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SI UNITS AND INCH-POUND SYSTEM EQUIVALENTS

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

venience in finding units in this table. Where the units are spelled out in text, Survey style is to use square meter]

SI unit

Inch- P_t;{lnﬁ equivalent

SI unit

Inch-Pound equivalent

Length Volume per unit time (includes flow)—Continued
millimeter (mm) = 0.039 37  inch (in) decimeter? per second = 15.85 gallons per minute
meter (m) = 3.281 feet (ft) (dms3/s) 1/min

= 1.094 yards (yd) = 543.4 barrels per day
kilometer (km) = 0.621 4 mile (mi) (bbl/d) (petroleum,
= 0.540 0 mile, nautical (nmi) 1 bbl=42 gal)
meter3 per second (m3/s) = 35.31 feet3 per second (ft3/s)
Area ' = 15850 gallons per minute
(gal/min)
centimeter? (cm?) = 0.155 0 inch? (in2)
meter? (m?) = 1076 feet? (ft?) Mass
= 1.196 yards? (yd2)
hectometer? (hm?) = ggg(l) 2471 :g::s gram (g) = 0.035 27 ou:cggvoirdupois (o8
= v
- 0.003 861 seclti&?g)(s‘io acres or kilogram (kg) 2.205 poungs avoirdupois (1b
— avdp
kilometer? (km?) = 0.3861  mile? (mi?) megagram (Mg) = 1.102 tons, short (2 000 1b)

Volume = 0.984 2 ton, long (2 240 1b)
centimeter® (cm?) = 0.061 02  inch® (in®) Mass per unit volume (includes density)
decimeter? (dms) = 61.02 inches? (in3)

= 2.113 pints (pt) kilogram per meter? = 0.062 43 pound per foot? (1b/ft3)
= 1.057 quarts (qt) (kg/m?)
AL
= 3 t3
meter? (m?) = 5.31 foets ((fts)) Pressure
= 1.308 yards® (yd?)
= 2642 gallons (gal) kilopascal (kPa) = 0.1450 pound-force per inch?
= 6.290 barrels (bbl) (petro- (1bf/in3)
leum, 1 bbl=—=42 gal) 0.009 869 atmosphere, standard
= 0.000 810 7 acre-foot (acre-ft) (atm)
hectometer? (hm?) = 0.7 acre-feet (acre-ft) = 0.01 bar
kilometer? (km?) = 0.239 9 mile? (mis) = 0.296 1 inch of mercury at
— 60°F (in Hg)
Volume per unit time (includes flow)
dec(isne:;ar; per second = 0.03531  foots per second (ft?/s) Temperature
ms/s
2,119

feet? per minute (ft3/
min)

temp kelvin (K)
temp deg Celsius (°C)

[temp deg Fahrenteit (°F) +4-459.67]/1.8
[temp deg Fahrenheit (°F)—32]/1.8

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

Any use of trade names and trademarks in this publication is for descriptive purposes only and
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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 pic-
ture. 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 1978,
such analyses led to statements on the resources of
a number of commodities.

World aluminum (bauxite) resources

In updating information on aluminum resources,
S. H. Patterson (USGS) and H. F. Kurtz (USBM)
estimated total bauxite reserves to be 27 billion
tons, and total resources (reserves plus subeconomic
and undiscovered deposits) are estimated at 40 to
50 billion tons. These resources (in millions of tons)
are located as follows: United States—300 to 325
(includes bauxite materials for refractory and
chemical use); Caribbean and Central America
region—3,000 to 4,000; South America—8,000 to
10,000; Europe—2,000 to 3,000; Africa—12,000 to
15,000; Asia—7,000 to 9,000; Oceania—8,000 to
9,000.

Chromite resources

Chromite is mined almost exclusively from either
podiform or stratiform deposits, according to B. R.
Lipin and T. P. Thayer. Podiform deposits, which
seldom contain more than a million tons each of
chromite, are an uncertain future source of chro-
mite. Although there are probably 200 million tons
of minable chromite in podiform deposits yet to be
discovered in known districts, these are extremely
difficult to find, and no single geophysical technique
is adequate in their discovery. Research into using
a combination of techniques is underway but such
exploration is very costly.

Stratiform chromite deposits are almost always
large (more than 5 million metric tons each) and
contain more than 99 percent of the world’s total
resources of chromite, which are estimated to be
more than 33 billion tons. The stratiform deposits
in South Africa and Rhodesia contain 66 and 33 per-
cent, respectively, of the world’s chromite resources,

but these countries contributed only 34 percent of
the 8 million tons produced in 1977. Demand for
chromium will probably remain high because of the
lack of substitutes in making corrosion-resistant
steel. At the 1977 production rate, resources of chro-
mite in most other countries, with the possible ex-
ception of the U.S.S.R., will be depleted within 20
years.

Fluorspar resources of Africa

An investigation of fluorspar resources by R. E.
Van Alstine and P. G. Schruben showed that imports
of African fluorspar increased from 4 percent to 22
percent of our total fluorspar imports from 1975
through 1977. Manto deposits in earbonate rocks in
South Africa, Kenya, Tunisia, and Morocco; pipe-
like deposits in South Africa; and stockwork depos-
its in South Africa and Namibia have been most
productive. The major fluorspar deposits of Africa,
as elsewhere around the world (Van Alstine, 1976),
are associated with large rift zones. Fluorite has
been reported from 24 of 115 carbonatites found
near the rift zones.

Estimates of African fluorspar reserves of proved
and probable ore total about 192 million metric tons
and average 22 percent C,F,. South Africa accounts
for about 86 percent of this total and ranks first in
world reserves of fluorspar. Africa is thus able to
provide an increasing and major share of the world’s
fluorspar supply.

Phosphate resources of the circumpacific region

The circumpacific region contains four major
phosphogenic provinces. These include (1) North
American province, (2) South American marine
phosphogenic provinces, (3) the Oceania insular
provinece, and (4) the Australian-Asian Proterozoic
and lower Paleozoic province. The first three of these
have been actively forming until the recent geologic
past, but the last one is extinct.

The phosphate resources in these provinces
throughout the circumpacific region exceed 26 bil-
lion tons of phosphate rock according to R. P. Shel-
don. In spite of this amount, little phosphate rock at
present is mined, and many countries of the region,
including some with the greatest need for fertilizer,

1
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lack phosphate resources. However, exploration is
not complete in much of the region, particularly
southern Asia, and there are many opportunities
for development of phosphate resources to meet the
agricultural needs of the region.

Lead and zinc resources of the United States and of the world
The table below is the result of revision by J. A.
Briskey, Jr., and H. T. Morris of some of the reserve-
resource data presented in USGS Professional Paper
820 to allow for past production and major new

TABLE 1.—Revised estimates of major United States and world identified, economic, and selected paramarginal resources’
[Thousands of short tons]

Known
additions
1973-717

USGS
PP 820

Current
revised

estimates

Production 2
197317

lead zine lead

zine lead zine lead zine

UNITED STATES
Lead:
Missouri
NE Washington; Coeur
d’Alene District, Idaho;
and Butte District,
Montana oo~
Great Basin and Rocky
Mountains (chiefly
Colorado, Utah, New
Mexico, Arizona, Ne-
vada, and California) -
Others
Zine:
Appalachian (chiefly New
Jersey, Pennsylvania,
New York, Virginia,
East Tennessee, and
Maine) _ . _________
Mississippi Valley (chief-
ly Missouri, Illinois,
Wisconsin, and middle
Tennessee) .o .._.
Rocky Mountains, Great
Basin, and Pacific Coast
(chiefly Colorado, Utah,
New Mexico, Arizona,
Nevada, Idaho, Mon-
tana, Washington, Cali-
fornia, and Alaska) ___

30,250 10,000

2,150 1,000

3,500
2,285

84
40

16,400

19,200

9,400

2,666 37,684

2738 2,877

210
38

3,374
2,287

1,123 18,277

7,140 561 25,779

597 707 9,290

U.S. TOTALS_ _______ 38,185 45,000 11,124

10,737 3,087 2,391 46,222 53,346

NORTH AMERICA (including
Greenland) ______________
SOUTH AND CENTRAL
AMERICA, AND MEXICO.
EUROPE
AFRICA .
ASIA ¢ (including U.S.S.R.) __
OCEANIA (including Aus-
tralia, New Zealand, and
Tasmania) .. ________

54,105 84,000 28,705
11,025
24,626

5,200

27,495

16,000
58,000
14,000
42,000

429
+8
3,228

18,500 21,000 7,855

72142

45,377 4,884 8,882 77,926 120,495
2,683
3,655

892

5,402

4221
5,901
1,702
9,354

8,871
21,070+
7,636
22,814+

12,679
52,099 4
23,486
34,219+

800
3

+
11,188
1,573+

8,064 2,126 2,496 24,229 26,568

WORLD TOTAL ____ 140,950 235,000 40,938

67,002+ 19,442 32,666 162,446 269,446+

1 Includes measured, indicated, and some inferred reserves, as well as those paramarginal resources that have highly promising potential for near-
term development (i.e., Crandon, Wisconsin; Howard’s Pass, Yukon; Gamsberg, South Africa; and Elura, Australia).

2Data from American Bureau of Metal Statistics, U.S. Bureau of Mines, and World Mining publications. Production by geographic region within
the United States for 1976-77 and production outside of North America for 1977 have been estimated.

3 Current, reliable data on new discoveries in Communist countries are lacking, although there apparently have been several major new finds in the

1973-17 period.
4 Known additions, 1973-77, are in India and Thailand,
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additions of minable reserves and near-minable re-
sources that have been discovered or have changed
status since 1972. At current levels of production in
an economically and politically favorable environ-
ment, ignoring the certainty of future additional
discoveries of ore, lead and zinc supplies are poten-
tially adequate for at least 75 and 112 years, respec-
tively, for the United States and at least 42 and 41
years, respectively, for the world.

Peat resources in Minnesota and Maine

Field reconnaissance by C. C. Cameron of peat
deposits in Lake of the Woods County, Minnesota,
and in Hancock and Penobscot Counties, Maine,
shows distinct contrasts which reflect different prob-
lems to be encountered in exploitation and (or) en-
vironmental evaluations. In Minnesota, a few com-
paratively shallow deposits meeting minimum stand-
ards for thickness (at least 1.5 m) and quality
(peat containing less than 25 percent ash dry
weight) occur within vast areas of organic deposits
in marshes and swamps; areas totaling 62.5 km? of
peat meeting minimum conditions for commercial
exploitation contain an estimated 20,403,900 metric
tons of air-dried peat chiefly of the reed-sedge type.
In contrast, the 26 Maine deposits meeting minimum
standards of thickness and quality for commercial
exploitation are thicker and lie in discrete bogs;
areas totaling about 19.5 km? contain an estimated
27,385,300 metric tons of air-dried peat of the moss
and reed-sedge type. Minnesota deposits are on the
raised floor of glacial Lake Agassiz. The Maine
deposits occur chiefly in glacial ice margin-marine
settings.

Extension of phosphorite-bearing strata underneath Atlantic
Continental Shelf of United States

Analysis by F. T. Manheim and C. C. Woo of drill
cores from the USGS Atlantic Continental Margin
Coring Project (AMCOR) reveals that phosphate-
enriched sediments of Miocene age are continuous
between the Florida and South Carolina-Georgia
phosphorite deposits and those of the Blake Plateau.
The latter aggregate 2.27 billion tons. Whereas such
marine phosphorites have been considered uneco-
nomic in the past in comparison with land deposits,
new factors and methods of use may render them
useful resources in the future, especially as a soil
additive in moist, tropical environments.

Small-scale distribution patterns of manganese nodules

Sea floor manganese nodules can be seen in most
of about 15,000 photographs recently taken during

the NOAA-sponsored Deep Ocean Mining Environ-
mental Study, according to W. F. Cannon. Several
types of small-scale patterns are evident in individ-
ual photographs. These patterns were studied by
nearest neighbor analysis to determine if statisti-
cally significant nonrandom patterns were present.
Most photographs show distribution patterns that
are either random with a high degree of confidence
in cases where nodule abundance is low or varied
from random toward a uniform distribution in cases
of higher abundance. In other words, as com-
plete coverage of the bottom by nodules is ap-
proached, the distribution necessarily approaches
uniform. However, two significant features were
recognized. First, a distinct nodule facies, recognized
previously, has a strong trend toward uniform dis-
tribution of nodules even where abundance is low.
Second, none of the 15,000 photographs displayed a
statistically significant clustering of nodules; that
is, observed groupings of nodules are no more pro-
nounced than expected through a random distribu-
tion.

GEOLOGIC STUDIES OF MINING DISTRICTS
AND MINERAL-BEARING REGIONS

The assessment of the mineral potential of public
and other lands requires an ever-increasing knowl-
edge 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 having similar characteristics. During
1978, field and laboratory studies added to our under-
standing of mineral deposits in a large number of
areas. ‘

Quartz Hill molybdenum deposit, Ketchikan quadrangle, Alaska

A large porphyry-type molybdenum deposit
(Quartz Hill) has been discovered recently in the
heart of the Coast Range batholithic complex about
70 km east of Ketchikan, southeastern Alaska. T. L.
Hudson, J. G. Smith, and R. L. Elliott report that
intrusive rocks associated with the mineral deposit
form two composite epizonal to hypabyssal stocks
separated by a narrow septum of gneiss. The stocks
have a fairly uniform granite composition, but they
contain a variety of textural rock types ranging-
from approximately equigranular biotite granite to
porphyries characterized by aphanitic to very fine
grained and aplitic groundmasses. The porphyries
are somewhat more albitic than the granites; miaro-
litic cavities and pegmatite pods and dikes are asso-
ciated with some porphyritic rocks. Trace-element
concentration in the intrusive rocks are distinctly
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low for many elements. Field relations indicate that
the stocks were emplaced after regional uplift and
erosion of the Coast Range batholithic complex.
Potassium-argon data show that some granite crys-
tallized about 30 million years ago and that extensive
alteration and mineralization took place at least 27
million years ago; at least two stages of intrusion
are indicated.

All observed mineralization is within the northern
stock (Quartz Hill stock) where molybdenite occurs
in a complex fracture and vein stockwork. Molyb-
denite forms fracture coatings and occurs within
veins accompanied primarily by quartz. Sericite,
chlorite, and pyrite also occur locally in veins. Silici-
fication, potassium-silicate alterations, phyllitic al-
teration, and zeolitization have been recognized in
the Quartz Hill stock. Data from the Ketchikan
quadrangle indicate that Quartz Hill and probably
other porphyry-type molybdenum deposits in the
Coast Range Dbatholithic complex of southeastern
Alaska and nearby parts of Canada (called Coast
Plutonic Complex) are associated with a regionally
extensive middle Tertiary episode of felsic magma-
tism. Emplacement of these magmas in the Coast
Range batholithic complex may be primarily con-
trolled by structural features.

Geochemical anomalies in the Mystery Mountains, Medfra
quadrangle, Alaska

M. L. Silberman and C. L. Connor located an area
of approximately 4 km? in the southeastern corner
of the Medfra C—4 quadrangle where anomalous
concentrations of copper, tin, boron, and silver are
associated with small porphyritic dacite(?) intru-
sions which cut clastic sedimentary rocks of the
Nixon Fork terrain. Sericitic alteration has affected
hypabyssal intrusive rocks over about an 8- to 10-km?
area. The tin, copper, and other trace metal anoma-
lies are found in both the intrusive rocks and the
sedimentary wall rocks. Many of the small intrusive
bodies are brecciated and cemented by tourmaline.
Tourmaline veinlets and irregular segregations are
common throughout all of the rocks in the area. Cop-
per appears to occur principally as chalcopyrite dis-
seminated throughout the intrusive and intruded
rocks and as supergene malachite and azurite in
brecciated hornfels surrounding some of the intru-
sions. Copper in grab samples of hornfels, sand-
stones, and porphyritic dacite varies from several
hundred ppm to a high value of 2 percent. Tin con-
tent in the same samples varies from less than 10
ppm to 200 ppm. The tin and copper appear to be

associated. In some samples of porphyry, tourmaline
clots are surrounded by and contain disseminated
chalcopyrite. The source of tin in the rocks has not
yet been determined.

Metallogeny in California

Metallogeny studies by J. P. Albers in California
reveal that specific metallic mineral deposit types
correlate with discrete geotectonic units that make
up the major geologic terranes. These major ter-
ranes are continental crust, including craton and
miogeoclinal, batholithic, oceanic crust, and island
arc. Lead-silver-zinc replacement and most contact
metasomatic iron deposits are confined to Paleozoic
carbonate miogeoclinal and craton facies rocks;
tungsten and molybdenum are in carbonate roof
pendants and in quartz veins in batholithic rocks;
massive sulfide deposits are in the silicic volcanic
rocks of island-arc terranes; and mercury, manga-
nese, and chromite are in various rocks composing
oceanic crust. Gold quartz veins occur in rocks of all
four major terranes, but the major deposits seem to
show a marked preference for oceanic crust. Recog-
nition of a correlation between mineral deposit
types and lithologic-tectonic units can be an aid to
exploration and in estimating the mineral potential
of individual geotectonic units.

Volcanogenic massive sulfide deposits in the northern Klamath
Mountains, Califernia and Oregon

Preliminary field and petrographic investigations
by R. A. Koski and R. P. George, Jr., indicate that
numerous stratiform massive Fe-Cu-Zn sulfide de-
posits in the northern Klamath Mountains of Cali-
fornia and Oregon represent submarine volcano-
genic mineralization in diverse volcanic-sedimentary
and tectonic environments. The deposits are typi-
cally simple assemblages of pyrite and (or) pyrrho-
tite with subordinate but variable chalcopyrite and
sphalerite and occur as discontinuous tabular or
lensoid bodies and disseminations conformable with
local stratigraphy. There are no obvious indications
of root-zone stockwork mineralization and altera-
tion. Sulfide accumulations associated with dacitic
to andesitic lava flows and breccias at the Silver
Peak and Almeda deposits, alternating phyllites,
graphite schists, and schistose metatuffs(?) at the
Gray Eagle deposit, and pillow basalt and serpentin-
ite at the Queen of Bronze, Cowboy, and Turner-
Albright deposits may represent proximal island
arc, near-arc basin, and ocean-crust mineralization
events, respectively.
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Selenium in Paleozoic eugeosynclinal rocks in central Nevada

F. G. Poole, G. A. Desborough, and J. S. Wahlberg
have found that many kerogen-rich mudstone, silt-
stone, chert, and dolomitic rocks of Ordovician and
Devonian age in Nevada contain anomalously high
concentrations of selenium. Of 37 samples analyzed.
selenium values range widely from 0.2 to 360 ppm
with an average of 32 ppm. These marine strata are
considered by them to be a large low-grade selenium
resource.

Gold-mineralized areas in Manhattan quadrangle have potential

for molybdenum-porphyry deposits

According to D. R. Shawe, rock geochemical sam-
ples collected in two areas in the Manhattan, Nev.,
TY%-minute quadrangle show anomalous 20 to 300
ppm amounts of molybdenum. About 6 km north of
the town of Manhattan and to the west of the site
of North Manhattan, molybdenum-mineralized Ter-
tiary volcanic rocks covering about 2 km? are asso-
ciated with thin gold-bearing quartz veins. In the
Manhattan district, proper molybdenum-mineralized
Tertiary voleanic rocks and Paleozoic sedimentary
rocks covering more than 10 km? are associated with
a west-northwest-trending belt of gold deposits.
Coarse-grained potassium feldspar that contains
molybdenite and chalcopyrite, collected from a mine
dump on April Fool Hill at Manhattan, suggests
temperatures of mineralization well above those of
the low-temperature (200° to 235° C) gold miner-
alization (Nash, 1972). The gold and molybdenum
mineralization west of North Manhattan and in the
Manhattan district may represent hydrothermal ac-
tivity peripheral to deeper and hotter molybdenum-
porphyry mineralized systems.

Zoll}ﬁdh mineralization around a hidden stock in west-central
a

Available structural and mineralogical data led
T. A. Stevens and C. G. Cunningham to suggest that
the Deer Trail Mountain-Alunite Ridge mining area
near Marysville, west-central Utah, is centered above
a 14-million-year-old epizonal stock that caused local
doming (Cunningham and Steven, 1978). A highly
acidic wet-stream environment developed above the
stock, and the fractures were filled with vein-type
alunite; hydrothermal alteration of adjacent rocks
developed a zonal assemblage that changes progres-
sively outward from alunite, to kaolinite, to chlorite-
calcite. Economic mineral deposits are zoned around
a barren sulfate-dominated core surrounded by a
belt containing epithermal base- and precious-metal
veins and mantos. The hidden stock is interpreted to

have excellent potential for hosting a porphyry-type
deposit, possibly of molybdenum.

Geochronology of intrusion and porphyry copper ores, Globe-

Miami, Arizona

S. C. Creasey reports that the geochronology of
the stocks and deposition of porphyry copper ores
in the Globe-Miami district in Arizona indicates that
only one stock (Schultze Granite) is of Laramide
age, the others are Precambrian, and the ores of two
statistically distinct ages are spatially and tempo-
rally related to the porphyry phase of the Schultze
Granite. The district contains several stocks pre-
sumed to be Laramide, although there were no un-
equivocal geologic relations indicating a Laramide
age. The K-Ar isotopic ages clearly reveal that all
the stocks but the Schultze Granite are Precambrian.
The precise ages of most of the Precambrian stocks,
however, are not known because the ages were partly
to completely reset by heat and emanations from the
Schultze Granite.

The Schultze Granite is a composite comprising an
early granodiorite phase, an intermediate porphy-
ritic quartz monzonite phase (main phase), and late
porphyry phases; the porphyry phases were not all
intruded at the same time.

Geologic relations show that the porphyry copper
mineralization is spatially related to the porphyry
phase of the Schultze Granite and that the entire
district is cut by regional quartz-sericite-sulfide
veins localized along northwest-, northeast-, and
north-striking high-angle fractures. Potassium-
argon isotopic ages indicate that the regional quartz-
sericite-sulfide veins are the same age as the main
phase of the Schultze Granite and statistically older
than the porphyry copper mineralization in the
Miami-Inspiration and Pinto Valley porphyry cop-
per deposits. However, the veins are statistically
younger than the Copper Cities porphyry copper
deposit. The ages clearly indicate that the Copper
Cities porphyry copper ore deposit is statistically
older than either the Miami-Inspiration or the Pinto
Valley porphyry coppers which are the same age
within the precision limits of the K-Ar age dating
method. The suggestion is strong, therefore, from
both geologic relations and K-Ar isotopic ages that
the magma for the Schultz Granite regenerated fol-
lowing earlier intrusions and that ore bodies formed
from successive magma generations.

Proterozoic Z stratabound copper occurrences

Mineral potential of stratabound copper-silver
occurrences in the Belt Supergroup (Proterozoic Z)
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of western Montana and northern Idaho has been
difficult to evaluate, according to J. E. Harrison. One
type of occurrence, in green argillitic beds, is com-
mon throughout most of the 130,000 km of known
Belt rock exposure. The geologic history of the old
sedimentary basin is highly complicated, and the
factor or factors that may have formed ore deposits
are not understood. No current hypothesis seems
adequate to explain the occurrence.

The new Conterminous United States Mineral
Appraisal Program (CUSMAP) has made possible
a research project aimed at developing a model for
the green-bed copper occurrences as an aid to min-
eral resource appraisal of the Belt basin, most of
which is covered by Federal lands. The model-build-
ing attempt was begun by core drilling a zone at the
top of the Spokane Formation to acquire three-
dimensional data on the distribution of copper-silver
in five green argillite beds that alternate with purple
argillite and siltite beds. Twenty-two core holes
ranging in depth from 9 to 46 m were drilled on a
grid system in an area about 150 m long and 50 m
wide in relatively flat-lying beds on the top of Black-
tail Mountain, which is about 10 km west of the
north end of Flathead Lake, Mont.

Preliminary logging of the core at the drilling
site by Harrison indicates that two of the five green
beds consistently contain copper sulfides but that
the copper-bearing zone is not precisely in the same
position within the green beds from hole to hole.
Small amounts of copper sulfides are also present as
widely scattered grains or tiny clots in some purple
beds. Detailed logging by M. W. Reynolds of slabbed
core from selected holes was done during the drilling
period as a guide to drill-plan modification. Prelim-
inary sedimentological results from that logging
suggest that the sedimentary environment of deposi-
tion was a remarkably stable tidal flat. Beds as thin
as 2 cm can be correlated from hole to hole.

Faulting in banded upper zone of the Stillwater Complex

Closely spaced growth faults, approximately nor-
mal to layering in the ultramafic zone of the Still-
water Complex, die out in the lower 500 to 1,000 m
of the banded upper zone. There, a system of faults
subparallel to the layering dominates the structure,
according to Kenneth Segerstrom and R. R. Carlson.
Detailed mapping, supplemented by drill-hole data
supplied by Johns-Manville Stillwater Corporation,
now reveals the complexity of this system, especially
on the west side of West Fork gorge, where branch-

ing faults have repeatedly offset a Paleozoic inlier
and underlying banded Stillwater layers that enclose
a zone of primary sulfides. These sulfides have anom-
alously high values in platinum-group elements, and
their future exploitation will be severely hampered
by the complicated structure.

Platinum-group minerals in the New Rambler copper-nickel
deposit, southeastern Wyoming

Copper-nickel ores of the New Rambler mine in
the Medicine Bow Mountains of southeastern Wyo-
ming contain appreciable concentrations of palla-
dium and platinum (average 75 ppm and 4 ppm,
respectively) that occur principally as discrete plati-
noid minerals (McCallum and others, 1976). Rho-
dium, ruthenium, and iridium are present as minor
constituents in the ores and appear to be related
substitutionally to the platinum and palladium
minerals.

Nine platinum-group minerals have been recog-
nized by M. E. McCallum (USGS) and R. R. Loucks
(Howard Univ.) during preliminary mineragraphic
and electron microprobe studies of ore samples
(Loucks and MecCallum, 1978). There are sperrylite
(commonly rhodian), moncheite, platinian meren-
skyite, antimonian michenerite, kotulskite, temaga-
mite, and three unidentified compounds referred to
as “Ph phase B” [~ (Pd, Pt);(Te, Bi, Sb).], “Pd
phase C” (Pd,Te,), and “Pd phase D” [inferred
stoichiometry ~ (Pd, Pt, Bi), BiTe0,-2H.0]. An-
other Pd compound that was provisionally termed
“Pd phase A” (McCallum and others, 1976) ranges
in composition from approximately Be; (Bi, Sb).Te,
to (Pd, Pt) (Te, Bi) and is perhaps a variety of
antimonian, platinian kotulskite. Palladian pyrite
(as much as 60 ppm Pd) is present in the earliest
stage Cu-Ni ore of the deposit.

Origin and value of Dickie Springs gold placer deposits, central

Wyoming

The Dickie Springs gold placer deposits at the
south end of the Wind River Range have been known
for more than 100 years, but development was ham-
pered by lack of water, the low price of gold, and in-
adequate information on the geology of the area. As
of October 1978, the area remained inactive.

Surface and subsurface studies and.analyses by
J. D. Love, J. C. Antweiler, and E. L. Mosier (1978)
suggest that, in an area of 21 km?, Eocene granite
boulder conglomerate in the upper part of the
Wasatch Formation and alluvium derived from it
contain more than a billion dollars’ worth of gold



MINERAL-RESOURCE INVESTIGATIONS 7

(at $175 per ounce). The gold is relatively coarse,
and many particlesexceed 5 mm in diameter. The 31
samples from the conglomerate average 35 cents
per cubic meter at $175 per oz. The average gold
content of 27 samples of alluvium derived from the
conglomerate is $1.41 per cubic meter. In addition,
an unpublished report (that was lost for 80 years)
made for a private company gives 2,712 fire assays
in a thoroughly sampled area of 5,843 acres of allu-
vium at and near the alluvial sites sampled by the
USGS. The fire assays average (at $175 per ounce)
$8.86 per cubic meter.

Samples from oil wells drilled in the area show
at least 396 m of Eocene conglomerate. The present
surface relief on the nearly flat-lying conglomerate
where the samples were taken is about 185 m, and
apparently there is no appreciable variation in gold
content from one stratigraphic horizon to another.

The source of the gold has previously been as-
sumed to be gold-bearing veins in Precambrian rocks
of the Atlantic City-South Pass district 16 to 24 km
northeast of Dickie Springs. The trace element con-
tent of gold in these two areas is so different, how-
ever, that it seems more likely that the Dickie
Springs gold came from a different source, probably
now-buried Precambrian rocks directly north of
Dickie Springs. The Atlantic City-South Pass vein
gold contains Zn, Cr, Ni, Co, and Te; whereas, the
Dickie Springs placer gold contains Be, Cd, As, Sbh,
Bi, V, W, Sn, Mo, and B.

The geologic history of the Dickie Springs gold
placer deposits was reconstructed as extensive hypo-
thermal gold-bearing veins emplaced in a granitic
and metamorphic terrane directly north of the
Dickie Springs area in Precambrian time. During
the Laramide Revolution, the Wind River Range was
uparched and eroded to its Precambrian core in Pa-
leocene and early Eocene time and thrust west and
southwest over Cretaceous and Paleocene sedimen-
tary rocks. In late early or early middle Eocene time
the Precambrian thrust plate was cut by the ances-
tral Continental fault that raised the mountain block
a thousand meters or more. Giant granite boulders
and gold-bearing fines were shed off this rising searp
and deposited as fans in the Dickie Springs area.
Conglomerate deposition ceased abruptly in middle
Eocene time,and middle and upper Eocene, Oligocene,
and Miocene lacustrine and fluviatile strata buried
the conglomerates. In late Miocene or subsequent
time the Continental fault was reactivated, only now
the direction of movement was reversed. The moun-
tain block went down a thousand meters or moreand

the gold-bearing conglomerate in the Dickie Springs
area was exhumed. Some of the gold-bearing con-
glomeratic debris from this rising block was trans-
ported northward onto the Miocene strata burying
the mountain block (including the gold source
area) north of Dickie Springs. This debris now
comprises the gold-bearing alluvium.

Sapphirine in host rocks of Precambrian sulfide deposits, Wet
Mountains, Colorado

During recent investigations in Colorado, W. H.
Raymond, P. A. Leiggi, and D. M. Sheridan discov-
ered the rather rare mineral sapphirine in the host
rocks of two Precambrian sulfide deposits in the
southern Wet Mountains. The sapphirine was noted
first in a thin section of gahnite-bearing sample
from one of the deposits and then was identified by
X-ray diffraction analyses. Additional fieldwork has
shown that sapphirine is abundant in gahnite-bear-
ing anthophyllite-cordierite-biotite gneiss at one of
the deposits and is locally abundant in amphibole-
mica gneiss at the other deposits. These rocks, to-
gether with interlayered impure marble and cale-
silicate gneiss, are the host rocks of Precambrian
sphalerite-chalcopyrite-galena deposits at these lo-
calities. The metamorphic rocks occur as very large
xenoliths or roof pendants in a region dominated
by several phases of the Precambrian San Isabel
Granite of Boyer (1962). Although sapphirine has
been reported in eastern North America and as far
west as Kansas, the Colorado occurrences are be-
lieved to be the first reported from the Rocky
Mountains in western North America.

Copper, cobalt, and nickel in Viburnum Trend

Mapping and sampling by A. V. Heyl in the Mag-
mont mine in the Viburnum Trend suggest that cop-
per, cobalt, and nickel minerals are concentrated in
areas of greatest solution thinning of carbonate
rocks leached by heated brines of three or more suc-
cessive generations. The resulting thinned zones in
former limestone units, now replaced by dolomite,
are characterized by breccias and inclined collapse
fractures which are concentrated along and near
northward and northeastward-trending strike-slip
faults of relatively small displacement, especially at
the intersections of these faults. The minerals (chal-
copyrite, bornite, siegenite, and less common cobalt-
nickel minerals) are commonly most abundant in the
lower parts of the ore bodies and are concentrated
in the largest solution collapse breccias along these
faults.
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Chemical data from the Hemlock Formation, Ned Lake quad-
rangle, Michigan

Chemical data obtained by M. P. Foose show the
exposed portion of the Hemlock Formation in the
Ned Lake 15-minute quadrangle, Michigan, to be of
tholeiitic affinity. Flows exhibit a strong trend
towards iron enrichment; however, volcaniclastic
rocks exhibit little iron enrichment. Interlayers of
sedimentary rocks within the volecanic rocks show
some slightly anomalous copper values, but other-
wise no significantly high metal values are observed.
The intermediate composition of these volcanic
rocks and their tholeiitic affinity reduce the chances
that they may host stratabound sulfide deposits.

Rare-earth borosilicate in magnetite ore

In an investigation of potential byproduct or co-
product minerals in magnetite ore of the Old Bed
orebody at Mineville, Essex County, New York, a
light-gray to pink mineral found by Harry Klemic
was identified as stillwellite (Ce, La, Ca) B SiO;, by
P. J. Loferski. This is the first known reported oc-
currence of stillwellite in the United States. The
presence of stillwellite in association with rare-
earth-bearing apatite in faulted and sheared mag-
netite ore indicates that boron- and silica-bearing
solutions permeated the fault zones and reacted with
the rare-earth-bearing apatite that is prevalent in
the ore.

Geology of the Roseland district, Virginia Blue Ridge
The Roseland distriet of Virginia was formerly

an important rutile- and ilmenite-producing area.

Norman Herz and E. R. Force have found that the

rutile occurs along the contact of the anorthosite

pluton at Roses Mill with the granulite and char-
nockite, which it intrudes. The intruded granulite,

a banded graphite-garnet-pyrrohotite-pyroxene

gneiss, and the charnockite were deformed and

metamorphosed before emplacement of the Roses

Mill pluton in Grenville time. An ilmenite-apatite-

rich facies of the Roses Mill pluton grades into nel-

sonite (ilmenite-apatite veins), and much of the

Roses Mill has been altered to augen gneiss with the

contained ilmenite altered to sphene. At the north

end of the district, the rocks have been folded into

a regional anticline with a medial syncline. Retro-

gression and mylonitization, predominantly Paleo-

zoic in age, are widespread.

Factors affecting the origin of stratabound massive sulfide
deposits of the Great Gossan Lead (GGL), southwestern
Virginia
Field studies by J. E. Gair and J. F. Slack have

identified many outcrops of banded amphibolite, in-

terpreted to be metamorphosed mafic volcanic rock.
The presence of the amphibolites along the strike of
the GGL deposits suggests that volcanism took place
contemporaneously with, and within at least 3 km of,
the site of deposition of the GGL orebodies.

Geologic mapping by Gair and Slack, supple-
mented by petrographic studies by Gair, have iden-
tified the lithology of the host rocks and the post-
depositional history of the ore bodies. Sulfide layers
are interbedded with meta-arkose, metagraywacke,
micaceous quartzite, quartz-mica-feldspar schist,
and quartz-mica phyllite, locally graphitic. Sulfide
and wall rock were tightly folded at the site of at
least one large ore body after foliation had formed
in some of the sedimentary rocks; at a nearby large
ore body, sedimentary layers were broken apart into
room-size blocks and smaller fragments, around
which the sulfide flowed during deformation. The
presence of the major ore bodies of the GGL may
be a result of great thickening of originally thin
sulfide layers at the sites of complex tight folding,
disruption of sedimentary beds, and flowage of sul-
fide (now largely pyrrhotite) into spaces between
and around the blocks of sedimentary rock.

Alteration associated with a fault zone in the Carolina slate belt,
South Carolina

Conspicuously altered and deeply weathered Car-
olina slate belt rocks adjacent to a silicified and brec-
ciated fault zone near Pageland, S.C., were studied
by R. W. Luce and Henry Bell III for clues to the
nature and history of widespread alteration asso-
ciated with highly mineralized and ore-bearing rocks
in the nearby Haile-Brewer area. Coarsely crystal-
line muscovite and silica metasomatism in the fault
zone confirm a hydrothermal origin for at least part
of the alteration. The paragenetic relations and se-
quence of events interpreted from the rocks in the
fault zone include a period of acid leaching prior
to regional metamorphism which seems to agree
with other studies of altered rocks in the southeast-
ern States reported in the literature.

Simultaneous crystallization and deformation in ophiolite
complexes

The Vourinos (Greece), Troodos (Cyprus), and
Canyon Mountain (Oregon) ophiolite complexes il-
lustrate the effects of penetrative deformation at
various stages in the accumulation and crystalliza-
tion of peridotite and gabbro, according to T. P.
Thayer. In the Vourinos Complex, only harzburgite
has tectonic fabric. In the Troodos Complex, defor-
mation increases downward from wehrlite through
dunite into harzburgite. In the Canyon Mountain
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Complex, the earliest identifiable deformation af-
fected gabbro and obscured many petrologic rela-
tions between it and the earlier units; involvement
of the gabbro, however, reveals large folds and
faults. The presence of deformed and undeformed
ultramafic dikes and pegmatites, and the absence
of the early phases of deformation in gabbro in
much of the complex, are interpreted as effects of
intense deformation during deposition and crystal-
lization of the lower part of a thick cumulate pile.
Gabbroic augen gneiss in the Bay of Islands Com-
plex in Newfoundland and widespread tight folding
and foliation of gabbroic and ultramafic rocks to-
gether in the Zambales Complex in the Philippines
are cited as additional evidence that tectonic fabrics
related to hypersolidus and subsolidus deformation
in ophiolitic rocks other than harzburgite are wide-
spread.

Stratigraphic position of chromite deposits in selected ophiolite
complexes

Because obviously cumulate podiform chromite
deposits occur in supposedly residual harzburgite,
it has been assumed that the chromite deposits were
introduced into the harzburgite from the overlying
olivine-rich cumulates. Two mechanisms for their
introduction have been suggested, sinking of dense
chromite masses or infolding.

In four ophiolite complexes, Vourinos (Greece),
Troodos (Cyprus), Canyon Mountain (Oregon),
and Josephine (Oregon and California), field rela-
tions are not compatible with sinking chromite
bodies. First, each chromite deposit in harzburgite
is surrounded by a dunite envelope. Dunite and
harzburgite have about the same density (~3.3
g/cm?). If chromite deposits will sink through harz-
burgite, they should also sink through their dunite
envelopes. Second, many chromite deposits in these
complexes are disseminated (less than 50 percent
chromite) and have thick dunite envelopes. The
aggregate density of the chromite and dunite is not
much greater than harzburgite, so sinking would
not occur.

Infolding of chromite is unlikely in three of the
ophiolite complexes. For example, in Troodos, the
cumulates are deformed and contain chromite, but
the average composition of the chromite in the cu-
mulates is significantly different from the chromite
in the hazburgite. In Canyon Mountain, the eumu-
lates are deformed but have no segregated chromite,
so the process would have been remarkably selec-

tive, and,in Vourinos, the overlying cumulates were
never folded.

Based on these observations, T. P. Thayer and
B. R. Lipin conclude that chromite deposits neither
sink into nor are folded in harzburgite, but rather,
are indigenous to it.

MINERAL-RESOURCE INVESTIGATIONS OF
WILDERNESS AREAS

The USGS and U.S. Bureau of Mines assess the
mineral resource potential of areas included or con-
sidered for inclusion in the National Wilderness
Preservation System.

Significant mineral potential in Elkhorn Wilderness Study Area,

Montana

A mineral-assessment study shows the Elkhorn-
Wilderness Study Area, about 354 km? just south-
east of Helena, Mont., by W. R. Greenwood, S. D.
Ludington, W. R. Miller, W. F. Hanna, and K. J.
Wenrich-Verbeek, to be predominantly of moderate
or high potential for porphyry-type copper and mo-
lybdenum deposits and precious- and base-metal
deposits. The area may also have resources of ura-
nium and thorium. This mineral assessment included
chemical analysis of rocks, a detailed geochemical
survey of stream sediments, a detailed aeromagnetic
survey, and several aeroradiometric traverses. Three
porphyry-type copper and molybdenum deposits
that occur in Boulder batholith rocks on the west
of the area have been explored by drilling. One
of these, the Golconda, has a high potential for
development. All of the Boulder batholith rocks
in the study area have at least a moderate poten-
tial for porphyry deposits. The eastern part of the
study area, underlain by Paleozoic and Mesozoic
sedimentary rocks and Cretaceous volcanic rocks,
has a moderate to high potential for precious-
and base-metal vein deposits. Many such deposits
have been mined from this eastern part in the past.
Undeveloped extensions of known vein deposits and
hidden veins are likely to be developed in the future.

Coal resources of Cranberry Wilderness Study Area, West

Virginia

Reconnaissance geologic mapping and study of
existing drill hole data in the Cranberry Wilderness
Study Area in the Monongahela National Forest,
Pocahontas and Webster Counties, West Virginia,
have enabled C. R. Meissner and J. F. Windolph, Jr.
(USGS), and P. C. Mory (U.S. Bureau of Mines)
to calculate the coal resources (Meissner and others,
1978). About 100 million tons of prime low sulfur,
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mostly low ash, bituminous coal may be present in
five major and several minor beds in the study area.
This coal is privately owned, although the U.S.
Forest Service owns the surface rights. A geochemi-
cal survey based on stream sediment and rock sam-
ples did not find any evidence of metallic mineral
resources.

Large submarginal iron resources in Virginia and West Virginia

Wilderness Study Areas

Reconnaissance mapping and study of previous
drilling data by F. G. Lesure (USGS) and B. B.
Williams and M. L. Dunn (USBM) have resulted
in the calculation of 1.75 billion metric tons of sub-
marginal iron resources containing 250 to 350 mil-
lion metric tons of iron in the Mill Creek, Peters
Mountain, and Mountain Lake Wilderness Study

Areas in Giles and Craig Counties, Virginia, and

Monroe County, West Virginia (Lesure and others,
1978). The iron is in hematitic sandstone beds of
the Rose Hill Formation of Silurian age. The iron
content ranges from 10 to 30 percent and the phos-
phorus from 0.05 to 0.8 percent. The iron-rich sand-
stone beds range from 1 to 10 m in thickness
and are as much as several kilometers long. They
are scattered throughout an interlayered series of
red and green shale and sandstone of lower iron
grade that ranges in thickness from 45 to 60 m.
Mining or quarrying of hematitic sandstone in areas
of outcrop would be relatively inexpensive, but bene-
ficiation methods are not yet adequate to permit
economic production at existing prices.

Possible stratiform-copper occurrence in Devonian rocks in

Virginia

Stream sediment and soil samples collected by
F. G. Lesure and J. M. Motooka in the Ramseys
Draft Wilderness Study Area, Augusta County, Vir-
ginia, suggest the presence of a low-grade stratiform
copper occurrence in the Hampshire Formation of
Late Devonian age. Although no mineralized rock
is exposed, soil samples outline two copper-rich
zones, 3 to 5 m thick, that have a grade of as much
as 1,500 ppm copper. A strike length of 60.m and a
down-dip dimension of 50 m are consistent with
the size of mineralized area of that grade necessary
to produce anomalous values of copper in the adja-
cent small drainage basins. Such small, low-grade
stratiform deposits are not now economically im-
portant, but this is the first occurrence found in the
Upper Devonian red-bed sequence south of known
deposits in Pennsylvania.

GEOCHEMICAL AND GEOPHYSICAL
TECHNIQUES IN RESOURCE ASSESSMENTS

GEOCHEMICAL-RECONNAISSANCE RESULTS

In the Sonoran Desert, Papago Indian Reserva-
tion, Arizona, G. A. Nowlan and W. H. Ficklin iden-
tified a cluster of water wells in the Baboquivari
Mountains with molybdenum contents of 20 to 450
micrograms per liter (ug/L). Waters from the Res-
ervation generally contain less than 10 pug/L of mo-
lybdenum. The cluster of anomalous wells occurs
within a band of metavoleanic and metasedimentary
rocks cutting across the mountain range and con-
taining minor tungsten deposits.

On the Papago Indian Reservation, J. H. Mec-
Carthy, Jr., and G. A. Nowlan found anomalous
amounts of copper, molybdenum, gold, silver, and
several other metals in rock and stream-sediment
samples. These anomalies delineated areas that have
potential for new mineral deposits. Favorable geo-
logic setting and aeromagnetic anomalies coincide
with some of the indicated areas.

In the Silver City 1°X2° quadrangle, southwest-
ern New Mexico, K. C. Watts, Jr., observed that
detrital fluorite corresponded closely with many
metal anomalies and, based on its distribution over
known deposits, appear to reflect areas of fluorite
mineralization. Ten areas containing fluorite min-
eralization were identified, and six of these were
characterized by fluorite having violet coloration
generally regarded as resulting from radiation dam-
age. Of the six areas containing violet fluorite, ura-
nium occurred in one, unidentified radioactive min-
erals were reported in another, and anomalous
amounts of thorium were found in two other areas.
Thus, violet-colored fluorite may be useful as a guide
in locating areas of radioactive minerals.

In the Rolla 1°X2° quadrangle, Missouri, R. L.
Erickson, E. L. Mosier, J. G. Viets, and S. C. King
analyzed approximately 11,000 samples of whole
rock and insoluble residues from 62 regionally
spaced “barren” drill holes and found that the dis-
tribution of drill holes containing the highest
amounts of lead, zinc, copper, nickel, cobalt, molyb-
denum, and silver (1) outlined known mineralized
trends, (2) followed the limestone-dolomite inter-
face in the Bonneterre Formation, (3) favored prox-
imity to subsurface Precambrian “highs,” and (4)
could be projected to form an irregular band of
mineralized ground encireling the St. Francois
Mountains (Erickson, Mosier, and Viets, 1978). The
distribution and abundance of lead and silver out-
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lined best the known ore trends and appeared to be
the best geochemical parameter for outlining broad
target areas for exploration.. The distribution and
abundance of zinc, copper, nickel, and cobalt were
more restricted than that of copper and lead, and
the greatest amounts occurred in projections of
known ore trends. These patterns suggest that the
fluids that brought metal to the deposits were not
of uniform composition throughout the southeast
Missouri lead district.

Pyrite-marcasite concentrates from the Bonne-
terre Formation (principal ore host) are lead-rich,
and the relative proportions of all trace metals in
the concentrates are very similar to their propor-
tions in the lead orebodies; whereas, concentrates
from the underlying Lamotte Sandstone are copper
rich and their zinc-nickel-cobalt contents are much
higher than in Bonneterre concentrates. The relative
proportions of all trace metals in the Lamotte con-
centrates are much different from their proportions
in the lead orebodies.

These findings suggest multiple periods of move-
ment of ore fluids in the southeast Missouri lead
district. The metal-bearing fluids moving through
solution channels in the Bonneterre Formation were
lead rich, and those moving in the Lamotte Sand-
stone were copper-zinc-nickel-cobalt rich.

In the 18,000 km? Rolla 1°xX2° quadrangle, Mis-
souri, P. D. Proctor (University of Missouri, Rolla)
found that anomalous heavy-metal contents of river
waters, stream sediments, and selected aquatic
plants spatially relate to present and former mining
and milling areas. Nonmineralized drainage areas
have lesser heavy metal contents and fewer anoma-
lous values. In the Jack’s Fork area, stream sedi-
ments from a mineralized area contained on the
average 26 times more lead and 4 times more zinc
than did sediments from a nonmineralized area. For
these same areas, the metal content in solution in
the stream waters is several orders of magnitude
less than in the stream sediments. Steam algae
yielded metal values similar to those of the stream
sediments with which they are associated.

In the Iron River 1°X2° quadrangle, Michigan
and Wisconsin, H. V. Alminas found up to 300 ppm
copper in B-horizon soil samples and thus detected
a known mineral deposit through lake-bed clays up
to 60 m thick. The copper contents were enhanced
by a factor of 20 by panning the heavy minerals
from the soil and selectively extracting the iron-
and manganese-oxide soil fractions using an oxalic
acid leach.
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In the Charlotte 1°x2° quadrangle, North and
South Carolina, W. R. Griffitts found that heavy-
mineral concentrates taken from stream beds con-
tained substantial amounts of kyanite, rutile, stau-
rolite, and minerals of tin and niobium, all of which
had been recycled from older sedimentary forma-
tions. A little gold had apparently been recycled
also.

Reconnaissance geochemical sampling by J. C.
Antweiler in Central Region Wilderness Study
Areas reaffirmed the importance of collecting more
than one sample medium in a given area. Gold was
detected in pan concentrates from the Blue Joint
Wilderness Study Area, Ravalli County, Montana,
but not from nearby Overwhich Creek. Fine-grained
stream sediments collected at the same places had
anomalous amounts of copper in the Overwhich
Creek samples but not in the Blue Joint Creek sam-
ples. Using a single sample medium would have
resulted in missing one of the anomalies.

Geochemical studies. by H. D. King and W. D.
Crim outline a number of possible new mineral oc-
currences in the Medfra and Lake Clark quadran-
gles, Alaska. Anomalously high tin, gold, and silver
values in heavy-mineral concentrates delineated sev-
eral previously unreported occurrences of mineral-
ized rock in the western part of the Lake Clark
quadrangle. Similarly, high copper values in heavy-
mineral concentrates defined a number of new min-
eralized areas in the southeast and east-central parts
of the Lake Clark quadrangle. Anomalous amounts
of silver, arsenic, gold, bismuth, copper, lead, zine,
antimony, tin, and tungsten in heavy-mineral con-
centrates revealed mineralized areas in the Mystery
Mountains, in the Sunshine Mountains, and in the
Cloudy Mountains, all in the central and west-cen-
tral part of the Medfra quadrangle.

GEOPHYSICAL EXPLORATION

A two-dimensional seismie-model study of the
Patrick Draw Field, Washakie Basin, Wyoming, was
conducted by R. C. Anderson and R. T. Ryder and
showed that detecting the reservoir sand (Upper
Cretaceous Almond Formation) with seismic data is
difficult owing to acoustic contrasts and bed thick-
ness. The likelihood that higher resolution seismic
data would improve the results is not suggested by
the model, and further work is required to deter-
mine what other acoustic measurements might be
useful in exploring for Patrick Draw-type fields.

New data collected by R. J. Blakely at 180 gravity
stations were combined with existing data to form



12 GEOLOGICAL SURVEY RESEARCH 1979

a suitable data base for ascertaining the deep struc-
ture of the Kalmiopsis Wilderness Area, Oregon,
including the Josephine Periodotite body. This pe-
ridotite unit is massive and is in contact at its west-
ern edge with less dense rocks such as graywackes
and volcanic rocks. The simple Bouguer anomaly
showed little or no correlation with this western con-
tact, which suggests that this part of the Josephine
Peridotite is thin in vertical extent. This configura-
tion supports geologic observations that this perido-
tite body was emplaced as a tectonic slice rather
than as an intrusion.

LEAD ISOTOPES APPLIED TO MINERAL
EXPLORATION

An assessment was made by B. R. Doe of the use
of lead isotopes in mineral prospect evaluation of
Cretaceous and Tertiary magmatothermal ore de-
posits in Arizona, Colorado, New Mexico, Utah, and
a few selected examples from Idaho and Montana.
Samples analyzed from all of the multi-billion dol-
lar copper and molybdenum mines have values of
206Pp /24P less than 18.

Many of the largest lead-zinc-silver skarn-type
deposits have 20¢Pb/2°¢Pb values up to 18.6. The larg-
est districts, with 2Pb/2Pb values between 18.6
and 19.1, have production in the range of $100-
$200 million. No district is known to have a produc-
tion approaching $100 million and a 2¢Pb/2:Pb
value greater than 19. The apparent correlation be-
tween maximum size of a deposit and the lead iso-
topic composition is of value in prospect evaluation.
This measurement requires only one sample per
prospect because the lead isotope composition is
generally uniform within an individual deposit.

VOLATILE GASES USEFUL IN GEOCHEMICAL
EXPLORATION

Using mass spectrometry and gas chromatogra-
phy, M. E. Hinkle analyzed soil gases collected from
the Long Valley geothermal area of California and
from two areas of sulfide mineralization in Pinal
County, Arizona. Anomalously high concentrations
of helium coincided with known faults in the Long
Valley area, and above-average amounts of sulfur
compounds were detected over the Vekol copper
deposit, southwest of Casa Grande, Ariz.

BIOGEOCHEMICAL INVESTIGATIONS

In culture experiments conducted during the sum-
mer of 1978, J. R. Watterson found that pigmented

bacteria showed extreme sensitivity to environmen-
tal factors including temperature, pH, and metal
concentrations. Specifically, chromobacterium viola-
ceum produced a yellowish, diffusing pigment in the
presence of 10 micrograms of molybdenum per gram
of standard nutritive medium.

BOTANICAL INVESTIGATIONS

In several areas in central Montana, D. J. Grimes
found Eriogonum ovalifolium growing over copper
deposits and a high correlation between the distribu-
tion of this plant species and the copper content
of the soil. Colonies of Eriogonum ovalifolium were
associated with anomalous amounts of copper in soil
overlying Precambrian sedimentary units, mafic
sills, aplite dikes, quartz-calcite veins, and quartz
monzonite porphyry intrusives. The distinctive foli-
age and growth habit of Eriogonum ovalifolium
make it a potentially useful indicator plant for
detecting copper deposits.

ANALYTICAL METHODOLOGY USEFUL IN
GEOCHEMICAL EXPLORATION

Using ferric chloride and ammonium pyrrolidine
dithiocarbamate as coprecipitants, A. E. Hubert and
T. T. Chao determined parts-per-billion amounts of
copper, lead, zine, cobalt, nickel, cadmium, molyb-
denum, and uranium in a single natural water sam-
ple. The precipitated metals were deposited on a
membrane filter for direct analysis by X-ray fluores-
cence.

Manganese in geological samples at concentrations
above the crustal abundance interferes with the
atomic absorption determination of cobalt, nickel,
and copper in methods using sodium diethyldithio-
carbamate chelation and solvent extraction. R. F.
Sanzolone and T. T. Chao found that the interfer-
ence disappeared completely when the extracted car-
bamates were allowed to stand for 24 hours. By
setting aside sample solutions for 24 hours after
the initial extraction, R. F. Sanzolone, T .T. Chao,
and G. L. Crenshaw determined trace amounts of
cobalt, nickel, and copper in a variety of geological
materials, including iron- and manganese-rich sam-
ples and calcium-rich samples. As much as 50 per-
cent Fe, 25 percent Mn or Ca, 20 percent Al, and 10
percent Na, K, or Mg in a given sample, present
either individually or in various combinations, did
not interfere with the determination of trace
amounts of the other metals.
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RESOURCE INFORMATION SYSTEMS AND
ANALYSIS

RESOURCE INFORMATION SYSTEMS
Computerized Resources Information Bank

The number of records in the Computerized Re-
sources Information Bank (CRIB) master file de-
creased to 45,243 during 1978, while the quality of
records was increased as a result of intensive edit-
ing. Approximately 2,000 new records were received
during the year.

Co-op arrangements continue with the Bureau of
Land Management, the Forest Service, West Ger-
many, the State Department, and South Dakota.
Earlier co-ops were completed with useful results
with Idaho, Montana, and Minnesota. Additional
requests for CRIB co-ops have been received from
Oregon and Nevada, and the agreement with the
Tennessee Valley Authority was terminated.

In-house (USGS) CRIB participation increased
markedly during 1978, mainly as a result of the
CUSMAP and USGS statewide inventory programs;
the latter now includes California, Oregon, Nevada,
and Arizona.

Lead-zine deposits of the world were studied by
P. G. Schruben, and nickel-cobalt deposits of the
world were studied by G. L. Shaffer using CRIB
data. CRIB data also were used as contributory
source material for four of the seven metal models
used in the study of the mineral resource potential
of Alaska by D. A. Singer. M. G. Johnson created
a dynamic CRIB working file to study geologic-
metallogenic correlations and relationships and to
generate overlay maps showing these relations in
space.

A Mineral Data System (MDS) Advisory Com-
mittee was established in September 1978 to foster
ideas, methods, and support relating to CRIB. This
committee, under the direction of J. A. Calkins, in-
cludes subecommittees for data validation and stand-
ards, applications, and information sources.

Geothermal resources file

GEOTHERM, the geothermal resources file, de-
veloped by J. A. Swanson, is a fully operational data
base on geothermal resources, divided into three
subfiles: geothermal fields, wells, and chemical anal-
yses of geothermal waters. The file was used exten-
gively in the USGS 1978 assessment of geothermal
resources of the United States and for geothermom-
eter calculations, stored heat and reservoir volume
determinations map plots, and data display and pub-

lication. Presently, the file contains over 500 field
records, 500 well records, and more than 4,000
chemical analyses records of warm-water wells and
springs in the United States.

National Coal Resources Data System, Phase I

Phase II software is comprised of a set of inter-
active computer programs, developed by A. C. Olson,
to aid the commodity geologist when dealing with
irregularly spaced point-located field data, in ana-
lyzing, evaluating, and mapping resources. The data
are processed by the program to produce structure,
coal thickness, overburden, overburden-to-thickness
ratio, and resource maps, as well as tables of
resource tonnages in each reliability category.

Outcrop and political boundaries may be entered
into the data set by means of the digitizer. Thick-
ness, overburden, or chemical concentration bound-
aries may be generated by the software, in addition
to combinations of different types of boundary con-
ditions for constraining the resource computations.
Resource maps are based on standard reliability-
category distances from the point of field observa-
tions. Volume and tonnage values may be computed
for each reliability category and for each set of
boundary constraints.

All calculations and map displays can be done on
an interactive graphics terminal. An option is pro-
vided for the creation of a plot tape to drive the
offline plotter.

RESOURCE ANALYSIS
PROSPECTOR computer consuitant

Based upon recent developments and testing, the
PROSPECTOR rule-based computer consultant for
mineral exploration shows great promise as a useful
tool not only in mineral exploration but also in
teaching and resource assessment. This method, de-
veloped by SRI International with J. M. Botbol as
project monitor, depends upon a prior establish-
ment of a set of rules that are used as a knowledge
base. PROSPECTOR consists of a conversational
dialogue between a geologist and the computer, and,
from information provided by the geologist, PROS-
PECTOR computes degrees of similarity of the geolo-
gist’s subject area with models included in the
knowledge base. To establish each model, someone
must quantify a consistent taxonomy that includes
specification of occurrence, prior probabilities, and
the probability that a given relation is of value if
present and damaging if not present. In scope, the
construction of a model is tantamount to writing a
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professional paper but has the additional constraint
of taxonomic quantification. In addition, the model
is then immediately computer usable by a broad
spectrum of users. The models can then be applied
as teaching aids to students and project geologists
who might be unfamiliar with the deposit types
relevant to a given area. As information in a sub-
ject area is acquired, PROSPECTOR can be used
to optimize the data-gathering program and quan-
tify the components of the cost-benefit analysis that
supports the program. With respect to resource
appraisal, the procedure can be iterated for attri-
butes of a group of areas (or cells within one area
or both) resulting in specification of those areas
with high resource potential.

Uranium resource appraisal and decision modeling

Decision modeling, formerly known as character-
istic analysis, was developed by J. M. Botbol, R. W.
Bowan, and R. B. McCammon (USGS) and Richard
Sinding-Larsen (Norwegian Geological Survey) to
create, to test, and to evaluate exploration and re-
source models based on geoscience data collected
over large geographic areas. A computer program
has been written that uses built-in tutorials to in-
struct the user at each stage of analysis. The user
can save a model or a model component, for example,
a region, cell, or a geologic variable, for later use,
and a graphic overlay that might be displayed.
Compound variable construction provides the capa-
bility to generate new variables as functions of ex-
isting variables. This is particularly useful in the
designation of alteration and zoning patterns of
orebodies. A unique feature of decision modeling is
the ability to express the conditions necessary for
an orebody in terms of mathematical logic. The
statements for the necessary conditions are imple-
mented on the computer as a logic circuit. For a
given resource area, decision modeling can be used
to estimate the favorability of occurrence of a par-
ticular deposit model. A resource estimate is then
obtained by combining the probability of occurrence
for different deposit models with their associated
grade and tonnage characteristics.

Mineral resource assessment

An approach developed by W. D. Menzie II to
assessing the mineral resources of a region is to
(1) delineate areas permissive for the occurrence
of deposits by type, (2) estimate relevant charac-
teristics, such as grade and tonnage or contained
metal, of each deposit type, and (3) estimate the
number of deposits of each type that are likely to

occur within the region (Singer, 1975). This ap-
proach was used to perform an assessment of the
metalliferous mineral resources of central Alaska,
at 1:1,000,000 scale (Eberlein and Menzie, 1978).
For the regional assessment of Alaska’s mineral
resources, models of grades and tonnages, or con-
tained metal, were built for 10 deposit types (Singer
and others, 1978).

Models of grade and tonnage play an important
role in this approach to mineral assessment; there-
fore, it is important to understand factors that re-
late to the variability and distribution of grade and
tonnage. Regional variability in grades and ton-
nages, such as that demonstrated for nickel sulfide
deposits associated with komatiitic rocks by M. P.
Foose, W. D. Menzie II, D. A. Singer, and J. T.
Hanley, is one such factor. Another factor that may
influence the distribution of grades and tonnages
is size-biased sampling. A preliminary method has
been derived for removing the effects of size-biased
sampling of podiform chromite deposits by W. D.
Menzie II and D. A. Singer.

Observed frequency distributions of average
grade, tonnage, and, in some cases, contained metal
were found by D. A. Singer to be adequately repre-
sented by lognormal distributions for the following
deposit types: porphyry copper, porphyry molyb-
denum, skarn copper, mafic volcanogenic sulfide,
felsic and intermediate volcanogenic sulfide, nickel
and copper sulfides associated with intrusive rocks,
skarn tungsten, podiform chromite, mercury, and
vein gold. For many of these deposit types, grades
were found to be independent of tonnages (Singer,
1978). The grade-tonnage models represented by
these frequency distributions combined with prob-
abilistic estimates of the number of deposits by type
and by tract were used in the mineral resource
assessment of southern Alaska (MacKevett, Singer,
and Holloway, 1978).

Copper-aluminum substitution model

A joint copper-aluminum model has been devel-
oped by M. S. Hamilton to assess the impact of
higher energy prices and the depletion of high-
quality ore deposits on copper and aluminum indus-
try costs, substitution, and recycling potential. The
estimates of the long-run supply elasticity for U.S.
copper obtained in this study are considerably less
than those computed by others in earlier years,
indicating that large price increases are needed to
increase domestic primary copper production sub-
stantially. Even the most pessimistic assumptions
about bauxite producer-country royalty increases
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have been found to have less impact on aluminum
industry costs than substantial growth in energy
prices (at 1974-77 rates). The incentive that higher
energy prices give to increased recycling of alumi-
num has been found to be very substantial, but cop-
per scrap reclamation was found to be little affected
by such price increases.

Petroleum resource analysis

L. J. Drew determined that no major methodo-
logical barrier existed to expanding his discovery-
process model, which is based on the area-of-influ-
ence concept, from two to three dimensions. The
three-dimensional model was tested in the Midland
Basin. The Arps Roberts discovery-process model,
which was initially tested and found to produce
very good predictions of future oil discovery in the
Denver Basin, was modified for use in the far more
geologically complex Permian Basin. With the modi-
fied model, predictions were made of the number and
sizes of petroleum deposits remaining to be discov-
ered in that basin and the rate at which they would
be discovered in the future.

Major problems introduced into the exploration
process in the Gulf of Mexico as a result of leasing
procedures were resolved by modifying the discov-
ery-process model to a form which produces a rea-
sonable forecast of future discoveries from highly
discontinuous data.

No evidence was found to indicate improvement
in exploration efficiency either by vertical divesti-
ture or by reducing major firms to regional units.
The major conclusion of the Permian Basin study
is that even if the price of oil should rise to $40 per
barrel, or natural gas to $7.59 per MCF, the esti-
mated potential reserves accruing from future dis-
coveries represent little more than 3 years supply
at the 1974 rate of production.

Revised calculations and recent data compiled by
D. H. Root and E. D. Attanasi indicate that,in the
non-Communist world outside the United States and
Canada, the average quantity of crude oil discov-
ered per exploratory well between 1970 and 1975
was 43 percent of the 1950-55 discovery rate instead
of 56 percent, as earlier data indicated. Studies of
the growth of oil and gas fields in the lower 48
States by D. H. Root showed that the growth which
can be expected from oil and gas fields discovered
before December 31, 1975, is less than 13 billion
barrels of oil and 120 trillion cubic feet of natural
gas.,

Remote-access error-free computer timesharing

Two serious problems in computer timesharing

were overcome through research by J. M. Botbol.

These problems involve the frequent situation of
being unable to gain telephone access to a computer
from a remote location, such as in another country,
and the general condition of telephone-line noise
causing data-transmission errors. The problem of
telephone access was solved by devising a means for
the computer to call the terminal; the noise problem
was solved by use of error-correction devices con-
nected to a terminal and the computer to permit
automatic retransmit queueing. As greater depend-
ence on computer data storage and retrieval capa-
bilities develops, the need for error-free and timely
computer access becomes more critical. Thus, the
results of the present work have far-reaching influ-
ence on the deployment of remote computer termi-
nals and on the scope of collaborative efforts abroad.
Given that a timeshare link is timely and reliable,
future support commitments can be more accurately
specified. This would be of immediate value in global
mineral resource intelligence efforts and would serve
to justify computer support services, personnel, and
programs.

CHEMICAL RESOURCES

LITHIUM INVESTIGATIONS IN SEDIMENTARY
AND VOLCANIC ROCKS

Origin of commercial lithium brines

Investigations of the chemistry and mineralogy
of sediment and brine samples from bore holes in
the Clayton Valley, Nevada, lithium brine field, by
J. D. Vine, H. D. Downey, and A. R. Wanek, together
with stratigraphic and geomorphic studies by J. R.
Davis, provide additional evidence for the origin of
this deposit. Previous studies show that the occur-
rence of lithium in amounts greater than a few parts
per million is characteristic of evaporative concen-
tration of water, while lithium-chlorine ratios
>0.005 are characterisic of geothermal waters that
have leached lithium from volcanic source rocks.
The commercial lithium brine at Clayton Valley
contains as much as several hundred ppm Li, but
typical lithium-chlorine ratios of 0.002-0.003 are
somewhat below that of geothermal springs that
could have supplied the lithium. A reduction in the
lithium-chlorine ratio could be explained if there
was a transfer of lithium from brine to the sedi-
ments. Using the equilibrium constant for hectorite,
Na, ;; (Mg,Li) ;81,04 (F,0H) ., recently calculated by
W. E. Dibble, Jr., of Stanford University (written
commun., Dec. 1978), the brine was found to be
supersaturated with respect to this lithium clay.
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This is regarded as evidence of the authigenic for-
mation of hectorite in the clay fraction of Clayton
Valley sediments that contain as much as 1,500 ppm
Li. Brines with similar chemical characteristics oc-
cur in salars in the Andes of South America. Salar
de Atacama, Chile, is currently under development
(Comer, 1978), and salars in Bolivia show signifi-
cant promise (Erickson, Vine, and Ballén, 1978).
The volcanic setting of these deposits and the asso-
ciation between lithium and geothermal waters in
the region are the subject of continued studies by
Jd. R. Davis, R. L. Smith, S. L. Rettig, and K. A.
Howard. The potentially large resources of lithium
in brines provide assurance that there will be
enough lithium for batteries for electric vehicles
and for storage of off-peak power for utility nets.

Origin and distribution of lithium-rich clay deposits

The lithium clay mineral, hectorite, occurs in sa-
line lake sediments where it may precipitate directly
from waters containing high concentrations of SiO,,
Mg, F, and Li, or it may form by the alteration of
volcanic sediments by reaction with alkaline saline
waters. Hectorite comparable to that from the type
locality in the Mojave Desert has been recognized
in a number of nonmarine Tertiary rock units in
the Basin and Range province. In the Lake Mead
area, Nevada, exposures of the Horse Spring For-
mation of Oligocene and Miocene age at Lava Butte,
Lovell Wash, White Basin, and Virgin Basin con-
tain authigenic hectorite associated with dolomite,
celestite, halite, and cristobalite, according to E. F.
Brenner-Tourtelot and R. K. Glanzman (1978).
Some of these deposits are closely associated with
travertine spring mounds and stromatolitic algal
structures interbedded with altered voleanic ash
beds indicative of a shallow-water environment of
deposition in saline waters and a possibility that
some of the elements were introduced by thermal
spring waters.

Clays similar to those deseribed above have been
identified in Tertiary lacustrine deposits in the Date
Creek Basin near Wickenburg, Ariz., the Rio
Grande rift zone near Socorro, N. Mex. (Bren-
ner-Tourtelot and Machette, in press), a basin of
unknown extent near Lincoln, Mont. (Brenner-
Tourtelot, Meier, and Curtis, 1978), and in the
moat-fill sediments of the McDermitt caldera com-
plex near MecDermitt, Nev. (Glanzman, Rytuba,
and McCarthy, 1978). Lithium-enriched clays as
much as 40 m thick occur in altered volcaniclastic
sediments that are exposed for about 45 km along
an arcuate belt of outcrop on the north and west

sides of the McDermitt caldera, according to Glanz-
man and Rytuba (1978). Clays on the northern side
of the caldera complex contain as much as 0.4 per-
cent Li and resemble hectorite in their physical
properties, whereas those on the west side of the
complex contain as much as 0.7 percent Li and have
different physical properties. Like hectorite, this
previously unknown lithium clay mineral is dom-
inantly a trioctahedral smectite. But unlike hector-
ite, the clay mineral contains significant amounts
of aluminum and iron but little fluorine in the struc-
ture, and it does not disperse in water. Extraction
tests by the U.S. Bureau of Mines confirm the dif-
ferent physical and chemical properties of the two
clay minerals and indicate the feasibility of lithium
recovery from both, according to D. C. Seidel (writ-
ten commun., Dec. 1978).

While the high-alumina flint clays, such as those
described from Missouri, Kentucky, and Pennsylva-
nia by Tourtelot and Brenner-Tourtelot (1978), are
known to contain as much as 0.5 percent Li, their
distribution is unknown. Until more is known about
their pattern of distribution, it is not possible to
suggest how to search for commercial-size deposits.

Association of lithium with uranium

Lithium clays are associated with uranium de-
posits or occurrences at a number of localities in
the western United States according to R. K. Glanz-
man and J. K. Otton (1979). Not only do lithium
and uranium occur in the same sequence of mineral-
ized rocks, but they may also be associated with
mercury, beryllium, fluorine, or boron deposits in
such different areas as the McDermitt caldera com-
plex, Nevada and Oregon, the Spor Mounfain dis-
trict, Utah, the Date Creek Basin, Arizona, the Kra-
mer Borate district, California, and the Henry
Mountains district, Utah. The frequency of the as-
sociation indicates that lithium-bearing ground wa-
ters might provide a useful hydrogeochemical
method of searching for uranium deposits.

Autoradiographic method of lithium determination
Neutron-induced reactions in the lighter elements
produce particles that can be recorded by a radio-
luxograph. J. R. Dooley, Jr., has successfully
adapted this method to the preparation of an auto-
radiographic representation of the lithium distribu-
tion in a polished surface of spodumene-bearing
pegmatite from Kings Mountain, North Carolina,
using reactor-produced neutrons. This neutron in-
duced radioluxograph (fig. 1) shows the lithium-
bearing minerals in a manner analogous to the
autoradiographs produced by natural radioactive
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COAL ANALYSIS

The Coal Resources Investigations Program of
the Geologic Division classifies the Nation’s remain-
ing coal resources into various categories based on
geographic and geological distribution, physical and
chemical characteristics, and recoverability. As part
of this effort, personnel of the Division in 1978
mapped and assessed 4,200 km? of coal-bearing land
in Colorado, Montana, New Mexico, Utah, Virginia,
and Wyoming, and geologic sections were measured
in the Crow Indian Reservation in Montana and the
Wind River Indian Reservation in Wyoming. About
26,000 m of drilling was completed in the western
coal basins to assess the quantity and quality of
buried coal and to provide stratigraphic informa-
tion. More than 1,000 channel and bench samples
of coal were collected for chemical analysis from
20 States, in cooperation with 15 State geological
surveys, the Conservation Division, the Bureau of
Land Management, and the U.S. Bureau of Mines.

Computerization of the Nation’s coal resources

About 7,000 records of coal resources and chemi-
cal analyses were added to the National Coal Re-
sources Data System (NCRDS), bringing the total
to nearly 93,000. The data base currently includes
31,000 coal resource tonnage records and 53,000
U.S. Bureau of Mines proximate and ultimate coal
analyses, nearly all reported by coal bed and by
location in counties and States. The NCRDS also
contains 9,000 geodetically located drill-core records
and chemical analyses, the latter including proxi-
mate, ultimate, major-, minor-, and trace-element
constituents.

The NCRDS now has cooperative arrangements
with eight State geological surveys for collection,
correlation, transmission, entry, retrieval, manipu-
lation, and display of drill hole, chemical analyses,
and other relevant coal-resource-related data.

A basic computer program was developed by A. C.
Olson to calculate coal resources from point-located
information. Testing with actual data from selected
areas in Colorado, Virginia, and Wyoming resulted

in differences ranging from 1 to 15 percent be-
tween the machine and standard manual calcula-
tions; the variations appear to be largely dependent
on the amount and distribution of data and the
distances from point sources.

Participation in the interagency EMRIA program

The USGS is providing geological support to the
Energy Minerals Rehabilitation Inventory and Anal-
ysis Program (EMRIA) of the Bureau of Land
Management (BLM) by selecting representative
reclamation study sites within several coal basins.
USGS personnel obtain and examine samples of coal
and other sedimentary rocks from cores drilled by
BLM contractors and appraise coal quantity and
quality, evaluate reclamation potential, and predict
possible mining and environmental hazards. Studies
were completed in 1978 in the following reclamation
study areas: White Tail Butte, Campbell County,
Wyoming ; Hanging Woman, Big Horn County, Mon-
tana; Fish Creek, Routt County, Colorado; Pump-
kin Creek, Powder River County, Montana; Kim-
beto, San Juan County, New Mexico; and Bisti West,
San Juan County, New Mexico.

FIELD STUDIES

Coal maps, 1:100,000 scale

The first of the new intermediate-scale coal maps
(1:100,000 scale) were published in 1978, depict-
ing structure contours and isopachs of coal, as well
as isopachs of overburden, in the western half of
the Recluse quadrangle, Campbell County, Wyo-
ming (B. H. Kent and B. E. Munson, 1978 a,b) ; the
area lies on the east flank of the Powder River
basin. Of the total area under study (4,500 km?)
2,800 km? are underlain by the Canyon coal bed and
several associated splits and also by separately
recognized coal beds. The authors estimated the coal
resources in the Canyon coal and associated splits
to be 25 billion t. The resources in the overlying
and underlying coal beds were not estimated.

The Paleocene coal beds of the Recluse quadran-
gle appear to have been deposited in a geologically

19
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unstable area that was the site of repeated tempo-
rally and spacially interconnected peat swamps.
Each succeeding swamp covered somewhat a differ-
ent part of the unstable area and was successively
buried by random incursions of sediments that ac-
cumulated with erratic thicknesses. As a result, dif-
ferent parts of the mapped area, containing from
one to four coal beds, posed problems in designing
structure-contour and coal-isopach maps depicting
such stratigraphic complications. Kent and Mun-
son, therefore, divided the coal-bearing area into
seven segments and compiled for each segment, (1)
a structure map of the top of the coal-bearing zone,
(2) a structure contour map of the base of the zone,
and (3) a coal isopach map showing total coal thick-
ness, disregarding intervening rock intervals. The
resulting three maps, together with the isopach map
of overburden, provide all pertinent geological infor-
mation needed for industrial appraisal of coal
resources in any given tract.

Coal beds in deltaic paleoenvironments

San Juan Basin, New Mexico.—The Upper Creta-
ceous sequence in the southwestern part of the San
Juan Basin, New Mexico, consists from the base up
of the Pictured Cliffs Sandstone, the coal-bearing
Fruitland Formation, and the Kirtland Shale. Meas-
urement of 200 new stratigraphic sections by R. M.
Flores and mapping and study of new drilling by
J. W. Mytten have led to reinterpretation of the
stratigraphic development of these units. The Pic-
tured Cliffs Sandstone, consisting of distributary-
channel, delta-front, and beach-barrier lithofacies,
appears to have accumulated on a prograding delta
rather than, as formerly thought, in a beach-littoral
zone. All evidence indicates that, as the delta con-
tinued to prograde during deposition of the Fruit-
land Formation, vegetative material accumulated in
deltaic and back-barrier lagoonal swamps and was
later converted to peat and coal. Coal derived from
swamps in the deltaic environment is thick (1.2 m),
laterally discontinuous, and cut by channel sand-
stones, whereas coal derived from back-barrier
swamps is thin (0.45 m), laterally extensive, and
contains abundant carbonaceous shale interbeds; all
data indicate that the deltaic coals would be more
suitable for economic development. The contact be-
tween the Fruitland and the overlying Kirtland was
arbitrarily placed at the top of the highest coal zone
containing prominent clinker. The Kirtland Shale
contains only thin coal beds and is free of clinker.

Emery and Wasatch Plateau Basins, Utah.—Strata
of the Ferron Sandstone Member of the Mancos

Shale (upper Turonian Upper Cretaceous) in south-
ern Castle Valley, Utah, accumulated in eastward-
building deltas that existed along the western mar-
gin of the interior seaway. T. A. Ryer and J. D.
Sanchez found a clear genetic relationship between
the major coal beds and several cycles of delta pro-
gradation and destruction in the Ferron Sandstone
Member. The thickest part of each major coal bed
appears to lie just west of the landward pinchout
of an associated delta-front sandstone body. This
relation should prove useful in guiding coal explora-
tion in other areas with similar depositional set-
tings. J. M. Flores reported a similar setting in the
nearby Wasatch Plateau coal basin where thick coal
beds lie in the Blackhawk Formation, intertonguing
on the landward side with the delta-front Star Point
Sandstone.

Hams Fork Basin, Wyoming.—The Lazeart Sand-
stone, lowermost member of the coal-bearing
Adaville Formation in the Hams Fork Basin of west-
ern Wyoming, was found by J. W. M’Gonigle to
have prograded intermittently seaward and to
rise stratigraphically toward the south. The over-
lying strata of the Adaville Formation record an
upward transition from a lower delta plain to an
upper delta plain. The Lazeart Sandstone Member
contains coal beds 10 m thick and, in places, 30 m
thick ; whereas, the lower delta-plain sequence con-
tains coal beds 2 m thick, and the upper delta-plain
sequence contains coal beds from 4 to 6 m thick.

Rank and methane content of western coals

V. L. Freeman found that deeply buried coals in
the Piceance Basin, Colorado, range in rank from
high-volatile B bituminous to semianthracite. Some
high-volatile A and medium-volatile bituminous coal
may be of coking quality and suitable for use in the
steel industry. Although not minable at present be-
cause of their depth of burial, coals of similar rank
coking quality are being mined at equal or greater
depths in western Europe.

As reported by Walter Danilchik, drilling in the
Raton Mesa Basin, Colorado and New Mexico, has
disclosed a large potential resource of methane in
coal beds at depths between 450 and 600 m.

Estimates of coal resources

Southwestern Virginia.—C. R. Meissner and K. J.
Englund, in mapping the geology and calculating
the coal resources of the Honaker and Jewell Ridge
quadrangles in southwestern Virginia, used newly
available subsurface data and estimated the original
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coal resources in 30 beds to be about 2 billion t, of
which 150 million t have been mined. The remain-
ing resources in these quadrangles average about 6
million t/km?. Resources in the same area had been
estimated previously by Brown and others (1952)
to average 2.7 million t/kmz,

Douglas Creek arch area, Colorado.—Detailed geo-
logic mapping by B. E. Barnum demonstrated that
significant coal resources underlie the south-central
Douglas Creek arch (T. 2 and T. 3 S., R. 101 and
R. 102 W.) of northwestern Colorado. The coal is in
intensely faulted rocks of the Mesaverde Group
(Upper Cretaceous), occupying a stratigraphic in-
terval from about 250 to 350 m above the Buck
Tongue of the Mancos Shale. The coal-bearing unit
contains a minimum of one discontinuous coal bed
more than 1 m thick, and other beds locally are as
much as 5 m thick. Most outecrops of thicker coal
beds are burned, complicating stratigraphic inter-
pretations. A similar unit of discontinuous coal beds
crops out more than 30 km to the north, near
Rangley; it can be correlated stratigraphically with
the sequence in the Douglas Creek arch.

Weston SW quadrangle, Wyoming.—Robert
Katock mapped the Weston SW quadrangle, Camp-
bell County, Wyoming, an area underlain by two
near-surface coal beds. The upper bed, cropping out
in several hills in the southwestern part of the quad-
rangle, is at least 4.5 m thick, is overlain by as much
as 30 m of overburden, and is estimated to contain
resources of 14 million t. Except in the little Powder
River and adjacent valleys, the lower bed generally
is 1.5 m thick but in places is 3.6 m thick, and it is
overlain by 100 to 200 m of overburden. Measured,
indicated, and inferred resources of coal in the lower
bed are estimated to be about 210 million t.

Gulf coast lignite—Reserve estimates of gulf
coast lignite as revealed in recent literature in-
creased from 12 billion t in 1974 to 22 billion t in
1978, and current lignite resources, cited in the same
sources, are estimated to be 100 billion t. According
to J. E. Johnston, these revised estimates resulted
from accelerated geologic mapping and in acquisi-
tion of subsurface data by State geological surveys
and by private companies.

DATING, GEOCHEMISTRY, AND PETROLOGY OF PEAT,
LIGNITE, AND COAL

Age of Everglades peat

By applying carbon-14 dating to cores from a
stratigraphically controlled cross section of the
south-central Everglades, Florida, Z. S. Altschuler

and associates found that Holocene deposition began
5,500 years B.P. with a thin layer of fresh-water
limestone. By 5,000 years B.P., sufficient plant cover
had been established to permit accumulation of peat.
The 1 m-thick Holocene deposits consist of two
such cycles of fresh-water limestone succeeded by
peat. Carbon-14 dating of the contact zones shows
that peat accumulated at a rate of 2.65 c¢m/100
yr. This peat generally contains about 85 percent
moisture; on a moisture-free basis, it has a fixed
carbon content of 60 percent and a heat value of
22,100 to 23,300 J/g (9,500 to 10,000 Btu/1b).

Contaminants in coal

Detailed mapping and chemical analysis of the
Upper Freeport coal bed in the mines of the Homer
City area of Pennsylvania, under the direction of
C. B. Cecil, indicates that the major, minor, and
trace elements in the mineral matter of the coal are
dominantly of plant origin. Calcite and pyrite are
of chemical and of biochemical origin and quanti-
tatively were controlled by the pH and Eh ambients
in the Pennsylvanian swamps. Interpretation of geo-
chemical analyses indicates that highly acidic fresh-
water paleoenvironments in parts of the central
Appalachian Basin resulted in accumulation of low-
ash- and low-sulfur-bearing swamp vegetation that
was later converted to coal, whereas slightly acidic
to neutral pH paleoenvironments resulted in the
accumulation of high-ash- and high-sulfur-bearing
swamp vegetation, also later converted to coal.

Petrology of the Upper Freeport coal hed, Indiana County,
Pennsylvania

E. C. T. Chao, J. A. Minkin, and C. L. Thompson
conducted a detailed study on a 118-em columnar
sample collected from the Upper Freeport coal bed
in the Helen Mine in Homer City, Pa. Petrographic
analyses indicated that the bed consists of five ma-
jor lithologie coal types. A carbonaceous shale part-
ing, 85 to 92.5 cm below the top of the columnar
sample, contains bands of vitrinite. Using an elec-
tron microprobe, Minkin, Chao, and Thompson
(1979) found that kaolinite apparently is the domi-
nant clay in the upper 50 cm of the sample; whereas,
illite seems to be the dominant clay between the
50-cm level and the underlying shale parting. Illite,
kaolinite, and mixed-layer clays occur in approxi-
mately equal proportions in the coal lying between
the shale parting and the base of the coal bed.

Electron microprobe analyses also indicated that
sulfur and chlorine are organically associated in
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this coal sample. The organic sulfur content tends
to be higher in the coal below the shale parting,
whereas the chlorine content tends to be higher in
the coal above the parting. The sulfur content in
inertinite is about half that in vitrinite, and the
sulfur content in exinite is about equal to that in
vitrinite.

R. B. Finkelman, Minkin, and Thompson also
used the electron microprobe to search for arsenic
in the upper 438 cm of the columnar sample. A probe
analysis of hundreds of pyrite grains in polished
blocks indicated that arsenic is irregularly distrib-
uted within that zone and within individual pyrite
grains. It was found that arsenic occurs only in
pyrite grains lying in fractured coal, although not
all such grains contain arsenic. The arsenic is con-
centrated in the outer rims of the pyrite grains or
along microfractures within the grains; unfractured
grains do not contain detectable amounts of the
element (0.01 weight percent). Emplacement of
arsenic apparently resulted from reactions between
previously deposited pyrite and arsenic-bearing
solutions.

Sphalerite in Interior Basin coals

J. C. Cobb (Illinois Geological Survey) examined
sphalerite fracture fillings collected from 20 coal
beds in four of the Interior province States. Micro-
scopic examination of thin sections of sphalerite-
bearing coal established that most fracture fillings
consist of three-growth bands; the first formed and
most characteristic is colorless sphalerite contain-
ing parallel, closely spaced purple lamellae. The sec-
ond band is light yellow but in places contains
lamellae differing slightly in color. The third band
is orange iron-rich sphalerite. The recognition of
widespread banded fracture fillings of sphalerite
suggests that ground waters carrying zinc ions
moved through much of this region and deposited
zine sulfide in fractured coal.

Partings in western coals

Conclusive mineralogic evidence confirming the
voleanic origin of kaolinitic partings in western
coals was obtained by optical petrographic analyses
(Bohor, Pollastro, and Phillips, 1978). Such partings
can now be used as isochronous markers to correlate
coal beds. B. F. Bohor and his colleagues also found
that the clay composition of these partings is a
sensitive indicator of depositional environments, as
confirmed by boron-illite analysis. Fission tracks
of minerals in the partings radiometrically dates

them to be slightly younger than the presumed
geologic ages of their containing coals.

Hazardous elements in eastern coal resources

Peter Zubovic tabulated the minimum and maxi-
mum content of 16 hazardous elements in 1,600 coal
samples collected east of the Mississippi River. Val-
ues as shown below are in parts per million except
for sulfur, given in percent:

Element Maximum Minimum Element Minimum Maximum

As <1 350 Ni <1.0 530
Be l2 25 Pb <8 345
cd <.01 92 Sb <01 35
Co <l 930 Se 2.06 150
Cr <18 230 U <2 20
Cu <8 275 \4 <15 150
F <20 460 Zn 1.3 7,000
Hg <.002 32 S 3 15

The maximum values for the contents of the fol-
lowing trace elements were in samples from north-
ern Appalachian coals: Be, Co, Cr, Cu, Hg, Sbh, Se,
and U; the maximum content of the minor element
S also was found in samples from the same area.
Maximum contents of arsenic and fluorine were in
the samples from southern Appalachian coals; how-
ever, the average fluorine content (60 and 61 ppm)
was equally high in both segments of the Appalach-
ian Basin. Maximum contents of Cd, Ni, Pb, V, and
Zn are in samples from Eastern Interior region
coals. Planned blending of coals from different re-
gions could result in substantially reducing emis-
sions of undesirable elements at any one coal burn-
ing facility.

Origin of methane in peat, coal, and eastern Devonian shale

It has been generally thought that loss of meth-
oxyl groups (—OCH;) from lignin in peat would
lead to formation of marsh gas (CH,). Breger,
Krasnow, and Chandler (1978), analyzing three
1-m cores of Everglades peat, found that the
methoxyl content of the upper half of each core
remains essentially constant. It would appear, there-
fore, that attack on the cellulose by anaerobic, meth-
anogenic bacteria provides the most satisfactory
explanation for the origin of methane in the peat
bogs. Such methane, if not lost to the atmosphere,
could account for part of that gas normally found
in coal beds. Inasmuch as much organic matter
(kerogen) in eastern Devonian shale is actually
coaly, the gas known to be associated with those
shales probably was generated by the same type of
microbiological attack on cellulose in the shale.
In another study, Breger found that some lignite
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and subbituminous coal samples from North Dakota
still contain nearly 5 percent residual cellulose.

Borehole capture gamma-ray analysis

The fast- and thermal-neutron fluence rates from
a 3.7-ug californium-252 neutron source in a simu-
lated borehole have been measured as a function of
the vertical distance between the source and the de-
tector in the borehole sond (Senftle, Macy, and
Mikesell, 1979). The instrument was tested in air,
water, coal, and iron-ore concrete mix and dry-sand
borehole media. Gamma-ray intensity measurements
were made for specific spectral lines at low and
high energies for the same range of source-to-detec-
tor distances in the iron ore concrete mix and in
coal. Integral gamma-ray counts across the entire
spectrum were also made at each source-to-detector
distance. From these data, the specific neutron-
damage rate and the critical count-rate criteria,
it was shown that in an iron-ore concrete mix (low-
hydrogen concentration) 252Cf neutron sources of
2 to 40 pg are suitable. The source size required for
optimum gamma-rate sensitivity depends on the
energy of the gamma ray being measured. The re-
sults in a hydrogenous medium such as coal show
that sources from 2 to 20 ug are suitable for obtain-
ing the highest gamma ray sensitivity, again de-
pending on the energy of the gamma ray being
measured. A significant improvement in sensitivity
can be achieved by using faster electronics in a
hydrogenous medium; there is no improvement in
iron ore.

OIL AND GAS RESOURCES

ALASKA

Origin of North Slope oif and gas

The Torok Formation, pebble shale unit, Kingak
Shale, and Shublik Formation are potential oil and
gas source rocks where immature and oil and gas
source rocks where mature, according to L. B.
Magoon IIT and G. E. Claypool. These rock units
have generated oil and gas in the Colville trough,
south of the Barrow high. Oil and mature gas (not
low-temperature biogenic gas) are present on the
Barrow high. Oil and gas have migrated from the
Colville trough to the Barrow high. Along this mi-
gration route, stratigraphically trapped oil and gas
fields may exist.

New information on age and petroleum potential of Lisburne

Group (Carboniferous and Permian), North Slope

Exploratory drilling by the U.S. Navy and the
USGS during the past 4 years in the National Petro-
leum Reserve in Alaska (NPRA) has expanded
knowledge of the Lisburne Group and adjacent rock
units, according to K. J. Bird. This new drilling
includes eight Lisburne penetrations, which had not
been completed in the earlier Pet-4 Navy drilling
program. In the northeast part of NPRA, the Lis-
burne Group lies conformably on a thin sequence
of the Endicott Group or with angular unconform-
ity on a variety of basement rocks, including gran-
ite. The Lisburne, which ranges in thickness from
110 to 600 m, has a complex isopach pattern but
shows general northward thinning. It appears to
grade westward into red clastic beds in the area
of the South Simpson and Topagoruk wells. The
Lisburne consists predominantly of limestone (pellet
and oolitic grainstone) with lesser amounts of dolo-
mite, shale, and sandstone. Macrodolomite (crystal
size >30u) is most common at the top of the Lis-
burne, and microdolomite (crystal size <30.) is
most common near its base. A dolomite unit of mid-
dle Chesterian age is in the middle part of the Lis-
burne in the Prudhoe area, but in the NPRA it is
recognized only in the Atigaru Point and West Fish
Creek wells, where it lies at the base of the Lis-
burne. Microfossils indicate a Pennsylvanian age
for most of the Lisburne Group. The base is as old
as Late Mississippian in some wells, and the top
is now known to be as young as Early Permian,
based on the presence of the foraminifer Protonodo-
saria together with the hydrozoan(?) Palaeoaply-
sina. This is the first reported occurrence of this
carbonate mound-building hydrozoan(?) in Alaska.
Palacoaplysina mounds in the Soviet Union contain
oil. The reservoir potential of the Lisburne seen
thus far appears to be less favorable than at Prud-
hoe Bay, mainly because of the lesser amounts of
porous dolomite.

Petroleum potential of Lower Cretaceous deltaic sandstones,
North Slope

Field work by A. C. Huffman, Jr., on the central
and eastern parts of the North Slope during the
1977 and 1978 field seasons has revealed that the
Nanushuk Group (Lower Cretaceous part) includes
two separate deltas, a western or Corwin delta and
a central or Umiat delta, separated by an inter-
deltaic area of sparse sandstone.

The Corwin delta is a dominantly fluvial delta,
with a point source in the vicinity of the intersec-
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tion of the Brooks Range and Lisburne Hills and a
northeasterly direction of sediment transport. It is
characterized by a low sand, high clay and mud
content and was apparently deposited rapidly in the
subsiding Colville trough. The sandstones exhibit
low porosity and permeability caused by high per-
centages of clay matrix and calcite cementation.
Organic geochemistry studies indicate deep burial
and relatively high temperatures in the southern
part of the delta. Coal beds, common in the delta-
plain parts of the sequence, may attain thicknesses
of more than 5 m.

The Umiat delta is also a dominantly fluvial delta
with a point source in the viecinity of Analetuvik
Pass in the Brooks Range. Sediment transport direc-
tions and sand isolith maps indicate three major
lobes and a much broader shape, suggesting that sedi-
ments spread out onto a relatively shallow shelf.
Sand percentages are much higher than those in
the Corwin delta, and fairly thick units of porous
and permeable sandstone are found throughout the
area. Organic geochemistry studies indicate much
shallower depths of burial and a better preserved
palynomorph assemblage than in the western area.

Geochemical exploration for petroleum in a permafrost
environment, North Slope

The petroleum exploration technique of surveying
the concentration of helium in soil gas has been ex-
tended to a permafrost environment on the NPRA
by A. A. Roberts and V. C. Dean. Helium surveys
were conducted over a known gas reservoir, over
nonproductive (background) areas, and over a pe-
troleum prospect to be drilled in 1979. All samples
of permafrost were taken at a depth of 0.75 m, her-
metically sealed in aluminum cans, and later ana-
lyzed for helium content.

The survey over and around the South Barrow
gas field revealed a high helium halo around the
known productive areas, with all dry holes falling
outside this halo. The results also suggested that
two other areas in the vicinity of the South Barrow
field may contain natural gas reservoirs. An exam-
ination of seismic data revealed the existence of
three structures in these areas. A combination of
this seismic work, geologic and geophysical studies
indicating the existence of potential reservoir rocks,
the existence of other gas reservoirs in the immedi-
ate vicinity indicating potential source rocks, and
this near-surface geochemical study suggesting natu-
ral gas seepage to the surface make these three
structures highly likely prospects for the discovery
of more natural gas fields in the Barrow area.

A helium survey was also run over 1,300 km:?
south, east, and west of the J. W. Dalton test loca-
tion at Pitt Point on the NPRA. No evidence of gas
seepage from a possible reservoir there was ob-
served. The lack of any surface manifestation here
could be due to many factors including (1) lack
of significant microseepage from an existent petro-
leum reservoir, (2) unlikely absence of significant
concentrations of helium gas in the reservoir, (3)
northward displacement of helium leakage beyond
the study area, and (4) absence of a significant
petroleum accumulation. This survey also revealed
no pattern of high helium accumulation in the areas
27 km south and 24 km east or west of Pitt Point
that would be indicative of microseepage from a
petroleum reservoir. Thus, no evidence was found
to support the existence of a significant petroleum
reservoir in this prospect area.

The helium surveys also provided the first data
on the expected background concentration of helium
to be found in a silt or fine-grained sand permafrost.
These data allow a more meaningful interpretation
to be made of some samples previously collected over
Prudhoe Bay and over some suspected petroleum
accumulations in the Wildlife Range east of Prud-
hoe Bay. All samples in these areas were an order
of magnitude higher than the new background sam-
ples. These very preliminary results suggest that
this environmentally nondestructive petroleum ex-
ploration technique might be useful in helping fo
define possible petroleum prospects in the very
fragile permafrost environment.

Petroleum geology of Cook Inlet Basin

0Oil exploration commenced onshore adjacent to
the lower Cook Inlet on the Iniskin Peninsula in
1900 and shifted with considerable success to the
upper Cook Inlet from 1957 through 1965, only to
return to the lower Cook Inlet in 1977 with the
drilling of the COST well and the Federal OCS sale.
Lower Cook Inlet COST well No. 1 was drilled to
a total depth of 3,776 m. The well penetrated the
tops of Upper Cretaceous, Lower Cretaceous, and
Upper Jurassic strata at 832 m, 1,541 m, and
2,112 m, respectively. Basinwide unconformities
are present in this well at the bases of the Tertiary,
Upper Cretaceous, and Lower Cretaceous. Sand-
stone of potential reservoir quality occurs in the
lower Tertiary and Cretaceous. All siltstones and
shales that were geochemically analyzed are low
(0-0.5 wt percent) in oil-prone organic matter, and
only coals are high in humic organic matter. At
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total depth, vitrinite readings reach a maximum
average reflectance of 0.65. Indications of hydro-
carbons present are slight.

The U.S. Bureau of Mines suggests that oils from
the major fields of the Cook Inlet region, most of
which produce from the Hemlock Conglomerate
(Oligocene), probably have a common source. More
detailed work by L. B. Magoon III and G. E.
Claypool, including stable carbon isotope ratios,
gasoline-range hydrocarbon distribution, and heavy
hydrocarbon (C,,,) distribution, confirms this ge-
netic relation among the major fields. In addition,
oils from Jurassic rocks under the Iniskin Penin-
sula and from the Hemlock Conglomerate at the
southwestern tip of the Kenai Peninsula are mem-
bers of the same or a very similar oil family. The
Middle Jurassic strata of the Iniskin Peninsula are
moderately rich in organic carbon (0.5-1.5 percent)
and yield shows of oil or gas in wells and surface
seeps. Their extractable hydrocarbons are similar in
chemical and isotopic composition to the Cook Inlet
oils. Organic matter in Tertiary and Cretaceous
rocks is judged to be thermally immature in all
wells analyzed.

Oil reservoirs in the major producing fields are
of Tertiary age and unconformably overlie Jurassic
rocks, suggesting that the pre-Tertiary unconformity
may be an important factor in exploration for new
oil resources. The unconformable relation between
reservoir rocks and likely Middle Jurassic source
rocks also implies a delay in the generation and ex-
pulsion of oil from Jurassic until late Tertiary time
when localized basin subsidence and thick sedimen-
tary fill brought older deeper rocks to the tempera-
ture required for petroleum generation. Reservoir
porosities, crude oil properties, oil field traps, and
tectonic framework of the west flank oil fields pro-
vide evidence used to reconstruct a possible oil mi-
gration route. The oil route is inferred to commence
deep in the truncated Middle Jurassic rocks and to
pass through the porous West Foreland Formation
in the McArthur River field area. The oil became
stratigraphically trapped in the Hemlock Conglom-
erate and the lower part of the Tyonek Formation
at the end of Miocene time. Pliocene deformation
shut off this migration route and created localized
structural traps, into which the oil moved by sec-
ondary migration to form the Middle Ground Shoal,
McArthur River, and Trading Bay oil fields. Qil
generation continued into the Pliocene, but this
higher API gravity oil migrated along a different
route to the Granite Point field.

ROCKY MOUNTAINS AND GREAT PLAINS

Facies relations of low-permeability Cretaceous reservoirs in

the northern Great Plains

Major natural gas resources entrapped in low-
permeability (tight) reservoirs at depths of less
than 1,200 m in the northern Great Plains of Mon-
tana, North Dakota, South Dakota, and Wyoming
have been evaluated by D. D. Rice and G. W. Shurr.
Prospective reservoirs range in age from late Early
Cretaceous to Late Cretaceous and include most of
the sequence from the base of the Mowry Shale to
the top of the Judith River Formation. To facilitate
detailed examination, the sequence was divided into
five intervals that consist of one or more formations
and their correlatives, (1) Mowry Shale, (2) Belle
Fourche Shale and Greenhorn Formation, (3) Car-
lile Shale, (4) Niobrara and Telegraph Creek
Formations and Eagle Sandstone, and (5) Claggett
Shale and Judith River Formation and their equiva-
lents. Within any interval, different facies occur.
These facies were identified on electric logs and tied
to nearby outcrops and cores. Each facies contains
distinct reservoir types, some of which are tight.
The following six facies were identified and mapped
for each interval: nonmarine rocks, coastal sand-
stones, shelf sandstones, siltstones, shales, and
chalks. The siltstone and shale facies are grouped
together at this time because conventional logs can-
not distinguish between these two rock types, par-
ticularly where they are interbedded. For future
evaluation of natural gas resources from low-perme-
ability reservoirs, these two facies will have to be
separated.

The most promising tight reservoirs are developed
in the shelf sandstone, siltstone, and chalk facies.
Reservoirs within these facies are particularly at-
tractive because they are enveloped by thick se-
quences of shale, which serve both as a seal and a
source for the gas. Where naturally fractured, these
shales may also be gas-bearing reservoirs.

Geometry and history of petroleum-bearing sandstone units of

early Late Cretaceous age in eastern Wyoming

Sandstone beds of early Late Cretaceous age
locally serve as hydrocarbon reservoirs and have
yielded major quantities of oil and gas in eastern
Wyoming. The dimensions, age, and depositional
environments of some of the sandstone bodies were
interpreted by E. A. Merewether, W. A. Cobban,
and E. T. Cavanaugh from outerop descriptions,
borehole logs, and paleontologic data. Sedimentary
rocks of early Late Cretaceous age are included in
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the Frontier Formation and the lower part of the
overlying Cody Shale in most of eastern Wyoming.
However, in the northeastern part of the Powder
River basin near the Black Hills, the rocks are as-
signed to the Belle Fourche Shale, Greenhorn For-
mation, and Carlile Shale, in ascending order. These
formations, largely of marine origin, range in age
from Cenomanian to Santonian.

The Frontier Formation in eastern Wyoming is
divided into as many as three members—the Belle
Fourche Member (Cenomanian), an unnamed mem-
ber (lower and middle Turonian), and the Wall
Creek Member (upper Turonian and lower Conia-
cian), in ascending order. In the Powder River
basin, shale, siltstone, and sandstone of the Belle
Fourche Member grade eastward into shale of the
Belle Fourche Shale and calcareous shale of the
lower part of the Greenhorn Formation. In the same
area, shale, siltstone, and sandstone of the unnamed
member grade into calcareous shale and limestone
in the upper part of the Greenhorn and into shale
in the lower part of the Carlile (Pool Creek Mem-
ber) , and sandstone, siltstone, and shale of the
Wall Creek grade into siltstone, shale, and sand-
stone of the Turner Sandy Member of the Carlile.
Hiatuses occur at the tops of the Belle Fourche
Member and an unnamed member of the Frontier
and probably at the top of the Pool Creek Member
of the Carlile.

Sandstone units in the Belle Fourche Member
form broad, relatively thin, lobate bodies, which are
more than 15 m thick on the southeast flank of the
Bighorn Mountains and trend southward to a feath-
eredge. Some of the bodies extend into the Hanna
Basin. The sand apparently accumulated on a shal-
low shelf mainly as beaches, channel deposits, dis-
tributary mouth bars, and offshore bars, largely in
response to southward-moving marine currents.

Deposition of the Belle Fourche Member probably
was followed by regional uplift and erosion. The
unnamed member was subsequently deposited and
is locally preserved in the southwestern part of the
Powder River basin, the eastern part of the Wind
River basin, and the western part of the Hanna
Basin. The basal sandstone of the unnamed mem-
ber sharply overlies the Belle Fourche and is as
much as 14 m thick in southern Natrona County.
It probably accumulated in broad submarine chan-
nels in Carbon, Natrona, and Converse Counties.

Deposition of the unnamed member was followed
by erosion during the early late Turonian and by
deposition of the Wall Creek Member of the Fron-
tier Formation and the Turner Sandy Member of

the Carlile Shale later in the Turonian. In eastern
Wyoming, the Wall Creek includes as many as three
sandstone units, which generally are thickest (about
30 m) in southeastern Natrona County and south-
western Converse County. The two older sandstone
bodies trend northeastward across the Powder River
basin, from the northwestern part of the Laramie
Mountains to the west flank of the Black Hills; they
also occur in the Hanna, Laramie, and Denver
basins. The uppermost sandstone is mainly in Na-
trona County and northwestern Carbon County.
Evidently, these sandstone units accumulated on a
shallow shelf mainly as channel deposits and near-
shore bars in northeastern Wyoming and perhaps
as offshore bars in southeastern Wyoming.

Stratigraphic relations of Mississippian and Pennsylvanian

rocks and possible oil entrapment in western Wyoming

Carboniferous sequences that demonstrate irregu-
lar preservation of Upper Mississippian and Lower
Pennsylvanian strata in northwestern Wyoming
have been measured, described, and correlated by
E. K. Maughan. Stratigraphic relations in Wyo-
ming are similar to those established by Maughan
and Roberts (1967) for equivalent rocks in Mon-
tana. The sequences, which comprise the equivalent
of the Big Snowy Formation (Chesterian), the
Amsden Formation (Morrowan to lower Atokan),
and the Tensleep Sandstone (upper (?) Atokan and
lower Des Moinesian to Virgilian) are bounded
by unconformities of regional extent that were
formed during intervals of differential uplift and
erosion prior to deposition of each successive se-
quence. The Big Snowy Formation includes equiv-
alents of the Kibbey, Otter, and Heath Formations.
The Amsden Formation in most of the northwestern
Wyoming comprises, in ascending order, the Darwin
Sandstone, Horseshoe Shale, and Ranchester Lime-
stone Members. The Darwin, which is interpreted
as a littorial and dune-sand deposit with possible
qualities of a good petroleum reservoir rock, inter-
tongues northwestward into red beds (Kibbey equiv-
alent) at the base of the Big Snowy Formation. The
Horseshoe, contrary to its interpretation by Sando,
Gordon, and Dutro (1975) as an eastward equiva-
lent of the basal Chesterian (possibly upper Mera-
mecian) red beds, is believed to unconformably
overlie limestone beds of Chesterian age (the Heath
equivalent or the Moffat Trail Limestone Member
of the Amsden) at some localities in the western
Wyoming thrust belt and to rest on older Mississip-
pian strata at most localities east of the thrust belt.
Therefore, search for possible oil reservoirs in the
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Darwin Sandstone Member of the Amsden should
be directed toward entrapment at the unconformity
beneath the Horseshoe Shale Member in most of
Wyoming or toward updip northwesterly facies
pinch outs in the extreme western part of the State.

Depositional environments of gas-bearing Upper Cretaceous
rocks in northwestern Colorado

Examination by L. W. Kiteley of exposures of
Upper Cretaceous rocks in southern Moffat County,
Colorado, has indicated that rocks of the Mesaverde
Group were deposited in deltaic and interdeltaic
environments. The Iles Formation of the Mesaverde
Group thickens from west to east and contains lith-
ologies representative of deposition in small dis-
tributaries, river mouth bars, extensive longshore
bars, and adjacent coastal swamps. Changes in loca-
tion of the strandline during the Late Cretaceous
are represented by intertonguing of the Mancos
Shale and overlying Mesaverde and of the Mesa-
verde and overlying Lewis Shale. Movements of the
strandline, generally eastward and westward, prob-
ably were caused by changes in the sediment load
and location of distributaries to the west and by
basin subsidence and differential compaction. As
many as five cycles of marine trangression and re-
gression have been recognized in the upper part of
the Mancos, the Mesaverde, and the lower part of
the Lewis on the southern flank of the Sand Wash
basin, as reported by Zapp and Cobban (1960). The
western and landward terminus of four of the
transgressions can be identified in measured sections
in southern Moffat County.

In the Sand Wash basin of northwestern Colo-
rado, 12 fields produce mainly gas and some oil from
the Mancos-Mesaverde-Lewis sequence. Total cumu-
lative production to October 1977 is 119 Bef of gas
and about 350,000 bbl of oil. Most of the petroleum
is at depths of less than 2,440 m on the flanks of
the basin. Reservoir rocks range in thickness from
about 2.4 m to more than 91 m. Future discoveries
can be expected in deep parts of the basin, where
reservoir beds and source rocks are favorable.

L]
Oil-bearing eolian sandstones, Colorado

Study of the Weber Sandstone (Pennsylvanian)
by S. G. Fryberger in the vicinity of the Rangely oil
field, northwestern Colorado, demonstrated that
more porous and permeable eolian reservoirs of the
Weber intercalate updip with less porous and per-
meable alluvial sediments of the Maroon Formation
forming a stratigraphic trap within nonmarine

rocks. Study of hydrocarbon-producing eolianites,
such as the Lyons Sandstone (Permian) in the Colo-
rado Front Range, further confirms the heterogenous
behavior of eolian reservoirs noted in other Paleo-
zoic eolianites such as those producing from the
Tensleep and Weber Sandstones.

Sedimentation and petroleum potential of fluvial part of

Mesaverde Group, Piceance Creek basin, Colorado

The fluvial part of the Mesaverde Group is a
monotonous sequence of lenticular sandstone, mud-
stone, carbonaceous shale, and coal. It is considered
to have the potential to produce natural gas, but be-
fore this potential can be realized, more needs to be
learned about geometry and reservoir characteris-
tics of the sand bodies in this relatively unstudied
unit. From preliminary work, R. C. Johnson has
suggested that the fluvial unit may be subdivided
into two general facies—a channel and overbank
facies and an overbank and paludal facies. In the
channel and overbank facies, lenticular channel
sandstones make up 50 to 80 percent of the unit. In
the overbank and paludal facies, there are no major
channel sandstones. In this facies, sandstone is a
minor component, and it occurs as small lenticular
bodies and thin fairly persistent sheet sandstones.
The two facies commonly oceur as individual units,
50 to 75 m thick. At some localities, however, the
individual units attain thicknesses of 200 m or more.
Such thicknesses indicate that the environment that
produced these facies persisted in the same area
for a long period of time.

The fluvial part of the Mesaverde Group was de-
posited in an environment that may be analogous
to that of the Texas coastal plain. Rivers flow
across the coastal plain for long periods of time in
the same general area with only slight changes in
channel position caused by meandering and meander
cutoff. Areas between river channel systems are
known as flood basins or backswamps and receive
sediments only during major floods. Sediments build
up in the vicinity of the channel, producing a topo-
graphic high that eventually causes a major shift
in the position of the channel of as much as 10 km
or more. This results in an abrupt change from
backswamp deposition to channel deposition in the
area of the new channel.

Influence of diagenesis on reservoir properties of some Upper
Cretaceous sandstones, Uinta Basin, Utah

Examinations of core samples by X-ray diffrac-
tion, scanning electron microscopy (SEM), and in
thin section by C. W. Keighin and J. K. Pitman
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revealed significant diagenetic modifications that may
influence the choice of drilling, logging, and produc-
ing techniques. Authigenic silica overgrowths on
detrital quartz are common but are not a major
cementing agent. Feldspars, although not abundant,
are commonly selectively leached or replaced by
illitic clays. Carbonates are generally abundant;
they are commonly interstitial but also replace
detrital quartz and feldspars. Chert and rock frag-
ments are also abundant and generally have been
extensively altered by dissolution, clay mineral for-
mation (illite, chlorite, and kaolinite), and mechani-
cal deformation. Compaction of ductile rock frag-
ments reduced original intergranular porosity. Dis-
solution and leaching of rock fragments, however,
produced a significant amount of intergranular and
intragranular secondary porosity in some samples.
Overall, dissolution and leaching exerted a greater
influence on reservoir characteristics than did com-
paction or growth of authigenic minerals.

Cretaceous-Tertiary boundary in gas-bearing beds of south-

eastern Uinta Basin, Utah

The boundary between Cretaceous and Tertiary
rocks in much of the southeastern part of the Uinta
Basin had been tentatively placed by T. D. Fouch
and W. B. Cashion at the disconformable contact
between sandstone of the Tuscher Formation (Upper
Cretaceous) and an overlying, heretofore undated,
fluvial conglomeratic unit. In the area of the Book
Cliffs, the conglomeratic rocks are overlain by Pa-
leocene beds near the Green River and by Eocene
units in the area of Westwater Canyon. D. J. Nichols
has now identified Paleocene palynomorphs from the
conglomeratic beds near Westwater Canyon. New
analysis of stratigraphic relations indicate that
there is a hiatus at the top of the conglomeratic unit
as well as at its base.

The unnamed Paleocene conglomeratic beds and
their lateral equivalents are traceable on borehole
geophysical logs, which can be used to locate the
Cretaceous-Tertiary boundary in the subsurface.
The beds grade from conglomerate to beds composed
dominantly of sandstone in much of the subsurface
of the eastern Uinta Basin, where they are reser-
voirs for natural gas.

GREAT BASIN AND SOUTHWESTERN
UNITED STATES

Mississippian source rocks in Utah and Idaho

Recent organic carbon, hydrocarbon, and matu-
ration studies by C. A. Sandberg, D. R. Grogan, and

T. J. Clisham provide additional evidence that the
phosphatic shale member of the Deseret Limestone
and equivalent Little Flat Formation was probably
a source for petroleum that migrated eastward
across the Cordilleran hingeline in northern and cen-
tral Utah and southeastern Idaho. The phosphatic
shale member consists mainly of interbedded
organic-rich shale, phosphorite, and limestone and
ranges in thickness from 2 to 22 m. Surface and
shallow-depth (0.1-1.0 m) outcrop samples at
Causey Reservoir, Ogden Canyon, and Old Lake-
town Canyon in northern Utah and at Dog Valley
Mountain and Dog Valley Peak in central Utah have
organic carbon yields of 1.50 to 7.95 (8.66 median)
percent for shales, 0.67 to 5.11 (3.06 median) per-
cent for phosphorites, and 0.40 to 3.17 (0.96 me-
dian) percent for limestones. These percentages are
significantly greater than those obtained by sam-
pling of the phosphatic member in previous years.
Total hydrocarbon (light and heavy) analyses per-
formed on phosphorites from Old Laketown Canyon
and on rocks of several lithologies from Dog Valley
Peak exhibit ranges of 175 to 2,167 ppm and 340 to
2,910 ppm, respectively. Color alteration index
(CAI) values obtained from conodonts at four of
the localities range from 1.5 to 3 and are within
the limits of optimum thermal maturation for hy-
drocarbons. A CAI value of 4 from Ogden Canyon
is believed to have been attained during Tertiary
time after hydrocarbons were generated and had
migrated. CAI values of 1.5 to 2 are in the optimum
oil-generating range, and a CAI value of 3 is in the
optimum gas-generating range (Epstein, Epstein,
and Harris, 1977).

Regional source-rock studies must take into con-
sideration that surface sampling almost invariably
will produce organic carbon percentages that are
much lower than those found at depth. For example,
a phosphorite sample taken at the surface from the
phosphatic member of the Deseret Limestone in-the
Eureka mining district, Utah, yielded 0.37 percent
organic carbon, whereas organic carbon values be-
tween 6.7 and 13.8 percent from the same unit at
the 1,600-ft level in a nearby mine were reported by
Morris and Lovering (1961). Recent surface sam-
pling demonstrates that outerop characteristics gov-
ern the severity of organic carbon degradation.

Under certain conditions surface samples may
yield organic carbon percentages closer to those
found at depth.

® Weathering of organic carbon is minimal at out-
crops or artificial cuts with nearly vertical
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slopes where the beds dip gently and at outcrops
where beds of any attitude have been deeply cut
by recent erosion. Samples collected at outcrops
such as these have yielded organic carbon per-
centages of 243 to 7.95 (5.46 median) for
shales, 3.45 and 5.11 for two samples of phos-
phorite, and 0.40 and 3.17 for two samples of
limestone.
® Greater weathering effects were observed in sam-
ples taken from outcrops with lower (<45°)
slope angles where beds dip moderately to
steeply (45°—75°). Samples from such outcrops
generally had low organic carbon yields (0.5-
1.0 percent) regardless of the depth of collec-
tion.
¢ Maximum weathering effects were found at out-
crops with low slope angles (<25°) and steep
dip angles (75°—90°). Samples from outcrops
such as this are nearly depleted in organic car-
bon (<0.5 percent), and the hydrocarbons are
severely degraded.
Petroleum source beds in Permian Phosphoria Formation,
northeastern Great Basin
Limits of the organic-rich shale members of
the Phosphoria Formation, determined by E. K.
Maughan, indicate that their deposition took place in
an area of about 700 km by 600 km. Maximum
thickness of about 65 km is in northern Utah near
Great Salt Lake. The southwestern limit of sapro-
pelic accumulation now has been located approxi-
mately along a westward-trending line extending
from Mount Nebo to Gold Hill, Utah, and from
there northward through eastern Elko County, Ne-
vada, where the organic-rich beds grade westward
into cherty mudstone, siltstone, and carbonate rocks.
In central Idaho, the eastern margin lies farther
east, north of the Snake River Plain, than it does
‘0 the south. Pyrolitic evaluation of thermal matu-
rity by G. E. Claypool for Great Basin samples of
the Meade Peak Member of the Phosphoria showed
that organic matter ranges from late post mature
to metamorphosed, except in the southern Wasatch
Mountains, where it is mature to early post mature.
This evaluation indicates that considerable hydro-
carbons could have been generated in the Meade
Peak in the northeastern Great Basin. However,
the hydrocarbons and the source beds probably were
thermally degraded at most places in the Great
Basin during the Tertiary.
Continuous lacustrine sedimentation of Paleogene source beds
in the Great Basin
Late Cretaceous(?) and Paleogene continental
sedimentary rocks were formed in a dynamic depo-

sitional system in which continually active Paleo-
gene tectonism formed basins of internal drainage,
according to T. D. Fouch. Although local uncon-
formities are present, the age of fossils indicates a
record of continuous lacustrine sedimentation in
east-central Nevada, beginning perhaps in Late
Cretaceous time and extending into the early Oligo-
cene. Rocks formed in these lakes are rich in organic
matter in the subsurface (Fouch, 1977) and are
potential petroleum source beds. The areal extent
of the lake or lakes is uncertain, but the distribu-
tion of fossils and lithofacies is perhaps more com-
patible with sedimentation in a series of separated
lakes, many of which may have been temporarily
connected.

The Sheep Pass Formation in Sheep Pass Canyon
of the Egan Range is probably equivalent in age
to the Flagstaff Member of the Green River Forma-
tion of Utah and to the upper part of the Newark
Canyon Formation of Nevada. Beds mapped as
Sheep Pass(?) Formation near Ely, Nev., probably
are equivalent to parts of the Elko Formation
of northeastern Nevada and to part of the Green
River Formation stratigraphically near and above
the Mahogany zone of Utah and Colorado.

Chesterian channels discovered in western Grand Canyon,
Arizona

Pre-Supai valleys, more than 100 m deep, carved
in the Redwall Limestone and filled with Upper
Mississippian (Chesterian) strata, have been dis-
covered in the western Grand Canyon. George Bil-
lingsly (Museum of Northern Arizona, Flagstaff)
made the find while doing geologic mapping, and
E. D. McKee (USGS) confirmed it. The age was
determined by MacKenzie Gordon, Jr. (marine in-
vertebrates), B. L. Skipp (Foraminifera), and R. B.
Kosanke (plant material), all of the USGS.

0il and gas resources of Permian basin, west Texas and

southeastern New Mexico

Geologic assessments of undiscovered resources
of oil and natural gas have been completed for the
Permian basin by G. L. Dolton, S. E. Frezon, A. B.
Coury, K. L. Varnes, Keith Robinson, R. B. Powers,
E. W. Scott, R. W. Allen, and A. S. Khan. Assess-
ments of undiscovered inplace quantities and their
associated pool sizes were made by depth for each of
the major productive units within the basin, Per-
mian, Carboniferous, and lower Paleozoic rocks.
Based on aggregations of the age-depth units, the
estimates of undiscovered oil in place in the entire
basin are 3.3 billion bbl at the 95-percent probability
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level and 10.4 billion bbls at the 5-percent probabil-
ity level. These estimates are 4 percent and 11 per-
cent, respectively, of the known oil in place. The
estimates of the total gas (non-associated, asso-
ciated, and dissolved) in place are 12.9 trillion ft? at
the 5-percent probability level and 33.8 trillion fts
at the 95-percent probability level. These estimates
are 12 percent and 32 percent, respectively, of the
total known gas in place. Estimates of pool size dis-
tributions indicate that undiscovered pools in the
basin, on the average, will be significantly smaller
than those discovered in the past.

CALIFORNIA

Petroleum potential of plate houndary

Petroleum potential of continental margins of a
wrench-tectonic setting is generally higher than
that of continental accretionary margins. Along the
west margin of North America nearly 96 percent of
all proven oil and gas is in Neogene strata situated
in California along the transform boundary of the
Pacific and North American plates, according to
D. G. Howell, J. G. Vedder, and Hugh McLean. In
other rocks along the west margin of North Amer-
ica, continental accretionary processes have pre-
vailed, either with large additions of allochthonous
terranes or with piecemeal enlargement involving
subduction of trench sediments.

Maturation of organic matter and generation of petroleum in
Tertiary oil basins

Accurate and early determination of the organic
maturation or especially the prediction of matura-
tion level would be very important prior to expen-
sive offishore drilling. To help accomplish this, the
vitrinite reflectance, rock temperature, and burial
history of offshore California basins were investi-
gated by N. H. Bostick. Five sites in the Los An-
geles Basin and one in the Ventura Basin with
17 boreholes, reaching as deep as 5,800 m, and with
110 samples of conventional core, were studied. The
rocks are late Miocene in age and younger. Their
present temperatures are believed to be maximal
in their postdepositional history. The determined
gradients are 24°-35° C/km and 0.033 to 0.090
percent vitrinite reflectance per km.

GULF OF MEXICO AND FLORIDA

New appraisal of oil and gas resources, western Gulf of Mexico

A team of geologists, comprising B. M. Miller,
R. S. Pike, E. W. Scott, R. B. Powers, A. S. Khan,
B. T. Vietti, and K. H. Carlson, has completed a

new assessment of the undiscovered offshore oil and
gas resources of the western Gulf of Mexico. This
area, which is commonly referred to as the clastic
province, lies offshore from the States of Louisiana
and Texas. In order to produce this new assess-
ment, the team developed and applied experimental
procedures for estimating the size and number of
the remaining undiscovered oil and gas fields, with
the assistance of R. J. Cassidy (USGS) and E. E.
Remmenga (Colorado State University).

Origin of Cenozoic natural gas accumulations, western Gulf of

Mexico

The western Gulf of Mexico has been estimated by
D. D. Rice, R. B. Powers, and E. W. Scott to con-
tain large resources of natural gas in Miocene,
Pliocene, and Pleistocene rocks. Interpretation of
chemical and isotopic analyses of natural gases from
47 fields suggests that the offshore province is gas
prone for three reasons:

o Several Pleistocene accumulations are of apparent
biogenic origin. This gas is characterized by
enrichment of the light isotope C*? in methane
(3C*s lighter than —55 percent) and by large
amounts of methane (C,/C;_5>0.99).

& Many of the Miocene accumulations were gen-
erated during early stages of thermal cracking
of liquid hydrocarbons. This type of gas is
wetter than biogenic gas (C,/C,_,>0.92) and
isotopically heavier (8C** heavier than -—43
percent).

o Many accumulations occur in thermally immature
(with respect to oil generation) rocks in which
hydrocarbons, particularly gases, have mi-
grated vertically from deeper, more mature
rocks. These gases are relatively dry (C,/C,_s
generally greater than 0.90) with a wide range
of carbon isotope values.

The gas occurrences can be related to the sedi-
mentary history and tectonics of the area. The lo-
cation, areal extent, and thickness of sediments in
late Tertiary and Quaternary depocenters con-
trolled the distribution of reservoir and source rocks
and the depths of the maturity level for each rock
series. Movement of a thick Mesozoic salt section,
in conjunction with concurrent subsidence of the
gulf basin and the influx of sediments, resulted in
folding and faulting of Cenozoic rocks and the for-
mation of structural traps. Regional growth faults,
plus radial faults associated with salt diapirism,
provided pathways for the migration of hydro-
carbons.
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Source rock potential, South Florida Basin, Florida

Studies of carbonate rocks in the South Florida
Basin by J. G. Palacas, J. P. Baysinger, and C. M.
Lubeck indicate that the best source rock potential,
by virtue of organic richness and thermal matura-
tion, is in the Sunniland Limestone. Possible source
beds, 0.3 to 6 m thick and containing 0.4 to 12.2 per-
cent organic carbon and 500 ppm or more hydro-
carbons, are interbedded throughout the Sunniland.
The greatest concentration of organic-rich rocks,
containing as much as 12.2 percent organic carbon,
commonly occurs in a zone as much as 6 m thick
(often referred to as the “Rubble Zone”) near the
top of the “Lower” Sunniland Limestone.

Preliminary crude oil to source rock correlations
suggest that oils in the uppermost carbonate reser-
voirs of the “Upper” Sunniland, particularly in
West Felda and LeHigh Park fields, were derived in
part, if not entirely, from “Upper” Sunniland car-
bonate source rocks. On the other hand, oils and oil
shows in “Lower” Sunniland carbonate reservoirs
were derived from “Lower” Sunniland source beds
and possibly, in part, from organic-rich carbonate
interbeds and partings in the underlying Punta
Gorda Anhydrite.

Reservoir porosity in Sunniland Limestone (Lower Cretaceous),
southern Florida

Petrographic analyses by R. B. Halley of lime-
stone reservoir rocks in the Sunniland Limestone in-
dicated that original depositional porosity is volu-
metrically the most abundant type of porosity. Other
types of pores (secondary pores, intercrystalline
pores in dolomite, and fracture pores) are also pres-
ent but are not as widespread. These findings sug-
gest that future exploration should focus on loca-
tions that were sites of accumulation of highly
porous and permeable sediments during the Early
Cretaceous. In addition, the variety of pore types
identified in Sunniland oil reservoirs suggests the
possibility of reservoirs in other settings, where
porosity may have developed as a result of second-
ary grain dissolution, dolomitization, or fracturing,
provided that suitable reservoir seals and source
rocks are present.

APPALACHIAN BASIN

Gas generation in Devonian black shale

Chemical composition of natural gas produced
from rocks of Middle to Late Devonian age in about
100 fields ranges systematically from wet (>10-per-

cent ethane content) to dry (<2-percent ethane
content) from west to east across the Appalachian
Basin, according to G. E. Claypool and C. N.
Threlkeld. Carbon isotope ratios of methane at 10
localities in the basin exhibit a parallel trend, with
lighter methane (8*C=—54 permil) in the east.
Solid organic matter in upper Paleozoic rocks in-
creases in degree of carbonization toward the east,
reflecting deeper burial and higher geothermal tem-
peratures. These trends indicate regional change in
the degree of metamorphism of organic matter. Ob-
served trends of coal rank were invoked by David
White and others in the early 1900’s to explain pat-
terns of oil and gas occurrence in the Appalachian
and similar basins.

In the Appalachian Basin, generation of natural
gas in Middle to Upper Devonian rocks is largely
a result of the thermochemical conversion of solid
and liquid organic matter to methane. The conver-
sion process is in its early stages in the western
part of the basin but approaches completion in the
eastern part. The amount of natural gas in rocks
at a given locality is a function of the amount of
organic matter present and the degree of conversion
of organic matter to methane.

The degree of conversion of organic matter to gas
was estimated for Devonian shale at four coring
sites in Martin County, Kentucky, Mason and Lin-
coln Counties, West Virginia, and Wise County,
Virginia. Based on estimates of original gas-gen-
erating capability and on remaining gas-generating
potential (as determined by pyrolysis), the degree of
conversion of organic matter to gas is 13, 13, 40, and
76 percent, respectively, at these four sites. For
Upper Devonian rocks with >1 percent organic
carbon, the average organic-carbon content is about
3 percent at several localities. Based on this and on
pyrolytic gas yields, a uniform original gas-gen-
erating capacity of 8.1 standard m?/m?® was assumed
for the black-shale facies throughout the Appala-
chian Basin. Based on a volume of Middle and
Upper Devonian black shale of 5.38 10 m?® and
assuming degrees of conversion of organic matter
to gas (derived from patterns of natural gas compo-
sition) in different parts of the basin, the volume of
gas generated in the Devonian black shale can be
estimated. New information regarding black shale
thickness, organic-matter content, or actual extent
of gas-generating processes might significantly
modify the estimate of the amount of gas generated,
but the approach used in the calculation would not
change.
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Late Devonian black-shale sedimentation and possible gas

exploration areas

Recent compilation of preliminary regional iso-
pach maps of the Upper Devonian black shales of
the Rhinestreet Shale Member of the West Falls
Formation and the lower part of the Huron Member
of the Ohio Shale and its equivalent, the Dunkirk
Shale Member of the Perrysburg Formation, has
shown thickness trends that may be significant in
interpretation of sedimentation and location of pos-
sible exploration areas for gas in the Appalachian
Basin. The regional isopach maps were compiled by
J. B. Roen (USGS) from local studies supplied by
R. G. Piotrowski (Pennsylvania Geological Sur-
vey) and by F. L. Majchszak and J. F. Schweiter-
ing (West Virginia Geological Survey), all under
contract to the Department of Energy’s Eastern Gas
Shales Project. The interpretation of thickness
trends derived from these maps indicates paleo-
current directions and a prodeltaic depositional
pattern.

Thick areas of the Rhinestreet Shale Member are
alined in a northeast-southwest linear belt extend-
ing from the southwest corner of New York south-
ward along the Ohio-West Virginia State line. Each
of the thick areas has a prominent elongation that
trends west to northwest. These trends are indica-
tive of a westerly paleocurrent direction and sup-
port data derived by other workers from cores and
surface exposures. The Dunkirk-Huron thickness
trends are similar to those of the Rhinestreet, ex-
cept that they are more pronounced owing to a
thicker black-shale sequence and that there are
two northeast-southwest linear belts. The east-
ernmost belt has subsidiary lobes that trend west-
ward, again indicating a westerly paleocurrent di-
rection. The westernmost linear belt of thick Dun-
kirk-Huron trend has no subsidiary lobes that would
suggest a westerly paleocurrent direction. Instead,
its configuration and thickness variation indicates
a south-southwest direction. This approximate 90°
change in direction may be due to longshore cur-
rents and to effects of the nearby Cincinnati arch
on the black-shale sedimentation.

Combining the thickness trend patterns of the
Rhinestreet and Dunkirk-Huron trend with the lo-
cation of the Rome trough portion of the Eastern
Interior aulacogen (Harris, 1978) indicates that the
thick belts of black shale lie westward of the aula-
cogen. The thick trend of the older Rhinestreet is
overstepped westward by the younger Dunkirk-
Huron trend. This is indicative of a delta system
prograding from east to west in the process of basin

filling. This interpretation of westward prograda-
tion is supported by paleocurrent directions. The
position of the thick black-shale belts west of the
aulacogen suggests that this structural feature may
have had some control on the sedimentation of these
shales. The aulacogen acted as a sediment trap. The
westward-flowing current velocity was slowed by the
low trough area causing the heavier, coarse (silt
and sand) sediments to settle out but allowing the
lighter, finer grained sediments to continue west-
ward. To the south, in West Virginia, thickness
trends, although not pronounced, cross the aula-
cogen, indicating that this trough did not act as a
sediment trap there as it did farther north. Harris
(1978) documented the effects of the aulacogen on
sedimentation of older rocks underlying the Middle
and Upper Devonian and on sedimentation of Mis-
sissippian rocks. However, the relatively thin strati-
graphic markers in the Upper Devonian change very
little or not at all in thickness across the aulacogen.
Consequently, it is difficult to document, except as
mentioned here, the effects of the aulacogen on Late
Devonian black-shale sedimentation. Perhaps over
the aulacogen and along its margins, organic-rich
black-shale source rocks may be interbedded with
coarser clastic reservoir rocks, making the aula-
cogen a possible exploration area for gas.

Fracture reservoirs in Devonian hlack shale

Geographic position of the Big Sandy gas field
relative to the trend of the bordering faults of the
Rome trough indicates a relation may exist between
the occurrence of fractured reservoirs and fault
trends, according to L. D. Harris. This relation is
particularly noticeable in the more recent extensions
of the field in west-central West Virginia. The Rome
trough, a major subsurface graben, is a fundamental
part of the continental framework that trends north-
eastward for 800 km from central Kentucky to
northern Pennsylvania. During the early develop-
ment of the Rome trough in Cambrian and Early
Ordovician time, movement along the border faults
and sedimentation were concurrent, producing great
changes in thickness of sediment from fault block to
fault block within the trough. During the Middle
and Late Ordovician, the border faults had limited
recurrent movement. Consequently, the basin tended
to change shape from a nearly vertical graben to a
narrow canoe-shaped basin. Regional downwarping
in the Silurian produced a broader oval basin.
Silurian sediments accumulated in a lensatic mass
with the thickest part centered over the trough.
Subsidence of the trough had little effect on the
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distribution of Devonian and Mississippian rocks.
However, small recurrent movements along the
border faults of the trough apparently occurred
during and after deposition of these middle Paleo-
zoic strata.

Ne\:l1 nlwthod for computing organic carbon content of Devonian
shale

The organic carbon content of Devonian shales of
the Appalachian Basin is an important parameter
for determining the natural gas resources of these
rocks. J. W. Schmoker has developed a method for
calculating organic-carbon content from formation-
density logs. Analyses of logs from seven wells in
Ohio, West Virginia, Virginia, and Kentucky were
compared to laboratory core analyses, and the com-
parisons showed that organic content computed
from density logs is as reliable and as accurate as
that determined from core samples. The density-log
method offers the advantage of continuous sampling
of the heterogeneous shale section and is based on
logs that are commonly run and readily available.
Plots of gamma-ray intensity versus formation den-
sity were used to determine the applicability of the
method at a given location and to identify individual
intervals where the approach might not be valid.
Available data indicate the density-log method can
be used to calculate organic-carbon content in a
large area of the western Appalachian Basin.

NEW EXPLORATION AND PRODUCTION TECHNIQUES

Primary migration of crude oil

New data gathered by L. C. Price and L. L.
Rumen address the three principal criticisms of
primary migration by molecular solution, (1) the
low aqueous solubility of crude oil, (2) the assumed
thermal destruction of hydrocarbons at moderate
temperatures, and (3) the vast compositional dif-
ferences between crude oil and hydrocarbons that
are readily dissolved in water. These data demon-
strate that gas-bearing waters between 300° and
350°C can carry enough crude oil to account for
primary petroleum migration and that high tem-
peratures and the presence of gas cause composi-
tional equality between crude oils and the hydro-
carbons that are dissolved in water. Moreover, or-
ganic geochemical data from deep wells suggest that
hydrocarbons are thermally stable to higher tem-
peratures than generally believed. Because many
petroleum basins are currently not hot enough,
either primary migration by molecular solution is
not possible or these basins were in the past affected

by heating events that caused migration. The pos-
sibility of primary petroleum migration by gaseous
solution or bulk phase migration should also be
considered.

Sources of organic matter in Devonian black shales

Gas chromatographic analysis of volatile products
formed by pyrolysis of some black shales has demon-
strated that the composition of pyrolysates can be
related to the nature of the kerogen and to the pre-
cursor organisms, as recognized by visual micro-
scopic examination. According to J. S. Leventhal,
the kerogens from the Woodruff Formation and re-
lated black shales of the central Great Basin are de-
rived predominantly from marine organisms such
as Tasmanites. In contrast, the Chattanooga Shale
and its equivalents in the Appalachian Basin con-
tain both marine algal components and, in some
cases, abundant vitrinite, a terrestrial component
probably derived from Callizylon. Pyrolysis prod-
ucts from Tasmanites-rich shales are mainly n-
alkanes and alkenes, with maxima at n-C,, and n-C,,
and only small amounts of products with more than
21 carbon atoms. Pyrolysis products from vitrinite-
rich shales are mainly substituted aromatics, such
as would be expected from the degradation of lignin-
type materials. Greater amounts of uranium were
found to be associated with vitrinite-rich samples
at several locations. Changes in the nature of pyrol-
ysis products with depth in a single core can indi-
cate changes in depositional environments with time,
which affected mixing ratios of terrestrial and
marine components.

Carbon isotopes as a correlation tool

A study by P. A. Scholle, based on samples from
Mexico, the United States, England, the North Sea,
Netherlands, France, Italy, and the North Atlantic
DSDP, showed that carbon isotopic data on whole-
rock chalk or pelagic limestone samples can be cor-
related with considerable confidence over distances
of at least thousands of kilometers. These isotopic
cycles appear to reflect changes in oceanic circula-
tion patterns, which, in turn, may be related to
global sea level and temperature fluctuations. The
changes in circulation also appear to affect oxygena-
tion of the ocean basins and thus the preservation
of organic matter and the petroleum potential of
marine sediment sections.

Aeromagnetic detection of diagenetic magnetite over oil fijelds

A recent study by T. J. Donovan, R. L. Forgey,
and A. A. Roberts suggested that high-wave-num-
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ber-magnetic anomalies measured as part of a low-
altitude airborne magnetic survey over the Cement
oil field, Oklahoma, reflect abundant near-surface
magnetite (formed by the reduction of hydrated iron
oxides) and (or) hematite. These iron minerals are
believed to have formed as a direct result of petro-
leum microseepage.

Early fresh-water diagenesis produces limestone with favorable
oil reservoir properties

Studies by E. A. Shinn, R. B. Halley, B. H. Lidz,
J. H. Hudson, and D. M. Robbin showed that ex-
posure of marine carbonate rocks to fresh water re-
sults in (1) conversion of unstable minerals to
stable ones, (2) lithification through cementation,
and (3) reorganization and preservation of large
amounts of porosity. The resulting rock is a chemi-
cally stable porous limestone with blocky calcite
cement, a common carbonate reservoir rock in the
geologic record. The stable mineralogy and cement
in these rocks will resist compaction and pressure
solution in the subsurface, thus helping to preserve
porosity and permeability at depth.

Effects of terrain on horehole gravity data

The effects of terrain upon gravity measurements
in a borehole and upon formation density derived
from borehole gravity data, as a function of depth
in the well, terrain elevation, and radial distance to
the terrain, were studied by J. W. Schmoker. The
vertical attraction of gravity in a borehole, gr, re-
sulting from a terrain element, is small at the sur-
face, reaches an absolute maximum at a depth (de-
pending upon radial distance to a terrain element),
and then decreases at greater depths. The effect of
terrain upon calculated formation density, p,, is
proportional to the vertical derivative of gg, is
maximum at the surface, passes through zero where
| gr| is greatest, and reaches a second extremum of
opposite sign to the first and of much lower magni-
tude. Accuracy criteria for borehole gravity terrain
corrections were developed and show that elevation
requirements are most stringent for a combination
of nearby terrain and near-surface gravity stations.
The measurement of the free-air gradient of gravity,
commonly made slightly above the ground surface,
is extremely sensitive to topographic irregularities
within about 300 m of the measurement point. Ter-
rain 21.9 to 166.7 km from the well (Hammer’s
zone M through Hayford-Bowie’s zone o) causes a
pp that is nearly constant with depth. At these dis-
tances, the terrain correction will be equivalent to a
DC shift of about 0.0538 g/cm3/1,000 m of average

elevation above or below the correction datum. The
effect of all topography beyond 166.7 km upon p,, is
not likely to exceed 0.01 g/cm?3.

Formation of conglomerates from submarine slides

Relatively few data have been published demon-
strating that coarse-grained sediment-gravity flows
can be generated from submarine slides and slumps.
The genetic interrelations between slides and slide-
generated deposits are important facets in under-
standing the petroleum geology of continental-slope,
base-of-slope, and submarine-fan environments.
Reservoir properties of deep-water conglomerate
and sand are highly variable and are significantly
influenced by their different modes of origin.

Data on submarine slides and slumps in a north-
trending, seaward-prograding continental slope se-
quence that existed in central Nevada during early
Paleozoic time were studied by H. E. Cook. On this
slope, translational slides, which are as much as 400
m wide and 10 m thick, moved semilithified hemi-
pelagic sediment. Once a slide was in motion, its
transformation into conglomeratic mass flows began
at its base and thin margins. Clast development
progressed as the slide continued to move down-
slope until the base and margins attained a com-
pletely conglomeratic texture.

Conglomeratic debris-flow deposits generated by
these slides occur in channels as much as 400 m wide
and 12 m thick. Data indicate a downslope transi-
tion from debris flow to turbidity-current flow.
Many conglomeratic turbidity-current flows on the
lower slope probably originated as debris flows,
which were, in turn, generated from slides higher
on the slope. These turbidity-flow deposits occur in
channels as much as 100 m wide and 2 m thick.

A further genetic link may exist between slides
and slide-generated mass-flow deposits. The flow
mechanics and the resulting reservoir properties in
mass-flow deposits were influenced by the nature of
the clasts generated by the slides. The size, shape,
and original orientation of these slide-derived
clasts, parameters which affect reservoir properties,
were strongly controlled by the bedding character-
istics, degree of induration, and style of deforma-
tion of the slides.

Prediction of oil and gas production from chalk reservoirs

Large areas of the Western Interior of the United
States have been determined by P. A. Scholle to
have a high potential for gas production from the
Niobrara Formation. Some of this potential has
been realized in the past few years in eastern Colo-
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rado and western Kansas, but predictions based on
burial depth-porosity relations of chalks throughout
the world indicate that major parts of Nebraska and
South Dakota, as well as parts of adjacent States
to the west, may also have potential for such produc-
tion. Deeper targets (chalks of Member of Carlile
Shale Fairport and Greenhorn Limestone), which
may also be prospective, have been identified in
these areas as well. In the gulf coast region, some
potential exists for North Sea-type oil production
from overpressured offshore chalks where they are
not too deeply buried. Fracture-related discoveries
of oil or gas in chalks are likely to continue through-
out the gulf coast and Western Interior regions,
but this production probably will remain economi-
cally marginal.

OIL-SHALE RESOURCES

Geology and oil-shale resources of the Elko West and Elko East
1Y,-minute quadrangles, Elko County, Nevada

Geologic mapping of the Elko West and Elko East
T14-minute quadrangles, Elko County, Nevada, was
completed by B. J. Solomon. Mapping revealed that
oil shale occurs at the surface less than 8 km south
and east of Elko, Nev. The oil shale occurs in the
Elko Formation which is of Eocene and Oligo-
cene(?) age and approximately 520 m thick near
Elko. Assays of the Elko oil shale show oil yields
of as much as 357 L/t, but the beds with high yields
are thin and interbedded with strata that are barren
or yield little oil.

Rocks of the Elko Formation overlie strata of
Eocene age deposited in fluvial and lacustrine en-
vironments and are overlain by tuff, andesitic
flows, and fluvial sedimentary rocks of Oligocene
age. Tuffaceous material is sparse in the lower part
of the Elko and underlying rocks but is abundant
in the upper part of the Elko Formation. The Paleo-
gene beds occur at the surface in northeast-trending
ridges bounded by linear range-front faults. The
ridges were probably uplifted during and after
Miocene time in the period when basin-and-range
structures were formed. Oil shale occurs in the Elko
Formation in adjacent basins, but the shale is
buried by younger Tertiary strata several hundred
meters thick.

Quantitative mineralogy of Colorado il shale

Chemical, X-ray diffraction, and fluorescence
data were used by J. R. Dyni to determine the quan-
titative mineralogy of 279 samples from the Juhan

4-1 core hole, Piceance Creek basin, Colorado. The
samples represent a cored sequence of nahcolite-
and dawsonite-bearing oil shale 177 m thick in the
Colorado oil-shale deposits. Arithmetic means in
weight percent are nahcolite, 16.9; dawsonite, 9.5;
dolomite, 22.4; calcite, 1.0; alkali feldspars, 20.6;
quartz, 14.2; and kerogen, 18.8. The lack of clay
minerals (small amounts of illite are in many sam-
ples), the high content of organic matter, and the
presence of large amounts of uncommon minerals,
including nahcolite and dawsonite, emphasize the
unusual composition of these rocks. Quantitative
mineralogy of the oil-shale deposits will aid in as-
sessing the potential value of byproduct minerals
and in determining energy requirements for retort-
ing oil shale.

Comparison of spent shale and soil as sorbents for retort
waste water

A study conducted by J. A. Leenheer and H. A.
Stuber evaluated oil shale processed in a Tosco II
retort and soil developed on oil shale from the Green
River Formation as sorbents for organic solutes
contained in retort waste water. The spent (proc-
essed) shale exhibited moderately high absorptive
capacities for organic acids and absorbed about
twice the amount of organic solutes absorbed by the
soil. The soil showed almost no affinity for the or-
ganic acids contained in the waste water. Major
amounts of organic matter were extracted from the
oil by retort waste water, whereas only minor quan-
tities of organic constituents were extracted from
the spent shale. Retort waste water spilled or dis-
posed on land surface will, therefore, transport
much less organic solutes through spent shale ma-
terial than through surface soils of the region.

Detailed geologic investigation of the Agency Draw Northeast

quadrangle, east-central Uinta Basin, Utah

Geologic mapping, altimetry and plane tabling of
control points for the structure contours, and the
measurement of one stratigraphic section were com-
pleted by G. N. Pipiringos in the Agency Draw NE
quadrangle. The Mahogany oil-shale bed is about 1.5
m thick and underlies an estimated 80 percent of
the quadrangle, being absent only where it has been
eroded along the main streams (Willow Creek and its
tributaries, Sunday School Canyon and Main
Canyon, and the east fork of Agency Draw). Near
the southern edge of the map area, a thick sand-
stone bed occurs within the lower part of the
Mahogany ledge in a stratigraphic interval com-
monly occupied by oil shale and marlstone, The
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sandstone has a maximum thickness of 24 m in the
quadrangle and forms a prominent vertical cliff in
exposure on the west side of Willow Creek. It thins
northeastward and grades laterally into a slope-
forming sequence composed of siltstone and some
marlstone. This abrupt facies change is a significant
factor in evaluating oil-shale resources of the area.

NUCLEAR-FUEL RESOURCES

In 1974, the USGS uranium-thorium program
took several new directions in response to the Na-
tion’s realization of the pending energy resource
shortage. In a relatively short time many new re-
search projects have developed critical information
on uranium habitats and improved methods of ex-
ploration. The new program is designed to improve
understanding of the nature and distribution of
uranium and thorium resources of the entire United
States. In studies of known uranium areas, modern
concepts of stratigraphy, sedimentation, and igneous
and metamorphic petrology, together with modern
geochemical and geophysical methods, are being
used to obtain new insights into uranium habitat.
From these studies, it is anticipated that better
geologic guides and exploration methods to aid in-
dustry in its vital economic role will result. As basic
understanding is improved, an expansion of work
into frontier provinces of the United States is oc-
curring with the objective of discovering previous-
ly unrecognized analogs to known uranium habitats.

Studies of known uranium areas are increasing-
ly being approached by scientific teams or task
forces involving personnel of the Branch of Ura-
nium and Thorium Resources and other cooperating
branches. New looks at the major uranium districts
studied and reported on long ago are yielding much
detail not previously recognized. The integrated,
multidisciplinary approach in uranium research is
proving to be more scientifically productive. As the
modern approaches are applied over the next 2 to
3 years, research will result in many topical reports
enroute to a synthesis of uranium occurrence and
origin. The following series of short reports sum-
marize the most significant results of uranium-
thorium-related research for FY 1978.

Uranium and thorium in granitic rocks of northeastern
Washington
Northeastern Washington and northern Idaho is
a uranium province in which many Cretaceous and
Tertiary granitic plutons contain abnormal amounts
of uranium. Investigations by J. T. Nash reveal that

the mean uranium content of 108 samples of granitic
rock is 8.8 ppm, more than twice normal for rocks
of this composition. The mean thorium content, 20.3
ppm, and mean Th/U ratio, 3.19, are normal. The
most uraniferous and fertile rocks are the peralu-
minus two-mica granitic suite, although not all two-
mica plutons are enriched in uranium. The musco-
vite-bearing suite has a mean uranium content of
22.3 ppm, mean thorium content of 22.8 ppm, and
mean Th/U ratio of 2.82. Porphyritic quartz mon-
zonite of the Midnite mine, interpreted to be a two-
mica granitic rock, is especially radioactive with
mean uranium content of 14.7 ppm, mean thorium
content of 32.1 ppm, and mean Th/U ratio of 2.72.
Mean uranium and thorium contents of the two-mica
granitic plutons are significantly different from
those of the calcalkaline hornblende granitic suite,
which are mean uranium content, 5.0 ppm; mean
thorium content, 17.6; and mean Th/U ratio 3.78.

Occurrence of uranium and thorium in the mus-
covite and hornblende suites is systematically dif-
ferent. Many muscovite-bearing rocks are much
more enriched in uranium (>15 ppm) than they are
in thorium and have a relatively low Th/U cor-
relation coefficient of +0.409. Many of the urani-
ferous muscovite-bearing rocks contain less than
20 ppm Th, probably a consequence of forming by
anatexis of thorium-deficient sedimentary rocks.
Uranium and thorium variation is much more regu-
lar in the hornblende suite, which has a Th/U cor-
relation coefficient of +0.780. Uranium in the mus-
covite suite is held primarily in magnetite and bio-
tite and possibly as minute uraninite grains,
whereas in the hornblende suite uranium resides
primarily in sphene, zircon, and allanite. Many mus-
covite-bearing plutons are considered fertile by two
criteria, high uranium content and uranium resi-
dence in labile phases. The hornblende-bearing
granitic plutons are not considered fertile, regard-
less of uranium content, because uranium resides in
refractory phases.

Archean-Proterozoic boundary in Laramie Mountains in
Wyoming may contain radioactive conglomerates

Upper Archean or lower Proterozoic metasedi-
mentary rocks rest unconformably on Archean
granitic and metamorphic basement in the Black
Hills, South Dakota, in the northern Medicine Bow
Mountains, Wyoming, and in the northern Sierra
Madre, Wyoming. In each of these three localities,
uraniferous metaconglomerates have been discov-
ered directly on or immediately above the uncon-
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formable contact. The Laramie Mountains lie be-
tween the Black Hills and the Medicine Bow Moun-
tains and are crossed by the Archean-Proterozoic
boundary. Precambrian metasedimentary rocks of
the eastern Laramie Mountains have never been
mapped except in reconnaissance fashion, and their
distribution and stratigraphy are not well known.
F. A. Hills examined these rocks during reconnais-
sance investigations of the eastern Laramie Moun-
tains. From the Cooney Hills (approximately
41°57” N., 105°7’ W.) at least as far north as John-
son Mountain (approximately 42°12*N., 105°138’ W.),
a distance of approximately 29 km, micaceous, dirty
quartzite, quartz-rich phyllite or schist, and marble
(all possibly early Proterozoic in age) crop out
along the eastern edge of the Laramie Mountains
on knobs and hill tops surrounded by Tertiary de-
posits. The contact between the Proterozoic meta-
sedimentary rocks and the Archean granitic rocks
along the eastern edge of the Laramie Mountains is
covered by Tertiary sedimentary rocks, and it is
not known whether the contact is an unconformity
(as in the Black Hills, the Medicine Bow Moun-
tains, and the Sierra Madre), a fault contact, or
even an intrusive contact (which would be possible
if the metasedimentary rocks are Archean rather
than Proterozoic). The possibility exists that the
Archean-Proterozoic boundary, where it occurs in
the eastern Laramie Mountains, is overlain by
uraniferous conglomerates of the Elliot Lake-Wit-
watersrand type.

Two-mica granite and the Mesoappalachian-Avalonian boundary
in New Hampshire

A major northerly to northeasterly trending re-
gional fault, interpreted by E. L. Boudette to be
transcurrent and right lateral, separates two-mica
granite belts of southeastern New Hampshire (Mil-
ford and Central belts) from the uranium mineral-
ized (Lake Sunapee) belt on the west. This fault,
called here the Canterbury fault, can be compared
to the Dover fault of Newfoundland. This fault is
probably the boundary between the Avalonian and
Mesoappalachian tectono-stratigraphic zones. If so,
a major reappraisal of the geology of central eastern
New England is required.

J. A. Aleinikoff (1978) has dated two-mica gran-
ite near Milford, N.H., by zircon methods to be
approximately 270 million years old. Two-mica gran-
ite of the Lake Sunapee belt is dated by whole-rock
Rb-Sr methods to be approximately 330 million
years old (Lyons and Livingston, 1977). The fault

separating the two-mica granite belts could separate
them into two entirely different irruptive sequences
and preclude further attempts to correlate them.
Important uranium distribution contrasts may also
apply to the different sequences.

The two-mica granite of the Milford belt was
apparently extracted from the ‘“Massabesic Migma-
tite.”” Aleinikoff has also dated a volcanogenic proto-
lith of the ‘“Massabesic” by zircon methods. This
rock yields an approximate depositional age of 650
million years, which is consistent with an Avalonian
affiliation. The metamorphic prograde succession of
the “Massabesic Migmatite” has been mapped by
Boudette, who interprets the protoliths to be prin-
cipally correlative with the Berwick Formation of
Maine and New Hampshire and the Oakdale Forma-
tion of eastern Massachusetts. If this interpretation
is correct, all of the rocks of the Merrimack syncli-
norium of Emerson are of Proterozoic Z age by
implication. Thus, there very well could be two
Merrimack synclinoria in New England, one of Pre-
cambrian Avalonian affiliation east of the Canter-
bury fault and another of Silurian and Devonian
age to the west.

Thorium and uranium resources in Goodrich Quartzite
upgraded

The Goodrich Quartzite in northwestern Michi-
gan has long been considered a large, low-grade re-
source of thorium with the possibility of byproduct
uranium production. Thorium occurs in detrital
monazite with greatest concentrations in the coarser
grained quartzite and in quartz-pebble conglomer-
ate. Radiometric traverses by M. R. Brock, of the
USGS, accompanied by R. C. Reed of the Michi-
gan Geological Survey, across a thick deposit of
boulder till located about 5 miles south of Ishpiming,
Mich., showed the till to have a radiation level
higher than other similar tills in the region. The
anomalous radioactivity is contributed by abundant
conglomeratic boulders of Goodrich Quartzite, most
of which are significantly more radioactive than
the previously studied outcrops of the Goodrich
exposed a few miles to the north. The boulders,
which comprise an estimated 5 percent of the till,
are believed to be derived from a part of the Good-
rich that lies concealed beneath glacial debris about
1.5 miles west of the village of Palmer. The abun-
dance of Goodrich boulders suggests a sizable volume
of conglomerate which contains a greater percentage
of thorium and uranium than previously reported
in samples from the outcrops in the region.
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Paleogeography of the Jacobsville Sandstone, Michigan

The Jacobsville Sandstone of probable Protero-
zoic Z age has a basal pebble conglomerate only a
few feet thick in the vicinity of Keweenaw Bay,
Michigan. The pebbles are principally resistant
quartz, quartzite, and iron formation with less re-
sistant and less abundant pebbles of locally derived
amphibolite, granite, and greenstone. Recent studies
by J. O. K. Kalliokoski in areas further to the west,
in outcrops north of Wakefield, and of drill cores
from both east and west of Lake Gogebic disclose
a much thicker basal conglomerate as well as much
more conglomerate at higher stratigraphic levels
within this very thick sandstone formation. The
greater abundance of coarse quartz-rich conglomer-
ates in the western area suggests that the paleogradi-
ent was steeper there than in the east. In both areas
the detritus was derived from a deeply weathered
source terrain.

For uranium resource evaluation purposes, the
important feature is the evidence for deep weather-
ing in the source area of the Jacobsville and the
implied mobility of uranium in such oxidized weath-
ered zones. Such mobile uranium is considered to be
capable of producing ore-grade concentrations in
the vicinity of suitable permeable structures and
reductants. To date, several occurrences of uranium
in fractures in underlying basement rocks have been
found in the proximity of the base of the Jacobs-
ville.

Paleocurrent studies contribute to uranium resource evaluation

in upper peninsula of Michigan

Paleocurrent determinations by R. W. Ojakangas
in the Proterozoic X and Y sedimentary rocks ex-
posed in the western part of the upper peninsula
of Michigan reveal bimodality in current directions
in each of three quartzose units that served as the
principal targets for study. Seventy-two determina-
tions within the Sunday Quartzite (Proterozoic X)
show the directions of transport to be mostly to-
wards the northwest and southeast with the great-
est contribution to the northwest. One hundred and
two determinations on quartzose members in the
Palms Formation (Proterozoic X) show paleocur-
rent directions were most pronounced towards the
east and west, with the latter direction being the
most prevalent. One hundred and five determina-
tions were taken within the Bessemer Quartzite
(Proterozoic Y) and east-north-east and west cur-
rent directions prevailed, with the east-northeast
component most common. These paleocurrent direc-
tions are important to the uranium resource evalua-

tion in that they indicate the presence of a large
volume of clastic debris contributed from anoma-
lously radioactive granitic terrane that lies to the
east and southeast of the study area. It is conceiv-
able that the lower parts of the Proterozoic X strata
may contain quartz-pebble conglomerates that are
similar to, but probably somewhat younger than,
those that constitute one of the world’s largest
reserves of uranium ore in the Elliott Lake and
Blind River, Ontario, Canada, areas located about
200 miles east of this study area.

Geochemical expression of uranium in carbonate rocks, Pitch

mine, Colorado

Recent evaluation of uranium zones at the Pitch
mine, Saguache County, by Homestake Mining Com-
pany indicates that the orebody is in a zone of
crushed and sheared Paleozoic rocks more than
100 m wide along the Chester reverse fault and
that approximately one-half of uranium reserves
occur in dolomite of the Mississippian Leadville
Limestone. Mineralogical and geochemical investiga-
tons of samples from drill core and open pit by J. T.
Nash reveal that the most diagnostic near-surface
characteristic of ore zones in dolomite is the pres-
ence of a thoroughly leached, limonitic gossan. Por-
ous, ocher-colored altered carbonate rocks also occur
to depths of more than 100 m in the ore zone. These
leached rocks are depleted in Ca, Mg, and CO, and
tend to be enriched in SiO,, Pb, Zn, Mo, and Hg.
Uranium probably was formerly present but has
been leached relatively recently as indicated by
gross disequilibrium in which radioactivity greatly
exceeds chemical uranium. The leaching is attrib-
uted to acidic supergene fluids formed during the
oxidation of approximately 1 percent pyrite for-
merly in the dolomites.

Pre-Belden unconformity in the Marshall Pass district,
Colorado

In most of the area underlain by Paleozoic rocks
in the Marshall Pass district, Colorado, J. C. Olson
has determined that the Belden Shale of Pennsyl-
vanian age lies unconformably on the Leadville
Limestone of Mississippian age. The Paleozoic sec-
tion is thick and is composed of formations of Cam-
brian, Ordovician, Devonian, Mississippian, and
Pennsylvanian age. In the part of the district south
and east of Marshall Creek, in the southeastern
part of the Pahlone Peak quadrangle and the north-
ern one-third of the Chester quadrangle, the Belden
Shale was deposited unconformably on the Lead-
ville Limestone only locally. In other places it is
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in unconformable contact with Precambrian rocks
or is faulted against them. The magnitude of this
pre-Belden unconformity in the southeastern part
of the district indicates considerable pre-Belden
erosion, due presumably, to uplift along the north
margin of the Uncompahgre Uplift.

Uranium ore in the Marshall Pass district occurs
in the Leadville Limestone, Belden Shale, and Har-
ding Sandstone, as well as in Precambrian rock.
It is localized chiefly by faults. The position of the
district on the north margin of the Uncompahgre
Uplift may not have a direct bearing on the uranium
mineralization, but it may be indirectly related to
the structural features that helped localize the
uranium deposits.

Regional geologic setting of the Cochetopa uranium district,
Colorado

Regional mapping by J. C. Olson in and around
the Cochetopa uranium district, Colorado, has shown
that Proterozoic X granite and quartz monzonite,
although largely covered by younger rocks, form
an extensive batholithic mass southeast of the dis-
trict. Several exposed parts of this granitic terrane
are the Powderhorn Granite, the quartz monzonite
of Cochetopa Creek, the granite of Wood Gulch,
and the large quartz monzonite body in the Sargents-
Monarch Pass area. This extensive granitic ter-
rane is the setting in which the large Cochetopa
Park caldera developed above an inferred batho-
lith, in Tertiary time. Ashflow tuffs from several
such calderas in the San Juan Mountains are pos-
sible source rocks for uranium through leaching.
Northwest of the district, however, the northeast-
trending Dubois Greenstone belt, comprising Prot-
erozoic X volcanic rocks, related sedimentary rocks,
and several bodies of syntectonic quartz diorite and
quartz monzonite, is at least 20 km wide. Broadly
speaking, the greenstone belt and related metasedi-
mentary rocks to the northwest appear less likely
to be source rocks for the uranium in the Cochetopa
district than do the extensive granitic terrane to
the south and east and ashflows from Tertiary
calderas within it.

Uranium and thorium in Precambrian crystalline rocks of the
Medicine Bow Mountains, north-central Colorade

Two hundred samples of Precambrian erystalline
rocks collected by M. E. McCallum during the course
of detailed mapping in the Colorado Medicine Bow
Mountains were analyzed for uranium and thorium.
Most of these samples are from the *1.7 billion-
years-old Rawah batholith, the uranium contents of
which are generally less than 2 ppm and indicate

a significant deficiency compared to other Precam-
brian plutons in the region which average approxi-
mately 5.0 ppm uranium (Phair and Gottfried,
1964). The Th contents of Rawah batholith sam-
ples average about 23 ppm, and these values are
comparable to averages for other plutons in the
area. The very low values of uranium in some sam-
ples may be a function of leaching associated with
weathering processes; it is virtually impossible
to obtain completely fresh samples at most expo-
sures.

Uranium and thorium trend surfaces indicate
relative enrichment of both elements to the north-
west and southeast. These trends may reflect origi-
nal compositional differences, increasing concentra-
tions of faults, proximity to younger granitic plu-
tons as in the north, or combination thereof. How-
ever, lower concentrations of uranium and thorium
in the central portion of the Medicine Bow Moun-
tains probably relate to the presence of a well-de-
veloped, moderately weathered erosion surface in
that area.

Uranium studies in interior Alaska

Quartz porphyry intrusive bodies that are locally
very radioactive were noted by T. P. Miller as oc-
curring in three separate localities in the Bettles
and Melozitna quadrangles in interior Alaska.
These three localities are 32 to 161 km apart and
occur near the contact between the Mesozoic Yukon-
Koyukuk volcanogenic province and the Precam-
brian(?) and Paleozoic Kokrines-Hodzana meta-
morphic terrane. Purple fluorite is associated with
strongly radioactive (8,000 counts/s total count)
quartz porphyry at one locality, as is at least one
secondary uranium mineral. The association of
strongly radioactive quartz porphry in a particular
geologic setting may have significance in outlining
new exploration areas.

Genesis of the Schwartzwalder uranium deposit, Colorado

Studies by E. J. Young suggest a meteoric hydro-
thermal origin for the Schwartzwalder uranium
deposit. The deposit occurs in Precambrian meta-
morphic rocks where fractures have provided con-
duits and open spaces for mineralization to occur.
Nearby sedimentary rocks have provided a source
of uranium. A meteoric hydrothermal origin seems
likely for a number of reasons. First, pitchblende in
the deposit is rich in molybdenum but very poor
in thorium and rare earths. Such a composition
is typical of sedimentary pitchblende. Second, unit-
cell edges of the pitchblende (uraninite) of 5.42A fit
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sandstone and vein pitchblendes rather than peg-
matitic (magmatic) uraninite. Third, amorphous
carbon from sedimentary sources occurs in the frae-
ture filling. Fourth, muscovite in the pitchblende-
veined pegmatite host rock retains a Precambrian
age according to K-Ar age determinations. The
above determinations indicate a relatively low tem-
perature for the ore solutions.

It appears that meteoric water, moving downdip
along bedding planes in sedimentary strata tilted
during Laramie tectonism, has leached uranium
from the rocks and redeposited it in fractures and
in the Golden fault zone. It is believed that intru-
sion of the Ralston dike of mafic monzonite 61.9 =+
2.5 million years ago introduced magmatic heat
in and along the Golden fault zone and initiated
convective flow of ground water through that zone
and through other deep faults, such as the Rogers
and Illinois. Parts of the Illinois fault and hanging
wall faults west of the Illincis apparently were
reactivated, and the wall rocks were brecciated in
response to shearing. These brecciated zones and
openings served as “depositional traps” for the
pitchblende about 60 million years ago. Published
radiometric ages of the Ralston dike (an unlikely
source of uranium) and of the uranium ore are
consistent with this postulated sequence of events.

Possible source of sand-size detritus, Tertiary Marfa Basin,
Texas

Reconnaissance observations by M. W. Green and
C. T. Pierson of clastic and volcaniclastic rocks in
the “Vieja Group” of Tertiary age (DeFord, 1958,
p- 13) exposed in the Mammoth uranium mine area
(DeFord, 1958, fig. 1), Presidio County, Texas,
suggest that there is a paucity of medium- to coarse-
sand-size material in the sequence. The thick strati-
graphic section exposed in the area of the Mam-
moth mine includes volecanic flows and ignimbrites
as well as clastic rocks. The main rock types pres-
ent are claystone, siltstone, and fine-grained sand-
stone; cobble and boulder conglomerates are present
in lesser amounts.

Virtually no sand-size material was noted in the
conglomerates, which are therefore interpreted to
be lag conglomerates. The energy of the fluvial
system that deposited the conglomerates apparently
was high enough to have carried the sand-size frac-
tion elsewhere.

Reconnaissance studies in the southeastern part
of the Marfa Basin by Pierson and Green suggest
that the sedimentary transport direction has a prom-
inent south to north component in the Lajitas-

Alpine area. If this same component were present
in the Mammoth mine area, the sand-size material
would probably have been carried into the Tertiary
Marfa Basin, thereby possibly forming sandstone
beds of sufficient porosity to be of interest as
uranium host rocks.

Uranium in the Cutler Formation, Lishon Valley, Utah

Uranium in the Cutler Formation in Lisbon Val-
ley, Utah, is found only in small fluvial sandstone
bodies that are interbedded with red shales and
light-colored sandstone bodies of marine and eolian
origin. The fluvial sandstones were deposited in
small distributary streams that flowed across a
flood plain, or tidal flat, close to sea level.

Studies by J. A. Campbell have shown that the
elemental variation across the horizontal tabular
ore, the petrology of ore and host rocks, and the
diagenesis associated with the ore is different in
the Cutler orebodies than in either Chinle or Mor-
rison ore from the same area. No consistent pat-
tern of elemental variation was found across the
Cutler orebodies. Cutler ore consists of unidentified
uranium minerals disseminated in a clay matrix.
Ore implacement has not significantly modified the
host rock. It occurred late in the diagenic history
of the host rock. Estimates of the age of the Cutler
ore, based on chemiecally determined ratios of ura-
nium to lead, suggest that it is much younger than
the host rock.

Disconformities in the Grants, New Mexico, mineral belt and
their relationship to uranium occurrence

At least two major, regionally extensive, and
numerous local intraformational disconformities are
present in sedimentary rocks of Triassie, Jurassic,
and Cretaceous age in the Grants mineral belt of
the southern San Juan Basin of northwest New
Mexico. These disconformities, some of which have
been known for many years, have proven useful in
stratigraphic correlation and in differentiating ge-
netically related rock sequences in the mineral belt.
In addition, two of these disconformities, one local
and the other regional, are significantly associated
with the distribution of sandstone-type uranium
deposits in the Jurassic Morrison Formation and
the overlying Cretaceous Dakota Sandstone.

M. W. Green’s studies of the Westwater Canyon
Sandstone Member and laterally equivalent beds
in the Recapture Shale and Brushy Basin Shale
Members of the Morrison Formation have shown
that underlying Jurassic rocks are separated by an
intraformational disconformity, which marks a ma-
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jor change in depositional environment from pre-
dominantly sabkha-eolian dune to high energy flu-
violacustrine within the Jurassic sequence. This
disconformity is economically significant in that all
of the large uranium deposits in rocks of Jurassic
age in the mineral belt occur within fluvial sand-
stone facies of the Morrison above the disconform-
ity. Recognition of this disconformity in outerops
and in the subsurface may prove important in de-
lineation of exploration target areas and resource
assessment in the San Juan Basin.

Uranium deposits in the basal part of the Da-
kota Sandstone are associated with the well-known
regional, southward-beveling disconformity present
at the lower boundary of the Dakota throughout
the San Juan Basin and adjacent region. In the
western part of the mineral belt, impermeable
Brushy Basin shales have been truncated at this
diseconformity, and uranium-bearing ground waters
from the Morrison Formation have migrated into
basal organic-rich sandstone of the Dakota to
produce several small- to medium-sized uranium
deposits.

Cretaceous stratigraphic studies

Geologic mapping at a scale of 1:24,000 in the
classical transgressive-regressive sequences of the
Upper Cretaceous of the southern San Juan Basin
by A. R. Kirk has led to a better understanding of
the complex intertonguing of various facies. Strati-
graphic studies and mapping of the lateral distribu-
tion of these facies suggest that a reinterpretation
of the marine and nonmarine parts of the Crevasse
Canyon Formation, the coastal barrier and offshore
bar sands of the Gallup Sandstone, and various
tongues of the offshore marine Mancos Shale and
their correlatives in various subbasins will be nec-
essary. Meetings and field conferences with inter-
ested geologists working with these units from the
San Juan Basin and the Acoma and Gallup-Zuni
subbasins, from the Geologic and Conservation Di-
visions of the USGS, the New Mexico Bureau of
Mines and Mineral Resources, and various compa-
nies have led to a better understanding of the re-
gional correlations within this interval and to
marked progress in placing the various facies into
a paleontological time framework (Kirk and others,
1978).

The Ruby Well No. 1 uranium mine, McKinfey County,
New Mexico

Primary uranium ore in the Ruby Well No. 1
mine, southern San Juan Basin, McKinley County,

New Mexico, forms a narrow elongate body en-
closed within a fluvial arkosic sandstone bed within
the Brushy Basin Shale Member of the Morrison
Formation (Upper Jurassic). The Ruby Well de-
posit is one of several uranium deposits alined west-
northwest in the Smith Lake-Mariano Lake ore
trend being studied by J. F. Robertson. The ore
body, in plan view, is lenticular in shape, 1,500 m
long, and about 180 m wide near the middle. It
ranges from 0 to 8 m thick. In cross section, the
orebody has a roughly C-shaped roll-front configu-
ration, with the relatively thick and ragged convex-
ity on the downdip northeast side. The upper and
lower limbs of the roll extend and thin undip.

The host rock dips three degrees or less to north-
east and contains planar cross bedding with dips
dominantly to north and northeast. A few large-
scale trough crossbeds in the sandstone plunge
gently N. 60° E. in the probable direction of paleo-
stream flow.

Ore distribution does not seem to be influenced
by internal bedding structures in the host sandstone,
but it does appear to be closely related to texture
and permeability. Present studies indicate that the
ore was deposited soon after Morrison deposition.
Beginning in the Tertiary Period and extending to
the present, oxidizing ground waters have attacked
all margins of the deposit and taken uranium into
solution. As would be expected in a classic roll-front
model, the arkosic sandstone in the interior part
of the roll is thoroughly altered. The sandstone
exterior to and downdip from the deposit, however,
is also intensively oxidized and leached, which is
not the case in the classic roll-front model. This
condition was undoubtedly caused by the later
ground-water flow, which also markedly depleted
pyrite and even secondary limonite and most of
the chemical elements originally in the sandstone
or associated with the ore. Most of the potash feld-
spar, still relatively fresh in primary ore, has been
thoroughly altered to clay in the adjacent sand-
stone. No secondary redistribution of uranium is
evident in the proximity of the deposit.

Geologic map of the Arroyo del Agua quadrangle, Rio Asriba

County, New Mexico

Geologic mapping of the Arroyo del Agua TY%-
minute quadrangle, Rio Arriba County, New Mex-
ico, by J. L. Ridgley resulted in extension of the
name Recapture Shale Member of the Morrison
Formation into the Chama Basin from the adjacent
San Juan Basin to the west. In this area, the Re-
capture includes the lower siltstone, fine-grained
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sandstone, and claystone sequence in the Morrison
Formation. In addition, a sequence of conglomeratic
sandstone, sandstone, and mudstone previously in-
cluded in the basal part of the Dakota Sandstone
by Smith, Budding, and Pitrat (1961) and as an
upper unit in the Morrison Formation by Wood-
ward, Gibson, and McLelland (1976) has been
mapped separately and tentatively correlated with
the Burro Canyon Formation. The Burro Canyon
Formation(?), as mapped, is the host rock for sev-
eral small uranium deposits in the eastern part of
the Chama Basin. Additional uranium deposits in
the Burro Canyon Formation(?) probably occur in
the northeast part of the basin. However, if present,
they would occur at increased depths.

High-energy beds in the Dilco

R. E. Thaden demonstrated, by facies mapping of
Cretaceous rocks along a north-south line of outcrop
on the west side of the Chuska Mountains, western
flank of the San Juan Basin, New Mexico, that the
“Torrivio Sandstone Member” of Molenaar (1973)
of the Gallup Sandstone is confined to the lower
two-thirds of the Dilco Coal Member of the Crevasse
Canyon Formation. The “Torrivio” consists of two
zones of medium-grained to granule-size, cross-
bedded, fluvial sandstone lenses interbedded with
the normal paludal, probably deltaic, claystone, fine-
grained sandstone, and coal of the Dileo. It chan-
nels underlying Dileo rocks, but was nowhere ener-
getic enough to scour to the top of the underlying
Gallup, which is of marine, probably largely lower
shoreface, origin. The “Torrivio” lenses are shingled
in a direction indicating northward progradation
and therefore northward younging. Because the
basin of deposition is known to be to the east, a
strong eastward vector to the progradation, not ob-
servable on the outcrop, is implicit.

Uranium ore deposit controls in the Powder River basin

Uranium deposits near the axis of the Powder
River basin are stratigraphically higher than those
near the southern margin. Near the southern mar-
gin of the basin,ore deposits occur in the lowermost
part of the Wasatch Formation. E. S. Santos found
that, in places, this horizon in the subsurface near
the basin axis contains a sandstone-mudstone ratio
similar to that associated with ore deposits. The ab-
sence of ore deposits at this horizon near the basin
axis is interpreted to indicate that, in addition to
a facies control, there exists a depth-related control
on ore-forming processes.

Depth limitation to uranium deposition, Powder River basin,
Wyoming and Montana

Subsurface studies by H. W. Dodge, Jr., of
gamma-ray logs in the Powder River basin, Wyo-
ming and Montana, indicate a depth limit for depo-
gition of uranium. This limit is approximately 762
m below present ground level in the southern part
of the basin. In the northern part of the basin, a
much shallower depth limit is possible. This sug-
gests that uranium basins, in general, may have a
depth control factor which should be considered im-
portant in the uranium-resource evaluation. Two
possible reasons for this depth limitation in the
Powder River basin are (1) the late introduction,
during the Oligocene or later, of uranium-bearing
fluids into susceptible, usually organic-rich, host
rocks and (or) (2) regional and local hydrologic
controls (both chemical and physical) which re-
stricted downdip migration or at-depth reduction
of uranium-bearing fluids.

Present-day stream valleys as guides to uranium deposits in

Wyoming

D. A. Seeland made an attempt to locate major
tributary streams to the Wind River of Eocene time
in the Wind River basin in Wyoming. Overlays of
maximum clast-size, sand-grain-regularity, sand-
grain-elongation, and mean sand-grain-size maps
were used to locate axes of basinward deflections in
the isopleth data and areal concentrations of clasts
or of particularly large clasts.

Several inflections in the isopleths along the Wind
River Range are thought to locate the points where:
major streams issued from the range in Tertiary
time. Similar inflections north of the Granite Moun-
tains and south of the Owl Creek Mountains may
have similar origins. These are thought to indicate
major streams for two reasons. First, the larger
streams draining a mountainous area should be in-
cised more deeply and have a larger proportion of
granitic debris than smaller ones, which would ac-
count for the presence of more elongate, less regular
grains in the area of the basin into which these
streams flow. Second, the postulated positions of
these major streams are basinward of three of the
largest drainages on the northeast flank of the Wind
River Range—Dinwoody Creek, Bull Lake Creek,
and North Popo Agie River. Remnants of an early
Eocene alluvial fan are present at Dinwoody Creek.
The Granite Mountains have been altered so much
by post-Eocene collapse that there is no possibility
of recognizing major stream courses within the
once uplifted core area. However, the linear East



MINERAL-FUEL INVESTIGATIONS 43

Canyon Conglomerate Bed of the Puddle Springs
Arkose Member of the Wind River Formation prob-
ably represents the course of a major stream that
drains the Granite Mountains. Crooks Gap is a rem-
nant of a southward draining pre-collapse stream
valley of the Granite Mountains. The Battle Spring
Formation was deposited by the stream issuing from
this major mountain valley. The size and shape data
of this study suggest a major stream flowing north
from the Granite Mountains about 50 km west of
the Gas Hills. On the north side of the Wind River
basin, a major tributary possibly entered about 20
km west of Lost Cabin near Copper Mountain, and
another entered about 80 km northwest of Shoshoni.

The drainage patterns within the Wyoming basins
have changed extensively since the Eocene. How-
ever, the persistence of major mountain drainages
since then suggests that major present-day drain-
ages may be guides to the thick, coarse-grained,
arkosic Eocene sandstones that have been found to
be the host-rock for all-important Wyoming ura-
nium deposits.

Geologic setting for uranium deposits in the Date Creek basin,
west-central Arizona

J. K. Otton has shown that uranium deposits in
the Date Creek basin of west-central Arizona occur
in fluvial-lacustrine beds of the Chapin Wash and
Artillery Formations. These formations were orig-
inally thought to be Miocene and Eocene in age,
respectively (Lasky and Webber, 1949) ; however,
a recent age determination and new vertebrate fossil
evidence show that the Artillery Formation is also
Miocene in age, only slightly older than the Chapin
Wash of probable early Miocene age. If so, then the
deposits of the two formations represent a signifi-
cant period of uranium mineralization in the middle
Tertiary of western Arizona.

The Artillery Formation was deposited in a broad,
shallow basin that extended farther to the west than
the present Date Creek basin. In the type area two
cycles of fluvial-lacustrine deposition have been
recognized. The lacustrine facies in each cycle
changes to fluvial facies to the west. Uranium occurs
in discontinuous, tabular zones in carbonaceous silt-
stone and sandstone beds transitional between the
fluvial and lacustrine facies in the lower cycle near
Artillery Peak and south of adjacent Ester Basin.
Similar beds in the upper cycle contain anomalous
uranium, but deposits are not ore grade.

During deposition of the Chapin Wash Forma-
tion, a rapid increase in tectonic activity to the west
of the basin caused lacustrine sedimentation to be

restricted to the eastern end of the Date Creek
basin. These lacustrine beds are rich in tuffaceous
debris generally anomalous in uranium. A major
uranium deposit occurs at the Anderson mine in
lacustrine delta facies beds rich in organic detritus
and in impure lignites deposited on the delta plain.
The carbonaceous micaceous siltstones and impure
lignites intertongue with green tuffaceous, locally
silicified, siltstone, calecareous tuffaceous siltstone,
limestone, and sandstone. Uranium was leached from
tuffaceous debris by alkaline lake waters and shal-
low ground waters. It then migrated laterally to
carbon-rich beds during the earliest stages of com-
paction and diagenesis of the host beds. With low-
ering Eh and pH, uranium coprecipitated with silica,
precipitated as coffinite, or was absorbed by organic
material.

Uranium potential of Cenozoic rocks of the Basin and Range
province, Arizona

Emphasis of the study by H. W. Pierce (Univer-
sity of Arizona) is on Cenozoic sedimentary se-
quences that are older than late Cenozoic (post-15
m.y.) basin-fill. These older rocks, ranging from
high- to low-energy continental deposits, have been
deformed by folding, tilting, and faulting. Asso-
ciated voleanic products, including ash beds, are
common in these older sequences. In a broad north-
westerly trending belt adjacent to the central Ari-
zona Transition Zone, Cenozoic rocks are in contact
with Precambrian ecrystalline rocks, including
granites. Both the volecanic and granitic materials
are considered ubiquitous uranium source rocks. In
the pre-basin-fill sequences, preliminary indications
are that uranium mineralization is associated with
rare, but quantitatively important, carbonized plant
debris, fresh-water fetid limestones, and high mag-
nesian carbonate rocks.

Uranium and thorium in placer deposits

In field and laboratory studies of radioactive
horizons along the east flank of the Deep Creek
Range, Juab County, Utah, R. S. Zech, A. R. Wal-
lace, and J. T. Nash have located anomalous radio-
active zones in placer heavy mineral deposits within
range-front alluvial fans. These deposits were de-
rived from the Tertiary quartz monzonite rocks to
the west. Heavy minerals have been further con-
centrated in parts of the alluvial fans that have
been cut by Lake Bonneville shore line erosion and
in the recent arroyos which drain wave-cut benches.

Preliminary analysis of grab samples indicates
that uranium and thorium are contained in mona-
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zite, sphene, zircon, and allanite. Heavy-mineral
abundance in the recent and bench deposits is about
five percent. Concentrations range from 20 to 170
ppm for uranium and about five times as much for
thorium.

Uranium and thorium content in weathering profiles of the
Catahoula Tuff, south Texas coastal plain

The amount and distribution of uranium and
and thorium in samples taken from outerops of the
Catahoula Tuff depend on weathering and the pro-
portion of volcanic detritus in the source material.
The weathering process depends mainly on climate
that ranges from semi-arid in about the southern
one-half of the coastal plain to subhumid in the
northern one-half. Volcanic material is the main
constituent in the Catahoula Tuff of the southern
one-half, but the amount of volcanic material in the
northern one-half is questionable because none has
been identified there. Four weathering profiles on
the Catahoula in Duval, Karnes, Washington, and
Saline Counties were studied by K. A. Dickinson and
have different distributions of uranium, thorium,
and other elements. Uranium decreases with depth
in the southernmost profile and remains fairly con-
stant in the three northern profiles. Thorium gen-
erally decreases with depth except in the Duval
County profile. Thorium is probably high near the
surface because of its concentration in resistate
minerals. Uranium variations, on the other hand,
are controlled more by the leaching process. Leach-
ing of uranium seems to have occurred only in the
southernmost, Duval County, profile as indicated by
a high Th/U ratio at the base of the profile. The de-
gree of uranium leaching and the original amount of
uranium in the Catahoula are important parameters
in evaluating uranium resources and exploration
targets.

Epigenetic uranium mineralization, Alaska

Uranium averaged 12 ppm in two samples of Ter-
tiary continental sedimentary rock collected by K. A.
Dickinson and J. A. Campbell in Alaska. One sam-
ple was collected from Peters Creek and the other
from Camp Creek in the Susitna Lowlands in the
south-central part of the State. These samples, al-
though far below uranium ore-grade, prove, for the
first time, that epigenesis has resulted in uranium
enrichment in Tertiary sedimentary rocks of Alaska.
Both uranium samples were associated with reduc-
tion-oxidation interfaces and with siderite.

Uranium in central Colorado soil profiles

Preliminary studies of uranium, thorium, and po-
tassium in soil and weathering profiles developed on
Tertiary sedimentary rocks in the Denver area have
been carried out by K. A. Dickinson. These studies
show that uranium, thorium, and potassium de-
crease relatively with depth in auger holes up to
1.7 m deep. These diverse elements are believed to
accumulate on or near the weathering surface in
various resistate minerals. The data also show that
the absolute amounts of uranium, thorium, and po-
tassium in the soils increase toward the east, a
probable result of the presence of older soil surfaces
east of the Denver area. Data were obtained using
a gamma-ray spectrometer with a 21.2 in® sodium
iodide erystal. Each measurement was counted for
2 min, which gave a counting accuracy of about
10 percent. Measurements were made at 30-cm
intervals.

Organo-clay complexes in uranium deposits

Iron and aluminum hydroxides on the surface of
clay platelets may be the key to the formation of
organo-clay complexes associated with tabular ura-
nium deposits. In a model proposed by Christine
Turner-Peterson (1977) to explain uranium miner-
alization in the Newark Basin, it is postulated that
humic acids in uranium-bearing sandstones were de-
rived from offshore lacustrine mudstones that in-
terbed with the sandstones. During compaction, the
alkaline pore waters (pH 8), containing humic acids
and bisulfide, were expelled from the offshore muds
into the nearshore sands, where slightly lower pH
conditions (7-5) prevailed because of the influence
of normal ground water.

Below pH 8, hydroxides on the surface of clay
minerals are positively charged; above pH 8, they
carry no charge. Organic anions, therefore, would
have an attraction to clay surfaces only below pH 8.
In the Newark Basin, iron and aluminum hydroxides
on clays within the nearshore zone would have car-
ried a positive charge, resulting in attraction for
and precipitation of organic anions delivered by the
pore fluids that were expelled from the lake muds.

Concomitant pyrite formation also involved the
iron hydroxides. Bisulfide ions necessary for pyrite
formation traveled along with the humic acids dur-
ing compaction-induced lateral explusion of the pore
fluids from the offshore muds. The humic-rich zone
that formed in the nearshore zone subsequently fixed
uranium from the ground water. This model ac-
counts for the observed association of uranium,
pyrite, humic matter, and clay clasts.



MINERAL-FUEL INVESTIGATIONS 45

Organic acids on the move

A lacustrine humate model was recently proposed
for some of the tabular sandstone-type uranium de-
posits in the Salt Wash Sandstone Member of the
Morrison Formation (Upper Jurassic) of the Colo-
rado Plateau (Peterson, 1977; Turner-Peterson and
Peterson, 1978). This model suggests that humic
and fulvic acids, generated in the muddy sediments
of small lakes, were expelled by compaction or seep-
age into nearby sandstone beds where they were
fixed as tabular humate deposits. Subsequently,
uranium in ground water passing through the sand-
stone was concentrated by the humate into ore de-
posits. Because the mudstones play such an impor-
tant role in this model, it would be helpful if evi-
dence was found that the organic acids did, indeed,
migrate out of them. Recent studies by Fred Peter-
son, R. H. Tschudy, and S. D. Van Loenen show that
a fairly simple procedure run during routine lab
processing for spores and pollen can be used as evi-
dence supporting the idea that the organic acids
were originally present in the lacustrine mudstones
and subsequently left them.

Humic and fulvic acids can be recognized easily
by the dark-brown-to-black stain they leave when a
small sample of the rock is placed on filter paper
and flooded with a dilute base. Approximately 95
percent of grey mudstone samples of Pennsylvanian,
Cretaceous, Tertiary, and Quaternary age that yield
palynomorphs (spores and pollen) also yield this
stain. In contrast, Salt Wash lacustrine grey mud-
stones collected near ore deposits yield palynomorphs
but consistently show either no stain or, rarely, a
very light brown stain on the filter paper, indicating
little or no humic and fulvic acids are present. Con-
sidering the unusually small quantities of these acids
in Jurassic palynomorph-bearing mudstones com-
pared to palynomorph-bearing mudstones of other
systems, the best explanation is that the acids were
originally present and were subsequently expelled.
Although the degree of coloration varies somewhat
owing to variations in the composition of the acids,
it may be possible to quantify the procedure suffi-
ciently for use in determining the favorability of a
region for uranium mineralization by the processes
involved in the lacustrine humate model.

Determination of precementation porosity and permeability
in sandstones

Research by M. B. Sawyer, C. T. Pierson, A. S.

Karma, and H. C. Granger suggests that it may be
possible to calculate the precementation porosity and

permeability of sandstones from textural studies of
the cemented rock. Because the suitability of a sand-
stone as a uranium host rock is usually related to
its porosity and permeability at the time of ura-
nium deposition, a technique is being developed to
predict what the porosity and permeability of a
sandstone might have been shortly after deposition
and prior to cementation. Using the image-analyzing
computer and other physical methods, the post-
cementation porosity and permeability, the content
of acid-soluble cement, the grain-size distribution,
the grain-shape distribution, and the packing of a
sandstone sample can be determined. A formula used
by Manger, Cadigan, and Gates (1969) relates the
postcementation permeability to the above listed
parameters. Using this formula and knowing the
amount of acid-soluble cement in the sample, pre-
liminary results suggest that it may be possible to
determine the precementation permeability. The
precementation porosity can be calculated knowing
the postcementation porosity and the amount of
acid-soluble cement.

Some applications of thermoluminescence to uranium
prospecting

C. S. Spirakis has shown that thermoluminescent-
glow curves (plots of intensity of thermolumines-
cence versus temperature) of quartz and feldspar
grains from the vicinity of a Wyoming roll-type de-
posit are suggestive that the mineralizing process
produces a systematic change in thermoluminescence
around these deposits. A comparison between glow
curves of samples from locations which are believed
to be former positions of the migrating roll front
and glow curves of samples which were never min-
eralized indicates that the former areas of minerali-
zation are characterized by an increase in higher
temperature thermoluminescence relative to lower
temperature thermoluminescence. The increased im-
portance of higher temperature thermoluminescence
in formerly mineralized samples can be detected
with ratios of thermoluminescence from different
temperature ranges or with glow curves. Both
ratios and glow curves may be useful indicators of
roll-type uranium deposits. A preliminary study of
the thermoluminescence of quartz and feldspar
grains in soils developed over uranium-mineralized
veins suggests that glow curves might also be used
as indicators of vein-type uranium deposits. Ther-
moluminescence may be particularly useful im lo-
cating veins that have been leached of uranium
along their outcrops.
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Uranium potential of Sierra Madre and Medicine Bow
Mountains, Wyoming

Geologic studies by R. S. Houston, K. E. Karl-
strom, and P. J. Graff indicate that pyritic, quartz-
pebble conglomerate underlies large areas of the
northwest Sierra Madre and northern and northeast-
ern Medicine Bow Mountains, Wyoming. Study of
unoxidized core samples from the One Mile Creek
area in the Medicine Bow Mountains show that, at
least locally, the conglomerate contains an order of
magnitude rather than the 150 ppm uranium de-
tected in surface samples. This suggests that the
area is a good target for uranium exploration, but
does not prove the existence of ore deposits. The
conglomerate beds are in radioactive sericitic quartz-
ite of both the “Phantom Lake group” and “Deep
Lake group” (informal names) of the Sierra Madre
and Medicine Bow Mountains. These metasedi-
mentary rocks are believed to be Early Proterozoic
in age and are bracketed between about 2,700 m.y.
and 1,800 m.y. (Hills and others, 1968 ; Divis, 1976).
The conglomerate is fluvial and is believed to have
been deposited in braided streams. Veinlets con-
taining up to 1,000 ppm uranium in granite that cuts
metasedimentary succession suggest that uranium
may have been mobilized and redeposited in faults
and shear zones.

Obsidian, perlite, and felsite as sources of uranium: an experi-
mental study

The relative rates of uranium removal from
glassy and crystalline volcanic rocks have been ex-
perimentally determined by R. A. Zielinski. Well-
characterized samples of rhyolitic obsidian, perlite,
and felsite from a single lava flow were subjected to
carefully controlled open-system leaching by alka-
line oxidizing solutions. Pressure, temperature, flow
rate, and solution composition were held constant
in order to evaluate the relative importance of dif-
ferences in surface area and crystallinity. Leachate
solutions were continuously monitored for concen-
trations of dissolved uranium and selected additional
elements (Si, Li, F, K), and the leached solids were
recovered and examined for physical and chemical
evidence of attack.

Uranium removal from crushed glassy samples
is seen to proceed by a mechanism of glass dissolu-
tion in which uranium and silica are. dissolved in
approximately equal-weight fractions. Rates of re-
lease of uranium from glassy samples correlate posi-
tively with the surface area of the samples. Ura-
nium removal from crushed felsite is controlled by
the variable rates of attack of numerous uranium

sites. Initial rapid loss of a small component of the
total uranium from crushed felsite reflects selective
dissolution of uranium-rich minerals or mobilization
of uranium which is weakly bound to mineral sur-
faces or alteration products. After initial loss of
readily soluble uranium, crushed felsite becomes a
much less efficient source of uranium than equiva-
lently treated glass.

Leaching results using crushed samples were
combined with whole rock permeability measure-
ments to explain the observed depletion of uranium
in natural felsites as compared to coexisting obsid-
ian. Permeability differences between massive, non-
hydrated obsidian and felsite are apparently great
enough to offset the greater time averaged solubility
of glassy uranium sites.

Constraints on the genesis of uranium ores in the Midnite Mine,
Washington, from geochronologic and lead-isotope
investigations
The ores from the Midnite Mine, near Spokane,

Wash., are localized in Precambrian metamor-

phic rocks near the contact with a Cretaceous

granitic pluton that has a uranium-lead-zircon age
of 76 m.y. Studies by K. R. Ludwig have shown
that high-grade, unoxidized ores define a 207py/
204p,-285,/2045, isochron age of 51==1 m.y., which
coincides with that of the overlying Sanpoil Vol-
canics. The apatite fission-track age of the Creta-
ceous pluton in the mine has not been reset, which
indicates that the uranium ores could not have been
formed during a high-temperature (>150°C for
>10° yr) hydrothermal process. It seems likely
that the uranium ores were formed as the result of
pervasive destruction and redistribution of an
earlier low-grade protore by supergene fluids in the

Eocene, possibly with thermal or hydrologic in-

fluence of the Eocene volcanic rocks and dikes.

Mineralogic residence of uranium in roll-type deposits

From petrographic and electron microprobe anal-
ysis of mineralized rock from three roll-type ura-
nium deposits in Texas and from two in Wyoming,
R. L. Reynolds has identified similarities and differ-
ences in the residence of uranium in deposits of dif-
ferent geologic settings.

In the fine-grained (<2 pm) fraction of each de-
posit, uranium is associated with clays and titanium-
rich phases, both in part formed by in situ altera-
tion of detrital rock fragments and the titanium-
rich phases liberated commonly by the sulfidization
of detrital iron-titanium oxide minerals.
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In the Wyoming deposits, uranium also resides
within petrographically observable (>5 um) ura-
ninite and in other opaque phases closely associated
with vanadium and selenium. At present, such oc-
currences and elemental associations are not docu-
mented in any of the three Texas deposits.

The nature and process of uranium fixation, depo-
sitional environment and composition of the host
rock, including presence or absence of organic debris,
and solution geochemistry are among the many pos-
sible influences that may be responsible for the ob-
served differences.

Identification of possible uranium province in central Wyoming
thrl:(ugh radio-element distribution in crystalline basement
rocks

Detailed studies of granitic rocks from the
Granite Mountains (Rosholt, Zartman, and Nkomo,
1973 ; Stuckless and Nkomo, 1978) and preliminary
studies of some granitic samples from the Owl Creek
Mountains (Nkomo and others, 1978) and Laramie
Range (Nkomo and Rosholt, unpub. data) suggest
that the region of central Wyoming has been a ura-
nium province since Archean time. Thorium con-
tents of Precambrian granites of this region are
generally anomalously high as compared to contents
cited as typical for granites (Rogers and Adams,
1969). Uranium contents of surface samples are
generally not anomalously high, but isotopic evi-
dence shows that most samples have lost much ura-
nium during the Cenozoic. Most thorium-uranium
ratios measured in the Granite Mountains are >5,
but calculations based on radiogenic 2°*Pb show that
the thorium-uranium ratio would be <8 if uranium
had not been lost. It is proposed that thorium con-
tents of the crystalline basement rocks may be a
better indicator of uranium province than uranium
contents and that thorium-uranium ratios may be
useful indicators of uranium loss. Finally, because
the region of central Wyoming has been a uranium
province for at least 2,600 m.y., deposits with ages
of Archean to Holocene may be reasonably expected
within and adjacent to this region.

Coffinite ores of the Tony M mine in Utah

Preliminary petrographic study by R. I. Grauch
of a suite of samples that straddles a 0.5-m thick
ore horizon in the Tony M mine in Utah indicates
that most of the uranium is present as coffinite and
is associated with organic material. The coffinite
does not replace the organic material but fills pore
spaces in the plant debris. In rare instances the
cellular structure of the plant material is well pre-

served. However, most of the debris shows the
effects of compaction perpendicular to bedding and
was apparently extended parallel to bedding. Be-
cause the coffinite is restricted to cell spaces and be-
cause it mimics the convoluted structure attributed
to the compaction of the organic material, it is sug-
gested that the coffinite formed soon after deposi-
tion of the host organic material before and (or)
after dewatering.

Computer modeling of ore-forming processes

During computer modeling studies by C. G. War-
ren and H. C. Granger of the genesis of uranium roll
shapes, it was found that typical roll shapes could
be produced by the following two unrelated proc-
esses: (1) channeled groundwater flow and (2)
leakage of dissolved oxygen across the boundaries
of the aquifer. Either process, if not moderated by
the diffusion of oxygen, will create a highly dis-
continuous and irregular oxidation front. The regu-
larity of the oxidation front is an indication of the
importance of diffusion to the ore forming process.
The numerical relation between shape and either
flow or leakage theoretically offers a basis for cal-
culating groundwater velocities.

Carbon-13/carbon-12 isotope fractionation of erganic matter
associated with uranium ores induced by alpha irradiation
Analyses by J. S. Leventhal of stable carbon iso-
topes from two sample suites from sandstone ura-
nium (tabular) ores have shown interesting varia-
tions. The uranium ore sampled occurs in medium-
to fine-grained nonmarine sandstones of the Upper
Jurassic Westwater Canyon Sandstone Member of
the Morrison Formation within the Grants mineral
belt of northwest New Mexico. The ore is the trend
or tabular type, where the ore forms blankets that
are literally suspended in sandstone units. Individual
orebodies range from a little less than 1 to 15 m
thick, 5 m to somewhat more than 100 m wide, and
20 or 30 m to at least 1,000 m long. The richer parts
of the ore commonly contain more than 1 percent
uranium. The ore is intimately associated with
structureless organic matter that is insoluble in or-
ganic solvents, weak acids, and bases. The ore and
organic matter surround sand grains and fill in-
terstices between grains. Five samples from each
suite collected in a vertical traverse have an ar-
rangement of one low-grade ore sample above, three
ore samples, and another low grade ore sample be-
low. The low-grade samples at the borders of the ore
show §3C values of —22.7 to —26.4 per mil, which
are typical of sedimentary organic matter. The
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lightest values are similar to those reported for
terrestrial kerogens and humic material. The ore
samples have carbon isotopic values that range from
—16.9 to —19.6 per mil, that is, approximately 5 to
8 per mil heavier than the low-grade samples. These
values are not typical of sedimentary organic mat-
ter from the nonmarine environment and the or-
ganic material in these samples all appears to derive
from an epigenetic introduction of originally solu-
ble organic matter. Because the organic matter and
uranium were deposited in Late Jurassic time, the
uranium in equilibrium with its daughters has de-
posited a dose of 10** rads, which was absorbed
mainly in the intimately associated organic matter.
The decay of each atom of uranium-238 to lead
accounts for eight alpha particles, six beta particles,
and associated gamma rays. Bond breaking by alpha
radiation and alpha recoil of the nucleus are most
effective in the immediate vicinity of the uranium
atom, whereas bond breaking by beta and gamma
radiation will be diffused over a much larger vol-
ume. The high linear energy transfer of the alpha
radiation gives a high density of primary ioniza-
tions that are so close together that they may be
considered as continuous. This energy transfer and
ionization leads to many broken bonds, radicals,
ions, and excited molecules in a small volume where
preferential formation of carbon-13-deficient vola-
tile products can occur to produce the observed iso-
tope effect in the bulk organic material. It is also
likely that the radiation acts to catalyze the ‘“fixa-
tion” of the uranium ore in the organic matter by
creation of chemically reactive reductants that re-
duce the soluble uranyl (VI) species to insoluble
UO.. The radiation also makes the organic material
more refractory (less soluble and oxidizable), and
it protects the uranium ore from remobilization or
solution.

Scintillator used as fast neutron detector

F. E. Cecil (Colorado School of Mines) and others
have measured the interaction length for the pro-
duction by 3 and 14 MeV neutrons of the 57 keV
nuclear gamma ray in Nal (T1) scintillator. These
interaction lengths (0.008+.001 and 0.005%/.001
cm~?, respectively) indicate that Nal (T]) scintil-
lator can be used as a high-efficiency fast neutron
detector.

Uranium source potential estimated from radium and radon
concentrations in flowing water

The concept of uranium source potential using
uranium, radium, and radon in flowing water was

proved feasible by R. A. Cadigan in a study using
data from a hydrothermal springs area that lies
along the Wasatch fault zone northeast of the Great
Salt Lake in Utah. Radium and radon are more
mobile in hydrothermal spring environments than
are their parent nuclides. They are rapidly trans-
ported under pressure through fracture systems for
distances as great as hundreds or thousands of
meters. In the seven springs used in the study,
radium values exceed the equilibrium amount with
uranium by 4 to 25,000 times. Radon values exceed
the equilibrium amount with radium by 11 to 2,100
times. Spring discharge values range from 400 to
13,600 L/min. The spring waters contain from 3
to 220 picocuries per liter (pCi/L) of radium and
500 to 6,500 pCi/L of radon. Radium in excess of
equilibrium amounts is produced at the rate of about
2,200,000 pCi/min, and excess radon is produced at
the rate of about 45,000,000 pCi/min by the seven
springs. Calculated total uranium required in the
hydrothermal conduit system to support such pro-
duction of radium and radon is approximately
170,000 metric tons.

This use of quantitative exploration data does not
define an exploration target, but it does identify the
magnitude of the uranium sources in the area. Rate
of movement of the spring waters and their hydro-
thermal nature suggests that they are migrating
vertically along faults and joints. Whether or not
the uranium can be extracted economically depends
upon the degree of dispersal and depth of the ura-
nium mineralization, both of which are unknown.

Radium and uranium in mineral springs

Analysis of data on radium, uranium, tempera-
ture, pH, and specific conductance for 116 mineral
springs in 8 Western States (Arizona, California,
Colorado, Idaho, Nevada, New Mexico, Utah, Wyo-
ming) shows that a significant positive correlation
exists between radium and conductance and that
significant negative correlations exist between con-
ductance and pH, radium and pH, and uranium and
temperature. In other words, radium mobility rela-
tive to uranium is favored by water with high spe-
cific conductance, high temperature, and low pH.

The correlation between radium and conductance
is probably due to the effort of total ionic strength
on the solubility of salts, such as barium sulfate,
with which radium can coprecipitate. The correla-
tion between conductance and pH is probably re-
lated to the ionic composition of the waters. The
combination of these two relationships yields a cor-
relation between radium and pH. The correlation
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between uranium and temperature may be related
to the complexing of uranium with biocarbonate,
which is more soluble in cold water.

The strongest correlation is between radium and
conductance. By examining the ratio between these
two parameters, one can see which springs have a
radium concentration that is higher than can be
accounted for by the relationships with conductance.
Unmeasurable parameters, such as the presence of
uranium-rich source rocks, may be affecting these
radium concentrations.

Source for the anomalous uranium in surface waters of the
Ojo Caliente area in New Mexico

Additional fieldwork by K. J. Wenrich-Verbeek in
the Ojo Caliente-La Madera area of New Mexico
has shed more light on the possible source of the
anomalous uranium in waters of the numerous
springs in the vicinities of Candad de la Cueva and
La Madera. The Tertiary Santa Fe Formation and
Quaternary surficial deposits of this area contain
no apparent anomalous uranium concentrations; yet,
overlying massive travertine deposits of Tertiary
and Quaternary age contain gamma counts that are
3 to 6 times background. This suggests that the
springs in this area have been bringing high-ura-
nium waters to the surface since the beginning of
deposition of the travertine. The source of the ura-
nium appears to be the Precambrian rocks, which
underly the Santa Fe in the area. Geologic evidence
suggests that these uranium-bearing springs are
coming up along contacts of the Ortega Quartzite of
Precambrian age. Precambrian rocks north of La
Madera in the Tusas Mountains, although riddled
with uranium-bearing pegmatites, are the source
of springs of low-uranium concentration. This sug-
gests that the Precambrian rocks to the south con-
tain uranium in more soluble form.

Helium detection for uranium exploration

Helium detection surveys conducted by G. M.
Reimer and C .G. Bowles near Edgemont, S. Dak.,
near uranium deposits have shown anomalous
helium concentrations in well waters. The waters
are of reducing character and have low capacity to
dissolve uranium from surrounding rocks, and so do
not contain uranium in anomalous concentrations.
Helium, a product of radioactive decay of uranium,
however, is an inert gas unaffected chemically by
the character of the water. Thus, helium in ground
water may show the presence of nearby uranium
when the uranium itself is not present in the same
water. Helium analysis of waters is, therefore, an

important addition to any geochemical exploration
program. The helium data can reveal important in-
formation on areas that would be otherwise over-
looked in exploring for uranium.

Value of radon measurements for uranium prospecting

Resurgence of uranium prospecting during the
past decade has renewed interest in the measure-
ment of radon-222, a gaseous decay product of ura-
nium, to locate uranium deposits. Some advocates
of radon measurements contend that radon anoma-
lies in soil gas are the result of direct movement of
radon from uranium orebodies more than 100 m be-
low; such anomalies are thought by other people to
be fortuitous. After a comprehensive review of pub-
lications bearing on radon movement in the ground,
A. B. Tanner has concluded that a sufficient number
of radon anomalies are associated with buried ura-
nium deposits to imply a causal relation, but that
the anomalies are more likely to be caused by move-
ment of uranium and radium in ground water.

Relative uranium scavenging affects of organic matter, clays,
and iron and manganese oxides

Present knowledge indicates that uranium is
scavenged by organic material, clays, and iron and
manganese oxides. Research by K. J. Wenrich-Ver-
beek into the associations of uranium in stream sedi-
ments suggests that the scavenging affect of organic
material is many times more significant than that
of iron and manganese oxides and clay. FeO, MnO,
and AlL,O, do not show significant positive correla-
tion with uranium in stream sediments. In fact, in
the Ojo Caliente area of New Mexico, where organic
carbon shows a highly significant correlation with
uranium, Al,O, shows a significant negative correla-
tion; that is, samples which contain more clay have
lower uranium concentrations. The correlation of
FeO with uranium is somewhat greater than that of
MnO or Al,0,, yet none of these three appears to
contribute significantly to the uranium concentra-
tion in most stream sediments. Water samples col-
lected in conjunction with all stream sediments also
show interesting associations between uranium and
some of the elements. Of all the trace elements,
uranium is most frequently associated with arsenic
in natural waters. It is possible that uranium is
complexing in water with an arsenate anion. Al-
though recent thermodynamic studies have shown
that PO, significantly complexes with ul:anium
(Langmuir, 1978), results from this project indicate
that with the normally low PO, content of natural
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waters and the consistent pH range of 6 to 9, the
effect of PO, on uranium is almost negligible in most
waters.

Relationship of modern ground-water chemistry to the origin

and rereduction of a south Texas roll-front uranium deposit

Modern genetic models for roll-front uranium de-
posits demand that the ore-forming process involve
incursion of oxygenated uranium-bearing ground
water into reduced (pyrite- and (or) organic-bear-
ing) rock. This process produces an altered tongue
of rock updip from ore that contains ferric iron in
the form of hematite or limonite. M. G. Goldhaber,
in collaboration with R. L. Reynolds and R. O. Rye,
has established from petrographic and stable-isotope
studies on a deposit in Live Oak County, Texas, that
the orebody has been secondarily rereduced such
that the altered tongue now contains iron disulfide
instead of iron oxide. This rereduced zone contains
dominantly isotopically heavy pyrite, in contrast to
ore and protore which containg isotopically light
maracasite. Modern ground water at the strati-
graphic level of the ore-host sandstone contains dis-
solved sulfide. The question thus arises whether the
rereduction was caused by this modern sulfide. Ac-
cordingly, studies were carried out on the sulfate
and sulfide content and isotopic composition of this
ground water. Sulfate concentrations fall in the
range 3 to 7 millimolar. The largest values occur
adjacent to the Oakville fault, which is located on
the downdip side of the deposit ahead of the roll.
The isotopic ratio of this sulfate is very light near
the fault (—17.2 per mil) and increases away from
the fault. Sulfide is very light (—56 per mil) near
the fault and likewise becomes heavier away from
the fault (—389 per mil). These stable-isotope trends
are best explained by near-surface processes involv-
ing oxidative weathering of iron disulfide to pro-
duce the light sulfate and subsequent bacterial re-
duction of this sulfate to isotopically light sulfide.
The isotopic composition of the present day sulfide
is grossly different from that of the iron disulfide
in the altered tongue which, for the most part, is
greater than 0 per mil. The rereduced iron disulfides
are more closely matched by sulfide from the deep
Edwards Limestone (Cretaceous) reef trend which
underlies the deposit and has an isotopic value of
+12 per mil. We postulate, therefore, that rereduc-
tion was caused by sulfide leaking up the Oakville
fault from depth and moving out into the uranium
host sand and that present day ground water chem-
istry is unrelated to this process.

Porous media model studies of sandstone-type uranium

deposits

The penetration and precipitation of humic acid
into a porous-media model saturated with aluminum
potassium sulfate solution were studied under labora-
tory conditions by K. K. Sunada and F. G. Ethridge
(Colorado State Univ.). In particular, the effects of
variable flow rates, porous media layering, mud-
stone lenses (baffles), and density differences were
evaluated. The aluminum and humic solutions were
used only for convenience in studying precipitation
reactions and ground-water flow patterns and not
to simulate a specific ore-forming process.

It was found that a distinct band of precipitate
formed parallel, as well as perpendicular, to the flow
path at the interface between the two solutions.
Results indicate that these precipitates fill pores and
reduce hydraulic conductivity and that the deposits
were larger where contact time between solutions
was larger; for example, parallel to the flow path.
Under conditions where the flow rate of humic acid
was increased, the precipitate was dissolved back
into solution and redeposited at a new interface.
However, if the flow rate was decreased the original
deposit remained and a new precipitate formed,
thus providing two distinet precipitate zones. In ex-
perimental conditions characterized by multiple
porous-media layers, the precipitate is richest in the
more permeable layers, and flow lines converge to-
ward these layers. Baffles used to simulate mudstone
lenses caused changes in the flow configuration.
Density differences between the solutions appear to
have little effect on the distribution of the precipi-
tate. Significant diffusion effects have not been ob-
served because of the relatively high flow rates used
in the experiments, as compared to flow rates in
natural ground-water systems.

These initial experiments provide a visual record
of the reactions between two solutions and informa-
tion which may prove useful in predicting the shape
and distribution of tabular as well as roll-front-type
epigenetic sandstone uranium deposits. More im-
portantly, they provide a means of assessing the re-
lationship between such deposits and ground-water-
flow patterns at the time of mineralization. Under
the experimental conditions investigated, such as
high flow rates, the most pronounced precipitates
occur parallel to flow. Such conditions might be the
case for some of the coarse-grained, highly perme-
able alluvial fan deposits of the Gas Hills district
in Wyoming. In contrast, it is possible that under
conditions of low-flow rates associated with finer
grained, less permeable sandstone beds, the most
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pronounced precipitates would occur at the base of
the ore deposit.

Molybdenum in catclaw mimosa as a possible indicator of
uranium

Results of a biogeochemical study by J. A. Erd-
man, J. M. McNeal, and C. T. Pierson at a uranium
prospect on the eastern margin of the Marfa Basin,
Texas, suggest that molybdenum may be a path-
finder element for uranium occurrences.

The stratigraphic sequence of Tertiary volcanic
rocks at the study site consists of the tuffaceous
“Pruett Formation” overlain by the dense, highly
fractured “Crossen Formation” (a trachyte). The
“Crossen” trachyte, in turn, is unconformably over-
lain by the “Sheep Canyon Formation,” composed
of a thick lacustrine unit and overlying dense basalt
of variable thickness. At the Anderson Ranch pros-
pect, uranium occurs in lignite interbedded with a
lacustrine limestone (the lacustrine member of the
“Sheep Canyon Formation” of Eocene(?) or late
Eocene age).

Uranium concentrations in the fruit pods of
Mimosa biuncifers (catclaw mimosa), an extremely
thorny desert shrub, were mostly below the limits
of detection (0.4 ppm in the ash). The only detect-
able levels occurred in samples from plants that
grew on the “Crossen” trachyte. It was the molyb-
denum concentrations in the plant tissue, however,
which provided the most useful data and showed
the greatest contrast amount in the stratigraphic
units. Molybdenum concentrations were lowest in
plants sampled on the basalt, intermediate in those
sampled on the lacustrine unit and the “Pruett
Formation,” and generally highest on the “Crossen
Formation.” Molybdenum levels in plants sampled
from the trachyte were as much as 50 times (700
ppm) those in samples from the basalt. Associated
with the high molybdenum were anomalous con-
centrations of selenium. A prominent set of fracture
joints in the “Crossen” trachyte may have been
filled by the uranium, molybdenum, and selenium
that were leached from the overlying lacustrine
source rock.

The main purpose of the study was to see whether
this desert shrub might be used to locate uranium
mineralization in the lacustrine unit concealed by
the basalt. Molybdenum concentrations were uni-
formly low in all shrubs sampled from the basalt
unit, even though the thickness ranged from about
6 to 40 m. Either the basalt was too impervious to
root penetration or the root systems were shallower
than anticipated. Despite this, catclaw mimosa ap-

pears to be responsive to mineralization at or very
near the surface.

Geophysical study of gneiss domes and two-mica granites

An interpretation by J. W. Cady of gravity and
aeromagnetic maps over the Omineca crystalline belt
in northeastern Washington and southern British
Columbia shows that individual gneiss domes are
typically marked by local gravity highs and the
high-grade gneiss terrain is marked by a regional
gravity high. Gneiss domes and two-mica granites,
both of which are suspected of being uranium source
rocks, are marked by aeromagnetic lows, in contrast
to the more magnetic hornblende-biotite granites.
Crustal modeling, using gravity, refraction seismic,
and geologic data, is permissive of the hypothesis
that the core metamorphic complexes are the surface
expression of a zone of dense infrastructure that
makes up the top 20 km of the crust within the
crystalline belt. A zone of steep gravity gradi-
ents lying close to the Purcell Trench probably
marks the eastern border of the zone of dense
infrastructure.

Thorium and rare-earth resources occur in disseminated
deposits in the Bear Lodge Mountains in Wyoming

Studies by M. H. Staatz have recently shown that
large, disseminated deposits of thorium and rare
earths in the Bear Lodge Mountains occur in the
core of the Bear Lodge dome. These deposits occur
in a complex Tertiary phonolite-trachyte intrusive
body where the central part of the dome has been
altered and fractured. The fractures are filled with
veinlets containing thorium and rare earth minerals.
The altered area can be outlined by its contrast in
radioactivity. Surface sampling within the area of
highest radioactivity indicates the presence of three
areas in which the thorium content exceeds 200
ppm. These three areas underlie 660,000, 790,000,
and 770,000 m2 and have an average ThO, content
of approximately 0.023, 0.042, and 0.035 percent,
respectively. Total rare-earth oxide content of these
three areas is 0.75, 1.70, and 1.35 percent.

Thorium resources in the Wet Mountains of Colorado

A total of 202 samples collected by T. J. Arm-
brustmacher, from thorium-bearing veins and frac-
ture zones in the Wet Mountain area of Colorado
have been analyzed for radium equivalent uranium
(RaeU) and thorium by gamma ray spectrometric
measurements. The samples average 0.46 percent
ThO,, ranging from 0.00075 to 10.2 percent. The
maximum RaeU value is 0.086 percent, but samples
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usually contain less than 0.005 percent. The average
thorium-uranium ratio is 64.

The total ThO, reserves of the Wet Mountains
area is 66,700 tons. Probable potential resources are
91,900 short tons of ThO.,.

Cost analyses developed by the U.S. Bureau of
Mines were done for 29 veins and fracture zones
whose reserves and probable potential resources
total at least 35,000 tons of ThO,. Thoria could be
produced from 13 of these veins at a cost of less
than $30 per pound, in seven of them at a cost of
$30-50 per pound, and the remaining at a cost
greater than $50 per pound. The average grade of
the veins and fracture zones containing ThO. pro-
ducible at less than $30 per pound is 0.51 percent,
and the average grade producible at $30-50 per
pound is 0.11 percent ThO,.

New thorium resource numbers calculated for vein-type
occurrences

Recent thorium resource assessment studies of
vein-type occurrences of ThO, by M. H. Staatz, T. J.
Armbrustmacher, and J. C. Olson in seven mining
districts in Idaho, Montana, Colorado, Wyoming,
and California have shown 129,000 metric tons of
ThO, in indicated reserves and 327,000 metric tons
in inferred reserves. Eighty-seven percent of the
reserves occurs in the Lemhi Pass district of Idaho
and Montana and the Wet Mountains district of
Colorado. Remaining reserves are present in veins
of the Powderhorn district of Colorado, Hall Moun-
tain and Diamond Creek districts in Idaho, Bear
Mountains district of Wyoming, and the Mountain
Pass area of California.

Veins constitute the highest grade thorium re-
source in the United States. Although over 300
thorium veins have been identified, most of the re-
serves in the two districts are contained in only 10
veins.

USGS quadrangle evaluation for Department of Energy

A major commitment was undertaken by the
USGS in January 1978 in support of the Depart-
ment of Energy National Uranium Resource Eval-
uation (NURE) program. Investigations aimed at
evaluating the favorability of 42 NTMS 1° x 2°
quadrangles for potential uranium deposits were be-
gun. Work in 1978 included the completion of Phase
I studies, including preparation of maps showing
geology, uranium occurrences, and land status in the
quadrangles, as well as annotated bibliographies.
During the year, owing to a restructuring of the
NURE program and establishment of new priorities
and deadlines, work in 19 quadrangles was recessed,

and the USGS effort was concentrated in the re-
maining 23 quadrangles. However, Phase-I products
were completed for 38 of the original 42 quad-
rangles. As Phase-I planning and compilation work
was finished, field evaluation studies were started on
the second half of the year. Many uranium occur-
rences were visited in order to gather descriptive
up-to-date information of the character and geology
of the occurrences and to take samples for multi-
element geochemical analysis.

Uranium potential in Rio Grande rift basins

The presence of favorable lithofacies, uranium oc-
currences, and nearby uranium-rich volcanic source
rocks suggests that the several Tertiary sedimentary
basins alined along the Rio Grande rift in the Aztec,
Albuquerque, and adjacent Socorro 2° NURE quad-
rangles are favorable uranium exploration target
areas. Locally thick (up to 4,500 m +) sequences of
sedimentary volcaniclastic conglomerates, sand-
stones, and finer-grained rocks are present to serve
as conduits and potential host rocks for uranium
deposits. Locally these rocks are organic rich and
contain scattered associated radioactive anomalies
in outcrops. In conjunction with favorable param-
eters contained in the sedimentary units, a num-
ber of anomalous uranium occurrences in adjacent
voleanic terrains attest to the availability of leach-
able uranium to serve as a source for sedimentary
deposits.

Complex facies relationships, excessive drilling
depths, and lack of sizeable discoveries in outcrop
have, in the past, contributed to the lack of explora-
tion activity within the rift basins.

Uranium resources in the Grandfather Mountain Window in
North Carolina

Basement rocks exposed in the Grandfather Moun-
tain, chiefly granitic gneiss and augen gneiss dated
at 1,000 to 1,100 m.y., contain more than 15 uranium
occurrences and numerous radioactive anomalies
in veins and shears. The gneisses generally have
radioactivity about four times normal for rocks of
this composition. Interpretation by J. T. Nash of
the uranium occurrences, widespread radioactivity,
the Proterozoic age of the gneisses, and the presence
of Proterozoic unconformity suggests that this area
is favorable for uranium deposits, possibly of the
unconformity-vein type. However, according to cur-
rent geologic understanding of the area, there are
several unclear or contradictory features when con-
sidered in the light of genetic models proposed for
the large Australian and Canadian prototypes.
First, the prototype deposits are in metasedimen-
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tary sequences, whereas the gneisses here are con-
sidered to be metaplutonic (Bryant and Reed,
1970). However, the presence of graphitic zones
and phyllonite of complex origin suggest that some
of the gneiss could have a sedimentary proto-
lith. Second, metacarbonate rocks are not known in
the Grandfather Mountain area, but are important
ingredients in the geology of the prototype deposits.
Third, retrograde metamorphism is not as exten-
sive as in the prototypes. Fourth, the known occur-
rences in the window can not be related with cer-
tainty to the unconformity. Large deposits might
be present in areas with more graphite, more retro-
grade metamorphism, and spatially closer to the
unconformity.

GEOTHERMAL RESOURCES

U.S. geothermal resource assessment updated

An updated geothermal resource assessment of
the United States was prepared in cooperation with
the U.S. Department of Energy (Muffler, 1979).
The new assessment represents improvements in
the estimates given in the first comprehensive na-
tional geothermal resource assessment (White and
Williams, 1975). In general, the new assessment
substantiates the basic rationale and overall con-
clusions of the first assessment. The total energies
calculated are essentially the same, although sub-
stantially smaller energies were calculated for some
of the larger hydrothermal convection systems. Both
assessments distinguish between geothermal energy
in the ground to a specified depth (resource base
in the first assessment and accessible resource base
in the new assessment) and the thermal energy
that could be extracted and used at some reason-
able future time (the resource).

The new assessment divides the accessible re-
source base into two broad types of geologic envi-
ronment according to the dominant mode of heat
transport, regional conductive environments and
igneous-related systems. Thermal energies are given
in 108 joules (J) ; 10 J = 10** Btu = 1 quad.

Diment and others (1975) estimated that in re-
gions of conductive heat flow the amount of thermal
energy stored at temperatures above mean annual
surface temperature in the outer 10 km of the
United States is about 8,000,000 x<10¢ cal (83,000,-
000x10 J). According to J. H. Sass and A. H.
Lachenbruch (1979), this figure would not be sig-
nificantly changed if the 1975 calculations were re-
peated using the additional heat-flow data now
available. The figure for regional conductive envi-

ronments includes the thermal energy in geopres-
sured basins, sedimentary basins at hydrostatic
pressure, and hydrothermal convection systems un-
related to young igneous intrusions. This figure
is an upper limit to any discussion of geothermal
energy and cannot be used directly to estimate usable
thermal energy.

R. L. Smith and H. R. Shaw (1975) estimated
the thermal energy contained in young igneous
systems to a depth of 10 km in the United States
on the basis of a model of conductive cooling since
a time represented by the age of the youngest silicie
extrusion of each system. Smith and Shaw (1979)
reevaluated this model in the light of recent studies
of the effects of hydrothermal cooling in and
around magma bodies and conclude that it is still
valid. They estimated the thermal energy in evalu-
ated young igneous systems to be 101,000x10%8 J,
little changed from their 1975 estimate. The total
thermal energy in both evaluated and unevaluated
igneous systems was estimated to be at least an
order of magnitude greater than the estimate for
the evaluated systems, or approximately 1,000,-
000108 J. It should be emphasized that these fig-
ures do not represent an inventory of measured
thermal energy, but instead are estimates based
on a model.

Resource estimates (Muffler, 1979) were made
for two types of geothermal systems, (1) hydro-
thermal convection systems = 90°C to depths of
8 km and (2) geopressured fluids present in the
northern Gulf of Mexico basin (onshore and off-
shore) to depths of 6.86 km.

C. A. Brook, R. H. Mariner, D. R. Mabey, J. R.
Swanson, Marianne Guffanti, and L. J. P. Muffler
(1979) made a detailed inventory of thermal en-
ergy to a depth of 8 km in identified hydrothermal
convection systems with reservoir temperatures
=>90°C and arrived at a figure of 1,6560x10 J.
The thermal energy in undiscovered hydrothermal
convection systems to a depth of 3 km was estimated
to be 8,000 10 J, giving a figure of 9,600x10¢ J
for the total accessible resource base of hydrother-
mal convection systems = 90°C and a total resource
of 2,400x10*® J of thermal energy producible at
the wellhead. For both identified and undiscovered
systems having reservoir temperatures of 90° to
150°C, the total beneficial heat was estimated to be
between 230 and 850x10¢ J. For identified and
undiscovered systems having reservoir tempera-
tures greater than 150°C the electrical energy was
calculated to be between 95,000 and 150,000 MWe for
30 years.



54 GEOLOGICAL SURVEY RESEARCH 1979

R. H. Wallace, Jr., T. F. Kraemer, R. E. Taylor,
and J. B. Wesselman (1979) estimated the total
thermal and dissolved methane energy contained in
the geopressured fluids of the entire northern Gulf
of Mexico basin, both onshore and offshore, to depths
of 6.86 km to be 170,000%x10*s J. Their estimate,
based on data from over 3,500 wells, in general sub-
tantiates the preliminary estimate of Papadopulos
and others (1975). Applying the recoverability
analysis of Papadopulos and others (1975), Wallace
and others (1979) estimated that the total recover-
able energy from both the thermal and dissolved
methane components ranges from 430x10*¢ J under
plan 3 (controlled development with limited pres-
sure reduction and subsidence) to 4,400x10 J
under plan 2 (depletion of reservoir pressure).

The locations of other sedimentary basins of the
United States where geopressured fluids are known
or inferred to exist are shown; however, knowledge
of these geopressured environments is scanty and
no thermal estimate was made.

E. A. Samuel (1979) made a preliminary evalua-
tion of low-temperature (less than 90°C) geother-
mal waters of the United States. A quantitative es-
timate of the low-temperature accessible resource
base was not made because of inadequate and often
conflicting data sets. However, areas favorable for
discovery and development of low-temperature geo-
thermal waters at depths less than 1 km are depicted
on a map in text figures.

L. J. P. Muffler, (1979a) discussed the problem
of assessing the accessible resource base for hot-
dry-rock and concluded that it is not now possible
to make such an evaluation because of insufficient
available information on porosity, permeability, and
other properties at depth.

World geothermal energy producers canvassed

Installed geothermal generating capacity of the
world is about 1,500 MWe, and from 1941 to 1978
has been increasing at a rate of about 7 percent a
year, equivalent to a 10-year doubling time. The
United States capacity has increased more rapidly,
from 0 in 1960 to 502 MWe in 1978, but is entirely
from the huge vapor-dominated system, The Geysers,
in California. D. E. White canvassed all present
and future geothermal producers to determine firm
commitments for increased capacity. If these “com-
mitments” prove valid, 1,900 MWe of new capacity
will be on line by 1982, representing a doubling
of present capacity in only four years. Of special
significance is the faet that world-wide efforts to
use the hot-water systems are proving successful.

Production from these systems is expected to sur-
pass that of vapor-dominated systems by 1982.

Non-electrical uses of low-temperature geother-
mal energy (less than 150°C) is increasing rapidly,
but individual uses tend to be small and diverse in
nature.

Use of hydrogeologic mapping techniques in identifying
potential geopressured-geothermal reservoirs

R. H. Wallace, Jr., R. E. Taylor, and J. B. Wessel-
man (1977) presented ten hydrogeologic maps and
explanatory text to (1) facilitate the assessment
of geopressured-geothermal energy resources, (2)
aid in understanding the origin, migration, and
accumulation of hydrocarbons, and (8) help in
safely managing underground storage of liquid
wastes in the Gulf Coast area. The maps show vari-
ations of selective fluid-pressure gradients, tempera-
ture, and salinity surfaces by depth contours for
all or part of five counties in southern Texas. Tech-
niques used were based primarily on data obtained
from about 1,000 electrical logs. Analysis, interpre-
tation, and presentation of these data were per-
formed with the aid of computers and an auto-
matic plotter. Pressure, temperature, and salinity
maps reflect variations in physical and chemical
characteristics of subsurface fluids, mainly water,

 with depth. These interpretations will aid in under-

standing hydrologic, hydrodynamic, and hydro-
chemical processes occurring in deep young sedi-
mentary basins. The geologic framework, especially
formation geometry, determines avenues and rates
of fluid movement. Gross lithologic changes appear
as broad upwarps or downwarps of the pressure,
temperature, and salinity surface. Localized highs
and lows on these surfaces near fault traces usually
represent upward discharges of compaction effluents
from greater depths. The hydrogeology of the sys-
tem is best appraised by concurrent analysis of each
parameter, as they are complexly interrelated.

Large, low-temperature geothermal resource in paleozoic rocks
of South Dakota

Analysis of available data by L. W. Howells indi-
cated that the Madison Group and other aquifers
in Paleozoic strata constitute a large, low-tempera-
ture geothermal resource that underlies more than
100,000 km? of South Dakota. Throughout their ex-
tent in the State, except within 16 to 40 km of their
respective outerops in the Black Hills, aquifers in
rocks of Paleozoic age contain water with a known
temperature range of 35° to 121°C.

The total volume of water stored in these “hot-
water” aquifers is estimated to be more than 10° m®.
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The amount of energy stored in these formations is
estimated to exceed 6102 J,

The geochemistry of the water is important to
possible development of these aquifers for geo-
thermal energy. In the southern 40 percent of the
State, water is of the calcium, magnesium-sulfate
type and has a dissolved solids concentration of less
than 1,200 mg/L. From this area and from near
the Black Hills, the dissolved solids range from
1,200 mg/L of calcium, magnesium-sulfate-type wa-
ter to more than 120,000 mg/L of sodium-chloride-
type water near the North Dakota border in the
Williston Basin.

Geothermal resource evaluation, Minarets Wilderness, California

Analysis by R. A. Bailey (1978) of presently
available geological, geochemical, and geophysical
data suggests that the Minarets Wilderness and
adjacent roadless areas contain no significant geo-
thermal resources.

The small size and dispersed distribution of Ceno-
zoic volcanic centers within the area suggest that
they did not have a substantial effect on the near-
surface thermal regime, and their 3- to 9-million-
year-old age suggests that the small thermal effect
they may have had has since dissipated. The near-
est large crustal heat sources, the magma cham-
bers at Long Valley and Mono Craters east of the

wilderness, are too distant to presently affect near-
surface heat flow in the wilderness.

The thermal anomaly at nearby Devils Postpile,
expressed by the hot springs at Reds Meadow and
the moderately high-heat flow (3.75 mecal/cm?/s)
in drill hole DP (Lachenbruch and others, 1976),
is probably related to small Holocene basalt centers
east of the wilderness and is probably of limited
extent. Chemical analyses of the Reds Meadow hot-
springs waters suggest that they are mixed waters
with a small hot-water component coming from
depths in excess of 2 km. Geochemical equilibra-
tion temperatures of the hot-water component range
from about 160°C to 65°C, depending on the chemi-
cal geothermometer used, but the lower tempera-
tures are considered better estimates.

Geophysical studies indicate the presence of co-
extensive gravity and aeromagnetic anomalies in
the general vicinity of the Devils Postpile heat-flow
anomaly, but they appear to have no geothermal
significance. A small negative gravity residual is
apparently related to a low-density Cretaceous gra-
nitic mass in the Sierran basement, and a negative
aeromagnetic anomaly is produced by topographic
effects related to the broad deep valley of the Mid-
dle Fork of the San Joaquin River; thus, the spatial
coincidence of the geophysical anomalies is fortui-
tous.
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A structural analysis of the Norumbega fault zone

D. R. Wones (USGS) and W. B, Thompson
(Maine Geological Survey) have demonstrated that
the Norumbega fault zone is 8 to 4 km wide, trends
N. 45° to 60° E., contains at least three subparallel
faults, and is continuous between Winterport and
Grand Lake Stream, Maine (loc. 1). The system ap-
pears to be confined to the region underlain by
the Vassalboro Formation (Ordovician? and Silu-
rian). Conglomerates having a red sandstone matrix
are present along the zone and are older than the
faults. Faults are defined by abrupt changes in
lithology associated with breccias and mylonites.
Gneisses and granitic rocks adjacent to the fault
contain planar mylonites, many of which trend
N. 20° W., N. 60° W., or parallel the faults. Minor
folds, drags in mylonite structures, and slickensides
are evidence for a dextral northeast strain compo-
nent, whereas minor offsets(1 mm-5 cm) along the
N. 20° W. and N. 60° W. joints are sinistral. This
suggests an east-west compressive principal stress.
Four large (300 km? in area) plutons are truncated
by the fault. All are coarse-grained, rich in K-feld-
spar, and difficult to distinguish where deformed.
Fault-bounded medium-grained granite and syenite
are in the zone. Reconstruction of the fault zone
requires a minimum of 10 km of dextral offset.
Maximum offset is unlimited in that all reconstruc-
tions leave one or more of the plutons incomplete.
Bedding within the conglomerate and sandstone
dips toward the faults and implies vertical offsets
of several hundred meters. Glacially derived land-
forms appear undeformed along the fault zone. Ver-
tical displacements of a few centimeters have been
observed in glaciated pavements. Lateral displace-
ments have not been observed in such pavements.

Early recumbent folding in Silurian turhidite section, Maine
Structural observations made by P. H. Osberg
within the Silurian turbidite section exposed in the
western part of the Bangor, Maine, 2-degree quad-
rangle (loc. 2) indicate (1) two sets of isoclinal
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folds—one set plunging 55° to 85° and the second
set plunging 0° to 20°, (2) folding of the steeply
plunging set by the gently plunging set, (3) nu-
merous localities where the stratigraphic informa-
tion indicates that the gently plunging isoclinal
folds face downward, (4) steeply plunging isoclinal
folds consistently face upward where stratigraphic
information is available, and (5) many displace-
ments along bedding surfaces. Later fold phases
and cleavages do not affect the mapped distribution
of lithic units. On the basis of detailed observa-
tions, field mapping of isolated outcrops can be con-
sistently synthesized into major recumbent folds
that are folded by large upright, gently plunging,
isoclinal folds. Such an interpretation preserves the
lithic identity of the stratigraphic units and does
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not require pronounced facies changes within the
area of study.

A more complex Sebago batholith

Within the large mass of previously undifferen-
tiated binary granite of the Sebago pluton in west-
central Maine (loc. 3), N. L. Hatch, Jr., by means
of reconnaissance mapping in the Fryeburg, Maine,
15-minute quadrangle, has distinguished two dis-
crete rock groups. The first includes gray, generally
medium-grained, faintly to well-foliated binary
granite, binary pegmatite, and associated migma-
tite characteristic of the New Hampshire Plutonic
Suite throughout much of central New England.
The second group includes tan to pink, medium-
grained non-foliated binary granite and pegmatite.
The tan to pink rocks commonly crosscut the gray,
but the gray have not been observed to cut the tan
to pink. Both groups are cut by dikes associated
with the Mesozoic White Mountain Plutonic-Vol-
canic Suite. The gray rocks are believed to have
intruded during the Acadian orogeny; the age of
the tan to pink rocks is unknown. Clearly, the Se-
bago batholith is a more complex body than previ-
ously thought.

Thrust faults in the ultramafic belt, Northern Vermont

R. S. Stanley reports that parts of the Hazens
Notch, Ottauquechee, and Stowe Formations and
the Belvidere Mountain Amphibolite of northern
Vermont (loc. 4) have been subdivided into 25
or so mappable belts on the scale of 1:10,000. Many
of these belts truncate on both sides of common
surfaces and are interpreted as faults rather than
unconformities or complex sedimentary facies
changes. These surfaces are comparatively straight
in some places but in others are deformed by at
least ‘two generations of mappable folds. Serpen-
tinites and related talcose rocks are located along
many of the discordant surfaces and hence appear
to decorate faults as discontinuous slivers. Meta-
gabbro intrusive rocks are restricted to lithically
distinet thrust plates.

Mylonitization of the Salem Gabbro—Diorite intrusive complex

A. F. Shride reports that large areas within the
Salem Gabbro—Diorite intrusive complex, eastern
Massachusetts (loe. 5), are severely mylonitized.
Because of this, many sheared plutonic rocks have
been misidentified as metasedimentary and meta-
volcanie. These include parts or all of the Waltham
Gneiss, the Westboro Quartzite, and the Marlboro,
Woburn, and Kendal Green Formations and their
recently renamed equivalents.

These mylonite zones, reported by Castle and
others (1976) between the Bloody Bluff and North-
ern Boundary faults, north and west of Boston, are
particularly abundant within a belt 4 to 10 km
wide and at least 50 km long almost wholly occu-
pied by various phases of the Salem Gabbro-Diorite
intrusive complex. Within individual mylonite
zones, centimeters to hundreds of meters in width,
the original igneous textures of the diabases and
fine- to coarse-grained gabbros that dominate the
Salem and its felsic differentiates, abundant in the
western part of the belt, have been totally destroyed.

Some rocks with an intense mylonitic foliation
also exhibit an alternating light and dark layer-
ing and have been misidentified as unsheared
gneisses. The varying amounts of felsic and mafic
minerals in the original plutonic rocks and the
degree of mylonitization greatly influence the final
appearance.

Fault systems in the Boston Basin of Massachusetts

An analysis of faulting in the Boston Basin of
Massachusetts (loc. 6) that combines structural
information from rock tunnels and surface map-
ping has revealed a complex network of faults of
several ages. C. A. Kaye found that numerous faults,
identified in tunnels and, in some cases, spaced as
closely as 150 m, cannot be recognized on the sur-
face.

Two major sets of faults are recognized. The
larger and older faults trend east to east-northeast
and cut the Boston Basin into blocks, each of which
is characterized by a specific stratigraphy and strue-
ture. These faults are offset by north- to northeast-
trending faults, which are the youngest to have
affected the area.

Narragansett Basin extends to Massachusetts coast

E. G. A. Weed, B. D. Stone, and D. W. Duty re-
port that carbonaceous silty shale was recovered
from 33 to 36 m in a hole drilled at elevation 17 m
in Marshfield Hills, north of Plymouth, Mass.
(loc. 7). A second hole, drilled at elevation 2 m along
the North River in Norwell, recovered grayish pink
sandstone from 9 to 12 m. According to P. C. Lyons,
these rocks are typical of the Rhode Island Forma-
tion of Pennsylvanian age.

These findings suggest that the Narragansett
Basin extends farther eastward than shown on
Emerson’s 1917 map of Massachusetts. Although
no coal was encountered in these two holes, the
rocks recovered strongly suggest the existence of a
seaward continuation of the basin.
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Readvance produces Ellisville moraine

G. J. Larson, working in the Plymouth, Manomet,
and part of the Plympton quadrangles of Massa-
chusetts (loc. 8), established that the Cape Cod Bay
ice lobe readvanced over its own outwash to form
the Ellisville moraine. By piecing together the de-
tailed stratigraphy in sea-cliff exposures in the
Manomet area and in deep excavations around
Plymouth, Larson recognized the existence of a
thin discontinuous sheet of basal till overlying
thrust-faulted and sheared sediments through a
broad area northwest of the moraine. Till fabric
studies indicate a south-southwest direction of ice
flow associated with the readvance sheet. In one
deep exposure in the Monks Hill moraine, Larson
noted that 6 feet of basal till and boulders overlie
coarse fluvial and locally deltaic sands which in turn
overlie coarse fluvial gravels on grade with surface
gravels of the Wareham outwash plain to the south
of the moraine.

Glacial Lake Taunton deposits

B. D. Stone reports that massive deltaic deposits
in the Taunton Estuary east of North Dighton,
Mass. (loc. 9), dammed up glacial meltwater in the
northern part of the Taunton River basin. A major
glacial lake, Lake Taunton, spread northward from
the dam against the retreating ice margin. Delta
topset-foreset elevations trace the level of the lake
from about 16 m in elevation at North Dighton to
29 m in elevation in the southern part of the Brock-
ton quadrangle, indicating postglacial rebound of
about 0.8 m/km northward. Ice-contact deltas pre-
viously mapped in the Taunton, Bridgewater, and
Brockton quadrangles by Hartshorn and by Chute
indicate retreatal ice-margin positions in the lake
trending nearly east-west. Similar ice-contact deltas
mapped by J. D. Peper in the neighboring Norton
quadrangle indicate ice-margin positions that are
locally more mnearly east-northeast. Melt-water
streams that built outwash fans southward from
the granite hills in Wrentham and Mansfield filled
the shallow northern part of the lake with distal,
fine-grained deltaic and lake-bottom sediments. In
these distal deposits, fluvial beds are distinguished
from subaqueous beds by their slightly coarser
sand texture, by discontinuity of beds caused by cut
and fill, as well as by the presence of planar cross-
bedding associated with the formation of longitudi-
nal bars in the braided glacial stream. Typical delta
foreset beds of fine sand and silt occur in sets less
than 3 m thick and contain laterally continuous
ripple and plane-bed bedforms,

Retreat of ice Ieft eastern upland of Massachusetts subject
to deep freeze

F. D. Larsen, mapping in the Barre, Ludlow, and
Springfield North quadrangles along the Quaboag-
Chicopee drainages of central Massachusetts (loc.
10), established that the Chicopee Delta, graded
to glacial Lake Hitchcock in the Connecticut Valley,
is an ice-contact delta built by drainage from the
Connecticut Valley ice lobe with a local source of
material in the Pelham Hills, rather than an out-
wash delta built by melt-water flowing down the
Chicopee River. The iron-stained late glacial gravels
that form terraces along the midreach of drainage
were traced by J. D. Peper and Larsen to ice-mar-
gin spillways on the east wall of the Connecticut
Valley in the Ludlow quadrangle. The spillways are
12 to 18 m above the topset beds of the Chicopee
Delta. This relationship indicates that the entire
Quaboag drainage was largely deglaciated and had
ceased to be a major source of melt-water deposits
while ice still filled the Connecticut Valley in south-
ern Massachusetts. Larsen found ice-wedge casts
in outwash gravels, substantiating the existence of
a severe periglacial climate in the deglaciated up-
lands.

A new look at the Chester syncline, eastern Connecticut

A detailed study of the geology around Chester,
Conn. (loc. 11), has recently been undertaken by
R. P. Wintsch to evaluate the evidence for the un-
usual, but generally accepted, interpretation that a
southeast-trending thrust fault, the Honey Hill
fault zone, terminates against the keel of a steeply
eastward dipping isocline, the Chester syncline. Ac-
cording to this interpretation, biotite schist and
gneiss of the Hebron Formation is flanked by biotite-
muscovite schist and gneiss assigned to the Tatnic
Hill Formation on the east limb and rocks of similar
appearance assigned to the Brimfield Schist on the
west limb. Plagioclase-hornblende gneisses that lie
farthest from the axis on either limb are assigned
to the Monson Gneiss.

The required symmetry on opposite sides of the
narrow band of Hebron was not apparent in the
field. A thick belt of hornblende-bearing gneisses
and a band of cale-silicate-bearing granulite were
mapped only on the east side, and anthophyllite-
bearing rocks were found only on the west side.
Biotite-muscovite schist is present only locally on
both limbs. The Tatnic Hill Formation present on
the Honey Hill fault zone could not be identified in
the position of the syncline,
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Detailed stratigraphy, therefore, does not support
the existence of the Chester syncline. Instead, the
local structure appears to be dominated by several
high-angle north-northwest-trending faults showing
a strong east-over-west sense of drag in outcrop.
These faults commonly are cut by low-angle thrust
faults of small displacement, continuations of the
Honey Hill trend, that cut plagioclase gneisses, the
Hebron Formation, and part of the Brimfield Schist
before turning northward into the foliation along
the western boundary of the Brimfield. This bound-
ary probably marks a major structural discontinuity.

Differential deformation of the Grenville Complex and its
basement in St. Lawrence County, New York

C. E. Brown reports that interpreting the regional
geology in the important mineral-producing district
of St. Lawrence County, New York, requires a better
understanding of the geology of the domical alaskite
bodies that appear to be basement highs below the
Proterozoic Grenville Complex. Detailed mapping of
the Hyde School body reveals a continuous sequence
of lithologies that range from alaskite to diorite.
Three stages of folding, including an early stage of
nearly isoclinal folding, are recognized.

Although the domical bodies resemble each other,
their structure bears little similarity to structure
mapped in the overlying Grenville Complex that has
a more intricate pattern of folds. Deformation of the
Grenville that contains important zine and tale de-
posits appears to be at least locally independent
of the basement structure.

Deglaciation of central Connecticut

Compilation of Pleistocene geology in the upper
Connecticut River basin by W. H. Langer and
E. B. H. London, the lower Connecticut River basin
by J. P. Schafer, and the Farmington and Quinnipiac
River basins by J. R. Stone has shown that the last
ice sheet retreated from central Connecticut in a
systematic manner characterized by stagnation-zone
retreat. The compilation illustrates the regional rela-
tionship between the broad topographic central low-
land and the active glacier terminus and marginal
zone of stagnant ice.

Most of the stratified sediments in the upper Con-
necticut River basin and the Farmington and Quin-
nipiac River basins are lacustrine and deltaic de-
posits. In the upper Connecticut River basin,
sediments of glacial Lake Hitchcock predominate.
This extensive and long-lived lake was dammed by
older deltaic deposits that blocked the valley at
Rocky Hill.

In the Farmington and Quinnipiac River basins,
several lakes formed in front of the northward re-
treating ice margin in the Southington, Plainville,
and Avon-Tariffville areas. Deltaic deposits in the
valleys formed local dams that held in successively
younger lakes to the north. The earliest of these
dams clogged the present valley just north of the
Quinnipiac gorge at South Meriden, resulting in the
glacial lake of the Southington area.

Using the altitudes of deposits, local topography,
and chronologic relationships between deposits, it
has been possible to reconstruct the local and re-
gional configuration of the ice margin. It extended
as a lobe approximately 10 km south from the upland
retreatal position into the upper Connecticut River
lowland. A narrower lobe west of the Talcott Moun-
tain ridge extended 10 to 12 km down the Farming-
ton and Quinnipiac valleys.

In the lower Connecticut River basin, the ice lobe
extended out of the lowland of Mesozoic rocks and
into the eastern upland of crystalline rocks east of
New Haven. Weaker lobation developed along the
course of the lower Connecticut River where it cuts
through the upland farther east. Deposits include
small moraines formed along active ice margins,
near-coastal deltaic deposits possibly built into a
lake in Long Island Sound; numerous upland fluvial
deposits; and deposits along the Connecticut River
that dammed a temporary lake near Middletown,
into which were built the Rocky Hill and Cromwell
deltas that served as a dam for glacial Lake
Hitchcock.

Geomorphology of New England

The New England States are largely highlands.
The rocks in the highlands are similar to those that
underlie the partly emerged and partly submerged
piedmont to the southeast. Many of the rocks in the
New England highlands are also similar to those that
underlie the Piedmont province in the central and
southern Appalachians where the relief over large
areas is much less than in the highlands of New
England. These comparisons made by C. S. Denny
suggest that the New England highlands have been
upwarped relative to the piedmont to the southeast.
The uplift took place in the Miocene and may have
continued into the Quaternary. Such a date is sug-
gested by the presence of coarse clastic deposits in
later Tertiary rocks of the submerged coastal plain
of the New England coast. Large amounts of gravel
and sand derived from sources to the northwest and
to the north were deposited on the emerged coastal
plain in New Jersey, Delaware, and Maryland be-
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ginning in the Miocene, suggesting uplift of source
areas to the north and northwest at that time. Esti-
mates of rates of erosion based on sediment load in
rivers and on volumes of sediments in the coastal
plain suggest that if the New England highlands
had not been uplifted in the late Cenozoic, the area
should be largely a lowland.

The Oliverian domes, reevaluated

Reconnaissance of most of the Oliverian domes,
trending along the core of the Bronson Hill anticlino-
rium through western New Hampshire, west-central
Massachusetts, and Connecticut by G. W. Leo has
shown that they comprise a large variety of core
rocks with a wide range of composition, textures,
and relations to mantling volcanic rocks. The Mas-
coma dome, regarded by Naylor (1969) as typical of
the Oliverian domes, is useful as a model, but is not
broadly representative of these bodies.

In general, the domes are ellipsoidal bodies of
felsic to intermediate gneiss which are almost in-
variably mantled by rocks of the Ammonoosuc Vol-
canics (Middle Ordovician) and overlying units. The
relationship between Oliverian core gneisses and
Ammonoosuc Volcanics is different for different
domes, unknown for some. “Oliverian” rocks in-
trude Ammonoosuc on the northeast side of the
Whitefield Dome, in the Lebanon Dome, and the Glas-
tonbury Dome (Massachusetts—Connecticut). Am-
monoosuc unconformably overlies core gneisses of
the Warwick Dome (Peter Robinson, Univ. of Mas-
sachusetts, person. commun.), but may be grada-
tional with “stratified core gneiss” in the Mascoma
Dome.

Naylor found that the Mascoma Dome consists of
an inner, intrusive (unstratified) granite-granodio-
rite gneiss which intrudes stratified potassium-poor
gneiss of probable volcaniclastic origin. Both un-
stratified and stratified gneiss were shown to have
an Ordovician age (~450 m.y.), and the stratified
gneiss appears to grade up into mantling Ammonoo-
suc Volcanics. Leo reports that the core rocks of the
large Whitefield (or Jefferson) Dome are lithologi-
cally the most diverse. They include syenite, several
texturally distinct but weakly foliated or unfoliated
masses of granite and granodiorite, and the strongly
foliated, locally quite mafic Whitefield Gneiss.

A chemical index of these lithologic variations is
K:O content, which shows a range from about 0.1
percent to 6 percent (in rocks with SiO, contents
<70 percent). The K,O content of the stratified core
of the Mascoma Dome is low, typically less than 0.5
percent. Relatively potassium-poor gneiss in some

other domes, such as the Jefferson, although distinet
from the Ammonoosuc Voleanics, appears to be
layered in some places but not in others. Elsewhere,
such as in the “Baker Pond Gneiss,” rocks that are
both potassium poor and obviously layered, strongly
resemble felsic Ammonoosuc Volcanics, leaving the
identity of a “stratified core gneiss” in doubt. Still
other domes, such as the Owl Head, seem to consist
entirely of intrusive granite with a fine-grained
potassic border phase. The Smarts Mountain Dome,
by contrast, consists dominantly of massive and tex-
turally homogeneous, but relatively fine-grained and
friable rocks that suggests a metamorphosed tuff.

These various relations imply different ages of in-
trusion and (or) remobilization of rocks presently
called Oliverian. Where mantling voleanic rocks can
be shown to be related in space and time to the dome
gneisses, the question arises whether the gneisses
represent shallow intrusions into an extensive vol-
canic pile, which in turn, may be part of an Or-
dovician island arc.

APPALACHIAN HIGHLANDS AND THE
COASTAL PLAINS

Late Alleghenian thrusting in New Jersey

Large and small klippen of Proterozoic and
lower Paleozoic carbonate rocks have long been rec-
ognized in the Kittitinny Valley (loc. 1) of northern
New Jersey (Baylor, Salisbury, and Kummel, 1914).
Recent reconnaissance by A. A. Drake, Jr., has
shown that most of these lie on rocks of the Martins-
burg Formation, although the largest Proterozoic
slab, Jenny Jump Mountain, lies on a variety of
carbonate rocks of Ordovician age. The klippen
within the Martinsburg terrane lie within troughs in
the slaty cleavage and thus were emplaced sub-
sequent to cleavage development. Cleavage in the
areas of the klippen is marked by an extremely well-
developed transport lineation, and the Martinsburg
near the klippen boundaries is severely smeared and
tectonically disrupted into autoclastic melanges.

The large Jenny Jump Mountain klippe transects
several folds in the lower Paleozoic carbonate strata.
These folds have the same trend (east-northeast) and
style (upright to steeply inclined) as known late
folds in the Kittitinny Valley (Drake, 1978).

Regionally, the rocks in this part of the Kittitinny
Valley are in the brow and upper limb of a major
nappe of Taconic age (Drake, 1970). The klippen
material herein probably resulted from the dismem-
berment of a large thrust sheet composed of base-
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ment and overlying carbonate rocks. The folds
beneath the Jenny Jump Mountain klippe are super-
posed on the major Taconic structure and are
thought to be of Alleghenian age (Drake, 1978).
As yet, there is no consensus as to the age of the
slaty cleavage, although cleavage in the commercial
slate belt in Pennsylvania seems to be post-Taconic,
probably Alleghenian in age (Epstein and Epstein,
1969; Lash, 1978). The thrusting that gave rise to
the klippen is clearly a late geologic event and, on
the basis of the available data, seems to have oc-
curred during late Alleghenian deformation. Late
Alleghenian thrusting has been documented in east-
central Pennsylvania (MacLachlan, 1967). The most
important aspect of the recognition of late Alle-
ghenian thrusting in New Jersey is that basement
rocks were moved. This observation presents some
difficulties to the concept that the Alleghenian def-
ormation was by gravity spreading (or sliding) and
suggests that some revision of plate tectonic models
may be needed.

Tectonic history of Shochary Ridge in Pennsylvania

Recent mapping in eastern Pennsylvania (loc. 2)
by P. T. Lyttle and A. A. Drake, Jr., shows that the
rocks of Shochary Ridge, a sequence of near-shore
prodeltaic fossiliferous turbidite units, are in fault
contact with the deep-water turbidite-flysch deposits
of the Martinsburg Formation to the north and east

and with several units of Hamburg klippe to the
south. In both cases these faults are steep south-
dipping upthrusts and are probably late Alleghenian
in age. To the north, the Eckville fault, first noted
by Behre (1933), brings the Shochary Ridge se-
quence over all three members of the Martinsburg
Formation and thus marks an abrupt change from
abundantly fossiliferous near-shore sediments to
very sparsely fossiliferous deep-water sediments.
The Eckville Fault also truncates at least two sets of
folds in the Martinsburg, an early set of tight re-
cumbent folds and a later set of open symmetric
folds. To the south of Shochary Ridge, the Kistler
Valley Fault brings rocks of the Hamburg klippe
over the Shochary Ridge sequence and truncates an
earlier, presumably Taconic, low-angle thrust fault
in the klippe rocks. Thus, the classically held view
that the northern boundary of the klippe is a low-
angle thrust is incorrect.

Although the Eckville and Kistler Valley faults
define the nature of the contacts of Shochary Ridge
rocks, they are of minor significance in understand-
ing the tectonic history and mass distribution of the
three regionally important clastic sequences (the
rocks of Shochary Ridge, the Martinshurg Forma-
tion, and the Hamburg klippe). The rocks of
Shochary Ridge are anomalous in that they are much
less structurally complex than the surrounding rocks.
Detailed mapping in the Bushkill and Ramseyburg
Members of the Martinsburg, paying close attention
to the tops of units as shown by sedimentary struc-
tures and to the sense of rotation of folds, shows
that these rocks are regionally overturned. Here, the
Martinsburg is interpreted to be mantling a large
nappe that has overridden both the rocks of Shoch-
ary Ridge and the Hamburg klippe. A pronounced
elongation lineation in the rocks of Shochary Ridge
and the Hamburg klippe in the Slatedale quadrangle
is interpreted to be the result of nappe emplacement.
Detailed mapping in the Hamburg klippe shows these
rocks to be tectonically fragmented and mixed and
cut by several low-angle thrust faults. In comparison,
the asymmetric overturned syncline of Shochary
Ridge, long recognized by many geologists, is a very
simple structure.

Many earlier mappers in this region have as-
sumed that the Shochary Ridge rocks are continuous
with, and part of, the Martinsburg Formation. The
presence of the Eckville fault does not eliminate the
possibility that the Shochary Ridge rocks are a
shallow-water lateral equivalent of the Martinsburg,
but it is necessary to remember the complex téctonic
history of the Martinsburg and the fact that the
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Martinsburg was deposited considerably to the south-
east of Shochary Ridge and not near its present
structural position to the north and east of Shochary
Ridge.

Thrust faulting indicated by relationship of Catskill and

Pocono Formations in northeastern Pennsylvania

Geologic mapping by M. J. Bergin in the northern
Anthracite field in northeastern Pennsylvania (loc.
3) indicates that the Susquehanna River between
West Nanticoke and Shickshinny flows westward in
a strike valley. The valley is floored along much of
its course by the Catskill Formation of Devonian age
rather than the Mauch Chunk Formation of Missis-
sippian and Pennsylvanian age as shown on previous
maps (Gray and others, 1960). The Pocono Forma-
tion of Mississippian age overlies the Catskill and
crops out as a series of outliers on a dip slope on
the highest parts of the ridge north of the river and
in the lower part of a north-facing escarpment south
of the river. The Mauch Chunk Formation and the
overlying Pottsville Formation of Pennsylvanian
age form the upper part of this escarpment.

Structural details have not yet been resolved ; how-
ever, based on bedding attitude relationships, it is
suggested that the Pocono, Mauch Chunk, and Potts-
ville Formations in the escarpment are allochthon-
ous and have been thrust northward, possibly along
a décollement within the Catskill Formation. North
of the Susquehanna River the allochthonous rocks
have been removed by erosion.

Paleozoic cataclastic deformation and low-grade metamorphism

of Proterozoic rocks in the northern Virginia Blue Ridge

The Marshall and Rectortown quadrangles (loc.
4) on the eastern limb of the Blue Ridge anticlino-
rium in northern Virginia are underlain by older
Proterozoic granitic rocks and younger Proterozoic
metasedimentary (Fauquier Formation of Furcon,
1939) and metavolcanic (Catoctin Formation)
rocks. According to G. H. Espenshade, these rocks
were all uniformly metamorphosed to the green-
schist facies, and a prominent cleavage (striking
northeast and dipping southeast) was well devel-
oped in all rock types during a Paleozoic orogeny.
The granitic rocks show a wide variety of cataclastic
effects ranging from grain crushing along thin vein-
lets to thorough phyllonitization to quartz-sericite
schist across widths of several meters. Folds have
not been observed in the overlying layered Protero-
zoic rocks, but clasts in sedimentary conglomerates
and in volcanic breccias are flattened parallel to
cleavage. Deformation began before the start of

metamorphism and continued, perhaps intermit-
tently, until near the close of metamorphism as
evidenced by some biotite, which is later than the
cleavage.

Principal metamorphic minerals of the major lith-
ologic types are as follows:

o Metagranite, meta-arkose, and metasiltstone.—
Sericite, epidote, biotite, and quartz.

o Metabasalt and metadiabase.—Actinolite, epidote,
chlorite, and albite; small amounts of biotite in
some rock.

® Siliceous marble.—Calcite, dolomite, and tremo-
lite.

In addition, sphene is a common accessory mineral

in most rock types, and magnetite octahedra are

abundant in some metasiltstone, schistose metaba-
salt, and phyllonitized granite (quartz-sericite
schist).

Similar Paleozoic cataclastic deformation and low-
grade metamorphism of older Proterozoic plutonic
rocks have been described from several other places
in the Blue Ridge anticlinorium. These effects are
well developed in the Virginia Blue Ridge, about 100
km southwest of the Marshall quadrangle (Bartholo-
mew, 1977; Gathright, Henika, and Sullivan, 1977)
and about 300 km farther southwest in the North
Carolina Blue Ridge (Bryant and Reed, 1970;
Rankin, Espenshade, and Neuman, 1972; Rankin,
Espenshade, and Shaw, 1978). It is likely that cata-
clastic deformation and low-grade regional metamor-
phism were very extensive during the Paleozoic in
Proterozoic plutonic rocks of the Blue Ridge.

Fiat Swamp Member of the Cid Formation extended

The Flat Swamp Member of the Cid Formation in
the Carolina slate belt of central North Carolina was
established by Stromquist and Sundelius (1969) as
a major marker of mafic to felsic volcanic rocks that
separates similar appearing mudstones in the Cid
Formation below from the Floyd Church Member of
the Millingport Formation above. They traced the
Flat Swamp Member from its truncation by the
Silver Hill fault near Lexington southward around
a series of folds to an apparent pinchout on the west
side of the Troy anticlinorium near Albemarle. D. J.
Milton, while mapping in the Charlotte, N.C., 2-
degree quadrangle (loc. 5) has found that the Flat
Swamp does not pinch out but continues 70 km
southwest, west, and finally north to another cutoff
at the Silver Hill fault, 75 km from the northern
one. Aerial radiometric surveys indicate the Floyd
Church mudstones are more potassic than the Cid
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mudstones. Accordingly, on the southeast side of the
Troy anticlinorium, where the Flat Swamp is re-
duced to inconspicuous discontinuous beds, the con-
tact between the Cid and the Floyd Church can be
mapped by the contrast on radiometric maps as
reliably as by field criteria.

Metamorphism and structural relationships in the Kings

Mountain area of the Carolinas

Structural analysis by J. W. Horton, Jr., has re-
vealed that the same four episodes of folding and
related deformation occur in both the Kings Moun-
tain and Inner Piedmont belts near the North Caro-
lina-South Carolina State line (loc. 6). The structure
of the central and eastern parts of the Kings Moun-
tain belt is dominated by the north-plunging South
Fork anticline of the earliest fold episode (F,). The
western part of the belt is dominated by the north-
east-plunging Cherokee Falls synform of the second
fold episode (F,).

The nature of the boundary between the Kings
Mountain and Inner Piedmont belts is an important
consideration for regional tectonic models. This
boundary is characterized by intense deformation
related to the F, folding, but mylonitic and cata-
clastic rocks are lacking. Preliminary reconnais-
sance suggests that it may be possible to trace cer-
tain stratigraphic units across the boundary
between the two belts near Blacksburg, S.C.

Regional metamorphism in the Kings Mountain
belt and adjacent areas is typically of the Barrovian
type (medium pressure). Metamorphic grade is
lowest in the central part of the Kings Mountain belt,
possibly as low as the biotite zone (greenschist
facies). It increases eastward reaching the silliman-
ite-muscovite zone near the contact with granitic
gneiss of High Shoals. It also increases westward,
reaching the staurolite zone at the Inner Piedmont
boundary and the sillimanite-muscovite zone in the
Inner Piedmont. Metamorphic textures are consist-
ent with a single progressive thermal metamorphic
event that probably occurred between about 410 and
440 million years ago. The two major deformation
events, D, and D,, appear to be overlapped by this
progressive thermal event, indicating that all are
related to a single orogenic episode. Evidence for
greenschist facies retrogressive metamorphism is
also widespread in the area.

Thrust plates in the Blue Ridge

During geologic mapping in the Greenville (North
Carolina, South Carolina, Georgia) 2-degree quad-
rangle (loc. 7), A. E. Nelson found that the Hayes-

ville Thrust (D. W. Rankin, 1975; R. D. Hatcher,
1978) is a premetamorphic folded thrust separating
two crystalline thrust plates, the Great Smoky plate
to the northwest, which was overthrust by the
Hayesville-Fries plate from the southeast. Closely as-
sociated with a part of the Hayesville-Fries thrust
sole is an ultramafic complex containing amphibolite,
talc schist, gabbro, serpentinite, and dunite as the
principal rocks. This complex probably represents
oceanic crust and mantle fragments or perhaps is
part of an oceanic crust slab brought up along the
Hayesville Thrust.

Erosion through the Hayesville-Fries plate has
exposed two windows of Great Smoky plate rocks
near Lake Chatuge in the northwest part of the
quadrangle. The largest window, which is elliptical
and whose longest dimension is 19 km, forms the
core of an elongated dome-like structure. Ultramafic
complex rocks in the Hayesville-Fries sole surround
the window around the dome flanks, and para-
gneisses and schists of the Hayesville-Fries plate
surround the ultramafic rocks farther out on the
dome flanks. This same relationship applies to the
smaller window as well. Hartley (1973) considered
a part of these ultramafic rocks to be a sill. North-
east along the regional strike into the Knoxville
quadrangle a series of various sized ultramafic
masses are exposed in the Hayesville-Fries plate. It
is suggested that they are related to the ultramafic
rocks around the windows mentioned above, and
together they may form part of a large oceanic-
mantle slab caught up in and along a northeast-
trending structural arch in the Hayesville-Fries
plate.

Relationship between superimposed folding and geologic

history in the Georgia Piedmont

Geologic mapping in the Georgia Piedmont,
south and southeast of Atlanta (loc. 8), by M. W.
Higgins has revealed five generations of folds and
a major unconformity. The five generations of folds,
informally named for localities where they are well
exposed, are, from oldest to youngest, Buck Branch
Klondike, Ellijah Mountain, Scott Creek, and Tara.
Rocks beneath the unconformity have all five fold
generations, whereas those rocks stratigraphically
above it have only the last four. Buck Branch folds
are generally tight to isoclinal, locally elastic, and
are characterized by schistosity that parallels bed-
ding and compositional layering, except in the
hinge zones where it is axial planar. Klondike folds
recumbently fold Buck Branch folds and are typi-
fied by an axial-plane schistosity. Ellijah Mountain
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folds fold the nearly coaxial Buck Branch and
Klondike folds. Scott Creek and Tara folds, which
are generally gentle to open, are characterized by
a widely spaced, joint-like axial-plane cleavage. All
earlier generatons are folded by either Scott Creek
or Tara folds; however, the relative chronology of
these two late episodes is unknown.

These five fold generations and the unconformity
between the first and second generations allow pre-
liminary interpretation of the deformational and
geologic history of a large part of the Georgia
Piedmont. On the basis of tentative regional cor-
relations, the unconformity is possibly the same
as the one above the Knox Group and Newala
Limestone in the Valley and Ridge Province and
may be associated with the “Blountain” phase of the
Taconic orogeny.

Cyclicity of Upper Cretaceous sedimentary rocks

The Upper Cretaceous rocks of the eastern Gulf
Coastal Plain (loc. 9) are composed largely of silici-
clastic sediments, which according to Juergen Rein-
hardt, were deposited in marginal marine and shelf
environments. At the eastern margin of the basin
(central Georgia) and in updip areas to the west,
the deposits consist dominantly of fluvial feld-
spathic sand and kaolinitic clay which grade to open-
shelf glauconitic sand, marl, and chalk both down-
dip and westward into the basin (central and
western Alabama). Changes in the distribution of
lithofacies are most notable in the marginal marine
sediments; the sequences of lithofacies indicate that
three major marine transgressions occurred during
the Late Cretaceous.

Sedimentation apparently began during the Ce-
nomanian along the Piedmont margin when the
Tuscaloosa Formation was deposited. The overlying
Eutaw Formation (Coniacian and Santonian) re-
flects the first marine transgression. This unit is
composed dominantly of crossbedded quartz sand
containing Ophiomorpha burrows, laminated car-
bonaceous silt to fine sand, and massive accumula-
tions of Ostrea cretacea valves. The Eutaw sedi-
ments record the encroachment of a shallow sea
onto an unconsolidated shoreline and the subsequent
formation of a barrier-bar complex.

The second transgression took place during the
early Campanian and “drowned” the Eutaw barrier
system. The resulting Blufftown Formation consists
largely of inner-shelf glauconitic sand and shelly
marl. The overlying Cusseta Sand (lower Mae-
strichtian) represents the third transgression and
“drowning” of the barrier-bar complex. After this

third transgression, the Ripley Formation, an inner-
shelf, massive glauconitic sand, was deposited.

The timing of marine transgressions was prob-
ably the major factor in determining the distribu-
tion of lithofacies during the Late Cretaceous in
the eastern Gulf Coastal Plain. Local fluctuations
in water depth, circulation, water chemistry, and
sediment supply controlled the composition of litho-
facies and the distribution of small-scale (<10 m
thick) eycles within the basin. Controls on the large-
scale (tens to hundreds of meters thick) cyelicity
of transgressive and regressive phases of these Up-
per Cretaceous deposits were global and resulted
in major changes in the world’s water budget.

Quaternary deposits and soils of the central Susquehanna

Valley in Pennsylvania

Recent geologic mapping in central Pennsylvania
by D. E. Marchand has revealed a variety of glacial
and nonglacial Quaternary deposits ranging in age
from early Pleistocene to Holocene and has pro-
vided evidence for multiple pre-Wisconsinan glacia-
tion. Surficial deposits in this area can be subdi-
vided into at least six mappable units based on
amount of weathering, soil development, degree of
erosional dissection and preservation, superposition,
and geographic distribution.

Pre-Wisconsinan till, ice contact stratified drift,
fluvial deposits, loess, and colluvium occur beyond
the Wisconsinan glacial border. Superposition, con-
trasting soil development, and degree of preserva-
tion indicate the existence of at least three drift
units separated by buried soils; these are indicative
of major interglacial weathering. Pre-Wisconsinan
soils are much thicker and more strongly developed
than post-Altonian soils. B horizon hues range up
to 2.5 YR and chromas to 7 or 8. Clay content may
exceed 50 percent,and free iron oxides range up to
8 percent or more. B horizons display very thick,
continuous clay films. Fresh, unweathered parent
material may lie at depths of 6 m or more.

Deposits mapped as Altonian encompass till, ice-
contact sand and gravel, outwash, loess, and col-
luvium. Of these, only the till and ice-contact mate-
rials are extensively exposed, the outwash and loess
having been severely eroded and the colluvium
largely eroded or reworked during Woodfordian
time. Altonian ice appears to have extended further
south than the later Woodfordian border through-
out most of central Pennsylvania, with lobes ex-
tending down both branches of the Susquehanna
River valley. Post-Altonian relict soils have poorly
to moderately developed argillic horizons 30 to 60
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cm thick. Clay content of the Bt horizon is about
15 to 30 percent, and depth to fresh parent material
is about 1.8 to 2.5 m. Soil structure is generally
much weaker than in pre-Wisconsinan till soils.

Woodfordian deposits include till and ice-contact
stratified drift deposits along the glacial border,
outwash, loess and eolian sand downstream from
the border, and extensive colluvial and alluvial de-
posits over the entire region. As many as six or
seven outwash terraces can be recognized locally.
Woodfordian deposits bear light-colored soils with
textural B horizons and, in imperfectly drained
areas, weak to moderately developed fragipans.
Argillic horizons and stronger fragipans are devel-
oped in well-drained soils on colluvium which may
be as young as Woodfordian. Soils on till, outwash,
and eolian material lack argillic horizons. Clay con-
tent does not exceed about 20 percent, and fine iron
oxides are generally less than 1.5 percent. Fresh,
unweathered parent material typically lies within
120 to 150 cm of the surface.

Deposits of Holocene age include channel, point-
bar, levee, and floodplain alluvial deposits along
the Susquehanna River and its major tributaries.
Holocene deposits and erosional surfaces bear
weakly developed soils that show incipient B hori-
zon development.

Warwoman lineament extention

The Warwoman lineament is a conspicuous geo-
morphic feature 40 km long which trends north-
eastward in northeastern Georgia to the South
Carolina border. It has been termed a probable shear
zone (Hatcher, 1973) and later was called a “photo-
fault,” not a fault (Hatcher, 1976), presumably
because no field evidence has been found for offset.
R. W. Luce and Henry Bell III believe that a small
dunite body, now partially altered to tale and an-
thophyllite, which is located east and outside the
Ellicott Rock Wilderness area, South Carolina,
North Carolina, and Georgia, lies on an extension
of the Warwoman lineament, 5 km from its previ-
ously known eastern termination. The presence of
this ultramafic body, and another along it in Geor-
gia, strongly indicates that the lineament was a
zone of tectonism.

CENTRAL REGION

LAKE MICHIGAN

Geology of central Lake Michigan
Continuous seismic reflection profiles and ba-
thymetry in central Lake Michigan provided infor-

mation for maps on the thickness of unconsolidated
sediment (primarily Pleistocene) and of the Paleo-
zoic bedrock topography. According to R. J. Wold,
the isopach map shows sediment thicknesses rang-
ing from 183 m in a steep-walled northeast-trend-
ing erosional valley to less than 8 m over a mid-lake
topographic high. The valley and the mid-lake high
are the dominant topographic features of this part
of the basin of Lake Michigan. A fault with a ver-
tical displacement of about 100 m was recognized
in Paleozoic rocks in the eastern part of the study
area. The truncated edges of salt units in the Salina
Formation trend through this area, and the fault-
ing may be related to collapse caused by salt solu-
tions along the erosional edge of the Salina. It is
also possible that the fault persists downward into
the Precambrian basement.

MICHIGAN

Revision in Proterozoic X stratigraphy in Marenisco-Watersmeet
area, northern Michigan

Geologic mapping in the Marenisco-Watersmeet
area, northern Michigan, by P. K. Sims and W. C.
Prinz has shown that the stratigraphic sequence de-
termined previously by Fritts (1969) needs revi-
sion. He concluded that the bedded rocks between
the batholithic granitic rocks (called granite near
Nelson Creek) east of the Gogebic Iron Range and
the Wolf Lake Granite of Allen and Barrett (1915)
north of Watersmeet composed a homoclinal succes-
sion of Proterozoic age at least 12,000 m thick. In-
stead, the bedded rocks are folded into a broad an-
ticlinorium with flanking synclines and consist main-
ly of an older succession of metavolecanic and meta-
graywacke rocks of Archean age and a younger
succession of metavolcanic and metagraywacke rocks
of Proterozoic X age. Granitic rocks dated by Z. E.
Peterman as being 2,700 million years old cut the
older bedded succession. The younger succession
constitutes the Marquette Range Supergroup in this
part of the Lake Superior region. The unconformity
at the base of the Marquette Range Supergroup can
be observed directly in sec. 21, T. 46 N., R. 42 W,
10 km east of Marenisco.

In the area east of Marenisco, the Marquette
Range Supergroup consists of a lower metavoleanic
unit (450-1,800 m thick) and an upper thick
metagraywacke unit. The metavoleanic rocks in
strata near Blair Lake (Fritts, 1969) probably are
correlative with the Emperor Volcanic Complex ex-
posed in the eastern part of the Gogebic range;
Fritts (1969) referred to the metagraywacke unit
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near Marenisco as the Copps Formation and to the
same unit north of Watersmeet as the strata near
Paulding.

The mapping indicates that except for a north-
east-trending erosional remnant in T.45 N.,, R.43 W.,
called strata near Banner Lake by Fritts (1969),
rocks of the Chocolay Group are absent in the
Marenisco-Watersmeet area. Also, economically sig-
nificant deposits of iron ore apparently are missing.

MINNESOTA

Faulting in the Duluth Complex

Intense faulting and fracturing in the Harris
Lake area, northeastern Minnesota, has been docu-
mented by M. P. Foose and R. W. Cooper. Faults
are identified chiefly by the disruption of mappable
layers within sequences of plagioclase and plagio-
clase-olivine cumulates in the Duluth Complex. Most
layers grade from olivine-rich bottoms to plagio-
clase-rich tops and probably were deposited by den-
sity currents within the magma. Faults trend prin-
cipally N. 35° E., N. 5° W., and N. 40° W. and out-
line block structures similar to those found in many
rift environments. Recognition of the faults lends
critical support to models that relate formation of
the Duluth Complex to a period of regional rifting
and also is an important contribution to under-
standing the apparently erratic distribution of im-
portant copper-nickel sulfides along the base of the
Duluth Complex.

MISSISSIPPI EMBAYMENT

Post-Midwayan (Paleocene) uplift at margin of Mississippi
embayment in northeastern Arkansas

Fieldwork west of Olyphant, Ark., in the 24-quad-
rangle Newport area (35°15'-36°00’ N. Ilat;
91°15’-91°45’ W. long) in northeastern Arkansas
by E. E. Glick led to the discovery of outcrops of
fossiliferous Tertiary chert resting on Paleozoic
rocks at localities about 2 km west of the edge of
the Mississippi embayment and as much as 150 m
higher than the general level of the embayment.
B. W. Blackwelder and L. W. Ward of the Paleon-
tology and Stratigraphy Branch of the U. S. Geo-
logical Survey identified one species of Midwayan
(Paleocene) fossil in the chert. This paleontological
evidence, supplemented by the data from extensive
fieldwork in the area, indicates that significant local
uplifting took place over an area of about 750 km?
in the south-central part of the Newport area some-

time after the deposition of at least part of the
Midway Group. This is later than the time of any
other local uplifting of similar magnitude known
in the central and upper parts of the Mississippi
embayment.

The number of individual post-Midwayan uplifts
throughout the Newport area, their position, and
size were determined from subsurface data and from
a reappraisal of field evidence gathered several years
ago. Data from 25 stratigraphic test holes drilled
in 1953 in the southeastern part of the Newport
area indicate that a separate, smaller, probably post-
Midwayan structure is buried by Quaternary sedi-
ments there. A third, much smaller, uplift or a pre-
Late Cretaceous hill in the southwestern part of
the area is ringed by Upper Cretaceous sediments.
The total area involved by all three uplifts is nearly
950 km?; the volume is about 52 km?.

The geographic proximity of these uplifts to the
concealed Newport pluton, which is recognized from
geophysical data, suggests at least an indirect genetic
relationship between the pluton and the uplifts.
Field and subsurface evidence show no significant
local uplifting well away from the pluton. The up-
lifts, which are only in part directly over the pluton,
probably resulted from a late and relatively minor
episode of the emplacement of the magma. One fact
is quite evident from field data—the larger of the
three uplifts is responsible for the abrupt offset or
reentrant of the edge of the Mississippi embayment
in the Newport area.

Age and mode of deposition of so-called “Lafayette formation”

in northern Mississippi embayment

Continental deposits, informally known as the
“Lafayette formation,” are widespread in the north-
ern Mississippi embayment. According to W. W.
Olive, palynological and climatological data and
lithologic, stratigraphic, and geomorphic relations
indicate that the unit was deposited as a series of
coalescing alluvial fans during the Pliocene and pos-
sibly the Miocene. Sedimentation was initiated by a
marked increase in seasonal flow of major streams
as a consequence of climatic change that accom-
panied a post-middle Miocene cooling trend which
eventually led to Pleistocene glaciation. During the
Pleistocene, the continental deposits were reworked
in part and redeposited at four different levels which
correspond with the Williana, Bentley, Montgomery,
and Prairie terraces of Fisk (1938, p. 149-172). The
gravel, including that of Pleistocene age, is offset at
places by faults with displacement of as much as
1.5 m.
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Ancient fault sets in northern Michigan

Recent mapping in the “Northern Complex,” a
block of Archean gneisses surrounded by Proterozoic
X metasedimentary rocks in northern Michigan, has
documented the existence of very old fault sets ac-
cording to W. F. Cannon and J. S. Klasner. The
gneisses, which are about 2.7 billion years old, are
cut by numerous faults that produce major offsets of
units within the complex; outside the complex there
are smaller offsets and,in some cases, no offsets of
flanking Proterozoic X rocks about 2.0 billion years
old. Locally the faults caused minor offset of lower
Keweenawan dikes about 1.1 billion years old.
Hence, a major period of faulting occurred in the
interval 2.7 to 2.0 billion years ago. These faults
were reactivated probably during the Penokean
orogeny about 1.9 billion years ago and after intru-
sion of lower Keweenawan dikes about 1.1 billion
years ago.

A major fault is also suggested between the
“Northern Complex” and the previously mapped
“Southern Complex.” Although both complexes are
Archean gneisses, they differ appreciably in rock
types, structural style, and structural trends. They
can be traced to within a few kilometers of each
other; however, the contact is buried beneath Pro-
terozoic X rocks of the Marquette trough. The con-
tact seems most likely to be a fault with large dis-
placement to account for the juxtaposition of such
different terranes.

ROCKY MOUNTAINS AND GREAT PLAINS
STRATIGRAPHIC STUDIES

A new Proterozoic Y stratigraphic unit, east-central Idaho

In east-central Idaho, the Swauger Formation,
defined and described by Ross (1947) and further
described and delineated by Ruppel (1975), has been
the youngest unit so far known of a very thick
Proterozoic Y section. In many places in the Lemhi
Range the Swauger is overlain unconformably by
the Wilbert Formation (Proterozoic Z) or by lower
Paleozoic formations; elsewhere, its upper limit is a
thrust fault, and locally it has been completely
eroded before the deposition of younger strata.

Mapping by S. W. Hobbs in the Challis quadrangle
and part of the May quadrangle at the northern end
of the Lost River Range has identified a heterogene-
ous sequence of strata comprising quartzite, silt-
stone, and argillite at least 1,300 m thick in probable
gradational contact above the Swauger. At three of
the four known localities where the contact may be

studied, a zone of brecciation, quartz veining, or
narrow concealed interval suggests some structural
disturbance. At all these, however, the disturbance
does not appear to be a major fault, but could more
reasonably result from structural adjustment be-
tween the very competent, thick-bedded Swauger
quartzite and the far less competent, thin-bedded
overlying unit. One completely exposed contact is
unusually sharp in contrast to the other broadly
gradational ones and shows no disturbance of any
kind.

The best exposures of the post-Swauger Protero-
zoic strata occur at the east foot of the Pahsimeroi
Mountains immediately south of Lawson Creek in
the southwestern corner of the May quadrangle,
Idaho. Here, over 1,300 m of strata are exposed in
a westerly dipping sequence that starts in good rec-
ognizable Swauger at the mountain front and ex-
tends upward through the section to a cover of
Challis Volcanics on the west side.

The lower several hundred meters of strata above
the typical thick-bedded, fairly pure, light-to-
medium, pinkish-gray Swauger quartzite is a some-
what thinner bedded, darker pink or purple quartz-
ite that includes more frequent thin interbeds of
dark-purple platy quartzite, silty flagstone, and
laminae of deep-purplish-gray argillite. This part of
the section is a transition zone that evolves upward
into a series of beds approximately 450 m thick
comprising heterogeneous mixture of generally dark
purple, sub-platy to platy, impure, medium-fine-
grained quartzite, thin-bedded siltstone, and deep
purple argillite in various proportions. Feldspar is
locally abundant in some of the quartzite beds. Thin
films and laminae of dark purple or maroon argillite
are abundant and in many places are the source beds
for abundant mud-chip breccia. A 3- to 6-m-thick
gilicified shear and breccia zone on which there has
been an unknown but probably not significant
amount of movement separates the intermixed
quartzite, siltstone, and argillite from a more homo-
geneous series of dark-purple or maroon thin-bedded
impure fine sandstone, siltstone, and laminated
argillite that comprises more than 500 m of the
uppermost exposed section. The total thickness of
the post-Swauger strata and nature of the upper
contact is unknown.

Trilobite from the Silver Hill Formation

The Silver Hill Formation of southwestern Mon-
tana was named and described from the Philips-
burg area by Emmons and Calking (1913). Its age
assignment, Middle Cambrian, apparently was not
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based on fossils from the formation. Hanson (1952)
cited Glossopleura from the middle limestone mem-
ber of the Silver Hill of the Philipsburg area, but
gave no reference. E-An Zen and J. T. Dutro, Jr.
(1975), mapping in the Pioneer Mountains, Mon-
tana, correlated a formation having a lower mem-
ber of siltstone and quartzite and an upper member
of quartzose carbonate with the Silver Hill. Trace
fossils have previously been described (Dutro, Zen,
and Taylor, 1975), but nothing more definite was
known. During the summer of 1978, M. E. Taylor,
L. A. Wilson, and Zen discovered an Albertella
within the upper part of the lower member of Zen’s
Silver Hill Formation from the east slope of Black
Lion Mountain (Vipond Park quadrangle) at 2,950-
m level. The fossil provided a date of early Middle
Cambrian for this part of the formation. Because
the Silver Hill, within the Pioneer Mountains,
grades downward through interbedding and through
gradual increase in size and proportion of clasts
into an underlying sequence of cross-stratified con-
glomerate and sandstone, the latter (to be called
the Black Lion Conglomerate) is to be assigned to
the Lower Cambrian, but possibly includes some
uppermost Proterozoic Z beds. The Black Lion Con-
glomerate is at least 500 m thick and maintains a
uniform lithology. Its presence here, in part pos-
sibly overlying an ~1.9-billion-year-old basement
gneiss complex, is a significant addition to the paleo-
geographic knowledge of the latest Proterozoic and
earliest Paleozoic of the northern Rocky Mountain
area.

Eastern extent of the Proterozoic Y Belt basin, Montana

Proterozoic Y Belt strata,exposed in the Big Snowy
Mountains, central Montana, and described briefly
by Reeves (1931), have been restudied and identi-
fied as the Newland Formation by M. W. Reynolds
and D. A. Lindsey. Farther west the strata are in
the lower part of the Belt Supergroup. Strata in the
Big Snowy Mountains include even, very thin
laminae of calcareous argillite and very thin-bedded
micritic limestone characteristic of the Newland,
and are interpreted to be dominantly of deep-water
origin. The identification and facies of the rocks
demonstrate that the northeastern and eastern mar-
gins of the lower part of the Belt depositional basin
extended well beyond the present known distribu-
tion of the strata. Heretofore, the eastern lobe of
Belt strata in west-central Montana has been termed
the Belt or Helena embayment. The new studies
demonstrate, however, that the lobe is not a nar-
row depositional embayment, but rather owes its

configuration to post-belt pre-Middle Cambrian up-
lift and erosion within a basin that had a much
wider northeastern and eastern areal extent.

Correlation of Eocene volcaniclastic rocks, southeastern
Absaroka Range in northwestern Wyoming

Mapping investigations undertaken by T. M. Bown
in the southeastern Absaroka Range in Hot Springs
County, Wyoming, in 1977 and 1978 indicate that
the volcanically derived Eocene rocks in this area
are represented by three formations which are sep-
arated from each other by erosional or angular un-
conformities, the middle Eocene Aycross Forma-
tion (about 290 m thick), the middle and upper
Eocene Tepee Trail Formation (about 425 m thick),
and the upper Eocene Wiggins Formation (more
than 180 m thick). Aycross and Tepee Trail ter-
minology is extended from the type areas in the
northwestern Wind River basin to the mapped area
on the basis of lithologic equivalence, vertebrate
faunas, and mappability. The names Aycross For-
mation and Tepee Trail Formation replace, respec-
tively, the terms Pitchfork Formation and ‘“Late
Basic Breccia” that were variously applied to these
rocks in the southeastern Absaroka Range by earlier
workers ; for example, Rouse, 1937; Hay, 1956 ; Wil-
son, 1963, 1964 ; and Rohrer, 1966.

In the mapped area, the breccia-poor Aycross For-
mation contains an early middle Eocene mammalian
fauna that is now known from at least 56 species.
This unit intertongues to the north with part of
the breccia-rich Wapiti Formation (Nelson and
Pierce, 1968) on Carter Mountain in Park County.
The Wapiti Formation has also yielded a small early
middle Eocene mammal fauna. Oil shale and tuffa-
ceous green and brown clay shale in the lower part
of the Aycross Formation record lacustrine deposi-
tion in the southwestern Bighorn Basin that is
younger than the central basin Tatman Formation.

Rocks in the Wood River and Greybull River areas
in Hot Springs and Park Counties that were mapped
by Wilson (1963, 1964) as the lower part of the
Wiggins Formation actually represent the lower
beds of the Tepee Trail Formation. These rocks in-
clude the ‘“Blue Point Conglomerate,” which was
named a member of the Wiggins Formation by Wil-
son (1963). True Wiggins strata are developed much
farther west and at much higher altitudes than ob-
served by Wilson and, in these outlying areas, much
more closely resemble lithologies in the Wiggins
Formation type section. On Carter Mountain in
Park County, rocks of Wiggins lithology that lie im-
mediately above the Trout Peak Trachyandesite
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yield a late (?) middle Eocene fauna that most close-
ly correlates in terms of age with Tepee Trail rocks
elsewhere.

Archean and Proterozoic structural and stratigraphic details

of the Hartville uplift in Wyoming

As a result of their work in the Hartville uplift
of eastern Wyoming, G. L. Snyder and H. R. Dixon
used surface exposures to erect a unified, internally
consistent stratigraphy of Proterozoic metasedi-
mentary and metavolcanic rocks. This stratigraphy
consists of the following five units in stratigraphic
order from top to bottom:

(1) Isolated exposures of very coarse muscovite
schist, quartzite, and minor dolomite, probably
above, perhaps part of unit 2, as much as 610
m thick.

Intimately interlayered pure to chondroditic ( ?)
dolomite, muscovitic schist, layered amphibolite,
and siliceous calcareous marble, with top con-
tact uncertain, and 305 to 610 m thick or more.
thick or more.

Granular biotite schist to muscovitic and silli-
manitic schist with local amphibolite layers
varies along strike from a unit a few hundred
meters thick to at least 1,524 m thick.

Greenstone to amphibolite has locally massive
extrusives in lower two-thirds that contain at
least two zones of pillow lavas and many
amygdular and agglomeratic exposures. Finely
laminated water-deposited amphibolites are in-
terlayered with rare marbles and thin orthor-
hombic-amphibole gneisses. The unit is 30 m
to at least 1,524 m thick.

Dolomite, siliceous or tremolitic, massive to in-
timately interlayered with pelitic schist, quartz-
ite, quartz-granule conglomerate, and calc-sili-
cate pod-rock, especially near top. The bottom
is not exposed, but the unit is likely more than
1,219 m thick.

Some of the obvious lenticularity is the result of
original accumulation, whereas other thickening or
thinning is apparently related to fold tectonism. The
structure varies from homoclinal to isoclinal, but
stratigraphic order is deducible internally from
many excellent exposures of the following six se-
quence criteria: (1) crossbedding, (2) primary
graded bedding in granule conglomerates and sands,
(3) metamorphically reversed graded bedding in
metashales, (4) algal stromatolites, (5) pillowed
lavas, and (6) basal conglomerates.

(2)

(3)

(4)

(5)

New data on geology of Seminoe Mountains

The Seminoe Mountains are an eastward-trending
range, uplifted on the north along the Seminoe fault.
G. L. Snyder and H. R. Dixon, mapping in the east-
ern half of the Seminoes east of the North Platte
River, showed that this fault separates Precambrian
metamorphic rocks of the Seminoe Mountains on
the south from massive unfoliated Precambrian
granite and Paleozoic sedimentary rocks on the
north. Within the Seminoes, the rock sequence from
north to south is (1) dark-gray biotite gneiss with
less abundant amphibolite and cale-silicate gneiss,
(2) a white granite, varying from fine to coarse
grained, interlayered amphibolite, and a thinly
layered, medium-gray biotite-quartz diorite gneiss,
(38) buff, weakly to unfoliated biotite granite, and
(4) light-gray to pink weakly foliated, locally lay-
ered granite. Relative ages of units have not been
established, but units 8 and 4 appear to be grada-
tional. The various units are successively cut out to
the east along the Seminoe fault, and only unit 4 is
present at the eastern end of the range.

The unfoliated granite north of the fault is prob-
ably continuous with the granite of Lankin Dome
of Peterman and Hildreth (1978), which was dated
as 2,602+60 million years. The only metamorphic
rocks observed north of the fault were small in-
clusions (>1 m diameter) in an exposure probably
near the edge of the granite body. The granite is
cut along the Seminoe fault to the east.

The Seminoe fault is well exposed along the north
flank of the mountains. The trace of the fault is
marked by intermittent exposures of mylonite, a
few meters thick, and by a zone of cataclasis, tens
of meters thick, on both sides of the fault. Undis-
turbed upper Miocene rocks were not observed over-
lapping the fault, but they do occur within a few
meters of the fault and overlie cataclastic Precam-
brian rocks. Near the eastern end of the Seminoe
range, the Paleozoic rocks on the north side of the
fault are cataclastic and strongly slickensided. The
youngest rock observed next to the fault is the
Tensleep Formation of Pennsylvanian age. Thus,
the latest movement on the Seminoe fault was pre-
late Miocene and post-Pennsylvanian.

Middie-Wisconsinan glacial lake in Scobey, Montana, area

Evidence of four glaciations around the high
Glentana and Flaxville unglaciated areas in north-
eastern Montana has been found by R. B. Colton.
The oldest evidence of glaciation (pre-Wiscon-
simran?) consists meostly of scattered erratics. The
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next readvance of the ice is represented by patches
of weathered till and some constructional topog-
raphy; the surface of this till is characterized by a
130-km-long belt of ice-crack moraines. Large tem-
porary lakes were held in by lobes of ice near Scobey
and Glasgow. The third glaciation is represented by
youthful moraines a few kilometers north of Scobey
and east of Poplar. Very youthful swell-and-swale
stagnation moraine and ice-contact stratified drift
were left several kilometers north of Scobey and
Plentywood and near Medicine Lake by the fourth
readvance of the ice.

Mapping of thick terrace deposits along the Yel-
lowstone River and its tributaries between Miles
City and Fallon, Mont., indicates that deltas were
formed at the mouths of several tributaries such as
the Powder River, the Tongue River, and O’Fallon
Creek. The glacial lake, in which the deltas formed,
was held in by a lobe of ice that advanced up the
valley of the Yellowstone River to Intake. The sur-
faces of the deltaic deposits have approximate al-
titudes of 800 m which agrees well with the inferred
altitude of the lake spillway in North Dakota.

Trenches dug in volcanic ash deposits 9 km north-
east of and 9 km southwest of Richland, Mont., show
that they are as much as 13 m thick and are over-
lain by 1 to 2 m of bentonite.

More Archean rocks in Utah

The Farmington Canyon Complex, which forms
the basement in north-central Utah, has been con-
sidered to be of Proterozoic X age based on K-Ar ages
as great as 1,700 million years determined on horn-
blende. A Rb/Sr isochron determined by C. E.
Hedge on samples of migmatite collected by B. H.
Bryant from Weber Canyon, 20 km southeast of
Ogden, Utah, shows that these rocks have a mini-
mum age of 2,600 million years and could be as old
as 2,900 million years. These data increase the area
of Archean crust in the North American craton
southwest of its previously known extent, especially
if the basement rocks near Santaquin, 120 km south
of Weber Canyon, are correlative with the Farming-
ton Canyon Complex, as they appear to be.

Dissolution history, southeastern New Mexico

G. O. Bachman has further defined details of the
dissolution history of subsurface salt and gypsum in
southeastern New Mexico. A volcanic ash was found
in the Gatuna Formation, which is tentatively cor-
related with “Pearlette Type O” ash (ca. 600,000
yr B.P.) (G. A. Izett, USGS, 1978, written com-
mun.). This date is of considerable value for the

timing of major events. The Mescalero caliche (in-
formal term) overlies the Gatuna Formation and
is generally a pedogenic deposit that began to form
about 500,000 years ago.

Some broad karst features were formed before
Gatuna time, and collapse sinks were active during
Gatuna time. During most of “Mescalero” time the
region was relatively quiescent. Since ‘“Mescalero”
time sulfate-bearing ground water has percolated
through parts of the area. Dissolution, accompanied
by karst development, is continuing today.

Visible and concealed geologic hazards in central Utah

1. J. Witkind reports that young faults and mass-
wasting deposits are highly visible geologic hazards
in central Utah. In many places, bedrock is broken
by a large number of northeasterly trending, high-
angle, normal faults that are probably of Pleisto-
cene age. Several of the rock units, notably the
North Horn Formation (Cretaceous and Paleocene)
and the Flagstaff Limestone (Paleocene and
Eocene), have supplied vast amounts of mass-wast-
ing debris that clogs the valleys cut into both flanks
of the Wasatch Plateau. East of the plateau most of
the communities are distant from the valley mouths,
but on the west, many are built near valley mouths.
If the unstable mass-wasting deposits were to be-
come saturated and then set in motion as a result
of movement on one or more of the young faulfs,
considerable property damage would be done to
those towns.

Still another geologic hazard, one not so readily
apparent, is in the area. A Jurassic unit, the Ara-
pien Formation, contains huge amounts of evapo-
rite—salt, gypsum, and calcite. These evaporite de-
posits apparently have flowed sporadically ever since
they were deposited, and they have intensely de-
formed both the enclosing and the overlying strata.
In one locality, semi-consolidated gravels, likely of
Pleistocene age, have been bowed up into a vertical
position by the evaporite deposits. These vertical
beds are truncated and overlain by younger, hori-
zontal, alluvial deposits that appear not to be
warped, although detailed leveling records do not
exist to determine whether warpage has occurred
on a very small scale. The fact that the evaporite
deposits have been active during the Pleistocene im-
plies strongly that they are capable of moving today.
Obviously, an abrupt movement on their part re-
sulting in some shaking of the ground might set the
mass-wasting deposits (if saturated) in motion.

It seems unlikely that the mass-wasting deposits
would move very far from their present position
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unless they were saturated, even if the ground were
to be shaken vigorously. If much water were added
to these deposits, however, either as a result of a
rapid snowmelt or an unusually wet spring, the
stability of these deposits would be lessened dras-
tically, and it is possible that they might move even
without any ground shaking.

In general, the potential for considerable damage
exists in the area; the probability of such damage is
small.

Pyritic alteration in the northern Keg Mountains, Utah

In the Delta 2-degree quadrangle, Utah, an un-
prospected zone of pyritic alteration containing
anomalous trace concentrations of ore-stage base
and precious metals was discovered by H. T. Morris
in the northern Keg Mountains (Morris, 1978). Con-
siderable interest in this area has been shown by
exploration and mining companies. Claims were
staked shortly after the announcement of its dis-
covery, and currently the area is being studied in
detail with the goal of selecting sites for diamond
drill holes.

Tephrochronology

Tephrochronologic study by G. A. Izett of two
volcanic ash beds interlayered in sediments of the
Main Canyon Formation (Pleistocene and Pliocene)
of Bright (1967) in Thatcher Basin in southeast
Idaho indicates that the formation is much older
than previously thought. The formation previously
was assigned a late Pleistocene age (33,700—
27,000 yr B.P.) based on seven carbon-14 ages. Of
two of the ash beds in Bright’s Main Canyon For-
mation, one correlates with the “Pearlette Type B”
(2.0 m.y.) ash and the second with “Pearlette Type
0” (0.6 m.y.) ash of the Great Plains. The correla-
tion of the ashes in Bright’s Main Canyon Forma-
tion with the ‘“Pearlette Type B and O ashes is
based on similarities of (1) index of refraction of
glass shards, (2) chemical composition of glass
shards (major and trace elements), (3) chemical
composition of phenocrysts of clinopyroxene, horn-
blende, magnetite, and ilmenite as determined using
an electron microprobe, (4) phenocryst assemblage,
and (5) paleomagnetic direction of the ashes.
Zircon microphenocrysts of the ash in Bright’s
Main Canyon Formation that correlates with the
“Pearlette Type O” yielded an age of 0.56+0.18
million years (C. W. Naeser, USGS, written com-
mun., 1978). The revision of the age assignment of
the Bright’s Main Canyon Formation indicated by
the above data has important bearing on the geo-

morphic and tectonic history of Thatcher Basin rela-
tive to the history of Lake Bonneville.

An experimental technique for delineating areas best suited
for mining of coal

An experimental method was developed for de-
lineating those areas best suited for the surface
mining of coal. A computer combined several re-
source and existing land-use maps into a single map
that shows areas of low, intermediate, high, and very
high suitability for mining. These map units were
determined by adding separate evalution scores that
had been assigned to the current use of land, plus
five natural resources—ground water, surface water,
soil, wildlife habitat, and scenic quality. Evaluation
scores for these factors were arrived at by rating
their suitability for one of the following purposes:
agricutural use, importance or uniqueness to local
ecological systems, or esthetic quality. It is assumed
that in regions of widespread minable coal, areas
having the most valuable natural resources should
be mined last or not at all.

The Gap quadrangle, Wyoming, was chosen as
an example of the method. This area is representa-
tive of a larger region in northeast Wyoming un-
derlain by coal amenable to surface mining tech-
niques. The quadrangle was divided into a grid hav-
ing several thousand map cells. The factors found in
the cells were individually evaluated and their
scores totaled. The range in sums was subdivided
into the four map units of the final map. These were
printed as symbols by the computer to result in a
map showing suitability for mining.

IGNEOUS STUDIES

Volcanic recurrence intervals and volcanic hazards in the

eastern Snake River Plain in Idaho

Combining field mapping, radiocarbon and K-Ar
age determinations, and statistical analyses, M. A.
Kuntz, G. B. Dalrymple, and J. O. Kork have at-
tempted to determine recurrence intervals of vol-
canism in selected areas of the eastern Snake River
Plain for the purpose of evaluating volcanic haz-
ards. In the Arco-Big Southern Butte area, volcanic
recurrence intervals are on the order of one erup-
tion per 3,000 years. Radioactive waste storage fa-
cilities of the Radioactive Waste Management Com-
plex (RWMC) at the Idaho National Engineering
Laboratory (INEL) are subject to potential vol-
canic hazards from volecanism in the Arco-Big
Southern Butte area. The RWMC lies at the mouth
of a funnel-shaped volcanic eruption basin; thus,



72 GEOLOGICAL SURVEY RESEARCH 1979

lava flows from distant vents have the possibility
of being channeled into the storage area. Studies
are currently underway to determine the K-Ar ages
of approximately a dozen lava flows encountered in
cored drill holes at the RWMC to determine the
recurrence interval of flooding of the waste stor-
age site by lava flows.

In a similar study, K-Ar dating of five basalt lava
flows in cored drill holes at a proposed reactor site
at INEL showed that the site had been covered by
the flows over a period of about 350,000 years. The
K-Ar age data indicate that the site has been cov-
ered by lava flows at irregular intervals from per-
haps a few thousand to as much as 150,000 years,
with an average recurrence interval between flows
of approximately 50,000 years.

Field mapping of the Craters of the Maon lava field, Idaho

Field mapping of the Holocene Craters of the
Moon lava field in south-central Idaho by M. A.
Kuntz and D. C. Champion (USGS) and R. H.
Lefebvre (Grand Valley State College) shows that
a large part of the lava field was formed approxi-
mately 10,000+2,000 years ago, by tube-fed
pahoehoe and as flows erupted from large spatter
cones at the north end of the Great Rift. Several
flows traveled as much as 45 km from their source
vents. The older flows are covered by extensive
younger flows, erupted about 2,000 to 2,400 years
ago, also from large cinder cones at the north end
of the Great Rift. Samples of organic soil were col-
lected from beneath about 20 lava flows for radio-
carbon age determinations; the data should provide
the information necessary to provide an evolution-
ary model for the lava field. In addition, the age
data will provide a framework for evaluation of the
secular variation of the Earth’s magnetic field dur-
ing the last 12,000 years. The chemical and age data
currently available suggest that lavas ranging from
olivine tholeiite (~45 percent Si0,) to ferrolatite
(~63 percent Si0,) were erupted nearly simultane-
ously from adjacent fissures in the Great Rift vol-
canic rift zone during several periods in the evolu-
tion of the lava field.

Structurally complex roots of a caldera near Questa, New

Mexico

Reconnaissance mapping by P. W. Lipman of a
little studied upper Tertiary volcanic field in the
Sangre de Cristo Mountains near Questa, N. Mex.,
has led to recognition of a voleano-plutonic assem-
blage of remarkable structural complexity. This as-
semblage may reflect formation of an ash-flow

caldera in an extensional tectonic environment, re-
lated to early growth of the Rio Grande rift. A
single cooling unit of rhyolitic ash-flow tuff 1 km
or more thick overlies a chaotically brecciated as-
semblage of intermediate-composition lavas and in-
termixed tuffs. This assemblage is cut by composi-
tionally and texturally diverse high-level granitic
intrusions (with published dates of 22-23 m.y.)
analytically indistinguishable from a single date on
the ash-flow tuff. Structural interpretation of this
volcano-plutonic association, which may represent
a caldera-fill assemblage, is complicated by repeti-
tion and rotation to near vertical dips along north-
trending normal faults. These faults have displace-
ments that are generally down on the west, a geo-
metry similar to that of the Sangre de Cristo frontal
fault system along the east boundary of the Rio
Grande rift. Exposures along these fault slices and
steep west slope of the mountain range appear to
provide a vertical cross section of several kilometers
through the interior of the caldera. This probable
caldera is of economic interest because a large zone
of major acid-sulfate alteration and molybdenum
mineralization, which includes the open-pit Questa
Mine, occurs along its south margin in the Red
River area.

Initial strontium values of rocks from the Pioneer Mountains

Initial strontium (i-Sr) values of Cretaceous in-
trusive rocks of the Pioneer batholith, and of rocks
within the Proterozoic X gneissic basement complex
nearby, were determined by J. G. Arth in conjunc-
tion with the areal mapping and petrologic studies
of E-an Zen. Arth found that the i-Sr values of the
batholithic rocks fall into two groups, those at or
near 0.7113 and those at or near 0.7138. Zen finds
that these two groupings are compatible with an in-
terpretation of the field relations, which shows these
two groups to form two distinct intrusive series,
even though on a Harker variation diagram the two
groups are not distinguishable. Because the two
groups yielded identical K-Ar ages by concordant
hornblende and biotite determinations, they pre-
sumably coexisted as two distinet but contemporane-
ous magma bodies, and differentiation within each
body could have given rise to various plutons within
each series. The i-Sr values are much higher than
those of the Boulder batholith (Tilling, 1973) ; the
values are also sufficiently high as to suggest high-
ly differentiated parent material such as sedimen-
tary rocks, even though the rocks exhibit petrologic
features suggestive of the I-series of igneous rocks
according to the nomenclature ef White and Chap-
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pell (1977). On the other hand, the i-Sr values of
the Proterozoic X gneiss and amphibolite are such
that they could have given rise to the magmas of
the Pioneer batholith in Late Cretaceous time. The
distinctness of the magmas of the Pioneer region
ceased to exist in the early Tertiary, for the volcanic
rocks of this age from the Pioneer Mountains
yielded i-Sr values that are the same as those of
similar rocks from the area around the Boulder
batholith.

Pliocene rhyolite in the Sevier Plateau, Utah

Past geologic mapping in southwestern Utah re-
vealed that domes and lava flows of alkalic high-
silica rhyolite, locally accompanied by subordinate
volumes of alkalic basalt, are distributed along an
east-trending structural feature named the Blue
Ribbon lineament (Rowley and others, 1978). Rhyo-
lite centers had been dated as old as 20 million
years; they are younger toward the east along the
lineament (Mehnert, Rowley, and Lipman, 1978).
A large area of rhyolite at the eastern end of the
lineament was studied in greater detail recently by
P. D. Rowley and T. A. Steven, who found it to be
younger than previously thought. The new mapping
showed that the rhyolite occurs as a low-walled,
poorly exposed crater of tuff and other airfall ma-
terial intruded by a steep-sided lava dome or vol-
canic spine. A small basalt lava flow is in the inner
wall of the crater, and clasts of basalt make up a
significant volume of the airfall material of the
crater wall. The resistent spine forms Phonolite
Hill, a feature with 500 m of relief, which is in the
bottom of the 1,200-m-deep Kingston Canyon, a
largely antecedent canyon that cuts through the
Sevier Plateau. Canyon cutting occurred during and
after basin-range faulting, which uplifted the
Sevier Plateau. The rhyolite postdates canyon cut-
ting. H. H. Mehnert recently obtained a preliminary
K-Ar age of 4.8 million years on obsidian from the
margin of the spine. Rhyolite of similar lithology oc-
curs as domes and flows north of Kingston Canyon,
yet these rocks predate basin-range faulting and
canyon cutting. They overlie basalt flows that prob-
ably are correlative with basalt that was dated at
12.6 million years (Damon, 1969). The rhyolites in
Kingston Canyon thus seem to bracket the age of
basin-range faulting in this area. Of perhaps greater
importance, these rhyolites seem to contain anoma-
lous amounts of uranium. The rhyolite of Phonolite
Hill, in addition, may have potential for geothermal
sources of energy.

Tertiary intrusions in the Cretaceous ldaho batholith

W. E. Hall and J. N. Batchelder have mapped
into the southwestern corner of the Idaho batholith,
Blane and Camas Counties, Idaho. The primary rock
type in the Cretaceous batholith is biotite grano-
diorite. The measured magnetic susceptibilities of
the batholith are very low, indicating a lack of
magnetite. In general, the batholithic rocks are char-
acterized by deep weathering, producing grus-cov-
ered slopes and subdued topography. Intruding the
batholith are Tertiary dikes, sills, and stocks pre-
dominantly of biotite granite and granodiorite com-
position. These hypabyssal intrusions commonly are
coarsely porphyritic. Their measured magnetic sus-
ceptibilities are approximately two orders of mag-
nitude higher than the Idaho batholith and indicate
the presence of magnetite. Unlike the batholith, the
Tertiary rocks generally are unaltered and stand out
in bold outcrops. Reconnaissance of the Atlanta lobe
of the Idaho batholith during the 1977 and 1978
field seasons indicates that between Boise and the
border of the batholith, approximately 30 percent
of the area previously considered to be mainly Cre-
taceous in age is underlain by Tertiary intrusions.
In many localities the crosscutting relations between
the two units are strikingly visible.

Withington Creek caldera

The Withington Creek caldera, studied by David
Lopez, is the first ash-flow tuff caldera recognized
in a volcanic field satellitic to the Challis Volcanics
of east-central Idaho. The caldera is about 13 km
south-southeast of Salmon, Idaho, on the east flank
of the Lemhi Range and is pear-shaped, measuring
about 10 km by 6 km. The caldera margin is de-
lineated on three sides by faults which separate
rocks of the Yellowjacket Formation (Proterozoic
Y) from massive rhyolite ash-flow tuff inside the
caldera. The remainder of the margin is marked by
a fault contact between thin, layered ash-flow tuff
and andesite flows outside the caldera and the mas-
sive ash-flow tuff within the caldera. The rhyolite
ash-flow tuff in the caldera is at least 600 m thick;
beyond the caldera it is only 50 to 100 m thick.

TECTONIC AND GEOPHYSICAL STUDIES

Major tectonic zone across southern Colorado

A major and long-lived tectonic zone that extends
west-northwest across almost all of southern Colo-
rado has been identified by O. L. Tweto in conjunc-
tion with analysis of the new geologic map of Colo-
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rado. Some elements of the tectonic zone have been
referred to in the past as extensions of the Wichita-
Amarillo tectonic zone of Oklahoma and Texas. Al-
though the two zones may be related, they are not
alined and, if projected, would be separated by 135
km. The tectonic zone in Colorado ends southeast-
ward against a fault zone that extends southward
nearly along the New Mexico-Oklahoma boundary.
This fault zone may have been the means of transfer
of movement from the Wichita-Amarillo zone to the
Colorado zone.

In the subsurface of eastern Colorado, the tec-
tonic zone is marked by faults along the northeast
side of the buried late Paleozoic Apishapa uplift,
by a line of truncation of pre-Pensylvanian Paleo-
zoic rocks, by depositional wedgeouts of Pennsyl-
vanian formations, and by overlap of Permian rocks
onto Precambrian rocks. At the surface, it is marked
by minor faults and monoclines in Cretaceous rocks.
Near the crest of the buried Apishapa uplift is a
belt of quartzites, phyllites, and volcanic rocks that
overlie various older Precambrian rocks. These
younger rocks may correspond to the undated “Till-
man Metasedimentary Group” (Ham, Bennison, and
Merritt, 1964), which lies beneath Lower and Mid-
dle Cambrian volcanic rocks in the Wichita Moun-
tains of Oklahoma. Presence of these younger base-
ment rocks on the upthrown side of the fault zone
bordering the Apishapa uplift suggests an opposite
displacement prior to the Late Cambrian.

In the Wet Mountains, the tectonic zone is ex-
pressed by west-northwest-trending faults, by al-
kalic and mafic plutons of Cambrian age, and by lo-
cal swarms of lamprophyre dikes of presumed Cam-
brian age. Farther west, faults of the zone terminate
the north-northwest-trending Sangre de Cristo
Range and bound a deep graben of Neogene age.
The same faults project toward a deeply eroded
caldera and intrusive center at the southern end of
the lower Oligocene batholith of the Mount Prince-
ton Quartz Monzonite in the Sawatch Range. At
about the longitude of the Sawatch Range, another
segment of the tectonic zone begins in left echelon
position to the south and continues west-northwest-
ward to the Utah border. This segment is mani-
fested by faults that show movements ranging from
Precambrian to post-Oligocene in age, by the Early
Cambrian or very late Precambrian alkalic-mafic
intrusive center near Powderhorn, by the long Pre-
cambrian and Laramide Cimarron fault, by long
diabase dikes of Late Cambrian age following faults
of probable Precambrian origin in the Black Canyon
of the Gunnison River, by diabase dikes of the same

west-northwest trend in Unaweep Canyon on the
Uncompahgre Plateau, and by mafic intrusive bodies
at the Colorado-Utah boundary.

Major faults of the tectonic zone originated in
Precambrian time, probably as strike-slip faults.
One of the Precambrian faults in the Black Canyon
of the Gunnison displaces vertical Precambrian rock
units 5 to 6 km left laterally. Some post-Cambrian,
possibly late Paleozoic, fault movements in the Wet
Mountains were also strike-slip or nearly so, but
most Phanerozoic movements seem to have been dip-
slip. Faults in various segments of the tectonic zone
moved independently at various times in the
Phanerozoic, depending on conditions imposed by
younger tectonic features of other trends.

Large-scale detachment faulting of Eocene volcanic rocks,
southeastern Absaroka Range, Wyoming

Mapping studies in the southeastern Absaroka
Range, Wyoming, in 1977 and 1978 led to the recog-
nition by T. M. Bown of more than 70 erosional
remnants of strongly deformed, allochthonous rocks
that record a major episode of large-scale detach-
ment faulting in Pliocene or Pleistocene time. These
remnants are dispersed from the North Fork of Owl
Creek in the south, to the Wood River in the north,
and from Deer Creek on the west to Squaw Buttes
on the east, indicating that the area affected by de-
tachment faulting or overridden by detached masses
comprises at least 1,200 km2. Wilson (1975) has
briefly described possible breakaway areas for re-
lated detached masses in the Wood River drainage,
north of the mapped area.

Remnants of detached rocks and related displaced
masses of volcaniclastic rock comprise four types:
(1) thick masses of heterogeneous lithology, de-
rived from lower and (or) middle parts of the mid-
dle and upper Eocene Tepee Trail Formation (up
to 300 m of preserved rock), (2) thinner masses
of essentially homogeneous green and brown vol-
canic wackes of uncertain stratigraphic derivation
(150 m maximum preserved thickness) , (3) slivers
of volcaniclastic rock derived from the Aycross For-
mation that were rotated out of place beneath the
plane of movement, and (4) lag blocks that have
rolled or have been let down by erosion from topo-
graphically higher allochthonous rocks. Detached
rocks of Tepee Trail lithology are intensely deformed
but less so than the volecanic wackes, which often
show plastic folding of beds. The allochthonous vol-
canic wackes invariably lie topographically beneath
detached Tepee Trail beds, suggesting that they
formed the bottom of the glide mass or represent
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an earlier episode of detachment faulting. The first
interpretation is favored because the greater defor-
mation of the volcanic wackes is probably related to
greater confining pressures that would have existed
in the lower part of the mobile mass.

Field relations indicate that the faulting com-
prised four phases: (1) high-angle normal faulting
that progressed to (2) low-angle normal faulting at
depth, (3) erosion thrust faulting at the edge of the
basinward-facing erosional scarp, and (4) gravity-
glide faulting that was begun once the main body of
the thrust sheet became detached from in situ rocks
on the erosional scarp. The soles of the detachment
faults were developed in the Tepee Train Formation
in the breakaway area, but progressed downward to
the Tepee Trail Formation-Aycross Formation
erosional unconformity in more basinward areas.
Within the mapped area, the glide planes of the de-
tachment faults were developed on the upper bad-
land unit of the Aycross Formation, a sequence
composed principally of bentonitic mudstone.

Topographic considerations, the thicknesses of
the detached masses, and the geographic positions of
possible breakaway areas indicate that the de-
tached sheets must have broken into several blocks
shortly after detachment. The earthquake oscilla-
tion hypothesis of Pierce (1975) for movement of
detached blocks related to the early to middle
Eocene Heart Mountain décollement seems adequate
to explain gravity-glide movement of blocks of vol-
canic rock in the mapped area. Normal faulting that
occurred prior to detachment faulting may also have
been caused by earthquakes or by a combination of
earthquakes and compressive and tensional forces
generated by late Tertiary or Pleistocene intrusive
activity.

The topographic positions of the allochthonous
remnants indicate that the gravity-glide sheets and
(or) individual blocks crossed an area of consider-
able relief in some areas. Geomorphic relations sug-
gest that this topography was developed during the
present-day semiarid erosion cycle, probably in the
late Pliocene or Pleistocene.

Summary of late Cenozoic history of the Wind River basin and

adjacent uplands in Wyoming

H. W. Markewich and J. D. Love propose the fol-
lowing reconstruction of the late Cenozoic history
of the Wind River basin and adjacent uplands in
central Wyoming. By the end of Miocene deposition,
the Wind River basin was completely filled, and the
bordering pre-existing Laramide mountain ranges
were partially to completely buried. This interval

of deposition was followed by ‘“epeirogenic uplift,”
with rapid excavation of the basin and exhumation
of the surrounding mountains. Other events that
accompanied this uplift were downfaulting of these
mountains, regional warping within the basin, sev-
eral episodes of glaciation, extensive modifications
of previously established drainage patterns of major
rivers, changes in paleo-climates, and development
of a belt of sand dunes, now stabilized, which ex-
tends from the central Wind River basin eastward
for 160 km into the southern Powder River basin.

After the end of Miocene deposition, the west-
trending gentle Gas Hills-Riverton arch, 120 km or
more in length, developed in the southern part of
the basin. This arching caused the right-angle shift
of Wind River from the central part of the basin
northward across the still-buried Owl Creek Moun-
tains and the beginning of the present cycle of deg-
radation. Potassium-argon ages and correlation of
ash deposits in and along the basin margin suggest
that the rate of reexcavation of the basin by water
and wind during the last 600,000 to 6 million years
is about 0.3 m per 1,500 years.

The southern Absaroka Range was extensively
modified by several episodes of glaciation during
which ice moved southward and southeastward, im-
pinging on northward- and eastward-moving ice
from the Wind River Range. Other margins of the
basin were not glaciated. Continued gentle uplift
of the Gas Hills-Riverton arch caused northward
migration of Wind River within the basin. The time
of development of the sand dunes in the basin is
probably, at least in part, late Pleistocene.

Tectonic style and history, north end of the Pioneer Mountains
in Montana

In the northwestern part of the Vipond Park
quadrangle and the adjacent Stine Mountain quad-
rangle to the west, flat-lying or gently dipping sedi-
mentary rocks of Cambrian and Precambrian age
are involved in an intricate pattern of faulting, ac-
cording to the field observations of E-an Zen. A set
of west-northwest-trending high-angle faults, com-
monly defined by parallel valleys, tilts the rocks of
each block southward. On these faults the south side
is upthrown relative to the north side. Rocks in-
volved in most of the fault blocks are thin-bedded
quartzite, siltstone, and shale that may be correla-
tive with units in the upper part of the Missoula
Group of the Belt Super-group, the upper member
of the Middle Cambrian Silver Hill Formation (pre-
upper units of the Silver Hill of the Paleozoic are
missing in this tectonic setting), and the Middle and
Upper Cambrian Hasmark and Red Lion Forma-
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tions. This south-side-up fault set appears to lead
southward, across the fault blocks, into the Lower
Cambrian(?) rocks (to be called the Black Lion
Coglomerate), and finally into a Proterozoic X
gneiss and amphibolite basement complex; south of
this complex spotty evidence suggests that the fault
sense is reversed. These fault block are intersected
by a set of north-northeast-trending high-angle
faults (which parallel the range fronts that bound
Tertiary basins) along which the rocks west of the
faults are downthrown. A checkerboard outcrop
pattern results. The most westerly fault block in
this set is underlain by Precambrian quartzites.
Zen interprets the relations to mean that the quartz-
ites are contained in thrust sheets overlying
younger, Paleozoic rocks. The leading edges of the
thrusts have been obliterated by later high-angle
faults that downdropped the rocks. The klippe of
Precambrian quartzite at Morrison Hill (in the
center of the Vipond Park quadrangle) is an ero-
sional remnant of the same thrust sheet (or
sheets) and outcrops of similar quartzite, now
found scattered in intervening areas, are remnants
of the proposed once-extensive thrust sheet. This
thrust sheet of Precambrian rocks dominates the
West Pioneer Mountains, and Zen (1977) has sug-
gested that there these rocks overlie Paleozoic rocks
in a tectonic situation closely similar to the relations
inferred for the Medicine Lodge thrust system
(Ruppel, 1978). A group of outcrops of sheared
carbonate, lithically like the Pennsylvanian Amsden
Formation, exist at the lower slopes or Ross Gulch
in the West Pioneers at lower altitudes than the
Precambrian quartzite that forms the mountains.
These carbonate rocks were first discovered by Cal-
beck (1975); they could be part of the subjacent
terrane. Similar relations, even more definitive,
have been reported from elsewhere in the West
Pioneers. Thus, the thrusts place Precambrian rocks
on rocks of different ages in the area, ranging from
early Paleozoic to Cretaceous; their relations show
that considerable tectonic relief existed at the time,
presumably reflecting the effects of considerable
Laramide deformation. Petrologic study of intru-
sive rocks in the area indicate an episode of 70-75
million years intrusion at shallow level and an
episode of 63 million years intrusion of granite
containing liquidus muscovite, free of halogen, that
presumably was deeper seated owing to the con-
straints of muscovite-quartz stability. The thrust
sheets might have contributed to the tectonic load
needed for the younger intrusive rocks; field rela-
tions clearly show these to be post-thrusting in age.

Younger-over-older thrust plates in southeastern ldaho

West of the Paris and Putnam faults (Bear River
and Portneuf Ranges, Idaho), thrust plates of
younger strata overlie older with as much as 7 km
of stratigraphic units omitted, in contrast to east-
ern foreland thrusts of older over younger with
about 6 km of stratigraphic units repeated. Folds
in the western plates are broad, open, and upright
in contrast to tight asymmetrical folds in eastern
plates.

According to S. S. Oriel and L. B. Platt, three
major thrust plates are recognized from extensive
but incomplete mapping:

(1) An uppermost plate of Oquirrh strata
(Pennsylvanian and Permian), with Manning
Canyon Shale (Mississippian and Pennsylvania)
locally below it, rests discordantly on middle Paleo-
zoic units. This plate extends from the Albion Range
100 km east to the Bannock Range.

(2) A middle plate of mainly Ordovician to Mid-
dle Cambrian strata rests on Proterozoic Z quartzite
and argillite of the Brigham Group in the Bannock
Range between Pocatello and Utah. Ordovician
strata in the Raft River and Albion Ranges rest on
schist and quartzite of unknown age.

(3) A lower plate of mainly Proterozoic Z (Mu-
tual and lower part of Camelback Mountain)
quartzite overlies Proterozoic Z rocks of the Scout
Mountain Member of the Pocatello Formation in
the Bannock Range.

The middle plate locally overlaps the lower, placing
Ordovician limestone directly on Scout Mountain
strata. Scout Mountain rocks are more intensely
sheared, mylonitized, and metamorphosed (green-
schist) than any east of the Raft River Range.

The thrust plates are cut by younger basin-and-
range faults marked by large apparent stratigraphic
throw.

Muldoon Canyon thrust in south-central Idaho

The trace of the generally east-dipping and folded
Muldoon Canyon thrust, first described by Nilsen
(1977) at the head of Muldoon Canyon in the south-
ern Pioneer Mountains, has been mapped from
Muldoon Canyon south to the northern edge of the
Snake River Plain (about 30 km) by B. A. Skipp
and J. N. Batchelder, assisted by B. A. Watson. The
thrust brings a western facies of the Copper Basin
Formation, the Brockie subplate of Nilsen (1977),
over an eastern facies of the same formation, the
Scorpion subplate of Nilsen (1977), both structural
elements within the Copper Basin allochthon
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(Skipp, 1974; Skipp and Hall, 1975a, b; Skipp and
Hait, 1977). Breccia and (or) barite are localized
along the Muldoon Canyon thrust that cuts across
and involves several facies at different stratigraphic
levels. The thrust is cut by at least two northeast-
trending normal faults.

The generally east-dipping Muldoon Canyon
thrust probably connects with an unnamed west-
dipping thrust mapped to the east. If this inter-
pretation is correct, the Brockie subplate is a root-
less remnant of a thrust sheet which is presently
about 8 km wide and is high in the structural se-
quence of the Copper Basin allochthon (Nilsen,
1977; Skipp and Hait, 1977). The Brockie subplate
is composed in part of very coarse-grained terrige-
nous turbidites formed in both inner- and middle-
fan environments (Nilsen, 1977). These resistant
rocks make up the rugged topographic spine of the
southern Pioneer Mountains.

Bald Butte fault in the Helena area of Montana

New geologic data have been collected by R. G.
Schmidt on the Bald Butte fault, a major deep-
seated fracture in the zone of crustal discordance
(Lewis and Clark line) that extends northwestward
from Helena, Mont., across the Butte 2-degree
quadrangle. Among the principal new discoveries
are:

(1) Extension of the fault westward across the
Continental Divide into Avon Valley (in the
Avon quadrangle) where the fracture disappears
beneath Tertiary strata.

(2) The alinement, magnitude, and structural
characteristics of the fault are broadly similar to
those displayed by a major fracture in the valley
occupied by Nevada Lake (in the Nevada Lake
quadrangle), which suggests continuity of these
faults beneath Avon Valley.

(3) The occurrence of two large graben blocks on
the south side of the fault, one between Threemile
Creek and McKay Creek (in the Avon quadrangle)
involving rocks of the Missoula Group of Proter-
ozoic Y age, the other near Bald Butte (in the Elli-
ston quadrangle) involving strata of Middle Cam-
brian age.

A prime characteristic of the Bald Butte fault is
the large variation in stratigraphic throw along the
fault within relatively short distances. For example,
at Bald Butte, Cambrian strata on the south side
of the fault are juxtaposed against the Empire For-
mation of the Ravalli Group of the Belt Supergroup,
produeing an apparent stratigraphic throw of more

than 4,000 m, yet a few kilometers to the west the
fault trace is confined to the Bonner Quartzite of
the Missoula Group of the Belt Supergroup, and the
apparent stratigraphic throw is 200 m or less. Simi-
lar variations occur along the fault farther west
and to the southeast. These structural relations may
indicate that the sense of movement on the Bald
Butte fault was mainly strike slip.

Revised interpretation of thrust faults in the southern Flint

Creek Range, western Montana

Geologic mapping by C. A. Wallace in the south
part of the Flint Creek Range, western Montana,
has resulted in a revised interpretation of some
major structural elements that were described by
Emmons and Calkins (1918), MecGill (1959),
Csejtey (1963), and Poulter (1956).

Thrust faults were mapped and named by earlier
workers, but these apparent major faults are now
considered to be of no greater tectonic significance
than nearby unnamed thrust faults, and the practice
of naming specific thrust faults is abandoned. Al-
though thrust faults such as the Philipsburg,
Georgetown, and Bungalow faults are locally dis-
tinctive because they superpose rocks of greatly
different ages, these structures cannot be traced as
discrete tectonic elements beyond the areas in which
they were named. The reasons why these faults
cannot be traced on a regional scale are:

(1) The thrust faults are composed of anastomos-
ing strands that branch from the named faults and
merge with other, unnamed thrust faults. The re-
sult is that the stratigraphic assemblages of rocks
in contact along thrust faults are greatly, and this
makes it difficult to trace major faults.

(2) Many thrust faults gently truncate bedding
planes so that some structures have an older-over-
younger characteristic at one locality and the same
structure may have a younger-over-older character-
istic at another locality.

(83) Numerous thrust faults were not mapped by
previous investigators, and many of these faults
have as much apparent stratigraphic separation as
faults that were named.

Because of the nature of the thrust faults in this
region, the major structural elements will have to
be determined by comparative facies analysis to
separate tectonically superposed facies assemblages.

A series of klippen has been identified in the south
part of the Flint Creek Range. The zone of klippen
extends for 20 km in an easterly direction from
Cable Mountain on the west to Stucky Ridge on the
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east. Csejtey (1963) described some of these klippen
in the southeast part of the Flint Range, and now
the zone has been extended westward to Cable
Mountain by current mapping. The unifying char-
acteristic of these klippen is that the unnamed
middle member of the Mount Shields Formation
tectonically overlies complexly folded and thrust-
faulted Precambrian, Paleozoic, and lower Meso-
zoic strata. These klippen are thought to represent
erosional remnants of a formerly continuous, flat-
lying thrust sheet that had been transported from
west-to-east.

SuFl,)'sqrface model for an area of the eastern Snake River
ain

The results from gravity, magnetic, resistivity,
seismic refraction, and magnetotelluric surveys of
the Idaho National Engineering Laboratory (INEL)
on the Snake River Plain in eastern Idaho have been
used by D. R. Mabey to develop a geologic model
that is consistent with all the geophysical data, sur-
face geology, and data from a 900-m-deep hole. The
model indicates that the Cenozoic sedimentary and
voleanic rocks overlying the Paleozoic sedimentary
rocks thicken abruptly at the northwest edge of
the Snake River Plain and are about 1.5 km thick
within 3 km of the edge of the plain. The surface on
the Paleozoic rocks may either dip steeply under the
plain or be depressed by a series of step faults.
Southeast from this zone of abrupt thickening, the
Cenozoic rocks thicken slightly southeastward to
about 10 km from the edge of the plain. Over this
distance the Cenozoic rocks consist of an upper unit
less than 1 km thick composed of basalt and sedi-
ments and a lower unit of either altered voleanic
rocks or sediments. Paleozoic sedimentary rocks
probably underlie the Cenozoic rocks. At this 10-km
distance from the northwest edge of the plain, the
geophysical data define a transitional zone parallel
to the edge of the plain where major changes occur
in both the Cenozoic rocks and the underlying older
rocks. Southeast of this zone the upper Cenozoic
unit thickens to about 1.5 km and is predominantly
volcanic rocks. The lower unit continues at about
the same thickness; the combined thickness of both
units is about 2.5 km. The physical properties of
the underlying rocks becomes complex, suggesting
a structurally complex area where the Paleozoic
sedimentary rocks may be overlain by about 2 km
of older Tertiary voleanic rocks or Mesozoic sedi-
mentary rocks.

Rio Grande rift, New Mexico

Compilations by L. E. Cordell of regional geo-
physical data show that the Rio Grande rift en-
compasses uplifts of the Southern Rocky Mountains
and their southern extension, as well as fault blocks.
Gravity gradients delineate major faults, which
form a gridded or en echelon pattern over distances
on the order of tens of kilometers. Aeromagnetic
data shows these to be alined with basement struc-
tural grain—by inference, the Neogene-age rift
faults zig-zag along preexisting basement cracks.

Structure of the Choteau 2-degree quadrangte, Montana

Geologic mapping by M. R. Mudge in the eastern
part of the Choteau 2-degree quadrangle, Montana,
revealed surface structures that are alined over the
Scapegoat-Bannatyne trend—a northeasterly sub-
surface Precambrian structural alinement of numer-
ous highs with as much as 425 m of relief that
formed prior to Cambrian sedimentation. The trend
is shown by a marked lineament on the Landsat
photographs. The surface features alined along the
trend are northeasterly trending normal faults and
folds in Cretaceous rocks. They are east of the dis-
turbed belt and therefore not related to the early
Tertiary stresses that formed the northerly trend-
ing thrust faults and folds comprising the northern
disturbed belt of Montana.

In the disturbed belt, the Scapegoat-Bannatyne
trend is reflected by other structural discontinuities.
The numerous thrust fault blocks with Paleozoic
carbonate rocks that comprise the Sawtooth Range
abruptly plunge to the southeast into a structurally
low area reflected by the trend. Some structures on
the trend change abruptly in strike from south-
east to east for a few kilometers. In addition, an
igneous plug, called Haystack Butte, intruded across
the fault blocks near the trend. Further west in
the mountains, northeasterly trending normal or
strike-slip faults displace the major northwesterly
trending thrust faults.

Data are insufficient to determine the nature of
the trend in the subsurface. It probably is a fraec-
ture zone in the crystalline basement containing
grabens and horsts.

BASIN AND RANGE REGION

MINERAL-RESOURCE STUDIES

Phosphate resources in Permian Phosphoria Formation of
east-central Idaho

Geologic mapping and sampling by Peter Ober-
lindacher and R. D. Hovland of the Retort Phos-
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STATES IN BASIN AND
RANGE REGION
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phatic Shale Member of the Permian Phosphoria
Formation and associated rocks in the Hawley
Creek area in the Beaverhead Mountains near Lead-
ore, Lemhi County, Idaho (loc. 1), have revealed
large resources of phosphate rock. Within the
mapped area, the Retort has an average thickness
of about 22 m over a linear outcrop distance of
about 21 km. A trench across the Retort revealed
a cumulative thickness of 2.7 m of medium-grade
phosphate rock (>24 percent P,O;) and 10.2 m of
low-grade phosphate rock (16 to 24 percent P.O;).
Phosphate resources underlying less than 183 m of
overburden, based on analyses of samples that rep-
resent about half of the Retort in the trench sec-
tion, are about 73 million metric tons of medium-
grade phosphate rock and about 280 million metric
tons of low-grade phosphate rock.

Alteration aureoles in McDermitt caldera in Nevada and

Oregon

J. J. Rytuba reported that mercury, uranium,
and thorium deposits within tuffaceous sediments
that were deposited in the McDermitt caldera
complex, Humboldt County, Nevada, and Malheur
County, Oregon (loc. 2), occur within areas of po-
tassium feldspar alteration. The degree of cristo-
balite crystallinity, as measured by the d(101)
spacing, indicates that a thermal gradient extended
as much as 4 km away from each area of potassium
feldspar alteration. Silicate mineralogy and cristo-

balite erystallinity define three previously unknown
fossil geothermal areas within the caldera, and one
of these areas is associated with significant uranium
mineralization.

Big Mike sulfide deposit in northwestern Nevada

According to R. J. Roberts, the Big Mike vol-
canogenic massive copper-sulfide deposit in the Ha-
vallah Formation (upper. Paleozoic), Pershing
County, Nevada (loc. 3), consists of two contrast-
ing mineral facies and origins that include early
fine-grained laminated pyrite layers (0.01-0.10 mm)
of syngenetic origin and coarse-grained pyrite and
later copper sulfides of epigenetic origin. The coarse-
grained pyrite (>0.20 to 1.0 mm) may have been
initially syngenetic, but subsequently was recrys-
tallized, fractured, and then replaced by chalcopy-
rite, bornite, djurleite, covellite, chalcocite, and
sparse sphalerite. The inferred sequence of events
was (1) early deposition of syngenetic pyrite in
mudstone and chert on the sea floor, (2) burial by
sedimentary and volcanic rocks, and (3) later addi-
tion of copper and zinc sulfides. These events may
have taken place within a short time span, but the
epigenetic phase was clearly separated in time from
the syngenetic phase. The general term volcanogenic
does not adequately describe the complex origin of
these deposits; hence, special names should be used
to identify clearly the early and late phases of sul-
fide formation in these contrasting environments.
Deposits exhibiting similar characteristics in Saudi
Arabia were considered by Roberts, Doe, and Dele-
vaux (1976) to be of dual syngenetic and epigenetic
origin, and this terminology also seems appropriate
for the Big Mike deposit.

Age of Davidson Granodiorite and mineralization in Comstock
Lode mining district of western Nevada

R. P. Ashley, M. L. Silberman, and J. R. O’Neil,
in collaboration with staff members at the Univer-
sity of Nevada, have completed a study of the potas-
sium-argon and fission-track ages stable-isotope
relations of the Davidson Granodiorite in Storey
County, Nevada (loc. 4). The granodiorite body,
about 1 km? in outecrop area, intruded pyroxene
andesites of the Miocene Alta Formation, the prin-
ciple host rocks for silver- and gold-bearing veins
in the Comstock Lode mining district. The David-
son Granodiorite was propylitically altered perva-
sively. Fission-track ages on zircon from two sam-
ples of the Davidson indicate that it was emplaced
approximately 17 million years ago. Oxygen and
hydrogen isotopic-ratio measurements on feldspars,
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micas, and chloritized amphiboles separated from
these and other samples of the granodiorite indi-
cate that it was altered by a fluid of dominantly
meteoric composition, similar to the fluids that min-
eralized the Comstock Lode (Taylor, 1973). Potas-
sium-argon age determinations indicate that the
granodiorite was altered between approximately
14 and 11 million years ago. These combined age
and isotopic data provide the best estimates of the
time interval during which hydrothermal activity
affected the rocks in the Comstock Lode mining
district. Previously reported K-Ar measurements
on adularia, separated from gold- and silver-bear-
ing quartz veins from two lode deposits, indicated
that the vein mineralization occurred between 13.7
and 12.6 million years ago (Bonham, 1969; White-
bread, 1976). Our data, however, indicate that the
hydrothermal system related to Comstock minerali-
zation was active somewhat longer than indicated
by dates on the veins.

Metals in Devonian marine strata in central Nevada

A kerogen-rich sequence of silicious mudstone,
siltstone, and chert as much as 60 m thick in the
southern Fish Creek Range, Eureka County, Nevada
(loc. 5), has been evaluated by G. A. Desborough,
F. G. Poole, R. K. Hose, and A. S. Radtke for its
potential resources of vanadium, zinc, selenium,
molybdenum, and syncrude oil content. These strata
are part of a strongly deformed allochthonous mass
of eugeosynclinal Devonian Woodruff Formation
that overlies deformed allochthonous Mississippian
siliceous rocks and relatively undeformed Mississip-
pian flysch of Antler age. In fresh black rocks,
the vanadium is syngenetic and occurs chiefly in
organic matter; zinc occurs in sphalerite; selenium
occurs in organic matter; molybdenum also is syn-
genetic and occurs both in molybdenite and in or-
ganic matter. Most fresh black rock is a low-grade
oil shale and yields as much as 50 L/t of syncrude
oil. Organic geochemical data indicate that the or-
ganic matter in the rock is thermally immature and
has not been subjected to temperatures greater
than 60°C since deposition in Devonian time. These
marine strata are considered by Desborough and
others (1979) to be a large low-grade metal and
shale oil resource.

STRATIGRAPHIC AND STRUCTURAL STUDIES

Stratigraphy first, structure second

Structural interpretations can be no better than
the stratigraphic data on which they are based. Re-

cently, fossils collected by several geologists have
required that ages of Paleozoic and Mesozoic vol-
canic and sedimentary sequences in several areas
of western Nevada be drastically revised. Now, fos-
sils collected by K. B. Ketner and identified by
B. R. Wardlaw show that the ages of eugeosynclinal
sequences in three additional areas must be modi-
fied. Limestone beds at Knickerbocker Wash in the
southern Shoshone Mountains in Nye County, Ne-
vada (loc. 6), previously assigned to the Pablo For-
mation and tentatively regarded as of Permian age,
contain Middle to Late Pennsylvanian conodonts.
Sedimentary rocks in a volcanic sequence between
Bishop Canyon and Cherry Creek in the southern
Pine Forest Range, Humboldt County, Nevada (loc.
7), previously mapped as Happy Creek Volcanics
and thought to be of Permian age or older, con-
tain limestone boulders that yielded Late Triassic
conodonts. Siliceous rocks near the mouth of Clear
Creek on the west side of the Sonoma Range in
Humboldt and Pershing Counties, Nevada (loc. 8),
originally identified as the Pumpernickel Formation
(upper Paleozoic) and more recently as the Haval-
lah Formation (Pennsylvanian and Permian), have
yielded conodonts of Devonian and Mississippian
age.

Ordovician Vinini Formation of northern Nevada

The Ordovician Vinini Formation of northern
Nevada is a complexly deformed eugeosynclinal as-
semblage composed principally of black shale and
bedded chert. Structural dismemberment, poor ex-
posures, and monotonous uniformity of the shale
and chert units heretofore have impeded efforts to
establish a pre-deformational stratigraphic se-
quence. K. B. Ketner and R. J. Ross, Jr., recog-
nized thin limestone and dolomite beds that, al-
though a minor part of the dominantly siliceous
sequence, are widespread in the Vinini. The car-
bonate beds are key units for the correlation and
origin of the Vinini Formation because they are
distinctive regional stratigraphic markers. Carbon-
ate beds of early Early Ordovician age are mainly
calcarenite deposits composed mostly of marine-
current transported debris of the calcareous fossil
Nuia, a probable algae; they differ from carbonate
beds of late Early to earliest Middle Ordovician age,
which are distinctive pelletal calcarenite deposits
nearly free of Nuia. No carbonate rocks of middle
Middle Ordovician age have been found in the
Vinini; if rocks of this age are present, they likely
are siliceous units. Carbonate rocks of latest Mid-
dle and Late Ordovician age are sooty micrites com-
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posed of minute calcispheres and calcareous sponge
spicules.

Paleozoic rocks in southern East Range, northwestern Nevada

According to D. H. Whitebread and M. L. Soren-
sen, rocks in the southern East Range, Pershing
County, Nevada (loc. 9), formerly mapped as the
“Leach” and Inskip Formations (upper Paleozoic),
are instead part of the Cambrian Harmony and
Ordovician Valmy Formations and the Pennsyl-
vanian and Permian Havallah Formation. The
Valmy Formation is separated from the Havallah
by a steeply dipping thrust fault. The siliceous sedi-
mentary and volecanic rocks of both units are con-
sidered potentially favorable for the occurrence of
syngenetic-volcanogenic massive sulfide deposits be-
cause massive sulfide deposits occur in these forma-
tions elsewhere in Nevada.

Greenstone in Devonian Slaven Chert in north-central Nevada

Recent studies by D. L. Jones and C. T. Wrucke,
Jr. (USGS), Brian Holdsworth (University of
Keele, England), and C. A. Suczek (Western Wash-
ington University) have shown that rocks of De-
vonian age in the Roberts Mountains allochthon
are more abundant than previously thought, and,
that in the Shoshone Range, Lander County, Ne-
vada (loc. 10), these rocks include greenstone in
addition to abundant chert. Mapping and strati-
graphic studies in the Shoshone Range reveal that
greenstone forms as much as one-third of chert-
greenstone sequences in which the associated chert
contains radiolarians of post-Ordovician age. This
chert-greenstone sequence now is considered as
Devonian in age and assigned to the Slaven Chert
rather than the Ordovician Valmy Formation as
originally interpreted. These results, coupled with
additional microfossil evidence that the chert-green-
stone sequence in the Scott Canyon Formation at
Battle Mountain is Devonian rather than Cambrian
(Jones and others, 1978), emphasize the need for
caution in assigning an age to undated greenstone
and chert units in northern Nevada.

Triassic continental and marine rocks correlated by sedimentary
features

Depositional cycles in Upper Triassic rocks of the
Chinle Formation in east-central Utah resemble
those observed in marine rocks of the Auld Lang
Syne Group 500 km away in northwestern Nevada.
Three successive, major influxes of fine-grained
terrigenous clastic sediment from an eastern source
are recorded in the Auld Lang Syne Group during

late Late Triassic (Norian) to earliest Jurassic
time according to N. J. Silberling. Studies of the
Chinle Formation by R. D. Lupe suggest that these
events may correspond to the three major fluviatile
episodes of Chinle deposition. The suggested genetic
relationship between these widely separated sedi-
mentary sequences is supported by similarities in
their composition. Extrapolation from the relatively
well dated marine rocks in Nevada shows that the
older age limit for the Chinle Formation in Utah
may be Norian rather than Karnian, the usually
accepted age.

Southward-directed thrusting of Mesozoic age in northeastern
Nevada

Mapping by R. R. Coats northeast of Montello,
Elko County, Nevada (loc. 11), disclosed a low-
angle overthrust that probably moved southward
as determined from mullion structures on the thrust
surfaces. The lower plate consists of miogeosynclinal
limestone beds of the Permian “Pequop Formation”
(Steele, 1960), and the upper plate consists of eugeo-
synclinal bedded cherts of an undated and unnamed
formation that are folded about north-trending axes.
The north-trending fold axes in the bedded cherts
represent an older structural event dominated by
eastward-directed movements (Coats and Riva,
1976). Several nearby outcrops of greenstone and
greenstone tuff, surrounded by alluvium, also exhibit
northerly structural trends. Although these rocks
have indeterminable relations to the upper and
lower plates of the thrust, they are interpreted to
be allochthonous in this area and to be a down-
faulted part of the upper plate.

Calcium-poor quartzites in eastern Nevada

Chemical analyses of 18 samples of muscovite-
bearing quartzite collected by D. E. Lee from Prqt-
erozoic Z and Lower Cambrian units, eastern White
Pine County, Nevada (loc. 12), show they are al-
most devoid of CaO, even though their average
Si0, content is less than 90 percent. They also con-
tain only small amounts of Na,O, and their average
K.0:Na,O ratio exceeds 20:1. This is in accord
with the abundance of metamorphic muscovite, but
nevertheless is unusual in clastic sedimentary rocks.
Such a high K,0:Na,0 ratio is found mainly in
some arkoses and argillites, and low contents of
Ca0O in quartzite generally indicate very mature
sands consisting almost entirely of SiO, (Pettijohn,
1963, table 2, figs. 2, 3).

The chemical data suggest that these sediments
were derived from a deeply weathered crystalline
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terrane composed mainly of quartz, weathered
K-feldspar, and clay minerals. Stewart (1970)
showed that the source of these sediments is to the
east, and Stewart and Poole (1974, fig. 4) have found
a suitable terrane in metamorphic rocks about 300
km away. The inferred palecequator was nearby
during Cambrian time (Smith, Briden, and Drewry,
1973, fig. 18), indicating a tropical climate in which
ferromagnesian minerals and plagioclase would be
rapidly destroyed and carried away. Potassium-
argon radiometric data for five clastic micas from
unmetamorphosed Lower Cambrian sedimentary
rocks place the age of source rocks in the range
1,182 to 1,242 million years.

Age of type Pablo Formation in central Nevada

Age-diagnostic radiolarians have been obtained
from chert units intercalated with submarine mafic
lavas of the type Pablo Formation in Jett Canyon,
southern Toiyabe Range, Nye County, Nevada
(loc. 13). D. L. Jones identified Mississippian radio-
larians in Pablo samples collected by F. G. Poole
during detailed stratigraphic and structural studies
in the southern Toiyabe Range. The type Pablo
Formation is an allochthonous eugeosynclinal se-
quence that was considered by previous workers
to be Permian in age. Regional studies suggest that
emplacement of the allochthon in the Jett Canyon
area probably occurred in Mesozoic time.

Ordovician rocks in Monitor Hills, south-central Nevada

Strongly deformed allochthonous transitional-
and eugeosynclinal-assemblage chert, argillite, silt-
ite, minor limestone, and quartzite of Ordovician
age have been recognized by F. G. Poole in the
Monitor Hills in west-central Nye County, Nevada
(loc. 14). Discovery of Ordivician graptolites in
part of the sequence indicates that Paleozoic rocks
exposed in the Monitor Hills are not entirely (Mid-
dle and Upper Cambrian) Emigrant Formation as
mapped previously by other workers. The lower
Paleozoic rocks in the Monitor Hills are inferred
from regional studies to be part of the Roberts
Mountains allochthon.

Possible paleoseismic belt in Nevada Test Site region

Preliminary mapping, seismicity, and fault stud-
ies by W. J. Carr suggest that a seismic belt with
moderate earthquake activity existed in southern
Nye and westernmost Lincoln Counties, Nevada
(loc. 15), in early to middle Quaternary time. The
belt extended northeastward across the Amargosa

Desert and southeastern Nevada Test Site and
northward through Emigrant and Sand Spring Val-
leys. This possible paleoseismic belt coincides in a
general way with a belt of Pliocene and Pleistocene
basaltic lavas. Only one fault system in the seismic
belt shows evidence of important late Pleistocene
movement; however, low-level seismicity elsewhere
in the belt indicate many other faults in the belt
may be active.

Structure of southwestern Virgin Mountains, southeastern
Nevada

R. K. Hose reports that the basement rocks in
the southwestern Virgin Mountains, Clark County,
Nevada (loc. 16), consist of deformed Precambrian
gneiss and schist which are intruded by granite,
mafic dikes, and pegmatite. This terrane is over-
lain by a nearly conformable sequence of Paleozoic
and Triassic strata that total more than 2,700 m in
thickness. Although the Virgin Mountains are in
the Basin and Range province, stratigraphic units
in the mountains are similar to those in the Colo-
rado Plateau province to the east. The southwestern
Virgin Mountains are a southwestward-dipping
homoclinal block broken by many high-angle faults;
rooted thrust faults occur along the western edge
of the range. Also present are glide blocks presumed
to be gravitationally emplaced on low-angle sur-
faces. Thrust faults of the Upper Cretaceous Sevier
orogenic belt lie to the west and northwest of the
Virgin Mountains but had only minor deformational
effect on the southwestern Virgin Mountains.

Cenzoic events in west-central Arizona

In southernmost Mohave County, Arizona (loc.
17), southwest of a major structural discontinuity
at the edge of the Colorado Plateau terrane, geo-
logic mapping has enabled Ivo Lucchitta and N. H.
Suneson to clarify a complex sequence of Cenozoic
events and to assign ages to some of them with
K-Ar dates. Tertiary (?) quartz-feldspar gneiss is
separated by a thrust fault from overlying sedimen-
tary and volcanic rocks, of which some are Tertiary
and as young as 20 million years whereas others
are low-grade metamorphic rocks of unknown age.
Breccia that apparently was eroded from the upper
plate during its movement is overlain by a basalt
dated at 16.5 million years. The gneiss beneath
the fault is, according to others, probably about 20
million years old. Hence, the main period of thrust
faulting seems to have been not much more than
16.5 million years ago. Basin-and-range faulting
was mostly later, for it tilted the 16.5-million-year-
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old-basalt. Faulting virtually ended before eruption
of 8-million-year-old basalts. High-potassium silicic
intrusions, associated with still other basalts, were
emplaced between about 15 and 10 million years
ago during basin-and-range faulting; some of the
silicic intrusions are in faults. Uranium minerals
that have attracted exploration in the area prob-
ably are related to the silicic intrusions.

Ordovician Montoya Group extended westward in southeastern
Arizona

Rocks mapped previously as El Paso Group in the
Silver City, New Mexico-Arizona, 2-degree quad-
rangle (loc. 18), have been reported as nonfossili-
ferous to sparsely fossiliferous. J. E. Repetski and
H. D. Drewes sampled these rocks for conodonts in
the central part of the quadrangle, and preliminary
study of the conodont faunas has clarified correla-
tion of the rock units. The El Paso Group is nowhere
younger than Early Ordovician, and its upper con-
tact is unconformable owing to post-Early Ordo-
vician erosion. In most areas of southeastern Ari-
zona, Devonian rocks overlie the El Paso Group;
however, the newly identified conodont faunas indi-
cate that the Montoya Group (Middle and Upper
Ordovician) extends farther west than was known
previously. Late Ordovician conodonts were recov-
ered from a section about 7 km east of the New
Mexico-Arizona border in the Peloncillo Mountains
in Hidalgo County, New Mexico, 10 km west of the
previously reported western limit of Upper Ordo-
vician rocks in this region (Hayes and Cone, 1975).
Late Ordovician conodonts also were found in a
section at Apache Pass, Cochise County, Arizona,
which is located nearly 50 km west of the previously
established western limit of Upper Ordovician rocks.

PACIFIC COAST REGION

CALIFORNIA

Plate tectonics of the western United States

The Mesozoic evolution of the western United
States has been recognized for a decade as con-
trolled primarily by interaction of lithosphere
plates and particularly by subduction processes.
As knowledge of the processes and products has in-
creased, so has their comprehended complexity.
W. B. Hamilton (1978) interpreted the plate-tec-
tonic evolution of the region, evaluating geologic
terrains in part by analogy with their counterparts
in such active regions as Indonesia. Although the
Cretaceous pattern was dominated by subduction
of oceanic plates beneath North America, Triassic

and Jurassic history records such ‘“Andean” sub-
duction as having operated only intermittently. The
Triassic and Jurassic lithotectonic assemblages
formed mostly in island ares, separated from the
continent by distances that reached at least 10,000
km, and aggregated by collisions both before and
after they were added tectonically to the North
American margin.

Melones fault North of Downieville

Mapping by A. M. Hietanen-Makela shows the
Melones fault north of Downieville is 1.5 km farther
west. than shown on Chico sheet (Burnett and Jen-
nings, 1962). The rocks on the west slope of Downie
River are interbedded Dblastoclastic quartzite and
schist similar to the Shoo Fly Formation east of the
river.

The metamorphic rocks between the Melones
fault and the Goodyear’s Creek fault are lithologi-
cally similar to the Calaveras Formation to the west,
but are intricately flow-folded and metamorphosed
to a low-temperature and high-pressure facies as
is typical of trench mélanges. Mineral assemblages
in metavolcanic rocks include glaucophane, crossite,
lawsonite, pumpellyite, and stilpnomelane, in addi-
tion to actinolite, chlorite, epidote, and albite, which
are major constituents of chemically similar meta-
volcanic rocks within the Calaveras Formation west
of the fault. A wedge-shaped slice of the Calaveras
between the two faults was dragged down during
the subduction to pressures of 5 to 6 kbar, but was
forced back up before reaching temperatures higher
than about 350°C. The deformation and recrystal-
lization of the Calaveras Formation started during
Paleozoic time, and the overprinted Jurassic Ne-
vadan folding was mainly coaxial.

The metachert and phyllite along the North Yuba
River west of the Ramshorn fault are less thor-
oughly recrystallized, are less deformed, and con-
tain well-preserved radiolarians of Middle to Late
Triassic and possibly of Early Jurassic age. The low-
potassium island-arc-type metavolcanic Franklin
Canyon Formation probably includes Paleozoic to
Triassic rocks, the latter interbedded with the Tri-
assic metasedimentary rocks on north side of North
Yuba River. Conodonts in limestone interbedded
with the metachert of the Calaveras Formation in
the Onion Valley quadrangle yield Pennsylvanian to
Permian age.

Root of the Sierra Nevada

Following an initial suggestion by geologist A. C.
Lawson in 1936, geophysicists, notably P. Byerly
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in 1938, J. P. Eaton in 1963 and 1966, Claus Pro-
dehl in 1970, and D. S. Carder and his coworkers
in 1970 and 1973, have examined and reexamined
seismic evidence bearing on the depth of the crustal
root of the Sierra Nevada in California. All but
Carder and his coworkers have concluded that de-
lays of P, waves require a crustal root extending
to depths of 40 km or more beneath the Sierra.
Carder and his co-workers found that waves gener-
ated by explosions at the Nevada Test Site and
identified as P, arrived early at stations in the
Sierra Nevada, leading them to conclude that the
crust actually thins to <30 km beneath the high
Sierra. L. C. Pakiser, Jr. (USGS), and James N.
Brune (University of California-San Diego) have
interpreted P, waves generated by aftershocks of
the September 1966 Truckee, Calif.,, earthquake
(magnitude 5.75) and recorded by the California
Institute of Technology in the Sierra Nevada. Sta-
tions at Woody, Isabella, and China Lake lie ap-
proximately on the are of a circle 450 km south of
Truckee. The P, arrivals at Isabella are delayed
0.8 s with respect to those at Woody and China Lake,
suggesting that the erust is about 11 km thicker at
Isabella. P, waves in the Sierra west of Tinemaha,
about a second. The greatest P, delay, in the high
about a second. The greatest P, delay, in the high
Sierra west of Lone Pine, was 1.5 s, suggesting
crustal thickening beneath the Sierra of about 21 km
in relation to the foothills to the west and the basin
ranges to the east. A crustal thickness of 50 km or
more beneath the Sierra seems probable, implying
that the waves identified as P, by Carder and his
co-workers actually bottomed within the erust rather
than in the upper mantle.

Reflections from the Mohorovicic discontinuity
of the seismic waves generated by explosions in
Mono Lake, Calif., in 1970 confirm that the crustal
thickness beneath the Sierra Nevada is 50 km or
more.

Jurassic Granitic Rocks in the western Sierra Nevada

Recent geologic mapping by L. C. Calk and F.C. W.
Dodge in the Lake Eleanor, California, 15-minute
quadrangle and radiometric age dating of zircons
by lead-uranium technigues by T. W. Stern indi-
cate a Middle Jurassic intrusive sequence on the
west side of the Sierra Nevada batholith. The Jaw-
bone sequence, named after a prominent ridge north
of the Tuolumne River, includes the large pyroxene
diorite pluton 1 km east of Sonora, which has been
redated at 164 million years, and at least two tonal-
ite bodies, one dated at 163 million years and the

other at 166 million years, within the main mass
of the batholith. Recognition of this sequence on
the west side of the Sierra Nevada, along with the
known geographic locations of contemperaneous
rocks on the east side of the Sierra, indicates Ju-
rassic intrusions followed a general N. 45° W.
trend in this region, whereas Cretaceous intrusions,
which displaced the Jurassic granitoids in the cen-
tral portion of the batholith, have a general N. 20°
W. trend. The western Jurassic rocks share chemical
affinities with their eastern counterparts; although
generally containing 60 percent or less silica, they
contain as much as 2.5 percent potash. Younger
rocks of the western Sierra Nevada foothills have
this K.O content only at much higher SiO, values.

Paleozoic metasedimentary rocks in eastern Mojave Desert

Regionally metamorphosed Paleozoic strata have
been identified by K. A. Howard and Paul Stone
at several localities between the Providence Moun-
tains and the Maria Mountains in California in ter-
ranes formerly regarded as Precambrian. These
rocks form a cratonal sequence from Cambrian
Tapeats Sandstone through Pennsylvanian and Per-
mian Bird Spring Formation. The Paleozoic strata,
along with the Precambrian basement, have been
deformed by recumbent folding and thrust faulting.
This deformation apparently represents a south-
ward continuation of the Mesozoic Cordilleran fold
and thrust belt onto the Paleozoic craton. Two-mica
granite in the Old Woman Mountains is associated
with the northwest limit of the belt of metamor-
phism.

Character of Peninsula Ranges hatholith

In the area between its western wall, east of the
city of San Diego, and the Elsinore fault zone, V. R.
Todd found the Peninsular Ranges batholith between
latitudes 33°00” and 32°45’ to consist of at least a
dozen large, irregularly shaped bodies of gabbro,
which are rather uniformly spaced and are inti-
mately mixed at their margins with the surround-
ing granitic plutons. Smaller satellite bodies and
systems of mafic dikes, which cut all plutonic units,
fringe the large gabbro bodies. Only small gabbro
bodies (8—4 km along strike) occur east of a line
about 10 km from the edge of the Laguna Moun-
tains escarpment. Although gabbro is generally the
oldest unit, intrusion of gabbroic and granitic mag-
mas overlapped in time leading to a variety of com-
plex contacts that show evidence of both tectonic
and chemical mixing.

There is no field evidence for a genetic relation-
ship between gabbroic and granitic magmas. What-
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ever the source of the granitic magmas, there is
evidence for a two-way branching differentiation
at the present level of exposure, from quartz gabbro
and pyroxene-biotite tonalite, to biotite-hornblende
tonalite, to voluminous leucotonalite and grano-
diorite occurring east of 116°30’ long. and south
of 32°45’ lat. and to small volumes of granodiorite
and granite intimately mixed with the parent mafic
tonalite. Although the leucotonalite is younger,
these two derivative suites overlap in age. Highly
deformed, deuterically altered granodiorite and
tonalite form a shell around the mafic tonalite
where it intruded prebatholithic metasedimentary
rocks. This granodiorite is in part younger than
the mafic tonalite and reacted with metasedimentary
rocks to produce voluminous hybrid gneisses. The
marginal granodiorite and hybrid rocks are found
only in the eastern part of the Peninsular Ranges
where metasedimentary clastic rocks are abundant.

Gabbroic and granitic plutons are variably de-
formed and recrystallized to gneissic textures, and
are involved in syntectonic structures with pre-
batholithic rocks. The latter consists of relatively
thick (~5 km) screens of metamorphosed clastic
rocks with minor metavolcanic rock in the eastern
part of the area and thinner (<0.5 km) screens
with increasing metavolcanic content in the western
part. Plutons occur as sheeted and lenticular bodies
which are folded with screens on a scale of about
20 km?, Broad structural trends swing from north-
northwest in the eastern part of the area to west-
northwest in the western part, with steep eastward
and northward regional dips, respectively, describ-
ing a large-scale texture about a steeply-plunging
northeast axis. The interior parts of large gabbro
and tonalite plutons preserve relics of an earlier
fabric, which appears to have been reoriented by
deformation at metamorphic temperatures. Defor-
mation had waned by the time of emplacement of the
large leucotonalite pluton,but metamorphic temper-
atures persisted locally until 70 million years ago.

Slivers record past Garlock fault movements

Geologic mapping along the Garlock fault zone
north of Mojave, Calif., by D. C. Ross has revealed
a string of fault slivers of distinctive dioritic gneiss
containing coarse haloed garnet crystals. The slivers
were apparently “dropped off” as the parent dio-
ritic gneiss terrane was pushed westward along
the north side of the Garlock fault to its present
position in the Tehachapi Mountains. A minimum
of 40 km of left-lateral separation along the fault
is recorded by these slivers. In addition, the eastern-

most dioritic gneiss sliver, discovered this year near
Cinco, is along the range front east to where the
most recent trace of the Garlock fault leaves the
range front and trends off across Fremont Valley.
This suggests that the Garlock fault bifurcates here
into north and south branches, as it also does to the
west in the Tehachapi Mountains.

Historic deformation in the Garlock fault-Slate Range area

The Garlock fault-Slate Range area, southeast
California, is known from geologic evidence to have
been tectonically active in very late Cenozoic time.
Historic fault scarps are not known, but compari-
sons of successive surveys along five benchmark
lines in the area by G. I. Smith and J. P. Church
reveal systematic elevation changes, relative to one
datum benchmark, which appear to mean that
crustal deformation has occurred during this cen-
tury. The observed changes are not likely to have
been produced by surveying errors; successive sur-
veys find the same senses of relative change, and
the magnitude of change substantially exceed stand-
ards for leveling.

Most elevation change patterns can be explained
as continued tectonic activity along known geologi-
cal structures. The Garlock fault shows no activity
southeast of the Slate Range but may be displaying
creep west of that area. The Slate Range anticline
and the Argus-Slate Range syncline, north of the
Garlock fault, appear to be active and still forming
where benchmark lines cross them. The Dome Moun-
tain anticline and Pilot Knob Valley syncline, south
of the fault, are also active.

Maximum rates of observed change were 3.45 cm
in 2 months and 12.70 em in 4 years. Surveys made
decades apart, however, show rates that range only
from 0.07 to 0.27 cm/yr. Short periods of rapid
change therefore appear to be separated by long
periods of no change (or reversals). The four
benchmark lines that were resurveyed one or more
times over periods ranging from 29 to 41 years had
maximum elevation change rates of 0.01 to 0.02
cm/km/yr; this would produce 45° of tilting along
a 1-km line in 5 to 10 million years.

Quaternary deposits and soils, Sierra Nevada Foothills

Six colluvial units and associated alluvial facies
have been recognized by D. E. Marchand and J. W.
Harden in the western Sierra Nevada foothills from
superposition and comparative development of relict
and buried soils. The deposits range from rhiddle
Pleistocene to modern in age. Properties distinguish-
ing soils formed on these units include structure,
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clay films, thin-section textures, clay content, bulk
density, cation-exchange capacity, semiquantitative-
clay mineralogy, organic carbon, and free iron-ox-
ide content (dithionite method) of well-oxidized
horizons. Many chemical properties such as pH, ex-
tractable cations, and free iron content of reduced
horizons appear to change rapidly following burial
and are generally not useful in characterizing
buried soils. Soil interpretation is hampered by the
presence of swelling clay in older soils and exten-
sive reworking of clay, iron oxides, and weathered
minerals from saprolite and old colluvial soils into
younger colluvial deposits.

Radiocarbon dates indicate that the youngest col-
luvial/alluvial unit is late Holocene in age, and the
next oldest unit is early Holocene or latest Wiscon-
sinan. The latter unit can be correlated with the
youngest part of the Modesto Formation (about
9,000-10,000 years old) and an older unit with the
upper unit of the Riverbank Formation (about
140,000 years old) in the eastern San Joaquin Val-
ley by physical continuity of deposits and soils.
Other foothill units are tentatively correlated with
the San Joaquin Valley using position in the se-
quence and soil development compared to that of
the directly correlated foothill units.

Compared to soils about 9,000-10,000 years old in
the eastern San Joaquin Valley and along the east
side of the Sierra Nevada, soils of similar age in the
foothills display stronger morphological develop-
ment, more free iron oxides, higher B/A horizon
clay ratios, lower pH, and usually higher clay con-
tents. Soils appear to form faster in the foothills
owing to higher precipitation in the mountains and
to the finer grained texture and greater abundance
of weatherable minerals in foothill parent materials
compared with those in the Central Valley and east
of the Sierra crest.

Absolute age of main marine terrace in Pacific Palisades

A cooperative effort instigated by J. T. MeGill
and tied to his geologic mapping has resulted in an
amino-acid determination of the absolute age of
the main late Pleistocene marine terrace in the
Pacific Palisades area of Los Angeles. Fossils from
an especially rich and well-known collection (Valen-
tine, 1956) were made available for this purpose by
Takeo Susuki, paleontologic curator of the Univer-
sity of California at Los Angeles Department of
Earth and Planetary Sciences. The fossil locality,
which has long been inaccessible, was in deposits
immediately overlying the wave-cut platform near

the head of Potrero Canyon, about 1.3 km from the
present shoreline of Santa Monica Bay and at an
elevation of about 73 m. The elevation of the nearest
mapped point on the shoreline angle of the terrace
is 76 m.

G. L. Kennedy, while on the staff of the Los
Angeles County Museum of Natural History, se-
lected several mollusk specimens from the collection
for analysis by J. F. Wehmiller, University of Dela-
ware. Wehmiller has determined amino-acid ratios
for two samples of Saxidomus nuttalli and found
that correlation with similar analyses of samples of
this species from the first marine terrace at San
Pedro (Palos Verdes Sand) permits a preliminary
age assignment of 120,000 to 140,000 years. On the
basis of the warm-water aspect of the fauna, Ken-
nedy suggests the age may be about 125,000 years.
If it is assumed that sea level at that time was 6 m
above present sea level, the rate of uplift of the
terrace at the nearby shoreline angle has averaged
about 0.56 per 1,000 years.

Quaternary studies in the Los Angeles area

Modern techniques of basin analysis including
soil stratigraphy, studies of stream profiles, photo-
geology, and regional geomorphic analyses provide
data that have been interpreted by J. C. Tinsley III
to reflect the structural and stratigraphic evolution
of the Los Angeles basin during the Quaternary.
Historic flood records and geologic and geomorphic
mapping provided a sound basis for identifying the
youngest sediments in a generally Holocene basin.
Compared to earlier Holocene and Pleistocene de-
posits, modern sediments (less than 500 years old)
generally have the highest susceptibility to lique-
faction, other requisite factors being equal.

Potassium-argon ages of velcanic rocks in the Murrieta area

of California

Geochronologic studies of voleanic rocks along the
Elsinore fault zone near Murrieta, Calif., have been
completed by J. L. Morton and D. M. Morton. Five
K-Ar whole-rock ages were obtained, indicating two
episodes of volcanism. Two samples of the “Santa
Rosa Basalt” (Mann, 1955) from Mesa de Burro
west of the fault zone yielded ages of 6.7+0.2 and
7.4+0.4 million years. An age of 6.8+0.2 million
years was obtained for a sample of the “Nigger
Canyon Volcanics” (Mann, 1955) from within
the fault zone. “Nigger Canyon Voleanices” from Vail
Mountain east of the fault zone had been dated at
7.9 to 8.46 million years by Kennedy (1977, recal-
culated). Thus, Mann’s “Nigger Canyon” and “Santa
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Rosa” west of the fault zone appear to be the same
age.

Basalt on Hogback Ridge east of the fault zone
on the Perris surface of the Perris Block has been
correlated by others, with Mann‘s “Santa Rosa.”
However, two samples from Hogback Ridge yielded
ages of 10.4+0.3 million years and 10.8+0.3 mil-
lion years, significantly older than Mann’s “Santa
Rosa” west of the fault zone.

Vanished alluvial-fan complex in the Riverside area

Fieldwork by D. M. Morton and J. C. Matti on
the northern part of the Perris Block in southern
California has lead to the discovery of exotic meta-
morphic and voleanic clasts that occur on basement
highs of the Peninsular Ranges. At their highest
elevation, 600 m in the Jurupa Mountains, the clasts
occur about 416 m above the present valley floor.
Farther south on the Block the clasts occur at 418
m elevation, about 236 m above the present valley
floor. Clast compositions indicate a source area in
the easternmost San Gabriel Mountains, Transverse
Ranges. The clasts are interpreted as uncommon but
widespread remnants of a vanished post-middle
Miocene pre-upper Pleistocene alluvial-fan complex
that once extended a minimum of 33 km southward
from the San Gabriel Mountains. A buttress un-
conformity developed between the aggrading fan
sediments and granitoid basement rocks of the
Perris Block, and accumulation of the fan complex
resulted in substantial burial of paleotopography on
the northern part of the Block. Erosion and removal
of distal parts of the old fan complex occurred prior
to the late Pleistocene. During this event the Perris
Block was uplifted and pre-fan paleotopography
was exhumed.

Aggressive fan accumulation requires that east-
ern San Gabriel Mountains source areas were up-
lifted relative to the aggrading Perris Block. Sub-
sequent degradation of the Perris Block requires
that it in turn was elevated relative to the eastern
San Gabriel Mountains, even though evidence sug-
gests that the latter continued to rise. This
relationship requires the existence of undetected
east- to northeast-trending faults between the
Jurupa Mountains and the southern boundary fault
of the San Gabriel Mountains (Cucamonga Fault)
and (or) a change in the rate of relative vertical
movement between the Perris Block and the San
Gabriel Mountains.

The stratigraphic and paleogeographic relation-
ship between sediments of the vanished fan complex
and other post-middle Miocene-pre-upper Pleisto-

cene sedimentary units in this part of southern Cali-
fornia is uncertain. A possible correlation exists be-
tween the vanished fan complex and Pliocene-Pleis-
tocene sedimentary rocks that crop out in the San
Timoteo Badlands (Matti and Morton, 1975). This
correlation is suggested by several factors, (1) The
San Timoteo sediments are a fan- and braided-
river complex whose clasts also were derived from
Transverse Range sources of San Gabriel Mountain
type, (2) The San Timoteo sediments also substan-
tially buried paleotopography on granitoid basement
of Peninsular Range type, and (8) when postulated
displacements of 25 to 27 km are restored on the San
Jacinto fault zone, the known southern limits of
perched exotic clasts on the Perris Block approxi-
mately coincide with the mapped southern limits of
the San Timoteo sedimentary sequence. It is pos-
sible that the vanished fan complex and the San
Timoteo sediments once were part of a widespread
alluvial fan system that extended southward from
the Transverse Ranges. Strike-slip displacement on
the San Jacinto fault zone and vertical uplift of
the Perris Block disrupted and obliterated most
evidence for this regional fan system.

Environmental impacts of off-road vehicles

Physical and biological modifications brought
about by vehicular use of natural terrain lead to
highly accelerated erosion. Erosion rates have been
monitored by H. G. Wilshire and J. K. Nakata by
measurement of changes in gully dimensions, mass
movements across a fence line on a sand dune de-
stabilized by vehicular use, repeat measurement of
mass losses from individual vehicle trails and hill-
slopes, and measurement of a grid of erosion pins.
Data obtained indicate highly accelerated rates
compared to natural erosion rates, with denudation
rates as much as 60 times natural rates in areas of
vehicular use that have been closed for 8 years.
Major physical modifications and incomplete plant
recovery persist in a Mojave Desert plant commun-
ity disturbed by vehicular impacts 50 years ago.

OREGON

Large-scale nappes in southwest Oregon

J. A. Barker (USGS) and Francois Roure (De-
partment of Structural Geology, University of
Paris), by field mapping in the Gold Beach and Col-
lier Butte quadrangles, documented that the Signal
Hill-Carpenterville ultramafic mass consists of two
distinctive, thrust-bounded units. Above is a dis-
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membered ophiolite (the “Chetco River complex”),
part of a huge, subhorizontal nappe, emplaced from
east to west. Below is a serpentinite mélange, con-
taining scarce blocks of high-grade glaucophane
schist. The serpentinite mélange is part of the semi-
autocthonous Dothan (Franciscan) Formation and
is almost certainly an olistostrome within that unit.

WASHINGTON

Origin of malanges of the Olympic Peninsula

A reconstruction of the tectonic setting of western
Washington by K. F. Fox, Jr., indicates that the
northwestward transit of the Aja transform fault
may be implicated in the formation of the enigmatic
mélanges of the Olympic Peninsula. The core rocks
of the Olympic Peninsula consist of mélange and
broken formation, infaulted or imbricated with
blocks of intact strata (Tabor and Cady, 1978).
Rocks peripheral to the core consist of the oceanic
tholeiitic basement of the Oregon-Washington
borderland (Snavely, MacLeod and Wagner, 1968)
with interfingering clastic deposits, overlain by
bathyal deposits or shallow-water marine shelf de-
posits. The core rocks consist of bathyal marine tur-
bidite deposits, and mélanges of the western core
contain fossils, the youngest of whose reported ages
is early or middle Miocene (Rau, 1975). Published
K-Ar ages of the rocks of the eastern core suggest
metamorphism after 29 million years ago and final
cooling about 17 million years ago (Tabor, 1972).

Magnetic lineations of the northeastern Pacific
step right laterally across the Aja fracture zone
(Naugler and Wageman, 1973). From the age of
these lineations, it appears that north of the Aja
the spreading ridge system and coexisting subduc-
tion zone shrank, then vanished about 21.5 million
years ago. The Aja transform fault then intersected
the Queen Charlotte fault and the subduction zone
to the south, and with continued right-lateral move-
ment of the Pacific plate Charlotte fault and the sub-
duction zone to the south, and with continued right-
lateral movement of the Pacific plate, formed a
Humboldt-type triple junction (Fox, 1976). That
triple junction persisted through about 5.5 million
years, then died about 16 million years ago as the
ridge system south of the Aja stepped eastward and
intersected the subduction zone. This timing coin-
cides roughly with the problem K-Ar age (about 17
m.y. ago) of final cooling of the mélanges in the
eastern core of the Olympics. To account for the
structural fabric and geographic extent of the

Olympic mélanges through the tectonism associated
with this triple junction, it would have had to have
been located immediately west of the Olympic Penin-
sula. If this spatial and temporal relation is valid,
northwestward movement of the Pacific plate rela-
tive to the North American plate has averaged about
6 cm/yr at least since middle Miocene time, a rate
comparable to accepted estimates of the rate of rota-
tion of these plates averaged over the last 2 million
years (Larsen, Menard, and Smith, 1968).

Clastic Dikes—A key to Tertiary regional stress fields in the

northwest Olympic Peninsula

Numerous north- and northeast-trending vertical
dikes of sandstone cut the well-bedded sequence of
sandstone and siltstone of late Eocene to early Mio-
cene age in the northwestern part of the Olympic
Peninsula, Washington. Mapping by P. D. Snavely,
Jr., and J. E. Pearl indicate these clastic dikes range
in thickness from 1 ¢cm to 1 m and are generally
perpendicular to the strike of the strata. The clastic
dikes were probably injected along fractures and
small faults perpendicular to the direction of mini-
mum compressional stress in a manner similar to
that of basalt dikes (Nakamura, 1977). A regional
stress field with generally north-south compression,
therefore, is inferred during late Eocene to early
middle Miocene time. North-south compression also
is evidenced by west-trending and northward-dip-
ping thrust faults that cut the Tertiary sequence.
Downfolding of the deep linear west-trending basin
of deposition that existed along the northern flank
of the Olympic Mountains during late Eocene to
middle Miocene time probably was produced in re-
sponse to north-south compression.

Thrusting and lateral faulting, northwest Washington

Fragments of dismembered Middle and (or)
Upper Jurassic ophiolite are widely distributed in
the Cascade Range and San Juan Islands of north-
west Washington. Structural position, lithology, and
several age determinations suggest that rock bodies
such as the Twin Sisters Dunite of Misch (1952) ;
the intrusive rocks at Woods Creek, the ophiolite of
the Fidalgo Formation of McLellan (1927), includ-
ing the Cypress Island Peridotite as used by Brown,
1977, the klippen of the Index district, and the
Ingalls complex as used by Frost (1975) form a
cogenetic suite, which overrode a variety of ter-
ranes during Late Cretaceous low-angle thrusting.

The ophiolite was emplaced during the Late Cre-
taceous before deposition of the Chuckanut Forma-
tion, which unconformably overlies the klippe on
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the north end of Lummi Island. Its emplacement
is bracketed by middle Cretaceous (~100 m.y.)
planktonic foraminifers occurring in structurally
lower rocks on Lopez Island and the intrusion of
the 88-million-year-old Mount Stuart Grandodiorite
into the “Ingalls complex.”

J. T. Whetten has identified the Roche Harbor
terrane as a separate unit in the San Juan Islands.
It is the lowest structural unit yet recognized and
contains the most diverse association of rock types,
with ages ranging from probably Precambrian to
Middle Jurassic. All of the pre-Triassic rocks in the
San Juans appear to be restricted to this terrane,
including limestone-containing fossils with Tethyan
faunal affinities.

Recognition of this terrane supports the in-
terpretation that the San Juan Islands are not a
single subduction complex, but, rather, an assem-
blage of rootless thrusts probably representing sev-
eral subduction complexes and allows more pre-
cise correlating and mapping in the San Juan
Islands and in the foothills of the Cascade Range to
the east.

The Devils Mountain fault, previously found to be
a major left-lateral fault linking thrust-bound ter-
ranes in the San Juan Islands with the western
Cascade Range, is inferred from geophysical evi-
dence to continue west to Vancouver Island where
it may be the San Juan fault. The trace of the
Devils Mountain fault parallels the traces of at
least three other major faults to the south, (1) an
unnamed fault a few kilometers south of the Devils
Mountain fault, (2) the Leech River fault, and (3)
the Calawah fault. Toward the west all of these
faults appear to bend south and become thrusts. It
is possible that a significant amount of the post-
Eocene clockwise rotation of the Oregon-Washing-
ton coast range proposed by Simpson and Cox
(1977) was accomplished by movement along these
faults.

Postglacial isostatic uplift of the Puget lowland

Detailed study of the recessional history of the
Puget Lobe of the Cordilleran Ice Sheet by R. M.
Thorson provides important data on the pattern
and amount of postglacial rebound. Outwash deltas
that originally formed at the same altitude during
formation of a sequence of proglacial lakes show a
systematic increase in altitude toward the north. Up-
lifted marine muds, melt-water channels graded to
former relative sea level, and marine deltas indicate
the height of relative sea level during deglaciation.
These independently derived data suggest that the

Seattle and Port Townsend areas have been up-
lifted at least 75 m and 120 m, respectively, within
the last 13,000 years.

Amino-acid dating of shell deposits at Willapa Bay

A new chemical technique for correlation and dat-
ing Quaternary sediments uses the property of
amino acids to undergo changes in their geometric
structures (racemization) with time. Extents of
racemization of amino acids in fossil Saxidomus and
Ostrea have been used to correlate and date shell
deposits at Willapa Bay, Wash., by K. A. Kven-
volden, D. J. Blunt, and H. E. Clifton. Amino acids
from Saxidomus show less variability in degree of
racemization and, therefore, are of greater use in
correlation and age estimation than are amino acids
from Ostrea. Shell deposits of two different ages
have been identified. One deposit is estimated to be
about 110,000+30,000 years old and the other about
200,000 +50,000 years old. These ages correspond to
Stages 5 and 7 of the marine isotope record defined
by Shackleton and Opdyke in 1973. These shell de-
posits likely were formed during two different high
stands of sea level. The stratigraphic record
at Willapa Bay is consistent with these ages and
interpretations.

Historical changes of shoreline and wetland in Puget Sound
region

Historical shoreline and wetland changes were
studied for 11 major river deltas in the Puget Sound
region by ‘G. C. Bortleson, M. J. Charzastowski, and
A. K. Helgerson. The study is based on comparison
of maps made during 1854-99 and modern topo-
graphic maps.

The observed shoreline and wetland changes range
from minor to significant in regard to land use, en-
vironmental impacts, and planning implications. The
data provide documentation of (1) loss of sub-
aerial and intertidal wetlands since white settle-
ment, (2) shoreline modifications, (3) development
patterns on wetland deposits, (4) progradation and
erosion of the subaerial delta, and (5) migration of
distributary stream channels.

Most of the river-mouth deltas show substantial
loss of wetland habitat. Diking of marshes to de-
velop farmlands accounts for the greatest loss of
marsh. Three of the deltas show extensive loss of
subaerial and intertidal wetlands due to landfill
placement for commercial, industrial, and port fa-
cilities. Two of the deltas have changed stream
course and have prograded significantly; the sub-
aerial part of one delta has migrated seaward 1 to
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1.5 km since 1887-88. Although extensive changes
have occurred on the major deltas of Puget Sound,
many of the deltas have some remaining wetlands
and unmodified shoreline that if managed properly
could retain the benefits of valuable fish and wildlife
habitat.

Geology and limnology of the Alpine Lakes Wilderness Area

A wide variety of ice-related features, including
moraines, rock glaciers, and protalus ramparts are
preserved in the upper portions of many drainages
in the Alpine Lakes Wilderness Area in the central
Cascade Range in Washington. Reconnaissance
study by D. P. Dethier of weathering characteristics
on some of these features in the Enchantment Lakes
and Necklace Valley areas suggests that the outer
set of moraines associated with small alpine glaciers
may be early Holocene rather than neoglacial as
previously believed. Detailed studies of tephra de-
posits and relative weathering parameters are re-
quired to further evaluate this interpretation.

Low concentrations of nutrients and major ions
characterize 45 lakes selected for reconaissance
limnological studies in the Alpine Lakes Wilder-
ness Area during 1978. Calculated flushing rates
for most lakes are high enough so that pollution
caused by recreational use is not likely to have a
measurable effect on overall lake quality.

Tertiary history of the Straight Creek Fault and the

Olympic-Wallowa Lineament

Studies of the Eocene and lower Oligocene(?)
sedimentary and volcanic rocks by R. W. Tabor and
V. A. Frizzell, Jr., along the Kachess Lake segments
of the north-trending Straight Creek fault (Vance,
1957, p. 77; Misch, 1977, p. 37; Yeats, 1977, p. 274)
indicate these sequences contain no fanglomerates
indicative of fault movement during deposition. The
fault consistently downdrops folded and faulted
Naches Formation (upper Eocene and Oligocene?)
to the west. But mildly deformed Eocene volcanic
rocks (Stevens Ridge equivalents), which are abun-
dant west of the fault, also occur in isolated areas
east of the fault, suggesting that major relative up-
lift to the east has not occurred since the late
Oligocene.

Where the fault intersects the northwest-trending
Olympic Wallowa lineament (Raisz, 1945), the
north-trending structures and upper Eocene rocks
of the Naches swing to parallel the lineament.
Stratigraphic throw across the fault in the area of
intersection, where Naches arkose and rhyolite over-

lie the basalt of Frost Mountain appears to be
markedly less than that farther north, suggesting
that the fault does not continue much farther south
beneath a cover of Miocene basalt. Lack of through-
going lineament structures in the upper Eocene part
of the Naches, including equivalents of the lower
part of the Naches, the Mount Catherine Rhyolite
as used by Grant (1942) and Guye Formation, along
its trend to the northwest suggests that both the
fault and Tertiary structures along the lineament
terminate at or near their intersection. Also, the
fault has strongly affected upper Eocene rocks,
whereas faults and folds along the lineament mostly
affect lower and middle Eocene rocks and their prob-
able equivalents which suggests that activity along
the Straight Creek fault continued later than any
throughgoing faulting along the lineament.
Post-Miocene movement along both structures
must be minimal or absent because the Snoqualmie
Granodiorite (Miocene) and its satellite stocks cut
faults in the Straight Creek zone and recrystallized
cataclasites; the batholith is unmarked by structures
paralleling and on strike with the lineament.

Late Miocene drainage patterns in southeast Washington

The distribution of intracanyon flows of the
Columbia River Basalt Group indicates that drain-
age was toward the west across the Columbia
Plateau in southeast Washington between about 14
and 6 million years B.P. D. A. Swanson and T. L.
Wright have found that basalt flows erupted near
the Washington-Idaho border flowed down valleys
and canyons to a broad lowland that included, but
possibly extended farther southwest than, the
modern Pasco Basin. Three river courses of different
ages can be outlined. First, the earliest 14 to 13(?)
million years B.P., extended westward in a wide,
shallow valley from the present site of the Union-
town plateau to the Othello area. It then turned
southwestward, entering, and possibly crossing, the
northern part of the Pasco Basin. This river ap-
pears to have been ancestral to the Snake River,
which at that time apparently flowed northward
across the present-day Lewiston Basin onto the
Uniontown Plateau. Second, a deep paleocanyon of
intermediate age containing flows 12.5 to 10.5 mil-
lion years old closely follows the modern Snake River
course from south of Asotin to Devils Canyon. Here
the ancestral river continued westward, rather than
turning southwestward as does the present river,
and entered Pasco Basin near Mesa. Third, the
youngest ancient river course, outlined by a 6-mil-
lion-year intracanyon flow, coincides exactly with
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the modern Snake River westward from the Idaho
border.

Reconstruction of the gradient of the youngest
paleocanyon on the basis of elevations of flow rem-
nants indicates a gradient comparable to that of
the modern Snake; gradients of earlier drainages
are marginally greater, possibly because of slight
regional westward tilting that ended before 6 mil-
lion years B.P. The maximum depth of the ancestral
Snake River canyon 12.5 to 10.5 million years B.P.
was at least 500 m, decreasing westward to zero at
the mouth of the canyon. These depth figures pro-
vide an estimate of the minimum elevation of the
plateau surface, as the canyon floor must have been
above sea level, and are consistent with the variation
in present elevations. Swanson and Wright con-
clude that, except for local areas of tectonism such
as the Blue Mountains and Lewiston Basin, south-
east Washington has remained remarkably stable
over the past 12.5 million years, undergoing little
elevation change and only modest westward tilting
of a few tenths of a degree. This conclusion is con-
sistent with the antiquity of the course of the Snake
River, which throughout most of its length in Wash-
ington has remained in virtually the same location
for the past 12.5 million years.

Stratigraphy of the Windermere Group

The Windermere Group makes up the uppermost
Proterozoic Y and Z in northeastern Washington. It
overlies the Belt Supergroup and is overlain by
lowermost Cambrian quartzites. Recent mapping by
F. K. Miller in the proposed Salmo-Priest Wilder-
ness Area and earlier work in the Addy area to the
southwest indicates the Windermere represents a
complex period of deposition, uplift, and erosion.

At the U.S.-Canadian border, the Windermere
Group is made up of, from oldest to youngest,
Shedroof Conglomerate, 3,170 m; Leola Volcanics,
1,520 m; Monk Formation, 1,220 m; and Three
Sisters Formation of Canadian usage, 2,470 m. Be-
cause of possible tectonic thickening, the thickness
for the Shedroof is a maximum figure. The Gypsy
Quartzite (Lower Cambrian) that unconformably
overlies the Windermere is 1,700 m thick.

About 30 km along strike to the southwest, where
the entire section is cut out by Cretaceous and Ter-
tiary plutonic rocks, the thickness and stratigraphic
relationships appear to be unchanged. About 15 km
to the west, however, on the west side of a large
fault of unknown attitude or displacement, the
Three Sisters Formation is only 400 m thick, and
the Gypsy Quartzite is 1,100 m thick. Full sections

of the Shedroof, Leola, and Monk Formations are
not exposed.

Where the Windermere again appears in the
Addy area, 90 km to the southwest on the southwest
side of the plutonic rocks, the Shedroof Conglom-
erate (called “Huckleberry Conglomerate’) is only
500 m thick, the Leola Volcanics (called ‘“Huckle-
berry Greenstone”) are 1,240 m thick, and 1,070 m
of Gypsy Quartzite (called Addy Quartzite) rests
unconformably on the Leola, with no Three Sisters
Formation present and only local 10- to 50-m rem-
nants of Monk Formation preserved in pre-Gypsy
structural lows.

ALASKA

Significant new scientific and economic geologic
information has been obtained from many field and
topical investigations conducted in Alaska during
the past year. Discussions of the findings are
grouped under six subdivisions corresponding to five
of the six major geographic regions and a general
statewide category. Outlines of the regions and lo-
cations of the study areas are shown on the accom-
panying index map of Alaska.

STATEWIDE

Alaska Mineral Resource Assessment Program

Impending transfer of lands in Alaska, 90 percent
of which currently are under Federal management,
will affect for generations the allocation, accessibil-
ity, and development of Alaska’s vast lands and
natural resources. There is therefore an urgent and
growing demand by public and private interests for
objective and timely information on Alaska’s min-
eral endowment. To meet this demand, the USGS’s
Alaska Mineral Resource Assessment Program
(AMRAP), administered by H. C. Berg, has two
closely coordinated objectives designed specifically
to furnish information for decisions about Alaska’s
lands.

One objective, based on a 1:250,000-scale (1°x3°)
quadrangle format, is a systematic multidisciplinary
assessment of Alaska’s economic mineral potential
for long-range planning and development. Assuming
increased levels of staffing and funding, the dead-
line for this goal is 1984. The other objective, based
on a 1:1,000,000-scale map format, is a statewide
mineral appraisal for near-term Department of the
Interior and Congressional decisions on classifica-
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tion of Alaska’s lands. This appraisal, informally
termed RAMRAP (Regional Alaska Mineral Re-
source Assessment Program), was completed for
mainland Alaska and published in January 1978.
A RAMRAP-type investigation of southeastern
Alaska was begun in 1978; the tentative deadline
for completing this investigation is 1980.

The AMRAP long-range program is being car-
ried out mainly by geologists and subprofessionals
in the Alaskan Geology Branch, in collaboration
with specialists from other branches and subactivi-
ties in the Geologic Division. In addition, several
geoscientists from the Alaska Division of Geological
and Geophysical Surveys and the University of
Alaska are collaborators.

The RAMRAP studies comprised the compilation,
synthesis, and publication of basic geological, geo-
physical, geochemical, and Earth satellite data, and
of regional (1:1,000,000-scale) resource assess-
ments for all of mainland Alaska. In October 1978,
these assessments were used extensively to update
environmental impact statements for approximate-
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ly 40,500,000 ha of proposed National Interest
Lands in Alaska. This update, urgently requested by
the Department of the Interior, was completed
within a 1-week deadline imposed by the Depart-
ment, a deadline that would have been impossible
to meet without the RAMRAP reports.

As of the end of 1978, field studies leading to mul-
tidisciplinary resource assessment have been com-
pleted in 20 quadrangles (1°X3°) on a 1:250,000
scale and are underway in 9 others. These quad-
rangles aggregate approximately 360,000 km2. Min-
eral resource assessment folios have either been
published or are in press or advanced prepara-
tion for 19 quadrangles encompassing about 250,000
km?. More than 166 other AMRAP-sponsored topi-
cal research reports on the geology, geochemistry,
geophysics, and mineral resources of Alaska and a
new tectonic (tectonostratigraphic) map of south-
eastern Alaska have been published.

Studies of ore genesis or of other mineral-de-
posit research problems are underway or completed
in eight Alaskan mining districts, (1) Aleutian
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Peninsula porphyry copper district, (2) Kennecott
sabhka copper deposits, (3) Willow Creek gold dis-
trict, (4) Hope gold district, (5) Orange Hill
porphyry copper deposit, (6) Bornite sabhka copper
deposit, (7) Arctic Camp massive copper sulfide de-
posit, and (8) Eastern Alaska Range volcanogenic
sulfide deposits.

Resources data summarized

Mineral resources are known in all major subdivi-
sions of Alaska and have been described in reports
issued during the last 80 years by the USGS, the
U.S. Bureau of Mines, and various Territorial and
State of Alaska agencies. E. H. Cobb has summa-
rized the published (and open filed) references to
mineral occurrences in 16 quadrangles (1:250,000
scale) in Alaska (Cobb, 1977, 1978a, b), thereby
making readily available data from old out-of-print
reports as well as from results of current
investigations.

Review of Precambrian rocks of Alaska

G. D. Eberlein and M. A. Lamphere have reviewed
the evidence for age and distribution of Precambrian
rocks in Alaska. Ten widely separated areas in
Alaska contain rocks of Precambrian or probable
Precambrian age. The age assignment in four areas
is based on radiometric dating; in the other six
areas, stratigraphic evidence is used to infer a Pre-
cambrian age. The Alaskan Precambrian rocks are
of Proterozoic Z age; there is no evidence at this
time for an Archean age. The Tindir Group along
the Yukon River in east-central Alaska, which is
considered equivalent to parts of the Windermere,
Belt, and Purcell “Supergroups” of Canada, is the
only sequence of Proterozoic rocks in Alaska that
can be definitely related to Proterozoic stratigraphic
sections in other parts of the North American
cordillera. The Neruokpuk Quartzite and underlying
strata of eastern northern Alaska are Precam-
brian on the basis of stratigraphic evidence. The
Tindir (?) Group along the Porcupine River in east-
central Alaska, schist of the northeastern Kusko-
kwim Mountains in central Alaska, and low-grade
metamorphic rocks in the Livengood-Crazy Moun-
tains region of east-central Alaska are probably
Proterozoic, although their precise ages are not
known.

Tectonomagmatic events in the interval 1,100- to
600-million-year age are recorded in schist of the
Yukon-Koyukuk region in central Alaska, in the
Kanektok terrane of southwestern Alaska, in gneiss

in the Seward Peninsula (west-central Alaska),
and in trondhjemite intrusive into the Wales Group
of southeastern Alaska. The Wales Group and the
Kanektok terrane are allochthonous and appear to
belong to exotic terranes accreted to the North
American craton during Phanerozoic time.

Mineral deposits occur in several areas of Pre-
cambrian rocks, but many of these deposits were
produced during Phanerozoic mineralization epi-
sodes. However, banded iron formation within the
Tindir Group of the Yukon River region and certain
volecanogenie, stratabound base-metal deposits with-
in the Wales Group in southeastern Alaska are be-
lieved to have been formed during the Precambrian
Era.

Reconstruction of Paleozoic continental margin in Alaska
and accreted terranes

According to Michael Churkin, Jr., and Claire
Carter, a belt of Paleozoic rocks in central Alaska
grades southward from limestone and dolomite into
highly deformed sequences of shale, chert, turbidite,
and voleanic rocks; it represents a transition from
carbonate shelf to continental slope and rise and
ocean floor. South of this reconstructed continental
margin lie a series of terranes of oceanic affinity
(for example, Chulitna, Wrangell, Chugach) that
have been successively accreted to the continent.
Some terranes, like the Yukon-Tanana, have been
metamorphosed. Reconstruction of a similar facies
change in thrust slices along the Brooks Range sug-
gests that another collision-deformed Paleozoic con-
tinental margin extends across arctic Alaska. Along
the southern Brooks Range, terranes of schist, vol-
canic rocks, and ophiolite are accreted to the col-
lapsed Paleozoic continental margin in a succession
similar to that in central Alaska. The apparent ter-
mination of the continental margin in southwest
Alaska near the Aniak-Thompson Creek fault, the
presence of a similar continental margin along the
trend of the Brooks Range, and oroclinal bends in
the Cordillera of northern Yukon and the Brooks
Range suggest that the continental and accreted
microplate framework of southwestern Alaska was
offset right laterally northeastward to the present-
day Brooks Range.

Paleotectonic setting of the Carboniferous of Alaska

The Carboniferous of Alaska represents pre-
served segments of several plates, according to an
analysis by J. T. Dutro, Jr., and D. L. Jones. North-
ern Alaska was the leading edge of an Arctic plate
that moved south nearly 1,000 km, starting in early
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Mesozoic time. Extreme western Alaska, including
the Lisburne Peninsula, Cape York, and St. Law-
rence Island, was part of an east Siberian region.
East-central Alaska was the shelf edge and slope of
the northwestern part of the North American plat-
form. South-central Alaska was an arc or forearc
trench at the northern edge of a paleo-Pacific plate.
Southeastern Alaska consists of at least two frag-
ments of the western edge of the North American
plate that probably moved independently northwest-
ward in post-Triassic time. These fragments may
once have occupied positions west of present-day
Oregon, California, or Baja California. Scattered
outcrops of deep-water, radiolarian-bearing, lami-
nated cherts and argillites in ecentral and southwest-
ern Alaska are possible remnants of the ancient
North Pacific oceanic floor that have been preserved
between plates converging from all sides.

Microplate tectonics

As interpreted by D. L. Jones and N. J. Silberling,
recent geologic and paleomagnetic studies have
shown that Alaska constitutes a gigantic mosaic of
separate, allochthonous tectonic elements (micro-
plates, blocks, and fragments) that originated to the
south and accreted to North America during
Mesozoic time. More than 30 discrete tectono-stra-
tigraphic elements have been recognized to date,
and further analysis undoubtedly will reveal more.
The best known microplate (Wrangellia) occurs in
southern Alaska and further south to at least Van-
couver Island.

NORTHERN ALASKA

Geology of Alaska bordering Arctic Ocean

J. T. Dutro, Jr., summarized the geology of north-
ern Alaska in terms of six major depositional epi-
sodes separated by major unconformities. The
youngest of these (Holocene to Early Cretaceous)
reflects postorogenic deposition in the Colville
Trough north of the Brooks Range. The Jurassic to
middle Permian episode records the last sediments
of northern provenance, followed by preorogenic
deep-water deposits in the region that was to be-
come the Brooks Range. A predominantly shallow-
water carbonate suite of facies characterizes the
Carboniferous, after a northeastward transgression
in the Early Mississippian. The Late Devonian in-
cluded a period of complex marine deposition in
the Frasnian, succeeded by a postorogenic clastie
cycle in the Famennian. Platform carbonate rocks

dominate the Early Devonian and Silurian sequence
and are underlain by deep-water Ordovician and
Cambrian units that include thin-bedded cherts,
argillites, and voleanic rocks. The latest Proterozoic
Z in the Demarcation Point quadrangle is repre-
sented by dominantly shallow-water, weakly meta-
morphosed sedimentary rocks, including quartzites,
phyllites, and quartzose carbonates. The older Prot-
erozoic includes quartz-mieca schists, quartzites, and
phyllitic strata.

Igneous activity can be assigned to five general
orogenic periods, Taconian (about 450 m.y.),
Acadian (about 380 m.y.), Sudetian (about 330
m.y.), late Kimmerian (about 160 m.y.), and early
Alpine (about 80-90 m.y.).

The post-Paleozoic evolution of the Arctic Ocean
basin could have involved southward movement of
an Arctic plate which encountered a northward-
moving Pacific plate during Jurassic time. Con-
tinued opening of the ecentral Arctic Basin from Late
Cretaceous to Holocene time may have resulted in
underthrusting the Arctie margin of Alaska beneath
the Brooks Range orogen.

Model for predicting offshore permafrost in the Beaufort Sea

During the height of the worldwide continental
glaciation about 18,000 years ago, sea level was
lowered. According to D. M. Hopkins and R. W.
Hartz, the Bering Sea shelf was exposed seaward
to about the present-day 90-m isobath. The position
of the shoreline in the Beaufort Sea 18,000 years
ago is not yet established but lay somewhere sea-
ward of the 20-m isobath. The cover of ancient
marine silt and eclay became frozen as did the un-
derlying gravel. The total thickness of bonded per-
mafrost formed at any particular place depended
partly upon the duration of exposure to subaerial
temperatures, but thicknesses of several hundred
meters were formed in most areas of the shelf land-
ward of the present 20-m isobath.

The major rivers flowing north from the Brooks
Range aggraded and formed outwash fans extend-
ing across much of the present-day coastal plain;
the edges of most fans lay within a kilometer inland
of or seaward of the present coast. Seaward from
the edges of the fans, the rivers removed the an-
cient marine silt and clay to form .broad, shallow
valleys graded to the shoreline of the time. By
analogy with the braided gravel floodplains of pres-
ent-day North Slope rivers, the top of the ice-
bonded layer lay at depths of several tens of meters
beneath the river channels, but at depths of less
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than a meter beneath uplands mantled with over-
consolidated silt and clay.

When sea level began to rise, the shallow valleys
were flooded early. In the absence of a cover of an-
cient, overconsolidated marine silt and clay, the cold
but salty sea water gained ready access to the un-
derlying gravel. Ice in the gravel was thawed
rapidly and deeply by salt advection. Ultimately,
these valleys began to collect Holocene marine sedi-
ments carried by currents from river mouths.

When the sea transgressed over the slightly higher
plains away from the sea valleys, salt water was
prevented from gaining access to the potentially
porous gravel substrate by the mantle of tight over-
consolidated clay. Consequently, thawing of ice in
the shallow-bonded permafrost could progress only
by the heat diffusion and silt diffusion. Water tem-
peratures are below zero, and silt diffusion prog-
resses only slowly. Consequently, thawing has pro-
gressed extremely slowly and only to very limited
depths in most areas mantled by overconsolidated
clay.

If this model is correct, deep permafrost is to be
expected throughout the area of Holocene sediments
shown by P. W. Barnes and Erk Reimnitz (Barnes
and Reimnitz, 1974) as extending westward from
the mouth of the Sagavanirktok River to a point
northwest of Oliktok Point, where it is joined by
another belt of Holocene sediments extending north-
ward from the mouth of the Colville River to the
shelf break. Similar belts of Holocene sediments and
deep permafrost should be present in as-yet-undis-
covered sea valleys extending from the Shaviovik
and Canning Rivers, and these should be overcon-
solidated clay and shallow, potentially ice-rich
permafrost in other parts of the Beaufort Sea.

Mesozoic radiometric ages in Precambrian rocks

Radiometric age determinations by M. L. Silber-
man, C. L. Connor, and J. L. Morton indicate an age
no older than Triassic for a unique occurrence of
volcaniclastic rocks overlain by Precambrian car-
bonate rocks in the central Demarcation Point quad-
rangle (index map, loc. 1). Potassium-argon age de-
terminations of 188+7 m.y. on plagioclase clasts
contradict field evidence for a simple depositional
relationship with the overlying Precambrian car-
bonate rocks and indicate that the volcaniclastic se-
quence is not of Precambrian age.

New age of metaplutonic rocks in the Survey Pass quadrangle,
Brooks Range
The phyllite, quartz-mica schist, and marble that
make up the metamorphic belt of the southern

Brooks Range appear, on the basis of fossil evidence,
to be Devonian in the Survey Pass quadrangle.
These rocks are intruded by the Arrigetch Peaks
and Mount Igipak plutons (loc. 2), large intrusive
bodies ranging in composition from alkali feldspar
granite to tonalite and exhibiting well-developed
cataclastic texture from later recrystallization.
Previous workers (Turner, Forbes, and Mayfield,
1978) interpreted these plutons to be Cretaceous in
age and to represent synkinematic intrusions ac-
companying a major Cretaceous metamorphic epi-
sode (defined on the basis of K-Ar ages) that af-
fected the entire metamorphic belt. As part of the
study of the geology of the Survey Pass quadrangle,
M. L. Silberman (USGS) and Douglas Brookins
(University of New Mexico) obtained a preliminary
rubidium-strontium whole-rock isochron age of
about 360 million years from six samples of granitic
rocks from the two plutons. Initial strontium-iso-
tope ratio of the system of approximately 0.712 sug-
gests that these granites were derived in large part
from crustal material. These preliminary data rule
out a Cretaceous age for the granitic rocks.

EAST-CENTRAL ALASKA

Late Paleozoic fossils in ophiolite, northeastern Alaska

Brian Holdsworth and D. L. Jones have identified
Mississippian radiolarians and Permian conodonts
from cherts in the ophiolite sequences in the Arctic
and Christian quadrangles (loc. 8). The fossils oc-
cur in a small isolated chert layer within the syn-
formal Christian complex of mafic rocks (Reiser,
Lanphere, and Brosgé, 1965) and at three localities
in the nearly continuous unit of chert and shale
that separates the synform of mafic rocks from the
underlying Devonian (?) wacke and shale. Devonian
spores and Paleozoic plants of probable Devonian
age were previously identified from the wacke by
R. A. Scott and S. H. Mamay.

The new fossil ages support the conclusion of Pat-
ton and others (1977) that the basalt-diabase-chert
complexes of the Rampart belt are late Paleozoic in
age while the younger radiometric ages of the igne-
ous rocks represent the age of tectonic emplacement.
The fact that the Mississippian is represented by
radiolarian chert only 20 km southeast of outcrops
where it is represented by Lisburne Group limestone
and Kayak Shale in the typical Brooks Range se-
quence supports the conclusion that the ophiolite
has been faulted against the Brooks Range rocks.
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Hot Spring area, Circle quadrangle

T. E. C. Keith and H. L. Foster studied a small
area on Big Windy Creek (loc. 4) in the northeast
corner of the Circle A-2 quadrangle where several
hot springs are on both sides of the Creek. The hot
water comes through granitic rock near its north-
ern contact with regionally metamorphosed rocks.
Temperature of the water is about 58°C and pH is
about 6.9. The water is very high in HCO, and Na.
Water chemistry is quite different from that of
Circle Hot Springs to the north and from Chena
Hot Springs to the west. Small sinter terraces have
been deposited by the thermal waters. The older
sinter contains some carbonate and amorphous ma-
terial; a thin layer of silica on the outer surface of
the terraces indicates that water chemistry has not
been constant.

Cumulate gabbro and pillow basalt associated with the
Mount Sorenson uitramafic complex

T. E. C. Keith and H. L. Foster found a sequence
of periodotite, cumulate gabbro, and pillow basalt
with associated red chert on the north side of the
Seventymile River on the boundary between the
Charley River and Eagle quadrangles (loc. 5). This
sequence appears to be a part of the ultramafic com-
plex near Mount Sorenson (exposed to the west)
that has been displaced to the southeast by faulting.
The sequence appears to be dipping south. The pres-
ence of cumulate gabbro and pillow basalt (seen
for the first time in the Mount Sorenson area)
strengthens the evidence that the ultramafic com-
plex is part of a dismembered ophiolite.

Preliminary Proterozoic lead ages on zircon from augen gneiss,

Big Delta quadrangle

A study to determine the nature and age of the
protolith of a large body (approximately 700 km?)
of augen gneiss (loc. 6) in the Big Delta quadrangle
is presently being carried out by Cynthia Dusel-
Bacon. The augen gneiss has undergone amphibolite
facies metamorphism and contains large eyes of po-
tassium feldspar ranging from 3 to 7 cm in longest
dimension. Cataclasis and recrystallization have af-
fected the gneiss, obscuring its original texture and
making its history difficult to interpret. Uranium-
thorium-lead dating of zircons is being done by
T. W. Stern. The first sample run yielded discordant
ages (2°¢Pb/2%U, 317.3 m.y.; 2’Pb/>*°U, 341.7 m.y.;
208Pp /232Th, 332.4 m.y.; and 27Pb/2°Pb, 511.3 m.y.).
These preliminary data suggest a Proterozoic Z age.
Additional samples are being analyzed in an attempt
to define a discordia.

A microprobe investigation of the zircon separate
used for dating identified two inclusions of Al,SiO;.
Inclusions of this composition indicate that the pro-
tolith may contain material from a source that has
experienced a weathering cycle. One of the possible
origins of the augen gneiss might be porphyritic
granite derived from arkosic material shed off the
Canadian shield.

The augen gneiss is part of the Yukon crystalline
terrane, a metamorphic complex bordered by the
Tintina fault to the north and the Denali fault to
the south. Knowledge of the history of the augen
gneiss will shed light on the origin and geologic his-
tory of this part of Alaska.

SOUTHERN ALASKA

Regional geochronology of the Willow Creek area

About 20 K-Ar determinations, part of a study by
M. L. Silberman and Béla Csejtey, Jr., of the geo-
chronology of plutonic granitic rocks, metamor-
phosed sedimentary rocks, and hydrothermal altera-
tion and mineralization in the Willow Creek area
(loc. 7), indicate that a major Paleocene meta-
morphic event affected many of the apparent ages.
Preliminary results were reported by Silberman and
others (1978). The oldest rock unit, a quartz-mica
schist of probable Jurassic prograde metamorphic
age, has been retrograded from the amphibolite
facies and has been intruded by now-metamor-
phosed Cretaceous(?) ultramafic rocks. Plutonic
granitic rocks with irregular propylitic alteration
zones include Jurassic hornblende diorite and Upper
Cretaceous tonalite and biotite granite. Aplite,
pegmatite, and lamprophyre dikes intrude the
tonalite. Gold-bearing quartz veins that contain sul-
fides and sulfosalts, have sericitic selvages, and con-
tain disseminated muscovite, cut the schist and
granitic rocks. Upper Cretaceous and Tertiary sedi-
mentary rocks overlie the schist and granitic rocks.

Potassium-argon mineral ages for the rocks are
56 to 66 m.y. for the schist, 89 to 91 m.y. for the
ultramafic rocks, 69 to 78 m.y. for the tonalite, 65
to 67 m.y. for the biotite granite, 66 to 67 m.y. for the
dikes, 56 to 66 m.y. for the quartz veins, and 58 m.y.
for propylitized tonalite. These data can best be in-
terpreted as reflecting the effects of a metamorphic
hydrothermal event of Paleocene age that has par-
tially to totally reset the K-Ar ages of the schist,
the granitic and ultramafic rocks, and the quartz
veins. This event also produced the prophylitic al-
teration of the tonalite.
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Trondhjemite in the Talkeetna Mountains, south-central Alaska

Reconnaissance geologic mapping, by Béla
Csejtey, Jr., and W. H. Nelson, in the Talkeetna
Mountains, south-central Alaska, discovered a large
pluton (loc. 8) of trondhjemite, a unique rock type
previously not known to occur in southern Alaska.

The trondhjemite pluton is a discordant, north-
east-trending, elongate, epizonal body of fairly uni-
form lithology, occurring in the central Talkeetna
Mountains. The pluton is approximately 120 km
long with a maximum width of about 15 km, and
has been intruded into Lower and Middle Jurassic
plutonic and metamorphic rocks. Large portions
of the pluton have been sheared and saussuritized.
Typically, the trondhjemite is a light-gray, medium-
to coarse-grained rock with a granitic texture. A
faint flow foliation is locally developed. Major rock-
forming minerals are plagioclase (oligoclase to sodic
andesine), quartz, K-feldspar (as much as 10 per-
cent by volume), and biotite, with subordinate
amounts of muscovite and opaque minerals. Color
index ranges from 3 to 9. Average oxide percentages
by weight of seven trondhjemite analyses are SiO,,
70.30; AlLO, 16.74; K,0, 5.07; CaO, 3.33. Three
K-Ar age determinations from the northern half
of the pluton by M. A. Lanphere (USGS) and by
D. L. Turner (University of Alaska), including
concordant ages on a mineral pair of muscovite and
biotite, yielded very similar numbers indicating em-
placement of the trondhjemite pluton between 145
and 150 million years ago. The trondhjemite is the
youngest member of a group of Jurassic plutonic
and metamorphic rocks in the Talkeetna Mountains.

Geophysical ore guides in south-central Alaska

J. E. Case reports that at least 75 percent of the
granitic plutons in the Seward and Blying Sound
quadrangles (loc. 9) are nonmagnetic and have little
or no gravitational expression. The few granitic
bodies that are magnetic are close to the mafic belt
in Prince William Sound, perhaps indicating that
the granitic magmas were contaminated at a late
stage of emplacement by mafic materials. The gran-
ites of the Chugach terrane are thought to be ana-
tectic (Hudson, Plafker, and Lanphere, 1977) and
are largely devoid of significant mineral deposits.
The lack of magnetic expression of most of these
bodies may constitute a “negative” ore guide.

In comparison, many of the highly mineralized
(Cu-Mo) plutons of the Alaska Peninsula, especially
in the Chignik and Sutwik Island quadrangles, are
thought to be related to subduction processes and
have pronounced magnetic expression.

SOUTHWESTERN ALASKA

Exotic Precambrian rocks in southwestern Alaska

The metamorphic complex along the Kanektok
River, an isolated 160-km belt of Precambrian
gneisses and schists in southwestern Alaska, trends
northeastward from Jacksmith Bay on the Bering
Sea coast across the northwest corner of the Good-
news quadrangle into the Bethel quadrangle (Hoare
and Coonrad, 1959, 1961) (loc. 10). The maximum
exposed width is about 14 km, and geological and
geophysical data suggest that it is not appreciably
wider in the subsurface. According to J. M. Hoare
and W. L. Coonrad, the complex apparently consists
of recrystallized sedimentary, volcanic, and intru-
sive dioritic and granitic rocks metamorphosed to
the upper greenschist and lower amphibolite facies.
There is no apparent metamorphic gradation be-
tween these rocks and the Paleozoic and Mesozoic
rocks that flank them on either side.

Both geological and geophysical data indicate that
the Precambrian belt is thin and rootless. Geological
observations suggest that it overlies Cretaceous
sedimentary rocks. Interpretation of aeromagnetic
data by Andrew Griscom suggests that the Creta-
ceous rocks, in turn, overlie magnetic rock at a depth
of 1 to 2 km. The gravity data also attest to the
rootless character of the metamorphic belt. There is
no variation in the normal gravitational field where
two gravity traverses cross the metamorphic belt.
This implies that the crystalline rocks do not extend
to any appreciable depth.

The origin of this displaced belt of Precambrian
rocks is problematical. But the tectonic framework
of southern Alaska and recent evidence of very large
northwest transport in south-central Alaska (Jones,
Silberling, and Hillhouse, 1977, p. 25652577 ; Hill-
house, 1977, p. 2578-2592) suggest that it probably
originated far to the southeast. It may be a rifted
fragment of the Precambrian shield in Canada, or it
may have come from farther south.

SOUTHEASTERN ALASKA

Mineral resources and aeromagnetic studies of Glacier Bay
National Monument

Completion of a joint USGS-USBM study of Gla-
cier Bay National Monument (loc. 11) resulted in
the identification of nine important mineral deposits
with identified resources located in six areas con-
sidered to also have undiscovered hypothetical re-
sources. The USGS authors, D. A. Brew, B. R: John-
son, and Donald Grybeck, also reported the identi-
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fication of seven additional areas with important
geochemical and (or) geophysical anomalies. The
elements of greatest economic interest are nickel,
molybdenum, copper, zinc, and gold. The following
brief descriptions are based on both USGS and
USBM information contained in the open-file re-
port (Brew and Morrell, 1978).

The Pacific beach sands favorable area which has
had past production of placer gold, contains both
identified-inferred and undiscovered hypothetical
resources of ilmenite and gold. It is unlikely that
these low-grade resources are now or will be in the
near future economically attractive, even though
large tonnages are present.

The Crillon—La Perouse favorable area includes
the Brady Glacier nickel-copper magmatic deposit,
which contains about 80 million metric tons of iden-
tified-indicated resources with 0.53 percent nickel,
0.33 percent copper, and an unspecified amount of
platinum-group metals and 80 million metric tons
of identified-inferred resources of the same grade.
In addition, the favorable area also is estimated to
have another 80 million metric tons of undiscovered
hypothetical resources of the same grade.

The Mount Fairweather favorable area is very
poorly known, but the ore environment is similar to
that of the Crillon—-La Perouse, and 82 million metric
tons of undiscovered speculative resources with 0.53
percent nickel and 0.33 percent copper are estimated
to be present.

The Margerie Glacier favorable area includes the
Margerie Glacier porphyry-copper deposit, which
contains 145 million metric tons of identified-in-
ferred resources with 0.2 percent copper, 0.27 g/t
gold, 4.5 g/t silver, and 0.01 percent tungsten, and
the Orange Point voleanogenic sulfide deposit, which
contains 0.25 million metric tons of identified-in-
ferred resources with 2.7 percent copper, 5.2 per-
cent zine, 1 g/t gold, and 34 g/t silver, as well as
0.47 million metric tons of identified inferred-re-
sources containing 0.4 percent copper, 0.3 percent
zince, 0.2 g/t gold, and 12 g/t silver. In addition,
the favorable area also is estimated to contain 0.9
million metric tons of undiscovered hypothetical
resources with 1.5 percent copper and 2.0 percent
zine, and further unquantified, undiscovered specu-
lative copper and zinc resources.

The Reid Inlet favorable area has had past pro-
duction of gold from the Reid Inlet vein deposits,
and is estimated to contain about 480 kg of undis-
covered hypothetical resources.

The Rendu Glacier favorable area includes the
“massive chalcopyrite” skarn deposit, which con-

tains 0.004 million metric tons of identified-inferred
resources with 0.5 percent tungsten, 4.0 percent
copper, 240 g/t silver, and 5.2 g/t gold. The favor-
able area also has unquantified, undiscovered specu-
lative copper and tungsten resources.

The Muir Inlet favorable area includes the Nuna-
tak molybdenum porphyry deposit, which contains
7.4 million metric tons of identified-indicated re-
sources with 0.06 percent molybdenum and 0.02
percent copper, and 124 million metric tons of iden-
tified-indicated resources with 0.04 percent molyb-
denum and 0.02 percent copper, as well as 8.3 mil-
lion metric tons of identified-inferred resources with
0.06 percent molybdenum and 0.02 percent copper.
The area also is estimated to have 90 million met-
ric tons of undiscovered hypothetical resources with
0.15 to 0.20 percent molybdenum and unquantified,
undiscovered speculative resources of copper and
molybdenum.

The Casement Glacier favorable area also con-
tains unquantified, undiscovered speculative molyb-
denum and copper resources, and part of the area
has unquantified, undiscovered speculative copper-
zinc resources in a volcanogenic environment.

The White Glacier favorable area also contains
unquantified, undiscovered speculative zinc and cop-
per resources in a volcanogenic environment.

These deposits and favorable areas are in the
parts of the Monument that are best known geo-
logically and geochemically. The presence of sig-
nificant mineral resources in other areas cannot be
ruled out. Glacier Bay National Monument is highly
mineralized in comparison with most areas of simi-
lar size elsewhere in southeastern Alaska, and it is
likely that it contains more deposits and favorable
areas of the types described here and perhaps other
types of deposits as well.

Andrew Griscom reports that aeromagnetic data
plus physical-properties measurements (58 sam-
ples) indicate that granitic rocks of Cretaceous and
Tertiary ages east of the Tarr Inlet suture zone
(Brew and Morrell, 1978) are magnetic, while simi-
lar rocks west of the zone are not magnetic. The
magnetic properties of these granitic rocks may thus
have been determined by the crustal rocks in which
the plutons formed or up through which the plutons
moved. Additionally, the aeromagnetic data and
measurements by C. S. Grommé on 94 samples show
that the gabbro complexes of the Fairweather Range
are generally rather magnetic except for the south-
ern two-thirds of the “Crillon-La Perous complex,”
which is only very slightly magnetic and is also
associated with a nickel-bearing sulfide deposit. The
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association may be a guide for prospecting of the
nonmagnetic gabbro masses in this region.

Mineral resources in Kuiu-Etolin Islands Tertiary volcanic and
intrusive belt -

Reconnaissance geologic mapping in the Peters-
burg and Port Alexander (1:250,000) quadrangles
by D. A. Brew, H. C. Berg, R. P. Morrell, R. A.
Sonnevil, J. D. Cathrall, S. J. Hunt, and Carl Huie
has delineated a N. 70° W. trending Tertiary in-
trusive and volcanic belt that may contain molyb-
denum, tungsten, and uranium resources. The belt,
which is discordant to regional struectural trends
and intrusive belts (including recognized Tertiary
basins), extends eastward from an intermediate-
composition granitic intrusive-volcanic complex on
central Kuiu Island to beneath Sumner Strait and
on to Zarembo and Etolin Islands (loc. 12). The belt
on Zarembo consists of a dike-and-flow complex of
intermediate-to-silicic composition with minor gra-
nitic intrusions and on Etolin of granitic intru-
sions. Age of the belt is established on the basis
of fossils from sedimentary strata interlayered with
flows and on comparisons of the lithic and struec-
tural character of the granitic bodies with dated
bodies in the “Coast Range” plutonic complex.
These latter bodies contain molybdenum and per-
haps uranium resources. Very preliminary synthe-
sis of available stream-sediment and bedrock geo-
chemical data suggests that the belt contains anoma-
lous concentrations of tungsten.

New analysis of paleomagnetic data from Alexander terrane

Research on Paleozoic rocks of southeastern
Alaska initiated by C. S. Grommé (USGS) has been
continued by Meridee Jones (USGS) and Rob Van
der Voo (University of Michigan). Initial results
suggested no displacement of the rocks of the
Alexander terrane. Further analyses, however, in-
dicate that inclinations and declinations of poles for
sample groups of late Middle Ordovician, Late Or-
dovician, Devonian, Late Devonian, early and Late
Carboniferous ages deviate from predicted values
and that a better match can be obtained for a pa-
leoposition of the terrane at about lat. 40° N, long.
120° W., which is in western Nevada or northeast-
ern California, a location suggested earlier by Jones,
Irwin, and Ovenshine (1972). In addition, the pa-
leomagnetic results of Van der Voo and others re-
quire a post-Carboniferous 25° counterclockwise
rotation of the terrane. Restoration of the counter-
clockwise rotation would alter the direction of
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