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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) decimeters per second = 15.85 gallons per minute
meter (m) = 3.981 feet (ft) (dm3/s) (gal/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)
meter3 per second (m?/s) = 36.31 feet?® per second (ft%/s)
Area = 15850 gallons per minute
centimeter? (cm?) = 0.155 0 inch? (in?) (gal/min)
meters (m?) - 10.76 feet? (ft2)
= 1.196 yards? (yd?) Mass
= 0.000 247 1 acre p -
hectometer? (hm2) = 2.471 acres gram (g) = 0.035 27 ounog ?vowdupors (oz
= 0.003 861 tion (640 avdp
3 Sef ,?,?2)( acres or kilogram (kg) = 2.205 poun(iis) avoirdupois (Ib
kilometers (km? = 0.386 1 mile? (mi2 avap
ometer’ (k) (i) megagram (Mg) = 1.102 tons, short (2 000 Ib)
Volume = 0.984 2 ton, long (2 240 1b)
centimeters (cm3 = 0.061 02 inch? (in?
decime?;ers (((ﬁns)) - 61.02 }ﬂgm(én(ﬁ,s) Mass per unit volume (includes density)
= 2l pints (pt) kilogram per meter* = 0.06243  pound per foots (I/ft¥)
= 1.057 quarts (qt) S
= 02642  gallon (gal) kg/m?)
= 0.035 31 foot? (ft3)
meter? (m?) = 35.31 feet® (ft) Pressure
= 1.308 yards® (yd®)
= 2642 gallons (gal) kilopascal (kPa) = 0.1450 pound-force per inch?
= 6.290 barrels (bbl) (petro- (Ibf/in?)
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 Hg)
Volume per unit time (includes flow
de(((:iimae/tgr” persecond = 0.035 31 foot® per second (ft3/s) Temperature
m3/s)
= 2.119 feet® per minute (ft3/ 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

The development of new concepts on the origin and
occurrence of mineral deposits can significantly change
the United States and world resource picture. Thus, as

new data becomes available, it must be analyzed in |

terms of its impact on the outlook for future supplies of
mineral raw materials. In 1980, such analyses led to
statements on the resources of a number of com-
modities.

Aluminum resources of the United States and the world

According to a review by S. H. Patterson, C. L.
Neeley, and J. C. Olson of the USGS and H. F. Kurtz of
the USBM, the major world bauxite resources are in
Africa, Australia, South America, and the Caribbean
region; and significant deposits are present in Asia and
Europe. The Republic of Guinea has the world’s largest
bauxite reserves estimated to be 6.5 billion t. Guinea is
followed by Australia—4.5 billion, Brazil—2.5 billion,
Jamaiea—2 billion, and India and Cameroon—1 billion
each. Indonesia, Greece, and Guyana each have an
estimated 700 million t of reserves, Ghana— 570 million,
Venezuela—500 million, Surinam-490 million, and
Yugoslavia—400 million. Countries having reserves in
the 100 to 300 million t range include Costa Rica,
Hungary, U.S.S.R., Sierra Leone, and the People’s
Republic of China. The bauxite reserves in the United
States are estimated to be only about 40 million t; and
several other countries in the Caribbean region, Europe,
and Asia have bauxite reserves of less than 100 million t.
Very large subeconomic and virtually certain
speculative bauxite resources are located in Africa,
South America, and Australia. The other major global
regions rank well behind in these categories of
resources.

Computerized data bank for mineral occurrences in South
America

A project for compilation and synthesis of published
and unpublished information about mineral deposits of
South America has been initiated as a means of
evaluating the mineral potential of the individual coun-

tries as well as the region as a whole. According to G. E.
Ericksen, summary information, which is being entered
in the CRIB computer file, will be used to prepare a
series of reports on the principal mineral commodities of
South America. It also will be used to establish the
parameters of metallogenesis in South America and to
determine regional exploration targets. A comprehen-
sive bibliography of the mineral deposits is being com-
piled and will be published.

Peat occurrences in Maine

During the 1980 field season, 50 areas containing peat
deposits in a variety of geologic and physiographic set-
tings were mapped at scales 1:20,000 and 1:15,625 in
Piscataquis, Somerset, Kennebec, Waldo, and
Aroostook Counties, Maine. C. C. Cameron reported
that a total of about 5,580 ha contains commercial quali-
ty peat in thickness averaging 1.5 to 5 m. These peat
deposits are relatively discrete entities surrounded by
bedrock and unconsolidated materials of glacial and
fluvial origin, which afford good foundation for access
roads and operational plant construction as well as pro-
viding materials for operational road construction on
the bog. These deposits are in contrast to those on broad
expanses of wetlands characteristic of the Atlantic
Coastal Plain and the glacial Lake Agassiz Plain in
northern Minnesota, where peat suited for resources
is more shallow and access across marshlands is more
difficult.

The physiography of the Maine deposits, relief and
drainage in particular, furnishes clues to quantity and
quality of potential peat deposits. For example, deposits
in depressions behind natural levees of stream and on
fluvio-glacial deltas are apt to be too shallow and have
too high an ash content to be of commercial quality,
while the best prospects for large peat deposits are in
the areas of late Wisconsinan marine readvancement
near glacial end moraines.

MINERAL-RESOURCE ASSESSMENTS—
LAND AREAS

The USGS systematically assesses the mineral-
resource potential of selected 1:250,000-scale
quadrangles in the conterminous United States and

1
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Alaska under the Conterminous United States Mineral
Resource Assessment Program (CUSMAP) and the
Alaska Mineral Resource Assessment Program
(AMRAP). In addition, the USGS and USBM assess the
mineral-resource potential of areas included or con-
sidered for inclusion in the National Wilderness Preser-
vation System.

Regional exploration geochemistry in Alaska

Interpretation of geochemical data for the Chignik
and Sutwik Island 1°x2° quadrangles by D. E. Detra
showed a trend along the Alaska Peninsula of porphyry-
type mineral occurrences lying within Tertiary and
Quaternary volcanic-plutonic complexes. These
clustered areas of mineralization showed distinct zonal
patterns of anomalies of As, Bi, Cu, Au, Pb, Mo, Ag, Sn,
W, and Zn. Heavy-mineral-concentrate and stream-
sediment data from the Ugashik quadrangle showed
clustered anomalies of the same elements plus cadmium,
which may indicate an extension of the porphyry-type
mineral occurrence trend.

Geochemical anomalies were determined by stream
sediment sampling in the Survey Pass quadrangle.
Analysis suggested that the known copper- and zinc-
bearing stratiform volcanogenic sulfide occurrences
found in the Ambler River quadrangle in the Brooks
Range extended eastward into the Survey Pass
quadrangle. This volcanogenic sulfide mineralization
was found in the schist belt located along the southern
flank of the Brooks Range. Potential mineralized target
areas within the schist belt can be identified by stream
sediment geochemistry, magnetic, and lithologic
signatures.

W. D. Crim and R. M. O’Leary reported the occur-
rence of anomalous uranium values in stream-sediment
samples from three areas in the Circle 1°x2°
quadrangle. One area is in the headwaters of Bear Creek
in the west-central part of the quadrangle; the other
areas are in the vicinity of Angel Creek and Monument
Creek in the southwestern part of the quadrangle.

Aeroradiometric anomalies in the Coastal Piain of Virginia

Andrew Grosz found that with the intensive use of
detailed and regional geologic maps, soil maps, land-use
and land-cover maps, information on fertilizer use, and
ground spectrometer data as filters, aeroradiometric
anomalies in the Coastal Plain of Virginia have three
general modes of occurrence. First, the most intense
anomalies are associated with cultural overprints such
as roads made of granitic material. Second, the most
frequent anomalies of high-to-intermediate intensity are
associated with land used for agricultural purposes,

evidently caused by applications of radioactive fertilizer.
Third, anomalies of intermediate-to-low intensity are
associated with heavy-mineral deposits.

Results of the study showed that aeroradiometric
anomalies associated with heavy-mineral accumulations
in the Coastal Plain of Virginia have ground radiometric
spectra in which thorium is the strongest component
with lesser uranium and minor potassium components.
Heavy-mineral accumulations in the Coastal Plain of
Virginia found by use of the aeroradiometric data are
not considered to hold economic importance, mostly
because of the low percentage of economic minerals in
the heavy-mineral suites, and also due to other factors,
such as the very fine-grained nature of the host
sediments and competing land use.

Mineral-resource studies in the Ramseys Draft Addition, Virginia-
West Virginia

A mineral-resource appraisal of the Ramseys Draft
Addition by F. G. Lesure (USGS) and P. C. Mory
(USBM) included geologic mapping and geochemical
sampling of rocks, soils, and stream sediments. The area
is underlain by sedimentary rocks of Late Devonian and
Early Mississippian age in a broad syncline. Mineral
resources present include sandstone for construction
uses, shale suitable for use in brick and tile, and small
amounts of sand and gravel. Areas of higher-than-
background amounts of copper, lead, and zinc in sand-
stone of the Hampshire Formation of Late Devonian age
form deposits too small to be economic. Structural con-
ditions may be good for the accumulation of natural gas
at depth, but no drilling has been done in or near enough
to the area to evaluate gas potential.

Oii and gas potential of the Otter Creek and Cheat Mountain
Wilderness Areas, West Virginla

Evaluation of subsurface data by E. G. A. Weed in-
dicated that the Paleozoic sedimentary rocks underlying
the Otter Creek Wilderness Area and Cheat Mountain
Further Planning Area have low-to-moderate potential
for natural gas and no potential for oil. Thermal matura-
tion levels of source beds are above the upper limit for
oil but are well within the range of dry methane. Thin-
skinned faulting in the vicinity decouples surface struc-
tures from deeply buried structures along large flat
thrusts. Consequently, structures with potential to con-
tain gas in the deeper beds cannot be predicted from
surface geology. Prospective structures in the Lower
Devonian Oriskany Sandstone or in older strata can be
delineated only by seismic profiles and proved by deep
drilling. The presence of synclinal structures in the
younger Paleozoic rocks does not rule out fault traps in
splay faults associated with deeply buried thrusts.
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Mineral-resource potentiai of the North Harpers Creek and Lost
Cove RARE |l areas

Geochemical and mineralogical studies of heavy-
mineral concentrates of stream sediments by W. R.
Griffitts, D. F. Siems, and K. A. Duttweiler showed that
minerals of vanadium, thorium, niobium, and fluorine
are widespread in the North Harpers Creek and Lost
Cove RARE II areas. The sources of vanadium, fluorine,
and thorium are, at least in part, epigenetic deposits.
The bedrock host of the niobium mineral, columbite, has
not been found yet.

Mineral-resource studies in the Shining Rock Wilderness Area,
North Carolina

Reconnaissance mapping and geochemical sampling
by F. G. Lesure (USGS) and M. L. Dunn, Jr. (USBM),
showed that the Shining Rock Wilderness Area in the
Blue Ridge Mountains of Haywood County, N.C., con-
tains complexly folded, high-grade metamorphic rocks,
which contain a few small, uneconomie deposits of sheet
muscovite mica. Quartz (Si0;) and building stone,
suitable for crushed rock, are the only potential mineral
resources. Other minerals and rocks, such as kaolin,
soapstone, copper, corundum, or dunite, have been pros-
pected or mined nearby but have no potential in the
Wilderness. A possibility exists for the presence of
natural gas at great depth.

Mineral-resource studles in the Big Frog-Cohutta Wilderness
Area, Tennessee-Georgia

Reconnaissance geologic mapping and sampling were
done by J. F. Slack, assisted by E. R. Force, Andrew
Grosz, and Richard Ketelle in the 18.2 km? Big Frog
Wilderness Area of southeastern Tennessee and north-
ern Georgia. The area is underlain by the Ocoee
Supergroup Proterozoic Y(?) and Z. More than 200
samples of rock, soil, and fine-grained alluvium were
analyzed for 31 major, minor, and trace elements. Some
rocks contain 5 to 10 percent disseminated sulfides,
chiefly pyrite and pyrrhotite, plus tiny intergrowths of
chalcopyrite and sphalerite locally, which concentrate
copper, zine, and arsenic at slightly higher than
background geochemical values, but produce no signifi-
cant metal anomalies and are of no current economic in-
terest. No metallic mineral resources are known within
the proposed Wilderness. Resources of slate, phyllite,
stone, and sand and gravel are present, but are not now
economically significant because similar materials exist
closer to markets outside the study area. In the adjacent
1562 km? Cohutta Wilderness and Hemp Top Further
Planning Areas, a similar study was done by J. E. Gair
and J. F. Slack, assisted by Richard Ketelle, Andrew
Grosz, A. E. Stevenson, D. K. Henry, J. T. Hanley, and

T. L. Muzik. Geochemical data from 390 samples of rock

and quartz veins, 405 samples of soil, and 231 samples of
fine-grained alluvium indicate no potential for resources
of copper, zinc, gold, and other metals mined currently
or in the past in nearby areas. As in the Big Frog Study
Area, resources of rock are present, but there is little
likelihood of their exploitation because of inaccessibility
and the ready availability of similar materials closer to
markets.

Geophysicai studies in the Powderhorn Wilderness Study Area,
Coiorado

R. A. Martin reported that magnetic flows of basalt
lava cap the high plateaus in the southern part of the
study area and cause intense, steep-gradient magnetic
anomalies. North of the plateaus, where the volcanic
cover thins, a gentle saddle on a magnetic ridge cor-
relates with the intrusion at Trout Creek. A magnetic
high southeast of the Trout Creek intrusion covers an
area in which monzonitic and rhyolitic porphyry dikes
crop out and suggest the existence of a magnetic body at
depth. A magnetic low over basaltic and andesitic flows
southeast of the dikes suggests the existence of rocks
with low magnetic susceptibility beneath the basalt. The
Trout Creek intrusion, the intrusive monzonitic and
rhyolitic porphyry dikes, and the elongated southeast-
trending magnetic low over basaltic and andesitic flows
are located along a steep gradient marking the margin
of a major (100 x 150 km) gravity low.

Minerai-resource studies in the Columbine-Hondo Wilderness
Study Areas, New Mexico

Studies by J. C. Reed, Jr., of Precambrian rocks in the
Wheeler Peak Wilderness and surrounding areas in the
Sangre de Cristo Range disclosed the presence of
supracrustal rocks, including layered amphibole
gneisses, greenstone, felsic voleanic rocks, layered iron-
formation, chert, marble, and phyllite. This terrane is
generally similar to the greenstone belt at Pecos mine,
but there is no evidence of nearby felsic eruptive
centers, so the potential for massive sulfide deposits like
that at the Pecos mine is probably low. However, there
may be significant potential for disseminated sulfides
related to Tertiary intrusive rocks that are widespread
in the Precambrian rocks.

Minerai-resource studies in the western Manzano Mountains,
New Mexico

Samples of silicified limestone from the Becker SW
quadrangle, Socorro County, N. Mex., on the Sevilleta
National Wildlife Refuge, were collected by C. H.
Maxwell. These samples were submitted by T. S.
Lovering to the Branch of Exploration Research for
analysis. According to Lovering, anomalous amounts of



4 GEOLOGICAL SURVEY RESEARCH 1981

Ag, As, B, Ba, Be, Mo, Pb, Sr, W, and Zn in the samples
are in amounts similar to known anomalies from fringe
areas of silver-lead-zinc mining districts. The silicifica-
tion was found in faulted, fusulinid-bearing rocks rang-
ing in age from Des Moinesian to late Virgilian or early
Wolfcampian. Dikes and a sill of intermediate composi-
tion were found in the area and may be associated with
the mineralization.

Gravity investigations in the Teton Wilderness Area, Wyoming

D. M. Wilson reported that gravity data indicated that
there is a basin between the Washakie and Absaroka
Ranges, which is overlain by rocks of the Absaroka
Volcanic Supergroup, and that the sedimentary rocks in
the Box Creek Downwarp may extend eastward beneath
the Buffalo Fork thrust. Elsewhere in Wyoming the
sedimentary rocks of the Box Creek downwarp and
those postulated in the basin between the Washakie and
Absaroka Ranges have significant potential for oil and
gas. There is no real evidence that mineable deposits
exist within the Wilderness, but possible exploration
targets are indicated by negative magnetic anomalies in
two locations.

Geologic studies in the Sapphire Wilderness Study Area,
Montana

The 200 km? intrusive complex present in, and adja-
cent to, the Sapphire Wilderness Study Area forms a
batholith that is elongate in a north-south direction.
C. A. Wallace reported that field mapping and prelim-
inary petrographic study suggested that most of the
batholith is formed of five plutons, all of quartz mon-
zonite composition. Three of the plutons are biotite-
hornblende quartz monzonite, and they occupy most of
the batholith. Two plutons of about 15 km? are
muscovite-biotite quartz monzonite, and they are
located in the north-central part of the batholith. Con-
tacts among plutons are gradational, but most plutons
have porphyritic border zones where they contact other
plutons. Porphyritic border zones are prominent in

plutons that contact older sedimentary rocks. The same

apparent sequence of crystallization fits all plutons,
beginning with zoned sodic plagioclase, then quartz,
hornblende plus quartz hornblende plus biotite, (biotite
plus muscovite in two plutons), and finally orthoclase or
microcline. Pegmatite dikes and quartz porphyry micro-
granite pods and dikes intrude all plutons. Pegmatites
are composed mainly of microline, quartz, and
muscovite, with minor biotite. Microgranite is composed
mainly of microcline or orthoclase with quartz and
minor garnet in the groundmass, with quartz, musco-
vite, and biotite as phenocrysts. A coarse-grained por-
phyritic alaskite body is present in the northwestern

part of the study area, and the alaskite separates quartz
monzonite from country rocks.

Mineral-resource studies in the Middle Mountain-Tobacco Root
Wilderness Study Area, Montana

The Middle Mountain-Tobacco Root Further Planning
Area (RARE II) of southwestern Montana contains
areas of low to high mineral-resource potential,
according to J. M. O’Neill. The areas of highest potential
are preferentially located in or adjacent to intrusive
rocks of Late Cretaceous age. Most of the Further
Planning Area is underlain by Archean metamorphic
rocks of low-resource potential. These rocks are overlain
locally by Paleozoic sedimentary rocks and have been
intruded by the Upper Cretaceous Tobacco Root
batholith. Metamorphic rocks adjacent to the batholith
and metamorphic and sedimentary rocks intruded by
plugs and sills satellitic to the batholith commonly show
some sulfide mineralization. Disseminated copper and
molybdenum sulfides are common in the part of the
batholith that extends into the Further Planning Area.
Sulfide-bearing breccia pipes are associated with this
mineralized zone. Satellitic intrusions are present in the
Boulder Lakes cirque, which is partly within the study
area. Many of these intrusions bear minor disseminated
sulfides, local fluorite, and are associated with veins
composed mainly of quartz. A weakly mineralized brec-
cia pipe is present in this area. Gold-bearing quartz veins
are being actively mined along the periphery of the
Further Planning Area in the Boulder Lakes area and at
Beall Canyon vein, and vein systems from these two
mines can be traced into the Further Planning Area.

Geologic studies in the Rattlesnake Wilderness Study Area,
Montana

C. A. Wallace and D. J. Lidke reported that the Rat-
tlesnake Wilderness Study Area encompasses two struc-
tural provinces. The rocks present in the study area are
mainly units of the Proterozoic Y Helena Formation and
the Missoula Group. The Rattlesnake thrust system
occurs in the south part and is characterized by an
anastomosing system of thrust faults and isoclinal folds.
Gabbroic sills and dikes of probable Proterozoic age and
Middle Cambrian sedimentary rocks occur locally in the
south part of the area. In the north part of the study
area the rocks are autochthonous and the main struc-
tural elements are steep northwest-trending faults and
open folds.

Mineral-resource studies in the Blue Joint Wilderness Study Area,
Montana and Idaho

Geologic mapping of the Blue Joint Wilderness Study
Area, western Montana and nearby Idaho, by Karen
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Lund, R. B. Hall, C. D. Holloway, F. E. Mutschler, M. E. ]
Palowski, and W. M. Rehn delineated most of a granitic
pluton called the Painted Rock pluton: this is of batholith
proportions and Eocene in age. The pluton consists of
several phases that can be separated on the basis of tex-
ture, composition, and structural relations. Composi-
tions vary from gray biotite quartz-monzonite (the
oldest phase), through several gray biotite and (or) horn-
blende granites that make up most of the pluton, to a
pink biotite and (or) hornblende synogranite (perhaps
the youngest phase). A common feature of the gray
granites is horizontal layering caused by cooling tex-
tures and differentiation in place and by sheet-like injec-
tion of magma.

The west side of the pluton is uplifted relative to the
east side and was a zone of late, synplutonic tectonic
flow. Rhyolitic to andesitic volcanie rocks present on the
structurally lower east side of the pluton are both ash
falls and lava flows. Although vent locations are not yet
positively known, some of the volcanic rocks can be
shown to be intimately related to the younger pink
granites.

Known precious metal prospects in the pluton are
related to the hydrothermal alteration in the volcanic
rocks, anomalous trace element accumulations at the
altered zone of the pluton, and late andesite dikes. Trace
element evidence suggests that the structurally higher
west side of the pluton may represent the root system of
a tin-bearing and molybdenum-bearing granite system.

Geophysical studies in the Centennial Mountains Wilderness

Area, Montana and Idaho

R. A. Martin reported that aeromagnetic anomalies
generally can be explained in terms of mapped geology
by low-gradient magnetic features over the Upper
Cretaceous and lower Tertiary strata, and high
amplitude, steep-gradient anomalies over higher ter-
rain, which is capped with younger, more magnetic
rocks. The dominant magnetic anomaly in the eastern
Centennials is over elevated crystalline basement rocks.
The anomaly apex is near a small pipe about 90 m in
diameter with a basaltlike matrix (I. J. Witkind, 1974).
Inference can be drawn for the existence of a concealed
intrusion related to a diatreme.

Gravity data reflect mild contrast between sedimen-
tary and volcanic rocks in the western Centennials. The
broad gravity high over the eastern Centennials reflects
older, more dense Precambrian and Phanerozoic rocks,
but reconnaissance data show no evidence in support of
the magnetic anomaly for a concealed intrusion or

diatreme.

Geologic studies in the Jerry Peak Wilderness Study Area, Idaho

The Jerry Peak Wilderness Study Area, south of
Challis, Idaho, is underlain principally by two uncom-
formable volcanic sequences, both of probable Eocene
age, according to D. H. Mclntyre. The volcanic rocks
rest on Mississippian limestone, siliceous mudstone, and
chert that crop out near the east margin of the area. The
older voleanic sequence has a basal quartzite cobble con-
glomerate and consists chiefly of nonwelded to moder-
ately densely welded crystal-poor quartz latitic to
rhyolitic ash-flow tuff probably derived from a source
southeast of the map area. These rocks are broken by
numerous small faults, and individual fault blocks are
tilted 20° or more.

The younger volcanic sequence, which rests uncon-
formably on these rocks and is much less deformed,
began with deposition of a few tens of meters of dacitic
to rhyodacitic breccia, lava, and tuff. These rocks are
overlain by up to 600 m of potash-rich andesite or
banakite lavas and breccias that were erupted from two
vents within the area. Locally resting upon these lavasis
a sheetlike mass, up to 100 m thick, of flow-layered,
crystal-poor rhyolite from a source southeast of the map
area. The pumice and shard-rich vitrophyre locally pres-
ent at the margin of the sheet, and the tabular shape of
the unit, suggest that it originated as a very hot ash
flow. The area is crossed by two northwest-striking fault
zones. The eastern zone locally is invaded by olivine- or
hornblende-bearing dike rocks. Fault-associated altera-
tion locally produces celadonite and (or) quartz.

Uranium-resource studies in the Selkirk and RARE H
Study Area, ldaho

A zone of fine-grained two-mica granitic rocks in the
central part of the Selkirk RARE II Study Area, north-
ern Idaho, yields scintillometer readings that average
four times that of other two-mica rocks in the region, ac-
cording to F. K. Miller. The zone is up to 8 km in length
but only about 0.5 km in average width.

These rocks with anomalous uranium are part of an
extensive complex of two-mica rocks that underlie about
1800 km2 bounded by the Purceld trench on the east and
the Newport fault on the west. The complex is sub-
dividable into several major two-mica rock units, all of
which are extremely heterogeneous with respect to com-
position and texture, and all contain numerous pods and
septa of metamorphic rock.

The uranium-bearing rock is restricted to the east
edge of a coarse-grained highly porphyritic biotite
quartz monzonite, which appears to be a pre-existing
plutonic mass that is intruded by, and caught up in, the
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two-mica complex. This coarse-grained rock is more
radioactive than most of the two-mica rocks of the com-
plex, but generally is only half as radioactive as the fine-
grained rock. Fine-grained two-mica rocks in-
distinguishable from those containing anomalous
uranium occur in other parts of the two-mica complex
but have low radioactity in keeping with the complex as
a whole. The association of the fine-grained highly
radioactive two-mica rocks with the coarse-grained por-
phyritic quartz monzonite suggests that the latter body
may be the source of uranium in the fine-grained rock.

Mineral-resource studies in the Upper Priest Wilderness
Study Area, Washington

Analyses of stream-sediment samples and panned con-
centrates define a large area in northeastern
Washington that yielded anomalous silver and gold
values. F. K. Miller reported that the area, covering
about 55 km?, lies between the Pend Oreille and Priest
River drainages in the northeastern corner of Pend
Oreille County, Wash. The anomalous values, ranging
from 0.5 ppm to 7 ppm silver and 0.15 ppm to 1.5 ppm
gold, were found in samples from streams draining both
sides of a northeast-trending ridge underlain by the Pro-
terozoiec Shedroof Conglomerate.

The samples were collected an average distance of 3
km from the crest of the ridge and are from streams that
drain both sides of an 11-km length of the ridge. The
Shedroof Conglomerate in this area is made up of about
equal parts conglomerate and phyllite, with a few sills or
flows of basalt composition now altered to greenstone.
Some of the phyllitic rocks are carbonate-bearing and
locally contain relatively pure carbonate beds up to a
few cm thick.

Most of the rocks are highly sheared, and in much of
the area, primary bedding features have not survived
development of schistosity foliation. At several places
along the ridgecrest, irregularly shaped, anastomosing
quartz veins from less than 1 em to about 10 em in
thickness are found. No other indications of mineraliza-
tion were noted, and the source and extent of the
anomalies are not presently known. Whatever the
source, it is widespread enough to show anomalies on
both sides of an irregular ridge for a considerable
distance. The configuration of the ridge is such that the
anomaly must be at least 1 km wide. Closely spaced
sampling of stream sediment and rock for geochemical
analyses has been completed, and more detailed
geologic mapping is underway. Analytical and
geological work is being completed to determine the
source, extent, and economic potential of the metaliza-
tion,

Geologic studies in the Yolla Bolly Wilderness and adjacent

RARE li Areas, Caiifornia

Detailed mapping by M. C. Blake, Jr., and A. S. Jayko
in the Yolla Bolly Wilderness and adjacent RARE II
Areas, west of Red Bluff in northern California, re-
vealed a complex geologic history. During latest
Jurassic (Tithonian) to Early Cretaceous (Valanginian)
time, the Franciscan rocks in the areas were deposited
as a deep-sea fan complex along the Continental Margin.
Thick (up to 50 m) radiolarian cherts, interbedded within
the predominant sandstone sequence, distinguish this
terrane. Numerous small intrusive and extrusive bodies
of basalt and quartz keratophyre also mark this terrane.

Following deposition and subsequent igneous activity,
the rocks were subducted to depths of 20 to 30 km, as at-
tested by the development of deformational structure
and the widespread occurrence of lawsonite and
metamorphic aragonite. The rocks probably were in-
volved in a collision event that imbricated the fan com-
plex and returned them to the surface shortly after sub-
duction (in order to preserve the aragonite). Open
folding, along a northwest trend, and northeast-
trending normal faulting followed the collision event.

Geochemical exploration of the Hoover Wliderness Area

M. A. Chaffee reported that geochemical analyses of
samples of rock, stream sediment, and nonmagnetic
heavy-mineral concentrate that were collected in the
Hoover Wilderness Area and adjacent study area,
California, indicated that there are important anomalies
present for elements such as Ag, Au, Cu, Zn, Pb, W, Mo,
Sb, Bi, As, Cd, and Ba. Most of these anomalies are
related to hydrothermally altered Paleozoic to Jurassic
metasedimentary and metavolcanic formations that oc-
cur as roof pendants in the Sierra Nevada batholith. The
most significant of these anomalies are in the southern
part of the areas investigated.

Geologic and mineral-resource studies in the Marble Mountain

Wilderness Area, California

M. M. Donato reported that newly completed geologic
mapping in the Marble Mountain Wilderness Area,
Klamath Mountains, Calif., demonstrated that the
Wilderness encompasses two geological assemblages,
distinguishable on the basis of grade of metamorphism,
structural style, and lithology. In the northern portion
of the Wilderness, amphibolite facies metasedimentary,
metavolcanic, and metamorphosed ultramafic rock com-
prise a melangelike terrane characterized by a high
degree of lithologic variability and discontinuity. To the
south, west, and northwest, a greenschist facies ter-
rane, tentatively correlated with the Hayfork terrane of
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Irwin (1972) of the western Paleozoic and Triassic belt,
represents a sedimentary and volcaniclastic sequence
deposited adjacent to a volcanic island arc. This north-
south trending arcuate belt of rocks extends for nearly
200 km along nearly the entire length of the Klamath
Mountain geologic province.

The relation of high-grade rocks to the low-grade
rocks in the Wilderness is at present unclear; the two
may be in contact along a folded thrust fault. Granitic
bodies intrude both high- and low-grade rocks. The
Wooley Creek pluton, in particular, appears to intrude
both and may have been injected along their mutual
boundary (Barnes, 1981).

Mineral potential of the Wilderness is low or nil. Small
amounts of chromite in ultramafic bodies are
uneconomic. Currently available geochemical results
show no anomalous concentrations of metals in stream
sediments.

Geologic studies in the Condrey Mountain and Orleans Mountain
RARE Il Areas, California

Geologic mapping in the Condrey Mountain RARE II
Area has revealed a complexly folded series of quartz-
mica-graphite schists with inter-layered greenschists
and blueschists, according to M. M. Donato. The pro-
toliths of these schists were mudstones and shales with a
significant volcanic (tuffaceous) component.
Volumetrically minor metaserpentinites in the area may
represent sedimentary serpentinites deposited adjacent
to an oceanic fracture zone or tectonic slivers of serpen-
tinite incorporated in the sequence later in its history. A
small massive-sulfide deposit, the site of the Blue Ledge
Mine, is located near the RARE II boundary in a more
siliceous compositional variety of the metatuff,

The Orleans Mountain RARE II Area is underlain by
predominantly metasedimentary and volcaniclastic
rocks deposited in proximity to a Mesozoic volcanic arc.
These rocks are the northward continuation of a north-
south trending arcuate belt of rocks nearly 200 km long,
and part of the Hayfork terrane, of Irwin (1972). In the
Orleans RARE II Area, these rocks are separated from
the western Jurassic belt (Galice) rocks to the west by a
complex fault zone separating two major parts of the
Klamath Mountain geologic province.

Minerai-resource appraisal of the Rolla 1°x2° quadrangle,

Missouri

An appraisal of the mineral-resource potential of the
Rolla quandrangle, as of September 1980, was made by
the USGS and the Missouri Geological Survey. The ap-
praisal included an analysis of known geologic, geo-
chemical, and geophysical parameters of the quadrangle
with respect to recognition criteria for 17 different

types of ore deposits, and has identified 3 specific areas
in the quadrangle that have a very high potential for
Mississippi Valley-type Pb-Zn-Ag-Cu-Ni-Co deposits
(Pratt, 1981). It is estimated that each of these areas
contains at least one major deposit, and that the metals
in the ground in these hypothetical resources have a
combined total value on the order of $3 billion. Also of
special significance is the amount of cobalt included in
the total estimate of base metal potential because it
represents nearly a 3-yr domestic consumption of a
critical material of which the United States currently
imports about 90 percent of its needs.

Three areas have a very high potential for large- to
moderate-sized deposits of Precambrian Kiruna-type
iron ores: One area has a high potential for small
residual barite deposits, at least one area has a potential
for Sn-W vein deposits, and much of the quadrangle has
a high general potential for Bokan Mountain-type
uranium deposits at depths greater than 300 m. Some
potential exists, but cannot be evaluated as to high or
low, for F-Th-rare earth-bearing kimberlites, uranium in
Paleozoic sandstones, and Stillwater-type Fe-Cu-Ni-Co
deposits in layered mafic-ultramfic complexes.

Some potential also exists for small deposits of
manganese in Precambrian and sedimentary rocks,
marcasite-pyrite-hematite, residual iron, and copper in
sedimentary rocks, but such deposits would not be com-
mercial because of their small size and (or) unfavorable
mineralogy. The quadrangle has low potential for
Coastal Plain-type uranium deposits, base and precious
metals in Precambrian quartz veins, and massive sulfide
deposits.

Regional geophysical studies in the Pueblo 1°x2° quadrangle,

Colorado

Interpretation of the gravity and magnetic maps of
the Pueblo quandrangle showed that the quadrangle can
be divided into three provinces with distinctive
geophysical characteristics, according to F. M. Boler, D.
P. Klein, and M. D. Kleinkopf. The ridge-trough prov-
ince west of about long 105°30' W. showed elongated
gravity and magnetic anomalies that reflect the horst
and graben-type tectonics associated with the Rio
Grande rift. The Front Range province between long
105° and 105°30' W. showed short wavelength gravity
and magnetic anomalies that result from rapid density
and magnetization variation, mainly of the Precambrian
rocks. The coincident steep-gravity and magnetic gra-
dients dividing these two provinces mark the eastern
boundary of the South Park basin, which is a locus of
volcanism and some mineralization. The Great Plains
province east of long 105° W. showed long wavelength
anomalies with east-west trends, which apparently
reflect the basement lithologic variations. Correlation
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between known mineralization and steep magnetic gra-
dients or gravity gradients indicates that mineralization
is controlled by tectonic weakness zones, which are
reflected by the gradients.

Mineral resources of the Choteau 1° x2° quadrangle, Montana

The Choteau 1°x2° folio consists of 12 maps pub-
lished in the USGS Miscellaneous Field Investiga-
tions or Open-File Report format, according to R. L.
Earhart. The map series consist of geologic, structural,
geochemical, aeromagnetic, hydrocarbon potential, and
mineral-resource maps. The maps are published as a
part of the Conterminous United States Mineral Ap-
praisal Program (CUSMAP) and provide geologic,
geochemical, and geophysical data, as well as inter-
pretive information on the distribution of hydrocarbons
and mineral resources. Background information and a
bibliography are included in a USGS circular by Earhart
and others (1981).

Geochemical exploration of Choteau 1° x2°quadrangle, Montana

A possible concealed mineralized porphyry system is
outlined by anomalous amounts of metals in rock and
stream-sediment samples collected in an area 20 to 40
km north of the Heddleston district in the Choteau
1°x2° quadrangle, Montana. The rock samples contain
anomalous amounts of As and Hg, whereas the stream-
sediment samples contain anomalous amounts of Pb, Zn,
Ag, Cu and Mo. The samples were collected in an area
where quartz-calcite veins are exposed at the surface.
These results are part of studies made under the Conter-
minous United States Mineral Resource Assessment
Program (CUSMAP) and are contained in reports by
Grimes and Leinz (1980) and Leinz and Grimes (1980).

Remote sensing studies in the Walker Lake 1° x2° quadrangie

L. C. Rowan and T. L. Purdy reported that a map
showing the distribution of hydrothermally altered
rocks has been completed for the Walker Lake, Nevada-
California 1°x2° quadrangle. Compilation of this map
was accomplished by mapping limonitic bedrock using a
Landsat color-ratio composite image and then eval-
uating these areas in the field to separate the limonitic
altered from the limonitic unaltered rocks. Field check-
ing, which was aided substantially by others working in
the quadrangle, was also required for mapping some
nonlimonitic altered areas and for improving the preci-
sion of boundaries, especially where vegetation cover
obscured contact zones. Seven subdivisions are shown
on the map. Preliminary evaluation of the alteration
map showed that most of the altered rocks lie along one
of four belts. These belts are also marked by concentra-
tions of lineaments that were delineated in Landsat im-

age. These data will be compared with data acquired
using geochemical, geophysical, and field mapping
procedures.

GEOLOGIC STUDIES OF MINING
DISTRICTS AND MINERAL-BEARING
REGIONS

The assessment of the mineral potential of public and
other lands requires an ever-increasing knowledge of
mineral deposits and the conditions of their formation.
This knowledge, obtained through studies of known
deposits and districts, can be applied to new areas hav-
ing similar characteristics. During 1980, field and
laboratory studies added to our understanding of
mineral deposits in a large number of areas.

Gold placers in the Circle district, Alaska

The source of gold in the Circle district is not im-
mediately clear. There are currently no fossil placers in
the area, and a local lode source has not been
discovered. W. E. Yeend reported that the gold occur-
rence, which seemingly is unrelated to out-cropping
bedrock types and shows a lack of systematic down-
valley increase in the size of gold fragments, suggests a
fossil placer source. The few well-rounded zircon grains
present in the heavy minerals also suggest a fossil
placer. The evidence for this fossil placer interpretation
is not conelusive, but bears consideration. Whatever the
source, a sizeable amount of gold still remains in the Cir-
cle district. Gold-bearing stream channels left largely
unmined have become attractive prospects as a result of
the recent precipitous increase in gold price. A
moderately large, low grade, but as yet largely
unevaluated gold resource may be contained in the ex-
tensive valley-fill deposits in the lower reaches of Crook-
ed and Birch Creeks as well as the broad topographic
trough on the south side of the Crazy Mountains.

Geotectonics, metallogenesis, and resource assessment of

southeastern Alaska

The Taku terrane is one of several major tec-
tonostratigraphic terranes recognized in southeastern
Alaska (Berg and others, 1978b), and is host to
numerous undated stratabound massive sulfide deposits
(Berg, 1979). For most of its extent the Taku terrane is
fault bounded on the west by Upper Jurassic and
Cretaceous flysch and volcanic rocks of the Gravina-
Nutzotin belt, which separates the Taku from the Alex-
ander terrane. On the east, the Taku is bounded by the
metamorphic and plutonic crystalline complex of the
Tracy Arm terrane. Although grossly dissimilar in its
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geologic and structural history from adjoining terranes,
the Taku is difficult to characterize stratigraphically. Its
heterogeneous rocks are complexly deformed, per-
vasively metamorphosed, and sparsely fossiliferous.
Heretofore, only generalized late Paleozoic and Triassic
ages have been obtained from the southern part of the
terrane near Ketchikan.

In July 1980, more definitive collections of Permian
conodonts and brachiopods and of Triassic mollusks
were made from the Taku terrane by H. C. Berg, N. J.
Silberling, D. L. Jones, and P. J. Coneyu. Conodonts
from black crinoidal marble intercalated with phyllite
and felsic metatuff about 0.5 km south of Coon Cove in-
clude Neogondolella idahoensis (Youngquist, Hawley,
and Miller) and Hindeodus sp. of Leonardian (late Early
Permain) age. In keeping with this age, poorly pre-
served brachiopods from this same locality can be
assigned to Sterocisma sp. and Neospirifer? sp. About
4.5 km south of Coon Cove, ammonites and fragments of
halobiid bivalves (probably Daonella) are preserved as
crushed but undistorted molds in small black, car-
bonaceous and siliceous concretions within foliated
limestone and slate. The ammonites include Lobites cf.
L. pacianus McLearn, Joannites sp., and Meginoceras?
sp. diagnostic of a late Ladinian (latest Middle Triassic)
Age. The provisional identification of the Late Triassic
genus Halobia from this locality by Silberling in Berg
and others (1978a) has been revised.

Although the stratigraphy of the Taku terrane is still
imperfectly known, these new age determinations rein-
force the pronounced stratigraphic differences between
the Taku and the Annette subterrane of the Alexander
terrane as portrayed by Berg and others (1978b). Briefly
stated, in the Annette subterrane, Upper Triasic strata
ranging from early to middle Norian in age rest uncon-
formably on Devonian and older metamorphic and
plutonic rocks; strata correlative with those of the two
fossiliferous localities within the Taku terrane are not
represented.

Paleontological studies in mineral-resource assessment of south-

eastern Alaska

The new fossil discoveries in the Taku terrane have
potentially significant metallogenic implications for the
stratabound mineral deposits. Many of these deposits
are localized in rusty-weathering quartz-muscovite-
calcite-pyrite schist similar to the felsic metatuff inter-
calated with the Permian marble near Coon Cove. The
original age of these metamorphosed syngenetic
deposits and hosts rocks is unknown, but the similarity
in lithology suggests that it may be Permian. If so, many
of the numerous stratabound massive sulfide deposits in
the Taku terrane may be parts of a heretofore
unrecognized metamorphosed and structurally dis-

membered Permian metallogenic province that
stretches for more than 300 km, from Ketchikan to
Juneau.

Molybdenum deposits in idaho

A shallow Paleozoic sedimentary source for much
sulfur and perhaps molybdenum in both major
molybdenum deposits (Thompson Creek and Little
Boulder Creek) in Custer County, Idaho, is indicated by
sulfur isotope analyses by J. N. Batchelder, according to
C. M. Tschanz. The data suggest a magmatic origin
from circulating, partly meteoric fluids in convection
cells surrounding Late Cretaceous stocks rather than an
origin from strictly magmatic hydrothermal fluids as of
most porphyry copper and (or) molybdenum deposits.
The two aforementioned deposits, the only ones with
proven reserves exceeding 100 million t in Idaho, have
much heavier sulfur than most porphry deposits, in-
cluding other sulfide deposits in the surrounding region.

Molybdenite contains +11.40 per mil &S in the
Thompson Creek deposit, compared to +8.55 to +8.70
in the White Cloud (Little Boulder Creek) deposit, and
+5.47 in the small Eocene Little Fall Creek deposit. In
the Thompson Creek deposit, pyrite contains +9.58 to
+9.93 per mil S and arsenopyrite(?) contains +10.39
per mil compared to +15.57 in sphalerite from the
Hoodoo zinc deposit. Comparable high heavy-sulfur
values occur in sulfides from the Wood River lead-silver
district for which Hall and others (1978, p. 589-591) sug-
gest a similar origin partly because §%¢S values of +10 to
+15 per mil are typical of late Paleozoic seawater
sulfate.

The molybdenum in the Thompson Creek deposit, a
stockwork of quartz-molybdenite veins in the cupola of a
small quartz monzonite stock, probably has an igneous
source, but that in the White Cloud deposit, a
remarkably uniform, disseminated deposit in silicified
diopside quartzites in the contact aureole of the White
Cloud stock, may be from black Mississippian(?)
argillites, which contain more molybdenum than the
stock.

Huebnerite veins near Round Mountain, Nevada

D. R. Shawe, E. E. Foord, and N. M. Conklin reported
that small huebnerite-bearing quartz veins occur in and
near Cretaceous (about 95-m.y. old) granite east and
south of Round Mountain. The veins are short and len-
ticular, and they strike mostly northeast and northwest
in several narrow east-trending belts. The quartz veins
were formed about 80 m.y. ago near the end of an
episode of doming and metamorphism of the granite and
emplacement of aplite and pegmatite dikes in and near
the granite. An initial hydrothermal stage involved
deposition of muscovite, quartz, huebnerite, fluorite,
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and barite in the veins. Veins were then sheared,
broken, and recrystallized. A second hydrothermal
stage, possibly associated with emplacement of a
rhyolite dike swarm and granodiorite stock about 35
m.y. ago, had deposition of more muscovite, quartz,
fluorite, and barite, and addition of scheelite,
tetrahedrite-tennantite, several sulfide minerals, and
chalcedony. Finally, as a result of near-surfacing
weathering, secondary sulfide and numerous oxides,
tungstate, carbonate, sulfate, phosphate, and silicate
minerals formed in the veins.

Uranium systems of the Marysvale volcanic field, west-central
Utah

According to C. G. Cunningham and T. A. Stevens,
the Marysvale volcanic field consists of two contrasting
assemblages of rocks—an older calc-alkalic assemblage
erupted between 35 m.y. and 21 m.y. ago from coalesc-
ing stratovolcanoes, and a younger bimodal basalt-
rhyolite assemblage of heterogeneous lava flows and
ash-flow tuffs erupted throughout later Cenozoic time.
The Mount Belknap Volcanics, 21 m.y. to 14 m.y. old,
are the largest accumulation of alkali rhyolite in the
bimodal assemblage; they were erupted concurrently
from two source areas about 21 km apart, in and just
east of the northern Tushar Mountains. Products from
the two source areas intertongue complexly. The Mount
Belknap magma was anomalously radioactive, and
vitrophyres from several different localities average
about 14 ppm U. Most of the known uranium deposits
and occurrences in the Marysvale volcanic field are
associated with the Mount Belknap Volcanics.

Uranium deposits associated closely with igneous
centers are epitomized by the hydrothermal uranium-
molybdenum-bearing veins in the Central Mining Area,
6 km north of Marysvale, in the eastern source area of
the Mount Belknap Volcanics. The veins are localized in
a small area of highly fractured ground believed to mark
the surface expression above a hidden intrusive that
potentially may host a porphyry-molybdenum deposit.
Fluorine-rich hydrothermal fluids at 200°C and having
low pH and f, permeated the broken rocks. At the
deepest levels exposed, the fluids and wall rocks in-
teracted to form kaolinitic and sericitic alteration prod-
ucts and to deposit uraninite, coffinite, jordisite,
molybdenite, umohoite, fluorite, quartz, and pyrite in
open fractures. The fluids were progressively oxidized
at higher levels, and sooty pitchblende was the predomi-
nant vein mineral deposited. In the highly oxidizing en-
vironment at the top of the system, uranium phosphate
minerals were deposited by combining either primary or
secondary uranium from the vein systems with
phosphate derived by leaching apatite from the wall

rocks. Some of these oxidized minerals may be of
hypogene and some of supergene origin.

In contrast, the Mount Belknap caldera in the western
source area was filled to overflowing with uranium-
bearing ash-flow tuffs and lava flows. These rocks were
widely altered by post-caldera steaming and hydrother-
mal activity. Much of the rock uranium was dissolved
and incorporated into the hydrologic regime. Some of
this mobilized uranium was redeposited in favorable en-
vironments within the caldera, but much seems to have
been transported elsewhere. Some of the fugitive
uranium is expected to be redeposited in sedimentary fill
in the adjacent Beaver basin and Sevier River Valley.

Bedded Archean iron deposits of southwestern Montana

Metamorphosed iron formation forms distinctive units
in the Archean metasedimentary sequences of
southwestern Montana according to H. L. James. The
iron deposits of the Tobacco Root Mountains occur
mainly in a bed about 30 m thick interbedded with schist,
quartzite, and dolomite marble. The prinicipal occur-
rence is in the Copper Mountain area, east of the town of
Sheridan; here a bed is exposed for several tens of
kilometers along the limbs and axis of a tight anticlinal
buckle within a major overturned syncline. The iron con-
tent, mostly in the form of magnetite, averages about 35
percent. Gross tonnage in the principal belt of exposure
is estimated to be 63 million t to a depth of 100 m.

Proterozoic X mineral resources, Wyoming

R. S. Houston reported that reconnaissance study of
metavolcanic rocks in the Sierra Madre, Wyo., suggests
that textures and structures in Proterozoic X volcanic
rocks are well preserved in an area south of the
Cheyenne belt, which separates Archean terrane of the
Wyoming province on the north from Proterozoic ter-
rane in the south. The belt of well-preserved meta-
voleanic rocks contains volcanic cycles that appear to
range from basalt and (or) andesite at base to rhyolite at
top. The general area is promising for exploration for
stratiform sulfide deposits, and mining companies are
currently examining several prospects. This volcanic
complex in the Sierra Madre is believed to have been
formed as an island arc along the southern boundary of
the Wyoming Archean province in Proterozoic X time
about 1700 m.y. to 1600 m.y. ago.

Relations between tectonism and mineralization in southwestern
Coiorado
The character and extent of uplift and deformation in
two early Mesozoic tectonic episodes in southwestern
Colorado have been defined by O. L. Tweto. Faulting,
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folding, uplift, and erosion occurred in the Triassic
before deposition of the Upper Triassic Chinle (or
Dolores) Formation and again in the Jurassic before
deposition of the upper Middle Jurassic Entrada Sand-
stone. Deformation and uplift were most pronounced in
a broad belt extending north-northwest across the late
Paleozoic Uncompahgre highland, which trended north-
west. The early Mesozoic uplifts had the effect of widen-
ing the late Paleozoic uplift by adding new areas of
uplifted Precambrian basement on both of its flanks.
Paleozoic rocks were destroyed in the areas of these
uplifts, thus limiting the distribution of certain sedimen-
tary formations that elsewhere contain economic
deposits of minerals or fossil fuels.

Pecos contiguous area, New Mexico

It has been recognized that the north-trending Pecos-
Picuris fault divides the Precambrian of the southern 60
km of the Sangre de Cristo Range, northeast of Santa
Fe, N. Mex., into a predominantly stratified eastern ter-
rane and a western batholithic terrane. The eastern ter-
rane is composed of interstratified quartzite and pelitic
schist and coeval to younger metavoleanic and
associated rocks of the greenstone belt at Pecos mine
(Robertson and Moench, 1979), all of Proterozoic X age
(about 1.7 b.y.). Recognized volcanic centers within the
belt are host to known volcanogenic mineral deposits,
such as the massive sulfide bodies at the Pecos mine.
New mapping by R. H. Moench and J. L. Schneider
showed that the western batholithic terrane is divisible
into two assemblages of granitic rocks of Proterozoic X
or Y age, and septums of stratified schists and gneiss
that correlate with the rocks of the Pecos greenstone
belt east of the Pecos Picuris fault.

During the new mapping an economically important
septum in the batholitic terrane was delineated in the
area of Thompson Peak and Glorieta Baldy, due east of
Santa Fe. Here interbedded quartzite and pelitic schist
exposed in the core of a tight east-trending anticline are
comformably overlain by intertonguing metabasalt,
felsic metatuff, and voleaniclastic metasedimentary
rocks. As shown by spectrographic analyses of heavy-
mineral concentrates of stream sediments, highly
anomalous amounts of tungsten, as scheelite, occur
within this area, in a setting that suggests a stratabound
source in metavolcanic rocks of the septum. The
tungsten anomaly is peripheral to an ancient rhyolitic
volcanic center within which abundant evidence was
found for possibly important deposits of base- and
precious-metals sulfides (Moench and Erickson, 1980).

The structure and distribution of the granitic rocks of
the western batholithic terrane indicate that they were

emplaced as thin but extensive sheetlike bodies, prob-
ably originally subhorizontal but subsequently folded
along north-trending axial surfaces. The two assem-
blages of granitic rocks are (1) gray biotite-rich tonalite,
granodiorite, and minor amounts of quartz diorite to
gabbro; and (2) younger pink coarse-grained granite,
having a thin but extensive roof phase of quartz por-
phyry and aphanite. Both the tonalitic and granitic
rocks are faintly to intensely deformed by secondary

foliation, and locally this foliation is further deformed by

crenulation folds. The principal sheet of pink granite is
no more than 3 km thick, but it is exposed in a narrow
hook-shaped strike belt that extends nearly 60 km
through the western batholitic terrane. The geochemical
data suggest that tin, tungsten, niobium, beryllium,
thorium, and rare-earth elements are preferentially
associated with the pink granite, but no evidence for an
economic deposit of any of these elements was found
that might be associated with the granite.

Base-metal fissure veins in the Sandia Mountains

D. C. Hedlund reported that the Sandia Mountains are
a part of an eastward-dipping fault block that extends
into the Manzano Mountains to the south. The Sandia
fault block, which is about 35 km long and up to 19 km
wide, is bounded on the north by the Placitas fault and
on the south by the Tijeras fault. The Sandia and Rincon
faults separate the fault block from the Albuquerque
basin on the west.

The steep west-facing range front consists chiefly of
the 1,500 m.y. so-called Sandia Granite (Kelley and
Northrop, 1975) that intrudes older metapelitic rocks of
sillimanite-andalusite grade along Rincon Ridge and
metavolcanic rocks of upper amphibolite grade along
Tijeras Canyon. The Precambrian metamorphic rocks of
Monte Largo are on strike with the Tijeras Greenstone
of Kelley and Northrop (1975) but differ in that the rocks
are of highly sheared sillimanite-kyanite-bearing quartz-
feldspathic and quartz-sericite schist and gneiss with
thin intercalated amphibolite and quartzite layers.

The Precambrian basement is capped by the Penn-
sylvanian Sandia Formation (0-61 m.y.) and overlying
Madera Formation (275-396 m.y.). Younger Permian
and Mesozoic sedimentary rocks are exposed farther
down on the dip slope or in synclinal basins or graben
structures, that is, the Hagan basin and the Tijeras
graben and basin.

Characteristically, the base-metal fissure veins in this
area strike N. 10° to 30° W. and are localized along ex-
tensional faults. The veins generally are enriched in
galena and (or) sphalerite; copper-bearing minerals are
rarely present. Barite is a common gangue mineral and
some veins consist entirely of barite and fluorite.



12 GEOLOGICAL SURVEY RESEARCH 1981

Copper-molybdenum porphyry studies in the eastern United
States

About 25 deposits and prospects of andalusite and
pyrophyllite are known within two relatively narrow
zones of the Carolina volcanic slate belt in North
Carolina according to R. G. Schmidt. A few of these
showed sparse amounts of Cu, Mo, Sn, As, Bi, and Au
associated with them; many contained significant
amounts of fluorine, generally in the mineral topaz.

The alteration mineral suite and also the diverse metal
suite suggest deposition by high temperature-low
pressure hydrothermal solutions close to the surface;
these also suggest genetic resemblance to the fluorine-
rich systems of the Brewer mine, South Carolina (Cu,
Mo, Bi, Sn, As; alteration minerals: pyrophyllite, anda-
lusite, topaz, kaolinite); the Mount Pleasant mine, New
Brunswick (Cu, Mo, W, Bi, Sn, Ag?, As, Pb, Zn, Cd;
alteration minerals: kaolinite and probably some anda-
lusite, fluorite, and topaz); the Ashio mine, Honshu,
Japan (Cu, W, Bi, Sn, Au, Ag, As, Pb, Zn; alteration
minerals: pyrophyllite, fluorite, topaz); and the sub-
volcanic polymetallic deposits of Bolivia (Cu, W, Bi, Sn,
Au, Ag, As, Pb, Zn; with fluorite as a common ac-
cessory).

A major objective of this study is to determine if the
pyrophyllite-andalusite deposits can provide any infor-
mation that can be used to locate metalliferous deposits,
either in unexplored parts of the same hydrothermal
systems, or in adjacent areas that may be deduced to be
favorable areas for exploration.

Appalachian massive sulfides

Some wall rocks in contact with sulfide orebodies at
Great Gossan Lead district, Va., and Ducktown, Tenn.,
both of which are in Blue Ridge province, flysch-type
rift-facies metasedimentary rocks, contain high percent-
ages of either untwinned sodic plagioclase, or biotite-
chlorite. Such rocks evidently are absent or exceedingly
rare in country rocks away from the ore deposits. Their
origin, as yet unexplained, probably is related to
metamorphic reactions between sulfide bodies and coun-
try rocks, or to chemical deposition or alterations con-
nected with the ore-forming process itself. Samples of
drill core collected by J. E. Gair from mineralized zones
in the Chopawamsic Formation equivalent of the area of
Mineral and Andersonville, Va., are chemically similar
to volcanic suites defined by Louis Pavlides farther
north in the Chopawamsic Formation. Pavlides dis-
tinguished primitive tholeiitic island arc basalts to
keratophyres from more evolved calcalkaline felsic and
intermediate volcanics on the basis of rare-earth ele-
ment patterns, niobium content, and La/Yb ratios. In

the drill cores, the tholeiitic and calcalkaline rocks are
interlayered. Zones containing a high proportion of
calcalkaline volcanic rocks are more favorable for the
occurrence of large volumes of massive sulfide than are
zones containing a large proportion of tholeiitic rock.

Mineralization in Proterozoic Y rocks of the St. Lawrence
lowlands, New York

C. E. Brown reported that mineralization in the Gren-
ville lowlands northwest of the Adirondack Mountains
can be categorized into four main events or phases as
follows: (1) sedimentation and penecontemporaneous in-
troduction of chemical elements into a sedimentary
basin in Proterozoic Y time; (2) recrystallization and
remobilization of phase 1 elements by regional meta-
morphism and tectonism about 1000 m.y. B.P; (3) oxida-
tion and hydrothermal alteration close to the
Proterozoic-Paleozoic unconformity between 1,000 m.y.
and 500 m.y. B.P.; (4) hydrothermal activity and vein
deposition along vertical fractures later than 450 m.y.
B.P. The large zinc and talc deposits at Balmat and
Fowler, N.Y., are a result of phase 1 mineralization
modified by phase 2 recrystallization and mobilization.
The hematite deposits mined at Antwerp, N.Y., in the
1800’s are a result of phase 3 mineralization. This phase
also produced some barite and a wide range of second-
ary minerals where the Balmat zinc deposits were af-
fected by it. Phase 4 produced the vertical galena-
bearing veins previously mined near Rossie and
Macomb, N.Y. This type vein is composed mainly of
calcite with galena, sphalerite, and fluorite. Some
hydrothermal alteration that locally produced epidote,
reddened feldspar, and quartz also is related to this
mineralization stage. Defining the different mineraliza-
tion phases aids in exploration through categorizing the
geologic features and alteration effects that are guides
to each type of mineralization.

The mafic “Chickwolnepy Complex”

Recent mapping by R. H. Moench, J. L. Schneider,
and J. E. Selverstone in the Milan 15-min quadrangle
and adjacent areas, northern New Hampshire and
Maine, has revealed the presence of an igneous complex,
herein informally called the “Chickwolnepy complex,”
composed of metamorphosed gabbro, sheeted diabase
dikes, tonalite, and minor trondhjemite. The complex
has minimum dimensions of 5x 10 km. It is on the north
end of the Jefferson dome, the northernmost and largest
of the Oliverian domes in New England. Rocks of the
complex intrude the Albee Formation and parts of the
Middle Ordovician Ammonoosuc Volcanics. The com-
plex is discordantly intruded in turn by foliated pink to
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gray granite of the Oliverian Plutonic Suite, dated
elsewhere at about 445 m.y. The complex is flanked by
extensive and probably exceptionally great thicknesses
of metamorphosed felsic tuffs and mixed mafic and
felsic volcanic rocks. Although not yet studied in detail,
the volcanics and the rocks of the “Chickwolnepy com-
plex” appear to be low-K bimodal mafic-felsic
assemblages. Tentatively, the “Chickwolnepy” is inter-
preted to be a Middle Ordovician subvoleanic complex.

Metavolcanic rocks that flank the “Chickwolnepy com-
plex” in the Milan, Old Speck Mountain, and Percy
quadrangles show evidence of extensive premeta-
morphic hydrothermal alteration. They are host to one
known massive sulfide deposit (Milan mine) and several
other metallic-sulfide mineral deposits. The known
deposits appear to oceur marginally to the thickest ac-
cumulations of felsic metatuffs, suggesting an associa-
tion with the margins of deep local basins, possibly
cauldrons, of contemporaneous subsidence. Poorly
stratified polymictic conglomerate-breccia exposed
locally near the base of the volcanic rocks suggest that
basement faults were active during the onset of the
Middle Ordovician voleanism. In all these respects, the
Milan quadrangle and adjacent areas seem remarkably
analogous to the middle Miocene kuroko ore districts of
Japan, as described in current literature.

Tourmaline in massive sulfides of New England

Recent work by J. F. Slack, based largely on field
studies in New England, suggests that tourmaline may
be a locally important gangue mineral in some strata-
bound mineral deposits. Tourmaline appears to be most
common in massive sulfide deposits hosted principally
by metasedimentary rocks (Sullivan lead-zine mine,
British Columbia; Black Hawk zinc-copper mine, Maine;
Elizabeth copper mine, Vermont; Ore Knob copper
mine, North Carolina; Blackbird copper-cobalt mine,
Idaho). Some volcanic-hosted deposits also contain
accessory tourmaline, including those at the Pecos mine,
New Mexico, the Kidd Creek mine near Timmins,
Ontario, and a few sulfide bodies in the Mineral district,
Virginia. Tourmaline typically forms brown, greenish-
brown, or black euhedral crystals or crystal aggregates
within massive sulfide, fills fractures and joints with
sulfide + quartz + carbonate in wall rocks adjacent to ore
zones, and locally at the Elizabeth mine and elsewhere
occurs as massive foliated rocks called “tourmalinites.”
These tourmalinites, which in places have 50 percent or
more tourmaline by volume, are stratiform layers con-
formable to the foliation of enclosing metamorphic host
rocks.

Tourmalinites have potential significance for explora-
tion, because they are known to be associated not only

with stratabound base-metal sulfides, as at the Sullivan
and Elizabeth mines, but also with granitic rocks near
these deposits. The distinctive major, minor, and trace-
element contents of the ore-related tourmalines indicate
that these Mg-tourmalines (dravites) are unrelated to
the iron-rich schorls typical of most felsic intrusive
rocks. The scarcity of volcanic rocks at or near the
stratigraphic horizon of many of the tourmalinites and
tourmaline-bearing metal deposits seems to preclude a
marine volcanie source for the boron. The tourmalinites
may have formed in some places by evaporitie or sabkha
processes, locally with related mineralization, that is,
Zambian copper belt.

Other geologic evidence, however, suggests that many
of the tourmalinites and tourmaline-rich deposits
formed in much deeper water, and that significant quan-
tities of boron—as much as 9 percent B;O; or 3 percent
boron now present in some rocks—probably were
emplaced as subaqueous boron- and metal-rich brines on
the sea floor. Boron-rich muds and associated metals are
believed to have been deposited as high-density chemical
sediments or exhalites from a submarine fumarolic or
hot-spring center, and may or may not have emanated
from, or coincided with, a voleanic center. In a few
mining districts tourmalinites appear to represent facies
of ore horizons, and they may be interpreted as boron
analogs of the well-known “banded iron-formations”
associated with many stratabound sulfide deposits.

Tourmaline appears to have great potential as a pros-
pecting guide for stratabound mineral deposits in
metamorphic terranes. Reconnaissance exploration
could be directed to search for anomalous amounts of
tourmaline in panned conecentrates of stream sediment,
followed by laboratory studies to determine composi-
tion. More detailed exploration programs could search
for tourmalinites and for cross-cutting tourmaline-
sulfide veinlets. Tourmaline-rich rocks not of obvious
granitic or evaporitic origin are considered particularly
valuable prospecting guides, especially in dominantly
metasedimentary terranes where the lack of pyroclastic
rocks hinders identification of anecient voleanic
centers—and thus favorable ground for “volcanogenic”
mineral deposits. Cross-cutting tourmaline-sulfide
veinlets, produced locally by the metamorphism of
boron-bearing massive sulfide bodies, are equally signifi-
cant, and they may be easily identified in outcrop or drill
core, considerably enlarging target areas for mineral ex-
ploration.

Southern Utah remote sensing for uranium exploration

Limonite anomalies in Beaver Valley, Utah, as defined
from Landsat digital data, and postulated areas of on-
going uranium deposition in the subsurface are spatially



14 GEOLOGICAL SURVEY RESEARCH 1981

but not genetically related according to M. H.
Podwysocki. The limonite is not related to an oxidation-
reduction “front”, but can be attributed to normal soil-
forming processes active on valley-fill units deposited in
late Tertiary and early Quaternary time.

Band ratio images (1.6/2.2 microns) created from
digitally processed airborne multispectral scanner data
for the central mining district near Marysvale, Utah,
showed localization of intense hydroxyl absorption.
These local areas are the remains of late Tertiary
hydrothermal cells responsible for the mineralization
present in the area. Strong absorption correlates well
with areas of alunite and kaolinite. One area of weak
hydroxyl absorption correlates with a zeolitized tuff.
Another area of weak absorption is coincident with a
uranium vein-filling deposit, but this relation is coin-
cidental. The weak hydroxyl anomaly is related to an
older period of hydrothermal alteration; the veins of
uranium ore are younger, have small alteration haloes,
and are not exposed at the surface.

A technique was developed using black and white
diazo transparency images to photographically mask
areas on digitally processed remote-sensing images so
that only a given color—ostensibly related to some
desired thematic information contained in the
image —may be easily extracted. The technique has wide
application, as it may be applied to virtually any type of
image and does not necessarily require the use of digital
processing.

Remote sensing of porphyry copper

Tests of the use of Landsat-derived spectral reflec-
tance measurements for mineral exploration have been
made in the Sonoran desert of southern Arizona ac-
cording to R. G. Schmidt. In that particular environ-
ment, the spectra of hydrothermally altered areas are
very similar to those of a variety of unaltered and un-
mineralized rocks, therefore, making discrimination of
hydrothermally altered areas on the basis of Landsat
data much more difficult.

Digital classifications of Landsat data were performed
using those combinations of spectral reflectances that
are present in only parts of the known area of hydro-
thermally altered rocks at the North Silver Bell orebody,
but not commonly associated with any other surfaces.
The last two of a series of experimental classification
tables used the most discriminant spectral ranges, and
both tables yielded good outlines of parts of the North
Silver Bell alteration area, but neither delineated the en-
tire area.

Evaluations of 11,000 km? of mountains and hilly
upland in the region petween Tucson and Ajo by the
semi-final table cholla-7 and earlier tables identified 18
localities deemed worthy of field checking, and 25 more

that seemed to be almost certainly falsely classified.
Seven of the most favorable localities were then visited
in the field, and none were found to be significantly
mineralized. Areas that yielded the most positive results
with cholla-7 were also evaluated with the final table,
cereus-6, which indicated that no other areas had spec-
tral reflectances like the North Silver Bell orebody. This
does not mean that no large orebodies lie hidden beneath
alluvium, but it does reduce the likelihood that any large
reasonably well-exposed areas of hydrothermally
altered rocks are present in the area studied.

GEOCHEMICAL AND GEOPHYSICAL

TECHNIQUES IN RESOURCE
ASSESSMENTS

GEOCHEMICAL-RECONNAISSANCE RESULTS

Tin potential, Charlotte 1° x2° quadrangle, North Caroiina and
South Carolina

Tin potential has been found in the Southeast. Heavy-
mineral surveys by J. W. Whitlow and W. R.
Griffitts show a wide distribution of cassiterite in small
streams in the Piedmont of North and South Carolina
and the Blue Ridge of west-central North Carolina. Few
of the occurrences are of economic importance, but they
suggest that placer deposits may have developed in the
Coastal Plain in the area between the Pee Dee and
Santee Rivers. Most of the cassiterite was removed dur-
ing the development of the Piedmont Plateau surface,
perhaps as long ago as the Eocene, so the postulated
placers may be old. G. H. Espenshade has traced a chain
of plutons along the Blue Ridge from central North
Carolina to central Virginia with potential sources of
cassiterite, so the area with placer potential may extend
far north of the Pee Dee River. Wolframite and colum-
bite locally associated with the cassiterite probably
would not survive the long travel to the Coastal Plains.
The tin-spodumene belt in the Carolinas, known for
three generations, has been found recently by J. W.
Whitlow, W. R. Griffitts, and D. F. Siems, to be part of a
much larger mineralized area. Beryllium, tin, niobium,
and bismuth are prominent in stream-sediment concen-
trates taken in an area north and northeast of the ap-
parent northern end of the lithium pegmatite beit; their
bedrock sources are not yet known. A similar large area
south and southwest of the southern end of the lithium
pegmatite belt yields concentrates that contain tin and
tungsten in cassiterite and wolframite, respectively,
derived from greisen bodies in gneiss and niobium and
beryllium with unidentified bedrock sources and
mineralogy. The areas show up in a general way in
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surveys based on analyses of nonconcentrate-sediment
samples. This interpretation is difficult, however,
because of erratic high values found in the region. Some
clusters of rather high values of beryllium, tin, and
niobium may be related to groups of sheet-mica
pegmatite deposits, even though no minerals of tin or
niobium were found, and few occurrences of beryl were
found during examination of more than 100 such mica
deposits. High values for beryllium found in sediments
of the Carolina slate belt suggest that previously
unsuspected deposits of beryllium may be in that region,
a suggestion that is reinforced by the finding by Henry
Bell of chrysoberyl in South Carolina, not far to the
south.

Geochemical sampling, Iron River 1° x2° quadrangile, Michigan
and Wisconsin

In the Iron River 1°x2° quadrangle, Michigan and
Wisconsin, H. V. Alminas found a number of hydro-
morphic geochemical patterns strongly indicative of
felsic intrusives at depths that have been delineated by
B-horizon soil sampling. These areas are defined by an
enrichment in Fe, Mg, Ca, Mn, Cr, Se¢, Sr, Be, and V.
Abnormally high Be/Sr and Mg/Fe ratios are
characteristic, and anomalous values in Cu, Co, Ni, Mo,
and Ag are associated with these zones. These zones
generally occur along or at intersections of gravity and
(or) Landsat-imagery-derived lineaments.

Mineral potential, Rolla 1° x2° quadrangle, Missouri

Using spectrographic analyses R. L. Erickson, E. L.
Mosier, and S. K. Odland found anomalously high
amounts of Mo, As, Pb, Cu, Ni, Co, and Ag in insoluble
residue samples of a shallow-water reef and calcarenite
facies of the Cambrian Eminence and Potosi Dolomites

in the subsurface in southern Missouri in the Rolla’

1°x2° quadrangle. The samples are from two drill holes
in Douglas County and two in Ozark County. The metal
suite is similar to that found in the Viburnum Trend lead
deposits except that the molybdenum content is com-
monly an order of magnitude higher than in the Trend.
The principal residence of the metal suite is in or in-
timately associated with iron sulfide. The shallow-water
reef and calcarerite facies of the Eminence and Potosi
are lithologically similar to, and may be analgous to, the
“white-rock” facies of the ore-hosting Bonneterre For-
mation in the southeast Missouri lead district. These
geochemical and stratigraphic data together suggest
that an unknown and untested belt of favorable ground
for mineral discovery may be present in the subsurface
in southern Missouri.

Mineralization in the Wililams Fork, Colorado
P. K. Theobald observed that the headwater area of

"the Williams Fork in the central Colorado Rocky Moun-

tains has suffered a sequence of chemical and
mechanical, rock-destructive events that effectively
obscure mineral deposits from discovery by conven-
tional methods of search. Hydrothermal alteration
associated with Tertiary mineralization has reduced the
erosion resistance in pervasively altered areas that are
increasingly numerous toward the east and southeast
and in and adjacent to veins and fault zones throughout
the area. A period of lateritic weathering proceeded the
earliest recognizable glacial features and further re-
duced the rocks to saprolite beneath an ancient land sur-
face for depths of as much as 100 m. Successive cycles of
glacial erosion were most effective where alteration and
weathering were most extensive. Major valleys were
eroded along the larger altered fault zones. Residual ac-
cumulations of ground and lateral till effectively obscure
evidence of mineralization along or adjacent to the
faults. Altered and weathered zones above the active
glacial valleys yielded through periglacial mass move-
ment, producing large terranes of jumbled and slumped
ground, again obscuring evidence of mineralization.

Residual accumulation of heavy minerals related to
mineralization, fluorite, pyrite, galena, molybdenite,
scheelite, powellite, and gahnite, yields fairly coherent
patterns of distribution in alluvial deposits reworked
from the till along the lower walls of the major valleys.
Soils collected along ridge and spur traverses have
yielded only occasional erratic, high values reflecting
the generally unaltered, unmineralized relics that form
the highlands. More direct evidence of mineralization
beneath the extensive blankets of transported debris
will be required to establish a reliable resource ap-
praisal.

Geochemical anomalies, Silver City 1° x2° quadrangle, Arizona-
New Mexico

A geochemically enriched area, which measures ap-
proximately 235 km?, was found in the southern
Pinaleno Mountains, Ariz., in the Silver City 1°x2°
quadrangle, Arizona-New Mexico. This area is situated
on and adjacent to a major regional tectonic feature; but
mines in the area do not exist and prospects are few.
This geochemical feature was recognized because heavy-
mineral geochemical techniques were employed. The in-
tensity of many of the analytical values, using enhance-
ment techniques, suggests that local concentrations of
possible ore grade do exist. Leakage along dike-host
rock contacts within the many rhyodacite dike swarms



16 GEOLOGICAL SURVEY RESEARCH 1981

in the area appears to be a main process of metal disper-
sion. The major regional tectonic feature is the Stockton
Pass fault, which trends northwesterly, with a horizon-
tal left-lateral displacement. It is approximately 1.6 km
in width and appears to localize metallization because
geochemical anomalies in Mo, Bi, W, Ag, Au, As, and
the mineral fluorite show close spatial relation to the
zone. It also may have controlled the occurrence of a
volcanic center to the south that contains geochemical
anomalies in the same metals, most prominently for
molybdenum and bismuth.

Geochemical survey, Richfield 1° x2° quadrangie, Utah

W. R. Miller, J. B. McHugh, and W. H. Ficklin made a
geochemical survey using ground water in the Beaver
basin in the Richfield 1°x2° quadrangle, Utah. The
results of raw data plots, principal-component analysis,
and a solution-mineral equilibria study demonstrate that
the chemical environment of the Beaver basin is
favorable for the occurrence of sandstone-type uranium
deposits. Several areas were identified as possible
targets for exploration. The methods described in this
study can be used to evaluate other basins in the
western United States.

Geochemical sampiing of water, Colorado Plateau, Utah

Using field and laboratory data, J. C. Antweiler and
J. B. McHugh showed that in some environments water,
when available, is superior to other geochemical sam-
pling media for detecting evidence of concealed
mineralization. An excellent example is the Long Gulch
area of the Colorado Plateau in the Escalante River can-
yons country, Garfield County, southern Utah. Several
uranium prospects have been located in outcrops of the
Moenkopi and Chinle (Shinarump Member Formations)
(all Triassic in age), but no significant uranium
mineralization has been found in the overlying Jurassic
rocks such as those in Long Gulch. However, numerous
seeps and small springs occur in a fault zone in Long
Gulch for a distance of at least 16 km. Water samples
from several of those springs carried uranium in
amounts up to 480 ppb compared to background levels of
about 1 ppb. Fine-grained stream sediments, pan con-
centrates, and rocks suggested either no or very weak
geochemical anomalies. Anomalies of several other
cations and anions also are recognized easily by modern
analytical techniques applied to water. In areas where
the only exposed rocks are thick sequences of Jurassic
sandstone, such as in the Escalante River canyons coun-
try, water from seeps, springs, intermittent drainages,
and fault zones is an excellent sampling medium because
it often provides access to mineralization that is entirely

concealed. Uranium mineralization is known to oeccur in
Triassic rocks, which in much of the area are not ex-
posed.

Gold anomalies, Butte 1° x2° quadrangle, Montana

Preliminary interpretation of geological and
geochemical data by J. C. Antweiler, W. L. Campbell,
and R. T. Hopkins, Jr., suggests the presence of several
gold resource targets in the Butte 1°x2° quadrangle,
Montana.

Several drainages west of the Coloma Mining District
in the western part of the Garnet Range were found to
contain gold anomalies. Gold compositional studies sug-
gest that gold-source veins may be gold tellurides in
some areas and skarn deposits with possible tungsten
mineralization in other areas. The Frog Pond basin area
in the southern part of the Sapphire Mountains has
numerous gold anomalies in drainages west, north, and
east of the basin. Other areas that should receive further
attention are at least seven target areas of Tertiary gold
deposits, including Tertiary pediments on the
Sapphire Range and on the flanks of the Flint Creek
Range and Tertiary deposits downslope from the
Blackfoot and Datlton Mountain stocks. Gold composi-
tional analyses, together with other analytical data, sug-
gest that modeling of suites of anomalous metals may
lead to the discovery of unknown mineralized areas.

Geochemical studies of batholiths, Dillon 1°x2° quadrangle,
idaho and Montana

Detailed review of geochemical studies indicated a
genetic relation between stockwork molybdenum
deposits and leucocratic granitic phases of sodic series
(Tilling, 1973) calcalkaline batholiths in the Dillon
1°x2° quadrangle, Idaho and Montana. The
leucogranites are commonly two-mica granites and are
the youngest phases in the evolutionary history of the
batholiths. Earlier granodiorite phases of the batholiths
produced tungsten- and copper-bearing skarns, tin-
bearing magnetite skarns, and copper-molybdenum gold
porphyry-type systems. Complex base-metal sulfide and
precious-metal vein occurrences are associated with all
of the porphyry-type deposits and may have tin minerals
in economic quantities at some localities as suggested by
geochemical analyses of ore samples.

Preliminary results from process studies on the move-
ment of trace elements in the weathering environment
indicated that streams in southwestern Montana
draining areas where there is no significant mineraliza-
tion reach a steady state with respect to chemical specia-
tion with about 80 percent of the trace elements being
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transported as silicates and resistate oxides and most of
the remainder being complexed by organic matter.
Where there is significant mineralization, the steady
state is disrupted at the point of entry of the metals into
the stream with organic matter and oxides of ore metals
complexing most of the trace metals. Downstream from
the metal source the speciation moves systematically
back towards the steady-state condition of dominantly
silicate and resistate oxide complexing. The total
amount of trace metal also decreases downstream. The
rate at which the metal anomaly disappears is a function
of the mineralogy of the metal complexes entering the
streams. Organic complexes appear to flourish on a car-
bonate substrate.

Geochemical sampling for metallic resources, Chichagof-Yakobi
Wilderness Study Area, Alaska

T. D. Hessin collected several types of geochemical
samples to evaluate possible metallic resources in the
Chichagof-Yakobi Wilderness Study Area, Alaska. Two
categories of samples were of primary importance
because of the analytical results they have offered.
These two sample media are water (filtered and
unfiltered) and nonmagnetic heavy-mineral concen-
trates. Both sulfate and fluoride are excellent associates
of many types of mineral deposits and therefore are
indicators of mineralization. This becomes quite evident
in the former mining districts of Hirst-Chichagof and
Apex-El Nido mines, where the sulfate anion analyses
were quite anomalous. In correlation, both the non-
magnetic heavy-mineral concentrate sample and the
filtered-water sample, taken from the same site,
exhibited anomalous amounts of base and precious
metals. The same correlation exists between the two
media—water (two types) and concentrates—in
previously undetermined mineralized areas. Two areas
of major importance are Moser Island, located on the
east side of the project area on Hoonan Sound and in the
vicinity of Stag Bay near Yakobi Island. In addition,
anomalous amounts of fluoride (unfiltered water) offer
excellent correlation with anomalous amounts of
uranium in the filtered-water samples in the proximity
of Deep Bay located in the southwest quadrant of
Chichagof Island.

The Chichagof-Yakobi Wilderness Study Area is sub-
ject to high rainfall, resulting in a strong dilution effect
to the collected water samples. In spite of these cir-
cumstances, correlation of the water samples and heavy-
mineral concentrates was excellent in several areas and
warrants continued use in geochemical prospecting.

Prospective copper belt in. the Brooks Range, Alaska

J. B. Cathrall reported that the minus 80-mesh
stream-sediment geochemical anomalies suggested that

the known zone of copper- and zinc-bearing stratiform
voleanogenic sulfide occurrences found in the Ambler
River quadrangle in the Brooks Range, Alaska, extends
eastward into the Survey Pass quadrangle. This
voleanogenic sulfide mineralization was found in the
schist belt, often referred to as the “copper belt,” located
along the southern flank of the Brooks Range.

The prospective copper belt in the Survey Pass
quadrangle was reflected very well by anomalous
drainage areas containing anomalous Cu, Zn, Pb, Ag,
Ba, Sb, Mo, W, Bi, and B. The anomalous drainage areas
correlate well with areas of mineral occurrences, with
areas of pervasive mineralization, and with the approx-
imate location of lode claims. All of these areas were
associated primarily with metafelsitic schist, which is
associated with mafic metavolcanics. The aeromagnetic
data within this section of the schist belt showed that all
of the above-mentioned areas have a characteristic
magnetic signature. The axes of aeromagnetic highs
wrap around these areas, which in turn lie within
aeromagnetic lows where magnetic anomalies approx-
imately greater than —20 g are absent.

GEOCHEMICAL CHARACTER OF METALLOGENIC
PROVINCES

Concepts and techniques

In a review of concepts and techniques employed in
geochemical exploration, W. C. Overstreet and S. P.
Marsh observed that the recent accelerated use of
geochemical techniques resulted from the increasing
need to discover geologically concealed sources of
mineral raw materials and geothermal energy. Future
research in geochemical exploration can be expected to
improve geological perceptions of ore deposits, to
establish closer ties with remote sensing of mineralized
or geothermal areas, and to provide more sensitive
methods of analysis as well as more certain inter-
pretative methods. In the search for concealed mineral
deposits and geothermal sources, future improvements
in methods of anomaly enhancement are the most
significant trend in exploration geochemistry.

Metals in the Ely district, Utah

G. B. Gott determined that there are more than a
dozen metals that are enriched above crustal abundance
in the most altered rocks in the central part of the Ely
district. Copper, iron, and molybdenum are most abun-
dant in the central zone. This zone is overlapped by zinc,
which in turn is overlapped by lead. Silver and bismuth
are nearly coextensive with lead, and it is likely that
these minor elements have been captured in the crystal
lattice of galena. Sulfur was probably present
throughout the district before oxidation, but it seems to
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give way to other anionic forms such as some of the com-
pounds of arsenic, antimony, and tellurium outward
from the median line of the district. Gold is most concen-
trated in a tight circle around the monzonite intrusions.
Manganese is most abundant along the outer limits of
the distriet and decreases inwardly; this is inverse to the
distribution of copper. Tungsten and tin are most abun-
dant along the contact between the monzonite and
sedimentary rocks.

Mineraiization in the Round Mountain area, Nevada

B. R. Berger established that Round Mountain
mineralization is characterized as Au, Ag, As, Sb, TI, W,
F, Mo, and Sn with some Zn. Lead and copper are
sparse. The gold-silver ratio is nearly one for the
district, but gold is slightly more abundant in oxidized
ores. Locally manganiferous vein segments are highly
enriched in silver. Arsenic is most abundant in argillic-
and adjacent silic-altered zones, and decreases outward
in phyllic-altered zones. Calcium and manganese are
universally depleted in the alunitic and silic zones,
whereas copper and manganese contents in the phyllic
zone vary with lithology. Metals are concentrated in
veins along fractures and disseminated in nonwelded
tuffs adjacent to vertical “feeder” structures.

GEOCHEMICAL STUDIES: DESERT ENVIRONMENT

Effect of smelter effluent in soils

M. A. Chaffee found that smelter effluent con-
taminated soils around some mineralized parts of the
Eureka district, central Nevada, and thus soil anomalies
related to mineralized areas are difficult to distinguish
from those anomalies related to contaminated areas.
Soil samples from 274 sites and composite samples of
smelter slags were analyzed for 31 chemical elements;
geochemical maps were made for selected elements. The
elements Ag, As, Au, Cu, Hg, Mo, Pb, Sb, Sn, and Zn
are anomalous in various combinations in soils around
mineralized areas outside the areas of smelter con-
tamination as well as around the smelter sites. Barium,
cobalt, manganese, and vanadium are anomalous in the
soils of many known mineralized areas, but are not
anomalous in the soils of known contaminated areas.
Therefore, anomalous concentrations of these four
elements in soils may indicate contaminated, mineral-
ized areas and help to distinguish them from econ-
taminated but unmineralized areas.

GEOCHEMICAL STUDIES: TROPICAL
ENVIRONMENT

Deposits in porphyry copper districts, Puerto Rico

R. E. Learned, I. P. Gonzales, and T. H. Hickey made
a regional geochemical study covering approximately
500 km? around the porphyry copper districts of west-
central Puerto Rico. They successfully delineated all the
known deposits and prospects in the area and also
several new targets warranting further investigation.
The study was based on multielement analysis of stream
sediments collected at stream junctions at an average
sample density of 1/km2. Factor analysis of the
analytical data indicated that several elements play a
role in the geochemical characterization of the known
copper deposits, including Cu, Au, Mo, Pb, Zn, Mn, Tj,
and Zr.

SURFACE AND GROUND WATER IN
GEOCHEMICAL EXPLORATION

Mineral patterns in the Baboquivari Mountains, Arizona

W. H. Ficklin, D. J. Preston, Wheeler Preston, A. R.
Stanley, and G. A. Nowlan made a study of waters from
wells, springs, and streams on the Papago Indian Reser-
vation and extended that study to include the entire
Baboquivari Mountains, both on and off the Reserva-
tion. The extended study showed definite areal patterns
of arsenie, copper, and molybdenum. Some of the pat-
terns are related to various bedrock units within the
mountain range, but one of the patterns is made up of
anomalous molybdenum in the center, anomalous cop-
per on one side, and anomalous arsenic on the opposite
side and appears to be related to mineralization. The
area of anomalous molybdenum contains old tungsten
mines, and the area of anomalous copper is an old
precious- and base-metal mining district.

Uranium potential in the Mineral Mountains, Utah

W. R. Miller, J. B. McHugh, and W. H. Ficklin con-
ducted a geochemical survey in the area. The interpreta-
tion of simple plots of uranium concentrations and the
results of a Q-mode factor analysis indicated that poten-
tial exists for uranium deposits within the area. The
most favorable areas are in the felsic pluton near its con-
tact with sedimentary and metamorphic rocks. The most
likely sources of the uranium anomalies are uraninite-
bearing epigenic veins along faults and fractures within
the pluton.
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MINERALOGICAL RESEARCH

Placer deposits in the Goodnews Bay district, Alaska

Sam Rosenblum, W. C. Overstreet, and R. R. Carlson
found platinum-group elements (PGE) in magnetite
from placer deposits in the Goodnews Bay district,
Alaska. Analyses by R. R. Carlson and J. M. Nishi
showed platinum as high as 1,100 ppm (85.37 troy
ounces per tonne). Scanning-electron microscope
studies showed at least seven phases that contain PGE:
Pt-Fe, Pt-As (sperrylite), Ir-Fe, Ir-S-As-Rh-Pt-Fe, Rh-
As-S (hollingworthite), Rh-Pd-As-Ni, and Pb-S-Rh-Fe-
Ir. In each phase, variable amounts of PGE and minor
elements (Cr, Cu, Ni, PGE) make the assignment of
definite compositions difficuit.

Grain sizes of the various isometric phases range from
less than 1 micron (micrometer) to about 65 microns
across; the phases are irregular inclusions in magnetite
grains that are 200 to 400 microns across. Discrete
grains of platinum-iron alloy in two fine-grained concen-
trates were 25 to 55 and 40 by 80 microns. The average
grain size for isometric platinum-iron is about 12
microns, and the average for bladed iridium-iron is
about 1 by 12 microns.

Spectrographic analyses of fire-assay magnetic con-
centrates showed a surprising result in 12 of 14 sets of
concentrates. The finest grained fractions contain the
greatest amounts of PGE, but the increase in values is
not always in direct relation to decreasing grain size.
These relations suggest two populations of PGE: a main
suite represented by coarse grains, and a finer suite
present in late-stage, fine-grained magnetite grains.

PGE phases occur as discrete grains in the magnetic
concentrate, as inclusions in magnetite, and PGE are
diffused into magnetite adjacent to the borders of PGE
phases. Such PGE held in the magnetite lattice may
represent a valuable resource.

VOLATILE GASES USEFUL IN GEOCHEMICAL
EXPLORATION

Helium and mercury concentrations in the Roosevelt Hot Springs

Area, Utah

M. E. Hinkle studied the concentrations of helium and
mercury in soils and of helium in soil gases in part of the
Roosevelt Hot Springs Known Geothermal Resource
Area, Beaver County, Utah, to see what relation helium
and mercury concentrations might have to geothermal
features of the area. The pattern of high helium concen-
trations in soils was more dispersed than the pattern of
helium in soil gas; however, most of the highest concen-
trations were over the producing geothermal field, in an
area of high-temperature gradients. Low conecentrations

of helium in soils occurred over an area of visible
hydrothermal activity. High concentrations of mercury
coincided with areas of high thermal gradients and low
resistivity. Concentrations of helium in soils and soil gas
could not be related to the depths of geothermal wells.

Heiium concentrations in the Long Valley Geothermal Area,

California

The concentrations of helium in soil samples in and
around the Long Valley geothermal area were studied
by M. E. Hinkle, to see what relation helium concentra-
tions might have to geothermal features of the area, and
to previously studied mercury anomalies in the area.
Anomalously high concentrations of helium occurred
over part of the Hilton Creek fault—a major Sierra
Nevada frontal fault—and over other faults outside of
the caldera. Anomalously low concentrations of helium
occurred in several areas of high mercury concentra-
tions, which were also areas of hydrothermal alteration.

INSTRUMENTATION FOR GEOCHEMICAL
EXPLORATION

R. C. Bigelow designed and developed detectors and
supporting hardware and software for a laser-base dif-
ferential gas measurement system. The automated
system consists of a dye laser, photomultiplier detec-
tors, an analog-to-digital converter, and a HP1000 data
processor; the system can make up to 30 readings per
second. System accuracy is limited by the 12-bit resolu-
tion of the digitizer, about 0.05 percent. This cor-
responds to a calculated minimum resoultion of about
5000 photons on the photocathode. The previous manual
system was limited to average readings at 5-second in-
tervals, 2-percent system accuracy, and a minimum
resolution of about 10 x (Ex;10) photons.

ANALYTICAL METHODOLOGY USEFUL IN
GEOCHEMICAL EXPLORATION

Partitioning of copper among selected geologic phases

In experiments designed to partition copper among
selected geologic phases, R. E. Learned, T. T. Chao,
R. F. Sanzolone applied the sequential dissolution pro-
cedure to various sample media. The extraction pro-
cedure affords a convenient means of determining the
copper content of the following fractions: (1) manganese
oxides and “reactive” iron oxides, (2) “amorphous” iron
oxides, (3) “erystalline” iron oxides, (4) sulfides,
magnetite, and other resistant iron oxides, and (5)
silicates. The apportionment of copper among phases
constituting geologic media is a function of geochemical
environment. Geochemical contrasts (anomaly-to-
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background ratios) vary widely among the five fractions
of each sample media investigated, and at least one frac-
tion of each medium provides substantially stronger con-
trast than does the bulk medium. Selective extraction
procedures appear to have important applieations to the
orientation and interpretative stages of geochemical ex-
ploration. Futher investigation and testing of a similar
nature are recommended.

PARTIAL SOLUTION TECHNIQUES APPLIED TO
ORE DEPOSITS

A massive sulfide deposit in a humid, subtropical environment

A sequential chemical extraction scheme was used by
L. H. Filipek, T. T. Chao, and R. H. Carpenter to deter-
mine the geochemical partitioning of copper, zine, and
lead among hydrous manganese and iron oxides,
organics, and residual crystalline silicates and oxides in
the minus-80-mesh sediments and in boulder coatings
from a stream in Lineoln County, Ga. The stream drains
an area containing a copper-zinc-lead sulfide deposit
(Magruder mine). The boulder coatings contain mainly
manganese oxides and organic matter with minor
hydrous iron oxides. In the sediments, the chemically ac-
tive phases are mainly hydrous iron oxides and organics,
probably because manganese is leaching out of the
sediments and precipitating on the exposed surfaces of
boulders. Of the ore metals, zine is the most mobile and
is partitioned most strongly into the coatings. Lead re-
mains mainly in the sediments. In the boulder coatings,
competition for copper, zinc, and lead follows the order:
copper organics >iron oxides >manganese oxides; zinc,
manganese oxides about equal organics >Fe oxides;
and Pb, Fe oxides >organics about equal manganese
oxides. In the sediments, adsorption sites on clays also
appeared to be important as metal scavengers. The
mildest extractants (1 mole acetic acid and 0.1 mole
hydroxylamine hydrochloride in 0.01 mole nitric acid)
gave the best anomaly-to-background contrast in both
the boulder coatings and sediments for all three ore
metals.

Porphry copper deposit in an arid environment

Using the same extraction scheme, L. H. Filipek and
P. K. Theobald analyzed samples of minus-80-mesh sedi-
ment rock containing exposed fracture coatings, and
jarosite and chrysocolla from an area surrounding the
North Silver Bell porphyry copper deposit near Tucson,
Ariz. Jarosite and chrysocolla, two major minerals of the
North Silver Bell area, were found to dissolve over two
or more steps of the extraction scheme. The results sug-
gest that in a semiarid to arid environment where
mechanical dispersion of such minerals predominates,
uncritical assignment of unique phases such as

manganese oxides or organic matter to a given extrac-
tion would lead to false interpretations of weathering
processes. However, the relative proportions of
elements dissolved in each step of the jarosite and
chrysocolla extractions could be used as a “fingerprint”
for recognition of the presence of these two minerals in
the sediment and rock samples. The relative abundance
of hydrous iron oxide and jarosite and the alteration zon-
ing could be mapped using data from jarosite and
chrysocolla extractions. Manganese oxides were found
also to have a greater influence on zine than on copper
or lead during supergene alteration. As with the
Magruder mine samples from Georgia, the 1 mole acetic
acid extraction gave the greatest anomaly-to-
background contrast in the stream sediments at North
Silver Bell. However, the residual mineral fraction of
these sediments showed the longest dispersion train.

Comparison of two extractions for hydrous iron oxides

A comparison was made by L. H. Filipek, T. T. Chao,
and P. K. Theobald of the effectiveness in mineral ex-
ploration of two extractions commonly used to dissolve
hydrous iron oxides: hot acifidied hydroxlamine
hydrochloride and hot oxalic acid. Results obtained on
minus-80-mesh stream sediments from the Magruder
mine area in Georgia indicate that hydroxlamine
hydrochloride enhances the anomaly for copper by a fac-
tor of 2 and for zine by a faetor of 1.5, compared to the
oxalic method. Analyses of iron-oxide-coated rock
samples from the North Silver Bell porphyry copper
deposit in Arizona indicate that both techniques effec-
tively outline the zones of hydrothermal alteration.
Because the hydroxlamine-hydrochloride extraction also
can perform well in high-carbonate or high-clay en-
vironments, where other workers have suggested that
oxalic acid is not very effective, the hydroxlamine-
hydrochloride method is preferable for general explora-
tion use.

APPLICATION AND EVALUATION OF CHEMICAL
ANALYSIS TO DIVERSE GEOCHEMICAL
ENVIRONMENTS

Recent laboratory investigations by J. G. Viets
(USGS) and J. R. Clark (Colorado School of Mines) have
developed a synergistic liquid ion exchange-solvent ex-
traction system for the separation and multielement
determination of 18 elements of interest in geochemical
exploration. The organic separation technique isolates
and concentrates the elements of interest away from
possible major element interferences such as iron,
manganese, calcium, in the sample digestion solution of
rocks, soils, and stream sediments. The metals and
metaloids in the organic phase may then be determined
by flame or graphite furnace atomic absorption spec-
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troscopy to near or below crustal abundance levels.
Since 18 elements— Ag, Au, As, Bi, Cd, Cu, Ga, Hg, In,
Pt, Pd, Pb, Sb, Se, Sn, Te, Tl, and An—are partitioned
from a single digestion solution into the organic phase,
further investigations will be conducted using various
partial leach digestions so that metal contents of specific
phases of a sample, such as clays or amorphous oxide
coatings, may be determined. Adaptation to induction-
coupled plasma emission spectroscopy and rapid
automated atomic-absorption instrumentation may
allow extremely rapid and sensitive data using this
technique.

DEVELOPMENT OF EFFECTIVE ON-SITE
METHODS OF CHEMICAL ANALYSIS

W. L. Campbell, using biogeochemical techniques in
studies of the mineral potential of the Papago Indian
Reservation, found that the plant fluids in succulents
can be aspirated directly into an atomic-absorption spec-
trophotometer. Direct determination of lithium in cac-
tus fluids by conventional atomic-absorption flame
photometer was investigated and appeared to warrant
further testing as a possible geochemical tool.

RESEARCH IN SPECTROGRAPHIC METHODS

J. M. Motooka and S. J. Sutley developed a new
technique using induction-coupled plasma optical emis-
sion spectroscopy (ICP-OES) to determine the trace-
element content and association in the oxalic acid
leachate of stream sediments and soils as an adjunct
and (or) replacement method for some existing
analytical methods. The ubiquitous nature of iron and
manganese oxides, their scavenging ability, and the ease
of their selective extraction from stream sediments and
soils by a simple oxalic acid leach can be particulary ef-
fective in the detection of trace metal associated with
concealed orebodies. The direct nebulization of the ox-
alic acid solution into the plasma reduces sample
preparation and analysis time to a fraction of that re-
quired by existing procedures. The ICP-OES technique
provides a precise, low-detection limit and simultaneous
multielement analysis at major, minor, and trace-level
concentrations.

BIOCHEMICAL RESEARCH

Trace-element effects on growth of microbes

Using literature and laboratory studies, J. R. Watter-
son found that trace-element effects on the morphology,
motility, gas production, pigmentation, growth,
chemotactic behavior, or other specific measurable
mutational variation in rapidly responsive, naturally oc-
curring microbes furnish a visible and photo-recordable

basis for a new analytical technology applicable to
mineral and (or) fuel deposit search.

Using a defined motility medium, Bowdre and Krieg
(1974) developed a simple method of using the tumbling
aquatic behavior of Spirillum wvolutans, an unusually
large bacterium, to detect the presence of Zn, Ni, Cu,
Hg, or Pb ions at concentrations of 2 or 3 ppm.

Nieuwoudt and others (1980) showed that selenium in
the form of sodium biselenite induces pigmentation in
eight group II (colorless) strains of Serratia marcescens
at concentrations greater than 50 ppm. After the initial
color change from white to orange, no further color
changes were observed with increasing concentrations
of selenium up to 10,000 ppm. Induction of pigmentation
did not occur between concentrations of 1 and 45 ppm of
selenium, nor was pigmentation induced in these strains
with any other of the metals tested. Watterson showed
that vanadium causes a color change in pigmented forms
of Serratia marcesens from orange to rosy red, and
tellurium causes a change from orange to brown.

Peyru and Novick (1968) found that an arsenate-
sensitive and two cadmium-sensitive plasmid-bearing
mutants of Staphylococcus aureus were suppressible by
streptomycin. The growth of these mutants thus may be
made sensitive to a range of concentrations of either
Na,AsQ, or Cd (NO;), by differential masking of inhibi-
tion with streptomyein.

Kikuchi (1965) found that the hydrogen sulfide produc-
tion of a copper-resistant strain of the sulfate-reducing
yeast, Saccharomyces cerevisiae, was more than 20
times greater than that of its copper-sensitive parent. In
addition to the analytical potential, an acquaintance
with metal-mierobe interactions also may serve to iden-
tify new kinds of measurable primary biogeochemical
data. For example, if hyper-hydrogen sulfide production
should prove to be a common defense mechanism
against heavy-metal poisoning among other sulfate-
reducing microbes, this easily measurable parameter
might serve as a new tool in the search for concealed
mineral deposits.

GEOPHYSICAL EXPLORATION

Remote sensing in the Ajo 1° x2° quadrangle, Arizona

From the analyses of lineaments and regional mapp-
ing of hydrothermal alteration using Landsat data, G. L.
Raines defined numerous anomalous areas with mineral
potential. One of these areas is in the Mohawk Moun-
tains, Yuma County, Ariz. Field studies involving
geologic mapping and geochemical surveys, in coopera-
tion with P. K. Theobald, have defined two probable ex-
planations of the anomaly in the Mohawk Mountains.
One is that the anomaly is due to a large hydrothermal
system intrusive that is mostly concealed on the
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pediment east of the mountains, and the second is that
the anomaly is associated with extensive large
pegmatite dikes that occur in the area.

In the Silver City 2° quadrangle, regional northeast-
trending structures were defined from the analysis of
lineaments, and there appears to be a relation between
these structures and mineralized areas.

NUCLEAR—ELECTRICAL METHODS

Evaluation of coals
J. J. Daniels made hole-to-surface resistivity

measurements by placing a current source in a drill hole |

and measuring the resulting potential distribution on
the Earth’s surface. This technique has been refined and
the surface distribution of the total electric field vector
can now be mapped. These measurements can be useful
for defining variations in the continuity of coal seams
and adjacent beds away from the drill hole. When these
measurements are used in conjunction with resistivity
well logs and hole-to-hole resistivity measurements, a
comprehensive interpretation can be made of both the
vertical and horizontal resistivity distribution that is
associated with geologic inhomogeneities.

Tests indicated that nonlinear complex resistivity
borehole measurements may help to identify clays and
sulfides in shallow sedimentary coal environments.

APPLICATIONS OF SEISMIC, GROUND
MAGNETICS, AND RESISTIVITY MEASUREMENTS

Chromite deposits in Cailfornia

In northern California, J. C. Wynn found a combina-
tion of refraction seismic, ground magnetic, and com-
plex resistivity methods to be effective in the identifica-
tion of podiform chromite deposits. All of these methods
may be site-specific, however, requiring additional field
testing in other areas. It also appears possible to use
Landsat imagery to map favorable horizons within the
periodotite mass that may host chromite.

Indian Lands in Wisconsin

B. D. Smith made airborne geophysical surveys on
selected Indian lands in the Great Lakes region to define
anomalies that may indicate the presence of massive
sulfide mineralization. Ground geophysical surveys also
have been used to define drilling targets. A comparison
of ground geophysical techniques has demonstrated that
all those tested can detect successfully the airborne
anomalies. However, the work to date suggests that
conventional geophysical methods should not be used
solely as anomaly-finding techniques, but should be in-

terpreted as completely as possible in order to indirectly
detect favorable areas for potentially economic
mineralization.

Colville indlan Reservation, Washington

V. J. Flanigan and M. S. Sherrard observed that the
most prominent feature seen on the recently completed
gravity map of the Colville Indian Reservation is a 15 to
20 mGal low associated with less dense volcanic rock and
sediments filling the Republic graben. Detail gravity
data taken over the Mt. Tolman copper-molybdenum
deposit do not show a unique density contrast to un-
mineralized rocks, hence gravity data probably will be of
limited use in delineating other areas of the Republic
batholith underlying much of the Reservation which
might contain other Mt. Tolman-type mineralization.

RESOURCE INFORMATION SYSTEMS
AND ANALYSIS

The Resource Information Systems and Analysis Pro-
gram is designed to assist the decision-making process
for national mineral and fuels policy as well as USGS
resource programs. This is done by improving methods
for accessing and locating mineral and fuel resources
and for the storage, retrieval, manipulation, and display

. o . -
of commodity information for mineral-resource evalua-

tion and prediction. Highlights of this program for fiscal
year 1980 follow.

Data processing

The GRASP system was modified to accommodate in-
teger and floating point array data, four new intrinsic
functions related to array data were added, and a
subscripting capability intreduced. A micro-processor
version of GRASP was written in BASIC and im-
plemented on the Tektronix 4052.

Remote entry of geochemical data in the field was ac-
complished with an inexpensive minicomputer, the main
computer in Denver being accessed by telephone. Data
sets were created to be accessed by statistical programs
for geochemical analysis. This ongoing analysis permits
reexamination of anomalous areas in the same field
season as the sampling.

Bibliographic references

Data fields for the Mineral Data System Reference
File (MDSREF) data base were established and a test
run made of Idaho citations taken from the CRIB data
base. References for a Professional Paper on world

»
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bauxite resources were compiled, edited, and entered on
Lexitron diskettes for future entry into MDSREF.

Mineral resources of Alaska in reports covering the
last 80 yr were summarized for fourteen 1:250,000 quad-
rangles, thereby making readily available the informa-
tion from old and out-of-print reports as well as results
of current investigations.

Data bases

The original CRIB file was separated into three com-
ponent files to form the basic Mineral Data System
(MDS). CRIB, now a component file of MDS, consists of
point-location data only (mines, prospects, occurrences);
the two other basic components are mining district level
information (National Atlas File) and summary level in-
formation (Summary File). CRIB presently remains the
main file of MDS and at the end of 1980 contained
47,023 records. Various types of cooperative programs
are continuing. New coops were started in 1980 with the
states of South Carolina, Arizona, Colorado, Nevada,
and New Mexico. Coops continue with Oregon, Idaho,
Alabama, Michigan, Virginia, Tennessee, South Dakota,
the BLM, and the State Department.

Resource data retrieval and computerized resource-
assessment techniques of the National Coal Resource
Data System (NCRDS) are being used interactively by
such outside groups as State agencies, in addition to the
USGS. Data-is continually input from both USGS and
external sources, such as State and Federal cooperative
programs, to provide a basis for national coal resource
assessments. Magnetic tapes of some NCRDS data
bases and files were made available through the Na-
tional Geophysical and Solar Terrestrial Data Center in
Boulder, Colo.

In 1980, the Petroleum Data System (PDS) was in-
stalled on the Reston computer, and programs were
developed to plot PDS data against digitized field
outlines. Outlines of geologic provinces were digitized in
order to be combined with PDS data.

The Navajo Resources Information System (NRIS) ex-
hibited continued growth, the most actively growing file
being a reference data base, “nref,” which has over 1200
references. The Navajo Minerals Department con-
structed a data base, “Landmast,” which addresses the
land status of potential mineral-resources sites and con-
tains over 5,000 records. Six interrelateable oil and gas
data bases were structured to address over 50 different
attributes of gas, oil, and helium production on the
Navajo Reservation.

" The Utah resource-data file currently consists of more
* than 3,500 records containing locality (UTM, longitude
and latitude, and township and range), geologic, and
resource information on commodity deposits and occur-
rences. The file will be corrected and updated annually

to maintain accuracy and currency; contributions by
users to help keep the file current are welcomed. Rapid
selection searches can be made for a complete record, of
specified parts, as tabulations, or as map plots for
selected fields of interest. A complete description of this
file may be found in USGS Open-File Rept. 80-845 by
Tooker and Wong (1980).

Twenty mineral-province maps in U.S. Geological
Survey Open-File Report 79-576, A through S, (Tooker
and others, 1979) for a selected group of critical metal
and nonmetal commodities, represent a simplified level
1 evaluation of resource possibilities in favorable areas
in the conterminous United States where there is pre-
sent mining activity, past production, resource indica-
tions, or reasonable expectations of undiscovered
minerals, and reported but not fully evaluated mineral
occurrences. Coproduct and byproduct materials are
considered together with primary mineral resources.
The maps, as. well as the individual authors’ reports,
summarize present resource availability of Al, Cr, Co,
Nb, Cu, F, Au, Fe, Pb, Mg, Hg, Ni, P, Pt, Ta, Sm, Ti, W,
V, and Zn. Background information describing province
maps and their use may be found in USGS Circular 792
by Tooker (1980).

MINERAL-RESOURCE ANALYSIS

A preliminary Metallogenic Map of North America
was completed in draft for editing and display. The data
required for preparation of a deposit listing to accom-
pany the map were entered into MULTICS.

One hundred papers on regional-resource assessment
of nonfuels were examined and classified according to
methods used and form of the products in order to iden-
tify possible methods for future assessments. Criteria
were found that could be useful in selecting an assess-
ment method, and suggestions were made concerning
new methods. A report summarizing these results is be-
ing reviewed (Singer and Mosier, 1980). Estimated
grades and tonnages for over 700 mineral deposits were
published in order to aid others trying fo construct
grade-tonnage models (Singer and others, 1980).

Preliminary resource assessments of the Walker Lake
2° sheet were constructed, identifying a number of
tracts that appear to be permissive for the occurrence of
undiscovered porphyry copper, porphyry molybdenum,
and epithermal gold-silver deposits. Work is currently
underway to examine and evaluate these tracts.

Basic subsurface data collected from over 1,800
boreholes for the Westwater Canyon Sandstone
Member of the Morrison Formation in the San Juan
basin, N. Mex., have been computerized for the purpose
of estimating the potential uranium resources in the San
Juan basin. From these data, a genetic-geologic model

_for the tabular humate-type uranium deposit was
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constructed based on the known uranium deposits in the
Grants mineral belt. A preliminary estimate of the
potential uranium resources in the East Chaco Canyon
area, based on these data, suggests that the un-
discovered uranium resources are of the same order of
magnitude as those already discovered.

It was found that the log grade of mercury data ores
has declined in Spain, the United States, and
Yugoslavia, in such a way as to remain roughly propor-
tional to the minus 2/3 power of the log cumulative ore
mined. In the United States the grade of mercury ores
has declined from 36 percent in the middle of the 19th
century to 0.5 percent at the recently opened McDermitt
mine in Nevada. Extrapolating past trends in ore grades
is one way to estimate the grades of ore that will be
available for mining in the future and also to estimate
the remaining quantity of metal. Similar studies were
conducted on copper, byproduct gold and silver, lode
gold, uranium, and oil, in the conterminous United
States and in the Permian basin. Results of these studies
are summarized in tabular form.

Remaining Last year

Commodity Limiting point quantity of data

Mercury Grade=0.1 percent  54x10°¢ kg 1976

Copper Grade=0.2 percent  270x 108 t 1976

Gold Grade=0.025 ppm 3,656 t 1976
(byproduct)

Silver Grade=0.35 ppm 64,676 t 1976
(byproduct)

Gold (lode) Grade=3.13 ppm 2,076 t 1976

Uranium Grade = 4.5%108 sh. tons 1979

0.0723 percent
0il (U.S.) 5x10° expl. feet 37.64 x10° bbl 1978

Oil, gas, and coal-resource analyses

A method for evaluating the value of government pre-
leased drilling was developed and applied to a strippable
coal deposit in southwestern Wyoming, assuming
various drilling intensities and that the government sup-
plied the drilling data to potential bidders. Results
showed that the expected value of incremental drilling
information should be determined by a tract-by-tract ap-
proach with the intensity of the optimal drilling program
(to the government) depending on (1) the expected
degree of competition for the lease, (2) the risk aversions
of bidders, (3) the factors that affect economic
rents —thickness of coal seams, proximity to markets
and transport facilities, and market conditions—and (4)
the spatial correlation characterisics between drill-hole
measurements to determine how greatly the standard
deviation of the expected value of minable tonnage
declines as drill holes are spaced more closely.

SEDIMENTARY MINERAL RESOURCES

MARINE AND NONMARINE EVAPORITE DEPOSITS

Water content of rock salt

Investigations on water content in cored halite
samples were determined by T. G. Ging and R. J. Hite;
the halite is dissolved in methanol, and the extracted
water is measured by Karl Fischer titration. This
method eliminates problems attempting to determine
water content by heating, then measuring weight loss.
Water-content information is needed to evaluate salt
beds as possible radioactive-waste-disposal sites. Other
advantages of the procedure are that (1) halite is
separated from silica, clays, and other minerals so that
halite and nonhalite weights can be obtained; (2)
calcium, magnesium, and potassium contents of halite
waters can be determined; (3) bitumen content of the
halite sample can be determined—all from the same
sample.

Salt crystallization and diagenesis, Owens Lake, California

Owens Lake, east of the southern Sierra Nevada,
Calif., has been a dry salt flat since the early 20th cen-
tury when its natural inflow from the east slope of the
range was diverted to Los Angeles. Uncommonly heavy
snowfall in that range during the winters of 1937-38
and 1968-69 led to flooding of the lake floor the follow-
ing summers, and the inflowing freshwater caused par-
tial solution of the exposed salts.

G. 1. Smith, Irving Friedman, and R. J. McLaughlin
monitored the lake’s 1969 flooding, its desiccation in
1970-71, and the ensuing diagenesis of the new salt bed
through 1977. Their observations showed that seasonal
phase changes in the accumulating salt layer occurred
during its deposition, and that changes in minerology
continued after salt deposition was complete. The
chemical and isotopic evolution of the brines during lake
desiccation was reported earlier (Irving Friedman, G. L.
Smith, and K. G. Hardecastle, 1976); study of the
crystallization and subsequent diagenesis of the salts is
continuing. The saline layers initially had mineralogic
and isotopic characteristics that could be related to the
temperature and isotopic composition of the lake at the
time each of them formed, but diagenesis over 6 yr tend-
ed to eliminate those differences. The driving
mechanism of diagenesis, as presently inferred, is a
pumping effect caused by seasonal temperature changes
that lead to the creation of hydrated saline mineral
phases during the winter and anhydrous phases during
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summer. The interstitial waters act as the early winter
source for the required water of crystallization and the
early summer reservoir for water that is expelled, and
the isotopic character of both salts and interstitial brines
becomes more uniform with each seasonal cyele.

CHEMICAL RESOURCES

PHOSPHORITE

Phosphate investigation

The paleooceanographic and paleoclimatic causes of
equatorial and trade-wind belt phosphogenesis, which
were shown to be mutually exclusive, were postulated by
R. F. Sheldon to depend on the dominant mechanism of
solar heat transfer from low to high latitudes. If heat
transfer is accomplished efficiently by oceanic currents,
warm polar climate results from equatorial to polar sur-
ficial convection currents, with deep, cold polar to
equator return flow. This convection system results in
equatorial upwelling and phosphogenesis. If oceanic
heat transfer is inefficient, cold polar areas result, and
heat transfer is accomplished by atmospheric processes.
This results in strong trade winds as shown by trade-
wind desert eolian deposits and trade-wind belt eastern
boundary eurrent upwelling and phosphogenesis. The
efficiency of oceanic equatorial to polar heat transfer is
primarily a function of paleogeography and the presence
of seaways into polar seas.

This model of paleooceanography and phosphogenesis
is supported by studies of marine phosphorite deposits
from Proterozoic to Holocene. The presence of Pro-
terozoic marine shelf glacial tillite deposits in equatorial
regions interbedded with the normal sequences of
phosphorite deposits, dolomites, black shales, and cherts
is totally anomalous in the present climatic and sedimen-
tologie regimes. A model of Earth icerings is postulated
to account for this tillite-phosphorite-dolomite
equatorial association.

LITHIUM

Lithium deposition in Socorro County, New Mexico

Field and laboratory investigations by Sigrid Asher-
Bolinder in central New Mexico have determined that
the distribution of anomalous to subeconomic deposits of
lithium in the Miocene Socorro basin is controlled by the
locations of altered ashes within the basin, and by the
alteration products of the ashes (primarily smectites and
clinoptilolites). In general, lithium distribution increases
logarithmically with distance away from the early
Miocene caldera contained within the basin, and then

drops rapidly a few kilometers farther away. The source
for lithium is not easily recognizable.

There are no unequivocal spring deposits present in
the sediments of the Miocene Popotosa Formation, but
evidence by R. A. Zielinski (1979) suggests that as much
as 50 percent of contained lithiam may be leached from
fresh ashes by alkaline solutions such as might have
been the ground water in the Popotosa playa sediments.
The caldera contained within the basin may have provid-
ed a spring source and (or) heat to drive ground water
through the highly permeable and reactive ash beds,
leaching lithium and altering the ashes as it passed. As
the ground water moved outward from the caldera,
leached lithium coneentrations would have increased as
the solutions cooled. The contained lithium may have
been precipitated and incorporated into neoforming
smectites or their precursors.

FLUORITE

Fiuorite in Cenozoic lacustrine rocks

Fluorite makes up as much as 30 percent of a zeolitic
tuff in a Pliocene or Pleistocene lacustrine facies of the
Gila Conglomerate that has not been subjected to
hydrothermal activity, according to R. A. Sheppard and
F. A. Mumpton (State University College at Brockport,
N.Y.). Although the fluorite is unevenly distributed
throughout a lacustrine sequence at least 20-m thick of
tuff, mudstone, and siltstone, concentrations of greater
than 20 percent fluorite are in a light-gray zeolitic tuff
that is 40 em thick and that crops out over a 0.5-km?
area about 2.5 km east of Buckhorn. The fluorite oceurs
chiefly as prolate pellets and, more rarely, as ooliths
0.1-0.3 mm in size. Broken ooliths are extremely rare.
Studies by X-ray diffraction and seanning electron
microscopy show that the pellets and ooliths consist
mainly of submicrometer-size fluorite and quartz, and
that both minerals have poorly defined morphology. The
pellets and ooliths are embedded in a matrix that con-
sists chiefly of micrometer-size mordenite and smectite.
The pellets and ooliths probably are the result of
primary crystallization of fluorite in a saline, alkaline
lake that had a high fluorine content. Calcium may have
been supplied by springs located marginally to the lake,
and the fluorite precipitated where the spring and lake
waters mixed. The fluorite pellets were then
transported basinward and were incorporated with the
reworked vitric ash, which was converted chiefly to
smectite and mordenite during diagenesis. The deposit
may be of commerical interest because of the areal ex-
tent and the ease with which the pellets can be concen-
trated; however, the quartz content of the pellets may
be detrimental.
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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
physical and chemical characteristics. As part of this ef-
fort, personnel of the Division in 1980 mapped and
assessed coal-bearing lands in Alabama, Alaska,
Arizona, Colorado, Georgia, Kentucky, Montana, New
Mexico, Pennsylvania, Virginia, West Virginia, and
Wyoming. Included in these field investigations were
studies conducted on the following Indian Reservations:
Blackfoot, Crow, and Fort Peck, Mont.; Alamo, Cafon-
cito, Jicarilla, Navajo, Ramah, and Zuni, N. Mex.; and
Wind River, Wyo. About 35,700 m of air and core drill-
ing was completed in the coal basins of the Rocky Moun-
tains, the Great Plains, and the Colorado Plateau, in
coordination with the geological investigations to assess
the quantity and quality of buried coal and to provide
stratigraphic information. Nearly 800 channel and
bench samples of the coal were collected for chemical
and physical analyses from 18 States, in cooperation
with 4 State Geological Surveys, the Conservation Divi-
sion, and the Bureau of Land Management.

The USGS also provided geological support to the
Energy Minerals Rehabilitation Inventory and Analysis
Program of the Bureau of Land Management in the
following reclamation areas: North Beulah, Mercer
County, N. Dak.; Rattlesnake Butte,- Stark County,
N. Dak.; and Ojo Encino, McKinley County, N. Mex.
Geologic studies of coal-bearing strata were conducted
for the USFS, Department of Agriculture, under its
Roadless Area Resource Evaluation II Program in the
following areas: Burden Falls, Lusk Creek, and Garden
of the Gods, Ill.; Troublesome and Cheat Mountain, Ky.;
Allegheny Front, Clarion River, and Hickory Creek,
Pa.; and Devils Fork, Va. Similar studies were under-
taken in the Beaver Creek, Ky., Wilderness Area, also
for the USFS.

COAL RESOURCES DATA SYSTEM

The National Coal Resources Data System (NCRDS)
continues to grow in size and use under the direction of
M. D. Carter and M. A. Carey. The NCRDS has cooper-
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ative agreements with 14 State geologic agencies and -
universities for the collection, correlation, transmission,
entry, retrieval, manipulation, and display of drill hole,
chemical analyses, and other relevant coal resource-
related data. During 1980 approximately 35,000 records
of coal resources, chemical analyses, and stratigraphy
were added to the system raising the total to 135,000 en-
tries. The data base includes 40,000 coal-resource ton-
nage records and 55,000 records of USBM proximate
and ultimate analyses, mostly reported by coal bed on a
State and county basis. The NCRDS also contains 6,000
geodetically located records of proximate, ultimate,
major-, minor-, and trace-element analyses and asso-
ciated data provided by the USGS coal geochemical pro-
gram, and 30,000 drill-hole and stratigraphic deseription
records. NCRDS software is used to produce log plots,
stratigraphic sections, isopach maps, and resource
calculations from the point source data in the system.

EASTERN COAL

Age and regional correlation of the Black Creek coal beds,
Alabama

New collections and discoveries of plant megafossils by
R. W. Cracknell from the roof shales of the Black Creek
and Jefferson coal beds of the Pottsville Formation of
Alabama . were examined by P. C. Lyons and C. R.
Meissner, Jr., who were able to correlate the coal-
bearing unit with the Lower Pennsylvanian Series in the
central Appalachians. The combined floral assemblage,
collected over a stratigraphic interval of 15 m, consists
of Lyginopteris hoeninghausii, Mariopteris pottsvillea,
Neuropterts smithsit, Neuropteris cf. pocahontas var.
inaequalis, Cyperites longifolium, Lepidostrobophyllum,
sp., Lepidophlois sp., Neuropteris sp., and Calamites sp.
The plant fossils correlate with those in the Tumbling
Run Member (lower member) of the type Pottsville For-
mation in the Southern Anthracite Field of Penn-
sylvania (White, 1899). They also correlate with the
flora from the upper half of the Pocahontas Formation
or the middle part of the-New River Formation in West
Virginia; the specific interval eontaining these fossils
ranges from the Pocahontas No. 8 coal bed (Pocahontas
Formation) to just above the Sewell coal bed, New River
Formation (Gillespie and Pfefferkorn, 1979).
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Fiuvial depositionai modei for basal Pennsylvanian

sandstone, centrai Appalachians

Compilation by C. L. Rice of data collected in eastern
Kentucky showed that extensive drainage systems were
incised in Mississippian strata before deposition of
Pennsylvanian strata in Kentucky. Drainage patterns
apparently evolved in response to the development (or
continuing development) of the Illinois and Appalachian
basins. At the end of Mississippian time the two basins
were separated by a drainage divide that, in part, ex-
tended from southwestern Pennsylvania to south-
central Kentucky. In earliest Pennsylvanian time,
streams on either side of this divide carried quartz-rich
sands and gravels from the northern end of the Ap-
palachian tectonic belt toward depocenters in both
basins. Remnants of a major river extending from
northwestern Pennsylvania to the Illinois basin are
preserved in many channel sandstone deposits from
Pennsylvania to western Kentucky. Isopachs of some
basal sandstones and conglomerates in southeastern
Kentucky, together with the contour map of the base of
the Pennsylvanian (Coskren and Rice, 1979), also sug-
gest that those sandstones were deposited in broad
valleys incised in Mississippian rocks. Choking of one of
these valleys, the Sharon-Brownsville Channel, with
coarse clastic rocks in Early Pennsylvanian time ap-
pears to have caused floods that breached the low divide
between the two basins; subsequent floods resulted in
the capture of the upper part of the Sharon drainage
system by streams of the Appalachian basin. Extension
of the Sharon fluvial system into eastern Kentucky is
thought to be responsible for deposition of quartz-rich
sands in that area well into Middle Pennsylvanian time.
The fluvial model helps explain the stratigraphy of the
lower part of the Pennsylvanian section, aids in regional
correlation of coal beds, and may be useful in under-
standing the subsurface distribution of some Lower
Pennsylvanian coal beds.

New occurrence of Devonian piant fossils, West Virginia

A new occurrence of Devonian plant fossils in thin coal
beds was reported by W. H. Gillespie from a locality
near Elkins, W. Va. The collections have proven to be
Late Devonian in age (Famennian, probably at the FaZc-
Fa2d boundary) and are the best preserved of any
similar Devonian flora in the world. The classic material
of this age comes from Belgium and from Bear Island
(part of the Spitzbergen Island group). The Elkins flora
has all of the genera listed from the classic localities and
in addition has them petrified as well as in compression-
impression types of preservation. Two spectacular finds
are the first pre-Carboniferous coal balls (limestone con-
cretions in coal) and seed-bearing structures somewhat

similar to Archaeosperma. The site is also significant
because the age determination is not solely dependent
upon the plant megafossils but is confirmed by a good
spore flora collected from throughout the section by
associated invertebrate and vertebrate fossils. All lines
of information point to a Famennian Age for this unit;
and, as a result, about 300 m of presumed Pocono strata
are assigned to the Devonian instead of the Mississip-
pian.

An occurrence of Permian strata in western Kentucky

Paleontological studies of fusulinids collected by T. M.
Kehn (USGS) and J. G. Beard and A. D. Williamson
(Kentucky Geological Survey), from strata previously
assigned to the Sturgis Formation of Pennsylvanian and
Permian age, indicate that they are of Early Permian
age (Douglass, 1979). These strata are preserved in a
small down-dropped fault block in the Sturgis, Union
County, Ky., area; existence of strata of similar age
elsewhere in the eastern interior (Illinois basin) coal field
area is unknown. Strata of Permian age probably did
cover part or all of this area before being eroded and in-
deed might have been connected to strata of Permian
age in Kansas or Pennsylvania or both.

The section of Permian strata consists of interbedded
shale, siltstone, limestone, some sandstone, and coal.
These strata have a known thickness of about 130 m, yet
may be as much as 400 m thick as suggested by pro-
jected structural data; they are assigned to the newly
named Mauzy Formation. The boundary between the
Pennsylvanian and Permian Systems cannot be defined
precisely because the strata everywhere are covered by
loess so adequate paleontological, paleobotanical, and
stratigraphic data are lacking. For convenience, the for-
mation and systemic boundary is placed tentatively at
the base of the limestone sequence lithologically similar
to that containing the fusulinids of Permian age.
Because deposition appears to have been continuous, all
or part of the 110 m of strata between the Sulphur
Springs coal bed of the Sturgis Formation of
Pennsylvanian age (now stratigraphically restricted)
and the overlying fusulinid-bearing limestone bed could
be assigned to a transition zone, or the boundaries could
be placed elsewhere within the interval.

Sclerotinites in bituminous coais of the central Appalachians

Sclerotinites belonging to the inertinite maeeral group
were studied by P. C. Lyons, C. L. Thompson, R. B.
Finkelman, and F. W. Brown, using a scanning-electron
microscope and paleobotanical techniques. The
sclerotinites were found in coal samples from the Ap-
palachian basin ranging from the Pocahontas No. 3 coal
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bed (Pocahontas Formation, Lower Pennsylvanian) to
the Washington coal bed (Washington Formation,
Lower Permian). The inertites were shown to be of
probable resinous origin and belong to medullosan seed

ferns. Fungal sclerotinite was not found. This work .

agrees with interpretations of similar bodies found in
the coals of the Illinois basin (Kosanke and Harrison,
1957).

WESTERN COAL

The Gaiiup Sandstone, San Juan basin, New Mexico

The Gallup Sandstone in the Gallup sag of the San
Juan basin, N. Mex., is divisible into three prograded
depositional sequences associated with a wave-
dominated delta and with braided fluvial systems. R. M.
Flores and J. C. Hohman found that the lowermost se-
quence consists of shoreface, sheetlike sandstone,
siltstone, and shale bodies that coarsen upward into coa-
lesced distributary mouth, bar, and beach sandstones,
which in turn are locally dissected and filled by fluvially
and tidally influenced distributary channel sandstones.
This early depositional sequence is overlain by a con-
structional delta plain sequence, which consists of
meandering distributary channels interspersed with in-
terdistributary ecrevasse-splay deposits of sandstone,
backswamp coal, carbonaceous shale, siltstone, and
shale. These deltaic deposits then were partly destroyed
with an accompanying development of offshore bars and
back-barrier lagoons. The third sequence consists of the
sediments filling the back-bay lagoons, largely heavily
bioturbated sandstone, siltstone, shale, carbonaceous
shale, and coal beds. The coal beds in this sequence are
as thick as 1.2 m and extend laterally for distances as
great as 6.8 km, in contrast to the few delta-plain coal
beds that tend to be thin, discontinuous, and lenticular.
The entire deltaic, lagoonal, and offshore bar complex
was then covered by many overlapping, lenticular, and
varicolored pebbly sandstones deposited by lowly
sinuous, braided streams.

The Pictured Cliffs Sandstone, San Juan basin, New Mexico

J. W. Mytton reported that the Upper Cretaceous Pie-
tured Cliffs Sandstone in the eastern part of the San
Juan basin, N. Mex., is possibly a modified lower
shoreface to transitional facies similar to the middle to
lower shoreface to transitional facies described by R. M.
Flores in the Bisti-Burnhan area of the western part of
the San Juan basin. A thin lenticular coal-carbonaceous
shale zone occurs in the Pictured Cliffs Sandstone in the
northern part of the Chaco Mesa quadrangle. A lower
shoreface sandstone lying above the coal-carbonaceous
shale zone is interpreted to represent a minor transgres-

sion within the prograding Pictured Cliffs Sandstone.
Coal in this zone is less than 0.3 m thick. Remnants of
the uppermost Pictured Cliffs Sandstone, interpreted as
possible upper shoreface to foreshore deposits, crop out
at various localities in the northern part of the Chaco
Mesa quadrangle (Star Lake and Wolf Stand
1:24,000-scale quadrangles). Those in the Star Lake
quadrangle contain a black sandstone described by W. L.
Chenowith, 1957) and referred to by R. S. Houston and
J. F. Murphy (1977). During preliminary field studies in
the Tinian and Wolfcamp quadrangles, intertonguing of
Upper Cretaceous units was seen, including the Cliff
House Sandstone with the Lewis Shale and the
stratigraphically lower La Ventana Tongue of the Cliff
House Sandstone with the Menefee Formation. The
transition between the upper part of the Cliff House and
its La Ventana Tongue can be traced in the Toran Wash
area and supports, in part, the work of D. E. Tabet and
S. J. Frost (1979).

Coal compaction in central Utah

The amount of compaction of sediments sustained dur-
ing lithification is eritical in stratigraphic analysis. It is
particularly important in the study of coal and coal-
bearing strata as the eventual coalificiation of peat in-
volves compaction that is several to many times greater
than that of other sediments. Restored cross sections
through coal-bearing strata often make better
stratigraphic sense when coal-bed thicknesses are ex-
panded to approximately the thickness of precursory
peat beds. There is, however, no general agreement on
what compaction ratio to use in preparing such
reconstructions —estimates of the peat-coal compaction
ratio cited in the literature range from 1.4:1 to 30:1.
Study by T. A. Ryor of coal beds contained in the Ferron
Sandstone Member of the Mancos Shale in central Utah
has led to a new estimate of the peat-coal compaction
ratio for bituminous coal of Cretaceous age.

Two different methods were used to arrive at this
ratio. Detailed stratigraphic study of the C coal bed of
the Emery coal field permitted development of a refined
depositional model explaining the history of accumula-
tion of the peat deposit (Ryer, Phillips, Bohor, and
Pollastro, 1980). It was possible to reconstruct the
geometry of the basin in which this peat accumulated
and, thereby, the original thickness of the peat. Com-
parison of the thicknesses of the C coal bed with the
reconstructed thickness of the parent peat indicates a
peat-coal compaction ratio of about 11:1, although the
data showed a large variance.

The I coal bed of the Emery coal field is locally cut by
an active channel-fill sequence. The channel fill, which
rests erosionally upon a split of the coal bed, shows
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evidence of lateral migration followed by channel aban-
donment and inactive filling with fine-grained sediment.
At this location, it is possible to calculate the thickness
of peat that was eroded. As the channel deposit thins
towards its cutout, the underlying split increases in
thickness. Comparison of the relative rates of thinning
of the channel-fill sequence and thickening of the coal
bed leads to an estimate of the peat-coal ratio of 11.3:1.
Variance of the data derived by this method is small. It
is concluded that a peat-coal compaction ratio of about
11:1 may be appropriate to use in reconstructing
thicknesses of original peats in coal-bearing strata of
Cretaceous age in the Rocky Mountain coal province.

Thick coal in the Powder River basin, Wyoming

B. H. Kent and C. L. Molina established that the Ter-
tiary strata in the Powder River basin of northeast
Wyoming contain a series of two or more succeeding
coal beds that merge locally to form linear, north-
trending deposits of unusually thick coal. In the subsur-
face just east of the Powder River and west of Spotted
Horse, Wyo., the Anderson and Canyon coal beds merge
to form a single bed 14-25 m thick. Drilling in 1980 con-
firmed that the merged Anderson-Canyon coal deposit is
at least 10 km wide and 30 km long, in which the coal
averages 15 m in thickness and lies under a minimum
overburden of 200 m. Core samples of coal acquired dur-
ing drilling were analyzed on an “as-received” basis; the
deposit averages 0.3 percent sulfur, 4 percent ash, and
its average heat value is 9,000 Btu per pound. The
Anderson-Canyon merged coal deposit is too deep to be
mined from the surface, yet its exceptional thickness
and quality may make it desirable for in-place process-

ing.

Stratigraphy of the Hanna Formation, Wyoming

A coal-resource study of the Hanna basin, south-
central Wyoming, conducted by D. E. Hanson, revealed
the record of tectonic events and accompanying deposi-
tion of coal-bearing strata. Movement along a thrust-
fault system on the north side of the Hanna basin during
Paleocene time resulted in the filling of an asymmetric
foreland by thick, clastic alluvial fans progressively ac-
cummulating southward. Remnants of these clastic
strata are preserved as steeply dipping beds on the
north side of the Hanna basin. The fans subsequently
were eroded and the derived sediments were then
deposited farther to the south, forming an alluvial plain
now crossed by the Medicine Bow River system. The
resulting complex stratigrahic unit is known as the Han-
na Formation, divisible into an alluvial fan facies and an
alluvial plain facies, each of which can be subdivided into
smaller units.

The alluvial fan facies contains the coarsest-grained
strata, probably derived from the granite core of the
Shirley Mountains, although mudstone also may have
been furnished through erosion of nearby, thick shale
beds of Cretaceous age. The uppermost parts of the
alluvial fan facies (its proximal and upper medial parts)
have been removed by erosion. Strata considered to
represent the lower medial fan facies are still preserved,
now exposed in vertical outcrops between Austin and
Troublesome Creeks. Beds in this area are thin but
laterally broad and consist of large-pebble con-
glomerate, granular sandstone, and coarse-grained
sandstone. Tongues of conglomerate probably were
deposited as longitudinal bar deposits. These strata then
grade into the lower, or distal, alluvial fan facies, which
includes small-pebble conglomerate, granulitic sand-
stone, coarse-grained sandstone, siltstone, and
mudstone. In this part of the alluvial fan facies, much of
the sediment dropped out of braided stream systems.
The distal alluvial fan facies thins as it approaches the
alluvial plain facies and contacts between the two are
vague.

The alluvial plain facies can be subdivided into a lower
lacustrine and an upper paludal subfacies. The
lacustrine subfacies is the thicker of the two, and it
overlaps older formations on the southeast side of the
basin. It consists of overbank deposits composed chiefly
of gray shale-claystone, thin sandstone, siltstone, and
thin dark-gray carbonaceous shale. It also contains thick
sandstone deposited as channel fill. Coal beds in this
lower lacustrine subfacies generally are thin, although
some relatively thick coal beds occur near its base. The
paludal subfacies also consists of overbank deposits of
gray shale, claystone, siltstone, and sandstone, as well
as many thick sequences of stacked channel-fill sand-
stone. The paludal subfacies differs from the lacustrine
subfacies in that it contains thick deposits of car-
bonaceous shale and interbedded mineable coal beds,
some as thick as 10 m. Coals in the paludal subfacies con-
sists largely of vitrinite; vitrinitic material also oceurs in
the associated carbonaceous shales, probably derived
from woody matter that could have been floated into
place.

Deveiopment of the Two Medicine Formation, Montana

The Two Medicine Formation of Late Cretaceous age,
in northwestern Montana, was deposited as a non-
marine molasse, according to John Lorenza. Its
sediments were derived from highlands created to the
west by overthrusting and from the contemporaneous
Elkhorn Mountains Volcanics to the southwest. The
overthrusting created a supracrustal load that de-
pressed the adjacent lithosphere and created episodes of



30 GEOLOGICAL SURVEY RESEARCH 1981

contemporaneous low-relief uplift of the adjacent
Sweetgrass arch. The arch modified patterns of deposi-
tion on the then existing coastal plain where deposition
occurred in alluvial flood-plain and delta-plain en-
vironments. Thin coals accumulated in the latter behind
a wave-dominated deltaic system.

GEOCHEMISTRY

Origin and chemical structure of coal

Studies of humic substances, coals, and kerogens by
nuclear magnetic resonance (NMR) have provided in-
sights to their origin, chemical composition, and
diagenesis that will undoubtedly lead to reconsideration
of previously published concepts. NMR studies have
shown that humin is first formed as a residue in both ter-
restrial and aquatic systems when the more labile plant
constituents are preferentially degraded and lost from
the sediments. With increasing oxidative exposure, this
humin can be oxidized to produce humic acids and also
fulvie acids. When buried anaerobically, humin forms
coal or aquatic kerogen directly, and humic acids are
only products of diagenesis that can be mobilized and
lost as the humin undergoes further metamorphosis.
Humin that is derived from vascular plants or lignin ex-
hibits a highly aromatic chemical structure that persists
to form aromatic structures in coal. Humin that is de-
rived from aquatic plants has a predominantly paraffinic
molecular structure that persists to form paraffinic
structures observed in kerogens, sapropelic coals, and
humie coals. The aromatic and paraffinic structures are
considered to exist as distinct, mechanically mixed
structures in coals or kerogens having contributions
from both terrestrial and aquatic plants.

Chemical impurities in coai

New beds of coal are being opened for mining as na-
tional consumption of this fossil fuel is increasing, a
trend that undoubtedly will continue. Selection of beds
for coal quality until now has been based upon their heat
value, ash content, and sulfur content, but Peter
Zubovic, F. O. Simon, and Charles Oman note that coal
also contains minor and trace amounts of as many as 70
elements, of which 18 are considered to be of en-
vironmental concern by EPA and NAS, the concentra-
tions of which differ in each coal bed. The following table
shows the minimum, maximum, and geometric mean
content of 18 elements that occur in the coals of the
eastern half of the United States.

These elements occur in high concentrations in some
coals, but the geometric mean content of most of these
elements is relatively low. Knowledge of trace-element
content of coal can be useful when selecting blocks for

Geometric mean and range of identified trace elements in coals
of the eastern United States, in parts per million

Appalachian province Eastern Interior Gulf Coast province
(2,390 samples) province (40 samples)
(370 samples)
Geom. Geom. Geom
Min. Max. Mean | Min. Max. Meanj Min. Max. Mean
As 12 815 94 q 170 6.9 1 26 4.97
Be .07 25 1.9 37 16 24 22 17 1.8
Cd .003 4.09 .08 009 92 19 099 10 44
Co .6 927 54 .78 32 43 1.6 32 5.6
Cr 15 130 14 2.8 190 1.7 42 48 20
Cu .08 280 14 26 96 10 3.2 85 20
F 11 2100 66 13 415 55 24 250 86
Hg 010 32 13 010 70 .09 030 1 .16
Li 64 370 15 1 7 11 .86 150 13
Mm .75 1400 15 14 230 23 74 940 100
Mo A1 32 19 37 45 2.7 53 10 2.5
Ni 11 280 12 1 520 14 3.6 68 14
Pb 09 130 6.5 .85 350 9.1 4 44 14
Sb 04 35 69 .1 15 73 .19 5.2 .69
Se .1 150 2.8 44 13 2.2 14 16 46
9] .1 22 1.3 2 20 1.3 49 17 2.6
v 1.1 160 17 1.1 130 15 5.7 99 35
Zn 1.3 1000 13 3 114 16 5.4 200 26

mining. Use of coal with low trace-element content
could- reduce environmental hazards. Minor and trace
elements in some coals could enhance coal processing in
future synthetic fuel installations, new power-
generating systems, or coal conversion systems. Fur-
thermore, a potential exists for the recovery of elements
contained in coal, either as concentrates in the tailings
of coal-washing plants, as volatilized elements in stack
gasses, or through processing of coal ash. Sulfur is one
such element, and certain Illinois coals contain enough
sphalerite to be considered as low-grade ore.

Electrolytic oxidation of anthracite coal

Although the oxidation of anthracite coal by chemieal
techniques is extremely difficult, an electrolytic method,
devised by F. E. Senftle, A. N. Thorpe, and C. C. Alex-
ander, readily oxidizes anthracite and some high-ash
bituminous coals within minutes. The products are
humic and subhumic acids. The mechanism of elec-
trolytic oxidation differs from that of chemical oxidation
and is not clearly understood. The oxygen formed at the
anode, probably in the form of 02- or HO?-, must be in
close contact with coal surfaces to affect oxidation.

An anthracite slurry can be oxidized only with difficul-
ty by electrolytic methods when aqueous electrolytes are
used and if the slurry is confined around the anode by a
porous pot or diaphragm. However, the slurry can be
readily oxidized if anthracite itself is used as the anode,
in which case porous pots or diaphragms are unneeded.
Oxidative consumption of the coal to alkali-soluble com-
pounds is found to proceed preferentially at the edges of
the aromatic planes. In a proposed oxidation model the
chief oxidants are molecular and radical species form by
the electrolytic decomposition of water at the coal sur-
face—electrolyte interface. The proposed oxidation reac-
tions account for the opening of the aromatic rings and
the subsequent formation of carboxylic acids. The model
also resolves the observed anisotropic oxidation and the
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need for the porous pots or diaphragms used in earlier
experiments.

It may be possible to carry out electrolytic oxidation of
some coal beds in unminable locations or where coal is
relatively impure and cannot be used directly as fuel.

Coalification of tissues in a coal ball from the lliinois basin

Plant tissue belonging to a medullosan seed fern from
a coal ball was analyzed by P. G. Hatcher, P. C. Lyons,
F. W. Brown, and C. L.. Thompson through the use of in-
frared spectroscopy, solid-state C'3 nuclear magnetic
resonance speetroscopy, and chemical techniques.
Although the tissue showed the morphology and dark
brown color typical of peat, spectral and chemical
analyses indicate the absence of lignin and cellulose
characteristic of peat. The tissue, therefore, is coalified
and has the chemical properties of subbituminous or
high-volatile bituminous coal. American investigators
have regarded until now the organic material in coal
balls as lignocellulosic tissue.

OIL AND GAS RESOURCES

ALASKA

North Slope petroleum exploration history

The petroleum exploration history of the North Slope
of Alaska during 40 of the past 60 yr is unusual in that
both the federal government and private industry have
spent about 20 yr each exploring this area. The two ex-
ploratory efforts have been compared and contrasted by
K. J. Bird. Although industry has been much more suc-
cessful in finding petroleum, a strict comparison is not
possible because government exploration focused on the
National Petroleum Reserve in Alaska (NPRA), and oil
apparently is not distributed uniformly on the Nerth
Slope. Early government exploration was a pioneering
effort and established the basin framework, while later
government exploration has been directed toward
assessment of all possible plays and not just concen-
trated on the most promising plays. On the other hand,
private industry exploratory efforts have benefited from
demonstrated operational techniques and an established
geologic framework, as well as from the fortuitous oc-
currence of Prudhoe Bay and other accumulations in the
sector of the North Slope that it explored. Current
resource estimates for the North Slope indicate signifi-
cant amounts of undiscovered petroleum; and,
therefore, much work remains to be done before the
petroleum petential of the basin is fully explored.

Update of NPRA hydrocarbon resource estimates

The fourth update of hydrocarbon resource estimates
in the NPRA was made in May 1980 in order to incor-
porate new information from wells and geologic and
geophysical surveys. The appraisal by the play-analysis
method was made by the same group of 10 geologists,
who are experts in North Slope geology and resource
assessment and who made earlier appraisals. The group
reviewed and revised, where necessary, the various
geologic input parameters, which were then fed into the
Department of Interior computers. The resulting com-
puter estimates of undiscovered in-place hydrocarbons
were average oil, 6.4 billion bbl; and average gas, 10.99
trillion ft3. These values are smaller by about 10 percent
and 22 percent, respeetively, than the previous estimate
made in September 1979.

Two oil conduit systems recognized on North Slope

The North Slope of Alaska is on the southern flank of
a ridge system that rifted during Early Cretaceous time
to form the Canada basin on the north and the Colville
trough on the south. The Barrow arch, the southern
flank of the rifted edge, forms a regional high between
the Canada basin and the Colville trough and has been
the focus for migrating oil from Carboniferous through
Cenozoic time. The southern flank of the rifted margin
includes sedimentary rocks, designated the “Elles-
merian” sequence, of Carboniferous through Jurassic
age. Important reservoir rocks in this sequence are the
Lisburne and Sadlerochit Groups, Shublik Formation,
Sag River Sandstone, and sands at Kuparuk River.
Shales rich in organic material include the Shublik For-
mation (1-5 wt percent organic carbon (OC)) and the
Kingak Shale (2-3 wt percent OC). The Lower
Cretaceous (Neocomian) pebble shale unit transgresses
and in places truncates the “Ellesmerian”
sequence to set the stage for deposition of the
“Brookian” sequence, a major sedimentary progradation
that includes rocks of Neocomian through Cenozoic age.
The pebble shale unit is an important oil source (2-4 wt
percent OC) as well as a reservoir seal. The “Brookian”
sequence, which includes the Nanushuk and Colville
Groups of Cretaceous age and the Sagavanirktok For-
mation of Tertiary age, contains quartz-poor sandstone
and includes at least two marine-shale intervals rich in
organie carbons: The Torok Formation (1-2 wt percent
OC) and the Seabee Formation (1-5 wt percent OC).
L. B. Magoon and G. E. Claypool have postulated at
least two hydrocarbon conduit systems for the North
Slope on the basis of the two types of oil - the Barrow-
Prudhoe and the Simpson-Umiat oils—and of the
distribution of mature source rocks. The Barrow-
Prudhoe oil was generated downdip of the Barrow arch
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in the Shublik Formation, the Kingak Shale, and
possibly the Neocomian pebble shale unit. The oil
migrated up the flank of the arch until at least latest
Cretaceous time through the Sag River Sandstone and
other sandstone units to traps in the Point Barrow and
Prudhoe Bay areas. The Simpson-Umiat oil was
generated from the Neocomian pebble shale unit, the
Torok Formation, or the Seabee Formation; and it
migrated up deltaic foreset beds into traps in the
Nanushuk and Colville Groups in the Umiat and Simp-
son areas and into traps in Cenozoic rocks in a similar
setting east of Prudhoe Bay.

Aerial magnetic surveying discloses possible
hydrocarbon-reiated anomaiies in NPRA

Seepage of hydrocarbons from oil and gas pools may,
in some cases, cause a mobilization and reduction of iron
contained in overlying rocks and soils. The resulting
change in state of the iron produces small-scale high-
frequency magnetic anomalies. Measurement of the
horizontal magnetic gradient enhances these near-
surface variations compared with regional or basement-
induced anomalies. In order to measure this gradient, a
triple-sensor magnetic system was installed in an
airplane. The system consists of a total-field proton-
precession magnetometer extended from each wing tip
and tail. Readings were obtained simultaneously every
0.73 seconds along flight lines, and the gradient was
calculated from the readings. Approximately 5,000 line
km were flown in the NPRA during June and July 1980
using this system. According to J. D. Hendricks,
preliminary results showed that all areas of known oil
seepage, as well as all producing areas in the NPRA,
have associated high-frequency magnetic anomalies. In
addition, several areas devoid of known oil seeps or
hydrocarbon production were noted to contain similar
magnetic anomalies. These areas warrant further ex-
ploration and possibly drilling in search of oil and gas
deposits.

Poor reservoir potential of Fortress Mountain Formation north of
Brooks Range

The Fortress Mountain Formation of Early
Cretaceous (early Albian) age is a clastic wedge, as much
as 3,000 m thick, that was deposited in a foredeep in
front of the Brooks Range orogen. Stratigraphic field in-
vestigations in the central Southern Foothills north of
the Brooks Range by C. M. Molenaar, R. M. Egbert, and
L. F. Krystinik indicate that this unit consists largely of
deep-water deposits that were dumped into a relatively
steep-sided basin. The formation appears to have been
deposited from many point sources along the ancestral
Brooks Range and is composed of a number of separate

or overlapping deep-sea fan complexes, each of limited
lateral extent. Thick conglomerate units that are com-
mon along the southern outcrop belt are mostly of a sub-
marine canyon or inner fan-channel facies. These grade
rapidly northward to finer grained turbidite deposits of
an outer-fan and basin-plain facies. The outcropping
sandstones are poorly sorted graywackes. This
lithology, considered together with the expectation of
finer grained distal facies basinward, suggests that the
Fortress Mountain Formation has poor reservoir poten-
tial for hydrocarbons in the subsurface to the north.

Possibie hydrocarbon reservoirs in northeastern Alaska

The stratigraphy and depositional history of
Cretaceous and lower Tertiary strata in northeastern
Alaska was revised by C. M. Molenaar, A. C. Huffman,
and A. R. Kirk on the basis of recent fieldwork. The
Cretaceous sequence, possibly as thin as 700 m, consists
largely of deep-water shale with interbeds of turbiditic
sandstone in the Ignek Valley area of the William O.
Douglas Arctic Wildlife Range. This area may be a con-
tinuation of the Barrow arch. Erosional unconformities
are absent within the Cretaceous sequence, and lower
Tertiary shales and turbidite deposits overlie it with pro-
bable conformity. Paleocurrent direction features
observed in exposures of Cretaceous and lower Tertiary
turbidite deposits in the area around the Sadlerochit
Mountains indicate average current directions to the
east-northeast. The turbidite deposits probably were
derived from deltas to the west or southwest. The
thicker turbidite beds could be hydrocarbon reservoirs in
the subsurface to the north.

Hydrocarbon resource estimates for William O. Douglas Arctic
Wildlife Range

Assessment of the petroleum potential of the William
0. Douglas Arctic Wildlife Range in northeastern
Alaska was completed in June 1980. This assessment,
using the play-analysis method, was performed at the
request of a congressional subcommittee. Nineteen
geologists, many of whom participated in the NPRA
assessment, appraised the petroleum geology of the
Wildlife Range. Their collective estimates of the
necessary geologic parameters were fed into Depart-
ment of the Interior computers. The resulting computer
estimates of undiscovered in-place hydrocarbons were
average oil, 4.85 billion bbl; and average gas, 11.9
trillion ft3. Surprisingly, these estimates are nearly the
same as those for the NPRA even though the pros-
pective area of the Wildlife Range is only one-tenth that
of the NPRA. Most of the petroleum potential in the
Wildlife Range is believed to occur in Tertiary rocks,
which are not present in most of the NPRA.
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Petroleum geology of Alaska Outer Continental Sheif

The Lower Cook Inlet COST No. 1 well is located 70
km southwest of Homer, Alaska, in the Alaska Outer
Continental Shelf (OCS) block 489. The well was drilled
in 65 m of water to a total depth of 3,776 m to obtain
stratigraphic information before lease sale No. CI was
held October 27, 1977. Atlantic Richfield Company was
the operator for 18 other petroleum companies. Many
types of geological, geophysical, and geochemical data
were collected. Stratigraphic units penetrated in the
COST No. 1 well are the Upper Jurassic Naknek Forma-
tion (1,663 m thick), the Lower Cretaceous Herendeen
Limestone (572 m thick), the Upper Cretaceous
Kaguyak Formation (743 m thick), and the uppermost
Paleocene West Foreland Formation (384 m thick). The
lithology includes sandstone, siltstone, slate, con-
glomerate, and coal. Calcareous Inoceramus fragments
are a major constituent of sandstone in the Herendeen
Limestone. The ages of the units are based on detailed
analysis of microfossil assemblages utilizing
foraminifers, marine and terrestial palynomorphs,
calcareous nannoplankton, and radiolarians. The depth
or top of each rock unit was judged from wireline well-
logging information, lithologic deseriptions, and paleon-
tology. The Upper Cretaceous and lower Cenozoic sand-
stones have the highest potential as petroleum reser-
voirs. The Upper Jurassic sandstones are cemented with
laumontite; and the Lower Cretaceous sandstones are
depositionally immature and cemented with calcite, and
hence of much lower potential. Content, type, and ther-
mal maturity of organic matter in the sedimentary rocks
penetrated in the well are below average in hydrocarbon
richness and have poor oil-generating capacity; the
Upper Jurassic rocks are marginally mature to mature.
From wireline well-logging information the present
geothermal gradient is 2.28°C/100 m and too low to
mature shales at the bottom of the COST well. Rock
units penetrated are not at their historical maximum
burial depth or maximum temperature, as indicated by
thermal alteration index (TAI), “fossil” laumontite, and
the presence of lower Cenozoic strata at a shallow
depth. The velocity profile in the COST well was com-
pared to the velocity information derived from the
multichanneled seismic data. Of three seismic horizons
(A-C) that were mapped on seismic line 752, two
horizons were penetrated—one near the base of
Cenozoic rocks (A) and the other near the top of Jurassic
rocks (C). The third horizon (B) is near the top of Middle
Jurassic rocks.

OVERTHRUST BELT

Conodonts and corais in petroleum exploration in western North
America

Two fossils of greatly different biologic affinity but of
similar ecologic habitat were used by C. A. Sandberg
and W. J. Sando to delineate the Mississippian (late
Osagean to early Meramecian) shelf margin in western
North America. Delineation of this shelf margin is an aid
to petroleum exploration, because major facies changes
in proximity to it may have produced significant
stratigraphic traps within the Overthrust belt of the
United States and Canada. The two fossils are the coral
genus Ankhelasma and the conodont genus Eotaphrus,
both of which are interpreted to have lived mainly, if not
only, on the outer edge of the carbonate platform and
adjacent upper foreslope in this formerly tropical region
of western North America. Ankhelasma has been
recognized at three localities in British Columbia; two in
Montana; one in Idaho; one in Wyoming; three in Utah;
and two in Nevada. Fotaphrus occurs mainly below
Ankhelasma but ranges upward to occur with it at some
localities, such as the Arrow Canyon Range, Nev. This
conodont has been recognized at more than 20 localities
evenly distributed between Arizona and Alaska.

Petroleum potentiat of Overthrust belt in southwestern Montana

The petroleum potential of a segment of the
southwestern Montana Overthrust belt, between Clark
Canyon Reservoir and Monida Pass, has been studied by
W. J. Perry. This area, 55 km from north to south and
75 km wide, has undergone a relatively mild thermal
history despite its position between volcanic rocks of the
Snake River Plain to the south and intrusive rocks of the
Pioneer batholith to the north. Thermal indexes include
conodont color alteration index (CAI) values, organic
geochemistry, and vitrinite reflectance. The area com-
prises, from west to east, (1) the Medicine Lodge thrust
sheet, (2) the Tendoy thrust sheet, (3) sub-Tendoy
imbricate fault slices associated with a major blind
thrust beneath the Lima anticline, and (4) the Blacktail-
Snowcrest uplift of Laramide age. The Paleozoic
sequence on the Tendoy thrust sheet is similar to that of
the Blacktail-Snowcrest uplift, but it is significantly
thicker. The geometry of the Cretaceous erosion surface
atop the Tendoy thrust sheet indicates that the Tendoy
allochthon originated from the southwest-plunging nose
of the Blacktail-Snowcrest uplift following initial
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development of this basement uplift. Aeromagnetic data
support this interpretation. This geometry, the sub-
Tendoy imbrication, and the mild thermal history of the
area strongly suggest the presence of undiscovered
petroleum resources.

Possible Mississippian stratigraphic traps in Idaho

The importance of a reeently studied Mississippian se-
quence at North Georgetown Canyon, in the Aspen
Range, Idaho, to petroleum exploration of the Over-
thrust belt in the western United States has been
recognized by W. J. Sando, C. A. Sandberg, and R. C.
Gutschick. This sequence, which represents a previously
unknown facies belt, includes the westernmost occur-
rence of the Mission Canyon Limestone. The Mission
Canyon or its equivalents contain proven gas and con-
densate reservoirs in the adjacent western Wyoming
part of the Overthrust belt. Westward thinning of the
Mission Canyon Limestone from Wyoming into the
Aspen Range and its absence farther west in Idaho sug-
gests a westward pinchout that may provide
stratigraphic traps for petroleum beneath a seal formed
by the basal, phosphatic unit of the overlying “Aspen
Range” sequence. Excellent porosity and permeability
for reservoirs could be provided by dolomitization of
Mission Canyon beds similar to that in the Brazer
Dolomite in Utah along the Mississippian shelf margin
from the Crawford Mountains south to the Wasatch
Mountains.

GREAT PLAINS

Origin of biogenic gas in Upper Cretaceous Gammon Shale

In the Northern Great Plains, isotopically light
methane is entrapped at shallow depths in marine rocks
of Late Cretaceous age. Aceording to D. L. Gautier,
products of early diagenetic decomposition of organic
matter in the Gammon Shale support the interpretation
that the gas is biogenic and formed at shallow depths
early in the burial history of the sediments. This inter-
pretation implies widespread gas oeeurrence and is con-
sistent with large estimates of gas resources. The Gam-
mon Shale was deposited offshore during a major
regression of the epeiric sea. The sediment-water inter-
face was oxygenated, and soft-bodied organisms bur-
rowed the silt-clay sediments. Organic matter was suffi-
ciently abundant for oxygen depletion and bacterial
sulfate reduction to occur quickly at shallow depths.
This resulted in formation of framboids and octahedrons
of pyrite. Abundant concretions and discrete crystals of
siderite began forming within tens of meters of the sedi-
ment surface. Interstitial waters became saturated with
methane; and a free-gas phase, held in siltstone layers

by capillary forces, inhibited silicate diagenesis.
Methane generation probably continued to burial depths
of hundreds of meters. At the maximum burial depth
(1,200-1,500 m), interstitial waters contained their max-
imum dissolved methane, and silt layers still contained
free gas. Cenozoic uplift and erosion permitted gas ex-
solution. Exsolved gas combined with free methane
already in the reservoirs to form the gas that is cur-
rently being explored and produced.

Distribution of chalk reservoirs in Upper Cretaceous Niobrara
Formation

The Niobrara Formation of Late Cretaceous age in
the Northern Great Plains includes potential low-
permeability reservoirs for natural gas. Subsurface
investigations by J. L. Sieverding (USGS) and G. W.
Shurr (St. Cloud State University) indicated that three
major tongues of chalk are found within the Niobrara. In
North Dakota and South Dakota, these tongues grade
westward into noncalcareous shale of the Pierre Shale.
This facies change contrasts with that in Nebraska
where the chalk tongues thicken and grade into
calcareous shale within the Niobrara. The lowest tongue
of ehalk is confined to Nebraska and southern South
Dakota, whereas the middle and upper tongues are
found throughout Nebraska, North Dakota, and Seuth
Dakota. Of the three, the middle tongue is the most
widespread and continuous. The interval from the base
of the Ardmore Bentonite Beds of the Sharon Springs
Member of the Pierre Shale to the base of the Niobrara
was mapped throughout the Northern Great Plains. The
isopach map shows an oblate area of thin sediments ex-
tending from northeast to southwest through southern
South Dakota and northern Nebraska. A map of net
chalk thickness within the Niobrara reveals thin chalk in
the oblate area of thin sediments; however, the thickest
chalks are found on the flanks of this feature. The
northeast-trending oblate area is interpreted to be a
paleotectonic feature that influenced the dispersal of
clastic rocks and the accumulation of chalk. Occurrences
of natural gas within the Niobrara probably are con-
trolled by the distribution and thickness of chalk and by
the depth of burial.

Indigenous biogenic gas in Niobrara Formation, eastern Denver
basin

Natural gas is produced from chalk beds of the Upper
Cretaceous Niobrara Formation in eastern Colorado
and northwestern Kansas. The chalk is fine-grained
biogenic limestone, consisting mainly of nannofossils
and mierofossils, that is characterized by high porosity
(30 to 45 percent) and low permeability (about 1 mD).
The depth of the gas-productive trend enriched in the
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light carbon isotope (C'2) increases to the northwest
from 270 m to 850 m. The gases are methane-rich
C,/C,s>0.98), are isotopically light (C!3 values range
from -65 to -55 permil), and become isotopically
heavier with increasing depth. The shallow gas in the
Niobrara Formation is interpreted by D. D. Rice to be of
biogenic origin because of its chemical and isotopic com-
position, reconstructed maximum depths of burial, and
immaturity with respect to thermogenic hydrocarbon
formation. The biogenic gas was generated early in the
burial history of the chalks by microbial degradation of
organic matter in an anaerobic, sulfate-free environ-
ment. In situ gas generation is indicated, because low
permeability inhibited migration and because organic-
rich laminae provided an adequate source for the gas.
Organic-carbon values within the chalk sequence
average 3.12 percent, and the organic matter consists of
hydrogen-rich sapropelic material typical of an open-
marine environment. The chalks are overlain by a thick
sequence of shale, containing many bentonite beds, in
the lower part, which served as a seal for gas after the
reservoirs were naturally fractured later in the burial
history.

Reservoir properties of Niobrara Formation, Denver basin

The composition and X-ray mineralogy of acid-
insoluble residues from chalk and associated rocks in the
Niobrara Formation have provided useful information
concerning the diagenesis and reservoir properties of
these rocks. Approximately 200 samples from five wells
within the Denver basin were analyzed by R. M.
Pollastro for acid-insoluble residue content and for
whole-residue and clay mineralogy. The amount and
mineralogy of acid-insoluble residue were found to
directly influence geophysical-log response and thus to
give an indication of the reservoir properties of the
rocks. As in the Pierre Shale, volcanic ash fall was a
significant contributor to noncarbonate sediment within
the Niobrara. Authigenic noncarbonate minerals in the
chalk include pyrite, kaolinite, and highly expansible
clay minerals. Most of the authigenic kaolinite was
formed by alteration of volcanic detritus within ehemical
microenvironments created by organic decay.
Therefore, microenvironments greatly different from
the gross overall environment that formed the chalk can
be created within the sediment early in its burial history.
Evidence also was found to indicate that clay-mineral
transformations correspond to changes in the alteration
levels of organic material within the ehalk. This study
developed several reliable analytical procedures and
standards that may be used in similar future studies.

Transgressions and regressions of Cretaceous epeiric sea in
Colorado, North Dakota, South Dakota, and Wyoming

Transgressions and regressions of the epeiric sea
during early Late Cretaceous (Cenomanian, Turonian,
and Coniacian) time were investigated by E. A.
Merewether and W. A. Cobban at outcrops in
southwestern and northeastern Wyoming, south-central
Colorado, eastern South Dakota, and northeastern
North Dakota. At these localities, the lower Upper
Cretaceous strata consist mainly of shale, siltstone,
sandstone, and limestone and were deposited in non-
marine, nearshore-marine, and offshore-marine en-
vironments. Molluscan fossils in the marine rocks were
used to correlate the outcrop sections. Potassium-argon
ages were determined from bentonite beds in the forma-
tions (Obradovich and Cobban, 1975). The studied rocks
in southwestern Wyoming are assigned to the Frontier
Formation and the lower part of the overlying Hilliard
Shale. In northeastern Wyoming, strata of the same age
are assigned to the Belle Fourche Shale, Greenhorne
Limestone, and Carlile Shale, in ascending order. The
studied rocks in Colorado consist of the Graneros Shale,
Greenhorn Limestone, Carlite Shale, and the lower part
of the Niobrara Formation, in ascending order. In South
Dakota, they are assigned to the Dakota Sandstone and
the overlying Graneros, Greenhorn, Carlile, and
Niobrara. The sequence in North Dakota consists of the
Belle Fourche, Greenhorn, Carlile, and basal part of the
Niobrara. The succession of depositional environments
in the lower part of each sequence suggests a continent-
wide marine transgression, which continued for about 5
m.y. during Cenomanian and early Turonian time.
Depositional environments of the overlying strata in-
dicate that the sea regressed for 0.5 m.y. to 1.0 m.y. dur-
ing the middle Turonian and, thereafter, transgressed
for 1.5 m.y. to 2.0 m.y. in the late Turonian and Conia-
cian.

Seismic detection of “First Leo” sandstone reservoirs, Powder
River basin, Wyoming

The “First Leo” sandstone (an economic subsurface
term) is a locally thick sandstone within the middle
member (Pennsylvanian) of the Minnelusa Formation in
the southern Powder River basin, Wyo. Locally it is very
porous, as thick as 18 m, and contains stratigraphically
trapped oil. A geologic model of a typical “First Leo”
sandstone reservoir and adjacent trap was generated by
A. H. Balch, M. W. Lee, J. J. Miller, and R. T. Ryder to
determine whether the unit could be detected by seismic
exploration methods. One- and two-dimensional
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synthetic seismograms suggested that the reservoir unit
could be differentiated from the trap facies under the
many simplifying assumptions required in the model
study. A detailed study of the actual seismic-reflecting
properties of the Minnelusa Formation was then made
using vertical seismic profiles obtained from an oil well
in the Red Bird field, which produces from the
16-m-thick “First Leo” sandstone and from a nearby
water well in which the “First Leo” sandstone is very
thin or absent. This study corroborated the conclusions
obtained from the model study. Finally, a surface
seismic profile was run along the east flank of the Old
Woman anticline between the wells. The surface profile
further supported the hypothesis that a consistent
amplitude anomaly accompanies the thick “First Leo”
sandstone in the Old Woman anticline area. The near-
perfect tie between the well-log data and surface data
provided by the vertical seismic profile demonstrates
that the thick “First Leo” sandstone is responsible for
the observed anomaly.

UTAH

Migration of oil suggested in some Uinta basin oilfields

Evolution of crude oils in the Uinta basin, Utah,
follows expected maturation patterns: immature oils are
heavy and rich in nitrogen, sulfur, and oxygen; whereas,
mature oils are lighter and rich in paraffin. However,
preliminary sulfur and carbon isotope analyses and
hydrocarbon compositional data gathered by D. E.
Anders suggest that some shallow oils, which would be
expected to be heavy, have migrated upward from
deeper, more mature oil pools. In the Altamont spaced
area near the Cedar Rim oilfield, oils being produced
between depths of 2,632 m to 2,821 m are probably
migrating up from deeper Altamont-Bluebell oils pro-
duced at depths of 3,773 m to 4,455 m. Likewise, in the
Monument Butte field, shallow oil being produced at a
depth of 1,530 m is similar in composition to Altamont-
Bluebell oil, produced at depths of 2,753 m to 3,677 m,
suggesting possible migration from deeper Altamont-
Bluebell pools. The shallow, immature oils produced on
the west side of the Altamont spaced area from a depth
of 1,433 m in the Black Tail Ridge field are so chemically
different from the Altamont-Bluebell oils that they are
not likely migrated oils from deeper Altamont-Bluebell
pools. In the Bluebell field on the east side of the spaced
area, oils at depths of 2,523 m to 2,581 m are dissimilar
to deeper oils, suggesting that they are not migrating
upward from deeper pools. The Twelve Mile oils pro-
duced from smaller fields to the east are distinct in com-
position. The Horseshoe Bend and Red Wash oils pro-

1 duced from shallower fields even farther east are similar

to each other in composition, and this similarity sug-
gests a common source.

Gas exploration on Tavaputs Plateau by focation of Cretaceous-
Tertiary boundary

The precise position of the boundary between
Cretaceous and Tertiary rocks and the time of uplift of
the San Rafael structural element have been uncertain
in the western Tavaputs Plateau, Utah. Locating the
boundary and dating the uplift are important, because
natural gas is produced from Upper Cretaceous and Ter-
tiary beds on the Tavaputs Plateau and is locally trapped
in anticlines and domes beneath the Cretaceous-Tertiary
unconformity. Conglomeratic sandstones that contain
Paleocene palynomorphs at Dark Canyon were traced
from near the Douglas Creek arch to the area of the San
Rafael structural element in the Tavaputs Plateau by
T. D. Fouch and W. B. Cashion. Conglomerate uncon-
formably overlies uplifted Upper Cretaceous rocks in
the western Book Cliffs. The uplifted area is part of the
San Rafael structural element. Conglomerate overlies
the oldest Cretaceous rocks at the axis of the uplifted
area, and stratigraphic relations indicate the uplift must
have occurred between Late Cretaceous (middle Campa-
nian) and middle or late Paleocene time.

Shoaling-upward marine and deltaic sequences identified within
Manning Canyon Shale

The Manning Canyon Shale of Mississippian and
Pennsylvanian age in the Uinta, Wasatch, Lake, and
Oquirrh Mountains of northern Utah comprises parts of
two stratigraphic sequences separated by an uncon-
formity. The stratigraphic relations, ages, and succes-
sion of the Manning Canyon Shale and Round Valley
Limestone in Utah are similar to those of the Big Snowy
and Amsden Groups of Montana (Maughan and Roberts,
1967). Formations in both States are considered to con-
tain petroleum source rocks. E. K. Maughan (USGS), J. R.
Jennings (Eastern Kentucky University), and W. D.
Tidwell (Brigham Young University) found that the
lower sequence in northern Utah represents a shoaling-
upward marine sequence, in which the rocks grade from
dominantly carbonate rocks upward to dominantly car-
bonaceous mudstone. The lower part of the Manning
Canyon bears a Chesterian (Late Mississippian) in-
vertebrate fauna. This sequence thins eastward both
depositionally and by truncation beneath the uncon-
formity. Above the unconformity, the upper sequence
comprises chiefly mudstone and some sandstone and
limestone in deltaic deposits that grade upward to
dominantly marine carbonate rocks of the Lower
Pennsylvanian Round Valley Limestone.
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APPALACHIAN BASIN
Eastern Gas Shales Project (EGSP) Data Systems

The USGS, the Petroleum Information Corporation in
Denver, Colo., and the U.S. Department of Energy in
Morgantown, W. Va., have created two large data files
for the EGSP. All computer-compatible well, outerop,
and sample data generated by EGSP participants from
Devonian shales throughout the Appalachian basin are
being edited, converted to a database, and accessed to
produce digital printouts, charts, and maps. The EGSP
Well Data File was developed as an extension of the
Petroleum Information Well History Control System
(WHCS) and contains geologic, engineering, and pro-
duction test data for more than 6,000 wells. The EGSP
Sample Data File contains geochemical, lithologie, and
physical characterization data on more than 50,000
samples from 17 EGSP cored wells and 140 additional
wells and outcrops. Well and sample data can be re-
trieved to produce (1) production test summaries by for-
mation and location; (2) contoured isopach, structure,
and trend-surface maps of Devonian shale units;
(3) sample summary reports by location, well, contrac-
tor, and sample number; (4) cross-sections displaying
digitized log traces and geochemical and lithologic data
by depth for wells; and (5) frequency distributions and
bivariate plots.

EGSP Data System products are being used by EGSP
participants to help solve Devonian shale exploration
and research problems in the Appalachian basin.
Although a portion of the EGSP Well Data file is pro-
prietary and distribution of complete well histories is
prohibited by contract, maps and aggregated well data

listings can be made available to the public through "

published reports.

Determination of organic-matter content of Devonian shale

The organic-matter content of Devonian shale of the
Appalachian basin is an important parameter for assess-
ing the natural-gas resources of these rocks. Patterns of
organic-matter distribution convey information on
sedimentary processes and depositional environments.
In most of the western part of the Appalachian basin,
the organic-matter content of the Devonian shale was
estimated by J. W. Schmoker from gamma-ray wireline
logs using the equation: ¢, =(y, —v)/1.378A, where ¢, is
the organic-matter content of the shale (fractional
volume), y is the gamma-ray intensity (API units), v, is
the gamma-ray intensity if no organic matter is present
(API units), and A is the slope of the crossplot of
gamma-ray intensity and formation density (API
units/(g/cm?)). The quantities A and y, vary regionally
and were mapped using data from gamma-ray and

formation-density wireline logs. Organic-matter con-
tents estimated using this equation are compared to
direct laboratory analyses for 74 intervals of different
thickness and organic-matter content from 12 widely
separated wells. Excluding the Cleveland Member of the
Ohio Shale and the lower part of the Olentangy Shale,
the distribution of the differences between volume-
percent organic-matter content measured in core
samples and estimated from gamma-ray logs has a mean
of 0.44 percent and a standard deviation of 1.98 percent,
which indicates that the accuracy of the gamma-ray
method is adequate for most geologic applications. The
gamma-ray intensity of the Cleveland Member of the
Ohio Shale and the lower part of the Olentangy Shale is
anomalously low compared to other Devonian shales of
similar organic-matter richness, so that organic-matter
content computed for each of these units from gamma-
ray logs is likely to be too low. Wireline methods for
estimating organic-matter content have the advantages
of economy, readily available sources of data, and con-
tinuous sampling of the vertically heterogenous shale
section. The gamma-ray log, in particular, commonly is
run in Devonian shale; its response characteristics are
well known, and the cumulative pool of gamma-ray logs
forms a large and geographically broad data base. The
quantitative computation of organic-matter content
from gamma-ray logs should be of practical value in
studies of Devonian shale in the Appalachian basin.

Geochemical effects of early diagenesis of organic matter in
Devonian black shale

The relation between organic carbon and sulfide in
Devonian black shale was used by J. S. Leventhal, G. E.
Claypool, and M. B. Goldhaber to identify these units as
having been deposited in ancient marine euxinic
environments. Based on analogy to the modern Black
Sea, the euxinic environment is indicated by a positive
intercept for sulfur at zero organic carbon on a carbon-
sulfur plot. Furthermore, the slope of the plot can be
related to position in the basin and to deposition rate.
Sulfur-isotope ratios of fine-grained, early diagenetic
iron sulfides are typically light, indicating that a major-
ity of the sulfides formed in the water column and near
the sediment-water interface. Isolated heavier values
are observed, however, which demonstrate that sulfide
formation persisted into later diagenesis, at least
locally. Carbon and oxygen isotopes of carbonate
minerals show the effects of both early diagenesis of
organic matter by microbiological processes and later
redistribution of carbonate into veins and nodules. A
range of values suggests that anaerobic oxidation of
organic matter is more important than methane genera-
tion for ecarbonate diagenesis. Trace-element
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abundances (U, Mo, V, Ni, Hg) are related to organic-
carbon and sulfide-sulfur content. These relations can be
explained by invoking an organic-concentration
mechanism and aqueous-sulfide protection and
redistribution processes. Trace-element to organics and
trace-element to sulfide ratios do not change greatly in
the basin, although deposition rates vary by more than
an order of magnitude.

Hydrocarbon potential of southern Appalachians delimited

Seismic data in the southern Appalachian Mountains
suggested to L. D. Harris that the basement beneath the
Valley and Ridge and Blue Ridge Provinces and across
the Inner Piedmont Province forms a broad shelf that
changes eastward into a deep basin. Palinspastic
reconstructions of a Proterozoic to Early Ordovician
depositional model from rocks exposed at the surface of
the Valley and Ridge, Blue Ridge, and Piedmont Prov-
inces confirm the seismic model by showing that
shallow-water clastic and carbonate rocks are confined
to the shelf; whereas, deep-water clastic and
volcaniclastic rocks, now metamorphosed, accumulated
in the deep eastern basin. Allegheny thrusting moved
the metamorphosed deep-water rocks westward up the
basin slope and onto the ancient shelf, burying a large
section of shallow-water sedimentary rocks. Structural
interpretations suggest that the burial of sedimentary
rocks by metamorphic rocks of the Piedmont Province
begar. just east of the Brevard fault zone. As a result, it
seems likely that thick sequences of sedimentary rocks
with reasonable organic maturation levels may not
occur in the subsurface east of the Brevard fault zone.
Consequently, the hydrocarbon potential for this prov-
ince may be restricted to the Blue Ridge area west of the
Brevard fault zone.

OTHER STATES
Source-rock potential, South Florida basin

In assessing the source-rock potential of carbonate
rocks in the South Florida basin, J. G. Palacas, J. P.
Baysinger, C. M. Lubeck, and D. E. Anders found that
geochemical parameters appear to be viable indicators
of thermal maturation. With reference to bulk
geochemical parameters, such as the ratios of extract-
able hydrocarbons to total organic carbon (TOC),
hydrocarbons to extractable bitumen, and saturated to
aromatic hydrocarbons, all ratios increase significantly
with depth of burial. For example, the relation of
hydrocarbons to extractable bitumen, expressed in per-
cent, varies from 25 percent in Paleocene rocks at a
depth of 1,500 m to about 75 percent in Lower
Cretaceous (Coahuilan) rocks at a depth of 4,500 m.

Although changes in geochemical parameters with
depth of burial generally reflect increasing degrees of
thermal maturation, they may at different stratigraphic
levels also reflect distinet differences in organic matter
types and lithology. This is particularly evident when
comparing bitumen to TOC ratios. Contrary to expecta-
tions, some of the highest ratios are found in the
younger, more immature rocks. On the molecular level,
gas chromatographic analyses of saturated hydrocarbon
distributions also are striking maturation indicators.
Chromatograms of hydrocarbons from the shallow
Paleocene rocks are characterized by a major hump of
unresolved naphthenes, maximized at the normal paraf-
fin n-Cs, region, a narrow range of n-C . paraffins, and
an absence or scarcity of hydrocarbons below n-C;5. On
the other hand, the hydrocarbon distributions of the
deeper and older rocks, such as the Lower Cretaceous
Sunniland Limestone, show just the opposite: no hump
at the n-C,, region, a wide range of n-C ; paraffins, and
an abundance of saturated hydrocarbons below n-C;, in-
cluding gasoline-range hydrocarbons.

Natural gas in sandstone reservoirs, west-central Arkansas

North-south thickness trends in each of five sandstone
reservoirs were recognized by B. R. Haley in an area
extending 274 km from east to west and 48 km from
north to south in the lower part of the Pennsylvanian
Atoka Formation in west-central Arkansas. The align-
ment of these trends agrees with a concept of thicker
reservoir areas representing southward-prograding
deltaic deposits and thinner reservoir areas represen-
ting nearshore marine deposits between the deltas.
Wells produce gas from both types of deposits in each of
the five reservoirs, but in four of the five, most of the
wells produce gas from the uppermost part of the deltaic
deposits. In these wells the gas is from sandstone
thought to have been deposited in the nearshore marine
part of the delta.

Petroleum potential of northeastern Santa Ynez Mountains,
California .

Reconnaissance mapping by T. H. McCulloh sug-.
gested that Paleogene strata north of the Santa.Ynez
fault and east of State Highway 399 in the northeastern
Santa Ynez Mountains, west of Los Angeles, Calif., hold
an appreciable potential for petroleum resources. Unlike
equivalent strata farther west and unlike those south of
the Santa Ynez fault, these rocks do not contain
diagenetic laumontite and therefore have not suffered
the reservoir destroying or damaging influence of the
deep burial conditions implied by that mineral. Indica-
tions of mobile hydrocarbons were recorded -during
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drilling of three of the only four wells that constitute
meaningful tests in the region. Additionally, the high
temperature (89°C) of the water issuing from Sespe Hot
Springs implies a deep, hot source for this connate
brine, sufficient for maturity of any source rocks of
petroleum.

RESOURCE STUDIES
New estimate of United States oil and naturai gas resources

A USGS report (Dolton and others, 1981) set mean

estimates for undiscovered recoverable conventional:

petroleum resources in the United States at 594 trillion
ft3 of gas and 83 billion bbl of oil. These estimates com-
pare with mean estimates made in an earlier USGS
study (Miller and others, 1975) of 484 trillion ft? of gas
and 82 billion bbl of oil. The new study was conducted by
a team of USGS specialists in the Resource Appraisal
Group working under the direction of G. L. Delton.
More than 80 ether specialists throughout the USGS
contributed their expertise. The new estimates incor-
porate geologic and geophysical information compiled
since completion of the 1975 study and include
assessments for each of 137 petroleum provinces in the
country.

New geologic and geophysical information resulted in
an increase in the estimates of petroleum potential for
some provinces and a reduction in other provinces. For
example, drilling in the Overthrust belt of the Western
United States revealed a larger potential for both oil and
gas than had been projected in the 1975 estimates. This
was also true for potential in the offshore North Slope of
Alaska on the Beaufort Sea Shelf. On the other hand,
results of exploratory drilling in the Gulf of Alaska, the
offshore southern California Borderland, and the
eastern Gulf of Mexico have been disappointing to date;
and geologic information obtained from these provinces
indicated a reduced petroleum potential compared to
that of the 1975 study. Significant resource potential is
projected for areas in the deeper waters offshore for the
Atlantic Coast and the deeper Gulf of Mexico.

Part of the increase in natural gas estimates
represents increased optimism for prospects in several
of the frontier areas. Some of the increase, however,
simply reflects an increase in the amount of offshore
area assessed in the latest study. In the 1975 study, the

offshore areas were assessed out to 200 m water depth. -

The 1981 study included offshore provinces on the U.S.
continental slopes seaward to 2,500 m water-depth off
the conterminous United States and te 2,400 'm off
Alaska, thereby increasing the offshore areas assessed
for the 1981 study by an additional 1,036,000 km2. The
deeper water areas were included in the new assess-

ment, because current offshore technology has made
these areas more accessible to possible development.

The new undiscovered recoverable conventional oil
and gas resource estimates were provided at the 95 and
5 percent probability levels and were estimated to range
from 64 billion bbl on the low side to 105 billion bbl of oil
on the high side —that is, the probability of more than 64
billion bbl is 95 percent, and the probability of more than
105 billion bbl is 5 percent. These estimates compare to
the 1975 estimates of 50 to 127 billion bbl of oil. The new
undiscovered recoverable conventional gas resource
estimates at the 95 and 5 percent probability levels
range from 475 trillion ft3 to 739 trillion ft3. These
estimates compare to the 1975 estimates of 322 to 655
trillion ft3 of gas.

Sulfur in the world’s petroleum reserve

Sulfur recovered from petroleum during its refining
now provides more than 5 million t a year to the world’s
supply, but estimates of tonnage of sulfur in the world’s
petroleum reserve have been largely conjectural. A
recent compilation of the sulfur content and petroleum
reserves of each of the werld’s oil fields by Riva (1980)
provides the data needed to establish the tonnage of con-
tained sulfur. A. J. Bodenlos calculated that such sulfur
totals 1.4 billion t, of which 1 billion t occur in the oil
reserves of the Middle East.-About 120 million t occur in
the oil reserves of the U.S.S.R., and a similar amount
occurs in the oil reserves of Mexico. The balance is
divided among the reserves of all other producing na-
tions, including 26 million t of sulfur in the petroleum
reserves of the United States. Only a fraction of this
large tonnage, perhaps from 20 to 25 percent, can be
considered. to be a resource, because much sulfur in
crude oil is contained in unrefinable-asphalt and tars,
and because not all recoverable sulfur is extracted in the
world’s existing petroleum refineries. Potentially
recoverable sulfur in the world’s petroleum reserve,
therefore, consists of a resource of about- 300 ‘million t.

NEW EXPLORATION AND PRODUCTION
TECHNIQUES

Understanding of hydrocarbon generation and migration by
experimentally produced rocks"

Continuation of experimental compaction and
hydrocarbon-generation experiments in modern lime
muds by E. A. Shinn revealed that randomly oriented
needlelike fabric prevents compaction to muds with -
porosities less than 35 percent even when subject to
'simulated overburden pressures of 3,000 m or more.
However, even though porosities remain in the 35 to 45
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percent range, sediment thickness is reduced to less
than one-half the original thickness, and the resulting
“rock” greatly resembles many ancient limestones.
Pellets and birdseye structures are mashed, color
mottling is produced, fossils are reoriented toward the
horizontal (although not broken), and organic seams
resembling stylolites are formed. In thin section, such
experimentally produced “rocks” resemble well-known
source rocks; they contain 2 to 3 percent total organic
matter and are in the range of true source rocks.
However, because these “rocks” reach minimum
porosities within a few days under as little overburden
as 300 m, mechanical compaction itself cannot be con-
sidered sufficient to force out hydrocarbons. Mechanical
compaction alone probably is insufficient to expel
hydrocarbons; sufficient heat to crack organic rocks
thermally in nature probably is not reached at burial
depths less than 3,000 to 4,000 m. To force cooked
hydrocarbons from such rocks, therefore, requires
“chemical compaction.” In other words, the aragonite
needles that compose the sediment must be dissolved
and the carbonate reprecipitated as closely fitted blocky
calcite. This process, in combination with thermal
maturation, might be sufficient to expel and cause
migration of hydrocarbons.

importance of high-temperature solubility of crude oil in methane
to petroleum generation and maturation

Data gathered by L. C. Price on crude oil solubility in a
methane gas phase showed that at temperatures of
100°C and greater and pressures of 7,000 psi and
greater, methane has a high carrying capacity for all
components of crude oil. These data have strong impli-
cations for theories of primary petroleum migration and
for the economic feasibility of geopressured geothermal
resources. Extensive organic geochemical data of deep,
hot well bores are in sharp disagreement with accepted
theories of petroleum genesis and maturation. This
disagreement suggests that these theories may be in
error.

Knowledge of carbon cycle and stable carbon isotopes
contributes to source-rock studies

Construction of models for the interaction of the car-
bon cycle with changes in global climate and sea level
and analysis of new isotopic and organic-carbon data, by
M. A. Arthur, confirmed that the carbon isotopic values
of Cretaceous and Tertiary basinal limestones are
related mainly to variations in isotopic composition of
the world’s oceans. The composition of the oceanic
isotopic reservoir, in turn, is a function of the relative
ratio of storage in organic carbon versus inorganic car-
bon reservoirs. Thus, carbon isotopic ratios in pelagic

~
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limestones can reflect regional variations in organic-
carbon storage; this is one indicator of the source-rock
potential of sediments. In rocks that have large organic-
carbon to carbonate-carbon ratios, however, diagenetic
alteration of the original isotopic composition may have
occurred. Therefore, the best analyses come from
pelagic carbonate sediments in parts of the basin with
minimal organic-carbon preservation. The amount and
rate of storage of organic carbon in marine sediments is
a complex function of the interaction of global climate,
relative sea level, sediment supply, global oceanic fertil-
ity, and continental position. However, prediction of the
hydrocarbon source-rock potential of upper Mesozoic
and Cenozoic strata for a given region reasonably can be
made based on knowledge of these parameters. Lower
to lower Upper Cretaceous, lower to middle Eocene, and
middle to upper Miocene marine strata over much of the
world’s continental margins probably provide the best
overall hydrocarbon source-rock potential.

Confirmation of soil-gas helium surveys as an exploration tool

Previous investigations showed that microseepage
from oil and gas reservoirs produces surface indications.
One of the observed indicators is the presence of helium
in the soil gas overlying reservoirs. In order to further
assess the utility of surveying the soil-gas helium con-
centrations for petroleum exploration, two additional
surveys were run by A. A. Roberts and T. J. Donovan.

A regional survey was run in the area surrounding the
Velma, oilfield in Oklahoma. More than 80 percent of the
eastern half of the survey area is underlain by oil or gas
reservoirs. A vast majority of the soil-gas samples col-
lected in this half had anomalously high concentrations
of helium. In contrast, in the western half of the survey
area, where very little oil or gas has been found, almost
all samples contained only background concentrations.

Another survey was run over part of the National
Petroleum Reserve in Alaska (NPRA). The helium con-
tent of more than 700 samples of permafrost collected at
0.75 m depth was measured. A linear pattern of high
helium values, about 4 km wide, was observed about 50
km south-southwest of the city of Barrow. This area lies
above and parallel to a zone interpreted as a truncation
by an intra-Jurassic unconformity of the “Kugrua” sand
(a potential reservoir rock in the Jurassic Kingak Shale).
The high helium values in the permafrost may reflect
microseepage of gas from a stratigraphic trap at this un-
conformity.

Reservoir properties of submarine-fan sandstones

Petrographic and scanning electron microscope stud-
ies of modern submarine-fan sandstones indicated to
Hugh McLean and L. F. Krystinik that cementation of
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porous and permeable sand can become advanced at
burial depths of only a few tens of meters. Calcium car-
bonate and zeolites are the main cementing agents.
Further work is needed from deeper core samples to
determine whether precipitation of authigenic cements
continues unabated or secondary porosity develops with
increasing depth. Reservoir properties in ancient sub-
marine fans are influenced strongly by overall sand to
shale ratios. Sand bodies in the inner and middle parts of
fan systems, where shale percentage is low, apparently
remain porous and permeable to greater depths of burial
than sand subjected to abundant dewatering of shale
interbeds. However, even sand-rich sequences lose
porosity and permeability by mechanical compaction if
burial depth and time are sufficient. Early formation
and migration of hydrocarbons is critical to preservation
of porosity and permeability, especially in tectonically
active basins of western California.

Terrain effects of cultural features on shallow borehole gravity

data

Borehole gravity surveys of oil and gas reservoirs
usually are run at depths of thousands of meters, and
such surveys are not likely to be significantly affected by
the ordinary works of man. However, borehole gravity
surveys for engineering applications and for evaluation
of mineral deposits and aquifers may have maximum
depths of only a few hundred meters. Therefore, these
shallow surveys are more likely to be affected by the
gravity fields of manmade surface features, such as
basement excavations, quarries, gravel pits, sewage
plants, road fills and cuts, storage piles, mine dumps,
and tank farms. It is difficult to estimate the terrain ef-
fect of cultural features as a function of depth in order to
determine the need for terrain corrections. It is also
time consuming to compute precise terrain corrections
for a cultural feature, because accurate dimensions of
the feature often are difficult to obtain, and because its
shape may not be well suited to the zones and compart-
ments of conventional terrain-correction schemes. A
simple chart was developed by J. W. Schmoker for
estimating the significance of the terrain effect of
cultural features upon densities computed from borehole
gravity data. By signaling the need for data corrections,
it can help the user maximize survey accuracy while
avoiding unneccessary computations. The chart pro-
vides a qualitative estimate of the depth at which the
terrain effect of a manmade feature is no longer signifi-
cant. It is based on a spherical mass anomaly, which can
be defined by a minimum of geometric parameters and is
best suited to approximately equidimensional cultural
features. The chart shows depths below the center of a
sphere of a given mass and horizontal distance from the
wellbore at which the absolute value of the terrain effect

of the sphere upon borehole-gravity density is 0.005
g/em3. A terrain effect of this magnitude or greater
assumes importance with respect to other experimental
errors.

OIL SHALE RESOURCES

Geochemical surveys of oil shale in the Piceance Creek basin,
Colorado

Geochemical and mineral analyses of oil shale in a core
of the Parachute Creek and Garden Gulch Members of
the Green River Formation in the Piceance Creek basin,
Colo., were completed by W. E. Dean and J. K. Pitman.
Minerals that show the greatest variability within the
core are quartz, illite, analcime, and the saline minerals
dawsonite and nahcolite. The amounts of Al, Fe, Ti, S,
B, Ba, Mo, Pb, Sc, V, and Yb are higher in the clay-rich
Garden Guich Member than in the carbonate-rich
Parachute Creek Member, presumably because of con-
centration in the clay minerals.

Element baselines for the Piceance Creek basin, Colorado

Baselines for 36 major, minor, and trace elements plus
pH in soils, 16 elements in DPTA (diehtylene
triaminepentacetic acid) soil extracts, and 5 elements in
sagebrush and western wheatgrass were established
from a regional geochemical survey of these materials in
the Piceance Creek basin by Michele Tuttle. The rela-
tions among elements in plants, soils, and soil extracts
showed that an increase in soil pH generally results in
an elevated content of molybdenum, fluorine, copper,
and zinc in plants. Activities of zinc and copper general-
ly decrease with increasing pH, which is the opposite of
what would be expected and may be the result of in-
teraction between soil carbonate minerals and the
plant’s root environment. Samples of soils and western
wheatgrass were collected from Colorado State Univer-
sity’s revegetation plots near Anvil Points, Colo. The
plots consist of lysimeters containing spent (burned) oil
shale covered with local top soil in amounts varying be-
tween 0 and 80 cm. Of the elements fluorine, molyb-
denum, copper, zinc, only fluorine in soils, copper in soil
extracts, and molybdenum and zinc in western
wheatgrass showed significant variations between the
different top-soil treatments.

Geology and oil shale resources in the Central Roan Plateau,
Colorado
Geologic mapping by W. J. Hail in the Circle Dot
Gulch quadrangle, Piceance Creek basin, Colo., showed
a southward stratigraphic rise, by means of intertongu-
ing, of the contact between the Parachute Creek
Member of the Green River Formation and the Uinta
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Formation. Within the Circle Dot Gulech quadrangle,
three tongues of the Green River Formation merge with
the main body of the Parachute Creek Member. These
are Coughs Creek Tongue, the Stewart Gulch Tongue,
and the marlstone tongue at Jackrabbit Ridge. Oil-shale
values increase from north to south in all of these
tongues as they approach their junction with the
Parachute Creek Member.

NUCLEAR-FUEL RESOURCES

USGS nuclear-fuel studies continued in FY 1980 with
the primary objective of achieving the deepest and
broadest understanding of the habitats of uranium and
thorium and the processes that form deposits in various
specific geologic environments in the United States and
the world. Known deposits occur in a variety of rock
types within sedimentary, igneous, and metamorphic
geologic settings. The programmatic approach to the
understanding of habitat involves geologic,
geochemical, and geophysical studies within known
uranium and thorium districts. In addition to habitat
studies, the uranium-thorium program involves the
development of guides to uranium and thorium explora-
tion, methods of determining uranium and thorium
favorability, and resoure estimation using approaches
based on geologic-genetic models and data from habitat
studies.

Uranium ore-forming processes in the Colorado Plateau

In 1979, H. C. Granger and C. G. Warren presented
the framework of a new concept regarding the
geochemistry and genesis of vanadium-uranium depos-
its on the Colorado Plateau. As a part of this process,
aluminum-humate complexes in the ground water were
said to be destroyed preliminary to vanadium-clay
authigenesis, but no mechanism for such destruction
was cited. Since that time, it has become evident to
Granger and Warren that the most feasible way to
destroy the aluminum-humate is by ion exchange with
magnesium. Calculations suggest that the required
magnesium concentration is quite pH dependent; and, at
intermediate pH’s, the required magnesium concentra-
tion is greater than that generally found in fresh ground
waters. This finding may have significant implications
regarding the ore-forming environment, because it
strongly suggests that one of the reacting solutions was
brinelike, perhaps a bittern or evaporite rest fluid. If so,
this strengthens previous suggestions regarding the
genetic association between evaporites and many
uranium deposits both on the Colorado Plateau. and
elsewhere in the world.

Thorium and rare-earth deposits in the southern Bear Lodge
Mountains, Wyoming

Thorium and rare earths occur in large disseminated
deposits in the southern Bear Lodge Mountains of
northeastern Wyoming. These deposits, according to
M. H. Staatz, consist of trachyte and phonolite cut by
numerous small crisscrossing veins and are similar in
form to copper porphyries. The mineralized trachyte
and phonolite make up part of the core of Bear Lodge
dome. The most favorable part of the area was outlined
by a radiometric survey, and 340 samples were collected
over this 10.6 km2 area. Thorium content of these
samples ranged from 9.3 to 990 ppm, and the total rare-

‘earth content ranged from 47 to 27,145 ppm. Contour

maps showing the distribution of these elements were
constructed. These maps can be used to define the size
of the deposit based on whatever eut-off grade may be
required. For example, several areas totaling 1.69 km?
in size are enclosed by the 200 ppm thorium isograd, and
several areas totaling 3.22 km? in size are enclosed by
the 2,000 ppm total rare-earths isoline. Uranium is of lit-
tle importance in these deposits. The Bear Lodge
disseminated deposits have one of the largest resources
of both thorium and rare earths in the United States,
and although the grade of both commodities is lower
than some other deposits, their large size makes them an
important future resource.

Origin of uranium-bearing intraformational folds in the Todilto
Limestone, northwest New Mexico

The Todilto Limestone of Middle Jurassic age in the
Ambrosia Lake uranium' mining district of McKinley
County, N. Mex., is the host formation for numerous
small-to-medium-size uranium deposits that occur in
joints, shear zones, and fractures within small- to large-
scale intraformational folds in the formation. According
to M. W. Green, these folds probably were formed as a
result of differential sediment loading, when eolian sand
dunes of the overlying Summerville Formation of Mid-
dle Jurassic age migrated over soft, chemically
precipitated, lime muds of the Todilte shortly after their
deposition in a regressive, mixed fresh and saline
lacustrine or marginal-marine environment of deposi-
tion. Encroachment of Summerville eolian dunes ap-
parently was restricted to relatively narrow beltlike
zones trending radially across the Todilto coastline
toward the receding Todilto body of water. Intraforma-
tional folding is believed to be confined to the pathways
of individual eolian dunes or clusters of dunes within the
dune belts. During the process of sediment loading by
the migrating dunes, layers of Todilto lime mud were
differentially compacted, contorted, and dewatered,

producing both small- and large-scale plastic deforma-
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tion structures including convolute laminations,
mounds, rolls, folds, and small anticlines and synclines.
During the processes of compaction and dewatering, the
mud, in localized areas, reached a point of saturation at
which sediment plasticity was lost, causing shearing,
fracturing, and jointing of the contorted limestone beds.
These areas or zones within the limestone became the
preferred sites of uranium mineralization because of the
induced transmissivity created by sediment rupture dur-
ing prolonged sediment loading. Along the Todilto
coastline adjacent to the eolian dune belts, both inter-
dune and coastal sabkha environments dominated the
Summerville on the margins of the Todilto body of
water. Sediment in these areas consists mainly of
claystone, siltstone, sandy siltstone, and fine-grained
sandstone, which was apparently derived from the win-
nowing of the finer grained fraction of sediment from
adjacent eolian dune fields during eolian activity. Most
of the sabkha sediments probably were carried in air-
borne suspension to the low-lying, ground-water
saturated, coastal areas where they were deposited as
relatively uniform blanketlike layers. Deposition of
sabkha deposits was apparently slow and uniform over
most of the Todilto coastal and interdune areas and did
not cause the formation of other than small-scale defor-
mation features in underlying Todilto rocks. Large-scale
deformational features as well as uranium deposits are
notably absent in the Todilto where it is overlain by finer
textured sabkha deposits in the Summerville.

Organic geochemistry of uranium in the Grants mineral belt

J. S. Leventhal made additional measurements of
organic carbon isotope fractionation that confirm the ef-
fect noted earlier in the Grants mineral belt. Samples
from Colorado, Wyoming, and Utah showed increases in
carbon-13 with increasing ore content (radiation
damage). However, carbonate carbon from these areas
does not show the unusual light values (from organic
matter?) that were observed in samples from Grants.
The carbonate oxygen values are very light, relative to
normal fresh-water carbonate, which may reflect an ex-
otic origin or diagenesis.

Thorium resource appraisal, Wet Mountains, Colorado

Thorium of potential economic value occurs in several
geologic settings in the Wet Mountains area, Colorado,
which include quartz-feldspar-barite veins, fracture
zones, carbonatites, red syenites, and quartz syenite of
the complex at Democrat Creek, according to T. J. Arm-
brustmacher. All these types of deposits are spacially
and genetically related to the Cambrian alkaline com-

plexes of the area. The veins.and fracture zones contain
the major thorium resources, estimated at about
250,000 t ThO,. Samples of the veins and fractures
average 0.46 percent ThO, and range from 0.00075 to
10.2 percent. Uranium is generally present in amounts
less than 0.0005 percent U;Og, ‘and the average Th/U
ratio is 64. Light rare-earth elements (LREE) average
0.18 percent, heavy rare-earth elements (HREE)
average 0.12 percent, and the ratio of thorium to total
REE is about 2.2. Carbonatites contain thorium
resources estimated at about 975 t ThO,. They average
0.17 percent ThO,, 0.0031 percent U;Qs, and 2.15 per-
cent total rare-earth oxides. Additional resources, not
yet evaluated, oecur in stock-work carbonatite in the
Gem Park Complex. Total ThO,; resources in red
syenites are not known, but the rocks average. about
0.30 percent ThO; and 0.004 percent U;Os. Anomalous
amounts of lead (0.011 percent), barium (0.33 percent),
and rare-earth elements (LREE, 0.078 percent; HREE,
0.077 percent) also occur in these rocks. The quartz
syenite of the complex at Democrat Creek may repre-

‘sent a large-tonnage, low-grade, disseminated thorium

deposit. Preliminary sampling of the quartz syenite sug-

-gests average values near 0.01 percent ThO, and 0.0015
-percent U3Og. The abundance of thorium and the variety

of deposits in the Wet Mountains.area could make this
area one of the most important domestic sources of this
element.

‘Deposition of the uranium-bearing Lance Formation,  Niobrara

County, Wyoming
Investigation of the Upper Cretaceous Lance Forma-

‘tion along the Cheyenne River, northeastern Niobrara

County, Wyo., by H. W. Dodge, Jr., showed a series of
lenticular-shaped and vertically stacked sandstone
bodies. These sandstones fine upward in grain size and
show a decrease in the magnitude of sedimentary struc-
tures upwards. Measurements of trough axes or in-
tersections of only large scale cross-strata (large fes-
toons) show a great dispersion, approximately 180° in
paleo-current direction. These sandstones are con-
sidered to be point-bar deposits, which formed in
meandering river systems. Adjacent to the sandstone
point-bar deposits are mudstone, silty mudstone, muddy
siltstone, and some sandstone. The more sandy deposits
are thought to represent proximal crevasse splay,

natural levee, and small interfluvial channel paleoen-

vironments. The finer grained deposits, usually organic
rich, represent flood-basin swamps, lakes, and other
low-energy environments. The thick flood-basin deposits
and thick stacking of point-bar sandstones indicate
relatively fixed river systems. Considering previous
studies of the Lance Formation southwest of the
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Cheyenne River, the regional picture can be extended.
This shows a series of relatively fixed parallel river
systems meandering across lower portions of a coastal
plain.

Geochemical techniques in uranium exploration

Preliminary interpretations were made of correlated
abundances of 35 elements in 282 samples of hydrother-
mal mineral-spring precipitates from 92 localities in the
Rocky Mountain and Basin and Range provinces in Col-
orado, Utah, Arizona, Wyoming, Montana, Idaho,
Nevada, California, and Arkansas. The geochemical fac-
tors in order of their importance were interpreted by
R. A. Cadigan and K. J. Felmlee and are summarized as
follows:

* Contamination. Precipitates are contaminated by
detrital sand, silt, clay, and rock fragments. Ele-
ment relative abundances most affected are Cr, V,
Cu, Nj, Zr, Al, Ti, Pb, K, Co, Yb, V, Ga, and second-
arily Se, Fe, and Si;

¢ Dilution. Hot hydrothermal brines from deep sources
are diluted in varied proportions by cooler waters
from shallow sources, which affects the relative geo-
chemical abundances in precipitates of: Ce, La, Nb,
- Si (affected negatively), and secondarily, Co, Li,
Zn and W;

* Alkalinity. Increasing alkalinity of mineral spring
waters at the surface may affect the geochemical
abundances in precipitates of the following: Be, As,
Fe, Mn, Mo, W, and Zn;

® Sulfur species. The ratio of carbonate precipitates to
sulfate and sulfurous precipitates is negatively af-
fected by the presence of increasing abundances of
sulfur species (HS-, S, H,S) in spring water. The
element relative abundances most affected are: S
and negatively —Ca, ~ Mg, and - Sr;

® Barite-radium coprecipitation. Barite is the most com-

mon host of radium in mineral spring precipitates.
Element relative abundances most affected are Ba,
eU (mostly radium), Sc, and secondarily Yb, Mn, and

Evaporation. Formation of minor amounts of evap-

orites at mineral spring sites affects the following
element relative abundances: Na, B, Li, U, and
secondarily K, Al, Ti, and Ga. Precipitation occurs
at the surface principally as the result of chemical
oxidation, loss of dissolved CO,, loss of heat, and
changes in equilibrium resulting from precipitation
of sulfates and metal hydroxides. Radioactive
elements, chiefly radium-226 and 228 and daughter
products, occur with barite and manganese and iron
hydrous oxide precipitates. Uranium is not easily
precipitated but may occur with evaporite deposits.

Uranium values in stream-sediment samples, Park and Sweet
Grass Counties, Montana

Sixty-one stream-sediment samples, collected by K. J.
Wenrich-Verbeek from a portion of the North Absaroka
study area, Park and Sweet Grass Counties, Mont., in
July 1977, were separated into two size fractions (<88
m, and between 88 and 149 m) and analyzed for 80 dif-
ferent elements. Of these elements, 47 showed some
variation over the area; 36 met the proper statistical
criteria, and were subjected to correlation analysis.
Uranium values in the fine size fraction (<88 m) ranged
from 2.1 ppm to 430 ppm, with a typical sample contain-
ing about 42 ppm uranium. High values (above 100 ppm
uranium) were observed along Speculator Creek and
Bramble Creek and in drainages on the northwestern
and western side of Mt. Douglas. Two high values were
found in samples from Falls Creek (north of Boulder
Mountain). Fine size fraction sediments containing 410
ppm and 430 ppm, the highest uranium values in the
area, were collected from Speculator Creek. The
distribution of uranium concentration from this study is
somewhat bimodal in both size fractions. Nevertheless,
uranium shows a strong correlation with organic carbon
(the major component of total carbon in the area) and
good correlations (minus sign indicates a negative rela-
tion) with Th, —-AlO;, —Ca, —Fey0;, La, —Mg, Pb,
—-Se, Se, —Sr, -V, Y, and Yb. Uranium also correlates
significantly (at the 99-percent confidence level) with
arsenic and —chromium, although the trends are not as
well defined as with the elements mentioned above.
Uranium decidedly does not correlate with Cu, K, Mn,
Na,0, SiO,, and Zr. These correlations and the bimodal
nature of the uranium suggest that much of the uranium
is in a leachable form, hence, the extremely strong cor-
relation with organic carbon, and that some is tied up in
resistate minerals such as xenotime, hence, the good
correlations with yttrium, thorium, ytterbium, and lan-
thanum. High molybdenum was evident in some of the
same samples that contained high uranium. However,
although molybdenum is a good pathfinder for uranium
in the water of this area, it is not a good indicator of
uranium in the stream sediments.

Uranium in surface waters, North Absaroka area, Montana

Sixty-two surface-water samples, collected by K. J.
Wenrich-Verbeek from a portion of the North Absaroka
study area, Montana, in July 1977, were analyzed for 52
different variables. Forty-six of these variables are
presented in data listings; 27 met the proper statistical
criteria and were tested in correlation analysis.
Uranium values ranged from 0.04 to 5.1 ,g/L, and an
average sample contained 0.59 ,g/L. The generally low
values of uranium in the surface water of this area are in



MINERAL-FUEL INVESTIGATIONS 45

contrast with high values found in sediments collected at
the same sites. However, the maximum uranium concen-
tration was observed in the water of Anomaly Creek,
from which previous workers discovered high uranium
values in the stream-sediment samples. Out of the 27
parameters treated statistically, uranium correlates on-
ly with molybdenum. Uranium does not show correla-
tions with the alkalis or alkaline earths, as was noted in
a previous study in New Mexico (Wenrich-Verbeek,
1977b). Arsenic and boron commonly are related to
uranium in surface waters (Wenrich-Verbeek, 1977a).
However, arsenic analyzed in this area was never above
the detection limit of 1 ,g/L, and boron showed no cor-
relation with uranium.

Characteristic elemental assemblages associated with uranium
deposits at Ambrosia Lake, New Mexico

Statistical treatment of analytical data related to
uranium deposits in the Ambrosia Lake area, New Mex-
ico, indicated that, relative to barren rock remote from
deposits, the primary ores are enriched in Fe, Mg(?), Ca,
Mn, Ba, Be, Cu, Mo, Pb, U, V, Y(?), Na, Se, Sr, organic
C, and carbonate C; the secondary ores are enriched in
Fe, Ca, Mn, Ba, Cu, Na, Sr, U, V, and carbonate C. The
data, compiled and assessed by C. S. Spirakis, C. T.
Pierson, and H. C. Granger, indicated that Ca, Ba, Sr,
V, and carbonate C are more concentrated in the secon-
dary ore than in the primary ore. Barren rocks adjacent
to the ore are enriched in Ca, Ba, Cu(?), Sr, V, U, Na, Se,
and carbonate C, compared with barren rock farther
from the deposits. The enrichment of these elements in
the vicinity of the deposits and the better correlation of
them (except for uranium) with eU than with uranium
suggest that these elements are mobile and form haloes
that may be useful exploration guides. The data also
suggest that gallium is depleted in and around the ore.
Thus, a decrease in gallium might be an indication of
proximity to a deposit.

Geochemistry of mineral-spring waters, Western United States

Preliminary results obtained by K. J. Felmlee and
R. A. Cadigan by R-mode factor analyses on water data
from 155 mineral-spring sites in the Western United
States indicated that three factors have a dominant in-
fluence on the water chemistry. These factors can be in-
terpreted on one level as chemical reactions related to
salinity, temperature, and alkalinity and on another
level as aspects of the hydrogeologic systems that affect
chemical reactions. The factors and their parameter
groupings are as follows (minus sign indicates a
negative relation): (1) Salinity (age of water) Na, specific
conductance, Cl, K, Li, B, SO4;, Sr, Fe, Mn; (2)
Temperature (depth of water circulation); temperature,

F, SiOs, Rn, —Eh, - Al, - U, —No; +Noy; (3) Alkalinity
(rock composition), pH, -HCOs;, -Ca, -Mg, -Ra,
—Ba. These groupings show that uranium and radium
concentrations are generally controlled by reactions
related to Eh and pH. Furthermore, radium is common-
ly higher in deeper circulating, older water, which tends
to have higher salinity, higher temperature, lower pH,
and lower Eh. Uranium is higher in shallower cir-
culating, younger water, which tends to have lower
salinity, lower temperature, higher pH, and higher Eh.
Although no uranium-mineralization factor was evident
in the factor analysis, consideration of geologic setting
indicated that the presence of mineralization may,
nevertheless, have a detectable influence on the water
chemistry. Some of the highest concentrations of
uranium (> 100pg/L), radon (>10,000pCi/1), or radium
(>100pCi/1) were found in spring water near uranium
occurrences in the Tallahassee Creek district, Colo., in
the Clancy area, Mont., at Spor Mountain, Utah, and in
the East Walker River district, Nev.

Helium surveys in Beaver Valley area, Utah

A reconnaissance helium soil-gas survey by G. M.
Reimer in the valley surrounding Beaver, Utah, located
some areas that were specifically anomalous in helium
concentration. Geologic investigations by other re-
searchers have identified the valley as a promising loca-
tion for possible uranium mineralization based on the
nearby location of source rocks, hydrology in the valley,
and geochemistry of ground water. The helium anomaly
is situated in the southwest portion of the valley near
the surface drainage outlet toward Minersville, Utah.
That cumulative information strengthened by the
helium survey indicates the strong possibility of a
localized uranium concentration; and, if subsurface en-
vironment favorable for uranium deposition existed in
the past, then the presence of an economic uranium
deposit in the southwest corner of the valley is extreme-
ly likely.

Thorium/uranium ratios for granitic rocks

Th/U ratios for granitic rocks are thought to be nor-
mal if they are within the range of 3 to 5. Possible
economic significance was proposed for granites with
Th/U ratios either below or above this range (Nash,
1979; Stuckless, 1979). Lead isotope analyses by J. S.
Stuckless for several suites of peraluminous Precam-
brian granites showed that Th/U ratios were generally
in the range of 1 to 3 throughout most of the history of
these granites, but measured Th/U ratios are most com-
monly in the range of 5 to 10. These high ratios were
shown to be due to recent uranium loss through incipient
weathering. High Th/U ratios by themselves are not
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sufficient to indicate uranium loss by incipient weather-
ing. Data for two granitic suites yield Th/U ratios
greater than 10 for both measured and calculated ratios.
Such granites may have been derived from a protelith
that was enriched in thorium relative to uranium, or
uranium may have been lost during the magmatic event.
If the latter alternative is true, then these granites are a
probable source for uraniferous pegmatites.

Uranium mobility during glass diagenesis.

An unusual occurrence of juxtaposed glassy and clay-
altered ash was sampled by R. A. Zielinski to determine
the extent of.element mobility during glass diagenesis.
The results are particularly interesting in that major
mobilization of uranium is indicated. Closely spaced
samples -of glassy and clay-altered ash were collected
from the same 20 to 50 em thick stratigraphic horizon in
the Troublesome Formation (Miocene)-of northwestern
Colorado. Sharp contacts exist between glassy ash and
underlying pink meontmorillonite and may indicate
water-saturated conditions restricted to basal ash layers
or deposition in a body of water that dried up during the
course of eruption. Formation of montmorillonite in-
stead of zeolites indicates that the water was not highly
alkaline or saline. Multielement analysis of glassy and
clay-altered samples indicates that (1) montmorillonite
has 85 to 90 percent less uranium than the coexisting
glass. Similarly depleted elements include cesium,
rubidium, sodium, and petassium. Much smaller deple-
tions of these elements in some glassy samples serve as
particularly sensitive indicators of incipient alteration of

this type; (2) the abundances of relatively insoluble.

elements such as thorium or tantalum are slightly higher
(5 to 40 percent) in clay as indicators of the maximum
levels- of element enrichment in residual material.
Greater enrichment of elements such as scandium,
strontium, and cobalt indicates adsorptive uptake by
clay or by secondary oxides or iron and manganese; (3)
the rare-earth-element (REE) patterns and abundances
in glass are sufficiently mimicked by detritus-free mont-
morillonite to document the compositional equivalency
of the two.

Origin of roll-type uranium deposits, Ray Point uranium district,
south Texas .

Detailed studies by M. B. Goldhaber in collaboration
with R. L. Reynolds and K. R. Ludwig were conducted
on the origin of the Ray Point uranium district of the
south Texas coastal plain. Based on petrographic and
geochemical  studies of mine and core samples and
geochemical studies of modern ground water, the

following sequence of events was deduced: (1) The host
beds were invaded shortly after deposition by fault-
leaked oil-field brines derived from depth and trans-
ported up the Oakville fault. These brines did not con-
tain H,S but did contain dissolved organic matter
capable of acting as a substrata for sulfate-reducing
bacteria. Sulfide produced in this way sulfidized the
iron-bearng components of the sediment and produced
pyrite; (2) These same brines began to mix with
oxygenated-uranium-bearing ground water. This mixing
altered the sulfur geochemistry such that marcasite
rather than pyrite began to form; (3) Brine ceased to in-
vade the area, but meteoric water recharge did continue
and eventually resulted in a roll-type uranium deposit;
(4) ‘About 5.07 m.y. ago, the whole deposit was secon-
darily resulfidized by fault-leaked H,S from the sour-gas
fields of the underlying reef facies of the Edwards
Limestone (Cretaceous); (5) Modern-day ground water is
similar to step 2, and presently is forming a younger
marcasite.

Depositional environment of the White Rim Sandstone Member of
the Cutler Formation, Utah

Studies of the White Rim Sandstone Member of the
Cutler Formation in the area between the Green and
Colorado Rivers in east-central Utah by B. A. Steele-
Mallory indicated that the member was deposited in a
coastal eolian environment. Sedimentary structures,
petrologic features, and stratigraphic relations suggest
that the White Rim consists of two major genetic units.
These units represent a coastal dune field and related in-
terdune ponds. Distinet sedimentary structures of the
dune unit include large- to medium-scale, unidirectional
(southeast), tabular planar cross bedding- high-index
ripples oriented parallel to dip directions of the foresets;
raindrop impressions, slump marks, and coarse-grained
lag layers. Distinctive sedimentary structures of the in-
terdune pond unit include wavy herizontally laminated
bedding, adhesion ripples, desiccation polygons, and
possible evidence of burrowing. A crinoid fragment was
diseovered, and:small amounts of well-rounded, rework-
ed glauconite grains were found in samples from
throughout the study area. The White Rim Sandstone

-Member was deposited during a period of changing sea

level and migrating strandlines. Continental sedimenta-
tion was dominant in eastern Utah along the ancestral
Uncompahgre Mountains, and marine deposition: was-
prevalent in western Utah. Rocks deposited in the two
environments interfinger in the study.area. The White
Rim represents eolian deposition on a prograding shore-
line characterized by a semiarid climate and pre-
dominately onshore winds.
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Sedimentologic relation of the lower part of the Morrison
Formation to underlying Jurassic rocks, San Juan basin,
‘New Mexico

The lower part of the Jurassic Morrison Formation
appears to be gentically related to strata that underlie it
in the San Juan basin of New Mexico, Colorado, Utah,
and Arizona. According to R. D. Lupe, the relation of
the lower part of the Morrison to the Junction Creek,
Bluff, and Cow Springs Sandstones is apparently a ver-
tical and lateral facies change. The lowest member of
the Morrison, the Salt Wash Sandstone Member in the
north flank of the basin and the Recapture Shale
Member elsewhere in the basin, appears to have
changed facies from eolian to fluvial. Study of the sub-
surface strata via oil-well logs points to a diverse and ac-
tive setting during deposition of the lower part of the
Morrison and its facies equivalents. This setting, the
San Juan basin, appears to have been the site of actively
growing dune fields and migrating rivers on the surface
of an abandoned lake or playa. The lake or playa is
recorded in the sediments of the underlying Summer-
ville Formation. Formation of perhaps a dozen major
dune fields scattered around the basin and deposition in
the rivers that migrated around those fields produced a
sequence that was many tens of meters thick. Dunes
eventually ceased to form, in some places sooner than in
others, as is evidenced from variations in dune sediment
thicknesses as compared to the overall remarkably cons-
tant thickness of the dune .and fluvial sediments
together. In most places, the entire dune-river deposi-
tional episode ended with the onset of an entirely new
style of fluvial deposition that originated from a new
source—that of the Westwater Canyon Sandstone
Member of the Morrison.

Uranium in the White Hills area near Lake Meade

Disseminated intermediate grade uranium in the
White Hills area south of Lake Meade is found in the
Muddy Creek Formation of Miocene and Pliocene age.
Fieldwork by C. S. Bromfield and L. M. Osmonson
showed that the uranium occurs near the base of its
Hualapi Limestone Member (uppermost). The limestone
member in the White Hills overlies a red siltstone and
gypsum member. A thin tuff bed is found in the miner-
alized zone. The Muddy Creek unconformably overlies
probable Miocene acid-to-intermediate volcanic rocks.
Semiquantitative analyses show an increase in
vanadium in uranium-enriched units and in molyb-
denum, lithium, and gold in some samples.

Volcanic uranium occurrences in the Western United States

Compilation of over 100 uranium occurrences in or in-
terpreted to be related to volcanie rocks in the Basin and

Range province was completed by C. S. Bromfield and
L. M. Osmonson. Many occurrences are in rhyolite,
although host rock types range from rhyolite to
andesite. Incomplete data on age of host rocks show a
range from Jurassic to Pliocene. Perhaps 20 percent of
the occurrences can be interpreted to be related, at least
spatially, to calderas; but basic geologic data are scarce
in large areas of the Basin and Range. Over two-thirds
of all plotted occurrences are clustered in six areas: (1)
Mountain City, Nev.; (2) McDermitt, Nev. and Oreg.; (3)
Hallelulah Junction, Nev. and Calif.; (4) Thomas Range,
western Utah; (5) Pioche-Tushar mineral belt, Utah; and
(6) Santa Rita-Ruby area, Arizona.

Stratigraphy of uranium-bearing rocks in thé Uinta basin, Utah

The stratigraphic relations of copper-
uranium-bearing sandstone beds in the Uinta Formation
(Eocene) in the central part of the Uinta basin, Utah,
have never been clearly defined. Reconnaissance field
investigations by L. C. Craig suggest that widespread
lacustrine limestone beds may afford a tie to well-
established sections of the Uinta in the western part of
the basin, and pebble differences in conglomeratic beds
may afford_ties to well-established sections in the
eastern part of the basin.

Trangressive-regressive relation of Cretaceous rocks in the San
Juan basin, New Mexico

Geologic mapping by R. E. Thaden in the Tohatchi 2
NW quadrangle demonstrated several cycles of alter-
nating transgression and regression at the southwest
margin of the Cretaceous sea that occupied an area of
the San Juan basin. The shaly siltstone of the Satan
Tongue of the marine Mancos Shale, for example, trans-
gresses as far southwest as Windy Canyon, overriding

| the Hosta Tongue of the Point Lookout Sandstone.

South and west of that point, the Hosta and the Point
Lookout merge to form a single thick shoreface sand-
stone body. The next regression is demonstrated by the
northeastward thinning of the continental Cleary Coal
Member of the Menefee Formation, its place being
taken northeast of Squirrel Springs by coal-poor beds of
the Allison Member of the Menefee, which was depos-
ited higher on the flood plain. Later cycles of transgres-
sion and regression cannot be seen, because the
Cretaceous beds, dipping 17 to 31 degrees eastward, are
overlain to the east and north by the very slightly
northeastward-dipping Tertiary Chuska Sandstone.

Radioactive ‘anomalies in the Kootznahoo Formation, Alaska

Radioactive anomalies as high as 50 times background
and uranium-bearing samples were discovered in parts
of nonmarine Tertiary Kootznahoo Formation in south-
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east Alaska by K. A. Dickinson (USGS) and John Mitch-
ell, consultant for Map Co. Inc., Tulsa, Okla. Samples
containing as much as 1300+400 ppm uranium
measured by beta eU (2,300+700 ppm measured by
gamma eU) were found. These samples have the highest
uranium contents so far reported from Tertiary
sedimentary rocks in southeast Alaska. Kootznahoo
crops out on Admiralty Kuiu, Kupreanof, and Zerembo
Islands. In the Kadake Bay-Port Camden area on Kuiu
Island, the Kootznahoo consists of light brown, poorly
sorted, very dolomitic sandstone that contains clay
clasts, fragments of carbonized wood, and dolomitic con-
cretions. It ranges from silty, fine-grained, thin-bedded
sandstone to medium- and coarse-grained partly con-
glomeratic, medium- to thick-bedded sandstone.
Siderite, magnetite, pyrite, and apatite(?) were found in
one or more of the samples. Anomalous radioactivity
was associated only with carbonized wood fragments on
the outcrop. Surface leaching, however, may have
removed uranium from the sandstone, especially in the
intertidal zone, but unoxidized sandstone containing
larger amounts of uranium may be present in the sub-
surface.

Radioactive volcanic breccia and conglomerate, Norton Bay
quadrangle, Alaska

An 80-km-long belt of strongly radioactive volcanic
breccia and conglomerate was discovered and mapped
by T. P. Miller in the western Norton Bay quadrangle in
western Alaska. This belt is a continuation of a horizon
of similar rocks first mapped and reported in 1977 in the
Candle quadrangle to the north. This discovery gives a
total strike length of these anomalously radioactive
rocks of about 130 km. Background total radioactivity
ranges up to 750 counts per second, and a strong
association of anomalous radioactivity with red
hematite, purple fluorite, and trachyte was noted.

Rhizocorallum burrows in the Jurassic Todilto Limestone

The lower 40 feet of the clastic sequence overlying the
limestone facies of the Todilto Limestone in the Chama
basin is tentatively referred to as the Summerville
Formation-Wanakah Formation interval. Near the top
of this interval, Rhizocorallum burrows were found by J.
L. Ridgley at six widely spaced localities along the
eastern, southern, and western outcrop belt of the
Chama basin. The burrows occur parallel to bedding.
Studies of Rhizocorallum burrows from other forma-
tions indicate that the burrows are in lower shelf or
tidal-flat facies of marine enviroments. Environmental
interpretations of the clastic sequence containing the
Rhizocorallum burrows in the Chama basin suggest a
tidal-flat environment in this case. The problem of
whether these burrows may occur in lacustrine en-

vironments (as has been postulated for the Todilto
Limestone) has not been resolved.

Jasperoid as a possible indicator of uranium source, Pltch mine,
Colorado

Continuing studies of the Pitch mine area, Saguache
County, Colo., by J. T. Nash focused on jasperoid as a
possible indication of a volcanic source for uranium in
the ore zone. Several zones up to 150 m? of jasperoid
occur along the Chester fault zone between the Pitch
mine and Little Indian mine 2 km to the north. The
jasperoid commonly has a breccia texture that is inter-
preted to reflect silicification of earlier dolomite breccia.
The sequence of events is interpreted to be early Ter-
tiary brecciation along the Chester fault followed by
middle-Tertiary silicification. Middle-Tertiary volcanic
rocks were present a few tens of meters above the
jasperoid and are believed to be the source of silica.
Chemical analyses of the Oligocene Rawley Andesite
show it to be potassium-rich (5 to 7 percent K,0) and
siliceous (64 to 70 percent SiO,) rhyodacite and quartz
latite with about 10 ppm uranium. Alteration of volcanic
rocks produced the silica-rich solutions that probably
would have been rich in uranium and are postulated to
be the source of uranium for the ore deposits. Because of
the proximity and thickness of volcanic flows and tuffs,
ground water reacting with the volcanic rocks could
have been heated, hence the ore fluid may have had low-
temperature meteoric hydrothermal character.

Morphology of uranium ore deposits in the Mariano Lake area,
New Mexico

Uranium orebodies in the Mariano Lake mine,
McKinley County, N. Mex., occur in fluvial sandstone
beds in the lower part of the Brushy Basin Shale
Member of the Upper Jurassic Morrison Formation.
Mapping by J. F. Robertson showed that the orebodies
geometrically have a roll-type configuration, are
tabular-elliptical in form with their long dimension
oriented to the northwest, and are peneconcordant to
bedding though somewhat disconnected by differences
in permeability along and across bedding. Orebodies
tend to be teardrop shaped in cross section. They have
sharp, crosscutting, irregular contact with unmineral-
ized country rock at their thicker northeast end; and
they are thinner, fragmented, and have split tails
toward the southwest margin where depletion of
uranium and post-ore oxidation of pyrite and the host
rock is more evident. The general morphology of
deposits suggests that the original oxidation-reduction

. front was on the north margin of the deposit much like

that shown in the Ruby Well mines, the Black Jack No. 2
mines, and the Mac mines to the southeast. The mines
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appear to line up along a nearly continuous front that
extends northwesterly from Smith Lake to Mariano
Lake. Some of the orebodies in the Mariano Lake mine
are located in the trough of the west-northwest-trending
Mariano syncline; some are situated on the south-
dipping north flank of the syncline, and exploration drill
holes outline mineralized ground and reaction front
striking northwest on line with the orebodies on the
north flank of the adjacent anticline. It is evident that
the line of orebodies and trend of the front cross the fold
structures diagonally. A north-northwest-trending nor-
mal dip-slip fault in the southeast part of the Mariano
Lake mine displaces an orebody as much as 1 m, but
shows relatively minor uranium depletion or other
alteration along it. There is no suggestion of redistribu-
tion of uranium in its vicinity. These observations lend
support to the idea that the uranium deposits are
primary and were deposited before the folds and faults
developed during Laramide time, and are probably pre-
Dakota in age.

Uranium content in diatomaceous and porcelaneous rocks,

California

Analysis by D. L. Durham of diatomaceous and
porcelaneous rocks of the Tertiary Monterey Forma-
tion, Calif., and of similar rocks from Peru, Ecuador,
Mexico, and the southern California borderland showed
that these rocks have more, and for some, considerably
more, uranium than do most shaley rocks. On the other
hand, analyses showed that chert and dolomite
associated with these rocks have only ordinary, or less
than ordinary, uranium content, as do siliceous
sediments collected away from the continental shelves
in the equatorial Pacific Ocean and the Bering Sea.
These data are consistent with the idea that areas of
upwelling and consequent high productivity are
favorable for the accumulation of siliceous sediments
with higher than normal uranium content.

Geologic decision analysis applied to uranium resources of the

San Juan basin

A systematic matrix of all the known geologic
characteristics of a given type of uranium deposit and
their corresponding genetic aspects constitute a genetic-
geologic model. Such a model may be used to evaluate a
similar geologic environment for its favorability to con-
tain undiscovered uranium resources of the type model-
ed. The system developed by W. I Finch, H. C. Granger,
R. D. Lupe, and R. B. McCammon (1980) presented data
to indicate whether each geologic attribute is present,
absent, or undetermined. The first provisional model
was built for the humate uranium deposits in the Mor-
rison Formation in the tabular San Juan basin, and it

consists of 140 variables (Granger and others, 1980).
Geologic decision analysis has been devised as a method
to identify the critical variables and to weight each of
several stages of the provisional genetic-geologic model
in order to determine favorability (McCammon, 1980).
By combining this favorability with grade-tonnage data
for deposits and by using prior probabilities of occur-
rence, one can use geologic decision analysis to estimate
the undiscovered uranium resources in a given area.
Testing and refinement of the entire resource-
assessment methodology outlined above, using the pro-
visional tabular humate uranium deposit model in the
San Juan basin, is being carried out to simplify the work-
ing model.

Origin of uranium deposits, Date Creek basin, Arizona

According to J. K. Otton, uranium in the Date Creek
basin, Arizona, accumulated in small early Micoene in-
terfan lakes developed during a period of rapid alluvial
fan growth, decreasing lake size, increasing aridity, and
increasing alkalinity and salinity of lake and ground
waters. The basin was periodically inundated by silicic
volcanic ash. Adjacent mountainous terrains included
highly radioactive Precambrian granites. Sedimentation
in the lake and on the alluvial fans was dominated by
debris flow and turbidite processes. The debris flows,
probably initiated by episodic heavy storms, swept ash
and plant material across the alluvial fans and into the
lake. Where debris flows entered the lake, they formed
turbidity currents in which considerable size sorting of
plant and other entrained debris occurred. In the center
of the lake, thick sections of laminated, carbonaceous,
micaceous siltstones accumulated as distal turbidites.
Shallow ground waters, moving from sources in the
mountains into the basin, leached uranium from
granites in the mountains and from arkosic alluvium and
volcanic ash in the basin. These waters also leached
silica from ash and humate from entrained plant debris
in the basin beds. These waters entered the lake in
recharge areas around its margin. Uranium, silica, and
humate tended to precipitate on the lake bottom most
often prefering the carbonaceous siltstone. Precipita-
tion probably was initiated by increases in salinity
caused by evaporative concentration of the lake waters.
The uranium orebodies thus formed are large, low-grade
(average 0.07 percent at the Anderson mine), and
stratabound, and are stacked vertically.

Uranium favorbility in the Shiprock 1° x2° NURE quadrangle, New
Mexico and Arizona

All sedimentary, igneous, and metamorphic rock for-
mations in the Shiprock 1° x2° quadrangle of New Mex-

“ico and Arizona were evaluated for their favorability to
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contain uranium deposits of at least 45,000 kg and a
minimum of .01 percent grade. Favorability was as-
sessed to a depth of 1,500 m using air and ground
radioactivity surveys, hydrogeochemical sampling,
studies of uranium occurrences, and studies of surface
and - subsurface - geology. Assessment work was con-
ducted during FY 78 and FY 79 under the DOE’s Na-

tional Uranium Resource Evaluation (NURE) Program .

by M. W. Green and a team of 14 geologists in the Bran-
ches of Uranium and Thorium Resources and Central
Environmental Geology.

The Recapture Shale and Salt Wash Sandstone
Members of the Jurassic Morrison Formation were
evaluated to have the most potential for large, and as
yet undiscovered, uranium deposits. Uranium deposits
in the Salt Wash are clustered in the Shiprock and
Chuska mining districts and occur in gray sandstones
associated with gray mudstone. The sandstone
geometry and thickness, the presence of detrital
organics in stream sediments, the depositional environ-
ment, and the presence of medium-sized deposits and
uranium occurrences make these units conducive to the
favorable classification.

The Triassic Chinle: Formation and the Cretaceous
Toreva Formation also are considered favorable for ad-
ditional medium-sized uranium deposits. The Chinle
Formation deposits are located in Monument Valley in
the basal portion of the Shinarump Member within chan-
nel sandstones. Deposits in the Toreva Formation occur
in the southwest portion of the quadrangle. They are
found in the upper part of the lower member of the
Toreva Formation. They are located in the fine-grained,
carbonaceous, partially abandoned channel-fill deposits
of a higher energy meandering stream fluvial complex.

Formations judged to be low in favorability for
uranium deposits include the Cretaceous Fruitland For-
mation and the Point Lookout Sandstone, which contain
a number of aerial radiometric anomalies. Other
Cretaceous units that contain a significant number of
airborne radiometric anomalies include the Menefee
Formation and the Mancos Shale. More data need to be
obtained, however, before any conclusions can be drawn
on the significance of these anomalies.

Other rocks of Precambrian to Cenozoic age also were
evaluated but were not considered favorable because of
their low radioactivity, their lack of uranium occur-
rences, and unfavorable environmental and facies
characteristics.

Uranium favorbility in the Galiup 1°x2° NURE-quadrangle, New
Mexico and Arizona

All sedimentary, igneous, and metamorphic rock for-
mations to a depth of 1,525 m in the Gallup 1°x2°

quadrangle of northwestern New Mexico and north-
eastern Arizona were assessed of their favorability of
containment of additional uranium deposits of 100,000 t
or greater at a minimum grade of 0.01 percent or
greater. Favorability assessment work was conducted
during FY 78 and FY 79 under the DOE sponsored
NURE Program by M. W. Green and a team of 14
geologists in the Branches of Uranium and Thorium
Resources and Central Environmental Geology. Results
of air and ground radioactivity surveys, hydro-
geochemical sampling, uranium occurrence studies, and
surface-subsurface geologic studies served as the basis
for favorability evaluations.

The Westwater Canyon Sandstone and Brushy Basin
Shale Members of the Morrison Formation of Jurassic
age throughout their extent in the quadrangle were
evaluated to be the most promising for yet undiscovered
large uranium deposits. First cycle lithology, facies rela-
tion, sandstone geometry, and thickness and deposi-
tional environment of the Morrison Formation remain
most favorable to depths of 1,000 to 1,500 m north of the
Grants mineral belt on the Chaeo slope of the southern
San Juan basin. This area remains relatively unex-
plored. The Jurassic Todilto Limestone and the
Cretaceous Dakota Sandstone also are considered
relatively favorable for additional medium-sized
uranium deposits. The Todilto Limestone contains
numerous uranium occurrences and deposits near out-
crop on the southern edge of the mineral belt.
Favorability for additional similar sized deposits at
depth within the mineral belt is considered great.
Favorability is limited only by extent of Todilto deposi-
tion in the quadrangle and depth to the formation. The
Dakota Sandstone is considered favorable in the
western end of the mineral belt (Church Rock mining
district), where pre-Dakota erosion has truncated
underlying Brushy Basin impermeable shales to allow
access of uranium-bearing ground water from the
Westwater Canyon to come into contact with organic-
rich sediments of the Dakota Sandstone.

Formations with low favorability, based primarily on
scarcity of uranium occurrence, include the Triassie
Shinarump Member of the Chinle Formation, the
Toreva Formation of Cretaceous age, and the eastern
edge of the Tertiary Hopi Buttes voleanie field. Subsur-
face data on these formations are not sufficient to fully
evaluate their potential. Rocks of Precambrian and
Paleozoic-age; as well as other formations of Mesozoic
and Cenozoic age within the quadrangle, are not con-

- sidered favorable because of low radioactivity, lack of

uranium occurrences, and unfavorable environment and
facies characteristics.



MINERAL-FUEL INVESTIGATIONS 51

Uranium favorability in the Aztec 1° x2° NURE quadrangle, New
Mexico

All sedimentary, igneous, and metamorphic rock for-
mations in the Aztec 1° x 2° quadrangle of northwestern
New Mexico were evaluated for their favorability of
uranium deposits of at least 45,000 kg and a minimum of
.01 percent grade. Favorability was assessed only to a
depth of about 1,500 m using hydrogeochemical sam-
pling, uranium occurrence studies, and surface and sub-
surface' geologic studies. Assessment work was con-
ducted during FY 78 and FY 79 under the DOE spon-
sored NURE Program by M. W. Green and a team of 14
geologists in the Branches of Uranium and Thorium
Resources and Central Environmental Geology.

The Burro Canyon(?) Formation of Cretaceous age
was determined to be the most promising for large un-
discovered uranium deposits. The sandstone geometry,
thickness, and apparent presence of reductants downdip
are favorable for uranium deposition. Portions of the
Burro Canyon were drilled but remain unproductive.
However, at least one known deposit was found at fairly
shallow depths in this formation; and on the basis of this,
it has been considered favorable for uranium deposits.
Much more exploration is needed to determine the ex-
tent of mineralization. The Westwater Canyon Sand-
stone and Brushy Basin Shale Members of the Jurassic
Morrison Formation also are considered favorable for
uranium deposits in the Aztec quadrangle based on their
lithology and facies relation with the Westwater Canyon
Sandstone and Brushy Basin Members in the Gallup and
Albuquerque quadrangles to-the south. No uranium
deposits were found in these units in the Aztecs area;
however, drilling by the D.O.E. has revealed some
anomalous, radioactive areas in the subsurface of the
southwest corner of the quadrangle. Formations judged
to be of low favorability for uranium deposits include the
Permian Cutler Formation, the Cretaceous Dakota
Sandstone, and the Tertiary Ojo Alamo Sandstone.
These formations are considered marginally favorable,
because they contain a large number of small oceur-
rences of moderate to low grade. The deposits in the
Cutler Formation also are associated with small copper
deposits. Results of hydrologic stream and sediment
reconniassance data from Los Alamos Scientific
Laboratories revealed a number of anomalous sediment
and water samples in drainages of the Nacimiento
Group; however, these have not been field checked or
fully evaluated. Other rocks of Precambrian to Cenozoic
age also were evaluated, but they were not considered
favorable because of their low radioactivity, lack of
uranium occurrences, and their  unfavorable en-
vironmental and facies characteristics.

Uranium favorability in the Albuquerque 1°x2° NURE

quadrangle, New Mexico

All sedimentary, igneous, and metamorphic rock for-
mations in the Albuquerque 1° x2° quadrangle of north-
western New Mexico were evaluated for their favorabili-
ty to contain uranium deposits of at least 45,000 kg and
a minimum of .01 percent grade. Favorability was as-
sessed only to a depth of 1,500 m using air and ground
radioactivity surveys, hydrogeochemical sampling,
studies of uranium occurrences, and studies of surface
and subsurface geology. Assessment work was con-
ducted during FY 78 and FY 79 under the DOE spon-
sored NURE Program by M. W. Green and a team of 14
geologists in the Branches of Uranium and Thorium
Resources and Central Environmental Geology.

The Westwater Canyon Sandstone and Brushy Basin
Shale Members of the Jurassic Morrison Formation
were evaluated to have the most potential for additional
large yet undiscovered uranium deposits. First cycle
lithology, facies relation, sandstone geometry,
thickness, and depositional environment of the Mérrison
Formation are conducive to uranium deposition in the
quadrangle. The Jurasic Todiito Limestone and the
Cretaceous Dakota Sandstone also are considered
favorable for additional medium-sized uranium deposits.
The Todilto Limestone contains numerous uranium oc-
currences and small deposits on the eastern edge of the
Grants mineral belt. Favorability for the discovery of ad-
ditional deposits of comparable size at depth within the
mineral belt is also good. Favorability is limited only by
the areal extent of deposition and depth of Todilto in the
quadrangle. The Dakota Sandstone also contains a
number of small uranium occurrences on the eastern
edge of the San Juan basin. These occurrences are asso-
ciated with the lignitic or highly carbonaceous Menefee
Formation and the Tertiary Galisteo Formation. These
units are found within the basin itself and on its eastern
edge. Both units contain a number of uranium occur-.
rences that meet the grade and tonnage requirements.
The Menefee Formation also contains a large number of
aerial radiometric.anomalies. Hydrogeologic stream and
sediment reconnaissance data from Los Alamos Scien-
tific Laboratories revealed a number of anomalies in the
drainages of Precambrian and Tertiary rocks as well as
the Jurassic and Cretaceous rocks. These studies are
still under investigation, and the results need to be
evaluated before conclusions can be made. Formations
judged to be of low favorability for uranium deposits in-
clude the Permian and Tertiary rocks. These rocks are
considered marginally favorable, because they contain a
large number of ‘small moderate-to-low-grade oecur-
rences. Other rocks of Precambrian to Cenozoic age also -
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were evaluated, but they were not considered favorable
because of their low radioactivity, lack of uranium oecur-
rences, and unfavorable environmental and facies
characteristics.

Uranium favorability in the Pueblo 1° x2° NURE quadrangle,
Colorado

Uranium and thorium analyses collected for the
NURE Program are used by K. A. Dickinson to evaluate
potential uranium source rocks in the northwestern part
of the Pueblo 1° x2° quadrangle, Colorado. Thorium to
uranium ratios are used as a measure of uranium leach-
ing. A ratio greater than 5:1 is considered to indicate
leaching. Proterozoic X granodiorite of Boulder Creek
age (1.7 b.y.) and Proterozoic Y granite from the Cripple
Creek pluton of Silver Plume age (1.45 b.y.), together
with several lower Oligocene units—the Wall Mountain
Tuff, the lower member of the Thirtynine Mile Andesite,
the tuff of Stirrup Ranch, the Badger Creek Tuff, and
The Thorn Ranch Tuff-from the Thirtynine Mile
volecanic field, are analyzed. The Wall Mountain Tuff, a
silicic tuff, appears to have lost about 5 ppm uranium
and is believed to be the primary source of uranium in
the area. The tuff of Stirrup Ranch, lithologically similar
to but areally much more restricted than the Wall Moun-
tain, and the siliceous Thorn Ranch Tuff also have been
leached. The less siliceous lower member of the Thir-
tynine Mile Andesite does not appear to be leached, but
only two samples were available for study. Samples of
the tuff of Stirrup Ranch from nearly the same locality
but different statigraphic levels have much different
uranium contents but are similar in degree of leaching.
The Badger Creek Tuff is leached in the Castle Rock
Gulch area but not in the Antero basin uranium area.
Differences in leachability and uranium content in dif-
ferent layers of the same volcanic unit must be con-
sidered in source-rock evaluation. Granodiorite of
Boulder Creek age shows an apparent loss of from 2 to 5
ppm uranium. Samples that appear weathered,
however, have lost little or no more uranium than those
that appear fresh, suggesting that the degree of
leaching is not related to the present weathering sur-
face. Leaching in this rock and in the granite of the Crip-
ple Creek pluton may have been complete long before
the Tertiary uranium mineralization.

Subdivision of the Morrison uranium-bearing Westwater Canyon
Member, San Juan basin, New Mexico
Data gathered by C. E. Turner-Peterson from the
west side of the San Juan basin, in the area between
Window Rock, Ariz., and Sanostee, N. Mex., suggest
that the Westwater Canyon Member of the Morrison
Formation may contain at least three major fluvial com-

plexes in this area. A vertical subdivision into lower,
middle, and upper parts of the Westwater Canyon can
be recognized as far east as Gallup, N. Mex. Near Gallup
the middle fluvial complex appears to thin drastically,
whereas the lower and upper fluvial complexes ap-
parently persist at least as far east as Laguna, N. Mex.

Western world uranium associated with metamorphosed
Proterozoic sedimentary rocks

According to J. T. Nash, approximately 30 percent of
Western World uranium reserves, plus a larger percen-
tage of probable resources, occur in or near metamor-
phosed Proterozoic marginal-marine sedimentary rocks.
The chief protolith was carbonaceous pelite; associated
sedimentary rocks were carbonate sequences, common-
ly algal or dolomitic, and sandstone, and generally in-
cluded interbedded evaporite beds and iron-formation.
Stratabound uranium deposits tend to be in rocks of the
first Proterozoic marine transgression within about 10
km of Archean granite hills. Sedimentary relations
probably are displayed best in the Lower Roan Group,
Copperbelt, Zambia-Zaire. Anomalous uranium content
generally cannot be demonstrated, but syngenetic or
diagenetic enrichment is suggested by the worldwide
tendency for stratabound uranium deposits to occur in
similar metasedimentary sequences including: Alligator
Rivers and Rum Jungle districts, Australia; Bancroft
and Athabasca districts, Canada; Front Range, Colo.;
Copperbelt and Rossing areas, Africa; and Zechstein
area, Europe. The reducing marine environment related
to algal bioherms is the major factor in uranium enrich-
ment. Metamorphism to greenschist granulite-grade
mobilized uranium, which probably moved less than 1
km into vein unconformity-type, or Rossing-type
deposits, depending upon structural setting. Meta-
evaporite sequences are indicated by widespread
scapolite, common uranium-associated magnesian
alteration (possibly dependent on diagenetic magnesite),
and may have caused reflux of uraniferous brine into
carbonaceous-sulfidic zones. Marginal-marine sedimen-
tary preconcentration appears to have been important
from the time of atmosphere oxygenation (2.2 b.y.) until
the rise of land plants (0.4 b.y.). The characteristic
marginal-marine sedimentary package, particularly
presence of algal carbonate sequences, is a guide to new
hardrock uranium districts.

Stratigraphy and uranium paragenesis, Lake City caldera,
Colorado
Fieldwork by K. A. Hon in the interior of the Lake
City caldera has led to the refinement of the intra-
caldera stratigraphy of the Sunshine Peak Tuff through
the recognition of an intraunit vitrophyre. He also was
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able to map one of the late-stage intracaldera intrusive
rocks in enough detail to suggest that it assimilated
some of the Sunshine Peak Tuff during intrusion.

Preliminary microscopic and microprobe examination
of samples from the Golden Fleece mine by R. I. Grauch
showed the following sequence of events in ore
paragenesis: (1) alternating deposition of uraninite and
silver-tellurides; (2) dissolution of both phases and the
deposition of silica (and possibly the alteration of
uraninite to coffinite); (3) alternating deposition of
uraninite and silver-tellurides; and (4) deposition of
silver-gold-tellurides and silica.

Uranium content in Precambrian rocks, Colorado and Wyoming

According to F. A. Hills, aerial radiometric survey
maps of six 1° x 2° quadrangles in southern Wyoming
(Cheyenne quadrangle) and northern Colorado (Craig,
Denver, Greeley, Leadville, and Pueblo quadrangles),
produced by contractors for the DOE, indicate that the
Proterozoic X gneisses, schists, and igneous rocks
(approximately 1,700 m.y. old, synorogenic, Boulder
Creek-age group) are approximately normal to only
slightly enriched in uranium and thorium as compared
with average continental crust. By contrast, with few
exceptions, the Proterozoic Y igneous plutons (approx-
imately 1,400-m.y.-old, anorogenic, Silver Plume-age
group) contain anomalously high concentrations of
uranium and thorium. These generalizations are con-
firmed by approximately 300 chemical analyses. The
“Laramie Anorthosite Complex” (Hodge and others,
1973) (Cheyenne quadrangle) consisting of anorthosite
and monzonitic rocks, which have been interpreted as
cumulates, comprises the only volumetrically significant
pluton of the 1,400-m.y.-age group that shows average
or below average uranium and thorium concentrations.
Variations in initial strontium isotopic composition in
the “Laramie Anorthosite Complex” (Subbarayudu,
Hills, and Zartman, written commun.) suggest that the
greater part of that complex, formed by crystal settling
combined with progressive incorporation of large pro-
portions of ancient country rocks into the differen-
tiating magma. REE compositions (J. C. Fountain,
1980, written commun.) of the anorthosite and
associated monzonite are compatible with a cumulate
origin for those rocks, and REE compositions of the
Silver Plume-age group granites are compatible with an
origin as residual liquid from which monzonitic and
anorthositic rocks separated. The combined isotopic and
REE data suggest that the uraniferous and thoriferous
1,400 m.y.-old-granitic rocks formed by a reaction
melting process whereby larger masses of basic magma
emplaced into the lower crust provided the heat to zone
refine the continental crust. This produced anorthositic

and monzonitic cumulates (at depth) that are depleted in
incompatible elements such as uranium, thorium, and
REE, and granitic rocks (at highest levels in the crust)
that are highly enriched in the incompatible elements.

Nonradiometric geophysical surveys in uranium country

Research by B. D. Smith demonstrated that various
types of nonradiometric geophysical anomalies can be
detected over known areas of uranium mineralization.
Anomalies can be related, in many cases, to changes in
the physical properties of the host rocks for the uranium
mineralization. Research has focused on understanding
the relation between the genetic history of uranium
mineralization and changes in physical properties of
their host rocks that produce geophysical anomalies.
This research enables more effective planning of non-
radiometric geophysical surveys to explore for and
define various types of uranium deposits. A specific
objective of the project has been to provide data for
uranium mineral resource evaluation of Navajo Indian
Lands. Airborne and ground geophysical surveys have
been used to isolate areas favorable for sediment-hosted
uranium. Large-scale induced polarization-resistivity
surveys conducted over the Crown Point district defined
shallow (less than 120 m) zones of high-resistivity rocks
that have a coincident trend with known deeply buried
(approximately 600 m) uranium deposits. There are, at
present, no known genetic relation between the shallow
geophysical anomalies and the deeper uranium
mineralization. However, the correlation of these trends
is pronounced enough to warrant further geophysical
and geochemical studies. The preliminary data inter-
pretation from the high-resolution airborne total field
magnetic survey conducted in the same area suggests
that there are low amplitude and long wavelength
magnetic anomalies associated with the trend of known
uranium mineralization and the zone of anomalously
high-resistivity rocks. Further research will be directed
toward definition of the source of these geophysical
anomalies and their relation to the known uranium
mineralization.

Uranium in sagebrush—a possible exploration tool

Results from recent studies of uranium in big
sagebrush (Artemisia tridentata) from the Western
United States suggest that this widespread desert shrub
could be used to prospect for uranium. This possibility
was tested by J. A. Erdman and J. H. McCarthy at the
newly discovered Aurora uranium prospect near the
northern edge of the McDermitt caldera complex along
the Nevada-Oregon border. The McDermitt is of con-
siderable interest, not only because it is among the
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largest known caldera systems, but also because it is the
site of (1) large deposits of mercury-including the
largest producing deposit in North America; (2) a poten-
tially commerecial uranium deposit (buried under 30 m of
lake sediments) plus other uranium occurrences; and
(3) extensive lithium mineralization.

In 1979, samples of soil, wood, and soil gases from
sagebrush were collected along traverses across the
Aurora prospect; gross gamma activity along the
traverses was measured also. None of the constituents
determined in the soils, except for mercury, and none of
those determined in the soil-gas samples (H;, H;S, CO,,
CH,) were present in higher than normal concentration
over the buried deposit; gross gamma activity also
remained constant over the lengths of the traverses.
Also, neither lithium and molybdenum in the soils and
sagebrush, nor fluorine in sagebrush showed evidence of
the presence of the deposit. But uranium in the
sagebrush wood and, to a lesser extent, mercury in both
sagebrush and soils showed increases over the deposit.
The amount of uranium in sagebrush may be an effective
guide in exploration for buried uranium deposits.

Uranium ore-forming processes

Literature search and studies by H. C. Granger and
C. G. Warren showed that the ore zones richest in
vanadium in Plateau-type vanadium-uranium ores are
characterized by extensive replacement of quartz-sand
grains by vanadium-clay minerals. These clays contain
only about half as much silica as does the quartz on a
volume-for-volume basis; and as there is no reason to
believe that waters percolating through these chert- and
quartz-rich host sandstones were ever undersaturated in
silica with respect to quartz, it seems to require the solu-
tion of quartz in a silica-saturated or supersaturated
environment. A possible explanation might be pressure
solution of the quartz because many of the recognized
characteristics of pressure solution such as
microstylolites, clay minerals, and cuspate corrosion are
present.. However, ghost grains of rounded detrital
quartz completely replaced by clay minerals and set in
an interstitial matrix of clay can occur adjacent to
quartz grains showing no evidence of replacement. The
clay and original ghost show no flattening or evidence of
pressure. Some partly replaced quartz grains are re-
placed along all margins rather than just at grain con-
tacts as is usual with pressure solution. Granger and
Warren have not determined whether they are working
with an unusual manifestation of pressure solution or an
entirely new process, but they are satisfied that simple
conventional chemistry alone was not responsible for
the replacement features.

Age of uranium mineralization at the Midnite mine, Washington

Uranium ores at the Midnite mine near Spokane,
Wash., occur in phyllites and cale-silicate rocks of the
Proterozoic Y Togo Formation, near the margins of

.anomalously uraniferous porphyritic quartz monzonite

of Late Cretaceous age. The present geometry of the ore
zones is tabular with thickest zones above depressions in
the pluton country rock contact. Analyses by K. R.
Ludwig, J. T. Nash, and C. W. Naeser of high-grade
ores from the mine define a 207Pb/204Pb-2351/2°4Pb
isochron indicating an age of mineralization of 51.0 +
0.5 m.y. This age coincides with a time of regional
voleanic activity (Sanpoil Volcanics), shallow intrusive
activity, erosion, and faulting. Uranium-thorium-lead
isotopic ages of zircons from the porphyritic quartz mon-
zonite in the mine indicate an age of about 756 m.y.;
hence, the present orebodies were formed about 24 m.y.
after its intrusion. The 52-m.y. time of mineralization
probably represents a period of mobilization and
redeposition of uranium by supergene ground waters,
perhaps aided by mild heating and ground preparation
and preserved by a capping of newly accumulated im-
permeable volcanic rocks. It seems most likely that the
initial concentration of uranium occurred about 75 m.y.
ago, probably from relatively mild hydrothermal fluids
in the contact-metamorphic aureole of the uranium-rich
porphyrite quartz monzonite. Pitchblende, coffinite,
pyrite, marcasite, and hisingerite are the most common
minerals in the uranium-bearing veinlets, with minor
sphalerite and chalcopyrite. Coffinite with associated
marcasite is paragenetically later than pitchblende,
though textural and isotopic evidence suggests no large
difference in the times of pitchblende and coffinite for-
mation.

The uranium-lead isotope systematies'of total ores and
of pitchblende-coffinite and pyrite-marcasite separates
show that whereas open-system behavior for uranium
and lead is essentially negligible for large (200-500 g)
ore samples, lead migration has occurred on a scale of
1-10 mm out of pitchblende and coffinite and into
daughters of 238U (probably 222Rn) has occurred: on
scales of from 100 em to 20 em. The isotopic composition
of unsupported radiogenic-lead in pyrite-marcasite
seems to depend on the mineralogical microenvironment
of the grains so that the radiogenic-lead in pyrite mar-
casite intimately intermixed with pitchblende-coffinite
tends to be deficient in 296Pb, and the radiogenic-lead in
pyrite-marcasite in gangue tends to have excess 2°6Pb.
These systematics probably reflect differences between
the average distances of lead and 222Rn diffusion since
the formation of the ores.
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Characteristic differences in Texas roil-type uranium deposits

Studies by R. L. Reynolds and M. B. Goldhaber in-
dicated that a roll-type uranium deposit hosted by the
Eocene Jackson Group in Karnes County, Tex., differs
in some fundamental geochemical and mineralogic
characteristics from uranium deposits hosted by the
Miocene Oakville Sandstone in nearby Live Oak County.
Reduced sandstone of the Karnes deposit-is character-
ized by the presence of organic carbon and low-sulfur
content (<1 percent), and by light sulfur isotopic com-
positions (§%4S) averaging about — 14 permil. Pyrite, the
dominant iron disulfide (FeS;) mineral, occurs com-
monly as framboids and as replacements of plant
fragments and is generallly sparse throughout ore and
barren reduced ground. In contrast, the Oakville host
beds are virtually- devoid of organic matter and contain
substantially more sulfur (up to 4 percent) than do host
beds for the Karnes deposit. Moreover, the -Oakville
deposits are characterized in ore and reduced barren
ground by abundant ore-stage marcasite (6¢S as light
as —46 permil). An extrinsic sulfide source-fault-
leached H,S —played an important role in localization of
the QOakville deposits. Although the Karnes deposit is
located near faults and wells that produce oil and sour
gas, the deposit lacks geochemical and mineralogic
properties, indicating that it formed and (or) was
preserved under conditions related to fault-leaked H,S.
Mineralization in the Karnes deposit, rather, appears to
have been controlled by intrinsic reductants related to
biologic processes.

GEOTHERMAL RESOURCES

Tectonic influences on hydrothermal and magmatic systems in
the Geysers-Clear Lake region, California

The Geysers-Clear Lake region is the locus of active
voleanism in the Coast Ranges of California and is the
site of the largest developed geothermal field in the
world. J. M. Donnelly-Nolan, R. J. McLaughlin, and
B. C. Hearn, Jr., reported that a shallow silicic magma
chamber heated from below by mantle-derived melts
underlies the dominantly silicic Clear Lake Volcanies
and provides the heat for the accompanying geothermal
system. Geophysical evidence for the magma reservoir
includes lack of seismic events deeper than 5 km, large
P-wave delays, and a circular 30-mGal negative Bouguer
gravity anomaly. The hydrothermal systems in the
Geysers—Clear Lake region are supplied by varying pro-

portions of meteoric, evolved connate, and metamorphic
water. There is no evidence for magmatic water. On the
eastern and southeastern periphery evolved connate
water plays a larger role, and the high chlorine ion con-
tent may have facilitated deposition of gold at Wilbur
Springs and at the recent Knoxville discovery. Mercury
deposits are widespread in the broad area of young
voleanism, abundant thermal springs, and high CO,
discharge. The specific locations of mineral deposits and
thermal springs are controlled by abundant young high-
angle faults with a dominant northwest trend. The ac-
tive hydrothermal systems lie within various thrust-
faulted terranes of juxtaposed upper Mesozoic rocks
having different ages and physical properties, and all
are within a wide area of right-lateral shear of the San
Andreas system. This soft plate margin is characterized
by pull-apart basins and volcanism increasing younger
northward. Models for ascent of magmas into the crust
include (1) deep extension and pressure release through
strike-slip pull-apart; (2) holes in weak crust resulting
from the dynamics of an unstable Pacific-Farallon-
North American plate junction; (8) a mantle hot spot.

Temperature gradient map of the conterminous United States

Marianne Guffanti and Manuel Nathenson con-
structed a preliminary temperature-gradient map of the
conterminous United States. The map, which is con-
toured, displays temperature gradients that can be ex-
pected to exist regionally in a conductive thermal
regime to a depth of 2 km. Gradients were determined
directly from published temperature-depth data for drill
holes generally deeper than 600 m. The map will be used
in the USGS assessment of low-temperature geothermal
energy. A temperature-gradient map of North America
was constructed by the AAPG and USGS (1976) using
gradients calculated from average annual air
temperatures and bottom-hole temperatures for
thousands of oil, gas, and water wells. A major dif-
ference between the two maps occurs in some central
states where the AAPG-USGS map does not indicate a
transition between colder eastern and warmer western
thermal regimes. The new gradient map agrees more
favorably with the heat-flow map of Sass and others
(1980) in this regard, with low (< 1.5 HFU) heat flow in
the east, commonly expressed by gradients <25°C/km,
and high (> 1.5 HFU) heat flow in the west, generally
reflected by gradients >25°C/km.
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IGNEOUS AND METAMORPHIC ROCKS
AND GEOCHEMISTRY

Mineralogic and trace-element basls for subdividing the Monson
Gneiss, Connecticut

Further work on the geochemistry of the Monson
Gneiss of the Killingworth dome area by R. P. Wintsch
(Indiana University) supports the conclusion that it does
not constitute a single stratigraphic unit. These
plagioclase gneisses can be divided on the basis of gross
compesition inte dacitic gneisses at Bronson Hill and
andesitic gneisses of the Waterford Group. The rocks of
these two sequences differ also in content of trace
elements and in composition of intercalated
amphibolites. The gneisses of the Waterford can be fur-
ther subdivided on the basis of amphibolite composition.

The Orrington-Liberty antiform in Maine and its geologic history

The Orrington-Liberty antiform in Maine trends
northeast from the vicinity of Portland to the vicinity of
Bangor. It is cored by a pre-Silurian terrane that
includes the Cushing, Cape Elizabeth, Spring Point, Dia-
mond Island, and possibly the Spurwink Formations
that were first defined near Portland (Katz, 1917;
Hussey, 1971). The antiform is flanked to the northwest
and southeast by a Silurian turbidite section in south-
central Maine. The pre-Silurian terrane plunges north-
easterly beneath the Silurian section in the vicinity of
Bangor.

The Mesozoie, high-angle Norumbega fauit system
cuts the core of the antiform longitudinally; it extends
from Bangor southwestward to Richmond. This fault
system, north of Liberty, consists of two parallel faults
whose dip separations are such as to produce a
grabenlike wedge of Silurian rocks separating pre-
Silurian terrane to the northwest and southeast.

The Orrington-Liberty antiform is complexly de-
formed. Minor structural features indicate that at least
one episode of deformation predates and two episodes
postdate the time of development of the antiform. The
northwest flank of the antiform is broken by a
premetamorphic thrust fault that predates development
of the antiform. This thrust fault is truncated in the
vicinity of Bangor by the Norumbega fault system.
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Correlation of metamorphic rocks of the Presidential Range area,
Lewiston 2° sheet, New Hampshire

Restudy by N. L. Hatch, Jr., of the metamorphic rocks
of the Presidential Range area of northeastern New
Hampshire mapped as Littleton Formation by Billings
supports previously hypothesized correlations with sec-
tions established to the northeast by R. H. Moench and
to the south by J. B. Liyons of Dartmouth College. At the
base, the section is well-bedded, gray, nonrusty quartz-
ite, grit, pelite, and conglomerate. Next above is a very
rusty, flaggy, hard, sulfidic, biotitic cale-granulite, suc-
ceeded by green, white, and tan nonrusty cale-granulite
previously mapped as the “Boott Member” of the
Littleton. At the top of the section is a gray-brown,
medium-bedded, nonrusty pelite and granulite with local
coticule overlain by gray, thicker bedded ex-andalusite
schist and biotitic quartzite. Graded beds confirm the
sequence—the “Boott Member” and lower units, which
are at least a thousand meters thick. Proposed correla-
tions are

Northeastern
New Hampshire
Thick pelite + quartzite
Pelite, granulite + coticule

Central

New Hampshire Western Maine

Seboomook Formation

“Kearsarge Member”
“Carrabassett Formation”

Littleton Formation

“Warner Formation” Calc-granulite Madrid Formation
(“Boott Member™)
“Francestown Formation” Rusty granulite Smalls Falls Formation

Metapelite Perry Mountain Formation

Quartzite + conglomerate Rangley Formation

These correlations and the presumed Silurian age for
the Rangeley, Smalls Falls, and Madrid imply abrupt
eastward thickening of the Silurian section across New
Hampshire from the Bronson Hill area and a
southwestward extension of the Silurian tectonic hinge
line previously described from western Maine. The
apparent absence of the Perry Mountain Formation
from New Hampshire could be tectonic or stratigraphic.

GLACIAL GEOLOGY

Glacial Lake Hitchcock, an ice-marginal water body in Long
Island Sound

The presence of a large ice-marginal water body in
Long Island Sound was suggested by several workers.
Data on glacial deltas in south-central Connecticut com-
piled by J. R. Stone support the presence of such a lake,
and indicate that its water plane reached an elevation of
about 6 m above present sea level at New Haven.
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Because of the concavity of the shoreline toward open
water to the south and the southward slope of the water
plane (estimated at 0.5 m/km), the zero isobase
intersects the shoreline at about Fairfield and Guilford,
and only between those points does it lie above present
sea level.

The great delta in glacial Lake Hitchcock at the mouth
of the Farmington River consists of three segments.
The highest segment appears to have been built by ice-
contact drainage at a time when the lake extended west
through Tariffville gap into the Farmington River
valley, and there controlled the level at which other
deltaic deposits were being formed. The other two
segments were built by the Farmington River to suc-
cessively lower levels of Lake Hitchcock, the lower of
which is consistent with the present floor level of the
New Britain spillway.

Connecticut surficial materials map

The surficial materials map of Connecticut, partly
compiled by J. R. Stone, J. P. Schafer, E. B. H. London,
and W. B. Thompson, is a companion to the surficial
geologic map, and is based on that map as well as exten-
sive data on surface and subsurface materials. Most of
the map units bear “sandwich” symbols that indicate not
only the main materials at the surface (gravel, sand,
fines, and others), but also one or more subsurface units.
Coarser material overlying finer was a result of deposi-
tion in extensive glacial lakes. The reverse relation
(coarser underlying finer) is much less common but is
locally important as such sequences are a source of
ground water. The morphosequence concept provides an
important rationale for interpreting the textures of the
stratified glacial deposits.

Stratified glacial deposits in Connecticut and their relation to the
morphosequence concept

Parts of the surficial geologic map of Connecticut at

scale 1:125,000 were compiled by J. P. Schafer, J. R. -

Stone, E. B. H. London, W. B. Thompson, and W. H.
Langer. The accumulated information confirms the pro-
ductive character of the morphosequence concept as the
basis for depiction of the stratified glacial deposits. Suc-
cessive morphosequences mark successive positions of
retreating ice margins and reveal close relation with
topography. Comparison of the successions of mor-
phosequences to a generalized curve of ice retreat com-
piled by J. P. Schafer indicates that retreat northward
across the State took about a thousand yr, and that
morphosequences were deposited at spacings of perhaps
1 to 4 km or 10 to 75 yr.

Deglaciation and ice-margin retreat of the late Wisconsinan
Laurentide ice sheet in Massachusetts

In the compilation of the new Massachusetts State
surficial geologic map by B. D. Stone, F. D. Larsen,
C. R. Warren, R. N. Oldale, and J. D. Peper, a
stratigraphic framework of over 200 map units was
established. The resulting map revealed a regional cor-
relation of deglaciation events and a pattern of ice-
margin retreat of the late Wisconsinan Laurentide ice
sheet. Although upper Wisconsinan till covers about 63
percent of the State, the chronologic framework of ice
retreat was established by meltwater deposits. Locally,
small moraine segments, isolated high-level kames, and
minor readvance features establish the deglacial history.
Glaciolacustrine units constitute three-fourths of the
total meltwater deposits by area and cover 28 percent of
the map area. Glaciofluvial units cover 7 percent, and
moraines and glaciomarine units each cover about 2 per-
cent of the map area.

Preliminary synthesis of regional correlations, based
on chronology of meltwater deposits, moraines, and ice
flow-direction indicators, showed that wmajor
topographic features strongly influenced the pattern of
retreat across the State of the Laurentide ice sheet.
Five glacial lobes formed in lowland areas during
thinning and melting back of the ice. During the early
stages of ice retreat in southeastern Massachusetts, the
Buzzards Bay-Narragansett Bay lobe, Cape Cod Bay
lobe, and Great South Channel lobe developed in
lowland basins, which were progressively lower in
altitude and were larger to the east. Successive overlap
of younger deposits to the east indicates that Great
South Channel lobe, which occupied the lowest and
largest basin, produced sediments that were deposited
in plains of the outer cape after the Cape Cod Bay lobe
had retreated from most of the bay. North of this area,
successive ice-margin positions of the eastern
Massachusetts lobe, the Connecticut valley lobe, and the
Hudson valley lobe are marked chiefly by ice-margin
dams which temporarily impounded numerous pro-
glacial lakes in lowlands across the State.

Lake Passaic sediments and their implications as to gelogic
history

Initial coring operations in the Great Swamp basin of
Glacial Lake Passaic, northern New Jersey, yielded a
nearly complete vertical sequence of lake-bottom
sediments at a drill site 8 km south of the late Wiscon-
sinan glacial terminal position. The core, sampled by
D. W. Duty, M. J. Pavich, and B. D. Stone, contains 4.1
m of irregularly laminated and deformed silt, clay, and
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sand overlying 18.9 m of regularly spaced, alternating
silt and clay laminae, which overlie 6.1 m of irregularly
laminated silt and clay. Silt-clay couplets of the middle
unit, studied by G. E. Reimer and G. M. Ashley, average
3.1 em thick; clay layers are from 1.5 to 4 times the
thickness of superjacent silt layers. When interpreted as
varves, these rhythmites indicate a minimum of 600 yr
of glacial damming of Lake Passaic during the late
Wisconsinan glacial maximum.

SOUTHERN APPALACHIAN HIGHLANDS
AND COASTAL PLAINS

PENNSYLVANIA TO ILLINOIS

Thrusting of Proterozolc and lower Paleozoic rocks along the
northwestern edge of the Reading prong

Mapping along the northwestern edge of the Reading
prong of northern New Jersey and adjacent Penn-
sylvania reveals regional thrust sheets involving both
Proterozoic gneisses and lower Paleozoic carbonate and
clastic rocks. The Paleozoic rocks are found both
stratigraphically coupled with underlying gneisses and
separated from them by a single thrust fault or an imbri-
cate stack of thrusts. The gneisses have a distinct
magnetic signature distinguishing them from the
weakly magnetic cover rocks. An abrupt drop in
magnetic intensity at the northwestern limit of outcrop-
ping Proterozoic rocks indicates that these rocks do not
extend under the Paleozoic rocks of the Great Valley;
and, in fact, are thrust over them as seen in the field.

Two high magnetic anomalies of regional extent
northwest of the exposed Proterozoic rocks are inter-
preted as indicating buried thrust sheets of Proterozoic
gneiss. The Catasauqua anomaly was interpreted by
Drake (1978) as reflecting the Proterozoic core of the
Lyon Station-Paulins Kill nappe at 1.6 km below the
surface. A second aeromagnetic anomaly exists farther
northwest, near the position of outcropping Silurian
rocks between Kingston, N.Y. and Little Gap, Pa. This
anomaly was modeled under the assumption that Pro-
terozoic gneisses are the magnetic source. The model
suggests a folded southeast-dipping thrust sheet of Pro-
terozoic gneisses at a depth of from 3 to 4.5 km. Seismic
data to the southwest in Pennsylvania indicate that
autochthonous basement lies below 12 km. It was con-
cluded, therefore, that outcropping Proterozoic
gneisses, the buried core of the Lyon Station-Paulins
Kill nappe, and the buried Kingston-Little Gap thrust
sheet are tectonic slices that have been ramped off the
basement along major thrust faults..

Delineation of the northern edge of the Tully Limestone in
northwestern Pennsylvania

J. B. Roen reported that the question regarding the
presence of the Tully Limestone in the subsurface of
northwestern Pennsylvania has been resolved. The
assignment of the uppermost Middle Devonian
limestone that underlies the equivalents of the Genesee
and Sonyea Formations of Late Devonian age in the sub-
surface of northwestern Pennsylvania has been a con-
troversy since the records of oil and gas wells facilitated
the projection of the Devonian stratigraphy from the
outcrop in central Pennsylvania and New York
westward into the subsurface. Stratigraphic studies
based on well records and cuttings have presented op-
posing views. Jones and Cate (1957) believed the Tully
Limestone to be present in northwestern Pennsylvania.
The work of Piotrowski and Harper (1979) supports that
view. It shows the Tully Limestone to be present
throughout all of western Pennsylvania, except for the
western part of Mercer and Lawrence Counties and
parts of McKean and Warren Counties. Their conclu-
sions are based on a gamma-ray well-log study projected
from the outerop of the Tully Limestone in central Penn-
sylvania to the subsurface in Erie County. They could
find no reason for the Tully not to be present in north-
western Pennsylvania.

On the other hand, Wright (1973), Roen, Wallace, and
deWitt (1978a, 1978b), and Wallace, Roen, and deWitt
(1977) prepared gamma-ray log cross sections and con-
cluded that the Tully Limestone is not present in the
northwestern counties of Pennsylvania. They believed
the limestone in question to be older than the Tully and
of late Hamilton age. Recently A. G. Harris examined
the conodonts from core samples of the questioned
stratigraphic interval collected by Roen from the Mon-
santo Research Corporation, Presque Isle State Park
EGSP PA 3 well in Erie County, Pa. In the terms of cen-
tral New York stratigraphy, Harris reported that the
conodonts represent a stratigraphic interval below the
Tully Limestone and above the Cherry Valley Limestone
Member of the Mareellus Shale. The conodonts iden-
tified are from the Varcus zone and are of late Middle
Devonian age, probably earliest late Middle ‘Devonian.
Interpretation by Roen of surface and subsurface data
from the outcrop belt of the Tully Limestone in Tom-
pkins County, N.Y., to the Presque Isle State Park well
in Erie County, Pa., concurs with Harris’ conodont
study and further suggests that the limestone in ques-
tion is the Tichenor Limestone Member of the
Ludlowville Formation and in part may contain beds of
the older Centerfield Limestone Member of the
Ludlowville. The presence of the Centerfield Limestone
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Member is in agreement with earliest late Middle Devo-
nian age suggested by Harris.

In summary, the Tully Limestone is not present north-
west of Beaver, Butler, Clarion, Elk, and McKean Coun-
ties in northwestern Pennsylvania, and those beds
previously thought to be Tully are the older Tichenor
Limestone Member and possibly the Centerfield
Limestone Member of the Ludlowville Formation.

Distribution of Devonian algae, Foerstia, in the Appalachian and
{llinois basins

The fossil algae Foerstia had been reported from the
west side of the Cincinnati arch by Hoskins and Cross
(1952). They did not note its stratigraphic position in the
Devonian sequence, nor could their localities in the
Illinois basin be recovered. Recently, however, R. C.
Kepferle (USGS) and J. G. Beard (Kentucky Geological
Survey) rediscovered the Foerstia zone in the Illinois
basin. The algal remains were found in an outcrop and in
a drill core from the south side of Buttonmold Knob, a
few miles south of Louisville, Bullitt County, Ky. At this
locality, the Foerstia zone occurs about 2 m below the
top of the Clegg Creek Member of Lineback (1968), the
uppermost member of the New Albany Shale.
Rediscovery of this stratigraphic zone containing
Foerstia revises an earlier correlation and provides a
stratigraphic datum for future correlations of units be-
tween the New Albany Shale of the Illinois basin and the
Chattanooga and Ohio Shales of the Appalachian basin.
The previous correlation of the Devonian shale sequence
between the two basins was based on the lithologic
similarity of the Three Lick Bed of the Ohio Shale of the
Appalachian basin to the lower part of the Camp Run
Member which underlies Lineback’s Clegg Creek
Member of the New Albany Shale in the Illinois basin
(Provo and others, 1978, p. 1708).

The position of Three Lick Bed, which occurs above
the Foerstia zone throughout the Appalachian basin and
the Cumberland sag invalidates the correlation of the
Three Lick Bed with Lineback’s (1968) Camp Run
Member of the New Albany Shale. In addition, the
Three Lick Bed could not be recognized in the upper 2 m
of Lineback’s Clegg Creek Member. These data support
the contentions of Griffith (written commun., 1977) and
Jordan (written commun., 1979) that the Three Lick
could not be recognized much beyond the Cincinnati
arch in the Illinois basin. Also the rediscovery and
stratigraphic placement of Foerstia enlarges the extent
of a datum for detailed stratigraphic correlations of the
black shales of Devonian age between the Appalachian
and Illinois basins.

Tentative conclusions based on the relative
stratigraphic position of Foerstia in the two basins are

(1) that the depositional history of the Illinois basin was
different from that of the Appalachian basin through
much of the Late Devonian, and (2) that the Cincinnati
arch, although not necessarily emergent during this
time, was a barrier between two independent euxinic
basins in which the sedimentation patterns differed.

Correct application of the term “bentonite” to Devonlan black
shales in the Appalachian basin

Recent studies by J. W. Hosterman and J. B. Roen on
the Devonian black shales and associated rocks of the
Appalachian basin indicate that the term “bentonite” has
been misused in its application to the stratigraphic
nomenclature. The Tioga Bentonite Bed is found near
the contact between the Onondaga Limestone and
Marcellus Shale of the Hamilton Group. The Belpre Ben-
tonite occurs near the base of the Rhinestreet Shale
Member of the West Falls Formation. The Center Hill
Bentonite Bed is in the upper unit of the Dowelltown
Member of the Chattanooga Shale and in the Pipe Creek
Shale Member of the Java Formation. These beds are
composed of degraded and disordered (Md) illite,
kaolinite, and illite-smectite mixed-layer clay. Smectite
is a minor constituent in several samples. Bentonite was
proposed originally for a soft, soapy-feeling unusually
absorbent clay which is composed chiefly of smectite.
Because of these unique properties of smectite, ben-
tonite has a high commercial value and a definite
meaning in industry.

Because of the obvious mineralogical and physical
properties, the established commercial meaning, and the
definition that requires smectite to be the major constit-
uent of bentonite, it is recommended that the Devonian
bentonite beds be known as Tioga Ash Bed, Belpre Ash
Bed, and Center Hill Ash Bed.

Mineralogy of Devonian black shales in the Appaiachian basin

A detailed mineralogical study of more than 2,100
samples from 84 drill holes representing 11 units of
Devonian black shale in the Appalachian basin has pro-
duced some new data, which are summarized in a report
by J. W. Hosterman and S. I. Whitlow. The shale is com-
posed of 2M illite, chlorite, mixed-layer clay minerals,
and occasionally kaolinite. Quartz and pyrite are usually
present, and calcite occurs only in the older units. The
2M illite was derived from degraded and disordered
(Md) illite and smectite; chlorite was also derived from
smectite; illite-smectite mixed-layer clay was formed
from a mixture of Md illite and smectite; and illite-
chlorite mixed-layer clay was also formed from Md illite
and smectite. Kaolinite, found only in the younger units
in minor quantities, is probably the only original detrital
clay mineral. The nondetrital quartz resulted from the
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formation of the above minerals in the reaction—
smectite + A1+3+K+ = illite + chlorite + quartz.

Although the shale contains occasional traces of
sulfides (galena and chalcopyrite) and sulfates (barite
and gypsum), there is no evidence to indicate the
existence of a large disseminated mineral deposit. The
organic content of the shale can be estimated from the
Munsell color value if the amount of calcite is known.
For example, a shale with a Munsell color value of 3.5
contains about 12 percent organic carbon if it has more
than 5 percent calcite, but with less than 5 percent
calcite the same color shale contains only about 4 per-
cent organic carbon. The presence of kaolinite indicates
that the source area, during Devonian time, was to the
east and northeast of the basin of deposition. The
crystallinity variation of the 2M illite supports the cono-
dont color alteration index and indicates that the inten-
sity of low-grade metamorphism increases to the north-
eastern part of the Appalachian basin.

VIRGINIA

Proterozoic geology of the Blue Ridge province, Marshall and
Rectortown 7z-minute quadrangles, Virginia

The Protozoic Y Catoctin Formation (metabasalt brec-
cias and flows) seems to overlie comformably the
Fauquier Formation of Furcron (1939) (meta-arkosic

sedimentary rocks) in the Marshall quadrangle, Va., .

according to G. H. Espenshade. Thin, lenticular beds of
arkosic quartzite occur at several horizons within the
Catoctin. These relations suggest that Catoctin
volcanism began suddenly (ending sedimentation) and
that eruptions were rapid except for brief periods when
Fauquier-like sedimentation was resumed. The Catoctin
metabasalts in this region form two chemical suites: a
low titanium-high magnesium suite, and a high titanium-
generally low magnesium suite. A zone of basaltic
breccia, as much as 1000 m thick in the lower part of the
Catoctin, belongs to the low-titanium suite. An over-
lying zone of breccia (of different aspect), perhaps as
thick as 900 m, belongs to the high-titanium suite;
metabasalt flows above and below the breccia zones, as
well as metadiabase dikes, also belong to the high-
titanium suite. The breccias, according to R. L. Smith
(oral commun., 1980), appear to be agglutinates formed
by lava spatter from fissure eruptions. A Proterozoic Z
normal(?) fault that occurred at about the start of Catoc-
tin volcanism has been recognized; this fault may have
been reactivated during the Alleghanian orogeny in the
late Paleozoic.

Petrology of the “Lahore” complex and Ellisville piuton,
composite granitoid bodies in the Piedmont of Virginia

Geologic mapping in the Mineral and Lahore
quadrangles, Va., by Louis Pavlides and S. L. Cranford
indicates that the Ellisville granitoid mass consists of at
least two distinct compositional and tectonic bodies,
both of which are composite. The older body, in the
northwestern part of the mass, is composed of
hornblende- and pyroxene-bearing alkali granite and of
biotite-hornblende diorite that form an oval-shaped
mass, herein named informally the “Lahore” complex,
and that partially encloses a smaller serpentinite body at
its northern end. The serpentinite of the “Lahore” com-
plex is interpreted to have been intruded and enclosed
by the granitoid mass of the “Lahore” prior to the forma-
tion of the melange. The rocks of the “Lahore” complex
have the same foliation and magnetic signature as the
enclosing polydeformed schists, but they have a more
distinctive, positive aeroradiometric imprint than the
enclosing schist or the granitoid mass to the south. The
large granitoid pluton to the south of the “Lahore” com-
plex intruded the schist terrane as well as the “Lahore.”
The name Ellisville pluton is restricted herein to this
composite pluton. The oldest granitoid recognized thus
far in the interior of the Ellisville is a coarse-grained
porphyritic biotite monzonite with local flow foliation;
and it contains macroscopic well-formed epidote and
sphene. A fine-grained biotite monzonite cuts the por-
phyritic monzonite. Locally, leucocratic granite occurs
along the margins of the Ellisville pluton.

Based on geologic and geophysical features, the
Ellisville pluton is considered to be an intrusive mass
emplaced within a melange terrane (Pavlides, 1979) in
the Piedmont of Virginia. The “Lahore” complex with its
serpentinite inclusion may be an olistolith within the
melange. The mafic-ultramafic rootless masses of Green
Springs, Diana Mills, and Buckingham, also may be
large olistoliths near this melange zone, which is prob-
ably coeval with the Baie Verte-Brompton Line of the
northern Appalachians.

Structural framework of the Allegheny front in southwestern
Virginia

Reconnaissance of structures along the Allegheny
front in southwestern Virginia and southeastern West
Virginia by R. C. McDowell suggested a new interpreta-
tion of the Hurricane Ridge syncline in the juncture zone
of the southern and central Appalachians. Instead of
curving northward as shown on existing geologic maps,
with the southern Appalachian trend gradually
changing to a central Appalachian trend, the axis of the
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overturned syncline continues northeastward roughly
parallel to the St. Clair thrust and appears to “cut off” or
override the southern noses of gentle central
Appalachian folds. This relation implies that develop-
ment of the Hurricane Ridge syncline and St. Clair
thrust postdate formation of the central Appalachian
folds that lie to the northwest.

Geologic evidence of Cenozoic tectonism in the Rappahannock
River basin, Virginia

Mapping of Cretaceous and Tertiary stratigraphic
units along the Fall Line zone of the Fredericksburg,
Va., area by W. L. Newell documented a complex zone
of high-angle, northeast-trending reverse faults that
juxtapose Paleozoic metasedimentary rocks and
Cretaceous and Cenozoic sediments. The reverse faults
indicated a regional northwest-southeast compressive
stress field with a left-lateral strike-slip component of
movement. Thicknesses and spatial distribution of
stratigraphic units indicated that fault movement has
been sequential and cumulative.

Distribution of younger strata coastward from the
Fall Line zone, particularly in the central Rappahannock
estuary, suggests that fluvial, estuarine, nearshore-
marine, and marine-shelf depositional environments
were influenced by sub-Coastal Plain tectonics. East of
the Fall Line zone, facies relation and structure con-
tours on the bases of units document a northeast-
trending hingeline. Superimposed across this hingeline
are southeast-trending troughs. Structure contours on
bases of succeedingly older units indicated increasingly
steeper gradients across the hingeline and increasing
closure on the southeast-trending troughs. The
hingeline and troughs are probably underlain by faults
that offset Cretaceous and lower Tertiary strata.

Evidence of Quaternary deformation is sparse and
subtle. Movement on subsurface structures influenced
erosion of upland areas and deposition of surficial
deposits in estuarine and peri-estuarine environments
adjacent to the upland source areas. The Pliocene to
Holocene evolution of the Rappahannock River estuary
integrates the effects of tectonism, fluvial to marine
depositional processes, weathering and erosional proc-
esses, and changing sea levels. Orientation of valley
reaches and facies relations of the enclosed deposits
indicates response to passive control by the structural
and stratigraphic framework, to active control by local
and regional uplift, and to glacio-eustatic sea-level
changes.

Geologic interpretation of a new simple Bouguer gravity map of
the Culpeper basin, Virginia

A new simple Bouguer gravity map of the Triassic-

Jurassic Culpeper basin and the adjacent crystalline |
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rock terrane indicates that Mesozoic sedimentary rocks
in the basin have only slight effects on the observed
anomalies, according to A. J. Froelich. The principal
anomalies apparently are caused by the underlying pre-
Mesozoic rocks and Jurassic igneous rocks, except in the
thickest west-central part of the basin where sedimen-
tary rocks contribute to a weak negative anomaly.

Preliminary calculations of thickness of basin fill from
gravity data in the deepest part of the basin indicate a
probable maximum thickness of 2 to 3 km. Steeply dip-
ping belts of pre-Mesozoic rocks along the northern part
of the basin produce strong alternating linear positive
and negative anomalies that extend beneath the basin
for tens of kilometers. The basin follows the regional
trend of the older rocks in the north, but in the south it
cuts abruptly westward across the regional strike. In the
south the anomalies associated with pre-Mesozoic rocks
can be traced across the basin, which they separate into
two subbasins. Jurassic basalt flows and diabase in-
trusive rocks produce positive gravity anomalies in the
northern subbasin; in the southern subbasin, where
basalt is absent and diabase constitutes most of the
basin fill, the associated positive anomalies are even
more pronounced. Steep, north-trending gradients
within the basin correspond with contacts between con-
cealed contrasting basement units, intrusive rocks, con-
cealed faults, or combinations of these features.

Evolution of karst terrain in the northern Shenandoah Valley of
Virginia

K. Y. Lee reported that in the northern Shenandoah
Valley of Virginia, dolines and ponors evolved from
limestone and dolomite containing shale, siltstone, and
sandstone and have relatively larger values of elonga-
tion and relief ratio than those from dense pure
limestone and dolomite. The long axes of depressions
are generally in the direction of major structural trends.
Most deep dolines. and ponors are located on uplands
near the Shenandoah River and its major tributaries.
The dolines are filled with a variety of surficial
materials. In areas of limestone and dolomite, as well as
areas of limestone and dolomite mixed with other types
of rocks, the stratigraphy of the fills is similar. Clayey
silt with quartz and quartzite granules, 0.9 m or less
thick, is on top. In sinkholes adjacent to major streams,
the material in this zone is coarser and thicker. In the
center of the depressions, the clayey silt grades
downward into alternating sequences of sand and
gravel, silt and clay, sand, and gravel. These deposits
are as much as 6 m thick in depressions in dolomite and
limestone and 5 m in limestone and dolomite mixed with
other rock types. The deposits lie on weathered bedrock
at the bottom of the sinkhole.
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Variable climatic conditions during deposition are
indicated by 1 to 3 m of terra-rosa and brown residual
clay mantling the limestone and dolomite. About 10 m of
yellowish-orange residual clay cover the limestone and
dolomite mixed with other rock types.

Relations between Quaternary boulder streams and bedrock,
Giles County, southwestern Virginia

Studies of boulder deposits in southwestern Virginia
by H. H. Mills have resulted in new information on their
origin. Boulder streams in first-order valleys on the
flanks of mountains in Giles County have been subdi-
vided into three types on the basis of morphology and
sedimentology. Boulder transport for these streams has
been traced to either gravity processes, catastrophic
floods, or gelifluction-frost heave. Thus, at least some of
the boulder streams are apparently relics of Pleistocene
events,

Relations between boulder streams and the under-
lying bedrock suggest that slope retreat occurs by a
process of topographic inversion similar to one proposed
in 1940 by Kirk Bryan. Armoring of the floors of hollows
on the mountain flanks by resistant boulders causes ero-
sion to attack the shale bedrock at the margins of the
boulder streams. Thus, the noses between hollows are
eventually removed by lateral migration of the hollows,
and the original hollows now become noses. The process
is repeated through time. This mechanism overcomes
the difficulty, in the original concept, of establishing
hollows on noses.

Post-Pliocene downcutting in the Potomac River valley

Profiles of major rivers in Maryland and Virginia are
generally closely adjusted to the resistance of the rocks
over which they flow, but they show major discon-
tinuities at or just above the Fall Line, according to a
recent study by J. C. Reed, Jr. The amount of discrep-
ancy at the Fall Line between the actual profiles and the
projection of the smooth profiles of the upstream
reaches increases from about 27 m at the James River to
about 50 m at the Susquehanna River. At the Potomac
River it is about 45 m. Detailed study of the terraces
along the Potomac in the Piedmont above Washington,
DC suggests that the discontinuity in longitudinal pro-
file is the result of post-Pliocene downcutting in
response to a lowered base level. The change in base
level may be due entirely to sea-level fluctuations during
the Pleistocene, but strong circumstantial evidence sug-
gests that it may in part be due to differential uplift of
the Piedmont with respect to the Coastal Plain along a
zone of flexure or distributed faulting near the Fall Line.
Rates of differential uplift calculated from inferred ages

of fluvial terraces are in close agreement with those in-
ferred from apatite fission track ages.

KENTUCKY

Structural analysis of Kentucky

An interpretive study of the tectonic evolution of cen-
tral and eastern Kentucky was completed. D. B. F.
Black inferred that the region was subjected to multiple
periods of compression and extension. The forces
resulted in faults and folds in zones of prior structural
weakness. Seismic profiles suggest that tilting and
blockfaulting in the basement, possibly coincident with
Cambrian sedimentation, created the east- to northeast-
trending Eastern Interior aulacogen and the southeast-
trending Floyd County aulacogen. On aeromagnetic
maps, these features appear to be truncated on the
southeast by the northeast-trending New York-
Alabama Lineament. The lineament’s great size, rec-
tilinear pattern, and associated compressional folds may
suggest a major lateral component of displacement. Cor-
relation of features across the lineament was not possi-
ble so the amount and sense of lateral offset could not be
determined.

Regional north-south compression involving basement
rock is suggested by several types of evidence to have
occurred in Silurian to Devonian time.

There is some suggestion of structural control of
sedimentation along the Borden front and elsewhere
during the Mississippian and Pennsylvanian. Rocks as
young as Pennsylvanian are displaced in a large con-
jugate fault system in which the major compression was
northwest-southeast.

During the Alleghanian orogeny (Pennsylvanian-
Permian), northwest directed thrust faulting occurred
in the Pine Mountain fault system. This belt directly
overlies the fault zone attributed to the New York-
Alabama lineament along the line of seismic profile.

Though only approximately located, centers of max-
imum intensity for historic earthquakes roughly coincide
with structurally and geophysically expressed
lineaments,

NORTH CAROLINA-SOUTH CAROLINA-
GEORGIA-ALABAMA

Geology of the Kings Mountain shear zone, North Carolina and
South Carolina

The north-northeast-striking Kings Mountain shear
zone, which separates the Kings Mountain and Inner
Piedmont belts near the North Carolina-South Carolina
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State line, was traced by J. W. Horton, Jr., from the
southern border of the Charlotte 2-degree quadrangle
near Gaffney, S.C., to the northern edge of the
Lincolnton East 7.5-degree quadrangle near Boger City,
N.C. The northern end dips to the northwest, and the
southern end dips to the southeast. The Blacksburg
Schist and Gaffney Marble are truncated by the zone at
Gaffney, and ultramafic bodies lie near the western edge
of the Kings Mountain belt in the same area. Lenticular
bodies of Pacolet Mills metagranite of Wagener (locally
mylonitic) lie along and just northwest of the zone
southwest of Gaffney. An isolated stock of Cherryville
Quartz Monzonite of Late Mississippian age at Sunny-
side, N.C. cuts across the Kings Mountain shear zone
without unusual deformation; this provides a minimum
age for deformation in the zone.

The Kings Creek shear zone, one of the longest of
several within the Kings Mountain belt, terminates a
few kilometers north of Bessemer City, N.C. A similar
north-northeast-striking ductile shear zone was
discovererd a kilometer west of Pasour Mountain.
Disseminated pyrite is concentrated in layers parallel to
the mylonitic foliation, and quartz veins are abundant.
The McCarter Hill, Dixon, and Asbury gold mines, and
the Oliver pyrite mine lie along this zone,

The north-northeast-striking Boogertown shear zone
marks the boundary between the Kings Mountain and
Charlotte belts in York County, S.C., and Gaston
County, N.C., but it has not been recognized to the north
in Linecoln County, N.C. The boundary between the
Kings Mountain and the Charlotte belts is poorly defined
in that area and appears to be a series of intrusive con-
tacts. The postmetamorphic biotite granite plutons at
York and Clover, S.C., lie within a few hundred meters
of the Boogertown zone but show no related deforma-
tion, suggesting that mylonite formation preceded
emplacement of the granites.

Age and tectonic significance of the Orangeburg scarp southwest
of the Cape Fear arch, North Caroiina and South Carofina

One of the most prominent geomorphie features in the
upper Coastal Plain of North and South Carolina is the
Orangeburg scarp immediately southwest of the Cape
Fear arch. The age of the sediment which lies at the toe
of the scarp has been questionable. J. P. Owens reported
that cores were drilled near the toe, and fossiliferous
samples were obtained from two localities. Planktic
forams (N 21), nannofossils (NN 16) and ostracodes sug-
gest an age of about 3.0 m.y. The highest elevation of
these 3.0 m.y.-old deposits on the arch is about 75 m
above sea level. The Cape Fear arch, therefore, has been
uplifted that amount above sea level since 3.0 m.y. ago.

New evidence of two styies and phases of movement aiong the
Brevard zone, southern Appalachians

There have been at least 19 interpretations of the
nature of the Brevard zone in the southern Appa-
lachians. Recent geologic mapping by M. W. Higgins
and R. L. Atkins showed that rocks of the Sandy
Springs Group, previously thought to crop out only
northwest of the zone, are also present southeast of the
zone northeast of Atlanta, Ga. Drag folding of the Sandy
Springs stratigraphic sequence, and of major, tight,
moderately to steeply inclined folds in the Sandy
Springs rocks, and elongation of two granitic batholiths
due to drag, indicate right-lateral strike-slip movement
along the Brevard. The displacement of the Sandy
Springs units is right-lateral along the zone, with ap-
parent offset of 35 to 40 km. Because of the tightness of
the folds in the Sandy Springs rocks, and the thickness
of material that has been removed from this area since
metamorphism, the offset must be approximately real
and not just apparent. The Brevard cannot have had ma-
jor normal or reverse displacement since deposition of
the Sandy Springs Group. Higgins and Atkins suggest
that there were two different phases of movement along
the Brevard zone; early reverse faulting was followed by
strike-slip faulting. Because the same stratigraphic
sequence is present on both sides of the Brevard zone, it
is suggested that the zone may not mark the boundary
between the Piedmont and Blue Ridge, or “Inner Pied-
mont” and “Northern Piedmont” in Georgia. This
invalidates use of the terms “Inner Piedmont” and
“Northern Piedmont” in Georgia.

Metamorphism and structure of the Blue Ridge province,
Greenville 2° quadrangie, South Carolina and Georgia

Metamorphic rocks of the Blue Ridge province in the
northwestern part of the Greenville 2-degree
quadrangle are polydeformed, according to A. E.
Nelson. Structural data suggest that at least four fold
phases have effected the Blue Ridge rocks. First genera-
tion folds (F1) are south-facing reecumbent isoclines;
their axial planes appear to be coplanar with axial planes
of some second generation folds (F2). The ¥2 folds,
which are gently plunging vertical to recumbent
isoclinal folds with generally northeast-southwest
trending areas, are the major northeast-trending
regional folds. Tight upright to overturned folds that
trend northerly and westerly represent the third fold
phase (F'3); these folds generally have lower amplitudes
and shorter wave lengths than do the F2 folds. The
northerly and westerly F3 folds may each represent a
separate fold phase, but evidence suggests they are con-
jugate folds formed during the same deformational
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phase. The fourth generation folds (F'4) are represented
by the broad warping that forms broad shallow struc-
tural basins and domes in the study area.

Some of the westerly and northerly F3 folds have a
well-developed axial planar slip or spaced schistosity. In
many rock exposures, both F3 schistosities are super-
posed on the earlier regional foliation, and in places one
of the two F3 schistosities form the dominant schis-
tosity.

Metamorphism and structure of the Inner Piedmont province,
Greenville 2° quadrangle, South Carolina and Georgia

J. W. Clark reported that at least three generations of
folds are present in rock of the Inner Piedmont prov-
ince. The regional schistosity represents the axial plane
foliation of F'1 folds. This foliation is folded (F2) in places
along steep to vertical areas. Subsequent deformation
(F3) has produced chevron folds as well as larger folds
that can be mapped. Exposed small-scale folds (up to 30
mm in size) seem to reflect the style and type of the
larger ¥3 folds.

Geologic evidence of Tertiary tectonism in South Caroiina

Continuing investigations of Tertiary sediments in the
subsurface of the Charleston-Summerville area, South
Carolina, showed that most major unconformities are
surfaces of considerable stratigraphic relief. Physical
evidence of faulting in cores and regional stratigraphic
syntheses suggest that middle Tertiary tectonism is at
least partly responsible for the delineated geometries of
subsurface units.

According to G. S. Gohn, Cretaceous sedimentary
rocks and Tertiary sediments as young as middle
Paleocene (early Thanetian) have regional dips and
locally anomalous thicknesses that are compatible with
the location and sense-of-motion of northeast-striking,
northwest-dipping reverse faults defined by seismic
reflection surveys in the Summerville, S.C. area. The
subsurface distribution of upper Paleocene to upper
Oligocene sediments cannot be easily related to the
sense-of-motion on the seismically defined faults.
However, in three of four cores taken in the Summer-
ville area, R. E. Weems and E. M. Lemon found
through-going, high-angle fractures (faults?) within (2
cores) or at the top (1 core) of middle Eocene limestone
sections. The fracture at the middle Eocene-upper
Eocene contact is a true fault with a stratigraphic
displacement of 0.5 m. The unexpected high incidence of
small-scale structures in these cores suggests that the
middle Eocene limestone may be pervasively broken in
the study area. The apparent restriction of breakage to
this limestone may indicate that it is the only Cenozoic
unit that is rigid enough to be fractured; other less com-

petent units would, therefore, be expected to deform by
folding. Cumulative local effects of sustained movement
on Tertiary fault zones should include (in addition to
stratigraphic relief caused directly by folding and
faulting) overlap of several older units by each younger
unconformity caused by local tilting and erosion,
localization and stacking of channels, and restricted
geometries of units. One or more of these effects have
been documented in the study area for nine units
ranging in age from late Paleocene to Pliocene.

Evidence present on a regional scale suggests that the
middle to late Eocene was a time of increased tectonism.
According to Lucy McCartan, J. P. Owens, and D. C.
Prowell, previously documented, widespread, small-
scale structures in the upper Coastal Plain of South
Carolina and a newly discovered fault zone near the
Orangeburg scarp at St. Matthews occur in sediments of
possible or probable middle Eocene age. Younger units
are not as severely deformed. In addition, along the
South Carolina and Georgia coastal margins, the
Southeast Georgia Embayment can be shown to be
principally a middle to late Eocene basin that is not ap-
parent on ispopach maps of older units.

Middle Cretaceous and younger continental to marine sediment
in the Coastal Plain of western Georgia

The Coastal Plain section of western Georgia consists
of sedimentary rocks of middle Cretaceous and younger
age. Most of the units are unconsolidated clastic
deposits having continental to open-shelf facies, accord-
ing to recent work by A. D. Donovan and Juergen
Reinhardt. Texturally, these units range from clay and
marl to clean sand. Natural erosional processes have
formed a 32-km-long northwest-facing cuesta from
Georgetown to Brooklyn, Ga. The cuesta is capped
principally by residuum of the Clayton Formation
(Paleocene) and is underlain by the Providence Sand
(Upper Cretaceous). Formation of the cuesta is clearly
related to downcutting by streams draining into the
Chattahoochee River. Before settlement of this region,
the cuesta margin had a relatively stable, steeply slop-
ing, undulatory surface densely covered by pine and
some hardwoods. After settlement in the 1820’s, much
of the primary forest was removed for farming, and
gullies began to form locally near the top of the cuesta
margin, apparently along natural swales in the
topography that concentrated surface runoff. Once in-
itiated, gullies expanded by the combined processes of
downcutting and headward erosion. Today, many large
gullies and dendritic gully systems can be seen along the
cuesta margin.

In a 33-ha area encompassing Providence Canyon
State Park, a single drainage system formed since 1850
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produced distinct gullies as much as 400 m long, 180 m
wide, and 50 m deep. Between 1850 and 1930, ac-
celerated erosion removed an estimated 1.7x10% m? of
sediment from the gullied areas. Using this figure, an
average downcutting rate of 21 cm/yr was calculated for
the gully system known as Providence Canyon.

Sedimentology and biostratigraphy of the lower Eocene
Hatchetighee Formation, eastern Alabama and western
Georgia

The transgressive-depositional cycle of the
Hatchetigbee Formation is well exposed in eastern
Alabama and western Georgia. Studies by T. G. Gibson
showed that in updip areas the formation consists of
crosshedded sand, carbonaceous and laminated silt and
clay, and massive sand; these sediments represent
deposition in marginal marine (lagoonal) through very
shallow marine (lower shoreface) environments. The
cycle in downdip areas has glauconitic and marly beds at
the base overlain by shelly very fine sand and a thin
sequence of laminated silt and clay at the top. These
strata represent a basal marine transgression followed
by a still-stand period of inner shelf deposition, and then
a regressive phase of marginal marine deposition.

The updip sections are considerably thicker (as much
as 23 m thick) than the downdip (a maximum of 11 m);
the thinning downdip apears to be a primary deposi-
tional characteristic. The shelly beds downdip are
similar lithologically and in age to the Bashi Marl
Member of the Hatchetighee as developed in western
Alabama. Based on mapping and stratigraphic relations
in the Chattahoochee area, these beds of the Bashi are a
downdip equivalent of the entire Hatchetighee Forma-
tion as seen in the updip thicker exposures and are not
just a basal member of the formation. Biostratigraphic
ranges of calcareous nannofossils and planktonic
Foraminifera place the cycle in the lowest part of the
lower Eocene (NP 10 and middle of P6), a duration of no
more than one million years. This age relation leaves a
considerable time gap between the Hatchetigbee and
deposition of the overlying Tallahatta Formation which
is generally accepted as upper lower and lower middle
Eocene.

Petrology and sedimentology of the Upper Cretaceous
Tuscaloosa Formation, eastern Alabama and western Georgia

From the Chattahoochee River valley (Lee and Russell
Counties, Ala.) in the west to the Ocmulgee River (Bibb
County, Ga.) in the east, the Tuscaloosa Formation
(Cenomanian, Upper Cretaceous) can be mapped as a
single stratigraphic unit (formation) composed of
several characteristic lithologies. Juergen Reinhardt
reported that at many localities these lithologies are

seen arranged into fining-upward sequences or cycles 3
to 6 m thick. From base to top, a cycle typically contains
(1) massive or medium to thickly crossbedded, very
coarse feldspathic grit to conglomeratic sand, (2) thinly
crossbedded to planar laminated, medium- to fine-
grained, commonly micaceous sand, and (3) massive to
mottled (red-green) clayey silt and silty kaolinitic clay.
The base of the cycle is highly irregular; sediment from
the underlying lithofacies is commonly incorporated into
the basal part of the cycle. Within the cycle, lithologies
and primary sedimentary structures (mostly unidirec-
tional crossbeds) generally record an upward decrease
in current energy. Sparse leaf accumulations, lignitized
wood, and rare networks of backfilled burrows are the
biogenic features in the Tuscaloosa Formation; marine
invertebrates are found in outcrop and shallow subsur-
face in part of the Tuscaloosa Group of western
Alabama.

Local highs on aeroradioactivity maps coincide with
outcropping Tuscaloosa sediments. Field measurements
indicate that both reduced and oxidized flood-plain clays
produce 13 to 18 uR/hr, and channel bar sands produce a
wider range of values (10 to 20 wR/hr), depending
largely on sediment sorting and heavy-mineral content.
Preliminary chemical studies and spectrometry suggest
that gamma radiation in the clays results from the con-
centrations of both uranium and potassium, whereas
thorium accounts for significant gamma radiation in cer-
tain sand intervals.

The geographically extensive fluvial facies
represented by the Tuscaloosa in the eastern Gulf
Coastal Plain suggest considerable relief and probable
uplift in the southeastern United States during the
Cenomanian, a time of worldwide marine transgression.
The formation of an extensive Coastal Plain during this
period profoundly affected the composition and supply
of sediment along the margin of this basin for the
balance of the Cretaceous.

CENTRAL REGION
METAMORPHIC ROCKS

Metavolcanic rocks and massive-sulfide deposits in northern
Wisconsin

Metavoleanic rocks that host the economically signifi-
cant volecanogenic massive-sulfide deposits (Crandon,
Flambeau, and Pelican River) in northern Wisconsin are
greenschist facies felsic-mafic rocks that appear to
occupy structural basins oriented east-west. Small
amounts of basaltic amygdaloidal and pillow lava are
interbedded with the felsic volcaniclastic rocks. The
largest basin is interpreted from geologic and
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geophysical data to be about 90 km long and 8 to 12 km
wide. Similar metavolcanic rocks have been mapped to
the south in Marathon and Eau Claire Counties by the
Wisconsin Geological and Natural History Survey. The
metavolcanic rocks in both northern and central
Wisconsin have been dated by the U-Pb zircon method
as being 1,875 to 1,850 m.y. old (Banks and Rebello,
1969; Van Schmus (personal commun.)). They seem to
be grossly correlative with the Marquette Range
Supergroup in Michigan but have not been traced
laterally into sedimentary or volcanic rocks of the

supergroup.

Geoiogy of the metamorphic rocks of the iron River 2° sheet,
Michigan-Wisconsin

A map of metamorphic rocks of the Iron River,
Michigan-Wisconsin 1x2° quadrangle has been com-
pleted by K. E. Wier as part of a CUSMAP study. Com-
pilation of published and unpublished data supplemented
by new petrographic study suggested delineation of two
metamorphic isograds not heretofore shown on maps of
the area. A kyanite zone is present in Proterozoic rocks
in the southwestern part of the map area. Kyanite does
not occur in the eastern half of the map area where
sillimanite and andalusite occur in amphibolite grade
rocks. The age of this metamorphism is about 1.9 b.y.
(Proterozoic X). In younger Proterozoic Y Keweenawan
volcanic rocks, metamorphism about 1.1 b.y., a
pumpellyite epidote zone has been delineated.
Significantly, this zone coincides with native copper
deposits.

GLACIAL GEOLOGY

Glaciai geoiogy in the upper peninsula of Michigan and northern
Wisconsin

Mapping of glacial deposits in the Iron River 1x2°
quadrangle by W. L. Peterson showed that four glacial
lobes were active in the area. The westernmost lobe
moved southward out of the Lake Superior basin west of
the Keweenaw Peninsula. The next lobe to the east, the
Keweenaw Bay lobe, moved southwesterly out of the
Keweenaw Bay trough, just east of the Keweenaw
Peninsula. The third lobe, that to the southeast of the
Keweenaw Bay lobe, moved southwesterly across the
area between the present Huron Mountains and Mar-
quette, Mich. The fourth lobe, called the Green Bay lobe,
moved westward into the quadrangle from the Green
Bay lowland. Within the quadrangle, these four lobes
were mostly merged into a large ice mass but had in-
dependently acting fronts and built end moraines that
are in most areas attributable to individual lobes. A com-

plex series of advances and retreats of the various lobes
have been determined.

Glacial deposits mapped in the quadrangle are of
Woodfordian Age or younger. A string of abutting
moraines deposited, apparently simultaneously, by the
four lobes has been traced across the quadrangle from
the middle part of the western border to the eastern
part of the southern border. With some exceptions,
these moraines mark the edge of the red drift. That part
of these abutting moraines deposited by the Green Bay
lobe probably correlates southward into Wisconsin with
deposits of red drift that Mickelson and McCartney
(1980) tentatively consider to be of “Port Huron” age.
Wood, reported by J. T. Hack (1965), in the northern
part of the quadrangle, apparently from the youngest
till, showed a radiocarbon age of about 10,000 yr B.P.,
suggesting that glacial ice from the Lake Superior basin
entered the quadrangle at that time. The lobe west of
the Keweenaw Peninsula advanced south to the Copper
Range. The Keweenaw Bay lobe probably built the
youngest of three moraines attributed to that lobe at
this time.

GEOLOGIC HISTORY

Geologic history of the Mississippi Embayment

A 70-km-wide northeast-trending graben, indicated by
displacement of magnetic basement, extends across
northeastern Arkansas and southeastern Missouri. It is
overlain regionally by marine Upper Cambrian and
younger Paleozoic deposits that thicken gradually
toward it rather than abruptly into it, suggesting that
the yet undrilled graben fill may be Middle Cambrian or
older. During late Paleozoic time the graben flexed up-
ward to form a broad southwest-plunging anticline; the
anticline and adjacent areas then remained quiet during
100 m.y. of erosion. The resultant erosional surface
was depressed to form a south-plunging trough—the
Mississippi Embayment, which was filled with marine
and nonmarine Cretaceous and younger deposits. The
axis of the 300-km-wide embayment crosses the graben
at an angle of about 20 degrees.

Local structures that developed in the area after
middle Cretaceous time reflect recurrent tectonic and
igneous activity along the trend of the graben. In
Arkansas, local uplift of Tertiary deposits that overlie
the deeply buried Newport pluton at the northwestern
margin of the graben is defined by surface and subsur-
face data; a post-Cretaceous high-angle reverse fault
along the southeastern margin is indicated by subsur-
face data. Geophysical data outline post-Cretaceous
faults in the presently seismically active axial portion of
the graben.
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An ongoing study suggests that there is no evidence to
substantiate the existence of formerly mapped post-
Cretaceous faults in the upper part of the Mississippi
Embayment, which is well beyond the geographic limits
of the graben.

ROCKY MOUNTAINS AND GREAT PLAINS
STRATIGRAPHIC STUDIES

American Stratigraphic Code

Revision of the American Code of Stratigraphic
Nomenclature is underway by representatives of
numerous Canadian, U.S., and Mexican institutions
under the auspices of the North American Commission
on Stratigraphic Nomenclature, as reported by S. S.
Oriel. Objectives are to respond to the needs of rapidly
developing new specialties while rectifying deficiencies
in meeting the needs of longer established specialties.
Innovative approaches are sought toward promulgating
new concepts, principles, and practices, which subse-
quently may be found worthy of adoption by the IUGS
Commission on Stratigraphy.

Liaison has been established with appropriate bodies
of the UNESCO IGCP and the IUGS Commission.

Completion of an integrated draft of the new Code is
anticipated during calendar 1981.
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Laramide orogeny timing, Pioneer Mountains, Montana

The youngest sedimentary rock unit mapped in the
Vipond Park quadrangle, Pioneer Mountains, Mont. (in-
dex map, loc. 1) that predated the Laramide orogeny is a
sequence of olive-gray drab-colored fluviatile impure
sandstone, argillite, and conglomerate, shale, and
volcanic ash, aggregating about 2 km thick, traditionally

i called the Colorado Group. Knowledge of the younger
]age limit of this group would define the inception of
Laramide orogeny here, but fossils usable for dating
have hitherto not been found. A dark-gray shale in the
upper member of the unit collected by E-an Zen in 1979
yielded to D. J. Nichols a palynomorph assemblage in-
cluding the diagnostic mid-Campanian to Maestrichtian
forms Aquilapollenites sp. Proteacidites thalmannii,
and Tricolpites interangulus. Some of the Colorado
Group in the area thus clearly extend into Montana
time. This discovery spurred an effort by Zen in 1980 to
collect further on a more controlled basis. The youngest
sedimentary rocks are overlain by thrust sheets of Pro-
terozoic Y sedimentary rocks, which truncate folded and
faulted Phanerozoic rocks and which are in turn in-
truded by rocks of the Pioneer batholith. Mineral K-Ar
and Ar 40/39 ages of Pioneer batholith rocks indicate in-
trusion during the mid-Campanian-Maestrichtian time.
Thus the major events of Laramide orogeny in the
Pioneer Mountains apparently were compressed into a
brief time span of a very few million years. Early phases
of intrusion occurred at a few kilometers depth while a
fluviatile depositional system, probably of braided
stream, was developing directly above the pluton. This
stream system derived its sediments largely from
Phanerozoic sedimentary rocks to the west, including
upper Paleozoic rocks, fossiliferous cobbles of which are
included in the conglomerate of the Colorado Group.
The sedimentary cycle was terminated by the movement
of allochthonous Proterozoic rocks that destroyed the
river system.
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