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FOREWORD

This collection of 60 short papers on subjects in the fields of geology, hydrology, topography,
and related sciences is the last of a series released as chapters of Professional Paper 450. The
papers in this chapter report on the scientific and economic results of current work by members
of the Conservation, Geologic, Topographic, and Water Resources Divisions of the United States
Geological Survey. Some of the papers announce new discoveries or present observations on
problems of limited scope; other papers draw conclusions from more extensive or continuing
investigations that in large part will be discussed in greater detail in reports to be published in
the future.

Chapter A of this series presents a synopsis of results from a wide range of work done during

the 1962 fiscal year.
’T’ﬁ.‘q/\ A- A—b‘eﬂ.—q

TroMmas B. Noran,
Director.
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SHORT PAPERS IN GEOLOGY, HYDROLOGY, AND TOPOGRAPHY, ARTICLES 180-239

GEOLOGICAL STUDIES

ECONOMIC GEOLOGY

180. MINERALIZATION ASSOCIATED WITH A MAGNETIC ANOMALY IN PART OF THE ELY
QUADRANGLE, NEVADA

By Ar~xorwp L. Broraw, Garcanp B. Gorr; Dox R. Maeey; Howarp McCarray, and Ureana Oba, Denver,
Colo.; Menlo Park, Calif.; Denver, Colo.

Geologic mapping in the Ely quadrangle, Nevada,
in 1958-60 revealed structural irregularities and rock
alteration suggesting that the Ward Mountain area
of the Egan Range contains concealed intrusive rocks

and possible accumulations of metals of economic.

value. An aeromagnetic survey tested this theory, and
a large magnetic anomaly, similar to one near Ruth,
Nev., was outlined in the southwest quarter of the
quadrangle. Subsequently, a geochemical study tested
the possibility that the magnetic anomaly reflects a
buried mineralized intrusive body.

The Egan Range is a major north-trending moun-
tain range in east-central Nevada. The central part
of the range, which is the subject of this article, lies
south-southwest of Ely between Steptoe Valley on
the east and the White River valley on the west (fig.
180.1). The average altitude of the crest of the range
in this area is about 10,000 feet above sea level, and
the highest peak is 10,933 feet. Near Ruth the alti-
tude decreases to about 7,000 feet. The floors of the
adjoining valleys are about 6,000 to 6,500 feet above
sea level.

The Paleozoic sedimentary rocks are a sequence of
dolomite, limestone, shale, and sandstone ranging in
age from Ordovician to Permian (fig. 180.2). These
rocks are overlain in places along the eastern flank of
the range by early Tertiary sedimentary rocks and
by “somewhat younger voleanic rocks. Gravity data
indicate several thousand feet of Cenozoic sedimen-
tary rocks (valley fill) in Steptoe Valley but gen-
erally less in the White River valley.

Small quartz monzonite dikes of early Tertiary or
Late Cretaceous age intrude the Paleozoic rocks on

the east flank of Ward Mountain, and similar intru-
sive rocks are exposed near Ruth.

The pre-Tertiary rocks have been complexly folded
and displaced by thrust and high-angle faults, whereas
the Tertiary rocks have been only slightly folded and
tilted.

An aeromagnetic survey of the central part of the
Egan Range was flown at an elevation of 11,500 feet
along north-south lines spaced about 2 miles apart.
The resulting magnetic data are shown by contours on
figure 180.1.

A positive magnetic anomaly extends over most of
the range from Ruth south to the edge of the map.
Two local positive anomalies are superimposed on the
more extensive anomaly. The northern anomaly is
centered over the south edge of the Robinson mining
district, where disseminated copper deposits occur in
an east-trending zone of metamorphosed sedimentary
rocks and altered monzonite porphyry. The near-
surface igneous rocks associated with the copper de-
posits can account for only part of the measured north-
ern anomaly, and a major part of it must be caused
by a buried igneous body of greater areal extent.

The southern magnetic anomaly is centered over the
west edge of the Egan Range where the range is com-
posed of nonmagnetic Paleozoic sedimentary rocks.
The magnetic anomaly is interpreted as due to a large
mass of igneous rocks underlying the thickest sedi-
mentary rocks of the Egan Range and the eastern
edge of the White River valley. The zone of high
magnetic intensity connecting this anomaly with the
anomaly near Ruth suggests that the igneous bodies

El
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Ficure 180.1.—Aeromagnetic map of the central Egan Range. Values are total magnetic intensity relative to an
arbitrary datum. Contour interval is 10 and 50 gammas. Flight level was 11,500 feet above sea level.
Magnetic survey was flown and compiled under the supervision of J. L. Meuschke. Geology is generalized
from MecJannet (1960).

Ficure 180.2.—Generalized geologic map of the southwest part of the Ely quadrangle, Nevada. Qal, alluvium
(Quaternary); Tv, volcanic rocks, and Tsp, Sheep Pass Formation of Winfrey (1958) (Tertiary); TKm,
monzonite porphyry (Tertiary or Cretaceous); PP, Permian and Pennsylvanian, undifferentiated; Mec,
Chainman Shale (Mississippian); Mj, Joana Limestone, and Mjj (stipple), Joana jasperoid (Mississippian); D,
Devonian, undifferentiated; SO, Silurian and Ordovician, undifferentiated; Oep, Eureka Quartzite and Pogonip
Group (Ordovician). Geology by A. L. Brokaw and D. R. Shawe.
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181. PRELIMINARY REPORT ON ALKALIC INTRUSIVE ROCKS IN THE NORTHERN WET MOUNTAINS, COLORADO

By Raymonp L. Parker and Frep A. Hirpeeranp, Denver, Colo.

Two genetically related alkalic intrusive complexes
in the northern Wet Mountains of south-central Colo-
rado have been discovered by the U.S. Geological Sur-
vey (fig. 181.1). The largest complex is centered
around McClure Mountain about 13 miles north of
Westcliffe, and it occupies an area of about 20 square
miles. It is roughly circular in plan, is cut by radiat-
ing faults, and consists principally of mafic and felsic
alkalic rocks that have concentric distribution. A
smaller complex at Gem Park, about 5 miles south-
west of the McClure Mountain complex, is roughly
rectangular in plan, is about 2 square miles in area,
and consists mainly of mafic alkalic rocks. Both com-
plexes intrude gneissic granite and other metamorphic
rocks of Precambrian age; the Gem Park complex is
partly overlain by rhyolite of Tertiary age. Both
complexes are cut by carbonatite dikes, some of which
contain niobium, rare earths, and thorium. The dis-
tribution and extent of niobium, thorium, and rare-
earth minerals in the McClure Mountain and Gem
Park complexes are not yet known, but because of the
similarity to other alkalic complexes in the world that
contain minable deposits, these two complexes seem
worthy of exploration to determine their economic
potential.

Principal rocks comprising the McClure Mountain
and Gem Park intrusives are: pyroxene-olivine-pla-
gioclase rocks, biotite-hornblende syenite, mafic nephe-
line-bearing rocks, nepheline syenite, and fenite. The
pyroxene-olivine-plagioclase rocks are the oldest and
the nepheline-bearing rocks are the youngest although
the span in age among the rocks is probably not great.
They no doubt are related and belong to the same
comagmatic series.

Dark-gray to dark-brown medium-grained to very
coarse pyroxene-olivine-plagioclase rocks are promi-
nent along the eastern border of the McClure Moun-
tain complex, and form most of the Gem Park intru-

sive body. These rocks range from those composed
mostly of pyroxene to those composed mostly of pla-
gioclase (labradorite). The pyroxene-rich rocks and
those with about equal proportions of pyroxene, oli-
vine, and plagioclase are the most abundant. Some
pyroxene-rich rocks contain concentrations of mag-
netite, and some contain abundant apatite.

Biotite-hornblende syenite intrudes the pyroxene-
olivine-plagioclase rocks on the east side of the Mec-
Clure Mountain complex. The rock is coarsely crys-
talline, commonly has a trachytoid texture and is
composed mostly of perthite and albite-oligoclase
(about 80 percent), and brown biotite and pale-green
hornblende, occurring singly or together (10 to 20 per-
cent). In places the alinement of biotite and feldspar
crystals defines a strong foliation that is attributed to
flowage during intrusion..

Nepheline syenite, the most abundant rock type in
the McClure Mountain complex, forms the core of the
complex and intrudes biotite-hornblende syenite. The
rock is medium grained to very coarse and is com-
posed of sodic orthoclase, highly variable amounts of
nepheline, and small to moderate amounts of sodalite
and biotite or hornblende. Sphene is abundant in
some varieties. The nepheline is clear and has a
greasy luster. It weathers readily, leaving recessed
light-gray or light-brown grain surfaces between in-
tersecting white perthite crystals. The nepheline sy-
enite contains abundant large xenoliths of biotite-
hornblende syenite near the contact between the nephe-
line syenite and the biotite-hornblende syenite.

Mafic nepheline-bearing rocks, which are enclosed
and cut by light-gray nepheline syenite, are prominent
on McClure and Elkhorn Mountains. These rocks are
composed of highly variable amounts of nepheline,
orthoclase, amphibole, brown biotite, and sphene.
Some of these rocks are amphibole ijolite.
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Ficure 181.1.—Generalized geologic map of the alkalic rocks at Gem Park and McClure Mountain, Fremont and Custer Counties,
Colo. TUnpatterned area not mapped.

Very coarse to medium-grained fenite composed
mostly of orange feldspar occurs at the border of the
complex where nepheline syenite and biotite-horn-
blende syenite have intruded the gneissic granite and
other associated metamorphic rocks. In general, fenite

is not present at the border of the pyroxene-olivine-
plagioclase rocks.

Abundant orange or light-gray syenite porphyry
dikes and a few mafic fine-grained dikes (not shown
on fig. 181.1) intrude both complexes.
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Carbonatite dikes occur in the McClure Mountain
complex but are more abundant in the Gem Park
complex. They are generally light brown to dark
reddish brown and range in width from less than 1
foot to more than 10 feet. The larger dikes pinch
and swell and branch into smaller dikes along their
strikes. Some of the dikes extend beyond the border
of the mafic rocks well into the bordering gneissic
granite. Preliminary mineralogic examination shows
that the carbonatite dikes are composed principally
of calcite and dolomite. Some dikes contain rare-
earth-bearing apatite, nontitaniferous magnetite, nio-
bian(?) ilmenite, ancylite, an unidentified thorium
mineral, two unidentified cerium-group minerals (one
of which may be bastnaesite), and a light-blue fibrous
mineral (possibly riebeckite). Sodium niobate has
been reported by the authors from vermiculitic mafic
rock near the center of Gem Park (Parker and others,
1962).

The alkalic rocks in the McClure Mountain complex
and at Gem Park are probably of late Precambrian
age. An albite syenite body, partly mapped by Christ-
man and others (1959) in the northwestern part of

GEOLOGICAL SURVEY RESEARCH 1962

the McKinley Mountain area only 6 miles southeast
of the McClure Mountain complex, was determined by
the Larsen zircon method to have an average age of
595 million years. This syenite and the rocks of the
McClure Mountain comyplex all postdate the regional
metamorphism of Precambrian age, and are probably
about the same age.

The thorium vein deposits and alkalic alteration in
the McKinley Mountain area probably are related
genetically to the McClure Mountain complex because
most of the veins, syenite dikes, and feldspathized
zones in that area strike toward the complex; also the
rock alteration and the mineral assemblage in the
veins are types that commonly accompany alkalic
intrusions.

REFERENCES
Christman, R. A., Brock, M. R., Pearson, R. C., and Singewald,
Q. D., 1959, Geology and thorium deposits of the Wet
Mountains, Colorado, A progress report: U.S. Geol. Sur-
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Parker, R. L., Adams, J. W., and Hildebrand, F. A., 1962,

A rare sodium niobate mineral from Colorado: Art. 61
in U.8. Geol. Survey Prof. Paper 450-C, p. C4—C6.
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ENGINEERING GEOLOGY

182. LANDSLIDES NEAR GARDINER, MONTANA
By H. A. Warbror and H. J. Hypen, Denver, Colo.

Glide blocks, slumps, and earthflows of late Pleisto-
cene and Recent age were noted in the course of geo-
logic mapping in the Gardiner quadrangle in 1960 and
1961. The landslides are in Yellowstone National
Park, just southwest of Gardiner, Mont. (fig. 182.1).

The north and east slopes of Sepulchre Mountain
are disintegrating into complex intersecting glide
blocks and slumps. Large earthflows have begun in
this area and have run down over alluvial terraces
above the Gardner and Yellowstone Rivers. The land-
slides form a crudely transitional sequence; they begin
as block glides and slumps, then fragment and move
as earthflows. Three generations of earthflows were
distinguished.

Weed (1893, p. 16) mapped the earthflows as mo-
raines and ascribed their form to molding under gla-
cier ice. Despite the advent of aerial photography
and increased knowledge of the nature of landslide
and glacial deposits, they have been described and
mapped as glacial drift ever since. Their manner of
origin is evident on aerial photographs (fig. 182.2),
which show they have the structure and topographic
form typical of earthflows. Moreover, except for scat-
tered patches of glacial erratics on the oldest flows,
the deposits consist entirely of fragments of shale,
sandstone, basalt, and volcanic breccia in a plastic
bentonitic clay matrix. All these rocks crop out under
or upslope from the landslides.

STRATIGRAPHY AND STRUCTURE

Upper Cretaceous shales and conglomeratic sand-
stones of the Judith River Formation dip northward
under the landslide area. Wilson (1934) measured
bentonite beds totaling 26 feet in thickness in this
sequence.

Sepulchre Mountain is built up of acid and basic
andesitic breccias of Tertiary age (Iddings and Weed,

1894) that lie unconformably on the Judith River For-
mation. The basic breccia overlies the acid breccia
and makes up the bulk of the mountain. The acid

breccia that crops out at the base of Sepulchre Moun-
tain includes light-colored quartz-bearing tuffs more
acid than andesite. Some of these tuffs are bentonitic.
Other exposures in the Gardiner area reveal bentonite
on the erosional unconformity at the base of the acid

667422 O - 63 - 2

breccia. This bentonite may have been reworked from
the Judith River Formation.

Remnants of highly weathered basalt flows of Ter-
tiary age lie on Judith River beds under the bentonite
at the base of the acid breccia.

BLOCK GLIDE AND SLUMPS

Large straight fissures transect the ridges of Sepul-
chre Mountain, marking pull-away zones of glide
blocks. The largest of these fissures (4, fig. 182.2)
is 2,700 feet long, up to 40 feet deep, and 40 to 60
feet wide. Slickensides in basic breccia of the fissure
walls indicate that a few feet of downthrow on the
north block preceded separation.

Large slump blocks lie transverse to the main ridges.
Sag ponds, fissures, and scarplets characterize the
slump topography. The original ground surface has
been rotated by a slump movement to form steep back-
slopes on the blocks. Contacts between the Judith
River, acid breccia, and basic breccia appear haphaz-
ardly on the faces of slump blocks. Slope wash and
forest cover prevent detailed mapping of the intricate
glide and slump structures.

EARTHFLOWS

The earthflows consist of a heterogeneous assortment
of shale, sandstone, conglomerate, volcanic breccia, and
basalt. Fragments range from 10-foot blocks to clay
size. Much of the fine matrix in the earthflows weath-
ers with the puffy “popcorn” texture characteristic of
bentonitic shales. Proportions of these constituents
vary from one flow to another. In most of the earth-
flows the dominant rocks are basic breccia, and shale
and sandstone of the Judith River Formation. In the
westernmost flow, however (B, fig. 182.2), the coarse
fraction is almost entirely acid breccia. This flow is
the best preserved and apparently was the most fluid
of the postglacial earthflows. It might be termed a
mudflow.

Interglacial earthflows probably preceded the last
glaciation of the valley. They consist of the same
heterogeneous materials as later flows but lack defi-
nite flow structure and have less hummocky surfaces.
Scattered patches of glacial erratics—Precambrian
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gneiss and schist and Tertiary volcanics—appear only
on the interglacial flows. The greatest concentration
of erratics is on an earthflow that lies just below a
remnant of lateral moraine. Clearly the moraine is
younger than the earthflow, for it lies between the
flow and its source area. The topography of the
earthflow was smoothed and the internal structure was
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blurred by the glacial action, but in general the plas-
tic, cohesive nature of the flow deposits inhibited
plucking and offered resistance to glacial erosion.
Postglacial earthflows (fig. 182.3) have concave
slump-excavated heads, lateral ridges and troughs, and
spatulate, convex, pressure-ridged toes typical of large
complex earthflows. Their outlines are sharp, and
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Ficure 182.1.—Geologic map of Gardiner landslide area.- ‘Units of Quaternary age: Qf;, historic earthflows; ngs, block glide
and slump; Qal, alluvium; Qf,, postglacial earthflows; Qg, lateral moraine; Qf;, interglacial earthflows. Teértiary age: Tp,

andesite porphyry sill; Th, basalt.
glide fissures.

Late Cretaceous age: Kjr, Judith River Formation.  Hachured areas represent block-
Long-dashed lines, approximate contacts; short-dashed lines, inferred contacts.
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The shatter cones found by Hendriks (1954) are
exposed in a streambed a few hundred feet east of the
fork in the road along the west line of sec. 17 (fig.
183.2). Most of the cones in this area point upward,
as Hendriks described them. Near the west side of
the locality the axes of the cones trend about N. 50°
E., and the apexes point upward 10° to 20° above the
horizontal. About 100 feet farther to the east the
axes trend about N. 15° W. Countless cones were
seen in other outcrops in this streambed over a dis-
tance of about a thousand feet, and the orientation
of the cones was found to vary considerably from one
locality to the next, with respect both to inclination
to the horizontal plane and to the plane of bedding.
At most places the more readily apparent cones stand
out in relief from the fairly flat bed of the stream,
the apexes pointing upward, but close inspection re-
veals that almost as many cones point downward.
Commonly 2 or more cones point in different direc-
tions within the same hand sample, and in several
samples 2 cones were observed base to base, the apexes
pointing in opposite directions (fig. 183.34).

Numerous shatter cones were found in highly brec-
ciated Potosi Dolomite in fresh roadcuts between the
fork of the road on the west line of sec. 17 and the
southwest corner of sec. 17. Here most of the cones
point downward, but cones having other orientations
also are common.

MINERALIZED AREAS

Several places in the central part of the Crooked
Creek disturbance are mineralized by galena, sphaler-
ite, marcasite, barite, and vein quartz. Hendriks
(1954, p. 77) states that several thousand tons of
barite was mined from residual red clay, thin stringers,
and veins and lenses in the Davis Formation in the
SE14SEL,NE1, sec. 18 (fig. 183.2). Barite crystals
line vugs and fill veinlets in sandstone breccia 100
yards northwest of these diggings.

A small tonnage of galena was mined about 100
years ago in the SW14NW1, sec. 17 (fig. 183.2) from
a cluster of shallow shafts called the Metcalf dig-
gings (Winslow, 1894, p. 685). The lead was mined
from residual clay and dolomite bedrock of the upper
Bonneterre Dolomite. Some prospecting, and perhaps
some mining also, is shown by the several shallow
shafts in the breccia body at the west edge of the
Metcalf diggings.

Galena, sphalerite, barite, pyrite, and marcasite are
deposited in and along a north-trending breccia zone
in the SE corner of the NE1,SW1;, sec. 17 (fig.
183.2). The minerals are associated with and ce-
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mented by veinlets of milky quartz that cut and re-
place bleached and brecciated Potesi Dolomite. The
sulfides are well crystallized and coarse grained. In-
dividual crystals and grains of galena, yellow-brown
sphalerite, and marcasite range from 1 to 3 cm in
maximum dimension; plates of white barite are as
much as 6 cm long. In general the mineral charac-
teristics closely resemble those of minerals in the
barite-lead deposits in the area near Palmer, Mo.
These deposits are largely in residual clays derived
from weathering of the Potosi and Eminence For-
mations, but they are concentrated near the Palmer
fault zone.

None of the sulfides or the barite in any of the
mineralized occurrences that were examined were brec-
ciated or broken by faulting. Their unfractured con-
dition, plus the fact that at the deposit in the SW1j
of sec. 17 the sulfides are in quartz that has replaced
and cemented brecciated dolomite, clearly demon-
strates that sulfide mineralization occurred after brec-
ciation and fault movement had ceased. Indications
are that fractured and brecciated areas provided chan-
nelways for the mineralizing solutions as well as fa-
vorable sites for mineral deposition. The deposits
are epigenetic and can be dated as post-Crooked Creek
disturbance in age.

ORIGIN OF THE DISTURBANCE

The disturbance was first studied by Hughes (1911,
p- 48-52), who described it as an area of sharp folding
accompanied by faulting. Hendriks (1954, p. 52-73)
mapped it and discusses four ways in which it could
have originated: salt-dome intrusion, igneous intru-
sion, subterranean explosion, and meteoritic impact
and explosion. He discards the salt-dome concept be-
cause salt deposits are unknown in the subsurface of
southeast Missouri, and discards the igneous-intrusion
possibility because no intrusive igneous rocks have
been found in the disturbance, either at the surface
or in any of the several holes drilled in the area. He
surmises that either a subterranean explosion or mete-
oritic impact could have formed the disturbance but
concludes that orientation of shatter cones and bilat-
eral symmetry caused by maximum and minimum de-
pression of the encircling syncline are best explained
as having originated by meteoritic impact.

Fox and others (1954, p. 1252-1253) attribute the
disturbance to igneous activity connected with renewed
movement along the Palmer and Cuba faults. They
conjecture that sea water from a covering epicontinen-
tal sea descended along the open fractures, was heated
by the magma, and caused gaseous explosions that
fractured the overlying rocks. Fragments of igneous
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rock were prevented from reaching the surface by
weight of the sea water and overlying rocks.

The preponderance of evidence reviewed by the au-
thors favors an origin of the disturbance by subter-
ranean explosion at the intersection of the Cuba and
Palmer faults. The Palmer fault zone has been
mapped eastward from the disturbance for about 36
miles, to a point where the fault branches. The north
branch continues to the northeast and is believed to
merge with the great southeast-trending Ste. Gene-
vieve fault system, which, in turn, merges with other
fault systems extending east to the Appalachians
(Heyl and Brock, 1961, fig. 294.1). The Cuba fault,
which has been traced for more than 30 miles, would
intersect the disturbance area if it continues on strike
from its southernmost exposures (fig. 183.1). Hen-
driks did not find the fault immediately north of the
disturbance, but most of this area is covered by deep
residuum and dense forest cover. Dake (1930, p.
182) recognized a southward continuation of the Cuba
fault and suggested that it might be a continuation
of the Palmer fault. Hayes (1962), although not re-
ferring to the Cuba or the Palmer faults in his map
of the configuration of the Precambrian surface, rec-
ognizes the probability that northwest- and northeast-
trending structural lineaments pass through the dis-
turbance area.

Hendriks (1954, p. 72) suggested that the Palmer
fault formed after deformation of the Crooked Creek
area, using as evidence the termination of the fault
at the disturbance. There is, however, a good pos-
sibility that the Palmer fault extends west of the
disturbance, for south of Rolla (fig. 183.1) a fault
zone along the projected strike of the Palmer fault
could very well be a part of the latter zone. The
great known extent of the Palmer fault zone and of
other zones with which it is connected indicate a re-
gional zone of weakness along which fault movement
has been intermittently active, possibly since Precam-
brian time. Precambrian faulting also is suggested
by Hayes’ (1962) map of the configuration of the
Precambrian surface, which shows a pronounced west-
trending regional ridge extending more than 40 miles
east of the Crooked Creek disturbance and more than
20 miles to the west, whose steeper north side coin-
cides very closely in location to that of the Palmer
fault zone. Near Ironton, Mo., where Precambrian
rocks crop out, several alined, elongate ridge fronts
are considered to be ancient fault-line scarps, and the
same could hold for the buried west-trending escarp-
ment passing through the Crooked Creek area.

The plausibility of structural control of the Crooked
Creek disturbance also is influenced by consideration
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of the somewhat similar Decaturville disturbance,
about 70 miles to the west. This latter disturbance
is an uplifted central core of highly brecciated sedi-
mentary rocks that is peripherally bounded by high-
angle faults. Brecciated dolomite in the core area
is mineralized by galena, sphalerite, pyrite, marcasite,
and reportedly (H. B. Hart, oral communication,
1961) by rare earths, yttrium, niobium, and germa-
nium. In the central part of the core is a body of
granite pergmatite, probably of Precambrian age,
surrounded by a mylonitic sericite schist zone. Krish-
naswamy and Amstutz (1960) describe the disturbance
as resulting from tectonic movement and associated
igneous activity. The dome is along or very near the
axis of the Proctor anticline (Marbut, 1908, p. 61;
Mary McCracken, Missouri Division of Geological
Survey and Water Resources, written communication,
1962). The Decaturville disturbance also is at or very
near the intersection of the anticlinal axis and the
southeast projection of a major southeast-trending
fault shown a few miles west of Camdenton on the
geologic map of Missouri by the Missouri Division
of Geological Survey and Water Resources (1962).
A remote but nevertheless interesting structural pos-
sibility is that the dome also is affected by an inter-
section of the Proctor anticline and the westward
continuation of the Palmer fault zone.

The continuity of the narrow “dog-leg” horst (fig.

183.2) extending intact through the collapsed central
part of the shattered and brecciated core area of the
Crooked Creek disturbance most certainly would have
been completely destroyed had the disturbance formed
by meteoritic impact. On the other hand, the struc-
tural pattern displayed in the disturbance has its
counterpart in many calderas and fractured domes of
undisputed vocanic origin (Wilbur Burbank, oral
communication to Heyl and Brock, 1961). The bound-
ing faults of horsts in these areas can best be ex-
plained as having formed first as radial tension frac-
tures which develop during upwelling of the whole
structure. With escape of the pent-up gases or molten
material, chiefly through the central area of the dome,
the central part subsided into the resulting void.
Often an unbroken arch of rock is preserved between
essentially parallel sets of radial fractures. These
blocks are arched upward and they tend to contain
rock of older age than the subsided rock on either
side. Such is the case of the horst in the Crooked
Creek disturbance. Its presence favors origin by ex-
plosion from below rather than origin from an explo-
sion resulting from meteoritic impact.

Hendriks (1954, p. 54) observed that cones he had
seen in the Crooked Creek disturbance pointed up-
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ward, and from this he postulated that explosion oc-
curred above the level now exposed. He used up-
ward orientation of the cones to support a meteoritic
origin for the disturbance.

Branca and Fraas (1905), in their work on the
Steinheim Basin in southern Germany, first recog-
nized conical features as pressure phenomena formed
by explosion. In describing the Wells Creek and
Kentland structures, Bucher (1933) reported shatter
cones and emphasized their significance as high-pres-
sure indicators. More recently shatter cones have
been found in other peculiar circular structures de-
scribed by Bucher as cryptovolcanos, including the
Serpent Mound, Flynn Creek, and Decaturville dis-
turbances. Dietz (1961), in his studies on the genesis
of shatter cones by impact and explosion, states that
apexes of the cones point in the direction of the high-
pressure source.

In the Crooked Creek area the sedimentary rocks
were at least as flat lying before deformation as they
are today. If the structure formed from meteoritic
impact it therefore can be assumed that a relatively
constant angle should have formed between inclined
apexes of the shatter cones and the bedding of the
country rock. Such is not the case, however, for the
cones are oriented in all directions and display no
uniformity with respect to bedding.

Diverse orientation of shatter cones suggests mul-
tiple centers of impact and explosion within the cen-
tral part of the Crooked Creek disturbance, rather
than pressure from a single source as should result
from meteoritic impact. Multiple orientation of cones
within relatively small breccia blocks implies that
pressure acted on the blocks from more than one
direction. The cones apparently are pressure phe-
nomena, but whether the pressure was generated from
above or from below, or both (fig. 183.34), is debat-
able.

Origin of the disturbance from an underlying ex-
plosion also is indicated by the presence of the in-
trusive breccia in which the fragments have been
forced upward through the overlying rocks. Identical
intrusive breccias are to be seen at other diatreme-
like disturbances related in origin to tectonic forces
and igneous activity. A good example is the breccia
at the diatreme on the O. K. Cash farm, southeast of
Avon, Mo. This diatreme contains not only intrusive
breccia but also intruded igneous rocks, barite, and
fluorspar. The oldest of the several types of breccia
at the Decaturville disturbance is identical to intrusive
breccia at Crooked Creek. At the Soward farm, west
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of Rosiclare, Ill., a diatreme-like disturbance contains
intrusive breccia and brecciated igneous rocks. Simi-
lar sandstone and dolomite breccias, in many of which
the matrix is composed only of ground and relithified
sedimentary rocks, occur in the Montreal area, Canada,
and are described by Clark (1952, p. 100-105) as
diatreme breccias.

In summary, location of the Crooked Creek dis-
turbance at the intersection of regional faults, pres-
ence of intrusive breccia identical to intrusive breccia
associated with known diatremes, presence of post-
breccia sulfide mineralization, and similarity of its
structure to that of other diatreme-like disturbances
all suggest that the Crooked disturbance originated
from a subterranean gaseous explosion.
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184. ORIGIN OF THE MIDDLESBORO BASIN, KENTUCKY

By Kennera J. ExcLunp and Jorn B. Roen, Washington, D.C.

Work done in cooperation with the Kentucky Geological Survey

The Middlesboro Basin is the unique development
of a circular, alluviated, topographic depression in a
part of the Appalachian Plateaus that is character-
ized by rugged hillsides, narrow V-shaped valleys,
and a minimum of flat bottom land. The relatively
broad expanse of the basin with its low, rolling hills
contrasts sharply with the fringing mountains which
rise 1,000 to 1,900 feet above the valley floor. Nearly
all the lowland, about 4 miles in diameter, is occupied
by the city of Middlesboro. The conspicuously dif-
ferent topography and the intense deformation of
rocks underlying the basin have attracted geologic
interest since the early investigations of Ashley and
Glenn (1906) and Rich (1933). They described the
physingraphy of the basin and noted the deformed
condition of the underlying rocks. This deformation
was attributed by them to collapse or subsidence of an
arch following relatively recent movement along faults
associated with the Cumberland overthrust sheet in
which the basin is situated. Recent geologic mapping
does not substantiate their theory of tectonic origin,
but indicates that meteoric impact is the probable
mode of origin.

The rocks exposed in and adjacent to the Middles-
boro Basin are the Lee Formation and part of the
overlying Breathitt Group, both of Pennsylvanian
age. The Lee consists mostly of thick-bedded to
massive quartzose sandstone and quartz-pebble con-
glomerate in contrast to less competent shale, siltstone,
sandstone, and coal of the Breathitt Group. Detailed
mapping and correlation of thin stratigraphic units
show that around the periphery of the basin the
Breathitt Group is relatively undisturbed. A shallow
syncline surrounds the basin and, locally, low-ampli-
tude anticlines separate the syncline from the more
intensely deformed rocks in the basin. Mining in the
Hance and Mason coal beds in the syncline surround-
ing the basin does not reveal unusual or intense
deformation.

The outer edge of the intensely deformed rocks of
the Breathitt Group is delineated in most places in
the Middlesboro Basin by normal faults with nearly
vertical fault planes. Faults are most conspicuous in
the northwest part of the basin where brecciated sand-
stone is abundant in several fault slices. In addition
to the faults shown in figures 184.1 and 184.2, de-

formation consists of numerous small unmapped faults,
fractures in sandstone, and tight folds in shale. Many
of these minor structures and the attitude of beds
show circular trends around the center of the basin.
Toward the center of the basin the strike of the beds
becomes more variable and the dip increases to ver-
tical or overturned.

At the center of the basin, the core of this circular
structure consists of conglomeratic sandstone of the
Lee Formation which appears to be bounded by steeply
inclined normal faults. Deformation is most intense
here, with the result that much of the bedding is
obscured and individual quartz grains are generally
shattered. Fractures are commonly confined to the
individual subrounded to rounded quartz grains and
do not pass from grain to grain. Parallel arrange-
ment of fractures in the grains is common, and in
some grains different sets of parallel fractures inter-
sect to form a rhombohedral pattern. Many angular
quartz grains, in the silt to very fine sand size, prob-
ably resulted from the brecciation of larger grains.

Discovery of previpusly unrecognized Lee Forma-
tion in the center of the Middlesboro Basin shows
that rocks underlying the middle of this depression
are structurally high, a significant factor that rules
out the earlier interpretations which attributed the
structure to an adjustment collapse resulting from
movement along the Pine Mountain overthrust fault
and Rocky Face fault. A tectonic origin, possibly
associated with regional structure, is further ques-
tionable as shattered quartz grains similar to those
in the core of the basin have not been found in
petrographic examination of intensely deformed Lee
sandstone from the principal fault zones of the Cum-
berland overthrust block.

The character of the rock deformation and the asso-
ciated structural relations, as disclosed by recent geo-
logic mapping and as interpreted by the authors,
indicates that the Middlesboro Basin may be an an-
cient meteor impact scar. Several aspects of the basin,
such as the nearly circular shape, are particularly
more typical of impact structures than structures
commonly associated with Appalachian folding and
faulting, which tend to be elongate or linear except
for fensters which are roughly circular in outline.
However, known fensters in nearby areas (Miller and
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Fuller, 1954) contain exposures of younger rocks
framed by older rocks of the thrust sheet, a relation
not observed in the Middlesboro Basin. The possi-
bility that the disturbance exhibited in the rocks of
the Middlesboro Basin is caused by the proximity of
a thrust fault slightly below the basin floor is not
substantiated by oil and gas test wells drilled within
4 miles of the basin. These wells show that the Pine
Mountain overthrust fault is at a depth of about
2,000 feet below sea level, and they do Not indicate a
rising trend in the fault plane. Additional evidence
of meteor impact is indicated by the structurally
high and intensely shattered core, whicli may be the
result of rebound from an impact explosion. Dimin-
ishing deformation outward from the center, a mar-
ginal syncline, and upturned beds on the periphery
of the basin are also suggestive of meteor craters.
Because the basin is completely breached by drainage,
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it can be expected that many of its original physi-
ographic features have been modified or obliterated by
erosion. Silica glass and meteorite fragments are yet
to be found, but these could have been eroded from
the area or concealed by extensive lowland alluviation.
If a meteoric origin, as postulated here, should be
firmly established the Middlesboro Basin would serve
as a clue to the structure underlying relatively recent
depressions of similar origin.
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THRUSTING DEVELOPED AFTER FOLDING IN THE VALLEY AND RIDGE PROVINCE,

SOUTHWEST VIRGINIA

By Leoxarp D. Harris, Knoxville, Tenn.

Rich (1934) concluded from his study of the Cum-
berland thrust block of southwest Virginia, south-
east Kentucky, and north-central Tennessee that major
thrust faults developed as bedding-plane thrusts in
incompetent zones early in the orogenic cycle, when
the rocks were little deformed. These faults tended
to remain as bedding-plane thrusts until frictional
resistance impeded their growth at depth. They

then crosscut or ramped diagonally upward to higher
and younger incompetent zones, where they again be-
came bedding-plane thrusts. Major folds in the alloch-
thonous plates developed as a result of subsequent
movement. Thus, he assumed that the major folds
of the area were rootless structures that had no coun-
terparts below the thrust fault.
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About 25 miles northeast of the area Rich discusses,
detailed mapping in the Duffield (Harris and Miller,
1958) and Stickleyville quadrangles has confirmed
that most of the major faults did develop as bedding-
plane thrusts in incompetent zones. However, an
analysis of the relation of thrusts to major folds in
the area does not support the concept that faults
developed early in the orogenic cycle. Rather, thrust-
ing seems to have been initiated after folding.

Structure in the Duffield and Stickleyville quad-
rangles is characterized by a series of northeast-trend-
ing folds and thrust faults. The major structures,
from northwest to southeast, are the Cedars syncline,
Sandy Ridge anticline, Wallen Valley thrust fault,
Powell Mountain anticline, Red Hill thrust fault, Red
Hill anticline, Hunter Valley thrust fault, Rye Cove
syncline, and Clinchport thrust fault (fig. 185.1). The
Wallen Valley, Hunter Valley, and Clinchport faults
are regional thrust faults, having displacements on
the order of 2 miles or more and continuous traces of
90 miles or more. The Red Hill thrust has a displace-
ment of about three-quarters of a mile and a trace of
about 20 miles.

Over much of the western part of the area the
Wallen Valley fault is a bedding-plane thrust dipping
about 40° SE. In the north-central part of the area
the fault changes from a bedding-plane thrust to
one that abruptly crosscuts from Upper Cambrian
rocks on the south limb of the Powell Mountain anti-
cline through the axial region and into the north limb,
where it again becomes a bedding-plane thrust in
Upper Ordovician rocks. In the area of crosscut the
fault dips uniformly 5° SE. (fig. 185.1, section A-4").
This uniform dip seems to rule out the possibility
that the Powell Mountain anticline resulted from
folding of the thrust plates in later stages of defor-
mation. Nor does it seenr likely, considering the fact
that the fault apparently dies out about 2 miles north-
east of the Duffield quadrangle, that enough drag oc-
curred during movement to warp the rocks of the
allochthonous plate into a major anticline. The rela-
tion suggests that the Powell Mountain anticline was
largely developed before the Wallen Valley thrust
fault and that the fold controlled the position of the
developing fault. Subsequent movement along the
fault displaced the anticline northwestward from its
root structures in the autochthonous plate (section

A-47).
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The Red Hill thrust fault and the doubly plunging
Red Hill anticline exhibit on a smaller scale the rela-
tion just discussed for the Wallen Valley thrust and
the Powell Mountain anticline (section B-B’). How-
ever, the complex geology of the Red Hill thrust and
the Red Hill anticline cannot be conveniently shown
at the scale of the map accompanying this article.
For a more detailed treatment of this small-scale
structure see Harris and Miller (1958).

The development of the Rye Cove syncline before
formation of the Hunter Valley thrust fault is strongly
suggested by the manner in which the fault conforms
to the syncline. The Hunter Valley fault developed
in older beds on the south limb of the syncline and
crosscut to younger beds as it passed through the
downwarped axial region and into the north limb
(section A-A4").

The trace of the Hunter Valley thrust fault in
general trends diagonally through the area from
southwest to northeast. Near the center of the area,
however, the trace swings abruptly southward around
a closely spaced series of fault slices in the autochthon-
ous plate. A longitudinal section (section C-C”)
through the area of slices shows that the Hunter Val-
ley fault must have arched up 700 to 1,000 feet higher
in this locality in order to clear the slices. These
slices probably were in place early in the development
of the Hunter Valley thrust plate, forming an ob-
struction. Subsequent movement across the obstruc-
tion warped the Rye Cove syncline enough to cause
the eastern and western parts of the syncline to plunge
in opposite directions away from the obstruction. An
additional effect of the obstruction was to impede
movement of the allochthonous plate to the degree
that differential movement was initiated. Differential
movement resulted in the western part of the syn-
cline being skewed northward relative to the eastern
part. The projected axial trace of the Rye Cove syn-
cline bends around the obstruction in the autochthon-
ous plate.

These structural relations suggest that thrust faults
developed later in the orogenic cycle than folding.
Faults apparently were initiated as bedding-plane
thrusts in the oldest incompetent zones, and followed
these zones until they encountered preexisting folds,
where the beds were downflexed. Downflexing in-
hibited further development at the same level; how-
ever, it facilitated crosscutting of the fault to a higher
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level by bringing younger incompetent stratigraphic
zones at or near the level of the fault. Under these
conditions, faults do not simply ramp upward along
steep diagonal shears from older incompetent rocks to
younger because of increased frictional resistance; in-
stead, they change stratigraphic position simply by
cutting across preexisting folds.

186.
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REVERSAL OF THROW ALONG A LINE OF LOW-ANGLE THRUST FAULTING NEAR SAN PEDRO

DE ATACAMA, CHILE
By Roeerr J. Dineman, Washington, D.C.

Work done in cooperation with the Instituto de Investigaciones Geoldgicas, Santiago, Chile, and under the auspices of the U.S.
Agency for International Development

San Pedro de Atacama is located in the northern
part of the Salar de Atacama in eastern Antofagasta
Province (fig. 186.1). The Quebrada (canyon) Tam-
bores drains southeastward into the Llano de Pa-
ciencia, which is an extension of the Salar between
the Cerros de la Sal and the northern part of the
Cordillera de Domeyko. This area was mapped geo-
logically as an adjunct to the mapping of the Tulor
quadrangle, most of which is south of the area of this
article.

The rocks in the Llano de Paciencia area include
the San Pedro and Tambores Formations of early
Tertiary age and ash-flow deposits of late Tertiary
(Pliocene(?)) age. The San Pedro Formation con-
sists of beds of poorly lithified shale, siltstone, fine-
grained sandstone, salt, and gypsum at least 2,100
meters thick which interfinger to the west with con-
glomerate and sandstone of the Tambores Formation.
Both formations are overlain by a series of ash-flow
deposits that are intercalated with alluvial sand and
gravel. The lower ash-flow deposits aré thin, poorly
lithified, and irregular in extent, apparently having
been extensively eroded before deposition of the upper
ash flow, which is 30 to 50 meters thick and in some
localities is welded to a dense hard rock. The ash-
flow deposits are overlain in and near the borders of
the Llano de Paciencia by Quaternary piedmont de-
posits, largely mud-flow material, and by alluvial de-
posits of sand, clay, and gravel.
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The sediments of the San Pedro and Tambores
Formations were deposited in a basin which adjusted
downward under the accumulating lodd of sediments.
As a result these formations were gently tilted to-
ward the center of deposition, and gravitational glid-
ing occurred in a southeasterly direction from the west
side toward the center of the basin. As described
by Dingman (1962) the Cerros de la Sal, a few miles
south, are a series of domes, anticlines, and synclines
produced as a result of this gliding.

The gliding continued even after the Quaternary
piedmont deposits were laid down, and it produced
strong horizontal compressive stress on the ash-flow
beds. The ash-flow deposits in the Tambores area
are slightly welded, and they reacted to the com-
pression as a relatively brittle and easily fractured
unit. The fracturing that occurred in the ash flows
forms a well-developed system of conjugate joint sets
intersecting at an angle of 28° to 30°. The joint sets
strike N. 20° E. to N. 30° E. The ash flows in most
localities are almost horizontal, and the fracture planes
dip from 13° to 15° to the east and to the west.

Low-angle thrust faulting took place along planes
parallel to one of the joint sets, generally along the
set that dips toward the center of the basin. Major
zones of thrust faulting developed along the western
border of the Llano de Paciencia and along both the
western and eastern slopes of the Cerros de la Sal.

The line of thrust faulting west of the Llano was
studied in detail near the mouth of the Quebrada
Tambores (fig. 186.2). Along this line most of the
displacement occurred on planes dipping 13° to 14°
E., but in at least one locality the fracture system
dipping 15° W. became the fault plane. The usual
displacement with the eastern block upthrown is shown
in figure 186.34. Two kilometers to the northeast
along the same line of faulting, the western block
is upthrown (fig. 186.3B). The eastern block is up-
thrown in the next exposure to the north. As shown
in the photographs the fault plane is well exposed
and the relative displacement is clear. Between the
areas of the eastward-dipping fault plane and the
area of the westward-dipping fault plane, the brittle
ash flow was probably so crushed that fractures or
fault planes were obliterated. This crushed zone may
have facilitated erosion to form the broad valleys cut
through the ash flow in these areas.

It is not considered likely that the eastward- and
westward-dipping faults represent a single twisted or
warped fault plane. The faults are probably near-
surface features and may curve toward the horizontal
to become bedding plane faults at shallow depths.
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If the two faults are not a part of the same fault
plane, then a near-vertical shear zone oriented normal
to the line of faulting must separate the eastward- and
westward-dipping faults; however, no evidence of a
shear zone was observed.
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(2.67 g cm 3) used to make elevation corrections and
from errors in making terrain correction. A density
change of 0.03 g per cm 3 would change the Bouguer
anomaly difference between the highest and lowest
station by a factor of about 2 mgals. The largest
terrain correction is about 45 mgals, but most are
much smaller. The maximum error for these correc-
tions is about 10 percent, thus the maximum error
in the Bouguer anomaly values could be about 7
mgals; however, most of the stations are believed ac-
curate to about 2.5 mgals, or one-half the contour
interval on figure 187.2.

Bouguer anomaly values show two features of spe-
clal interest: (1) a marked increase of values north
of the surface trace of the North Oquirrh thrust, and
(2) higher values west of the Garfield fault. Values
are nearly constant south of the North Oquirrh thrust,
varying over a range of 5 mgals. At the north end
of the range the values decrease toward a gravity
low over Quaternary sediments beneath Great Salt
Lake.
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The anomaly values on the south end of Antelope
Island (Cook and Berg, 1961) are about 18 mgals
higher than the highest values found in the Oquirrh
Mountains (fig. 187.3) and increase northward to the
north end of the island. If a correction is made for
the Quaternary sediments, the anomaly values con-
tinue to rise northward over the interval between
the Oquirrh Mountains and Antelope Island. The
total Bouguer anomaly difference between the Oquirrh
Range south of Nelson Peak and the highest values
on Antelope Island is about 45 mgals (fig. 187.3).
Anomalies of this amplitude over pre-Tertiary rocks
in the Basin and Range province are usually asso-
ciated with regional topographic features and are be-
lieved to indicate isostatic compensation for regional
topography; they generally are not associated with
individual ranges as narrow as the Oquirrh Mountains
(Mabey, 1960).

A major discontinuity in regional topography oc-
curs along a west-trending line at the north ends of
the Oquirrh and Stansbury Mountains. The eleva-
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tion of the ranges and adjoining valley floors increases
southward, and near the highest parts of the two
ranges a small east-trending range nearly connects
the two. The result is a west-trending regional topo-
graphic arch about 40 miles wide close to the westward
projection of the axis of the Uinta arch. This re-
gional topographic arch is superimposed on a more
general southward rise in the regional elevations.

A part, but not all, of the gravity difference between
the Oquirrh Mountains and Antelope Island undoubt-
edly reflects isostatic compensation of the regional
topography, but the amount of the gravity difference
that is attributed to the topography is dependent upon
the type of compensation that is assumed. If a major
part of the gravity difference is related directly to
regional topography, it probably indicates adjustment
for mass anomalies in the upper crust. This would
require relatively local compensation but would be
consistent with the indicated isostatic response to

changes of the water depth in Lake Bonneville as
reported by Gilbert (1890, p. 365-392).

The south edge of the gravity high in the Oquirrh
Mountains coincides with the trace of the North
Oquirrh thrust (fig. 187.3). Because no significant
density contrast exists between the rock exposed at
the surface along this thrust, the mass anomaly pro-
ducing the gravity anomaly presumably involves a
density interface at depth, such as the surface of the
basement rock. The gravity data suggest that the
basement. rock north of the trace of the North Oquirrh
thrust is closer to the surface than it is south of the
thrust. The gravity anomaly increases northward to
Antelope Island, reflecting a thinning wedge of sedi-
mentary rocks under the north end of the Oquirrh
Mountains and Great Salt Lake.

Alternate basement profiles that are consistent with
the available gravity data are illustrated in the dia-
grammatic section in figure 187.3. One profile (shown
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by dashes) assumes that the gravity anomaly in the
Nelson Peak area is produced by a displacement of
the basement rock on the North Oquirrh thrust. The
alternate profile (shown by dots and dashes) assumes
that the North Oquirrh thrust does not penetrate base-
ment rock and is unrelated, or perhaps indirectly re-
lated, to the gravity anomaly and the inferred relief
on the basement rock. If a density contrast of 0.15
g per cm?3, which is a reasonable estimate, exists
between the Precambrian basement rock and the
younger sedimentary rocks, the total gravity differ-
ence between the south end of Antelope Island and
the Oquirrh Mountains south of Nelson Peak can be
produced by about 25,000 feet of sedimentary rocks
overlying the basement south of Nelson Peak.

The Garfield fault, which has been interpreted by
Roberts and Tooker (1961, p. 36-45) as a tear fault,
is also reflected in the gravity contours. Just north
of the North Oquirrh thrust near Nelson Peak the
anomaly values are higher on the west side of the fault.
This gravity expression decreases northward, and is
not apparent at the north end of the range. The
gravity difference across the Garfield fault suggests
upward displacement of the basement rocks, placing
them several thousand feet higher on the west side
of the fault. The mechanism of this displacement is
not clear, but, if the North Oquirrh thrust penetrates
basement rocks in this area, lateral movement on the
Garfield tear fault could produce apparent vertical
displacement of the basement surface.

MAGNETIC DATA

A magnetic profile (fig. 187.3) constructed from a
regional aeromagnetic contour map of the region shows
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a magnetic anomaly at the south end of the profile
produced by some of the post-Paleozoic intrusive rocks
in the Bingham area. From this anomaly to the
north end of the range the magnetic intensity increases
northward at a normal rate. The absence of any
magnetic anomaly essentially eliminates the possibil-
ity that concealed intrusive bodies may account for
the gravity anomaly underlying the north end of the
range. The magnetic gradient immediately north of
the Oquirrh Mountains is probably produced by a
contrast in magnetic properties in the basement rock.
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STRATIGRAPHY

188.

COMPARISON OF OQUIRRH FORMATION SECTIONS IN THE NORTHERN AND CENTRAL OQUIRRH

MOUNTAINS, UTAH

By E. W. Tooker and Ravpe J. Roserts, Menlo Park, Calif.

The Oquirrh Formation is well exposed in the north-
trending Oquirrh Mountains in north-central Utah
(fig. 188.1), about 20 miles west of Salt Lake City.
The rocks exposed in the northern part of the range
differ markedly from those of nearly equivalent age
span in the central part; these two stratigraphic se-
quences are separated by the North Oquirrh thrust, a
major east-west fault that crosses the range about 9
miles south of Great Salt Lake.

The major characteristics of the rock sequence in the
north end of the range have been described by Tooker
and Roberts (1961), and the rocks in the central part
by Welsh and James (1961). These features and ad-
ditional data of the writers for the central part of
the range are summarized in tables 188.1 and 188.2
and in figure 188.2. More complete data on the faunas
in these sections will be published later.

The stratigraphic sections are referred to as rock
sequences, the Rogers Canyon sequence in the north-
ern part and the Bingham sequence in the central part.
The Oquirrh Formation in both sequences is divided
into three members on the basis of gross lithology; a
lower limestone, a middle cyclical limestone, shale,
and quartzite, and an upper quartzite. The members
in the two sequences have some differences in age
spans, and it is therefore difficult to distinguish them
on the basis of age. For the present these general
terms are used informally; later, if warranted, the
members may be given formal names.

The Oquirrh Formation, which includes the
Oquirrh(?) Formation at its base (fig. 188.2), of the
Rogers Canyon sequence has an aggregate thickness of
about 10,000 feet; its base is placed at the contact of an
interbedded shale and limestone and thick overlying
limestone. The lower member, 2,800 feet thick, is
composed of fossiliferous limestone and sandy, cherty,
and shaly limestone. The bottom half of the member
contains a brachiopod, coral, and bryozoan assemblage
of Late Mississippian age (Helen Duncan and Mac-
kenzie Gordon, Jr., written communication, 1962).
Beds in the top half contain brachiopods and corals
of Early Pennsylvanian age. The middle member,
3,500 feet thick, is composed of cyclically repeated
sandy, cherty, and shaly limestone, shale, and quartz-
ite and sandstone beds that contain fusulinids and
brachiopods of Atoka and Des Moines (Middle Penn-

sylvanian) age (Tooker and Roberts, 1961). The
upper member, 3,700 feet thick, is composed of quartz-
ite, sandstone, and thin interbedded limestone in the
lower part and interbedded dolomite and quartzite in
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TasLE 188.1.—Summary of stratigraphy, Rogers Canyon sequence, northern Oguirrh Mountains, Utah

System Provincial Series Formation Member Thickness (feet) Character
Permian | Leonard Park City Grandeur 750 Interbedded limestone and shale (42 percent), quartz-
Formation Member ite (53 percent), and dolomite (5 percent).
Wolfcamp Oquirrh Upper 3, 700 Quartzite (85 percent), limestone (8 percent), and
Formation dolomite (7 percent).
.g Des Moines Middle 3, 500 Limestone and shale (72 percent), and quartzite (28
g
0 =S PR percent).
8 i Atoka 10, 000
" ﬁ ______________ Lower 1, 400 Limestone (100 percent), includes sandy, cherty, and
E S Morrow shaly limestone varieties.
=
% & | Chester Oquirrh(?) 1, 400
g 'g Formation
<3
Ol g Unnamed 300+ Shale and limestone.
g formation
TaBLE 188.2.—Summary of stratigraphy, Bingham sequence, central Ogquirrh Mountains, Utah
System Provincial Series Formation Member Thickness (feet) Character
Permian Wolfecamp Diamond Creek Sandstone of Sandstone and quartzite.
Welsh and James (1961).
Kirkman Limestone of Welsh 400+ Limestone.
and James (1961).
Oquirrh Formation Upper 110, 600 Quartzite (90 percent) and lime-
___________________________ stone (10 percent).
Virgil
R F S Middle 8,700 | 21,200 | Limestone (55 percent) and
% .g Missouri quartzite (45 percent).
= = P
~ '-'; Des Moines Lower 1, 900 Limestone (95 percent) and
E g ______________ quartzite (5 percent).
E 2 Atoka
o ______________
g Morrow
P N N I Manning Canyon Shale 21, 100 Shale and limestone.
© | Missis- | Chester ‘
sippian

1 Upper half estimated from Welsh and James (1961).

the top part that contain fusulinids and gastropods
of Wolfcamp (Early Permian) age (Tooker and Rob-
erts, 1961). The Oquirrh Formation is capped by a
unit assigned to the Grandeur Member of the Park
City Formation. This unit, which is 750 feet thick,
comprises a fossiliferous basal limestone that con-
tains brachiopods and gastropods of Leonard (Early
Permian) age (Tooker and Roberts, 1961), a medial
phosphatic shale, and an upper dolomite.

The Oquirrh Formation of the Bingham sequence
aggregates about 21,200 feet in thickness and rests on

2 Gilluly (1932).

the Manning Canyon Shale of Mississippian and
Pennsylvanian age (Gilluly, 1932). The lower mem-
ber, 1,900 feet thick, consists of sandy, shaly, and
fine-grained limestone, and some thin interbedded
quartzite; it contains brachiopods, corals, and bryo-
zoans of Early Pennsylvanian age (Helen Duncan
and Mackenzie Gordon, Jr., written communication,
1962). The middle member, 8,700 feet thick, is com-
posed of cyclical limestone, shale, and quartzite beds
that contain fusulinids, brachiopods, corals, and bryo-
zoans of Atoka, Des Moines, and Missouri (Middle
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and Late Pennsylvanian) age (Raymond Douglass,
written communication, 1961; Helen Duncan and Mac-
kenzie Gordon, Jr., written communication, 1962). The
upper member, 10,600 feet thick, is composed of quartz-
ite and interbedded limestone that contains fusulinids
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of Missouri, Virgil, and Wolfcamp (Late Pennsyl-
vanian and Early Permian) ages (Welsh and James,
1961). The Oquirrh Formation in this sequence is
overlain by the Kirkman Limestone of Welsh and
James (1961) of Wolfcamp age.

The Rogers Canyon sequence is similar to the Bing-
ham sequence in gross appearance because in each the
Oquirrh Formation has three members of generally
similar lithologies. The underlying and overlying
rocks are different, however, both in lithology and age;
and rocks of Late Pennsylvanian age were not iden-
tified in the Rogers Canyon sequence but are abundant
in the Bingham sequence. Beds with similar litholo-
gies are not identical and cannot be mapped across
the North Ogquirrh thrust.

The regional stratigraphic implications of the se-
quences in the Oquirrh Mountains are not fully
known; however, some understanding may be gained
by a comparison of these rocks with well-known se-
quences of similar rocks (Baker, Huddle, and Kinney,
1949) in the Wasatch Mountains (fig. 188.3). The
Timpanogos (thick) sequence, more than 26,000 feet
thick, resembles the Bingham sequence. The Oquirrh
Formation in both sequences rests on the Manning
Canyon Shale of Mississippian and Pennsylvanian
age and consists of three parts: a lower limestone, a
middle interbedded limestone and quartzite, and an
upper quartzite. These units are overlain by the Kirk-
man Limestone of Early Permian age. The Mount
Raymond (thin) sequence, about 2,200 feet thick, is
composed of the Doughnut Formation, a thin basal
shale and thicker overlying limestone of Mississippian
age; the Round Valley Limestone of Early Penn-
sylvanian age; and the Weber Quartzite of probable
Middle Pennsylvanian age. Overlying the Weber
Quartzite is the Grandeur Member of the Park City
Formation, 342 feet thick, composed of a lower lime-
stone of Leonard age (M. D. Crittenden, Jr., written
communication, 1962), a medial phosphatic zone, and
an upper dolomite. The thick Bingham and Tim-
panogos sequences are on the upper plate of the
Charleston thrust fault. The thin Mount Raymond
sequence is autochthonous and is presumed to be a
shelf deposit.

The Rogers Canyon sequence, of intermediate thick-
ness, is on the upper plate of the North Oquirrh
thrust, which shows apparent south or southeast move-
ment and is interpreted as a remnant of a sequence
of rocks intermediate between the thin Mount Ray-
mond and thick Bingham and Timpanogos sequences.
In general, the Rogers Canyon rocks possess aspects
of both the thin and thick sequences. The rocks above
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and intervening thrust faults.

and below the Oquirrh Formation in Rogers Canyon
are comparable with those bounding the Weber
Quartzite at Mount Raymond. The lithologic char-
acter and three-part division of the Oquirrh Forma-
tion rocks in the Rogers Canyon sequence are com-
parable with those of the Bingham sequence. The
rocks of Late Pennsylvanian and Early Permian age,
which are thick in the Bingham sequence, thin and
in part pinch out to the north and east in the Rogers
Canyon and Mount Raymond sequences. The rocks
of Early and Middle Pennsylvanian age also thin
shelfward. Finally, the shale facies common to the

Location of sections shown on figure 188.1.

thick sequences at the Mississippian and Pennsyl-
vanian boundary is represented in the thinner se-
quences by a limestone facies.

In summary, the Mount Raymond sequence is be-
lieved to have formed on the shelf, the Timpanogos
and Bingham sequences in the more rapidly subsid-
ing part of the basin, and the Rogers Canyon se-
quence in a region intermediate between shelf and
basin. The Rogers Canyon sequence is the only rep-
resentative of this intermediate facies that has thus
far been recognized. Comparable facies may exist in
north-central Utah. The rocks of the Rogers Canyon
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and Bingham sequences, which were originally de-
posited under different regimens, were juxtaposed in
the Oquirrh Mountains on the North Oquirrh thrust
fault.
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189. WINDY GAP VOLCANIC MEMBER OF THE MIDDLE PARK FORMATION, MIDDLE PARK, COLORADO
By G. A. Izert, R. B. Tavror, and D. L. Hoover, Denver, Colo.

A distinctive sequence of andesitic and trachyande-
sitic volcaniclastic rocks at or near the base of the
Middle Park Formation of Late Cretaceous and Paleo-
cene age is here named the Windy Gap Voleanic
Member. The type locality is on the north side of
U.S. Highway 40, at Windy Gap, 4 miles west of
Granby, Colo. The measured type section is given
at the end of this article, and the areal extent of the
member in central Middle Park, Colo., is shown in
figure 189.1.

The lowest volcanic member of the Middle Park
Formation has long been recognized as a mappable
unit in Middle Park. Marvine (1874) first mapped
the volcanic unit and applied the name “doleritic
breccia.” Later, Cross (1892) recognized the volcanic
sequence as the basal unit of a thick complex assem-
blage of shales, sandstones, grits, conglomerates, and
voleanic breccias, to which he applied the name Mid-
dle Park Formation. He noted that the basal volcanic
unit was andesitic rather than dolerite as described
by Marvine. Lovering (1930) described and mapped
the volcanic unit along the Granby anticline and re-
ported that the volcanic breccia “* * * is a valuable key
to the geologic section.” Tweto (1947;1 1957) infor-
mally recognized the unit and described its distribution

1Tweto, Ogden, 1947, Precambrian and Laramide geology of the
Vasquez Mountains, Colorado : Michigan Univ. thesis, 191 p.
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Windy Gap Voleanic Member of the Middle Park Formation,
Middle Park, Colo.
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been andesite domes similar to those described by Wil-
liams (19382). The rapid destruction of these and
other domes by running water and debris flow could
result in a tabular mass of volcaniclastic rocks that
would have characteristics in common with the Windy
Gap Member. The Tuscan and Mehrten Formations
of California are similar in many respects to the
Windy Gap Member, and a similar origin for them
has been proposed by Anderson (1933) and Curtis
(1954).
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190. SHALLOW HALITE DEPOSITS IN THE FLOWERPOT SHALE IN SOUTHWESTERN OKLAHOMA

By Porrer E. Warp, San Juan, Puerto Rico

Work done in cooperation with the U.S. Public Health Service

An investigation of the source of salt contributing
to mineralization of the Arkansas and Red Rivers
indicated that shallow deposits of halite in the Flower-
pot Shale of Permian age were associated with salt
springs (Ward, 1960, 1961). This article summarizes
the results of test drilling in an area of salt springs
along the Elm Fork of the Red River in Beckham
and Harmon Counties, Okla.

Subsurface studies are based on a 4-inch core hole
drilled by the Corps of Engineers, U.S. Army, in
October 1960 and 7 cable-tool holes drilled in July
and August 1961 (fig. 190.1). The core hole was 226
feet deep and the cable-tool holes ranged in depth
from 37 to 255 feet.

The formations exposed in the area are of Permian
age and are, in ascending order, the Flowerpot Shale,
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Fieure 190.1.—Map of the Harmon-Beckham County
salt-spring area, showing test holes, major salt springs,
and lines of geologic sections. Sections A-A’ and
B-B’ are shown on figure 190.3.

Blaine Gypsum, and Dog Creek Shale. The Dog
Creek Shale crops out south of the salt-spring area,
but it is unrelated to the problem under investigation
and is not discussed.

The Blaine Gypsum consists mainly of beds of mas-
sive gypsum separated by red and gray gypsiferous
shale beds. In many places the gypsum beds are un-
derlain by thin impure dolomite. The Blaine was at
the land surface at the sites of all the test holes, there-
fore the entire section of the Blaine is not represented
in any of the holes. The core hole started a few feet
below the top of the Blaine and penetrated 123 feet
of Blaine consisting of 75 feet of gypsum, 10 feet of
dolomite, and 38 feet of gypsiferous shale. Halite
was not found in the Blaine in the subsurface, but a
few salt casts were found on the outcrops.

The Flowerpot Shale consists primarily of reddish-
brown and gray gypsiferous shale characterized by
numerous intersecting selenite veins. More than 80
feet of the Flowerpot is exposed along the Elm Fork
of the Red River. The thickness of the Flowerpot is
not known, but test-hole 2 (figs, 190.1, 190.2) started
about 20 feet below the top of the formation and ap-
parently remained in it to the bottom of the hole, a
depth of 220 feet.

Salty zones in the Flowerpot Shale are exposed in
several places a few feet above the bottom of steep-
walled canyons in the area. The salt in these zones
may have been dissolved from subsurface halite beds
and brought to the surface by ground water; presum-
ably the water evaporated at the surface, leaving a
salt residue on the rocks. However, the salt in these
zones may have been deposited with the shale. Small
voids bearing impressions of salt hoppers are present
in many of the salty zones (fig. 190.3). Also, hopper-
shaped casts composed generally of dolomite, and
rarely of gypsum, were found on the weathered out-
crop of the Flowerpot Shale. One such cast consist-
ing of impure gypsum measured 6 inches on a side.
Both the voids and the casts prove that halite formerly
occurred in the shale. The time of removal of the
halite is unknown; but salt is being removed continu-
ally from the subsurface through solution—as indi-
cated by the local salt springs, all of which issue from
the Flowerpot.
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191.  CRINOIDAL BIOHERMS

K43

IN THE FORT PAYNE CHERT (MISSISSIPPIAN) ALONG THE CANEY FORK

RIVER, TENNESSEE
By Mzrvin V. MarcHER, Nashville, Tenn.

Work done in cooperation with the Tennessee Division of Geology

Factors that control the development of permeabil-
ity and porosity in carbonate rocks are of primary in-
terest to hydrologists who are concerned with locating
and developing ground-water supplies in limestone
terranes. The well-developed crinoidal bioherms along
the Caney Fork River in east-central Tennessee pro-
vide excellent examples of both primary and second-
ary permeability. Only the general features and lith-
ologic characteristics of these bicherms are described
in this article. Additional study now underway will
define, as closely as possible, the role of rock fabric
and diagenesis in the development of porosity in the
biohermal beds. The results of such a study should
be equally applicable to lithologically similar beds not
associated with bioherms.

Crinoidal bioherms, which are locally well developed
along the Caney Fork River in the reach extending 7
miles downstream from Great Falls Dam, occur at or
near the base of the Fort Payne Chert of Early Mis-
sissippian age. The base of most bioherms is obscured
by talus and vegetation. At least one small bioherm,
near Great Falls Dam, is underlain by Fort Payne
Chert. Two other bicherms rest directly upon the
Chattanooga Shale, which underlies the Fort Payne;
at these localities the Chattanooga is bowed slightly
downward, presumably from the weight of the bio-
herms. Where the outlines of the bioherms can be
determined, they are oval or elongate moundlike
masses. The long axis of most bioherms trends from
about N. 30° W. to about N. 30° E. (fig. 191.1). The
dimensions of individual bioherms range from tens
to hundreds of feet in both width and length and from
20 to nearly 100 feet in thickness. Preliminary study
indicates that a completely developed bioherm con-
sists of three major parts: a core, inner flanking beds,
and outer flanking beds (fig. 191.2). In most of the
bioherms, the beds making up the core are flat lying
whereas the flanking beds drape over the core and dip
outward 5° to 20°. In some incompletely developed
bioherms, the inner flanking beds are missing and the
outer flanking beds are in direct contact with the core.

The overlying beds of Fort Payne Chert arch over
the bioherms and consist of uniformly bedded very
fine grained, calcareous and siliceous siltstone which
locally contains scattered crinoidal debris. The litho-
logic break between the overlying beds and the bio-
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Fieurk 191.1.—Distribution of bioherms along the Caney Fork
River.

hermal beds is very distinct, and the contact between
them represents a submarine unconformity. At the
margins of the bioherms, however, the enclosing beds
grade laterally into the biohermal beds. Arching of
the beds overlying the bioherms is the result of initial
dip and gradually dies out upward.

The strata that make up the cores of the bioherms
are thin-bedded greenish-gray argillaceous limestone
and greenish- or reddish-gray calcareous shale. Cri-
noid columnals as much as 1 inch in diameter are
common. In thin sections, it can be seen that the rock
consists mainly of crinoidal and algal debris in a
fine-grained dolomitic and clayey matrix. Shreds of
brown organic(?) material are abundant. Many of
the crinoid fragments have corroded edges, suggesting
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Ficure 191.2.—Sketch section of a completely developed
bioherm.

that some recrystallization has occurred, and some are
partly or completely silicified. In places the matrix
also has been silicified. Algal material forms micro-
laminated sheaths on fossil fragments or occurs as
small (0.05 mm or less) spherical bodies, many of
which are filled with clear crystalline calcite. Parts
of the core consist mainly of fine- to medium-grained
silty dolomitic limestone that contains only minor
amounts of crinoidal and algal debris.

Where present, the inner flanking beds ordinarily
are thin and irregularly bedded and consist of pale-
yellowish-brown fine- to medium-grained dolomitic
limestone that contains various amounts of fossil de-
bris. Under magnification, the inner flanking beds
are seen to contain much algal material in a slightly
argillaceous and dolomitic matrix. Most of the ecri-
noid fragments, which are randomly distributed
throughout the rock, have irregular edges as a result
of dolomitization. Spherical algal bodies are abun-
dant and some have been filled with calcite. Irregu-
lar patches in the rock and some of the crinoid frag-
ments have been replaced by microcrystalline quartz.

The outer flanking beds are massive and lenticular
and consist mainly of medium- to coarse-grained dolo-
mitic limestone that contains much crinoidal and al-
gal debris. In some thin sections from the outer flank-
ing beds, it could be seen that practically all the
crinoid fragments had been replaced by cryptocrystal-
line or crystalline quartz and that part of the matrix
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had been irregularly silicified. In at least ome thin
section, parts of the silicified patches had been re-
placed by dolomite. Large dolomite crystals, possibly
due to replacement of chert by dolomite (Walker,
1962, p. 288), are common in the silicified patches.

Parts of the outer flanking beds are a rubble con-
sisting of angular fragments and nodules of fine-
grained slightly argillaceous limestone in a matrix
of fine- to medium-grained dolomitic limestone that
contains various amounts of crinoidal and algal debris.
Many of the large crinoid stems are surrounded by
clear crystalline calcite. Most of this calcite is sec-
ondary in origin, but some appears to be due to recrys-
tallization of the fine-grained matrix.

Some of the rubble zones in the outer flanking beds
contain irregular vugs and seams that are partly filled
with powdery gypsum. Some of the smaller vugs and
seams are filled with a mixture of crystalline calcite
and gypsum, and a few are lined with dolomite rhom-
bohedra.

Other parts of the outer flanking beds consist of
highly porous and permeable dolomite. Dolomitiza-
tion has destroyed the outline of most of the fossil
fragments, especially the crinoid columnals, but a few
spherical algal bodies, some filled with clear erystal-
line dolomite or calcite, are relatively unaffected.
Some of the openings or pores in the rock have been
partly filled with carbonate minerals or are lined with
dolomite crystals.

The bioherms began to form when the depth of the
Fort Payne sea was optimum for establishment of
bioherm-forming erinoid colonies on the sea floor. For
a time the growth of the bioherms kept pace with a
slowly rising sea level, but at times the crests of the
bioherms reached the level where wave action pre-
vented further growth. At such times the unce-
mented debris on the crests of the bioherms would be
swept off and accumulate on the flanks. Further rises
in sea level submerged the bioherms to a depth such
that their crests again afforded optimum conditions
for the growth of crinoids. Fluctuations in sea level
occasionally allowed waves to sweep debris off the
crests onto the flanks of the bicherms. The zones of
rubble in the outer flanking beds may have been formed
by sliding of material down the sides of the bioherms
when the angle of repose was exceeded or when storms
swept large amounts of coarse debris from the crests
of the bioherms. The angularity of much of the rub-
ble indicates that the fragments were not transported
for a very great distance. Eventually the rate of sea-
level rise outpaced the rate of biohermal growth and
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created environmental conditions inimicable to the
survival of the crinoid colonies.

Preliminary study indicates that the porosity of the
outer flanking beds is both primary and secondary in
origin. Primary openings appear to have resulted
from a failure of fine sediment or cement to be de-
posited in the original open spaces in the rigid frame-
work of limestone rubble (Murray, 1960, p. 61). Sea
water trapped in such openings may account for the
gypsum that lines or fills vugs in the rubble zones.
Openings of secondary origin are of two types: rela-
tively large, irregularly distributed conduits dissolved
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by circulating ground water, and small uniformly dis-
tributed pores developed as a result of dolomitization
(Weyl, 1960, p. 85-90).
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MISSISSIPPTIAN-PENNSYLVANIAN BOUNDARY IN NORTHEASTERN KENTUCKY

By Ricuarp A. SHerrarp and ErNest DoBrovorny, Denver, Colo.

Work done in cooperation with the Kentucky Geological Survey

A thick sandstone unit forms the walls of Box Can-
yon, south of Carter Caves State Park near Olive Hill,
Ky. (fig. 192.1). The sandstone unit is overlain by
shale and limestone assigned to the Pennington(?)
Formation of Late Mississippian age, and the Penning-
ton(?) is overlain by the Lee Formation, which is
considered to be of Early Pennsylvanian age. The
sandstone, 43 feet thick, is white to light gray, fine to
medium grained, quartzose, thick bedded, and conspic-
uously crossbedded. It is lithologically similar to
sandstones in the Lee Formation and unlike other
sandstones in the Pennington Formation.

The stratigraphic relations of the sandstone are
shown in figure 192.2. A core drilled on the shoulder
of Box Canyon in 1961 penetrated the Pencil Cave
beds (drillers’ term) below the sandstone. The Pen-
cil Cave beds and a limestone generally found above
it are correlated respectively with the Hardinsburg
Sandstone and Glen Dean Limestone of western Ken-
tucky (McFarlan and Walker, 1956, p. 7).

The Pennington(?) Formation consists chiefly of
shale, but includes a few thin beds of limestone and
sandstone. The shale generally is light green to green-
ish gray, fossiliferous, and locally silty. Red shale
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was observed in the upper beds in the core at Box
Canyon and in nearby outcrops. The most continu-
ous beds are two limestones, one at or near the base
of the formation and another near the top. Both are
gray, finely crystalline, argillaceous, and fossiliferous.
Weathering along argillaceous laminae causes the lime-
stone to separate into plates as much as 1 inch thick.
Thin, discontinuous yellow-weathering limestones are
present in the upper part of the formation; fossils
were not found in these. With the exception of the
thick sandstone at Box Canyon, the sandstones are
light tan to light olive, very fine to fine grained, thin
bedded, and quartzose. Green shale chips occur lo-
cally. The sandstones generally are fossiliferous; they
contain abundant spireferoid brachiopods and, locally,
fish remains. Perhaps the most diagnostic feature is
the abundance of casts of trails on the bottoms of
certain beds.

Marine fossils collected from the Pennington(?)
Formation in this area (figs. 192.1 and 192.2) were
identified by J. T. Dutro, Jr., written communication,
1962) who commented as follows:

All the assemblages indicate a Late Mississippian age * * *.
There is no indication of an Early Pennsylvanian age for any

of these collections. The occurrence of Diaphragmus cf.
D. cestriensis (Worthen) * * * points to a late Chester age.
The other invertebrates, especially brachiopods, support this
general age assignment.

Diaphragmus cf. D. cestriensis (Worthen) was col-
lected above the sandstone at locality C.

Fossils collected from localities A and ' (figs. 192.1
and 192.2) are:

Locality A:
USGS 20204-PC:
Horn coral, indet.
Echinoderm debris, indet.; abundant
Fenestrate bryozoans, indet.; abundant
Ramose bryozoans, undet.
Productoid brachiopod, indet.
Spirifer ¢f. S. leidyi Hall
Composita subquadrata (Hall)
Eumetria cf. E. vera Hall
“Spiriferina’’ spinosa (Norwood & Pratten)
USGS 20205-PC:
Spirifer sp.
Pelecypod fragments, indet.; abundant
Tracks and trails, indet.
USGS 20206-PC:
Echinoderm debris, indet.
Orthotetes cf. O. kaskaskiensis (McChesney)
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Productoid fragment, indet.
Spirifer cf. S. leidyi Hall
Dielasma? sp.
Fish tooth, undet.
Locality C:

USGS 20207-PC:
Orthotetes cf. O. kaskaskienses (McChesney)
Allorisma sp.; abundant

USGS 20209-PC:
Echinoderm debris, indet.; abundant
Fenestrate bryozoans, indet.
Ramose bryozoans, undet.
Orthotetes cf. O. kaskaskiensis (McChesney)
Diaphragmus cf. D. cestriensis (Worthen)
Ovatia ovata (Hall)
Spirifer of. S. increbescens Hall
Composita subquadrata (Hall)
Aviculopecten sp.
Bellerophon sp.
Straparollus (Euomphalus) sp.
Murchisonia? sp.
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Although the sandstone body is shown as a lens in
figure 192.2, it may be a tongue of the Lee Formation.
Englund and Smith (1960) have demonstrated inter-
tonguing of the upper part of the Pennington Forma-
tion and the lower part of the Lee Formation in
southeastern Kentucky. If the sandstone is a tongue
of the Lee Formation, the Lee includes beds of Late
Mississippian age at this locality. In either case it is
clearly indicated that deposition of quartzose sand-
stones typical of the Lee Formation began during Late
Mississippian time.
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193. CORRELATION OF THE PARKWOOD FORMATION AND THE LOWER MEMBERS OF THE POTTSVILLE
FORMATION IN ALABAMA

By Wittiam C. Cursertson, Denver, Colo.

In Alabama the Pottsville Formation of Pennsyl-
vanian age, the principal coal-bearing formation, con-
tains one or two resistant conglomeratic quartzose
sandstone (orthoquartzite) units at its base that con-
trast with the less resistant subgraywacke sandstone
beds in the rest of Pottsville. In the Cahaba and
Coosa coal fields the two quartzose sandstone units
are named the Shades Sandstone Member and the
Pine Sandstone Member; in the Plateau coal field the
two units are the “Lower Conglomerate” and the “Up-
per Conglomerate” of McCalley (1891), but in the
Warrior coal field only one unit has been named, the
Boyles Sandstone Member (fig. 193.1). According to
the geologic map of Alabama by Butts (1926), the
Pottsville is underlain by the Mississippian Parkwood
Formation in the Cahaba and Coosa coal fields and on
Blount Mountain, but elsewhere it is underlain by the
Pennington Formation or the Floyd Shale, both of
Mississippian age. It is the purpose of this article to
clarify the correlation of lower members of the Potts-
ville Formation and to redefine the top boundary, and

the extent, of the Parkwood Formation.
198.1.)

The correlation of the basal sandstone members of
the Pottsville Formation has been hampered by the
concept that there is only one quartzose sandstone unit
in the Warrior field, compared to two units in each
of the other coal fields (for example, Butts, 1910,
p- 8, and Shotts, 1961). The Boyles Sandstone Mem-
ber was named and described by Butts as follows:

The basal part of the Pottsville is everywhere in the Bir-
mingham quadrangle a sandstone. In this particular field
[Warrior] it is called the Boyles sandstone member because
it is well displayed in Boyles Gap. The sandstone is coarse,
thick bedded, quartzose, and in places conglomeratic at the
base. Where thickest it changes to a flaggy, finer-grained and
perhaps argillaceous rock toward the top * * *. It is 100 feet
thick where exposed in Sayreton and Boyles gaps.

Recently the Boyles Sandstone Member was ex-
posed by the excavation of a railroad cut through the
ridge that is formed by this member at a locality
about 500 feet north of Boyles Gap. The strata are
here overturned, dipping 45° to 60° SE. The ex-

(See fig.
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Ficure 193.1.—Columnar sections of Parkwood Formation and lower part of Pottsville Formation in Alabama,
and map showing location of sections: (1), core of the Brilliant hole (Semmes, 1929, p. 155); (2), measured
section along Mill Creek; (3), measured section at new railroad cut at Boyles Gap; (4), generalized from
core of Wham well (Semmes, 1929, fig. 24); (5), generalized measured section by Rothrock (1949, fig. 2);
and (6), unpublished description of core of FP-1 by N. M. Denson and R.. K. Hose in 1944.
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posed rocks were measured and described by the au-
thor as follows:

Section of the Boyles Sandstone Member of the Pottsville Formation
in new railroad cut through Sand Mountain, NW; sec. 6,
T. 17 8., R. 2 W., Jefferson County, Ala.

[Fig. 193.1, col. 3]
Pennsylvanian:
Pottsville Formation: Feet
Shale, dark-gray; 30 percent of beds medium-dark-
gray carbonaceous very fine to medium-grained
sandstone. Lower 50 ft contains 4 coal beds that

are 2 to 12 in. thick; sharp basal contact_________ 386

Boyles Sandstone Member:
Upper sandstone unit:

Sandstone, light-gray, fine- to medium-grained,
quartzose, well-indurated, thick-bedded; cross-
bedded 30 ft above base. Contains several thin
beds of medium-dark-gray sandstone with plant
fossils. Abundant flat pebbles of shale and coal
in lower 3 to 8 ft. Upper 18 ft is medium-dark-
gray medium- to coarse-grained sandstone.
Irregular, sharp basal contact________________ 86

Middle shale unit:

Shale, dark-gray, fissile; the lower 4 ft is 30 percent
thin lenticular siltstone and very fine-grained
sandstone beds. At 4 ft above base is a bed 8 ft
thick of medium-dark-gray very fine- to fine-
grained sandstone that is interbedded with 10
percent shale. Sharp basal contaet___________ 33

Lower sandstone unit:

Sandstone, light-gray, fine- to medium-grained,
with a few coarse to very coarse grains; quartz-
ose, well indurated, crossbedded in places; in
beds 1 to 5 ft thick. Lower 31 ft is conglomer-
atic, containing sparse rounded pebbles of quartz
as much as !4 in. in diameter, which in places are
concentrated in lenses as much as 1 ft thick.
Lowest 3 ft contains abundant quartz and shale

pebbles and fragments of coal . _______________ 114

Total, Boyles Sandstone Member__ . ________ 233
Unconformity.
Mississippian:

Floyd Shale:
Clay shale, dark-gray, fissile with 5 to 10 percent
beds of buff-weathering fine-grained sandstone.

A comparison of the exposure at the old railroad
cut at Boyles Gap with that at the new railroad cut
described above indicates that Butts (1910, p. 8) was
referring only to the lower 114 feet of sandstone when
he stated that the Boyles Sandstone Member was a
single sandstone bed 100 feet thick. However, the
upper unit is also a “coarse, thick-bedded quartzose
sandstone,” and the upper unit was included by Butts
(1910) in the Boyles Sandstone Member in other parts
of the Birmingham quadrangle. For example, at Mill
Creek (fig. 193.1, col. 2), the Boyles Sandstone Mem-
ber, as mapped by Butts (1910), consists of an upper
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and a lower ridge-forming quartzose sandstone unit
separated by a unit 120 feet thick that is mostly shale.
This is the typical lithology of the Boyles in most of
the Warrior coal field, although locally the middle
shale unit is cut out by channeling, or locally the
sandstone units contain one or two interbeds of shale.

In order to make the boundaries of the Boyles
Sandstone Member consistent throughout the Warrior
coal field, the Boyles Sandstone Member is here re-
defined to include the entire 233-foot section described
at the new railroad cut at Boyles Gap, which is here
designated as a reference section.

On the basis of the stratigraphic position, unique
lithologic sequence, and persistence of these lower
units of the Pottsville, the lower sandstone unit of
the Boyles Sandstone Member is correlated with the
Shades Sandstone Member and the “Lower Conglom-
erate” of McCalley (1891). The upper sandstone unit
is correlated with the Pine Sandstone Member and
the “Upper Conglomerate” (fig. 193.1).

The Parkwood Formation was named from expo-
sures in the vicinity of Parkwood, T. 19 S., R. 3 W,
in the Cahaba coal field. Butts (1910, p. 8) defined
it as including the 1,500 to 2,000 feet of gray shale
and sandstone “lying above the base of the sandstone
making Little Shades Mountain and Bald Ridge * * *
and below the Brock coal bed * * *.” It is underlain
in some places by the Pennington Formation, in other
places by the Floyd Shale.

The Brock coal bed is 6 to 10 inches thick and lies
about 50 feet below the prominent ridge-forming
Shades Sandstone Member of the Pottsville Forma-
tion. Butts selected the Brock coal because, as he
stated later (Butts, 1926, p. 206), “* * * the base of
the Pennsylvanian of Alabama, as located at the base
of the Brock coal bed, seems to lie at a horizon in the
lower Pottsville as low as the lowest Pennsylvanian
of Virginia, West Virginia, or Pennsylvania * * *.”
Subsequent paleontological work, however, showed
that the base of the Pennsylvanian is an indefinite
boundary more than 500 feet below the Brock coal
bed (Butts, 1927, p. 13; Moore, 1944, p. 686). In ad-
dition, the thinness and limited extent of the Brock
coal make its base an impractical formation boundary.
The top boundary of the Parkwood Formation is here
changed to the more widespread and conspicuons lith-
ologic boundary, the base of the Shades Sandstone
Member of the Pottsville Formation (fig. 193.1). This
boundary was used in mapping the Coosa coal field by
Butts (1940, p. 11) and Rothrock (1949, p. 18).
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According to Butts (1910), the Parkwood Forma-
tion is not present in the Warrior and Plateau coal
fields except on Blount Mountain where about 800
feet of Parkwood underlies the Boyles Sandstone
Member. However, a sequence of sandstone, shale,
and one or more coal beds underlies the Boyles Sand-
stone Member and “Lower Conglomerate,” and uncon-
formably overlies the Mississippian Pennington For-
mation in most of the Warrior and Plateau coal fields.
This sequence—part of McCalley’s Lower Measures
(1891, p. 20)—is 0 to 150 feet thick along much of
the outcrop and thickens to more than 600 feet in the
subsurface in the western part of the Warrior coal
field. Mellen (1947, p. 1813) noted that this sequence
should be called Parkwood Formation in western Ala-
bama, where its fauna has both Mississippian and
Pennsylvanian aspects. The author agrees, and re-
gards the Parkwood as including all rocks in Alabama
between the basal conglomeratic sandstone of the Potts-
ville Formation and the Pennington Formation or
Floyd Shale. The rocks in Tennessee equivalent to
the Parkwood Formation constitute the Raccoon
Mountain Formation.

The deposition of the Parkwood Formation is in-
terpreted as beginning in Mississippian time in the
geosynclinal trough that included the present Cahaba
and Coosa fields, and continuing into Pennsylvanian
time. In early Pennsylvanian time, Parkwood sedi-
ments were spread over northern Alabama, but a few
islands existed where no Parkwood was deposited,
such as Boyles Gap. Subsequently, the basal con-
glomeratic members of the Pottsville Formation were
deposited on the Parkwood, filling channels in places

n
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but elsewhere being deposited conformably on the
Parkwood Formation. The land surface at Boyles
Gap rose slowly during the deposition of the Boyles
Sandstone Member, resulting in a much thinner basal
unit of the Pottsville than elsewhere in Alabama.
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19.  PENNSYLVANIAN NOMENCLATURE IN NORTHWEST GEORGIA

By Witrzam C. Curserrson, Denver, Colo.

Published reports give four different nomenclatures
for the rocks of Early Pennsylvanian age in north-
west Georgia. The purpose of this article is to re-
name the rock units of Georgia according to their
correlation with the rock units of Tennessee, and to
show their correlation with the equivalent rocks in
the adjacent part of Alabama.

In northwest Georgia, rocks of Early Pennsylva-
nian age are about 1,000 feet thick and are the cap-
ping rocks on synclinal Sand, Lookout, and Pigeon
Mountains, and on several small hills (fig. 194.1).
The youngest Pennsylvanian rocks are preserved in
Lookout Mountain near Durham. The rocks consist
of resistant thick massive sandstone beds, at least one
of which is conglomeratic, interbedded with weak se-
quences consisting of beds of shale, fine-grained sand-
stone, and locally a few beds of coal. The rock units
vary in thickness from place to place, and locally
sandstone beds fill channels in underlying rocks.

The Pennsylvanian nomenclature of northwest
Georgia has been strongly influenced by nomenclatures
published for adjacent Tennessee (see table). The
first was that of Safford, who in 1869 divided the
Coal Measures at the Aetna mines in Tennessee (fig.
194.1, loc. 1), 2 miles from Georgia, into Lower and
Upper Coal Measures separated by a Lower Conglom-
erate and an Upper Conglomerate. The Upper Con-
glomerate is only a sandstone at its type locality (fig.
1942, col. 1b), but it is equivalent to the bed that
Safford called the Conglomerate in the rest of Ten-
nessee, and that he later called Sewanee Conglomerate
(Safford, 1893, p. 89-98).

The first nomenclature applied directly to north-
west Georgia was that of Hayes (1892, p. 49), who
divided the Coal Measures into two formations, the
Lookout Sandstone below and Walden Sandstone
above. The contact was placed at the top of “a bed
of conglomerate 10 to 70 feet in thickness which is a
constant feature throughout the greater part of the
field.” Nowhere in this report on northeast Alabama,
northwest Georgia, and southernmost Tennessee, nor
in later reports on this same area, did he mention a
second conglomerate or indicate how his units corre-
lated with those of Safford. A few years later,
McCallie in a report on the coal deposits of northwest
Georgia said that Hayes’ Lookout Sandstone corre-
sponded to Safford’s Lower Coal Measures “including

[
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History of stratigraphic nomenclature of Pennsylvanian rocks in northwest Georgia and South Tennessee

Northwest
Georgia, Geologic map of | Northwest Georgia,
Aetna (Etna) northeast Georgia (Georgia Chart 6 of South Tennessee
mines, Tenn. Alabama, and South Tennessee | Div. of Mines, Pennsylvanian Northwest Georgia | (Wilson and others, | Northwest Georgia
(Safford, 1869, south (Nelson, 1925, Mining, and Subcommittee (Johnson, 1946) 1956, p. 1) (this article)
p. 383-384; 1893) Tennessee p. 39) Geology, 1939) (Moore, 1944)
(Hayes, 1892,
D. 49)
(Unit missing) | (Unit missing) Rockcastle (Unit missing) (Unit missing) (Unit missing) Rockeastle (Unit missing)
conglomerate conglomerate
Vandever Vandever Vandever
shale formation Member
Newton g.
sandstone S §
Rockeastle %0 B
sandstone ! 5 é
Eastland Newton = Newton
Upper Coal shale lentil? Walden § sandstone a Sandstone
Measures formation = 3 Member
i g
- Herbert é §
conglomerate ! 5
= Walden <} -g
4 sandstone 3
N g £ £
. S a Whitwell Vandever © Whitwell =} Whitwell
5 2 shale shale shale § Shale
2|% R Pottsville G| Member
® |z _ — formation
Ak
g Upper Conglomer- Sewanee Upper Bonair Sewanee Sewanee
M ate (Sewanee conglomerate conglomerate sandstone conglomerate Member
=] conglomerate)
= g )
O —
g .
Unnamed unit Unnamed b Unnamed Whitwell Signal Point Signal Point
member 2 member Shale shale Shale Member
2 g g
Lower g Warren 1 Lower %’ Sewanee & | Warren Point é Warren Point
Conglomerate <L Point 8 | conglomerate E member 'g sandstone & Member
(CHff Rock) ’g sandstone = g 8 2
8 @ & g
Lookout &| Unnamed Unnamed § Gizzard Raccoon g Raccoon
sandstone member member 34 member Mountain Moantain
S formation Member
Lower
? Coal Measures
< Pennington Pennington shale Pennington Pennington Pennington Pennington
& formation formation shale formation Shale
&
&
% Mountain Bangor Bangor limestone {Bangor limestone Not shown Bangor limestone Not shown Bangor Limestone
=<} limestone limestone
=

! According to Wilson and others (1956, p. 4) the Eastland Shale Lentil and Herbert Conglomerate of Nelson are equivalent to the Whitwell Shale and Newton Sandstone

of Nelson, so the names Eastland and Herbert are discarded.

the Lower Conglomerate and underlying rocks”
(McCallie, 1904, p. 19, 99).

Nelson (1925) published a new detailed nomencla-
ture for somuthern Tennessee in which he recognized
the Mississippian Pennington Formation in rocks pre-
viously included in the Lower Coal Measures of Saf-
ford (1869). In the second change in Georgia nomen-
clature, the Georgia Division of Mines, Mining, and
Geology (1939) recognized the Pennington Shale in
Georgia, but placed all beds above the Pennington
Shale into an undivided Pottsville Formation. This

usage was followed by Sullivan (1942, p. 32). In a
third change in the nomenclature for Georgia, the
Pennsylvanian Subcommittee of the National Research
Council Committee on Stratigraphy (Moore, 1944,
chart 6) divided the rocks into the Lookout Forma-
tion and Walden Formation, as did Hayes (1892),
but they included an Upper Conglomerate and a
Lower Conglomerate within the Lookout Formation.
Two years later, Wanless (1946, p. 8), in a compre-
hensive study of the Southern Appalachian coal field,
used essentially the same nomenclature and also cor-
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related the rock units with the named units of Nelson
in Tennessee.

The fourth nomenclature for northwest Georgia was
published by Johnson (1946) as a result of a geologic
investigation of Sand and Lookout Mountains, Ga.,
in connection with a core-drilling program by the
U.S. Bureau of Mines. His names are derived from
Nelson’s (1925) nomenclature for Tennessee, but also
include the Lookout Sandstone of Hayes.

It is my conclusion that (1) the Lookout Formation
as defined by the Pennsylvanian Subcommittee is a
different unit than that defined by Hayes at the type
locality, and (2) Johnson’s nomenclature is based on
a miscorrelation with the rock units of Tennessee. In
the type area (Lookout Mountain, Ga.) the top bed of
the Lookout Sandstone is the Lower Conglomerate,
not the Upper Conglomerate as shown by the Penn-
sylvanian Subcommittee; and the top bed correlates
with the Warren Point Sandstone, not the Sewanee
Conglomerate as implied by Johnson’s use of the name
Sewanee Member of the Lookout Sandstone.

These conclusions were reached during a reconnais-
sance trip into Lookout, Sand, and Raccoon Moun-
tains, using Johnson’s geologic map (Johnson, 1946),
his annotated air photographs, and other published
reports. On Lookout Mountain, the bed Johnson calls
Sewanee Member of the Lookout Sandstone is the
“conglomerate and heavy sandstone” at the top of
Hayes’ Lookout Sandstone at Johnson Crook, and is
the same bed that Wanless (1946, p. 24) calls Warren
Point Sandstone Member of the Lookout Sandstone
(fig. 194.2, cols. 2, 8, and 4). On Sand Mountain at
Cole City, Ga., the Sewanee Member of Johnson is
the top bed of the Lookout Sandstone of Hayes (1894),
the Lower Conglomerate of McCallie (1904, p. 98)
and McCalley (1891, p. 44), and the Warren Point
Sandstone Member of Wanless (1946, pl. 21, col. 2).
Johnson’s map also adjoins the type locality (fig.
194.1, loc. 8) of the Raccoon Mountain Formation of
Wilson and others (1956, p. 19), where the Sewanee
Member of Johnson directly overlies the Raccoon
Mountain Formation and is thus the same unit as
their Warren Point Sandstone (see table). At Aetna
Mines on Raccoon Mountain, a comparison of the meas-
ured sections of Hayes, Safford, and Nelson (fig. 194.2,
cols. 1a, 1b, and 1) also confirms the identity of the
top bed of the Lookout Sandstone with the Lower
Conglomerate, a fact that was noted in 1904 by J. J.
Stevenson (p. 125), and with the Warren Point Sand-
stone Lentil of Nelson (1925).

Many authors have stated that the Lookout Sand-
stone includes the Sewanee at its top, but this is true
only in Tennessee, exclusive of the southernmost part,

E53

where the Sewanee is largely conglomeratic and the
older Warren Point is only a sandstone. In the type
area described above and in southernmost Tennessee,
Hayes placed the top of the Lookout at the top of
the conglomeratic Warren Point Member or its equi-
valent, and included the generally nonconglomeratic
Sewanee Member in the Walden Sandstone. Although
Johnson placed the top of the Lookout Sandstone at
the same horizon as Hayes, the result of his miscor-
relation of the top bed is that his named units do
not correlate with the units of the same name in
Tennessee; for example, the Vandever Shale in Geor-
gia is a lower bed than the Vandever Shale of Ten-
nessee.

Johnson (1946) has demonstrated that rocks of
Pennsylvanian age in northwest Georgia contain many
recognizable units which deserve formal recognition.
A new nomenclature is here defined for northwest
Georgia that consists of 2 formations and 7 members.
The names correspond generally to the names of the
equivalent rock units in adjacent Tennessee as de-
scribed in the recent study of Pennsylvanian rocks by
Wilson and others (1956) or by Nelson (1925).

The table and figure 194.2 (cols. 5, 6, and 7) show
the new nomenclature and its correlation with the
generalized sections of Johnson for northwest Georgia,
a composite section of Lookout Mountain, Ala., and a
composite section in Tennessee that was adapted from
Wilson and others (1956), using their description of
the units on Walden Ridge and Lookout Mountain
wherever possible. The section on Lookout Mountain,
Ala., and a description of the rocks were furnished
by N. M. Denson and R. K. Hose, who, in 1944, made
a geologic investigation of coal-bearing rocks on Look-
out Mountain near Fort Payne. The only published
result of this investigation is a chapter entitled “De-
scription of deposits” by N. M. Denson in a U.S.
Bureau of Mines report (Coulter, 1947, p. 4-5).

The new members in northwest Georgia are de-
scribed in detail below, primarily on the basis of the
descriptions of Johnson (1946), supplemented by the
measured section of Wanless (1946, p. 24 and 32) and
by personal observation. The thicknesses of the units
are derived from Johnson (1946) because most of
his data are based on both core drilling and fieldwork.
Measurement of the rocks in northwest Georgia has
always been hampered by poor exposures, with the
result that different authors have reported widely
varying thickness for the same interval. Published
reports are in essential agreement as to the thickness
of the upper 400 to 500 feet of the Pennsylvanian
section, but the thickness of the interval between the
base of Lower Conglomerate (Castle Rock coal zone)
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SOUTHERN TENNESSEE, GEORGIA, AND NORTHEAST ALABAMA
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! Although Johnson's generalized
section shows only 185 feet of strata
above the Durham coal bed, his text
states that it is about 300 feet, which
compares with the 350 feet measured
by Wanless (1946, p. 32) and the 315
feet measured by Sullivan (1942, p. 32)

names Warren Point and Sewanee to the section in column 4 are
shown in parentheses. New nomenclature for northwest Georgia
shown at right of column 6 (facing page).
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and the No. 4 or Tatum coal bed on Lookout Mountain
has been variously reported to be 420 feet (Johnson,
1946), 675 feet (Hayes, 1894), 780 feet (Wanless,
1946, pl. 25, col. 9), and 1,200 feet (Sullivan, 1942,
p- 45). As Johnson’s measurement is derived from
a core hole it should be accurate. The larger thick-
nesses probably were the result of miscalculating the
thickness of rocks underlying the weathered plateau
surface of Lookout Mountain.

GIZZARD FORMATION

The Gizzard Formation was named from its ex-
posures on Little Fiery Gizzard Creek in Marion
County, Tenn., 2 miles south of Tracy City in Grundy
County (Safford, 1869; Nelson, 1925). In northwest
Georgia the Gizzard Formation contains three mem-
bers: the Raccoon Mountain, the Warren Point, and
the Signal Point Shale.

Raccoon Mountain Member—In northwest Georgia
the Raccoon Mountain Member is the sequence of
gray shale, fine-grained sandstone, and lenticular coal
beds that lie unconformably above the Mississippian
Pennington Shale and below the cliff-forming con-
glomeratic sandstone called Warren Point Member.
Wilson and others (1956) named the Raccoon Moun-
tain Formation from its exposure at locality 8 (fig.
194.1), about 0.4 mile northwest of Whiteside, Tenn.
It varies considerably in thickness, ranging from 853
feet at locality 8 to about 70 feet on the west side of
Lookout Mountain, Ga. On Lookout Mountain, Ala.,
the equivalent beds average about 50 feet in thickness
and do not exceed 150 feet. The coal bed that occurs
at or near the top of this unit is widely known as the
Etna, Cliff, or Castle Rock coal bed.

Warren Point Member.—The Warren Point Mem-
ber is the massive quartzose (orthoquartzite) sand-
stone containing scattered to abundant small pebbles
of quartz or quartzite that forms the main cliff face
on Lookout and Sand Mountains. Its type locality in
Tennessee is at Warren Point, 145 mile north of Mont-
eagle, Grundy County, Tenn. It ranges from about
50 to 200 feet in thickness. The equivalent bed in
the Walden Ridge area of Tennessee is reported by
Wilson and others (1956, p. 4) to be 200 feet thick.
A comparison of this thickness with the 100-foot thick-
ness shown by Nelson (fig. 194.2, col 1lc) indicates
that the top of the Warren Point is placed at a higher
horizon by Wilson and others. Using their definition,
the bed equivalent to the Warren Point Member in
Lookout Mountain, Ala., is 100 to 150 feet thick in
most places, ranging up to as much as 250 feet thick,
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and contains shale partings in the upper part. The
Underwood coal bed and associated shale (fig. 194.2,
col 7) are present only locally.

Signal Point Shale Member—The Signal Point
Shale Member in northwest Georgia is 6 to 50 feet
thick and consists of gray shale with locally a thin
coal bed and a thin bed of sandstone. The type lo-
cality of the Signal Point Shale Formation, as named
by Wilson and others (1956), is on Tennessee State
Highway 8 at locality 9 (fig. 194.1). It crops out
around the margin of Lookout Mountain, Ga. The
equivalent sequence in Lookout Mountain, Ala., con-
sists of 15 to 50 feet of shale and fine-grained sand-
stone and 2 coal beds that have been mined inter-
mittently (fig. 194.2, col. 7).

CRAB ORCHARD MOUNTAINS FORMATION

Wilson and others (1956) named the Crab Orchard
Mountains Group from its exposures in the Crab
Orchard Mountains, Cumberland County, Tenn. In
northwest Georgia the Crab Orchard Mountains For-
mation consists of four members: the Sewanee, Whit-
well Shale, Newton Sandstone, and Vandever.

Sewanee Member~—The Sewanee Member (John-
son’s Bonair Sandstone) is, according to Johnson, a
sandstone 150 to 200 feet thick, that is similar in
lithology to the Warren Point Member described
above except that it does not contain pebbles, and is
less resistant to weathering. According to Wanless
(1946, p. 24), it contains a few pebbles on the west
brink of Lookout Mountain, and according to Denson
(oral communication, 1962) it contains pebbles on
Pigeon Mountain. Its type locality is at Sewanee,
Franklin County, Tenn., about 21 miles west of lo-
cality 10 (fig. 194.1). It ranges from 150 to 200 feet
in thickness in Georgia and is the surface rock on
most of Lookout Mountain, Ga. On Lookout Moun-
tain, Ala., it is a coarse-grained sandstone as much as
150 feet thick with a conglomeratic basal part that
averages 60 feet in thickness.

Whitwell Shale Member—The Whitwell Shale
Member is a shale and sandy shale sequence, 150 to
200 feet thick, that underlies about 10 square miles
in the center of Lookout Mountain, Ga. Its type lo-
cality is at Whitwell, Tenn. (fig. 194.1, loc. 10). It
contains the No. 4 or Tatum coal bed that has been
mined at several places on Lookout Mountain. On
Lookout Mountain, Ala., the sequence above the Upper
Conglomerate includes the thin Sewanee and Tatum
coals, and is probably equivalent to the Whitwell
Shale Member.
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Newton Sandstone Member.—~On Lookout Mountain,
Ga., the coarse crossbedded bench-forming sandstone,
about 110 feet thick, that underlies the prominent Dur-
ham coal bed is named the Newton Sandstone Mem-
ber. Its type locality is at Newton in southwest
Cumberland County, Tenn.

Vandever Member—The upper 800+ feet of shale
and sandstone exposed on Lookout Mountain is named
the Vandever Member from its correlation with the
Vandever Shale, whose type locality is at Vandever,
Cumberland County, Tenn. It contains the exten-
sively mined thick Durham coal bed at its base.
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195. PATHFINDER UPLIFT OF PENNSYLVANIAN AGE IN SOUTHERN WYOMING

By Wirriam W. MarLory, Denver, Colo.

The Uncompahgre, Front Range, and Zuni-Defiance
uplifts have long been recognized as the principal tec-
tonic elements of the ancestral Rocky Mountains dur-
ing the Pennsylvanian Period in Colorado and adja-
cent states. Recent compilation and synthesis of Penn-
sylvanian stratigraphy in Wyoming for the Penn-
sylvanian folio (in preparation) of the U.S. Geological
Survey paleotectonic map series indicates that a fourth
uplift of moderate size in southern Wyoming is re-
lated tectonically to the other three. It had its great-
est extent and most pronounced topographic expression
in Atoka (Middle Pennsylvanian) time when it ex-
tended from Laramie northward to Casper and west-
ward into the southeast corner of Fremont County

(fig. 195.1). The name Pathfinder uplift,! hereby
proposed for this ancient land, is taken from Path-
finder Mountain in T. 29 N., R. 84 W., south-central
Natrona County, Wyo., which is centrally located an
the site of the uplift. :

The interpretation of the Pathfinder uplift is based
largely on a series of measured sections and careful
paleontologic determinations by Love and others

1 The name Pathfinder uplift was applied in 1932 by T. S. Lovering
to the structural element in central Wyoming now called the Sweet-
water uplift (U.S. Geol. Survey and Amer. Assoc. Petroleum Geolo-
gists, 1961) or Granite Mountains uplift (Endlich, 1879). This tec-
tonic feature is largely a ILaramide rejuvenation of the western
segment of the uplift of Pennsylvanian age described here. Therefore,
both Lovering and the author consider that redefinition here of the
name Pathfinder uplift is permissible.
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Ficure 195.1.—Index map showing major features and
localities. Pathfinder uplift and extreme northern
end of Front Range uplift of ancestral Rocky Moun-
tains of Atoka time, solid-line pattern; Sweetwater
(or Granite Mountains) uplift of Laramide age,
broken-line pattern; outcrop area of Precambrian
rocks in present ranges of the Rocky Mountains,
stipple; Laramie Range occupies area between
Laramie and Casper.

(1953), Thomas and others (1953), and Love (1954)
in the vicinity of the Laramie Range and the Sweet-
water uplift. Additional evidence is provided by
sample logs of wells in the area, most of which were
prepared by the American Stratigraphic Co. of Den-
ver. Several other recently published reports give
information on the fossil content and correlation of
Pennsylvanian rocks in southern Wyoming or nearby
areas (Agatston, 1954; Henbest, 1954, 1956; Mallory,
1960; and Maughan and Wilson, 1960). The history
of the uplift from its inception in Morrow (Early
Pennsylvanian) time to its disappearance in Virgil
(Late Pennsylvanian) time is traced in the Pennsyl-
vanian folio; only its status in Atoka time is de-
scribed in this article.

The Amsden Formation of Mississippian and Penn-
sylvanian age extends throughout much of Wyoming,
where it is divided into an upper unit 0 to 200 feet
thick, and a lower red clastic unit 0 to 150 feet thick.

Except. for local lenses of clastic sedimentary rock,
the upper part of the Amsden Formation in Wyoming
is a carbonate unit. Its age is essentially Atoka al-
though locally it may include strata a little older or
younger. Its average thickness is about 150 feet. The
unit is present throughout most of Wyoming except
on the Pathfinder uplift, an area of approximately

SURVEY RESEARCH 1962

7,300 square miles in the southern part of the State,
where rocks of Atoka age are absent. Three lines of
evidence, namely the thickness and the lithology of
the upper part of the Amsden and the overlap of
younger beds, support the concept that the Pathfinder
uplift area was emergent and tectonically positive in
Atoka time. At 30 wells and surface sections on the
site of the uplift, rocks of Atoka age are lacking.
An additional 35 control points in the surrounding
area show that the upper part of the Amsden Forma-
tion thickens uniformly away from the uplift nearly
everywhere at a rate of 10 feet per mile; locally in
southern Albany County the rate of thickening is
much greater, and is 65 feet per mile just south of
Laramie (fig. 195.2). If the uplift were post-Atoka
in age, isopachs of Atoka strata would be expected
to have a pattern discordant at least to some degree
with the outline of the uplift.

Four distinct divisions of the Pathfinder uplift can
be designated on the basis of areal geology at the end
of Atoka time (fig. 195.2): (1) a northeastern seg-
ment where Madison Limestone of Mississippian age
was exposed, (2) a central belt where sandstone and
shale largely of Morrow age (the lower part of the
Amsden Formation) were exposed, (3) a southern
extension where igneous and metamorphic rocks of
Precambrian age were exposed, and (4) a western
extension where the Madison Limestone (Mississip-
pian) probably formed all or much of the surface.
Tertiary rocks lie on Precambrian rocks over much or
all of the area of the Sweetwater uplift, a Laramide
tectonic feature comprising most of the western ex-
tension of the Pathfinder uplift. On the margins of
the Sweetwater uplift, however, Pennsylvanian strata
rest. on the Madison Limestone of Mississippian age.
Hence the Madison probably extended partly or en-
tirely over this part of the Pathfinder uplift at the
close of Atoka time. Strong Laramide upward move-
ment of the Sweetwater uplift caused removal of all
or most rocks younger than Precambrian and older
than Tertiary; therefore, documentable interpretation
of the paleogeology of the western extension at the
close of Atoka time is not possible. Figure 195.2
shows Madison Limestone on the western extension of
the Pathfinder uplift, but local inliers of older Paleo-
zoic and basement rocks may have been present.

The lithology of the upper part of the Amsden
Formation surrounding the uplift is directly related
to the rocks exposed on the uplift in Atoka time and
to the tectonic activity in each of the four divisions
designated on figure 195.2. The western extension is
fringed with local aprons of sandy and shaly strata
that grade away from the uplift into the regional
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carbonate facies. The southern extension, where ig-
neous and metamorphic rocks were exposed, is sur-
rounded by arkose of Atoka age. The northeastern
segment, where the Madison Limestone was exposed,
also is fringed with sandy and shaly strata which
grade outward into the regional carbonate facies.
Along the northern and southern shores of the central
belt, where Morrow strata (sandstone and shale of the
lower part of the Amsden) were exposed, the regional
carbonate facies of the upper part of the Amsden
flanks the uplift.

The aprons of sand and shale that were deposited
locally on the fringes of the western extension of
the Pathfinder uplift indicate that only moderate up-
lift occurred in that area. Shale and sandstone of
the lower part of the Amsden Formation, and perhaps
locally some Paleozoic strata older than Morrow, were
stripped off and redeposited in the Atoka sea.

The southern extension of the Pathfinder uplift in
Albany County was strongly uplifted, allowing igneous
and metamorphic rocks of Precambrian age to be
actively weathered, eroded, and deposited on the south-
ern shores of the uplift as arkose, which attains a
thickness of 300 feet south of Laramie. The north-
eastern segment was moderately uplifted, allowing
shale and sandstone of the lower part of the Amsden
to be removed and redeposited in the Atoka sea. The
Madison was then exposed to some degree of sub-
aerial wasting, but uplift was not great enough to
result in stripping away this formation. The central
belt must have been a lowland nearly awash in marine
waters, because clastic strata of the lower part of the
Amsden were not removed and adjacent clear marine
waters accordingly were not contaminated with mud
and sand.

The Pathfinder uplift was progressively submerged
during Des Moines, Missouri, and Virgil time, when
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its influence was limited to controlling the direction
of longshore currents and patterns of local sand depo-

sition in the Tensleep, Casper, and Minnelusa Forma-
tions.
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UNCONFORMITY MARKING THE JURASSIC-CRETACEOUS BOUNDARY IN THE LA LIGUA AREA,

ACONCAGUA PROVINCE, CHILE
By W. D. Carter, Washington, D.C.

Work done in cooperation with the Instituto de Investigaciones Geoldgicas, Santiago, Chile

The recent discovery of ammonites of Early Creta-
ceous (Neocomian) age in the Patagua Formation
places the Jurassic-Cretaceous boundary at the base
of that formation (Carter and others, 1961). Subse-
quent mapping in the La Ligua quadrangle in the
northwest part of Aconcagua Province, Chile (fig.
196.1), shows that the strata of Cretaceous age rest
on rocks of Jurassic age with angular discordance.
This discordance, marked by successive northward
overlap of Jurassic strata by the Patagua Formation
(fig. 196.2) is not readily apparent because in many
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Figure 196.1.—Index map of part of central Chile show-
ing area of study.

places the attitude of the strata above and below the
discordance is nearly the same.

Rocks of the Jurassic System were divided by
Thomas (1958) into three formations: The Quebrada
del Pobre, Ajial, and Melon Formations.

The Quebrada del Pobre Formation (oldest), which
crops out east of La Ligua and extends northward
into the valley of Rio Petorea, rests unconformably
on the La Ligua Formation of Triassic age. It con-
sists of gray arkosic sandstone and quartz-pebble con-

glomerate interlayered with dark-gray siltstone, cal-

careous siltstone, and silty limestone. The fine-grained
units contain a rich faunal assemblage. The presence

of Arietites basulcatum Brug. and Cardinia dense-
striata Jaworsky indicate that the Quebrada del Pobre
Formation is of Early Jurassic (Lias) age. The type
section is 1,250 meters thick (Thomas, 1958, p. 25).
Similar thicknesses extend northward as far as the
Rio Petorca where the sequence is truncated on the
west by a granodiorite batholith of Jurassic age and
on the east is cut by the Jurassic-Cretaceous uncon-
formity and overlapped by Lower Cretaceous strata.

The Ajial Formation, consisting largely of volcanic
lavas, breccias, and tuffs, crops out to the east and
rests conformably on the Quebrada del Pobre Forma-
tion. Thin light-gray to green locally fossiliferous
sandstone beds are interlayered with the volcanic
rocks. The fossils indicate that the Ajial Formation
is also of Early Jurassic age. The formation is as
much as 1,300 meters thick in the La Ligua quad-
rangle (Thomas, 1958). At Engorda on the Rio
Petorca in the northern part of the quadrangle, the
formation is overlapped by the Patagua Formation.

The Melon Formation (Thomas, 1958), which rests
conformably on the Ajial Formation, was divided
into three members: The basal Nogales Member, the
Horqueta Member, and the upper Patagua Member.
The Patagua Member, on the basis of fossil evidence,
was redefined as the Patagua Formation by Carter
and others (1961) and placed in the Cretaceous Sys-
tem. The nature of the basal contact of the Patagua
was not clear then.

The Nogales Member, about 450 meters thick, is
composed chiefly of marine sandstone and limestone
at the type area near Nogales, 30 kilometers south of
TLa Ligua. Ammonites and pelecypods of Middle
Jurassic age abound in the strata. Among them, Cor-
valan identified Emileia (stephanoceras), which is
similar to Z. singularis Gottsche, and indicative of the
Bajocian stage of the Middle Jurassic (Thomas, 1958).
Near the southern limit of the La Ligua quadrangle,
the sedimentary rocks of the Nogales thin and inter-
finger with voleanic lavas, breccias, and tuffs very
similar to those of the Ajial Formation. The Nogales
is overlapped north of the Rio Petorca by the Patagua
Formation.

The Horqueta Member is marked by a basal sand-
stone overlain by a distinctive sequence of volcanic
breccia consisting of large blocky fragments. The
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FicURE 196.2.—Generalized geologic map showing the unconformable relation between Jurassic and Cretaceous strata in the
La Ligua quadrangle and vicinity, Aconcagua Province, Chile.

member crops out as a narrow band of prominent
cliffs. It is thickest, 1,700 meters (Thomas, 1958, p.
36), at the type section on Cerro Horqueta, about 18
kilometers southeast of La Ligua. Although Thomas
shows the Horqueta extending at least 30 kilometers
north of Cerro Horqueta, recent mapping (fig. 196.2)
indicates that it is overlapped by Cretaceous strata
near Cerro Iglesia, only about 8 kilometers to the
north.

The oldest Cretaceous unit is the Patagua Forma-
tion, a thick series of marine limestone that rests un-
conformably on Jurassic rocks. The discovery of
Thurmanniceras, and other index fossils of Valan-
ginian age in Argentina and Chile, resulted in rede-

fining Thomas’ (1958) Patagua Member of the Melon
Formation of Jurassic age as the Patagua Formation
of Early Cretaceous age (Carter and others, 1961).
At Cerro Iglesia the base of the Patagua Formation
is marked by coarse-pebble to cobble conglomerate
overlain by and, in places, interfingered with thin
layers of compressed coquina composed largely of
poorly preserved aminonites and pelecypods. Where
exposed, both north and south of this locality, the
base of the formation is usually marked by lenticular
yellowish-brown medium- to fine-grained sandstone,
siltstone-pebble conglomerate, and gray tuffaceous
sandstone. These basal units are overlain by a series
of thin-bedded limestones, siltstones, and fine-grained
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sandstones intercalated with tuff, mainly in the upper
part of the sequence. The total average thickness
of the formation is about 1,100 meters (Carter and
others, 1961, p. 1895).

Conglomerate lenses that mark the base of the
Patagua Formation confirm that the contact with the
underlying strata was an erosional surface, that is an
unconformity. The strata above and below the con-
tact show agreement of strike and dip in the southern
half of the La Ligua quadrangle and southward
through the adjacent Melon quadrangle (fig. 196.2).
In these places the average strike is due north with
dips of 25° to 35° E.

North of the Rio Petorca, however, the strike of the
Cretaceous strata swings westward; the strata of
Jurassic age are sharply truncated and show minor
angular unconformability in dip. This suggests that
the basal Cretaceous contact is a regional disconform-
ity with local minor angular unconformity. Such
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angular unconformity may be the result of orogeny
associated with the intrusion of granitic masses of
Jurassic age that crop out in the Coastal Cordillera of
Chile. Part of one such mass is exposed at La Ligua
and west of the Cretaceous contact. On the other
hand, Ruiz and others (1961, p. 1558) have suggested
that there may have been epeirogenic uplift through-
out central Chile during Late Jurassic time.
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RELATIONS OF THE NAVAJO AND CARMEL FORMATIONS IN SOUTHWEST UTAH AND ADJOINING ARIZONA

By J. C. WrieeT and D. D. Dickey, Beltsville, Md., and Denver, Colo.

Work done in cooperation with the U.8. Atomic Energy Commission

The Navajo Sandstone of Late Triassic(?) and
Jurassic age is overlain by the Carmel Formation of
Middle and Late Jurassic age throughout most of
Utah and northern Arizona. The Navajo is a cross-
bedded eolian sandstone and the Carmel an evenly
bedded marine limestone, shale, and siltstone unit.
The contact between the two formations is distinct
because of the markedly contrasting lithologies. In
much of central Utah the contact is a smooth plane,
which truncates the crossbeds of the Navajo and rep-
resents a hiatus of unknown duration. But in south-
western Utah the two formations intertongue exten-
sively (fig. 197.1, cross section). The largest tongue
of Navajo appears to be a marginal marine, rather
than eolian, deposit reworked from an older part of
the Navajo Sandstone.

Several thin metabentonites near the base of the

Carmel provide a reliable datum which aids in de-
tailed correlation of the formation.

Location of measured stratigraphic sections shown on figure 197.1

Locality Section | Township Range

1! Gunloek ' __________________ 32 | 40 S. 17 W.

2 | Cottonwood Canyon!._ ______ 2| 418. 15 W.

3| Pintura_____________________ 29 | 39 8S. 13 W.
4| Cave Canyon_.______________ 8 | 41 8. 9 W.
5 | Mount Carmel Junetion1_____ 25 | 41 8. 8 W.
6 | Kanab Creek________________ 4 | 41 8. 6 W.
7| Lick Wash___________._______ 1] 40 S. 4 W.
8 | Hackberry Canyon_._________ 9| 41 8. 1W.
9 | Judd Hollow2______________ 31 | 43 S. 1 E.
10 | Wahweap Creek. . ___._______ 41 44 8S. 4 E.

11 | Kaibito3__ _____ || |-

Block Mesa ! ________________ 12 | 43 S. 8 W.

1 Discussed by Schultz and Wright (Art. 198).
2 Described by Phoenix (1963).
3 Lat 36°33'30"” N., long 111°03’ W,
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NAVAJO SANDSTONE

The Navajo Sandstone extends over most of the
Colorado Plateau, and in Zion National Park the
white and red cliffs reach spectacular heights of more
than 2,000 feet. The sandstone is composed almost
entirely of quartzose well sorted fine- to medium-
grained sand, and contains wedge sets 30 to 50 feet
thick of high-angle, sweeping, gently arcuate cross-
beds. The character of the sandstone is uniform
through its whole thickness and extent, and it has
been consistently interpreted as an eolian deposit.

The Navajo thickens westward across both Utah
and northern Arizona, from 800 feet southeast of Kai-
bito to about 2,300 feet in Zion National Park (fig.
197.1, cross section). In southwestern Utah the for-
mation intertongues along both its lower and upper
contacts. The Lamb Point Tongue at the base has
been described by Wilson (Averitt and others, 1955,
p. 2521).

TEMPLE CAP MEMBER

The Temple Cap Member (Gregory, 1950, p. 89) of
the Navajo Sandstone is a tonguelike unit about 150
feet thick which forms a prominent cap on East Tem-
ple, West Temple, and many other buttes at the en-
trance to Zion Canyon. The member consists chiefly
of sandstone nearly identical in lithology and char-
acter of bedding to the rest of the Navajo, but sepa-
rated from it by a bed of siltstone, 5 to 25 feet thick.
The bed weathers to form a red tree-covered bench or
recess at the base of the member. The Temple Cap
Member cannot be distinguished from the rest of the
Navajo much farther east than Mount Carmel Junc-
tion because the basal siltstone pinches out. The
western limit is in the gap in outcrops between Zion
National Park and the Pine Valley Mountains.

THOUSAND POCKETS TONGUE

The Thousand Pockets Tongue (Phoenix, 1963) of
the Navajo Sandstone intertongues with the Carmel
throughout the Paria Plateau and Paria Valley. The
tongue was recognized independently at about the
same time by D. A. Phoenix in geologic mapping, by
Kathleen MacQueen (1957) in photogeologic mapping
of the Paria Plateau, and by the authors of this arti-
cle in stratigraphic studies at the north end of the
Paria Valley. The Thousand Pockets Tongue has
since been traced along the outcrop throughout central
Kane County. Probable correlatives, to which the
name cannot yet be confidently applied, are found in
eastern Kane County and in central Garfield County.

From the area of the Glen Canyon Dam, where the
tongue is about 200 feet thick, it extends north and
northwestward more than 50 miles to where it pinches
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out. The tongue is composed of well-sorted quartzose
sandstone, lithologically similar to the Navajo Sand-
stone but deposited in even beds as well as in cross-
beds. A few interbeds of reddish flat-bedded silty
sandstone extend for thousands of feet within the
tongue. Slumped and contorted crossbeds occur
throughout the tongue. Toward the southeast, where
it joins with the Navajo, large-scale sweeping cross-
beds very similar to those in the Navajo are common.
Toward the distal limits of the tongue, tabular sets
of even strata and smaller crossbeds predominate.
The tabular sets are truncated at the top along exten-
sive smooth bedding planes.

The Thousand Pockets Tongue cannot be distin-
guished easily from the rest of the Navajo southeast
of the pinchout of the underlying Judd Hollow Tongue
of the Carmel Formation. However, an unusually
persistent horizontal truncation plane, underlain by a
foot or two of sandstone impregnated with black iron
oxide, extends eastward a few miles from the pinch-
out on the Paria Plateau. The strata above the black
band have tabular sets, even beds, and slump struc-
tures similar to those described in the Thousand
Pockets Tongue. Similar features indicate less cer-
tainly that the uppermost part of the Navajo Sand-
stone, along the southeast and eastern fronts of the
Kaiparowits Plateau, is probably equivalent to the
Thousand Pockets Tongue. In central Garfield
County near Escalante and Boulder, prominent inter-
beds of sandstone similar to beds of the Thousand
Pockets Tongue are present both on outerop and in
test wells which penetrate the lower part of the
Carmel Formation; these sandstone beds also prob-
ably correlate with the Thousand Pockets Tongue.

SOURCE OF THE THOUSAND POCKETS TONGUE

South of the Glen Canyon Dam, local erosion of
the Navajo over a buried anticline prior to deposition
of the Carmel Formation has been described by Mec-
Clymonds (1961). The area from which a minimum
of 25 feet of sand was eroded, was estimated from
McClymond’s isopach map of the Navajo Sandstone
and plotted on figure 197.1. Probably more than 300
feet of sand was eroded from the thickest, or north-
central, part of this area. It is inferred that the sand
eroded from this anticline was redeposited to form
the Thousand Pockets Tongue.

This interpretation implies that the material of the
Thousand Pockets Tongue was transported northward
for distances as great as 70 miles. The thinning of the
tongue to the northwestward and the overall relation
of the predominantly continental Navajo Sandstone
to the marine Carmel Formation fit this concept. The
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flat bedding, the numerous smooth truncation planes,
and the intertonguing of the Thousand Pockets Ton-
gue with the marine Carmel are criteria that the tongue
is an aqueous deposit (Baars, 1961, p. 187-189).
Flame structures (Kelling and Walton, 1947, p. 484
485), observed in the tongue near Adairville, are con-
sistently overturned and dragged to the north. This
northward overturning is also consistent with the
presumed northward slope of the surface at the time
of deposition. All the observed features thus indicate
northward transport of material in the Thousand
Pockets Tongue, even though the southward dip of
crossbeds nearly everywhere in the main mass of the
Navajo indicates eolian transport in that direction
(Poole, 1962; Wells, 1960, p. 126; Phoenix, oral com-
munication, 1962).

CARMEL FORMATION

The Carmel Formation along the Hurricane Cliffs
contains a thin lower sequence of gypsiferous red beds,
a thick middle sequence of gray limestone and shale,
and an upper sequence of gypsiferous red siltstone
and sandstone. The lower red beds are stratigraphi-
cally equivalent to the Temple Cap Member of the
Navajo Sandstone (Cook, 1957, p. 34). These red
beds are only known in Washington County and
southeastern Iron County.

Thin bentonite clay beds, altered from volcanic-ash
falls, are widely distributed near the base of the
Carmel Formation. They are dark purple or light
yellowish green, and contrast conspicuously with the
white or reddish-brown enclosing strata. The clay is
in layers about half an inch to 2 inches thick at most
outcrops, but locally is as much as several feet thick.
The thicker pods presumably represent ash washed
into shallow hollows soon after it fell. Near Gunlock
and in the Pine Valley Mountains one bentonite is
near the middle of the several-hundred-foot thickness
of red beds in the basal part of the Carmel. Several
slightly later bentonites, extending from Gunlock to
Judd Hollow, are at the base of the limestone in the
Carmel, enclosed in 6 inches to 5 feet of clastic strata
probably reworked from the underlying Navajo. The
mineralogy and petrology of these bentonites are dis-
cussed by L. G. Schultz and J. C. Wright (Art. 198).

The gray limestone and shale in the middle of the
Carmel, and the gypsiferous red beds at the top, form
an extensive twofold division of the formation (Gil-
luly and Reeside, 1928, p. 73-74). The red beds ex-
tend beyond the limey beds to the east and southeast.

In southwestern Utah, the Carmel and younger
Jurassic formations are truncated by a regional angu-
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lar unconformity and are overlain by Upper Creta-
ceous strata. Although this unconformity successively
truncates the Morrison, Summerville, Entrada, and
Carmel Formations, its angularity is only half a de-
gree or less. It has been clearly recognized only near
the Glen Canyon Dam.

JUDD HOLLOW TONGUE

The limestone of the lower part of the Carmel
Formation passes southeastward beneath the Thou-
sand Pockets Tongue of the Navajo to form the Judd
Hollow Tongue of the Carmel (Phoenix, 1963). On
the west side of the Paria Valley, the tongue is about
100 to 200 feet thick; on the east side of the valley,
about 50 to 100 feet; and near the head of Judd Hol-
low on the Paria Plateau, it pinches out. From west
to east the limestone thins, grades from relatively
pure carbonate to argillaceous limestone, and from
gray to reddish gray. Interbedded red siltstone and
sandstone increase eastward. The uppermost bed of
limestone in the Judd Hollow Tongue, which is ripple
marked and oolitic near the East Kaibab monocline,
grades to ripple-marked limey siltstone that may be
traced a little east of Judd Hollow. Fossils have been
found in the tongue at the northwest end of the Paria
Valley. Calcareous strata north of Escalante prob-
ably grade to very silty beds south of the town.

AGE RELATIONS

In southwest Utah, the limestone of the Carmel con-
tains assemblages of fossil pelycopods and gastropods.
The Carmel in central Utah, and equivalent units of
the Twin Creek Limestone in northern Utah, contain
these same assemblages, as well as critical ammonites,
thus establishing their Bajocian or early Middle Juras-
sic age (R. W. Imlay and N. F. Sohl, oral communi-
cation, 1961). The main mass of the Navajo Sand-
stone is considered Late Triassic(?) on the basis of
scanty paleontologic evidence (Lewis and others, 1961,
p. 1439). However, the Temple Cap Member, which
immediately underlies the bentonite at Mount Carmel
Junction, and the Thousand Pockets Tongue are Juras-
sic because they intertongue with the Carmel Forma-
tion of definite Jurassic age.
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BENTONITE BEDS OF UNUSUAL COMPOSITION IN THE CARMEL FORMATION, SOUTHWEST UTAH

By L. G. Scuurrz and J. C. WrierT, Denver, Colo., and Beltsville, Md.

Persistent thin beds of bentonite of Jurassic age
occur at or near the base of the Carmel Formation in
southwest Utah. Their stratigraphic position and
geographic distribution are described by Wright and
Dickey (Art. 197). The bentonites consist of dark-
purple or pale-green claystone beds generally an inch
or two in thickness that appear conspicuously differ-
ent from the enclosing red beds. Field criteria that
they are bentonites include their lack of ordinary
detrital silt and sand, the conspicuous pseudohexag-
onal books of black lustrous biotite which decrease in
size and abundance from the bottom to the top of the
clay bed, and the broad lateral extent of the thin beds.

Thin-section study shows that the bentonites are
composed of about 1 to 10 percent relatively large
crystals of feldspar, quartz, and biotite in a very fine
clay groundmass. Some thin sections show faint rem-
nant structures interpreted as fine-grained shards.
A few angular fragments apparently of altered vol-
canic material are outlined because their hematite
content differs from that of the surrounding ground-
mass. Clay in the groundmass generally is oriented
parallel to the bedding, a feature not characteristic
of most bentonites; wrapping of this bedding around
the larger, presumably volcanic crystals indicates the
clay orientation is due at least in part to compaction

during alteration. The larger volcanic crystals appear
fresh, except that the biotite in a few samples is
altered partly or wholly to clear, slightly birefringent
vermiculite. Feldspar phenocrysts are in part eu-
hedral and partly broken into very irregular angular
particles, indicating aerial rather than stream trans-
portation.

Samples of both the Carmel bentonites and enclos-
ing sediments have been separated into coarse
(>10n) and fine fractions. Both size fractions as
well as the bulk samples were studied by X-ray dif-
fraction; mounts of the coarse fraction were studied
optically (see table). Note that samples CC-8, MC-7,
MC-3u, and MC-3l, from bentonite beds shown in
their proper stratigraphic sequence within the Carmel
Formation in sections at Cottonwood Canyon and
Mount Carmel Junction, are repeated at the bottom
of the table under “Bentonite beds”. The bentonite
beds are composed primarily of kaolinite, illite, and
mixed-layer clays, and contain little or no montmoril-
lonite that is typical of most bentonite beds. Further-
more, except for the apparent absence of 1Md musco-
vite polymorph (listed on the table under “Illite”) in
the bentonites, the clays in the bentonites are similar
to those in the adjacent sediments. Thus, the clay
minerals themselves do not indicate that the thin clay
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Mineralogy of samples of the Carmel

Abundance of minerals in parts per 10 of whole rock estimated from X-ray
analysis [Tr., 1-2 percent; ?, doubtful; > greater than; =, approximately
equal amount; 4-, detected in coarse fraction only]

Position in section, or locality (see
Sample No. Description ‘Wright and Dickey, Art. 197)
Ilite Mixed-layer clay Mont-

Kaolin- moril- | Quartz
ite lonite

Amount] Type! [Amount| Components 2
COTTONWOOD
CARMEL FORMATION
Distance above lowest
prominent limestone
Feet
CC4.___._ Gray clayey limestone. ______ 150 ? Tr ? 1341 M, Cl._____ 1 2
-6 .___ Oolitic limestone_ . _ _________ 32 ... Tr 1Md4? 1 M>T_____ . _____ 1
e Gray silty limestone. ________ 25 |a_.Lls Tr | 1Md? 1 M>>I |._____ 1
-2 .. Silty limestone______________ 63 Tr %1 1Md? 1 M>Cl____ | ____. 1
e S Silty biotitic limestone.______ 55 Tr Tr | 1Md? 1 M>Cl___|.._._. %
L B Limy biotitic claystone_______ ] 3 1M 3 M>I.___._ 2 2
Distance below lowest
prominent limestone
Feet
-9_ ... Red limy siltstone_ __________ 60  |.____. ©i? 2 Cl=M>I_._ 2 4
~8eeao Green biotitic bentonite______ 0 @ eiio- 2 | 1M 541 M>I___ ... 2 %
o Red limy siltstone_______.___ w0 0 .. %4 1Mda? 1 Cl, M, I___. 314 3
MOUNT CARMEL
CARMEL FORMATION
Distance above base of
Carmel
Feet Inches
MC-15_ _ . _| Buff pebbly limestone________ 50 | %l 1Md 3 I>M___ .| ... 4
~16.._.| Gray clayey limestone_.___.__ 40 Tr Tr ? 1 I>M.o____ ... 1%
—14.___) Buff limestone______________ 30-40 1% %1 1Md? BII>M_o____ ... 1%
~13_._._| Tan limestone_______________ 30-40 % %1 1Ma? Bl I>M_____ | ... 1%
-10-_._| Red limy clayey siltstone.____ 71-82 % 1 1Md Bl I>M.o |- 6
-9 _._. Red and gray siltstone. ______ 55-70 % 1% 1M BiI>M_ | . 7
-8 .. __ Red clayey siltstone_ . _______ 46-47 1 3% | 1M 2% I>M_ | ... 3
e Purple biotitic bentonite_ _ ___ 45 1 5% | 1M 4 | I>M_____ | ___.. +?
-6_.__. Red and green siltstone_ _____ 36-43 1 1%{ 1M Bl IS>SM_o___ . 6%
o S White clayey sandstone______ 14-34 1 1 1M Tr {I>M_____|[_____. 7
-4 .. Red sandy claystone_________ 8-12 1 3 1M 1 I>M__ .| 4
-3 u.___| Purple bentonite (upper part). 2 34 4% | 1M 2 | I>M_o.___|.____. +
-3 1._.__| Purple biotitic bentonite____. 1 5 3 | 1M 1% I>SM_ .| ... +
-2 ... Gray clayey sandstone. ._.__. 0-1 1 3 1Md 1 | I>M____ |- 4%
NAVAJO SANDSTONE
Distance below base of
Carmel
. Feet
-1.__ .. White clayey sandstone_ _____ 3 %% %l 1M Tr I>M.oo oo 9
~12..__| White sandstone____.________ 6 Bl Tr | ? oo 9
g § URUR S s U T 8 1 Tr N DRSO PSRRI BIPR 81

See footnotes at end of table.
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Formation and the Navajo Sandstone

Abundance of minerals in parts per 10 of whole rock estimated from X-ray analysis
[Tr., 1-2 percent; ?, doubtful; > greater than; =, approximately equal amount; +, Microscopic examination of coarse grains [A, abundant; ¢, common; r, rare]
detected in coarse fraction only]—Continued
Potassium feldspar
Calcite Calcian | Hematite Biotite Sanidine (low | Microcline or | Biotite Apatite |Hornblende| Zircon
dolomite 2V) orthoclase
Amount Type 3
CANYON
Tr | Mono__.___ 3 227 %) S c c A S PO (S
Tr Mono, Tri-. 8 E S PR P r c L ) ISR P
Tr | Mono, Tri__ 8 ) S R IR c A (S (S EE I (S
Tr | Mono..._ .. 5 227 I ¢ A A [ 2 R PP
Tr | Tri>Mono. 3 1537 P +|r ¢ c ) S PR RUR PR
Tr | Tri® Mono_ Tr oo + e c A T e
41 Tri>Mono._ % Tr feoeomee oo r A e e e
Tr Mono? | e + 1A | c c S S P
41 Mono, Tri-_|-.-_._____ 1 | F+{r A | S PO r
JUNCTION
% | Tri, Mono_. 1 Yo oo + lec c A S P
Tr Tri>Mono. 5 2V || __ r A e
Tr Tri>Mono._|__________ A PR r A ) S DO [
Tr Tri e __ A T [ ? [ P ) S PR IR
Tr Tri_ oo . 2 | . r A ) N PR PSPPI I,
Tr Tri>Mono._|.._____.___ 2N PR PSR r € e e e
Tr Tri, Mono__|__________|_____.___ ? +le r A ¢ el
Tr Mono-- - - |ceo oo +? A . ¢ e e
Tri>Mono._ |- || el r A r ||
1 T ||| r A r r e oo
Tri>Mono._ |- _____j________ Y + | A c r r  |emeeeoo-
Tr Mono- . __ || |_.___ + 1A c [ (SO
Tr Mono._ . || |ee___ LlA o A c r r
Y% Tri>Momno_|_ - || _ r A | [ IEUNUUIONNPIN NP
Tr Trio e e [ USRI FRUNIOIUUUPION] UUDISURNIUUN SRR
Y| Trioo_.____ Tr ||| A e
Yot Tri_ || e e A e |-
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Mineralogy of samples of the Carmel Formation

Abundance of minerals in parts per 10 of whole rock estimated from X-ray
analysis [Tr., 1-2 percent; ?, doubtful; > greater than; =, approximately
equal amount; 4, detected in coarse fraction only]

Pogition in section, or locality (see
Sample No. Description Wright and Dickey, Art. 197)
Illite Mixed-layer clay Mont-

"Kaolin- moril- | Quartz
ite lonite

Amount| Type! [Amount] Components?
BENTONITE BEDS IN THE
Western, most
PP-7__.__. Green, very biotitie__________ Gunloek. _______________ %l 2%l 1M 6 [, MI__| 1 +
CC-8..._. Green, biotitie. _ _____.______ Cottonwood Canyon_.___|.._... 2 | 1M 5%l M>I______ 2 %
Intermediate
PP-1____. Purple slightly biotitie_ _ _____ Bloek Mesa__. _________._ Tr 2L 1M 6% | CI, M______ +
2. Red slightly biotitie_ . ____.__|_____ do . %l 3| 1M 6 | M>I,V__| Tr | +
~3_.___ Green biotitie_ ______________|_____ do. o ___ 1 3 1M 5 Cl, M, Cl__. 1 +
-4 ____ Purple very biotitie__________ Mount Carmel Junction__ 2 5 1M 3 I>M_ ... +
MC-7.._.. Purple biotitie_ .. ___________|_____ do________________. % 5% | 1M 4 {I>M._____|._.___ +7?
-3u.... Purple (upper part) __________|.____ do_ . 3% 4% 1 1M 2 (I>M._____ ... +
-3 1.___| Purple biotitic_ _____.________|._.___ do. . 5 3 1M 1% I>Mo | +
Eastern, most
PP-5_._.. Purple slightly biotitic______. Judd Hollow__.___.____. 2% 1 |7 6 | CI>M,I_| ? +
6. do_ el dOo . ) A DR I, 8 {Cl=I___.___|.____. +

1 1M =mainly 1M muscovite; 1M d=mainly 1Md muscovite.
1 I=illite; M =montmorillonite; Cl=chlorite-like.

beds are bentonites. Their designation as such is
based primarily on their nonclay minerals. The most
obvious mineralogic feature suggesting that the Car-
mel bentonites are not normal clastic clay beds is
their low quartz content; quartz is so rare that it is
generally detectable only in the coarse fraction. The
only feldspar recognized in the bentonites is a clear,
generally untwinned, monoclinic potassium feldspar.
Judging from the 201 lattice spacing (Bowen and
Tuttle, 1950) the composition of the feldspar ranges
from OrggAby to OrgsAbs;. The 2V for the 46 feld-
spar grains measured ranges between 18° and 384°.
Such material must be sanidine. In addition to sani-
dine and the previously mentioned euhedral biotite,
the samples also contain numerous stubby euhedral
apatite crystals and a few hornblende and zircon
crystals. The character of this mineral suite, par-
ticularly the high-temperature nature of the feldspar,
indicates that the thin clay beds were derived from
alteration of a rhyolite ash, and are therefore ben-
tonites. The only evidence observed that any part of
the clay beds is nonvoleanic in origin is that, of sev-
eral hundred feldspar grains observed, two from sam-

3 Mono=monoclinic (sanidine or orthoclase); Tri=triclinic (microcline).

ple PP-6 had grid twinning and therefore are micro-
cline.

The noteworthy feature of the Carmel bentonites
is the deviation of their clay minerals from normal
montmorillonitic bentonites. Kaolinite and illite are
present in most of the Carmel bentonites and are the
dominant components of some. Presence of the 1M
muscovite polymorph may be a fairly common result
of low-temperature diagenetic alteration of rhyolitic
materials; in contrast, most illites formed by soil or
metamorphic processes probably are 1Md or 2M mus-
covite polymorphs; the 1M muscovite polymorph has
also been reported as an alteration product of rhyolite
from Yellowstone Park (Yoder and Eugster, 1955,
p- 249). Also noteworthy in the Carmel bentonites
are the abundance and variability of the mixed-layer
clays. These clays differ from the mixed-layer illite-
montmorillonite common in Paleozoic bentonites
(Weaver, 1953) by their variability in proportions
of the different layers, and most notably by the pre-
ponderance of chlorite-like layers in several of the
Carmel samples. A small amount of vermiculite (see
table) is altered from biotite.
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Abundance of minerals in parts per 10 of whole rock estimated from X-ray analysis X
[Tr., 1-2 percent; ?, doubtful; > greater than; =, approximately equal amount; -+, Microscopic examination of coarse grains [A, abundant; ¢, common; r, rare}
detected in coarse fraction only]—Continued
Potassium feldspar 5 L e . X L
Calcite Calcian | Hematite Biotite Sanidine (low | Microcline or | Biotite Apatite |Hornblende| Zircon
dolomite 2V) orthoclase
Amount Type ?
CARMEL FORMATION
seaward localities
Tr Mono.__._. Tr Tr |oooeoa. 5Tr A . A c r? r
Tr Mono?_____| | + A c c ) S (O
localities
Tr Mono_ ____ || . ? . A | c | S USSR RS
Tr Mono_ . | oo oo S A [ R [ r
+ Mono_____ | __ | ... 5 Tr A | A c ) S PR,
Tr Mono_ . _ | fee_. Tr A | A c ) S PO,
Tr Mono_ . __ |- | |- +? A {2 ) [RUUPUE RPN F
Tr Mono_.____| | __ A | c [ RS IR
Tr Mono. oo oo || YA . A c r r
landward localities
+ Mono-. oo || % + A A c r r
Tr Mono.-. . f._____ | _______ 1 + A r c [ r
¢ About half plagioclase. & Biotite partly altered to vermiculite.

Clays in the Carmel sediments above and below the
bentonites are similar to the clays in the bentonites
(see table) and therefore presumably also may be de-
rived at least in part from rhyolitic tuff. Other evi-
dence of volcanic components in the sediments are
some sanidine, biotite, apatite, and rarely hornblende
and zircon similar to that in the bentonites. How-
ever, the enclosing sediments differ from the benton-
ites by also containing a preponderance of nonsanidine
feldspar (microcline), the 1IMd muscovite polymorph,
and much more quartz; these are probably nonvol-
canic detrital constituents. The inferred volcanic ori-
gin of much of the clay and the nonvolcanic origin
of most of the coarser clastics are consistent if much
of the clay is derived by devitrification of larger tuff
particles originally deposited with the sediments.

Because 1M muscovite in the Carmel Formation is
interpreted as being of volcanic origin, and because
none of the Navajo samples contain other evidence of
voleanic components, the presence of 1M muscovite in
sample MC-1 (table) at the top of the Navajo Sand-
stone seems anomalous. The friable, weathered ap-
pearance of sample MC-1, and its location just below

a Carmel bentonite bed, suggest that the clay may
have infiltrated downward from the overlying ben-
tonite bed.

No textural criteria were recognized to indicate the
sequence of development of the clay minerals in the
Carmel bentonites; thus, we can only speculate. The
presence of sanidine, biotite, and small amounts of
quartz in all the Carmel bentonites indicates that they
were altered from a rhyolite tuff of fairly uniform
composition. Thus, the original composition of the
ash apparently did not control the course of alteration
to the variety of clay minerals presently found. Be-
cause the phenocrysts generally are unaltered, altera-
tion of the ash was probably no more intensive than
devitrification of the glass; thus, the kaolinitic ben-
tonites probably are not the products of strong leach-
ing. Experiments with formation of synthetic clays
(Julian Hemley, oral communication, 1962) indicate
that a single poorly organized montmorillonoid phase
forms from a glass much more rapidly than better
organized phases like the Carmel illite or kaolinite.
We therefore hypothesize that the rhyolite ash first
altered to such a poorly organized mass, which, with
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time, tended to separate into better organized, more
stable phases such as the illite. During formation of
the initial montmorillonoid phase from the ash, con-
siderable Si0, must have been removed; variable
amounts of other elements probably also could be
leached with relative ease from such a poorly crystal-
line material, thereby explaining, for example, how
most of the potassium could be leached from some
samples without alteration of the relatively stable
feldspar. If little of the potassium originally in the
rhyolite ash (K20/Al,Os about 15 or 14) were re-
moved, the potassium-rich montmorillonoid would
convert largely to illite (K2O0/Al,O; about 14); if
much potassium were removed, abundant mixed-layer
clay or montmorillonite would result. If alumina in
excess of that needed for the three-layer clays remains,
some kaolinite would form. Thus, the highly variable
composition of the Carmel bentonites would result
from differential leaching of the chemical components
of the original ash.

Several factors may have caused variable conditions
of leaching of the rhyolite tuff. One such factor is
differential oxidation due to relative degree of marine
or nonmarine conditions. The Carmel bentonite beds
probably were deposited on a tidal flat at about the
time the Carmel sea encroached from the west. Most
of the samples from intermediate and eastern areas
farthest from the encroaching sea (see table) are red
or purple due to included hematite, presumably pro-
duced by oxidation during repeated exposure to wet-
ting and drying. Several of these bentonites have

GEOLOGICAL SURVEY RESEARCH 1962

relatively high kaolinite contents. In contrast, ben-
tonite samples from the two more seaward localities
are green, indicating that they were more continually
submerged and were exposed to relatively little wet-
ting, drying, and the accompanying oxidation and
leaching; these samples contain very little kaolinite.
Physical conditions during deposition, however, seem-
ingly cannot explain all the observed mineralogical
variations, such as the highly illitic bentonites at Mt.
Carmel Junction, which contrast with highly chloritic
mixed-layer bentonites from localities both landward
and seaward of Mt. Carmel Junction. Also, at Cot-
tonwood Canyon, samples throughout a stratigraphic
interval of 250 feet contain fairly montmorillonitic
clays, whereas clays at Mt. Carmel Junction are all
illitic. The strand line and environment of deposition
did not remain static during deposition of all these
rocks. Therefore, the course of alteration of the
rhyolitic debris in the Carmel must also have been
influenced by some such factor as the chemistry of
connate water, which could circulate and uniformly
affect a considerable thickness of rocks after burial
of the sediments.
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SAMPLING A ZONED GALENA CRYSTAL FOR LEAD ISOTOPE STUDY

By Ravem S. Canwnon, Jr., KarHARINE L. Buck, and Artaour P. Pierce, Denver, Colo.

Work done in cooperation with Division of Research, U.8. Atomic Energy Commission

Nier (1938; Nier and others, 1941) was the first to
show that the isotopic composition of lead in lead
minerals of ore deposits varies significantly from one
deposit or locality to another, and that ore-lead in
deposits of younger geologic age tends to contain
higher proportions of the radiogenic isotopes Pb206,
Pb?%7, and Pb**® from decay of uranium and thorium.
He learned further that lead from Joplin, Mo., com-
pared with lead from other regions, was variable and
anomalous in isotopic composition. His discoveries
prompted further investigations in many laboratories,
including a long-term study of the isotopic variations
of lead and their geologic significance by the U.S.
Geological Survey.

The initial goal of the Survey program was to learn
how to carry out geologic sampling procedures so that
lead isotope findings would be meaningful. In sam-
pling ore deposits one needs to know what kinds of
lead isotope variations are expectable within individ-
ual mineral grains or crystals, within a hand specimen,
within a single vein, ore shoot, or deposit, or within
the broader scope of an entire district, metallogenic
province, or class of ore deposit. Thus forearmed,
one can design logical lead isotope experiments to
solve specific problems in the geology of ore deposits.

A first step is to learn how uniform the isotopic
composition of lead may be throughout single mineral
grains or crystals. The first such test was made on
galena from the Tri-State mining district (Missouri-
Kansas-Oklahoma) because Nier's analyses of three
different galena samples from “Joplin, Mo.” showed
measurable variations in lead isotope ratios. A large
crystal was chosen to facilitate selective internal sam-
pling. TIndividual growth zones of the crystal were
sampled to test whether the isotopic composition of
ore-lead was constant as the crystal grew. Isotope
analyses of lead from these successive growth zones
are not identical. Instead, they show variations
greater than analytical error. These variations seem-
mgly are systematic, with radiogenic isotopes pro-
gressively more abundant in outer growth layers, ex-
cepting the outermost skin of the crystal (sample A).
These variations appear analogous to those found by
Nier in ore deposits of different ages; that is, radio-
genic isotopes appear to be more abundant in samples
of younger age. They suggest a possibility that this

crystal. may have grown during a very long span of
geologic time.

These empirical observations seemed of such funda-
mental importance to research on the isotope geology
of lead that only the general nature of the results was
reported (Cannon, 1951, 1952, 1958 ; Cannon and oth-
ers, 1961) while attempts to elucidate details were
continued. Our sampling procedures, together with
lead isotope analyses made in 1951 and 1952 (accom-
panying table), are reported here in detail for the
first time. These will help in evaluating other studies

Lead isotope ratios of samples cut from zoned galena crystal

TSO-MK
Calculated
Sample | Analysis Instru- Pb2s | Pb27 | Pb20s
No. No. Date ment Analyst ! —_—
Pb2t | Pb2d | Phros
A . GS/54 7/3/51......| 2B MKH/JWR__| 21.73 15. 38 40. 04
B..._.... G8/55 7/11-12/51_.| 2B MKH/JEP_ .| 22.18 15. 68 40. 84
B GS/60 7/24-26/51..| 2B DW/AWR.._| 22.20} 15.62 40. 81
Coea o GS/118 1/23/52..._ 6 DW/AWR._..| 22.42| 15.94 41.43
Do GS/56 7/12-13/51..| 2A MKH/JWR..| 21.81 15.78 40.29
E______ G8/119 1/24/52...._| 6 DWJWR___.| 21.75 15.79 40. 69
F__o.____. GS/57 7/18-20/51..| 2B MKH/JWR__| 21.36 | 15.63 40.17
Hooo.... GS/58 7/16-18/51__| 2A MKH/JWR..| 21.28 | 15.58 40.02
I G8/59 7/20-24/51_.| 2A MKH/IWR__| 21.29} 1555 39.70
Measured 2
Ph2o4 Ph2os Pbos Pb207 Ph2s Pb2or
Lab. No.

Ph2 Pb2o7 Ph20s Pb2s Ph20s Ph2s
G864 0. 0461 0. 0650 0. 0250 0.7076 0. 5427 0. 3841

+. 0002 =+. 0001 =+. 0001 +.0017 | +.0008 =+. 0003
GS/58 e . 0452 . 0640 . 0244 . 7065 . 5434 . 3832

+.0004 | +.0005 | =4.0002 { +.0012 | .0012 =+. 0002
GS/60 e e . 0450 . 0640 . 0245 . 7040 . 5439 . 3824

+.0006 | +.0008 | +.0004 | =.0009 | =+.0010 =+.0019
GS/M18mee .. . 0446 . 0627 . 0242 . 7110 . 5412 . 3851

+. 0003 =+. 0003 +.0001 | ==.0019 | = 0009 =+. 0009
G868 . 0459 . 0635 . 0248 . 7233 . 5414 . 3913

+.0002 | +£.0002 | =.0002 | ==.0011 | == 0007 =+. 0006
GS/19. . . 0460 . 0634 . 0246 . 7264 . 5345 . 3886

+.0002 | +.0002 | =.0002 +.0019 | = 0011 =+. 0005
(€337 A . 0469 . 0639 . 0249 .7319 . 5316 . 3887

+.0003 [ £.0010 | =.0009 +.0045 | . 0045 =+. 0029
GS/58 e . 0469 . 0642 . 0250 . 7325 . 5319 . 3897

+.0007 { +.0010 | =£.0005 | =.0016 | . 0045 =+. 0005
GS/59 e . 0470 . 0645 . 0252 . 7303 . 5363 . 3913

+.0006 | 4-.0010 | = 0005 +.0026 | 4. 0024 +. 0016

! Initials of the assayer, M. K. Hillor Dora Whaley, followed by initials of the super-
visor, J. W. Redmond or J. E. Parham, of the Mass Assay Laboratory, Y-12 Plant,
Carbide and Carbon Chemicals Co., Oak Ridge, Tenn.

2 ““The errors quoted are an expression of the precision of this measurement only.
The accuracy is estimaced at less than 1 percent from known sources of systematic
errors.” (Statement of laboratory.)
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of variations within galena crystals which were sam-
pled by other methods (Kulp and others, 1953, p. 8;
Austin and Slawson, 1961), as well as more general
studies in Mississippi Valley mining districts (Far-
quhar and Cumming, 1954; Eckelmann and Kulp,
1959). The uncertainty of the mass-spectrometric
measurements tends to be large, however, as compared
with the natural variations. Therefore we are con-
tinuing to try to make new measurements of the pre-
cision needed. We hope to interpret these phenomena
quantitatively as soon as analyses of appropriate qual-
ity are at hand.

Our galena crystal is from the Netta mine in the
Picher-Miami area of the Tri-State mining district.
This mine is in Ottawa County, Okla., one-third mile
west of Picher, and about 20 miles south-southwest
of Joplin, Mo. The specimen (Field No. TSO-MK)
was collected on October 17, 1949, by Mr. Boodle Lane
of Galena, Kans., and was obtained from him the
same day. Information given by Mr. Lane implies
that the crystal was collected in abandoned workings
at a depth of about 250 feet, from a mine pillar 400
feet north and 600 feet east of the southwest corner
of the Netta tract. This pillar, according to geologic
mapping by Carl Addison (McKnight and others,
1944), contains high-grade ore in “M” bed, the most
important ore horizon of the district.

The specimen was an imperfect crystal measuring
about 7.0 by 7.5 by 9.0 cm and weighing about 2.5 kg.
It was attached along one cube-edge to jasperoid, and
its external form implies that it grew from this wall
of jasperoid into an open space. Growth and lineage
structures seen in cross section (fig. 199.1) likewise
indicate that the crystal grew asymmetrically outward
from the jasperoid wall. Internal discontinuities im-
ply that crystal growth was periodie, possibly inter-
rupted at times by partial solution. At some stages
of growth the crystal evidently had fairly regular
cube faces, but the present crystal faces are made up
of a complex and extremely uneven assemblage of
cubic and octahedral forms. A few younger, small
crystals of dolomite, sphalerite, and marcasite have
grown on these rough surfaces. In the last major epi-
sode of growth history the two cube faces farthest
from the wall enlarged by outward growth and ac-
quired a sprinkling of marcasite crystals, whereas a
face adjacent to the wall was etched to depths of a
centimeter or more and then dusted with sphalerite
crystals.

The crystal was sawed in half, nearly parallel to
one cubic cleavage and normal to the wall and the
longer axis of the crystal. The sawed faces were
polished and then the various etch methods and re-
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agents recommended by Ramdohr (1955, p. 496) and
by Frondel and others (1942) for revealing internal
growth structures of galena were tried, without sue-
cess. After many failures a modification of the hot
HCI etch of cleavage surfaces described by Becke
(1884) successfully revealed the growth structures in
this crystal. The sawed surfaces were rough ground
to develop a matte or pitted surface that is essentially
a mosaic of minute cleavage faces. On this matte
surface a radial pattern of lineage structures was well
exhibited, and the center of this pattern was taken as
the nucleus of crystal growth for this particular cross
section (fig. 199.18, sample I). This surface was first
etched by immersion in cold 1:7 (v/v) HNOQO; for sev-
eral minutes until it began to darken or show irides-
cent tarnish, and then by immersion in hot fuming
1:2 (v/v) HCI until light and dark growth structures
appeared and developed maximum contrast.

The etched surface is predominantly gray, marked
by alternating lighter and darker lines indicating the
concentric growth layers, and by relatively large white
triangular octahedral-face loci (fig. 199.1). The galena
can be expected to contain different concentrations of
Ag atoms under the lighter and darker areas (Fron-
del and others, 1942), and the patterns, therefore, sug-
gest fluctuations in the ratio of Ag and Pb atoms
available to the growing crystal. Several of these
fluctuations evidently reflect sudden variation, others
more gradual change, in the Ag/Pb ratio. Certain
growth zones are marked by inclusions of other sul-
fide and carbonate minerals which originated as over-
growths on former exterior faces of the crystal similar
to those on present exterior faces. The principal zones
of inclusions seem to coincide with discontinuities
within the crystal that are revealed by etch patterns.
These several lines of evidence taken together indicate
that the crystal’s growth was interrupted a number of
times. Such evidence that galena has had a complex
history of repetitive deposition and dissolution has
been observed throughout the Miami-Picher area
(E. T. McKnight, written communication, 1961).

Samples weighing approximately 50 mg were cut
from successive layers on this etched surface (fig.
199.18). Sample I was drilled from the focus of
radiating lineages, believed to represent the nearest
approach to the growth nucleus in this cross section.
Samples F, G, and H were sawed from slots 1 mm wide
on three sides of the innermost recognizable growth
layer: F was cut at one cube-face position, G at an
adjacent cube-face position, and H at an octahedron-
face position. Samples E, D, C, and B were similarly
cut at cube-face positions from successively younger
growth layers outside of sample-position G. Finally,
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EPIDOTE AND RELATED MINERALS IN TWO DEEP GEOTHERMAL DRILL HOLES, REYKJAVIK AND

HVERAGERD], ICELAND

By Guopmunpur E. Sicvarpason *

An extensive review of the voleanic geology and
thermal activity of Iceland is given by Barth (1950).
More recent work on surface alteration by hydro-
thermal solutions has been done by Sigvaldason (1959)
and on subsurface temperature relations by Bod-
varsson and Palmason (1962). The present article
contains results of a preliminary study of hydro-
thermal alteration at depth in two Icelandic thermal
areas, with special emphasis on the distribution of
epidote and related minerals.

Thermal activity in Iceland has been classified into
two main categories: high-temperature areas more or
less confined to centers of postglacial voleanic ac-
tivity, and low-temperature areas with no direct rela-
tion to Pleistocene or Recent volcanism. The city of
Reykjavik lies within one of the low-temperature
areas. Surface indications of thermal activity are 2
small hot springs with temperatures of 88°C. The
area is covered by as much as 100 m of olivine dolerite
of Pleistocene age. Below the lavas is a thin series
(10 to 20 m) of interglacial deposits, which in turn
overlies Tertiary plateau basalts. The thickness of

! Present address, University Research Institute, Reykjavik, Iceland.

the Tertiary basalts in this area has been estimated
at 2,000 m by seismic studies (Tryggvason and Béth,
1961), but the character of the underlying rocks is
unknown except that higher densities are indicated.

Drilling for hot water for domestic heating has been
carried out over a period of 3 decades. Most of the
drill holes range in depth from 100 to 600 m, but
recently several holes have been put down to 1,000 m
and 1 hole is 2,200 m deep. The deep holes were
drilled with a large rotary drill, which delivers rock
fragments as cuttings with an average size of 0.1
to 0.5 em.

Samples were marked as being from the depth of the
drill at the time of sampling. For the present report
no correction has been made for the error involved,
as it is believed to be of minor importance, especially
in the upper parts of the hole. More serious errors
could be introduced by mixing of rock fragments from
different depths by abrasive action of the drilling
rods and mud on bore walls. This can result in mis-
interpretation of the downward extension of a par-
ticular mineral phase, but correct information is ob-
tained on the first appearance of a mineral.
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The original composition of the Tertiary lavas can
only be discussed on a broad basis. Walker (1959,
1960) describes sections 5,000 and 10,000 m thick in
the ‘Tertiary plateau of eastern Iceland. Olivine
basalts make up about 23 percent of the section, and
48 percent are lavas of the tholeiitic type. No regu-
larity in the sequence of different lava types was
detected. Similar compositions can be expected of
lavas in the Reykjavik area, but definite data on this
point were not obtained because of the hydrothermal
alteration. Most of the minerals of the basalt have
undergone complete alteration, but some less altered
fragments reveal the general basic character of the
original rock. A single sample of cuttings often
contains fragments with rather different crystal sizes,
presumably resulting from mixing of graing from the
marginal fine-grained parts of lava flows and the more
coarsely crystallized central parts. As a rule the fine-
grained material is more altered because of higher
susceptibility to hydrothermal solutions and closer
contact to flow channels.

The olivine dolerite that mantles the Reykjavik
area is generally quite fresh. Below this cover, tem-
peratures increase at the rate of 0.5°C per meter (fig.
200.1) ; alteration begins with montmorillonite, which
extends a few tens of meters down into the Tertiary
lavas. Montmorillonite is accompanied by abundant
calcite and zeolites. Mordenite has been identified
from depths of 176 and 185 m. Other zeolites not yet
identified with certainty occur at shallower depths.
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Ficure 200.1.—Temperature-depth relations in a drill hole
at Reykjavik, Iceland, with data on mineral distribution.
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Chlorite is the most characteristic alteration prod-
uct below the zone of montmorillonite and down to
the bottom of the hole. The chlorite is usually pres-
ent as a replacement mineral, but it occurs also as
cavity linings and amygdule fillings. X-ray diffrac-
tion patterns of the material show that the second
order of the basal reflection is consistently stronger
than the first order, indicating an iron-rich type.
Minerals associated with chlorite and occurring more
or less continuously from below the montmorillonite
zone down to the bottom of the hole are albite, quartz,
calcite, and laumontite. Albite replaces plagioclase
more or less completely, especially in strongly altered
fragments. Partial albitization of plagioclase is found
in coarser grained fragments. Quartz has not been
found as a groundmass constituent, but well-developed
quartz prisms are commonly found in the cuttings,
indicating deposition in amygdules. Calcite is spor-
adic throughout the section as amygdule fillings and
replacement of other minerals. Laumontite first ap-
pears at 160 m and is by far the commonest zeolite
at greater depths. Nontronite is found between 820
and 1,650 m as brown-colored fine-grained aggregates
dispersed in the groundmass. Coarser grained crystals
were observed at 1,000 m. Pumpellyite was found just
below the olivine dolerite in the sedimentary section
and continues in the Tertiary basalts down to a depth
of 200 m. The index of refraction (ng = 1.70) in-
dicates an iron-rich variety (Seki, 1961). Clinozoisite
is present as a minor constituent between 200 and 660
m, with indices of refraction n, = 1410 and
n., = 1.715. This mineral has anomalous interfer-
ence colors but no pleochroism. The optical sign is
positive, which distinguishes it from epidote. Epi-
dote was first noted as needles in a vesicle filling with
calcite at 900 m. From here down to the bottom
of the hole epidote is found in increasing amount.
In the upper part of this section epidote appears to
be confined to veins and vesicles, where it occurs with
calcite and zeolite. At greater depths epidote replaces
the groundmass as well, and crystals up to a consid-
erable size (1-2 mm) are developed.

The high-temperature thermal area near Hveragerdi,
50 km east of Reykjavik, has been described by Barth
(1950), Einarsson (1951), and Bodvarsson (1961).
The area lies within the zone of Recent volcanism,
with the last eruption in this general area occurring
in A.D. 1000. The rocks consist of basaltic tuffs and
lavas with minor intrusive rhyolite. Several holes
ranging in depth from 300 to 1,200 m have been
drilled in this area. Rocks penetrated at depth are
Tertiary basaltic lavas. Depth to the contact is un-
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certain but is very probably not deeper than 100 to
200 m.

Temperatures in the drill holes show distinct maxi-
mums, indicating horizontal stratification of thermal
water with a source of heat outside the drilled area.

After discovery of epidote at and below 900 m in
the Reykjavik drill hole just described, a specific
search for epidote and related minerals was made in
cuttings from a drill hole 655 m deep at Hveragerdi.
Pumpellyite, clinozoisite and epidote were found in
this hole at much shallower depths than at Reykjavik
and at higher temperatures. Figure 200.2 shows the
distribution of these minerals. The sequence of altera-
tion products with depth in Hveragerdi is not yet
known in detail, but the distribution of a few minerals
is indicated in figure 200.2. In a thin zone near the
surface, acid solutions have converted the rock into
kaolinitic alteration products. Montmorillonite is the
dominant alteration product from depths of a few
meters to about 100 m, where chlorite becomes domi-
nant. Abundant calcite and zeolites are found through-
out the drilled section below the acid zone. In the
upper part zeolites are abundant but their identities
are still uncertain. Laumontite first appears at 225 m
and is the dominant zeolite below about 250 m.

Qualitatively, alteration follows similar paths in the
two areas, the main differences being more complete
replacement by hydrothermal minerals in the high-
temperature area and appearance of particular min-
erals or assemblages at different depths, commonly
shallower at Hveragerdi.

In order to interpret these differences, especially in
regard to the occurrence of epidote, two possibilities
are presented below. '

The epidote and perhaps some of the zeolite minerals
are not related to present thermal activity but are
relict from an earlier regional metamorphism. Toward
the end of the Tertiary both areas consisted of a pile
of basalt flows, considerably thicker than at the pres-
ent time. Metamorphism took place at depth, similar
to that described in eastern Iceland by Walker (1959,
1960) ; temperatures were consistent with a normal
geothermal gradient. Glacial erosion during the
Pleistocene resulted in the present relief, and the epi-
dote should be considered as a relict, metastable phase
in the present hot-spring systems.

The second and favored possibility is the forma-
tion of epidote, and perhaps the zeolites, essentially
under present conditions. Factors influencing differ-
ences in mineralogy between the two thermal areas
are pressure, temperature, and activity of dissolved
components in hydrothermal solutions. Occurrence of
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F16urE 200.2.—Temperature-depth relations in a drill hole at
Hveragerdi, Iceland, with data on mineral distribution.

epidote at considerably greater depth in the low-tem-
perature area favors this latter possibility. In addi-
tion, epidote is very rare in the regional zeolitic meta-
morphism of basaltic lavas of Iceland (Walker, 1960,
p. 516) but is commonly associated with zeolites in
the propylitic type of hydrothermal alteration of
basaltic and andesitic lavas, as reviewed in the follow-
ing paper (Art. 201).
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