0
makes up the formation near the southern and west-
ern margins of the basin. Eastwardly, across the
southern part of the basin, there is a progressive
change to where the ratios are less than 0.5 near
the eastern extent of the formation in the basin. All
of the uranium ore deposits in the Turnercrest and
Pumpkin Buttes areas occur where sandstone-mud-
stone ratios are less than 1.0. Those deposits near
the southern margin of the basin occur where the
ratios are greater than 1.0 but extend to areas where
the ratios are less than 0.5. The data indicate that
the sediments in the southern part of the basin

were introduced from the south and west. Ore dep-
osition tends to occur in sandstone units that ex-
tend out from the high-energy facies into areas
where the Wasatch Formation is mostly shale and
siltstone.

Uranium deposits at Copper Mountain in Wyoming

As a result of mapping by R. E. Thaden, uranium
deposits of possible economic significance appear to
be confined largely to rocks within a complex east-
west-trending, 3- to 8-km-wide, graben along the
south face of Copper Mountain in central Wyoming.
The fault at the south margin of the graben sepa-
rates the Wind River Formation of early Eocene age
on the south from the graben-filling Wagon Bed
Formation of middle and late Eocene age. Precam-
brian and Paleozoic rocks, as well as rocks of the
Wind River Formation, crop out in subsidiary horsts
within the main graben. The north fault is an ex-
tensive zone of faulting in the Precambrian granite.

The known deposits of uranium are confined
largely to a basal conglomerate in the Wagon Bed
Formation and to broken zones in the granite near
the north side of the graben. Ponding, or redirection
of the movement of ground water north (updip) of
the south fault resulted in extensive decomposition
of the granite and extensive zeolitization of the
Wagon Bed, possibly releasing and transporting
uranium from both units. The north fault zone was
the avenue of access of petroliferous fluids, now
inspissated, from Cretaceous rocks at depth, which
may have acted as the principal reductants for the
precipitation of the uranium. Humic matter incor-
porated in surface waters that flowed southward
across the granite north of the graben may also have
been an important component of the reducing
agents.

Neither the geology nor the structure, as pres-
ently understood, precludes the existence of concen-
trations of uranium within the zone of ponding in
the graben for perhaps 10 km, both east and west,
of those uranium concentrations now known.

Uranium potential of the Lower Cretaceous, Piceance Basin of
Colorado

Studies by L. C. Craig have identified two rela-
tively thick lobes of sandstone in the Burro Canyon
Formation (Lower Cretaceous) that extend beneath
the southwest margin of the Piceance Basin, one
lobe near Whitewater and one lobe near Delta, Colo.
These lobes might have served as ‘“pipelines” for
the transport of uranium-bearing solutions. If a
reductant was present in the sandstone in the sub-
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surface of the basin, uranium might have been de-
posited at an oxidation-reduction interface. The size
of such deposits is difficult to predict, but analogy
with known uranium deposits in sandstone of this
stratigraphic position suggests that they might
range from scattered deposits containing only a few
tons of ore to one or more multimillion-ton deposits.

Stratigraphic relations in the Whitsett Formation in south Texas

The Calliham and Tordilla Sandstone Members
of the Whitsett Formation (Upper Eocene) in south
Texas have been considered by Eargle (1972) to be
stratigraphic equivalents. He used the term Tordilla
for a fine-grained beach sandstone unit in western
Karnes County and the term Calliham for medium
to coarse-grained sandstone deposited in distribu-
tary channels in Atascosa and McMullen Counties
to the southwest. Studies by K. A. Dickinson of new
exposures provided by the uranium mining in
Karnes County show that the Calliham channels
were scoured into the Tordilla beach sand, and
though they are deposited physically at about the
same horizon, the Calliham deposits are younger.
The Calliham is equivalent in age to the Fashing
Clay Member, which overlies the Tordilla in Karnes
County.

Character of the conglomerate of the Shinarump Member of
the Chinle Formation at Window Rock in Arizona

According to R. E. Thaden, the Shinarump Mem-
ber of the Chinle Formation (Triassic) cropping out
on the flanks of the Defiance Upwarp near Window
Rock, Ariz., bears many of the characteristics that
accompany uranium orebodies elsewhere on the Col-
orado Plateau and are thought to be requisite for the
deposition of ore. Near Window Rock it is 20 to
22-m thick except where it has incised paleochannels
into the upper part of the De Chelly Sandstone
(Permian). The channels underlie 2 to 10 percent
of the formation and are incised as much as 11 m.
The largest known channel is 180 m wide and 5,560
m long. Scour pockets in the base of the channels
were detected on surface outcrops and can be seen
in channel cross sections exposed in the walls of
canyons cut on the flanks of the Defiance Upwarp.
The channels, trending northwest to morth-north-
west and showing northerly sediment transport,
branching, and anastomosing, contain abundant clay
and abundant fossil vegetation including retained
carbonaceous trash. The channels also have bed ac-
cess to organic fluids both from the Shinarump and
from the overlying part of the Chinle Formation

(Triassic). The Shinarump is confined under rela-
tively impermeable clayey zones of the basal part
of the Chinle in many places.

Uranium possibilities of Marfa Basin in Texas

The Marfa Basin in southwestern Texas offers
good potential for uranium deposits. C. C. Reeves,
Jr. (1974), in discussing exploration possibilities
for Tertiary and Quaternary fill of the basin, has
pointed out that “* * * uranium shows, uraniferous
source rocks, and the existence of alluvial and lacus-
trine host rocks suggest the possibility of classic
uranium roll fronts within the basin fill.”

Field reconnaissance and consultation of geologic
reports by C. T. Pierson and M. W. Green indicate
the presence at the basin margins of (1) possible
source rocks consisting of Tertiary alkalic igneous
rocks containing as much as 50 ppm U,Oq; (2) a
number of ore-grade uranium occurrences as dis-
seminations in Tertiary carbonaceous sandstone and
freshwater limestone, as well as vein-type occur-
rences in Tertiary igneous rock; (8) permeable
sandstones and conglomerates that could act as con-
duits for uranium-bearing solutions, or as host rocks
for deposits; (4) interstratified siltstone and mud-
stone aquicludes; and (5) uranium-precipitating
carbonaceous material in the form of lignite inter-
bedded with freshwater limestone, and as plant
debris in the clastic rocks.

Examination of the basal part of the Tertiary
clastic—voleaniclastic sequence exposed along the
eastern margin of the basin showed that a general
decrease in the energy levels of the depositional en-
vironment of the rocks takes place from a high level
in the Chisos Mountains—Lajitas area along the Rio
Grande River to a low level in the Anderson Ranch
area 90 km to the north. At the Anderson Ranch,
uranium occurs in lignite interbedded with lacus-
trine limestone of the “Pruett Formation” of
Eocene(?) or late Eocene age. At the 02 Ranch, 25
km south of the Anderson Ranch, uranium is found
in carbonaceous fluvial sandstone and conglomerate
of the so-called Pruett.

Efficient search for uranium deposits in the Marfa
Basin, which according to Shurbet and Reeves
(1977, p. 612) contains a 6,000-ft thickness (1,829
m) of Tertiary and Quaternary basin fill, will re-
quire detailed outerop studies of facies trends as
well as availability of sufficient subsurface informa-
tion to trace these trends into the basin as a guide
to drilling.
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Uranium mineralization in the Morrison Formation at the
Dennison-Bunn Prospect in New Mexico

Uranium investigations by J. L. Ridgley in out-
crops on the eastern margin of the San Juan Basin
have shown that uranium mineralization at the
Dennison-Bunn claim (Chenoweth, 1974) south of
Cuba, N. Mex., occurs in stacked fluvial channel
sandstones of the Westwater Canyon Member of the
Morrison Formation. Based on the configuration of
the channel sandstones and on the pattern of
uranium mineralization at the outcrop, the channel
sandstone beds and uranium deposits appear to be
elongate east to west. The uranium deposits, rang-
ing from 0.001 to 0.067 percent U,0,, are irregular
in cross section. Generally, iron-mineral concentra-
tions separate oxidized from unoxidized rock. Such
a configuration suggests the deposits may be related
to the formation of small roll-fronts within the chan-
nel sandstones of the Westwater Canyon Member.

Geology and mineral resources in north-central Arizona

General geologic studies and mineral-resource as-
sessment of the Paria Plateau—-House Rock Valley
area in north-central Arizona determined the area to
be only moderately favorable for the discovery of
additional small deposits of uranium in sandstone
formations of Triassic age. The potential for eco-
nomic quantities of other minerals in the area is con-
sidered low to non-existent. The studies and assess-
ments were made by M. W. Green and C. T. Pierson
(Green and others, 1977) for incorporation into the
Navajo Land Selection Environmental Impact State-

ment now being prepared by the U.S. Bureau of
Indian Affairs.

The area, which is located on the southwestern
edge of the Colorado Plateau physiographic province
in an area underlain by about 5,000 m of fossili-
ferous marine and continental sedimentary rock
ranging in age from Precambrian through Quater-
nary, is bounded on the west by the East Kaibab
monocline and on the east by the Echo monocline.
The Paria Plateau, bounded on the south by the
scenic Vermillion Cliffs, is composed of continental
red beds of Triassic and Jurassic age.

With the exception of a relatively small quantity
of uranium mined from sedimentary rocks of Late
Triassic age (Shinarump Member of the Chinle
Formation) near Lee’s Ferry on the east side of the
Paria Plateau, mineral resources have not been
found in the area, even though oil, gas, helium, and
coal have been produced from similar strata in

adjacent areas to the north in the Kaiparowits
Basin and to the east in the Black Mesa Basin.

Intermontane basin uranium occurrences in Arizona

Field reconnaissance by C. S. Bromfield in three
widely separated intermontane basins in Arizona
showed uranium to occur in several ages and types
of basin host rocks. Occurrences along the south
flank of the Muggins Mountains in the Gila Valley
near Yuma are in Miocene lacustrine mudstones and
limestone. At the north foot of the White Hills on
the east side of Detrital Valley in Mohave County,
anomalous concentrations of uranium occur in the
Pliocene part of the Muddy Creek Formation
through a 50-m-thick section of limestone, mudstone,
sandstone, and minor gypsum. Here the highest
concentrations of uranium, judged by radiometric
readings, are in the limestones. Occurrences in the
Gila Valley, about 25 km southeast of Safford at the
northwest end of the Whitlock mountains, are in
Pliocene and Pleistocene paludal-lacustrine marl,
mudstone, diatomite, and silty sandstone. The best
concentrations of uranium appear to be in a several-
meter thick diatomaceous zone. Also in the Gila Val-
ley, an anomaly was found during this study in
Pliocene and Pleistocene lacustrine limestone located
60 km northwest of Safford.

In all three of these widely scattered Arizona
basin-fill localities, regardless of host rock, lithology
or age, the highest concentration of uranium is in
association with silicification that produced irregular
cherty or opaline layers and nodules, and in lacus-
trine beds lying unconformably on or near older
Tertiary volcanic rocks.

Uranium, thorium, and gold in Precambrian conglomerate in
Black Hills, South Dakota

The Estes Conglomerate (Precambrian X), near
the village of Nemo in Lawrence County, S. Dak., is
primarily a poorly sorted, polymictic conglomerate.
However, F. A. Hills has found that part of the
Estes consists of beds of well sorted quartz-pebble
and quartzite-pebble conglomerate, which have sev-
eral of the characteristics of gold-uranium conglom-
erates in the Witwatersrand district of South Africa
and in the Elliot Lake district of Ontario. The well
sorted beds contain anomalous concentrations of
uranium, thorium, and gold; and pyrite is abundant
in the matrix of these beds.

The Estes Conglomerate lies unconformably on the
Benchmark Iron-formation, a banded specularite-
magnetite-quartz rock, and although some of the
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poorly sorted nonradioactive beds of the Estes con-
tain abundant pebbles and grains of iron-oxide min-
erals derived from the Benchmark, detrital grains
of magnetite and hematite are scarce in the well
sorted, pyrite-bearing, radioactive beds. In the
radioactive beds, detrital iron-oxide minerals are
partially replaced by pyrite, and banded pebbles de-
rived from the Benchmark Iron-formation show re-
placement rimming of the iron-oxide minerals by
pyrite near the surfaces of pebbles, but iron-oxide
minerals remain in pebble interiors. Evidently sul-
fidization of iron oxides occurred during diagenesis
or during metamorphism.

Although economic concentrations of uranium,
thorium, and gold are not yet known in the Estes
Conglomerate, the well sorted beds of the Estes con-
stitute good exploration targets for all three. Up to
100 ppm of uranium, 800 ppm of thorium, and 1.4
ppm of gold were found in samples of Estes Con-
glomerate that was collected from outerop. An aver-
age Th-U ratio of approximately 7 was determined.
However, lead isotope analyses indicate (1) that
during weathering uranium has been severely
leached relative to thorium and (2) that the aver-
age Th-U ratio of radioactive conglomerate below
the zone of leaching is probably between 2 and 3.

Uranium-bearing, quartz-pebble conglomerate found in Sierra
Madre, Wyoming

Uranium bearing, quartz-pebble conglomerate has
been discovered by P. J. Graff and R. S. Houston
in the Sierra Madre in Wyoming. This pyritic
quartz-pebble conglomerate is similar to that re-
ported earlier in the Medicine Bow Mountains of
southeastern Wyoming. This uraniferous conglom-
erate is in metasedimentary rocks that equate to
the “Deep Lake Formation” of middle Precambrian
age in the Medicine Bow Mountains. It has been
mapped in five localities of the northwestern Sierra
Madre. The quartz-pebble conglomerate has been
traced for 4.8 km in one outcrop, and this con-
glomerate exceeds 100 m in thickness, locally.
Oxidized surface samples contain up to 131 ppm
uranium. Inasmuch as uranium is probably largely
removed from surface outcrops by weathering, these
conglomerates may contain commercial quantities
of uranium at depth.

Emplacement of uranium into Midnite mine deposits

Several hypotheses of uranium emplacement into
uranium deposits of the Midnite mine in Stevens
County, Wash., have been developed by J. T. Nash

(1977) including (a) penesyngenetic accumulation
during sedimentation or diagenesis of the Togo
Formation, (b) hydrothermal emplacement during
or following intrusion of a radioactive quartz mon-
zonite, and (c) supergene introduction after the
pluton was exhumed in the Eocene. The hydro-
thermal hypothesis is favored because of the ap-
parent restriction of uranium mineralization to
zones of pre-intrusion faulting and unusual amounts
of fluid release (evidenced by abundant aplite and
pegamitite). According to the hydrothermal hypoth-
esis the magma became saturated in volatiles in a
volatile-rich, oxidizing zone at the top of the pluton,
and upon pressure release, a uranium-rich fluid
evolved and uranium was transported upward and
outward. The uranium was reduced and fixed in
metapelite wallrocks by reaction with iron sulfides
or graphite. The metamorphic aureole probably con-
tained relatively low concentration of uranium that
was later leached and redeposited in permeable zones
to create ore.

Structural and lithologic controls for uranium at the Pitch mine
in Colorado

Preliminary studies of complexly faulted sedi-
mentary rocks in the Pitch mine in Saguache
County, Colo., by J. T. Nash in collaboration with
geologists of Homestake Mining Co. clarify the
structural and lithologic controls on ore distribution.
Oxidized and reduced uranium minerals occur in
highly fractured and internally faulted rocks of the
Leadville Limestone (Mississippian) and Belden
Formation (Pennsylvanian) in a reverse fault zone
adjacent to Precambrian granite and schist. Coarse
to very fine sandstone, shale, and coal of the Belden
Formation occur in thin fault slices along with dark
gray and rusty dolomite of the Leadville Limestone.
Dark dolomite, containing dispersed fine-grained
pyrite, is a favored host for uranium where the
dolomite is thoroughly brecciated. Oxidation of
pyrite creates rusty dolomite to depths of more than
125 m; this rock now contains little or no uranium.
Sandy and coaly rocks of the Belden are less favored
hosts, and mineralization in them generally pro-
duced low uranium concentrations.

High radioactivity in basement rocks of Michigan

Reconnaissance studies of the lower Precambrian
(>3,000 m.y. old) granites and granitic gneisses
that constitute most of the exposed basement com-
plex in the region between the Marquette iron dis-
trict in northern Michigan and the Iron Mountain
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area of Michigan reveal that many have significantly
high radioactivity. M. R. Brock reports that levels
of radioactivity are approximately three to five times
those obtained on granites and granitic gneisses in
the younger (2,750-2,700 m.y. old) complex located
to the north of the Marquette iron district.

The southern complex with its higher content of
uranium and thorium, and adjacent sedimentary
basins, offer good potential for resources of these
two metals in the form of large, low-grade deposits
as well as lode deposits within crosscutting shear
zones. Anomalous concentrations of uranium rang-
ing between 0.01 and 0.9 percent U,0; (Kallio-
kowski, 1976) occur in these environments within
the region but, as yet, no exploitable deposits have
been detected. Targets showing the best potential
include: Dbiotite-rich variants within the granitic
rocks, such as schlieren, greissen, and pegmatoid
bodies; shear zones located in the more radioactive
rocks and black slates; supergene-enriched fracture
zones beneath erosional unconformities which are,
or have been, overlain by coarse clastic sedimentary
rock; and quartz-pebble conglomerates and phos-
phatic zones in sedimentary rocks of lower middle
Precambrian sequence.

Stratigraphy of volcanic rocks as a guide to uranium in the
Thomas Range, Utah

The stratigraphy in volcanic rocks in the Thomas
Range and Drum Mountains of Utah is being re-
vised on the basis of new geologic mapping and dat-
ing. According to D. A. Lindsey, the following four
groups of volcanic rocks are now recognized: (1)
flows, agglomerates, and tuffs of intermediate com-
position (41 m.y.) ; (2) rhyolitic ash-flow tuffs (30-
38 m.y.); (3) tuffaceous sediment, water-laid tuff,
and topaz rhyolite (21 m.y.); and (4) water-laid
tuff and topaz rhyolite (6-7 m.y.). Each group over-
lies an angular unconformity. Unconformities
beneath the third and fourth groups are overlain by
porous volcaniclastic rocks that should be excellent
hosts for uranium. This conclusion is confirmed by
the occurrence of every known deposit of uranium
and beryllium (which uranium commonly accom-
panies) in tuff and sandstone of the third group
near Spor Mountain, in the Thomas Range.

Uranium and Tertiary volcanic rocks in the Marshall Pass
district of Colorado

In the Marshall Pass district of Colorado, geologic
mapping by J. C. Olson has shown that siliceous
ash-flow tuff and waterlaid tuff, as well as andesitic
flows, probably covered most of the district before

being partially removed by erosion. Patches of
welded tuff atop Lime Ridge, 1.4 km north of the
Pitch mine, together with larger areas of the same
rocks to the south near Marshall Creek, suggest
that the base of the tuffs may have been very near
parts of the uranium deposits. At the time of deposi-
tion of the tuffs, the Precambrian crystalline rocks
on the east side of the Chester fault probably stood
above the Paleozoic sedimentary rocks to the west
as a faultline scarp, against which the Tertiary vol-
canic rocks accumulated. The siliceous tuffs are of
interest as a possible source for the uranium in the
uranium deposits of the district. The only Tertiary
intrusive rocks that have been found in the district
are two small rhyolite plugs, 150%x225 m and
275%x450 m in size. The larger plug is exposed on
both sides of Duncan Creek just above its confluence
with Marshall Creek, and the smaller plug is about
200 m southwest of the larger plug. The rhyolite
plugs cut and are therefore younger than the dark
andesite flows of Tertiary age that are common in
the southern part of the district.

Uranium studies in western Alaska

Field mapping of the Eagle Creek alkaline dike
swarm in the southeastern Seward Peninsula of
Alaska was completed by T. P. Miller and B. R.
Johnson. These alkaline dikes occur as part of a
Cretaceous dike swarm covering over 250 km? in
the southeastern Seward Peninsula and contain
anomalous amounts of uranium, generally in the
range of 35 to 80 ppm. The dikes typically consist
of bluish-gray, fine-grained to slightly porphyritic
dense pulaskite; other varieties are more coarse-
grained, brownish-gray, and contain abundant
pseudoleucite phenocrysts as much as 3 cm across.
The dikes are 3 to 15 m thick, obtain lengths of 2.5
km or more, and are steeply dipping with a con-
sistent northeast strike. Most of the dike swarm
occurs inside the large composite Kachauik pluton
composed of monzonite, syenite, and granodiorite; a
smaller number of dikes occur in the Precambrian
schistose marble country rock.

The alkaline dikes have sharp contacts and are
crosscutting. Some alkali mestasomatism has oc-
curred in granodiorite immediately adjacent to the
dikes, resulting in a decrease in the amount of quartz
and the formation of aegerine and riebeckite.
Metasomatism in syenite wallrock adjacent to the
alkaline dikes has resulted in the formation of
nepheline and allanite.

Allanite-rich replacement bodies occur in syenite
in the north central part of the dike swarm. These
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bodies occur on either side of a pulaskite dike at
distances as close as 3 m and as far away as 300
m. These allanite-rich syenite bodies contain as much
as 1,500 ppm uranium and 9,500 ppm thorium. It is
suggested that the uranium and thorium in these
dikes is related to a late uranium-rich magmatic
episode in the emplacement of the Kachauik pluton.
This magmatic pulse resulted in the formation of
replacement uranium-thorium deposits consisting of
allanite-rich pegmatitic zones in monzonite-syenite
country rock.

An occurrence of parsonite, a secondary uranium mineral, in
west-central Alaska

Parsonite, a hydrous phosphate of lead and urani-
um, was identified as occurring in alaskite of the
Wheeler Creek pluton in the Purcell Mountains of
west-central Alaska by T. P. Miller. The parsonite
occurs as soft earthy yellow to brown mineral coat-
ing fracture surfaces in a narrow (<I6 m
wide), strongly radioactive fracture zone in the
alaskite. The identification was confirmed by X-ray
diffraction.

This is the first reported occurrence of secondary
uranium minerals in west-central Alaska and sug-
gests the possibility of primary uraninite in the
uraniferous alaskite and (or) secondary enrichment
of uranium.

Stable isotope studies of thorium-bearing veins in the Wet
Mountains of Colorado

Thorium-bearing quartz-barite veins are genetical-
ly and spatially related to three Cambrian alkalic
complexes that intrude Precambrian Y metamorphic
rocks in the Wet Mountains area of Colorado. Ac-
cording to T. J. Armbrustmacher, these veins are
found throughout a 100 km? area and are typically
vertical, about 1 m thick, and occur chiefly along
structures in the Precambrian rocks, some of which
can be traced for over 10 km. In addition to varying
but usually abundant amounts of smoky quartz and
barite, the veins commonly contain specular and
earthy hematite, goethite and microcline, irregular
amounts of calcite, thorite, and galena, and sparse
amounts of pyrite, chalcopyrite, dolomite, chlorite,
siderite, cerussite, xenotime, brockite, sphalerite,
rutile, and other minerals. Small euhedral vugs in
the veins suggest the hydrothermal dissolution of
earlier phases. Studies of light stable isotope miner-
als in the veins by R. O. Rye show that physical-
chemical conditions for thorite deposition were re-
markably uniform throughout the area. The §180
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values of quartz range from 9.3 to 12.1 permil and
indicate that the hydrothermal fluids had a uniform
thermal history throughout the area. The §*S values
for coexisting barite and galena range from 5.1 to 8.1
permil and —14.1 to —24.3 permil, respectively, and
suggest that the hydrothermal solutions derived
their sulfur from igneous sources and that vein dep-
osition occurred under a rather limited range of
pH and £O. conditions.

Multiple-intruded carbonatite dike in the Wet Mountains of
Colorado

Two distinct types of carbonatite occur side-by-
side to form a multiple-intruded dike at McClure
Gulch in the Wet Mountains area of Colorado, ac-
cording to T. J. Armbrustmacher, I. K. Brownfield,
and L. M. Osmonson. One type, sulfide-bearing car-
bonatite, consists mainly of white calcite surround-
ing dark brown knots of iron-oxide-stained dolomite
and pyrite ; small amounts of synchisite, bastnaesite,
ancylite, strontianite, barite, and iron oxide minerals
are also present. The other type, coarse-grained car-
bonatite, consists of coarse-grained calcite with mi-
nor amounts of barite, biotite, apatite, and rare-
earth minerals. The multiple nature of this dike and
certain details of the mineralogy and geochemistry
are thus far unique when compared with other car-
bonatite dikes that occur in the vicinity of the in-
trusions of the Wet Mountains alkalic province.

Iron sulfide minerals and sulfur isotopes associated with roll-
type uranium deposits

R. L. Reynolds and M. B. Goldhaber found signifi-
cant similarities and differences in the mineralogy
and texture of iron-sulfide minerals associated with
five roll-type uranium deposits in Wyoming and
Texas. At least two temporally distinct episodes of
sulfide formation are present in each deposit. The
earlier episode of sulfidization, constituting a neces-
sary form of host-rock preparation, preceded urani-
um mineralization. In deposits that contain car-
bonaceous matter, pre-ore iron sulfides are primarily
framboids and related textures of probable bacterial
origin. In deposits that lack indigenous organic de-
bris, pre-ore iron sulfides, dominantly pyrite, occur as
replacements of detrital iron-titanium oxide miner-
als, as interstitial cement, and as large euhedral
crystals. Framboids are absent in these deposits. In
each deposit, marcasite, formed as a result of a min-
eralization process, occurs as rims around pre-ore
pyrite adjacent to the redox boundary. In a deposit
containing carbonaceous matter, ore-stage marcasite
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is confined to zones within about a meter of the re-
dox boundary, whereas in organic-free deposits ore-
stage marcasite may extend several meters above
and below the redox boundary. The distribution of
marcasite may reflect zonation of pH conditions re-
lated to hydrogen-iron production and consumption
as influenced by the absence or presence of car-
bonaceous matter. Post-mineralization introduction
of fault-derived H.S into the host rock of two de-
posits in south Texas led to a third generation of
iron-sulfide minerals. In zones beyond the former
oxidized tongue in both re-reduced deposits, pyrite
related to the last stage of sulfidization rims both
pre-ore pyrite and ore-stage marcasite.

In one of the re-reduced deposits, petrographic
study has, to date, not produced criteria for inde-
pendently recognizing the former oxidized tongue.
However, stable isotopic analysis of sulfide minerals
by Goldhaber, Reynolds, and R. O. Rye does provide
such criteria. Sulfide minerals outside the inferred
position of the formerly oxidized tongue are iso-
topically light (enriched in 32S compared to **S). The
38 values range from —26 to —46 permil in these
sands. Sulfur isotopes from the formerly oxidized
tongue are comparatively heavier (+26 to —13
permil) and are systematically distributed, with the
isotopically heavy sulfides grading to lighter sul-
fides with distance updip. The lightest sulfide in
this sequence, —13 permil, occurs 1 km updip from
the nose of the roll. If it is assumed that the source
of sulfide is located downdip from the present roll,
then it follows that the mechanism of isotopic frac-
tionation between fault-derived H.S and solid-phase
sulfides is via partial equilibration of the two sulfur
reservoirs. Sulfur isotopic equilibrium of this type
has not previously been recognized in low tempera-
ture (<100°C) systems. The striking isotopic con-
trast between sulfides in ore and those related to
the re-reduction episode suggests that stable isotope
measurements may be effectively used in explora-
tion programs in south Texas.

Pyrite oxidation and the origin of roll-front uranium deposits

Research by M. B. Goldhaber in collaboration with
R. L. Reynolds has been directed toward under-
standing the role of pyrite oxidation in forming
sedimentary roll-front uranium deposits. Two pre-
viously proposed genetic models for these deposits
suggest either bacterially produced sulfide, or
abiologically generated metastable sulfur species
such as thiosulfate (S,0:2~) as the sulfur source for
ore-stage pyrite. Pyrite oxidation by ground water

is considered to be the source of sulfate for bac-
terial reduction, or alternatively, the mechanism for
generation of metastable sulfur species. Under acidic
conditions the oxidation of pyrite is known to pro-
ceed by a rapid reaction with ferric ion to produce
ferrous iron and sulfate ion. Because this mechanism
requires ferric iron in solution, it is unlikely to
apply to roll-front formation. Iron oxides and
oxyhydroxides have been observed in both Texas and
Wyoming deposits whose textures are pseudo-
morphic after pyrite. Such textures imply incom-
plete dissolution of the iron component during sul-
fide oxidation. The experiments were conducted at
constant pH, controlled temperature and constant
oxygen concentration. Rate of addition of base nec-
essary to maintain a constant pH was monitored.
Samples were withdrawn periodically and analyzed
for total sulfur in solution, thiosulfate, tetrathionate
(8.0,+-) and sulfide (SO.*—). At pH 6 and an
oxygen concentration of 0.33 millimolar, half the
aqueous sulfur occurs as tetrathionate and the re-
mainder is sulfate. As pH increases at a constant
oxygen concentration, tetrathionate and sulfate both
decrease at the expense of thiosulfate and sulfite.
The rates of hydrogen-ion generation and iron-oxide
formation were found to increase markedly with in-
creasing pH. Oxidation at pH greater than neutrality
was shown to produce pseudomorphic textures simi-
lar to those observed in the deposits. These results
are consistent with, but do not prove, an abiological
origin for some uranium rolls.

Geochronology of uranium ores

A study by K. R. Ludwig of the U-Pb isotope ap-
parent ages of uranium ores and ore-minerals from
the Gas Hills and Crooks Gap districts in Wyoming
shows that mineralization in both districts occurred
sometime in the interval of 55 to ~26 m.y. ago. This
conclusion was reached from analyses of U-Pb iso-
topes in 15 ore samples and 14 uraninite-coffinite or
pyrite mineral separates, and it firmly establishes
an Oligocene or pre-Oligocene time of last major
uranium mineralization.

An investigation by Ludwig into the magnitude
of the effects of initial radioactive-daughter dis-
equilibrium on the U-Pb isotope and apparent ages
of very young uranium ores has shown that a sur-
prisingly large effect exists even at ages of several
million years. Typical low-temperature uranium ores
form with very low 22°Th/=U and **Pa/**»U ac-
tivity ratios and so are markedly out of radioactive
equilibrium for several half-lives of ***Th and **'Pa.
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The effect on the stable Pb daughters, however, per-
sists to much longer times than necessary to attain
secular equilibrium, so that the error in assuming
secular equilibrium is over 10 percent at 1 m.y. and
still analytically significant at 30 m.y. Thus, rigorous
evaluation of the U-Pb isotope apparent ages of
young, closed-system U-ores, must take into account
this effect.

Analyses by Ludwig of cogenetic zircon, apatite,
and uraninite mineral suites from granitic rocks of
the Granite Mountains in Wyoming have given the
most accurate and precise age dates yet from these
rocks and have distinguished two intrusive events
of similar ages in the area. An earlier granite was
emplaced at 2,640+20 m.y. ago, followed by a much
larger body of granite at 2,595+40 m.y. ago. Both
granites suffered isotopic disturbance during Lara-
mide uplift. Analyses of epidote, zircon, and apa-
tite from silicified/epidotized zones in the 2,595 m.y.
old granite further revealed that these altered zones
were probably formed deuterically from the host
granite, and that an early middle Proterozoic dis-
turbance affected the region.

Electron microprobe analyses of uraninite and coffinite

Electron microprobe analyses of uraninite and
coffinite by R. I. Grauch indicate that both uranium
phases contain essential calcium and silicon. Samples
of coexisting uraninite and coffinite pairs from three
different uranium deposits (Gas Hills and Crooks
Gap, Wyo., and Woodrow Pipe, N. Mex.) have been
analyzed. Although the absolute values of the meas-
ured elemental quantities may not be accurate be-
cause of uncertainties in the standards and correc-
tion procedures, the values are at least internally
consistent and indicate that both phases have vari-
able amounts of uranium, calcium, and silicon.
Uranium has been assigned a valence value of +4
because both uraninite and coffinite are historically
considered to be “reduced” phases, and in the case
of uraninite the measured values of uranium are
consistent with a unit formula calculation using
UO:, not U;0.. Uraninite compositions are in the
range: UO,, 93 to 95 weight percent; CaO, 1.4 to
3.2 weight percent; and SiO,, 2.9 to 6.1 weight per-
cent, with sums of oxide weight percent from 100.7
to 101.4. Coffinite compositions are in the range:
UO,, 76.9 to 82.3 weight percent; Ca0O, 1.0 to 2.4
weight percent; and SiO,, 13.4 to 15.6 weight per-
cent, with sums of oxide weight percent from 93.8
to 98.0. The consistently low oxide sums for coffinite
suggest a systematic error in the correction pro-

cedures, the presence of U+t%, and (or) the presence
of structural OH—. The analytical data suggest that
the compositions of coexisting phases vary sym-
pathetically (high calcium and high silica uraninites
seem to coexist with high caleium and high silica
coffinites respectively). This suggests the possibility
that one phase formed by replacement of the other
or that both phases grew in similar or the same
local chemical environment. If the partitioning of
calcium and silicon between uraninite and coffinite
is systematic, a program to examine the kinetics
and phase equilibria in the system UQ,-Ca0-SiO.
should yield information that would permit the defi-
nition of the physicochemical conditions of ore
formation.

Characterization of granitic uranium source rocks

Previous studies (Rosholt and others, 1973;
Stuckless and Nkomo, 1978) have demonstrated that
the granitic rocks in the Granite Mountains in
Wyoming have lost large amounts of uranium and
that the timing of the uranium loss is compatible
with the age of ore deposition in the three nearby
uranium districts (Stuckless and Nkomo, 1978;
Ludwig, 1977). These facts and the proximity of
the granite to the Gas Hills, Crooks Gap, and
Shirley Basin uranium districts suggest that the
granite was the major source rock for the sedi-
mentary uranium deposits. Characteristics of the
granite that may be common to other granitic
uranium source rocks may include: (1) a mineralogy
dominated by quartz and two feldspars with biotite,
primary epidote and locally abundant magnetite,
(2) a fairly homogeneous bulk chemical composition
that approximates the granite minimum in the sys-
tem quartz-albite-orthoclase, (8) an anomalously
high concentration of lithophile trace elements such
as the rare earths, (4) proportionalities among
radioelement concentrations that differ markedly
from normally accepted values for similar rock
types, (5) high initial isotopic ratios such as *'Sr/
s6Sr or 2°"Pb/2*Pb relative to rocks of similar age,
and (6) isotopic disequilibrium within the 23U-
decay chain.

Uranium mobility during interaction of rhyalitic glass with
alkaline solutions

Based upon preliminary results of experimental
leaching of rhyolite glass shards, R. A. Zielinski
has identified some criteria for recognizing likely
voleanice source rocks of uranium. Well-flushed col-
umns of rhyolitic shards may release significant
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uranium through a mechanism of glass dissolution.
Silica and uranium are released in the same weight
fraction as present in the glass (congruent dissolu-
tion) while lithium and potassium removal is en-
hanced by additional ion exchange. Residual glass
is apparently unaltered but shows signs of dissolu-
tion as devitrified rims and small (<10 mierons)
etch pits. Additional field guides for recognizing
partially dissolved rhyolitic glass include abnormal-
ly low lithium content, underlying accumulations of
secondary silica precipitates (sometimes urani-
ferous) and (or) lithium-rich clays.

Uranium in secondary silica as a guide for describing uranium

mobility

Continuing research by R. A. Zielinski in the
Shirley Basin in Wyoming indicates that the ura-
nium content of secondary silica may provide a
fossilized record of the relative uranium concentra-
tion of ancient ground water. Uranium concentra-
tion of cryptocrystalline silica veinlets collected at
the base of a thick sequence of Oligocene rhyolitic
ash increases basinward. One dated veinlet is at
least 20 million years old. Silica was precipitated
from uraniferous, silica-saturated ground water per-
colating downward through overlying rhyolitic ash.
Uranium concentration ranges from 10 to 250 ppm
and is homogeneously distributed (in silica sepa-
rates). Uranium content and age estimates of silica
precipitates can be used to evaluate possible source
rocks and identify areas of prior uranium concen-
trations that may relate to nearby sedimentayy
uranium deposits.

Conceptual-mathematical models of uranium ore formation in
sandstone-type deposits

J. S. Leventhal and H. C. Granger (1977) have
estimated the time required to produce a roll-type
ore deposit of a given size in sandstone, using rea-
sonable assumptions for the removal of uranium
from igneous source rocks by ground water, for
uranium content of the ground water, ground-water
flow rate, uranium entrapment efficiency, and host-
rock porosity and density.

Mass-balance calculations indicated that removal
of half of the uranium from a relatively small vol-
ume of source rock having a specific gravity of 2.6
and originally containing 10 ppm uranium would
yield 10 t of uranium. This amount is equivalent to
that obtained from weathering and leaching a 300
m? area of granite to a depth of 8.5 m, or a 3 km?
area of volcanic ash about 8.5 em thick. The time
required to remove that amount of uranium from

such source rocks depends in part on their porosity
and permeability that, in turn, are related to the
extent of fracturing in the granite or the grain size
of the ash and the solubility of the uranium. The
amount of weathering and access of meteoric water
into the ground-water system are additional essen-
tial factors. Ten million cubic meters of water con-
taining 10 ppb uranium are needed to form a 10-t
uranium deposit. If the rainfall is 25 cm/yr, this
amount of water would fall on the granite area noted
in about 44,000 years and the ash in 440 years. These
are minimum estimates because the uranium may
not be removed in this time, and it is unlikely that
all of the rainwater would enter the ground-water
system. If only 10 percent of the rainwater infil-
trated the rock, the above time periods would be in-
creased by a factor of 10.

A reasonable calculation has been made of the
time required to form a roll-type deposit having a
5-m average width and containing 10 t of uranium.
If the deposit averages 0.25 percent uranium, it
contains about 4,000 t of ore. If this ore has a spe-
cific gravity of 2, it has a volume of 2,000 m®. The
10° m® of uranium-bearing solution needed to supply
the 10 t of uranium, assuming 10 ppb and 100 per-
cent precipitation, is about 500,000 times the volume
of the ore deposit. The calculation flow rate using a
hydraulic gradient of 9.4 m/km in a medium grained
sandstone is 5.3 m/yr. This means that each year a
volume of water about equal to that of the resulting
orebody flows through the roll; therefore, it takes
about 500,000 years to form the orebody. If the solu-
tion contained 50 ppb uranium, it would take only
100,000 years to form the same orebody.

Organic materials and conditions of uranium fixation

Experiments performed by J. K. Jennings and
J. S. Leventhal (1976) to test the degree of uran-
ium fixation by humic acids as well as by synthetic
ion-exchange and chelating resins over a broad pH
range showed in most cases that the form of soluble
uranium changes with pH. At pH below 4, the
uranyl cation UO+2 predominates, but at pH
above 5 the uranyl dicarbonate complex UQ,(CO;).
(2H,0) 2 is the dominant soluble form, which at
higher pH gives away to greater proportions of the
uranyl tricarbonate complex UQ,(CO;);~* The re-
active sites of humic acids also change with increas-
ing pH due to deprotonation and (or) hydration.
Because of these changes in soluble uranium species
and reactive sites of humic acids, the degree of
interaction between acids is strongly pH-dependent.
The conditional stability constants for reaction
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products were determined by measuring the re-
activity between uranyl carbonate solutions and
several ion-exchange and chelating resins both in
the presence and absence of humic acids under con-
trolled pH conditions. Preliminary results indicate
that fixation is strongly pH-dependent and involves
both ionic and chelate interaction. Humic acids will
complex the greatest quantity of uranium in the
near neutral pH region.

Computer modeling of roll-type uranium deposits

C. G. Warren (1977) simulated roll-type uranium
deposits in a computer model that emphasized the
interrelationships of geochemistry and hydrology.
In the model, ground water carrying dissolved oxy-
gen flows through a confined aquifer containing
pyrite-bearing sandstone. The oxygen destroys the
pyrite on contact and creates a distinetive crescent-
shaped alteration zone that is similar to the shape of
the alteration zone observed in nature. In the model,
the velocity profile of the ground water partly deter-
mines the shape of the altered zone but transverse
dispersion of oxygen further modifies the shapes.
Impermeable mudstones above and below the sand-
stone aquifer were found to exert profound control
over the entire system. Ground water is inferred to
move very slowly along the boundaries with the re-
sult that oxygen is essentially delivered to the bound-
ary areas by only one process—transverse disper-
sion. In the model, any impermeable surface, such as
clay layers suspended in the aquifer, exerts this kind
of control.

Thermoluminescence of sand grains near a uranium deposit

Previous workers’ attempts to use thermolumines-
cense (TL) as an indicator of uranium mineraliza-
tion were thwarted by the inability to separate the
effect of radiation on TL from the natural variation
in the susceptibilities of the samples to TL. C. S.
Spirakis, M. B. Goldhaber, and R. L. Reynolds
(1977) found that variation in the susceptibility can
be normalized, however, by ratioing TL measure-
ments from two different temperature ranges. With
this normalizing technique, radiation-induced TL re-
lated to the mineralizing process, was detected
around a south-Texas uranium rollfront deposit.
This anomalous TL may form the basis of a new
uranium-prospecting tool.

Mobile helium-detection equipment used in uranium exploration

Helium surveys conducted by G. M. Reimer have
shown anomalous helium concentrations in soil gas

and subsurface water in the vicinity of various types
of uranium deposits. The anomalies are difficult to
interpret in view of the diverse geologic nature of
the uranium deposits, but preliminary models are
being developed to aid the interpretation (Reimer
and Otton, 1976). Several sampling techniques have
been successfully evaluated in order to enhance the
helium and radon concentrations before analysis
(Reimer, 1977). The results of these continuing in-
vestigations indicate that helium detection, sup-
ported by radon analyses, can be useful in the
search for uranium.

Uranium anomaly in Cafada de la Cueva, New Mexico

Studies by K. J. Wenrich-Verbeek of uranium con-
centration in the surface waters north of Ojo
Caliente, N. Mex., have shown that the sources of
anomalously high wuranium concentrations are
springs (both cold and hot) that are (1) flowing
out of the Sante Fe Formation in Cafiada de la
Cueva and (2) located near the mouth of Cafiada de
la Cueva in the valley of the Rio Ojo Caliente.
Uranium concentrations here are between 40 and
150 pg/L (ppb), whereas in the well-known hot
springs of Ojo Caliente the uranium concentrations
are <7 pg/L. Other springs and streams throughout
the area are <5 pg/L. Thus, the area of anomalous
uranium appears to be restricted to the area of
Cafiada de la Cueva and does not indicate generally
high uranium values for all hot or cold springs in
the Ojo Caliente region.

Water sampling for uranium exploration

A detailed geochemical study was conducted by
K. J. Wenrich-Verbeek of water and stream sedi-
ments in an area containing anomalous uranium
concentrations in water. The high uranium concen-
trations in the surface water were not reflected in
the corresponding stream sediments. The low ura-
nium content of the stream sediments from these
high uranium waters can be explained by (1) the
presence of a ground water source for the uranium,
and (2) insufficient time for the uranium in the
water to be adsorbed onto the sediments. Although
a stream sediment anomaly in these streams cannot
be established with a size fraction <150 ym (<100
mesh), enough uranium has been adsorbed by the
fine fraction that a small local anomaly can be out-
lined using the fraction size <90 pm (<170 mesh).
This anomaly is so small though, that it probably
would not have been recognized in a regional recon-
naissance study. Thus, in a case where ground water
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is the contributing source for uranium, stream-
sediment sampling alone, even using the fine frac-
tion, is not an effective technique for detecting ura-
nium anomalies. This emphasizes the necessity of
water sampling in conjunction with stream-sedi-
ment sampling.

Spring-deposited radioactive barite in the Great Salt Lake
area of Utah

Barite and calcite are being chemically precipi-
tated at Stinking Hot Springs northeast of the
Great Salt Lake in Utah. One hard porous radioac-
tive sample shown by X-ray diffraction to be mono-
crystalline barite contains radium equivalent to
17,000 ppm uranium. This concentration of radium
by natural processes of coprecipitation is the highest
found by J. K. Felmlee and R. A. Cadigan in their
reconnaissance of mineral springs in eight Western
States. The occurrence at this site may result from
the mixing of barium-rich sulfide-bearing water as-
sociated with a local fault aquifer and radium-rich
water from a more widespread aquifer that may be
fed by fault systems close to the Wasatch Range.
Geologic evidence indicates that the radium and
barium have their sources in the Precambrian and
Paleozoic rocks in the area rather than the Tertiary
and Quaternary sediments.

Uranium in two-mica granite in northern New England

A significant occurrence of wuranyl-phosphate
minerals has been reported in two-mica granite near
Lake Sunapee, N.H. (Boudette, 1977). Two-mica
granite is recognized for its anatectic genesis and
anomalous content of ore-forming elements includ-
ing uranium, tin, tungsten, beryllium, lithium, and
fluorine, (de la Roche and others, 1976). Field
studies by E. L. Boudette determined that the two-
mica granite at Lake Sunapee is part of the western-
most of three belts of two-mica granite in New
Hampshire (see Boudette, 1977) that compose the
Concord Granite. Recent isotope dating of the two-
mica granite has shown it to be younger than
previously interpreted, probably of Mississippian
age (Lyons and Livingston, 1977) indicative of
widespread Hercynian (Variscan) plutonism in New
England. Rocks of the Lake Sunapee two-mica
granite belt are peraluminous with a silica content
ranging from 72.6 to 75.1 percent, alumina content
ranging from 14.9 to 15.3 percent, and total alkali
content ranging from 7.7 to 8.7 percent. These rocks
are moderately enriched in potash and have a *Sr/
86Sr initial ratio of 0.7142 (Lyons and Livingston,

1977). The thorium content of the Lake Sunapee
rocks ranges from 2 to 14 ppm and average 8 ppm.
The uranium content ranges from 8 to 32 ppm and
averages 15 ppm. The thorium-uranium ratio ranges
from 0.1 to 1.6 and averages 0.72. The combination
of strontium initial ratio value and thorium-uranium
ratio indicate a crustal origin for the two-mica
granite. The easternmost belt of two-mica granite
(Milford belt) in New Hampshire can be observed
to be sheet-form and routed in embrechite. The
embrechite is part of a lithostratigraphic unit that
has been previously called ‘“Massabesic Gneiss” of
local usage, but is more accurately termed the
Massabesic Migmatite which is exposed in south-
eastern New Hampshire. The crustal origin indi-
cated by geochemistry and spatial association of the
two-mica granite with migmatite, in turn, indicates
that the two-mica granite was generated by anatexis
of protoliths of the Massabesic.

Intragranitic syngenetic uranium deposits in
France (Poty, 1977) are located in Hercynian-age
two-mica granite sheets or related rocks. The close
comparison of the age for two-mica granite in the
Central and Armoricain Massifs of France with the
Concord Granite in New England has an important
metallogenic significance because it is possible that
these rocks comprise a coextensive province prior
to continental breakup and formation of the present
Atlantic Ocean. Thus, the two-mica granite in New
England, as well as elsewhere in the Appalachian
orogen, emerges as an important exploration ter-
rain for uranium as well as other resources.

Two-mica granite is assigned to peraluminous
irruptive suite. Whether or not this suite is transi-
tional into the cale-alkalic suite is problematic, but
both relate in time and space to orogenic stages.
It is unlikely that the peraluminous suite is transi-
tional into the alkalic suite that is normally related
to epeirogenic or anorogenic environments. Rocks of
the late Mesozoic age White Mountain batholith of
New Hampshire present tectonic-geometric con-
trasts to the two-mica granite, and show a different
uranium-thorium distribution pattern. The thorium
content ranges from 4 to 391 ppm and averages 59
ppm. The uranium content ranges from 2 to 32 ppm
and averages 13 ppm. The thorium-uranium ratio
ranges from 1.8 to 23.3 and averages 4.4. The later
value is essentially a normal value for rocks with
mantle geochemical affiliations.

Uranium fractionation followed by syngenetic and
dispersed uranium deposition is possible for granitic
rocks emplaced in (1) cale-alkalic, (2) peralumi-
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nous, or (3) alkalic irruptive suites. Each suite,
however, presents a unique genetic model, which
has important consequences in exploration.

Uranium, thorium, carbon, and sulfur in Devonian black shale
from West Virginia, Kentucky, and New York

Samples of Devonian black shale from drill core
obtained by J. S. Leventhal and M. B. Goldhaber in
three eastern States were analyzed for uranium,
thorium, carbon, and sulfur. The uranium shows
variations from 1.5 to 38 ppm. These variations re-
flect regional extremes, but even in a given core
uranium variations range from 1.5 to 15.8 ppm
(West Valley, Cattaraugus County, New York), 3.2
to 38 ppm (Perry County, Kentucky), 3.4 to 36.6
ppm (Lincoln County, West Virginia), 3.4 to 21
ppm (Jackson County, West Virginia).

The thorium shows the most constant value, 15
ppm, near the mean values of 12.0 ppm reported
for shales. Thorium-uranium values >3 are indica-
tive of lithologic changes that may be useful for
stratigraphic correlation. Uranium and carbon are
generally higher than the average values quoted for
shales of 3.7 ppm for uranium and 2.1 percent for
carbon.Uranium shows a covariance with both or-
ganic carbon and sulfur (iron sulfides). The plots of
the carbon, sulfur, and uranium with depth for Perry
County, Kentucky, and Jackson County, West Vir-
ginia, show a good covariance for uranium and car-
bon. In this core, the uranium and sulfur relation-
ship is not good at the top but is as good as carbon
and uranium in the lower portion.

Earlier work (Kehn, 1955; Bates and Strahl,
1957) on the Gassaway Member of the Chattanooga
Shale of Devonian age from DeKalb County, Ten-
nessee, showed much higher amounts of uranium
(averages of 50-60 ppm) and carbon (11 percent).
At that locality there was a smooth trend of more
carbon corresponding to more uranium. These
earlier results are different from ours obtained from
the Kentucky, New York, and West Virginia locali-
ties. In general, our units are thicker, and because
of probable dilution of the carbon and uranium with
inorganic material, we see values that are generally
only 50 percent as high for the uranium and carbon
values. This may be due to a shallow-barred or land-
locked sea in the area of DeKalb County, Tennessee,
(Conant and Swanson, 1961; Breger and Brown,
1963), whereas our samples from the region to
the north represent deltaic to open-ocean environ-
ments where the organic material and uranium
could be diluted by clay minerals.

Electromagnetic methods aid in detection of mineralization
associated with uranium

B. D. Smith, J. W. Cody, D. L. Campbell, J. J.
Daniels, V. J. Flanigan, and L. J. O’Connor, using
nonradiometric geophysical methods in hardrock
and sedimentary-rock terranes, have demonstrated
that the geophysical data can successfully be used
to map and detect geological features that indicate
favorable areas for uranium mineralization (Smith
and others, 1976). A sufficient number of surveys
have been conducted in hardrock terrane to draw
a few tentative conclusions about the general design
of geophysical surveys in relation to types of
uranium deposits.

A number of geophysical surveys have also been
conducted in sedimentary terranes to demonstrate
that electrical and magnetic methods can detect suit-
able variations in physical properties of sediments
associated with uranium deposits. These subtle
variations in geological and geochemical properties
of sediments may constitute much larger targets
than the uranium mineralization itself. Consequently,
surface geophysical surveys may be capable of de-
tecting much deeper uranium mineralization than
previously suspected. Laboratory petrophysical
measurements indicate that uranium mineral de-
posits may have a much larger geological halo than
previously suspected.

GEOTHERMAL RESOURCES

Snake River Plain, ldaho, geothermal well studies

Geothermal waters may be a potential source of
energy for a central heating system for Sugar City,
an eastern Idaho town that was largely destroyed in
the Teton Dam disaster of June 5, 1976. E. G.
Crosthwaite reports that water temperatures in
nine selected wells in the region of the potential
energy resources ranged from 23° to 49° C. Aquifer
temperatures, estimated by geochemical thermom-
eters, ranged from 45° to 145° C when Si concentra-
tions were used and from less than 10° C to 205° C
when Na-K-Ca concentrations were used. Prelim-
inary results of oxygen-isotope data show that the
cold and warm waters have essentially the same 20
contents.

Several water samples were collected by H. W.
Young and R. E. Lewis from wells near Twin Falls
in southern Idaho. In one local area, more than
15 wells were drilled in the past 2 years for space
heating, catfish farming, and swimming pools. These
wells are generally 300 m deep and have reported
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water temepratures ranging from 35° to 60° C. In
one well, flowing about 95 L/s, Si and Na-K-Ca
geothermometers indicated temperatures of 106° C
and 88° C, respectively. Mixing models showed a
temperature of about 185° C, with an 84-percent
cold-water fraction.

A 220-m deep well, drilled in the bottom of the
Snake River Canyon, reportedly penetrated Idavada
Volcanics(?) of Miocene age. It had a reported
shut-in pressure of 15 kg/cm?, a flow of about 170
L/s, and a water temperature at the surface of 42°
C. Silica and Na-K-Ca geothermometers indicated
temperatures of about 120° C and 90° C, respec-
tively, with a mixing-model temperature of 215° C.

Geothermal water studies in the Verde Valley of Arizona

Preliminary water-quality inventories of wells and
springs in the Verde Valley indicate some anomal-
ously high geothermal temperatures. According to
P. P. Ross and C. D. Farrar, the Verde Hot Springs
are the focal point of the investigation and have
surface temperatures of 40° C and indicated geo-
thermal temperatures of 118° C when the SiO, meth-
od is used and 146° C when the Na-K-Ca method is
used. Indicated water temperatures in wells sampled
as far as 32 km north of the Veérde Hot Springs
have been calculated as high as 135° C when the
Si0, method is used and 125° C when the Na-K-Ca
method is used. The well- and spring-sampling pro-
gram is continuing to define the extent of the geo-
thermal reservoir. If the reservoir proves to be con-
tinuous from Verde Hot Springs to the wells north
of Camp Verde, the reservoir may be of adequate
size to designate it as a known geothermal resource.

Geothermal water studies in the Coso Hot Springs of California

Temperature measurements made by W. R. Moyle,
Jr., (1977) in the Coso Hot Springs area of Cali-
fornia ranged from 4° C in a mountain spring to
42° C at the bottom of the deepest well. The tem-
perature gradients below land surface range from
1.1° C per 33.3 m in nonthermal areas to 24.4° C
per 33.3 m in thermal areas. Only six areas were
found to have water or ground temperatures greatly
above the local average air temeprature: Coso Hot
Springs, Devils Kitchen, Nicol area, Wheeler Pros-
pect, and areas on the west and northeast sides of
Sugarloaf Mountain.

The water quality is considered good throughout
the study area except where water is evaporated for
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discharging playa surfaces or steaming ground. All
temperatures measured in springs surrounding Coso
Hot Springs and Devils Kitchen indicate that the
springs are non-thermal and are strongly influenced
by the ambient air temperature. One spring meas-
ured twice showed a variation of 21° C between
summer and winter.

Geothermal potential northeast of Clear Lake in California

The northward progression of ages of eruptions
in the Clear Lake Volcanics implies that a heat
source at depth has moved relatively northward,
according to J. M. Donnelly, B. C. Hearn, Jr., and
F. E. Goff (Donnelly and others, 1977). The area
of youngest volcanic activity (<0.2 m.y.) lies along
the northeast side of Clear Lake and further north-
east of the lake, a distance of 3 to 13 km northeast
of a high-level magma chamber inferred from geo-
physical data. That magma chamber may have been
left behind to cool and crystallize, while the deep
heat source may now be warming up the area north-
east of Clear Lake. This young focus of igneous
activity may have considerable geothermal potential,
as shown by the wider halo of thermal springs, but
existing geophysical and geological data are insuf-
ficient to assess the potential.

Seismic refraction at Raft River in Idaho

The Raft River geothermal system in southeastern
Idaho is a convective hot water system presently
being developed to demonstrate the production of
electricity from low-temperature (~150° C) water.
Interpretation by H. D. Ackermann of seismic-re-
fraction recordings made in the Raft River geother-
mal area yielded compressional velocities from near
the surface to the crystalline basement at a maxi-
mum depth of approximately 1,600 m. The results
show a complex sequence of sediments and volcanic
flows overlying basement. Velocities in the sedimen-
tary section vary laterally. Correlation with well
data suggests that zones of higher velocities cor-
respond to zones where sediments are hydrother-
mally altered. Flowing hot wells occur near the
boundary between inferred shallow altered and un-
altered rocks. The basement surface does not appear
to be displaced by any large faults, although there
is ample surface evidence of faulting. The deep cir-
culation of hot water necessary for a convective sys-
tem may be through many small faults and frac-
| tures. Fracturing is suggested on the basis of lateral
velocity variations within the basement complex.

|
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Crustal melting at the San Francisco volcanic field in Arizona

E. W. Wolfe, R. B. Moore, G. E. Ulrich, R. F.
Holm, and C. G. Newhall report that basalt vents
are conspicuously rare within the major centers of
intermediate to silicic eruption in the San Francisco
volcanic field in Arizona. However, the close prox-
imity of these centers to large numbers of basaltic
vents of broadly similar age indicates that the
basalts and non-basalts are related in origin. Per-
haps large volumes of basalt magma invading the
crust caused local melting that produced silicic
liquids. Such liquids may be represented by felsic
xenoliths that were partially melted and now con-
tain silica-rich glass. The silicic melts may have
mixed with basaltic liquid to produce andesite that
erupted at many places in the central part of the
volcanic field, including San Francisco Mountain.
The andesite tends to differentiate readily. Four
andesite vents south and west of San Francisco
Mountain enclose more silicic eentral plugs (two are
rhyolitic), and an andesite flow contains large
segregations of dacite with hornblende gabbro
xenoliths. Additional evidence that melts from
crustal rock are important components in the inter-
mediate and silicic rocks comes from O’Leary Peak,
a differentiated vent just east of San Francisco
Mountain where M. A. Lamphere determined un-
usually high Sr-isotope rations in both andesite and
rhyodacite.

Terminology for geothermal resource assessment

During late 1976 and 1977, the USGS cooperated
with the National Electric Agency of Italy in eval-
uating methodology for regional geothermal re-
source assessment, under the sponsorship of the U.S.
Energy Research and Development Administration,
recently absorbed into the new Department of
Energy. Analysis of methodology and recommenda-
tions for uniform terminology were presented at the
Larderello Workshop on Geothermal Resource As-
sessment and Reservoir Engineering, along with a
test application to central and southern Tuscany in
Italy (Muffler and Cataldi, in press; Cataldi and
others, in press).

Given the need for a consistent, agreed-upon term
for geothermal resource assessment, Muffler and
Cataldi proposed a logical, sequential subdivision of
the geothermal resource base, accepting its definition
as being all the thermal energy in the Earth’s crust
under a given area, relative to mean annual surface
temperature. That part of the resource base that is
shallow enough to be tapped by production drilling
is termed the accessible resource base, and it in
turn is divided into useful and residual components.

The useful component (i.e., the thermal energy that
could reasonably be extracted at costs competitive
with other forms of energy at some specified future
time) is termed the geothermal resource. This in
turn is divided into economic and sub-economic
components, based on conditions existing at the time
of assessment.

In the format of a McKelvey diagram (fig. 1),
this logic defines the vertical axis (degree of eco-
nomic feasibility). The horizontal axis (degree of
geologic assurance) contains identified and undis-
covered components. Reserve is then designated as
the identified, economic resource. All categories
should be expressed in units of thermal energy, with
resource and reserve figures calculated at wellhead,
prior to the inevitable large losses inherent in any
practical thermal use or in conversion to electricity.

The proposed terminology is internally logical and
is consonant with pre-exiting terminology used to
describe mineral and petroleum resources.
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FIGURE 1.—McKelvey diagram for geothermal energy showing
derivation of “resource” and “reserve” (Muffler and Cataldi,
1978, fig. 1). Scales are arbitrary; relative sizes of rectan-
gles have no relation to relative magnitudes of categories.
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Lithium-rich rocks in Nevada

E. F. Brenner-Tourtelot reported that lithium
concentrations in the Miocene part of the Horse
Spring Formation at Lava Butte near Henderson,
Nev., are related to: (1) the degree of aridity
reached in this ancient playa as indicated by the
presence of evaporite minerals such as halite; (2)
influx of volcanic ash as indicated by vitroclastic
textures and the presence of zeolite and feldspar
minerals; and (3) the presence of hot springs. One
40-m section at Lava Butte contains an average of
0.1 percent Li. The lithium was leached probably
from the voleanic ash by circulating hot water of
the springs and was concentrated evaporatively in
the brines of the playa. Final deposition of the lith-
ium was by the interaction of tuffaceous playa sedi-
ments with the lithium-rich playa brine to form a
hectorite-like clay mineral on bedding planes and
joint surfaces of the dolomite and dolomitic tuff of
the playa mud.

Tuffaceous sediments of a similar ancient playa
near Socorro, N. Mex., in the Popotosa Formation
were found to contain as much as 0.15 percent Li.
Samples from this area confirmed G. O. Bachman’s
discovery of a lithium anomaly in 1976. The maxi-
mum lithium values are lower than those found at
Lava Butte, Nev.; the mineralogy of the sediments
of the Popotosa indicates a less concentrated brine
but a drier environment than for the Horse Spring.

Very little gypsum and no halite have been found |

in the Popotosa Formation.

Geophysical characterization of brine deposits

Field geophysical surveys by Bruce D. Smith
shows that the northeast end of Fish Lake Valley in
Nevada is dominated by a NW to SE gravity gra-
dient that obscures any subtle expression of low
density sediments in the gravity data. Direct current
resistivity and electromagnetic sounding surveys
have defined a very limited area of conductive sedi-
ments that might contain brine-bearing zones. In
contrast, Columbus Salt Marsh, north of Fish Lake
Valley, has a pronounced gravity low that indicates
the presence of a thick sequence of low density sedi-
ments. Electrical geophysical surveys indicate that
these sediments contain zones of low resistivity.
Thus, Columbus Salt Marsh appears to be favorable
for the occurrence of brines that may contain lith-
ium.

Limited laboratory measurements of the electrical
properties of playa sediments indicate that high
precision electrical geophysical methods can be used

to distinguish between brine-bearing sediments and
other electrically conductive sediments. Although
more work needs to be done on this topic, the results
of this work suggest that high precision electrical
surveys could play an important role in the future
exploration for lithium-bearing brines.

Origin of lithium in sedimentary rocks and brines

J. D. Vine lists two requirements for the accumu-
lation of lithium in sedimentary rocks and brines:
(1) a source for lithium in solution that provides an
unusually large proportion of lithium in comparison
to the major cations, Na, Ca, Mg, and K, and (2)
a mechanism for evaporative concentration of these
waters to precipitate some of the major constituents
as limestone, dolomite, gypsum, and halite or similar
chemical evaporite deposits, thereby concentrating
the lithium in the residual brines. Once concen-
trated, the lithium may enter into such clay minerals
as hectorite, or remain in the final brines. Favorable
conditions for a lithium-rich source are found in hot
springs associated with volcanic activity where the
ratio Li: Cl may be as high as 1:100. Conditions for
evaporative concentration occur in a number of un-
drained basins in the western Cordillera of both
North America and South America and possibly on
other continents.

New occurrences of the lithium-rich smectite, hectorite

R. K. Glanzman found significant amounts of lith-
ium-rich clay very similar to the type hectorite at
Hector, Calif., in the McDermitt caldera in northern
Nevada and southern Oregon, and the Date Creek
Basin in central Arizona near Wickenburg. The clay
in the McDermitt caldera is interbedded with the
zeolites, clinoptilolite, erionite, and analcime, in a
sequence of altered tuffaceous sediments of Miocene
age. Clay associated with clinoptilolite and erionite
contains as much as 3,600 ppm Li. Clay associated
with analcime contains as much as 6,500 ppm in
individual whole-rock analyses. The highest amount
of lithium reported for type hectorite is 5,100 ppm.
Lithium is also associated with mercury and ura-
nium deposits in the caldera. Lithium enrichment is
caused by a combination of diagenetic and hydro-
thermal alteration.

Uranium-bearing lacustrine sediments of Tertiary
age in the Date Creek Basin contain several clay
zones that have up to 2,300 ppm Li. This occurrence
is a southerly extension of the lithium-rich trend
from the Horse Spring Formation in the Lake Mead
area (southern Nevada) through the Big Sandy
Formation near Wikieup, Ariz., and the “Lyles”
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lithium deposit near Kirkland, Ariz. The trend sug-
gests that the Colorado Plateau-Basin and Range
physiographic transition zone may be a zone of lith-
ium enrichment.

California phosphorite

A. E. Roberts reported that phosphorite deposits
in Santa Barbara and Ventura Counties are a po-
tential resource for phosphate. The deposits are in
sedimentary sequences ranging in age from Sauce-
sian through Mohnian Stages of the California
Miocene Series. The phosphatic facies consists gen-
erally of brown to gray, laminated to medium beds
of massive to graded pelletic and nodular phosphate,
phosphatic mudstone, mudstone, siltstone, and some
fine-grained sandstone. The pellets range from very
fine to medium sand-size, and the nodules range
from coarse sand to medium pebble-size. They are
generally structureless aggregates of submicro-
crystalline carbonate-fluorapatite containing ter-
rigenous clay, silt, and sand particles, and diatoms
or shell fragments. Faunal assemblages and sedi-
mentary structures in the phosphatic facies suggest
formation as an offshore mud-shelf deposit. Phos-
phate was precipitated in the shelf mud during pro-
longed calm-water conditions interspersed with oc-
casional high-energy conditions that winnowed away
the finer grained material and rounded the pellets
and nodules.

Gold and silver in ash of incinerated sewage sludge

R. A. Gulbrandsen discovered that the phosphate
(16.6 percent P,0;) contained in the ash of inciner-
ated sewage sludge at Palo Alto, Calif., is a signifi-
cant resource that can be used in the manufacture
of fertilizer. The ash also contains high contents of
gold (30 ppm) and silver (660 ppm). Copper (0.8
percent), tin (0.3 percent), palladium (4 ppm), and
zinc (0.38 percent) in the ash are also of economic
interest. Most commercial interest is focused on the
recovery of gold, the most valuable component of
the ash. In addition to a yearly production of about
2,000 t of ash, Palo Alto has an accumulation of
10,000 t of ash in the city dump. The latter com-
prises a gold deposit with an apparent value of
about 1.5 million dollars.

Phosphate resources in the southeastern United States

Recent drill data indicate the presence of exten-
sive deposits of phosphate in-DeSoto County, Flor-
ida, as well as in the Osceola National Forest in
northern Florida and in southern South Carolina.

According to J. B. Cathcart, these deposits will be
more costly to mine and process than the nearly
depleted deposits currently being exploited in Flor-
ida and North Carolina. In addition, there are en-
vironmental restrictions for some areas. Nonethe-
less, it is probable that these deposits will become
economically viable.

Physical and chemical properties of bentonite

By comparing the cation-exchange properties of
347 bentonites of Cretaceous age from Wyoming and
Montana with their physical properties, C. W.
Frahme found that samples with desirably high vis-
cosity values, such as might be used in the drilling-
mud industry, exhibited low filtrate loss, pH >8,
and 30-180 milliequivalents water-soluble cations.
Detrimentally large filtrate losses occur in samples
with a pH <9, low to moderate amounts of ex-
changeable sodium, and low exchangeable Na/
Ca+Mg.

Lithium in flint clays

H. A. Tourtelot reported that maximum concen-
trations of lithium found in samples of flint clay and
associated rocks of Pennsylvanian age in different
States are: Missouri—5,100 ppm; Pennsylvania-
Maryland—2,100 ppm ; Kentucky—_890 ppm ; Ohio—
660 ppm; Alabama—750 ppm; and Illinois—160
ppm. Maximum concentrations in kaolin deposits in
the Coastal Plain province extending from New Jer-
sey to Texas and in a deposit in Idaho, range from 64
to 180 ppm. The maximum concentration found in
the Arkansas bauxite region is 460 ppm, and the
maximum concentration in flint clay in Colorado is
370 ppm. Samples from areas other than Pennsyl-
vania, Maryland, Kentucky, and Missouri are rela-
tively few in number, represent mostly commercially
valuable clays, and represent only a part of the re-
fractory clay deposits in the United States. Data are
not available on associated clays that could be un-
useable because they contain too much lithium, as
well as other deleterious elements. In both Pennsyl-
vania and Missouri, lithium contents vary regionally
between districts and vary locally between deposits.
In samples containing more than 2,000 ppm Li, the
lithium occurs in a dioctahedral chlorite mineral
very similar to cookeite, which previously has not
been recognized in sedimentary clays. The clays as-
sociated with the cookeite-like mineral consist
chiefly of well-crystallized kaolinite. The diocta-
hedral chlorite, however, seems to be most abundant
where diaspore and boehmite occur along with the
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kaolinite. Barium, chromium, copper, phosphorus,
and strontium are present in some samples in
amounts of several hundred parts per million or
more, and may contribute to the failure of some
clays to perform satisfactorily in firing tests.

Carbonate rocks for sulfur dioxide gas recovery

Limestones, chalks, and marls, as well as second-
ary carbonate from industrial processes, are among
the carbonate rocks most suitable for scrubbing SO,
emissions from coal-fired generators. C. M. Shiffiett
found that calcite sludge from the Kraft paper proc-
ess shows higher reactivity with SO, than natural
carbonates under laboratory conditions. Waste lime
derived from the production of acetylene gas was
found to have higher reactivity and fewer problems
with plugging and scaling than virgin lime or lime-
stone. This may be caused by a different oxidation
rate in the scrubber.

Phosphate resources of the Hawley Creek area in ldaho

Phosphate resources in the Retort Phosphatic
Shale Member of the Phosphoria Formation (Per-
mian) in east-central Idaho (113°05” to 113°15" W.
Long. and 44°35’ to 45°45’ N. Lat.) were examined
by Peter Oberlindacher and R. D. Hovland. The
Retort crops out for about 18 km in the area. The
member is poorly exposed but generally forms a dis-
tinct swale between more resistant dolomite beds in
the upper part of the Park City Formation and the
overlying Tosi Chert Member of the Phosphoria For-
mation. The Retort is intensely folded and faulted
in much of the mapped area caused by regional
thrusting (Lucchitta, 1966; Ruppel, 1978).

Two bulldozer trenches and several measured
sections indicate an average thickness of 22 m for
the Retort. One of the trenches contained 0.7 m of
high-grade (31+ percent P.O;) phosphate rock; 4.3
m medium-grade (24+ percent P,0;); and 11.2 m
low-grade (16+ percent P.0s;).
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NEW ENGLAND

Vassalboro-pre-Vassalboro stratigraphic relations

Studies by P. H. Osberg in the Bangor, Maine, 2°
sheet have shown that the Vassalboro Formation is
in the flanks of a complexly faulted antiform, the
trace of which extends from Gardiner, Maine, to
Bangor (index map, loc. 1). The basal part of the
Vassalboro Formation consists of thinly laminated,
slightly calcareous wacke containing a distinctive,
highly aluminous pelite. This sequence lies on dif-
ferent lithologic units of the pre-Vassalboro sections,
which suggests that the Vassalboro Formation is
disconformable to older rocks.

The pre-Vassalboro rocks belong to two sections
that have uncertain relations. A western section
consists of light colored quartzo-feldspathic gneisses
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and dark colored biotite-rich amphibolites, light
gray quartzo-feldspathic gneiss, and intercalated
marble and lime-silicate granulite; an eastern sec-
tion consists of thinly bedded quartzite and pelite.
Both pre-Vassalboro sections are intruded by well
foliated granite, granodiorite, and migmatite. Wones
(1974) reports a minimum zircon age of 430 mil-
lion years for one of these migmatite complexes.

Possible Lake George faulting

Isachsen (1975) found from studies of geodetic
releveling data in the Adirondack Mountains of New
England that contemporary uplift is taking place at
the rate of 3.7 mm/yr. R.J. Wold recently conducted
a geophysical survey in Lake George, (loc. 2) in the
southeast corner of the Adirondack dome, in search
of evidence of faulting as a result of this uplift.
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High resolution seismic data over an old boundary
fault that forms one edge of the graben occupied by
Lake George indicates some disturbance in the un-
consolidated sediments. This disturbance may be
evidence of reactivation of this fault, presumably as
a result of the contemporary doming. If recent fault-
ing can be established, it has far reaching implica-
tions for the neotectonics of the northeast.

Deglaciation in the Leominster-Fitchburg area, Massachusetts

Surficial mapping by B. D. Stone in northeast-
central Massachusetts (loc. 8) from Leominster to
the New Hampshire State line shows that ice-
contact deltaic sediments were deposited in three
successively lower ice-dammed lakes in headwater
tributaries of the Nashua River west of Fitchburg:
(1) Wyman Pond basin (285 m elevation spillway),
(2) Rice Meadow Pond (265 m), (3) Flag Brook
basin (255 m). Ice-marginal deltas graded to the
Flag Brook waterplane extend 6 km up Whitman
River valley to Baldwin Hill, indicating a north-
west-trending ice front barrier from Notown Reser-
voir to South Ashburnham. Younger fluvial deposits
in Whitman River valley and Phillips Brook Val-
ley are graded to local ice-dammed lakes in the
Fitchburg area; thus, no sediment from these head-
water tributaries entered the early high-stage levels
of glacial Lake Nashua to the east. The northwest-
trending ice margin positions form a regional pat-
tern along the eastern front of the plateau, indicat-
ing development of a re-entrant in the receding
glacier front over the plateau while a retreating
active ice lobe occupied the Nashua River valley to
the east.

Zone of detachment in the Hoosac Mountain area

N. M. Ratcliffe mapping in the Tolland Center,
Williamstown, Pittsfield West, North Adams, and
Cheshire quadrangles (loc. 4) as well as integrating
and organizing the mapping efforts of D. B. Potter,
E-an Zen and D. S. Harwood, obtained a regional
comprehensive picture of the bedrock geology of
western Massachusetts. Working closely with R. S.
Stanley in the Hoosac Mountain area they jointly
concluded that a major pre-metamorphic detachment
zone exists along the contact of two lower Paleozoic
formations, the Hoosac Formation and the Rowe
Schist. This detachment zone may well be part of
the zone of derivation of much of the allochthonous
rocks in the Taconic Range.

Glacial Lake Housatonic was complex

In the area around Lee and Stockbridge in Mas-
sachusetts (loc. 5), C. R. Warren has found deltas
and other evidence that record glacial lakes at about
10 different levels. Spillways that probably con-
trolled most of these lake levels have been identified.
The more accurate vertical data that are now avail-
able show that the Konkapot col of Taylor (1903)
is too low to have controlled glacial Lake Housatonic
at the time Taylor’s “Lenox Dale moraine” was de-
posited and, allowing for post-glacial tilt, probably
too high to have controlled the lake into which the
Glendale delta was depogited. Thus, Taylor’s correla-
tion of the Lenox Dale delta with the Glendale delta
is no longer acceptable, and the alinements of the ice
front that Taylor inferred require revision.

Fitchburg pluton in Massachusetts

R. D. Tucker and Peter Robinson, University of
Massachusetts, report that in the Wachusett Moun-
tain area of Massachusetts (loc. 3), the west side of
the Fitchburg pluton is a complex series of laterally
continuous east-dipping sill-like sheets of varied
composition intruding metamorphosed sedimentary
rocks of probable Silurian and Early Devonian age.
The stratified rocks, consisting of Silurian(?) bio-
tite-quartz-plagioclase granulite with minor quartz-
ite and sulfidic schist and gray-weathering pelitic
schist contain evidence of four stages of folding
post-dating the emplacement of the plutonic rocks.
The earliest folds (F,) are isoclinal and recumbent
with axial surfaces parallel to the regional east-
dipping foliation. Later isoclinal and recumbent folds
(F.) plunge gently ENE and their axial surfaces dip
E. North-northeast-trending (F;) folds deform F,
and F, axial surfaces and show a weakly developed
north-west-dipping axial plane schistosity and west-
side up asymmetry. Late open (F,) folds, with
steeply north-south-trending axial surfaces deform
older structural features.

Age of rocks in Lake Char fault zone in south-central
Massachusetts

H. R. Dixon reports that the trace of the mylonite
zone marking the Lake Char fault makes an abrupt
bend from north-northeast in the northern part of
the Oxford quadrangle and continues east to north-
east across the Oxford, Worcester South, and Graf-
ton quadrangles of Massachusetts (loc. 6). The
mylonite is poorly exposed across much of this dis-
tance, although its presence can be inferred in places
by mylonitic boulders. Exposures are more abundant
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in the northern part of the Grafton quadrangle and
in the northeast extension of the belt in the Shrews-
bury and Marlboro quadrangles. The belt is contin-
uous with the Burlington mylonite belt of Castle and
others (1976).

The type Milford Granite shows intrusive relation-
ships with the metasedimentary rocks and amphib-
olites of the Westboro Quartzite, and probably with
the Sterling Plutonic Group equivalent in Massa-
chusetts (cbserved in boulders, but not seen in out-
crop). Good exposure of an intrusive contact is on
the west side of Nipmuck Lake in the Blackstone
quadrangle of Massachusetts. The Milford of the
Milford quarries has been dated by Zartman (per-
sonal commun.) as about 610 million years. Thus, the
rocks intruded by the Milford must have been formed
and metamorphosed prior to 610 million years and
this date puts an older age limit on the Lake Char
faulting.

Hoppin Hill unconformity, new fossils

E-an Zen, Richard Goldsmith, and P. C. Lyons
visited a well-known outerop near Hoppin Hill in
Attleboro, Mass. (loc. 7), where Cambrian fossils
have previously been found. It was discovered that
the Cambrian quartzite immediately adjacent to the
granitic rocks shows cross-stratification at three
places, all unequivocally indicating the quartzite
rests on the granite nonconformably. A good Cam-

brian stratigraphic sequence leading up to the fossil- -

iferous red limestone was pieced together. A vir-
tually identical sequence, also resting on granite
(“Joe’s Rock Granite” of the older literature), was
reported by A. F. Foreste (1899) around the turn
of the century, but it has been overloocked since
then. Goldsmith revisited and verified the locality
early in the season. Later, Goldsmith, Lyons, and
Zen found a quantity of Cambrian fossils.

Granite gneiss terrane in southeastern Massachusetts

Richard Goldsmith reports that a terrane of
gneissic granitic rocks with sereens of medium- to
high-grade metavolcanic-metasedimentary rocks ex-
tends from the Westport area scuth of Fall River
in Massachusetts through New Bedford northeast
to Wareham in Massachusetts (loc. 8), where the
granitic terrane becomes completely covered by
glacial drift. North of this terrane, non-gneissic to
locally gneissic granitic rocks form part of the Ded-
ham Granodiorite terrane of eastern Massachusetts.
The zone of gneissic granites strikes about N. 60° E.,
but the zone may curve in a more northerly direction

in its poorly exposed eastern part. Gneiss in a core
from the Pilgrim Nuclear Reactor site near Ply-
mouth may be from this terrane. The granitic rocks
range from fairly massive alaskitic and biotite
granite gneiss to layered biotite and hornblende
gneiss. The compositions of the gneissic rocks are
similar to compositions of granite gneisses in south-
eastern Connecticut and Rhode Island, west of
Narragansett Bay, and are prcbably the same age
as the granites in the Dedham terrane to the north.
The screens of metavolcanic rocks are in the amphib-
olite facies, although grade seems to decrease west-
ward and northward. At Acushnet, Mass., a meta-
morphosed diorite was intruded by granite gneiss.
Nonmetamorphosed diorite masses are present
along the shore of Buzzards Bay in the Westport—
South Dartmouth area. The zone of gneisses and
diorite corresponds approximately with a zone along
the north shore of Buzzards Bay that has a magnetic
signature slightly higher than that to the north
shown on the map of Harwood and Zietz (1976). The
boundary between the gneissic and non-gneissic
rocks is not sharp in detail but is fairly continuous
and linear at a scale of 1:250,000. It is interpreted
as a boundary between rocks metamorphosed at
different crustal levels and may be analogous to the
boundary between the Dedham and Milford terranes
southwest of Boston, Mass.

Correlation of Scotland Schist and Hebron Formation in eastern
Connecticut with Oakdale Formation in Massachusetts

Rocks assigned to the Oakdale Formation in Mas-
sachusetts have been traced by M. H. Pease, Jr.,
southwestward into the northeast corner of Con-
necticut (loc. 9), where they are prebably correlative
with the Scotland Schist and part of the Hebron
Formation. The QOakdale is composed mostly of well
layered, thinly layered quartz-biotite-feldspar meta-
siltstone and very fine grained metasandstone.
Lenses of highly aluminous schist and metamor-
phosed claystone cccur at several horizons partic-
ularly near the top. The aluminous schist is increas-
ingly common to the southwest, and in Connecticut
it has been mapped as the Scotland Schist resting
on the Hebron. Aluminous silicates in the schist
coarsen greatly with increasing metamorphic grade
toward the southwest; the metasiltstone maintains
a remarkably uniform fine grain size even at silli-
manite grade of metamorphism. The metasiltstone
in eastern Connecticut that has been correlated with
the Oakdale of Massachusetts prebably should ne
longer be included in the Hebron Formation. Incon-
clusive contact relations suggest that the Hebron
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that lies west of the Oakdale correlatives strati-
graphically overlies the Oakdale. This Hebron is con-
sistently coarser grained; it is in fault contact with
rocks of the Southbridge Formation on the west.

Syntectonic faults in eastern Connecticut

Tectonic dislocation under high temperature and
stress has formed a complex of steep to essentially
horizontal fault zones in eastern Connecticut along
which apparent displacements are extremely varied.
These fault zones, according to M. H. Pease, Jr.,
characterize the structural style of the crystalline
rocks of eastern Connecticut east of the Triassic and
Jurassic basin. Layering and foliation are commonly
subparallel across these fault zones, and orthogneiss
and pegmatite commonly are intruded along them.
Thus, their surface traces, which may extend over a
relatively broad zone, may be quite obscure. Meta-
morphic rocks from apparently unrelated strati-
graphic sequences are juxtaposed along many of
these fault zones. Along others, tectonic dislocation
subparallel to layering and foliation may be consider-
able although apparent stratigraphic displacement
is negligible. Direction and amount of dislocation is
difficult to measure and may vary widely along a
single fault zone.

These fault zones are believed to have initiated as
syntectonic compressional features at depth. Their
physical expression in outerop is evidenced by such
features as rotated tectonic blocks (Wintsch, 1976),
stacked asymmetric folds, sheared fold noses, strong
penetrative lineation that may obliterate layering
and foliation, and alinement of metamorphic min-
erals. Such features tend to increase in abundance
toward a syntectonic fault zone and tend to be ori-
ented in the general direction of transport. Cata-
clasis, including mylonite, blastomylonite, and ultra-
mylonite, is also a conspicuous feature along many
of these fault zones. Cataclasis appears to be a late
event and locally affects the syntectonically em-
placed intrusive gneisses associated with these
zones.

Nature of Cambrian trilobite-bearing rocks from Beavertail

Point

Skehan and other (1977) reported on the major
discovery by A. T. Smith and a coworker of a Middle
Cambrian trilobite fauna at Beavertail Point on
Conanicut Island in Rhode Island (loc. 10) in rocks
previously thought to be Carboniferous in age.
Skehan and others (1976) gave detailed local rela-
tions. E-an Zen examined the rock, which is the
matrix of one of the trilobite specimens, at the re-

quest of Skehan’s co-author A. R. Palmer. The rock
is a glossy, grey, low-grade schist in hand-specimen,
showing tiny (1% mm) dark specks of porphyro-
blasts. X-ray study shows muscovite, chlorite, dolo-
mite-ankerite, quartz, plagioclase, and a suggestion
of paragonite. In thin section, the specks prove to
be ankerite pseudomorphs after some mineral hav-
ing monoclinie outline, which is suggestive of amphi-
bole. Around these porphyroblasts are whiskers of
other minerals now also replaced by carbonate.
There is a strong bimodal distribution of size be-
tween porphyroblasts and matrix (<50u). The rock
clearly never attained the regional metamorphic
grade of the nearby Pennsylvanian rocks (staurolite-
garnet-kyanite schist, suggesting a temperature not
less than 600° C and a pressure exceeding 4 kbars)
even prior to the retograde reactions, which are not
evident in the Pennsylvanian rocks. The present
juxtaposition, thus, must be post-metamorphic and
post-Carboniferous-Permian, possibly along a major
fault that now bounds the southeast edge of the
Narragansett Basin. The southeast extremity of
Massachusetts and southern margin of Rhode
Island may belong to a geologic terrane different
from adjacent parts of the two States.

Coal and stratigraphy in the Narragansett Basin of

Massachusetts

In the course of detailed observations throughout
the Narragansett Basin of eastern Massachusetts,
P. C. Lyons has found about a dozen new Pennsyl-
vanian plant fossil localities (Lyons, 1977). A sig-
nificant find is the location of the uppermost coal-
bed in the Narragansett Basin just below the Digh-
ton Conglomerate. Lyons concluded that the volcanic
rocks of Plympton, shown as carboniferous on all
existing maps, are in reality pre-Carboniferous
metamorphic rocks. On the other hand, Lyon estab-
lished that the supposed Carboniferous volcanic
rocks around Attleboro, Mass., are indeed within the
Carboniferous stratigraphic section. These rocks are
of different chemical compositions and are, in con-
trast to the Plympton rocks, not metamorphosed or
severely deformed.

APPALACHIAN HIGHLANDS AND THE
COASTAL PLAINS

Upper Triassic stratigraphy in the Culpeper Basin of Virginia

and Maryland

After the completion of fieldwork, the Upper
Triassic stratigraphy in the Culpeper Basin (index
map, loc. 2) is being redefined by K. Y. Lee into the
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Manassas Formation, 149 to 1,060 m thick, the Balls
Bluff Siltstone, 76 to 1,690 m thick, and the Bull
Run Formation, 249 to 5,152 m thick. The Manassas
Formation consists of, in ascending order, the Res-
ton Member, Rapidan Greenstone Conglomerate
Member (proposed new name), Tuscarora Creek
Limestone Conglomerate Member (proposed new
name), and Yorkshire Sandstone Member (proposed
new name). The Bull Run Formation is divided into
the Leesburg Limestone Conglomerate Member,
basaltic flow-bearing clastics member, and Culpeper
Greenstone Conglomerate Member (proposed new
name). The basaltic flow-bearing clastics member of
the Bull Run contains the proposed Mount Zion
Church basalt flow, 3 to 142 m thick, the proposed
Hickory Grove basalt flow, 79 to 212 m thick, and
the proposed Sander basalt flow, 136 to 545 m thick.
The clastic sediments were derived from adjacent
Proterozoic (Precambrian Z) and lower Paleozoic
uplands and deposited in the basin by streams. The
lacustrine deposits of the Balls Bluff Siltstone grade
into and intertongue with the fluvial deposits of the
Manassas and Bull Run Formations (Lee, 1977).

Devonian black shale stratigraphy

Recent stratigraphic studies of the Devonian
black shale sequence in the Appalachian Basin by
J. B. Roen, Wallace de Witt, Jr., R. C. Kepferle, L. G.
Wallace, and M. N. West have confirmed suggested

correlations of previous workers and have indicated
new significant correlations of regional extent. Data
used for this study were primarily gamma-ray logs
of oil and gas wells augmented where possible by
lithologic logs of well cuttings and detailed surface
sections. These logs were used to prepare a series of
gix stratigraphic sections across the basin. Some
data included in the regional stratigraphic synthesis
were supplied by A. M. Van Tyne and L. V. Rickard
of the New York Geological Survey, R. G. Piotrowski
and S. A. Krajewski of the Pennsylvania Geological
Survey, A. Janssens of the Ohio Geological Survey,
D. G. Patchen and J. F. Schweitering of the West
Virginia Geological Survey, E. N. Wilson and J. S.
Zafar of the Kentucky Geological Survey, and F. R.
Ettensohn of the University of Kentucky, as a part
of the Eastern Gas Shales Project’s stratigraphic
framework study.

The physical stratigraphy demonstrated in this
series of sections indicates that the Cleveland Mem-
ber of the Ohio Shale is equivalent to the upper unit
of the Gassaway Member of the Chattanooga Shale
of Tennessee. The Three Lick Bed of Provo, accord-
ing to Kepferle and Potter (1977) is equivalent to
the middle unit of the Gassaway and is here thought
to be equivalent to the thin distal portion of the
Chagrin Shale of Ohio that separates the Cleveland
Member from the underlying Huron Member of the
Ohio Shale. The stratigraphy indicated here con-
firms the opinion of Hass (1956, p. 20) that “The
conodont fauna of the youngest beds of the Gassa-
way is like that in the upper part of the Ohio Shale
(Cleveland Shale Member) of Ohio and Ken-
tucky ...”

The Huron Member of the Ohio Shale can be
traced from central Ohio into eastern Ohio, where it
intertongues with the Chagrin Shale. In addition to
separating the Cleveland from the Huron, the
Chagrin also divides the Huron into an upper and
lower part. The upper part of the Huron thins east-
ward but can be traced across northwest Pennsyl-
vania into western and central New York, where it
becomes the Dunkirk Shale Member of the Perrys-
burg Formation. This correlation supports that of
Schweitering (1970, unpublished Ph.D. dissertation,
Ohio State Univ., p. 33).

The middle part of the Huron, which is equivalent
to a tongue of the Chagrin Shale, thins from north-
eastern Ohio southward. The upper and lower parts
of the Huron merge and thin toward eastern Ken-
tucky and northern Tennessee. The position of the
Huron relative to the overlying Three Lick Bed of
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Provo, Kepferle, and Potter (1977) suggests that
the Huron is mainly correlative with the lower unit
of the Gassaway Member of the Chattanooga Shale
of Tennessee.

The Rhinestreet Shale Member of the West Falls
Formation is a recognizable unit in New York.
Gamma-ray logs and lithologic sections were used to
extend this black shale unit to western Pennsylvania
and to the eastern half of Ohio, where it thins to
extinction against an unconformity. By means of
gamma-ray signatures the Rhinestreet equivalent
was recognized as far south as southwestern Vir-
ginia and eastern Tennessee. In Tennessee this unit
is the Dowelltown Member, the lower member, of
the Chattanooga Shale. In Tidewater-Wolf’s Head
Well in Scott County, Virginia, the Rhinestreet is
correlative to a sequence of black to very dark gray
shale approximately 10 m above a cherty argilla-
ceous limestone. According to recent sample descrip-
tions by Zafar of the Kentucky Geological Survey,
our Rhinestreet equivalent unit of the Tidewater-
Wolf’s Head Well contains a bentonite zone near
the base. This 960-km correlation of the Rhine-
street was confirmed by a Late Devonian age de-
termination made from a conodont study by Anita
Harris (USGS). The conodont collections were
keyed to Dennison and Boucot’s (1974) measured
section at Little War Gap, Hawkins County, Ten-
nessee, and included samples from within ftheir
“Tioga Bentonite” zone. Harris identified Palma-
tolepis punctata, a Late Devonian form found in the
Rhinestreet Shale Member of the West Falls Forma-
tion of New York. The paleontologic data confirm
the extension of the Rhinestreet equivalent to south-
west Virginia and corroborate the correlation of
the Rhinestreet of New York and the Dowelltown
Member of the Chattanooga Shale of Late Devonian
age. In addition, the presence of an Upper Devonian
bentonite zone in the beds identified as the Rhine-
street equivalent in the Tidewater-Wolf’s Head Well
and the Little War Gap section further confirms that
these beds are equivalent to the Upper Devonian
Dowelltown, which includes the Center Hill Bento-
nite Bed in Tennessee. It then seems reasonable to
assume the bentonite zones of Scott County, Vir-
ginia, and Hawkins County, Tennessee, may be
equivalent to the Center Hill Bentonite Bed of the
Dowelltown Member in DeKalb County, Tennessee.

This was work performed in cooperation with the
Eastern Gas Shales Program (EGSP) of the De-
partment of Energy (interagency agreement num-
ber EX-76-C-01-2287) and through the cooperation
of EGSP contractors.

Inner Piedmont Deformation

The South Carolina Inner Piedmont rocks were
affected by at least three folding events and by two
post-Proterozoic (Precambrian Z) thermal events
according to A. E. Nelson (loc. 10). The first
recorded folding is represented by rootless intra-
folial folds; these folds are probably Precambrian
in age. The second folding episode is represented by
the northeast-trending regional fold structures.
These folds appear to have developed during defor-
mation associated with the first thermal or middle
Paleozoic regional metamorphic event. The third
folding episode is represented by small symmetrical
and asymmetrical folds superposed on the earlier
folds. A crenulation cleavage has developed along
the flanks of these third generation folds. Locally,
gentle warping may represent a still later episode
of folding. Prominent shear zones were deformed
during several phases over a long time interval.
Deformation ranges from mylonitization, to minor
cross folding of sheared rocks and incipient cleav-
age development, to final brittle fracturing. Myloni-
tization probably occurred at high temperatures
during the first thermal event or period of regional
metamorphism. The cross folding and cleavage de-
velopment may have occurred during the third
period of folding, but this is uncertain. The fractur-
ing may have occurred at lower temperatures ac-
companied by retrogressive metamorphism, which
represents the second thermal event.

Ordovician clastic rocks of eastern Pennsylvania

Detailed geologic mapping in upper Lehigh and
Berks Counties, Pennsylvania, (loc. 1) by A. A.
Drake, Jr., P. T. Lyttle, and G. G. Lash (Lehigh Uni-
versity) has confirmed earlier observations that
there are at least three Ordovician clastic sequences
in this part of eastern Pennsylvania: the Martins-
burg Formation, the “Shochary’ sequence, and Ham-
burg klippe sequence. The Martinsburg Formation is
well known (Drake and Epstein, 1967) and rocks of
the Hamburg klippe are reasonably well known from
the work of Alterman (1972).

The “Shochary” sequence consists of the so-called
Shochary Sandstone that contains an abundant
Middle Ordovician (‘“Sherman Fall”) shelly fauna
and an unnamed interbedded pelite and thin gray-
wacke unit that contains abundant Middle Ordo-
vician pelecypods and graptolites, probably the
lower part of zone 13. These rocks have turbidite
features but lack the other characteristics of flysch.
A prodelta environment for these rocks seems likely
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since burrowing is common and the graptolites pres-
ent apparently are shallow water, near surface
dwellers. As such, these rocks contrast greatly with
the flysch of the Martinsburg on the north. This
fault, the Eckville fault, is a fairly steep thrust
(50°). On the south and east, the “Shochary” rocks
are in fault contact with rocks of the Hamburg
klippe.

In this part of eastern Pennsylvania, the east and
south margins of the Hamburg kippe are marked
by a polymictic wildflysch that has overridden its
own debris on a hard thrust. This low angle thrust
zone contains a strong smear lineation showing
transport from the east-southeast. The thrust has
been folded subsequent to emplacement.

Georgia subsurface studies

Isopach maps have been prepared for all major
lithologic units of the Georgia coastal plain by
Howard R. Cramer (Emory University) and Peter
Popenoe (USGS). These maps show that lower
Cretaceous rocks onlap onto the Coastal Plain from
the southwest, and are in a trough-shaped config-
uration. Upper Cretaceous rocks are overlain by
Midwayan Paleocene rocks in western Georgia and
by Upper Paleocene (lower Wilcox) rocks every-
where else, suggesting a regional unconformity fol-
lowing middle-Paleccene uplift. Lower Eocene to
Holocene rocks overlie these with local unconformi-
ties relating to strand-line fluctuations. Jurassic
rocks were identified in the extreme southwestern
corner of Georgia, which appear to be equivalents of
an updip extension of the Cotton Valley Group of
Alabama. Structures ereated during the Paleocene
and post-Oligocene uplifts have been identified.
These are largely normal faults, some of which per-
sist across the State of Georgia in northeast- and
northwest-trending zones.

Tectonic model for northeast Virginia Piedmont

Mapping completed by Louis Pavlides in the
Salem Church (loc. 3) and nearby quadrangles of
Virginia has resulted in the formulation of a tec-
tonic model to explain the manner of formation of
the refolded synform (Ramsey type II interference
fold) that occurs in the Salem Church and southern
quadrangles of the northeast Virginia Piedmont. The
stratigraphic framework of this model consists of a
crystalline basement, the “Fredericksburg complex,”
on whose west side the Chopawamsic Formation
(metavolcanic rocks) lies unconformably. The
Quantico Slate (mostly metapelite) with a discon-

tinuous quartzitic (metasandstone and metawacke)
layer at its base, was deposited unconformably on
the Chopawamsic to the west and the “Fredericks-
burg complex” to the east. This stratigraphic pack-
age was differentially deformed in several stages.
Initially, to the west, the Quantico and Chopawamsic
occupied an upright syncline. To the east the anti-
cline complementary to this syncline developed into
a westward verging recumbent anticline placing bio-
tite-hornblende-plagioclase gneiss of the “Frede-
ricksburg complex” structurally above the younger
Quantico Slate on its overturned limb. This super-
posed gneiss occupied a northwest-trending syn-
formal flap of the overturned part of the westward
verging recumbent or reclined fold. Later, folding
of this northwest-trending synform about a north-
east trending antiformal axis resulted in the inter-
ference fold pattern of this region.

This pattern of refolded folds is believed to extend
as an anticlinorium at least from the Whispering
Creek anticline of the central Virginia Piedmont
northeastward through the Salem Church area up
into the Occoquan region of northeast Virginia.
It may belong to a tectonic front of nappes that re-
cently have been recognized in the eastern Piedmont
of Maryland.

New information on tectonic framework of the Culpeper
Triassic and Jurassic basin

Recent investigations by R. P. Voleckmann and
W. L. Newell demonstrate that the eastern margin
of the Culpeper Triassic and Jurassic basin (loc. 4)
consists of a series of high angle faults that dis-
place horizontally to steeply dipping sediments rang-
ing from silty shales to boulder conglomerates
against cataclastically deformed piedmont meta-
morphic rocks. Fault movement probably occurred
during and after Triassic and Jurassic sedimen-
tation.

Major faulting has occurred along two principal
orientations; one ranges from N. 10° E. to N. 30° E,
the other from N. 70° E. to N. 85° E. The more
northerly trending faults appear to be truncated
by the more easterly trending faults that can be
traced into the Piedmont rocks. The major border
faults are offset by a series of minor fractures which
trend generally north-south to N. 20° W. Offset
along these smaller faults is, in most cases, left-
lateral, which suggests that the resolution of move-
ment along the major border faults is left-lateral
as well as vertical. Parallelism of the Triassic and
Jurassic border faults, particularly those which are
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north-northeast-trending, with those in the Stafford
fault zone suggests that they may be related to the
same tectonic framework.

Age of basal Cretaceous in North Carolina

Earlier reports have dated the basal outcropping
formation in the North Carolina Coastal Plain (loc.
5), the Cape Fear Formation, as either Early
Cretaceous (Aptian and Albian) or earliest Late
Cretaceous (Cenomanian). Field studies and paleon-
tologic investigations by J. P. Owens, R. A. Chris-
topher and B. W. Blackwelder now indicate that it
is Late Cretaceous (Turonian or Santonian). Cor-
relating the Cape Fear either with units north along
the Fall Line in Virginia and Maryland (Potomac
Group, Lower Cretaceous part) or with units to
the south mapped as Tuscaloosa Formation (Cen-
omanian) no longer seems warranted.

Triassic and Jurassic rocks in the South Carolina Coastal Plain

Three deep test holes, Clubhouse Crossroads No.
1, No. 2, and No. 3, drilled in Dorchester County,
South Carolina, (loc. 6), have penetrated up to 377
m of pre-Upper Cretaceous volcanic and sedimen-
tary rocks. According to G. S. Gohn and B. B.
Higgins, a minimum of 120 m of unfossiliferous,
feldspathic red beds underlie about 257 m of sub-
aerial basalt flows. Potassium-argon ages (M. Lan-
phere) for basalt from CC No. 2 (204+4.1 m.y.,
162+3.2 m.y., 186+3.7 m.y.) are significantly
older than previously reported ages for geochem-
ically altered basalt from CC No. 1. The new dates
confirm Late Triassic and Early Jurassic age for the
basalt, and by inference a similar age for the under-
lying red beds, as previously suggested from other
data by Peter Popenoe, Isidore Zietz, and David
Gottfried. Major, minor, and trace element analyses
of basalt from all three holes by Gottfried indicate
that these rocks are predominantly quartz-norma-
tive tholeiitic basalts that are petrochemically simi-
lar to other Eastern North American lower Mesozoic
basalts.

Geomorphology of the Augusta, Georgia, area

W. L. Newell and M. J. Pavich report that the
deeply dissected inner coastal plain terrain of the
Augusta, Ga., area (loc. 7), exhibits a complex his-
tory of weathering, erosion, and generation of sur-
ficial deposits. High permeability of marine sand
units has resulted in extensive weathered horizons
underlying broad uplands. These horizons are char-
acterized by thick (1 to 12 m), white sandy leached

zones containing pale-brown lamellae, grading down
through a mottled undulatory contact into an
equally thick or thicker red oxidized zone.

The uplands are commonly bordered by back-
wasting scarps that locally expose the weathered
horizons. Colluvium and alluvium from these scarps
and from the upland surfaces contain hematitic-
limonitic pebbles derived from the semi-indurated
oxidized zone of the upland residual mantle. Thus,
the surficial deposits can be distinguished litho-
logically from all underlying Cretaceous and Ter-
tiary sediments even where texture, bedforms, and
morphostratigraphic position are uncertain.

The terraces, fans, and imbricated sheets of collu-
vium document a complex history of floods and
mass movement influenced by fire and land use.
Some deposits originated within historic times;
others, as indicated by deep weathering and dissec-
tion, are much older. Locally, within one surficial
deposit, unconformities between similar sediment
units can represent deposition during vastly
different time periods.

Nearshore sedimentation in Upper Cretaceous deposits in
Western Georgia

Subenvironments within a barrier island complex
can be recognized for each of the nearshore marine
Upper Cretaceous units along the eastern margin
of the Gulf Coastal Plain (loc. 8). The distribution
and extensiveness of these barriers determined the
degree of hydrologic restriction within back barrier
environments. The barriers themselves are composed
largely of coarse sand containing heavy mineral
concentrations which may be locally economic de-
posits. Sedimentary structures, including trough
crossbeds up to 3 m thick and abundant Ophio-
morpha burrows, indicate that most of the sand was
deposited as inlet filling sequences or as subaqueous
off-shore bars. The seaward subtidal shelf deposits
are typically bioturbated glauconitic sand to marl.
Most of this Upper Cretaceous terrigenous sediment
grades to chalk composed of nannofossils in central
Alabama.

Synorogenic mudfiow deposit

Spicular chert clasts in pebbly mudstone (non-
marine mudflow) deposits in the basal part of the
Rockwell Formation (Lower Mississippian) of
western Maryland (loc. 9) are associated with clasts
of Middle and Upper Devonian rock types and may
define the inception of early Alleghenian folding and
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thrusting in the central Appalachians according to
W. J. Perry, Jr. The chert clasts are no younger
than Middle Devonian and may be as old as Silurian.

CENTRAL REGION
KENTUCKY

New evidence supports Nebraskan age for origin of Ohio River
drainage system

Detailed mapping in north-central Kentucky by
W. C. Swadley and A. B. Gibbons has revealed sev-
eral deposits of glacial drift that support a Nebras-
kan age for the origin of the Ohio River drainage
system. These deposits, which include both deeply
weathered till and outwash occur at low topographic
levels in Trimble and Carroll Counties, Kentucky,
in the area of the pre-Pleistocene Madison divide.
The degree of weathering indicates these deposits
are older than Illinoian Drift exposed in a compar-
able topographic position 17 km up the Ohio Valley
near Carrollton, Kentucky, but the low topographic
position, well below the preglacial drainage levels,
requires an age younger than the high-level drift
that ponded the Pliocene drainage and initiated the
development of the Ohio River in this region. There-
fore, the presence of two pre-Illinoian tills in the
area would indicate the high-level till that occupies
preglacial valleys is Nebraskan in age and the lower

till was deposited in Kansan time following a long |

period of erosion during which the Madison divide
area was deeply dissected and much of the present
Ohio River system was developed.

Tentative dating of pre-Pleistocene deposits along the Kentucky
River of central Kentucky

Several levels of fluvial deposits have been map-
ped along the Kentucky River in an area of central
Kentucky west of Lexington. These deposits are
preserved as terrace remnants in abandoned valley
segments and meander cutoffs. Similar deposits
mapped along an abandoned valley of the preglacial
Kentucky River that extends northeastward from
Carrollton, Ky., to Lawrenceburg, Ind., are overlain
by glacial drift that has been identified as Nebraskan
(Swadley, 1971; Ray, 1974). Tracing of terrace
remnants along the Kentucky between these two
areas by W. C. Swadley and upstream projection of
the gradient established for the valley northeast of
Carrollton indicate that deposits in central Kentucky
at an elevation of about 220 m are of latest Pliocene
age and were deposited just prior to the onset of

glaciation in the region. Glacial ponding of the Ken-
tucky River caused the northern part to be
abandoned and, with the breaching of a major drain-
age divide at Madison, Ind., initiated the develop-
ment of the Ohio River drainage system. Rapid
downcutting to the newly established base level dur-
ing the Pleistocene produced the deeply incised valley
of the present Kentucky River.

UPPER MISSISSIPPI EMBAYMENT

Late Cenozoic history of the upper Mississippi embayment

Studies by W. W. Olive indicate that continental
deposits of the so-called Lafayette Formation of the
northern Mississippi embayment were deposited dur-
ing Miocene(?) and Pliocene time as coalescing
alluvial fans. Deposition of the sediments was the
result of a climatic cooling trend that gave rise to
greater than present snow accumulation, greater
spring runoff and increased stream discharge. With
the advent of the Pleistocene, precipitation and run-
off in headwater areas of streams heading in un-
glaciated areas decreased, and the ability of the
streams to transport coarse sediments also de-
creased. As a result, growth of alluvial fans ceased.
Eventually, as base level was lowered because of
eustatic changes in sea level, streams with steepened
gradients began to incise their valleys into the fan
deposits.

During successive changes in base level in re-
sponse to eustatic fluctuations in sea level during the
Pleistocene, the streams alternately eroded and al-
luviated their channels. During early glacial stages
the valleys were deepened. During maximum and
waning glacial stages, they were alluviated, but to
levels below those of previous stages. Thus, former
floodplains that correspond to the four glacial
stages are now represented by alluvial terraces that
correspond to the Williana, Bentley, Montgomery,
and Prairie terraces of Fisk (1938, p. 149-172; 1940,
p. 63-113) and Waterways Experiment Station
(1949, pl. 5).

LAKE SUPERIOR REGION

Structural evolution of the Vermilion district of Minnesota

Two generations of folds have been recognized
(Hooper and Ojakangas, 1971; Sims, 1976) in the
metavolcanic-metasedimentary succession in the
western part of the Vermilion district in north-
eastern Minnesota, an early episode of isoclinal fold-
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ing with subhorizontal hinge lines (F, or Em-
barrass—Lake Vermilion generation) and a younger
episode of open to near-isoclinal folding with steeply
plunging hinge lines (F, or Tower generation).
From detailed studies of finite strain and meta-
morphic fabrics in bedded metasedimentary and
pyroclastic rocks in the extreme western part of the
district, Hudleston (1976) concluded that the F,
folds probably were of soft sediment origin, for he
recognized no internal strain in the rocks prior to
the F, folding. He postulated that F, resulted from
slow downslope slump movements induced by tilting
within the volcano-sedimentary basin.

Geologic mapping by P. K. Sims and D. W. South-
wick in the Soudan and Eagles Nest 714-min quad-
rangles, just east of the study area of Hudleston,
provides new data that bear on the origin of the
two generations of folds, as well as on the regional
structure. The mapping shows that F, folding in-
volved metavolcanic rocks, mainly pillow basalt, as
well as the better bedded sedimentary rocks, and
that this episode of folding mainly controls the dis-
tribution of major geologic units in the western part
of the district. In this part of the area, F, folding is
rarely discernible and, where observed, the folds
are small scale features.

If the correlation of fold episodes between the
area mapped by Sims and Southwick and that stud-
ied by Hudleston is correct, an origin by soft sedi-
ment deformation for F, is questionable. It is un-
likely that systematic folds in both well-bedded rocks
and poorly bedded submarine voleanic rocks over an
area of a few hundred square kilometers could have
resulted from soft sediment deformation.

Geologic interpretation of aeromagnetic map of part of northern
Wisconsin

A generalized bedrock geologic map (scale 1:250,-
000) of about 50,000 km? in northern Wisconsin
has been completed by P. X. Sims and W. F. Can-
non (USGS), and M. G. Mudrey, Jr., (Geological
and Natural History Survey, University of Wiscon-
sin-Extension). The geology is based largely on in-
terpretation of a recently published aeromagnetic
map (Zietz, Karl, and Ostrom, 1977). The map de-
lineates for the first time the broad geologic rela-
tionships of the Precambrian rocks in the poorly
exposed area between the Gogebic iron range and
central Wisconsin.

The geology of northern Wisconsin is similar to
that of northern Michigan. Except for the Gogebic
range, the basement is Archean (formerly Precam-

brian W) gneiss and amphibolite. Z. E. Peterman’s
preliminary rubidium-strontium data on gneisses
from localities near Mellen, Wis., indicate a model
age of about 3,200 million years. The gneiss occurs
at the surface throughout about one-third of the
region as exhumed, uplifted fault blocks. Supra-
crustal metasedimentary and metavolcanic rocks,
roughly equivalent to the Marquette Range Super-
group (Proterozoic, Precambrian X), overlie the
gneiss in the north-central part of the region and in
the vicinity of Wausau, in central Wisconsin. In this
sequence, metavolcanic rocks increase southward
relative to metasedimentary rocks, in the same way
as in Michigan, and the metavolcanic rocks are
spatially associated with large masses of Precam-
brian X granitic rocks about 1,800 million years old.

The fault pattern is complex and as yet poorly un-
derstood. An older fault system consisting mainly
of northwest- and north-northeast-trending faults
appears to be present throughout the region. The
faults are steep, commonly have wide zones of mylo-
nite, and were reactivated repeatedly through Pre-
cambrian time. A younger fault set consisting of
steep, straight fractures that trend N. 50° to 55° E.
appears to be confined to the northwest part of the
region; these are interpreted as late Keweenawan
(Proterozoic, Precambrian Y) faults related to late
stages in the development of the mid-continent rift
system. The pronounced northwest-dipping homo-
cline of the Gogebic range probably resulted from
tilting of fault blocks during this episode of ex-
tension.

The economically important volcanogenic massive
sulfide deposits known in northern Wisconsin occur
in the southern part of a large, east-trending, dif-
ferentiated volcanic pile that traverses the state at
about 45°30” N. lat. The volcanic mass is more than
250 km long, suggesting that the potential for the
discovery of additional deposits in this belt is ex-
cellent.

MISSOURI

Distinct volcanic assemblages identified in Missouri Precambrian

W. P. Pratt’s review of the exposed Precambrian
of Missouri, based on recent detailed and recon-
naissance mapping, shows that widespread volcanic
rocks, previously characterized as rhyolites and
felsites, comprise three megascopically distinct
petrographic assemblages with an apparently simple
gross stratigraphy. The oldest assemblage consists
of quartz latites and soda-rhyolites (using the
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chemical classification of Rittmann, 1952) and is
distinguished by plagioclase phenocrysts; it pre-
deminates in the southern and central St. Francois
Mountains. It is overlain by a rhyolite assemblage
in which plagioclase and alkali feldspar phenocrysts
are subequal. The youngest assemblage comprises
alkali-rhyolites (distinguished by alkali feldspar
phenocrysts) and makes up most of the St. Francois
Mountains north of about 37° 27’ N. Lat; alkali-
rhyolites also form the Eminence Mountains, where
they are unusually rich in potassium. All three as-
semblages include abundant ash-flow tuffs; one ash-
flow tuff unit may be as much as 2 km thick and is
exposed locally over an area 40 km wide north-south
and 60 km long east-west. Some evidence exists for
several calderas, but they have not been positively
identified.

ROCKY MOUNTAINS AND THE GREAT
PLAINS

ECONOMIC GEOLOGY

Hydrocarbon potential north of Snake River Plain of idaho and
Montana

According to B. A. Skipp and M. H. Hait, Jr,,
stacked allochthons north of the eastern Snake River
Plain, in an area near the Idaho—Montana border
(index map, loc. 1) approximately bounded by lat
44°00’ and 44°45’ N. and long 112° and 113° W. have

structural and stratigraphic settings favorable for

hydrocarbon accumulation. The Lima stack (Skipp
and Hait, 1977) contains Paleozoic and Mesozoic
cratonic sequences—Cretaceous marine shale, Trias-
sic and Jurassic limestone and sandstone, and upper
Paleozoic carbonate rock and sandstone—known to
include both source and reservoir rocks in the similar
structural setting of the Idaho-Wyoming thrust belt
(Powers, 1977). The Lima stack is overridden on
the west by the Lemhi stack, which is characterized
by thick middle Proterozoic (Precambrian Y) rocks
overlain by thick Paleozoic miogeoclinal carbonate
sequences. The Paleozoic carbonate sequences asso-
ciated with possible source beds of the McGowan
Creek, Big Snowy, and Phosphoria Formations also
would provide possible reservoirs if repeated at
depth by thrusting, as suggested by Skipp and Hait,
(1977, fig. 1).

Coal in Powder River basin in Wyoming

Early Tertiary deformation appears to have in-
fluenced deposition and subsequent erosion of coal
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beds in the upper part of the Fort Union and lower
part of the Wasatch Formations of eastern Powder
River basin in Wyoming (loc. 2). In the Reno Junec-
tion-Antelope Creek area, at least two important
faults coincide with zones where the Wyodak coal-
bed (Fort Union) splits into the Anderson and
Canyon coalbeds, which are separated by as much as
90 m of intercoal sediments. Comparison of strue-
ture-contour and coal-thickness maps prepared by
N. M. Denson, J. H. Dover, and L. M. Osmonson
(1978a, b) showed the Wyodak and Anderson coal-
beds to be relatively thick in synclines and anoma-
lously thin or absent over anticlines. Some structures
in the Fort Union Formation do not affect the over-
lying Wasatch, and those that do are more subdued
than they are in the Fort Union, indicating that
deformation culminated prior to deposition of the
Wasatch. Field work by Denson combined with sub-
surface data indicated that the Wasatch-Fort Union
contact in this part of the basin is an unconformity
having a few hundred meters of relief. Variations in
thickness of the Wyodak and Anderson coalbeds are
a result of structurally controlled depositional pat-
terns and (or) accelerated pre-Wasatch erosion
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related to this unconformity. Recognition and deline-
ation of the variations in thickness of these coalbeds
is critical to their efficient development and reclama-
tion throughout eastern Powder River basin.

Proterozoic rocks and iron deposits, Hartville Uplift, Wyoming

G. L. Snyder mapped a sequence of Proterozoic
metasedimentary and metavolcanic(?) rocks, includ-
ing muscovite, biotite, and chlorite schists, amphibo-
lite, and dolomite in the Hartville uplift, Wyoming
(loc. 3). These rocks are probably equivalent to part
of the “Libby Creek Group” in the Medicine Bow
Mountains in Wyoming. They have been intruded by
quartz monzonite-granodiorite-diorite stocks, pos-
sibly remobilized older basement. All the above rocks
are cut by dikes of pegmatite and two ages of am-
phibolite. Metamorphism ranges from chlorite to
sillimanite grade. The area has been block-faulted
in post-Pennsylvanian time, possibly along zones of
weakness inherited from Precambrian structures.

Deposits of arsenic, beryllium, copper, and gold
occur in the Uplift, but the main economic deposits
are of hematite and supply iron ore for the mills in
Pueblo, Colo. At least three ages of hematite deposits
are present:

¢ Early Pennsylvanian, related to karstic solution of
Mississippian and older carbonate rocks;

¢ Early Mississippian, related to karstic solution of
Precambrian carbonate rocks;

® Pre-Mississippian, possibly Precambrian, hema-
tite schists.

ENVIRONMENTAL GEOLOGY

Surficial deposits in San Juan Basin of New Mexico

G. R. Scott reported that the surficial deposits
overlying the strippable coal of the Fruitland For-
mation (Cretaceous) in the San Juan Basin of New
Mexico (loc. 4) consist of alluvium, fan alluvium,
colluvium, and eolian sand. Along the San Juan
River, the alluvium is bouldery glacial outwash in
terraces ranging from early to late Pleistocene in
age. Along the Chaco River and its tributaries, the
alluvium is pebbly non-glacial material in terraces
and on pedimentlike bedrock surfaces and is middle
to late Pleistocene in age. The two youngest terraces
are composed of sandy to silty alluvium; they lie
along the bottoms of most valleys and are late Holo-
cene in age. Fan alluvium covers some outwash ter-
races along the San Juan River. Silty to clayey col-
luvium lies on slopes below bedrock prominences.

The eolian sand, which Scott concluded is the most
useful and widespread material for rehabilitating
mined areas, is medium-grained and, although gen-
erally thin, locally exceeds 6 m in thickness. Well
developed soils are formed on the eolian sand and
on all but the youngest alluvium.

Landslides in northwestern Colorado

Cross-cutting relations between landslides and
stream terraces are common in the area of the Craig
1:250,000-scale topographic map (loc. 5). At sev-
eral places, the stream terraces can be assigned re-
liable relative ages chiefly because of their position
with respect to volcanic ash or glacial deposits, the
chronologic sequence of which has been established.
Study of these cross-cutting relations led R. F.
Madole to the following conclusions: (1) mor-
phologic expression of landslides can persist in the
landscape for hundreds of thousands of years, (2)
only a minority of the landslides in the area mapped
are as young as Holocene, and (8) the destruction
of landslide forms with time parallels the repeatedly
described weathering and erosion of glacial deposits.

Active faults in central Utah

Two generations of active faults were recognized
by I. J. Witkind in central Utah (loc. 6). One set
of faults (including the Wasatch fault) trends north
and clearly belongs to the group of range-front,
high-angle, normal faults that characterize the
Basin and Range province. These faults appear to
have been active since late Tertiary time, and fresh
scarps in alluvium and alluvial fans indicate that
they have been active in the Holocene. The second
set of faults trends northeast and avpears to be con-
fined to the crest and flanks of the Wasatch Plateau.
These faults, too, are high-angle normal faults and
commonly bound grabens. Several of them cut and
displace large amphitheater-like basins that are
probably cirques. If these beheaded basins are in-
deed cirques, then it is clear that these faults were
active during the late Pleistocene and possibly even
during the Holocene. It would appear that this
second fault set was established long after move-
ment began along the Basin and Range type faults.

Hot springs in Jackson Hole in northwestern Wyoming

The hottest springs in Jackson Hole, Wyo., (max-
imum temperature 72° C) emerge along the trace
of the Teton normal fault, which here has a dis-
placement of 4,600 to 7,600 m, on the west side of
Jackson Lake (loc. 7). The springs were not shown
on the Grand Teton topographic map of 1899 or on
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later topographic maps and were not described prior
to construction of the Jackson Lake dam (1906-7;
failed in 1910; rebuilt 1911-16). The dam raised
the lake level 12 m. The 1977 drawdown of Jack-
son Lake almost to its original pre-dam level, be-
cause of drought and increased irrigation require-
ments in Idaho, briefly exposed the hot springs
during September and October, allowing a brief re-
connaissance study by J. D. Love and R. E.
Lewis, Jr.

The total areal extent and flow of the springs are
not known, but an estimated half of them were
visible at the time of the study. This estimate is
based on the abundance of nonflammable gas that
accompanied the visible hot springs plus the area
in which gas emerged through the lake water for
more than 100 m offshore. About 2.5 km scoutheast
of the hot springs, another elliptical area of gas
seeps more than 100 m in diameter was noted in
the middle of Jackson Lake where the September-
October 1977 lake depth was 3 m, but the volume
of water that accompanied the gas and its tempera-
ture are not known.

The visible springs extended along the west shore-
line of Jackson Lake for approximately 520 m.
Their combined flow was at least .021 m?*/s. Water
temperature generally ranged from 60° C to 72° C.
The springs emerged from limestone rubble at the
base of a cliff of Madison Limestone (Mississippian)

on the upthrown side of the Teton fault. Rocks on |

the downthrown side below the Quaternary lake
sediments may be Cretaceous. No Cenozoic igneous
rocks are exposed in the area, but the source of the
heat could be a hitherto unrecognized igneous body
intruded along the Teton fault.

The pH of the water ranged from about 6.68 to
6.78. A moderate amount of sulfur in white strings
emerged with the water. A scintillator detected no
radioactivity, either in the water or in precipitates
from it. Several springs produced a white astringent
salt precipitate, one spring had a film of oil, and
several had iridescent films or iron compounds.
Samples of water and precipitates were taken for
additional analysis.

Soil development and age of Bull Lake Glaciation in the
Rocky Mountains

Particle size analyses of soils from five deposits
in the Rocky Mountains assigned to the Bull Lake
Glaciation showed increased clay content similar to
that in soils from dated deposits near West Yellow-
stone, Mont. (loc. 8). The end moraines near West
Yellowstone were dated by combined obsidian hy-

dration and potassium-argon methods as about
140,000 years old (isotope stage 6 of the marine
record) and therefore older than the last inter-
glaciation (K. L. Pierce and others, 1976). In order
fo make this comparison, Pierce used a crude but
simple method of quantifying the total clay increase.
Estimating the percent clay increase in the B-hori-
zon(s) (present clay content minus a range of esti-
mated original clay contents) and multiplying this
by the appropriate horizon thickness gives the clay
increase expressed as an equivalent thickness of
clay.

Based on analyses of two soil profiles by R. C.
Burke (written commun., 1975) the clay increase in
the soils of the dated West Yellowstone moraines is
estimated to be between 1.1 and 3.3 cm. Based on
averages of analyses by Shroba (1976), the clay in-
crease in soils from four moraines in the central and
southern Rocky Mountains assigned to the Bull Lake
Glaciation is estimated to be between 1.6 and 2.4 em.
Based on analyses by Machette and others (1976),
soils from alluvium near Denver correlated with the
Bull Lake have an estimated clay increase between
1.5 and 2.7 cm. Thus, on the basis of clay increase
in B horizons, these deposits assigned to the Bull
Lake Glaciation would seem to be similar in age
to the deposits near West Yellowstone dated as
140,000 years old.

Time of Pinedale deglaciation in the Park Range of Colorado

Bog and lake sediments potentially useful in
paleoclimatic studies are common along the summit
of the Park Range south of Mount Ethel in north-
central Colorado (loc. 9). Meyer Rubin determined
radiocarbon ages of peat from two such sites
sampled by R. F. Madole near the Continental
Divide at Buffalo Pass. From the two radiocarbon
ages (9,240+200 years before present (B.P.), W-
3804, and 7,730 +250 years B. P., VY—3806) and re-
lated stratigraphic data, Madole concluded that the
Pinedale ice cap probably had disappeared from the
southern part of the Park Range by 10,000 years
ago, a date much earlier in this area than has
hitherto been generally accepted. Although evidence
of subsequent glacial expansion has not been ob-
served in this part of the range, Holocene cirque
glaciation is recorded in the higher, more rugged
part of the range north of Mount Ethel.

Glaciation near Togwotee Pass in the Wind River Mountains of
Wyoming
W. L. Rohrer identified the sources of glacial er-
ratics that now lie several miles southeast of Tog-
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wotee Pass near the head of Wind River in Wyom-
ing (loc. 10). Some scattered erratics are composed
of the distinctive intrusive rock that forms the
prominent Pilot Knob, a short distance south of
Togwotee Pass, which has been K-Ar-dated at 3.4
million years. Other erratics composed of a non-
intrusive rock, formerly attributed to a source
north of Brooks Lake (Rohrer, 1966), also came
from the vicinity of Togwotee Pass. More abundant
erratics of a third kind were derived from the basalt
of Lava Mountain, south of the Pass, which is
about 480,000 years old, based on dates supplied by
J. D. Obradovich. The erratics represent the earliest
glaciation recognized in the area. They lie upon sur-
faces above 2,743 m in elevation (600 m and more
above Wind River) and indicate a large ice mass
west of the Pass, possibly dating back to approxi-
mately 480,000 years, since which time the land
surface has been reduced to present levels by sub-
sequent glaciations and post-glacial erosion.

Pingo scars in southwestern North Dakota

Large circular geomorphic features, 1,500 to 2,600
m in diameter, consisting of an outer ridge, a central
dome, and an intervening moat and formed in the
Fort Union Formation (Paleocene) southwest of
Mott in Hettinger County in North Dakota (loc. 11),
were identified as pingo scars by D. E. Trimble.
These features, whose topographic expression is
shown on the Mott Southwest and Mott South
1:24,000-scale topographic quadrangle maps, have as
much as 17 m relief. They lie about 56 km west of the
maximum position of the continental ice sheet in
North Dakota, indicating periglacial permafrost far
beyond the Pleistocene ice front. Similar, but small-
er, features near De Kalb, Ill., have been described
by Flemal, Hinkley, and Hester (1973).

Middle Wisconsinan glacial lake near Scobey, Montana

R. B. Colton discovered photogeologic evidence of
a large glacial lake near Scobey in northeastern Mon-
tana (loc. 12), which was confirmed by Colton and
R. D. Feltis during field examination of the lake de-
posits. The lake formed when a lobe of ice advanced
north up the Poplar River and blocked the drainage.
Bars, spits, hooks, and beaches were identified and
indicate that crustal rebound in that area has been
as much as 0.8 m/km. The area covered by the lake
included at least 400 km? in northeastern Montana
and at least that much more in Canada. The mini-
mum age of the beach deposits is inferred to be
34,000 years.

STRATIGRAPHY

Correlation and structure of Eocene rocks in southwestern
Bighorn Basin of Wyoming

The Aycross Formation, earlier recognized only in
the northwestern Wind River Basin and adjacent
southern Absaroka Mountains, is, according to T. M.
Bown, well developed in the Grass Creek—Owl Creek
area of the southwestern Bighorn Basin in Wyoming
(loc. 18). It comprises at least 250 m of mudstone,
sandstone, tuffaceous sandstone, conglomerate, tuff,
and flow breccia. These rocks, referred to the Pitch-
fork Formation by Hay (1956) and most subse-
quent authors, are lithologically indistinguishable
from the Aycross Formation of Love (1939) and
contain an abundant and a varied vertebrate fauna.
Fifty vertebrate-fossil localities are now known in
Aycross rocks of the Bighorn Basin, and three of
these are important microvertebrate quarries. Bown
determined that the mammalian fauna of at least
forty species contains diagnostic forms suggestive of
an early middle Eocene age. The recovery of several
new taxa and the unusual faunal associations of
some of the mammals support Black’s (1967) con-
tention ‘that the hitherto unknown middle Eocene
faunas of upland areas peripheral to the major Terti-
ary basins of Wyoming might record different paleo-
environmental settings.

In the southwestern Bighorn Basin, the Aycross
Formation is overlain by at least 350 m of the Tepee
Trail Formation. Bown found that portions of the
Tepee Trail have become detached from in situ
masses and have been transported across an erosion
surface developed on the Aycross Formation. The
detached segments are of two kinds: (1) highly de-
formed heterogeneous rock masses of considerable
areal extent, and (2) highly deformed homogeneous
rock masses less than 1.0 km? in area. Both before
and during the episode of detachment faulting, the
Aycross acted as a plastic unit. It is intensely de-
formed subjacent to the detached masses and is
thrust and drag-folded over much of its outcrop area.
The age of the detachment faulting is probably late
Tertiary or Quaternary.

Revised thickness of Hailey Conglomerate Member, Wood River

Formation of central Idaho

The Hailey Conglomerate Member (Middle Penn-
sylvanian), basal member of the Wood River Forma-
tion, was reported to be 300.5 m thick at its type
locality (loc. 14) on the west side of the Big Wood
River opposite Hailey, Idaho (Thomasson, 1959). In
the course of extensive mapping, W. E. Hall and J. N,
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Batchelder found that the Hailey is discontinuous in
outcrop and thins to the east and north of the
Hailey-Bellevue area, where its maximum thickness,
except for the type locality, is about 122 m. The vari-
ation in thickness and discontinuity were attributed
to steep normal faulting (Ross, 1934) and to nondep-
osition and facies change (Thomasson, 1959). How-
ever, the Hailey everywhere is intensely sheared, and
its discontinuous masses are readily explained as
boudins in a thick thrust-fault zone between the
Milligen (Devonian) and Wood River Formations.
Thus, the westward thickening of the Hailey is a
result of deformation rather than original deposi-
tion.

At the type locality, the Hailey strikes approxi-
mately north and dips steeply west. It is underlain
on the west by the Milligen Formation of Devonian
age. Hall and Batchelder had considered the possi-
bility that the type section is repeated in a steep
isoclinal syneline, but they had not been able to ex-
amine the eastern contact to prove this hypothesis
because access is difficult where the river flows
against the west valley wall. Because of the drought
in 1977, the Big Wood River was very low and this
area was accessible, They found that the Milligen
Formation does crop out on the east side of the
Hailey about a half mile north of Hailey. The whole
section is intensely sheared, the conglomerate is in-
deed in a steep isoclinal syncline, and the true thick-
ness of the conglomerate is approximately 122 m.
The conglomerate was folded by being squeezed be-
tween two north-striking faults on the west side of
the valley and dropped possibly as much as 1220 m.
This fault zone forms the remarkably straight west
wall of the Wood River Valley. The new thickness
eliminates evidence of westward thickening of the
Hailey Conglomerate Member and opens the possi-
bility that the Hailey might have been derived from
an eastern emergent terrane on the Copper Basin
Formation (Mississippian) as was documented by
Skipp and Hall (1975) in the case of other Wood
River conglomerates in the Fish Creek Reservoir
area.

Paleozoic strata and Eocene(?) granites along eastern margin

of Idaho batholith

Preliminary geologic mapping by C. M. Tschanz
in the Smoky Mountains of central Idaho (loc. 15)
revealed large outcrops of Paleozoic sedimentary
rocks, pink Eocene(?) granites, and older Eocene(?)
subvolcanic porphyries of intermediate composition
in an area covering several hundred square kilo-
meters, all of which are shown on published recon-

naissance geologic maps as either Idaho batholith
(Cretaceous) or Challis Volcanics (Tertiary). Two
slightly metamorphosed sedimentary units of pre-
Pennsylvanian age, previously included in the Wood
River Formation (Pennsylvanian part) (Ross,
1930), were recognized in the Little Smoky and
Willow Creek mining districts. Together these dis-
coveries greatly modify the geologic picture as pre-
viously mapped.

The pre-Pennsylvanian units are exposed in a
north-trending belt along the eastern contact of the
Idaho batholith for a distance of 16 km along the
crest of the Smoky Mountains south of Carrietown
and also for several kilometers east of the West Fork
of Big Smoky Creek, about 20 km farther north.
The Wood River Formation is extensively, although
intermittently, exposed east of this belt, but its con-
tact with the older units is not exposed north of
Warm Springs Creek. According to W. E. Hall and
J. N. Batchelder, in the Little Smoky district the two
pre-Pennsylvanian units are separated by thrust
faults, and the younger one is thrust on the Wood
River. It appears that the two units areallochthonous
and were thrust on younger rocks before the em-
placement of the Idaho batholith late in Cretaceous
time. The two units have been affected by low-grade
regional metamorphism that also affected the Milli-
gen Formation (Devonian) in the Wood River
region but did not affect equivalent rocks farther
east or the Wood River Formation. Although fos-
sils have not yet been found, both units probably
correlate with some part of the Silurian to Upper
Devonian transitional sequence exposed on the
northeast flank of the Boulder Mountains northwest
of Trail Creek Summit.

The lower, more deformed unit consists chiefly of
rusty weathering, pyritie, banded, light-gray siltite
containing innumerable thin seams of dark argillite.
It resembles most of the allochthonous type Trail
Creek Formation of Silurian age. The thicker upper
unit consists predominantly of dark gray, carbo-
naceous, silty limestone and calecareous siltstone. It
is the host of the argentiferous lead-zinc veins in the
Little Smoky district and in the northern outcrop
area. It apparently includes locally some subphyllitic
argillite with crinkle cleavage that is indistiguish-
able from rocks in the Milligen Formation of Devo-
nian age, but it could be partly older or younger.
Both units are several hundred meters thick.

These previously unmapped outcrops of Paleozoic
rocks are scattered over several hundred square kilo-
meters in the Galena, Baker Peak, Frenchman Creek,
and Boyle Mountain quadrangles of Idaho. They are
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intruded by many dikes and irregular bodies of
Eocene(?) subvolcanic porphyry that are contem-
poraneous with and similar to the overlying Challis
Volcanics. In four cirques surrounding Norton Peak,
they are also intruded by pink granite (or quartz
monzonite) that is correlated with the Boulder
Mountain stock and the Sawtooth batholith, which
are 44 million years old.

IGNEOUS ROCKS

Ages of alkalic igneous activity in north-central Montana

B. C. Hearn, Jr., R. F. Marvin, R. E. Zartman,
and C. W. Naeser have dated about 60 rocks from
alkalic igneous centers in north-central Montana
(loc. 16) by K-Ar analysis of mica, feldspar, horn-
blende, and pseudoleucite, and by fission-track anal-
ysis of apatite, sphene, and zircon (Hearn and
others, 1977). Ages suggest that peak igneous ac-
tivity occurred between 53 and 48 million years
ago, in early and middle Eocene time. However,
major intrusions in the Little Rocky Mountains and
part of the Judith Mountains are significantly
older—Late Cretaceous or Paleocene. Significantly
younger ages were obtained from some intrusions in
the Little Belt and Judith Mountains, from the Mis-
souri River Breaks diatremes and dikes, and from
Smoky Butte near Jordan. Age ranges are, from
oldest to youngest in millions of years:

Judith Mountains . ______________ 80(7?)-46
Little Rocky Mountains _______________ 66-58
Little Belt Mountains _________________ 58-41
(Marvin and others, 1973)

Bearpaw Mountains __________________ 55-49
Sweetgrass Hills _____________________ 52-49
Highwood Mountains _________________ 52-48
Missouri River Breaks ________________ 51-46
Eagle Buttes __ . _________________ 50-48
Smoky Butte ________________________ 27

Thus the total span of igneous activity may be as
much as 50 million years. Dates suggest a 3- to 4-
million-year life of individual centers, similar to
time spans of major basic-silicic magma systems
in Western United States. Ore deposits are typically
late at each center and range in age from Late Cre-
taceous and Paleocene to Eocene. Major uplifts of
the Judith and Little Rocky Mountains in Late Cre-
taceous and Paleocene time probably influenced the
early migration of oil and gas in the western part of
the Williston Basin.

Chemical trends of Tertiary volcanic rocks in the Pioneer
Mountains of Montana

E-an Zen obtained chemical analyses of 10 Eocene
voleanic rocks and a Miocene volcanic rock from the
Vipond Park area in southwestern Montana (loc.
17), all dated by K-Ar whole-rock methods in co-
operation with R. F. Marvin. The chemical data
show that the rocks range from basaltic andesite and
andesite, through dacite, trachyandesite, and rhyo-
dacite, to rhyolite (all names according to Ritt-
mann’s system), the intermediate members being
predominant and evidence of bimodal distribution
lacking. The one Miocene rock is not chemically or
mineralogically different from the Eocene rocks.
Harker variation diagrams of the data show mod-
erate to excellent rectilinear correlation. Plots of
K.0 against SiO, show these rocks to be chemically
different from the broadly contemporaneous Challis
Volcanics of central Idaho, in spite of some petro-
graphic similarity. At SiO, values of 55 or 60 per-
cent, the corresponding weight percent K,O gave
values that, applying the plots of Dickinson and
Hatherton (1967; Hatherton and Dickinson, 1969)
as was done for the Tertiary volcanic rocks of the
Western United States by Lipman, Prostka, and
Christiansen (1972), would yield nominal “depth of
derivation” of about 160 km, which fits very well
with the western or trailing edge of Lipman and
others’ eastern downgoing slab, and the geographic
location of the Pioneer Mountains fits their map
well.

The hypothesis of Lipman, Prostka, and Chris-
tiansen has recently been revived (Dickinson and
Snyder, 1977), and the chemical data from the
Pioneer Mountains suggest that, whatever the true
explanation of the relations, the hypothesis does pro-
vide a correlational tool of predictive value. On the
other hand, a similar plot of the Pioneer batholith
rocks, Late Cretaceous in age, yields a similar fic-
tive depth of magma derivation, even though the
initial strontium values refute an upper mantle ori-
gin (unless crustal contamination of isotopic ratios
is allowed). The Elkhorn Mountain Voleanics and the
main series (Tilling, 1978) of the Boulder batholith,
both Late Cretaceous in age, yield fictive depths of
about 260 km, which could fit the hypothesis of
Lipman, Prostka, and Christiansen because the area
is at the junction of their two downgoing slabs. All
of which seems to indicate that the hypothesis has
hit upon a real correlation but not a real explanation
yet.
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Tectonic implications of granite ages, southwestern Montana

The Pioneer batholith in the Pioneer Mountains of
Beaverhead County in Montana (loc. 17), mapped
by E-an Zen, has yielded isotopic K-Ar ages of bio-
tite and hornblende ranging from 80 to 62 million
years. Most of the rocks contain biotite and horn-
blende and have minimum ages of about 68 million
years, whereas, the only 62 million-year-old pluton
is the only two-mica granite found so far, both micas
being products of liquids crystallization on the basis
of textural relations. Similar relations also oceur
elsewhere in southwest Montana. J. M. Hammar-
strom’s microprobe data showed no halogen in the
mica; therefore, unless (improbably) lithium is
abundant in the micas, the two-mica granites must
have crystallized at pressures of 8 kbar (10-km load)
or more (Chatterjee and Johannes, 1974). On the
other hand, the biotite-hornblende plutons show field
evidence (miarolitic cavities, etc.) of having formed
at shallow depths of only a few hundred bars (1-
to 2-km load). Thus between 68 and 62 million
years ago, the Pioneer Mountains and other parts
of southwestern Montana must have received about
8 km of extra tectonic load. Zen interprets this as
being caused by the emplacement of the Sapphire
tectonic block at about this time; the dates are not
in confiict with known age relations now being con-
sidered for the Sapphire block (Chase and Hynd-
man, 1977) and in fact could provide ages for the
distal parts of the block. Study of the western
Pioneer Mountains should shed critical light on this
problem.

Strontium-isotope data from Pioneer batholith in southwestern
Montana

E-an Zen’s study of the Pioneer batholith in
southwestern Montana (loc. 17) was provided major
new insight by two initial strontium values of two
plutons determined by J. G. Arth. One, a tonalite
about 70 million years old, has a value of .7116, and
a nearby granite of the same age has a value of
7130 (both + .0002). These numbers show that the
two rocks are not just phases of the same crystalliz-
ing magma, a point strongly suggested by field data
but difficult to prove. The values are very high com-
pared to the values of the Boulder batholith, which
range from .7055 to .7092 + .0006; the two sets do
not overlap at the level of twice the standard devia-
tion. Consanguinity of the rocks of the “sodic series”
of the Boulder batholith, with rocks of the Pioneer
batholith, was previously conjectured (Zen, Marvin,
and Mehnert, 1975; Tilling, 1973) because they

have comparable K.0/SiO, relations, are similar in
age, and in the Boulder batholith the rocks of the
sodic series tend to occur toward the Pioneer batho-
lith. The isotope data seem to disabuse us of that
hypothesis.

Arth also obtained an excellent 4-point isochron
from four rocks of the pre-Belt crystalline-basement
gneisses from the same area, and an isochron age
of 1,639 = 36 million years. On the basis of U-Th-Pb
ages of a zircon from one of the rocks, this is prob-
ably a metamorphic isochron. The strontium isotopic
values of these four pre-Belt rocks 70 million years
ago nicely bracket the values of the two plutons
mentioned in the paragraph above. Thus, on the
basis of the strontium value, a supposition can be
made that the magma was derived by melting the
upper-crustal basement material. The Boulder
batholith is north of the Willow Creek fault zone,
but the Pioneer batholith is south of it. The isotopic
difference between the two batholiths could mean
that their magmas were generated from different
blocks of the crust. The high initial strontium values
of the intrusive rocks of the Pioneer Mountains sug-
gest that the source of the magma was not in oceanic
crust.

The Heise caldera in southeastern Idaho

From their mapping and detailed study of the
volcanic stratigraphy of the Heise-Kelly Mountain-
Willow Creek area of southeastern Idaho (loc. 18),
H. J. Prostka and D. J. Doherty concluded that this
area lies just within a huge resurgent caldera of
Pliocene age. A rhyolitic, crystal-rich, eutaxitic,
lithophysal, welded ash-flow tuff, informally desig-
nated Heise A, was erupted along a ring fracture
zone, part of which is exposed in the canyons of
Willow Creek and Meadow Creek. This tuff over-
lies Mesozoic clastic sedimentary rocks throughout
most of the map area. At the base of the Heise
Cliffs, however, it lies upon a massive banded flow
of devitrified porphyritic rhyolite, which is exposed
along most of the Heise Cliffs and Kelly Mountain.
The caldera collapsed during the late stages of this
ash-flow eruption. Caldera collapse was followed by
several stages of rhyolitic volcanism, the products
of which are well exposed at Kelly Mountain and
along Willow Creek.

Prostka and Doherty recognized two post-collapse
ash-flow tuffs separated by up to 300 m of devitri-
fied rhyolite flows and followed by a densely welded
ash-flow tuff probably from a distant source in the
Snake River Plain.
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All these eruptive rocks were then uplifted in
several small domes just inside the ring-fracture
zone. Next, late-stage resurgent voleanism produced
thick pumiceous ash-flow and air-fall tuffs, which
are thickest in Little Kelly Canyon but are absent
from the top of Kelly Mountain. The sequence closed
with the eruption of additional welded ash-flow
tuffs. With the exception of the one densely welded
ash flow mentioned, all the tuffs and flows were
erupted from sources close to the Heise-Kelly Moun-
tain dome. Base-surge features characterize some
of the tuffs (Doherty, 1976). The stages of activity
match very closely stages 2 to 6 of the development
of resurgent calderas described by Smith and
Bailey (1968). The same general sequence occurred
during formation of the Island Park and Yellow-
stone calderas to the northeast (Hamilton, 1965;
Keefer, 1971; Christiansen and Blank, 1972).

Carbonate-rich kimberlite in southeastern Wyoming

Carbonate-rich, massive to porphyritic or brec-
ciated kimberlite has been recognized by M. E.
McCallum, C. B. Smith, and H. G. Coppersmith
(Colorado State University) in diatremes of the
Colorado-Wyoming State Line and Iron Mountain,
Wyo., districts (loc. 19). Carbonate-rich phases are
texturally similar to the more serpentine, rich kim-
berlite varieties (Smith and others, 1977), but con-
tain appreciably greater amounts of calcite and dolo-
mite. Phenocrysts (olivine), xenocrysts (primarily
olivine, enstatite, Cr-diopside, pyrope, Mg-ilmenite,
and phlogopite), and xencliths of crustal and upper
mantle origins are commonly suspended in a matrix
composed chiefly of carbonate with minor amounts
of chaotically distributed serpentine, phlogopite,
apatite, and secondary hematite and leucoxene after
magnetite and perovskite. In some phases, pheno-
crysts, fragmental inclusions, and serpentinous
matrix material may be completely carbonatized, and
the rock may contain as much as 90 percent car-
bonate.

Preliminary chemical analyses indicate that the
carbonate-rich kimberlite contains the largest
amounts of La, Ce, Nd, Cs, Ba, Be, Pb, Sr, and Zn,
in addition to CaO and CO, of all the kimberlite
phases in the area. However bulk chemical com-
position is remarkably similar to that of average
serpentine-rich phases. This similarity apparently
results from the tendency of carbonate-rich kimber-
lite to contain dolomite and greater amounts of
“foreign” S8i0, in the form of granitic fragments
and silicified groundmass constituents. Petrographic

and field evidence indicates that some of the carbo-
nate-rich kimberlite crystallized from a magma
containing immiscible silicate and carbonate fluid
phases. Diatreme formation by fluidization and ex-
plosive boring apparently was initiated in portions
of kimberlite dike systems where the carbonate-
rich fluid phase was most concentrated, and where
fluid pressures exceeded load pressures.

PRECAMBRIAN ROCKS

Copper in Belt rocks of Montana

J. E. Harrison extended mapping of the several
formations of the Ravalli Group of the Belt Super-
group northward in Montana into the area of the
Kalispell 1:250,000-scale map (loc. 20), where they
had not previously been differentiated. Because
stratabound copper occurs in rocks of the Ravalli
Group, subdivision of the group to improve under-
standing of its depositional history is of more than
academic interest. Harrison’s preliminary studies
suggested that the upper unit of the Ravalli, the
Spokane Formation, which was derived from the
northeast, contains tongues of the middle unit of
the Ravalli, the Revett Formation, which was de-
rived from the south. The tongues of Revett are
about 30 m thick, are composed of quartzite, and
are in envelopes of green laminated argillite and
siltite about 10 m thick that contain anomalously

-large amounts of copper sulfide. Further mapping is

needed to determine the extent and persistence of
the copper occurrences.

Archean age of major sedimentary sequences in southwestern
Montana

Rubidium-strontium analyses by C. E. Hedge of
samples collected by Hedge and H. L. James during
the past several years from various localities in the
Ruby, Tobacco Root, Madison, and Gallatin Ranges
of southwestern Montana (loc. 21) showed that the
major pre-Belt metasedimentary sequences have a
minimum age of 2,726 +13 million years. These se-
quences, now generally metamorphosed to the level
of amphibolite facies, include thick units of delomite
and quartzite as well as widely distributed thin beds
of iron-formation.

W. M. Cady reported that the Archean rocks of
the Ruby Mountains include paragneiss, metabasalt,
and ultramafic intrusive rocks, in addition to quartz-
ite, marble, and iron-formation. This mixture of
rocks is characteristic of both eugeosyneclinal and
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miogeosynclinal assemblages of Proterozoic and
Phanerozoic time.

Farmington Canyon Complex, Wasatch Mountains, Utah

Proterozoic (Precambrian) rocks of the Farming-
ton Canyon Complex in the region between Ogden
Canyon and Mill Creek southeast of Bountiful, Utah
(loc. 22), were found by B. H. Bryant to consist of
complexly deformed high-grade metasedimentary
rocks, migmatite, granitic gneiss, pegmatite, and
lenses of amphibolite. No infolds or slices of
younger, less metamorphosed Precambrian rocks
occur in this part of the Wasatch Mountains.

In the northern part of the complex the predom-
inant rock is fine- to medium-grained quartz monzo-
nite gneiss containing amphibolite and calc-silicate
lenses, which range from a few meters to a kilo-
meter in length. This gneiss grades into migmatitic
gneisses containing various amounts of biotite, horn-
blende, and garnet, and enclosing numerous peg-
matitic lenses and stringers, the contacts of which
are generally indistinct. To the south, near Farming-
ton Canyon, the effects of migmatization decrease,
biotite-feldspar-quartz layers increase, and many
pegmatites several meters thick with sharp contacts
are present. South of Bountiful Peak, the complex
locally includes interbeds of coarse-grained white
quartzite as much as several meters thick. Individ-
ual beds of quartzite can be traced less than a kilo-
meter. Farther south at Mill Creek, layers of cale-
silicate gneiss are abundant.

Throughout the complex, sillimanite is preserved
in layers of biotite schist not greatly affected by
later retrogressive metamorphism. Field observa-
tion suggested to Bryant that sillimanite formed
during the metamorphism that produced both min-
eral lineation and west-trending minor folds.

Zones of shearing and retrogressive metamor-
phism under greenschist-facies conditions are wide-
spread, especially in the central part of the complex
between Weber and Farmington Canyons. Many of
the shear zones have low to moderate dips that
truncate more steeply dipping older foliation and
layering, but other shear zones parallel the older
structures. The rocks along these shear zones are
more thoroughly sheared through a much greater
thickness than along the Ogden thrust, which passes
beneath the Farmington Canyon Complex at its
north end and is marked by a thin zone of retro-
grade rocks and many fractures. The shear zones
must have formed in a deeper environment some-
what before the Ogden thrust or even much earlier,
perhaps in Proterozoic (Precambrian Y or Z) time.

Mafic complex at Mullen Creek in the Medicine Bow Mountains
of Wyoming

Continued study by M. E. McCallum of the mafic
complex at Mullen Creek in southeastern Wyoming
(loc. 23) revealed a number of significant structural,
petrographic, and geochemical trends. The complex
consists of a variably layered sequence of Precam-
brian meta-igneous mafic rocks that reflect wide
ranges of metamorphism and hybridization, the
latter associated with intrusion of felsic magma.
Relict cumulate textures and zones of rhythmic
layering are common, and crossbedding and minor
scour channels of igneous origin have been observed
(Donnelly and McCallum, 1977). Structural and
compositional data indicate that the complex has
been folded anticlinally about a slightly overturned
axis plunging steeply to the northwest, and subse-
quent refolding is represented by a shallow westerly
plunging synanticlinal fold.

Metagabbro, metadiabase, and metaleucogabbro
predominate, but metapyroxenite and variably meta-
morphosed anorthosite, troctolite, olivine gabbro,
and norite are abundant locally. Basaltic to diabasic
dikes record several intrusive episodes, and later
felsic intrusive rocks are abundant in the central
part of the complex. Preliminary geochemical and
petrographic data indicate compositional variations
that are consistent with those of other layered mafic
intrusions. Concentration of leucocratic phases,
ratios of Fe to Mg, and content of Na, Ti, V, Zr,
and P increase, and Ni decreases toward the in-
ferred top of the complex.

TECTONICS

Paleocene depaosition and Eocene deformation in South Park,
Colorado

In central Colorado, the South Park Formation
(Sawatzky 1967; Wyant and Barker, 1976) filled
a structural basin (loc. 24) between the Laramide
Sawatch anticline and the Front Range early in
Tertiary time. The formation rests unconformably
on Upper Cretaceous rocks and was folded, faulted,
and overridden by the western margin of the Front
Range uplift along the Elkhorn fault. R. F. Marvin,
H. H. Mehnert, and V. M. Merritt determined K-Ar
ages of biotite from crystal-lithic tuffs from the
base, the upper middle (Link Spring Tuff Member),
and the top of the South Park Formation. The ages
are 65.5+1.6, 59.7+2.0, and 56.3+1.3 million years,
respectively, showing that the filling of the South
Park basin took place throughout Paleocene time.
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Fission-track ages of zircon from the same samples, |
determined by C. W. Naeser, are compatible with
the biotite ages.

B. H. Bryant concluded that folding and faulting
of the South Park Formation closely followed its
deposition, for boulder beds near the top of the
formation include abundant fragments derived from
the margin of the Front Range uplift east of the
Elkhorn fault. This deformation must have occurred
near the beginning of Eocene time.

Tectonic significance and post-Laramide giant boulders in
southeastern Wyoming

Conspicuous deposits of giant boulders of Precam-
brian rocks have long been known on both flanks of
the Laramie Range in southeastern Wyoming (loc.
25). The deposits are nonfossiliferous, and previous
workers have called them Paleocene, lower Eocene,
Oligocene, Miocene, Pliocene, or Pleistocene. They
are not related to faults, and their tectonic signifi-
cance has not previously been recognized.

J. D. Love identified three major episodes of
boulder deposition: (1) middle Eocene, (2) Oligo-
cene and Miocene, and (3) Pliocene and Pleistocene.
The middle Eocene boulder deposits are confined to
the west flank, and in places extend to the crest of
the Precambrian rock core of the Laramie Range.
The younger boulder deposits are on the east flank
and extend eastward onto the High Plains. No lower
or middle Eocene rocks are known on the east side
of the range south of the Powder River basin. Love
postulated the following tectonic, erosional, and dep-
ositional events to explain the distribution of giant
boulders through Cenozoic time and their present
positions with respect to the Laramie Range, the
High Plains to the east, and the basin to the west:

® Early in Eocene time, drainage from the Laramie
Range and the Granite Mountains in central
Wyoming was to the north through the Powder
River basin (Love, McGrew, and Thomas, 1963,
p. 203 and fig. 7; Seeland, 1976, p. 36). The
area east of the Laramie Range was high and
has yielded no record of early Eocene deposi-
tion.

® At the beginning of deposition of middle Eocene
rocks, the Laramie Range and probably the
basin area to the east (northern part of the
Denver-Julesburg structural basin) were up-
lifted high enough and tilted westward steeply
enough to block eastward drainage and to per-
mit catastrophic floods, aided by a wet humid
climate and abundant airfall plastic ash debris,
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to spread 30 m or more of giant Precambrian
boulders, many 3 to 7 m in diameter, 8 to 16
km westward from the Laramie Range out onto
Cretaceous rocks. The apron of boulders covered
an area of at least 400 km?.

® The same region tilted eastward during Oligocene
time and eastward-flowing drainage was estab-
lished across the Laramie Range. The range
never again was a significant barrier to streams
flowing from the basin on the west into the
basin to the east.

® During later Oligocene to Miocene time, the east
flank of the Laramie Range and the High Plains
to the east sagged 500 m or more and became
the site of deposition of several hundred meters
of conglomeratic strata including zones of large
boulders of Precambrian rocks. These boulders
are not as big or as abundant as the boulders
deposited, 300 m or more topographically
higher on the opposite side of the range in
middle Eocene time.

o In Pliocene to Pleistocene time, another cata-
strophic event, possibly triggered by a combina-
tion of sudden lowering of base level east of
the Laramie Range, rise of the range itself, and
tremendous floods, resulted in the eastward
spread of giant granite boulders, many 3 to 5
m in diameter, for 30 km or more onto a nearly
flat terrain of Miocene rocks. No unquestioned
glaciation of the east flank of the range has yet
been recognized, but meltwater from some
ancient stage could have been involved. No
comparable boulder deposits of this age are
present on the west side of the range.

o After deposition of the boulders in event 5, the
general land surface 16 km or more east of the
Laramie Range was eroded down about 150 m,
leaving remnants of these giant boulders on
interstream divides.

Middle Proterozoic tectonics in the Wyoming Age Province

A search through the USGS Radiometric-Age
Data Bank for available geochronologic data on
Archean rocks of the Wyoming Age Province re-
vealed systematic patterns in Rb-Sr and K-Ar bio-
tite ages that are interpreted to be the result of
major vertical tectonic events in middle Proterozoic
time. A general decrease in mineral ages from the
center to the periphery of the Wyoming Age Prov-
ince has been known for many years. The compila-
tion of all existing data by Z. E. Peterman em-
phasized and extended this pattern. Biotite ages in
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central and northern Wyoming were stabilized by
uplifting and cooling in the latest Archean or
earliest Proterozoic time. Biotite ages in southern
Wyoming and in southwestern Montana are lower
by as much as one billion years. The regional con-
formity of these lower ages and narrow transition
zones with regions of greater ages suggest vertical
uplift and cooling as the major tectonic cause of
the age patterns. The transition zones that are
marked by steep gradients or discontinuities in bio-
tite ages are zones of major crustal dislocation along
which several kilometers of vertical movement must
have occurred in middle Proterozoic time.

Geology of the northern Portneuf Range in southeastern Idaho

M. K. Corbett (Idaho State University) briefly
indicated some of the results of geologic mapping in
the northern part of the Portneuf Range in south-
eastern Idaho (loc. 26). The range is composed of
several upper Proterozoic (Precambrian Z) to
lower Paleozoic east-dipping units of general north-
south trend; elevated western portions of the range
consist primarily of Proterozoic (Precambrian)
quartzite and argillite, which are successively over-
lain by Cambrian to Silurian carbonate rocks in an
eastward direction.

The major structures, which offset, repeat, omit,
and otherwise interrupt the homoclinally dipping
sequence, are associated with two main tectonic
events: (1) thrusts related to development of the
Idaho-Wyoming thrust-fold belt during the Sevier
orogeny of Cretaceous time, and (2) younger block
faults produced by regional extension. The larger
of two thrust faults resulted in the eastward dis-
placement of Proterozoic (Precambrian) quartzites
and argillites for several kilometers over a lower
plate consisting primarily of Paleozoic carbonate
rocks. Several sets of high-angle faults cut all map
units and have displacements of a few hundred
meters. The eastwest and northsouth sets appear to
have developed concurrently, as no definite pattern
of relative age could be determined with any con-
sistency. The boundary fault on the west side of the
northern Portneuf Range, the Bonneville fault, con-
sists of a zone of one or more slip surfaces, all with
similar sense of movement. The zone has strati-
graphic throw of nearly 1,200 m and, based on the
disturbance of Tertiary gravels, appears to be the
most recent fault mapped. It offsets, but never is
offset by other high angle faults of the area. Folding
is essentially absent from the Portneuf Range.
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| Late Paleozoic depositional patterns suggest separate crustal
responses north and south of eastern Snake River Plain

B. A. Skipp noted that the Mississippian, Pennsyl-
vanian, and Permian Systems in southern Idaho and
adjacent areas are very different on the north and
south sides of the Snake River Plain west of longi-
tude 113°. North of the plain in central and eastern
Idaho, (1) Lower Mississippian rocks consist of
mere than 3,500 m of coarse-grained deep-water
foreland-basin flysch that grades eastward into ex-
tensive shale and siltstone (Skipp and Hait, 1977;
Nilsen, 1977; Sandberg, 1975); (2) Upper Missis-
sippian rocks consist of 1,250 m of limestone that
grades westward into coarse-grained partly shallow-
marine strata deposited on the site of the earlier
Mississippian flysch basin (Skipp and Hait, 1977;
Nilsen, 1977) ; and (3) Pennsylvanian and Permian
rocks were deposited in two marine basins separated
by the Copper Basin highland (Skipp and Hall,
1975; Skipp and Hait, 1977). The western Wood
River basin contains Middle Pennsylvanian to Perm-
ian sandstone, limestone, argillite, and miner con-
glomerate and chert, more than 4,760 m thick (Hall,
Rye, and Doe, in press; Skipp and Hait, 1977). The
eastern Snaky Canyon Basin contains a Lower
Pennsylvanian to Permian sequence 1,425 m thick
including limestone, dolomite, sandstone, and a thin
Phosphoria Formation (Skipp and Hait, 1977).

South of the plain, (1) Lower Mississippian rocks
are mostly fine-grained orogenic and nonorogenic
deposits, not known to be more than 1,400 m thick
(Poole and Sandberg, 1977) ; (2) Upper Mississip-
pian rocks are more than 2,100 m thick, consist of
fine- to coarse-grained synorogenic sediments de-
posited as a series of coalescing deltas in a narrow
trough (Brew, 1971), and thin eastward across
northern Nevada into northwestern Utah (Poole
and Sandberg, 1977; Skipp, in press); and (3)
Pennsylvanian and Permian sandstones and lime-
stones appear to thicken from east to west across
southeastern Idaho west of Pocatello but nowhere
are thinner than 2,000 m (R. L. Armstrong, oral
commun., 1977; Leland Cress, written commun.,
1977; J. Fred Smith, written commun., 1977); no
evidence of two separate basins is known.

Skipp concluded that these different depositional
patterns and histories indicate different paleotec-
tonic seftings during late Paleozoic time on opposite
sides of a zone that parallels the trend of the late
i Cenozoic eastern Snake River Plain.
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Structure and volcanism in eastern Snake River Plain of idaho

Detailed reconnaissance mapping at a scale of
1:24,000 of the eastern Snake River Plain (loc. 27),
an area of about 19,000 km? east of longitude 114°
15" W. and north of latitude 43° N. was completed
by M. A. Kuntz. These studies show that this con-
tinental basalt province is characterized by distine-
tive structural and volcanic features.

The major structural features of the area studied
in the eastern Snake River Plain are volcanic rift
zones, which are defined by rectilinear distribution
of structural and volcanic features such as grabens,
extensional faults, cinder cones, eruptive fissures,
shield volcanoes whose vents are elongated over in-
ferred rifts, and non-eruptive open fissures. These
features are typically arranged along the rift zones
in the order listed above from the north margin of
the Plain to the Plain axis. Similar relationships
are not clearly recognized near the south margin
of the eastern Plain, probably owing to erosion and
deposition of sediments by the Snake River. The
largest number of rift zones trend northwest or
north, normal to the long axis of the Plain. These
include the Great Rift, Arco, Spencer-High Point,
Menan, Hells Half Acre-Lava Ridge, and Rock
Corral Butte rift zones. A few rift zones with
northeast or east trends are present in the study
area, but they are short and relatively discontinuous.
Some rift zones are narrow and have had volcanism
centered on them for only short periods of time
(Menan rift) ; others are narrow zones in which
volcanism has been sporadic over long periods of
time (Hells Half Acre-Lava Ridge); and others
are broad zones with indistinct boundaries where
volcanism has also been sporadic (Great Rift and
Arco). Rhyolite domes (Big Southern Butte, East
Butte, and Middle Butte?) and a ferro-latite voleano
(Cedar Butte) all are at the intersections of NW-SE
rift zones with rift zones of different trends.

Nearly all of the Pleistocene and Holocene vol-
canoes in the study area represent rift-controlled
eruptions; their distribution is not random as has
been stated by some workers. Although various
volcanic landforms occur, shield volcanoes located
near the center of the Plain, covering areas between
200 and 500 km? and having volumes on the order
of 50 km3, make up most of the volcanic pile along
the axis of the eastern Snake River Plain. In con-
trast, the marginal parts of the eastern Plain are
made up of volcanic products chiefly of cinder cones,
spatter ramparts along eruptive fissures, and
smaller shield volcanoes, and interlayed sediments.

Volcanic rift zones that intersect the Plain mar-
gins (those having northwest and north trends) are
alined with range-front faults and older structures
in mountain ranges adjacent to the Plain. The fault
zones beyond the Plain margins and their rift-zone
extensions onto the Plain define continuous, nearly
rectilinear structural systems, all parts of which are
related to the regional northeast-southwest exten-
sion that characterized the late Tertiary and
Quaternary stress field of the northeastern Great
Basin. Dominant dip-slip or strike-slip fault move-
ment has been documented in the mountains north
and south of the Plain, whereas extensional fissures
are the only obvious expression of strain at the sur-
face near the axis of the eastern Plain. The continu-
ation of these structural systems across the margins
of the eastern Plain, the absence of identifiable
faults at the boundaries of the eastern Plain, and
the lack of clear geophysical evidence of such faults
suggested to Kuntz that the eastern Plain is not a
graben decoupled from the surrounding mountains
but is rather a downwarp similar to that originally
proposed by Kirkham (1931, p. 473-479).

A major left-lateral strike-slip fault in the Wood River area of

Idaho

W. E. Hall and J. N. Batchelder mapped a major
strike-slip fault that strikes N. 70° E. for a dis-
tance of 40 km from Wolftone Creek on the west to
the head of the East Fork of the Big Wood River
on the east (loc. 14). The shatter zone along the
fault is tens of meters to 300 m thick. Regional
mapping of the Milligen and Wood River allochthons
indicates that the fault has an overall left lateral
displacement of approximately 5 km. The most re-
cent movement, however, has been right lateral.
This is indicated by a 1.6 km offset of the Wood
River graben, which is bounded by strong fault
zones that abruptly end against the strike-slip fault.
The strike-slip fault probably merges at its north-
east end with a thrust fault between the Milligen
Formation (Devonian) and older rocks of the Pio-
neer Mountains gneiss dome and hence is deflected
around the south end of the dome. There is no
evidence that the fault cuts the gneiss dome. Hall
and Batchelder recognized this fault on ERTS and
low altitude photographs as extending both north-
east and southwest of the area mapped for a total
distance of 105 km.

The fold and thrust belt in southwestern Montana

The eastern edge of the Cordilleran fold and
thrust belt in southwestern Montana appears to be
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a continuation of the corresponding edge of the
Wyoming thrust belt, projected beneath the Snake
River Plain across the region of the Targhee uplift
in east-central Idaho. The thrust trace is mostly con-
cealed, but E. T. Ruppel interpreted stratigraphic
and structural relations as suggesting that the thrust
crosses the Montana line near the middle of the
Centennial Mountains (loc. 28), trends westward
beneath the Red Rock Valley and thence northward
to Fleecer Mountain near Butte. From there it ap-
parently extends westward into northern Idaho. No
structural tie with the Montana disturbed belt is
evident.

Ruppel identified several major component plates
in the thrust belt, each containing a distinctive se-
quence of rocks different in composition and struec-
tural style from the cratonic sequence. The plates
are characterized by pervasive overturned folds and
imbricate thrust faults, structural styles unusual in
cratonic rocks. The lower plates, which form most
of the eastern edge of the thrust belt, seem to have
been moved about 20 to 40 km. Their rocks are some-
what similar to those of the craton but differ
abruptly in details of thickness, composition, age,
or stratigraphic sequence from the cratonic succes-
sion across the edge of the thrust belt. The overlying
plate is much larger and consists mainly of miogeo-
clinal rocks originally deposited perhaps 150 to 175
km farther west. These rocks differ in most respects
from those in the lower plates, and they differ even
more from those on the craton. The lower plates
probably are slightly younger than the upper plate,
and radiometric evidence from the Pioneer Moun-
tains in Montana (Zen, 1977) suggests that the
thrust belt was in its present position by about 76
million years ago.

The cratonic rocks were folded before thrusting,
and the resulting broad anticlines and synclines are
overridden by the eastern edge of the thrust belt.

New light on the Beaverhead Mountains in Idaho

Mapping and preliminary reconnaissance by
David Lopez in the vicinity of North Fork in Lemhi
County, Idaho (loc. 29), indicated that the back-
bone of the Beaverhead Mountains is made up pre-
dominantly of a medium to coarse-grained facies of
the Big Creek Formation of the Lemhi Group (mid-
dle Proterozoic, Precambrian Y). Rocks of the Gun-
sight Formation, the uppermost unit of the Lembhi
Group, and the pre-Lemhi Yellowjacket Formation
occur along the western flank of the range. Rocks
of both the Big Creek and the Gunsight Formations

have been thrust eastward over Yellowjacket rocks.
A system of northwest trending range-front normal
faults has broken the thrust sheets. Isolated blocks
of Challis Volcanics (Tertiary) are preserved where
dropped down between faults of the range-front
system.

Three structural styles in the Sapphire thrust belt in western
Montana

C. A. Wallace and M. R. Klepper identified three
styles of tectonic deformation in the Sapphire thrust
belt in the John Long Mountains and northern Flint
Creek Range of western Montana (loc. 30). Each
style of deformation can be related to the physical
characteristics and age of the strata displaced by
the overthrust system.

In Precambrian strata, thrust-fault zones are
characterized by incoherent and coherent breccia,
and wall-rocks are in general greatly shattered.
Folds are rare in thrust plates of Precambrian
rocks and, where present, are broad open structures.
Precambrian rocks reacted in a brittle manner to
deformation, probably because the thickness of
quartz-cemented sandstone and siltstone in Pre-
cambrian strata is greater than in younger rocks.

Thrust-fault zones in lower Paleozoic carbonate
rocks are characterized by coherent breccias and
silicified breccias, whereas thrust faults in shaly
rocks are represented by sheared zones and inco-
herent breccia or gouge. Shattered rocks are much
less common in lower Paleozoic strata than in Pre-
cambrian rocks. Chaotic folds are common within
thick limestone and dolomite units, but adjacent
shaly rocks are only locally folded with carbonate
rocks because thrust faults generally form the
boundaries of the carbonate units. Shale and shaly
carbonate units formed closed folds only in the im-
mediate area of thrust zones. The lower Paleozoic
carbonate rocks apparently behaved as coherent
units that deformed internally in a plastic manner,
whereas numerous, discrete shear-planes formed in
shaly strata between carbonate units, which pre-
vented development of large-scale fold systems in
shaly rocks.

In upper Paleozoic and Mesozoic rocks, thrust
faults only locally formed discrete breecia zones. The
most striking characteristic of these rocks is the
presence of abundant, large-scale, isoclinal, vertical,
and overturned folds in thrust plates. Relatively
thin, poorly indurated beds of sandstone apparently
maintained little strength during compression, so
that the entire thickness (more than 4,000 m) of
strata deformed plastically.
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Despite the different structural styles of the three
major subdivisions of strata, decollement zones be-
tween tectonic units of different physical properties
have not been identified. Therefore, it seems prob-
able that the lateral stratigraphic separation of
brittle older rocks has been translated into tight
isoclinal folds and numerous bedding-plane-slip sur-
faces in more plastic younger rocks. If a decolle-
ment zone is present in the Sapphire thrust belt, it
probably underlies the brittle Proterozoic (Precam-
brian Y) Belt sequence.

Major deep-seated faults near Helena, Montana

It has long been recognized that a zone of funda-
mental crustal discordance extends from the vicinity
of Helena, Mont. (loc. 81), northwestward across
western Montana and northern Idaho to eastern
Washington. This zone, known as the Lewis and
Clark line, separates crustal blocks of profoundly
contrasting structural style and gross lithology that
have been juxtaposed by a combination of large-
scale horizontal and vertical fault movements. Two
major deep-seated faults, discovered in recent years
in the vicinity of Helena, are believed to mark the
eastern segment of the Lewis and Clark line. One,
named the Helena Valley fault, forms the northern
boundary of the line; the other, named the Bald
Butte fault, forms the southern boundary of the
line. Geologic mapping in 1977 by R. G. Schmidt in
the Canyon Creek, Granite Butte, and Elliston quad-
rangles and earlier mapping by J. W. Whipple in
the Stemple Pass quadrangle provided new data on
the location and structural characteristics of these
faults in the area northwest of Helena, which is
here summarized by Schmidt.

The Helena Valley fault has been traced 35 km
northwestward from Helena Valley to the Con-
tinental divide near Stemple Pass. Beyond that point
the fault is covered by volcanic rocks of Tertiary
age, and its location is uncertain, but Landsat
imagery suggests that it extends northwestward
along the eastern and northern margins of Lincoln
Valley and joins the St. Mary’s fault, which defines
the northern limit of the Lewis and Clark line
across much of northwestern Montana. The Bald
Butte fault lies 10 to 15 km south of the Helena
Valley fault. It has been traced 40 km northwest-
ward from Helena to the south base of Bald Butte
in the Elliston quadrangle and thence to the Con-
tinental Divide near Nevada Mountain, beyond
which its location has not been accurately
established. Reconnaissance studies suggest, how-

ever, that it extends far to the northwest and is
possibly a splay from the St. Mary’s fault.

The rocks immediately north of the Helena Valley
fault are mainly the Greyson Shale and Spokane
Formation of the Ravalli Group of the Belt Super-
group. Broad northwest-trending folds and a major
thrust fault in these rocks terminate abruptly at
the Helena Valley fault and have not been recog-
nized south of the fracture. The rocks immediately
south of the Bald Butte fault are the Helena Dolo-
mite of the Belt Supergroup and Snowslip Forma-
tion, Shepard Formation, Mount Shields Formation,
Bonner Quartzite, and McNamara Formation of the
Missoula Group of the Belt Supergroup. These rocks
form the eastern flank of the northwest-trending
Black Mountain syncline, which terminates sharply
against the Bald Butte fracture. Between the two
faults is a linear strip of rocks of the Greyson
Shale, Spokane Formation, Empire Formation,
Helena Dolomite, Snowslip Formation, Shepard
Formation, and Mount Shields Formation, which
are deformed into broad irregular folds and broken
by large normal faults of predominantly northwest
trend. Small plutons of Late Cretaceous and early
Tertiary age are scattered along the length of the
intervening strip. Significantly, much of the seismic
activity in the Helena region is concentrated along
the Bald Butte and Helena Valley faults and along
several normal faults within the deformed strip of
rocks between the major fractures.

The traces of the Helena Valley and Bald Butte
faults are exceptionally straight, and the faults are
interpreted as vertical or near-vertical fractures
that extend deep into the Earth’s crust. The abrupt
termination of structures against the faults and the
profound change in regional structure and lithology
across them are believed to have resulted mainly
from large strike-slip movement along the breaks.
This horizontal translation, which perhaps occurred
mainly during Laramide tectonism in Late Creta-
ceous and Paleocene time, may have amounted to
several kilometers, but the absolute displacement
cannot be determined from existing geological data.
Later movement, which perhaps took place largely
in Eocene time, appears to have been normal dip
slip, for stratigraphic offset along the faults in-
dicates upthrow to the northeast. Maximum strati-
graphic separation on the Helena Valley fault is
about 1,500 m and on the Bald Butte, about 3,000 m.

Thrust faults near the Lewis and Clark line in Montana

Structural trends in the northern Montana dis-
turbed belt change in orientation from north-north-
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west to east-southeast where the disturbed belt in-
tersects the major tectonic boundary known as the
Lewis and Clark line. Displacements on thrust
faults north of the line decrease toward it; in the
area of the strike change, successively lower thrust
faults first break from anticlines, then increase in
amount of displacement eastward. Successively
lower thrust faults along the line involve older rocks
of middle Proterozoic (Precambrian Y) age than
do faults north of the line. M. W. Reynolds deter-
mined that horizontal displacement on the lowest
principal thrust fault at the north end of the Big
Belt Mountains (loc. 32) is at least 15 km and prob-
ably exceeds 25 km. The total shortening across the
thrust faults may exceed 60 km. Changes in the
style of folding associated with the thrust faults
and in the structural trends noted may have resulted
from lateral shear along the Lewis and Clark line
partly contemporaneous with thrusting.

BASIN AND RANGE REGION
MINERAL-RESOURCE STUDIES

Mineralized volcanic arc in westernmost Idaho and adjacent
Oregon

F. ‘G. Poole reported that volcanogenic bedded-
and porphyry-type base-metal sulfide deposits occur
in allochthonous Permian and Triassic mafic to felsic
volcaniclastic rocks, lavas, and plutonic rocks of the
predominantly volcanic Seven Devils Group and re-
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lated rocks in westernmost Idaho and eastern Ore-
gon (index map. loc. 1). Massive sulfide deposits in
the volcanic rocks are believed to be contemporary
with some porphyry deposits in granitoid plutons;
the two associations may be cogenetic in the island-
arc environment. Temporal and spatial relations of
the sulfide mineral deposits to the ancient arc are
analogous to those in comparable settings in other
parts of the world, such as the Miocene Kuroko de-
posits of Japan. Accordingly, the Seven Devils and
related volcanic rocks have the potential for large
base-metal sulfide deposits in addition to the rela-
tively small deposits already known.

Age of volcanism and mineralization in Tonopah mining district,
southwestern Nevada )

M. L. Silberman, R. P. Ashley, H. F. Bonham, Jr.,
and L. J. Garside (Nevada Bureau of Mines and
Geology) have completed a detailed geochronological
study of Tertiary voleanic rocks and hydrothermal
ore deposits in the Tonopah mining district and
vicinity, Nye and Esmeralda Counties in Nevada
(loc. 2). More than 60 potassium-argon and fission-
track ages were determined on whole rocks and min-
eral separates from volcanic units, hydrothermal
veins, and hydrothermally altered wall rocks.

Four episodes of Tertiary volcanism between 35
and 10 million years ago produced a large variety of
intrusive and extrusive rocks ranging in composi-
tion from basalt to rhyolite and in mode of emplace-
ment from ignimbrites and tuffs to lavas, flow-dome
complexes, dikes and sills. Two of the four major
episodes of volcanism were accompanied by hydro-
thermal activity that produced epithermal precious-
metal vein deposits worth about $150 million.

The earliest volcanic episode (35 to 25 million
years ago) included eruption of now largely altered
rhyolitic ash-flow and air-fall tuffs, and flow-dome
complexes. About 24 to 18 million years ago a large
granitic batholith is thought to have been emplaced
in the subsurface, and major volcanic centers, in-
cluding the Tonopah and Divide centers, developed
over cupolas of the batholith. Early in this episode,
lavas of intermediate composition, including tra-
chyandesites and dacites of the Mizpah Trachyte
(host rocks for ore deposits at Tonopah), erupted
from stratovolcanoes. Cooling and differentiation of
the batholith probably concentrated silicic magmas
in the cupolas, which resulted in the eruption of
several major rhyolitic ash flows and the intrusion
of rhyolite dikes, sills, domes, and flow-dome com-
plexes. During this time, hydrothermal activity pro-
duced the epithermal silver-gold veins at Tonopah.
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About 17 to 15 million years ago, resurgence of
granitic magma caused eruption of trachyandesite
to rhyodacite lavas north of Tonopah and rhyolitic
to quartz latitic pyroclastic rocks, fiows, and domes
south of Tonopah near Divide. Hydrothermal activ-
ity accompanied volcanism at Divide and deposited
silver- and gold-bearing epithermal veins 16 to 15
million years ago.

Crustal extension began about 16 million years
ago and resulted in eruption of rhyolite pyroclastic
debris, trachybasalt and basaltic andesite flows, and
rhyolitic lavas from numerous vents. Much of the
pyroclastic debris was reworked and deposited in
basins that were formed during crustal extension.
Volcanism ceased about 10 million years ago.

STRATIGRAPHIC AND STRUCTURAL STUDIES

Quaternary faulting in Clayton Valley in southwestern Nevada

Geomorphic investigations by J. R. Davis in Clay-
ton Valley in Esmeralda County, Nevada (loc. 3),
have revealed evidence of Quaternary faulting.
Studies of alluvial slopes and fault scarps along the
eastern margin of Clayton playa suggest that fault-
ing was episodic and caused segmentation and
entrenchment of alluvial fans. The scarps display
two distinet trends which intersect at an acute
angle; one trend strikes about N. 30° E. and the
other N. 65° E. The most recent episode of faulting
is represented by a set of small, steep scarps. If the
rates of scarp-profile degradation in Clayton Valley
are comparable to those in north-central Nevada
(Wallace, 1977), the last episode of faulting may
have occurred 12,000 years ago or less.

Triassic rocks in southern Toquima Range in central Nevada

The Candelaria Formation (Lower Triassic) has
been recognized by F. G. Poole about 12 km south-
west of Manhattan in the southern Toquima Range
in northern Nye County, Nevada (loc. 4). Correla-
tion with the type Candelaria, located 80 km to the
southwest, is based on similar lithology, sedimentary
features, and fauna. Sparse limestone beds in the
dominantly platy argillite and siltite flysch sequence
have yielded age-diagnostic fossils. Ammonites and
bivalves identified by N. J. Silberling (USGS) and
conodonts identified by B. R. Wardlaw (USGS) and
J. W. Collinson (Ohio State University) are Early
Triassic (late Griesbachian to early Dienerian) in
age and are comparable to those found in the type
locality. Lithology and fauna of the marine Cande-
laria indicate that it was deposited mainly by tur-

bidity flows in an elongate basin in moderately deep
water. The Candelaria flysch is believed to have
formed during the Sonoma orogeny of Silberling
and Roberts (1962).

Digital aeromagnetic data set for Nevada

A composite aeromagnetic map of the State of
Nevada was created from approximately 125 dif-
ferent data sets that were adjusted to a barometric
elevation of 12,500 ft. The data sets were made by
digitizing contour maps compiled from surveys
having different line spacings and elevations and
flown over several years. The aeromagnetic map has
been a useful aid in geologic mapping, in exploration
for new mineral deposits, and in delineating areas
of geothermal potential.

Mississippian flysch in Toiyabe Range in central Nevada

Autochthonous sandstone and conglomerate of
probable Mississippian age has been recognized by
F. G. Poole in the Toiyabe Range in northwestern
Nye County, Nevada (loc. 5). The sandstone and
conglomerate unit rests with angular unconformity
on the strongly deformed Ordovician Vinini Forma-
tion and is overlain disconformably by a 60 m-thick
fossiliferous marine limestone unit of Late Missis-
sippian age. The sandstone and conglomerate unit,
which is as much as 275 m thick, was deposited in a
depression on the denuded and subsided Antler
orogenic belt.

Allochthonous Devonian chert in northern Shoshone Range in
north-central Nevada

Microfossils obtained by C. T. Wrucke, Jr., and
D. L. Jones from chert layers in the Roberts Moun-
tains allochthon in the northern Shoshone Range,
Lander County, Nevada (loc. 6), have provided ad-
ditional information on ages of Paleozoic rocks that
comprise the allochthon. Most previous dates on
these eugeosynclinal rocks were based on fossils
from sparse limestone beds and abundant, but poorly
exposed, shale and argillite units. Unfortunately,
the fossils obtained were from too few localities to
permit adequate age assignments of many thrust
sheets that also lacked lithologic characteristics
diagnostic of a particular formation. Recently, age-
diagnostic radiolarians, conodonts, and other micro-
fossils have been found in chert layers at numerous
localities in north-central Nevada, and owing to the
abundance of chert in most thrust sheets of the al-
lochthon, these fossils will help decipher the strati-
graphic and structural complexities of these strongly
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deformed rocks. The fossils were freed from the |
rock using the HF leaching method developed by |
Pessagno and Newport (1972). Samples collected
from outcrops in the Mount Lewis and Crescent
Valley 15-minute quadrangles indicate that the De-
vonian Slaven Chert is more widespread than pre-
viously thought, has intercalated greenstone units,
and is as young as Late Devonian (Famennian).
This date is in accord with the Famennian conodont
fauna reported by Poole and others (1977) from
the upper part of the Slaven Chert in the northern
Shoshone Range.

Devonian Woodruff Formation in central Nevada

Allochthonous Devonian Woodruff Formation has
been recognized by F. G. Poole and G. A. Desbo-
rough (USGS) about 37 km south-southwest of
Eureka in the Fish Creek Range in southern Eureka
County, Nevada (loc. 7). Physical and geochemical
correlation with the type Woodruff, located 155 km
due north in the Pifion Range in southwestern Elko
County, has been corroborated by Brian Holdsworth
(University of Keele, England) who identified radio-
larians of early Late Devonian (Famennian) age col-
lected by R. K. Hose (USGS) from a chert layer
within the strongly deformed eugeosynclinal mud-
stone, siltstone, and chert sequence. Lithology of the
Woodruff indicates that it was deposited in a con-
tinental-rise setting in moderately deep water.

Proterozoic (Precambrian Z) stratigraphy clarified in Deep Creek
Mountains of westernmost Utah

Stratigraphic studies by H. T. Morris in the east-
central Deep Creek Mountains in Juab and Tooele
Counties, Utah (loc. 8), have shown that the
Goshute Canyon Formation of Bick (1959) consists
of the Mutual Formation and the upper part of the
“Sheeprock Group” (local usage). Earlier failure
to identify the Mutual Formation apparently re-
sulted because it is intensely bleached in the Deep
Creek Mountains where the Mutual does not exhibit
its characteristic red-purple to lavender -colors.
Recognition of the Proterozoic (Precambrian Z)
Mutual Formation and “Sheeprock Group” in the
Deep Creek Mountains will simplify correlation with
equivalent strata in the “McCoy Creek Group” of
eastern Nevada (local usage) and the more wide-
spread Proterozoic (Precambrian Z) strata of cen-
tral and western Utah.

Thrusts in City Creek Canyon near Salt Lake City, Utah

Recent mapping on the south slopes of City Creek
Canyon, northeast of Salt Lake City, Utah (loc. 9),
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by M. D. Crittenden, Jr., and R. H. Van Horn has
delineated complex structures that may be a north-
westward extension of folded thrusts exposed in the
Wasatch Mountains farther southeast. Throughout
most of City Creek Canyon, rocks of early Paleozoic
age strike N. 50-70° E. and dip vertically. On the
ridge south of Rotary Park, these vertical beds are
truncated by a gently dipping thrust, above which
rocks of the Mississippian Deseret, Humbug, and
Doughnut Formations dip gently southward, parallel
to the fault. To the south and upward within the
plate, folding on northeast-trending axes becomes
more pronounced, finally becoming nearly isoclinal
with axial planes overturned to the south. At its
south edge the gently dipping plate is bounded by a
steeply dipping folded (?) thrust parallel to bedding
in dark shales of the Doughnut Formation. Although
the possible northeastward extent of this fault is un-
certain, it occupies the same stratigraphic position
as the western part of the Mount Raymond thrust
on the opposite limb of the Parleys Canyon syncline
southeast of Salt Lake City. Interest in the possible
continuity of these folded thrusts is heightened be-
cause the Mount Raymond thrust appears to be the
southwestward extension of the Absaroka thrust of
Wyoming (Crittenden, 1977). Field data may be in-
sufficient to establish the extent of the City Creek
Canyon structures because they disappear to the
northeast beneath a cover of Tertiary conglomerate.
Connections northward to thrusts in the Morgan
and Ogden Canyon areas are possible.

Strike-slip faults in Lake Mead area of southern Nevada

Geologic mapping by R. G. Bohannon in the vicin-
ity of Lake Mead northeast of Las Vegas in Clark
County, Nevada (loc. 10), has revealed a large,
northeast-trending system of left-slip faults that ex-
tends from the Colorado Plateau-Basin and Range
physiographic border near the Virgin River Canyon
in Arizona to the southern part of Las Vegas Valley
in Nevada. At least 656 km of left-slip motion oec-
curred along the fault system as shown by offset
beds beneath an unconformity and matching unique
clast-types to a known source area. Some of the
faults associated with the strike-slip zone have some
unusual characteristics. The trend of these faults
changes by as much as 140° and the sense of dis-
placement also changes. Most of these faults also
have large-magnitude left-slip movement, but some
pass into right-slip faults as their trend changes. The
right-slip parts of these faults are truncated by
other faults that have left-slip movement. Although
the origin of these unusual faults is not well under-
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stood, the left-slip zone probably absorbed differ-
ences in extensional spreading rates of the érust
between the southern Basin and Range province in
Arizona and the northern Basin and Range province
in Nevada and Utah, but it also may manifest south-
west-directed mantle flow from the Basin and Range
margin into that province.

Reinterpretation of Grand Canyon geomorphology

C. G. Bowles reported that the Colorado River
eroded the Grand Canyon in Mohave and Coconino
Counties of Arizona (loc. 11) during two major
erosional cycles beginning in late(?) Oligocene or
early Miocene time. Throughout much of the first
cycle, the Colorado River flowed westward within
the Grand Canyon between Nankoweap and Spencer
Canyon before turning southward through Spencer,
Hindu, Lost Man, and the ancestral Peach Springs
Canyons. By middle Miocene time, uplift along the
Hurricane fault in the western part of the canyon
blocked this stream course and halted incision of the
Grand Canyon. Erosion of the canyon walls con-
tinued and the outer canyon and Esplanade surface
were formed. The Esplanade surface was tilted by
uplift of the Kaibab Plateau while concurrent dis-
placement along the Butte fault at the east side of
the Kaibab Plateau dammed the flow of the Colo-
rado River at Nankoweap Canyon and ended the
first erosional cycle in late Miocene time.

The second erosional cycle of the Grand Canyon
began with headward erosion of the lower segment
of Marble Canyon. It is postulated that a lake, which
formed behind the dam at Nankoweap Canyon,
backed up into Marble Canyon and recharged the
aquifer of the Mississippian Redwall Limestone.
Ground-water flow along fractures parallel to the
Butte fault developed solution piping in the lime-
stone and fed springs that discharged into the gorge
of the Little Colorado River opposite Cape Solitude.
As the pipes enlarged, a spring-fed stream eroded
headward to carve the lower segment of Marble
Canyon. This new canyon eventually drained the
lake and re-established flow of the Colorado River in
the Grand Canyon. Similarly, lateral piping of
ground water to Grand Wash (Hunt, 1969) caused
headward erosion of the west end of the Grand
Canyon across the Hualapai-Sanup Plateau. By late
Pliocene time, the Colorado River was re-established
throughout the Grand Canyon and commenced
erosion of the inner canyon.

Cenozoic volcanism and tectonism in west-central Arizona

The area mapped by Ivo Lucchitta and N. H.
Suneson near the Bill Williams River in southern
Mohave County, Arizona (loc. 12), includes a major
Cenozoic volcanic field of strong bimodal character-
istics. There are four main sequences of volcanic
rocks of this field interlayered with a variety of
basin deposits of different ages. The oldest volcanic
rocks include a thick sequence of trachybasalt to
trachyandesite that is steeply dipping and vertical,
highly shattered, brecciated, and mineralized with
hematite and copper minerals. At one locality these
rocks are directly overlain by the widespread Peach
Springs Tuff of Young (1966; Miocene, 18 m.y.),
which provides a regional time marker. The second
sequence consists of widespread high-silica and
high-potassium (8-10 wt. percent K,O) rhyolite
domes, dikes, flows, tuffs and associated quartz-
bearing “basalt” flows. The third volcanic sequence
was emplaced at or near the end of basin filling,
about 10 million years ago, and consists of basalt
and basaltic-andesite flows that now cap high mesas.
The youngest sequence of volcanic rocks includes
alkali-olivine basalt flows that post-date develop-
ment of the through-flowing drainage. The young-
est of these flows occurs at present stream level
and retains vent and flow features, indicating that
it may be as young as Quaternary. Rhyolite intru-
sions, flows, and tuffs are intimately associated with
these young basalts, and hence also are possibly
Quaternary in age.

The earliest volcanic rocks in the area (trachy-
basalt and trachyandesite) appear to predate onset
of high-angle normal faulting, whereas the latest
alkali-olivine basalts are in part synchronous with
the basin-range faulting and are virtually unfaulted.
The young rhyolite and basalt was intruded along
faults and at intersections of faults. These fault-
controlled intrusions may be a local manifestation of
the strongly linear west-northwest trend of silicic
volcanic centers in the region. The trend probably
follows a regional zone of structural weakness, such
as a zone of transcurrent faults.

Reserve graben of west-central New Mexico

According to J. C. Ratté, the Reserve graben is
the deepest part of a northeasterly trending zone of
parallel horsts and grabens about 50 km wide near
Reserve in Catron County, New Mexico (loc. 13).
The Reserve graben is about 20 km wide and is en
echelon with the San Augustin plains, a much larger
extensional structure northeast of Reserve. Oligo-
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cene ash-flow tuffs, lava flows, and fanglomerates
are downthrown as much as 1,000 m within the
Reserve graben, and Quaternary basalt flows also
may be offset within the graben.

Subvolcanic intrusive rocks are probably alined
along faults of both the Reserve and San Augusfin
grabens. The intrusive rocks range in composition
from intermediate to silicic and are Oligocene to
middle Miocene (10-15 million years) or younger
in age. The intrusions may be the roots of volcanoes
that were alined along the graben faults. Some hy-
drothermal alteration (weak argillization and oxida-
tion) occurred locally near the alined intrusive
rocks, but there are no strong indications of min-
eralization related to them.

Mississippian rocks of Pedregosa basin in southwesternmost
New Mexico and adjacent Arizona

New faunal information obtained by A. K. Arm-
strong (USGS) and B. L. Mamet (University of
Montréal, Canada), enables more precise correlation
of the Escabrosa Group and overlying Paradise For-
mation in southwesternmost New Mexico and ad-
jacent Arizona (loc. 14). Basal beds of the Keating
Formation of the Escabrosa Group contain foram-
inifers of Zone pre-7 of Mamet and Skipp (1970a,b)
and megafossils of late Kinderhookian age. Member
B of the Keating contains Zone 7 microfossils at its
top and an early Osagean megafauna. The top of
the overlying Hachita Formation of the Escabrosa
Group represents Zones 14 and 15 of late Merame-
cian age. Zones 8 through 18 are missing, which
indicates that a major hiatus separates the Keating
and Hachita Formations.

Goniatites from the base of the overlying Paradise
Formation were assigned to the Goniatites ameri-
canus Zone by Mackenzie Gordon, Jr. Microfossils
from the same level represent Zones 14 and 15. The
Paradise Formation contains microfossils represent-
ing Zones 15 through 19 (uppermost Chesterian).
The overlying basal Pennsylvanian strata yield fo-
raminifers of Zone 20 of Mamet and Skipp (1970a),
indicating no significant hiatus at the Mississippian—
Pennsylvanian boundary.

Multiple deformation of gneiss dome near Rincon Mountains
in southeastern Arizona

Recent mapping by H. D. Drewes and C. H. Thor-
man north of the gneiss dome near the Rincon
Mountains in Pima and Cochise Counties in Arizona
(loc. 15) has revealed new evidence supporting mul-
tiphase development of the crystalline core rocks
and tectonically mixed crystalline and sedimentary

carapace rocks of the dome. There are at least two
phases of movement on low-angle or bedding-plane
faults. Pre- and post-Oligocene deformation is in-
dicated by the presence of unfaulted Oligocene
“turkey-track” porphyry as intrusive pods along
earlier thrust faults and as part of a sequence within
a gravity slide plate. In addition, some remobilized
granitoid rocks are cut by the earlier thrust faults,
and some thrust faults, excluding glide faults, are
cut by remobilized granitoid rocks. This evidence
supplements that evidence based on (1) variations
in styles of deformation, (2) a thrust plate of Pre-
cambrian nonmetamorphosed granitoid rock that is
interleaved in the carapace rocks and has no root
in the dome, (8) conglomerate clasts derived from a
terrane now represented only within a gravity slide
plate, and (4) the local unconformable overlap of
thrust-faulted Cretaceous and older rocks by Oligo-
cene deposits commonly found in gravity slide plates
on all sides of the gneiss dome.

IGNEOUS ROCKS

Jurassic plutonism and volcanism in south-central Arizona

According to J. A. Briskey, Jr., and G. B. Haxel,
Jurassic igneous rocks that crop out in the Comobabi
Mountains and Ko Vaya Hills in Pima County, Ari-
zona (loc. 16), represent the subvolcanic environ-
ment near the interface between a large near-sur-
face plutonic complex and its overlying volcanic pile.
The igneous complex includes plutons of porphyritic
to equigranular quartz monzonite, granite, grano-
diorite, diorite, and quartz syenite, and hypabyssal
porphyritic intrusions and flows, flow breccias, and
welded tuffs of andesite, trachyandesite, rhyodacite,
trachyte, rhyolite, and dacite. Lenses of immature,
mainly volcaniclastic, continental sedimentary rocks
are locally intercalated with the extrusive rocks.
Near contemporaneity of the extrusive and intrusive
rocks is suggested by the close spatial association
of the volcanic and plutonic rocks and by ambiguous
intrusive relations. Voleanic flows are intruded by
quartz monzonite porphyry, which in turn is in-
truded by sparse, small vesicular dikes apparently
identical to the flows. In addition, breccia within
some of the plutons contains fragments of the
plutonic rock in a matrix closely resembling rocks
of the volcanic suite. Features indicative of shallow-
level emplacement of the plutonic and hypabyssal
rocks include: (1) ubiquitous pronounced porphy-
ritic textures, (2) abundant brecciation along con-
tacts and within individual intrusive masses, (3)
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l
presence of copious comminuted rock as breccia

matrix, (4) angular vugs within breccia masses,
(5) miarolitic cavities, (6) abrupt and seemingly
random changes in rock composition and texture
over short distances, (7) finely-crystalline margins
adjacent to sharp intrusive contacts, (8) vesicular
hypabyssal intrusions, (9) lack of strong contact
metamorphism, (10) widespread micrographic
(granophyric) textures, and (11) the common oc-
currence of completely altered oxidized ferromag-
nesian minerals.

Calc-alkalic intrusive rocks at Mineral Mountain, south-central
Arizona

Geologic mapping by T. G. Theodore and W. J.
Keith has clarified geologic relations surrounding a
complex of four distinctive calc-alkalic intrusive
bodies near the southwestern corner of the Mineral
Mountain 7l5-minute quadrangle in Pinal County,
Arizona (loc. 17). A porphyritic quartz monzonite
belonging to the widespread Ruin Granite (Protero-
zoic, Precambrian Y) has been intruded by a small
leucocratic two-mica granite initially emplaced pre-
sumably also during Proterozoic (Precambrian Y)
time. Both of these plutonic rocks are cut by Pro-
terozoic (Precambrian Y) diabase. The two-mica
granite has also been intruded by a biotite-horn-
blende quartz monzonite which crops out in a 3-km?
area; it was affected by sparse copper mineraliza-
tion. Primary phenocrystic biotite from the biotite-

hornblende quartz monzonite has been dated as 71

million years in age by S. C. Creasey using the K-Ar
method. Secondary biotite is widespread throughout
the two-mica granite and has been dated as 66 mil-
lion years in age. A small body of granodiorite crops
out just north of the biotite-hornblende quartz
monzonite, and both intrusions were faulted inten-
sely by conspicuous north- to northeast-striking
faults related to prominent range-front faults.

Tertiary volcanic rocks in southwestern New Mexico

D. C. Hedlund reported that Tertiary calc-alkalic
volcanic rocks along the Knight Peak Range and
Little Burro Mountains in Grant County, New Mex-
ico (loc. 18), are as much as 2,000 m thick and rep-
resent a well-defined sequence of extrusive andesite,
tuff, rhyolite, and latite flows. The Knight Peak
Range is a down-faulted, east-northeast-tilted fault
block of Tertiary volcanic rocks surrounded by Pro-
terozoic (Precambrian Y) rocks (1,270-1,550 mil-
lion years old) of the Big Burro Mountains. The
voleanic rocks in the Little Burro Mountains rest on
Precambrian rocks and Cretaceous Beartooth Quartz-

ite and Colorado Shale. All of these rocks in the
Little Burro Mountains occur in a tilted fault block
that dips 15° to 30° ENE,

The volcanic rocks vary along the 40-km length
of the Knight Peak Range. To the south in the
vicinity of JPB Mountain, volcaniclastic rocks are
abundant and rhyolite domes, plugs, and flows are
common ; the total thickness of volcanic rocks is at
least 2,000 m. To the north, the volcanic section is
much thinner (~600 m), and volcaniclastic rocks
and rhyolite are less common. The JPB Mountain
section from top to bottom is as follows: (1) latite
of Malpais Ridge (0-200 m); (2) Kneeling Nun
Tuff (0-170 m) with K-Ar age of 33.7+0.8 million
years; (8) volcaniclastic rocks, tuff breccias, and
thin basalt flows (0-450 m) ; (4) rhyolite dome-flow
complex of Burro Cienega Canyon and rhyolite plugs
(500 m+); (5) volcaniclastic rocks (90 m); (6)
latite and andesite of JPB Mountain (400 m+); (7)
conglomerate of JPB Mountain (20-25 m) ; and (8)
andesite lava (120 m).

The Knight Peak section from top to bottom is as
follows: (1) latite of Malpais Ridge—200 m, (2)
Kneeling Nun Tuff—50 m, (3) ash-flow tuffs of C-
Bar Canyon—330 m, and (4) andesite lava—0-20 m.

In the Little Burro Mountains the volcanic rocks
are very similar to those in the Knight Peak Range
but the section is generally thinner, about 600 m or
less. The generalized sequence from top to bottom
is as follows: (1) latite of Malpais Ridge (~90 m) ;
(2) welded ash-flow tuff (0-200 m) lithologically
similar to the Kneeling Nun Tuff but is much thicker
than in the Knight Peak section and lacks the acces-
sory mineral sphene that is characteristic of the
Kneeling Nun Tuff; (3) air-fall tuff (0-180 m);
(4) tuff breccias and volcaniclastic rocks (0-45 m) ;
and (5) altered andesite and andesitic breccias
(0-90 m) which are of probable Paleocene and (or)
Late Cretaceous age.

In the Schoolhouse Mountain area at the northern
end of the Big Burro Mountains in New Mexico, the
volcanic rocks are different from those described
above and may have a different source (Wargo,
1959).

GEOCHRONOLOGIC STUDIES

Age of quartz diorite at Bishop Spring in northwestern Oregon

A radiometric age has been obtained on a sample
of quartz diorite collected by F. G. Poole and G. A.
Desborough at Bishop Spring in the Powder River
Canyon in Baker County, Oregon (loc. 19). The
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biotite K-Ar age of 213 5 million years, determined
by R. F. Marvin, H. H. Mehnert, and L. B.
Schlocker, probably records Middle Triassic oceanic
plutonism in a mid-ocean ridge or volcanic arc set-
ting. In either case, the ophiolitic quartz diorite and
associated gabbro and plagiogranite plutons prob-
ably were transported eastward a great distance
during formation of the pre-Upper Triassic serpen-
tinite mélange in northeastern Oregon and adjacent
Idaho.

PACIFIC COAST REGION
CALIFORNIA

Garnet clues for lost Sierra Nevada tail

Reconnaissance geologic mapping and sampling
studies in the basement rocks of the San Emigdio
and Tehachapi Mountains, by D. C. Ross have un-
covered a widespread, but until now, little publicized
terrane of dark gneissic rocks of diorite and quartz
diorite composition that is abruptly terminated
along the San Andreas fault. Probably the most
dramatic feature of this terrane is the presence of
red garnet crystals, in part euhedral and as large
as 10 cm. These garnet plums with white haloes in a
dark diorite pudding have now been found at more
than 30 localities and should serve as an effective
“index fossil” in identifying ripped-off chunks of
the southern Sierra Nevada basement, wherever
they may be.

Upper Cenozoic basaltic and phonolitic lavas in central Sierra
Nevada

Basaltic lavas erupted from numerous vents in
the last 11 million years in central Sierra Nevada
and its eastern bounding fault zone have been stud-
ied by F. C. Dodge and J. G. Moore. In the 20,000
km? area between 36° and 38° N. latitude, these
rocks are provisionally divided into three petro-
graphically, chemically, and geographically distinct
groups: (1) alkali olivine basalt (AOB), restricted
to the eastern fault zone and the Kern Canyon fault,
covering a total area of ~100 kmz; (2) potassic
olivine basalt (POB), of the Sierran block, ~100
km?; and (3) ultrapotassic phonolite (UPP), closely
associated with POB, ~0.5 kmz,

All the rocks contain phenocrysts of olivine and
clinopyroxene, but AOB bears plagioclase and UPP
biotite phenocrysts. Groundmass plagioclase and
clinopyroxene are common to the three groups, bio-

tite is present in POB, and biotite, sanidine, leucite,
and abundant apatite are other major groundmass
minerals in UPP. The ratio K,0:K,0+Na,O of 117
analyses typically ranges from 0.2 to 0.4 for AOB,
from 0.4 to 0.6 for POB, and >0.6 for UPP. AOB
and POB range from 42 to 53 percent SiO. with
<1 percent P,O;, whereas UPP ranges from 48 to
56 percent SiO., and 1.4 to 1.7 percent P,0,. MgO
ranges from 4 to 11 percent in AOB, from 8 to 16
percent in POB, and from 5 to 12 percent in UPP.
Analyses generally yield normative ol, but AOB and
POB have either hy or ne (or ac).

Basaltic rocks west of the Sierran crest are lim-
ited to three broad zomnes, apparently genetically
related to AOB-rhyolite voleanic centers to the east.
POB and UPP occur in two distinct zones, one west
of the Big Pine volcanic field. The Kern Canyon
AOB-rhyolite suite occurs west of the Coso volcanic
field.

Melones fault zone in the northern Sierra Nevada

Work by A. M. Hietanen on the large ultramafic
body that is exposed on the west side of the Melones
fault in the Bucks Lake quadrangle (Hietanen,
1973) shows that it continues to the Onion Valley
quadrangle in the southeast. This body, bordered by
the Rich Bar fault in the west, is about 6 km wide
in the central part of the Onion Valley quadrangle,
but wedges out in its southernmost part, and the
Rich Bar fault ends. The southern tip of the ultra-
mafic body, bordered by faults, penetrates the north-
ern part of the circular mass of amphibolite that
is exposed on the west side of the Melones fault in
the southeastern part of the Onion Valley and
northeastern part of the La Porte quadrangles.
Schist and blastoclastic quartzite, similar to rocks
of the Shoo Fly Formation on the east side of the
Melones fault, are exposed in the center of the
amphibolite mass and between its northeastern part
and the Melones fault. These metasedimentary rocks
continue farther to the north forming a wedge be-
tween the large ultramafic body on the west and the
Melones fault on the east. South of the circular mass
of amphibolite the Melones fault branches: (1) the
eastern branch, labeled as Melones fault on geologic
maps, passes to the south through Downieville, and
(2) the western branch is along Goodyears Creek.
Only the Goodyears Creek fault is accompanied by
ultramafic rocks. Schist and metachert, which are
rocks similar to the Ca<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>