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S| 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 except
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?) 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 convenience 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) decimeter® persecond = 15.85 gallons per minute
meter (m) = 3.281 feet (ft) (dm?/s) 'min)
= 1.094 yards (yd) = 5434 barrels per day
kilometer (km) = 0.621 4 mile (mi (bbl/d) (petroleum,
= 0.540 0 mile, nautical (nmi) 1 bbl=42 gal)
meter® per second (m¥/s) = 35.31 feet® per second (ftd/s)
) Area = 15850 gallons per minute
centimeter® (cm?) - 01550 inch? (in?) (gal/min)
meter? (m?) = 10.76 feet? (ft?)
= 1.196 2 yards? (yd?) Mass
= 0.000 2471 acre - "
hectometer? (hm?) = 2471 acres gram (g) = 0.035 27 ounce §vozrdnpoxs (0z
= : acres av
0003 861 se;:t;:;lz)(ﬁm or kilogram (kg) = 2.205 s )avoirdupois @b
kilometer? (km? - 386 1 ile? (mi2 avdp
ometer* (k) 0386 mile* (mi’) megagram (Mg) = 1.102 tons, short (2 000 Ib)
Volume = 0.984 2 ton, long (2 240 Ib)
centimeter? (cm® = 0.061 02 inch? (in® L . .
decimeter? (<(im8)) = 61.02 inches(8 (izns) Mass per unit volume (includes density)
Ry ¢ g{;ﬁs("(fl’t) kilogramper meter? =  0.06243  pound per foot® (Ib/fts)
- 02642  gallon (gal) kg/m?)
= 0.035 31 foot® (ft3)
meter? (m3) = 35.31 feetd (ft%) Pressure
= 1.308 yards$ (yd®)
= 2642 gallons (gal) kilopascal (kPa) = 0.1450 pound-force per inch?
= 6.290 barrels (bbl) (petro- (Ibifin?)
leum, 1 bbl=42 gal) = 0.009 869  atmosphere, standard
= 0.000 810 7 acre-foot (acre-ft) (atm)
hectometer? (hm?) = 810.7 acre-feet (acre-ft) = 0.01 bar
kilometer® (km3) = 0.239 9 mile® (mi?) = 0.296 1 inch of mercury at
60°F (in Hy)
Volume per unit time (includes flow
degime/u;r“ persecond = 0.035 31 foot® per second (ft’/s) Temperature
(dm3/s]
= 2.119 feet? per minute (ft*/ temp kelvin (K) = [temp deg Fahrenheit (°F)+459.67)/1.8
min) temp deg Celsius (°C) = [temp deg Fahrenheit (°F)-32)/1.8

Any use of trade names and trademarks in this publication is for descriptive purposes only and
does not constitute endorsement by the U.S. Geological Survey.
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MINERAL-RESOURCE INVESTIGATIONS

UNITED STATES AND WORLD
MINERAL-RESOURCE ASSESSMENTS

A new genetic model for sedimentary manganese deposits

Most of the world’s major manganese deposits are
sedimentary accumulations in shallow marine rocks.
During review of the world literature on manganese de-
posits, W. F. Cannon and E. R. Force have found that
there is a striking affinity of manganese accumulations
and basal marine transgressive units. A temporal corre-
spondence also is suggested between manganese de-
posits and ocean anoxic events, or, at least, between
very widespread black shales and manganese accumula-
tions. Manganiferous beds are believed to be lateral
facies equivalents to marine black shales. Manganese is
highly soluble in anoxic water within black shale basins
but is less soluble in oxidized water. Manganese de-
posits form where manganeserich anoxic water from
deeper parts of basins wells up onto shelves and
becomes oxidized in wave-mixed zones, thus depositing
manganese.

Hydraulic concentration of heavy minerals in Pleistocene glacial lake
delta sands

Studies of Pleistocene glacial lake deltas by E. R.
Force and B. D. Stone have shown that foreset beds in
these deltas have huge volumes of sand (6 billion t in one
delta complex; B. D. Stone and E. R. Force, 1980), and
the potential resources of ilmenite, rutile, and other
economic heavy minerals in the deltas are significant.
The deltas consist predominantly of sandy, dipping
foreset strata always unconformably overlain by grav-
elly horizontal fluvial topset beds. In Connecticut, Force
and Stone found that the foresets include a number of
deposits which appear to represent delta lobes and

channel fills that are separated by unconformities.

Foreset sands are mostly planar laminated or ripple
laminated. Directional sedimentary structures show
complex patterns.

In these deltas, deposits that have lithologies with
unimodal grain sizes are sorted. Heavy-mineral concen-
trations average 4 percent or more in foresets of some
deltas. Further, there is an orderly distribution of aver-
age grain sizes of different heavy minerals relative to
grain size of the whole sample. Thus, sorting and struc-
tures indicate high-energy deposition. Paradoxically,
these sequences are probably the result of turbidity cur-
rents, in this case, continuous currents of cold sediment-
laden water that plunge down the foreset slope. Rarity
of “typical” turbidite features is due to the absence of a

head or a tail of these continuous turbidity currents.
Mineralogy of nearby coeval deltas can be markedly dif-
ferent and corresponds to contrasts in local bedrock.
Dispersal patterns in plan view and vertical section can
readily be determined from detrital mineralogy.

Niobium and tantalum world resource picture

G. P. Landis has collected data on the known world
tantalum supply and on major deposits of niobium. No
significant domestic deposit of either strategic metal is
known; all consumption must come from imports. Nio-
bium is in abundant supply in Brazilian carbonatite
complexes (Araza). Major sources of tantalum depend
upon foreign investment capital and the political
environment.

Peat in Maine and Alaska

Peat deposits in and near Piscataquis and Somerset
Counties and northeastern Aroostook County, Maine,
were investigated by C. C. Cameron (USGS) and M. K.
Mullen (Maine Geological Survey) for their estimated
potential as peat resources suitable for energy, horticul-
tural, and agricultural uses. Resources in these peat
deposits occupy a total of 5,774 ha and will yield
23,670,000 short t of airdried peat. Laboratory
analyses show that 69 percent of the 48 deposits con-
taining potential peat resources have an ash content
below 6 percent and a Btu range of 9,118 to 10,627.
Twenty-one percent have an ash content of 6 to 11 per-
cent and a Btu range of 8,978 to 9,445. Eight percent
have ash content ranging from 11 to 16 percent and Btu
from 8,368 to 9,199. Ash content in the remaining 2 per-
cent is 22 percent on the dry basis and Btu is 8,185.
Almost all the resources may be classed as moss (fibric)
peat and reed-sedge (humic) peat.

Two areas in the Susitna Valley, about 97 km north-
west of Anchorage, Alaska, were mapped for peat
resources by C. C. Cameron (USGS), T. J. Malterer
(Minnesota Dept. of Natural Resources), and S. E.
Rawlinson and S. B. Haedy (Geological and Geophys-
ical Surveys, Alaska). These areas contain an estimated
5.6 million t of air-dried peat of commercial quality; ash
content is less than 25 percent on the dry basis and Btu
is roughly around 8,000.

Low-grade chromite resources

Chromite, the only ore of chromium, occurs almost ex-
clusively in mafic-ultramafic rocks and their weathering
producers. However, not all kinds of mafic-ultramafic

1
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rocks are favorable hosts for possible low-grade chro-
mite deposits. For instance, chromium-bearing basalts
are not favorable because they commonly contain less
than 0.3 percent Cr,0;, and chromite is almost always
less than 50 pm in diameter, if it is present at all.
Chromite-bearing ultramafic rocks in stratiform and
alpine complexes tend to be either ore grade, greater
than 25 percent chromite, or very low grade, less than
2 percent chromite; intermediate rocks are scarce. In
most complexes, large tonnages exist only in the less
than 2 percent chromite group and the composition of
the chromite may be unsuitable for metallurgical use.
Some nickel laterite districts contain more than 100 mil-
lion t of material with 2.0 percent to 5.5 percent Cr,0;,
and hence, chromium could be a byproduct of nickel
mining in these districts. In addition, some chrome sand
placers may contain tens to hundreds of millions of tons
of material between 2 and 5 percent CR,0,.

MINERAL-RESOURCE
ASSESSMENTS—LAND AREAS

Geochemistry and resource potential of the Selway-Bitterroot Wilderness

Geochemical studies of stream sediment, stream-
sediment concentrate, and rock samples from the
Selway-Bitterroot Wilderness, Idaho and Mont., com-
bined with geologic mapping, revealed no areas of sig-
nificant mineral occurrences or potential. Three large
epizonal Eocene plutons within the wilderness have
been identified by B. W. Coxe as potential source or
host plutons for granite molybdenite-type mineraliza-
tion. Analyses of magnetic and nonmagnetic heavy-
mineral concentrates show strong positive anomalies
of both molybdenum and tin within these plutons;
however, geologic mapping in the area shows no signs of
mineralization. Other anomalies are few and weak. The
rock samples throughout the wilderness exhibited very
low background values for most of the trace elements,
regardless of rock type.

Molybdenum-silver anomalies, Ten Mile West RARE Il Roadless Area,
Idaho

Geochemical analyses of stream-sediment and rock
samples taken in the Ten Mile West Roadless Area,
Boise and Elmore Counties, Idaho, show pronounced
molybdenum and silver anomalies in a northwest-
trending belt that crosses the roadless area. The miner-
alized anomalies are chiefly along the downthrown side
of aregional fault and, as such, mark the continuation of
a mineralized belt southeast of the roadless area de-
scribed by Kiilsgaard and others (1970).

Regional geochemical exploration in Alaska

Preliminary reconnaissance data indicate that the
known copper and zinc stratiform volcanogenic sulfide
belt found in the Ambler River and Survey Pass quad-
rangles extends eastward along the southern flank of
the Brooks Range into the Wiseman quadrangle. A
northeast trend mineralized in Cu, Zn, Pb, As, Sb, W, U,
and Ba encompasses the Doonerak Anticline and
appears to extend into the Philip Smith Mountains
quadrangle.

Mineralogical and geochemical analyses of heavy-
mineral concentrate stream samples collected from
streams draining Yukon Upland-type rocks west of the
Hayes glacier near the western border of the Mount
Hayes 1° X 3° quadrangle, Alaska, have indicated min-
eralized rock. R. B. Tripp, G. C. Curtin, and D. L.
Huston reported that pyrite, chalcopyrite, pyrrhotite,
arsenopyrite, galena, sphalerite, gold, and sheelite have
been identified in the concentrates. A rock sample col-
lected from the area was coarsely pulverized, panned
down with a gold pan, and fractionated by using bromo-
form and an electromagnet. The resulting heavy-
mineral sample was found to contain chalcopyrite, born-
ite, pyrite, arsenopyrite, and gold.

A sample of galena containing significant amounts of
tin, bismuth, and silver was found in a previously
unreported mineralized zone in the Yukon Upland meta-
morphic terrane near Miller Creek, 20 km west of Cen-
tral, Alaska. R. B. Tripp, D. E. Detra, and J. M. Nishi
{(1982) reported that the zone, which is about 0.6 m thick
and traceable for about 6 m, contains crystalline pods
and stringers of galena associated with cerussite,
mimetite, and iron oxides. Other sites in the Miller
Creek area are characterized by irregularly shaped
sulfide zones as wide as 6 m in diameter with finely
disseminated grains and crystals of arsenopyrite and
some pyrite.

Preliminary reconnaissance data indicate possible
occurrences of copper, molybdenum, and tungsten min-
erals in an area predominately underlain by Cretaceous-
age intrusive rocks just south of the Tlikakila River on
the eastern boundary of the Lake Clark quadrangle. The
minerals identified in heavy-mineral concentrates of
stream-sediment samples from this area are chalcopy-
rite, arsenopyrite, pyrite, malachite, scheelite, and
powellite,

D. E. Detra and R. L. Detterman reported that geo-
chemical reconnaissance studies and geologic mapping
in the Bristol Bay, Ugashik, and Karluk quadrangles
have resulted in the delineation of two possible metallic
mineral occurrences. One area of interest is located on
an unnamed mountain to the northeast of Mother
Goose Lake, between Volcano and Wondering Creeks,
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and surrounds the Red Porphyry copper deposit identi-
fied by Bear Creek Mining Company. The streams
draining this first area were found to contain gold and
silver anomalies with associated less significant lead,
copper, and tungsten values. The second area of interest
is in the area surrounding the Mike Prospect at Painter
Creek Pass near the south-central region of the Ugashik
quadrangle where streams were found to contain anom-
alous concentrations of Mo, Cu, Zn, Pb, As, and Ag.

H. D. King, K. D. Duttweiler, and W. D. Johnson re-
ported that preliminary results of geochemical studies
in the Bendeleden quadrangle, Seward Peninsula,
Alaska, show the presence of an area geochemically
anomalous in copper, lead, and zinc that is in the head-
waters of the Nuikluk River extending eastward to
Pargon Creek, east of Mount Bendelben. Base-metal
mineralization in this general area has been previously
noted (Hudson, 1977).

Mineral production from counties in the Charlotte 1° x 2° quadrangie,
North and South Carolina

Preliminary results of a study of mineral commodity
production from the 31 counties that are entirely or par-
tially within the boundaries of the Charlotte (North and
South Carolina) quadrangle show that construction
materials are the dominant mineral product in counties
with the highest cumulative mineral production values
over the past 80 years. Crushed and dimension stone
contribute more than 80 percent of the cumulative con-
stant dollar value of 5 of the leading 10 counties, and
sand and gravel comprises 97 percent of another
county’s value. Leading the 31 counties in mineral pro-
duction value is Mitchell County, N.C., whose feldspar
and mica production was gained from parts of the
county outside the Charlotte quadrangle boundaries.
Other commodities that contributed a significant por-
tion of the leading counties’ values were lithium
minerals and iron ore.

Preliminary resource appraisal in the southern Snake Range, Nevada

Preliminary appraisal of the mineral-resource poten-
tial of the Wheeler Peak and Highland Ridge Further
Planning Areas indicates that favorable areas are in the
lower plate of the Snake Range décollement and that
rocks in the upper plate have low potential. The Pioche
Shale, Pole Canyon Limestone, and granitic rocks,
which contain known mineral deposits within and adja-
cent to the study areas, are the most favorable host
rocks.

Geologic and mineral-resource studies, Glacier Peak Wilderness Area,
Washington

Geologic mapping by A. B. Ford, W. H. Nelson, R. A.
Loney, and R. A. Sonnevil confirms general results of
early studies (personal comm., Univ. Wash., Misch) that
a crystalline complex of medium-rank schist and gneiss
forms the core of the northern Cascade Range in the
Glacier Peak Wilderness Area, Washington. The crys-
talline terrane is juxtaposed on the west, along the
strike-slip Straight Creek fault, by a terrane of
blueschist-facies metagraywacke and metabasalt. Ap-
proximately 30 mapped plutons in the area range in age
from possible pre-Cretaceous to late Tertiary. Prelimi-
nary K-Ar age determinations by R. J. Fleck indicate
that plutonism in the Snowking Mountain area was as
young as about 15 m.y. No significant resource poten-
tial is apparent in the youngest plutons. The major
resource potentials are for copper and molybdenum
porphyry-type deposits associated with somewhat older
plutons (about 20 m.y.) related to Cloudy Pass
batholith.

Mineral resources of the Mt. Henry RARE |l Study Area, Lincoin County,
Montana

R. E. Van Loenen, D. F. Siems, and G. A. Wadsworth,
USGS, and Martin Conyac, USBM, report that geologic
and geochemical studies of the Mt. Henry Wilderness
Study Area have indicated a low potential for strata-
bound copper and silver mineralization within the
Ravalli Group strata of the Belt Supergroup of Precam-
brian age. Fault structures north and south of the area
have recorded mineral production; however, these
related structures within the area have little or no
potential. No mines or prospects are located within the
study area.

Mineral resource potential of the Marble Piatform, Coconino County,
Arizona

The mineral resource potential of the Marble Platform

~west of the Colorado River and north of 36°30’ N. in

Coconino County, Arizona, has been rated as very low
by A. L. Bush, USGS, and M. E. Lane, USBM. The only
commodity considered to have any potential is con-
struction aggregate; it occurs as gravel, cobbles, and
boulders of the Kaibab Limestone in thick pediment
gravels and could be mined from the Kaibab Limestone
itself. The limestone is not near the surface over most of
the area studied. A single occurrence of uranium with
associated vanadium and copper is in a small remnant
of the Shinarump Member of the Chinle Formation. The
conglomerate has been eroded from the rest of the study
area, and the deposit has been mined out.
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Resource appraisal completed for Wallace 1° x 2° quadrangle, Montana
and |daho

The CUSMAP resource appraisal for the Wallace
1° X 2° quadrangle has recently been completed by the
appraisal team of J. E. Harrison, D. L. Leach, M. D.
Kleinkopf, E. R. Cressman, C. L. Long, L. C. Rowan,
and J. A. Domenico. The area is typical of the highly
mineralized ground characteristic of much of western
Montana and northern Idaho. Seven types of ore
deposits—placer gold, stratabound copper-silver,
Sullivan-type stratabound lead-zinc-silver, porphyry
molybdenum-tungsten, platinum-group metals, epither-
mal silver, and base and precious metal mesothermal
veins—are known or possible in the quadrangle. Geo-
logic, geochemical, geophysical, remote sensing, and
isotope data were collected to help evaluate the area for
metallic resources. The team designed a system that
allows the user to follow the trail of data, assumptions,
and rationale. The reconnaissance data do not have suf-
ficient detail to pinpoint ore deposits, but they do iden-
tify subareas of the quadrangle that are diagnostic or
suggestive of presence of ore deposits. Several of the
subareas appear to have few or no prospects in them, so
the appraisal maps should be useful for mineral explora-
tion as well as for land-use classification.

Geochemical anomalies of tin and tungsten in north-central New
Hampshire

Analysis of the nonmagnetic fraction of heavy-
mineral concentrates of stream sediments collected in
1980 in north-central New Hampshire has revealed two
strongly anomalous patterns of tin and tungsten that
could possibly be of economic significance. The anoma-
lous patterns are largely spatially separate, although
some overlap is present. The tin pattern is homogeneous
and correlates spatially with granitic rocks of the White
Mountain Plutonic-Volcanic Suite of Mesozoic age. Cas-
siterite has been identified in some of the heavy-mineral
samples from the SW. onefourth of the Lewiston
1° X 2° map of the area. The anomalies appear to relate
to volcanic rocks and sediments that contain ap-
preciable amounts of volcanic debris. Limited geological
investigations so far have failed to locate any obvious
bedrock sources of the two metals.

Geophysical studies in the Sherbrooke and Lewiston 1° x 2° quadrangles,
Vermont, New Hampshire, and Maine

Gravity surveying by W. A. Bothner (University of
New Hampshire), who was assisted by R. E. Bracken
(USGS), M. J. Carnese, and T. B. Gage (University of
New Hampshire), has been completed for the Sher-
brooke and Lewiston quadrangles, Vermont, New

Hampshire, and Maine (and included White Mountain
Wilderness Area).

Preliminary results indicate that the character of
felsic intrusions of the New Hampshire Plutonic Suite
of Devonian age changes from southwest to northeast
across the high to low metamorphic transition (middle
to upper crust) in west-central Maine. Those intrusions
within the sillimanite plateau of central New England
are thin, subhorizontal, semiconcordant sheets seldom
thicker than 3 km, while those to the northeast of the
transition are more discordant and thicker. Mafic intru-
sions of both mid-Paleozoic and Mesozoic age are con-
siderably thicker (5 km or more).

Detailed study of Mohawk Mountain geochemical anomaly

A single regional geochemical anomaly, mapped at a
scale of 1:250,000, at the southeast end of the northern
Mohawk Mountains, New York, was found by R. H.
Eppinger, at a scale of 1:24,000, to consist of four sepa-
rate geochemical terranes that are separated by faults.
Common to all are high concentrations of copper,
molybdenum, and lead. The four separate terranes are
characterized by tungsten, thorium, tin, and tungsten-
bismuth. They probably reflect potential for at least two
distinct types of mineral deposits: a grissen, skarn, or
vein type rich in tungsten, and a zoned, porphyry or
base-metal vein system.

Mineral resource potential, RARE |l Study Areas, southwest New Mexico
and east Arizona

J. C. Ratte, R. A. Martin, J. R. Hassemer, J. P.
Briggs, and M. E. Lane report that mineral resource ap-
praisals of the Hells Hole and Lower San Francisco
Wilderness Study Areas (RARE II) indicate a low to
moderately high potential for base- and precious-metal
resources related to silicic subvolcanic intrusive centers
in both areas. The Hells Hole volcanic center was active
from about 27 m.y. ago to about 18 m.y. ago, culminat-
ing in the eruption of highly evolved high-silica rhyolite.
Weak gold, silver, copper, molybdenum, and other
metal anomalies warrant further exploration in the
Hells Hole area.

The main target for mineral exploration in the Lower
San Francisco area is the partially exhumed 26 to
28-m.y.-old dacitic Goat Basin volcanic cone. In its
eroded out center, propylitically altered rocks are cut by
small silicified and pyritized rhyolite dikes having sniffs
of copper and molybdenum (200 ppm copper in one sam-
ple; 70 ppm molybdenum in another, out of about 20
samples analyzed). A 100-gamma aeromagnetic low
over the Goat Basin volcanic cone shows a low magnetic
susceptibility at depth, indicating a possible enlarge-
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ment of the rhyolite or other intrusive rock which could
be mineralized. Nineteen-m.y.-old high-silica rhyolite in
this area also is weakly mineralized with gold and silver,
and the rhyolite center is expressed also as a magnetic
low that is contiguous with the magnetic low of the
Goat Basin volcano.

GEOLOGIC STUDIES OF MINING DISTRICTS
AND MINERAL-BEARING REGIONS

Origin of manganese deposits in Franciscan rocks of the Yolla Bolly
terrane, California

Geologic mapping by M. C. Blake, Jr.,, and A. S.
Jayko, combined with geochemical data, indicates that
the manganiferous chert deposits of the Yolla Bolly ter-
rane (Franciscan assemblage) in northern California
probably formed in a tectonic setting similar to the pres-
ent Gulf of California. The cherts were deposited within
a deep-sea fan system consisting largely of quartz-
feldspathic graywacke of latest Jurassic to Early Creta-
ceous age. Subsequently, the sedimentary rocks were in-
truded by sills of diabase and quartz keratophyre which
remobilized the sedimentary manganese within the
chert to form small ore bodies. Following this, all of the
rocks were involved in a subduction or collision event
that metainorphosed them to the blueschist facies and
further modified the manganese minerals.

Genesis of sulfide ores in the Duluth Complex

Work in the Duluth Complex by M. P. Foose has re-
sulted in the identification of two distinct sequences of
rock. The lower sequence is a sulfide-bearing intrusive
composed of heterogeneous lithologies that include
magnetite, troctolites, anorthosites, and hornfels which
lack lateral continuity. The sequence over the sulfide-
bearing zone is composed of sulfide-free rocks that show
laterally continuous cyclic repetitions of the crystal-
lization sequence, plagioclase and plagioclase plus
olivine. Cryptic variations associated with these cycles
show both upward enrichments and depletions in nickel.
These variations probably result from a combination of
repeated injections of new magmas and from changes in
pressure within the magma. Depletion of nickel is the
expected trend of normal fractional crystallization; up-
ward nickel enrichment patterns may be due to pressure
unloading in the magma chamber. The abrupt contact
between the sulfide-bearing and sulfide-free rocks indi-
cates that a distinct sulfurrich magmatic event oc-
curred and was subsequently followed by successive

injections of sulfide-free liquids. The recognition of this
early sulfide-rich magmatic event does not support sug-
gestions that the sulfide ores formed as a result of sulfur
contamination from the country rock.

Gold in the Gold Basin-Lost Basin districts, Mohave County, Arizona

Gold mineralization in the Gold Basin-Lost Basin
districts is being studied jointly by T. G. Theodore,
W.N. Blair, J. T. Nash, E. H. McKee, and J. C.
Antweiler. Known gold occurrences are associated with
the quartz-carbonate-galena-chalcopyrite stages of
quartz-feldspar veins, presumably emplaced episod-
ically during Proterozoic Y and Late Cretaceous time.
Gold is also found disseminated in small episyenitic
alteration pipes or in veins caught up along a regionally
extensive Miocene detachment fault. Hydrothermal
micas from the veins give K-Ar ages of 822, 712, 69, 68,
and 65 m.y., and from the pipes, 128 and 129 m.y.;
primary mica from a peraluminous two-mica monzo-
granite gives an age of 72 m.y. Biotite from a Pro-
terozoic X gneissic granodierite in the central part of
the Gold Basin district gives an age of 86 m.y., most
probably reflecting a closely underlying lobe of two-
mica monzogranite. Most occurrences of gold in the
veins probably result from the remobilization of metals
during Late Cretaceous time and redeposition during
galena- and ferroan-carbonate-bearing stages of the
veins. Temperatures probably were in the range
300-335° C during the onset of mineralization at the
gold-bearing pipes and veins, and pressures were prob-
ably in the range 500 to 700 bars at the pipes, on the
basis of fluid-inclusion relations and comparisons with
experimentally studied systems. Most fluids are moder-
ately saline (6-14 weight percent NaCl equivalent), non-
boiling, and the fluids also contain abundant carbon
dioxide and, in places, fluorite. Fluorite-bearing veins
are especially concentrated in the area of the exposed
two-mica monzogranite and in the southeastern part of
the Gold Basin district. In native-gold samples from 20
mines in the Gold Basin district and 48 veins in the Lost
Basin district, silver content ranges from 6 to 50 weight
percent, and copper from 0.01 to 0.5 weight percent.
Metal zonation and possible relation to a porphyry-
copper system can be inferred from some of these
chemical data. The differences in the composition of
placer gold studied in 24 occurrences in the Lost Basin
district from that of nearby lode sources suggest that
other sources contributed gold to the placers, or that
locally derived grains were enriched by oxidation and
weathering of the lodes. All rocks in the general areas of
oxide facies, iron formation, and quartz tourmalinite of
Proterozoic X age should be evaluated carefully as
potential indicators of gold-bearing exhalative systems.
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Studies of the root zone of the Ajo porphyry copper system

Abundant mineral-rich inclusions occur in primary
interstitial quartz in the Cornelia quartz monzonite at
Ajo, Ariz. The pluton has been recognized as the root
zone of the Ajo porphyry copper deposit (Gilluly, 1946)
and the inclusions are believed to represent trapped
samples of the hydrothermal fluid that formed the
deposit (Cox and others, 1981). Detailed mapping of the
pluton by D. P. Cox (USGS) and Eijun Ohta (Japan
Geological Survey) has established a large amoeba-
shaped body of fine aplitic-textured porphyry within the
pluton. This phase, first recognized by Wadsworth
(1968), is believed to represent pressure quenching of
magma and may be related to boiling of contained fluids
and separation of the highly saline brine trapped in the
inclusions.

Tourmaline-rich rocks as possible indicators of massive sulfides

C. E. Brown and R. A. Ayuso (1982) have analyzed
tourmaline from metasedimentary rocks in St. Law-
rence County, New York, that contain as much as
30 percent tourmaline. Tourmalines in these rocks are
magnesian rich like those in genetically related tour-
malinites found at the Sullivan Mine in British Colum-
bia and massive sulfide deposits in Maine and Vermont,
thus implying the possibility of similar deposits here.

The B chromite zone of the Stillwater Complex, Montana

B. R. Lipin and P. J. Loferski reported that the
B chromite is the third thickest chromite zone in the
Archean stratiform Stillwater Complex, Montana. At
the west fork of the Stillwater River, the B chromite
ranges from about 0.3 to 7 m in thickness over a strike
length of almost 600 m, and it contains from 2 to 15
distinct chromite layers that range from 1 to 2 grains
thick (about 1 mm) to 0.3 m thick. Cr;0, in chromite
varies along strike from 42 to 52 percent, with the lower
values in rocks with pyroxene and plagioclase and the
higher values generally in rocks with olivine. This indi-
cates subsolidus reequilibration. Compared with acces-
sory chromite, segregated chromite is generally lower in
Cr/Cr+Al and Fe3+/Cr+Al+Fe*+, and slightly higher in
Mg/Mg+Fe?**. Much of the chromite is anisotropic;
however, X-ray diffraction analysis did not reveal any
deviation from cubic symmetry. The anisotropy might
be caused by an impurity in the chromite that creates a
slight distortion of the lattice to produce a deviation
from cubic symmetry that is too slight to be detected by
X-ray diffractign. Multiphase silicate inclusions are
nearly ubiquitous in the West Fork B chromite. Phases
include amphibole, pyroxene, phlogopite, biotite,

serpentine, talc, and sulfides. The shape and arrange-
ment of the inclusions are variable. Some have negative
crystal shapes, others are rounded, irregular or ragged,
and some have protrusions into the chromite. They oc-
cur variously as a single large central inclusion, as a ring
around the core, or scattered throughout chromite
grains. Some inclusions may be trapped melt and may
provide information as to the composition of the
original Stillwater Complex magma. The total thickness
of magma from which the West Fork B chromite crys-
tallized was 370 to 480 m, on the basis of a chromitite
thickness of 37 to 48 cm and a minimum Cr,0, enrich-
ment factor of 1,000 in chromite compared to the

magma.
Large hydrothermal systems studied in Carolina slate belt

About 40 large bodies of very aluminous rock are
known within the volcanic rocks of the Carolina slate
belt. Characterized by kaolinite, sericite, andalusite,
pyrophyllite, topaz, rutile, diaspore, and locally much
disseminated sulfide, these deposits have formed by
intense hydrothermal alteration of mostly andesitic
eruptive rocks; several are presently mined for andalu-
site and pyrophyllite. Although no metallic ores have
been identified, copper, molybdenum, bismuth, arsenic,
and tin are locally present in minor amounts, especially
in those systems with extensive peripheral zones of
silicification. Gold has been mined at three aluminous
deposits and may be associated with a few more. The
regional geologic setting and the detailed geology of
several of these hydrothermal systems is being studied
by R. G. Schmidt and T. L. Klein, who are seeking evi-

‘dence that these systems may include significant metal-

lic sulfide deposits. Analogous deposits in other regions
selected to help understand those in the Carolinas in-
clude deposits at Mount Pleasant in New Brunswick,
Canada, scattered porphyry copper deposits in the
North and South American Cordillera, and deposits in
Southeast Asia. The Kounrad and some other deposits
in Kazakhstan, U.S.S.R., are major porphyry copper
systems where abundant andalusite and pyrophyllite
closely associated with the ore zone have formed by
hydrothermal action, and there is extensive peripheral
silicification. Comparisons with Kazakh ore bodies sug-
gest that some Carolina deposits are variations of
porphyry-type systems and that alteration mineral
zonation is a potential tool to identify the part of a
greater system represented by the surface exposures.

Ages of mineralization at the Buckingham molybdenum deposit, Nevada
Collaborative studies by T. G. Theodore and E. H.

McKee have established that protracted igneous activ-
ity occurred in the general area of the Buckingham por-
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phyry molybdenum stockwork system. This stockwork
system, in the northeastern part of the Battle Mountain
mining district, is hosted mostly by composite monzo-
granite bodies of Late Cretaceous age and by the Upper
Cambrian Harmony Formation. As defined by drilling
during 1981, the system is elongate in an east-west
direction, and surface projection of the system meas-
ures approximately 2,500 by 700 m. However, the
system has been extended tectonically by significant
postmineral faulting, some of whose dislocations began
near the final stages of magmatic activity associated
with the development of the molybdenum system.
Emplacement of the molybdenum-related magmas
apparently inflated the surrounding country rock in
such a way that some rocks, including copperrich
skarns comprising the Copper basin orebody, slid off
the top of the overall mineralized system. The Bucking-
ham deposit was further disrupted by significant faults
that are mostly younger than 35 m.y.

The Buckingham porphyry system is centered on
numerous small leucocratic, hornblende-biotite mon-
zogranite bodies that are typified by intensely silicated
domains containing quartz with or without pyrite and
with or without molybdenite stockwork veins. The well-
developed stockworks extend laterally about 300 m
from some of the large intrusive masses, and the stock-
works are associated with both potassic and sericitic
alteration assemblages. The stockworks extend into
the open pit of the Copper basin porphyry deposit which
occurs at the eastern margin of the molybdenum-
mineralized rocks. Geochronologic studies include K-Ar
age determinations on 10 mineral separates and 1 whole
rock from the Buckingham-Copper basin areas. Four
rocks from within the surface projection of the outer
limit of intense quartz stockworks that surround the
molybdenum system yield K-Ar ages ranging from
about 60 to 70 m.y. Two of these ages are from hydro-
thermal white mica, one is from primary biotite, and the
other (70.3 m.y.) is from an intermineral granite aplite
which cuts the quartz-molybdenite stockworks and
which contains some disseminated molybdenite. How-
ever, all of these ages are probably reset. Replicate age
determinations on white mica from a mineralized dike
near the eastern end of the molybdenum system yield
ages of 86 and 88 m.y. Therefore, it is assumed that the
bulk of the molybdenum was introduced approximately
90 m.y. ago. Five other ages from different intrusive
masses in the Buckingham-Copper basin areas are in
the 35.4 to 39.3 m.y. interval, generally the same age as
the copper mineralization established at Copper Can-
yon, which is about 15 km to the south. This group of
ages also includes two age determinations of primary
biotite from essentially unmineralized rhyolite which
crops out near the Buckingham porphyry molybdenum
system. These age relations suggest that a complex

sequence of Late Cretaceous intrusive events was in-
volved in the evolution of the igneous hydrothermal
system(s) in the Buckingham-Copper basin areas. Ap-
parently, the bulk of the molybdenum was introduced
about 90 m.y. ago. There finally was a resurgence of in-
trusive activity in the area during the Oligocene, about
35 to 39 m.y. ago. Mineralization associated with this
Oligocene event includes mostly base and precious
metals along veins.

Ore genesis processes at Gilman-Leadville

G. P. Landis, in a continuing study of the ore-forming
processes at Gilman, Colo., has extended the study to
include the mineral deposits of the Leadville district and
surrounding mineral deposits in the Leadville dolomite
of the central Colorado mineral belt (e.g., Sherman, Alps
Gulch, Hock Hocking, Continental Chief, Russia, Peer-
less, Sacramento, Dyer, and Mineral Park mines). In the
central Leadville district, the only mineralization
examined is that accessible through the Blackcloud
mine. Gilman appears to be but one part of the minerali-
zation history of the area, with other factors repre-
sented in the Leadville area. Sulfur isotope data on
sulfide ninerals and barite and oxygen isotope analyses
of barite define two sources for sulfur in the Leadville
mineralization: a sedimentary evaporitic sulfate sulfur
(present in Sherman-type barite-galena-sphalerite ores)
and a postmagmatic hydrothermal sulfur (observed in
the Blackcloud mine, the Leadville-type mineralization).
Fluid inclusion data and sulfur isotope fractionation
data from sulfide minerals indicate temperatures of 250
to <400° C. The Sherman-type inineralization appears
to predate the later Leadville-type ores in the district.
In the mineral paragenesis at the Sherman mine, early
white barite contains sedimentary-sulfate sulfur,
whereas late golden barite is much more depleted in *#S
and is comprised of sulfate formed by the meteoric
water oxidation of reduced aqueous sulfur. Gilman may
be a superposition of both mineralizing events.

Gold veins of the Granite District, Chaffee and Lake Counties, Colorado

The fissure gold veins in the Granite District are cur-
rently (1982) being studied as a part of the mineral
resource appraisal of the Buffalo Peaks Wilderness
Area. As in many other old mining districts of Colorado
the early production figures are largely estimates, and
in the Granite District the lode gold production was
valued at about $2 million (about 100,000 troy ounces).
Most of the production was in the 1860’s and 1930’s,
and the ore chiefly came from the veins on Yankee
Blade Hill and those to the north in the vicinity of the
Belle of Granite mine. Within the district older Precam-
brian biotite gneiss and migmatite ore are intruded by
synkinematic adamellite and two-feldspar granite. The
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metamorphic gneisses comprise a dismembered syn-
clinal fold, about 4.5 km across, with an axial plane that
strikes N. 50°-55° E. The nearly vertical limbs of the
fold are discontinuous and the granite magma pene-
trated the keel of the fold. The fold axis plunges 45° to
50° N. 55° E., and the faulted keel of the fold shows
closure to the west near Granite.

The biotite gneiss is highly foliated, locally mig-
matized, and contains as much as 50 percent quartz,
25-30 percent biotite, and 5-10 percent fibrolitic silli-
manite. Stretched quartz pebbles are locally present and
the gneiss is clearly of sedimentary origin.

The fissure veins occur in swarms and are chiefly con-
fined to the gneiss, not the granite, and preferentially
follow the foliation in the gneiss by striking N. 60°~
70° E. Some veins can be traced along strike for 2,200 m,
although pinch-outs are common locally. Some veins
have abundant gouge, others are brecciated, and quartz
veining is common. Both argillic and sericitic wall rock
alteration of the gneiss is observed. The mineralogy is
simple, chiefly early pyrite and gold and very minor
amounts of later chalcopyrite, galena, and sphalerite.
The veins are oxidized to depths of 60 m, and in the oxi-
dized zone the gold is coarser grained and more un-
evenly distributed than in the nonweathered veins at
depth. Most of the past production came from the oxi-
dized zeone.

A few thin scattered rhyolite dikes cut the gneiss
nearly parallel to the foliation. The dikes are of probable
Laramide or mid-Tertiary age. Most dikes are less than
2 m thick and have locally been faulted-out along the
veins; the Two Bit mine extension exemplifies this.
Some pyritized dike fragments have been observed in
the mine dumps of the district, although dike outcrops
were absent.

There are two hypotheses for the origin of the gold
veins: (1) magmatic-hydrothermal origin from a silicic
magma source, and (2) reconcentration of gold derived
from Precambrian metasedimentary rocks by Laramide
hydrothermal fluids. The absence of a Laramide or mid-
Tertiary pluton in the district, the paucity of sulfides
other than pyrite, and the essential confinement of the
gold veins to Precambrian gneiss all are indicative of a
hydrothermally mobilized gold deposit derived from
Precambrian metasedimentary rocks.

Molybdenum mineralization model for central idaho

Mapping by D. A. Seeland in the White Cloud Peaks
area of central Idaho has shown that the Castle Peak
molybdenum discovery is directly related to the phys-
ical and chemical character of the host rock. Previous
studies in the area assigned the host rock of the Castle
Peak deposit to the Pennsylvanian-Permian Wood
River Formation. However, thin argillites and other

lithologic characteristics, together with physical con-
tinuity with paleontologically dated rocks, suggest that
the rocks containing the deposit are Mississippian in
age.

The molybdenum mineralization occurs on the north-
east margin of the White Cloud stock in quartz and
quartz-feldspar veins in brittle siliceous Mississippian
quartzite. In contrast, the remainder of the stock is
bordered by unmineralized calcareous sandstones of the
Pennsylvanian-Permian Wood River Formation which
have been metamorphosed to a wollastonite-rich calc-
silicate granofels on the margin of the stock.

This association of molybdenum mineralization with
siliceous Mississippian quartzites intruded by Upper
Cretaceous granitic rocks should be a valuable explora-
tion guide elsewhere in central Idaho.

Copper and uranium in sediments shed from the ancestral Rocky
Mountains

Geologic mapping and stratigraphic and mineral
resource studies of Pennsylvanian-Permian red-bed se-
quences in the northern Sangre de Cristo Mountains by
D. A. Lindsey, S. J. Ashe, and R. F. Clark show that
stratiform copper-uranium deposits there occur in gray
strata (reduced diagenetic facies) immediately below the
red-gray boundary and in lenses of shale, siltstone, and
limestone (shallow marine-lagoonal facies) containing
abundant fossil plant trash and marine invertebrates.
These facies are part of an assemblage deposited on fan
deltas east of the San Luis-Uncompahgre highland dur-
ing Middle Pennsylvanian time. The fan-delta deposits
are part of a coarsening-upward sequence of facies that
comprise the Minturn Formation of Pennsylvanian age
and the Sangre de Cristo Formation of Pennsylvanian-
Permian age, and that range, from bottom to top, from
turbidite (fan-delta slope), through fan-delta facies,
through braided alluvial-plain (lower fan) facies, to prox-
imal alluvial-fan facies. The emergent part (in Penn-
sylvanian time) of this sequence has been oxidized to
red beds by ground water, but the submergent part has
remained mostly reduced gray beds; copper and
uranium occur below this red-gray (oxidized-reduced)
boundary. Inasmuch as similar sequences of Pennsylva-
nian and Permian strata were deposited elsewhere
around the highlands of the ancestral Rocky Moun-
tains, copper and uranium can be expected to occur in
the same setting as that of the northern Sangre de
Cristo Mountains.

Recycled gold, interior Alaska
Warren Yeend reported that it seems increasingly

clear that gold has been recycled through continental
deposits of Tertiary age prior to its incorporation in the
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recent placers throughout much of interior Alaska.
Yeend panned gold from several suspected Tertiary con-
glomerates within the so-called Tintina fault zone of the
Circle quadrangle. Although gold has been reported
from Tertiary rocks in neighboring quadrangles (Mertie,
1938), none has been listed from Tertiary rocks of the
Circle quadrangle.

Tertiary(?) clastic rocks in the Circle qua‘angle seem
to be restricted to the Tintina fault zone, although it
seems probable that when initially deposited they cov-
ered areas beyond the fault zone. If so, they most likely
were a source for much of the gold that now occurs in
Holocene alluvium and has supplied the Circle district
placer miners with a gold resource for over 80 years.

Within the Healy quadrangle, Yeend panned gold
from the Lignite Creek Formation-Nenana Gravel
contact of Tertiary age near the area where the main
highway to Fairbanks crosses Panguingue Creek. In the
Mt. Hayes quadrangle, directly east of the Healy quad-
rangle, gold is present in conglomerates of early Ter-
tiary(?) age (Yeend, 1981).

Origin of Kuroko ore deposits of Japan

The isotopic composition of lead was investigated in
and around Kuroko deposits of the Hokuroku Basin by
M. H. Delevaux and B. R. Doe (USGS), and by Udo
Fehn (University of Rochester). Although the ore leads
of these deposits were found to occupy a narrow isotopic
range, each ore deposit has a characteristic isotopic
composition. Within a given ore deposit, black ore (Pb-
Zn rich) has a uniform isotopic composition but is signif-
icantly higher in radiogenic lead than yellow ore (Cu-
rich). The differences between ore types are, however,
smaller than those between ore deposits. The volcanic
host rocks are, in general, lower in radiogenic lead than
are the ores, whereas the deeper, older formations, in
particular the Sasahata Formation and the Paleozoic
basement, have more radiogenic lead than do the ores.

On the basis of the isotopic distribution, Delevaux,
Doe, and Fehn conclude that a major part of the lead
in the Kuroko deposits was derived from igneous,
probably volcanic rocks with an uncertain but signif-
icant contribution coming from the underlying pre-
Nishikurozawa Formations. The ore fluids reached the
Sasahata Formation and most likely also the Paleozoic
basement. Each ore deposit within the basin was
formed by a local hydrothermal system. The difference
in isotopic composition between yellow ore and black
ore reflects a shift in the proportions coming from the
two major sources due to the temperature evolution of
the hydrothermal system. The yellow ore seems to have
a greater igneous rock lead component than does the
black ore.

Mineralization in North Carolina RARE Il Areas

W. R. Griffitts, J. W. Whitlow, D. F. Siems, and K. A.
Duttweiler made geochemical and heavy mineral stud-
ies at the Lost Cove and Harpers Creek RARE II
Areas, N.C. They found unexpectedly high values of
niobium and beryllium, which indicates that the miner-
alization in the areas is more complex than had been
suspected. The niobium- and beryllium-rich areas over-
lap the previously known area of uranium mineraliza-
tion. Fluorite and galena were found in pitchblende vein-
lets within the RARE II areas, and columbite and
thorite were found just outside the areas. In addition,
Theodore Botinelly identified florencite (CeAl,(PO,)2
(OH)y) at a thorium prospect a few miles south of the
RARE II boundary.

Age of mineralization, Mogollon mining district, Catron County, New
Mexico

A potassium feldspar (adularia?) concentrate from
mineralized quartz-vein materials off the dump of the
Last Chance Mine in the Mogollon mining district has
given a K-Ar age of 17.5+0.6 m.y. Two analyses of the
feldspar concentrate, which contained some quartz,
have 9.67 and 9.63 percent K,O. The 17.5 m.y. age is sig-
nificant in two respects: in dating mineralization in the
Mogollon mining district and in enhancing the mineral-
resource potential of other areas where mineralization is
associated with rhyolites of that age, as along the
Mogollon Mountains front and in the area between
Mogollon and Steeple Rock, N. Mex., and Morenci,
Ariz.

Mine studies, Lake City, Colorado

Field studies of vein deposits surrounding the Lake
City caldera were made by A. R. Kirk, Patty Billings,
and R. F. Sanford during the summer of 1981.

Greater emphasis was placed on the two operating
mines in the Lake City district, the Golden Wonder and
the Gladiator. Although these deposits do not contain
uranium, both are of interest in determining the dis-
tribution of uranium in the Lake City ores. The
Gladiator, a silver-gold deposit, is located immediately
adjacent to the Golden Fleece, a known uranium occur-
rence. The Golden Wonder is a gold-telluride deposit, as
is the Golden Fleece. Comparison of these deposits to
the Golden Fleece may serve to further delineate condi-
tions for uranium deposition and zoning patterns in the
Lake City area.

The Golden Wonder deposit was identified as a fossil
hot-springs system developed in a rhyolite dome-flow
complex. The rhyolite shows characteristic sinter
deposits, acid-sulfate alteration, and hydrothermal
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alteration and brecciation. Pebble dikes are common.
Alteration minerals include kaolinite, dickite, illite,
alunite, and possible smectites. Preliminary studies of
the minor element chemistry of the altered rhyolite by
energy-dispersive X-ray fluorescence indicate that yt-
trium, an element usually considered to be immobile,
may be mobile during extreme acid-sulfate alteration.
Zirconium and niobium, however, appear to be im-
mobile. Rubidium is commonly depleted in the most
altered rhyolite, but may be enriched in or near the vein.
Lead seems to increase near the veins and may be useful
as a “pathfinder”’ element.

The vein material itself can be divided into two major
types—a pyrite-marcasite episode and a fine-grained
silica episode. The pyrite-marcasite episode appears to
be older. Locally, at least, it may be prealteration.
Tetrahedrite and other sulfosalts are also associated
with this episode, and commonly line vein cavities into
which the second suite of vein minerals was deposited.

The second type of vein material is a fine-grained
silica which is economically important because it carries
finely disseminated gold tellurides. The silica is cherty
and commonly shows crossbeds, soft-sediment deforma-
tion features, and intraunit breccias. Pods of kaolinite
and alunite may also be present, as well as sphalerite,
galena, tetrahedrite, and other complex sulfosalts. This
chert was probably deposited as a sediment in under-
ground ponds and fissures by the hot springs waters.

Veins themselves appear to be en-echelon features
controlled by the intersection of a northeast-trending
joint and shear set with vertical flow foliation of the
rhyolite. High-grade pockets appear to be relatively
shallow, but this does not rule out the possibility of a
disseminated gold deposit at depth.

Cesium concentrations in caldera complex, Nevada and Oregon

Geochemical analysis of calderafill sediments within
the McDermitt caldera complex indicate a major re-
source of cesium is present. Cesium contents up to
0.09 percent, reported by R. E. Mays, are present in
tuffs altered to analcime and clinoptilolite. Cesium con-
tents of unaltered rhyolites within the McDermitt com-
plex are among the highest known. Hydrothermal and
diagenetic alteration of these rhyolites released cesium
that was subsequently concentrated in zeolites.

GEOCHEMICAL AND GEOPHYSICAL
TECHNIQUES IN RESOURCE ASSESSMENTS

Geochemical mapping of the southern Coast Ranges of California

Geochemical mapping of the southern Coast Ranges
of California by J. M. McNeal, W. R. Miller, J. M.

Motooka, and D. E. Detra using stream-sediment sam-
ples and heavy-mineral concentrates shows trends of oc-
currence of trace metals that relate to geologic units,
uranium deposits, and to human contamination. The oc-
currence of chromium, copper, and nickel is closely
related to Mesozoic ultrabasic rocks, molybdenum to
middle Migcene marine rocks, zirconium to Mesozoic
granitic , and lead to urban areas.

Trace-element geochemistry of the West Shasta District, California

Preliminary results of geochemical investigations of
supergene alteration associated with the massive
sulfide deposits of the West Shasta district, Shasta
County, Calif., indicate that small-scale variations in
the gossans are sufficiently large to mask patterns re-
lated to zoning of the district or the sulfide bodies, ac-
cording to data accumulated by R. F. Sanzolone and
J. A. Domenico. Transported oxides along fractures
near sulfide bodies show similar patterns, but R. N.
Leinz and D. F. Siems report that elements normally
associated with felsic rocks show a significant increase
toward the Mule Mountain stock.

Probable monazite in South Carolina

Spectrographic analyses of heavy-mineral concen-
trates collected in Chester and Fairfield Counties, S.C.,
by Henry Bell show unusual values for rare-earth ele-
ments. This suggests that monazite and other thorium
and rare-earth minerals not previously reported from
this area may be present.

Uranium in spring water and bryophytes at Basin Creek in central idaho

Mosses (bryophytes) in uranium-bearing spring
waters coming from arkosic sediments at Basin Creek
(near Stanley, Idaho) concentrate uranium (and other
metals) from the water. H. T. Shacklette and J. A. Erd-
man suggest that these mosses, at least in this area, are
more reliable indicators of uranium occurrence than the
spring waters, which fluctuate widely in metal content.

Geochemical investigation of a molybdenum-tin anomaly in southwestern
Utah

J. D. Tucker, W, R. Miller, J. M. Motooka, and A. E.
Hubert made a detailed geochemical survey using bed-
rock samples from an area with a known molybdenum-
tin anomaly in the southern Wah Wah Mountains in
southwestern Utah. The geochemical patterns found
in this survey are similar to those around porphyry-
type molybdenum deposits and suggest the known
molybdenum-tin anomaly may be related to a porphyry-
type molybdenum mineralization at depth.
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Geochemical exploration by analyses of fecal material from herbivorous
mammals

Keith Robinson reported favorably on the possibility
of using fecal material (scat) of herbivorous land mam-
mals as a geochemical sample material. Moose, deer,
and jack rabbits establish territorial areas of a few
square miles at certain times of the year, and, if environ-
mental conditions permit, live on a relatively well-
balanced diet of plants. Analyses of moose scat col-
lected from the McCarthy quadrangle, Alaska, show
that some elements (Mn, Ag, B, Cd, Cu, Ni, Sr, and Zn)
are enhanced by an order of magnitude in moose scat
samples, compared to willow and stream sediment sam-
ples. Moose scat collected near the Kennicott copper
mines, Alaska, showed high copper and an association
of copper, silver, and barium that is characteristic of the
copper deposits in the area. Samples of deer scat col-
lected from an area containing known uranium-bearing
magnetite in the Warwick Mountains, N.Y., contained
significantly higher uranium than samples from an un-
mineralized area at Waywanda State Park, N.J.

Crown Point uranium mineralization trend, New Mexico

B. D. Smith, in geophysical studies of the Crown
Point uranium mineralization trend near Gallup,
N.Mex., reported that ground geophysical surveys
(electrical and electromagnetic) have defined shallow
(60 m deep) zones of high resistivity that are associated
with deep (600 m) uranium mineralization. Deep time
and frequency domain electromagnetic soundings ap-
pear to define a pipe-like electrically anomalous section
above the uranium mineralization that extends to a
depth of at least 300 m. Interpretation of high resolu-
tion airborne magnetic data suggests zones of basement
structure, 2,700 m deep, some of which correlate with
known uranium mineralization. On the basis of this geo-
physical data and a limited amount of drill hole data,
Smith believes that the basement structures have di-
rectly or indirectly perturbed the paleosedimentation.
This, in turn, has created favorable areas for the concen-
tration of uranium ore deposits. The electrical surveys
suggest that the ‘“disturbed” paleosedimentary fea-
tures may have persisted through geologic time to
strata above the mineralization.

Anomalous electrical conductors as indicators of potential mineralization

D. B. Hoover reports that audio-magnetotelluric
soundings in the Ryan Hill, N. Mex., study area have
identified a conductive region at several hundred meters
depth where the geology and geochemistry suggest that

a base-metal sulfide system is present. In the Sheep
Hole, Calif., study area, the presence of very conductive
sediments on the margin of Dale, Bristol, and Cadiz
Lakes suggests the presence of significant quantities of
saline deposits below the lakes.

Lake Clark quadrangie, Alaska

Interpretation of the aeromagnetic map (scale
1:250,000) of the Lake Clark quadrangle, Alaska, by
J.E. Case and W. H. Nelson indicates correlations be-
tween tectonostratigraphic terranes, as defined by

| Jones and others (1981), and patterns of magnetic

anomalies. These terranes, in turn, may be character-
ized by distinctive suites of mineral deposits, prospects,
or “shows,” as evidenced by geochemical anomalies
found in stream-sediment samples.

The two main tectonostratigraphic terranes are the
Deformed Upper Mesozoic Flysch terrane in the west-
ern part of the quadrangle and the Peninsular terrane
(mainly the Alaska Range batholith portion of that ter-
rane) in the eastern part of the quadrangle. Both ter-
ranes trend about northeast across the quadrangle.

Three magnetic provinces have been identified: (1) A
northwest area characterized by a flat, nearly feature-
less magnetic field except where small isolated plutons
are interpreted from isolated magnetic anomalies. (2) A
northeast-trending central magnetic province character-
ized by a mixture of magnetic anomalies—a nearly fea-
tureless field over the flysch unit; positive and negative
anomalies associated with plutons of Late Cretaceous
and (or) early Tertiary age; positive and negative
anomalies over calc-alkaline volcanic rocks of Tertiary
age; and positive anomalies over a belt of Paleozoic
(probably Silurian) mafic metavolcanic rocks, limestone,
and volcanogenic sedimentary rocks, which is probably
a small allochthonous terrane with respect to the De-
formed Mesozoic Flysch terrane. (3) A southeastern
magnetic province of high-amplitude highs and lows
over the Jurassic, Cretaceous, and middle Tertiary
plutons and Tertiary volcanic rocks of the Alaska-
Aleutian Range batholith (Reed and Lanphere, 1973)
and roof pendants of Mesozoic and Paleozoic(?) age
within the batholith.

The northwestern and central magnetic provinces are
characterized by geochemical anomalies of gold, tin, and
tungsten, and by the scarcity or absence of anomalies of
zinc, molybdenum, copper, and thorium. Furthermore,
lead and arsenic anomalies are rare in the northwestern
province. In contrast, geochemical anomalies of tin and
gold are rare in the southeastern province, but copper,
molybdenum, thorium, and arsenic anomalies are rela-
tively common.
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RESOURCE INFORMATION AND
ANALYSIS

The Resource Information and Analysis Program is
designed to assist the decision-making process for na-
tional mineral and fuels policy as well as USGS resource
programs. This is done by improving methods for ac-
cessing and locating mineral and fuel resources and for
the storage, retrieval, manipulation, and display of com-
modity information for mineral-resource evaluation and
prediction. Highlights of this program for fiscal year
1981 follow; they represent progress since the last
report.

Data collection and processing

A new microprocessor-based utility, the Single User
Data System (SUDS), was successfully field tested with
an Apple II microcomputer. A wide variety of features
is available to the user for analysis and display of field
data. A graphics package was implemented on MULTICS
that allows the user to construct fence diagrams.

Scientists using the Minerals Data System (MDS,
formerly CRIB) continued to collect, enter, and verify
deposit data through State cooperative programs and
through the commodity program. Increased activity
was initiated on commodity-specific data records and on
international deposit data. MDS activities continued to
support CUSMAP and Wilderness Program research.
Metal data were encoded for South Dakota and for the
Wallace 2° quadrangle (Idaho-Montana).

Mineral resource analysis

The stages of the mineral supply process, from explo-
ration and development to mining and beneficiation,
were examined in relation to the geologic properties of
resources, including location and depth of the orebody,
grain size and mineralogy, and grade and tonnage. It
was shown that in the long term, increases in real prices
of metals are likely because the cost of the supply proc-
ess is dependent on the geologic properties of the spe-
cific mineral deposit.

New grade-tonnage, or contained-metal, models were
constructed for epithermal precious-metal vein dis-
tricts, disseminated gold deposits, and for fluorine defi-
cient porphyry molybdenum deposits. A new district
containing epithermal precious-metal deposits was iden-
tified in the resource assessment of the Medford
1° X 2° quadrangle, Ore.

A method was developed to aid the government in
estimating the net benefits, in terms of its recovery of
expected net economic value, of performing various
levels of exploration of mineral tracts prior to leasing

and making such information available to potential
bidders. The method demonstrates that the optimal
data-collection program should use an area-by-area ap-
proach and that the value of information depends on: (1)
the expected degree of lease competition; (2) the degree
of bidders’ risk aversion; (3) output price stability;
{4) unique factors that determine economic rents, grade,
ore thickness, proximity to markets, extraction costs,
and (5) the spatial correlation characteristics of point
measurements.

Resource estimates were made of the twelve most pro-
ductive copper deposits in the United States, those de-
posits that have contributed 95 percent of the copper
produced since 1845. The production-grade method was
used to estimate the remaining minable copper at speci-
fied future average mining grades.

A new method was introduced to use assay data from
boreholes of the Stillwater Complex, Mont., in order to
describe the distribution of contained critical com-
modities. This method mimics the electric log displays
recovered from petroleum drill holes.

SEDIMENTARY MINERAL RESOURCES

Phosphate resources in the U.S.

Concern about phosphate resources in the U.S. has
led to a reevaluation of resources of this vital agricul-
tural mineral (J. B. Cathcart, R. P. Sheldon, and R. A.
Gulbrandsen, 1981). Their data clearly indicate that re-
sources of phosphate in the Atlantic Coastal Plain dis-
trict and the northwest phosphate district are sufficient
to supply domestic demands for the foreseeable future.

Metals in black shales

Field and laboratory studies by J. S. Leventhal and
R. C. Kepferle were combined to establish relations be-
tween the sedimentology and geochemistry of uranium
and other metals. Uranium and molybdenum contents
of 50 to 100 ppm occur in Upper Devonian shales in
Tennessee and in newly identified areas in Kentucky
and Indiana. These high values, found in organic-rich
sediments, are restricted to certain stratigraphic units
and specific parts of the Appalachian basin. Higher
uranium contents were observed in some phosphate-rich
units in Indiana. Other metals, such as copper, nickel,
and vanadium are associated with organic matter in the
shale. Pyrite contents of 5 to 10 percent are present with
associated arsenic, zinc, and mercury.

The source of the uranium and other metals was prob-
ably extensive beds of volcanic ash on land (represented
in the shales only as thin beds). Abundant organic mate-
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rial of terrestrial origin and low rates of deposition of
clastic detritus were the two primary factors respon-
sible for the high uranium content of the shale. An
estimate of the quantity of subeconomic uranium occur-
ring in a shale unit containing 50 ppm uranium, which is
60 ft thick and covers an area of 61 hectares, is 16,000 t.
Similar quantities of V, Mo, Cu, Ni, and Zn are present
also. These elements could be removed from the shale
by some combination of retorting, for oil and gas, and
leaching, for the organic and sulfide portions of the
shale.

New data from the Devonian black shales of the
Appalachian basin and Cambrian Alum shale of Sweden
are used by J. S. Leventhal as distinct prototypes to
examine the enrichment controls for metals. These
samples are contrasted with the Permian Kupferschie-
fer of central Europe. Major controls are relatively low
sedimentation rate and relatively high input of organic
matter and metals. Organic carbon and sulfide-sulfur
relationships can be used by analogy with the Holocene
Black Sea to establish the presence of an H,Sladen
water column for these ancient shales.

Traceelement abundances are closely related to
organic carbon (uranium and molybdenum) and (or)
sulfide sulfur (arsenic and mercury) in the Devonian
shales. Somewhat different element association pat-
terns are present in the Alum shale. For the Devonian
shales, the type of organic matter is also a control
for the uranium. In particular, terrestrially derived
organic matter is a specific control and residence site of
the uranium. Trace-element/organic and trace-element/
sulfide ratios vary by less than a factor of 2, whereas the
sedimentation rate varies by more than an order of
magnitude in Appalachian basin samples. Uranium and
organic-carbon contents of individual stratigraphic
units from various parts of the basin show an inverse
relation to the thickness of the unit.

The source of the uranium and certain trace elements
is in part related to leaching of volcanic ash (near its
source, on land), as demonstrated by increased contents
of metals in samples stratigraphically above ash beds,
as compared to those below the ash. These black shales
are important because: (1) they can be the host for
(Kupferschiefer type) or the source of (metamorphic
type) higher grade mineralization, and (2) their high
organic content can provide a source of energy for min-
ing and milling metals of the black shale itself when
higher grade metal deposits, without such associated
energy sources, become uneconomic.

Bentonite in the Guif Coastal Plain
The Gulf Coastal Plain produces approximately

11 percent of the bentonite for the U.S. Texas is the big-
gest producer, followed by Mississippi and Alabama.

According to J. W. Hosterman, the best commercial
grade bentonite is from the Upper Cretaceous Ripley
Formation (Alabama), Eutaw Formation (Mississippi),
and the Eocene Clairborne and Jackson Groups (Texas).
Lower quality bentonite is found in the Miocene
Catahoula Sandstone and Fleming Formation and the
Paleocene Midway Group. The bentonite occurs as lens-
shaped, massively-bedded bodies 1 to 6 m thick, asso-
ciated with gravel, sand, silt, and limestone or marl. The
minable deposits are approximately 135 to 1,000 m by
225 to 1,200 m, with less than 10 m overburden. The
best commercial grade bentonite averages more than
96 percent clay, of which 90 to 100 percent is smectite.
Quartz is the major nonclay mineral and illite and kao-
linite are present in very low amounts.

Continental evaporites in Owens Lake, California

Following the abnormally wet 1969-70 winter, Owens
River flood waters partially dissolved the surface salt
layers of the normally-dry Owens Lake, southeast Calif.
In 1970-71, saline minerals recrystallized as the lake
desiccated. During 1970-71, G. I. Smith and I. Fried-
man collected samples of the brines, and periodically be-
tween 1970 and 1977 they collected samples and cores
of the undissolved and recrystallizing salts. Mineral
compositions of the salts were monitored, as were the
isotopic deuterium/hydrogen (D/H) ratios of the
hydrous saline minerals and interstitial brines; seasonal
changes in all three variables were observed. The D/H
values of the 1970-71 salts and brines initially differed
greatly from those of the older undissolved salt layers,
but over the years, their values slowly converged.

Observed mineral changes in the recrystallizing layer
were chiefly results of seasonal variation in the temper-
ature of the near-surface salts. Winter cooling produced
10-hydrate minerals, natron and mirabilite, and summer
warming caused them to recrystallize as trona and
burkeite. Once formed, halite did not dissolve season-
ally. Each summer, the expelled water of hydration
mixed with the interstitial brines, producing a brine
that was compositionally the same but isotopically dif-
ferent from that of the previous year. The following
winter, after the lake brine had been modified isotopi-
cally by several months of evaporation, it was incorpo-
rated into these new hydrated salts that were mineral-
ogically the same but isotopically different from the
previous winter’s salts. With time, the isotopic composi-
tions of the new salts and brines evolved toward the
isotopic composition of the brines and undissolved salts
in the deeper saline layers, which probably attained
their isotopic makeup by the same seasonal diagenetic
process during the first decade after crystallization
early this century.
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Marine evaporites in southwestern Utah Permian Toroweap Formation throughout the range.

Detailed geologic mapping in the Beaver Dam Moun- | These deposits appear to be a potentially important re-
tains of southwestern Utah, by L. F. Hintze and his co- | source of gypsum, which is primarily used in the manu-
workers, has revealed extensive beds of gypsum in the | facture of dry-wall panels used in building construction.
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COAL RESOURCES
FIELD INVESTIGATIONS

The Coal Resources Investigations Program of the
Geologic Division classifies the Nation’s remaining coal
resources into resource and reserve base categories
based on geographic and geologic distribution and phys-
ical and chemical characteristics. As part of this effort,
personnel in the Division in 1981 mapped and assessed
coal-bearing lands in Alabama, Arkansas, Colorado,
Florida, Georgia, Idaho, Maryland, Mississippi, Mon-
tana, New Mexico, North Dakota, Pennsylvania, Ten-
nessee, Utah, Virginia, West Virginia, and Wyoming.
Included in these field investigations were studies con-
ducted on the following Indian Reservations: Blackfoot
and Fort Peck, Mont.; Wind River, Wyo.; and Alamo-
Navaho and Canoncito, N. Mex. About 15,400 m of
rotary and core drilling was completed in coal basins of
the Rocky Mount dns, the Great Plains, and the Colo-
rado Plateau, in coordination with the geological in-
vestigations to assess the quantity and quality of
buried coal and to provide stratigraphic information.
More than 800 channel and bench samples of coal beds
were collected for chemical and physical analyses from
13 States, in cooperation with two State Geological
Surveys and the Conservation Division.

Geologic studies of coal-bearing strata were con-
ducted for the U.S. Forest Service (USFS), Department
of Agriculture, under its Roadless Area Resource Eval-
uation IT Program in the following areas: Allegheny
Front-Hickery Creek and Clarion River, Pa.; Devil’s
Fork, Va.; Cheat Mountain, W.V.; Burden Falls and
Lusk Creek, Il; and Sipsy, Ala. Similar studies were
undertaken in the Beaver Creek, Ky., and Garden of the
Gods, IlL, Wilderness Areas, also for the USFS.

COMPUTERIZATION OF THE NATION'S
COAL RESOURCES

The National Coal Resources Data System (NCRDS)
continues to grow in size and use under the direction of
M. D. Carter, M. A. Carey, S. S. Crowley, and K. K.
Krohn. During 1981, approximately 30,000 records of
coal resources, stratigraphy, and chemical analyses
were added to the system; these additions raised the
total to nearly 200,000 entries. The data base includes
40,000 coal-resource tonnage records and 55,000 records
of USBM proximate and ultimate analyses that are
largely reported by coal bed on a State and county
basis. The NCRDS contains 8,000 geodetically located

records of proximate, ultimate, major-, and trace
element analyses and associated data provided by the
USGS coal geochemical program. In addition, the
NCRDS contains 50,000 stratigraphic and drill hole
records. The NCRDS has cooperative agreements with 18
State Geological Surveys for the collection, correlation,
transmission, entry, retrieval, manipulation, and dis-
play of drill hole, chemical analyses, and other relevant
coal-resources-related data.

COAL OCCURRENCES OF NORTH AMERICA AND
ADJACENT AREAS

More than 1,000 coal occurrences exist on the North
American continent and its adjacent islands, according
to G. H. Wood, Jr. About 370 are in Canada, 430 in the
United States, 130 in Mexico, and 130 in Central Amer-
ica, Greenland, Iceland, and the Caribbean Islands. An
occurrence is a locality, area, or region where coal has
been found at the surface or was discovered by drilling;
occurrences may be as small as a single outcrop or a
single drill hole, or as large as an entire coal field.

Coal underlies about 3,880,000 km? of the studied
area. More than 6.6 trillion t are estimated to be con-
tained in the coal-bearing areas, of which more than
99 percent is in the conterminous United States, in
mainland Canada, and in adjacent Arctic islands. This
estimate includes all beds of anthracite and bituminous
coal thicker than 35.6 cm and all beds of subbituminous
coal and lignite thicker than 76.2 cm that extend from
the surface to a maximum depth of 1,800 m; in several
coal fields the estimate includes coal beds extending to a
depth of 4,500 m.

The coal resources are concentrated, in decreasing
order of tonnage, in the following areas: Wyoming,
Alberta, North Dakota, Montana, Colorado, and the
Appalachian coal field of the Eastern United States,
each containing more than 360 billion t. Of the esti-
mated 6.6 trillion t resource of coal, about 2.5 trillion t is
classed as identified and 2.5 trillion t as hypothetical.
Another 1.45 trillion t is classed as onshore speculative
and 145 billion t as offshore speculative.

EASTERN COAL
The Mississippian-Pennsyivanian boundary

Lithostratigraphic and biostratigraphic studies in
northwestern Georgia by T. J. Crawford, W. H. Gil-
lespie, and T. W. Henry indicate that the Mississippian-
Pennsylvanian systemic boundary is conformable.

15
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Detailed studies of fossil plants and marine inverte-
brates do not reveal a significant hiatus.

Physical and biostratigraphic studies of Upper Mis-
sissippian and Lower Pennsylvanian rocks of south-
western Virginia by K. J. Englund, W. H. Gillespie,
P.L. Johnson, and H. W. Pfefferkorn have demon-
strated that well-known coal-bearing facies in Lower
Pennsylvanian rocks extend stratigraphically into Up-
per Mississippian rocks of the faulted and folded Ap-
palachians. Preliminary investigations show that coal
deposits in these Upper Mississippian rocks are of
minable thicknesses and possess characteristics that
are desirable for in-situ gasification, such as steeply-
dipping beds, structural confinement of beds, and lack
of active mining operations.

Northern Black Warrior Basin, Alabama

S. P. Schweinfurth measured sections along the Penn-
sylvanian escarpment at the northern side of the Black
Warrior Basin, Ala., westward from Isbell to near
Halltown, a distance of about 40 km. He indicated that
the stratigraphy of the basal 120 to 180 m of the Penn-
sylvanian remains fairly constant across that distance.
The stratigraphic section in this area appears to lack
coal beds, which previously had been reported. The
lower 60 m, consisting of rocks assigned to the Park-
wood Formation, contain many beds bearing marine in-
vertebrate fossils, but marine fossils have not been
found in the upper 100 to 120 m of strata assigned to
the lower part of the Pottsville Formation.

Schweinfurth’s mapping in the northwestern part of
the Haleyville 1-degree quadrangle established the
existence of many normal faults, which in general strike
northwest-southeast and are downthrown to the south-
west on an average of about 30 m. The frequency and
the relatively uniform spacing and geometry of these
faults suggest that some systematic tectonic activity
controlled deformation of the basement and overlying
rocks in this part of the basin.

Paleocecology of a Mesozoic rift lake

The existence of a Triassic lake (‘“Fossil Lake Dan-
ville”) has been confirmed by E. I. Robbins. The lake
was present in the Dan River-Danville Basin of North
Carolina and Virginia in tilted fault-block basins of the
Newark rift system (Robbins, 1981; unpub. data, 1982).
It had three stages of ‘“maximum development”’ as
shown by lakebed and lakeshore deposits preserved in
the Cow Branch Formation as used by Thayer (1970).
The rocks contain pollen, spores, bacteria, algae, zoo-
plankton, and aquatic worms. Aquatic insects, fish,
aquatic lizards, and phytosaurs were previously iden-

tified by Olsen and others (1978). The pollen and spores
indicate a middle and late Carnian (Late Triassic) age
and were collected throughout 1,500 m of black shale,
siltstone, carbonaceous shale, and coal beds. The plant
communities of the valley floor, wetlands, flood plains,
talus slopes, and horst uplands consisted of bryophytes,
lycopods, horsetails, ferns, seed ferns, voltzialean
gymnosperms, cycads, and conifers.

Thick semianthracite beds are widespread in the
lower member of the Cow Branch, which suggests that
extensive swamps filled in the earliest lake stage. Coal
beds from the middle and youngest lake stages, pre-
served in the upper member of the Cow Branch, are ir-
regularly distributed. The patchy distribution, coupled
with field mapping and sediment analyses by Thayer
(1970), suggests that the preserved wetland vegetation
was confined to river deltas and lake embayments.

Biological, mineralogical, and biochemical evidence
suggests that all lake stages were alkaline, the two
youngest of which were strongly alkaline, and that the
lakes were anoxic at depth. The (protojcrocodile-
conchostracan-ostracod assemblage is similar to that in
other alkaline lakes, such as ancient Lake Uinta in Colo-
rado and Utah, and modern Lake Malawi at the borders
of Malawi, Mozambique, and Tanzania. Hematite and
pyrite are in most black-colored rocks in the strati-
graphic section, occurrences which are analogous to
some of the deep basins in the alkaline Red Sea. A pale
blue amphibole similar to sodium-bearing riebeckite has
been identified in rocks assigned to the youngest lake
stage. Amorphous algal tissues, pollen and spores, and
cuticle are degraded, which is typical where lipids in
tissues are saponified in alkaline reagents; even lignified
wood cells are degraded in the youngest lakebed
deposits. Pyrite and wurtzite in laminated lake-bottom
rocks suggest that the bottom waters of the lake were
anoxic.

Origin of the Fire Clay parting in eastern Kentucky

The Fire Clay parting is a kaolinitic claystone 8-
10 em thick, found within the Hazard No. 4 coal bed of
the Breathitt Formation in eastern Kentucky. It is of
wide lateral extent, covering at least 2,000 km?, and has
sharp contacts with the enclosing benches of coal. It is
hard, fine grained, and breaks with a conchoidal frac-
ture; hence, it has been called a flint clay by miners. Its
volcanic origin was recognized by Seiders (1965).

B. F. Bohor and D. M. Triplehorn collected samples
from several outcrops of the Fire Clay parting in the
Hazard No. 4 coal bed in Pike and Perry Counties in
eastern Kentucky; the samples were analyzed by X-ray
diffraction and scanning electron microscopy. These
analytical techniques confirmed the volcanic origin of
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the parting. Mineralogically, the parting is an altered
volcanic tuff completely changed by diagenesis (Bohor
and Triplehorn, 1981). Its origin as an air-fall volcanic
ash means that this parting can be used as an isochro-
nous marker horizon even though the source is
unknown.

Confirmation of this parting as volcanic in origin may
lead to important advances in stratigraphic correla-
tions, both locally and intercontinentally. Paleogeo-
graphic reconstructions based on plate tectonics show
the North American and European continents in juxa-
position during the Pennsylvanian Period. The Fire
Clay and similar partings in coal beds of the Appalach-
ian basin may correlate with tonsteins (partings in coal
beds) in England and Europe formed during the same
period by volcanoes on the European continent.

Coal resources in Tazewell County, Virginia

A resource estimate for Tazewell County, Va., by
K. J. Englund, N. K. Teaford, and P. L. Johnson demon-
strates the existence of 2,060 million t of coal. This
estimate, based on recent 1:24,000-scale mapping sup-
ported by several hundred core holes drilled by mining
companies, is about three times the amount of resources
previously reported for the county by Brown and others
(1952).

GULF COAST LIGNITE

Stratigraphic framework and distribution of lignite along Wilcox outcrop
belt, Mississippi

The Paleocene-lower Eocene Wilcox Group of Missis-
sippi is part of a continuous belt of lignite-bearing rocks
that spans eight States from Georgia to Texas in the
Mississippi Embayment. A geologic analysis by C. R.
Meissner, Jr., B. S. Hackman, and J. C. Ossi, who used
drill-hole and measured-section data, showed thickening
of the Wilcox from north to south. The upper part of the
unit is absent in northern Mississippi either because of
nondeposition, erosional beveling, or onlap of the over-
lying Claiborne Group, or because of a combination of
these geologic events. Other stratigraphic studies show
the cyclic nature of deposition of the unconsolidated
sands, silts, clays, and thin lignite beds comprising the
Wilcox Group. Most major formation contacts are
marked by erosional unconformities reflecting trans-
gressions and regressions of the seas. As the sand con-
tent increases in the stratigraphic column, the lignite
beds disappear or decrease in number.

Vertical and horizontal distribution of lignite 0.75 m
or more thick and up to 75 m deep indicates that most

areas contain two or more beds. Most lignite along the
Wilcox outcrop belt in Mississippi is in discontinuous
beds that are as much as 5 km wide and 15 km long.

WESTERN COAL
Coal deposition in the southwestern Williston Basin, North Dakota

During the summer of 1981, the Fort Union Forma-
tion was investigated by R. M. Flores, E. S. Belt, and
P. Warwick in a belt 80 km long along the Little Mis-
souri River in the southwest part of the Williston Basin,
N. Dak. Special emphasis was placed on the environ-
ments of deposition and their relation to accumulation
of coal. A total of 225 measured stratigraphic sections
supplemented by published drill-hole data were used to
construct three-dimensional cross-section panels from
which facies sequences, relationships, and associations
were determined. The Ludlow Member of the Fort
Union Formation, a largely delta-plain sequence, con-
tains brackish marine tongues of the Cannonball
Member. This sequence contains thin to thick laterally
discontinuous coal beds, some as thick as 4.5 m. The
thin coals formed in interdistributary swamps and the
thick coals formed in subdelta swamps. The Tongue
River Member of the Fort Union Formation, which
overlies the Ludlow Member, consists of coastal-plain
fluvial facies and thin to thick laterally continuous coal
beds, some as thick as 7.6 m. The thick, continuous coal
beds accumulated in poorly drained swamps of large
floodbasins between major river channels. Continuous
drainage into these floodbasins culminated in deposi-
tion of preserved thick peat accumulation and in the.
provision of limited accuinulation of thin, discontinuous
peat deposits. The coastal-plain peat deposits of the
Tongue River Member in the southwest part of the
Williston Basin are downflow equivalents to the trunk-
tributary fluvial deposits of the lower part of the
Tongue River Member in the Powder River Basin.

Volcanic episodes in Montana coal bed

Volcanic eruptions were frequent during early Paleo-
cene time in an area not far from the Bull Mountain coal
field of central Montana. C. W. Connor reports that the
aptly named Big Dirty coal comprises one or two 3- to
4-m-thick sequences of coal, tuffaceous coal, and car-
bonaceous tuff densely interlayered with altered vol-
canic ash and crystal tuff (Connor, 1982). Earlier
investigators noted the many partings but did not
recognize their volcanic origin. The crystal tuff layers,
some as thick as 0.3 m, consist largely of fine- to coarse-
grained sanidine euhedra. J. K. Griffith assisted in trac-
ing the Big Dirty around the coal field.
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The nearest identified areas of early Tertiary
volcanism lie in an arc from southwest to northwest,
150 to 185 km from the center of the Bull Mountain
Basin. During development of coal swamps after Big
Dirty time there apparently was little volcanic activity,
as demonstrated by the absence of crystal tuffs in the
coal beds in the 450 m of Fort Union rocks above the
Big Dirty bed. Some coal beds have a few thin, altered
ash partings. As an example, the Mammoth coal bed in
contrast to the Big Dirty has three persistent altered
volcanic ash partings, each less than 1 cm thick.

Coal-bed correlation in the Powder River Basin, Montana

A series of recently measured stratigraphic sections
combined with an analysis of geophysical logs has re-
sulted in a new interpretation of a part of the strati-
graphic framework of the Powder River Basin in south-
eastern Montana. The new interpretation indicates that
Knoblock coal bed has been incorrectly correlated be-
tween the Birmey and the Broadus 1l-degree by
1/2-degree quadrangles. Marguerite McLellan and L. R.
Hasche extended correlations eastward from the strati-
graphic section established by W. C. Culbertson in the
Birney quadrangle and determined that the Knoblock
coal bed of the eastern part of that quadrangle is not
correlative with the so-called Knoblock of the Broadus
quadrangle. They concluded that the Knoblock of the
Birney quadrangle is correlative with either coal bed A
or the lower part of the Sawyer coal bed of the Broadus
quadrangle. These corrected correlations suggest that
the nomenclature and correlations of other coal beds in
the Tongue River Member of the Fort Union Formation
in southeastern Montana should be reexamined and
corrected.

A thick coal deposit in the Powder River Basin, Wyoming

A routine survey of gamma-ray logs of oil and gas
wells in the central part of the Powder River Basin,
made by B. H. Kent, indicated the presence of a large,
discrete coal deposit about 48 km west of Gillette, Wyo.
The deposit, elongate to the northwest, lies virtually
flat just east of the structural trough of the basin and
about 340 m below the present level of the Powder
River. As outlined, the deposit underlies an area of
about 2,500 km? and consists of a single bed of coal as
thick as 55 m that has an average thickness of 30 m.
The coal is presumed to be subbituminous and to have
an average weight of 1.13 million short t of coal per
square-mile-foot. Frances Pierce made a geostatistical
Kriging analysis of the deposit and estimated the
deposit to contain 102 billion t at a 95 percent level with
confidence limits of +4 percent.

The regional stratigraphic framework, as recon-
structed to include the coal deposit, indicates that sev-
eral coal beds merge locally to form this single bed and
that the depositional center for this thick deposit is the
westernmost of several major depositional centers
where very thick beds of peat were deposited during
basin filling in late Paleocene time. These major deposi-
tional centers are progressively offset north or south
across the east flank of the basin as they migrated west-
ward during late Paleocene time. This developing pat-
tern is currently being used to guide exploration for
other centers.

Coal in the Cow Creek Butte area, Little Snake River field, Wyoming

A large deposit of coal occurs in the lower part of the
Almond Formation, of Late Cretaceous age, in the
southern part of the Little Snake River coal field,
Carbon County, Wyo. Extensive geologic mapping by
C. S. V. Barclay and J. G. Honey was followed in 1981
by drilling and by chemical analyses of coal samples as
part of a cooperative project between the Conservation
and Geologic Divisions. The deposit under investigation
lies in the Cow Creek Butte area in the southeastern
part of the Baggs 15-minute quadrangle; it contains
660 million t of demonstrated coal resources in the Al-
mond Formation. Analyses indicate that the principal
beds, at least 1.3 m thick, are subbituminous A in rank
and average 5.5 percent ash and 0.7 percent sulfur. The
heat value averages 10,500 Btu’s per pound.

Coal correlation in the Carbondale quadrangie, Colorado

Coal zones and, to a lesser extent, coal beds within the
Carbondale quadrangle, Colo., were correlated and inter-
preted by Margaret Ellis, V. L. Freeman, and J. R. Don-
nell, who used stratigraphic sections measured by J. R.
Donnell, E. R. Landis, and Walter Hallgarth; electric
logs from oil, gas, and coal exploration drilling pro-
grams; and private data from several sources. The coal
beds are assigned three zones, each of which lies above a
major sandstone unit in the Upper Cretaceous Mesa-
verde Formation. The zones, from oldest to youngest,
are the Wheeler coal zone (Fender and Murray, 1978),
South Canyon group (Collins, 1976), and Coal Ridge
group (Collins, 1976). The Wheeler is the most persist-
ent, correlatable, and economic of the zones, whereas
the Coal Ridge group is the most erratic. In the western
part of the quadrangle the coal zones coalesce and are
not individually recognized. The eastern boundaries of
the coal zones correspond to the strand lines proposed
by Zapp and Cobban (1960).
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Stratigraphic relations in Upper Cretaceous rocks of the Chaco area,
New Mexico

Stratigraphic studies in the Chaco Culture National
Historical Park by J. W. Mytton show intertonguing of
the Upper Cretaceous Menefee Formation and the over-
lying Cliff House Sandstone. Coastal Plain deposits of
the Menefee, which include coal and carbonaceous shale,
lens out laterally into marine sandstones of the Cliff
House, identified as lower and upper shoreface deposits.
Three distinct lower shoreface sandstone tongues of the
Cliff House are in the area, and reconnaissance to the
southeast indicates their continuation throughout
Chacra Mesa into the Chaco Mesa 1-degree by
1/2-degree quadrangle. The lowermost of these sand-
stone tongues forms the imposing cliffs above the
Anasazi ruins in the park.

INDIAN RESERVATIONS
Coal in the northeastern part of the Crow Indian Reservation, Montana

The northeastern part of the Crow Indian Reservation
is about 420 km? and is located on the northwest flank
of the Powder River Basin in southeastern Montana.
Three economically important coal beds, in ascending
order, are the Robinson, McKay, and the Rosebud,
located in the slightly northeast-dipping strata of the
Tongue River Member of the Paleocene Fort Union For-
mation. Information from drill holes and field investiga-
tions in 1981 by L. N. Robinson and A. J. Zdzinski
shows 20 northeast- or east-trending normal faults. The
faults range from 1.2 to 4.8 km in length and displace
the coal-bearing strata vertically as much as 90 m.

Samples collected from the three major coal beds and
analyzed on an as-received basis have an average heat-
ing value of 4,640 kcal’kg, an average sulfur content of
about 1 percent, an average ash content of about 11 per-
cent, and a moisture content of about 25 percent.

Lignite deposits in the Fort Peck Indian Reservation, Montana

A study to delineate and appraise coal deposits in the
Fork Peck Indian Reservation, northeastern Montana,
was begun in 1978 by H. H. Arndt and J. K. Hardie.
Previous investigations indicated that potentially
recoverable lignite was preserved at widely scattered
localities within a 2,600 km? area underlain by the lower
Tertiary Fort Union Formation in the eastern part of
the reservation. The relation of these known coal
deposits to each other and to other unknown coal de-
posits was little understood. An extensive coal explora-
tory drilling program, during which 98 exploratory

holes and core holes were drilled in the eastern part of
the Fort Peck Reservation, was completed in 1980 and
was followed by detailed and reconnaissance geologic
mapping in 1981. Study of information derived from the
exploratory drilling and geologic mapping has shown
that the coal-bearing sequence includes at least 10 beds
of lignite ranging from 1 to 4 m in thickness. Several
potentially economic lignite deposits covering wide-
spread areas in the eastern part of the Fort Peck Reser-
vation have also been delineated.

Coal resource assessment of the Wind River Indian Reservation,
Wyoming

Detailed mapping, drilling, and examination of the
logs of oil and gas wells in the Wind River Indian Reser-
vation by J. E. Windolph, Jr., N. L. Hickling, and R. C.
Warlow, indicate that coal occurs in the Mowry Shale
and Frontier, Mesaverde, Meeteetse, Fort Union, and
Wind River Formations of Cretaceous and Tertiary age.
Most of the coal is of subbituminous rank, although
several samples from outcrops of the Frontier and
Mesaverde coals are of bituminous rank. One sample
obtained from a development gas well at a depth of
2,100 m in the Meeteetse Formation also is of bitumi-
nous rank.

Coal beds in the Mowry, Fort Union, and Wind River
are thin and impure, but seven beds in the Frontier,
Mesaverde, and Meeteetse range from 0.8 to 6 m in
thickness. These thicker coal beds are estimated to con-
tain 4.8 billion t to a depth of 2,000 m and an additional
0.6 billion t of coal between 2,000 and 4,000 m. The
deepest coal bed lies 4,500 m below the surface.

Frontier and Mesaverde coal beds were deposited in
near-shore deltaic environments subjected to transgres-
sive and regressive movements of the sea. During
Meeteetse time sedimentation was controlled and in-
fluenced by an uplift paralleling the Owl Creek Moun-
tains and by rapid subsidence along the central axes of
the present basin; the Meeteetse Formation is as thick
as 1,200 m. The formation contains more than 100 coal
beds, most of which were not included in the resource
estimates because of insufficient data points. In the
deeper part of the basin these beds have a cumulative
thickness of more than 50 m. Major unconformities de-
veloped at the beginning of Lance, Fort Union, and
Indian Meadows times.

Volcanic activity was intermittent and the strati-
graphic section contains many tonsteins, ash beds, ben-
tonites, and tuffaceous beds. A mafic dike 3 km long is
conspicuous near Winkleman Dome.

Structurally, the coal-bearing formations are princi-
pally in a large, complexly deformed synclinal trough
plunging to the southeast. The northeastern limbs of
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many component synclines dip steeply, are locally over-
turned, and are cut by faults. Another large synclinal
trough is completely concealed beneath unconformably
overlying rocks of Indian Meadows age. Drilling indi-
cates that this later trough contains coal beds in the
Mesaverde Formation at depths greater than 2,000 m.

Coal resources in the Ramah Indian Reservation, New Mexico

Coal resources of the Ramah Reservation, N. Mex.,

are in 12 identified Upper Cretaceous beds or zones in
the basal part of the Crevasse Canyon Formation, in the
middle part of the Gallup Sandstone, and in the member
near Carthage of the sandstone of Tres Hermanos,
according to D. E. Ward and W. J. Mapel. The thickest
coal beds and the only ones that have potential for de-
velopment are in the lower 6 m of the middle coal-
bearing part of the Gallup Sandstone in a 5-7 km wide
belt that extends for at least 10 km southeastward
across the west-central part of the reservation. Coal
beds at this stratigraphic level have an aggregate thick-
ness of 1-2 m within the reservation. Coal beds in the
middle part of the Gallup Sandstone coalesce at the
western edge of the reservation to form a single bed
2.2m thick. A preliminary coal resource estimate in-
dicates that about 30 million t of bituminous coal are
contained in beds more than 36 cm thick within the
reservation.
* Deposition between Gallup, N. Mex., and the reserva-
tion was controlled, in general, by a uniform climate,
base level, and availability of eroded source material.
The sedimentary sequence along the depositional strike
is as a result generally similar. Geologists have meas-
ured many stratigraphic sections along the depositional
strike; these sections provide a depositional model that
can be used to determine where coal might be expected
in the reservation.

Coal resources in the Alamo Band Navajo Indian Reservation, New
Mexico

Geologic studies and coal resource assessment of the
Alamo Band Navajo Indian Reservation in Socorro
County have been cooperatively conducted by the New
Mexico Bureau of Mines and Mineral Resources and the
U.S. Geological Survey. J. C. Osburn, of the New Mex-
ico Bureau, reports that the demonstrated coal re-
sources of the reservation total about 31 million t of
high volatile A bituminous coal; about 65 percent is
under less than 45 m of overburden.

PALEOBOTANY
Peat petrology and aspects of coal formation in the Everglades, Florida

As part of a comprehensive study of the peat deposits
in the southern Everglades and mangrove forests of
south Florida, C. C. Silber studied the peat petrography
in regional cross sections to identify plant species, inter-
pret the environments of deposition, and describe any
trends in degradation from plant to peat that comprise
the initial processes in the formation of coal.

The four regionally dominant plant species in the
Everglades are red mangrove (Rhizophora mangle) and
black mangrove (Avicennia nitida) in the tidal zone,
water lily (Nymphaea odorata spp.) in freshwater
sloughs, and sawgrass (Mariscus jamaicensis Crantz.) in
freshwater marshes. The investigator prepared 255 thin
sections, 10 to 20 mm thick, by standard botanical
methods from 171 samples taken at intervals of 10 to
15 cm in 22 cores that ranged from 0.3 to 1.2 m long, 14
of them from freshwater peat and 8 from saline or brack-
ish peat. Because the same plant species predominate
throughout these sections, it is suggested that the envi-
ronments of deposition during the approximately
5,000 yr represented in the peat were like those of
today.

Four aspects of the peat, as seen in thin section, sug-
gest transformation toward coal. The first three, break-
down of plant materials (such as thinning of cell walls
and digestion of tissues by bacteria and fungi), change
in shape of the plant remains (such as the flattening of
round to oval rootlets), and reduction of space within
and between plant fragments, result in compaction. The
last aspect is change of color, which includes both dis-
crete blackening and gradational darkening.

Point-counting of constituents of the peat, from the
ground surface to the base of the peat, including space
between fragments of tissue, reveals an overall trend of
increase in degradation of plant tissues, an increase in
flattening of tissues, a decrease of porosity, and an
increase of dark color. There is, however, considerable
variation of each aspect both within and between cores.

intertonguing of the Blackhawk Formation and Star Point Sandstone,
Wasatch Plateau, Utah

Intertonguing of the lowermost part of the coal-
bearing Blackhawk Formation and the uppermost part
of the marginal marine Star Point Sandstone, both of
Late Cretaceous age, has been mapped in the central
and southern parts of the Wasatch Plateau by J. D.
Sanchez, L. F. Blanchard, T. L. Brown, W. J. Muldoon,
W. E. Marley, and R. F. Flores. The intertonguing rela-
tion caused a progressive steplike southwestern offset
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of the Blackhawk coal beds. The tongues of the Star
Point Sandstone represent episodic northeasterly paleo-
shoreline transgressions of the Upper Cretaceous epeiric
seaway. The development of these sandstone tongues
affected the geometry, lateral continuity, and thickness
of the associated Blackhawk coal beds.

Mapping and exploration of potentially economic coal
beds and sandstone tongues in the lowermost part of
the Blackhawk Formation will help identify the location
of thicker coal beds. Knowledge of coal bed distribution
can assist the exploration geologist in determining a
coal bed’s geometry. Analysis of economic coal beds
associated with the marginal marine sandstone tongues
shows that such coal beds trend parallel to the paleo-
shoreline and may be thicker to the landward side of the
sandstone tongues. Delineation of such coal beds, in
conjunction with current exploration and development
of Blackhawk coal beds in the study area, is a primary

target of drilling programs.

Coal resources of the Canoncito Indian Reservation, New Mexico

Coal resources of the Cafioncito Indian Reservation,
located about 50 km west of Albuquerque, N. Mex.,
were studied by Annabel Olson and estimated to be
about 100 million t. The coal beds are of Cretaceous age
and are in the Gibson Coal Member of the Crevasse Can-
yon Formation and possibly in the Menefee Formation.
The reservation is partly in the San Juan Basin on the
west and the Rio Grande trough on the east. The San
Ysidro monocline and associated faults, down to the
east, form the boundary and have a combined structural
relief of more than 610 m. In the Rio Puerco fault zone,
incomplete stratigraphic sections of coal-bearing rocks
have been preserved in downfaulted blocks. As a result
of the faulting and a cover of soil, alluvium, colluvium,
and wind-blown deposits, a complete sequence of Creta-
ceous rocks does not crop out, the facies changes in the
coal-bearing sequence, and associated rocks are not
readily apparent.

Coal deposits and associated strata in the southern
part of the San Juan Basin record the existence of an
oscillating shoreline of the Cretaceous epicontinental
sea. In the reservation the sea lay to the northeast and
the shoreline trended northwest. The Dalton Sandstone
Member of the Crevasse Canyon Formation and the
Point Lookout Sandstone both record a retreat of the
shoreline. Landward, plants that were predecessors of
coal accumulated in low, swampy areas, and fluvial
sand, silt, and mud were deposited. Each of these lithol-
ogies is preserved in the Gibson Coal Member of the Cre-
vasse Canyon Formation and the Menefee Formation.

COAL GEOCHEMISTRY

Peat from the Everglades: a study of the origin of coal and natural gas

Three cores of peat from the Everglades, each about
1 m long and representing accumulation over a period of
about 5,000 yr, have been studied in detail by I. A.
Breger, P. G. Hatcher, J. L. Zelibor, M. R. Krasnow,
and J. C. Chandler to ascertain the fate of each major
plant chemical constituent during the early stages of
coalification. The following conclusions were reached:
(1) the methoxyl content of the peat is constant to a
depth of about 40 cm, this fact indicating the stability
of lignin; and (2) there is no clear relation between humic
acid and humin. Chemical analyses do not indicate
whether the humic acid condenses to form humin,
whether the humin breaks down to form humic acid, or
whether the humic acid and humin are derived, in part
or totally, from different sources.

Microbiological studies with methanogenic bacteria
in the laboratory have shown that the rate of evolution
of methane from several areas of the Everglades ranges
from 2 to 13 millimoles CH,/g of peat per day. Cellulose
isolated from the peat has been shown by nuclear
magnetic-resonance studies to contain, as an impurity,
an insoluble paraffinic component. This latter material
has been found to be a general component of humic
substances and is currently under study to establish its

origin,

The origin of primary pyrite in coal by bacterial diagenesis of organic

sulfur

In previously reported studies of sulfur distribution
in Everglades peat, Z. S. Altschuler, M. M. Schnepfe,
and C. C. Silber (1980) reported a consistent regional
relationship in which pyrite is generated at the expense
of the ester-sulfate content of the organic matter. They
attributed this to the bacterial reduction of ester-sulfate
to H,S during the degradation of organic matter by
heterotropic anaerobes. Further studies during 1981
revealed a more specific linkage of the reduction of
ester-sulfate to dissimilatory respiration by sulfur-
reducing bacteria incident to their biodegradation of the
peat, rather than to general bacterial or chemical
hydrolysis of ester-sulfate. This conclusion is derived
from the investigation of mangrove peat cores in which
pyrite accumulates at shallow depth and declines at
greater depth. In such cases, the ester-sulfate content
remains inversely related, declining where pyrite ac-
cumulates and increasing again at greater depth.

These findings of generation of pyrite across a major
swamp by the conversion of organic oxy-sulfur com-
pounds afford an explanation of the primary genesis of
pyrite in coal and organicrich sediments and suggest
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that the residual organic sulfur in coal is largely carbon-
bonded and highly-reduced sulfur. This paragenesis also
provides an explanation for the preferred tissue-bound
association of framboidal pyrite in peats and recent
sediments.

Solid-state *C nuclear magnetic resonance studies of coalified logs

P. G. Hatcher, I. A. Breger, N. M. Szeverenyi, and
G. E. Maciel (Colorado State University) have examined
coalified logs ranging from Pennsylvanian to Miocene
by solid-state *C nuclear magnetic resonance (NMR) by
using the technique of cross polarization and magic-
angle spinning. Samples of exhumed logs of Holocene
age were also examined by using this technique. NMR
spectra of these logs were obtained at the Colorado
State University as part of a USGS grant to G. E.
Maciel and at the National Bureau of Standards by
W. L. Earl. The results of this study indicate that coalif-
ication of wood to the rank of high volatile bituminous
coal involves at least three major changes in its
chemical composition. The first change involves
hydrolysis and removal of cellulose with concomitant
concentration of lignin. The second change involves
chemical alteration of lignin, whereby methoxyl groups
and C; sidechains are lost and the lignin becomes
depleted in hydrogen. Lignitic coalified wood, a product
of these two changes, is formed directly from the lignin.
The third change is the conversion of lignitic coalified
wood to high-volatile bituminous coalified wood via the
loss of oxygen functional groups. Soluble, oxygen-rich
humic acids are formed as products of these chemical
changes and are mobilized and transported from the
coal, thereby providing an effective mechanism for the
removal of oxygen during this stage of coalification.
This mechanism for coalification contradicts current in-
terpretations which suggest that humic acids are in-
termediate reactants in the formation of coal.

Authigenic quartz in coal

A cathodoluminescence (CL) investigation of quartz
in the Upper Freeport coal bed, conducted by L. F.
Ruppert and C. B. Cecil, has shown that most of this
quartz is authigenic in origin and not detrital. Quartz
derived from igneous, metamorphic, and hydrothermal
sources luminesces in the visible range of light, whereas
authigenic quartz does not; as a consequence, cath-
odoluminescence can be used to determine the origin of
quartz in coal. A scanning electron microscope and an
electron microprobe, both equipped with cathodolumi-
nescence detectors, were used to examine quartz from
various lithotypes in polished blocks of the Upper
Freeport coal bed and in standard ASTM pellets

prepared from float-sink separates from bench samples.
More than 80 percent of the quartz in both mineral-rich
bands and vitrinite-rich bands in the polished blocks did
not exhibit cathodoluminescence. In the float-sink
separates, 100 percent of the quartz examined in the
light specific-gravity fraction (1.275 float) and 60 per-
cent of the quartz in the heavy specific-gravity fraction
(1.800 sink), which included shale-parting material, did
not luminesce. In contrast, more than 90 percent of the
quartz in a sample of shale directly overlying the coal
bed did luminesce. These results indicate that most of
the quartz in the Upper Freeport coal bed is, therefore,
authigenic in origin. The authigenic quartz is believed to
be crystallized from amorphous silica originally con-
tained in plant matter. Determination of the origin of
minerals such as quartz is essential to the successful
prediction of coal-quality variations as related to quartz
in resource assessment.

The origin of carbonate minerals in the Upper Freeport coal hed

Calcium carbonate in the Upper Freeport coal bed in
west-central Pennsylvania was deposited in at least two
and perhaps three or four stages. On the basis of isotope
and other data, C. B. Cecil, E. C. Spiker, and F.T.
Dulong have postulated that the first stage of car-
bonate genesis was associated with carbon dioxide pro-
duction resulting from bacterial sulfate ion reduction.
The earliest carbonate tends to be isotopically light,
about 6"C 10 o/oo, and occurs as finely disseminated
particles within macerals. A second stage of carbonate
formation was associated with methanogenesis. The
second-stage carbonate tends to be isotopically heavy
(6'*C+8 to +24 oloo), and occurs mainly on cleat sur-
faces and as cleat filling. On the basis of both carbon
and carbon isotope values, it is thought that a third
possible stage of carbonate genesis may have been
associated with coalification. Carbonate derived from
coalification would have carbon isotope values similar
to carbonate generated during bacterial sulfate reduc-
tion. Preliminary oxygen isotope values, also deter-
mined in this study, suggest temperatures of formation
for the carbonate containing isotopically light carbon
consistent with early carbonate from sulfate reduction
and late carbonate from coalification. On the basis of
available data, Cecil and his associates believe that the
carbonate minerals in the Upper Freeport coal were
derived directly from processes operating within the
coal bed and not from external sources.

Tonsteins in the C coal hed, Emery coal field, Utah

D. M. Triplehorn and B. F. Bohor studied the ton-
steins (kaolinitic partings in coal) in the C coal bed of
the Ferron Sandstone Member of the Mancos Shale in
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the Emery coal field in central Utah. Previously, Ryer
and others (1980) had shown the existence of these ton-
steins and had proven them to be volcanic in origin.
These authors also had determined how these isochro-
nous markers could be used to demonstrate the develop-
ment of the ancestral swamps and to divide the coal bed
into time-equivalent sequences useful in guiding sam-
pling for coal quality and trace elements.

Triplehorn and Bohor (1981) found that diagenetic
alteration in the coal bed of the glassy volcanic ash to
clay minerals was a function of bed thickness as well as
chemical conditions in the sedimentary environment,
Thin beds of tuff (less than 15 cm thick) in this coal bed
are altered to kaolinite throughout, whereas thick tuff
beds (greater than 15 cm in the C coal) were altered to
kaolinite in their upper and lower parts but are a mix-
ture of kaolinite and smectite in their central part. This
relation suggests that mineralogical changes during
diagenesis were controlled by water flushing, a function
of bed thickness. Thus, the mineralogy of thin altered
tuffs in coal beds can be used as an indicator of the con-
ditions in the sedimentary environment (paleosalinity).
Conversely, the mineralogy of thick, altered tuff beds
has more complex origins,

Analyses of samples from the Vermillion Creek coal bed, Sweetwater
County, Wyoming

R. W. Stanton, J. A. Minkin, and T. A. Moore ana-
lyzed samples from three drill cores of the Vermillion
Creek coal bed and associated stratigraphic units in
Sweetwater County that were obtained as part of a field
investigation conducted by H. W. Roehler. On the basis
of maceral and chemical composition and megascopic
differences, 26 samples were grouped into facies and
correlated between cores. Analyses consisted of deter-
minations of maceral compositions, vitrinite reflect-
ances, chemical compositions determined through use
of the electron microprobe, densities, and ash and sulfur
contents.

The samples of the Vermillion Creek coal bed contain
an average 81 percent vitrinite, 7 percent exinite, 1 per-
cent inertite, and 11 percent mineral matter, on a whole
coal basis. This coal bed has an unusually high content
of gelocollinite and desmocollinite, submacerals of the
vitrinite group. The principal exinite maceral is resinite.

The average organic-sulfur content of the Vermillion
Creek coal bed is 4.3 weight percent, which was con-
firmed by electron-microprobe analyses of selected
samples. This is the highest organic-sulfur content re-
ported for any freshwater coal bed in the United States.

Variations in the densities of Vermillion Creek coal
samples were determined to be primarily a function of
their ash content. The average ash content of the coal
samples is 15 weight percent, which corresponds to a
density of approximately 1.47 g/cm?®.

Formation of the Vermillion Creek peat occurred in a
lacustrine environment. Interstitial waters in the peat
had an above-neutral pH and contained high concentra-
tions of reducible carbonate and sulfate ions; inter-
bedded calcite and the high organic and pyritic sulfur
contents of the coal samples demonstrate this.

Chemical composition of gulf coast lignites

The chemical composition of 116 gulf coast lignite
samples has been determined; the determinations were
made for 10 oxides and 29 trace elements, as well as
proximate analysis, ultimate analyis, heat values, forms
of sulfur, and ash deformation temperatures. The lignite
beds range from Paleocene to Upper Eocene; 23 samples
are from the Wilcox Group in Texas, 15 from the
Calvert Bluff Formation of Plummer (1933) in Texas, 31
from the Wilcox Group in Arkansas, 20 from the Clai-
borne Group in Tennessee, 6 from the Wilcox Group and
1 from the Claiborne Group in Mississippi, 9 from the
Naheola Formation of the Midway Group in Alabama,
and 8 from the Tuscahoma Formation of the Wilcox
Group in Alabama.

The lignite samples contain from 4 to 5 times the con-
centrations of boron, manganese, and niobium found in
Appalachian bituminous coal samples, whereas the con-
centration of other elements is similar to those found in
bituminous coal. The geometric means for major and
minor oxides in lignite ash indicate that SiO, is higher in
the lignite beds from the northern part of the gulf coast
embayment; Fe,O; and K,O are higher in its eastern
part, and TiO, is higher in its western part (Oman and
others, 1982). There is a notable increase in moisture
from the western part of the embayment to the eastern
part. The heat values are higher in the Texas lignites
and decrease eastward.

Use of Mossbauer spectroscopy to identify iron-sulfide minerals in coal

The responsive emission spectra from gamma-ray ir-
radiation of iron-bearing minerals indicate the valence
and lattice orientation of their contained *Fe ions in a
technique known as Maossbauer spectroscopy. B. J.
Evans, R. G. Johnson, F. E. Senftle, C. B. Cecil, and
F.T. Dulong (1982) investigated the potential of using
the technique to identify the iron sulfide minerals con-
tained in coal, mainly pyrite and marcasite, and also of
measuring the relative amounts of these two minerals in
any given coal. Evans and his colleagues first obtained
the spectra of 18 pyrite and 12 marcasite specimens, all
collected from inorganic rocks or mineral deposits, and
determined that the spectral ranges of each mineral,
where pure, were sufficiently distinctive to permit

| positive identification. The spectral ranges were
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broader, however, where the mineral lattices contained
other elements such as arsenic.

This study was followed by examination of the spec-
tra of mechanical mixtures of pyrite and marcasite to
establish the quantitative and qualitative accuracy of
Méssbauer analysis. Although the spectra are distinct,
they do require least-squares computer fittings to ob-
tain the final data, which are limited to accuracies rang-
ing from +5 to 15 percent as compared to the spectra
of the pure phases.

Results from testing coals with Méssbauer spec-
troscopy will be useful in establishing the geochemical
environments that prevailed during the deposition of
these minerals in the original peat swamps or in the
resulting coals.

OIL AND GAS RESOURCES
ALASKA
Hydrocarbon potential of Norton basin, Alaska

From regional geology and patterns of seismic reflec-
tion, mainly nonmarine rocks were interpreted by M. A
Fisher, W. W, Patton, Jr., and M. L. Holmes to lie at
depth in the Norton basin. Condensate and gas are con-
sidered the most likely hydrocarbons to have been
generated from such rocks. Basement rocks were nested
and deformed about 50 m.y. before the basin began to
develop, so they are not likely to contain source rocks
for hydrocarbons. Potential source rocks probably are
present only in the basin fill, and they make up only
10 percent of the total basin volume,

Preliminary results from gravity modeling suggest
that the Earth’s crust thinned as the Norton basin
formed. Thus, heat flow through the basin may have
been higher than the average heat flow through con-
tinental areas and may have caused hydrocarbon
generation.

Time and degree of thermal maturity of rock units in NPRA

The North Slope of Alaska, which contains some of
the largest oil reserves in the United States, lies on the
southern flank of a ridge system that rifted during
Early Cretaceous time to form the Canada basin on the
north and to deepen the east-west-trending Colville
trough on the south. The Barrow arch, the southern
flank of the rifted ridge, forms a regional high between
the Canada basin and the Colville trough. The arch,
which trends west-northwest, has been a focus for
migrating oil from Early Cretaceous through Cenozoic
time. Previous work identified at least two types of oils

associated with the arch and several probable source-
rock units for at least one of these two oils. Even though
potential source-rock units occur in the Colville trough
and in places drape over the Barrow arch, the time and
geographic locale of oil generation remain in doubt.

Temperature-sensitive analytical data and observed
temperatures were used by L. B. Magoon and G. E.
Claypool to determine the threshold of oil and gas
generation, and Lopatin’s method was used to deter-
mine the time of maturity for sourcerock units
penetrated in the Inigok No. 1 well. Vitrinite reflect-
ance, gas wetness (percent C,-C/C,-C)), and present
subsurface temperatures were compared along two
regional cross sections: a north-south cross section from
the Barrow arch to the Colville trough and a west-east
cross section from the South Barrow gas field through
the Kuparuk and Prudhoe Bay oil fields to the western
edge of the Wildlife Range. These three types of data
are in general agreement for comparable thermal
history along the two cross sections. However, where
uplift has occurred, high vitrinite reflectance and
associated high gas-wetness values are present at much
shallower depths than would be expected from present
subsurface temperatures. Thermal maturity data also
suggest that oil and gas in the Barrow oil field have
undergone long-distance migration, because organic
matter in shales for some distance from the field is ther-
mally immature.

In the Inigok No. 1 well, good agreement was found
between temperature-sensitive analytical data and pres-
ent temperatures for the onset of oil generation and for
the wet-gas preservation deadline. This agreement sug-
gests that the sedimentary rocks encountered in the
well are near maximum depth of burial and never were
more deeply buried. Using time-temperature index
(TTI) values that correspond to the measured vitrinite
values in conjunction with burial curves of selected
stratigraphic horizons, the investigators calculated the
geothermal gradients that prevailed during geologic
time for the Inigok locality. The observed vitrinite re-
flectance versus depth-age profile requires lower geo-
thermal gradients (28° C/km) during the Tertiary, and
higher geothermal gradients (50° C/km) throughout the
late Paleozoic and prior to the Early Cretaceous. The
time of the decrease in thermal gradient coincides with
the time of rifting.

GREAT PLAINS AND ROCKY MOUNTAIN BASINS
Diagenesis and gas generation in Gammon Shale, northern Great Plains
Investigations by D. L. Gautier (1982) indicated that

important aspects of the early diagenetic history of the
gas-bearing Upper Cretaceous Gammon Shale can be
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interpreted from mineralogic, textural, and isotopic
data from authigenic carbonates. The consistent rela-
tions between volume percent siderite and 60 in
siderite concretionary cements suggest that time and
(or) relative depth and, in some cases, approximate ac-
tual depth of concretion formation can be estimated.
These estimates give the minimum depth for depletion
of sulfate dissolved in pore water and for onset of
methane generation. Minimum depths were controlled
largely by sedimentation rate and therefore varied from
place to place and with time during Gammon deposi-
tion. In regions of or during times of relatively rapid
sediment accumulation, large quantities of reactive,
metabolizable organic matter became available for
methane generation. In contrast, where and when sedi-
ment accumulated slowly, siderite precipitation and
methane generation did not begin until long after
deposition and after significant sediment compaction.
In these sediments, much, if not most, available
metabolizable organic matter was consumed by aerobic
oxidation and sulfate-reducing bacteria and thus was
not available for methane generation.

Effect of clay on gas production data from Gammon Shale, Williston
basin

D. L. Gautier, H. C. Starkey, and K. 1. Takahashi
found that in the Upper Cretaceous Gammon Shale, a
hydrocarbon source bed and gas reservoir rock in North
Dakota, variations in cation exchange capacity, clay
hydration, and sensitivity to drilling muds are due to
differences in mixed-layer illite-smectite clay content.
These differences may affect drill-log response and give
adverse production information without influencing gas
production capacity. Therefore, possible producing
zones may have been overlooked during exploration,
and resources estimates that are too low may have been
made.

Geochemical prospecting over Bell Creek oil field, Powder River Basin

Investigations by M. C. Dalziel and T. J. Donovan

suggested that petroleum microseepage is a cause of
chemical and isotopic changes in surface and near-
surface rocks and soils. The reducing environment
brought about by the presence of hydrocarbons induces
reduction and mobilization of iron and manganese.
These elements, essential for plant growth, are assim-
ilated in the reduced divalent state and are found in
anomalously high concentrations in pine needles and
sage leaves overlying the Bell Creek oil field, a large
stratigraphic trap in the Power River Basin of south-
eastern Montana.

Reduction of hydrated iron oxides and (or) hematite to
form magnetite is also a consequence of petroleum

microseepage. High-wave-number magnetic anomalies
at Bell Creek field are interpreted to reflect increased
amounts of diagenetic magnetite in near-surface rocks.
Correlation between these preliminary biogeochemical
and aeromagnetic studies suggested that changes in
transition-element chemistry attributed to petroleum
microseepage in surface rocks and soils also may be a
useful indicator of oil fields.

Geochemistry of oils from Pennsylvanian and Lower Permian Minnelusa
Formation, Powder River Basin

Oil was sampled from the upper member of the Min-
nelusa Formation in the Raven Creek, Dillinger Ranch,
and Reno oil fields (Wyoming) and from the middle
member of the Minnelusa in the Buck Creek, Leimser,
Lance Creek, Red Bird, Pine Lodge, and Indian Creek
oil fields (Wyoming and South Dakota). A preliminary
evaluation of the geochemical data—such as weight-
percent organic carbon, 6*S, §**C, thermal analysis, and
distribution of gasolinerange hydrocarbons—gathered
from these oil samples suggested to R. T. Ryder and
J. L. Clayton that the Minnelusa oil in all but one of the
fields was derived from a Paleozoic source. At present,
however, it cannot be determined whether the Minne-
lusa oil was derived from Pennsylvanian black shale in
the middle member of the Minnelusa Formation, from a
more distant black shale in the Phosphoria Formation,
or from both sources. Qil extracts from Minnelusa and
Phosphoria black shales are geochemically similar to
one another and to the Minnelusa oil and thus do not
help resolve the problem. The oil sample from the Lance
Creek field is significantly different from oil samples in
the other eight fields and is attributed to a Cretaceous
source.

Sedimentologic and diagenetic history of reservoirs in Niobrara Forma-
tion, Denver Basin

The Niobrara Formation, which is a target of hydro-
carbon exploration from Colorado northward to the
Canadian border, was studied in the Denver Basin by
R. M. Pollastro, P. A. Scholle, and M. A. Arthur. Along
the eastern flank of the Denver Basin, biogenic gas is
found in thermally immature strata at depths of 270 to
850 m. Westward and deeper into the basin, however,
the rocks are thermally mature and were capable of
generating oil at time of maximum burial. Minor
amounts of oil have been produced from fractured car-
bonate rocks in those areas. 1

Porosity and isotopic composition of the chalks are
consistently related to burial depth (or paleoburial
depth) and thermal history. Initial porosities of 60 per-
cent or more were reduced to approximately 25 percent
with 1 km of burial depth and to less than 10 percent
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with 2 km or more of burial depth. Whole-rock oxygen
isotopic values reflect these changes.

The compositions of bentonite beds and insoluble
residues from the chalks also reflect progressive trans-
formation with increased burial depth and porosity loss.
Although the starting composition of mixed-layer illite
smectite clay (I/S) in chalk residues is highly variable,
its expandability range is increasingly more limited
with greater burial. A systematic increase in illite-type
layers in I/S of bentonites, as well as the transformation
from random to ordered I/S, was noted in more deeply
buried samples. A regularly interstratified chlorite-
smectite (Ch/S) is also formed in aluminous bentonites
at elevated temperatures and pressures during deep-
burial conditions (>100° C). The occurrence of ordered
I/S and Ch/S in bentonites can be used as relative geo-
thermometers, which, in several cases, indicate that
strata in the Denver Basin in the past were either more
deeply buried and (or) were subjected to paleogeother-
mal gradients higher than those of the present.

Origin of natural gases in San Juan Basin

Large resources of mainly nonassociated natural gas
(0.65 trillion m?) are present in the central part of the
San Juan Basin, a roughly circular, asymmetric struc-
tural depression situated in northwestern New Mexico
and southwestern Colorado. The major producing inter-
vals are stratigraphic traps in the Cretaceous Dakota
Sandstone, Mesaverde Group, and Pictured Cliffs Sand-
stone. Lesser amounts of oil and (or) gas are produced
from Pennsylvanian, Jurassic, and Cretaceous rocks
along the southern and western flanks of the basin.

The chemical and isotopic composition of natural gas
was tabulated by D. D. Rice from 73 producing inter-
vals throughout the basin. The gases generally tend to
become isotopically heavier (6°C, values range from —49
to —31 ofoo) and chemically drier (C,/C, , values range
from 0.75 to 0.99) with increasing depth. These changes
are related to the extent of thermal cracking processes,
which are controlled by temperature and depth of
burial. With increasing levels of maturation, the organic
matter in the source rocks becomes increasingly
depleted in "*C. Also, the content of C,, hydrocarbons
first increases with the generation of fluid hydrocarbons
and then decreases as heavier hydrocarbons are de-
stroyed by thermal cracking processes.

In addition to their general variation with depth, the
gases become isotopically heavier and chemically drier
regionally in a northeast direction. This regional varia-
tion is interpreted to be the result of greater burial
depths and higher levels of maturity toward the north-
east in the past. This maturation is reflected by changes
in the rank of coal beds in the Upper Cretaceous

Fruitland Formation, which directly overlies the Pic-
tured Cliffs Sandstone. The rank of coals increases from
high-volatile B bituminous to medium-volatile bitumi-
nous northward across the basin.

Gas in the Upper Cretaceous Gallup Sandstone in the
southern part of the San Juan basin is associated with
oil and is isotopically lighter and chemically wetter than
nonassociated gas at comparable levels of maturation.
The presence of oil and the composition of the gas sug-
gest the probable existence of source rocks containing
sapropelic organic matter in the Gallup Sandstone. The
lack of oil in the central part of the basin suggests that
Cretaceous source rocks contain primarily humic
organic matter there.

WESTERN OVERTHRUST BELT
Oil and gas resources of Western Overthrust Belt

The Western Overthrust Belt has now been recog-
nized as the most promising oil and gas exploration
frontier in the onshore United States, according to R. B.
Powers. Since 1975, more than 20 new fields were dis-
covered in the Wyoming-Utah-Idaho segment of the
thrust belt, at least eight of which are of giant size
(>100 million bbl of oil or >1 trillion ft* of gas). The
three new small fields that were discovered in the
Montana segment in 1980-81 indicate a smaller but still
promising resource potential there. The Sevier segment
in central Utah experienced a considerable increase in
wildcat drilling activity, including a small wildcat
discovery in the Middle Jurassic Entrada Sandstone.
The southern Arizona-southwestern New Mexico seg-
ment has had a slight increase in drilling and seismic ac-
tivity, but no discoveries have yet been made.

Middle Paleozoic history interpretation as an aid to Western Overthrust
Belt petroleum exploration

The Middle Devonian to Late Mississippian history of
the Western Overthrust Belt region has been studied by
C. A. Sandberg, R. C. Gutschick, F. G. Poole, and W. J.
Sando, USGS, and J. G. Johnson (Oregon State Uni-
versity) and interpreted to consist primarily of two
eustatic (transgressiveregressive marine) cycles. The
interpretation was made by using a series of thickness,
lithofacies, and paleogeographic maps, the intervals or
horizons of which are dated mainly by conodonts. The
conodont zonation includes 28 high-resolution Upper
Devonian conodont zones (all but one having a timespan

.of ~0.5 m.y.) and 10 moderate-resolution Mississippian

zones (each having a timespan of ~1.5 or ~3 m.y.). A
Middle to Late Devonian eustatic cycle, which lasted
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~17 m.y., comprises a sequence of 12 numbered events.
This cycle was followed by event 13, an episode of con-
tinental stability, and event 14, the incipient highland
phase of Antler orogeny. An Early to Late Mississip-
pian eustatic cycle, which lasted ~19.5 m.y., comprises
a sequence of 6 additional numbered events. These 20
eustatic and epeirogenic events for the Western Over-
thrust Belt are comparable to a similar sequence of
events that was used by Sandberg (1980) to date the
Antler orogeny, which is farther west. Knowledge of the
geologic history of the Western Overthrust Belt and
adjacent regions is an aid in identifying source rocks
and conduit beds and in locating petroleum reservoirs.
Moreover, the late Mesozoic Sevier thrust system is so
close and subparallel to the late Early Mississippian
shelf edge that changes in facies and competence of Mis-
sissippian rocks near this shelf edge may have helped
control the location of later thrusting.

Facies control of porosity in Mississippian gas reservoirs, northwestern
Montana

The Mississippian Madison Group is a gas reservoir
in the northwestern Montana segment of the Western
Overthrust Belt and is a correlative of Mississippian
carbonate rocks, which are major gas producers in the
Canadian foothills. In northwestern Montana, three
facies were recognized by K. M. Nichols in the upper
125 m of the Madison, an upward-shoaling carbonate
shelf sequence that is unconformably overlain by
Jurassic strata. Economically significant porosity oc-
curs within a crinoidal grainstone in the upper part of
the Madison and is controlled by eogenetic secondary
dolomitization.

The dolomitized crinoidal grainstone unit (facies C),
which is the lowest of three facies recognized in the
upper part of the Madison Group, overlies lagoonal
limestone that forms most of the group. The upward
transition from limestone to dolomite commonly takes
place in the lower part of facies C. Facies C is massively
bedded and exhibits large-scale cross stratification sug-
gestive of its origin as a subaqueous dune field.
Measured vuggy, intergranular, and intercrystalline
porosity in facies C is as high as 18 percent in surface
samples. The thickness of facies C ranges from 25 to
75 m and is inversely proportional to the thickness of
overlying facies B, with which facies C intertongues.

The two higher facies, facies B and A, reflect the up-
ward transition from an open-platform to a restricted-
platform environment. Facies B ranges in thickness
from 25 to 75 m and is a nonporous, dolomitized mud-
stone and wackestone sequence generally containing
some 1-m-thick interbeds of porous dolomitized grain-
stone. This sequence is capped by <10 m of intertidal

rocks of facies A, which is thin bedded, partly algal
laminated micritic dolomite.

Locally, facies A and part of facies B have been cut
out by pre-Jurassic folding and erosion. However, all
lateral thickness changes in facies C reflect its inter-
tonguing with facies B. Although original facies pat-
terns are greatly telescoped by thrusting, facies C is
thickest in a northeast-southwest trend that passes
through the Blackleaf gasfield.

New structural interpretation as an aid to petroleum exploration of
Snowcrest Range area, southwestern Montana

A preliminary synthesis of the tectonics, thermal
maturation, and petroleum potential of the south-
western Montana segment of the Western Overthrust
Belt, by W. J. Perry, Jr., R. T. Ryder, and E. K.
Maughan (1981), hypothesized a major northeast-
trending sub-Snowcrest Range thrust as the root zone
of the Greenhorn-Snowcrest thrust system. This in-
ferred thrust was then tested by closely constrained
gravity modeling by D. M. Kulik on the basis of data
from the Clover Divide area. Best-fit models showed
that this thrust dips about 20° northwestward with
about 17 km of northwest-to-southeast displacement.
Work with D.M. Kulik resulted in a major reinter-
pretation of the regional geology: the Greenhorn-
Snowcrest thrust system is chiefly responsible for the
yoked Blacktail-Snowcrest uplift and Ruby synclino-
rium. Preliminary reinterpretation of available paly-
nological data by D. J. Nichols helped date this Lara-
mide thrusting event as Late Cretaceous (middle Cam-
panian to Maastrichtian). Preliminary isotopic dating
(Rb/Sr) by Z. E. Peterman indicated that 2.7- to
3.0-b.y.-old crystalline rocks are involved in the hanging
wall of this major thrust 9 km east-northeast of Lima,
Mont. At least 800 km® of Cretaceous rocks and
~400 km?® of Cambrian through Triassic rocks probably
extend northwestward under the lip of the sub-
Snowcrest Range thrust, perhaps markedly affecting
the oil and gas potential of the area.

Interpretation of upper Paleozoic lineaments as an aid to petroleum
exploration in southwestern Montana

Two major upper Paleozoic lineaments that may have
important implications for oil and gas exploration were
recognized by E. K. Maughan in the southwestern Mon-
tana segment of the Western Overthrust Belt. The
Greenhorn lineament trends north-northeast from near
Bannock Pass on the Idaho State line southwest of
Lima, Mont., to the vicinity of White Sulphur Springs,
Mont. This lineament coincides for part of its course
with the Greenhorn and Snowcrest thrust faults and
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terminates at approximately normal-trending struc-
tures of the Lewis and Clark line. The Musselshell linea-
ment trends east-southeast as a possible continuation of
the Lewis and Clark line from western into south-central
Montana. It coincides in part with the east-southeast
trending course of the Musselshell River and seems to
die out in the vicinity of Billings and Hardin, Mont. The
two lineaments mark the western and northern bound-
aries of a platform called the Beartooth shelf (Peterson,
1981), a part of the Wyoming shelf that was uplifted
slightly more than adjacent parts of the Wyoming shelf
to the south.

Troughs that trend parallel to the lineaments are
called the Snowcrest trough west of the Greenhorn
lineament and the Big Snowy trough north of the
Musselshell lineament. As much as 300 m of the Upper
Mississippian Big Snowy Group occurs in these
troughs, but correlative strata on the platform are pres-
ent mainly as thin remnants of the basal Kibbey Forma-
tion and more locally as remnants of the Otter and
Heath Formations. As much as 300 m of Lower Penn-
sylvanian rocks of the Amsden Group fill the troughs
and correlative strata onlap the platforin as a blanket of
mudstone and limestone generally <40 m thick. The
relations of Upper Mississippian and Lower Pennsyl-
vanian rocks indicate that most vertical movement be-
tween platform and troughs occurred contempora-
neously with deposition of Pennsylvanian sediments.
Dying-upward norinal faults in Pennsylvanian and Per-
mian rocks, observed by W. J. Perry, Jr., within the
Snowcrest trough, and lesser differences in thickness of
Permian rocks between troughs and shelf suggest
diminishing subsidence of the troughs in latest
Paleozoic time. Petroleum source rocks, migration
paths, seals, and reservoirs have been affected by these
structural movements. Later thrusting along the Green-
horn lineament, expressed as a sub-Snowcrest Range
thrust fault, and related structures may have produced
traps for oil accumulation in southwestern Montana
(Perry and others, 1981). Fluvial and nearshore littoral
sands deposited adjacent to the Musselshell lineament
provide oil reservoirs in the Lower Pennsylvanian Tyler
Formation of central Montana.

Interpretation of Cretaceous stratigraphy as an aid to petroleum
exploration between Moxa arch and Overthrust belt, southwestern
Wyoming

The Upper Cretaceous Frontier Formation crops out
on the northern flank of the Uinta Mountains, near the
south end of the Moxa arch, and in the eastern part of
the western Overthrust belt, about 40 km west of the
crest of the arch. By use of logs and cores from bore-
holes, investigators have also recognized the formation

in the subsurface of the region. The strata in the Fron-
tier Formation of southwestern Wyoming, as described
by E. A. Merewether, are mostly clastic and were
deposited in marine and continental environments dur-
ing late Cretaceous {Cenomanian, Turonian, and Conia-
cian) time. Molluscan fossils from the marine beds were
identified by W. A. Cobban. The Frontier conformably
overlies the Mowry Shale or the Aspen Shale of Early
Cretaceous age and is conformably overlain by the
Hilliard Shale of Late Cretaceous age. The Frontier
thickens northward along the Moxa arch from ~60 m
near the Uinta Mountains to > 300 m near La Barge and
westward from the arch to >600 m in the Overthrust
Belt.

In the eastern part of the southwestern Wyoming seg-
ment of the Western Overthrust Belt, the outcropping
Frontier is composed of the following conformable
members (Myers, 1977), from oldest to youngest: Chalk
Creek of Hale, 1960 (dominantly nonmarine beds),
Coalville of Hale, 1960 (marine sandstone and shale),
Allen Hollow Shale of Hale, 1960 (marine shale), Oyster
Ridge Sandstone (largely marine sandstone), and Dry
Hollow of Hale, 1960 (mainly nonmarine rocks). The
Chalk Creek, Coalville, Allen Hollow Shale, and Oyster
Ridge Members are of Cenomanian to middle Turonian
age. The Dry Hollow Member is probably late Turonian
to early Coniacian. At outcrops near the Uinta Moun-
tains, the Frontier locally includes a thin basal marine
shale, probably of Cenomanian age, which is discon-
formably overlain in the upper part of the formation by
nearshore marine and nonmarine strata of middle and
late Turonian age. The basal unit thickens northward
along the Moxa arch, reflecting a progressive northward
decrease in the amount of truncation by an uplift
centered in the Uinta Mountains area during late early
Turonian time.

In southwestern Wyoming, the upper part of the
Frontier Formation includes nonmarine and nearshore-
marine beds that are of middle and late Turonian age at
outcrops near the Uinta Mountains and of middle Turo-
nian to early Coniacian age in boreholes on the Moxa
arch. The strata at the two localities are about the same
age and are represented in the western Overthrust belt
by nonmarine and nearshore-marine rocks of Turonian
and early Coniacian age in the Dry Hollow Member of
the Frontier.

MIDCONTINENT

Study of diurnal variations as an aid to helium-survey prospecting for
small oit fields in Kansas

Helium surveys by A. A. Roberts and K. I. Cunn-
ingham over 6 oil fields in Trego County, Kans., indi-
cated diurnal variations in soil-gas helium concentra-
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tions. These fields are small (80 to 240 ha), result from
stratigraphic traps along the eastern flank of the Cen-
tral Camnbridge arch in the Salina basin, and produce oil
from the Lansing, Kansas City, and Marmaton Groups
of Middle and Late Pennsylvanian age and the Ar-
buckle Group of Late Cambrian and Early Ordovician
age. The surveys were run using a 0.16 kin spacing for
the sampling grid. Soil-gas sainples were taken at 0.5 m
depth through a stainless steel probe and subsequently
analyzed on a field-portable mass spectrometer capable
of 10 ppb precision. A permanent probe was located at
the approximate center of the survey area and sampled
an average of three times daily to quantitatively deter-
mine the diurnal variation of helium in the soil gas. A
linear regression analysis of helium concentration on
time of day revealed a strong correlation (coefficient of
determination = 0.77). This regular decrease in helium
concentration has tentatively been attributed to the
fact that the soil was significantly wetter in the morn-
ings because of large amounts of dew that dried out dur-
ing the day. The moist soil would be less permeable than
the dry soil and would act as a cap under which helium
could accumulate from the upward flux. A simple
algorithm to correct for this diurnal variation was
developed and applied to these data. A very large
helium anomaly was observed over the most prolific oil
fields in the area, and moderate anomalies were ob-
served over two of the other fields. However, no signifi-
cantly high levels of helium were observed over the
other fields. Thus, it appears that helium surveys can be
of some use in locating very small stratigraphic traps.

Comparative organic geochemistry of Middle Pennsyivanian shale and
coal

Midcontinent Middle Pennsylvanian organicrich
rocks include coal (33-76 percent organic carbon); dark-
gray to grayish-black marine shales (1-8 percent
organic carbon); and laminated, phosphatic black shale
(4-28 percent organic carbon). Organic matter in these
rocks came mostly from peat swamps. This origin was
determined by J. R. Hatch and J. S. Leventhal through
similarities between coal and shale in organic petrog-
raphy, hydrogen (H) and oxygen (O) indices (Rock-Eval
pyrolysis), pyrolysis-gas chromatographic analyses,
and gas-chromatographic analyses of saturated-
hydrocarbon fractions of chloroform extracts. A
halocline, resulting from the river waters that trans-
ported the dissolved- and fine-particulate organic
matter from the extensive swamps, may have been the
principle mechanism for restricting circulation in the
shale-depositing environments.

Because some organic geochemical properties vary
significantly within and between coal and shale

samnples, inferred differences in dissolved oxygen con-
tents of deposition and diagenetic waters and degree of
thermal maturation are reflected. For shales with com-
parable thermal maturities, less dissolved oxygen
results in higher organic carbon, P, U, Se, Mo, V, Nij,
Ag, and Cr contents, H indices, saturate/aromatic and
NSO/asphaltene ratios in chloroform extracts, and
lower O indices, pristane/phytane ratios, and organic-
carbon §*C values (more negative by 1-2 per mil). The
H and O indices of coals resemble those of shales
deposited under the most anoxic conditions. In con-
trast, saturate/aromatic, NSO/asphaltene and pristane/
phytane ratios in coal extracts, traceelement and
minor-element contents, and organic carbon §*C values
of coals resemble shales deposited under relatively oxic
conditions. With increased degree of thermal maturity,
H and O indices decrease in both coals and shales; total
bitumen/organic carbon and pristane/phytane ratios
increase in shales but decrease in coals; and saturate/
aromatic ratios increase significantly only in shales that
were subject to anoxic diagenesis. Black phosphatic
shales contain extractable organic matter that is most
similar to Middle Pennsylvanian Cherokee Group crude
oils from northeastern Oklahoma and southeastern
Kansas.

GULF OF MEXICO AND FLORIDA
Petroleum potential of Maritime Boundary region, Guif of Mexico

A study of the geologic framnework, petroleum and
mineral resource potential, and geologic hazards of the
Maritime Boundary region in the Gulf of Mexico was
conducted by R. B. Powers, R. G. Martin, and R. Q.
Foote, in response to a U.S. Senate request. The prin-
cipal findings were that favorable conditions exist for
the occurrence of significant quantities of oil and gas in
parts of the study area and that exploitation of these
resources should be feasible within the next 20 to 30 yr.

Petroleum source rocks found in South Florida basin

Sourcerock studies of pre-Punta Gorda Anhydrite
(lowermost Cretaceous) rocks were conducted for the
deep (3,660 to 5,700 m) part of the South Florida basin
by J. G. Palacas and T. A. Daws (USGS), and A. W.
Applegate (Florida Bureau of Geology) (1981). Organic-
cartbon and Rock-Eval pyrolysis analyses of drill-
cutting samples from seven widely spaced boreholes in-
dicated that fair to good potential petroleum source
rocks occur in the upper part of the Lower Cretaceous
(late Coahuilan age) Pumpkin Bay Formation and in
parts of the Lehigh Acres Formation (Trinity ‘F’ of
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Exxon Company, USA). Oil potential is rated generally
poor for pre-upper Pumpkin Bay rocks. Potential for
gas, although seemingly also unfavorable, cannot be
eliminated because of an apparently good gas show in a
production test in carbonate rocks of the Upper
Jurassic? Wood River Formation at a depth of 4,785 m.

EASTERN OVERTHRUST BELT
Potential gas resources of southern Blue Ridge province

The basic geologic framework of the Appalachian
orogen, as interpreted from seismic reflection studies by
L. D. Harris, consists of a low-angle megathrust fault
system that stretches from the Appalachian Plateau to
the Continental Shelf. Crystalline rocks of the Blue
Ridge and Piedmont provinces were thrust westward by
this system; as a result, a large segment of sedimentary
rocks of the Valley and Ridge province was buried.
Thus, large areas with unsuspected and untested re-
source potential occur in the subsurface beneath the
crystalline thrust sheet (Harris and others, 1981).
Because regional thermal patterns, which have a direct
bearing on the maturity levels of organic matter in
sedimentary rocks, existed prior to thrusting, westward
movement of thrust sheets disrupted and telescoped
that pattern by placing thermally more mature rocks
over less mature western sedimentary rocks. Palin-
spastic reconstruction of the original thermal pattern in
the southern Appalachians emphasized that rocks with
possible commercial gas potential may extend eastward
for about 80 km beneath crystalline rocks of Blue Ridge
and Piedmont provinces.

Fracture-blanket reservoir with high gas potential in Pine Mountain
thrust sheet, Virginia

Since the late 1940’s, gas has been produced from
thin-skinned fracture systems associated with the
Devonian shale sequence in and adjacent to the north-
eastern part of the Pine Mountain thrust sheet in
Virginia. Contrary to the older concept that the Devo-
nian shale sequence was both a source and reservoir for
the gas, modern well-completion practices demon-
strated to L. D. Harris that the Devonian shale se-
quence is only the source and that the Lower Mississip-
pian Berea Sandstone at the top of the shale sequence is
the reservoir. The existence of a regional compound
joint or fracture system within the Berea, apparently
produced during movement of the Pine Mountain thrust
sheet, is emphasized by the fact that the volume of gas
after well completion is independent of local anticlines
or synclines. Thus, the Berea appears to be a fractured-

blanket reservoir, so that the probability is high that
anywhere it is penetrated by a drill hole and the well is
properly treated, commercial production may be ex-
pected. The exploration success in the Pine Mountain
thrust sheet suggests that thin-skinned deformations
characteristically produce widespread fracture porosity
in tight sandstone beds that can be readily exploited.
Perhaps this exploration rationale could be applied to
other parts of the Eastern Overthrust belt as well as to
other thrust Belts.

Regional metamorphism of organic matter in Devonian shale of Appala-
chian basin

Organic matter in black shales of Middle to Late
Devonian age in the Appalachian basin shows regional
variation that is due primarily to differences in burial
and temperature history. Alternative interpretations in-
volving major differences in the original chemical com-
position of the organic-matter source were satisfactorily
eliminated on the basis of thermal-alteration experi-
ments conducted by G. E. Claypool, C. N. Threlkeld,
C.M. Lubeck, A. H. Love, USGS, and R. E. Sweeney,
Global Geochemistry. In these experiments, black
shales containing the least altered organic matter were
subjected to progressively increasing degrees of inten-
sity and duration of heating, with chemical characteri-
zation of the organic products and residual reactants be-
ing made at intermediate states. All of the regional
changes observed in the Devonian black shales (hydro-
carbon geochemistry, carbon isotopic composition,
elemental composition, maceral proportions) were repro-
duced experimentally, thus obviating the alternative in-
terpretation of major regional differences in the original
composition of organic matter deposited within Devo-
nian black shales.

ATLANTIC CONTINENTAL SHELF
Thermal maturation study in Georges Bank basin, North Atlantic margin

The time-temperature burial relations that influenced
organic maturation processes in Upper Triassic to
Lower Jurassic rift-basin sediments and the Middle
Jurassic carbonate-shelf, reef, and clastic-delta facies of
the North Atlantic Georges Bank basin are believed to
have been regionally influenced by a large residual sub-
sidence due to tectonics associated with contractions
and cooling of a thinned lithosphere and crust. Also,
localized zones of high heat flow may have occurred dur-
ing the rifting process. Relict heat from both sources
may have influenced the principal zone of oil formation
(PZOF) in the Georges Bank basin, according to R. E.
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Miller, R. E. Mattick, and H. E. Lerch. Plots of specific
temperature-sensitive inter-compound ratios of isomeric
groups for light hydrocarbons that elute chromato-
graphically in the cyclohexane through methylcyclo-
hexane range, along with plots of the molecular ratio of
n-hexane to methylcyclohexane, were found to be con-
sistent with the temperature-sensitive saturated
hydrocarbon-to-organic-carbon ratios. These ratios sug-
gest that the threshold of intense oil generation in the
depocenter of the basin begins at a depth of ~2.8 km
with the PZOF occurring from 3.5 to 4.5 km. Correla-
tion of temperature-sensitive maturation parameters
with the time-temperature burial model proposed by Ar-
thur (1982) suggests that the lower Abenaki, Mohican,
and upper Iroquois Formations (Canadian offshore
nomenclature) are the most favorable exploration
targets in the Georges Bank basin.

Evolution of humic substances in mid-Atlantic OCS and slope sediments

Geochemical studies of humic substances in mid-
Atlantic OCS and slope surface sediments suggested to
D. M. Schultz, R. E. Miller, and E. C. Spiker that a
natural progression from fulvic acid to humic acid to
types of unsaturated protokerogens may constitute a
significant evolutionary pathway for humic substances.
Because elemental compositions, atomic and stable car-
bon isotopic ratios, and infrared spectra were similar for
each humic acid isolated from different shelf locations,
derivation from similar organic source materials was
suggested. The hydrogen-rich nature (H/C 1.33 to 1.36)
and aliphatic character, coupled with stable carbon iso-
topic values in the —22.4 per mil range, indicate that
the fulvic and humic acids probably are of predomi-
nantly marine origin. Protokerogens were found to have
stable carbon isotopic ratios that were isotopically
lighter (—25.2 per mil) than the fulvic and humic acid
isolates. This difference is believed to be evidence for a
progression of humic and fulvic acids to types of un-
saturated protokerogens.

NEW EXPLORATION TECHNIQUES

Conodont study as an aid to petroleum exploration of Upper Devonian
rocks

Study of multielement taxa of the conodont Family
Icriodontidae in Europe and North America by C. A.
Sandberg (USGS) and Roland Dreesen (University of
Leuven, Belgium) (1982) has revealed three phylo-
genetic lineages: A Pelekysgnathus-“Icriodus” lineage
that evolved from Pelekysgnathus n. sp. through P.

planus and P. inclinatus to “Icriodus” cornutus, “1.”
chojnicensis, “1.”” raymondi, “1.” pectinatus, and “1.”
costatus; a true Icriodus lineage that evolved from I.
aff. I symmetricus and gave rise to I. symmetricus, L
alternatus, I. cf. I. alternatus, I. iowaensis, and several
new species; and an Antognathus lineage that appar-
ently evolved through A. mowitzaensis. A fourth line-
age of apparent Icriodus homeomorphs may represent
the earliest gondolellids or eotaphrids. The icriodontids
occur mainly in shallow-water marine biofacies that are
devoid of zonally significant, mainly deep-water or off-
shore conodonts of the standard zonation. Knowledge of
their ranges and distribution provides a zonal scheme
and paleoecologic analysis for petroleum-producing Up-
per Devonian shallow-water platform-carbonate forma-
tions that hitherto have been unzonable.

Calculations of global rate of burial of Cretaceous organic carbon and
oceanic stable carbon as an aid to source-rock studies

During the Cretaceous, significant amounts of
organic carbon were buried in both shallow epiconti-
nental seas and in deeper marine environments. Times
of enhanced burial of organic carbon worldwide were:
the Aptian-Albian, the Cenomanian-Turonian, and, to a
lesser extent, the Coniacian-Santonian. Modeling of 6*C
fluctuations and calculation of average global accumula-
tion rates of organic carbon, on the basis of DSDP data
and independent analyses, agree very closely and sug-
gested to M. A. Arthur and P. A. Scholle that rates of
organic-carbon burial during the Aptian-Albian were
more than 6 to 9 times that of the present. The §'*C
values can be used for stratigraphic correlation and for
evaluation of source-bed potential in frontier areas that
have adequate geologic-oceanographic models. Some of
the 6*C fluctuations have been shown to be global
events.

The times of enhanced organic-carbon burial do not
appear to be related to increased overall oceanic fertility
(availability of phosphate). Major marine phosphorite
deposits are not significantly correlated with global
oceanic anoxic events. This lack of correlation suggests
that the Cretaceous organic-carbon burial episodes are
not, in general, due to increased organic productivity,
with the possible exception of the Cenomanian-
Turonian event, which lasted less than 2 m.y. and may
have resulted from increased rates of oceanic overturn
and increased surface fertility. The increased rates of
burial of organic carbon are most likely due to enhanced
preservation under increased oxygen deficits in deeper
water masses. Episodes of increased organic-carbon
burial are usually correlated with high sea-level stands
and warm, favorable global climates.
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Carbonate submarine fans: better petroleum reservoirs than carbonate-
debris aprons

Facies models for clastic submarine fans have existed
and have been well documented for a number of years.
In contrast, carbonate mass-transport deposits rarely
develop systematic facies sequences that resemble
clastic-fan models (Cook and Egbert, 1981a). Carbonate
mass-transport sediment is common along the margins
of carbonate basins throughout the geologic column.
These deposits, however, typically form randomly dis-
tributed debris-flow aprons, which often make up
millions of cubic meters of debris transported tens of
kilometers basinward during a single event, thin-bedded
turbidites, and isolated blocks that collectively show
little, if any, systematic facies sequences. Descriptions
of complete carbonate submarine-fan systems are rare.
One exception is in a well-exposed ‘carbonate-
continental margin sequence that prograded seaward
during the Paleozoic in the Western United States
{Cook and Egbert, 1981a, 1981b). This 1,500-m-thick se-
quence changes progressively upward from thin-bedded
turbidites (basin plain and outer-fan fringe), to thicken-
ing upward calearenite sheets (outer-fan lobes), to
thinning-upward braided channel conglomerates (mid-
fan distributary channels), to entrenched boulder-
bearing conglomerates (inner-fan feeder channels), to
slope facies. According to H. E. Cook, the predictability
of favorable petroleum reservoirs should be better in
carbonate fans than in carbonate-debris aprons. As ex-
ploration extends to deeper water deposits, it will
become important to understand the geologic condi-
tions that favored development of carbonate fans over
development of carbonate-debris aprons and to deter-
mine when and where these conditions prevailed in the
geologic past.

Detection of geopressured zones by seismic-refiection method

Detection of geopressured zones may be possible
through detailed processing of multichannel seismic-
reflection data from suspected areas. A seismic line was
shot over a known geopressured area, as determined by
well information, in the Gulf of Mexico. After detailed
processing of the multichannel seismic-reflection data, a
distinct velocity inversion was noted by D. J. Taylor
and R. Q. Foote on the stacking velocity analysis for
seismic data at the same depth as the over-pressured
zone in the well. If an over-pressured zone is thick
enough and within the resolution of the seismic data,
the same seismic technique could be used to determine
the extent and magnitude of that over-pressured zone.

RESOURCE STUDIES
World oil and gas resources of small fields and unconventional deposits

Conventional oil and gas fields have been exploited
for more than a century. Although remaining resources
of oil and gas are large, their geographic distribution
and other constraints on their use are leading to a
careful examination of alternative sources. The follow-
ing summary of world oil and gas resources in small
fields and unconventional deposits was made by R. F.
Meyer:

Oil (in bbl)
Small fields 100
Heavy oil (reserves in known fields) 15
Heavy oil (resource in deposits (tar sands)) 745
Undiscovered heavy-oil resources 300
Shale oil 190
Total : 1,350
Natural gas (in trillion ft?)
Geopressured reservoirs 2,500
Lakes 20
Shallow Japanese-type brines 100
Shale rich in organic matter 1,000
Tight sands 2,000
Occluded in coal 3,000
Hydrates in permafrost 500
Underground coal gasification 13,000
Total 22,120

Conterminous United States offshore oil and gas resource assessments

Detailed geologic and oil and gas resource studies of
deep-water (> 3,650 m) areas in the Gulf of Mexico and
southern California borderlands were made by J. G.
Vedder, R. G. Martin, R. Q. Foote, and E. W. Scott.
These two reports represent the first such attempts to
analyze the geology and estimate resources in such
deep-water, frontier areas. The USGS is the first organi-
zation to publish findings of this type, which will
provide the Department of State with information use-
ful for discussions with other maritime-boundary
countries.

Probabilistic and statistical methodology was devel-
oped by R. A. Crovelli for assessing the quantity of un-
discovered oil or gas in a province. Mathematical for-
mulas and computer algorithms were derived by using
probability theory to obtain subjective probabilistic
estimates of oil, nonassociated gas, associated-dissolved
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gas, total gas, and petroleum resources in two or more
provinces by Monte Carlo simulation techniques. Both
conditional and unconditional probability distributions
were derived for each assessed resource. A series of
computer programs and graphics routines were written
on the basis of the computer algorithms. Statistical
methodology was developed to describe finding rates by
using decline curve models. Hyperbolic and exponential
decline curves fit to historic data by regression analysis
displayed good finding-rate projection capability.

All of the develped methodology was applied in mak-
ing estimates of undiscovered recoverable conventional
resources of oil and gas in the United States, which was
divided into 137 provinces. The methodology was also
used in the World Energy Resources Program to make
foreign assessments.

A modified play-analysis methodology was developed
by R. R. Charptentier for the assessment of unconven-
tional natural-gas resources of the Devonian shale in the
Appalachian basin.

OIL-SHALE RESOURCES
Oil-shale core drilling in Uinta basin, Utah

Two oil-shale core holes were drilled during the winter
of 1981-82 in the eastern Uinta basin, Utah, by the Con-
servation, Water Resources, and Geologic Divisions.
R. W. Scott, Jr., and M. P. Pantea supervised the drill-
ing operations for the USGS.

The Red Wash-1 core hole (RW-1) is located in sec. 1,
T. 9 8S., R. 22 E., Uintah County, Utah, and lies nearly in
the depositional center of the oil-shale sequence. In the
RW-1 hole the overburden to the top of the Mahogany
zone in the Parachute Creek Member of the Green River
Formation is 792.7 m; the zone is 40.5 m thick and aver-
ages 83 1 of oil per ton.

The Coyote Wash-1 drill hole (CW-1) is located in
sec. 22, T. 9 S, R. 23 E., Uintah County, Utah. In CW-1
the overburden to the top of the Mahogany zone is
669.2 m; the zone is 39.0 m thick and averages 91 1 of oil
per ton.

Both holes penetrated the Birdsnest aquifer of the
Parachute Creek Member of the Green River Forma-
tion; this aquifer produced water at rates varying from
2270 to 3400 1 per min. Analyses of water samples from
RW-1 and CW-1 show the waters to be primarily
sodium carbonate brines. Both core holes were cased
from the surface to a point below the Birdsnest zone for
the purpose of hydrologic monitoring.

Complete results including lithologic descriptions,
water analyses, and Fischer assay data for RW-1 and
CW-1 are available as USGS open-file reports 82-965
and 82-966, respectively.

NUCLEAR-FUEL RESOURCES

In FY 1981 USGS nuclear-fuel studies continued with
the primary objective of achieving the most comprehen-
sive understanding of the habitats of uranium and
thorium and the processes that form deposits in various
specific geologic environments in the United States and
world. Known deposits occur in a variety of rock types
within sedimentary, igneous, and metamorphic geologic
settings. The programmatic approach to the under-
standing of habitat involves geologic, geochemical, and
geophysical studies within known uranium and thorium
districts. In addition to habitat studies, a major part of
the uranium-thorium program involves the develop-
ment of guides to uranium and thorium exploration as
well as methods of determining uranium and thorium
favorability and resource estimation using approaches
based on geologic-genetic models and data from habitat
studies.

Geochemical characteristics of uranium-enriched volcanic rocks

The average uranium concentration for rhyolites and
dacites in the Western U.S. is 6.5 ppm. Most of the
volcanic terranes containing uranium mineralization
(25 ppm) appear to be part of the calc-alkaline suite.

Correlation coefficients between uranium and other
elements from a study by K. J. Wenrich of 1,352 un-
mineralized silicic volcanic rocks from the Western U.S.
showed significant correlations at the 99 percent con-
fidence limit (positive or negative, as indicated) in de-
creasing order of strength, with Th, Be, Rb, Cs, Ta, —V,
Nb, —Ba, —Eu, Si, —Sr, —Ca, Yb, —Sc, —Fe, —Co, Pb,
Lu, K, and —Mg. Those elements showing positive cor-
relations with uranium are essentially the incompatible
elements that are normally concentrated in late stage
silicic rocks by magmatic processes. In contrast, those
elements which commonly are strongly enriched with
uranium in mineralized volcanic rocks are: Ag, As, B,
Ce, Cr, Cu, Mo, Ni, Sr, and V; this enrichment appears
to occur in rocks containing more than 25 ppm uranium.
The similarity between this element assemblage and
that for epithermal ore deposits, as well as that for
modern hot springs, suggests that the secondary proc-
esses concentrating the uranium above 25 ppm are
hydrothermal in nature.

Data from uranium-enriched rocks shows that second-
ary enrichment, in addition to enrichment produced by
magmatic processes, appears to create uranium concen-
trations above approximately 25 ppm. Thus, there ap-
pears to be two geochemical processes controlling the
uranium concentration in silicic volcanic rocks: (1) mag-
matic processes such as partial melting or fractional
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crystallization, which produce whole-rock uranium con-
centrations up to approximately 25 ppm, and (2) post-
magmatic processes, which can produce whole-rock
uranium concentrations in excess of 25 ppm.

Volcano-tectonic evolution of the Date Creek Basin uranium area in
western Arizona

According to J. K. Otton, severe crustal extension,
characterized by close-spaced listric normal faulting,
fault block rotation, and formation of a regional detach-
ment surface, appears to have begun in western Arizona
in late Oligocene time. This extension was accompanied
by calc-alkalic volcanism with lavas ranging in composi-
tion from basaltic andesite to rhyolite. A peculiar alkali
rhyolite was generally the first eruptive unit. These
volcanic rocks and intertonguing alluviallacustrine
sedimentary rocks were deposited during extension as
suggested by the progressively shallower dips upwards
through the section. Older, variably dipping volcanic
and sedimentary rocks are overlain with slight to
moderate angular discordance by a sequence of sedi-
mentary and volcanic rocks with generally gentle dips.
The age of this unconformity seems best placed at 24 to
21 m.y. Rocks above the unconformity are cut by rather
widely spaced high-angle normal faults. The alluvial-
lacustrine rocks show a growth-fault relation to the nor-
mal faults. Debris shed from rising arches west of the
Date Creek Basin dominates facies on the west and
southwest side. Major uranium deposits developed in
the lacustrine facies of these basinal sediments.
Volcanism associated with these rocks includes basalts,
basaltic andesites and, again, alkali rhyolites very
similar to the older alkali rhyolites. Significant normal
faulting ceased about 10 m.y. ago. Basaltic volcanism
persisted to about 6 m.y. ago (Suneson and Lucchitta,
written commun., 1981).

Resistivity investigations of Tertiary basins of western Arizona

Resistivity soundings in the Date Creek basin of
western Arizona show that fine-grained lacustrine sedi-
ments have apparent resistivities less than 30 ochm-m.
J. K. Otton reports that uranium mineralized lakebeds
at the Anderson mine show resistivities less than
5ohm-m and that resistivity variations on profiles
across the basin closely reflect facies variations in the
section seen in drill hole data along the trace of the pro-
files. The basin-basement interface can be traced in the
profiles and its position is in good agreement with base-
ment intercepts in drill holes. Profiles constructed from
soundings in Sacramento Valley and the Big Sandy
basin near Wikieup suggest that those basins are 1.5 to

2 km deep and that significant sections of potentially
mineralized lacustrine rocks are present.

Uranium in the San Mateo Mountains, New Mexico

C. S. Bromfield and C. T. Pierson made a preliminary
study of the geology of uranium occurrences in volcanic
rocks of the San Mateo Mountains of west-central New
Mexico. About 28 km? were mapped. In this area Paleo-
zoic carbonate rocks are overlain by Oligocene volcanic
flows, breccias, and welded ash-flow tuffs ranging from
mafic to silicic in composition. Uranium occurs in at
least three environments: (1) as pitchblende associated
with a quartz-flourite pipe cutting Paleozoic rocks near
the volcanic contact; (2) associated with opaline silica
along and near fractures in a latitic flow; and, (3) in a
silicified and hematized zone near the top of a silicic
tuff. Uranium in this zone may have been leached from
an overlying riebeckite rhyolite which also contains
anomalous amounts of uranium.

Uranium in granites, southwest Colorado

Research by J. D. Collier in the Florida Mountain area
of the Needle Mountains mining district, southwestern
Colo., suggests that uranium vein deposits formed in
Proterozoic granitic rocks by hydrothermal processes
initiated during the intrusion of the 9-10-m.y.-old Chi-
cago basin stock. The Eolus and Trimble Granites of
Middle Proterozoic age are believed to have been the
source of uranium, and trace-element evidence suggests
that initial uranium enrichment was the result of
repeated partial melting and extensive fractional crys-
tallization. Radiographic techniques indicate that
uranium is located primarily in refractory accessory
minerals in early, more mafic granitic rocks, but occurs
mostly in uranium-rich minerals such as uranothorite
and uraninite in more felsic, highly differentiated units.
Radiographic evidence also suggests that these
uranium-rich minerals were later destroyed by hydro-
thermal alteration, liberating uranium for concentration
in the vein systems.

Hydrothermal convection was initiated by intrusion
of the late Miocene granite and rhyolite porphyries of
the Chicago basin stock. Uranium was probably leached
from large breccia zones within the Proterozoic granites
and possibly transported as a fluoride complex. Pitch-
blende was deposited from oxidizing, paragenetically
early fluids at approximately 300° C. The pitchblende-
depositing fluids were rich in CO, and either boiled or ef-
fervesced CO,. Uranium was precipitated as a result of
increase in pH and (or) reduction produced by boiling or
effervescence.
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Uranium occurrences with base and precious metals in Excelsior
Mountains, Nevada

According to J. K. Felmlee, uranium occurrences in
the Excelsior Mountains at the northwest edge of Teels
Marsh, Nev., are spatially and genetically associated
with the granite of Silver Moon of Stewart, Kleinhampl,
Speed, Johannesen, and Dohrenwend (written comm.,
1981). Uranium occurs with base and precious metals,
including lead, zinc, gold, silver, copper, and
molybdenum, in quartz veins and breccia zones in or
near the granite in amounts of 0.0075 to 7.6 percent in
selected hand samples. Only secondary uranium miner-
als, including beta-uranophane, were identified.

The granite of Silver Moon is a muscovite- and
biotite-bearing granite of probable Cretaceous age.
Compared with the biotite- and hornblende-bearing
granite of Whisky Flat, which it intrudes, the Silver
Moon has more SiO, and Na,O, and less AL O, Fe,0,,
MgO, Ca0, TiO,, and loss on ignition as reflected in a
greater quantity of quartz, lesser amounts of a more
sodic plagioclase, lesser amounts of biotite and sphene,
and an absence of hornblende. The quartz veins and
breccia matrix material in the granite of Silver Moon
and in adjacent contact metamorphosed calcareous
sedimentary rocks of the Dunlap Formation are
thought to have been formed from magmatic-hydro-
thermal solutions by aqueous partitioning during the
late stages of granite crystallization.

Studies of the Schwartzwalder mine, Jefferson County, Colorado

The Schwartzwalder uranium deposit of the Colorado
Front Range is structurally controlled and was formed
from ascending hydrothermal fluids, according to new
studies by A. K. Wallace and Cotter Corporation
geologists. Conduits and spaces for transportation and
precipitation of uranium were provided by the steep,
westerly dipping, north-trending Illinois fault and by
ecasterly dipping horsetail fractures in the hanging wall
of the Illinois fault, which opened during Laramide
uplift. The open spaces occur only at the intersections of
these fractures with a transition zone of rocks, called
the “Schwartz” rocks, which are between the calc-
silicate gneisses and the mica schists of the Idaho
Springs Formation of former usage (now abandoned by
U.S. Geological Survey) of Early Proterozoic age.

The uranium deposits of the Schwartzwalder extend
for more than 800 m vertically. Post-ore movement on
the Illinois fault has produced 150 m of normal displace-
ment, which obscures the true depth of mineralization.
Recent core drilling at the mine has revealed a diminu-
tion of ore grade along the main Illinois vein, which may
indicate the lower limit of the deposit.

Ore emplacement in the Schwartzwalder mine, Jefferson County,
Colorado
Current geologic studies of the Schwartzwalder mine

have resulted in new interpretations of ore emplace-
ment. The steeply dipping Illinois fault created a con-
duit of great depth and small horizontal dimensions,
which favored fluid transport and uranium deposition.
Fracturing and brecciation occurred repeatedly, at least
twice before uranium deposition, and several times
afterwards. Intergrown pitchblende and coffinite filled
interstices between early-formed breccia fragments;
subsequent brecciation fragmented these uranium
minerals. Adularia and Ca-Mg-Fe carbonates were de-
posited as gangue between all stages of breccia. Graded
bedding of breccia fragments is common, which suggest
fluidization. Wallrock alteration produced carbonatiza-
tion of mafic minerals, strong potassium enrichment,
and sodium depletion. Filling temperatures of fluid in-
clusions in late-stage amethyst and calcite are approxi-
mately 120° C and 150° C, respectively, and probably
are minimum temperature estimates for vein formation.
Freezing studies indicate salinities of about 10 weight
percent NaCl equivalent. It is likely that ore was depos-
ited from an ascending carbonate-dominated hydrother-
mal fluid. Heat, and perhaps some chemical components,
may have been provided by nearby, contemporaneous
mafic intrusive bodies. Current studies of light stable
isotopes should produce more knowledge of the source
of the fluids.

Oligocene volcanic rock—a source of epigenetic uranium in central
Colorado

The lower Oligocene Wall Mountain Tuff appears to
have been a major source of uranium for the deposits in
the Tallahassee Creek uranium area in central Colorado,
according to K. A. Dickinson and F. A. Hills. The
original uranium content of the rhyolitic Wall Mountain
Tuff probably was 10 ppm, and that of the leached tuff
about 6 ppm. This suggests a uranium loss of 4 ug/g of
leached tuff. In the Tallahassee Creek area, the Wall
Mountain overlies a major uranium host rock, the upper
Eocene Echo Park Alluvium, and underlies another ma-
jor host rock, the lower Oligocene Tallahassee Creek
Conglomerate. The Wall Mountain was deposited over a
low-relief erosional surface from Castle Rock to the
northern end of the Wet Mountain Valley. In this area,
uranium occurrences are common in host rocks that ap-
parently were overlain by Wall Mountain Tuff, such as
the Fountain Formation of Middle and Late Pennsylva-
nian and Early Permian age, the Morrison Formation of
Late Jurassic age, the Dakota Sandstone of Cretaceous
age, and the Dawson Arkose of Late Cretaceous to early

Tertiary age.
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Other Oligocene volcanic rocks such as the tuff of
Stirrup Ranch and the Thorn Ranch Tuff also may have
yielded a significant amount of uranium, but they have
a more limited geographic distribution. The Oligocene
Badger Creek Tuff is leached to a greater degree in the
Castle Rock gulch paleovalley than in the Salida-
Waugh Mountain paleovalley.

The original uranium content of the samples is esti-
mated from vitropheric samples, or a minimal original
uranium concentration was estimated from the thorium
to uranium ratio of the least leached samples. The high
thorium to uranium ratios suggest a greater degree of
leaching. The thorium to uranium ratio may be a better
measure of uranium leaching than is the weathered ap-
pearance of the rock.

Geologic studies of the Ranger uranium deposits, Northern Territory
Australia

With the cooperation of Ranger Uranium Mining,
about 25 selected drill cores from Ranger I No. 1 and
No. 3 orebodies have been logged and sampled, and a
number of detailed geochemical studies are being made
by J. T. Nash and David Frishman. In both orebodies,
oxidized and reduced uranium minerals occur chiefly in
quartzose schists that have highly variable amounts of
muscovite, sericite and chlorite. Retrogressive meta-
morphism is pervasive in the vicinity of orebodies where
biotite and garnet are altered to chlorite, and feldspars
to white mica or chlorite. Oxidized uranium minerals,
associated with earthy iron oxides, occur from the sur-
face to a depth of about 60 m. Below the oxidized zone,
uranium occurs chiefly as uraninite and pitchblende
disseminated through thick sections of quartz-chlorite-
muscovite schist, and has no apparent association with
graphite or sulfides. In fact, graphite is rare and sulfides
are generally low in abundance (less than 0.5 percent).
Higher ore grades occur in disrupted zones a few cen-
timeters thick and in some quartz-chlorite veinlike
zones of uncertain origin. Uranium correlates strongly
with chlorite, but not all the many ages of chlorite have
associated uranium. At least five textural varieties of
chlorite that represent at least three ages, and large
variation in Mg-Fe-Al content, are recognized. Uranium
is not common in carbonate rocks and seems to occur
only in disrupted zones that have chlorite, talc, or
serpentine alteration. Chloritization and silicification
are more widespread and intense in the No. 1 orebody
than in the No. 3. In both orebodies, hematite occurs
tens to hundreds of meters below the weathered zone, in
both altered and largely unaltered rocks, with and with-
out uranium.

Uranium in Archean migmatites, northern Michigan

Archean granitoids of the Southern complex (informal
usage) in northern Michigan comprise large areas with
anomalous uranium accumulations of 10 to 50 ppm. Re-
cently, these granitoids have received attention as
possible source rocks for a variety of potential uranium
accumulations in younger rocks, for example, the car-
bonaceous black shales flanking the domes of the
Southern complex and the Proterozoic unconformity-
type deposits related to the 1.1 b.y. Jacobsville uncon-
formity. The sourcerock potential of this area is being
examined by M. A. Hoffman as part of a thesis at Mich-
igan Technological University on the mineralogy and
history of uranium in the granitic members of the com-
plex. A 36 m section of a drill core from a 2.56 b.y. mig-
matite zone near Republic, Michigan, averages 20 ppm
uranium and 19 ppm thorium. Optical and SEM obser-
vation indicates that the major uranium-bearing
minerals in this interval are brannerite and niobian-
anatase. Textural evidence implies a two-stage mobility
for uranium: Stage I, incomplete alteration of niobian
(1-2 percent Nb,O,) ilmenite to brannerite + pyrite,
followed by Stage 11, low-temperature hydrothermal al-
teration of ilmenite + brannerite to anatase (0.5-5 per-
cent Nb,O;), also an incomplete reaction. Fission-tract
maps show that anatase contains only minor uranium
when compared to brannerite; this suggests that Stage
II represents a uranium loss. Textures support a post-
Penokean (1.9 b.y.) formation of anatase. The nature
and timing of uranium loss from these granitoids near
Republic does not preclude their being source rocks for
post-Penokean deposits.

Geochronology of a xenotime-monazite gneiss, southern New York

U-Th-Pb isotope analyses of zircons from migmatite
and granite at an outcrop in the Hudson Highlands of
New York, by J. N. Aleinikoff, indicate an age of about
1,015 m.y., which reflects the time of the Grenville
orogeny. Xenotime and monazite from the same out-
crop, however, radiate a well-defined age of about
950 m.y., evidently reflecting a final thermal pulse. Ap-
parently detrital, zircons are probably about 1,600 m.y.
old, consistent with provenance ages of zircons from
other metasedimentary rocks of Grenville age.

Electromagnetic geophysics of Jacobsville Basin, northern Michigan
A combined airborne electromagnetic and magnetic

survey was conducted during the spring of 1980 along
the contact of the Jacobsville Sandstone in the western
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Upper Peninsula of Michigan and interpreted by P. S.
Ensign, Michigan Technological University. A total of
318 lines, spaced from 0.2 to 0.4 km, were flown by
Geoterrex Limited, using the Barringer Mark v INPUT
electromagnetic system. The conductivity contrast be-
tween the Jacobsville and older adjacent rocks has per-
mitted more accurate mapping of the contact, most of
which is hidden by up to 100 m of overburden. In addi-
tion, the EM data were used to approximate the size,
depth, and dip of several bedrock conductors. The sub-
Jacobsville unconformity has been considered to be a
possible site for uranium ore deposition, and several
promising locations are suggested. One is near the
south end of Lake Gogebic, where the Jacobsville
overlies conductors in the Michigamme Formation, and
another is about 40 km northeast of L’Anse, where the
Jacobsville overlies Archean granite.

Proterozoic quartzite and conglomerate of central Idaho

Quartzite and conglomerate in the Lowell-Elk City
and Salmon-Cobalt areas of east-central Idaho have
been appraised by F. A. Hills for their potential for
uranium deposits of the Precambrian quartz-pebble
type. Quartzite and conglomerate of the Lowell-Elk
City area occur as highly metamorphosed and deformed
layers in schist of the Clearwater orogenic zone and are
probably 1,600 to 1,800 m.y. old. No placer concentra-
tions of radioactive minerals were found, and none of
the characteristics of the Precambrian quartz-pebble-
uranium environment (such as placer concentrations of
pyrite) were noted. Quartzite of the Salmon-Cobalt area
is less metamorphosed and deformed, and possibly
younger than quartzite of the Lowell-Elk City area. It
is generally fine grained to silty and interbedded with
mudstone. No placer concentrations of radioactive min-
erals or of pyrite were found. Quartzites of both areas
appear to be too young to contain appreciable detrital
uraninite and were probably deposited in deep-water or
ensimatic environments, which are thought to be
unsuitable for placer uraninite deposits.

Silver Plume Granite—a possible source of uranium, Tallahassee Creek
deposits

High concentrations of thorium, lanthanum, and
cerium discovered by F. A. Hills in Middle Proterozoic
Silver Plume Granite suggest that the actinides and
light lanthanides were enriched abnormally by mag-
matic processes that formed granite in areas adjoining
Tallahassee Creek, Fremont and Teller Counties, Colo.
However, no such enrichment is found in the Early Pro-

terozoic Boulder Creek Granodiorite. Although uranium
presently does not appear to be significantly enriched in
sampled outcrops of the Silver Plume Granite, a large
part of the original uranium content of Silver Plume
may have been removed by oxidizing ground waters,
leaving behind mainly the uranium bound in resistate
minerals such as zircon and monazite.

Lead isotopic compositions of the acid leachate from
barren shale and sandstone associated with the Hansen
uranium deposit (Tallahassee Creek area) indicate that
(1) the predominant source of acid-soluble lead is
1,410 m.y. old (Silver Plume age); (2) the source of the
lead is characterized by a thorium-uranium ratio around
1 (this ratio in the source may apply to soluble minerals
only and may exclude thorium and uranium in resistate
minerals); and, (3) at the time of sediment deposition, a
paleohydrologic system existed that was capable of
transporting Silver Plume lead and, therefore, Silver
Plume uranium to the Hansen deposit.

Although a significant contribution of uranium from
Tertiary volcanic rocks is probable, it appears also prob-
able that some of the uranium in deposits of the Talla-
hassee Creek area was derived from the Silver Plume
Granite.

Thorium and rare-earth veins associated with alkafic rocks in New
Mexico

A number of thorium and rare-earth veins are found
on the southwest flank of Laughlin Peak in Colfax
County, N. Mex. These veins, which have been traced
for as much as 550 m, are found over an area of about
12 km?. According to M. H. Staatz, thorium content of
the veins ranges from 30 to 24,200 ppm and rare-earth
content from 147 to 19,030 ppm. The majority of the
veins are richer in yttrium-group than in cerium-group
rare earths. Thorium and rare earths are found in the
minerals brockite, xenotime, and crandallite. The veins
are associated with alkalic rocks. Phonolite, trachytes,
trachyandesites, and tephrites occur in the area. The
phonolites have a high thorium and rare-earth content,
and the vein fluids were probably derived from the
magma of these rocks.

Central Idaho paleodrainage history and implications for uranium
exploration

Studies by D. A. Seeland suggest that the complex
depositional and drainage history of the Sawtooth
Valley of central Idaho may provide guides for uranium
exploration in the area. In pre-Eocene time, the present
Sawtooth valley contained the northern part of the
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south-flowing Big Wood River drainage system. In the
Eocene, eruption of the Challis Volcanics blocked the
valley near Galena Summit. A large lake formed and
overflowed northward into the Middle Fork of the
Salmon near Cape Horn. The lake was eventually filled
with sediment and the subsequent drainage of the
‘valley continued to be northward into the Middle Fork
until Pleistocene time when glaciers of Bull Lake time
dammed the valley northwest of Stanley. Another lake
formed and eventually overflowed eastward across a
divide east of Stanley.

This history has implications for uranium exploration
in the area. First, the postulated drainage, volcanic, and
topographic history of the Sawtooth Valley should have
resulted in sedimentary environments favorable for the
development and preservation of uranium deposits in
the fluvial and lacustrine valley fill. The Sawtooth
batholith on the west side of the Sawtooth Valley is
enriched in uranium and is a possible source rock.
Second, the nearby Stanley uranium district, now down-
stream east of Stanley, but upstream in Eocene time,
has uranium in Eocene carbonaceous sandstones along
valleys now buried beneath the Challis volcanics. These
streams would have flowed southward into the present
Big Wood River drainage. Potential uranium host-
sediments of streams draining at least two areas of
uraniferous granites (the Sawtooth batholith and
upstream from the Stanley uranium district) now lie be-
neath rocks and sediment varying in age from Eocene to
Pleistocene both in the Sawtooth Valley and southward
down the Big Wood River drainage.

Pre-Oligocene valleys as guides for uranium and hydrocarbon accumu-
lation

Maps of the pre-Oligocene surface in eastern Wyo-
ming by Macke and Denson (1981), and by DeGraw
(1969) in western Nebraska were used by D. A. Seeland
to prepare an Oligocene stream map of the Hartville
uplift—High Plains area east of the Laramie Range.
Northward flowing Eocene streams seem to have
crossed the Laramie Range and continued flowing
northward into the southern Powder River Basin.
Oligocene streams are postulated to have followed the
same valleys across the range. However, a change in the
regional slope from northward to eastward caused the
Oligocene streams to flow eastward after crossing the
Laramie Range. Uranium mineralization has been
recently discovered in the coarse fluvial sandstone of
the White River Group of Oligocene age at two loca-
tions in Wyoming and one near Crawford, Nebr. All
three of these mineralized areas lie in the same major

Oligocene valley which is inferred to extend from the
Granite Mountains 560 km eastward into western
Nebraska. Other uranium deposits are likely along this
and other Oligocene valleys in eastern Wyoming and
western Nebraska.

The coarse fluvial sandstones deposited in these
valleys have additional economic significance; first, as
hydrocarbon reservoir rocks (Goolsby and Miller, 1982)
and, second, as a conduit that allows uraniferous ground
water to enter underlying host rocks as in Weld County,
Colo. The position of the interfluves can also guide
hydrocarbon exploration. The Bedtick field on the
southern margin of the Powder River Basin produces
hydrocarbons from Mesozoic rocks where they have an
angular relationship with the overlying impermeable
Oligocene overbank silts and clays of the interfluve
rocks (Goolsby and Miller, 1982).

Westwater Canyon Sandstone Member of Morrison Formation

According to C. E. Turner-Peterson, three distinct
fluvial stratigraphic units can be recognized within the
uranium-bearing Westwater Canyon Sandstone Mem-
ber of the Morrison Formation along the west side of
the San Juan Basin in New Mexico. Two of the fluvial
stratigraphic units (lower and upper) persist to the east
and can be recognized as far east as Laguna. The middle
fluvial package is as thick as the lower and upper on the
west side of the basin but thins rapidly to the east; flu-
vial sandstones cannot be recognized in this interval
east of the Gallup area.

Cross-bedding studies show that streams of the lower
stratigraphic unit flowed east-northeasterly, whereas
streams of the middle and upper stratigraphic units
flowed generally easterly and southeasterly. Volcanic
pebbles are present in abundance only in the middle
package. Isopach maps of each separate stratigraphic
unit, together with maximum pebble-size data, show
that major fluvial axes shifted through time. North-
easterly flowing streams of the lower fluvial package
had two distinct lobes. One lobe, centered near Thoreau,
apparently traversed the area of the present-day Zuni
uplift, and the other lobe was centered northwest of the
Gallup sag, near Asaayi Lake. The easterly and
southeasterly flowing streams of the middle and upper
fluvial stratigraphic units dropped their coarsest bed-
load material just east of the Defiance uplift as they
entered the basin from the west. Farther east, the mid-
dle unit changes facies rapidly and loses its fluvial
character. The upper stratigraphic unit maintains its
fluvial character, but the fact that contours for max-
imum pebble size for this interval widen considerably in
an eastward direction suggests a more constant energy
level as the streams traversed the basin.
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Results of these studies are not compatible with the
concept of one fan emanating from the southwest, as
has been proposed by previous workers. Separating the
Westwater Canyon Sandstone Member into discrete
stratigraphic units and treating them individually
eliminates the need to have streams enter from the
southwest, “turn,” and then flow southeasterly in the
vicinity of the mineral belt. Both northeast and
southeast paleocurrent directions occur in the West-
water Canyon, but in different parts of the member.

Depositional cycles in the Chinle Formation

Time correlations based on sediment cycles observed
in outcrops of the Upper Triassic Chinle Formation
were extended by R. D. Lupe into southeast Utah and
northeast Arizona from an adjacent area to the north.
In southeast Utah and northeast Arizona, the Chinle is
characterized by three fining-upward, fluvial-lacustrine
cycles. The fining-upward character of each depositional
cycle and the succession of environments progresses up-
ward from fluvial sediments through lacustrine to soil.
This indicates a decrease in the depositional system’s
sediment transport energy. Generally, each overlying
cycle was found to be finer grained than the one below
it. Rock units deposited during cycle 1 include the
Monitor Butte Member, Moss Back Member, and part
of either the Petrified Forest or Owl Rock Members, de-
pending on clay composition. Units deposited during
cycle 2 are the Capitol Reef and Black Ledge beds
(equivalent), the remainder of the Petrified Forest or
Owl Rock, and the lower part of the Church Rock
Members. Cycle 3 includes the Hite Bed and that part of
the overlying Church Rock Member.

San Juan Basin drilling project, McKinley County, New Mexico

The principal objective of the Mariano Lake-Lake
Valley drilling project under the direction of A. R. Kirk,
A. C. Huffman, and R. S. Zech, was to provide core
samples and geophysical logs for petrologic, sedimento-
logic, geophysical, and geochemical studies of the
Upper Jurassic Morrison Formation. Other objectives
included the following: stratigraphic and coal studies of
Upper Cretaceous rocks; hydrologic and water monitor-
ing of well no. 2; control for a proposed seismic study of
the same geographic area; and development of water
wells by the Navajo Tribal Water and Sanitation
Department. The general drilling plan called for most
holes to be rotary drilled into the Upper Cretaceous
Dakota Sandstone and then cored into or through the
Recapture Shale Member of the Morrison Formation.
The following suite of geophysical logs was included in

the general drilling project: natural gamma, self poten-
tial, neutron-neutron porosity, resistance, resistivity,
temperature, deviation, gamma-gamma density, caliper,
magnetic susceptibility, gamma ray spectrometer
(KUT), induced polarization, conductivity, and high
resolution 4-arm digital dipmeter.

A total of 28,529 ft were drilled with 4,208 ft of core
recovered. Four holes (3, 4, 7, TA) encountered uranium
mineralization; all but hole no. 1 penetrated coal beds in
Upper Cretaceous rocks; two holes (9 and 10) produced
artesian flows of water admixed with oil from the Upper
Cretaceous Point Lookout Sandstone.

The core was described in the field, taped, boxed, and
shipped to the USGS Core Library in Denver where it
was frozen, split, and reboxed. A split of the core has
been archived for reference and future study. Cores 1, 3,
6, and 7 were sampled by J. S. Leventhal for geochem-
istry, L. J. Schmitt for petrography, Paula Hansley for
heavy minerals, R. L. Reynolds for paleomagnetism,
and C. G. Whitney for clay mineralogy.

Origin of uranium deposits, Smith Lake district, New Mexico

Uranium deposits in the Smith Lake uranium district,
N. Mex., occur on the chemically reduced side of a
regional reduction-oxidation (redox) interface. This
spatial association led previous workers to conclude
that uranium mineralization in the district resulted
from late Tertiary redox redistribution of uranium from
preexisting primary (tabular) uranium deposits. De-
tailed geochemical studies integrated with petrologic in-
vestigations of two of the uranium deposits in the
Smith Lake district, by N. S. Fishman and R. L. Rey-
nolds, however, indicate that both deposits are primary
(tabular), not redistributed, orebodies. The orebodies are
geochemically similar and have uranium contents corre-
lating positively with those of organic carbon. The
organic carbon occurs as an amorphous organic mate-
rial that partly impregnates the host rock and that was
introduced as a soluble organic species into the host
early in the diagenetic history. The organic material
localized and concentrated the uranium to form
uranium orebodies that also contain high concentra-
tions of vanadium, primarily as vanadiferous chlorite,
and of sulfur as pyrite and marcasite. Chlorite, pyrite,
and marcasite are all intimately associated or mixed
with uraniferous organic material. Precipitation of post-
ore calcite in the ore zone of one of the deposits lowered
the transmissivity of the host beds, thereby con-
tributing to the preservation of that orebody. Preserva-
tion of the other deposit may be related to nearby
Laramide structures that perhaps retarded or diverted
oxidizing waters.
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Reevaluation of Jurassic-Cretaceous contacts and uranium anomalies,
Chama Basin, New Mexico

Surface and subsurface evaluation of the contact be-
tween Dakota Sandstone and Burro Canyon Formation
in the Chama basin, N. Mex., by J. L. Ridgley, indicates
the presence of an extensive basal fluvial sandstone in-
terval in the Dakota Sandstone. This sandstone interval
has been included by Saucier (1974) in the Burro Canyon
Formation in his isopach studies. Three samples sub-
mitted for palynomorph evaluation, from mudstone and
carbonaceous horizons in this basal sandstone, yielded
palynomorphs indicative of the Dakota Sandstone. This
redefinition of the base of the Dakota drops the position
of the pre-Dakota unconformity and places some
uranium ore reserves in the Dakota. These particular
ore resources occur in this basal fluvial sandstone.

Surface and subsurface evaluation of the contact be-
tween the Burro Canyon and Morrison Formations con-
tact indicates that this contact is also an unconformity.
The unconformity is gently undulatory; basal sand-
stones of the Burro Canyon rest on mudstone or sand-
stone of the Brushy Basin Shale Member of the Mor-
rison Formation.

Subsurface studies of radioactive anomalies in the
southeast part of the Chama Basin show that these
anomalies occur in sandstones in the upper Brushy
Basin Shale member, in the Burro Canyon Formation
and in the Dakota Sandstone. Major radioactive
anomalies occur in the Burro Canyon, in the basal
fluvial Dakota Sandstone, and in the interbedded
sandstone-shale sequence of the Dakota that im-
mediately overlies the basal fluvial sandstone.

Thrust fault uranium in overthrust and disturbed beits, Montana

Preliminary studies by H. W. Dodge, Jr., in south-
west and west-central Montana show significant
uranium anomalies, surface and subsurface, in the
Lower Cretaceous Kootenai and Blackleaf Formations.
These formations consist of fluvial sandstone and con-
glomerate, with interfluvial swamp and lacustrine
siltstone and mudstone. These formations are equiva-
lent to the Cloverly Formation of western and central
Wyoming and the Lakota and Fall River Formations of
the Black Hills region.

Uranium anomalies occur in sandstones and associ-
ated sediments in footwall blocks which are at least par-
tially overriden by Paleozoic thrust slabs. In the
southwestern Montana overthrust belt, these anomalies
are only seen in rather deep subsurface gamma logs. In
west-central Montana, surface anomalies are found at,
or close to, the contact of the disturbed belt and easterly
directed thrust sheets.

Uranium potential of the Kootznahoo Formation, Zerembo Island area,
Alaska

According to K. A. Dickinson and J. A. Campbell, the
lower Tertiary Kootznahoo Formation in the Zerembo
Island area of southeastern Alaska is potentially an ex-
cellent host rock for uranium. It includes permeable
sandstone and conglomerate beds together with suit-
able reductants. Carbonaceous fragments are common
in some of the sandstone and conglomerate beds, and
pyrite is present in a coal bed. Slight epigenetic uranium
enrichment is present in some of the conglomerate and
sandstone beds and possibly in the coal bed. Epigenetic
enrichment is believed to have occurred in samples that
contain over 10 ppm uranium. In these samples, no
significant correlation was found between uranium and
titanium or zirconium, the latter two elements being
common in heavy minerals. Samples containing less
than 10 ppm show a significant positive correlation be-
tween zirconium and uranium and between titanium
and uranium, and the uranium appears to be carried in
the heavy minerals.

Developing regional setting, copper-uranium prospects, Uinta Basin,
Utah

Copper-uranium prospects in the upper Eocene Uinta
Formation of the central Uinta Basin, Utah, occur in
fluvial sandstone that was deposited in and adjacent to
ancient Lake Uinta during its waning stages. Recon-
naissance mapping by L. C. Craig, assisted by Mark
Larson and G. A. Miller, shows that some thin,
lacustrine limestone beds extend as much as 50 km into
the dominantly fluvial facies. The distribution of the
limestone beds indicates that the lake margin migrated
widely during these late stages. These areally extensive
limestone beds, in addition to widespread mappable tuff
beds, should provide a regional framework for con-
structing the geologic setting of the metalliferous
deposits in the poorly known central part of the basin.

The Middle Jurassic vanadium-uranium belt in western Colorado

Preliminary results of studies by M. W. Green, C. T.
Pierson, and H. C. Granger in the Entrada vanadium-
uranium belt, which extends from Durango northward
to Meeker in western Colorado, indicate that the Pony
Express Limestone Member of the Wanakah Formation
in the Durango, Graysill, and Barlow Creek areas
contains a lower lacustrine sandstone facies presently
included in the underlying Entrada Sandstone. The
stratigraphic and sedimentologic relationships in the
Placerville/Slick Rock area indicate a possible lateral
time equivalency between the siltstone units of the
lower Wanakah and Summerville Formations at Slick



MINERAL-FUEL INVESTIGATIONS 41

Rock and limestone of the Pony Express at Placerville.
No major depositional breaks or erosional hiatuses were
noted between the base of the Pony Express Member of
the Wanakah Formation and the top of the Morrison
Formation in the region of the vanadium-uranium belt;
however, rapid changes in sedimentary depositional
regime and resultant lateral and vertical lithofacies are
common in this interval. The dominant lithofacies and
environments of depositon include limestone (lacus-
trine), sandstone (eolian, fluvial, and lacustrine), and
siltstone (floodplain and lacustrine). The lower parts of
the sequence also locally contain bedded chert and gyp-
sum deposited in association with arid lacustrine units
and eolian dune environments. The upper part of the se-
quence, including the Morrison Formation, is domi-
nated by sedimentary rocks deposited in floodplain,
lacustrine, and medium- to high-energy fluvial environ-
ments. This indicates that conditions during deposition
of the sequence changed progressively from arid
evaporative climates to more humid climates.

Vanadium-uranium deposits in the underlying En-
trada Sandstone occur in proximity to the base and
western depositional margin of the Pony Express
throughout the mineral belt. Vanadium-uranium
deposits occur in zones or thin bands which are sus-
pended approximately parallel to the Entrada-Pony
Express contact within texturally uniform eolian,
lacustrine, and low-energy fluvial sandstone bodies of
the Entrada a few meters below the contact. Mineraliza-
tion probably followed or was contemporaneous with
the bleaching of the Entrada beneath the Pony Express,
possibly caused by the infiltration of organic-rich fluids
derived from decayed algal growths and other vegetal
matter in the Pony Express. The suspended strati-
graphic position and planar-tabular geometry of ore
deposits suggest that mineralization occurred at paleo-
fluid interfacies which existed between ground-water
fluids derived from the Pony Express and fluids of a dif-
ferent composition contained within the Entrada. No
other controlling mechanism for the emplacement of ore
deposits is apparent in the Entrada sequence.

Fossil Ridge, Colorado, uranium studies

In the Fossil Ridge area, the middle facies of the
Leadville Limestone was noted by R. S. Zech to be
unusually pure limestone, rather than dolomitic. At the
nearby Pitch mine, this facies is dolomitic and serves as
a host for uranium that occurs along fractures. The
potential for uranium accumulation in this facies in the
Fossil Ridge area is diminished because the limestone
tends to deform rather than fracture. However, the
great structural complexity of the area increases the
potential for uranium mineralization in other units,

including the upper (dolomitic) Leadville Limestone,
Manitou Formation, and Fremont Limestone.

Shifting margin of the Cretaceous sea in the San Juan Basin

Geologic mapping in the Tohatchi NW quadrangle by
R. E. Thaden has shown a major early regression of the
Cretaceous sea from the southwest margin of the San
Juan basin, as demonstrated by the presence of great
thicknesses of the continental fluvial Torrivio Member
of Molenaar, 1973, of the Gallup Sandstone that ex-
tends north and east beyond the Tohatchi NW quadran-
gle, and the virtual absence, except as thin beds and
isolated lenses, of the marine facies of the Gallup Sand-
stone, which occurs in the southwest corner of the quad-
rangle. The next transgression only reached near the
south border of the quadrangle, as is indicated by the
six or more shoreface sandstone bodies that occur there
in the Mulatto Tongue of the Mancos Shale. These sand-
stone bodies shingle upsection to the south and prob-
ably merge with the overlying progradational Dalton
Sandstone member of the Crevasse Canyon Formation.
Neither the Mulatto nor the Dalton is present
southwest of the quadrangle. Later shifts in the shore-
line of the Cretaceous sea in this area have been
documented previously.

Application of genetic-geologic models for uranium resource estimates

Work by W. I. Finch, H. C. Granger, and R. B.
McCammon has led to the development of genetic-
geologic models designed to evaluate the favorability
for undiscovered uranium resources. A systematic
matrix of all known geologic characteristics of a given
type of uranium deposit and their corresponding genetic
aspects constitutes a provisional genetic-geologic
model. The initial provisional model was built for the
tabular humaterelated uranium deposits in the San
Juan Basin, and it consisted of about 140 variables ar-
ranged in 11 genetic stages. For application in the unex-
plored part of the basin, research on this provisional
model reduced the final working model to about 20 vari-
ables in only three of the genetic stages. The chief
criteria used to identify an essential variable was based
on the requirement of regional variability of the data
needed to establish the presence or absence of that vari-
able. The essential genetic stages in the working model
are hostrock deposition, host-rock preparation for
uranium mineralization, and favorable conditions for
transport of both uranium and humate. All other
genetic stages were proven to have been favorable over
the entire basin. Data sets have been completed for use
in the working model by using geologic decision
analysis. This data-based analysis method will weight
the favorability for a given cell of ground to contain
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uranium deposits. By combining this favorability with
grade-tonnage data for deposits in the known mineral
belt by an extension of the geologic decision analysis,
the undiscovered uranium resources will be estimated.

Geologic decision analysis in the San Juan Basin, New Mexico

Preliminary estimates of uranium resources have
been made through geologic decision analysis for the
deeper, largely unexplored parts of the San Juan basin
in northwest New Mexico. According to R. B. McCam-
mon, the estimates are the result of large-scale integra-
tion of geologic data within a logical framework of a
genetic-geologic model representing tabular humate
uranium deposits in the Grants Mineral Belt. Favor-
ability of occurrence of this type of deposit is based on
subtle areal variations in total thickness, net sandstone
thickness, average sandstone thickness, number of
sandstone/mudstone alternations, sandstone to mud-
stone ratio, color, grain size, sorting, and composition
within the Westwater Canyon Sandstone member of the
Upper Jurassic Morrison Formation. Potential resource
estimates within favorable areas were derived from
statistical correlation with areas of similar favorability
containing known uranium resources. McCammon and
associates have estimated the potential uranium
resources in the unexplored East Chaco Canyon area to
be comparable with the discovered uranium resources in
the Gallup-Crown Point area. Geologic decision analysis
has provided a quantitative approach to potential
resource estimation.

Enhancement of data from helium soil gas surveys

According to G. M. Reimer, the concentration of
helium in soil varies as a function of meteorologic
parameters. On a daily basis, helium variations are a
function of air and soil temperature. Often, the daily
variations are of the same magnitude as the range of
concentrations found from a field survey. A new ap-
proach, developed by Reimer, to evaluating and correct-
ing the helium data from field surveys adjusts for the
daily air and soil temperature variations. Permanent
collecting stations are established in a field area, and
gas samples are withdrawn several times a day while
the survey is being conducted. The daily changes in
helium concentration are regular and predictable.
Hence, corrections can be made by comparing the
concentration and time of collection of the unknown
sample to the equivalent time and concentration of the
samples collected from the permanent probe. This im-
provement in data processing enhances field data that
previously were considered uninterpretable.

Uranium contents of igneous zircons and granitic rocks

According to J. S. Stuckless and George VanTrump,
Jr., concentration data for igneous zircons (Stuckless
and VanTrump, 1982a) and granitic rocks (Stuckless
and VanTrump, 1982b) of the contiguous United States
show that bulk uranium values for zircons and uranium
and thorium contents (and ratios involving these ele-
ments in granitic rocks) follow log-normal distributions.
Means and standard deviations of values examined are
in the following table:

Variable Number  Mean Standard deviation
Whole-rocks
U (ppm) 2507 3.54 +4.58 —2.00
Th (ppm) 2492 16.76 +22.47 —9.60
ThU 2484 4.73 +5.97 ~2.64
ThK 2250 5.00 +5.98 —-2.72
KU 2266 0.95 +1.18 —0.53
K 2280 3.52 +1.02 -1.02
Zircons
U (ppm) 93 636 4934 -378
Th (ppm} 304 312 +615 —-207
ThU 302 041 +0.456 -0.21

The areal distribution of anomalous values (which
were arbitrarily chosen as those more than one standard
deviation greater than the mean) does not uniquely
define known uranium mining districts. Anomalously
uraniferous zircons are common around the Colorado
Plateau, within central Wyoming, near the Midnight
mine in Washington State, and near the Marysvale
district of Utah, but are also common in the east-central
Sierra Nevada Mountains of California, the region of
northwestern Michigan-northern Wisconsin, east and
northern New England, and the inner piedmont of
Georgia. Anomalously large thorium-uranium ratios are
found in granitic rocks associated with the sandstone
deposits of central Wyoming, but are absent near other
deposits of this type. Anomalously large uranium con-
centrations occur sporadically throughout the United
States.

The concentration of uranium in igneous zircons and
granitic rocks is probably controlled by a number of
variables; therefore, these concentration data, without
supplemental information, seem to be of little use as a
tool for exploration or resource assessment. Examina-
tion of the variations in thorium-uranium ratios for a
few specific granites suggests that variability may be
caused by late-stage magmatic or secondary processes
that can.be associated with ore-forming processes.
Therefore, highly variable uranium concentrations or
thorium-uranium ratios may be useful in the search for
uranium deposits. If uranium content of zircons is to be
used as an exploration tool, it will be necessary to first
identify and quantify the variables that control these
values so that each data point can be compared to an
appropriate normal value.
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Uranium, carbon, and sulfur in roll-type uranium deposits in Wyoming

Work by J. S. Leventhal and E. S. Santos shows that
organic carbon, sulfide sulfur, and uranium are inter-
related in sandstone roll-type uranium deposits.

Organic carbon, sulfide sulfur, and uranium content
in samples from the Highland uranium mine, Powder
River Basin, Wyoming, are presented. These data show
strong statistical correlation between organic carbon
and sulfur and uranium and sulfur, but not between
uranium and organic carbon. This is interpreted to
mean that sulfide is the concentrating agent for the
uranium in this roll-type deposit. However, organic car-
bon (possibly introduced) is the energy source for
sulfate-reducing bacteria.

Petrographic investigations of primary uranium ore, Ambrosia Lake
district, New Mexico

In the Ambrosia Lake district, N. Mex., petrographic
work by J. D. Webster on primary uranium ores has
shown that organic material was introduced into the
host Morrison Formation sandstones before introduc-
tion of uranium but that the uranium was absorbed onto
the organic material while it was still plastic. Prelimi-
nary isotopic work confirms the time of mineralization
as early in the history of the Upper Jurassic host rock.

Age of uranium mineralization of the Churchrock mine, New Mexico

The low concentrations of vanadium and lead in ore-
grade host rocks from the Churchrock mine in New
Mexico, together with a considerable degree of disequi-
librium in high-grade samples, suggests to E. S. Santos
that this is a very young redistributed uranium deposit
which was probably derived from a preexisting redis-
tributed uranium deposit.

Uraniferous opal, Virgin Valley, Nevada: conditions of formation

Studies by R. A. Zielinski have shown that urani-
ferous, fluorescent opal, which occurs in tuffaceous sedi-
mentary rocks at Virgin Valley, Nev., records the tem-
perature and composition of uranium-rich solutions as
well as the time of uranium-silica coprecipitation.
Results have been integrated with previous geologic
and geochronologic data for the area to produce a model
for uranium mobility that may be used to explore for
uranium deposits in similar geologic settings.
Uraniferous opal occurs as replacements of diatomite,
or silicic air-fall ash layers, in tuffaceous lakebeds of the
Miocene Virgin Valley Formation of Merrian (1907).
Fission-track radiography shows uranium to be homo-

geneously dispersed throughout the opal structure. This
finding suggests coprecipitation of dissolved uranium
and silica gel. Fluid inclusions preserved within opal
replacements of diatomite have homogenization
temperatures in the epithermal range and are of low
salinity. Four samples of opal from one locality all have
uranium-lead apparent ages which suggest uraniferous
opal precipitation in late Pliocene time. These ages cor-
respond to a period of local, normal faulting, and high-
angle faults may have served as vertical conduits for
transport of deep, thermal ground water to shallower
levels. Lateral migration of rising solutions occurred at
intersections of faults with permeable strata. Silica and
some uranium were dissolved from silicarich host
strata of 5 to 20 ppm original uranium content and
reprecipitated as the solutions cooled. The model
predicts that in similar geologic settings, ore-grade con-
centrations of uranium will occur in permeable strata
that intersect high-angle faults and that contain
uranium source rocks as well as efficient reductant
traps for uranium. In the absence of sufficient quan-
tities of reductant materials, uranium will be flushed
from the system or will accumulate in low-grade
disseminated hosts such as uraniferous opal.

Tuffaceous sediments as source rocks for uranium: a case study in
Wyoming

Fine-grained tuffaceous sediments of the Oligocene
White River Formation have been evaluated as a possi-
ble source of uranium for the sedimentary uranium
deposits of Wyoming. The evaluation, by R. A. Zielin-
ski, is based upon a model in which volcanic glass is con-
sidered to be a major source of uranium and thorium
and in which uranium and silica are released during
alteration of glass to montmorillonite. The evaluation
scheme is applicable to other tuffaceous sediments in
similar geologic settings. The average uranium and
thorium contents of glass separates and glassy air-fall
ashes of the White River Formation are 8 and 22.4 ppm,
respectively, and these values approximate the average
composition of glass deposited in Wyoming basins in
Oligocene time. Comparison of these values with the
uranium and thorium concentrations in montmorillonite
separates indicates little change in thorium concentra-
tions but reductions in uranium concentrations which
average 3.3 ppm. In spite of the apparent major
removal of uranium during alteration of glass to mont-
morillonite, whole-rock samples of tuffaceous siltstones
have a calculated average uranium loss of only 0.7 ppm
because of generally small amounts of clay alteration.
This conclusion is supported by additional comparisons
between glassy ash and partially altered vitric silt-
stones; the latter corrected for mixing of altered glass
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and uranium- and thorium-poor primary and detrital
materials. The original volume of the White River For-
mation is adequate to generate economically significant
amounts of mobile uranium, even with such modest
losses. Uranium and silica which are mobilized during
glass alteration can coprecipitate as uraniferous second-
ary silica in areas where solutions become silica
saturated. These precipitates indicate pathways of an-
cient, uranium-rich solutions in tuffaceous rocks. Explo-
ration efforts in the White River Formation and under-
lying units should concentrate on areas where such
pathways intercept reducing environments. Intercepts
of this type are present at some uranium deposits in the
study area, and this lends support to a tuffaceous
source-rock model.

Redistribued uranium as indicator of incipient rock/water interaction

Fission track radiography of variably altered/welded/
fractured ash-flow tuffs, Yucca Mountain, Nevada Test
Site, by R. A. Zielinski, indicates intergranular-scale
redistribution of uranium that is not evident from bulk
chemical data. Redistributed uranium is adsorbed on
secondary oxides of iron and manganese that line frac-
tures, coat ferromagnesian minerals and fill cavities of
partially welded pumice. Redistributed uranium is most
evident in obviously zeolitized samples, but is also pres-
ent in petrographically fresh, densely welded tuffs. The
component of wholerock uranium associated with
hydrous secondary phases is interpreted as the uranium
mobilized by an aqueous phase during or after ash-flow
emplacement. Attempts will be made in the future to
quantify this component by selective leaching of host
oxides.

Formation of a tabular vanadium-uranium deposit at a solution interface

Studies were conducted by M. B. Goldhaber, in col-
laboration with H. R. Northrup and C. G. Whitney, on
the clay mineralogy and clay stable isotopy (oxygen and
hydrogen isotopes) of the Tony-M vanadium-uranium
deposit hosted by the Upper Jurassic Morrison Forma-
tion in Utah. The data reveal a complex clay
mineralogy. Within the underlying Tidwell unit of the
Morrison, (of Peterson, 1980) interstratified chlorite-
smectite formed during early postdepositional times as
a result of the evaporative nature of this unit. Within
the ore zone, an unusual vanadium-bearing chlorite
phase formed which is a major host for vanadium in the
deposit. Stratigraphically above ore, kaolinite is the
typical phase found in Morrison sandstones. The
isotopic data demonstrate that the vanadium-chlorite
was formed at and below the interface between two
fluids; the lower one was a brine and the upper one,

which carried the ore constituents to the deposit site,
was flowing meteoric water. The data also demonstrate
that the lower (brine) fluid was formed in a shallow
evaporative basin. The Tidwell unit is, in part, just such
an evaporative basin and is therefore the likely source of
the brine. Authigenic clays in the Tidwell unit are of the
appropriate isotopic composition to have formed from
this brine.

Quartz behavior in vanadium-uranium deposits

In 1980, H. C. Granger and C. G. Warren outlined the
problems related both to replacement of quartz by clays
within the ore layers of Colorado Plateau-type
vanadium-uranium deposits and to seemingly simulta-
neous precipitation of overgrowths in the enclosing
rocks. They noted the apparent requirements of a non-
conventional explanation for dissolution in the presence
of solutions that seemingly should have been saturated
relative to quartz. Further extensive research into the
problem has resulted in the tentative explanation that
follows.

Vanadium-uranium ores were formed in the reaction
zone between a humic-enriched meteoric solution and a
brine. In the humic solution, aluminum hydroxides are
transported principally as humic complexes, which
equilibrate with soluble alumina and aluminum hydrox-
ide adsorbed on quartz grain surfaces. This adsorbed
aluminum-hydroxide greatly depresses quartz solubility
from about 6 ppm SiO, in pure water to as little as
0.5 ppm in an aluminum-bearing solution. The effect
can be reversed, however, by reactions that consume
aluminum. During formation of clay minerals in the ore
zone, the aluminum-hydroxide is stripped from quartz
surfaces, leaving that quartz free to dissolve normally.
Outside the ore zone, where clays are not forming,
aluminum-hydroxides depress the quartz solubility to a
very low value. The concentration difference motivates
the dissolved silica to diffuse from the ore zone, where
concentrations can be in the order of 6 ppm SiO,, to
regions outside the ore, where concentrations of dis-
solved silica are much lower. Petrographic and related
studies suggest that considerable secondary, ore-stage
quartz was deposited in the adjacent host rock on the
humicrich side of the ore layer, but the evidence is less
conclusive on the brine side.

Vanadium reduction in vanadium-uranium deposits

A part of the hypothesis by H. C. Granger and C. G.
Warren concerning the geochemical genesis of Uravan
Belt vanadium-uranium deposits is that the vanadium
was introduced in solution as reduced species rather
than having been concentrated by reduction. Extensive
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review of the literature has disclosed the revealing fact
that geologists have frequently written about the
capacity of both organic matter and H,S to reduce
vanadium to V+*++, but the chemists have never shown
that this is possible at low temperatures.

In aqueous solution at low temperature, vanadium
(IV) apparently doesn’t react with H,S between pH 1
and 4; solid VO(OH)HS) or VO(HS), are formed at pH 4
to 8; and above pH 8, a soluble yellow sulfide complex
(thiovanadate?) forms. H,S and vanadyl sulfate react at
300° C to yield patronite, VS,, a vanadium (IV) sulfide.
This reaction illustrates the difficulty in reducing
vanadium (IV) by means of sulfur species.

Several published reports indicate that vanadium (V)
is reduced and forms vanadium (IV)}humate and
-fulvate complexes in the presence of humic and fulvic
acids. Granger and Warren’s experiments show that
certain pure organic reagents (similar to reduced forms
of humic materials) in the presence of H,S can preserve
either vanadium (III) or vanadium (IV) in the form of
blue or yellow soluble complexes. Over an observation
period of months, these colors remain unchanged, a fact
that indicates a fixed oxidation state, but no further
reduction. Laboratory results such as these suggest
that unoxidized humates are capable of carrying
vanadium (IIl) or vanadium (IV) without changing
either oxidation state.

These data place considerable doubt on geologists’
claims that low temperature solutions of H,S and
organic matter can reduce vanadium to vanadium (ITI).

Two-mica granite geochronology, tectonic space, and uranium content

Twomica granite in New England is known to be
emplaced during the Hercynian, Acadian, and probably
the Oliverian orogenies (local usage), or the entire
Caledonian-Hercynian time, which may have spanned
as much as 175 m.y., according to E. L. Boudette
(USGS) and J. B. Lyons (Dartmouth College). Intervals
of two-mica granite production appear to have occurred
at about 445 m.y., 385 m.y., 330 m.y., and 270 m.y.
These granites are formed in strike belts in the tectonic
grain of the Caledonian-Hercynian orogen, but a pro-
gression of increasing age of granite east-to-west is
no longer apparent. Granite of the 270 m.y.- and
385 m.y.-age groups appears in the Massabesic terrane
of the Avalonian tectono-stratigraphic zone, which is
adjacent to and parallels the coast. Granite of the
330 m.y.-age group (Sunapee belt) is medial in the
Gander tectono-stratigraphic zone, and granite of the
385 m.y.-age group (Barre belt) occurs in the west, just
east of the Ottauquechee ophiolitic melange (Iapetus
suture). The Barre belt is distinctive because it occurs
west of an enormous tectonic dislocation, which is prob-

ably an extension of the Brevard zone of the southern
Appalachians. This dislocation appears to be part of a
segmented thrust fault passed subsequently into trans-
current motion.

Total uranium in the 385 m.y.-old granite is the low-
est, less than 5 ppm. The 270-m.y.-old rocks are inter-
mediate with 5 to 12 ppm uranium, and the 330-m.y.-old
group is 12 ppm or more. Incomplete Pb-U-Th isotope
systematics in zircons of the granite groups suggest
that there may be an inverse relationship between
uranium content and a direct relationship with thorium
content in zircon and the total rock. Approximate
uranium content in zircon in the three age groups is as
follows: group 1, 385 m.y. ago, 3,050 ppm uranium,
385 ppm thorium; group 2, 330 m.y. ago, 2,300 ppm
uranium, 620 ppm thorium; and group 3, 270 m.y. ago,
3,800 ppm uranium, 500 ppm thorium. The isotope
systematics and zircon morphology suggest that each
of the groups had a different anatectic history.

To date, uranium deposits are known only in the
330 m.y. age group rocks in New Hampshire and Maine.
The protolith of the 330 m.y. age group is not presently
established, but possibilities are either Lower Devonian
age cyclic turbidite (metashale) of the Seboomook For-
mation or an unnamed, undated apparently older
carbonaceous, sulfidic black metashale unit with some
scattered stratabound Cu-Pb-Zn occurrences. It is possi-
ble that these later rocks, in particular, were once
enriched in uranium. Vitrac and others (1981) have
interpreted lead isotope data from Hercynian-age
granitic rocks in the Avalonian zone of New England to
indicate an influence from fluid circulation during
orogenic events in a continental crust in the Appala-
chians that exceeds an ultimate age of 3 billion yrs.

GEOTHERMAL RESOURCES
Low-temperature geothermal resources in the United States—1981

M. J. Reed reported that the first quantitative assess-
ment of the low-temperature (less than 90° C) geother-
mal resources within the United States was nearly com-
pleted in 1981. Quantitative estimates were made for
the accessible resource base (energy in the ground), the
resource (energy available at the surface), and beneficial
heat (energy used in an application) for both identified
and undiscovered low-temperature geothermal systems.
A new methodology was developed to determine the
recovery of energy from large-area systems and to calcu-
late the beneficial heat. Low-temperature systems were
identified in all regions of the country. The greatest
number of systems are in the Western U.S., but the
largest systems, which contain the most energy, are in
the Central U.S.
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Geothermal drilling at Newberry Volcano, Oregon

E. A. Sammel reported that drilling of a 7.6-cm
geothermal test hole in the caldera of Newberry
Volcano, Ore., was completed in September of 1981. The
total depth of the hole was 932 m, and the temperature
at the bottom of the hole was 265° C. The bottom few
meters of the hole was in permeable rock from which
steam was produced in a 20-hour flow test. Nearly con-
tinuous core was recovered from the hole. The informa-
tion gained from this highly successful research drilling
added considerably to an understanding and evaluation
of geothermal potential of Newberry Volcano. The
results at Newberry may also have wide application in
assessment of the geothermal potential of the Cascade
Range, adjacent to Newberry on the west.

Magnetotelluric study of the Cascade Range

W. D. Stanley completed magnetotelluric (MT)
studies at two volcanic centers in the Cascade Range of
the Pacific Northwest. The first of these is Medicine
Lake Volcano, east of Mt. Shasta in northern California,
and the second is Newberry Volcano in central Oregon.
The study of these volcanic centers was part of a
regional study of most of the Cascade Range. The MT
data suggest a four-layer electrical structure, with a sur-
face layer of high resistivity rocks, a second layer of

more conductive material, a third, relatively thick layer
of resistive rocks interpreted to be nonvolcanic upper
crust, and finally, a conductive layer interpreted to be
lower crustal rocks containing small amounts of free
water or partial melt. The second layer in most of the
regional survey, and in particular in the area of
Newberry and Medicine Lake Volcanoes, is thought to
consist of volcanic rocks with a greater concentration of
alteration products than the more resistive and younger
shallower volcanics. The bottom of the second layer is
generally at about 2 to 4 km, and the depth to the top of
the fourth layer, interpreted to be lower crustal rocks, is
typically 15 to 20 km. At both Medicine Lake Volcano
and Newberry Volcano the MT data indicate a struc-
tural high at the top of the third layer. Relief of about 2
to 3 km exists on this surface beneath the volcanoes.
This structure is also suggested by gravity and seismic
data for Medicine Lake Volcano and by the gravity data
for Newberry Volcano. The MT data suggest that these
structural highs contain little, if any magma, although
locally molten zones isolated vertically or horizontally
could be present. The resistivity of the second layer
suggests a relatively great degree of hydrothermal
alteration. A geothermal test well which encountered
high temperatures at a depth of 1 km in Newberry
Crater was drilled approximately at the center of the
structural high outlined by the MT soundings.
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NEW ENGLAND
Recurrent movements on faults north of Boston

In northeastern Massachusetts some regional faults
that have minimum strike displacements of several
kilometers exhibit the superimposed effects of several
episodes of movement, according to A. F. Shride. These
effects are reflected in styles of cataclasis ranging from
ductile mylonitization to brittle brecciation. The oldest
large scale faulting is pre-Silurian; the youngest is post-
Triassic. Smaller faults are perhaps much younger still.

High kames trace fractures in late Wisconsinan ice in southeastern
Massachusetts

A belt of 20 isolated high-standing hills, composed of
glacial meltwater sediments and informally known as
high kames, has been mapped in southeastern Massa-
chusetts by J. D. Peper and B. D. Stone as part of a
compilation of the Quaternary geologic map of Massa-
chusetts. This belt appears to delimit an area in which
englacial and supraglacial sediments were deposited in
ice channels along the intersections of radial and trans-
verse crevasses within stagnant ice marginal to the
retreating edge of the late Wisconsinan Narraganset
Bay-Cape Cod Bay Ice Lobe. The belt of kames is about
20 km wide and extends from the vicinity of Providence,
R.I, north-northeastward for about 50 km into the
eastern part of the Taunton River valley. The belt is
parallel to the coastal moraines to the south. The kames
are grouped in three lines with 5 km spacing. Individual
kames, 0.5 to 2.0 km long, are composed of fluvial
sediments at the surface, and many have deltaic foreset
and bottomset beds at depth. The tops of the hills stand
several to tens of meters above surrounding younger
deposits. Most kames have ice contact slopes on all
sides, and normal faults and open or recumbent folds
formed during collapse. The linear map pattern of the
kames within the belt and topographic elements within
many individual kames define a rectilinear pattern of
transverse north-northeast and radial south-southeast
trends due to accumulation of the deposits in ice
fractures.

Glacial deposits of the Shetucket River Basin, eastern Connecticut

J. P. Schafer has highlighted the importance of ice-
marginal lakes in producing a detailed record of the
retreat of the last ice sheet by compilation of the
Shetucket River Basin section for the glacial geologic
map of Connecticut. The relatively broad valley of the

Shetucket and the lower Natchaug River in the 13-km-
long South Windham-Willimantic-Mansfield Center
area contains deposits of at least 8 successive lakes.
Each lake was dammed by the next older deposit, some-
times including detached bodies of dead ice. The initial
blockage of the valley probably occurred at a bedrock
narrows just downstream. Each lake was in contact
with a marginal zone of dead ice so that the heads of the
successive lake deposits record successive positions of
the ice margin. In contrast, the stratified glacial
deposits along most south-draining stream segments in
this basin show much more widely spaced ice-contact
heads, as far as 5 to 15 km apart. Although lake
deposits are common in such valleys, drainage condi-
tions during their deposition did not produce topo-
graphic separation of successive deposits. Instead, they
merged into one another. In such areas, retreatal posi-
tions are better recorded by small upland deposits
which are generally ponded against divides.

Late Wisconsinan stratigraphy along the terminal moraine, northern
New Jersey

Detailed surficial mapping and coring of part of the
late Wisconsinan terminal moraine, promoraine deltas
and subaqueous fans, and varves in the glacial Lake
Passaic Basin of northern New Jersey, show proximal
to distal relationships of surface and subsurface strati-
graphic units that were deposited during the glacial
maximum. A core from the crest of the moraine in
Madison, studied by B. D. Stone (USGS), M. J. Pavich
(USGS), and G. E. Reimer (Rutgers University), con-
tains from top to bottom: deltaic sand, homogeneous
compact till (10 m thick), and interbedded lacustrine
clay, silt, and sand, and thin till beds. The entire
moraine sequence is apparently stratigraphically equiv-
alent to lake-bottom beds that underlie the Great
Swamp Basin south of the moraine. These beds include
a 19-m thick section of more than 600 varves, which con-
sist of regularly laminated clay and fine silt couplets
that average 3.1 cm thick. X-radiographs of varves ob-
tained by J. C. Liddicoat (Lamont-Doherty Geological
Observatory) reveal discrete, locally graded microlami-
nations within the silt layers of the varve couplets.
These microlaminations probably resulted from deposi-
tion by individual meltwater density underflows on the
lake bottom. Oriented paleomagnetic samples analyzed
by Liddicoat show normal polarity and also show ap-
parent paleosecular variation of less than 10° over a
sampling interval of tens of varves.

47
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Juxtaposed terranes in northern New Hampshire: possible extension of
Brevard zone

Geologic mapping by R. H. Moench, L. J. Cox, A. R.
Pyke, and Viki Lawrence in the Second Connecticut
Lake quadrangle, northern New Hampshire, has deline-
ated a south-facing lower Paleozoic sequence of rusty-
weathering euxinic melange, succeeded by interbedded
turbiditic quartzite and pelitic schist (Albee Formation),
and then by complexly interstratified Middle Ordovi-
cian subaqueous mafic and felsic metavolcanic rocks
and black phyllite (Dixville Formation). The Middle
Ordovician assemblage is exposed in an area of about
25 km? that includes Magalloway Mountain, previously
mapped as Albee Formation. It comprises a large
doubly plunging basinlike feature and locally shows
evidence of sulfide mineralization. The Albee and subja-
cent melange strike east-west. They represent the
westernmost known extent of a south-facing sequence
of ophiolite, melange, and abyssal flysch mapped by
Boudette (unpub. data, 1982) and Boudette and Boone
(1976) to the east in Maine. Together with underlying
Precambrian rocks (Chain Lakes massif) and overlying
Ordovician, Silurian, and Lower Devonian metavolcanic
and metasedimentary rocks, the entire assemblage com-
prises a major crustal block that extends nearly to the
New England coast.

In the Second Connecticut Lake quadrangle, rocks of
the southeastern block are truncated on the northwest
by a major northeast-trending fault zone. Northwest of
the fault is a very different terrain of metamorphosed
volcanics, hypabyssal intrusives, and sedimentary
rocks traditionally considered to be Silurian to Early
Devonian, but on the basis of no conclusive evidence.
These rocks appear to be preserved in fault slices, each
of which is internally structurally complex. The
volcanics are host to one known major massive sulfide
deposit (Ledge Ridge) and elsewhere show evidence of
premetamorphic mineralization. From regional geologic
relationships shown on Williams’ (1978) map of the Ap-
palachian orogen, the fault zone may be the northeast
continuation of the Brevard zone, a major terrain
boundary in the southern Appalachians. Reed, Bryant,
and Myers (1970) interpret the Brevard as a zone of ma-
jor combined left-slip thrust faulting. Regardless of its
origin, the possibility that the Brevard extends into this
part of New England should provide new focus for re-
search. It raises the possibility, for example, that the
width of the orogen has been approximately doubled by
left-slip faulting on a feature analogous to the San
Andreas fault. The remarkable similarity of probable
Precambrian diamictites of the Chain Lakes massif in
Maine and the Sykesville Formation in Maryland
(Boudette, unpub. data, 1982; Hopson, 1964) provides a

measure of about 900 km of possible left-slip displace-
ment. Assuming a high but reasonable rate of 10 cm/yr
displacement, 900 km of relative movement would have
taken 9 million yr. Based on geologic relationships, this
may have occurred mainly in Early Devonian time.

Analysis of faulted glacial pavement in southeastern New York

In the lower Hudson River valley, faulted glacial
pavement (20,000-16,000 yr old) spatially associated
with late brittle faults is being reexamined by N. M.
Ratcliffe to determine if tectonic or nontectonic origin is
applicable. Seven new and three previously identified
exposures (Oliver and others, 1970) have been studied.
Analysis of these faults suggests that all the reported
instances may have formed from ice wedging acting on
brittly fractured rocks. Structures suitable for the
operation of ice wedging, such as open cracks, shallow
dipping lift off floors, and wedge-shaped blocks, are
present. Although not proven, the available data sug-
gest that postglacial faults reported from the southern
Hudson River valley are nontectonic in origin.

Exotic terranes in the New England Appalachians

Reexamination of the tectonic relations of the New
England segment of the Appalachian orogen in light of
accreted and exotic terranes indicates that the concept
may be applicable. The coastal belt of Massachusetts,
Rhode Island, and Maine, or “Avalonia,” may have
been accreted in latest Acadian or early Alleghenian
time, as indicated by its stratigraphy, lack of Acadian
deformation, and by paleomagnetic data. This Avalo-
nian terrane is itself composite, consisting of subter-
ranes. It is bounded inboard by high angle faults such
as the Clinton-Newbury fault; its contact against the
Meguma terrane (offshore and in Canada) is probably
also high angle faults. The Carboniferous basins may
have evolved on Avalonia through oblique-slip faulting.
Inboard of Avalonia is the Merrimack terrane, now
largely underlain by Silurian-Devonian rocks. The
western margin of this terrane was welded to the Taco-
nian North America in pre-Late Silurian time, but large
pieces of this terrane in southern New England may
have been removed immediately after the Acadian
deformation. The Taconian North American craton
margin must be eastward of the present Bronson Hill
gneiss domes; in northern Maine it runs from just south
of Chain Lakes massif (Jim Pond-Boil Mountain
ophiolite) northeast toward the Elmtree ophiolite in
northern New Brunswick. This line has excellent grav-
ity and aeromagnetic expressions. The distribution of
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ophiolites, age and nature of basement rocks, blueschist
terranes, trench melange, island arcs, and continental
margin facies tend to support this demarcation. Except
for the classic thrust allochthons, such as the Taconic
allochthon, the only likely exotic terrane that might be
assigned to the Taconian subduction-induced deforma-
tion is the Chain Lakes massif itself, which might be a
piece of the basement of the opposite shore of Iapetus
Ocean and which may be the basement of the Merri-
mack terrane.

Fault definition and seismicity in the Ramapo seismic zone

Fault mapping in southeastern New York State by
L. M. Hall, H. Helenek, and N. M. Ratcliffe has further
defined the distribution of brittle (Triassiclike) faults
and more ductile features in the Ramapo (N.Y.-N.J.)
seismic zone. In Westchester County, Hall has deter-
mined that Mesozoic brittle faults trend north-
northwest nearly normal to the northeast seismic trends
of nodal planes available from fault plane solutions. No
evidence for reactivation of northeast-trending struc-
tures has been found.

Faults in Pleistocene sediments at trace of Ramapo fault

A trench dug near the ancient shoreline of glacial
Lake Passaic (10,000-12,000 yr old) revealed numerous
faults in Pleistocene deltaic deposits along the updip
projection of the Ramapo fault, as determined from core
drilling in bedrock. Numerous southeast dipping, ver-
tical, and northwest dipping high-angle faults show
predominant reverse movement with throws up to 2 cm.
Analysis of the faults by B. M. Stone and N. M. Rat-
cliffe indicates that the numerous faults terminate
downward against bedding and are thus intrastratal.
The faults appear to be compaction, syndepositional
faults rather than tectonic in origin.

Seismo-tectonic model for Ramapo seismic zone, New York and New
Jersey

A seismo-tectonic model developed by N. M. Ratcliffe
for the Ramapo seismic zone and lower Hudson River
valley area suggests that current seismicity here is con-
trolled by the structure of Middle Proterozoic basement
gneiss. Where this basement forms shallow level thrust
sheets or is deeply buried, no seismicity occurs; where
highly faulted basement rocks are exposed near the sur-
face, recurrent earthquakes do occur.

APPALACHIAN HIGHLANDS AND THE
COASTAL PLAINS

Geology of the Piedmont between the Brevard and Towaliga fault zones,
central Georgia

The high-grade metamorphic terrane of the Georgia
Piedmont between the Brevard and Towaliga fault
zones in the Atlanta and Griffin quadrangles is com-
posed of three groups of stratified metasedimentary and
metavolcanic rocks that crop out in two major, refolded
synforms separated by a complex antiformal area that
shows numerous fold interference patterns. The syn-
forms are interpreted by M. W. Higgins and R. L.
Atkins as reclined second-generation folds that have
folded first-generation fold nappes and have been
modified by three subsequent fold generations. The first
and second fold generations are separated by an angular
unconformity that regional extrapolation indicates may
be roughly equivalent to the Taconic unconformity. The
three stratigraphic groups, the Atlanta Group, the
“Griffin group,” and the “La Grange group” are related
by common units, the most distinctive of which are a
gondite (spessartine quartzite) and a closely associated,
finely laminated impure marble. The marble, an ortho-
quartzite, and a distinctive amphibolite unit tie the
three groups to the “Opelika group” in the Alabama
Piedmont. The stratified rocks have been intruded by
six major granitic bodies and numerous smaller plutons.
Four of the six major bodies are of batholithic size. The
largest has contact aureoles in which mafic rocks have
been thermally altered, epidotized, and subjected to
copper mineralization. Three swarms of northeast-
trending mafic dikes in the Griffin quadrangle are
younger than the granites and all deformation but are
older than northwest-trending Mesozoic diabase dikes.

Cambrian paleographic features of the central Virginia Piedmont

Geologic mapping by Louis Pavlides indicates that
much of the central Virginia volcanic-plutonic belt of
Cambrian age(?) has been thrust westward concomitant
with the destruction, by thrusting, of an associated
back-arc basin that was adjacent to the west of the
volcanic-plutonic belt. During the destruction of the
back-arc basin, tectonically disrupted ocean-floor and
associated basin-floor volcanics were deposited as
debris in front of the advancing thrusts to form the
olistostromal melange zones that now contain blocks
and boulders of serpentinite, metagabbro, and am-
phibolite. Several imbricated melange zones now repre-
sent the remnants of the back-arc basin. The eastern-
most melange zone, that closest to the Chopawamsic
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Formation (volcanic) of the central Virginia volcanic-
plutonic belt, contains felsic and mafic metavolcanic
fragments of the Chopawamsic Formation. These were
apparently shed from the Chopawamsic as it was being
thrust westward and accumulated as olistoliths in the
easternmost melange zone.

The west border of the melange terrane is in thrust
contact with a unit of calcareous to noncalcareous
siltstone and schist that includes the Everona Lime-
stone of early Paleozoic age and which as a unit discon-
formably overlies the Catoctin Formation of Late Pro-
terozoic age. This siltstone, schist-, and limestone-
bearing unit probably formed as a thin deposit upon the
eastern margin of Cambrian North America, which was
bordered here by the Catoctin Formation and the subja-
cent rocks of the Blue Ridge province.

Successively outboard (eastward) from the “Blue
Ridge massif”’ continental margin of North America,
therefore, were the back-arc basin and the island arc
now represented by the metamorphosed rocks of the
central Virginia volcanic-plutonic belt. Presumably out-
board from the arc in the ocean (Iapetus?) proper to
east, there was a trench and an associated westward-
dipping subduction zone (Pavlides, 1981).

The trench and back-arc basin along the Cambrian
margin of eastern North America were destroyed by
thrusting prior to about 440 m.y. ago. This whole-rock
Rb/Sr isotopic age was obtained by J. G. Arth for the
Ellisville pluton that intrudes and thermally metamor-
phoses rocks of the melange zone. Thus, this deforma-
tional event is a Taconic event, although some of the
thrusting may have started earlier.

Studies of depth of weathering on Atlantic Coastal Plain formations

Investigations by J. P. Owens in 1981 included stud-
ies of the depth of weathering on surfaces of different
ages in the Cape Fear area. The relative depth of weath-
ering and the type of mineral assemblages produced
have been used earlier as an age indicator in the Chesa-
peake Bay area.

One of the main minerals used to determine the age of
weathering in the Chesapeake Bay area is gibbsite, the
amount of which generally increases with age. Surfaces
of comparable age between Chesapeake Bay and Cape
Fear revealed that the Cape Fear surfaces were notably
deficient in gibbsite in all cases.

Two possible explanations for this phenomenon are
that (1) the original detrital minerals necessary to pro-
duce gibbsite (mainly feldspar) were absent or present in
very small amounts in the surface sands of Cape Fear as
compared with the surface sands of the Chesapeake Bay
area, or (2) the surface sands of the Cape Fear area were
stripped extensively postdepositionally. The latter

interpretation is favored. The stripping of the near-
surface sands in Cape Fear appears to be related to the
formation of widespread surface depressions, ‘“‘Carolina
bays,” found on nearly all of the surfaces in the area.
One theory explaining the formation of these bays is
deflation, which would provide the mechanism for the
removal of the upper gibbsite-bearing soil profiles over a
wide area.

Effects of Pleistocene glaciation on development of New River terraces,
Virginia

Mapping by H. H. Mills along a 100-km reach of the
New River in southwestern Virginia shows that un-
paired river terraces are more abundant below 12 m and
above 30 m. Weathering characteristics, including color,
grain-size distribution, and heavy-mineral content,
suggest a post-Wisconsinan age for the lower terraces.
Terraces that are more than 30 m above river level are
hypothesized to have formed during the Sangamon, a
time of relative stream stability that came to an end
with the onset of the Wisconsinan and more rapid
downcutting.

Structures in the Roanoke recess area, Virginia and West Virginia

A geologic map of Giles County and adjacent areas in
southwestern Virginia and southeastern West Virginia
is currently being compiled by R. C. McDowell from
published and unpublished reports and other data and
is being supplemented by field mapping. The study area
is along the western side of the Valley and Ridge prov-
ince just south of the Roanoke recess (or Virginia pro-
montory), which marks the boundary between the cen-
tral and southern Appalachians. Preliminary results
show the presence of previously unrecognized topo-
graphic and structural features of central Appalachian
trend within the area of dominant southern Appala-
chian structures. The origin of these features, as well as
the deep-seated Giles County seismic zone, which also
has a central Appalachian trend, is unknown; it is
hypothesized that they may represent structures of cen-
tral Appalachian origin that have been affected by
younger southern Appalachian deformation.

An Avalonian terrane in the Charlotte 2° quadrangle, North and South
Carolina Piedmont
The three eastern lithotectonic belts in the Charlotte
2° quadrangle are, from east to west, the Carolina slate
belt, the Charlotte belt, and the Kings Mountain belt.
On the basis of petrographic, fossil, and isotopic
evidence, these lithotectonic belts appear to be seg-

ments of an Avalonian terrane, perhaps an island-arc-
basin complex, according to D. J. Milton, J. W. Horton,
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Jr., and Richard Goldsmith. In the Carolina slate belt,
rhyolitic lavas and tuffs of the Upper Proterozoic
Uwharrie Formation are overlain by low-grade, fine
grained clastic sediments (apparently deep water tur-
bidites) and volcanic rocks (largely subaqueous tuffs) of
the Lower Cambrian Albemarle Group. Major-element
and trace-element studies of the volcanics suggest an
island-arc complex, but heavy mineral suites in the
siltstones indicate contributions from a continental
source. The Charlotte belt is dominated by plutonic
rocks and is probably an island-arc core complex. An
early igneous complex of ultramafic and gabbroic
(ophiolitic?) to granodioritic and tonalitic composition,
including some metavolcanic and hypabyssal rocks, is
intruded by Silurian to Devonian gabbro, syenite, and
granite, and by Pennsylvanian to Permian granite. The
Kings Mountain belt consists largely of low- to medium-
grade metavolcanic and metasedimentary rocks char-
acterized by marble,- quartzite, and quartz-pebble
conglomerate, as well as aluminous schists, and is inter-
preted as a nearer-shore facies than the Carolina slate
belt. Apparent correlatives of the principal intrusive
units of the Charlotte belt also occur in the Kings Moun-
tain belt.

Supracrustal rocks of the three belts could be age-
equivalent or the overall structure could be anticlinorial,
having one or both outer belts unconformable on the
Charlotte belt. The boundary between the Charlotte belt
and the Carolina slate belt is a zone of strong shearing,
but probably not one of regional-scale displacement.
This structure, known as the Gold Hill shear zone, con-
tains major polymetallic sulfide and gold deposits. No
evidence is available as to whether the Avalonian belts
are, or are not, allochthonous. The boundary of the
Kings Mountain and the Charlotte belts with the Inner
Piedmont to the west is, however, characterized by
repeated faulting along the Kings Mountain shear zone
and along the more brittle Eufola fault zone. Both zones
are metamorphic as well as structural discontinuities. A
narrow zone of spodumene pegmatite dikes, containing
the largest developed reserve of lithium in the world, is
located in the Inner Piedmont within a few hundred
meters of the Kings Mountain shear zone.

The Inner Piedmont belt consists of polydeformed,
medium- to high-grade gneisses and schists intruded by
lower Paleozoic synkinematic granites. Foliation is
characteristically gently dipping, in contrast to the
steep dips in the adjacent Kings Mountain and Char-
lotte belts. The Inner Piedmont is separated from the
stacked thrust slices of the Blue Ridge province by the
Brevard zone, a complex of ductile and brittle faults.
The Inner Piedmont, like the Blue Ridge, is probably
allochthonous; seismic profiling by Harris and others
(1981) suggests a series of thrust plates above a master

thrust at a depth of 6 to 15 km. A single occurrence of
charnockite within the Inner Piedmont suggests Gren-
ville basement within the stack. A few similarities in
lithology between the western part of the Kings Moun-
tain belt and zones within the Inner Piedmont belt (in-
cluding the ‘“Chauga belt”’) suggest that the Inner Pied-
mont rocks may be, in part, at least derived from the
Avalonian terrane.

A high Taconic slice in the Pennsylvania Piedmont

While mapping in 1981 in low-grade phyllites of the
South Valley Hills (SVH) in the Piedmont west of Phila-
delphia, P. T. Lyttle recognized a tectonic slice of
Taconic-like rocks that contain phyllonite zones. Along
their northern contact, the phyllites are thrust over, and
perhaps included as slivers in, the Conestoga Limestone
of Cambrian to Ordovician(?) age. Along their southern
contact, the phyllites lie structurally beneath the Peach
Bottom Slate, Peters Creek Schist, oligoclase-mica
schist of the Wissahickon Formation, and Proterozoic
gneisses of the West Chester anticline. Serpentinite
bodies along and south of this southern fault zone are
absent to the north. The SVH phyllites are greenish-
gray to silver-gray rocks that weather to a dark olive
green and contain zones of abundant white-weathering
albite porphyroblasts and large magnetite octahedra in
a fine-grained chlorite-sericite-quartz matrix. The
albites commonly are zoned; their rims are free of inclu-
sions, but their cores have streams of inclusions that
show rotation of an early foliation. In the SVH, these in-
clusions represent the same metamorphic grade as the
matrix, whereas 65 km southwest, along strike in Car-
roll County, Md., the inclusions may preserve evidence
of an earlier, slightly higher grade of metamorphism
than that recorded by the surrounding matrix. All these
characteristics suggest similarities to some of the units
of the high Taconic slices of Vermont and Massachu-
setts (Dorset, Greylocke, and Everett slices). In Penn-
sylvania, the Taconic-like rocks of the Hamburg Klippe
consist largely of Lower Ordovician rocks. The SVH
phyllites may consist largely of Cambrian and older
rocks like those of the higher Taconic slices and,
therefore, may be a suite of allochthonous Taconic rocks
in the Maryland-Pennsylvania Piedmont.

Soil chronosequences and “Be isotopic dating in mid-Atlantic States

M. J. Pavich and H. W. Markewich have demon-
strated that characteristics of soils in chronosequences
can be qualified and used to approximate ages of
Quaternary surfaces on Coastal Plain sediments. **Be in
soils has been analyzed by Louis Brown, Department of
Terrestrial Magnetism, Carnegie Institute. Analyses of
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19Be, a cosmogenic isotope of half life 1.5 m.y., from four
soils in a chronosequence show that ’Be accumulation
fits a simple line function.

Stratigraphy and structure of the Chesapeake Group in Virginia and
Maryland

During fiscal year 1981, W. L. Newell, Lucy
McCartan, and R. L. Jacobson measured detailed strati-
graphic sections of the Chesapeake Group in Virginia
and southern Maryland. From these sections, extensive
photomosaics of river bluffs, well logs, and bridge
borings, cross-sections that correlate classically zoned
fossiliferous units with nonfossiliferous, near-shore
shelf and terrestrial facies have been compiled. The fos-
siliferous and nonfossiliferous units are interpreted to
show a repeating history of transgressive and re-
gressive events.

The lithostratigraphic framework indicates that the
Chesapeake Group consists of two major sequences
separated by an angular unconformity. The lower se-
quence includes the Calvert, Choptank, and St. Marys
Formations of Miocene age. The upper sequence in-
cludes the Eastover and Yorktown Formations of late
Miocene and Pliocene ages respectively. Regional map-
ping indicates that the lower sequence was deposited in
the Salisbury embayment to the east, whereas, the
upper sequence was deposited in the Albemarle embay-
ment to the southeast. The southward shift of the depo-
center indicates uplift of the southern Maryland and
northern Virginia area during subsidence of the Albe-
marle embayment.

On the local scale the data show that the faunal zones
are laterally discontinuous, that the upper zones of the
Choptank Formation are facies of the St. Marys Forma-
tion, and that, in all units, facies change systematically
across hinge lines and troughs, which are underlain by
subsurface faults thought to be controlled by sub-
Coastal Plain tectonics.

Polydeformed rocks in the Lowndesville shear zone, South Carolina and
Georgia

Studies by A. E. Nelson show that deformed fabrics
in rocks of the Lowndesville shear zone range from
mesoscopic to microscopic in size; they include folds,
mylonitic deformation, and cleavages, as well as a vari-
ety of fabrics attributed to both ductile and brittle
deformation. Generally, deformation intensity seems to
grade from less deformed Inner Piedmont rocks, show-
ing minor crush breccia zones to highly deformed phyl-
lonites of the Kings Mountain belt. The shear zone
boundaries appear to be gradational.

The ductile and brittle fabrics suggest the following
deformational history: ductile deformation was domi-

nant in most of the shear zone with localized concomi-
tant brittle deformation; folding of mylonitic foliation
formed some rootless isoclinal folds; late stage ductile
deformation was associated with development of pene-
trative cleavage; a stage of folding produced late north-
northeast trending folds and associated slip cleavage;
one or more periods of fracturing occurred during and
after the mylonite formation, as well as some seismic
faulting of unspecified age, to form minor
pseudotachylytes.

Correlation of aeromagnetic patterns with major lithotectonic units in
the southern Appalachian Mountains

According to A. E. Nelson, aeromagnetic patterns
over three major lithotectonic units (the Valley and
Ridge rocks, the Great Smoky thrust sheet, and the
Hayesville thrust sheet and associated Helen belt),
which underlie parts of the Greenville and Knoxville 2°
quadrangles in the southern Appalachian Mountains,
show that most magnetic anomalies over the Great
Smoky thrust sheet and the Valley and Ridge rocks
have long wavelengths with low amplitudes that reflect
deeply buried magnetic source rocks in the Middle Pro-
terozoic(?) basement. Anomalies in the Hayesville
thrust sheet and Helen belt usually have short
wavelengths with higher amplitudes that represent
source rocks at or near the surface. An aeromagnetic
lineament, the Clingman lineament, crosses parts of the
Valley and Ridge rocks and the Great Smoky thrust
sheet and separates magnetic gradients originating in
magnetic source rocks in the basement that have
N.15E. trends on its northwest side from gradients with
a N.45E. trend on its southeast side. The Clingman line-
ament represents a major discontinuity in the Middle
Proterozoic(?) basement.

Lower Jurassic igneous rocks in the Culpeper Basin, northern Virginia

Remanent magnetization determined in 78 cores from
six diabase sills, four diabase dikes, and three basalt
flows in the Culpeper Basin shows directional consist-
ency within each site and between sites, according to
B.D. Leavy (USGS), and C. A. Raymond, B. B. Ell-
wood, and Lisa Chaves (University of Georgia). Calcu-
lated pole positions plot on the polar wander path for
North America at about 200 m.y., but yield pole posi-
tions intermediate to those of the 175-190 m.y. paleo-
poles previously calculated in the Hartford Basin. Thus
they estimate an age of 180-185 m.y. for the igneous
rocks of the Culpeper Basin.

Preliminary dating of the same suite of igneous rocks
by J. F. Sutter (USGS) indicates whole rock “Ar/®Ar
plateau ages of about 197+4 m.y. The ages from dikes
and sills are highly concordant and consistent with a
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very small margin of error for the apparent age. This is
consistent with the tight grouping of paleomagnetic
pole positions; however, the “Ar/Ar age data suggest
that pole position and the age of igneous rocks in the
Culpeper Basin are about 195 m.y. old.

Emplacement of these igneous rocks through conti-
nental crust accompanied the early Jurassic rifting
event that preceded the opening of the central Atlantic
Ocean to the east.

Amino-acid dating of fossil shells in the Atlantic Coastal Plain

Age estimates for Pleistocene formations determined
from amino-acid ratios in mollusks were compared with
relative and absolute age estimates for the same units
determined from U-series coral dates, biostratigraphy
(mainly mollusks and ostracodes), magnetic stratig-
raphy, and lithostratigraphy. Pleistocene units at
numerous localities in the Southeastern United States
Coastal Plain were studied by Lucy McCartan, J.P.
Owens, B. W. Blackwelder, and B. J. Szabo (USGS),
D.F. Belknap (University of Southern Florida), J.F.
Wehmiller (University of Delaware), Nivat Kriausakul
(University of Texas), R. M. Mitterer (University of
Texas), and J. C. Liddicoat (Lamont-Doherty Geological
Observatory). There is fair to good correspondence and
reproducibility of age estimates determined from D/L
ratios of leucine and those determined from the ratio
isoleucine/alliosoleucine in samples from the test area
between New Bern, N.C., and Charleston, S.C. In addi-
tion, there is good agreement of the amino-acid ages
with U-series coral ages in some areas. However, amino-
acid ratios from the Socastee Formation at Myrtle
Beach, S.C., almost completely overlap the ratios from
the Wando Formation at Charleston, 170 km to the
south. The Socastee contains 200,000-yr-old corals, and
the Wando has yielded several coral ages of about
90,000 yr. Hence, the amino-acid data appear to suggest
that the two formations represent a coeval unit,
whereas the coral dates suggest two temporally distinct
units. One interpretation of the amino-acid data, which
would resolve the discrepancy, is that a steep temper-
ature gradient caused the overlap in the amino-acid
ratios; that is, the D-enantiomer production was re-
tarded at Myrtle Beach by cooler temperatures during
the two glacial periods subsequent to deposition of the
Socastee Formation.

Geology of Tertiary sediments near the Cooke fault, Charleston, South
Carolina

Tertiary Coastal Plain sediments located 25 km
northwest of Charleston, S.C., near Cooke Crossroads,
Dorchester County, have been studied through the use
of cuttings, cores, and geophysical logs from water wells

and stratigraphic test holes. Fossils studied by J. E.
Hazel, L. M. Bybell, and L. E. Edwards indicate that
the units are of late Paleocene, early Eocene, middle
Eocene, late Eocene, and late Oligocene age. According
to G. S. Gohn and E. M. Lemon, these units vary con-
siderably in thickness and are separated by unconformi-
ties with as much as 60 m of relief. The Cooke fault,
located about 1 km southeast of Cooke Crossroads, was
identified on seismic profiles. It is a northeast-trending,
northwest-dipping reverse fault that deforms reflectors
correlated with Coastal Plain units as young as Paleo-
cene. The distribution and thickness of lower Eocene
and younger beds, shown by the drill-hole data, are not
affected by faulting. Rather, the Eocene and Oligocene
units dip to the northeast and thicken in that direction.
In addition, middle Eocene limestones present on the
seismically defined upblock of the fault are not present
on the seismically defined downblock. From these data,
it is concluded that the rate of post-Paleocene move-
ment on the Cooke fault was not large enough to control
or localize Eocene and Oligocene erosion and deposition
and that the effects of Cenozoic movement on faults in
the Charleston area may be subtle and difficult to detect
in the Cenozoic Coastal Plain.

CENTRAL REGION

Supracrustal stratigraphy and geochemistry, northern Wisconsin

A shallow-water sedimentary rock sequence underlies
the Quinnesec Formation and overlies the basement
Dunbar gneiss in the Florence Southeast quadrangle in
northeastern Wisconsin. This sedimentary sequence,
metamnorphosed to amphibolite grade, includes quartz-
ite, marble, calc-silicate rocks, biotite schist, and meta-
arkose. Stromatolites are present in some carbonate
units. K. J. Schultz and P. K. Sims tentatively correlate
this sequence with basal units of the Marquette Range
Supergroup, thus establishing an Early Proterozoic age
for the Quinnesec Formation.

Newly recognized gneiss dome, northeastern Wisconsin

The Dunbar gneiss dome is a newly recognized
feature of the Proterozoic crystalline terrane of north-
east Wisconsin, delineated during geologic mapping by
P. K. Sims and K. J. Schulz in 1982. The dome is 20 km
by 30 km across, trends northwest, and has a structural
relief greater than 1 km. The core of the dome is com-
posed of complexly deformed and metamorphosed
biotite gneiss, foliated megacrystic granite, and foliated
gray tonalite. It is unconformably mantled by less de-
formed metavolcanic rocks of the Quinnesec Formation
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and, locally, by quartzite, meta-arkose, marble, calc-
silicate rock, and biotite-, hornblende-, and pyroxene
bearing schist. These rocks dip steeply and face
stratigraphically outward, as indicated by pillow struc-
tures in the lavas. Metamorphic zoning is concentric,
having amphibolite facies in the core and in the inner
part of the mantle and greenschist facies in the outer
part. Many small bodies of compositionally diverse
granitoid rocks are in the inner part of the mantle. The
core is interpreted as a window exposing part of an ex-
tensive terrane of Early Proterozoic (about 1,860 m.y.)
age that was dynamothermally metamorphosed prior to
diapirism. The Early Proterozoic crystalline sequence is
inferred to underlie northern Wisconsin, but evidently is
absent in northern Michigan.

Lake Superior Basin geology and tectonics

A memoir on the geologic and tectonic history of the
Lake Superior Basin was completed (Wold and Hinze,
unpub. data, 1982). Twenty papers on the geology and
geophysics of the Lake Superior Basin present an in-
tegrated multidisciplinary approach in which each
geologic discipline built upon the results of previous
studies and has led to the acceptance of the theory that
the Lake Superior Basin is a surface manifestation of a
major crustal rift. However, caution must be used in
extending the Lake Superior Basin model to the entire
Midcontinent Rift System because of the many varia-
tions possible in tectonism, igneous activity, and the ef-
fect of subsequent deformation along the length of the
rift.

ROCKY MOUNTAINS AND THE
GREAT PLAINS

IGNEOUS ROCKS
Geology of the Anaconda-Pintlar Wilderness Study Area, Montana
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