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GENERAL GEOLOGY OF DEATH VALLEY, CALIFORNIA

STRATIGRAPHY AND STRUCTURE

By Cnrs B. HuwT and DoN R. BvLs

ABsTRACT

Death Valley 1s In outheaste California at the suth Oge
of the Great Basin. The alley and the mountains around it
have been the sIte of three major geosyncllnes-one formed dur-
lng late Precambrian time. another during the Paleozolc. and a
third during the early part of the Mesozoic Era.

Durtng late Mesozoic and erly Cenozoic time the southern
Great Basin was part of a geanUcline that was folded. thrust
faulted. and Invaded by granitic Intrusions and that shed sedi-
ments to surroundtag regions. iater In Cenozoic time the
southern Great Basin, Including Death Valley. became frag-
mented, mostly by block faulting. Into basins and rangs. and
during this time sediments that were eroded from the ranges
collected n the basins. 

The rocks exposed In Death Valley and the adjoining moan.
talus aggregate more than 60.000 feet In thickness, which is
only * little more than half the aggregate thickness formed dur-
ing the geosyndlinal and other episodes In this part of the Great
Basin. The rocks that are missing probably once were present.
but they have been removed by erosion represented by uncon-
formities) or are concealed by structural dlsconrlnuitles.

Precambrian rocks are in three major groups. The oldest.
which are metamorphic rocks representing the crystalline base-
ment complex, have a structural and topographic relief of mom
than 3.000 feet.

Overlying the basement complex Is the Pabrump Series, which
comprises much younger and only slightly metamorphosed forma.
tions that are mostly clastic sedimentary rocks. but they include
some limestone and dolomite and some diabae. These forma-
tions total at least 10.000 feet In thickness They are not e-
posed one above the other In this area and their xtratigraphy In
inferred from known relations elsewhere. Westward across the
Panamint Range. each or the three formations of the serie reste
In turn on the metamorphic basement complex. probably as a
result o thrust faulting rther than stratgraphic changes.

The third and youngest gop of rocks ncludd In the Pre-
cambrian are sedimentary formations. mostly elastic. but they
include considerable dolomite and some meone. These rocks
are slightly less metamorphosed than those of the Pahrump Se-
ries; the metamorphism Is about the same-as that of the Cam-
brian rocks. However. these formations le below the Ok1eellus
fauna, which s taken to mark the base of the Cambrian. Their
thickness aggregates T.000 feet.

An unusually complete section of Paleozoic formation is ex-
posed In Tucki Mountain where rocks ranging In age from Early
Oambrtan to Permian, and representing all the Intervening sys-
tems, are more than 20000 feet thlck. The Lower Cambrian
formations are mostly clastlc sedimentary rocks. but the rest
of the Paeotoc formations are chlefy lmestone and dolomite.
The Permian rocks Include much conglomerate or brecca de-

rived from Paleozoe ormations at least as old as Early De-
vonian and as young as Late Pennsylvanian. Evidently there
was considerable deformation during Permian time; It may have
begun In Pennsylvanian time.

At the south end of the Panamint Range only a mile outside
the area being reported upon, Triassic formations total 8.000
feet thick. These formations are composed of volcanic and
clastic sedimentary rocks, and represent a return to conditions
like those of the Precambrian. Moreover, the thick remnants
of the Triassic, like the thick remnants of the Precambrian
Pahrump Series, are restricted to a northwest-trending belt ap-
proxiately coinciding with the edge of the Sierra Nevada
bathollth.

Two graultic intrusions that seem to be eastern satellites of
the SIerra Nevada batholith Ue within the mapped area. They
are referred to as the granite. at Hanaspah Canyon and Skdoo.
and probably are foored Intrusions that spread laterally along
thrust faults and made the space they occupy by doming the
rocks of the upper plates of the thrusts.

The ntrusions of the batholith In the Sierra Nevada are
Late Jurassic and Cretaceous in age. The granitic intrusions
In the Death Valley area are closely related to the volcanism.
which is of middle Tertiary age and these granites are younger
than the main part of the batholith. This ralses a philosophical
question as to how widely apart in time and space ndividnal
plutons can be and still be part of a composite batholith.

Evidence for a close relationship between the granitic n-
trusions and the volcnics In the Death Valley area Is found
along the east foot of the Panamint Range. There a complex
of may kinds of Igneous. metamorphic, and sedimentary rocks
occurs along a thrust fault believed to be the westward ex-
tension of the Amargosa thrusL Precambrian Susmn neiss
cut by a granitic Intrusion and a swarm of still younger dikes.
underlies the thrust fault. similar augen gneiss and siar
granitic Intrusion underlie the Amargosa thrust at the Virgin
Springs diurict 20 miles to the southeast aeross Death Valley.
Zircons In the Precambrian rocks differ from those In the dikes:
the granite contains both kinds.

Overlap of lays and associated ruptives onto Paleozoic
rocks of the Panamint Range shows that the eastward tilting
of the Range occurred half before, and half after, the eruptives
were deposited.

That the volcanic rocks along the belt of the Amargosa thust
complex are Tertiary Is Indicated by the stratigraphy of the
very simlar voleanic rocks in the Tertiary formations along
the east and north sides of Death Valley. Tertiary formations
In the Blck Mountains east of Death Valley are at least 12.000
feet thick The older deposits. volcanics 5.000 feet thick In the
Artists Drive area. are quite like those in the Amargosa thrust
complex. They are faulted onto the Precambrian core of the
mountains. Northward these volcanics grade laterally Into

Al



A2 GENERAL GEOLOGY OF DEATH VALEY, CALIORNIA

plays and oher sedimentary deposts. They dip northward
and thin under a syncline separating the Black and Fneral
Mountains. Where the older formations rise gain on the north
lank of the syncline. at the base of the Funeral Mountains, they
are very similar to the Titas Canynon Formation (Ollgocene)
of Stock and Bode (135) and are tentatively correlated with It-

In the trough of the syncille the Fraee Creek Forma-
ton of Pliocene age, which I capped by and ntertongues with
the late Pliocene and early Pleistocene () Funeral Formation.
Between the outcrops of the Furnace Creek and Titus oanyon ?)
Formations Is a faulted belt of dierent-tooklng sedlmentary de-
posits which, on the basis of structural position, are assumed
to be of an ntermediate ae and accordingly designated Mb-
cene(?).

The oldest deposits In Death Vlley classed as Quaternary
ane cemented fan gravels Included with the Funeral Forma-
tion. In places the Funeral Formation Is conformable on and
intertogue with the pija deposits of the Furnace Creek For-
mation of PUocene age, but more commonly the Funeral rests
with anguise unconformity on the older rocks. Te Funeral
Formation has been displaced thousands of feet by faulting and
tilting during the late stages in the structural development of
Death Valley and the bordering mountains.

Subsequent to most of that deformation huge gravel fans
were built from the mountains to the oor of the valley. Some
of these ae 6 miles long and more than a thousand feet highL
The oldest of theso fan gravel deposits, referred to as the No.
2 graveL still has a distinct fan form which the older Funeral
Formation has lost because of deformation and erosion. Both
the No. 2 gravel and Funeral Formation have smooth surfaces

of desert pavement. Boulders and cobbles on these surfaces are
deeply weathered and hare disintegrated to produce a new
mantle of angular rock fragments. The No. 2 gravel Is surely
late Pleistocene n age, but it may be pre-Wsconsin.

Other deposits of late Pleistocene age Include a debris ava-
lanche at the front of the Black Mountains and some isolated
poorly developed beach deposits of a late Pleistocene late.
which had a maximum depth of about 600 feet The lake,
though, was of brief duration and evidently Its level fluctuated
rapidly. so that beach deposits and other shore features are
poorly developed as compared with those around other Pleisto-
cene lake basins In the Great Basin.

Younger gravels on the-tfa referred to as No. may In-
elude some late Pleistocene deposits and certainly Include some
Recent deposits

Other deposits that may be of approximately this age are
mounds of travertine at springs on the gravel fans. Some
tranertlne. of course, Is being depdslted at present, but the oc-
currence on these mounds of stone artifacts representing the
earliest human pation of-the ar indicates that the main
parts of the mounds have considerable antiquity.

The youngest gravel on the fans, the No 4 gravel, ia along
the washes. These deposits are loose gravel composed of drm
rocks without desert varnish.

During the Recent, but probably during the millenls preced-
Ing the Christian Era lakes fooded the foor of Death Valley
to a maxliunm depth of 30 feet. The salt depoests comprising
the altpan were formed as a result of this lake.

The principal structural features of Quaternary age are
(1) the north-south trough tat is Death Vlley and the
bordering upfaulted mountain blocks; (2) the northwest-
trending Furance Creek fault one and the dowwarp that
extends along Furnace Creek and northwestward across the
northern part of Death Valley; () the northwest-trending

Conhdence Hills fault zone that extends Into the south end of
Death Valley; and (4) some features of Copper Canyon and
Butte Valley. Deformation is going on at preset, as indicated
by measurable tilt t seven tiltmeter stations that have been
etablished In the valley.

The composition and extent of the Furnace Creek Formation
of Pocene age Indicate that It was deposited In a narrow
trough tat extended southeastward from Mesquite Flat across
the Salt Creek HIlls and Cottonball Basin and along the Texas
Spring syncline and north end of the Black Mountains. Th
plays n which the formation was deposited existed long
enough to accumulate 5.000 feet of beds.

Much or most of the uplift of the Black Mountains occurred
after the Furnace Creek Formation was deposited because the
formation dips 45 or more of the north end of the mountains.
Gravity data, however, indicate that the formation probably
thins northward under the Texas Spring syncline, and presum-
ably the thinning I by olap from the mountains. If so. part
of the uplift of the Black Mountains occurred while the Fur-
nace Creek Formation was being depowited. It Inferred that
roughly 4000 feet of uplift at the Black Mountains occurred
while the Furnace Creek Formation was being deposited, that
another 3500 feet of uplift occurred during early Pleistocene
time, and the last 2500 feet of uplift occurred In late Peisto-
cene and Recent time.

The Miocene(?) and older Tertlary formations exposed In
fault blocks between the Funeral Mountains and the trough In
which the Furnace Creek Formation was deposited are mostly
coaree eaistics that were derived from the Funeral Mountain
The mountains and the adjolning basin therefore were In exist-
ence In mid-Tertiary time.

The basins and ranges In this part of the Great Basin are
at least as old as the Titus Canyon and Artist Drive Forma-
tions, although the structural limit of those basins and ranges
probably were dmerent from the present ones.

The structural history of the region during the earlier
geanticlnal stage Is obscure. The principal features are the
westward-directed Amargosa thrust, the chao that accom-
panie It, the smoothly exhumed surfaces of the thrust aults
locally known as turtlebacks, and the granitic intrusions that
seem to have spread along the thrust fault.

A. short segment of the Aargosa thrust is exposed along the
east foot of the Panamint Range. The lower plate there. com-
posed of Precambrian metmophblc rocks, Is cut by a granitic
Intrusion. The metamorphc rocks Include an augen geiss;
locally the augen are eollected Into small pegmatite masses that
grade Into the dikes o Tertiary age that cut all the rocks in
the lower plate. Part of the metauorphist of the lower plate
of Precambrian rocks may have occurred at the time the
granltlc intrusion was emplaced.

The Paleozoic and late Precambrian sedimentary rocks In
the mountains bordering Death Valley occur In a series of thrust
plates of the Amargosa thrust system. The thrusting moved
younger rocks westward onto older ones Within a thrust plate
the rocks have uniform homoclinal dips, almost Invariably to
the east. The major structural units are grouped into four
kllppen and three tensters.

The mat completely exposed klippe In at Tucki Mountain
where Paleosoic formations ranging In age from Early Cam-
brian to Permian have been thrus westward onto the King-
ston Peak(?) Formation of late Precambrian age. The klppe
is divided Into four plates by trust faults that. towards the
ea branch upward from the main one at the base. Along
these branch faults the displacement Is 4 miles westward;
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along the main fault the displaceement must be very much more
than that.

The Panamnlat Rane south of Tuckl Mountain also is a klippe
of east-dipping Paleozole rocks thrust westward onto the Pro-
cambrian. The thrust fault at the base. the Amargora thrust.
is exposed at the east toot of the range. There Paleozolc for-
mations In the upper plate dip east and rest on Precambrian
metamorphic rocks in the lower pate. Other thrust faults
within the Paleocole formations also seem to be branches ex-
tending upward from the Amargosa thrust Some of these
branch faults are ntruded by sills from the granite at
Hanaupah Canyon.

The south end of the Funeral Mountains and the southern
part of the Grapevine Mountains comprise klippen of Paleosoic
formations thrust westward onto the Precambrian. Between
these two thrust plates Is a fenster of Precambrian formations
forming the northern part of the Funeral Mountains. The
two ktippen may join under the Amargosa desert east of the
Funeral Mountains.

The fenster In the northern part of the Funeral Mountains Is
formed by anticilnally domed Precambrian formations So
also Is the west side of Tucki Mountain. another fenster and
the Btack Mountains. The uplift at the Black Mountains Is
divided Into three fensters, each a smooth-surfaced dome or
turtleback.

It is suggested that the thrust plates of the Amargoa thrust
system In part are detachment blocks, and that the turtleback
fault surfaces were denuded tectonically.

Over the main part of the Panamint Range. Bouguer gravity-
anomaly values a lower than over the mountains east of
Death Valley and lower than those over the Slate Range to
the southwest suggesting that the Panamint Range Is under-
lain by a granitic ma. In terms of deep crustal structure the
geologic and gravity data suggest two possibilUtes. One Is that
deep under the Panamint Range Is a large granitic Intrusion
that connects westward with the Sierra Nevada batholith and
forms a bulbous thickened edge of the batholith. A second
possibility Is that the edge of the batholtth is In the area that
Is seismically active west of the Panamint Range and that the
deeply burled granite s mostly Precambrian By the latter
Interpretation the granites at Skidoo and Hanaupah Canyon.
and other granitic Intrusions, could be attributed to pall-
genesis of the Precambrian granitic rocks.

INTRODUCflON

By CAssZA B. ECi

LOCATION AND DESCRIBION 0? THZ VALLEY

Death Valley, one of the valleys of the Basin and
Range province, is at the south edge of the Great Basin,
about midway between the Colorado River and the
Sierra Nevada. Just to the south is the Mojave Desert
(fig. 1).

The valley trends north-south between block faulted
mountains (fig. 2). In the main part of the valley, the
floor is a flat plays crusted with salts, one of the great
natural saltpans of the world. The saltpan covers
more than 200 square miles and is 250-280 feet below sea
level. It is the sink for drainage from a hydrologic
basin covering 8,T00 square miles. An arm of Death

Valley extends 60 miles north-northwestward from
the saltpan and rises to about 3,000 feet in altitude.
Discharging into the south end of the saltpan is the
Amargosa River which rises northeast of Death Valley,
flows southward along a valley 25 miles to the east, and
then makes a great U-turn to discharge into the south
end of Death Valley.

The mountains bordering Death Valley are north-
trending fault blocks. Largest and highest of these
blocks is the Panamint Range along the west side (fig.
3). Its highest peak, which is more than 11,000 feet
above sea level, is only 12 miles from the edge of the
saltpan. Both in terms of local relief and local rug-
gedness, this is one of the roughest terrains in the
United States.

Along the east side of the saltpan are the Black Moun-
tains which rise precipitously from the edge of the salt-
pan to a summit at about 6,000 feet in altitude (fig. 4).
Northeast of the saltpan and set back from it by long
gravel fans are the Funeral Mountains (fig 5). To the
north are the Grapevine Mountains which lie along the
east side of the northwest arm of Death Valley.

Death Valley is a desert area. The door of the valley
in fact is the hottest and driest part of the United States.
Annual rainfall is only 1.65 inches; the evaporation
rate is 150 inches annually! On the floor of the valley
a maximum summer temperature of 1341F has been
recorded. Minimum temperatures in winter almost
never reach as low as freezing. The mountains, of
course, have more moderate temperatures and consid-
erably more precipitation; the summit of the Panamint
Range is covered with snow most of each winter. Addi-
tional climatic data are given by Hunt and Robinson
(in Hunt and others, 1965).

There is little surface water in Death Valley, but
springs with potable water are surprisingly numerous.

Death Valley below an altitude of about 5,000 in part
of the Lower Sonoran zone, characterized by the cre-
osotebush. Vegetation is scanty, and thee are almost
no trees except for some mesquite around the edge of the
saltpan where there is a zone of springs. The saltpan,
covering more than 200 square miles, is without vegeta-
tion. The Panamint Range above 7,500 feet is wooded
with piion pine and juniper; limber and bristlecone
pines grow at the summit.

The archeologic record in Death Valley reveals a long
series of prehistoric occupations, or seasonal visitors,
going back to early Recent and perhaps to late Pleisto-
cene time. The first recorded entrance of white people
into the valley was in 1849 when a party of emigrants,
heading for the gold fields in California, left their cara-
van, sought a short cut, and became lost. One of the
groups gave the name to the valley. During the next
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30 years prospectors searching for metal mines visited
the mountains bordering Death Valley, and many of the
local place names were given by them or commemorate
their excursions.

Early in the 1880's borax was discovered on the Death
Valley saltpan and the discovery led to production. In
the next year or two richer deposits were found in the
northern part of the Black Mountains and production
shifted there. Produce from these mines was hauled to
Mojave by the well-advertised 20-mule teams. In the
first decade of this century the Skidoo mining district
produced a little gold, but the Death Valley area has
produced very little metal. Since the midtwenties min-
ing activity has been slight, except for the production of
talc in the mountains bordering the south end of Death
Valley.

Land surveys in Death Valley were begun in 1857.
The fact that the valley floor is below sea level seems to
have been discovered about 1861 as a result of baro-
metric observations by one of the several Nevada-Cali-
fornia Boundary Commissions. This was confirmed in
the midseventies by the Wheeler Surveys when satis-
factory maps of the area first became available. During
1906-06 the first topographic map of the area was pre.

pared and the altitude of the valley floor determined
instrumentally.

Death Valley was made a National Monument in 1933.
It has become a popular winter resort, and good high-
ways lead to it from all directions.

Two major scientific contributions have come from
Death Valley, one in the field of plant ecology, the other
in geology. The ecology contribution was made in 1893
by Frederick V. Coville, member of the Death Valley
expedition. His report on the botany and its relation-
ship to the environment is a classic.

The major contribution in geology was by Levi F.
Noble (1941) who was the first to demonstrate clearly
the existence of westward-directed thrust faults in the
southern part of the Great Basin.

SwPaNG OF TRE VALLEY

Different parts of the geologic map (pl. 1) were pre-
pared in very different ways and they are of quite dif-
ferent quality.

The saltpan was mapped by traverses across the valley
floor at 1-mile intervals. The ground changes were
plotted on aerial photographs, and the boundaries traced
along the valley floor to tie into the preceding day's
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traverse. The boundaries then were projected directly
from the photographs onto the topographic base maps.

Mapping of the gravel fans involved sufficient tra-
verses on each fan to identify the gravel deposits ac-
cording to their distinctive color and tone on the aerial
photographs. The boundaries of the several formations
then were sketched with much generalization on the
photographs, and these lines were transferred by pro-
jection and inspection to the topographic base. In gen-
eral, the boundaries of the older of the late Pleistocene
gravel (No. 2 gravel) are shown by the contours; the
younger gravels commonly are in such small areas that a
great deal of generalization was necessary, so much so
that accurate projection onto the topographic base
seemed an overrefinement.

The lower parts of the mountains were mapped on
the ground. For the most part the traverses were
along the valleys and along the ridges, although this is
at right angles to the contacts. The higher parts of
the mountains were mapped by helicopter. Within
limits, this mapping from the air could be checked by
tracing the formations to the lower parts of the moun-
tains where mapping had been done on the ground and
where fossil collections had helped control it. LAter,
some of the most questionable arms were checked by

traverses down the ridges and canyons from the summit
of the Panamint Range to the floor of Death Valley.

In the course of mapping the Paleozoic formations,
about 100 collections of fossils were obtained. Their
locations are shown on the geologic map, and the con-
tents of most of the collections are described with the
formations. It is expected that future work will show
that the formations in some fault blocks have been in-
correctly identified, but the fossil collections show the
limits to which such corrections may be extended.

Fieldwork was interrupted while parts of the study
still were incomplete. In particular, the Tertiary for-
mations, the granitic intrusions, and the older of the
Precambrian sedimentary formations need more study.

ACKNOW LEXGXE2M

Numerous specialists have contributed to various
parts of this general report on the geology of Death
Valley, and their contributions are acknowledged in the
sections dealing with the particulars of the geology.
Acknowledgment here is made to James Gilluly who
was largely responsible for getting the project launched
and persuading me to undertake it. T. S. Lovering
visited the project each of the first 5 years and contrib-
uted ideas and other assistance on many phases of the



STRATGRAPET AND STRUCTURE A9

geology; his encouragement and guidance were a very
real benefit to the project.

My wife, Alice P. Hunt, studied the archeology while
I was working on the geology. We found that work-
ing together in the field was of mutual benefit, and each
of us was able to assist the other.

We were headquartered in the field with the staff of
the National Park Service. Their many favors and
hospitality greatly assisted the project and made the
field seasons most pleasurable.

STRATIGRAPBT

By CzA2Xzs B. RuIST

Precambrian rocks exposed in the mountains border-
ing Death Valley include at least 3,000 feet of rocks be-
longing to the crystalline basement and a sequence of
much younger and but slightly metamorphosed sedi-
mentary rocks, mostly elastic, totaling roughly 10,000
feet thick, referred to as the Pahrump Series. Overly-
ing the Pahrump, and also included in the Precambrian
are three formations-the Noonday Dolomite, Johnnie

Formation, and Stirling Quartzite, totaling about 7,000
feet thick.

Paleozoic rocks, mostly carbonate rocks and repre-
senting all the periods from Cambrian to Permian, ag-
gregate about 20,000 feet thick. Triassic formations
8,000 feet thick are exposed just outside the mapped
area; they include carbonate rocks, fine-grained clastic
rocks, and volcanics. Table 1 summarizes the forma-
tions recognized in the area and nearby.

The mapping in the Panamint Range and Funeral
Mountains on which this report is based was done by
Hunt, partly by conventional ground methods and
partly by helicopter (Hunt, 1960). The mapping of
the Precambrian rocks in the Black Mountains was done
by Harald Drewes (1963). The distribution of the
formations is shown on the geologic map (pl. 1). Most
of the identifications of Cambrian fossils are by
Palmer; most of the identifications of Ordovician fos-
sils are by Ross. Other plentologists who identified
and reported on the fossils include Ellis L Yochelson,

TAMLE 1.-Precambrian, Pacosoic, and Triassic formation expoed in a Deahk VaUey re a

StaM ea. irzA | d twhad cogsetaue #ias

Triassic Butte Valle for- Exposed in Butte Valley 1 mile south Ammonites, smooth-shelled
mation o of this area, 8,000 ft of metasedi- brachidpods, belemnites, and
Johnson (1957). ments and voicanic. hexacorals.

Pennsylvanian Formations at Conglomerate, limestone, and some Beds with usulinids, especially
and Permian east foot of shale. Conglomerate contains cob- Fusulisella.

Tucki Moun- bles of limestone of Mississippian,
tain. Pennsylvanian, ad Permian age.

Limestone and shale contain
sphericl chert nodules. Abundant
fusulinids. Thickness uncertain on
account of faulting; estimate 3,000
ft +; top eroded.

e2 3Mini an Rest Spring Shale M shale, some limestone; abun- None.
and enn- d spherical chert nodules. Thick-
syivanian(?) ness uncertain because of faulting;

estimate 70 ft.

Mississipian Tin' Mountain Mapped as unit. Tin Mountain Mixed brachiopods, corals, and
Limesftone and Limestone, 1,000 ft thick, is black crinoid stems. S'opora
younger lime- with thin-bedded lower member and (open-spaced colonies),
stone. thick-bedded upper member. Un- Cazninia f. C. cornicula.

named imestone formation, 725 ft
thick, consists of interbedded chert
and limestone in thin beds and in
about equal proportions.

Devonlan Middle and Lost Burre for- Liesone in ligt and dark beds 1-10 Brachiopods abundant, espec-
Upper Devo mation. ft thick give ped effect on noun- Illy Sprifr CyrtoPirifer
nian. tainsides. To quartaite b, ProdiciUa, garmarotoechia,

each about 3 ft thick, near base; rAtypa.
numerous sandstone beds 8001,000 Stromatoporoids.
ft above base. Top 200 t is w Syringopra (closely Weed
bedded limestone and quartate.olonies
Total thIckness uncertain baws
of faulting; estimated 2,000 ft.

Silurian Silurian and i Hidden Valley Thick-bedded, ine-grained, and even- Crinoid stems abundant, includ-
and Devonian Lower De- Dolomite. rained dolomite; mostly ight color. in large types. Favaoits.

vonian. Thickness 300-1,400 ft.

776-623 0-6--2
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Lystam Sbs rra5 LiSbO and IkCn4U charsatuugu bmas

Upper Ordovician Ely Springs Dolo- Massive black dolomite; 400-800 ft Streptelasmatid corals: Grnu,
mite. thick. ingki, kornua. Brachio-

pods.
Middle and Eureks Quartzite Massive quartaite, with thin-bedded None.

Upper(?) Ordo- uart at base and top; 350 ft
vician. t k

a Lower and Mid- Pogonip Group Dolomite, with some limestone, unit Abundant large gastropods in
dle Ordovieian. at bae; shale unit In middle; mas- massive dolomite at top:

sive dolomite unit at top. Thick- Pallijeria and Maclunites,
ness, 1,500 ft. associated with Receptacuilea.

In lower beds: Pretopliomer-
Pes, Kirkeia, Orthid brachlo-

pods.

Upper Cambrian Nopah Formation Hi hly fossiliferous hle member 100 In upper part, gastropods. In
ft thick at ban; upper 1,200 ft is basal 00 ft, trilobite trash
dolomite in thick alternating black beds containing: Elbungia,
and light bands about 100 ft thick. PeU Jsi, HomagtwsU,
Total thickness of formation 1,200- Elvinia, Apsotrela.
1,500 ft.

Middle and Bonanza King Mostly thick-bedded and massive The only fossiliferous bed Is the
Upper Cam- Formation. dark-colored dolomite; a thin- shale below the limestone
brian. bedded limestone member 500 ft member that occurs near the

thick 1,000 ft below top of the for- middle of the formation.
mation; 2 brown-weathering shaly This shale contains lingulold
units, the upper one fosiliferous, . brachlopods and trilobite
about 200 and 500 ft, respectively, trash beds with fragments of
below the thin-bedded member. "Ehmanita."
Total thickness uncertain.beause

8 of faultin; estimated about 3,000 ft
g In Panamint Range; 2,000 ft in

Funeral Mountains.
Lower and Mid- Carrara Forma- An alternation of sihly and silty mem- Numerous trilobite trash beds in

dle Cambrian. tion. bers with limestone members; lower part ield fragments of
transitional between the underlying olenelid trilobites.
elastic formations and the overlying
carbonate ones. Thickness about
1,000 ft but variable because of
sheariQg6

Lower Cambrian Zabriskie Quart:- Quartrlte mostly massive nd panu- No fossils.
ite. latet due to sheaing; locally in

beds 6 in. to 2 ft thick; not much
crosabedded. Thickness more than
150 ft; variable because of shearing.

P Lower Cambrian Wood Canyon Basal unit Is well-bedded quartzite A few scattered olenellid trilo-
a and Lower Formation, about 1 650 ft thick; sily unit bites and archaeocyathids In

if aCbria(. above tis 520 ft thick contains the upper part of the forma-
E a= lowest olenellids in the section; top tion.

Eg unit of dolomite and quartuite 400 Scoliithus? tubes.
d ft thick.

strling Quartte

Ia
i

Johnnie Forma-
tion

Noonday Dolo-
mite

Well-bedded quartsite ia beds 1-5 ft
thick compruing thick maembes of
quartsito 00800 ft thick separated

mum tekness about 2,000 ft.
Mostly shale, iapart olive brown in

part purple. Basal member 400 ft
thick is interbedded dolomite and
quartzite with pebble conglomerate.
L tan dolomite near the mid-

dle and at the top. Thickness more
than 4,000 ft.

in southern Panamint Rane, dolomite
in indistinct beds; lower part cream
colored, upper part pay. Thickness
800 ft. Farther north where map-
ped as Noonday(?) Dolomite, con-
tains much limestone, tan and white.
and some limestone conglomerate.
Thickness about 1,000 It.

None.

Scolithua? tubes.

Noue.

I-Unconformity-1
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Pahrump Series Kingston Peak(?) Mostly conglomerate, quartzite, and None.
Formation shale; some limestone and dolomite

nr middle. At least 3,000 ft
thick. Although tentatively assigned
to the Kingston Peak 0r tion,
similar rocks along the west side of
the Panamint Range have been

Beek Spring Dolo- identified as Kingston Peak.
| Beck Spring Dolo- Not mapped; outcrops are to the west. None.

mite Blue-gray cherty dolomite; thick-
nes estimated about 500 ft. Iden-
tification uncertain.

Cr tal Spring Recognized onle in Galena Canyon None.
Fonnation and south. Total thickness about

2,000 ft. Consists of a basal con-
glomerate overlain by quartaite that
grades upward into purple shale and

, thinly bedded dolomite; upper part,
thick-bedded dolomite, diabase, and
chert. Tale deposits where diabase

______________ intrudes dolomite.
- -Unconfomity-i-.. 

iRocks of the Metasedirent rocks with grntc None.
crystalline base- intrusions.
l enARoksofth Mtaeimntryrokswthgrnii.Noe

P. E. Cloud, Jr., W. A. Oliver, Jr., Chas. W. Merriam,
Mackenzie Gordon, Jr., and Richard Rezak.

I have illustrated a number of the formations with
pictures of slabs of fossiliferous rock, which some may
find helpful as lithologic guides to the formations, as
pointed out 30 years ago by oble (1934, p. 175). Tri-
lobites are the most abundant fossils in the Cambrian
beds; gastropods in the Lower Ordovician beds; corals
in the lUpper Ordovician, Silurian, and Devonian; and
crinoids in the Mississippian. Such generalized obser-
vttions are very helpful in identifying rock formations
that have been severely faulted and crumpled.

P E CSYSE

ROCKS OF TE CRTSTAL I BASRMESrr

Precambrian rocks of the crystalline basement in this
area are most extensive in the steep front of the Black
Mountains. Some smaller outcrops are at the head of
Galena Canyon and along the east foot of the Panamint
Range north of Hanaupah Canyon.

The outcrop of the Precambrian in the head of Ga-
lena Canyon is mostly schist. The foliation in the
schist, which is about vertical, is cut off discordantly
by conglomerate at the base of the Crystal Spring For-
mation, the lowest formation in the Pahrump Series.
The contact is thought to be depositional.

The outcrop of Precambrian metamorphic rock along
the east foot of the Panamint Range north of anaupah
Canyon marks the lower plate of a thrust fault, probably
the margosa thrust; this lower plate has been the site
of much igneous activity. The rocks are referred to as

the Amargosa thrust complex and are described more
fully on page A 129.

The Precambrian in the Amargoso. complex is mostly
gneiss, much of which is highly distinctive augen gneiss
like that underlying the Amargosa thrust southeast of
Mormon Point (Noble, 1941). The ugen are feldspar.
¼/-l inch long, and constitute from 10 to 40 percent

of the rock. The matrix is quartz and coarse-grained
mica, mostly biotite. Enclosed in the augen gneiss are
crushed lenses of biotite schist and some muscovite
schist.

Above the augen gneiss is a crush zone consisting of
mylonite and breccia along a thrust fault, probably the
Amargosa thrust. The upper plate here is Stirling
Quartzite.

The gneiss is cut by a swarm of northward-trending
felsite dikes; their strike parallels the foliation in the
gneiss.

Northward the gneiss extends under interlayered vol-
canic and Paleozoic rocks suggestive of the "chaos" as
described by Noble (1941). Underlying the gneiss is
a granitic intrusion.

Much interest attaches to the age of the metamorph-
ism of this gneiss, because part of the metamorphism
may have occurred during the early or middle Ter-
tiary when the thrust faulting occurred and the granitic
intrusion became emplaced.

The rocks of the Black Mountains have been described
by Drewes (1963) who has mapped the Funeral Peak
quadrangle. The following descriptions are sum-
marized from his report.
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The rocks comprise metadiorite and smaller bodies of
metasedimentary schist, gneiss, and marble. The schist,
gneiss, and marble underlie the lower parts of north-
west-trending mountain spurs at Mormon Point and
the mountain southeast of Copper Canyon. The schist
and gneiss are in about equal proportions. Near Mor-
mon Point, marble is equally abundant, but elsewhere
it is less so. The thickness of the metasedimentary
rocks is unknown, but is of the order of many hundreds
of feet.

The schist generally consists of quartz (10-25 per-
cent), plagioclase- (15-25 percent), chlorite (3040 per.
cent), biotite (10-20 percent), and sericite; it has minor
amounts of magnetite, sphene, and possibly potassium
feldspar.

The gneiss consists largely of quartz (20-40 percent),
plagioclase feldspar (15-40 percent), and potassium
feldspar (as much as 40 percent) in light-colored layers,
mostly le than 1 inch thick, alternating with thin dark
layers of biotite. Some fLcies of the gneiss have layers
of muscovite instead of biotite. The layers are mostly
even and distinct. In places the gneiss contains feld-
spar augen %-I inch long. Veins and irregular masses
of epidote are common.

The marble is white to light olive gray and weathers
yellowish gray to pale yellowish brown. It occurs in
lenticular beds ranging from a few feet to a few tens
of feet thick interbedded with the schist or gneiss.
Most of the marble is coarsely crystalline calcite, but
some at Mormon Point is dolomitic.

Most of the front of the Black Mountains is Pre-
cambrian metadiorite. This rock, which is not foliated,
and consists largely of plagioclase feldspar (40-5 per-
cent), hornblende (2040 percent), and biotite (3-15
percent). It appears to be intrusive into the netasedi-
mentary rocks.

In the course of my surrey, samples were collected
from all the formations for spectrgrphic scanning for
trace elements Table 2 lists the trace elements found
in a piece of schist from (lena Canyon and in a piece
of gneiss from the Black Mountains above Badwater.
Analyses of the augen gneiss and biotite gneiss in the
Amargosa thrust complex at the east foot of the Pana-
mint Range north of Hanaupah Canyon are given in
table 26.

The trace elements in the schist and gneiss are re-
markably alike, considering the very different lithol-
ogies and locations of the rocks They differ from
the gneisses in the .4margosa thrust complex in con-
taining more lead, manganese, cobalt, vanadium,
titanium, boron, and gallium.

TABLz 2.-ran= d om *entin tPrec rim mdamorpAic rock,
Analy of the netMobic rocks I the Amargoa thrt cmes, bH the

rock m7 have been sublect to Terlar altertion. ae give a table 2. Secil.
qatltaettv spectrogmphic aaalyg g by t s, Ode U.S. eoL Survey. Vlues
a in peil per mllion. exept mg. which Is giean In perantj

SchaIetn Onuis shove
Elemnnt Galeuns adwater

Canyon

Pb -30 30
Mn0 0 Soo 700
Cu -50 30
Zr -150 100
Ni - 50 30
Co -20 70
V -150 300
y -20 20
Be -3 1
Ti- -000 10,000
B -70 70
Ga - 70 30
LA-70 50
Cr-100 30
Ba-700 2,000
Sr - 20 700
Mg-------- 1.5 5

Nom.-Ahouonnd. W. <V. ob. <1O, Zn. <=; ha. <3: SC. <1W Mo. <2or ss;
As < B <: . <O I <W; Sb <O.

Metamorphism of schist under the Pahromp Series
in the southern Panamint Range is dated as 1,700 mil-
lion years by potassium-argon methods and 1,480 mil-
lion years by strontium-rubidium methods (Wasser-
burg and others, 1959). A comparable age has been
determined for the augen gneiss zircon in the Amar-
gos thrust complex (T. W. Stern, written commun.,
1965).

IPAIMVP aPriZS

The Pahrump Series, named for Pahrump Valley
50 miles east of Death Valley (see index map, fig. 1;
Hewett, 10, 1956), in its type area consists of three
formations. At the base is the Crystal Spring Forma-
tion, about 2,000 feet thick, consisting of a basl quartz-
itic member overlain by thick-bedded dolomite, dia-
base, and chert. Above the Crystal Spring Formation
is the Beck Spring Dolomite, 1,100 feet thick, which is
made up mostly of beds of light-blue-gray dolomitte -2-4
feet thick. At the top, in the type area, is the Kingston
Peak Formation, 1,000-2,000 feet thick, which consists
of sandstone and shaly sandstone at both the top and
base, separated by a middle unit of conglomerate with
cobbles as much as 10 inches in diameter (Hewett,
1956).

In the Silurian Hills, southeast of Death Valley, the
rocks assigned to the Pahrump Series are more than
11,000 feet thick, but correlation with the type section is
uncertain (upfer, 1960, p 188). In the Alexander
Hills of Pahrump Valley, rocks assigned to the Pah-
mmp total 8,000 feet thick and appear to represent all
three of the formations recognized in the type section
(Wright, 1954).
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A section of the Pahrump Series very similar to that
in the type area is present also in the Ibex Hills in the
southern part of Death Valley (Wright, 1952), an area
about midway between the type locality and the south-
em part of the Panamint Range.

In the southern part of the Panamint Range, both
in Galena Canyon and in the section of Warm Springs
Canyon south of the area I studied, only the Crystal
Spring Formation is present. It rests with angular un-
conformity on schist of the crystalline basement and is
overlain by Noonday Dolomite. This contact between
the Crystal Spring Formation and the Noonday Dolo-
mite probably is a thrust fault and not a depositional
contact. In any case, younger formations of the Pah-
rump Series are not present in the southeastern part
of the Panamint Range, but they are present along the
summit and west slope of the range.

On the west side of the Panamint Range the
Kingston Peak Formation rests on the Precambrian
crystalline basement; the Crystal Spring Formation is
absent there (Johnson, 1957, p. 360). Locally, a dolo-
mitic limestone that is much crushed occurs along the
contact between the Kingston Peak Formation and
underlying rystalline rocks (Murphy, 1932, p. 343);
this dolomitic limestone may correlate with the Beck
Spring Dolomite.

The spatial relationships of the three formations and
their possible structural relations are illustrated on
figure 6.

CMSTAL mG TOZ=TZON

The Crystal Spring Formation in Galens Canyon
is about 2,000 feet thick It consists of basal conglom-
erate overlain by quartzite that grades upward into
purple shale and thinly bedded dolomite. The upper
part of the formation consists of thick-bedded dolomite,
diabase, and locally, massive chert (fig. 7). The follow-
ing is a section of the Crystal Spring Formation meas-
ured in Galena Canyon.

NW
Harrisburg Flat

Section of Crystal Sprig rormsion in Galena Canyon

Top of section Is base of Noonday Dolomite; the contact Is con
cealed and may be a thrust fault (see fig. 6).

Disbase .-----------------------------------------
Ohert, dense, greenish --------------- _--------------
Dolomite, weathers light brown. lower 50 ft La beds 6-

20 t thick, upper 125 ft massive. Talcose at base....
Dlbase, much-weathered, calcareous; red Iron oxide

along issures----------------------------------
Dolomite, well-bedded and thin-bedded; beds 1 In to 2 ft

thick; inely granular, grains less than 0.1 mm with
Tugs and velnlets of coarse dolomite (grains 0.5 mm):
quartz grains (about 0.5 mm In diameter) at center of
Tugs (fig. 8B); chert lenses; weathers light brown;
talcose where Intruded by diabase sills.-------------

Purple argillite or shale, some brown-weathering dolo-
mitic shale, some quartzite with sericitic groundmassa.

Quartzite, crossbedded, beds 1 In to 3 ft thick; in part
conglomeratic with pebbles of quartzite, red chest, and
gneiss as much as 6 In. in diameter. Well-rounded grains
of quartz and mlicrocllne and elastic blotite in dolomitic
groundmass (fig. SA) . Some beds weather white; others
are blaeck. especially those with carbonate In matrix..

Conglomerate, Urt gray to white but weathers brown;
quartz pebbles as much as 1 In. In diameter, but most
of the unit Is grit rather than conglomerate. Beds 6In.
to 2 ft thlc-------------------------------- -- --

Feet
450
150

300

250

150

150

100

Total thickness of Crystal Spring Formation Includ-
Ing 750 ft of diabase --------------------------- 1,5 50

Base. Angular unconformity. The basal conglomerate
overlles steep to vertical foliation In Precambrian schist.

Table 3 shows the trace elements found in several dif-
ferent rock types in the Crystal Spring Formation.
These samples are from Galena Canyon and are to be
compared with the analysis of the schist from there
(table 2). The quartzite and shale are most like the
schist, but they contain substantially less of most trace
elements, especially nickel, cobalt, vanadium, titanium,
gallium, and chromium.

SE
Galena Canyon

- - Crystal Soring
i Formation

,.,..,i
X .
.~ , .... j

. ? v 
Precambrian *' metamorphic rocks

FteCaS L-Ideazed diaram ulustadug dstributIon and poseblo structural relationshi of the three formatlous of
the Fahrump Sorts in the Panamlat Uange.
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Fmocn .- CrystI Spring urmatlon In Gaibut Canyon. view nrthwest 0. quarilte member; d. purple hale and thin-bedded dolomite;
di. dbs wIth talcose beds It) wher the s I In contact with olomite; do. massive dolomite at top of the formation. In
distance s Noonday Dolomite (pCat capped by Johunne Formatio (CJ).

The Crystal Spring Formation is of much interest
economically because it contains highly productive de-
posits of talc. The commercial product, which con-
sists of the mineral talc HIMgs (Si0s) .] and tremolite
[CaLg1(SiO3)4] with accessory serpentine and calcite
(Wright and others, 14), occurs as an alteration
product of dolomite where the dolomite is intruded by
diabase (fig. 7).

The fact that diabase sills do not occur in formations
younger than the Crystal Spring, even where younger
formations of the Pahrump Series are present, has led

to the interpretation that the sills and the alteration
associated with them predate deposition of the Beck
Spring Dolomite (Wright, 1952, p. 15).

JC mZ DOLOmT

Rocks probably equivalent to the Beck Spring Dolo-
mite, locally referred to as the Marvel Dolomitic Lime-
stone by Murphy (1980), crop out at a dozen places
along the west side of the Panamint Range west of
the mapped area between the Kingston Peak Formation
and underlying basement rocks (Murphy, 1932, p. 343).
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It is a bluish-gray cherty rock containing about 30 per-
cent CaO and 20 percent MgO, it also contains tremo-
lits and muscovite (Murphy, 1932, p. 343). The for-

Microcrystalline
o n m t e~~~~doomt

FNorUI 8.-01e1ogapht of fatzite (A) Lad dolomite (5) in
Cr ltal Spring Formatlon. The quaruite constets ot well-
nded grains of quart (0) and microeUcn (M) and other

feldxpar (f) I a dolomitic Lad serletle matrtz. The dolo-
mite is IdnY granular with ugs of coas dolomite (0) at
the center of which are grains of quarm (a). Diameter of
geld. 2.B mm

TAIL 8.-Trace ekeeS in toe Cryetgg OrtV Formateon
Mcolq-e - = analysis by UtJs Ode, VJ. deoL Swey.

VazI X111104 padoC W which Ir gv en uwoen

mation is very much sheared and contorted-too much
so to determine the thickness. The Crystal Spring
Formation is absent in that area. An interpretation of
the structural relationships is illustrated diagrammati-
cally on figure 6.

WGBt= fli1d) YOZXTZOX

The youngest formation of the Pahrump Series, the
Kingston Peak Formation, crops out extensively along
the west side of the Panamint Range. Similar rocks
tentatively assigned to this formation occur at Harris-
burg Flat, Tucki Mountain, and the northern part of
the Funeral Mountains.

Along the west side of the Panamint Range, the
Kingston Peak Formation has been divided into three
members (Johnson, 1957, p. 360). Ie lower member,
370-1,600 feet thick, is conglomeratic graywacke; above
this is limestone 30-170 feet thick, and at the top is con-
glomerate, sandstone, and shale 2601,000 feet thick
(Johnson, 195T, p. 360-361).

In the northern part of the Panamint Range, in the
vicinity of Harrisburg Flat, the rocks mapped as Kings-
ton Peak( ?) Formation are intruded by the granite at
Skidoo in addition to being much faulted and folded.
The stratigraphy there has not been determined satis-
factorily. The most distinctive rocks are the stretched-
pebble conglomerates. Some of these have a quartzite
matrix, others have a sandy dolomitic matrix. TIe
clasts are of quartzite and limestone. Much of the for-
mation is platy quartzite, and there is some limy dolo-
mite and limestone. In places the upper part is dark
shale. Overlying these dominantly clastic beds is a
thick section of carbonate rocks mapped as Noonday( ?)
Dolomite, and probably separated from the Kingston
Peak( 7) Formation by a fat fault. On Tucki Moun-
tain some carbonate rocks below the thrust fault are
doubtfully included in the Kingston Peak(?) Forma-
tion. Beds assigned to the Kingston Peak( ) Forma-
tion are at least 3,000 feet thick.

Six samples of the Kingston Peak(?) Formation
were collected for spectrographic analysis. Three were
obtained from the vicinity of Harrisburg Flat in the
Panamint Range and three from the base of the Funeral
Mountains. The analyses are given in table 4. The
trace elements in the various rock types are quite dif-
ferent in the two areas. The limestone in the Panamint
Range samples contains a greater concentration of trace
elements than does the limestone from the Funeral
Mountains. The quartzites difer less and their differ-
ences are more spotty. The differences, despite the
small number of samples, cast further doubt on the
correlation of the Kingston Peak(9) Formation be-
tween the Panamint Range and the Funeral Mountains.

Ilement Qisus- Diasem srt In Nrov Talc 11heleto dIem ebsk t

Pb - 30 20 70 15 1,000 10 10
Mn_ S00 500 1,000 300 20 0 500

Cu 5 5 150 15 70 1 2
Zr - 100 20 100 100 150 10 30
Ni _ 5 <5 50 30 20 <5 5
Co. <10 <10 50 10 15 <10 <10
V -_ .10 IS 200 200 150 20 20
Y - _ __ 15 10 15 15 30 <10 10
Be-... 1 <1 <1 <1 <1 <1 2
Ti-_. 300 100 20, 000 5,000 7, 000 200 700
B - 20 <10 so 10 10 10 30
G--10 <10 SO SO 50 <5 5
Cr -- 10 5 70 100 100 5 <5
BaL.. 700 15 500 3, 000 3, 000 15 300
Sr 30 70 200 200 500 20 700
-g..... 0.7 >5 3 3 2 >5 >5

N&M.-l ftnds la. 1. ar I Z. . 5.. lan h. W lea in otbWs:Mo. (2% Ut. Cl; ft. <10 As. -CM Sb. <.C Wf. M Nib,10
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TAaLU -Tracs eolents i Xhe Kimpton Peak(?) Formation.
(Somiqunewn 2:c~vazvhk ~nay=brty Mie Oda and Z. F. CrWy. U.S.

GoaL Suvey. n paMp VW ue-, pt mg. WXlcb is glom PSetj

3~~~~uant *adailP..-n a- -

Ddo. Lk"e- Qutalt Z4mutMW Shaja QarU-.s to 5 Q

Pb . i5 20 300 10 30 50
Mn_... 1, 500 200 500 1,000 2,000 700
Cu. 2 10 150 100 ISO 200
Zr --- 30 10 200 500 700 700
N -5 7 50 70 100 10
co---<10 <10 20 15 30 10
Co . . 10 20 100 200 200 70
Y -_------ 10 20 20 50 s0 70
Be ---- <1<1I 1 1 I 1
Ti - 300 300 10,000 10,000 > 10 000 7,000
B -..... 10 <10 20 15 200 15
,SC .... <10 <10 <10 20 0 <10
Ga .- <5 20 20 <20 <20 <20
La -...... <50 <50 <50 50 50 50
Cr , ,,, 7 50 so 100 500 30
Ba-----100 50 1,000 1,000 1. 500 3,000
Sr -- 1.000 200 100 700 200 150
Mg ------ >5 >5 1.5 5 5 I

Non-Abo baEd: No tl tn dsk In hils 1 <& to otbi Fmob: Son.
<l Ag <1; 0. <(08B, <CLU Sb, <Z= In. <30 Cd. (10 t'. <1X . <3;
W <8.

XOONEDAY DOLosmri

Overlying the Pahrump Series is the Noonday Dolo-
mite. At its type locality at the south end of the Nopah
Range, about 50 miles east of the Panamint Range, the
formation consists of about 1,500 feet of light-cream-
colored dolomite with sandy beds near the top (Haz-
zard, 1937b,p. 300).

In the southern part of the Panamint Range, in
Galena and Six Spring Canyons, the Noonday Dolo-
mite rests on the Crystal Spring Formation of the
Pahrump Series. The contact between the 2 forma-
tions, which is concealed by rubble from the dolomite,
probably is a fat fault that removed the upper 3,500
feet of the Pahrump Series and that cuts across at least
600 feet of the upper part of the Crystal Spring For-
mation (fig. 6). The Noonday Dolomite is conform-
ably overlain by the Johnie Formation.

The Noonday Dolomite i Galena and Six Spring
Canyons consists of a light-cream-colored lower mem-
ber about 500 feet thick and a gray upper member about
300 feet thick. Indistinct bedding in both members is
characteristic of the formation throughout the region.
Structures suggestive of Scolithua tubes were found in
the dolomite in the fault block forming the foot of the
mountain at the east tip of the spur south of Galena
Canyon (loc. F-89, XE. NEy s ec. 17, T. 22 N., R. 1
E.; fig. 9). Similarstructures are present in the oon-
day Dolomite in the southern Nopah Range.

The lower member of the Noonday Dolomite is a gran-
ular recrystallized fine-grained dolomite mottled with
spots of coarse-grained dolomite in euhedral grains (fig.
10A). The spots of coarse-grained dolomite have
quartz, evidently secondary, at their centers. Petro-
graphically this rock resembles the thick-bedded dolo-
mite in the underlying Crystal Spring Formation (fig.
8).

The upper gray member of the Noonday Dolomite is
coarser grained than the lower member; the grains are
uniform in size, about 0.3 mm in diameter (fig. 1OB).
Through the rock are numerous grains of euhedral mag-
netite partially altered to hematite.

In this area, as elsewhere in the region, the Noonday
Dolomite contains small irregular deposits of lead min-
erals; these have been prospected at numerous places
along the mountaintop south and west of Galen, Can-
yon (table 5). So far as known, none of the deposits
has been productive.

Farther north in the Panamint Range, from Johnson
Canyon northward to Tucki Mountain, a series of car-
bonate rocks 1,000 feet or more thick, lying below the
Johnnie Formation, is assigned questionably to the
Noonday Dolomite. The formation seems to be at the
stratigraphic position of the Noonday, but it is enough
different lithologically to warrant further study to con-
firm or correct the identification. The formation differs
from the Noonday farther south in containing a great
deal of limestone as well as dolomite and in having the
dominant colors tan aLd white. In addition, there are
beds of limestone conglomerate in which clasts of lime-
stone 1-3 inches in diameter are contained in sandy
dolomitic matrix.

A highly generalized section on the west side of
Rogers Peak showed the following:

Feet
Top--- Eg contored thin-bedded limestone.
10_____ White quardse.
100____- WhIte limestone
250---- Banded ght and dark limestone.
250____- Light-brown Limestone.
250.__ Limy sandstone.
200.___ Dark quartzite.
250---- Banded Ught and dark limestone.
Be.

The Noonday( 1) Dolomite seems to be equivalent to
the series of dolomitic limestone on the west side of the
range that Murphy (1932, p. 349) referred to as the
Sentinel Dolomite (base), Radcliff Formation, and Red-
lands Dolomitic Limestone (top). Johnson (1957, p.
370) correlated these beds with the Noonday.

Table 5 lists the trace elements in eight samples from
the Noonday Dolomite. In the southern part of the
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FIornZ S.-Noouda7 DOZomUIt shuing sUucszi M=a"ttrr of Seolithue tubes. Ltloo 1s at OM toot Of th* MOCUMtIn at thS spur South Of
Galena Canyon.

Panamint Range the dolomite is highly mineralized,
notably with lead and zinc. The sample of light facies
differs little from the dark one. A much larger number
of samples would be needed to suggest whether the Noon.
dajy(?) Dolomite should be correlated with the Noon-
day. The trioe element content of the Noonday( )
Dolomite is about the same as that of the limestone in

the Kingston Peak(?) Formation in the northern part
of the Panamint Range.

BonNe rosmTioWN

The Johnnie Formation at its type locality, near the
town of Johnnie about 50 miles east of Death Valley, is
mostly shale and is 4,500 feet thick (Nolan, 1929, p.
461).

KI
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Microcrystalline
dolomite

Fiovax 10-Mlcrographs of oonday Dolomite. A. Lower member.
a fine-gralned dolomite mottled with eaune dolomite (01. Qs
graine lal occur at the center of some of the areas of coarse dolo-
mite. , Upper member, a medium-graned dolomite in which the
grnbs ar of uform size and contain schttered grains of magnette
(M. Diameter of field. 25 mm.

In the Panamint Range, where it has been referred
to as the Hanaupah Formation (Murphy, 1932, p. 349),
it is mostly shale, and its thickness is more than 4,000
feet.

The Johnnie Formation is conformable on the Noon-
day Dolomite and is gradational with it, for the lower
part of the formation consists of interbedded dolomite
and quartzite. The contact is taken at the lowest
quartzite, as has been done elsewhere (Hezzard, 193Tb,
p. 303; Johnson, 1957, p. 373).

In the southern part of the Panamint Range the
lower third of the formation consists of interbedded
dolomite and sandstone or quartzite. The dolomite is
thin bedded and ripple marked. Some of the quartzite
is conglomeratic with pebbles as much as 1 inch in
diameter.

The middle third of the formation is light-colored
shale capped by dolomite; the upper third is purple
shale with interbidded quartzite (fig. 11). A compos-
ite section of the Johnnie Formation in the southern
part of the Panamint Range is as follows:

Tazu &-Trac ementa in JIke Noonday Doeomie
Selsta~lax~ettrth ps tSf*17 by Utfl Oda and 1. F. Cooky. U.S.
O d 4V I p per mWllon.ecpt Mg, which is 5n In Permt1

Nortb pertoutSOtGM PM Of Penamint PAMg of Venainda:
Rangs

Nnoonda Dolom4le

t emnt-
Light DarDob
dole. dole. Prospects
mile miteI

A B C D _ r 0: K'

rb ... is UA ua1 .000 50 D s 0
Zn............ <M <40x 5.QM 3.W 300 700 ad ad
Ma .... 10 100 SW sW 340us too MD 2.1
Cu. 7 10 7 7 7 7 t0 5W
Zr ........ 2 <10 <10 <10 2) <10 <t 100
NL .. <5 <5 7 7 7 7 7 100
Co ......... <10 <10 <10 <10 <10 <10 <10 30
V ........ 10 t0 <t <10 <I <I0 20 <I<
TLY -.-- I ~o<10 <10 <10 <10 o <10 20 s
TL ..... 100o Go 10 Is MO 30 300 10. PI
3 . <10 <10 70 30 10 70 <10 70
Mo.. <2 <2 <2 5 7 <2 <5 <5
Ga . . <5 < <S < <5 <se <so
Cr .,,. <5 < <5 S <5 <S <5 2O 100
Ba.... 70 10 sD la t00 70 1W0 3.1W
at .......... 3 so soo M <so <2 )31W 3.1c

.......... I > > a 5 0.5 0.5 1 >65

ThIS Smple 1s cotaned A, 70; 31, ; As. 1,00. Sb, >100,o.
*Thi s ample also outainud Sc. 60.

NoL-Abo Oqd: Sn. <0. Ag. <1 ( t smpl o); oe, <20: As <1aoce
(exscp~ am=Db 0); Sb < (t ample I. W , <60; T. <100; Ts
<30; W. < L or le sc, <1o (except sample K.

Composite section of Johnsi Formation fit Sfe Spring Canyon
and Johsao Canyon

Tope Base of Stirling Quartzite.
Purple shale member. Shale, mostly purple, some red.

some green; fisnle. Upper 100 ft Includes interbedded
quartzite and shale; beds transitional with overlying
Stirling Quartzite. The purple shale contains ne sand
grains 0.1 mm in diameter in sericitic matrix (fig. 12D);
the quartzite interbedded with the shale near thea ,oof
the member s fine grained (grains about 0.2 mm In
diameter) with sericitic laminae and n a sericitle clay
matrix ---------------------------- .-- ----------

Yellow member. Olive-brown shale capped by yellow
silicifed dolomite about 25 ft thick In 1 or 2 beds; dolo-
mite contains thin beds of quartzite. The dolomite Is
very fne grained (0.01 mm) with rugs of coarser dolo-
mite (0.1 min) (fig. 120). The shale i sandy or silty
with quartz grains in serIcItIc laminae (fig. 12B).____

Dolomite member. Basal 200 ft consists of thin-bedded
dolomite Interbedded with ripple-marked sandstone.
overlain by 35 ft of brown-weathering dolomite; upper
150 ft is well-bedded and thin-bedded quartzite and
sandstone; at top Is 5 ft of pebble conglomerate with
pebbles as much as In. in diameter. The dolomite is
like that In the overVlng yellow member but contains
scattered quartz grains about 0.1 mm In diameter. The
quartuite has rounded quartz grains with Irregular sides
due to recrystallization. and there is consIderable as-
sociated mierocline; the qart shows strain Shadows;
there I very little matrix around the pains (fig. 12A) __

Fee

Total thickness of ohnnle Formation..________
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Flrous l.-johnale rormaon an the north sde of Sis Spting Canyon. The hilltops are capped by Stirling Quartzite. Dart beds forming
the upper alf of the hillside are the purple shale member; Ight beds In the middle and lower balfe the shale member capped by
dolomite.

Northward long the Panamint Range the Johnnie
Formstion thickens and the lithology changes. In
Hansupah Canyon and farther north the Johnnie For-
mation is mostly shale. A section measured along the
main (south) fork of Hanaupah Canyon is 2,300 feet
thick, as follows:

Section of JoAnnie Formatio i ResapaA Csuta. from
Yerroos as wet edge of Bennett WeU oqudrraxle to mie
WOrh s ast end of road

section of Joaxie Formation in mauwpah Cangon. from
Narrowa at eat edge of Bennetta Well qadrattge to mine
icorkings at end of road-Conttaued

& Interbedded dolomite and argilite; argillite greenish.
wathers ight tan; dolomite beds 2 In to 1 ft thick;
this t a transition one between units 5 and the
Noonday(?) Dolomit ........ -

fr

50

Top. Base of Stirling Quartzlte.
1. Quartzlte, thin-bedded; some argililte---------------
2. Li-etone. Interbedded with banded purple argillte ---
3. Arglilte. purple; upper pat banded-.----.-------.
4. Argillite, weathers tn, greenish on fresh surfaces;

contorted bedding ------.---.-.--------- -----
5. nterbedded argillite. sandstone, and a few beds of thin-

bedded, laminated, and highly micaceous dolomite;
beds as ch as f thck----____ ----- _

Feet
100
750
550

175

700

Total thickness of ohnnle Formation--------- 2.32S
Base. T of ooaday(?) Dolomite, white or lUght

cream color; much altered: no originsl structures left;
50 ft+ exosed.

In the north fork of Hanaupah Canyon (Chuckwalla
Canyon on the maps), there is a light-brown dolomite,
about 200 feet thick, forming the top of the Johnnie.
Below this is 50 feet of ripple-marked purple shale, and
below this, 250 feet of fissile shale. The main part of
the fonmation is argillite, as it is farther south.
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Fat
900----Detk shale.
350 ---- Brmm quartzlte like the Stlrllng, and perkap thAs

Is the Stirling repeated by faulting.
900g---- Dark shale.
900 ---- Licht-colored hale. green and tan.
350 ---- Dark hale.
500-.Brown shale.
Rase.Noonday(?) Dolomite.

In the northern part of the Panamint Range the for-
mation is mostly shale without evident marker beds of
dolomite or coarse clastics. The thickness is uncertain
on account of faulting and other deformation, but prob-
ably it is 4,000 feet or more.

Table 6 gives the results of analyses of trace elements
in 18 samples from various rock types in the Johnnie
Formation. Dolomite in the Johnnie Formation has
about the same trace elements as does the Noonday Dol-
omite, but it averages more zirconium. The shale has
about the same trace elements as does the shale in the
Kingston Peak(7) Formation in the northern part of
the Panamint Range (table 4).

ST = al QUAZrmm

At the mouth of Johnson Canyon and along both
sides of Starvation Canyon, the Stirling Quartzite
consists of three members. At the base is 700 feet of
reddish-brown-weathering quartzite that is in part
conglomeratic. About this is 500 feet of purple shale
with thin beds of quartzite; at the top is brown-
weathering quartzite 800 feet thick This section is
very similar to that in the Nopah Range (Hazzard,
19371, p. 306-307).

The quartzites are vitreous; most of the beds are
coarse grained. Pebbles in the conglomeratic layers are
as much as 1 inch in diameter, but most are smaller,
V4- inch in diameter. The pebbles are mostly white
quartz; a few are red jasper. There has been much
recrystallization and quartz veining, and the beds are
firmly indurated. Smooth surfaces show fine layering
due to size sorting of the sediments; individual beds are
cross-bedded (fig. 13) and many are ripple marked.
Figure 14 is a micrograph of a thin section of the
quartzite.

Individual grains are sbround and encased in sec-
ondary quart Both the original grain and the quartz
deposited around it show strain shadows. Associated
with the quartz is coarsely twinned microcline and some
sericite. The rock is a true quartzite and break across
the quartz grains.

The purple shale separating the upper and lower
quartzite members of the Stirling consists of fine-
grained well-rounded quartz in laminae of sericite; it
is similar to that in the Johnnie Formation (fig. 12).

Fiovu UI.-MlEVEg h t roc te rom the Johnnie FormatIon.
A. Quartite ram basal dolomltlc member (. quartz with etraix
shadows: . microellne). Very little matrx between the grains.
B. Shale fram yelow shale member. C. Dolomite from top et the
Yellow shale member. mostly very e gralned dolomite but mottled
with ugs IlUed with coarser dolomite 0). D. Sdy serlttle
purple shale Diameter of lid, LI mm.

In Death Valley Canyo;, dolomite at the top of the
Johnnie Formation is white, but probably this color
change is due to hydrothermal alteration. Light-
colored dolomite was not seen elsewhere in the Johnnie
Formation.

At the head of Trail Canyon the Johnnie Formation
is about 4,000 feet thick. The beds are in a much-
faulted and steeply dipping monocline, and the stratig-
raphy there is uncertain.

The following is an approximate section:

Fot
TOP-Stlrilug Quartzite overan by Wood Canyon For-

mation.
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In places, there are some thin beds of shale and dolo-
mite about 30-50 feet below the top of the formation.
These beds are like those in the lower part of the Wood
Canyon Formation.

zOu" 14.-Werograph of Stirlng Quztzi The
grains of quarts () an rounded but also kr
regularly Intergrown. Strain shadows consple'
uous under ros nols. 3etwee the larg
gratin Is eondary quarts. In most beds earl-
citsed tddspr and some muscovite on wth
the quartz pains. Dameter ot teld, L5 m.

Trace elements in 9 samples of the Stirling Quartzite
are given in table 7. Trace elements in the quartzite
and shale facies are like those in the conglomerate and
shale, respectively, of the Johnnie Formation (table 6).
The quartzite differs from that of the Kingston Peak(1)
Formation in the Panamint Range (table 4) in having
less copper, barium, and strontium. The quartz veins
in the Stirling contain trace elements only in small
amounts compared to the parent quartzite.

In the Death Valley ares the Stirling Quartzite has
a maximum thickness of about 2,000 feet. At the type
locality in the Spring Mountains (Nolan, 1929, p. 463)
it is 3,700 feet thickL The boundaries of the formation,
as shown on the geologic map of the Panamint Range
(pl. 1), imply considerable variation in thickness of the

ioas 3.-DetaiL of bedding In SIa Quart at mouth of
ohnson Cano. da are 3-12 Inbes tieL
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quartzite; but this variation is attributable to lack of
consistency in picking the boundary between the Stir-
ling and overlying Wood Canyon Formation, the basal
part of which also is quartzitic. It is difficult to dis-
tinguish the Stirling Quartzite from the thin-bedded
quartzites that are included in the lower part of the
Wood Canyon Formation, especially where there is
granulation of the quavtzite along faults.

The Stirling Quartzite coincides with a surface of
flat faulting at its type locality (Nolan, 1929, p. 463,
4T0), and in the Funeral Mountains and Panamint
Range. In the Funeral Mountains the fat fault is ex-
posed at Echo Mountain and from Hells Gate to Day-
light Pass. In the Panamint Range the Stirling
Quartzite forms the base of the upper plte of the fault
at the mouth of Mosaic Canyon and the top of the lower
plate in Tucki Wash along the south and east sides of
the Tucki Mountain thrust. AS a result of this and
other faulting, the Stirling Quartzite locally is absent,
but such absence is attributable to deformation and not
to stratigraphic thinning. Similarly, no stratigrmphic
significance can be placed on the variations in thickness
that can be observed in short distances within this area.
The thinning from the type area to the Nopah Range
and westward to the Panamint Range may be real, be-
cause this thinning is accompanied by an increase in
shale and thinner bedding westward in the formation.

CAbutXA SYSTEM

About 8,500 feet of beds representing all parts of the
Cambrian System are present in the Death Valley re-
gion. These include the Wood Canyon Formation of
Early Cambrian and Early Cambrian(i) age, the Za-

briskie Quartzite of Early Cambrian age, the Carra
Formation of Early and Middle Cambrian age, the
Bonanza King Formation of Middle and Late Cambrian
age, and the Nopah Formation of Late Cambrian age.

The oldest beds in the Death Valley region contain-
ing animal remains are in the Wood Canyon Formation.
The top of the Cambrian System lies somewhere near
the top of the Nopah Formation, but it cannot be lo-
cated more precisely because of the lack of fossils in
this part of the section. For mapping, the upper and
lower boundaries of the Cambrian System are placed
at the formation boundaries.

WOOD CAoyON FORK&TION

The Wood Canyon Formation of Early Cambrian
and Early Cambrian( 7) age conformably overlies the
Stirling Quartzite of Precambrian age, both at the type
locality in the Spring Mountains (Nolan, 1929, p. 463)
and in the mountains adjoining Death Valley. The top
of the Wood Canyon in Death Valley is taken at the
base of the ZAbriskie Quartzite. At the type locality
the top of the Wood Canyon FormAtion is at the base
of a 20-foot bed of white quartlite which probably is
equivalent to the Zabriskie (Hazzard, 1937b, p. 313).
In the Nopah Range the Zabriskie Quartzite has been
included as a member in the Wood Canyon Formation
together with 630 feet of overlying beds (Hazzard,
1937b, p. 310). In this report the beds overlying the
Zabriskie Quartzite are treated separately as part of
the Carrara Formation.

The basal unit of the Wood Canyon Formation, about
485 feet thick, consists mostly of thin-bedded quartzite,
but contains considerable shale and dolomite. Above
this is 1,200 feet of quartzite in thicker beds. No fos-
sils other than possible Scolithwu tubes and possible algal
structures have been found in the lower part of the for-
mation in Death Valley or in the surrounding regions.

The upper member of the Wood Canyon Formation,
about 900 feet thick, consists of shaly and dolomitic beds
as well as thin beds of siltstone and quartzite (fig. 15).
Fossils found in this member include fragmentary trilo-
bites representing Nevadrla gtaic (Walcott), ide-
terminate molds of brachiopods, and molds of cystid
plates in a unit of thin sandstones that generally lies
just below a zone of oolitic and pelmatazoan dolomites
and limestones. Thin sections of some of these pelmat-
azoan limestones in Death Valley and at Daylight Pass
show the presence of fragmentary Lrchaeocyathids.
The association of sandstones with fragmentary trilo-
bites and brachiopods and oolitio and pelmatazoen car-
bonates characterizes the upper part of the Wood
Canyon Formation throughout the Death Valley region
and as far north as the Groom district in Nevada
(Palmer, oral commun., 1961).
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?tos 1S.-Detail of Interbedded shale. quartslte, and dolomite In
the upper part ot the Wood Canyon frmauon in the rd along
the north aide of Blackwater Wash. The thick bd in the upper
right Is dolomite; below this Ix quartate and ahale.

Collections from these beds in Death Valley were
studied by A. R. Palmer, who has reported on them as
follows (locations are indicated on the geologic map):

P41. Above Quartzite Spring. north side of Starvation Canyon.
Benetts Well quad. (WVNW% c 12, T. 21 S., 46 E.)
"OleneLld scraps; certainly Early Cambra ge, but species
not determinabl."

P-f64 (104-CO). LS miles south Of Panamint Bur Spring;
same general fault block as F-SL Benats Well quad. (2,000
ft north of NW cor. sec. L T. 218..L 463I), estimated 50
ft below the Zabriskie Quartzite. "Yete&ea gw-cae?
(Walcott)."

P-IS. Southeast side raanpah Canyon, alt S100 tt. 2 miles
above mouth of Canyon. Benetts Well quad. Olenellid
scraps, ertainly Early Cambrian In age, but speces not
Idertifiable."

P- (1143-CO). EAA base of met but of the Death Valley
Buttes. Stovepipe Wells quad. (2.500 ft northeast of NE cor
sec. 36. T. 14 S. 45 E). Plmatasoan caicrenite. Indeter-
inate archaeocyathid.

P-Q Eae of Zabriskie Quartuie in Blackwater Wash, top
of hill 61. west side Furnace Creek quad. "Ktorgiza? sp."

A section of the Wood Canyon Formation, mesured
along the north sid. of Blackwater Wash (Furnace
Creek quad.) follows:

Sect o of Wood Caxvott Formato sior. north ett o1
Bkaokater Wsth

[Reasured by Charles . Runt. A. R Palmer, and L .Roa Jr.1

Top. Bass of Zabrlskie Quartsite. ree
1. Brown-weathering dolomite and quartlite, some green-

Ish shale. Dolomite and quartize beds 1-10 ft thick;
shale beds 1m than 1 ft thick (fg 15). Dolomite cro-
beddd n pa strikingly ool1tle. Tbes suggeative of
ScolUhv tubes about 200 ft above the base ---------- 400

2. Shaly member. Lower 0 ft mooly green siltstoce
interbedded with dark weathering quartzite a beds 3 ft
thik. Overlying this is 210 ft of siltvtone that Is red-
dish along shear oem bt greenish away from them
Above this ta 105 ft of dark-weathering quartzte; 33
ft of green shale aud sltte. and. at the top, 100 ft
of greenish micaceous Ine-gralned quartzlte and silt-
atone. Some tubes uggive of Scolithw La the 
permost unIL------------- - - ------------- _- 520

. Quartzite member. Beds 1 ft thick; light gray on
fresh fracture but weathers dark. 311co Num-
erous gritty beds; some conglomeratic with pebbles as
much as U n. In diameter; most of these are milky
quarts; some are red asper. Lower 200 ft Includes
much grit ad numerous shale beds about 1 ft thifc;
purple and green; Incresing amo= of shale down-
ward. Two hundred feet above base Is 50-ft bed of grit
and coglomerate Upper TOO ft is mostly fine-gained
quartzlte This unit of section crowd by some faults
and th e Is uncertain. e0timate _ 1,200

4. Quartuite with Interbedded shale, ne-gralned. thin-
bedded. transiticsal between units 3 and 5.---- ------ 120

5. Quartzite with Interbedded iltstone and some fe-
gralned thin-bedded ale; a few thin beds of brown-
weathering dolomite. light bron on fresh surfaces.
Elgbty feet above base Is 10-ft bed of gray dolomite
overlain by 15 ft of light-ta thn-bedded dolomite.
Quartzite is light brown. weathers dark brown: mlca-
ceous. Twenty feet below top i a thin bed of dolomite
haying Loting and grains and pebbles of carbonate
rock: ntraformsatonal conglomerate-------------- 150

6. Shale and quarzite. Quartzlte beds are 1-12 in. thlcL
finely laminated. micaceous light brown oa fresh sur-
faces, reddish brown on weathered surfaces. Shale
Is olive green on weathered surfee; also micaceous__ 10

7. Shale, sandstone, and dolomite. Shale and sandstone
green and brown; dolomite dark blue on bsh ur-
face; weathers brown. Dolomite beds 1-2 ft thick__ 65

Total thickness of Wood Canyon Formation.- _ .585
Base. Top of Stirling Quartite. Contact gradational

and taken at top of highest massive light-colored quartz-
Ite. There are thin beds of shale and dolomite 30-0
ft below the contact.

Thin sections of the quartzite and shale beds of the
Wood Canyon Formation are illustrated on figure 16.
The shale contains muscovite (or sericite) and magnetite
in addition to minute quartz grains that occur both
scattered and in lyers. The quartzite has interlocking
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* * -. e.. - *-~~-- Quartz grains

B, -O4j*~ "g . - muscovite

B, Shale composed lszgel o S iit aid I5~. C, Sl nd csay

A t ~~~~~~~~~~~matrix

X t~~~~~~~~~~agntitis

r 16.-xte~ofrock o ty s th Wood Cno F rhE r

tion A Qrzte rom bsal membr. Other quartzite as uch
Ion trstual tea and rbles th Star~fu Qutt.
J S omposed hr of silt ad ay. , hal opo
iarely of muscovite and send grais. Diameter of tdd 2.5 mm.

TAILs 8.-T'rct ents i the Wood Canyon Firmaien.
(Semiquantitative xetwgraphio andas. by Vtssna Ods and . . Cooky. V. S.

GeoL Survey. Vse In pers w mll-tl Srospi4g. *1 b d igivente=

grains of quartz with associated magnetite and traces
of mica.

Trace element concentrations in quartzite in the
Wood Canyon Formation (table 8) are about the same
as in the Stirling Quartzite (table 7), except that the
Wood Canyon quartzite averages higher in manganese.
A comparison of shales in the Wood Canyon Formation
and in the Johnnie shows that the Wood Canyon con-
tains more manganese and less vanadium, boron, gal-
lium, and barium than does the Johnnie. The propor-
tions of trace elements in the limestone are quite
diferent from the proportions in dolomite in the
Johnnie Formation (table 6).

ZA]BRXSM QUARTZZ

The Zabriskie Quartzite, originally named and de-
scribed as a member of the Wood Canyon Formation
by Hazzard (1937b, p. 309), consists of white quartzite
in laminated beds about 6 inches to 2 feet thick inter-
bedded with micaceous purple shale, sandstone, and
siltstone. The quartzite beds show little crossbedding;
mostly they are evenly laminated. The quartzite con-
tains few impurities; the rock consists of closely inter-
locked grains of quartz with little other foreign mat-
ter (fig. 17).

The Zabriskie Quartzite, like the Stirling Quartzite.
has been subject to major deformation due to shearing
along flat faults that approximately parallel the bed-
ding. As a consequence the formation varies greatly
in thickness, but the variation is attributable to tectonic
deformation-not to stratigraphic changes.

Along the north side of Blackwater Wash, the Za-
briskie Quartzite is 160 feet thick and is mostly massive

_ te~~Wod Csay 1i
D

meb nd qIs-
Lkime- Sak Sandy 81111 Quie ts
stow

Pb .... U 10 ID 3U to i 00 7V 2 10 10
Mn .. 10OOG20 is 0.000 X7,O 110 .o0 1.000 SO La1w0 <tO
Ca... 3 30 3 30 3 00 30 a 8 20 10
Cl ... 10 0070 100 3D 20 100 1 20 1S
NI..... I so0<5 so U0 To 7 a 7 8 <8
Co.,, <10 10 <10 10 10 D <10 <10 <10 <10 <10
V..... 10 a 3<10 10 10100 a0 10 V IS 10
Y__. 10 70 <10 30 D 30 10 30 10 50 2D

Bt I <1 I I l t t X I <1 <1 <1
TL. IL. X 00 51 0L0Q *. MO L SO L50 L 0 0 700

.. te 0 20 IS 10 80 70 30 SO 30 <10
Sc_... <10 is 10 <10 10 <10 <10 <10 <10 10 <10
Ce.. 7 10 30 30 8 10 5 <X
Cr .. 30 70 5 10 1 100 D 10 10 U0 is

. 1.. 150 100 *00 2O t10 SD0 L0 700 S0 700 100
Sr. 1.. t 0 700 0 20 o1.W 7o s0 80 80D
Mg_ . _ a2 0. 07 ? 2 0s 0.2 0.8 03 

tcaze lS.-Mlicrocrah of the Zabritsie Quartzit. The rock
consists f closely interlocted grains of qurt with almost
3o interstlial materiaL Quarts grain are rounded but show
signs of Imrglar Ittrgrowth. Dmeter ft SId. 2.5 mm~4om-Aka linmd: la. St Wn % AL, 1; St. 5 Sn. W0 As. $a0 3b. St W. V. Nb,10.
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brecciated quartzite stained lavender. Fifty-five feet
below the top is a 2-foot layer of mustard-colored shale
and siltstone.

A thickness of 70 feet has been reported for the Za-
briskie Quartzite at Aguereberry Point; gray quartzite
just below the base of the Zabriskie contains rodlike
structures several inches long oriented perpendicular to
the bedding, possibly Scolithus tubes (Hopper, 1947, p.
406).

In the Funeral Mountains, north of Echo Canyon and
at the east edge of the Furnace Creek quadrangle, the
Zabriskie Quartzite is several hundred feet thick, mostly
quartzite breccia. About a hundred feet of undis-
turbed beds at the top showed the following section:

Secion o Zabrekie Quartzite orth side of Echo COanVon
center ortA ed NW3 ee. 15. T. 7 ., R. Z.

TAnzLz 9.-Trc elementa in the Zabriskie Quart rit
1s~r !vsleapb ats Oa and E. . Cooley. V-..3 7 V La Peru u~n. zmvtMc wwicb Is given In palcentl

Top. Base of (Ora Formation.
L Quartults; interbedded white, black. ad reddish beds

6 in to 2 ft thick, evenly labminted, not much croa-
bedding -__ _--___ __ __ ___ __ __ __ __ __

2. Shale, sAlstone, and sandstone. purple. micaceoux -----
t Quartzite white, tresw; In beds 1 ft thick; grains as

m…ch " I mm _ _ - _ - ----------------
4. Tectonically crushed qurulite ---------- _ __----

Total thickness uncertain because of breeclatlon
and faultln.

Base. Wood Canron Formation.

Fee

45
e

42
200

Five samples of Zabriskie Quartzite analyzed for
trace elements contain similar amounts of the several
elements (table 9). The quantities are very much less
than in the Stirling Quartzite (table 7), but the propor-
tions appear not to be greatly different.

A block of sheared granulated quartzite surrounded
by volcanic rocks near the north end of the Artists
Drive fault blocks is represented by the two samples F
and G in table 9. The quartzite probably is the Zabris-
kie, but it could be the Eureka (table 13). Its low con-
tent of trace elements maks it unlike any of the known
Precambrian quartzites.

The Zabriskie Quartzite is considered Early Cam-
brian in age.

The Carrara Formation was nained by Cornwall and
Kleinhampl (1962) for exposures at Bare Mountain,
Nev, just north of Death Valley. The Carrara Forma-
tion represents a sequence of beds transitional between
the underlying elastic formations (Zabriskie Quartzite
and Wood Canyon Formation) and the overlying car-
bonate ones (Bonanza King and younger formations).
The Carrara is widespread in the Death Valley region

here it is characterized by an alternation of saly or

Funeral ault block In
Vansmznt Range Moan. vokcsnUmatnaorth

aMs and of AM
Element Dttea

A a c D Z r o

Pb - 10 <10 <10 <10 <10 30 <10
Mn-------- 100 20 10 10 20 10 10
Cu-- 3 100 5 3 5 3 20
Zr-200 200 70 50 70 50 20
'xi - 5 5 5 5 5 3 <5
Co - <10 <10 <10 <10 <10 <10 <10
v - <10 10 <10 < 10 <10 10 <10
Y . <10 <10 <10 <10 <10 <10 <10
Be ----- <1I <1I <1 <1 <1 < I < I
TI ----- 300 500 300 100 150 100 150
B - 15 10 10 10 10 10 <10
S< 10.. <10 <10 <10 <10 <10 10
Gas -< <5 <5 <5 <5 <5 <20
Cr <5 <5 <5 <5 <5 5 10
Ba -50 150 30 20 200 20 30
Sr< 20 <20 <20 <20 20 <20 <10
Mg -. 0 . O 0 02 0 05 0.015 0 02 Q 05 05

NoL-Abo md. L. <a8 Mo. <2;A g. <1; Bl, <5; Sn. <X0; As, <O; Sb. <0
W. <2% Nb. <0.

silty members and limestone members. Thin generally
yellowish limestone beds composed mostly of fragmen-
tary olenellid trilobites representing species of Britolia,
Fremonia, and Pachella are fouiid throughout the
region near the bottom of the formation. In the Fu-
neral Mountains and at Bare Mountain, a prominent
blue-gray limestone member with many Gizrnsll"
beds is found near the top of the Lower Cambrian part
of the formation. This member is separated from an
upper limestone member by an interval of shales and
silitones. The upper member includes one or two mas-
sive limestone units overlain by a yellow- or white-
weathering thin-bedded limestone unit with some thin
shale interbeds. Although no fossils were obtained from
this thin-bedded unit in Death Valley, trilobites of the
Middle Cambrian Gloasopleura zone were collected
from it at Eagle Mountain to the southeast and Lathrop
Wells to the east (A. R. Palmer, oral commun., 1981).

In the Funeral Mountains and Pa.namint Range, the
Carrara Formation varies greatly in thickness, prob-
ably due to crushing and shingling as a result of de-
formation. The best section, given below, is in Echo
Canyon in the Funeral Mountains where the formation
is more than 1,200 feet thick.

In the Manly Peak quadrangle, southwest of the area
covered in this report, the carbonate rocks above the
Zabriskie Quartzite aggregate 4,800 feet ick and are
referred to the Lotus Formation by Johnson (1947,
p. 3 8 0 ).

776-623 0-65-3
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selen Of Camrs Formation % Funeral mouxtae,. in Echo
ConjO% at est edge of the Furnace Creek quadrax6le, ce.
15 .2'.117 .ft ~ F.

[Measured by Crles B. Euan. A. R. Palmer. and L J. SOW Jr.]
Top. Base of Bomnza King Formation; dark dolomite red

forms CiM
L robably lImestOne; lacessible cliff; blue beds as

much as 20 ft thick literbedded with well-bedded
tan beds 30 ft thick; estimated thickness…--------- 200

. Variegated shaly beds, pink. tan. and yellow; noc ac-
cessible; estimated thickne-ss---------------___ 200

3. Lmestone. massive. thick-bedded; dark blue below,
top 25 ft Is white; forms cliff. Thicknew
estimated --____________________________…- _______ 100

4. Sandstone. my, and sandy lmestone: some sly
beds near base; lmestone thick bedded toward top;
tan weathering……--------------------------------- 100

5. Shale. olive-green -------------------------- r-
Colin. FW (3097-CO). from base:

Olenellua p.
6. Limestone. cliff former; lower part thin bedded and

grades downward to unit 7: upper part consists of
2 thick-bedded units separated by a thin-bedded
one; "Girvaaetra common ----------- ____--- 175

.. Limestone. well-bedded; silty, mottled; abundant
GirvaneJlla" ---------------------- - ________ - 20

S. Limestone. blue-gray: cliff former; well bedded: beds
about 3 In. thick______________---------------- 60

9. Covered --------------- - - - ------- - 5)
10. Shale. like unit 11; with thin nterbeds of btoclastic

limestone that weathers light tan; the number of
limestone beds ncrease upward.-_--.. ------. _- -_ 0

Colin. F-5 (3101-CO) from this unit:
Briatol. et B. hsolens (Resser)
Peschldla p.
PaedeumiaJ Sp.

F7- (434-00). Dafk-blue lmestoe about 100 ft above Zo
briski Quartaite. north foot of Tucki Mountain between Me
salc and Groto Canyon. Stovepipe Wells quad (NE%'E 
sec. 7. T. 16 S.. R. 45 E.) "Scraps of olenelild trilobites at
defiitely of Early Cambri ag The scrape are not Identif
able as to genus, but the olenellid I a long-eyed form an
most probably i late Early Cambrian n age." A eoeo2
of fosils from this location but from the 100 ft of lnterbedde
shale and sandstone overlying the Zabriski Quarthlte include
OUnelle Ogberti Meek (Hopper. 1947. p. 408).

F-JO (2454-00). About 150 ft above top of Zabriski Quartuit
on hill 4 , east edge of Furnace Greek quad.. % mile sout
of the northeast corner of the quadrangle. "At least tn
species of olenellild trilobites. one deinitely referable to Olem
elhne. and the other to one of the small-eyed olenellids. Tt
age in probably late. but ot lest Early Cetmbrlan.'

7-34 (100-0O). Carrara Formation. 15 ft above b;
mile northeast of Nearme Spting. Chloride Cliff quad N
cor. seC. 3 T. 2S N.. L 1 E. "RrietoUa sp.; Peachel~a spp'

F-38 (3102-CO). Hill above Chuckawalla Spring, 2.4 miles we
of NW er. ec. 6. T. 20 S.. EL 4T L. SEnnetta Well qua
'Peackeia p.. Dctfonlrna sV6, stUetted baby olenelllds."

F-39 (3905-C0). North side of Ha uaupah Canyon; bill 378
3&.5 miles west of the SW eor. sec. 6, T. 20 S. R. 47 E, Bei
nettx Wedl quad 'Fremontft p."

F-J2 (3091-CO). About 15 ft above the Zabriskie Quartzt
In ridge north of Blackwater Wash (see sectiou following
Furnace Creek quad. "Dktycona sp; sUllclied baby olene
lilds."

F-45 (3101-00). Bloclastie beds 110-180 ft above base of Ca
ram Formation. (See also F-3 ) North side of Echo Ca
yoz, about 500 ft upstream from the narrows at the edge,
the Furnace Creek quad. (NEY4YNW' see. 15, T. 27 N.,
2 E). See measured section.

F-S (3097-00). Shale at top of cliff-formlng limestone; 4
ft above base of Carrara Formation; see measured sectiz
Echo Canyon. just below narrows at east edge of the Fume
Creek quad. Center NYW'/ sec. 15. T. 27 N, IL 2 E.

-47. Lowermost Carrara Formation, probably se horb
as F-5; In Echo Canyon % mile downstream from the n
ron at the est edge of the Furnace Creek quad. (Cen
west side %Ml4 see. 15. T. 2T N.. IL 2 L). Olenellid scma
certainly of erly Cambrian age. but the scraps are not d
tfiable."

P-60 (3103-C0). At tSat fault n Funeral Mountains, so
side of the mouth of the orthernmost canyon (unnamedl
the frnace Creek quad.; estimated 100 ft bove Zabli
Quartzite but position uncertain because of fulting. I
ft northeast of SW eor. see. 5. T. ., IL 2 E.). "Briat
x'p.. unidentiftable pytchoparold."

F-83 13148-00). Shale 20-3 ft above top of Zabriskie QD
zlte (see measured section) in Echo Canyon, north side. al
rwo ft upstream from the narrows at the east edge of
Furnace Creek quad. (orth edge. NW% sec. 15. T. 27 4
2 L).

Trace elements in 8 samples of the limestone and a
beds of the Carrara Formation are given in tabli
Samples of limestone from the Funeral Mountaini
much like those from the Panamnt Range. The
portions and amounts of the trace elements a s
what different from those in a single specimen of I
stone from the Wood Canyon Formation (table 8)

11. hale --------------- -. --------------------.
Coln. F-83 (3148-CO) fom lower 15 ft:

Paeeeea miav sevadena Reser
Fremofa s.

12. Transition beds; mostly thin-bedded quartzite 1 ft
of brown-wenthering limestone at base; other beds
of limestone less than e in. thick...--------------

Total thilknea--- ------- - .--------

Base. Zabriskie Quartatte.

90

20

1.260

Figure 18 is a vieir of the Carrara Formation at the
mouth of Death Valley Canyon. Figure 19 shows one
of the bioclastic "trilobite-trash" beds characteristic of
the lower part of the Carrara Formation.

Limestone beds in the Carrara Formation are fine
grained, commonly 0.01-0.05 mm in diameter. With
the calcite are scattered grains of quartz and some mus-
covite (fig. 20A4). Some of the carbonate grains are
brownish and may be siderite.

Eleven collections of fossils have been made from the
Carrara Formation in the Death Valley area. They
were studied by . R. Palmer who has reported on them
as follows (locations of collections are shown on the
geologic map):
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Ficus. IS.--Cambrian formations at the mouth of Death Valley Canyon. ptew north. In left torepound Is Zabtiski. Quartzite (Cs). To
right ot this and below the Eat fault i 1.000 feet of shale and tin-bedded sandy shale and limestone of the Cara Formation (Ce).
The upper plate of the fault I mostly thlek4mdded dolomite belonging to the Bonanza King and Nopah Formations (Cbn).

they are more like those in the Precambrian dolomite
(tables 4-).

BONANZA KIN FORMATON

The Bonanza King Formation at the type locality in
the Providence Mountains is about 2,000 feet thick
(Hazzard and Mason, 1936, p. 234) and is of Middle and
Late Cambrian ae (Palmer and Hazzard, 1956, p.
2498). In the Nopah Range, 1,500 feet of rocks were
originally assigned to the Bonanza King Formation
'Hazzard, 1937b, p. 2T7), but the section there has re-

%.,~Gntly been revised to include in the Bonanza King over-

lying rocks that had been assigned to the Cornfield
Springs Fornation (Palmer and Hazzard, 1956, p.
2495), giving a total thickness of almost 4,500 feet for
the Bonanza King Formation in the Nopah Range.

In the Quartz Spring area in the northern Panamint
Range equivalent beds, designated the Racetrack Dolo-
mite, are more than 1,900 feet thick, but the base there
is not exposed (McAllister, 1952, p. 9).

In the mountains adjoining Death Valley the Bonanza
King Formation is about 3,000 feet thick In Trail
Canyon the computed thicknes is 3,500 feet, but this
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i ~ ~ ~ ' -e or r-c

D

C

I

A

r:oa 1g.-rrgments of blodlaIe "trlIUts-tt" bed typin of
the lower pen of the Crrar Formation. The trilobite* are
oleneULd.

thickness includes some beds that appear to be dupli-
cated by faulting. Ihe lower half of the formatio in
Trail Canyon is thick-bedded dark dolomite. Near the
middle of the formation there are 2 light-tan shaly and
sandy zones, each less than 50 feet thick and about 200
feet apart stratigraphically. te upper of these zones

TAZLZ lo.-1rUS dufaa8 i Carr ForMation
Lie u m atltszlvs gpscd aw u~ bic a ns1| iu b y 7tin O d a an d Z . C ool y.

UJ. al 8tW. VeIWmIn wuv 319Z" 4ispt WX. hic g na

tfl Ph

- * C D' 1 t J O 

ia. . L IW 7MNOS Li mes tone 5o 110

Ca .... a 2 2 0 2 2 20
Zr_. 0 <10 W 30 2D <10 20 70
M.t 7 <5 < 20 <5 I 10 2D
Co.<10 <0 <0o 1 4 to <10 <0 <0 is
v ... . <10 <10 <10 la 0 to 0 so

Yt. . 20. .<10 <0 IDD IC0 < 110 U10 30 Xe
B ........ 20 <is 15 <10 10 to 70
Sc . . . .<10 <t is <10 <10 <10 15

Qe . .< <1 <8 10 <10 <1 <f i0
Cr ........ 8 <5 5I 15 10 'IC 1 70

s . . 70 8 1 30 1 0 o
Sr . 10S xo 0 sWo ce 2e0 too 30 10 30

Mg... . 0. 7 L 0.8 1 A 0.1 . 0.7 

A Samvi D Is hm go Burm Thdi hat t Cimckwalls, ftriml.
Now-AM r III10 A. I; Go. <IM AS. <1.0A Sb. <3W In. <.C0 Cd.

M. , 1s e T s t 10e.Mo. <2.

Favu 20.-Mlrograpbs ot carbonate rocks from Cambrian foui
2t1nG A. SItty Iletetona. CJrar, Formation. S Lmestone t
middle member of Bonanza KIng romtioc; this Umestoin
dense and contains little alt or eay. 0, Deft-colored dolot
with ten from Nopak Formatiou. . Lhtcolored doloc
Nopah Formation. Dameter of Med, 2.5 mm.

is fossiliferous and contaims, in addition to indetei
nate linguloids, the Middle Cambrian trilo
"Ehmaniela" sp. (colnL F-41, 3O9-CO; fig. 21).
the Nopah Range, shaly beds at about this same sti
graphic position have yielded the trilobite EA=
(Hxzzard, 198Th, p. 319). The overlying beds are
included in the Bonanza King Formation, althc
originally referred to the Cornfield Springs Forms
(Palmer and Hazzard, 1956, p. 2498).

Overlying this fossiliferous zone in Trail Canyi
about 100 feet of dark thick-bedded dolomite, W
is overlain by a distinctive unit, almost 600 feet t
consisting of well-bedded and comparatively
bedded limestone with only a few beds of dolomite
22). An intensive search of these beds failed to
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IV~

FiGons 2L-tAtnotd brochouoda and tilobites (tChmaxicUa op.)
from Jiy sone near the middle of the Bonana King Tormation.
Tral Caron.

More careful work in the Panamint Range probably
will make it possible to subdivide the Bonanza King
Formation into upper and lower thick-bedded dolo-
mitic members separated by a middle thin-bedded lime-
stone and shale member.

Table 11 gives the trace elements in samples from the
Bonanza King Formation. The analyses suggest that
the limestone has about the same trace elements as the
more prevalent dolomite. The trace elements differ but
slightly from those in the Carra Formation (table
10).

TAsLE 11.-Trace eements in lb Boazoa King Formation,
Panamint Range

(se- uqntat &rogphlc a . by Ut Oda and Z. F. Cooley U.S
O.I Sury.mges. Wich In antX

Element sandy LImmW. Dolomit

Pb - .------- 30 15 15 10
Ma .-------- 700 100 300 20
CU - 7 30 3 SO
Zr-150 <10 <10 <10
Ni-20 <5 5 <5
Co - 10 <10 10 <10
V -50 20 <10 20
Y- - 30 10 <10 15
Be ---------------- 2 <1 <1 <1
Ti - 2,000 150 20 30
B- - 50 < 10 10 t
SC ------- ------- 15 <10 10 <10
Ga- ------ 20 <20 <10 <20
Cr-5 0-- - - 10 5 10
Ba- - - 700 15 10 20
Sr -.... .... 200 500 100 500
mg----------0.7 >5 >5 >5

'JOU.-AJgo bund Sc10: AC. < o. <20; An. <1.000 t < n <= Cd,
<80 TI. <1 Ta, <=W <n.

XOPAE ONWATION

The Nopah Formation at the type locality in the
Nopah Range is 1,740 feet thick (Hazzard 137b, p.
276, 320) and consists of a basal shaly member about
100 feet thick overlain by alternating light- and dark-
gray dolomites. In the northern Panamint Range the
sequence of lithologies is similar to that in the Nopah
Range, and the thickness is about 1,600 feet (McAl-
lister, 1952, p. 9; 1955, p. 10; 1956). At both locations
fossils indicative of Late Cambrian age occur in shaly
beds at the base of the formation. Indeterminate gas-
tropods of possible latest Cambrian age have been found
in the upper 700 feet of the Nopah Formation in the
Amargosa Range and in the northern Panamint Range
(McAllister, 1952, p. 10). The Nopah Formation is
correlated with the Cornfield Springs Formation in the
Providence Mountains (Palmer, 1956, p. 673).

The Nopah Formation in the mountains bordering
Death Valley is very similar lithologically to that at

cover any fossils other than stromatolites. Figure
20B shows a micrograph of this limestone.

The top 1,000 feet of the Bonanza King Formation
in Trail Canyon consists of drab-colored massive dol<-
mite in four beds, two of whicliaiei ray Zad two
lighternrmy-.Th- ark beds are oorly bedded; the
lighter gray beds are well bedded in beds 1-3 feet thick
and striped with a few dark beds. The top of the Bo-
nanza King Formation is well marked here and else-
where in the Death Valley area by the fossiliferous
shale at the base of the Nopah Formation.

At the north foot of Tucki Mountain, between Mosaic
and Grotto Canyon, the thickness of the Bonanza King
Formation is computed as 3,000feet. The well-bedded
limestone unit about 1,000 feet below the top of the for-
mation crops out at the mouth of Grotto Canyon, but
the fossiliferous shaly and sandy layers that occur below
it in Trail Canyon were not found.

in attempt to measure the thickness of the Bonanza
King Formation in Echo Canyon in the Funeral Moun-
tains gave a figure of only 2,050 feet. This figure is of
doubtful stratigraphic significance, however, because
the section along the canyon crosses several faults hav-
ing displacements that are not well nown. The fos-
siliferous zones were not found in that section.
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gwotu 22,- naedded -id membur of the Bnanza King Formation on the orth de of Tral CanTon, view north. ThiA macbet.
about Gt et thick. fom a laytive onit eparating massive thick-bedded dolomite compriaing the uper and lower members of
the formaon. 

the type section and in the northern P amint Range, Figure 24 is a view of the banded light- and dark-
and the characteristic fossils occur in the shaly beds colored dolomite forming most ' he Nopah Forma-
at the base (fig. 23). The formation is about 1,500 feet tion. Much of this dolomite is , the chert occur-
thick in the Funeral Mountains, but it appears to be ring as nodules distributed along bedding planes and as
somewhat thinner in Tucki Mountain and in the south- irregular lumps that seem to have little or no relation
ern part of the Panamint Range. Several computed to the bedding. Figure 20 shows some micrographs of
thicknesses average about 1,200 feet. Sections through the light dolomite and of the dark dolomite and cheri.
the whole formation and through the characteristic A section of the Nopah Formation measured in Trail
basal shale member are given below. Canyon follows.
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F ~~~~~~.. C~~~-F T

Prgus 23.-goclut bad with tnagments of ftgabtes and brachlopods trom st unit a base ot Nogak Forsmtion (coUn. F-s4-3oo-co).

Section of YopA Fonatio, north side of Trail Casnon S miea
above the csuyo% MoUt

ISecUln muaredd by Chauiu I. Haut and . Palmer)
Too. Base of Povontp Group. x t
t. Dolomite, black. tk-beded .-.------ - - ---- 75

2. Dolomite. gray. In thick b d ._ ____ 275
3. Dolomlte. black. maaTe --------- .- ------ 50
4L Dolomite, Ugt clored._ ___-_______________-____ 120
& Dolomite, black. masueve ________-_______ 75
6. Dolomite. Ughdt-tvloed__--------_ - -__________---- -110

7. Doilomite, banded bLck And Ugbtcoxored ___-_____ 85
S. Dolomke, lght'colored, thinbded dded - 60

9. Dolomite, black. suv _____- _-_________--- --

Section of Nopoah Fornatihi, north ide of Trail Canyon 5 niles
above the oceyon mnoutl-Continued

Peet
10. Dolomite. lgbt-colored, tin-bedded. forms slope _ _ 110
1L Shale and lHmestome. Sale greenish or brown In

beds 14 t thick; ome shale has odules of Lme-
tone. Limestoses brown and in beds 6 In to 2 ft

thick. Many are trilobite breccLas; others are
schInoderm breecias Liguld, braehlopods n
the sle_ ________________-_____---- 5

Coin. r-6& (3143- ), top of unit:
Cheilocephalus p,
Undetermined doklmotephalinld
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Section ot Nopah Formation, north aide of Trail Canyon t Miles
above he canyon mouth-Continued

1L Shale and Umestone-Continued "
CoIln. 1-07, (3142-CO). 20 ft below top of unit:

Apachia ap.
Undetermined pterocephallnld

Colln. F-68, (3141-CO), at base of unit:
Momagnostau obecse (Belt)
Strlgambitu# utakensi (esser)
Duaderbergia variagnrurula Palmer
Apsotreta .
Dysoritua sp.

Section of shale member at base of Yopah Formatoi, outh aid 
Echo Canyon one-half mile above the Canyon Mouth-CoIL

2 Shale, tan, lmy; in part sandy---------------------
COIn. F-54. (3098-CO), 15-25 ft above base of

unit:
Elburgia quinxen4? (Resser)
Strioabitus? blepharina Palmer
Apsotreta cp.

2. Limestone pebble conglomerate and coarse bloclastic
beds; some limestone beds In thick; some t
beds V4 In thick; chert._________________________

4. Covered_-_______________________________________

ees
45

1t Conealed 25

Total thickness of Nopak Formation.---------- 1. 120
Base. Thickbedded dolomite, top of Bonanza King Formation.

Section of *hale member at baae of Nopak Formation. east
Wie of mouth of Grotto Canyon, NEvV% ee. 8, 2'. s
S.. R. 45 E., ti. 1J75 ft

Top Thick-bedded dolomite of Nopah Formation.
Thin-bedded limestone and tan shale. Shale mostly in

laminae separating thin beds of lmestone. but some
shale beds are 10 tt thic Basal 15 ft s brown llme.
stone; higher ones blue gray, in beds 1 in to 2 ft thick
Nodular Umestone and shale 40 ft above base

Coln. r4t9 (144-CO) top of unit:
Elburgid quinnexai (Rser)

Sgmochefifu sP,
Cheilocephalua brvcayop? Palmer
Apachia op.

Colln r-1 (2433-CO). near middle of unt:
Mburyia quinnensa (lesser)
Cheilocephwu up.
Strlgambt"u? blepArIna Palmer
Zomagnortus ip.
mom" brvwaia Palmer

Coiln. r-n (146-CO), 15 ft above base of unit;
Dunderbergia vagranula Palmer
9trigoambitU s ttahens (lerer)
Romaanotua op,

Colin. r-TO (3145-CO), basal limestone of unit:
Jfinupelte conservuor Palmer
Ceraolimbas grmnsloe Palmer
Pleudapmaetse r

Base. Massre dolomite at top of Bonanza King For.
matlm

Feet

U5

Total thickness------------------------------ 16C
Base. Massive dolomite. top of Bonansa King Forma-

tion.

Two other collections of fossils from the Nopah For.
mation were reported upon by Palmer as follows:
F-3 (10-C0). North side of Echo Canyon, % mile abovi

mouth, Furnae Creek quad. (SWY&SW% sec. 16, T. 27 K.
IL 2 E). "potrcta sp.; abundant sliceous sponge spieules
a part of thils collection s essentially a spiculite."

F-58 (f30C). Ridgetop south of cho Canyon about 1 mIli
above the mouth of the canyon. alt 2950 ft. Farnace Oreel
quad., proably near middle ot the shale unit (SW4SWY4
sec 15, T. 27 N., R 2 EL). "Elburgi quinneasU (esser)'
Pseudaignotu oommuxis (Hall and Whiteld); Emagnoetui
txmidoeua (Hall and Whitfeld) Jforosa brevitpina Palmer
Strigumbtus? blepharitna Palmer; Apaotret5 .; 'crotreta
epixosa Walcott; conodoat."

Trace elements in the Nopah Formation are listec
in table 12. The samples from the Funeral Mountain
are limestone from the base of the formation; those fron

TA.3LZ 12.-Trace udlmnts in as Nopch Formotion
.5*=fgq~u=g atnphkg y U r Oda and 3. 1. Cooky. VI

QeoL umy. Vus in puu pe = rn M Whid I stin in V~tj

Pemmnt ana ?unexe b[Q nluins

Dolomit Lbnawn

Pb -------- < 10 70 20 10 I
Mn ------- 10 50 70 700 1,OC
Cu- -------- 2 S 50 5
Zr ---------- <10 70 <10 <10 2
TL- ----------- 5 5 <5 a <
Co -< <10 <10 <10 <1
V -------------_ 10 < 10 20 <10 <I
Y- ------------- 10 <10 20 <10 < 
Be____ ------- < <I <1I < I <I <
Ti -------- <o10 50 30 200 3C
B --___--_--_- <o10 <10 <10 10 I
Be _-____ _ <1 <10 <10 <10 <1
Ga ------ <5 <5 <20 <5
Cr - __ 5 5 10 10
Ba --10 15 20 70
Sr -- _--- _ 150 200 300 700 1, 0(
mg -____ >5 5 >5 7 0.

Non.-Ao bnd sA < A. <1L Ge. <OD As, <to S. < , <x; C
<10. Tl, <1C0 T. <0 w, <Uo Ro, <Io.

Section af hale membr et base of NoPh Formatio, outh side
Echo Canyon oe-halt mile above the canyon mouth

(Measurd by Charles 3. UsL. A. R. PLer. and L 1. Rs Jr.)

Top. Base of lowest lif -forming dolomite in Nopek For-
mation.

L Lmestone, dark-brown to black; In beds 1 ft thick; ee
ceety - - - -- - -- - --- --- - - 15

Coill. 1r-42 (147-CO), *om top of unt:
Pleraohaa? punatats Palmer
Peeudagnoatus up.
"Acrotre" epimo Walcott
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the Panamint Range are dolomite from the upper part
of the formation. Whereas limestone and dolomite in
the Bonanza King Formation have about the same con-
tent of trace elements (table 11), the limestone and dolo-
mite of the Nopah Formation have quite different pro-
portions of some constituents; notably, manganese, ti-
tanium, barium, and strontium are very much more
abundant in the limestone than in the dolomite. Dolo-
mite in the Nopah Formation has about the same amount
and proportions of trace elements as does the dolomite in
the Bonanza King Formation.

OEDO=VICLN SYSTEM

POGONIP GROUP

The name Pogonip originally was applied to the con-
siderable thickness of carbonate rocks lying above
quartzite of Cambrian age and extending up to the
Eureka Quartzite of Ordovician age (King, 1878, p.
188). The name has been redefined several times and
now is restricted to rocks of Ordovician age; underlying
rocks of Cambrian age now are separated from -the

Pogonip (Hazzard, 1937b; Hintze, 1949, 1951; Easton
and others, 1953; McAllister, 1952; Nolan, Merriam,
and Williams, 1956). In the Death Valley area the
Pogonip Group overlies the Nopah Formation and is
overlain by the Eureka Quartzite. According to Ross
(oral commun., 1961) the Pogonip Group of this area
probably is roughly equivalent to the Yellow Hill and
Tank Hill Limestones of the Pioche district (Westgate
and Knopf, 1932, p. 14).

In the Death Valley area the Pogonip Group is about
1,500 feet thick. In Trail Canyon it is composed of three
distinct members. The lower member consists of thin-
bedded dolomite, the upper of thick-bedded dolomite;
the middle member is shaly (fig. 24). Very little lime-
stone is found in this section, and there seems to be evi-
dence of a considerable amount of secondary dolomitiza-
tion, which makes comparison with measured sections in
other areas difficult. In the northern part of Tucki
Mountain the Pogonip may be represented in a limestone
facies, but outcrops are in disjointed fault slices which
make stratigraphic placement almost impossible.

FM=tra 24.-View of PogonIp Group In Trall Canyon, View is north. At left Uight- and dark-colored dolomite of the Nopak Formation
(Ca). Thin-bedded dolomite and shale (dsl In the lower and iddle art of the Pogonip Group form the saddle: thieck-bedded dolomite
(do) In the pper part of the Pogonlp forms the dark ridge dtpping under the ight-colored Eureka Quartuite (0.) at the right ill
at ezveme right i capped with Tertiary amas (T); at the base of the hill is dark Ely Sprinp Dolomite (os).
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A threefold division of the Pogonip is possible in sev-
eral nearby reas; the three subdivisions according to
Rosa (oral commun., 1961), are roughly equivalent to
the saly limestones of the Goodwin Formation, over-
lain by the limy shales of the Ninemile Formation,
which, in turn, are overlain by the more massive lime-
stones of the Antelope Valley Limestone, all of the cen-
tral Nevads Eureka district (Nolan and others, 1956,
p. 2-25). Hzzard (1937b, p. 276) has recognized a
similar tripartite division of the Pogonip Group in the
Nopah Range. Similar subdivisions have been reported
in the northern part of the Panamint Range by Mc-
Allister (1952, p. 11), and at Bare Mountain to the
north of Death Valley (Cornwall and Eleinhampl,
1962), as well as in the general area of the Nevada Test
Site farther to the east.

In the Death Valley area the basal unit of the Pogonip
Group is mostly dolomite; but this may be due to meta-
morphism, because this member elsewhere includes con-
siderable limestone. In adjacent areas it is mostly lime-
stone. The middle unit of the Pogonip Group in the

Dolomite darkened

V

C 1 -~.. - ~'~-' Clear dolomite

- . (Ž4 Dolomutz

X ~~~~~~~~~~olomite

Death Valley area is reddish; this probably also is at-
tributable to metamorphism, because relict sedimentary
structures, such as intraformational conglomerate,
coarse bioclastic beds, and occasional crossbedding in
calcarenites, can be found. Also, numerous dikes cut
the Pogonip Group from south of Trail Canyon to
Blackwater Wash. Figure 25A is a micrograph of
dolomite from the Pogonip Group.

No fossils were found in the lower and middle parts
of the Pogonip Group, but the cliff-forming dolomite
comprising the upper third of the formation at many
places contains large gastropods in such abundance as
to be a lithologic guide to the dolomite (fig. 26).

Fossils from the Pogonip Group were collected at 10
localities in the Death Valley area, as follows:
7-0 (D643-C0). Dolomite in upper part of Pogonip Group;

south side of canyon north of Trail Canyon, Furnace Creek
quad.; 2.1 miles west and 0.3 mile north of SW% se. 3L T.
18 S., E 4 E. It 180 ft. Identiffeatons by EL . Ross, Jr.,

wewptaetlte? sp.: Panuerls? sp Probably high Pogonlp
and equivalent to the Antelope Valley Limestone of the Eureka
area, Nevada."

F74 (not cataloged). Dolomite. upper t of Pconip Group,
north base of Tucki Mountain below mouth of Trellis Canyon.
Stovepipe Wells quad. (8ESE% ee. T. 1 8., 45 E, alt
,280 ft). Identification by E L ochelson, The material

consists of two pieces of dark-gay dolomite showing poor
eroa sections of three gastropods; oe saw cut to determine
the third dimensions shows a profle suggestive of Padserta,
a guide to the Antelope Valley Limestone of central Nevada."

F-IS (D645-O0). Dolomite in upper prt of Pogonlp Group,
north side of Trail Canyon, alt 1.600 ft urnace Creek quad.
Identifiction by J. Roe Jr., PaWseria p.'

747 (D641-CO). Dolomite In upper part of Pogonip Group,
north side of second ridge south of the mouth of Trail Canyon,
aIt 1600 ft, Furnace Creek quad. Identification by I J.
Rosjr, "Probably PsZaerta."

F-tJ (D642-C0). Same as F-27, lower In gulch, alt sbout
1,500 ft. Identficadon by R. E Roe Jr., "Receptacvlftes
sp, PWaZeria p. UnquestIonably high Pogonfp."

1-0 (626-0C). Pgonip Group at Sat fault 1% iles south
of Trail Canyon, 1.2 miles east of bill 489, urnace Creek
quad. IdentifcatIon by E L Tochelson, Cross section of
spog?; Madwrtes sp. indet.; PUerft rosats .Wson.
Pamseri Rouasa, conaned to the second oldest faunal tone
la the Antelope Vailey Limestone of entl Nevada, t a
guide to early Middle Ordovican age."

74 (D587-CO). Fault block nder Eureka Quartzlte 1%
miles south of Trail Cno alt LOW ft. Furnafe Creek quad.
(7,=00 ft south of west of SW cor. ee. , T. 19 . 47 E.)
Identification by IL J. Ros Jr., Very poorly Preserved gs
tropoda and trilobite fragments. None can be dentifed.
Small brachiopod species suggests Dparckuma; It and the
lithology suggest Pogonip."

F-4 (D5W0). 000 ft northeast of -42 and apparently
overlyln It IdentilcatIon by IL J. oE, Jr., Ulndetiftlable
gastropods; abundant Gvuaelld? Age Indeterminate."

F-47 (62S1CO). 1 miles southwest of Dinosaur." 2% mile
southwest of SW cor. sec. 6 T. 18 S., .4 E. At south baai
of hill 430, Furnace Creek quad. Identification by a L Toch

rFos 2.-Wlerographs of r from Odoidan formations. A.
Dolomite, with ehert. rom upper unit of ogoulp Group. , Eureka
Quartzlt , Sprtges Dolomite Dametr of delds. 26 m
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mitic unit in the Death Valley area correlates with the
Antelope Valley Limestone.

The Pogonip Group is considered to be Early and
Middle Ordovician in age.

In the Death Valley rea the contact between the
Pogonip Group and Eureka Quartzite appears to be
gradational for it is marked by a series of interbedded
quartzites and dolomites.

The following section of the Pogonip Group was
measured in Trail Canyon (fig. 24).

eotion of Pogosip Grop, #out& #de of Trail Canjo

(Meatured by Charle 3. Haut L J. ROM Jr. and A. L Palmer]
F*4t

Top. Be of Eureka Quartzite; ontact gradationaL
Contact taken at be of firt quartzite; above ths Is
120 t of Interbedded tldn-bede quartze and andy
dolomite transitloal to verlying manive quartite.

LI Upper dolomite unft: mostly thckbeddd dolomite;
bottom 5 ft to thin bedded, but the dolomite above this
is masgiv w a few thin lense of riable sandA e;
abundant "GfrvooeIa"; top 00 it thinnr bedded;
Oeveral cotngfom al coolomerates; abundamt
Paeri. Coln r, -d& r-2, nd 1r-2 from s

2. MIddle *hiy unit; Interbedded shale. lione, and
dolomite; the ekstia weather red and brawn probably
becaue of metamorphism Black limestone. 25-40 ft
above bae, wh lt paUtinp containing unidentifiable
trilobites, brachiopods. and gaxtrojoda. Bed with
cytd plates I 200-_ ft above baxe

& ase dolomite uni Top 2 ft I Obdded dolo-
m e interbedded wth dilttone and sbale; lmmumng
shae upward gradanl to Unit 2 LOWer 480 ft 
tbin-bedded dolomite, mostly weatering rsry brown;
beds 24 in. tick; -uch blak chert in lenses and in
nodules elongated srallel o bedding; same locky
chert; a striking bed of th4edded blockY cert our
270 f above the base. Intraformadoial conglomerate
in beds 1-2 ft thick. Mueb t the dolomite I fe-
graind calcarenite_

885

285

780

FnauIv 2e.-Lhrte gastropods (PWwi sp.) in dolowte in upner
part of the PogoD group.

elson, "ReceptaclUtea 9P., MeclUrUCe, IOmplete but sug
gestive of Y. Magaus; PUtserfa roabuM Wion. The Pat-
User4a Is guide to early Middle Ordoviclan (see comment for
r-40)." Also In this collection, according to E. L Roo, Jr.,
i Istrnovaps? sp

CeL 7-41 (DS-CO). rrom fault block, probably Pogonp
Goup, In Red Azaphitheater braccia at moulh ef seond can-
You voutl of Echo Canyon, Furace Creek quLd (Center.
east side. BE1NEK sec. 21. T. 27 ., I.2 E.. AccordIng
L EL Palmer, Tbis collecti contbs orthold brachlopods
gaopd ess sections, and an mphid trU*bite pyrdluz
which collectively indlate an Ordoician ag. According to
IL J. Ros, Jr. "b trilobite segments we my characterlstlc
of Ordovician propaulan ty and a few brachopod outlines
suggest Axonalortkis."

Fossils collected in the Funeral Mountains (C. A.
Richards 1), in the Panamint Range (McAliste, 1952,
p. 11; 1956), in the Nopah Range (Hazzard, 1937b, p.
276) and on the Nevada Test Site (Johnson and Hib-
bard, 1957, p. 848-847) indicate that the upper dolo-

' lUrds C A. 1959, Gology at part t the Funeral Mountains:
aWM Wanusctt On II It Death Vale L Monument and Univ.

~ut caora.

Totl _hicne____ _______ 1,450
Base. Top of Nopet Foron; conact taken at base of the

thin-bedded dolomite..

Trace elements in four specimens from Ordovician
units are given in table 18. The single sample of dolo-
mite from the Pogonip Group is similar to those of the
Ely Springs Dolomite and to those of the dolomite
rather than the limestone of the Nopah Formation
(table 12).

EUREK& QUARTzr=

The name Eureka Quartzite was fist used in central
Nevada (age, 1883, p. 262; 1892, p. 54-7; see also,
Kirk, 1933), and the formation has been widely recog-
nized in the Great Basin southward to the Death Valley
region. It is a massive vitreous quartzite that serves
as a valuable easily recognized marker bed in the midst
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TAsLz 13-Trwc elmen~ts in Ordovician unit8, Pan~amint Range
[S =mtiatveecwmogae utaly by Utesna Oda and Z.1T. Cookey. U.S.

W ammy V in in Dmmu pr -l1on. eompt Mc. which Is givea in peramlt

Elemmnt Quartut ElMy Springs Dolomite

Pb 15 <10 10 10
Mn _- - 70 <10 30 50
Cu - ----------- 3 2 2 50
Zr -_ <10 30 10 10
Ni - 5 <3 <<
Co - <10 <10 <10 <10
V - 10 <10 <10 20
y - _ 10 <10 <10 20
Be -------------------- <1I <1I <1 <1
TL ------------- 20 200 20 20
B- - <10 15 10 <10
Sc - _____--____- <10 <10 <10 <10
GA - <5 <5 <5 <20
Cr-5 <5 5 10
Ba- - 10 15 20 20
Sr- - 150 <20 200 200
Mg -- >5 0. 05 >5 >5

Noz.-Also bnd: Sn, <10; Ag. <1; i. <10; An. <100; Sb, <MD; in. <SO;
Cd. <SO; TI, <100; Ta. <0; W. <; Nb, <10.

of the thick section of carbonate formations (figs 24,
27).

In Tucki Mountain the Eureka Quartzite is very
much crushed and granulated, so that sections there
cannot be regarded as meaningful for stratigraphic
study. In this respect the Eureka Quartzite in that
part of the area resembles the Stirling and Zabriskie
Quartzites. In Trail Canyon, however, the formation
seems to be less deformed. The quartzite there is not
severely granulated (fig. 25B), and on the ridge south
of Trail Canyon a measured section, which follows, in-
dicates that the formation there is 350 feet thick.

&ection of Eureka Quartzite, ridge 8outh, of the mth of
Tnus Caveqor

asured by Charles B. Hunt, L J. Roe. Jr_ and A. L Palmer]

Top. Pee of Ely Springs Dolomie; contact concealed by
rubble. Feet

L Quartzite. well-bedded In beds 2-6 ft tb1ck..._._.... 60
2 Quartzlte. massive weathers b.rn________ 110
3. Quartzte, mostly thin4)edded but with 2 ledges each

about 15 ft thick; thin beds between the {edges fucoldal
and mottled red.............. 60

4- Quartzite and sandy dolomite, Interbedded; cradattonal
downrd to dolomite unit at top of Pogonig Group;
colors leted_._ 120

Total thickness Eureka Q art. . . . . . 0

Base. Tbp of Pogonip Group; Contact taken at base of
lowest bed of vitreous quartzlte.

Another section was measured across the crushed
quartzite in Little Bridge Canyon (fig. 27). There
the contact with the Ely Springs Dolomite is sharp
but seems to have been sheared. The massive vitreous

quartzite is 140 feet thick, and under this unit is 35
feet of thin-bedded very fine grained quartzite with
a few thin beds of dolomite. The beds are 6 inches
to 1 foot thick, the colors are variegated; the weathered
surfaces are mottled red and green. The quartzite at
this location undoubtedly is thinned by shearing.

In the northern part of the Panamint Range the
Eureka Quartzite attains a thickness of 400 feet
(McAllister, 1952, p. 12), in the Beatty area it is 350
feet thick (H. R. Cornwall, written commun., 1960),
and in the Funeral Mountains it is about 360 feet thick
(C. A. Richards a). In the Nopah Range the thickness
is 265 feet (Hazzard, 1937b, p. 276), and at the Nevada
Proving Grounds it is 285 feet (Johnson and Hibbard,
1957, p. 349350).

No fossils have been found in the Eureka Quartzite
in this area, but the age is restricted to Middle or early
Late(?) Ordovician by the fossils in the underlying
Pogonip Group and overlying Ely Springs Dolomite.

A single specimen of Eureka Quartzite, analyzed
for trace elements (table 13), contains even less trace
elements than does the Zabriskie Quartzite (table 9),
which it most resembles.

ELY SPRINGS DOLOME

The name Ely Springs Dolomite was first applied to
a formation of dark dolomite about 600 feet thick in
the Ely Springs Range about 125 miles northeast of
Death Valley (Westgate and Knopf, 1932, p. 15). The
formation has since been widely recognized in the
southern Great Basin. Its thickness ranges from 400
to 940 feet: in the Nopah Range, 800 feet (Hazzard,
1937b, p. 276); in the Beatty area, 400 feet (H. R.
Cornwall, written commun., 1960); in the northern
Panamint Range 940 feet (McAllister, 1952); and in
the Darwin area 920 feet (Hall and MacKevett, 1958,
p. 7). At most of these places and in the Death Valley
area, the Ely Springs Dolomite contains Late Ordo-
vician fossils; it overlies the Eureka Quartzite and is
overlain by dolomite containing Middle Silurian
fossils.

In the Death Valley area the thickness of beds as-
signed to the Ely Springs Dolomite is substantially less
than in the surrounding region. In Trail Canyon the
thickness is 425 feet; in the Funeral Mountains 403 feet
of beds was assigned to the formation (C. A.
Richards ). The formation is comparably thin at the
north base of Tucki Mountain. At the widest place
in the outcrop belt of the formation, at the south side

35a footnote. p. ASS.
* .e ootfot. . A33.
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Foumw 7.-ViT of area Quartzlte (0.1 ad verlying Zly rings Dolomite I0.1, at mouth of ttle Bridge CanyoL The qrite
is much ore crushed and granulated than Is the dolomite and as a ult ban been eroded to ton the valley te foreground;
carbonate formatlous form the ridges on either side.

of Tucld Mountain overlooking Tucki Wash, the com-
puted thickness is 825 feet. More detailed work will
be required to determine whether the differences in
thickness are due to stratigraphic changes or to cutting
out of beds by shearing along the bedding. Only a
small part of the differences in thickness can be at-
tributed to differences in boundaries selected for the
formation. The basal contact with the Eureka Quart-
zite, though generally covered, can be located within a
few feet (fig. 27). The boundary with the overlying
light-colored dolomites, some of which contain Silurian

fossils, is gradational through a zone of perhaps 100
feet.

The Ely Springs Dolomite in the Death Valley area
is dark, thick bedded, and forms conspicuous cliffs above
the light-colored Eureka Quartzite. The formation
contains considerable dark-brown to black chert that
occurs as nodules and as irregular lenses. The dark
dolomite is streaked with curving light-colored lines 2-5
cm long and 1-5 mm wide, suggestive of scattered
strands of spaghetti. Figure 250 is a micrograph of
Ely Springs Dolomite.
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The Ely Springs Dolomite has yielded a considerable
fauna indicative of Late Ordovician (Richmond) age.
Seven collections were made, as follows:

7.8 (D438-CO). Ely Springs Dolomlte. 10 ft above base of
the formatoc, in Little Bridge Canyon. Stovepipe Wells quad.
(NWNWIA sec. 1 T. 16 S., R. 45 K). Ideatietions by
R. J. Rosa. Jr., "Lepidooycss ef L. addi Wang; Austiefla
ap.; strophomnenid bracbopod; dalmanellid brachlopod; un-
identified coraL The age s probably Late Ordovlcian, but it
might be late Middle Ordovician."

7-12 (D644-00). Lower part of Ely Springs Dolomite. south
aide of Trail Canyon, at L340 ft at north base of butte with
peak at 1,680 ft

7-17 (D151-SD). Middle f the formation; 1 mile east of the
mouth of Trellis Canyon. sit 1.200 ft. north foot of Tucki Mtn.,
Stovepipe Wells quad. (NENE: sec. 28, T. 16 ., R. 45 E.).

Collections F-12 and F-17-58 were examined by W.
A. Oliver, Jr., who states "they consist, respectively, of
7 and 6 fragments of small simple horn corals, mostly
streptelasmatoids. These are very poorly preserved and
cannot be identified. They could be of either Ordovi-
cian or Silurian age but not pre-Middle Ordovician."

F-44 (not catalogued). 1 miles north of Tral Canyon, fault
block at east end of the ridge dividing the va.1e7; alt 1,800
ft. This collection, examined by B. L. Yochelson, yielded only
Isolated crinoldal colenL

7-45 (-UCO). Upper part of ]MY Springs Dolomite, north
aide of canyon next north of Trail Canyon and 2 miles
west of SW cor. mc. 30, T. 18 ., R 47 E, Furnace Creek
quadrangle. Identlcations by W. A. Oliver, Jr.,

"Tolfu [maniporl Ap.; treptelsmaticai horn corals. The
genus Towisa Is known only from rocks of Late Ordovican
age. One of the two specimens to very well preserved and
Is specifically diatinet from representatives t the era
that I have previously seen or seen lustrated. The genus
is known from the Montoya Dolomite n Texas and the Red
River Formation of Manitoba as well as from the U.S.S
Streptelasmatid horn orals of this pe range from the
Middle Ordovian to the Slurian and Devonlan"

7-49 (823-00). Corals from black dolomite believed to be
Ely Sprins nar the middle of the formations; Captured
Canyon at hill 800 ft In altitude near the mouth of the canyon;
2% miles west of SW cor. sec 18, T. 25 N., IL 1 ., rnce
Creek quad. IdentIfication by W. L Olver. Jr., "Strepte-
ia? p., one specimen; treptelaatid horn corals, three
specimens. This ollection may well be Upper Ordovican
since strepteleamatids a common In rocks of this a.
They ar not diagnostic, towever, and the e rll have to
be based on other criterla."

7-74 (S8I-CO). iddle of lMy Spria Dolomite, % mile
south of Trall Canyon; saddle 00 ft west of hill 1932. Iden-
tllcation by W. A. Oliver. Jr.,

"Bithonis sp. two peimens; Grewftfkia up., one specimen;
angulate trepteismatid. one specimen; other streptelasma-
toids, four specimens; sall branching bryozans. This
assemblage Is ertainly Upper Ordoviian as the genera
Bkhonma and Greamgkid are so limited. These corals are
chaacteristi of the Ely Springs, Bighorn, and Red River
FormAtions in western North Amerie."

At F-75, an isolated hill at the mouth of Trellis
Canyon (SENEec. 23, T. 16 S., R. 45 E.) dolomite
thought to be Ely Springs, or possibly Silurian, con-
tains biconvex cross sections.

Receptacultes has been reported from Ely Springs
Dolomite at the east foot of the Panamint Range along
Trail Canyon (Hopper, 1947, p. 407). The Ely Springs
Dolomite was correctly identified by Hopper; but if
the Receptaclites came from that formation, it is the
only recorded occurrence of the genus in the formation
in this entire region. Perhaps the fossil came from a
fault block of dolomite belonging to the upper part of
the Pogonip Group, which contains abundant Re-
ceptactd is.

The Ely Springs Dolomite is considered to be Late
Ordovician in age.

Trace elements in two samples of the Ely Springs
Dolomite are given in table 13. The amounts and pro-
portions are about the same as in dolomite from the
Pogonip Group.

1UZhlJI AND DEVONIAN MSTM-ZDEN
VALLEY DOLORT

The Hidden Valley Dolomite, named for exposures
in the northern Panamint Range (McAllister, 1952,
p. 15) where it is 1,365 feet thick, is a light-colored for-
mation that contrasts strikingly with the dark under-
lying Ely Springs Dolomite (fig. 28). Throughout
the region the Hidden Valley Dolomite is conformable
on the Ely Springs Dolomite. At the type locality the
upper contact is conformable (McAllister, 1952, p. 15),
but in some areas the top of these beds is an unconform-
ity (Hazzard, 193Tb, p. 327).

In the Panamint Range, south from Tucki Mountain,
the Hidden Valley Dolomite is of variable thickness.
It has a computed thickness of 750 feet at the north
base of Tucki Mountain between Little Bridge Canyon
and Trellis Canyon. It has a computed thickness of
slightly less than 600 feet at the south side of Tucki
Mountain. In the ridge south of Trail Canyon it has
a measured thickness of only 300 feet. In the Funeral
Mountains east of Death Valley a thickness of 1,473
feet is indicated (C. A. Richards'). I have not deter-
mined whether these differences in thickness are due
to stratigraphic changes or to crushing and shingling
of the beds because of the intense structural de-
formation.

In this area the formation is light colored, thick
bedded (fig. 28), fine grained, and even gained. Many
beds contain crinoid stems; fragments of some large

See fotnot. p. .5.
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Fragmts of b yoe and a few brachiopods of SlIarlan am-
nitles.

Fossils from beds 15-65 feet below the top of the
formation in the northern Panamint Range, indicating
an Early Devonian age, include (McAllister, 1952,
p. 17):

Favotes Sp.
PzPWiZOphpUm eleamtIulu

(Stumm)
BrevpyAUVn Io nesai

(St=m)
Unldentifable cup corals

Brncng Cladopors
Hell es p.
Acroepirifer k o b e a a

(Merrilm)
H e r i 8 e a robertaewul

xerrianx
Platyceroa sp.

In the Funeral Mountains, on the east side of Death
Valley, the lower 200 feet of the formation yielded (C.
A. Richards '):

syriwoora p.
Plectetrypa sp.
Helo eW up.
Favoaftes uP.
1Byo0e coras

Crinold steis
Rhynchonella up.
Cladopor sp.
Stromatopora p

Clear granular
limestone

Fiouz 29- krocraph of thin section of lmestone from Lost
Burro Formation. The limestone I mottled with dusty micro-
erystaLIne limestone masses separated by more coarsely erystal-
line elesr limestone. Many of the mirocrystlno masse. have
structur susting an oante origin. Diameter of fld,
2.5 mm.

Richards also reports the following from beds 200-
550 feet above the base of the Hidden Valley Dolomite:

Halsity BP, p Merlatela? sp.

syrhwopora sp. Eoapirifer M
Plectstrypa up Pentameroid brchiopod,
Helittes up. Vlrglaa? up.
Paso0te up. Brnmiopod fragments
Rhyhonela up. Gastropods
Cladopora sp. Rugose corals

Stromatopors up. Orinold stems
Coruuitea up. on Syntro-

pAls.? Sp.

From a 10-foot fossiliferous dolomite about 200 feet
below the top of the Hidden Valley Dolomite, Richards
obtained:

Haelyites ef H. lebyrthioa Heite: vp.

(Goldfuas) Zaphrentid-type corals
Favosites Sp.

The fossils obtained from the formation in areas near
Death Valley indicate a Silurian and Early Devonian
age.

No samples of the Hidden Valley Dolomite were col-
lected for trace-element analysis.

DEVONAN aYT-LOST s1u O FOX TXOw

The Lost Burro Formation at the type locality in the
northern Panamint Range is 1,525 feet thick and con-
sists chiefly of light-gray dolomite striped with nearly
black dolomite, and limestone with some thin quartzite
beds (McAllister, 1952, p. 18). In the Darwin area the
thickness of the formation is more than 1,700 feet and
may be as much as 2,400 feet (Hall and MacKevett,

Bee footnote. p. A.

1958, p. 8). Only the lower 750 feet is present in the
Funeral Mountains, the upper part having eroded (C.
A. Richards '). In the Nopah Range beds of Devonian
age, referred to as the Sultan Limestone, are 1,720 feet
thick (Hazzard, 1951, p. 1503).

In the Death Valley area, on Tucki Mountain, the
formation has the striped appearance (fig. 28) so char-
acteristic of the type locality. The formation is mostly
limestone (fig. 29) with only minor amounts of dolo-
mite and thin beds of sandstone and quartzite. Many
of the dark beds are mottled by whitish bodies resem-
bling chopped spaghetti.

An attempt was made to measure a section of the Lost
Burro Formation along the north foot of Tucki Moun-
tain eastward from the mouth of Trellis Canyon, but
the attempt was only partly successful because of
faults. The indicated thickness is about 2,000 feet.

The base, which seems to be of Middle Devonian age,
was taken just below a pair of quartzite beds, each about
3 feet thick and separated by 20 feet of carbonate rock
These quartzites are overlain by 800 feet of alternating
light and dark limestone in beds 1-10 feet thick, the
striped beds. Above this striped unit is 200 feet of lime-
stone and dolomite with numerous thin beds of sand-
stone or quartzite. The quartzite, mostly medium
grained, occurs in pods and in beds 2 inches to 8 feet
thick. Fossil collection F-16 is from the top of this
unit.

Above this unit are massive dolomitic beds, but the
section appears to be duplicated by faulting. The

'See footnots, P. ASS
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upper 200 feet of the formation consists of well-bedded
and even-bedded limestone and quartzite in beds 5 and
6 feet thick. An unknown thickness of beds, but prob-
ably not over 500 feet, lies below this unit and the bed
represented by fossil collection F-16. The top of the
Lost Burro Formation is taken at a quartzite imme-
diately underlying limestone of Mississippian age
represented by collection F-93 (p. A44). The top of
the Lost Burro Formation seems to be of early Late
Devonian age.

Fossils from the base of the Lost Burro Formation
were obtained at two locations.
F-Is. Base of Lost Burro Formation. Ught-colored dolomite

overlying the lowest quartzlte on ridgetop (att 1,600 ft) 1
file east of Trelis Canyon. Stoveplle Wells quad.
(NENE% sec. M T. 16 S.. R. 45 R). Report by Jean M.
Berdan.
-This collection contains brachlopods referable to EmasueUs
and all specimens of Atrype. Although the genus Atrjpa
has a long rne, occurring from the Sliurlan through the
early Upper Devonian, according to Cooper (In Shiner and
Sbrock. 1944 pa 329) Emaxwe6a is indicative of Middle or
Upper Devonlan. This collection, therefore, is probably
Middle or early Late Devonian in ae"

F-f6. Base of Lost Burro Formation on south slope of ridge
2% miles north of Trall Canyon and 2% miles west of SW cor.
sec. 80, T. 18 S., R. 47 E, Furnace Creek quad. Report by
C. W. Merriam,
'eathophyllid rugose coral, deep calyx; Stringooephalu up.
ef. S. burtta Defrance; indeterminate gastropods, at least
two genera. One large Individual of Strinaocephslu Is
fairly well preserved, showing the characteristic rodlike
cardinal process of the dorsal valve. The rock contains
abundant fragmentary sllicifed shell fragments of Stringo-
cephalus and other smooth-shelled brachiopods, some of
which could be the terebratulold Renselania. These shells
come out with acid but are not complete enough for positive
Identification. This collection represents the late Middle
Devontan 'Strfsgocephele' ane now recognized widely in
the Great Basin."

Other collections of fossils, obtained from the middle
or upper part of the Lost Burro Formation, include:
F-4. Probably near middle of the Lost Burro Formation.

Limestone butte below the mouth of Trelhi Canyon. Stove-
pipe Wells quad. (SWI se I, T. 16 , R 45 E.). Report
by C. W. Merriam, "stmatoporolds; Atryp e. A. "X&
*ouriensis fine-ribbed form, abundant; Tulophyivm p.
early LAte Devonian."

Fo4. Near middle of Last Burro Formation; % mile northeast
of mouth of Little Bridge Canyon, Stovepipe Wells quad.
(noth sde SE~i me. 10, T. 16 8.. I 45 E). Report by C. W.
Merriam, "strotatoporods; Amphipore p, Arypa p.
Age: late Middle or early late Devonian."

P-7. Near F-6. Report by C. W. Merriam, "stronatoporods;
abundant small Indeterminate elecypods resembling the
genus Edondia; Spirifer f. S. stahed*4 Meek; abundant
small Indeterminate rose corals with deep calyx. Age:
Early Late Devonlan."

7-16. Lost Burro Formation. about 1,000 ft above the base:
1% mites east of mouth of Trellis Canyon, Stovepipe Wells

776423 046-

quad. (SENW% sec. 24. T. 16 .. R. 45 E.). Report by
C. W. Merriam. "stromatoporolda; Sringopora sp.; WOre.
copia mccoyi (Walcott): Indeterminate rugose coraL Age:
Early Late Devonlan."

Merriam goes on to report, "Rocks represented by
coil. F-4, 6, 7, and 16 are seemingly correlative with
middle and upper parts of the Devils Gate Limestone
of central Nevada."
F-65. Brachlopods and corals from near the top of the Lost

Burro Formation; overlies red lmy shale and siltstone. In
butte Islated from Tucki Mtn., NE4 eC. 14. T. 16 8 R.
45 E. Mackenzie Gordon has reported as follows:

"Horn corals, genus and species Indet.
Stromatoporold cf. Stachlyodes or dioatroms p. ndet.
Cyrtoepiriler o Cyrtiopets p."

"W. A. Oliver, Jr., says that the corals are simple
types that are known to range through Silurian and
Devonian rocks but not diagnostic of any one particu-
lar zone. Helen Duncan says that the corals are not
Carboniferous types and that the small stromatoporoid
is of a type characteristic of Devonian rocks. Jean
Berdan confirms my belief that the silicified brachio-
pods are Late Devonian types and belong in one of
the two mentioned genera, though they are not complete
enough to be sure which."
PFA0. North bae Tucid MountaiL Stromatoporold reef

about TM ft above the bae of the Lost Burr.

Stromatoporoid- and Amphipora( I)-bearing beds
are particularly abundant near the middle of the Lost
Burro Formation (fig. 30). Beds containing numer-
ous brachiopods, including the diagnostic Cyro-
*pirifer (fig. 31), mark the top of the Lost Burro For-
mation. Syringoporoid corals are present in both
Devonian and Mississippian limestones. The Devonian
forms can be distinguished from the Mississippian
forms on gross morphology (fig. 32) and can be useful
field guides for distinguishing formations of these ages.

At the type locality in the northern Panamint Range
the uppermost 35 feet of the Lost Burro Formation
contains the following Late Devonian fossils (McAllis-
ter, 1952, p. 19):

Ovrtoepirer cf. C. monXfcola (Haynes)
dismtetas (Sowerby)
Tlotr e a? ef .? ratyondi Haynes
'Camarotoechia" aft. "a." uplicts (Hall)
Cktotkyrfida cf. C. evonca Raymond
ProducteUe p.

The Lost Burro Formation as mapped in this area
is considered to be Middle and Late Devonian in age.

Trace elements in some samples from Devonian and
younger formations are given in table 14. Most of the
formations are represented by only a single sample.
The samples suggest that the younger rocks have the
greater concentrations of elements.
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Longitudinal section Transverse section

0 I inch
I I

Tnoga 32.-D4agrmuatic sections ot Devonan (upper) d Wast.
asppte (loery "Cnoporoid conL. In the Devonian coral the
coantes and connectig tubes am closely spaced; In the MYlip-
Plan Corals they are WdY spsaed.

5 3 8SIPFI"BY STRM-T SOURTSAN Z. TONE
A1ND YOUNGEM U1ESTONE

Mississippian formations in the northern part of the
Panamint Range north of the area shown on plate 1,
include the Tin Mountain Limestone, 475 feet thick of
Early Mississippian age and the Perdido Formation,
about 600 feet thick, of Early and Late Mississippian
age. The Tin Mountain Limestone consists largely of
thin-bedded dark limestone with thin interbeds of shale.
The Perdido Formation contains more shale, siltstone,
sandstone, and chert and lithologically is transitional
to the overlying Rest Spring Shale (McAllister, 1952,
p. 20-24; 1956). Equivalent beds in the Darwin area
have about the same thickness (Hall and MacKevett,
1958, p. 89). To the east, however, the thickness is
much greater, for it is about 1,600 feet in the Nopah
Rang (Hazzard, 1951, p. 1503).

On Tucki Mountain, in the Death Valley area, about
1,725 feet of limestone ranging from Early to Late Mis-
sissippian in age overlies the Lost Burro Formation
and is overlain by the Rest Spring Shale. The lime-
stone of Late Mississippian age has little shale, and is
sharply separable from, rather than transitional to, the
overlying Rest Spring Shale. It was not mapped sepa-

rately from the older Mississippian limestone, although
its base can readily be determined by an absence of
chert in the limestone below. The scarcity of shale in
the younger limestone formation could be due either to
facies changes or to squeezing out of the incompetent
beds on account of the structural deformation. The
lower limestone assuredly is equivalent to the Tin
Mountain, but the younger limestone formation has not
yet been correlated with formations in other parts of
the region. Accordingly, these limestone beds on Tucki
Mountain together are referred to as the Tin Mountain
Limestone and younger limestone.

Beds regarded as equivalent to the Tin Mountain
Limestone include a lower member, 600 feet thick, con-
sisting of thin-bedded gray limestone with reddish beds
of sandstone, and an upper member, 400 feet thick, of
thick-bedded dark limestone. The overlying beds, in
part at least of Late Mississippian age, consist of a
lower cherty limestone, 475 feet thick, overlain by 250
feet of light-gray limestone interbedded with some
sandstone and shale.

Several collections of fossils were obtained from
various horizons in the formation. They have been re-
ported on by Mackenzie Gordon, Jr., as follows:

In the following collections, for the most pert only generic
Identlicatlous have been made. 'has li suffmclent to give the
neceessry age determinations and Is practialy mandatory as
so lite werk ba been done on the Carboniferous and Permian
paleontology of this region.

In the fauml sts, Helen Duncan Us dentified the corals
and brywsans, Raymond Douglass the fusullnids, Elis Tochel-
on the gastropods, and Mackenzie Gordon, Jr., the ret of the
fauna.

F-15 (1703-PO). Dark-gray limestone with brow cherty
lenses, about 500 ft thick, underlying thiy bedded limestone
represented by F-14-8. ESE e 24, T. 16 ., R. 45 E,
Death Valley, Calif. Collector, C B. Hunt, 19§&

eomavphyAiut. Sp. Opmfer up.
Veitculophruin? Sp. Splriferold braehiopod In-
CyalAaxon'fa p. det. (Juvenfile)
Aslopora p. Cwina u
ar*ugovo ef S. acuIeata CruruAkr" w

Glrty 2'orynfer op.
Crinaid eolumnas Eustdia op.
Rhipldomela u Okiothrrdina 2 up.
O toehi p Oomposuat up.
Spirer cf. S. centroaes Pucero 

Winchell

This collection contains the typical Early Mississip-
pian fauna found in the Tin Mountain Limestone in
this region.
P71. CrinoFa liestone, 400 ft thick. Uerlies red beds

unit represwited by Fr2 Center sec. St T. 16 ., L 46 E.
al 400 ft. tovepipe Wels quad., California. ollector, 0.
L. Eun 1S5&

Crindd odummalL
No diagnostic fossils found.



GENERAL GEOLOGY OF DEATH VALLET, CALIFORNIA

F-76 (191$5-PC). Tn Mountain Lmestone, about 500 ft
above the base; north side TuckL Mft. east of mouth of Trellis
Canyon. NE1SESE% sec. 24, T. 16 S., I 45 E., Stovepipe
Wells quad., Callfornia

P-96 (995-PC). Limestone bed 50 t below top of the beds
mapped as Tin Mountain Limestone and younger limestone.
Collectors, M. Gordon and C. B. Hunt, Jan. 3, 1961.

Cyatiazowia? sp.
Rrlatoa Sp.
Avlopors p.
Springopors sp.
Crnoid columnals
RAIpfdomefta sp.
Casrotocchis ap.

Spinifer M
Clelothrldina p.
Compositold brachlopod In-

det.
Piatycras (Orthonychla)

Sp.

Faberopftvllum op.
Sgroinopora p.

Fish dentition

This Is the typical fauna of the Tin Mountain Limestone. as
represented also by field oils. F-1s and F-91.
FP-4 (990-PO). About 73 ft above washon north basal edge

of Tcki Mts 1 miles east of Trells Canyon. in the
SEIASEIA sec. 24, T. 16 S., IL 45 E. Stovepipe Wells quad.,
California. Fossils through about 15 ft of gray limestone and
dark-brown nodular chert, 6) ft trattgraphically below base
of thick reddish-brown cherty lmestone unit. Collectors, C.
B. Hunt and ML Gordon, Jan. 2, 1961.

Komalophyltes 
COrathoxons $P.
Rylutonia? sp
Atbopore sp.
Syrkgopors et S. ureu-

kaw Grty.
Beasmonsi up.

'istullporold bryozoan,
genus and species lndet.

Raemiporalie u
Orstodictia p.
Crinoid columnsls
ChOecte. p.
Mahgfatfa? p.
Small pinose productid,

genus and pecles Indet

RAIpdomelSa Sp.
Cranaena? Sp.
Comarotoeckle p.
SpirLferLnid brachiooL. genus

and species Indet.
Cyrtka up.
Spirir et. S. rentronstus

Wincheil
Hustedia sp.

Clelothyrldina sp.
Praty erne Bp.
Gattewdorjla? ap.
Trilobite pygidlum,

Faberophyllsm In the Rocky Mountain region, according to
Helen Duncan. characterizes a zone that occurs approximately
In the middle of the Upper Mississippian. It Is not known to
occur in lower Meramec or upper Chester equivalents. It is
found. for example, In the upper part of the Humbug Forma-
tion and lower part of the Great Blue Limestone In central
Utah. This would Indicate that the upper beds of the Missis-
sipplan limestone sequence on Tucki Mountain are middle Late
MIssissipplan In age.

The following is a section of the Mississippian for-
mations, measured along the north foot of Tucki
Mountain 3 miles northwest of Shoveltown.

Section of Tin Mountain Limertone and ounger limestone S
nies northwest of Skovettown

Top. Rest Spring Shale; contact much deformed by. bed-
ding faults. Limestone, younger than the Tin Moun-
tain in part of Late Xisippan age.

Light-gray partly recrystallized encrinital limestone
Interbedded with sandstone, shale and thin-bedded
limestone. F-W (19995-PC) from 50 ft below top.. 250

Mostly dark-gray fine-grained limestone ad brown
weathering chert in beds 2-8 In. thick; at base Is
30-40 ft of banded and bedded chert that weathers
In gray blocks -- --- 45

Tin Mountain Limestone:
IUpper member: mostly thick-bedded limestone; at

base Is 40 ft of dark fossillferous limestone, F-TO
(19135-PC) ----- -------- ------ _____ 365

Lower member: upper 100 ft Is thin-bedded gray
limestone Interbedded with reddish sandstone;
lower 100 ft Includes some black limestone In thick
beds but containing hert partings and lenses paral-
lel to the bedding -15 (17293PPC) sad F-91
(19990-PC), 300 t above base; F-92 (991-PC)
Is 250 ft above base; F-83 (19992-PC) is from the
bane Soo_______--_-__ 0

Total thickness -.. _ _ _ - --- L 500
Base. Top of Lost Burro Formation.

Micrographs of the limestone from the Tin Mountain
Limestone and younger limestone are illustrated on
figure 383.

Compared to other late Paleozoic formations, trace
elements in a specimen of Tin Mountain Limestone
were intermediate in amount, and least in a specimen
from the limestone above the Tin Mountain (table 14).

MISIPPIN D ENNUYLVAM ( P) SYSTEM-
R!T PRING BEL= I

The type locality of the Rest Spring Shale is in the
northern Panamint Range, where the formation is
largely shale and iltstone but includes some sandstone

This and the following collection are Lower Mississippian
typical of the fauna found In the Tin Mountain Limestone.

FP-4 (10991-PC). BSrhsgopora in place about ft above base
of outerop, 150 ft southwest of 791 sad about 100 ft tra-
tigraphcally lower. Ooectors, L Gordon and C. B. Hunt,
Jan. 2. 1961.

Sinopor et S. actuleta Girty
F-US (19992-PC). 500 t west of 741 at north foot of Tucid

Mtn 1 miles east at the mouth of Trellis Canyon, SE%
SE4 sec. 24. T. 1 S.. . 45 E, Stovepipe Wells quad., Call-
fornla. ID-foot one of gray limestone about 10 ft stratil
graphically above brown qartzite at top of Lst Bro
Formation. Collectors. C. B. Hunt and M. Gordon. Jan. 1.
19L

Rpatonia? sp.
Dissepiented horn coral,

indet.
Sgringopr p.
8~rb r etC . aleata

Girty
Crinold olmnals
Chonets p.

Avonta? up.
Camartoeclia? usp. indet.
8pirifer aff- S. lator

swallow
PlatUnotse Weller

Cliotlridina sp.
Platycera up.

This collection 1. Early Mississippian In ate. The rocks from
which It ws collected represent the basal part o the Tin
Mountain Limestone.
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particularly toward the base. Near the middle of the
formation is 50 feet of dolomitic and dark cherty lime-
stone (fig. 35). The upper half of the formation con-
tains increasing limestone and calcareous cement in
siltstone. The siltstone and limestone weather reddish.
At the top is 1530 feet of shale, crushed under coarse
conglomerate of the Pennsylvanian and Permian

B Z * . . d - l . m . - - Crlnoid formations.
stems Trace elements in the Rest Spring Shale are given in

table 14.
Fossils collected at several places across the forma-

tion where it is exposed in the previously described
strike valley, have been reported on by Mackenzie
Gordon, Jr, and Helen Duncan, as follows:
F-20 (17294-PO) Center sec. 31, T. 16 S., 4 E., alt. 400

ft. Top of ridge on north ide of rst canyon north of
Shoveltown. Brachiopods. etc., from crumbly limestone and

A red-bed unit about 800 ft thick; overlies light-gray crinoldal
limestone. Coliector, C. B. Hunt, 1988

Flcara sp. 8chi opooria? ap Andet
In.jfata up. Rcalarins campeatris

Shell_ L-~ .<.><,.j7'4XRhipidometa uevadeanis (White)?
fragmen ts f ;, 4j(\#,Cp,1CI Shell (week) Spiriter uP,

*. *;;* > / fragments OrwC.asUp.

1mms 13.-Mcrographao limestone from Tin Mountain Limestone 
(A) ad unnamed younger sasipplan formaton (). The ime- b-

stone from the Tin Mountain is a bloclati bed with MARY £< ;t * -.L
fzagment tin a tt of dusty (orgsnic rchl) and more Enely ) & '_' '
mleroerystalline limestone. The limestone from the unnamed J
younger Mlssiulippian formation Is con ree granur. Organic i
struetures. probably lar einold stems a obscured as a result .4 . \
o the secrystallsatlon of the Umestone. Diameter of field, 2. 0= A; e '>- , -

and nitreous quartzite (McAllister, 1952, p. 25). The >t . t< ,|,, 
thickness at the type locality is uncertain (perhaps
400 ft) because the formation is incompetent and is ]Id '
greatly pinched and swollen in zones of folds and faults
(MAllister, 1952, p. 26). . 7

In the area covered by this report the beds referred '
to the Rest Spring Shale in restricted to a narrow
strike valley half a mile from the ea base of Tucki W+
Mountain. The width of the out p belt is about 750 3
feet; the beds are practically verdcal. This indicates ;'. * 

a thickness for the formation of 750 feet, but as at the 
type locality, this thickness is uncertain because the ? ' -, . tvlI>
formation is greatly crushed between the more compe-
tent underlying and overlying formations. -

The formation is mostly light-gry to black shale Z 
and siltstone interrupted with beds of black limestone '-j •.'
1-5 feet thick. The beds contaiun rounded nodules, like ' -

golf balls, of darkchert (fig. 4). At the be is 35 - I
feet of black shale; the beds above this are mostly shale _ _ .A,_
and siltstone. Some of the siltstone is ripple marked. nousI:54. --Golhall-eodulesofdark chart ae a ehareteutic
Poorly .reserved brachiopods arecommon^ in the Uhale, tologc ture o esatspant n p the
Poorly preserve behiopods ar comrnon i te shale, .... Wu f. aeat psunsylvanta ae
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This is the best preserved collection from the Rest Spring
Shale. Although the forms are not strictly diagnostic of either
PennsylvanIan or Mlssissippian age, the collection Is notable
for the presence of a number of well-preserved specimens of
EHoLSIe, a long-ranging early Pleo2otc genus that Is ram
In the late Paleosolc.

P-97 (19996). Bottom of same gulch as F-rr, possibly from
the same bed, about 750 ft to south. Rest Spring Shale, near
middle

Button coral?
CkAMetca? sp.
Echinoeila sp,

Plerotonarild gastropod
Indet., with spiral
urnalent

fI'uzz 25.-&fcsroraph of limestone from Rest
Spring Shale. The limestone In very SAe grained.
grain m 25 mIkrons. The grains are motly of
calcite, many of them euhedraL About 10 per-
cent are quartz, and I or 2 percent are iron
ozide. The trains are et In a calidtic taste
darkened with organic matter and (or) day.
shell fragments ae few, there are some drular
structures. apparently composed of sliea. D-
eter of Sld, LS mm

In the Carboniferous rocks of the Great Basin. RAipidomelo
xevdensts (Meek) is found In the uppermost Upper Hlssissip-
plan and the lowermost Lower Pennsylvanian The eacm-
blnge here does not contain any undoubted Pennsylvanian
forms but has, rather, a Missisipplan aspect The containing
beds are probably equivalent roughly to some part of the upper
two or three hundred feet of the Chainman Male as typically
developed n east-central Nevada and western Utah.

F-n. est Spring Shale, limestone beds near middle of unit.
2 miles northwest of West Side Borax Camp (Shoveltown),
center sec. S1, T. 16 S. B 48 E, Stovepipe Wells quad,
Californtia

Chonetid brachilopod Indet SpIer f. 8 rkawans
Girty?

F-78. Same location as F-T; from basal shale of Rest Spring
Shale; 0-5 ft above the base.

Asochonc? af Fih ae
SpInose productid briehlo-

pod
7-80. Same location ax F-77. Shaly beds, 700 ft above the

bae of the Rest Spring Sale.
Uesochondta sp. Compositold brahilopod In-
Spirlferold brachlopod cf. det.

The colectlons from the Rest Spring Shale, above, are poorly
preserved and do not permit deteminaton as to possible MUs-
sIssippLan or Pennsylvanian age. The smooth chonetid sg-
gest a Pennsylvanian age for the rocks. but some of the other
brachliopods suggest M1slssIppan forms.

1-81 (17296). Same location as r-7T, eherty limestone.
Rho boporold bryozomn Small spinose produetid

Indet braduiopods
Lissockonetes? p Coaooardism op.
Small LInoproductid Eyouth" up.

bracbhlpjod

This unusual assemblage Is a fdes faunule epressing the
special conditions of depositIon of the shale sequence. These
forms are not found commonly enough to be clearly Indicative
of etither Mississippian or Pennsylvanian age. The brachlopod
Echinocoelis to known elsewhere In Devonlan and Mlssissip-
plan rocks. To the best of our knowledge t has not been re-
ported from rocks of Pennsylvanian age.

In a comment on these collections, Gordon states,
The Rest Spring Shale on Tueki Mountain appears to be

the same as that In the Quartz Spring area. Dagnostic fossils.
however, are few. In the type area the Rest Spring has
Cravenoceras merriami Youngqulst In the tasal few feeL This
shows t to be Late MIssissippian n age, at least In the lower
part. The one datable funs in the Rest Spring on Tucki
Mountain (-20) Is very late Mlississppian In age; the fauna
with RhipIdomela eradenss (eek) that elsewhere In the
Great Basin Is found a short distance above the beds with
Crvenocer merrami The fossils came from the middle
of the shale. Whether or not the upper part of the Rest Spring
on Tucki Mountain Is of Pennsylvanian age is not presentl
known.

PENSYLVANIAN AND PER1AX SYSTEXS-FOR-
KATIONS AT EAST FOOT O TCEZ XOUNTW

Formations at the east foot of Tucki Mountain in-
dude thin-bedded limestone, at least 2,500 feet thick,
largely, if not wholly, of Pennsylvanian age, and lime-
stone conglomerate, t least 3,000 feet thick, that is
largely, if not wholly, of Permian age.

The formations crop out in a belt about 3,000 feet
wide along the east foot of the mountain. They strat-
igraphically overlie the Best Spring Shale; but the
contact must be a fault, because towards the south the
shale is overlain by the limestone of Pennsylvanian age,
whereas towards the north it is overlain by the con-
glomerate which is Permian.

These formations are at the lower edge of the upper
plate of the Tucki Mountain thrust fault, and they are
turned up steeply and even overturned They rest on
Precambrian quartzite in the lower plate of the thrust
fault. Because of the deformation, the thicknesses
cited are ittle better than guesses. Intensive detailed
work will be required to resolve the many uncertainties
in the stratigraphy of the formations, and until that
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PFiGuR ft-ThInbeddod mestone and dolomite esr the be of t unnamed foraoa of Pnazylraniaa age at the e foot oe TuckI
MountaiL These beds are orurned; their bae Ii to the t t.

work is done, it seems best to adopt n informal
nomenclature.

At the south end of the outcrop of these formations
the lowest exposed beds are thin-bedded limestone with
some dolomite (fig. 36), which are estimated to be about
1,000 feet thick. These beds, which are vertical or
overturned and lie against crushed, faulted, and con-

_/ torted iest Spring Shale, probably are Pennsylvanian

in age (see colln. F-85, 87). Northward this belt of
limestone narrows and in its place occurs coarse lime-
stone conglomerate. The northward thinning of the
limestone probably is due to faulting. Mountainward
from Shoveltown (at Salt Springs) and farther north
the formations are very largely conglomerate with
comparatively thin lenses of limestone (fig. 37) and
are mostly of Permian age (see coll. F-95 (19994-
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Shell fragments .

towv 3T.-Mcrograph of lmestone from the unnamed Lorm&-
don of Pennsylvanian age that overlies the Rest Spring Shale.
The limestone I uniformly microeryitalllne (grain size, 25

ros) and consists of Interlocklng ashedral Csai of
calcite and almost no quart or iron ode. ragment of
shells In the paste re more coarsely crymtalline. Diameter
of Ad. 2.5 mm.

PC)). The deformation, though, is too intense to be
certain which lenses of limestone are interbedded with
the conglomerate and which are faulted in with it.

le conglomerate consists of cobbles and small
boulders as much as 1 foot in diameter. They are mostly
of limestone and dolomite, but-they include some quartz-
ite. The beds of conglomerate are 5-10 feet thick; the
bedding is indistinct except for differences in size of the
oobble In most beds the cobbles, which are well
rounded, touch one another, and in many beds there is
almost no matrix. The conglomerate weathers reddish,
perhaps becaue of alteration along closely spaced zones
of shearing and crushing.

Trace elements in samples from these formations are
given in table 14. The two samples of "altered rock at
thrust failt" are from a prospect at the southeast cor-
ner of Tucki Mountain where the late Paleozoic forma-
tions form the upper plate of a thrust and rest on
Stirling(t) Quartzite.

Several collections of fossils were obtained from the
limestone of Penwylvanian age south of Shoveltown.
7-84. FormatIon A mile southwest of Shoeltown; lmestone

bed n a shaly unit; estimated 2500 ft above base of the
formation. Alt 20D ft. 0.9 mile outh-southwest of SW cor.

e. =3 T. 16 S., . 46 E. Chlozde ClIff quad. California.
Reported ou by Mackenzie Gordon, Jr., as follows:
"Horn coral fragments, Indet.
'This collection is too poor to be of value In dating the

containing bed."

F45. Fsul ds and slelcfld briehlopods from base of the
shale and mestone represented by F4. Acording to L
C. Douglass, this sample contains FusullneUa p. and rep-
resents Mddle Persylvanfsn age.

P47 (191W-PC). Bryowa. from limestone estimated L000
ft thick In the canyon 1 mile south of Shoveltown; fssils
are from the middle of the unit. probably 750 ft above the
base of the limestone. Examined by elen Duncan who
reports as follows:
"The sample collected contains a good deal of echtnoderm

and bryozoan debris. Preservation of the bryosoan material
Is poor, owing to partial llidcfeatlon and recystalllzatlou.
MCost of the fragments that can be Identified as to genus are
Powstella. So far as one can tell from the types of meshwork
noted, several species of the genus are probably represented.
but structural details are not sufliciently well preserved to
furnish data for specife identification. A few examples refer-
able to Polrpora and Ctodictys were found as well as an
Indeterminate rhomboporold and a laminar stullporold.

"The bryozoan material does not furnish objective evidence
tor precise dating. The assemblage of genera might occur any-
where from Devonian to Permian. However, bryozoans are
not known to be prevalent n the Devonian and Lower Mis-
sissIpplan In this part of the Great Basin; and the generic asso-
ciation is one that commonly occurs In the later Mississiplan
and Pennsylvanian. The absence of genera Rkombotrypelf.
Rhomboporells, Ascopors) that are diagnostic of and ery
common In the Middle and Upper Pennsylvanian of the Great
Basin suggests that the Interval may be older-Early Pennsyl-
vanlan or Late Mississippian. With the exception of one genus,
which s not present on your materiaL I have not yet discovered
criteria that can be used to distinguish Late Mississippian from
Early Pennsylvanian bryozoan faunas. On the evidence avall-
able, a Pennsylvanian(?) assignment seems to be a reasonable
ole."

Collections of fossils from the conglomerate in the
northern part of the outcrop belt indicate that it is
mostly of Permian age and that it contains cobbles
ranging in age from Early Mississippian to Late Penn-
sylvanian. The collections were studied by Mackenzie
Gordon and Helen Duncan, who reported on them as
follows:
F4S (17195-PO). Corals, brachlopods, etc., from limestone

breccia probably igh Carboniferous. The hill back of
Shoveltown % mile southwest of SW cor. sec. 33, T. 16 S..
. 48 . Chloride Cliff quad, Cailforaa. Collector. C. B.

Hunt, 1958

Horn corals
Cyvatka'oi p.
S rftmora cf. S. sutos-

kris Girty
Crinoed columnala

Spirifer sp. indet.
Syringothyrold Indet.
Euutedia IV.
PatGycrgs sp.
lsh dentitlon

"This collection no doubt represents a block or blocks of Tl
Mountain Limestone of Early Mississipplan age ncorporatef
In the conglomerate sequence."

P-8 (56-PC). Same location as F-84; loat on hildd,
derived from weathering of 500-ft-thick conglomerate wes
of, and probably aulted against, the block of Pennsylvani
rocks represented by 434 and F-W This oat represent
cobbles from the conglomerate, and the cobbles may hav
a wide range In age. Age of cobbles should be cousidere
separately.
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Brady phyllum p. Spirifer fragments ldet.
Yeokonisckophyllum? Jp. Crurdthyris p.
Zaphrentold coral Indet. Pervispira sp.
Multithecopora? sp. Platcevraa p.
Gonfocladia sp6 Gastropod fragments Indet.
Crinold columnals Trilobite fragments Indet.
Productid fragments Indet.

Another block of crinoidal limestone contains the
following:

Wedekindellins? sp.
'The last block containing small fusultnids that either repre-

sent an advance form of FusuliecUa or n early form of
Wedekindellxoa Indicate according to Raymond Douglass a
Middle Pennsylvanian (Des Moines) age for the limestone
block.

"The major part of the ist Includes forms that are found
both In Pennsylvanian and Permian rocks. According to Helen
Duncan, the bryozoan genus onfocladia generally indicates
Permian age for the rock. Peruvispira I accordLng to Ellis
Yochelson. limited to rocks of Permian age and particularly
to the Lower Permian of present Geological Survey usage
Part of the fauna Is the same as that found In col. F-95 and
a Lower Permian (Wolfeamp) age for It Is therefore Indicated.
P-4 (1999S-P0). Saddle between Shoveltown Ridge a4

Tucki Mtn, southwest corner Chloride Clf quad California.
Scattered loose blocks. Collectors, X. Gordon and C. B.
Hunt, Jan. S,1ML

Fuaufnlelta? uP6 CrInold columnals
Canfnla sp. Indet. Derbya up.
Flstuliporold bryosoan, genus Lixoproductus sp.

and species Indet. Jureafa up.
Fsnestefla? Sp. R hchopora sp.
RAabdomnont? p. Sprifer rockymontanua
PniMopors up. Marcou

Another loose block contains-
Tricwes Sp.

"As these are loose blocks from a conglomerate, they may
be, and In fact sI, n part of different ages. For this reason
the one block with TrMlte i recorded separately. Raymond
Douglass says that this species Is dednitely of Late Pennsyl-
vanian age and probably of Virgil age. he fossils In the list
above e Middle Pennsylvanian In age, possibly Atoka. The
Funlncta? Is associated with the poorly preserved caninold
corals. The Premopors, Lhwprodsctxs, and Ipbfer are asso-
clated In a single block.

"Of the bryozoans, MIs Duncan reports as follows: 'The
only potentially signmla bryosoan s no pore. This
genus ranges from the Devonlan to the Permian, but in the
West its occurrence seems to be condned to the Pennsylvanian
and largely to the Middle Pennsylvantan. Primopon I a
common fosil In the Middle Pennsylvanian of the Rocky
Mountain region, but It is apparently rare In Pennsylvanian
assemblages from the Great Basin. In fact. I believe that this is
the drst time that I have seen the genus In a collection made
west of the Wasatch and Oquirrh Mountains In Utah, and
none are recorded In Gtrty's reports on Carboniferous faunas
from Nevada and California.'

'This collection Is of particular olgnlficance because It dl-
cates that rocks as young as probable Virgil age are Incorpo-
rated as boulders In this congtomerate."

P-45 (19994-PC). Limestone and dolomite beds making up a
unit 330 ft thick the east foot of Tuckl Mtn. on spur about
LOOO ft southeast of SW. cor. see 31. T. 16 ., R. 4 E,
Stovepipe Wells quad.. California. Fusulinids are from
zone 50-100 ft below top of 350-ft section. Collectors.
Mi. Gordon and C. B. Hunt, Jan. 3, 198L

TriUtete up.
Pseudo fuslinefla p.
Cania p.
multithcopors? up.
Trepostomatous bryooan.

genus and species Indet.
Fistuliporold bryozoan.

genus and species Indet.
Crlnold columnals
Small strophomenold

brachlopod, genus and
species Indet

Echinoconchold productid
fragments

Eochiproductus? sp.
(fragments)

Nornldonia? sp.
RAmchopora Bp.
Compouita? up.
Pern pira sp.
Omphalotrocha p.

"Although the Rest Spring Shale on Tuckl Mountain appears
to grade upward Into the overlying conglomerate beds, some-
where there must be a considerable hiatus. This is because
the present evidence indicates that the conglomerate was lad
down larely In Early Permian time, although deposition may
have begun during Late Pennsylvanian. The fossils collected
In place in nonconglomerate beds are of probable Wolfemp
age. Loose blocks from the conglomerate or in doat on its
surface contain fossils as late as probable VlrgI (very Late
Pennsylvanian) age The conglomerate therefore, appears to
be related to the Permian Owens Valley Formation of the Inyo
Range, which likewise contains conglomerate beds, athough
temporally It may be more directly equivalent with the upper
beds of the Keeler Canyon Formation, which underlies the
Owens Valley.

"Rocks of Bird Spring age, a formation wich is roughly
equivalent to the Keeler Canyon, are Incorporated as blacks
In the conglomerate on the east base of Tuck Mountain. The
uppermost Bird Spring may be In part temporaUy equivalent
to the conglomerate. However, It would be misleading to
use the name Bird Spring for the conglomerate as the type
Bird Spring Is a wllbedded limestone sequence. The con-
glomerate on the other hand appears to be tied In with an
orogerde belt that lay to the west and north.

"The fsulllds Tkiotee and PeudotaUeliUa ae forms,
according to Raymond Douglass, that occur In rocks of late
VIrgil to Wolfeamp age. The occurrence of the snails Omphs-
otochua and Pesf pirs in association s, according to Ellis
Tochelson. indicative of Wolfcamp age. Omphauogrochus has
been found also In the Uddenitfe one of Texas, considered by
some geologists to be late Virlgil In age. Pwriapim, however,
has not yet been found as low as the UddeWnte& zone but occr
also In post-Wolfeamp rocks. On these grounds n Early
Permian (Wolfcamp) age for the containing rocks is Indicated
by this collection. Howevr the possibility of a very Late
Pennsylvanian age cannot be dediltely excluded."

Mackenzie Gordon (written commun, 1961) has
added the following comment about the significance of
these collections:

The collections from the great carbonate rock conglomerate
sequence cast considerable light upon Its possible age. The
collection of loose blocks from the saddle north of Shoveltown
RIdge (M-4) Include those of Middle Pennsylvanian and one
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of LAte p'eanyltaan. probably Vrgil age. The collection
(F-95) from the 350-foot section of bedded limestone and
dolomite about 1.500 feet above the base of the formation Is
probably ower Permisa (Wolfcamp) to age. These collec-
tions indicate that the onglomerate did not begin to be de-
posited until very Late Pennsylvanian or perhaps not until
Early Permian time. The nearest contemporaneous equivalent
Is probably the upper part of the Keeler Canyon Formation,
although the conglomeratic aspect Is more like that of the
overlywn Owens Valley Formation.

As noted by Gordon, above, conglomerate like that
at the east foot of Tucki Mountain occurs west of
Death Valley, but to the east the Pennsylvanian and
.Permian formations are limestone with shale. In the
Goodsprings quadrangle, Nevada, the Bird Spring
Formation, comprising a sequence of well-bedded
limestone 2,500 feet thick (Hewett, 1931, p. 21-30), is
Pennsylvanian in age but is thicker in the Las Vegas
quadrangle, where it includes beds of Permian age
(Helen Duncan, written commun., 1964). The name
was extended to an incomplete section of similar rocks of
Pennsylvanian age in the Nopah Range (Hazzard,
1937b, p. 337) and to beds of Pennsylvanian and Per-
mian age aggregating at least 5,000 feet thick in the
northern part of the Panamint Rnge (McAllister,
1956). Merriam and Hall (1957) further revised the
age of the Bird Spring to Late Mississippian to
Permian.

The beds of Pennsylvanian and Permian age in the
northern Panamint Range, according to McAllister
(1956), consist largely of limestone and shale, but lo-
cally there is a lenticular conglomerate several hundred
feet thick. In the southern part of the Panamint Range,
in Butte Valley 35 miles south of Tucki Mountain,
Permian rocks, 4,100 feet thick, also consist of limestone
and shale, but they are apparently without conglomer-
ate (Johnson, 1957, p. 382-83). The dominance of
limestone and scarcity of shale in the formations at the
east foot of Tucki Mountain may be due to squeezing
out of the incompetent beds because of the severe de-
formation there.

Westward from Death Valley the formations equiva-
lent to those at the east foot of Tucki Mountain are in-
creasingly conglomeratic (Merriam and Hall, 1957, p.
4; Hall and MacKevett, 1958, p. 9-10; Bowen, 1954,
p. .3-42).

The relationships of the conglomerates northward
and southward along the Panamint Range and east-
ward and westward from there need study, not only
for dating the onset of the deformation they record
but for determining whether some of the mountain
blocks have been moved long distances from their
original position. As brought out in the section on
"Structural geology" (p. A142),the Pennsylvanian and

Permian formations at the east foot of Tucki Mountain
have been thrust some miles westward along the Tucki
Mountain thrust fault. Perhaps the position from
which the fault moved them was not their original
position either.

These conglomerates of Permian age are intermediate
in type between those of the older Paleozoics and those
of the Triassic in this region.

TRIASSIC YSTEM

Rocks of Triassic age are not represented in the area
covered by this report, but they are exposed in Warm
Spring Canyon and Butte Valley only 1 mile to the
south. There carbonate rocks of Permian age are over-
lain by metasediments and volcanic rocks aggregating
8,000 feet thick and containing fossils suggestive of an
Early Triassic age (Johnson, 1957, p. 384.388). Trias-
sic sedimentary rocks largely of volcanic origin also
are known farther west, in the Inyo Mountains (Kirk,
in Knopf, 1918, p. 4748), to the south in Soda Moun-
tains (Grose, 1959, p. 1523), and to the southeast in the
Providence Mountains (Hazzard, 1987a, p. 329).

The Triassic rocks record a striking change in kind
of sediments being deposited and in the location and
trend of the troughs in which the sediments were de-
posited. The Triassic troughs apparently trended
northwest at about the position of the Precambrian
trough, and these may have become the site of the Sierra
Nevada batholith. The troughs containing the Paleo-
zoic carbonate formations trend north into the Great
Basin.

CRETACEOUS OR TRTIARY 8Y8TEX

GILNMiTC INTRUSIONS

Death Valley is at the northeast edge of a belt of
isolated granitic intrusions like the grmnitic plutons
composing the Sierra Nevada batholith and are evi-
dently eastern satellites of it. Three granitic intrusions
in the Death Valley area, referred to as the granites at
Skidoo and at Hanaupah Canyon, and another in the
Amargosa thrust complex, seem to be floored intra-
sions that spread laterally, probably along thrust faults,
and made the space they occupy by doming the upper
plates of the thrust. These intrusions are mostly quartz
monzonite and represent one of the more potassic types
of the batholith. They are younger than the batholith
and are closely related to, and only slightly earlier than,
the volcanism in Death Valley, which is Tertiary.'

These intrusions are described on page 120ff.

TSlc tba mnusript was pred. kld-lhD e deterzinatlons
on ao from one t theme ItruaoWu. and potmium-argou deter-

tuuoan on their feldsparm nte that thes ttrutons probably
ae Wildle Torta (T. W. Stem. written emmzu 13).
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CHEAOTIC COUPLE= AL40OGTH A)UAZGOGA THRU&T

FAULT

The relation of the granites to the thrust faults and
to the volcanics is best shown along the east foot of the
Panamint Range between Starvation Canyon and
Blackwater Wash, where a complex of many kinds of
igneous, metamorphic, and sedimentary rocks occurs
along the outcrop belt of a thrust fault. The fault is
probably the westward extension of the Amargosa
thrust, and the rocks along it are referred to informally
as the chaotic complex along the Amargosa thrust
fault, or, for short, as the Amargosa thrust complex;
they are described on page 12 E.

TETILRZY SYTK

The volcanic rocks in the Amargosa thrust complex
closely resemble some of the Tertiary formations to the
east and north of Death Valley and are probably part
of the same volcanic sequence: The Tertiary formations
east of Death Valley include the chaos" and related
formations along the Amargosa thrust fault at the south
end of the Black Mountains (Noble, 1941) and a thick
sequence of volcanics that grade northward into playa
deposits at the north end of the mountains. TIe playa
deposits and interbedded volcanics dip northward off
the Black Mountains and under a syncline separating
the Black and Funeral Mountains. Where the fornsa-
tions rise again on the flank of the Funeral Mountains,
they resemble the Titus Canyon Formation (Oligocene)
of Stock and Bode (1935) and are tentatively correlated
with it. The youngest of the Tertiary deposits are
mostly playa deposits and are of Pliocene age.

FOMUTIO N XX 1 TI ACK COVRTAX

Tertiary formations in the Black Mountains have
been studied and reported on by Noble (1941), Curry
(1939, 1954), and Drewes (193), and by J. F. McAl-
lister (written commune, 1960). Thes formations were
given little attention by me, and the descriptions that
follow an summarized from the work of the others.

At the south end of the Black Mountains, in the
Virgin Springs district (Noble, 1941), the Tertiary
rocks include conglomerate, fanglomerate, shale, fresh.
water limestone, rydlite, quartz latite, mndesite, and
tuff. These rocks originally were part of a volcanic and
sedimentary sequence like that at the north end of the
Black Mountains, but they now are masses in a breccia,
the "chaos," along the Amnargoia thrust fault. With
these Tertiary roek are blocks of late Precambrian
sedimentary formations and breccia of Tertiary(I)
granite, and the whole has been thrust onto Precam-
brian gneiss and other metamorphic rocks.

Individual blocks in the breccia may be as long as
_s 1,000 feet and as thick as 300 feet. They are thrust one

on the other, giving a shingled structure that dips east.
The thrust was towards the west-towards the Pan-
amint Range.

Tertiary formations at the north end of the Black
Mountains have an aggregate thickness of at least
13,000 feet. They overlap and are faulted against Pre-
cambrian gneiss at a turtleback above Badwater (fig.
38). The Tertiary formations consist of volcanic rocks
and sedimentary rocks. The percentage of sedimentary
rocks increases northward.

The Precambrian gneiss under the turtleback surface
is cut by a swarm of Tertiary dikes (Curry, 1954) trend-
ing N. 300 E. In places their volume exceeds that of the
gneiss. These dikes do not extend into the upper plate.
They are restricted to the gnciss underlying the turtle-
back surface and seem to be sheared-off feeders to vol-
canic rocks that once reached higher levels (Curry,
1954, p. 57).

The Tertiary formations north of the Badwater
turtleback can be divided into an older set of deposits,
the Artist Drive Formation I of Noble and Wright
(1954) (Oligocene( 1) to eaty Pliocene) and a younger
set, the Furnace Creek Formation (Pliocene). For
about 2 miles north from the turtlebacks, the Artist
Drive of Noble and Wright is largely volcanic rocks,
mostly felsitic flows, lapilli tuffs, and some explosion
breccias (fig. 39). The lower 4,000 feet is dark-purple
felsite; the upper 1,000 feet is variegated felsite and
white tuffs. Northward the volcanic members thin and
the sedimentary members thicken. A partial section
across the upper 1,000 feet of the formations, where they
consist of both volcanic and sedimentary units, shows
the following:

Parta section, upper part of formation i the Artists Drive
ure at de above Artats Palette nd above the K of
to Mule ream canyo

Top Tan plan beds.
Conglomerate; Includes cobbles of granite, upper

Paleozoic rocks, and volecsn --..-.... 50
Basalt.. 125
Purple and green, calico" beds; mostly olcanle-derived

play depadte _______________ 100
Tan pin beds____ _--_-__ ------_ 125
Red felvite......._...... 250
Banlt 75
Bed felite and greenish; probably volcanic-derved play

beds 300
T py bed_ _ _ _ _ 250
Base Baalt and other dark layers Inerbedded with tan

playa beds

aSThe Met PIM Am, s aroved on lffiial save *f Me U.S.
Geoloe ure. to Artists D*ite. Prefemd loW =ug Ith suid-
ias n I saopsttn place anes s ina the Possesie. Atsts Drive.
A used or4giall by Noble (4). Artist Is the daeinar; coase-
quentIa. the foru formtIon amer ntains ts peflha.
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yrn $S-Goloulc Ap o Radwat tebafk and adjcent ana. Tro Cur", 1954L
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Trace elements in volcanic rocks from the Artists
Drive area are given in table 15. The amounts and
proportions are similar to those in the felsitic rocks
along the foot of the Panamint Range northward from
Death Valley Canyon to Tucki Wash (table 26), part
of which is dated by the potassium-argon method as
late Miocene and by lead-alpha age determinations on
the zircon in these rocks as middle Tertiary (T. W.
Stern, written commun.. 1965). hey also resemble the
tuffs in the Titus Canyon () Formation of Stock and
Bode (1935) (table 16).

TzLrz 15.-Trace daelents in olcanic rocks in Oas Artsts Drive
arma

atotograplile analtvl I L .Cools U.. 0.1. Surt ey.Vshtz h pI = ps Dll lon. pt ulg. wh k npce ti

Ficua 39.-Mlerographs of thin section of felite
(A) and esploelon breccla () from the Artist
Drive Formation. The tetelts bas phenocrysts of
oligolas (0). magnetite (M). and a much-altered
mineral, probably originally blotltt (s) In a glaisy
gronudmass containing microltes of ollgoclase and
tiny spects of tely dsseminated Iron oide
which colors this folsite red. The explosion brec-
di consist of harply outlined randomly oriented
fragments of glassy rocks In a glassy matrix
spotted and streaked bright red and yellow.
Diameter toeld, 25 mm.

The sedimentary deposits are mostly fine-grained
elastics, probably plays deposits The conglomerates,
as much as 100 feet thick, contain cobbles of granite and
some fossiliferous late Paleozoic formations as well as
volcaziics.

The nearest area having late Paleozoic formations
and granite is to the northwest, croms Death Valley, in
the northern part of the Panamint Range. Moreover,
because some conglomerates thin and become finer
grained southeastward, as they rise onto the Black
Mountains, it seems likely that the late Paleozoic and
granite cobbles were brought from the northwest. The
volcanic cobbles came probably from the Black Moun-
tains because the sedimentary beds intertongue south-
eastward with volcanics which are quite like those oc-
curring as cobbles. Probably, therefore, at the time the
formations in the Artists Drive area were accumulating,
the site of the north end of the Black Mountains was a
low area. To the southeast was higher ground where
volcanics were accumulating and perhaps being raised
structurally as welL To the northwest, across Death
Valley, there already were mountains at the site of
the northern part of the Panamint Range.

hrot Purplez~ament Rhyouts ealocursts 6b te

Pb - 20 20 20
Imn - 200 200 300-
Cu -_----------30 10 15
Zr -_----___ ---- 200 150 300
Ni -20 10 30
Co - _ 5 
V-_-_-_-_-_--20 15 50
Y--_-_-_15 10 15
Be- -_----- < 1 < 1 < I
T-3,000 2,000 2,000
B--_-_-_-_ -_-_-__ 100 50 70
La -0 50 70
Se_ _----- <10 <10 <10
Cr-50 20 70
Ba - 1,000 1,000 1,000
Sr -.------. 300 300 300
Mg -0------ - 0.5 0.7 0. 5

Now-a a showed <As Zwa. Su<10 Ge<= Cd(80 31<10;
I.<1 5b<,5TleOC Nb3O; Tsa WC

At the north end of the Black Mountains the forma-
tions in the Artists Drive area are overlain unconform-
ably by the Furnace Creek Formation of Pliocene age.

The age of the greater part of the formations in the
Artists Drive area and to the north is in doubt, but the
uppermost tongue of plays beds in the Artist Drive
Formation has yielded diatoms indicating an early Plio-
cene age. The fossils were obtained by K. E. Lohman
(written commun., 1961), of the US. Geological Sur-
vey, who has reported as follows:
Zoo. *967. Hard tu limestone trom center of WNEtI ec

T. T. 26 A., E. 2 En, Furnace Creek 15-mInute quad ASigned
to early Pliocene on basis of Incomplete, partly altered diatom
asemblage

The formations in the Artists Drive area also are
represented in several large downfaulted blocks in a
belt 10 miles long and 2 miles wide at the foot of the
Black Mountains north of the Badwater turtleback.
The exposed beds, like those in the Black Mountains,
are volcanic towards the south, and interbedded vol-
canic and sedimentary rocks at the north. They are
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from the upper part of the formations, and the displace-
ment must be about 5,000 feet down towards Death
Valley. If the Tertiary formations were as resistant
to erosion as the Precambrian gneiss, this purt of the
front of the Black Mountains would also be a turtleback
surface.

These downfaulted blocks in the Artists Drive area
are overlapped unconformably by the Pliocene and
early Pleistocene( 1) Funeral Formation and basalts
interbedded with it.

FORMATIONS AdOU" COTONDAZZ BASIN

Tertiary formations around Cottonball Basin at the
north end of the Death Valley saltpan range probably
from Oligocene to Pliocene. They occur in fault blocks
protruding through and largely concealed by the Qua-
ternary fan gravels. No fossils were found, and the
outcrops are too isolated for satisfactory reconstruction
of a stratigraphic succession. The stratigmphy of
these deposits is uncertain; the structural geology neces-
sarily even more so.

The deposits are in three principal belts (fig. 40).
At the north, between the Mit Fox Hills and the Funeral
Mountains and extending southeast in a narrow belt
along the fault at the foot of the Funeral Mountains,
are elastic deposits believed to correlate with the Titus
Canyon Formation of Stock and Bode (1935) and ac-
cordingly thought to be Oligocene. Deposits believed
to be somewhat younger, perhaps Miocene, form an in-
termediate belt at the Kit Fox Hills and southeastward
along the northeast side of Cottonball Basin. The third
belt extends northwest and southeast from Cottonball
Basin and is represented by the Furnace Creek Forma-
tion of Pliocene age.

OZIGOCmZa(l) 1O1X*ZONS

Shale, sandstone, grit, and conglomerate thought to
correlate with the Titus Canyon Formation of Stock
and Bode (1935) from isolated hits protruding through
the Quaternary fan gravels between the Kit Fox Hills
and Funeral Mountains. These beds also occur in a
narrow belt along the fault at the foot of the Funeral
Mountains and on a turtleback fault surface on Pale-
ozoic formations in the southern part of the Funeral
Mountains. Most of the formation is dark red or dark
brown; many clayey beds are light green. The bedding
is highly lenticular. The total thickness of the Titus
Canyon(?) Formation in these areas can only be
guessed, because the outcrops are not continuous and
the formation is very much faulted. At least 1,500 feet
of beds is exposed, and the total thickness may greatly
exceed this. -

Of the several kinds of lithologies that are included
in the formation, three are distinctive: conglomerates
in which the cobbles are fractured; green clayey and
silty beds that contrast strikingly with the enclosing
thicker and more coarsely elastic beds; and a bright-red
conglomerate along the faults at the foot of the Funeral
Mountains.

The conglomerate having fractured cobbles occurs in
beds 10-25 feet thick at many horizons through the
middle 1,000 feet of the formation. Cobbles are as much
as 6 inches in diameter and are displaced as much as
one-fourth inch by fractures oriented normal to the
bedding. Many of the fractures are healed, and the
fractured cobbles can be removed intact. The fractured
cobbles may touch one another, or they may be isolated
in a matrix of gritty silt (fig. 41).

The distinctive greenish clayey beds, mostly less than
10 fet thick, are tuffaceous (fig. 42). They are con-
spicuous because most of the formation is dark red or
dark brown.

The red conglomerate and sandstone is at least 500
feet thick and occurs along the faults at the foot of the
Funeral Mountains. The conglomerate contains well-
rounded cobbles and pebbles of quartzite along with
the more angular boulders of limestone and dolomite.
It is faulted against the Cambrian and Precambrian
formations that form the foot of the mountain. The
reddening may be due to hydrothermal alteration along
the fault zone.

The following is a typical but partial section of the
Titus Canyon( 1) Formation:

Partial section, Ttus Canyon(?) Foratlo masured about
midway between te Mt Foo HO* and uneral NountaSw

Top covered. About 150 ft of beds lke units 1 and 2 up
to top of this member.

L Sandstone, gritty, with scattered cobbles; some cobbles
as much as 8 n. In diameter; weathers dark brown.

2. Interbedded tan sltstone and dark-brown grit and
cobble conglomerate. Cobbles as much as In. in
diameter; ractured. Some tuff.-----____-

& Sandstone, gritty, with scattered cobbles; some cobbles
as much as 3 In. In diameter; weathers dark brown__

4. Tan beds like unlt 2 ---------------------
5 Grit. sandstone, and conglomerate with pebbles as much

as 2 In. In diameter of quartz, quartzite, carbonate
rocks, black chert; no pebbles of volcanic rocks; dark
brown. Possible tuff layers. Thin beds; apparently
some Interbeds of greenish shale---- --.---------

6 Greenish shale In beds 5-10 ft thick with - to 6-In
beds of tan limestone and silt and a bed of reddish
cemented clay or silt-----------

T. LIke unit 5; weathers dark brown but is gray on fresh
fracture. Across wash to southeast the top of this
units Is cut off discordantly by unit 6; this may be
a dat fault and not an unconfority------------

Feet
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Foras 41.-Vkew of fatured obhe conglomerate in the Titus Canyon(?) Formation of Stock and Bode (1933). Te racturee extend
through the eobbles and some cross trom one cobble b another. They an oriented at right angles to the beddla, which approzilately
partalleis the elongation of the obbles. Dplacemeuts along the fractures are motly Ie than a quarter of an Inch.

Partial ectiof, Tius Caueoa(1) Formtfo, measured about
nidway befte~e Me Kit-Foe HEU ea PuwS 3rountans-
Continued

. Interbedded sandstone, grit. shale, and A conglom-
erate. Pebbles of Precambrian rocks as much as
% In. in dmeter Gny unit with salt-and-pepper
appearance -- -------- _----------

9. Conglomerate, with fractured cobbles as large as 6 In.
Brown sandstone abore and below -----------------

Bue concealed.

Yos*

25

15

sand, in part limy, and very well bedded-even lam-
inated. Dominant colors are yellow and light green.
Other beds are platy limestone, mostly brownish, but
some are light gray. All these beds are cut by veinlets
of gypsum and anhydrite.

Along the northeast side of the Kit Fox Hills the tex-
ture of these beds ranges from clay to medium sand.
The sandy beds are thickest, some are 8 inches thick;
the clay stains blue when tested with benzidine, and ap-
parently is a montmorillonite. Colors are mostly pastel
shades of lavender, brown, and red. Overlying these
beds are red and buff sandy beds at the base of the buff
conglomerate forming the Kit Fox Hills and mapped
as Miocene(l).

The uppermost beds in the Titus Canyon(?I) Frmna-
tion, estimated to be about 500 feet thick, are light
colored and fine grained. The beds are mostly silt and
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TAILz 16.--Trace elements beds co at wai LA Tu
Canyon(?) Formation of Stock and Bode (1935)

(fern antitalve spctrgin raphib analywse, by . . C moy, a. ol Suey.
vins. n part per M , excep tvs which b gie In perenti

rViurv 42.-Uicroaph of thin section of greenish
clay from the Titus Canyon (?) trmation of Stock
and Bode (1935). Dameter of field. 2.5 mm.
Well-rounded mIcrocrystallue rains probably
chalcedony (C) ave cryptocryatalline (or pos-
sibly argllsed glass?) rs. Rounded quarts
grains () and some feldspar (F) occur in the
groundlmass; some. like the example In the north-
east quadrant, are surrounded by Icroerystillne
material that surrounded by an irregular discon-
tinuous rim of highly birefricent material. prob-
ably a cla mineral (black reas). Scattered
through the rock are Isotropic shards (S) ; ma
of thse now an olas through the side as If their
glass had been removed by solution. Some rounded
gnins (not shown) are greenish and might be
pollen. but more likely they are stained rimon o
grans of chalcedony.

In brief, the lowest part of the Titus Canyon(?) For-
mation appears to be fanglomerate. The middle part
contains conglomerate interbedded with fine-grained
beds. The upper part seems to be largely a plays
deposit.

Some analyses of trace elements in beds of the Titus
Canyon( l) Formation are given in table 16. The tuff
is similar to the volcanics in the Artists Drive Forma-
tion (table 15).

As noted by Noble and Wright (1954, p. 149), these
beds are similar to the Titus Canyon Formation which,
in the Grapevine Mountains north of this area, has
yielded Oligocene vertebrate fossils (Stock and Bode,
1935). The beds probably also crrelate with the lower
part of the formtions in the Artists Drive area (Noble
and Wright, 1954, p. 149) in the northern part of the
Black Mountains.

The faults along the foot of the Funeral Mountains
north of Echo Mountain dip 250400 towards Death
Valley. The Titus Canyon(?) Formation was de-
posited against the fault surface and subsequently
faulted down against it.

IOO1ZNz(f) ORIANTZoU
Tertiary deposits in the Kit Fox Hills and in the

fault blocks southeastward to the foot of the Funeral
776-623 0--

Kisment Onensh byS Tod

Pb -_------ 50 70 10 20
bin ,,,,,,,,, 150 500 200 700
Cu - 70 100 5 100
Zr - oo500 300 300 100
Ni- --------- <5 50 5 10
Co - .....-- <10 10 <10 10
V -_------------ 30 200 10 100
Y- - . 100 50 20 20
Be - _ I 1 1 <1
TL -- 3,000 7,000 2,000 3,000
B- - _ 200 700 200 100
La -so 0 so <s0
Be - <10 20 <10 <10
Cr - 20 150 10 70
Ba - 700 700 500 2,000
Sr-300 300 70 1,000
Mg-15 0.3 5

Note-A A Aples shoed: <00; So <10; Go <10; as <20; Cd <10; In
<10; Sb <20; T <M10; T <0t W <a0; Ag <1.

Mountains constitute an intermediate belt between the
outcrops of the Titus Canyon(?) Formation of Stock
and Bode (1935) and those of the Furnace Creek For-
mation (fig. 40). The deposits, estimated to aggregate
about 4,000 feet thick, are thought to overlie the Titus
Canyon(?) Formation and to underlie the Furnace
Creek Formation, but because of the faulting, this se-
quential relationship has not been established, and the
stratigraphic position is assumed.

The color of these deposits tends towards buff and
light red; it is suggestive of coarse facies of the Muddy
Creek Formation-which is considered to be of Plio-
cene(?) age and which is extensive east of Death Val-
ley. The Titus Canyon(?) Formation tends to be much
darker, and the Furnace Creek Formation tends to be
much lighter.

In the Kit Fox Hills the deposits are mostly reddish
conglomerate containing quartzite and chert cobbles.
Limestons, dolomite, and volcanic cobbles make up a
minor part. A pebble count near the north side of the
hills showed the following percentages: Red and pur-
ple quartzite and chert, 40; sandstone, 40; shale, 10;
schist, 5; other, 5. This suggests a source in the north-
ern part of the Funeral Mountains.

Along the south side of the Kit Fox Hills the felsite
cobbles increase to about 15 percent, and limestone and
dolomite to about 10 percent. Southeastward along the
Kit Fox Hills the volcanic rocks in the cobbles increase
to 35 percent; at one place a count showed 60 percent
volcanic rocks. The other materials are chiefly quartz-
ite and chert rather than carbonate rocks.
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Northwestwrd the lower part of the conglomerate
grades into fine-graimed sedimentary deposits, and this,
too, suggests a source to the northeast. Probably the
conglomerate was thin, if ever present, northeastward
across the belt of the Titus Canyon(1) Formation.
Very possibly that area was a pediment that ended along
a southward-facing fault scarp at about the position of
the present northeast-facing edge of the Kit Fox Hills;
if so that area could have been -bypassed by the Mio.
cene(t) deposits.

Along the northeast side of Cottonball Basin arm three
bare hills of red conglomerate similar to that in the Kit
Fox Hills. The conglomerate is about 1,400 feet thick
at the southeasternmost hill, 1,000 feet thick at the mid-
dle one, and about 900 feet thick at the northwest one.
lhree-quarters of the cobbles and pebbles are quartzite
and chert; the remainder are volcanics and carbonate
rockL This conglomerate, like that in the Kit Fox
Hills, probably was derived from the northern part of
the Funeral Mountains. Fossilifeus limestone and
dolomite from the Paleozoic formations, which com-
pose a large fraction of the conglomerates in the Fzr-
nace Creek Formation, are notably lacking in these
Miocene(t) deposits.

This conglomerate is overlain by about 350 feet of
white and gray tufaceous beds containing thin reddish
beds with pebbles, perhaps reworked from the conglom-
erate and marking n unconformity. Overlying
these beds and marking the top of the deposits mapped
as Miocene(1) is a brown sandstone unit about 1,500
feet thick.

The brown sandstone unit consists of brown limy
grit, limy mand, friable sandstone, thin-bedded lme-
stone, and a little greenish silt and shale. A few layes
ae pebbly. Limy beds ar a few inches thick and arm
strikingly ripple marke Sandy beds are 1-8 feet
thicl Figure 41D is a micrograph of a thin section
of a limy sandstone bed. unidentifiable stem frag-
ments of monootyledonous plants ars common, and
anial tracks have been reported in these brown beds
(IL D. Curry, oral commun. 1960), but no identifiable
fossils have been found.

The light-colored tufaceous beds and the brown sandy
beds that overlie the conglomerates and thai have been
taken as the top of the deposits mapped as Miocene( i)
are transitional between the Miocene( ) and Furnace
Creek Formation. They could as well have been in-
cluded with the Furnace Creek FormationL

Underlying the conglomerate that forms the bare hills
noheast of Cottonball Basin, and between those hills

and the Funeral Mountains, is a series of sandy
tuffaceous beds aggregating about 3,000 feet thick.
section northeastward from Cottonball Basin shows
following:

A

B

C

D

hcas 4.-MWcrraha of t2i seedous of sedimentsar
trck f XiKceu*(1) formatons northea of Cot-
toubaLl Basin 4uarz; . teldgpers; . horoblende;
a. blote; C. ealclte; t. Volcanic rock; qM quartelte;
, limestone or dolomite Diameter of Lelds, 25 mm.

A. Crystal tar from oer Pt of the Miocene)
beds. The matrix PA Welte. Am gla fra to, and
clar. Crrstals ae quartz. feldspar. blotte. and
fragments of glay Volcanic rocks. . Claer tntff.
£eetangulsr eltals are m052y feldspar. some mica

5hards of lae are anular. Matrix ela7. 0. Arkose
&om near the middle of the KlocenelO) formadtons
Differs from A In eaving srar varlety of volcanic
rock fragments. quartate limestone or dolomite, both
argtllsed rtbodase and pagiocas feldspar; also
has quartz and blote. Matrix ult7 da. D. rown
cIcareous eandstno at top o the locenef ?) form-
tons. Grains ar quartz, argillized orthoclas mlcro
dine. and plasiodase feldspar. ornbleade. botit
Dmestone or dolomIte quartzite. volani rks eW
sTom kinds. Matrix Is ealareou ew. -
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Sectoi norteastwoard from VlttonbaU Basin to the Funerau
Mouantains

Top. Red conglomerate forming bare hills at northeast
edge of the asn 000-1,400

1. White and light-gray tuffaceous sandstone, some grit.
very ltUe conglomerate; pebbles Isolated from one
another. Beds 1-2 ft thik and well laminted- 450

2. Brown limy sandstone, grit, conglomerate, and Inter-
bedded tuiftceoes sandstone. Brown Ilmy beds com-
pris about hl the unit; they are resistant and
form the most consPlcuous outcrovs. Conglomerate
beds are pebbly. with only a few cobbles. Pebbles
are well rounded. partly polished; mostly various
kinds of felsite and not many ar of PrecambrIan or
Pfleozolc n 800

3. Buff and yellow arkogie sand and silt (fig. 430), some
thin beds of gray tuffavous sandstone. Well bedded
and finely laminated .-- .----..--.----. - 600

4. Conglomerate, reddish; subround and subangular
pebbles, cobbles, and boulders as much a 5 ft In dia.
meter; boulders larger than 2oft not common; most
large boulders are a banded purple quartzlte con-
taining quartz veins as wide as % Inh; also present
are cobbles of bull quartz. Source evidently was the
Chloride Cliff district In the Funeral Mountains.
-Other materials Include red and green banded quart.
site, sandy dolomite. Sorting poor; beds are 14- ft
thick and contain all izes of materials. Many
boulders ad cobbles are ulabby; their long axe par
aRiel the bedding. Estimated size proportions: 15
percent larger than 6 In.; 45 percent 1-8 In.; 40 per-
cent less than 1 In., Including maytrlx -------- - 1,000

The conglomerate at the base of the section is a resist-
ant unit that forms hills along the foot of the Funeral
Mountains and in places lies against the frontal fault.
Away from the fault the conglomerate seems to grade
into and be intertongued with red sandstone that is in
part tuffaceous (fig. 43A, B). The tufa us layers a
as much as 5 inches thick and an' separated by beds of
fine-grained sandstone %-2 inches thick The sand-
stone contains shale lamie and is silty; it grades
downward into light-eolored beds thought to be the
upper unit of the Titus Canyon(t) Formation.

The composition of the tuffaceous rocks varies widely,
depending on the proportion of volcanic debris to the
clastics from the Precambrian. In table 17 the contrast
is illustrated by analyses of three random samples from
this part of the section.

In the Artists Drive area and in the Amaosa thrust
complex the tuff differs in composition from the felsites,
being notably higher in strontium and lower in tita-
nium. Systematic chemical analyses of these volcanic
ros might help determine whether they are more
closely related to those in the Amargosa thrust complex
in the Black Mountains or to those in the rhyolite
district northeast of the Funeral Mountains.

TAsLz 17.-Trace dements i s Micene(?) dposit
(Bemlqm~tw Ipbb lple 7 b- 3. V. hl, U.S. s. 

Vimua In pam pe mIll. Cret g which Xs ss In peti

Tan limy
TufE - sandstone

Element ceos Tuff at top
sandstone of for-

mation

Pb - 15 10 20
Mn _- - 1,000 50 1,000
Cu - 30 10 70
Zr - 200 50 300
NL- -_____----__----___ 20 <5 10
Co ___-- _ 7 <5 10
V----------------I-- 70 10 10o
Y __ 20 10 s0
Be- - ____--___--_ <1 1 <1
T1 - 5,000 700 5,000
B----------------------- 100 70 100
Lan .-- _50 <50 50
Be_----------- 10 < 10 10
Cr- -__--_-- _ 70 15 20
BEa - _ __ -_-_ - 500 300 1,500
Sr- - _-_-___- 300 1,000 700
mg------------------L 0. 5 3

Ko.-AfUsmPlthawod: A!=Oa znl<en; IM<1P a<=; a,<So Cd<W0
3k<eW;In Sb<aW T<n N< Ta<; wO. '

Despite uncertainties, the stratigraphy of these Mio-
cene(l) deposits around Cottonball Basin does help
in interpreting the structural history. The northwest-
trending Furnace Creek fault zone is suspected to have
had considerable lateral displacement (Noble and
Wright, 1954, p. 153) ,but these Miocene( ?) deposits are
not offset laterally from their probable sourve in the
Funeral Mountains. However, there may have been
lateral displacement along faults farther to the south-
west.

InToCZZ rsT1oNs

Pliocene deposits are represented by the Furnace
Creek Formation, which outcrops at the north end of
the Black Mountains and northward from there to the
fault along the southwest side of the Miocene(t) de-
posits (fig. 40). The formation probably underlies
Cottonball Basin, for it reappears northwest of there
in the anticlinal uplift at the Salt Creek Hills.

At the north end of the Black Mountains the forma-
tion is more than 5,000 feet thick and consists in large
part of fine-grained light-colored playa deposits (fig.
44). Interbedded with the playa deposits are con-
glomerates and some basalts.

The formation consists of a basal conglomerate of

variable thickness, but averaging perhaps 200 feet, over-
lain by 2,500 feet of light-colored fine-grained play&

beds. Some of these beds are highly tuffaceous; others

are elastic sand or silt (fig. 45). Interbedded with these
are bsalts and conglomerate beds. Some of the latter

thicken westward toward the west front of the Black
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Mountain& The playa beds are overlain by the con-
glomerate seen at the right side of figure 44. This con-
glomerate reaches a mazimn thickness of about 2,000
feet at the mouth of Furnace Creek. It is overlain by
another series of playa beds about 1,300 feet thicL
Younger units of the formation, if any, are concedled
under the Pliocene and Pleistocene( I) Funeral For-
mation in the trough of the Texas Spring yndline
(fig. 40).

The basal conglomerate is composed mostly of cob-
bles of Palezoic limestone and dolomite, and there are
boulders as much as a foot in diameter. Among these
cobbles are fossiliferoas rocks from upper Paleozoic
formations-fusulinid limestone from Pennsylvanian or
Permisn formaions; granular limestone containing
large crinoid fragments, almost certainly from the Tin
Mountain Limestore or younger limestone; black do-
lomite like that of the Tin Mountain; and limestone
containing Cyrtoarifer from the Lost Burro Forma-
tion. These fossiliferous cobbles may have been brought
from the northwest, possibly from Tucki Mountain but
more likely from farther north in the Panamint Range.
About 65 percent of the cobbles are Paleozoic carbonate
rocks; 10 percent are quartzite, 20 percent are volcanics,
and a few percent are granite and miscellaneous other
types.- The granite does not look like the granites at

oon 4-vt of ran Creek romton at aorth end of 
Sleek Mountains. View X outhweut and wAt from Zabriskie Polt
an eertook by ERghwa 10 about mfle p rnae Creek Ws
from Furnate Creek Inn. The ban of the urace Creek Torn
.Uon fs at the topogaphc brak between e badlanda and tt
ougher and hihr round In the dlutance at the t gh

Skidoo or al Eanaupsh Canyon, and it is different i
its trace elements. It contains a tenth as much lead an
five times as much copper as do the Skidoo and Hi
naupab granites. Its content of zirconium is only
fifth as great, and it contains 10 times as much boro
10 times as much strontium, 4 times as much vanadiu
and cobalt, and twice as much nickel as do the oth
granites

The percentage of volcanic rocks among the cobbi
is low, considering that this basal conglomerate unco
formably ovUps volcanic and other deposits of fc
mations in the Artists Drive area. The proportion
volcanic rocks may increase southeastward, but su
change was not determined.

Whereas the basal conglomerate of the Furnace Cre
Formation seems to have been derived in large x
from the northwest, the conglomerate that outcrops
the mouth of Furnace Creek Wash and caps the lov
plays beds member of the formation, seems to have bx
derived mostly from the Black and Funeral Mountai
This conglomerate thins southeastward. At the mot
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colored plan beds about 00 fet thick atend to the base Of a con-
glomerate which forms the dark cli at the right The beds are dip-
ping to the right (north) Into the Ter Spring Iclny Center
of the picture looks west across Death Valley to the Penamint lange
at Agucreberry Point; Tucki Mountain to at the ight Panomma
by John Sta.

of Furnace Creek it is 1,800 feet thick Two miles
southeast from there it is 1,600 feet thick, and in an-
other 2 miles it is only 1,000 feet thick.

On the other hand, the proportion of volcanic rocks
in the conglomerate increases southeastward as the con-
glomerate thins, from 10 percent at the mouth of Fur-
nace Creek to 20 percent where the formation is 1,600
feet thick and to 40 percent when the thickness is down
to 1,000 feet The proportion of quartzite and carbon-
ate rocks changes irregularly. -At the mouth of Fur-
nace Creek there is 75 percent carbonate and 15 percent
quartzite and other clastics; 2 miles southeastward the
percentages are 30 and 45, respectively; and where the
formation is 1,000 feet thick, the percentages are 50 and
10. These rocks look like early Paleozoic types and
probably came from the southern part of the Funeral
Mountains.

Another conglomerate, perhaps 200 feet thick, is
found along the west front of the Black Mountains in
the playa beds about half way between the basalt con-
glomerate and the one that crops out at the mouth of
Furnace Creek. This conglomerate is composed very

largely of volcanic debris and thins southeastward, as
if from a source at the site of Death Valley, or & source
west of the valley, perhaps, in the Amargosa thrust
complex.

The contrast in sources of the different materials also
shows well in some of the fine-grained plays beds(fig.
45). Some of these beds are largely of volcanic ma-
terials; others are largely from Precambrian or Paleo-
zoic formations

Probably there was a plays elongated northwestward
at the present site of the north end of the Black Moun-
tains, formerly the north base of a pile of felsitic
volcanics (formations at Artists Drive) that had ac-
cumulated on the Precambrian rocks farther south in
the Black Mountains. Most of the fine-grained sedi-
ments deposited in the plays were derived from the vol-
canic pile to the south, but deposition was interrupted
by influxes of coarse gravels from the northwest, pre-
sumably in response to structural movements in that
area. During the second half of the time represented
by the Furnace Creek Formation an increasing amount
of sediment was brought from the south end of the
Funeral Mountains.

Leral changes in thickness and geochemistry of the
plays beds suggest that the central part of the Pliocene
plays was a short distance east of the present edge of
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ITAar~z 18-Tmce elemente in the Furnace Creek Formaion
8eml~teda ~s~oaphlcnais i. F Cols. VAS Oseo. 5mwvr

`_qVsh1 n =t ginmldm.am tlh bgwnIn pwtjq

M

shq

M 45.-3IcrogPhs Of thin ctOS Of Pla d-
peosts In the fnea Creek Formation. 0 qrtz;
F. fdsr; . blotits; . magnetite; 0. Volcanic s12m:
etz quartaite: is. dolomite or limestone; sk shale or
schlat Diameter at fold. S mm. . tuff ler.
an ash all Aia shards of oUcnd glass ed
with grains of quarts blotite. eldpar. mntite.
sad ounded ains of voleazic Clam a In matrix
of erlette qtz, and eldspar. . pood sorted
sandy silt at elastic ediments. robaly drived ChellfY
trom the uneral Mountains. Te large grains ae
quartifte. both b grlned ad oarse ained. dolo-
mite or Imestona. bal or hist and scattered mail
grans of quartz and feldspar in a alcareous day with
minte rains of qoarts.

the saltpan in Catoball Basin. Play. beds there ae
highly saline. At the East Coleman Hills, which are
at the north tip of the outcrop aa at the north end of
the Black Moutais (fig. 40), the upper playa beds
are t least 2,400 feet thick and ontain sulfates and
borates. About a mile southeast the upper playa beds
are about 1,300 feet thick, and some contain abundant
veins of gypsum. Farther to the southeast, along the
fiank of the Texas Spring syncline, these beds continue
to thin to about 50 feet and contain less sulfate, al-
most no chlorides, and more carbonate and granular
tuff.

The lower play. beds of the formation contain thick
deposits of gypsum and of borates that were produc-
tive during the days when the 20-mule teams operated.
These deposits are southeast of those in the upper play.
beds as if the sulfate-borate zone shifted northwestward
towards Cottonball Basin. Today it is located at the
edge of the saltpan.

At the Salt Creek Hills, about 2,500 feet of light-
colored playa beds of the Furnace Creek Formation are

Ea= Tu_ DNa 186a T

Pb -- _ 70 20 TL - 5 600 t0,OX
Ku...... 500 1,000 -100 IC
Cu -__ -------- S0 70 La ....... <50 IC
Zr --- - 50 15 .....0 So - <10 ..... 2
Ni -_.-----10 200 Cr - 20 3C
Co - - -<5 70 Ba -30 1, C
V ....... 150 Sr0 .... tO 3, OC
Y -- 215 2 Mg . 0.2
Be_------ 31 <1 

Nona-BGM sMPl showed: As<Leoo ZcM, Iu<1: Ck<2 ak<(2; C
<U St -0 In 10M SB l= Ta 1W K b -C3% Ts a8o; c5 Vt

exposed in an asymmetrical anticline. Westward alot
Salt Creek, basaltic (or andesitic) avas and conglon
orate are inter bedded with the plays beds. The coI
glomerate contains boulders of granite that may be pa
of a boulder train extending southeastward to the nort
end of the Black Mountains.

Analyses of trace elements in a tuft and a basalt fra
the Furnace Creek Formation are given in table 1
The tuff has more lead, manganese, and copper, at
less barium and strontium than does the tuff near tl
base of the Miocene(t) deposits (compare with tab
17). The basalt differs from those in the Amarga
thrust complex (compare with table 26) in its high,
content of nickel, boron, lanthanum, chromium, u
strontium.

Diatoms collected from the top and base of the Fu
nace Creek Formation indicate that it spans much
Pliocene time. The diatoms were collected by E.
Lohman (written commun., 1961), of the U.S. Geolc
ical Survey. A collection near the base of the fors
tion is described as follows:
Loc. 4159. Hard calcareous tufa Immediately overlYin

trusive basalt, W¼NE% eec 2, T. 2 N., L 2 E, fli
15-minute quad. lasixned to early PtIocene n basis of
complete, partly altered diatom assemblage. -

Te collection from near the top of the formatior
described as follows (written commun., 1961):
Lee. 4070. 15 miles northwest o vertlue Point on E

way 190. radcut In south side. 1S-minute quad. E
gay limestone ontalng an abundant and weil-prese,
datom assemblage extraordinarily dsmilar to a ditom am
blge from a dlatoulte In Sand Pedro Vailey, Arz.. w
has yielded a vertebrate ftaa of middle Pliocene age.
400 bas therefore been amigned to te middle Pliocene.

Other plants from the Furnace Creek Formal
reported by Axelrod (190), also indicate a Plio
age for this formation.
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nOcUZ AID irSuIZr x(z) Dz osm
rotor

The Funeral Formation crops out extensively in the
fault blocks that extend northwest from Furnace Creek
along the east side of Cottonball Basin, in small areas in
the Artists Drive fault blocks and near Mormon Point,
and in an extensive area along Emigrant Wash and
about as far as its head.

In Furnace Creek Wash and around Cottonball
Basin, fanglomerate of the Funeral Formation rests
conformably on the light-colored playa deposits of the
Furnace Creek Formation. On the Artists Drive fault
blocks the fanglomerate overlies volcanic and other
rocks of the Artist Drive Formation with an angular
unconformity. At Mormon Point the fanglomerate
overlaps Precambrian rocks and is faulted against them.
Along Emigrant Wash the fanglomerate overlies and is
faulted against the turtleback surface on the west foot
of T=ci Mountain (p. A143), and it overlies and is
faulted against the west flank of the granite at Skidoo.

In the absence of fossils, it is doubtful that these
widely separated deposits are of the same age. On the
basis of diatoms in the upper part of the Furnace Creek
Formation, it seems likely that the overlying Funeral
Formation there is Pliocene and early Pleistocene( ).
A biocene age originally was assumed for the fanglom-
erate at the head of Emigrant Wash (Hopper, 1947),

K> but more recently a Pliocene age has been inferred for
those deposits on the basis of pollen obtained from them
(AxeIrod and Ting, 1960).

Included in the Funeral Formation at the north end
of the Artists Drive fault blocks is a mass of quartzite
breccia believed to be a chaotic breccia derived from
the Zabrisie Quartzite (p. A25). How it became em-
placed remains a mystery. Other blocks of Paleozoic
rocks in that ara are found along faults and am far
removed from masses of the Paleozoic formations that
might have supplied them. Perhaps they are blocks
of chaos associated with low-angle faulting. The beds
mapped as the Funeral Formation in the Salt Creek
Hills have been regarded by Curry (1939) as Pleisto-
cene on the basis of tracks found in them

In Emigrant Wash the Funeral Formation is at least
3,000 feet thick; it was originally referred to as the
Nova Formation (Hopper, 1947). It consists in large
part of cobbles and boulders of Precambrian rocks like
those on the high part of the Panamint Range; conse-
quently, the formation has been thought to have been
derived from that direction. However, Axelrod and
Ting (196) report that the formation becomes coarser
grained westward and indicate a western source from

K> the direction of Panamint Valley. This interpretation

involves major topographic changes like those indicated
by the southeastward-thinning gravels in the Furnace
Creek Formation in the Black Mountains (p. A60).
The Funeral Formation at the head of Emigrant Wash
may record similar changes, but I gave the deposit there
only cursory examination.

On the Artists Drive fault blocks the Funeral For-
mation is composed largely of debris from the volcanic
formations. The Funeral unconformably overlaps the
much-faulted and tilted rocks of the Artists Drive for-
mation and includes flows of basaltic lava and some beds
of volcanic ash as much s 4 feet thick. It dips west-
ward under the playa where a drill hole on the floor
of the saltpan opposite Artists Drive encountered 00
feet of fanglomerate with basaltic cobbles believed to
be the Funeral. This hole, the log of which is given on
page A74, did not reach the base of the formation. The
Black Mountains must already have been high ground,
shedding debris westward, but the vulcanism was con-
tinuing while these fanglomerate beds of the Funeral
Formation were being deposited.

Along Furnace Creek only about 150 feet of fan-
glomerate of the Funeral Formation is exposed in the
trough of the Texas Spring syncline and in the fault
blocks farther north. A mile east of Zabriskie Point
the fanglomerate is composed largely of volcanic rocks,
commonly as much as 2 feet in diameter. Northward
from Furnace Creek Wash the gravel contains increas
ing proportions of Paleozoic carbonate rocks and lower
Paleozoic elastic rocks reflecting the composition of the
source rocks in the Funeral Mountains Near Echo
Canyon the gravel contains about 70 percent carbonate
rocks and 30 percent quartzite; from Echo Canyon
north to Nevares Spring the proportions are reversed,
carbonate rocks 30 percent, quartzite TO percent. At
Rock Alinement Wash and farther north the gravels are
very largely quartzite, only 5-10 percent is carbonate
rock. Clearly the Funeral Mountains were in existence
and shedding debris into Death Valley when fanglom-
erate of the Funeral Formation in this area was being
deposited, but the faulting and the downfolding into
t&e Texas Spring syncline shows that much of the up-
lift of the mountains, especially the Black Mountains,
was later. I assume that the fanglomerate was being
deposited while the mountains were being elevated.

In the East Coleman and Salt Creek Hills the fn-
glomerate contains boulders of coarse-grained granitic
rocks as large as 5 feet in diameter. Their source prob-
ably was to the northwest, in the northern Panamint
Range, like that of the granite and upper Paleozoic
cobbles in the conglomerates of the Furnace Creek For-
mation (p. A60).
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Except for these granitic boulders, the fanglomerate
is not very bouldery. North of Echo Canyon, for ex-
ample, the common large size is foot in diameter.
At one outcrop 1 miles from the mountain front (in
SE cor. see. 13, T. 27 N., R. 1 E.) a cliff 30 feet high
and 30 feet long contains only 30 boulders as large as 1
foot in diameter; that is, only 1 per 30 square feet of
outcrop. The common large size of the gravel is 6
inches in diameter, and even these cobbles are few. An
outcrop 10 by 10 feet exposed 50 such cobbles; that is,
1 per 2 square feet. Three-quarters of a mile down-
stream the gravel is even less coarse and contains only
a third as many small boulders. Similar proportions
were found along Echo Canyon Wash.

At most places the fanglomerate is firmly cemented
with calcium carbonate. The cemented layers are ser
eral feet thick and extend for hundreds of feet along
the outcrops, especially where the gravel overlies fine-
grained sediments so that ground water can be perched
on top of the impermeable beds. The cemented layers
are particularly thick and extensive in an area extend-
ing 2 miles southeastward from Park Village, an area
that has many springs. The gravel also is cemented in
the axis of the Texas Spring syncline down dip from
Travertine Spring and Texas Spring (fig. 2, locs. 2, 3).

Where the fanglomerate is cemented with calcium
carbonate it is cut by numerous veins of banded calcite,
locally referred to as Mexican onyx. These veins, which
generally parallel the principal faults, are a few inches
to a few feet wide and may be several hundred feet
long. Trace elements in the veins are the same and in
about the same amounts as in the travertine mounds at
springs. Analyses are given in table 20.

C4aliche in the Funeral Formation in the Artists
Drive area is mostly gypsum rather than calcium car-
bonate.

The surface of the fanglomerate has developed smooth
desert pavement (fig. 50), a surface described more
fully in connection with the No. 2 gravel where it is best
developed.

The t omerate is so faulted, folded, and dissected
that its remnants o longers retain their fan form. In
the Park Village area, for example, the fanglomerate is
in a fault block that forms a ridge about 350 feet high
and trends north roughly along the contour of the fans
that rise eastward to the Funeral Mountains (figs. 58,
62). Drainage down the funs has become incised across
the ridge, and younger gravel deposits lie on both sides
of it. The incised gorges are older than Lake Manly (p.
AS9). At the Salt Creek Hlls the Funeral Formation
is raised in a faulted structural dome having at least
250 feet of structural relief. Salt Creek is incised across
this dome.

In both these areas fanglomerates of the Funeral u
conformably overlie deposits of late Pliocene age tt
are uplifted more than the fanglomerate. The deft
mation clearly began in Pliocene time and then cc
tinued. Very likely the deformation progressed
small increments over a long period of time, and t
drainage probably is antecedent-or anteposed (Hu
1956, p. 65)-across the uplifts. That is to say, t
drainage incised across the uplifts probably 
dammed repeatedly as uplift progressed, but the pond
streams overflowed along their old channels. The
sult is aggradation upstream from the dam, giving so
suggestion of superposition in that direction; but don
stream the drainage would be antecedent or conseque
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The No. 2 gravel unconfornably overlaps fanglom
ate of the Funeral Formation along Furnace Cry
Wash and differs from it in being less well consolidat
more bouldery, and less faulted, tilted, and dissect
so that it retains its fan form. The No. 2 gravel la4
calcite veins; but it does have layers cemented w
calcium carbonate, although these are thinner and I
extensive than in the Funeral Formation. The Nc
resembles the Funeral in having surfaces mantled w
smooth desert pavement composed of disintegrat
blocks, slabs, and flakes.

The No. 2 gravel can be distinguished from
younger ones, Nos. 8 and 4, in at least six ways:
1. The No. 2 gravel forms the highest beaches above

present drainage.
2. The low parts of the No. 2 gravel are overlappe4

the younger gravels.
8. The No. 2 gravel is more bouldery than the your

ones.
4. Te No. 2 gravel is more cemented
5. The surface of the No. 2 gravel is smooth desert p

ment, whereas the younger gravels have r(
surfaces.

6. The streamworn cobbles and boulders on the suri
of the No. 2 gravel have disintegrated to pro
a new crop of angular rock fragments.

Along the foot of the Panamint Range and in fro
the Funeral Mountains the No. 2 gravel forms bei
100 feet above the present washes (pl. 2). Towar
saltpan these benches commonly slope more steeply
the average slope of the gravel fans, and their 
edges extend under and are overlaped by the No.
No. gravels (fig. 64).
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The o. 2 gravel contains considerable sand, but
Kwi mixed with it are boulders many feet in diameter, as well

as pebbles and cobbles of intermediate size. The larg-
est granitic boulders are on the fans of Hanaupah and
Starvation Canyons where many are more than 10 feet
in diameter and some are as large as 30 feet. They are
distributed along the entire length of the fan, down to
250 feet below sea level.

These abundant large boulders may indicate exterior
drainage at the time they were deposited. No matter
what mechanism is considered, vast amounts of water
would be required to deposit such coarse debris i suffi-
cient volume to build fans 6 miles long and 3 miles wide.
With so much water, there should have been a lake, and
had there been a lake, the bouldery deposits should
have formed deltas, not fans. These coarse deposits
in such large volume, though, pose no problem if Death
Valley had exterior drainage to the south at the time
they were deposited.

On the fans of Hanaupah and Starvation Canyons
granitic rock comprises about 20 percent of the gravel.
Sixty percent in quartzite. and about 10 percent is car-
bonate rocks and argillite.

On Trail Canyon fan, where the gravels contain about
equal proportions of quartzite and carbonate rocks and
only minor amounts of igneous and metamorphic rocks,
the common large size of boulders is 2 feet in diameter,

K.- although some are 6 feet. On Johnson Canyon fan,
where the gravel consists of about 80 percent quartzite,
10 percent monzonite, and 10 percent carbonate rocks

and argillite, the boulders are small like those on Trail
Canyon fan.

Northeast of Cottonball Basin the No. 2 gravel con-
tains considerable salt, more salt than occurs in the
gravel around the other sides of the saltpan. This is
attributed to the winds transporting salt northeastward
from the saltpan.

A gravel-filled former channel of Furnzce Creek is
well exposed along Furnace Creek Wash (fig. 46).
Opposite Zabriskie Point this fill contains almost 90
percent carbonate rocks. This differs from fanglomer-
ate of the Funeral in the area, which here contains a
high proportion of volcanic rocks; it also differs
from the fan gravels derived from the Funeral Moun-
tains north of here, which contain a high proportion of
quartzite. The principal source of this channel fill
apparently was in the southern part of the Funeral
Mountains; the principal source of fanglomerate of the
Funeral in the area apparently was the northern part
of the Black Mountains.

The downcutting that followed deposition of this
channel gravel probably was caused by structural uplift
of the wash relative to the present Furnace Creek fan,
because the surface of the gravel fill, if projected, would
extend about 50 feet above the fan. This uplift prob-
ably is the same deformation that raised the small gravel
terraces along the west foot of the hills just north and
just south of the mouth of Furnace Creek (fig. 47) and
that produced hanging valleys along the foot of the
Black Mountains farther south (fig. 77).

FIoCat 4 .- Gravel AU In former channel of Furnace Creek Wash. The hannel is eroded In urnaee Creek Formation (. whieh dips
steeplr ortheast right ad th bottom I below the level of the present wash The 111 (0g is about s0 feet tl. view I. north
in trlbutry to Face Creek Wash opposite Zabriskie PoInL
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Other deposits of No. 2 gravel oocur in the canyous
in the Panamint Range, considerably upstream from
the gravel fans Thereain sible remants in most of
the anyos, and these nmnants are 0-100 feet higher
than the present canyon bottoms. Evidently the can-
yona had been eroded to their present depth before the
gravel was deposited, then buried to a depth of 100 feet
or more with this gravel and subsequently re-excavated.
Interbedded with the gravel in the south fork of Six
Spring Canyon is a bed of volcanic ash as much as 4
feet thick

Drainage on the No. 2 gravels reflects the fan form
of the remants of that gravel Washes are parallel and
consequent. Moreover, washes that are a few hundred
feet wide and more than about 10 feet deep commonly
have low terraces of No. 8 gravel along them.

Karstlike solution features are common where Terti-
ar rocks are overlain by the No. 2 gravel, suh as near
Furnace Creek Rach. On the west side of Deat Val-
ley, along the north edge of the wash a mile north of
Ebnaupah Canyon, there is a depression 16 feet deep,
locally rderred to as "the crater" in the No. 2 gravel
The depreson has a floor of ilt about 50 feet in diam-
eter and 60 fet higher than the wash which is an the
south side of the depression. This depression prob-
ably is due to water seeping from the gravel bench to
the wash, dissolving calcium carbonte caliche from the
grave!, and alowing the gravel above to collapse.

The fan of No. 2 gravel at Starvation Canyon has
three tremendous ridges radiating down the fan and
evidently marking old mudflows (fig. 48). The ridges,
large enough to show on the topographic contours, ae
2-4 miles long, 500-1,000 feet wide, and 50-75 feet high.
Their volumes ar 8-25 million cubic yrds. Each
ridge has a narrow cret with a wash along it; the sides

are strewn with huge boulders and slope evenly to tl
adjoinig fan surfaces

The surface of the No. 2 gravel is smooth desert pav
ment. Boulders and cobbles on these surfaces have di
integrated to produce an entirely new crop of angul
rock frgment&-the kind that no longer are proper
classIed as water won. They are better described
blocks, the equivalent of boulders; as slabs, the equiv
lent of cobbles; and as flakes, the equivalent of pebbl
(Woodford, 1925, p. 183; see also Pettijohn, 1949,
12-15). These desert pavements composed of slabs a
flakes are the smoothest in the valley.

On a typical surface on the No. 2 gavel, and also
fanglomerate of the Funeral Formation, 75 percent
more of the boulders and cobbles have lost their origir
roundness. On some surfaces practically every bonld
is facred or crumbled. Although the kind and 
gree of weathering varies considerably, depending
the composition and texture of the rock, no rock I
been spared, whether coarse or fine gained (fig. 49)

The disintegration of these gravel is most advani
where the gravels extend into the zone of abnd
salts. Striking examples of the effectiveness of saltL
accelerating disintegration are provided by the conci
bases of bench marks along the highway crossing
saltpan and extending along its west side. CncretA
locations that are frequently wetted with saline wo
is badly disintegrated. The disintegration is less
vanced at equally salin locations where the wetA
and drying is less frequent, and the concrete stil
sound at locations that ar dry and not notably sal

But disintegration of stones on the No. 2 surfaw
general and not confined to the toes of the fans wl
are impregnated with salts. The disintegration oc
all the way to the mountains. It is a near-surface 
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nomenon because boulders and cobbles more than 2 or
K> 3 feet deep in these deposits are sound.

The desert pavement consist of a single layer of
closely spaced blocks, slabs, and flakes as illustrated on
figure 50. Beneath it is a layer of vesicular sand and
silt, 1-6 inches thick, containing as much as a tenth of
a percent of salts. Gravel under this layer is cemented
with salt and iron oxide. Stones forming the pavement
creep down the slope, as is indicated by terracettes (fig.
51) and by trains of slabs extending downslope from
blocks that are disintegrating.

An individual pebble on the desert pavements is sub-
jected to three very different microclimates. The up-
per surface, exposed to maximum temperature and max-
imum temperature change, in general is being eroded,
as shown by partial removal of desert varnish Around
the side of the pebble is a narrow band where the tem-
peratures probably are less extreme and where there is
maximum wetting, by dew as well as by other surface
water. This narrow zone has a dense population of

N S

Profile across mudflowsI
HORIZONTAL SCALE X 2 \

VERTICAL SCALE X 10 I G \

microorganism, and even some megascopic ones-algae.
The underside of the pebble has moderate temperatures
and soil moisture condenses on it. This surface is red
with iron oxide. In an environment like Death Valley
these differences in microclimate are extreme, and prob-
ably are an important factor in the continued weather-
ing and disintegration of the No. 2 gravels

Desert pavement may develop in a very short time.
Where the ground consists of loose sand or silt contain-
ing pebbles, only a few windstorms are needed to blow
away the fine materials and collect the coarse as a pave-
ment of pebbles. Such very young pavements do not
have a silt layer under the pebbles. On some of the
archeological sites, however, a silt layer one-fourth inch
thick occurs beneath the layer of pebbles The thickest
silt layer that I found on pavement developed on No. 3
gravel is about an inch, but no systematic search for
thicker layers was made. The silt layer under the peb-
bles on the No. 2 gravel commonly is a few inches thick
The evidence is pretty good that the thickness of the

11650'

116 55'
I 0 1 2 MILES
I I I - I - _I

CONTOUR INTERVAL 40 FEET
oATUM IS MEAN SEA LEVEL

Con 4-MaP and profil acro mdgog, on Stavdon Canion aL Topograh ftonm U.S. Geologcal SuryT topograpie swadmgle;
Senuatta wdL 152.
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oUns 49.,B4ulders dltegratng to slabs and dakes on the oldest
gravel depesits (neral Formaton and No. 2 gravel). Upper.
Quartzte boulders ommonly break Into dabe along transverse
fractures. irur. Massive ocks like porphyry boulders on
Me ans ef the tan a and starvation Canyos efolite and
crumble

silt layer on old surfaces is greater than on young ones.
The terracettes on the No. 2 gravel commonly have

treads 1-4 feet wide and rises 1- inches high (fig. 51).
The surfice inch or two on the treads commonly contains
1 percent or more of water-soluble salts whereas the
adjacent stable surface without terraces contains as little
as 500 parts per million of water-soluble salts. These
ground patterns are described more fully by Hunt and
Washburn (in Hunt and others, 198).

Only once during the 6 years of the field study did I
witness a rain that thoroughly soaked into the gravel.
On February 16, 1959, 1 inch of rain fell in 24 hours,
and the silt layer under gravel pavement on the Hanau-
pab Canyon fan became soaked. Walking on the pave-
ment involved walking ankle deep in mud, because
footsteps sank into the mud underlying the gravel of
the pavement. Frequent soaking like this would accel-
erate mass-wasting processes, but there is evidence that
these processes operate very slowly under the present

un SO.-Desert paremet. foreground. Vw west from Park Vl
Jars fault bloc, Weathering of boulders and obblee at the surfaee

aa produced a ew mantle of blocks. slabs. and es, forming a
amooth desert pavement In wbkh the stones an closely spraed
but barely or not at all shlngled. Photograph by ohn L Stacy,
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climate (Hunt and others, 195). Most of the terrac-
ettes and other patterned ground probably are relicts

\...f from a wetter period.

DD=RIS AvALCZ:

A large avalanche of blocks and rubble of Precam-
brian rocks is at the foot of the Black Mountains midway
between Badwater and Copper Canyon. At the
source, above the debris avalanche, is a huge scar be-
tween 2,000 and 2,500 feet in altitude; the volume of the
avalanche must be greater than 5,000,000 cubic yards.
No lake features were recognized across the front of
the avalanche, but its lower part has been displaced by
faults that seem to antedate the Pleistocene lake de-
posits. It is composed of blocks of Precambrian rocks
tens of feet in diameter in a matrix of rubble of similar
rocks.

ZlXE DZro2m

Late Pleistocene lake features in Death Valley are
few, small, -and not at all distinct. That Death Valley
had contained a Pleistocene lake was stated widely
long before positive evidence of its existence had been
found. Before 1900 both Russell (1885, 1889) and
Gilbert (1890) had referred to a former lake in Death
Valley, and Bailey (1902) named it Death Valley lak.
Yet, as late as 1914, Gale, who was a student of the
Quaternary basins, wrote (1914, p. 401):

Xite of the immense drainage territory tributary to Death
Valley there to no evidence that the waters tor these stream
ever accumulated In It to sucont extent to form more than a
shallow Inconstant lake A arch for traces of any upper lines
around the dlopes leading Into Death Valley has tne4 to reveal
evidence that any conaderable lake has ever existed the

Not until 1926 was clear evidence found that a late
Pleistocene lake had flooded Death Valley. Levi Noble
identified the strand lines on the basalt hill, later known
as Shoreline Butte, at the south end of Death Valley,
and discovered other strand lines in the cove northeast
of Mormon Point (Noble, 1926a, p. 69). The lake or
lakes that produced these features have ine been re-
ferred to as Lake Manly (Means, 1932; Blackwelder,
1933, 1954).

Small embankments of shingled gravel, evidently
beach deposits or near-shore bar deposits of late Pleisto-
cene lakes, are numerous but widely scattered along the
north and east sides of Death Valley at altitudes as high
as 380 feet above sea level; nall horizontal terraces
that may be wavecut features qocur several hundred
feet higher. Similar deposits or beach scars are curi-
oqsly lacking along most of the west side of the valley;
in fact, they are known at. only 2 localities 40 miles
apart-on the basaltic hill between Tucki Wash and
Blackwater Wash and on Shoreline Butte at the south

d of Death Valley and south of the area mapped.

roas T-Gravel Or of ate Iertocex* Lake umr mantg on
elder an gmvel 2 mies orth of Bftty Juncdo. Sketch from
photogrp.

The most accessible and best developed gravel bar is
exposed along the highway 2 miles north of Beatty
Junction. This bar (fig. 52) extends nearly a quarter
of a mile east from a hill of Miocene(!) rocks which
formed an island at the time the bar was built. The
bar, 500 feet wide and 20 feet high, is composed of
well-sorted, shingled, and crossbedded gravel, most of it
an inch in diameter or less, and not at all like the poorly
sorted fan gravels. The top of the bar is nearly level;
it is 150 feet above sea leveL The deposit narrows and
then eastward. Other less well-developed lake gravels
crop out below sea level a mile south of the bar. These
and all the other gravel deposits of the late Pleistocene
lakes are composed of firm pebbles showing no sign of
disintegration. The pebbles commonly have a weather-
ing rind and are stained with desert varnish.

Three miles southeast of this bar is another well-
developed one forming an arcuate deposit half a mile
long and 500 feet wide, resting on a bench of No. 2
gravel. The bar curves through an arc of 90. The
gravels are shingled, crossbedded, and usually about an
inch in diameter, like those in the bar above Beatty
Junction. The foreset beds in the gravel dip 10* NW.
The top of this bar is nearly level and is less than 100
feet above on level.

No other shoreline features were found between this
bar and the one near Beatty Junction. Te temptation
is strong to assune that the 2 bars, which are similar
and highly exceptional features in this area, were
formed at the same time and that the difference in level
is attributable to 50 feet of postlake faulting or tilting
between the 2 localities.

Other shoreline features are exposed along the west
face and top of the ridge of Funeral Formation in the
fault blocks north of Park Village. Small deposits of
shingled gravel are associated with long narrow ter-
races that, in part at least, are scars of old strand lines



A70 A70 ~~~GF"NRAL GEOrLOGY OF DATH VALLET, CALMMMNI

I

I

I

I

Fiouz 5&-kw out to Put Ulans fault loft f Funarat roatiou showing ong namw temees Ohat an bmtereted to be gm of
gtmad Run of late Phlatoeme LAUe KAWLy. n fonSpound s No. 8 gmnL

(fig. 53) ; some similar temracettes, however, are attribu-
table to mass washing. Most of the strand lines and
associated deposits along the west face of the fault
blocks re between sea level and 75 feet above sea level.
Strand lines and associated deposits also occur an top
of the fault blocks at 150 feet above sea level. Some
of these lake deposits extend into the gorges across the
fault block, showing that these gorges antedat the
lake.

Another deposit of lacustrine gravel is at the north
end of the Artists Drive fault blocks, and at the same
level northward and southward from this deposit are
narrow terraces, evidently wave cut, impressed an tilted
strata. The deposit of gravel and the terraces are at
sea level. Stone artifacts at this location have been in-
terpreted to indicate human occupation in Death Val-
ley at the time of the laske (Clements and Clements,
1953), but this interpretation is doubtful. No un-
equivocal artifacts have been found withi the gravel
deposit; the unequivocal artifacts ar part of the desert
pavement on top of the gravel and a therefore
younger. Moreover, these artifacts are typologically
quite like those characteristic of Recent occupations (A.
P. Hunt, 1960).

Along the steep front of the Black Mountains from
Bad rsouth to Mormon Point a nunerous dis-
continuous horizontal emb ts of gravel cemented
with calcium carbonate. Most of these embankment.
are between sea level and 200 feet above sea level, but
some are even higher. How many of them ar truly
lake deposits is problematical.

Well-sorted shingled lake gravel is exposed overly-
ing a fault block of the Funeral Formation, at the north
end of the steep pat of the mountain front, about mid-
way between Badwater and Bridge-Canyon. The lake
gravels are composed mostly of Precambrian rocks,
whereas the fanlomerate contains in addition many
volcanic rocks. The lake gravels are better sorted and
less well cemented than the fanglomerate. Foreset beds
in the lake gravels dip north-northwest as if there had
been northward shore drift at this location. The lake
gravel iltertongues with the lower part of a colluvial
deposit that overlaps the lake beds. This colluvium is
cemented with gypsum rather than calcium carbonate.

Other lake gravels are exposed at Mormon Point and
extend 1% miles eastward. These deposits, the most
extensive lake deposits of gravel exposed in the valley,
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overlie the No. 2 graveL They ae at sea level and as
much as 200 feet above sea leveL

ITe only lake deposits and geomorphic features at-
tributable to lake processes found thus far on the west
side of Death Valley a at Shoreline Butte (Noble,
1926a; Blackwelder, 1933, 1954) and at the basaltic bill
between Tucki Wash and Blakwater Wash. At Shore-.
line Butte are numerous shorelines between the foot of
the butte at 150 feet below sea level nearly to the top,
at 400 feet above a level. The hill between Tucki
Wash and Blackwater Wash has two shorelines. The
lower one is an embankment of gravel at an altitude of
160 feet. Its gravel consists of basalt and of Paleozoic
rocks derived from the fans in Black-water Wash. The
embankment thins northward, and the graves, which are
2-4 inches in diameter at the south end of the hill be-
come finer northward (1 in. in diameter). This em-
bankment is cemented by deposits of calcium carbonate
that forms spotty masses of travertine. Both the gravel
and the travortine are distributed irregularly through a
vertical range of about 20 feet, but they can be followed
discontinuously from the mouth to the north end of the
hilL

On top of the hill, in the saddle between the peaks, at
an altitude of 80 feet, is another small patch of shingle
gravel derived from Palemeoic rocks.

Although the gravels from Paleomoic formations were
drifted northward by shore currents acros the face of
this hill, the much lighter scoriaeo basalt from this
hill does not occur as shore drift extending northward
across the fans of No. 2 gravel in Tucki Wash. It
would appear that the lake deposit is older than the
No. 2 gravel, but this probably is not as The surface
of the No. 2 gravel in Tucki Wash may be younger
than the Labe and if so, embankment deposits of basaltic
scoriae that may have extended northward across the
No. 2 gravel could have been dey

The relaoships at Toci Wash imuste the highly
uncertain age of th lake deposits with respect to the
No. 2 grvel. At 2 loations, Momon Point and 2 miles
north of North Side Borx Cap, the lke deposits
rest on and must be younger than the No. 2 gravel.
Nowhere has the reverse relationship been found.
Moreover, the gravels at the surfce of the No. 2 r
much more weathered and disintegrated thin those at
the ixfce of the lake deposits. The difference in
weathering is the kind that elsewhere in the West has
been successfully used to distinguish pre-W-monsin
deposits fm W and younger ones But why,
then, are there no lake deposits or other shore features
impressed on the many miles of No. 2 gravel exposed

ongthe west side of Death Vlley I

The west side of the valley was the lee side of the lake,
and deposits there could have been thin and discontinu-
ous. Even so, it is difficult to believe that all trace of
them would be destroyed. Yet the evidence at the two
localities where the stratigraphic relationships are cer-
tain, and the more general evidence about the difference
in weathering, suggest that the No. 2 gravel everywhere
is older than the Lake Manly deposits.

Lake Manly has been correlated with the Wisconsin
(Tioga, and Tahoe) stages of glaciation in the Sierra
Nevada (Blackwelder, 1954; Clements and Clements,
1953), which correlate with stages of Lake Bonneville
and rae Lahontan. This correlation is supported by
the fact that the pebbles on the surface are not disinte-
grated but are finn-uggesting an age no older than
Wisconsin-yet many have developed a weathering rind
that suggests an early Wisconsin (Tahoe) age.

The slight erosion and sedimentation record of Lake
Manly may mean that the lake was of brief duration,
and its level may have fluctuated rapidly. Whatever
the cause, this California lake left one of the least
distinct and most incomplete records of any Pleis-
tocene lake in the Great Basin-another California
Superlative I

The water that accumulated in Death Valley to form
Lake Manly has been attributed to overflow from a lake
that formed in Panamint Valley when there was over-
flow from Searles Liae and the other lakes headward
along the Owens River vley (Gale, 1914, p. 402;
Blackwelder, 1954, p. 67). The overflow into Death
Valley would have been by way of Wingate Pass and
down Wingate Wash, but no trace remains of the floods
that must have descended the wash to form LAke Manly.
Perhaps much or most of the water came from the south,
by way of the Mojave River and Soda Like. This
hypothesis has some support in the distribution of spe-
cies of desert fish in the several drainage basins.

Owens Valley has two genera of desert fish, Sipkh&tz
and tatomua, that ae said to have come from the
Lake Lahontan area; Siphaer also occurs in the Mo-
jave River (Miller, 1948). Neither of these genera hua
been reported in the Death Valley~-Amargosa River
area. Further, a yprinodon that occurs in the Owens
River, C. radiow, is said to be more closely related to
the Coorado Rivergcyprinodonts than are any of the
three species living in the Death Valley-Amargosa
River area (Miller, 1948). This distribution of species
suggests that the draiage system from Owens Valley
to the Mojave River bypassed Death Valley.

Flooding from the direction of Soda ake also is
sugghted by considering the possible tilt of the Lake
Manly deposits The principal deposits are at sea level
in Mesquite Flat and long the north and east sides of
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Death Valley as far south as Artists Drive, but they are
200 feet above sea level on the west side opposite Fur-
nace Creek. They are 200 feet above sea level at Mor-
mon.Point, and there are large deposits as much as 300
feet above sea level at Shoreline Butte. At all these
places there are higher shoreline features; the altitudes
given refer to the principal deposits. They suggest an
eastward tilting of 200 feet and a northward tilting of
300 feet. If such tilt is real, the lake probably extended
to Soda Lake, which is where Russell (1885, p1. 1; 1889,
pi. XVI), Gilbert (1890, p1. 2) and Bailey (1902) origi-
nally thought it went, and which was still considered a
possibility by other later workers (Blackwelder and
Ellsworth, 1936, p. 482).

ALLr r

Gravity and magnetic surveys indicate that the fill in
Death Valley has a maximun depth of about 9,000 feet
near the west side of the valley a short distance south
of Bennetts Well (p. A108). Drill holes a thousand feet
deep near Badwater and in Cottonball Basin show
rather uniform alternations of mud and salt to the bot-

tom of -the holes (table 19), and assuredly the uppe
thousand feet is Quaternary. I assume that about
third of the fill is Quaternary and that the rest i
Tertiary.

The fill in Badwater Basin thins southward an
northward. Opposite Artists Drive the fill is onl
about 4,000 feet thick. A drill hole in this area en
countered only 50 feet of mud and salt and thea wen
into basaltic conglomerate to a depth of 500 feet befor
the hole was abandoned. This conglomerate is corn
lated with the Funeral Formation that rises eastwarn
onto the fault blocks at Artists Drive and there uncon
formably overlaps the older volcanic rocks (p. A63)

The fill thickens again northward under Cottonbal
Basin, thins under the Salt Creek Hills, and thicken
again under Mesquite Flat

Logs of the three deep holes are given in table N

Logs of some shallow holes drilled by the U.S. G(eolog
ical Survey in connection with the search for mor
potash depositsduring World War I are given in Hun
and others (1965).

TAz~z 19.-Log* of incls driled by Panift Coast Borax Co.
(D~m ba wese tom muad umpre!

Da-Vem I ~Depth (We) 11Dwalpd I Dpth (bet)

Waa L3VA 3Dm satwt of Badwater. L34 mc 35. TV-3 N. . 2S 3. (gEmJftd

Surface salt .------------__-
Alternating salt ard mud . __._ .
Hard salt . __..... __.__.__._
Hard salt; occasional streaks of black mud -.
Hard salt .................. __._
Soft mud ........
Hd salt ._.._..
Thin streak soft black mud. ..........
Hard malt ......
Soft black mud, containing salt crystals.
Hard salt .
Very hard salt ..........................
Soft black mud _ ___
Very hard alt; stres. o black mud and .

Hard sat . .........................
Soft black mud..
Har sdt ....sat.
NOt rer ..............................
Hard sat .....................
Soft back sad l ......
Hard salt ........ . .
No ecord ...
Hard salt_._.__._..___,
Mud and salt .. tula.....,,,.,_
Hard salt . _ . . . ... _
Mud and salt _.. ____ _
Hard salt .. _ _ __,,
Soft black mud .---- ----
Hard salt ____, - -
Very soft black mud; salt crystals.--
Vry hard alt ............
Softer salt with some black mud ..
Very hrd salt; occasional streaks of soft

black mud - .------
Salt mixed with black mud ad a little redI

clay .... .........
Hard salt _ud-
Soft blak mud __.......................

0 -
4 -

20 -
28 -
38 -
41 -
41%-
48 -
48 -
s0 -

3 -
a5 -
59;% -

603j -
62 -
65 -
67 -
68 -
72 -
72%-
75% -
S2 -
89 -
92 -
94 -

100 -
103 -
106X-
107 -
109 -
114 -

115 -

118 -
122 -
125 -

4
20
28
38
41
41%
48

3
55
59%
60% 

62
65
67
68 
72
721
7514
81
89
92
94 I

100
103 '
106X
107
108
114 !

IISH
118

122
125
126%

Hard salt -_-- -
Black mud --------.---------------------
Medium-hard black mud nd salt ......
Very hard sit .------------- __-__-_-__
Black mud - _----_-- __-- _....
Medium-hard salt .................
Soft black mud .
Hardt alt. ..........................
Soft black mud -
Very hard sit .-----------...---- ___
Hard and soft streaks; particles of reddish

clay- . _
Hard salt and soft streaks of clay --------
Soft gray clay and salt crystals
sot ela n ad salt, mostly sat...
Veryburd sadt_.-. . ........
Softer material; clay and salt; gray and

reddish clay. ....
Hard salt ------------------------------
Softer material; some gray alay ___.
Hard layers of sIt and small streaks gray

clay ------.
Hard streaks of gray mud and salt .- ___-_
Hard salt; a little gray mud__.._..--.-
No record - .- ,-
Hard salt; small streaks of gray clay-.......
Hard salt- -_-------_
Hard slt and streaks of y mud a d ehy__1
Same material- clay on the Increase -_
Thin strata; aiternating bard salt and dark

muds- -_--------
Grayish mud; very little salt -.......
Salt ad mud, picipally salt-...-.
Soft cly; very litte salt- . ..

black cly-....................cly;.om
Dark-gay cay;thin (2- stre of alt..
Dark-gry clay; very Uittle salt .---...

1264-
132 -
134 -
138 -
138 -
140 -
142 -
143 -
154 -
158 -

160 -
163 -
168 -
168 -
170 -

171 -
173
175 -

176 -
190 -
210 -
215 -
218 -
225 -
226 -
239 -

241 -
248 -
250 -
255 -

260 -
265 -
259 -

132
134
136
138
140
142
143
154
158
160

163
166
168
170
171

1733
175
176

190
210
215
218
225
226
239
241

246
250
255
260

285
269
272
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TAXLK 19.-LOP Of veils diiild by PwaCc Ceasi Borer C-Cnth=ued

weal a. 2% .n .Nlrkwmt of Madwalr. CH4 m. 20. T. JS N. IL S r. (pomeaw-Cont-nued

Soft pay clay and salt crys al- - --
Hard sat ....
Gray clay and dark mud, almost black..
Clay and satt ,-
Hard salt ... .... ...
Layers of salt and pay mud .
Gray lay with small streaks of slt _
Gray ad black mud. _ ._
Black mud . . .....
Very hard salt . ................... ...
Gray clay; few sat crystals--.
Gray clay; very tough in places.
Very tough bhack clay.
Bron clay with salt crhstas..
Very hard salt. _ .
Gray clay with fine salt crystals.,R dIB . .................

Gray lay nd ne I ......... ,
Hard salt with "some coarse brown and pay
clay ----------.--------- _-_
Gray clay; some salt.
Herd salt; some gry clay .
Gray mud and clay; very little salt.
Gray mud and clay; a litte salt and black

clay ..................
Yellow clay..._..,
Hard salt; streaks of gray mud .. ..
Hard salt and yellow clay . .
Hard salt; lttle gray mud and clay ...
Herd sal; r mud and clay increasing....
Gray and black mud; some salt . ..
Gray mud and salt ... .,
Gray mud, sat, and clay ..................
Gray mud and clay.
Gray mud and clay, end salt .
Tough brown salty clay.
Same material, with streaks of black mud._.
Salty brown clay......................
Same material, but softer..............
Salty brown clay, streaks of r clay.....
Brown mud, some particles of black mud_..
Same materl, with a few salt crystals__
Hard salt ...... _.,_._
Soft brown mud and salt crystals; a little

lauberite.
SA7, some very hard streaks; a lttle glam-

berite .---------------
Hard salt; some gray clay; a Uttle glauberite.
Hard salt; gray and black clay; notable

amount of glauberite ....................
Hard salt; gra lay .................
No record ..................
Brown clay and bard salt .----- ---
Same material. but softer; soe pay ca..
Herd salt; gray, brown, nd black cCi.

Hardness var.
Same materil but very hd.. ._-...1
SQoft material: brown, gray, and black days;

black increasing ..... ....
Hard salt and clays, brown, ray, and black.c
Hard alt and payd ay .....................

lt with pay, bro nd black l ays; hard-4
neas varying.., , 

Cay gray, brown, and black: some salt..
Hard salt: y, brown, and black clas...
Hard alt; al~c and brown mauds_. ._
Sme aterial, black muds increasing ...
S ame material, but softer___............
Salty black clay; streaks of brown clay....
Same material, but brown clay decreasing.
Saltv black mud: some little streaks of clay..
Stiffer clay, and black mud . .. _....

273 -
273 -
274 -
277 -
278 -
280 -

285 -
290 -
291 -
292 -
294 -
301 -
301%-
305 -
308 -
312 -
317 -

318 -
328-
329 -
336-

339 -
342 -
343 -
348 -
349 -
350 -
359 -
38-
365 -
370 -
375 -
385 -
390 -
394 -
400 -
410 -
415 -
428 -
433 -

436 -

437 -
440 -

442 -
443 -
444-
44-
447 -

448-
46 -

468-
481-
484-

495 -
S19 -
523 -
526
528 -
530 -
536 -
545 -
S5-
625 -

273
274
277
278
280
284
285
290
291
292
294
301
301)
30S
308
312
317
318

328
329
336
339

342
343
348
349
350
359
380
365
370
375
385
390
394
400
410
415
428
433
436

437

440
442

443
444
446
447
448

485
468

481
484
495

519
523
528
528
530
538
545
SW
625
631

Same material; clay alternating gray and
brown .............

Black salt mud with gray d brown clay; I
clay Increasing ._. ... l

Gray clay wIth streaks of black mud and
bro clay.___.---------------------

Gray clay with more black mud; streaks of 
bon clay . .___.

Cly, aternating gray and back, with some
brown . ____ ------------

Same materl ; probably some anhydrite
(CASO ........................

soft black ud._........... _. __
Harder material, black mud and clays....
Sticky and soft black mud and clays .-
Harder material, black mud and ClayS ------
Soft black clay.__ _ _ - ------------
I Xed dlays; no sat. ____ 
IBo black cla; varying soft to tough....

ry salty clay; some streaks black ed
brown.___. _ ____ 

G ¢sY aty clay, gradually rowing harder.
(robably more sat-TIES) ....

Iard salt; laer gra day and black mud..
Hard alt with day; sow driling. _
Hard salty -a; gr nd black, tough ._
Same material, with soe bro clay..
Black mud nd gray day; softer; ud In-

creasing . ___..__.._..
Black mud; very little clay _.....____-
Bard salt with day and mud; a few g-

ments of psum. ....... . _._
Hprd ay EV, salty; thin strata of black.

and brown clays, showing a few fragments
of gyeum.. ...........

Same material but hardness varying .
Hard salt; with clays and mud_..____--
Black mud. . __.. __.. _.. _.... _.
Black mud with some gray clay and salt ....
Black mud ............ __.._
Black mud and salt......
HaEfrd salt; gray, bro, ad black clay.I
H Eard gry clay with layrs oftother dayandI

muds ;a itde crystal sat_ ..... l
Softter material__ . ...........
Hard gray clay with some black and bro.
Same material; shows white fragments of
I YMsr .. ............................ l
Ird Salt; gry-brown clay and black muda.

IHsrd r day; steaks of brown cay and

Sasne mula. At94ft, about . very
hard ...................................

Hard gray day; streaks brown and black;
crystal salt.........

Salt; gray mud; black clay.... ...
Softer material; gray day . _. ___..
Black, brown, and gray lays .... .

Salt; touth gray, brown, and black clays ....
Gray an black clay....
Herder material, a little salt. .. _l
Black and gray clay ......................
Black mud . ..... _...l
Black and gray mud; salt ..........

Do . ........... ...
Gray, black and brown clay ._. __.
Gray and back lay ......................
Grv and black clay and salt; a few fragments

o gypsum ...............
Gray and black ela; a very little salt; a few

fragments of gypsum..... .... .I
Gray dlay ......... ....

Depth of weL .---. ----------

631 -

636 -

650 -

659 -

665 -

680 -
684 -
685 -
695 -
697 -
700 -
706 -
710 -

730 -

742 -
74S -
751 -
764 -
766%-

767% -
785 -

800 -

636

650

659

685

680

684
685
695
697
700
706
710
730

742

748
751
764
7664
767S

785
800

813

813 - 815
815 - 830
830 - 833
833 - 843
843 - 847
847 - 848
848 - 849
849 - 854

654 - 863Y4
883g - .8
863- 855

885 - 878
878 - 887%

5873(- 890
890 - 900

900 - 904

904 - 909
909-

911 - 921
921 - 922
922 - 928
928 - 929
929 - 937
937 - 943
943 - 945
945 - 958
958 - 960
960 - 973

973 - 978

978 -1,000
1,000 -1.000

1,000
.

1p6-423 0.46-
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TLsrz 19.-Lop.of welt dr7W by Padc Coa Bra Co-Cootlnued

DUt1UM I D. h D I D Ot

was & IW &ktw e Ith wfhT* as mlet Deru b t G u NM T. X K. I 

Sa-t.,._.,.,,.,---------------,,- _ - 03S Softer material; contains some clay ------ - 247 - 248
Brown cy and salt and anhydrite -.-.-. 0- 5 Hard material; no clay- -.-.- *-,-,,,, 248 - 249
Brown and gray cay and salt and anhydrite. 5 - 6 Softer m1aial; some brown and light-gray
Black bituminous clay, salt and anhydrite; CIA ---- _249 - 251

herybard 6 - 13 -Do- -251 - 253
'o 13 - 14X, Hard cemented and and gravel. -253 - 255

Same material with a little brown clay 1434- 23 Brown clay ---------- - 255 - 258
Solter brown clay, alt and anhydrite - 23 - 26 Hard cement; a little clay- ---------------- 258 - 260
Hard material, otherwise pparently same - 26 - 28 Soft material; brown clay and gravel . 260 - 263
Sot material, _ae- -. __._ 28 - 29 Basalt boulder --------------------------- 263 - 28

matrd mterial, same- -_------------------. 29 - 30 clays and gravel------------------- 265 - 268
wIt,uth a little brown clay and anhydrite-_ 30 - 31 Brown cay and gravel ......------------- 268 - 270

A t salt and anhydrite and black and at, apparsntly two boulders- ----------- 270 - 271
bro n y ------------------------ 31 - 40 B day; occasionally sal boulders_.. 271 - 273

Do_.-___ _ _ _ . _ _ . ___ 40 - 65 Browr cay and graveL- -_ 27 - 275
Same mtrial but more 1t - - 70 Basalt boulder- - __-__- 275 - 276
Same materil with le st, ad en-r clay and a little siliceou snd . 276 - 301

quently softer- - _ 70 - 72 Streaks bro o ray cay------301 - 307
Black elay ad ver w few crystals - 72 - 77 No record -.- __-_-__- _- ._.-_ 307 - 311
Black and brown ay, with a little salt and Brown ....... 311 - 421

anhydrite -_--.__--------- - 77 - 90 Yellowshbrown clay- -. ___-_421 - 432
Black c, with ver little salt and anhydrite, Sme material with a little fine sand .43. 42 - 438

and a few tufts ulite (cotton bail) - 90 - 100 Browndsh-y cy- ------- 438 - 459
Black and pcy crystal Ain -- 100 - 120 -ed clay-45--- 49 - 462
Hader m ra; ttle calcium carbonate Red clay; a little yellow clay- ------------ 462 - 465

appers U a ceent-1 .20 - 121 Brown, red, and yellow clays-.--._.465 - 467
Partly ceeted black clay ------------ 121 - 129 Brown and gray clay, alternated _ _ 407 - 471
Hrd mteril; igneous brecaia, principally M gr clay *..-- -- 471 - 481

bslt, with a little clay and limeone Dark- clay and particles of quarts. 481 - 483
fragments, all more or less cemented with Do --------------------------------- _ 483 - 493
clcum carbonate- _ ___ ___129 - 130 Dark-bown clay; a little and; possly

Sam material, but softer- 130 - 133 slightly cemented- - 493 - 496
Same material, but hard- -.-. _.-____ 133 - 150 Hard material; brown clay; no evidence of
Black c l ad b meccia, pary cemented .... IS0 - 155 calcium carbonate, but a little psum
Dreccia of basalt, with a little granite, quartz appeaza, which ay possibly act as a

and limeltone; eeted n sks; mtly cementing material. _ - --- _- 496 - 499
the ila. of coarse sad; asorb. much water Gray and brow cay and sand.---------- 499 - B
frodrihole _._______.___._____. 155 - 211 8ame material; driller reports cement, but

Boulders and calcium carbonate ceWent. 211 - 213 none shows in. the sample - . .SIXI - OS
A little clay, and softer ------------------- 213S- 216 Gray aud brown ay and sand ----..- 5--- 05 - 506
Angular pavel, princpally basalt --216 - 217 Gray clay; very litt nd sand, - 5M - 5
Cemented gray clay; a few basalt t 217 - 219 No record- - -- --- -- 508 - 5121
Hard cemented material- .............. ... 219 - 220 Brown cay and slightly cemented paveL. -- 120- 5141
Softer material; considerable cly-..... . 220 - 223 Basalt boulder ------ 5----- ------- 514 - 514
Hard materialjgrvel and boulder,; cement - Gray and black clay; a lttle n grve; soft

yned~-. 223 - = and aving- -------------------- 514 - 517
Gravel, as above-________.____________ _ 232 - 235 Gravel, principally basalt, a few particles of

ron eLr ad and ad graeL - 235_____._ - 238 quarts, limestone and gpsun; diller
Gravel aa small boulders. ____-___._. 238 - 240 reports hard cement, but sample gives no
Same material semented._.- 240 - 24314 evidence of this- ---------- _517 - 524
Hard cemntei gravel.----------------_ 24334- 247 Depth of welL -------------- - 524

WaS CoussMS ba" 3bw _a. W) w. 7.K IL L

Salt, containing unafl aount of thenardite
(sodium sulfate), borax, and a little yel-
lowshbXn cla -------.

Yellow clay_ .......
soft altad yellow clay.
soft yellow clay-------------------------
Soft yellow clay; few crystals Anhydrtte. --
Soft yellow clay -. *-*----*--
Sot deo cay; a little Ine at and anhy-

drie t_. ._.
Black and green clay, with a little salt and

anhydrite---------------
Brown ay and st -----------. ..
Black, gra and brow clay; a fe stal

of and hydrte-...._._.__ .
Salt and a little pale-blue clay. _ -- '-''
Salt; Uttle anhydrite; blueand brow clay
Salt and ays, changing from brown to graJy

l and a cy; a few streaks of black clay.
Gray and back lay; a little at .___-___.

0 - 23 S a little anhydrite; some gray clay. -_
2%- 5 B clay and salt -_ . .. ._,-_-_
S - -54 Gra cy adalt -. ___-__-.__-__-
54- 18 i Salt and a little pray ay-------------

1 - 19 Salt and a li ray b and brown clay
19 - 31 Gray clay and very li .a.t.

Salt and a little gay and brown cay; a few
31 - 33 tuftsof leute-____________,,.__,__

Same material, except clay p lly b
33 - 37 Salt, Withavery h ittle dy;a* few tufts Of
37 - 37% Ulexite .-----------------------------

Black cay and salt. _______-- ____
37%- 38 Salt and a little black clay and ule--te.
38 - 43 Salt and a little ulete-._.___ _____-
43 - 44 Balt; ray and black day; a little ml e---
44 - 46 Sal; a little uleuite; a very little pray clay.

46 - 49
49 - 53
53- 58
58 - Go
60 - 68
68 - 73
73 - 74
74 - 71

75 - 7S
79 - 8

83 - LI
85 -
88 - 94
90 - V
93 - 10

lo - 1II
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TAxLz 19-Lega of wells drilled by Paciflc Coaa Bora Co.-Continued

I Depth (Ws) 1
II

Deptk (At)

V.a 3, C"Um"Aah b3mm. ARAfMS wret'1 C Hmvr DMm SWK( sm 3. T. U N.. ILI r.-Conthmnd
-

Salt, and a little gray, black, and bro clay
lird mait and a little uleite __ t ._
Salt and some gray, brown, and black clay..
salt; black clay; a little uexite . _ -
Sard gait and a Uttke gy lay ........
salt blackclA; a Utt le ite
Sit, and a Uttk gray, brown, and black clay
Salt ad bleAk ay, ---
Salt and VerJ little clay (black and gray) .
A little bro e , otherwie same --.
Black clay and st, varying in proportions-
Sat and v litte black cly.___,
Salt; a little bro clay; a fewr crysal s

Hard u~t and a Uttlo ulexite -
H ard alt and a little black cly .
H ard lt and a little brown y cla
light-blu cay,_ , -----
cou clay sad slt-. _

Bron cla' and salt, and a little uIexite__
Bro clay and sat.

t ad a ittle gray cay, and considerable
uixi .__ ----------- ----- __ __

Slt and r an rad black cay.
Softer at leasit.___*. ,, 
Hd it; a Uttle blak, broy, and gra

an ah y -------------------
Clay- ihaltl at ahdieadueie

Salt; cnsideable bron cay; a little ulczte.
Slt and a little bron lay---- -_
5at ad bron and gay claye __-__ -_
Salt and broy clay, d a little nite .n
Drw clay, containing line cryatak of aalt

and hydrite.------------------
Sae m ateral, except more a-hydrite.- _
Cay, rth a little lanhydrite and lezitea
Brown clay and - -e and, cntaig a ttle

alt and ahydrittle __te . ____
Same terial (sad negigle) ._ 
Bro a d gr ay., ad a little salt d

anhydrite.______ ______
Blh-gray clay and salt .. __

ait, with litt ehydrit d bron and

Uleit ...........................
Rard afad a ittegady ........... ,,,,___ay n ry n rw clay .i hnsm& 
BA clgay and, sandt. rsal fsat

Hard salt, ad a little hydrite ad bron

brow da,_ .............

Pleenlhry clay, ad st. ._
Hard salt, with very little ry clayd

ulewi _._ _ _
Rard salt and a little kay cy.... -.
Salt, ad gray d bow crl b thn strt...
A Ettle ra lay, and sma1 c.ysta. of st..
Tmali salt ctals, and a little gay and

bro clay._-------~~~''
Faily sont saat; gray n ad ittle brow cla;

ocaionally a fewr tft ot tdcextk._.
Hard sat sd a litte gray clay.__
Ster Material, t and proa nt
SaIt and a tte aydr-te.---.-
Tough black clay, wifth veylittle sat.__.
Salt ad blac and bro clay and a Iittle

maewiteral ad sad decreaing In
aount† ______________

Salt ad tough black clay--------
Hard ualt ad a little graybrown clay and

Ulexit-..... ..........
Vyard mzeWb (probably a salt staum).
S rsa, with a little gray ad brown

tr_.-___. .................................. _n u La j No sand. .----------
Gry~tn clay, ery sticky.---...--

110 -
125 -
127 -
134 -
137 -
141 -
142 -
146 -
154 -
162 -
186 -
241 -

248 -
255 -
260 -
263 -
264 -

267 -

270 -

275 -
279-
284-

2S4Y& -
288X -
290 -
292 -
298 -

301%4-
320 -
323-

345 -

360 -
369 -

375 -

376 -
386 -

392 -
398 -
400-
405 -

410 _

415 -
485-
495 -
514 -
519 -

20-

525 -
538-

540 -
545 -

570 -
581 -

125
127
134
137
141
142
146
154
162
186
241
246

255
260
263
264
265
267
270
275

279
284
284%

290
292
298
301)

320
323
333

345
360

369
373

375
376

3853
392

398
400
405
410

415

465
495
514
519
520

525

538
540

545
545H

570
581
592

Coarse salt, and arge crystals of anhydrite;
a little brown and gray clay and traces of
calcium-carbonate cement ._..

Coarse at, nd some ahydrite, a little
black and gray clay, and a few fragmenta
thenardite ................... .

ISae ter, wite a ltt blue ca.
Same material, swith a ltt brow n clay. 
IBluey clay, about 50 percent; salt, anhyI

drite, and thenardite In about equal pro-I
portlons (see note on thendte belowr) | -

IBlue and soft brown clas, otherwise smeI
material .----------------------------

Brown clay; salt, anhydrite, and thenardite;
a little uleuite and few borate fragments,
apparently colemmite; some traces of
calcium carbonate cement .- l

Tough blue clay and salt .-
About 50 percent clay, blue, black and

brown; crystals chiefly of thenardite, with
a little salt and anhydrite ._---------

Same material; also a few nodules of clay,
showing traces of cement .

Chiefly It and clay; a little anhydrite and
thenardite. ._.

gSalt and clay, and notable and; no other
Crystals.-- -- - - -- -- - - - - -

Gray, brown, and blue clay; very few crys-
tals, of salt only. -------------------

Tough, dry clay, as above ._ ..- ..-
Brown lay and sand, with a little salt and

anhydrite ___--. 1
Brown clay, and a few crystals of salt and

anhydrite; very little blue clay and sand.
Bluish-green clay, and sand and salt 
Very little sand, otherwise same .- l
90 percent clay, brown, blue, and gray;

crystals of mat only .- - --
Salt stratum, hard. _ ...- _-_- l
Brown and py clay, and a little sit .-
Same materl, with some blue-green lay.. -
Tough clays, gray, green and black; about 10

percent sand -_. .. . .
Tough light-blue cay-
Clays, brown, blue, black, and ay; about

50 percent salt ._-- ----
No rcordI _-....-----------

IAbout 25 percent salt; remnainder blue clay...
IAbout 10 percent salt; blue and black clay..
IVe7v lUttle salt, ad no other ctals; brownI

cy, with sad tnceing 5rmOt 0|
percent ------- .

Sand decreases from 50 to 5 percent .
Brown gray, and blue clay, and a little salt

and aNhidrlte. __--_---- ___-_-_-_-_l
Gray clay, and a little salt and anhydrite -I-
About 10 percent salt, and very little

anhydrite; remainder, gray, blue, and
black clay

Gray, blak ad bon cay, and a ttle

Brown clay and a little sand.-----------
Brawn cay, and sand increasing from trace

to 25 percent_..........................
Very tough blue lay and sand...........
Tough brown clay, and a little sand .-------
adbout 80 percent gaand bron clay, 15 1

perenat coe sad, 5 percent cmta
onsitngo u1slt and very lttle anhydrite ..

Drk-br sandy clay and a little salt; a 
Ifew traces of ujexlte ..............--
ady gry ad bon clay, ote° e same.

l

592 - 595

595 - 597
597 - 599
599 - 606

606 - 612

612 - 615

615 - 617
617 - 620

620 -

62 -

6284 -

30 -

635 -
640 -

646 -

685 -
670 -
671 -

6775 -
6804-
681 -
690 -

695 -
704 -

706 -
720 -
721)6-
724 -

731 -
750 -

765 -
770 -

625

62834

630

635

640
646

665

670
671
677

680
681
690
695

704
706

720
721%
724
731

750
765

770
775

V
775 - 777

m - 790
790 - 795

795 - 808
g08 - 810
£10 - S12

£12 - £15

15 - £19
819 - 920
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TAaLz 19.-Leg of weII dUSd by PdciJc Coua Bora Co.-Continued

Duatis I D D Dth 

Wd 5. 2~bae 3.a I .1kmlwnu Eurff 3mm 3W4 . 3.. N.. LI I-otiued

Same terial, escept no uleute.- _ 20 - 84S Very ard, my, black, and brown clay, with
Same material, with a Uttle black and blue a little tand thenardlte . 927 - 9:

lay In ad d itto ........................ 845 - 8W Do ... 930 - 9
Sandy gray and brown ca . ........ 8 - 885 Gray clay and considerable salt (soft) 935 - 9'
Bandy a c llay -------------- 865 - 880 Gray and brown clay, otherwise same .. 94S - U

Yer touph 1 1 and black cay, ith a few Dark-brown sandy clay, with a little salt nd
ytystals oel d nbdr .90 an .............hydt........ 951 - 91

Tough light-gray clay and malt -........... 890 - 8964 Tough grayish-blue clay, with about 25
Tough light-blue clay and*sand a Uttle percent malt and a httle thenardi. -- 959 - 91

thead . .....te-.. .8963- 900 Gray lay; malt and considerable thenardite.. 965 - 9
Gray, black, and brQwn lay, and little Lght-gray ay ad sand ................. 974 - 9

salt and thenardite -_- --_-.900 - 904 got gray m eay; salt and thenardite .- 975 - 91
Mostly brown dlay, about percent ad, Lsg br y ly, with moms sand and

ad a little malt and thenardite -904 - 909 about 10 peet salt ad thenardite - 984 - 91
Very hard blue and black clay, with a little Clay, sly gray ad brown, with a little

salt and thenardite-909 - 911 snd, thenardite, and about 25 percent
Tough light-blue clay and alt; a Little brown . .... . 993 - 91

lay and ulexite ----------------------- 911 o - 915 Gray-brow lay and sad; about 10 percent
iUght-gray clay and salt, and a little .alt; trace. of thenardie -- 996 - 91

thenardite ad ulexite .................. 915 - 916 ame ater, but ha............ 998 -1, 01
Sae ateial, exeept no ulexite -9 16 - 920 Gray clay ad me sand, about 10 percent
Light-blue clay and salt; a little brown ad malt, ith..ttle ahdi __.- _._ 1,000 -1. O

black d ay-0 ---------- I - 925 Depth of L. ........... 1
Dark-br y clay d a lttle malt-. 925 - 927

i
PLUocISrTOCz(1) A RCZrET(t) osnrYs

SAIM 1Lt r sZ r.TA

Sandy plays (and laket) deposits crop out at the
edge of the saltpan and foot of the gravel fans. The
sand consists of very fine gained to medium-grained
brown sand, most of which is rounded or subrounded
quartz Feldspar is bundant; there is some mica and
homblende. Depending on the source, there may be
considerable amounts of volcanic glass or other volcanic
rocks and of clastic gains of dolomite or limestone. A
calichelike layer of salts occurs about a foot below the
surface.

The sand is 310 feet thick and rests on avel. Pre-
sumably there is more sand below the bed of gravel, for
the position is where the facies would intertongue.

Originally, the sand must have graded into gravel on
the fans; but the transition beds have been removed by
erosion, and the sand now forms a low cuesta, 2-4 feet
high, facing the ravel fans Panward the sand grades
into silt, which becomes increasingly clayey toward the
center of the saltpan. Borings in the middle of the
saltpan indicate that the sand deposit is 5-O50 feet thick.
There this deposit is overlain by the crust of salts form-
ing the present saltpan; it overlies a layer of rock salt
a few feet thick.

No fossils were found in the sand or silt. The sand
is older than the sand dunes that can be equated with
the earliest bow-and-arrow occupations in this area.
It is older than the calichelike layer of salts contained
in it, which is attributed to evaporation of ground

water at the time of a Recent but pre-Christian
lake (p. A79). The sand is considerably dissected. 
crossed by numerous small washes draining from
gravel fans to the saltpan, and it is being overlappec
the No. 4 gravel that is being moved panward at pres

Mo. I UAYE

The No. 3 gravel (pl. 2) differs from the No.'
several ways. The deposits contain less caliche
generally are less well indurated. The cobbles and 
bles on the surface are firm and show little sign of
integrating; the rocks are not angular but ae
round. Although not disintegrated, cobbles and
bles on some of these deposits have thin weathe
rinds; other deposits lack even this. The gravels I
a dark stain of desert varnish. Over a broad sur
the stain may be darker than it is on the older gra
because the No. 3 gravels are firm, whereas fang
erates of the Funeral Formation and No. 2 gravel
crumbly and the varnish there is pcrtly destroyed

The No. 3 gravel is much better stratified in co
and fine-grained layers than is the No. 2 gravel.
range in grain size is substantially less and the prc
tion, of gravel to sand is higher, although few bou
are more than a foot in diameter. Where there
nearby source of large boulders in erosion remnar
the No. 2 gravel, some of these are reworked int
No. 3 gravel, but such reworked boulders are few.

The surfaces on the No. 8 gravel are rough (fig
The cobbles and small boulders are in ridges-na
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levees-I or 2 fet high and as much as 10 feet wide.
Washes between the levees are about the same width as

K> the lerees. The gravels also occur in small fanlike
mounds that choke washes and disrupt the drainage.
Nowhere is there desert pavement on these deposits like
that on the No. 2 and older gravel. The range in size of
the gravels on the surface of the No. 3 is the same as
within the deposit.

Three kinds of surfaces have formed on the No. 3
gravel. Surfaces that have not been subject to flooding
or washing are only a little less smooth than the desert
pavements on the adjacent older gravels. Such surfaces
are rough only because the ill-sorted small boulders,
cobbles, and pebbles stand at different heights and are
distributed irregularly on the surface. The stones are
darkly stained with desert varnish.

Surfaces that have been subject to flooding, but not
recently, are composed of levees of small boulders along
the sides of washes floored with pebbles, and both the
levees and washes are darkly stained with desert var-
nish (fig. 53). Desert varnish is thicker and darker on
stones on these first two types of surfaces than on any
other gravel deposits in this part of Death Valley.

The third type of surface is like the second, except for
recent washing. On these surfaces the levees are stained
with desert varnish, but the pebble floor of the wash is
not. This third kind of surface grades into that of the
No. 4 gravel.

The surfaces on the No. 3 gravel similarly grade into
those that have formed on the No. 2 gravel. Where
surfaces on the No. 2 have been overriden by flash
floods, a layer of firm cobbles and pebbles overlies the
pavement of partly disintegrated slabs and flakes. In
these places the firm cobbles and pebbles form low ridges
on the pavement, and the old desert pavement forms
the beds of the little washes between the natural levees.
Other surfaces on the No. 2 are dissected by shallow
washes which have become mantled with firm cobbles
and pebbles, leaving narrow interstream areas capped
with the old desert pavement. A third kid of grada-
tion is where the No. 3 gavel has been derived by erosion
of old disintegrated gravel; depending upon how far
such gravel was transported, there may be enough angu-
lar stones to form a surface like that on an older deposit.
Such surfaces, however, lack the silt layer that is
characteristic of older desert pavement.

Much of the ground shown as No. 3 gravel actually is
only a thin veneer of this gravel on an eroded surface
of the No. 2. The No. 3 gravel is neither as thick nor
as extensive as the No. 2

In general, the surface of the No. 3 gravel is lower
than that of the No. 2 and generally less than 10 feet

Age above the No. 4. But the No. 3 gravel oerlaps the

I
Men 4.-Wind-aceted cobbles. rgillIlte left) is smoothIr

faeted; limestone (right) has rilleg on the facets. Both sped-
mens oriented as In the Celd.

lower edges of the No. 2, and at such places has accu-
mulated in small fans on top of it. Conversely, the No.
3 gravel is overlapped by the No. 4 (figs. 55, 64).

The Funeral Formation and the No. 2 gravel general-
ly are without vegetation, but the No. 3 gravel generally
has a sparse growth of shrubs along the shallow washes
between the natural levees of cobbles and small boulders.
This reflects the difference in permeability and runoff
on the two surfaces. Runoff is greater on smooth desert
pavement than it is on the rougher surfaces of the No.
3 gravel, and the ground is accordingly more xeric and
less suitable for plant growth (see Hunt, 1965).

Pebbles and cobbles on the surface of the No. 3 gravel
are wind faceted (fig. 54) at several localities, for ex-
ample, along the south side of the Hanaupah Canyon
fan 1-1% miles due west of Eagle Borax, on a bench at
the mouth of the wash at the north end of the Artists
Drive fault blocks (NE1/&NEy 4 sec. 1, T. 26 N., R. 1
E.), and on the Salt Creek Hills In the latter area some
stone artifacts are clearly etched by sandblasting.
Glass bottles that have been exposed are frosted and
etched. The wind-facted pebbles may have been de-
veloping their facets over a long period of time, but
certainly some of the shaping is Recent.

At several places the No. 3 gravel has been displaced
by small faults. At the Hanaupah escarpment, 1 mile
west of Shortys Well, the No. 3 gravel is displaced 6 feet
along a fault that displaces the -No. 2 gravel 75 feet (fig.
78). At most places, though, the No. 3 gravel overlaps
faults without being displaced. Good examples are be-
side the highway 2 miles south of Bennetts Well (fig. 55)
and at the south edge of the Trail Canyon fan 1Y2 miles
southwest of the junction of the Trail Canyon road and
West Side highway.

The No. 3 gravel is old enough to have been eroded
into low benches and to have developed extensive desert
varnish on the surface. Numerous archeologic sites
on the gravel indicate that the bow-and-arrow and
pottery occupations at those places are later than the
No. 3 graveL Further, the No. gravel everywhere is
darkly stained with desert varnish, but rcheologic
sites of the bow-andarrw occupations are not. There
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ruma 55.--o. 2 ravel (toeground) dtaced d fet by a ftalt
that s ov'wpped and burted by No. 2 grVeJ (Jdstance). Icalty
is b W"t gut highway 2 mle oWth of BenattJ WelL Viw
Zorthl

is little reason to doubt that the gravel everywhere is
older than hee archeologic sites and antedates the
Christian era. Probably the No. 3 gravel includes de-
posits that are early Recent in age and other deposits
as old as late Pleistocene.

DWOUM or !2ATUTT AND C0*1301 cz:n DW ER&VZ

Travertine has been deposited in mounds at and near
each of the large springs issuing along faults west of the
Funeral Mountains, and a small mound has been built
on the upper part of the Tril Canyon fan. The de-
posits are nearly pure calcium carbonate.

The largest deposit is at Nevares Spring at the foot of
the mountains 2 miles east of Park Village.

Travertine has been deposited at Travertine and
Texas Springs, and between them ar som mounds of
travertine that have become isolated by erosion. One of
these deposits drapes over the aide of Furnae Creek
Wash and extends to the bed of the wash (fig. 66),

clearly dating the tavertine as younger than thii par
of the gorge of Furnace Creek Wash.

On the gravel fan at Trail Canyon, a mile below th
mouth of the canyon, is a mound of travertine 5 fee
high and 30-50 feet in diameter. Another travertim
deposit on the west side of Death Valley is at the sout
base of the bill of basalt south of the mouth of Blaci
water Wash. The deposit is at an ltitude of 200 fei
in a cove at the toe of a field of basalt boulders ovei
lying tuf The travertine probably was derived fro
the carbonate caliche in the basaltic boulders up the hil
side and probably dates from a time when there was
spring her

Travertine obviously is being deposited at Nevare
Texas Travertine, and simil springs at present, y
much, probably most, of the travertine is an old deposi
probably dating back to lat Pleistocene time Son
of the deposits are at locations where springs have drie
up. Other deposits am old enough to have been isolate
by erosion from the spring areas Projectile points 
types characteristic of the early occupations have bee
found On the surface of some mounds.

A few fils were found, but they ae not memnin
ful. At Nevares Spring, 4 feet below the surface,
teeth were found and identified as mountain w
(Ovu camdeni Shaw) by G. E. Lewis, of the U,,
Geological Survey, and C. B. Schultz and L G. Tanne
of the University of Nebraska State Museum SoD
mollusk shells from the same layers of travertine
Nevares Spring (US.GS. Cenozoic lc 216Th) wei
identified by D. W. Taylor, of the U.S. Geological Su
vey as Hydrobiidae indeterminate, a fresh-water sna

Some shells fom travertine at Triangle Spriun
(U.S.G.S. Cenozoic loc. 21575) on the northwest ob
of mquite Flat lso were identified by Taylor
followi:

P64fhm w, a freh-water cam
Rydroblidae, 2 Indetermnaft species robably representl

2 genera of fresh-water mah
PAre, a fesh-water sun
Trtio a land snai

of. iscoos, a land snai

Taylor (written commun, 1961) offers the followi
ecologic interpretation of thes species:

The two terreWtrI specis are Inhabitants ot moist sitsatic
such as Vegetation along strem, beside onds, or In mar
plac. The fesh-water species do not Inhabit wide mgw
m:l ; the water certainty was fresh rther than brack!
Te water tempmrares may have been warm. but
hot-poesibly as high a e F.

The living molluscan tar of the Death Valley area Is
sentially unknown. ror this reason the snifleance of
molluks cannot be evaluated satisfactorily. Perhaps aI
spede rPresented by the fosils are liUin; perhaps only s

- - - - , - -
-~ ~ -~ -- 1

FIQUIR 5.-TuVetdM depoit ~Ustng the bank f Fuma
9ek Was haM a S OM te moth of t wash. nh old
jyTbM saw dr, that deooted the traverti was at tan bigh m
of tere= that C&A W Me bVeod the tehone UAL
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Fresh-water snails in another collection from the irri-
gation ditch at Furnace Creek Ranch were identified by
Taylor as:

Ze.aoma USEv *sewk Pilabry. a roridlan specim prob-
ably Introduced throuo aquria

The calcium carbonate caliche that cements layers of
gravel on the fans is well developed where the gravels
overlap the fine-grained Tertiary playa deposits, places
favoring perched ground water. Such cemented ledges
are extensive where the gravels overlap the Tertiary
rocks below Nevares Spring and along the west edge of
the Texas Spring syncline, where ground water comes
to the surface. However, for reasons that ae not ob-
vious, the caliche also is well developed on the fans
of Galena and Six Spring Canyons.

Although most of the caliche is calcium carbonate,
there is considerable calcium sulfate caliche locally, es-
pecially along the foot of the Black Mountains, as had
been noted in the description of the Funeral Formation
on Artists Drive (p. A64). Certainly the greater part,
and perhaps all, of the caliche in these gravel deposits
has been deposited by ground water, or more likely, by
water in the capillary fringe above the water table. The
best evidence for this is the common occurrence of well-
developed caliche where there is a perched ephermeral
water table.

That much of the caliche is old, perhaps late Pleisto-
cene in age, is indicated by .the occurrence of earliest
archeological sites (Death Valley I and Death Valley
II; Hunt A. P., 1960) at shelters or ledges formed
by the caliche.

Trace elements in the travertine are given in table
20. They are much the same as in the calcite veins cut-
ting the Funeral Formation.

TsaLz 20.-Tace dameng ias prn-oep buerliea in
elcl vein in Auera Frap

PDCMS1 anb O r. ca V.8 XL PM coSW

3 ik IM 21 CdCo Cr C~a G s ,
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C~ld |wT. Hi so 3, 'n _ _ -aD119 M

_ I aM.M, Pb S_

Say 3<301 10<8Lso<30<a< 0300l3Camp.... iDm| 101 <S <10 |°

I t I o m 1 Ll <10
Tap_ o|aalef_ e I= <D9 < I$

Ted brVnV Ten bI
2 CIN claL. n burn bet h~ Mmrndw
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Near the base of the gravel fans on the west side of
Death Valley, at about 240 feet below a level, the
desert varnish on the fan gravels abruptly ends. Te
color change, from darkly varnished gravels above to
light unvarnished gravels below, follows the contour
and occurs within a vertical range of about 5 feet. This
contour also marks the upper limit of highly saliferous
ground and is interpreted to be the high watermark of
a lake (fig. 57).

The shoreline shows especially well in the cove north
of West Side Borax Camp on the west side of Cottonball
Basin (fig. 58). The salt-impregnated ground extends
to a uniform level on the fans around the head of the
cove and on a little butte of limestone that was an island
in the cove. Above the salt-impregnated ground is
comparatively salt-free gravel on the fans and salt-free
colluvium on the butte.

At the east foot of the Salt Creek Hil the shoreline
is impressed on the alluvial bank of an arroyo (fig. 59).

The shoreline is distinct also where the highway
crosses Death Valley at the west foot of the fans on the
Artists Drive fault blocL There it is marked by a strik-
ing change in salinity of the ground which coincides
with a small terrace along a contour 280 feet below sea
level (fig. 60). The hill of the Funeral Formation just
north of the highway has a strong caliche of gypsum
above the terrace, and all the ground on the hillside is
heavily impregnated with gypsum. Around the foot of
the hill, at and below the terrace, the ground is im-
pregnated with rock salt. A layer of rock salt, evidently
marking the capillary fring above the old water table,
extends into the gypsiferous gravel. This layer of rock
salt is broken by polygonal cracks that are manifested at
the surface by shallow troughs in which pebbles have
collected-a type of patterned ground distinctive of this
shoreline (Hunt and Washburn, in Hunt and others,
1965).

Similar changes in salinity at about this same level
appear at many places along the east side of Badwater
Basin (fig. 61), and in the cove south of Copper Canyon,
vnied gravel extends down to this level

Sandy or other permeable beds along the edge of the
saltpan generally have a calichelike layer of salts 1-4
inches thick and 3-15 inches below the surface. The
composition of the salts varies from one part of the
saltpan to another. Where little ground water moves
into the saltpan, the salts in the caliche are mostly rock
salt. Where much ground water moves into the saltpan,
sodium chloride is flushed to the interior of the saltpan,
and the caliche layer around the edge is mostly com-
poeed of sulfates. Along the north and east sides of
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rtvu 5.-View west as Death Vmfley to Trall Canyon fan showing how the lower Umilt of the desert aralsh followrs t contour.
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eter of the cove. View northwest crom the cove north of the West Side Borax Camp.
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YI'ov 5.-Shoreflne ut In alluvial bank t wash at east toot of the Slt Creet HIlh (alttude about -240 ft; SWKSE% ec. 10. T. 16 S.
L 46 E.). Vew east.
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FIGatn 60.-Vw of narrow terrace round the toot of the Artte Drive fault blocL 20 eet below see level. which Is interpreted to be the
shoreline of a eant lake. The round below the terrace I toughened by eaving of c ealt; ta ground above the terrace Is mooth
and Impregnated with apeum. View orthwe- from aW a mile north of the ghwa acroee the Devils Golf Course.
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Cottonball Basin, where the ratio of calcium to sodium
is low, the sulfates are mostly sodium sulfate. Alang
the west ide of Badwater Basin, where the alcium-
sodium ratio is high, the sulfates are mostly calcium
sulfate.

At most places these ealiche layers are 8-10 feet above
the present water table and ae feet above the present
capilla:y fringe There is little doubt that they formed
by evaporation of ground water at a time when the
water table was higher than it is now, and very probably
this occurred at the time the Recent lake filled the basin.
There was more moisture at that time, and the caliche
deposits largely coincide with the shoreline of that lake.

The lake that produced these features antedates sand
dunes (p. A86) that have formed an the old lake floor
along the west side of Badwater Basin. These sand
dunes must have formed during the last 2,000 years,
for they contain artifacts representing late archeologi-
cd sitas-pecifically the Death Valley IV (pottey)
occupation (about A.D. 1000) and the Death Valley
M (prepottery but bow-and-arrow) occupation (about

A.D. 1) (p. A87). The absence in the and dunes
of artifacts representing the pre-bow-and-arrow oc-
cupations is consistent with the idea that the dunes are
younger than these occupations.

The lake must be older than the deposits of massive
gypsum, for these deposits ar not impregnated with
rock salt, though they would have been ooded by the
lake. The lake is younger than the sandy and silty
beds that are exposed around the edge of the saltpan at
the foot of the gravel fans, because these beds contain
calichelike layers of salts and other salt impregnation
that evidently wern deposited when they were ooded by
the young lake.

The lake probably is a feature of the Recent pluvia
period that is widely represented by Recent but pre
pottery and pre-bow-and-arrow alluvial deposits it
other parts of the Southwest (Hunt, 1953, p. ).

Since the time of this lake the valley oor in Bad
water Basin has been tilted eastward; the shoreline 
20 feet lower along the east side of that basin than it i
along the west side.
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The deposits that formed in an around the edge of the
lake are mostly salines and constitute the Death Valley
saltpan. The pan covers more than 200 square miles,
all of it below sea level and most of it between 270 and
282 feet below sea level. The salt crust on the saltpan
ranges from a few inches to a few feet thick; it is
underlain by silt and clay. At the center of the pan
the salts in the crust are mostly chlorides. These
chlorides are surrounded by a narrow discontinuous
zone in which the salts are chiefly sulfates, and these,
in turn, are surounded by a sandy zone containing
carbonate salts.

The deposits are a few inches to few feet higher
than the areas that are subject to flooding at present,
but although the surfaces of the deposits are elevated
and protected against flooding, the edges of the de-
posits are being eroded where subject to washing by
present-day floods The zoning of the salt! in the
crust reflects the differences in solubility of the salts.
These deposits, described fully in Hunt and others
(1965), are summarized here.

OwZ AL

MAUSGE OCK SALT

The massive rock salt is at least 3 feet thick and
overlies silt and clay. It covers about 8 square miles
in the lowest part of the saltpan (-280 ft), along the
east side between the salt pools and Badwater (fig. 2).
The deposit probably averages 95 percent or more of
sodium chloride; the remaining 5 percent is mostly
chlorides of calcium, magnesium, and potassium and
sulfates of magnesium and sodium.

The deposit has an exceedingly rough surface of
jagged pinnacles 6-10 inches wide and 1-2 feet high.
The depressions between the pinnacles are 1-2 feet wide
and are marked by cracks that divide the salt into polyg-
onal slabs 4-6 feet wide. The composition and purity
of the deposit, combined with the fact that it is located
in the lowest part of the saltpan, suggest that it is the
residue from the evaporation of a lake. This lake
would have to be the youngest. that has flooded Death
Valley, the Recent lake

sIos 6Ml.TT WoK ALT

Peripheral to the massive rock salt and grading into
it-is a belt of equally rough rock salt that is silty. This
rough silty rock salt is 1-3 feet thick. It extends onto
ground that is 5-10 feet higher than the massive rock
salt, about -275 to -270 feet. This deposit, covering
about 25 square miles, contains 20-40 percent silt ad.
mixed with the salt. The deposit has a rough surface
very much like that of the massive rock salt, and is also
divided into polygonal slabs by cracks 4-A feet apart.

Similar deposits are forming at present where peren-
nial ground water is shallow enough for the capillary
fringe to reach the surface. The resulting evaporation
of water in the wet muds causes salts to precipitate in
the mud, heaving it upward and producing a deposit
that is mixed salt and mud. The distribution of the
rough silty rock salt, peripheral to the massive rock
salt, suggests that it formed in shallow parts of the lake
where seasonal fluctuations of level would produce mud
flats with ground water virtually at the surface.

BKoom uIHsr laOC GALT

Peripheral to the rough silty rock salt and gradation-
al to it is a form of salt crust referred to as smooth
silty rock salt. The smooth silty rock salt forms exten-
sive smooth plains at the mouths of the principal
streams discharging into Death Valley-the Amargosa
River, Salt Creek, and Furnance Creek; he three
areas where the deposit occurs are about 265 feet below
sea level and aggregate about 50 square miles. The de-
posit consists of a surface layer of brown silt, 1-6 ches
thick, resting on a layer of silty rock salt about 1 foot
thick. This rock salt rests o clastic sediments. Pn-
ward the layer of silt thins, whereas the layer of rock
salt thickens.

The salt is cracked into polygonal slabs 8-6 feet in
diameter; the overlying silt is similarly cracked but
also is divided by closely spaced desiccation cracks that
end downward at the salt. The junctions of the polyg-
onal cracks in the salt commonly are reflected in solu-
tion pits or depressions in the surface of the silt.

The smooth rock salt layer is interpreted as having
been formed by evaporation of ground water, like the
rough silty salt. This surface was smoothed, and the
silt on it probably was deposited by floods from the main
streams discharging onto the salt

KAm8!Z GYtSUM

Surrounding the chloride zone and slightly higher
than the rough silty rock salt (at an avenge of about
- ft on the west side of the saltpan and -270 ft on
the east side) is a discontinuous belt of massive gypsum
in deposits 1-5 feet thick. The gypsun overlies damp or
wet ilt and is capped by a layer of anhydrite or bas-
sunite 1 inches thick

AUl the presentday gypsum deposits are located near
marshes, and presumably the massive gypsum was de-
posited in marshes at a time when the discharge of the
springs was greater than it is today. At the marshes,
the total of the dissolved solids is less in wet years than
in dry years, chiefly because the amount and propor-
tion of sodium chloride is less. In time of high dis-
charge, gypsum continues to be precipitated, but the
more soluble sodium chloride is dus from this part
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of the system and transported in solution to the chlo-
ride zone.

The masive deposits of gypsum are interpreted as
having formed during the period of the Recent lake
when discharge from the marshes and springs would
have been greater than now ad great enough to keep
the sodium chloride in solution and flushed out of the
system. Under this interpretation the gypsum must
have formed after the level of the lake had fallen below
the level of those deposits, or they would have become
impregnated with sodium chloride introduced by the
lake water. The difference in level of the deposits on
the two sides of the saltpen may be due to eastward tilt-
ing of the saltpan during the last 2,000 years (p. Al00).

USz DIO5zrs rozndo AT zazsBW
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Salts and saliferous muds are being deposited at
present on those parts of the saltpan that are subject
to seasonal flooding, altogether about a third of the
saltpa. A crust of sat is forming on the lowest parts
of the flood plain where surface water collects and can
escape only by evaporation. One such area is in Bad-
water Basin about midway between Badwater and Tale
Spring. Another area is in Middle Basin, the low part
of which is 1.5 feet lower than the channel that dis-
charges from there to Badwater Basin.

The parts of the flood plain that are tributary to these
low places are frequently washed by surface water, and
they include extensive reas of bare mud fats. Salts
that accumulate on the surface after one wetting are
removed by later floods.

Much ground water, though, moves laterally from
the channels to nearby areas that are flooded infre-
quently; the evaporation of this ground water leaves
deposits of salts in the upper layers of the mud, forming
a crust of silty rock salt.

MAIE DOST

Mash deposits are forming at present at many places
around the edge of the paltpan where ground water is
moving laterally into the pan. The marshes a lo-
cated where the sand facies grades laterally to silt; the
movement of ground water is slowed by the silt, and
the ground water level is held up in the adjoining sand
(Hunt and Robinson, in Hunt and others, 1965).

All the marshes are depositing sulfate salts. At some
marshes along the east side of Cottonball Basin, sodium
carbonate is being deposited in addition to sodium sul-
fate. Elsewhere, the deposits are largely or wholly
sulfates with some chlorides. In Badwater Basin where
the calcium-sodium ratio is high, the sulfate being de-
posited is calcium sulfate. In Cottonball Basin where

the calcium-sodium ratio is low, the sulfates that at
being deposited are mostly sodium sulfate and sodium-
calcium sulfate.

The deposits consist of califlowerlike lumps of gran-
ular and porous sulfate salts having the texture of wet
bread crumbs and coated by a firm layer of salts that
includes much sodium chloride. In dry seasons the pro-
portion of sodium chloride, on the lumps and in brines,
may be high; in wet seasons it is low, evidently because
the discharge is sufficient to transport the more soluble
chloride away from the marsh to the chloride zone.

NO. 4 GuZ.A

The No. 4 gravel is along the washes on the gravel
fans Where these washes are no more than a -foot or
two deep and the area between is frequently flooded, the
interstream gravels are included with the No. 4. The
No. 4 gravels are composed of firm rocks that are with-
out both weathering rinds and desert varnish. The
deposits are loose gravel containing few large boulders
and without much sand (fig. 62).

The No. 4 gravel is thin, probably nowhere more than
about 10 or 15 feet thick, and the volume of this gravel
is correspondingly small compared to the older ones.

Not only is the volume of the No. 4 gravel small,
most of the gravel has been derived by eroding the older
deposits on the fans. Very little of it seems to have
been new gravel from the mountains. Evidence for this
is twofold. First, the volume of the No. 4 gravel ap-
proximately equals the volume of the channels that have
been eroded into the older gravels. Second, large
boulders that occur locally in the No. 4 gravel are as
abundant along tributary washes that rise in those
gravels as they are along the main washes that extend
into the mountains. The boulders in the tributary
washes must have been derived from the older deposits
and probably most of those along the main washes
were too.

That cloudbursts can produce floods and mudfow i
the washes capable of transporting the largest boulder
is clear enough. A striking example is along the mair
wash draining from Starvation Canyon, where a Re
cent flood was capable of lifting boulders 10 feet 
diameter onto the bank which is 50 feet higher than th
bottom of the wash. As noted above, there is adequat
source for these boulders nearby in the older gravel
they need not have been moved far. They could be du
entirely to reworking from the older gravel deposit
along the channel

On fns composed largely of fine-grained material
like those on Artists Drive, flash floods and resultin
mudflows are frequent. At one place, about midway I
tween the exit from Artists Drive and the junction wit
the West Side highway, an old highway pavement 
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FIruaw 62.-Contrt betwen Ne. 4 gravel In present wash (eft) ad No.3 grvel (right). Gravel In the wadh is not staid with desert
varntsh, and It Is loo. In gIdde distance Is the vidi at Pan TUars composed of the Jiueral Formation. Potograph by John IL Styc7.

buried under about 4 feet of mudflow on top of which
is the present pavement. It was cheaper to build a new
road than to excavate the old!

Such examples of recently formed mudflows are im-
pressive and provide a yardstick for visualizing the
vastly larger ones represented by the older deposits, like
those on figure 48.

le No. 4 gravel does not extend onto the floor of the
valley, except as short narrow stringers of fine pebbles
along rills at the foot of the fans. Few of the rills are as
wide as 6 feet; most re only a foot or two wide and only
a few inches deep. Although an occasional large pebble
may be found along a rill a few hundred feet into the
saltpan, for all practical purposes the gravels have not
been moved onto the pan more than a few tens of feet,

and this abrupt lower limit to the extent of the gravel co-
incides with a break in slope between the foot of the fans
and the saltpan. The gravelly lower edges of the fans
slope 2-6 percent; the stone-free edge of the altpan
slopes less than 1 percent.

On the high parts of the fans, the gravel along the
present washes is lower than the older gravels, but on the
lower parts of the fans the No. 4 overlaps the No. 8 and
older deposits and forms fans on top of them (fig. 68).
Just as the No. 3 gravel overlaps the lower edges of the
No. 2, so also the No. 4 gravel overlaps the lower edges
of the No. 3. Clear examples of these overlaps can be
seen on practically every fan, and the position of overlap
has shifted toward the foot of the fans (fig. 64). This
shift could be attributed to downcutting on the high
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tmaga EL-Desert pavement with Snular blocks and slabs en .
gravel (foreground) Is everlsoped by a fta at No. 4 nld (Wi
ereote bsh) which Is being bult higher than the old gravel
tiks north ftro road to Esnoupa Canron bout ag west of
Shortj' Well.

parts of the fans and the building up of base level at the
foot of the fans, but the process has been complicated by
eastward tilting that steepened the fans while they were
being bu

AdVTZUX.G £XA2406 VRow AM SALT CAs

Flood-plain deposits of alluvium occur along the
Amargom River and Salt Creek. The deposits are most-
ly silty sand or sandy silt with a little graveL About
10 feet of alluvium is the maximum thickness exposed,
but the maximum thickness of the deposits may be very
much greater than this figur,

These alluvial deposits are overlain by sand dunes that
date back to pepottery times-that is, the Death Valley
m occupation (p. A8T). Such dunes are widespread
on the alluvium in Mesquite Flat and along Salt Croek
in the vicinity of McLean Springs. Others are located
on the alluvium along the Amargosa River 5 miles
southeast of Coyote Hole and in the Amargosa Desert 85
miles east of Death Valley. Very likely, therefore, the
alluvium was laid down about the time of the Recent
lake in Death Valley.

In the 2,000 years since that tine, the surface of the
alluvium has been modified only slightly. The main
streams have become trenched as much as 10 feet into the
filL Wmds locally have excavted deffation hollows on
the surface and have built, and still are building, dunes
on the alluvium. Washing from the side hills locally

has deposited a foot or two of younger alluvium on the
old.

DVZZ GAMD

Dune sand is of very limited extent around the Death
Valley saltpan for the reason that most of the sand
there is firmly cemented with salt. Dunes se mod-
erately extensive on Furnace Creek fan and along the
west side of Bsdwater Basin opposite the mouth of
Hansupah and Starvation Canyons. At both localities
the sand facies is somewhat wider than elsewhere, be-
cause of the source rocks; also, substantial quantities
of fresh water are being discharged there to the saltpan,
so that the ground contains less soil salts than does the
sand around the rest of the saltpa. Too, these are the
places where the fan gravels contain most calcium car-
bonate cement, indicating that ground water discharge
has been greatest at these places in past as well as present
times A78. The same is true but on a much aller
scale at isolated groups of small dunes at the mouths
of Cow and Salt Creeks and on the west side of Bad-
water Basin opposite the mouths of Johnson and Galens
Canyons.

Honey mesquite grows on the dunes and helps hold
them in place. The occurrence of the honey mesquite
is further indication of good quality water because this
phreatophyte, in Death Valley, does not grow where
the salinity of the ground water exceeds sbout 0.5 per-
cent (see Hunt, 15). Where mesquite plants have
died, the dunes become desityed by wind carrying the
sand away from the locality.

Dunes on Furnace Creek fan average ahout 75 feet in
diameter and 6 feet high. They overlie alluvial sandy
silt and intertougue with the top 18 inches of that silt.
Dunes along the west side of Badwater Basin average
twice as wide and twice as high as those on Furnace
Creek fan; some are as much as 20 feet high.

The dunes are not migratory. Rather, they are heaps
of sand close to the parent formation. This is indi-
cated partly by their distribution and partly, too, by
their mineralogy. The mineral composition of the dune
sand and of the underlying sand formation is like at
a given location, but it changes greatly from one part
of the saltpan to another. For example, from Salt
Well south to the foot of the Wingate Wah fan, about

,No. 2 gravel

4 gravel In present washes

APMMa IL4MDta RamAt1C MrfEN at aug lonte evt Wle f Death TWey WastradnC the ftwnt shuft to poition and varla of
Younger gravels n lder gras. No. 4 gravel overlae CMe No. gravel below where the No. gavel wovrlap the No. I gravel.
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50 percent of the sand is volcanic rock, and a very little
is carbonate rock. Northward from Salt Well the per-
centage of volcanic material decreases to 10 percent or
less. At Gravel Well the sand contains numerous fakes
of shale from the Johnnie Formation. On Furnace
Creek fan, about 50 percent of the dune sand is volcanic
rock and about 25 percent is carbonate rock In all the
dunes the grain size is about the same, commonly about
025 mm in diameter; about 65 percent is coarser than
0.15 mm and 35 percent is finer.

Sand dunes on Mesquite Flat ame much more exten-
sive, much larger and higher, and average finer in grain
size than those along the edges of the saltpan. They
rest on alluvium. Although the Mesquite Flat dunes
are not stationary, they probably have not moved far,
because the dunes are largest and most extensive along
the sandy belt between the foot of the gravel fans and
the silty flood plain that constitutes most of Mesquite
Flat.

Other dun occur along the Amargoa River and
overlie the alluvium in the flood plain.

The dunes around the saltpan have developed on
ground that was flooded by the Recent lake and hae
formed since that flooding. The dunes at Mesquite Flat
and along the Amargosa River overlie alluvium. All
these contain archeological remains representing the
Death Valley IV (pottery) occupation and the
Death Valley m (prepottery but bow-and-arrow) oc-
cupation (see below). These remains occur at all levels
in the dunes and on the underyling salt-impregnated
sand from which the dunes were derived. Accordingly,
the dunes must have been forming throughout the last
2,000 years, and the Recent lake was before that time

In other areas it has been possible to show that ex-
tensive dunes formed during the early part of the
Recent. (See for example, Hc, 1941, 1942.) This
probably also was true in Death valley, but early Re-
cent dunes that may have formed around the edge of
the saltpan would have been destroyed by the rise and
fall of the Recent lake. Relicts of the eady Recent
dunes would be expected in Mesquite Flat, but search
there has not revealed satisfactory evidence of them.
The flat was not submerged by the Recent lake, but it
may have been flooded by stream wash sufficiently to
level the suppossi early Recent dunes.

£ZC&OL0S of = DabUc

Occupations of four different ages have been recog-
nized around the Death Valley ualtpim The two early
ones, called Death Valley I and II, predate the
Christian era They can be equated with the Lake
Mojave, Pinto Basin, and early Amargosa cultures
found elsewhere in the southern Great Basin and

Mojave Desert. These occupations were chiefly hunt-
ing cultures and antedate the bow and arrow. Death
Valley III is marked by the introduction of the bow
and arrow and dates from about A.D. 500. Death
Valley IV is marked by the introduction of pottery into
Death Valley, probably about the 11th century A.D.
Death Valley III and IV were gathering rather than
hunting cultures. The archeology is described in a com-
prehensive report by A. P. Hunt (1960).

PRYBIOGR&?ET 07 THE FAM

The gravel fans that are tributary to the Death
Valley saltpan can be considered in four groups. The
largest, both in ae and volume, are those along the
east foot of the Panaint Range. These fans are 5-8
miles long; their surfaces rise from below sea level, at
the edge of the saltpan, to more than 1,000 feet above
sea leveL The summit of the Pamint Range is 7,000-
11,000 feet in altitude, and the area of the mountains
draining to the fans is almost twice as great as the
area of the fans. The rocks are mostly of Precambrian
and Paleozoic age. Geophysical surveys indicate that
these fans and the fill under them attain a minimum
thickness of about 6,000 feet. The thickness is greatest
at the foot of the fans As indicated below (p. A108),
probably only about a third of this fill is Quaternary
gravel; the remainder is Tertiary and most of volcanic
origin.

A second group of gravel fans lies in font of the
northwest-trending Funeral Mountains, which extend
diagonally across the north end of the part of Death
Valley that contains the saltpan. These fans are as long
and as high as those along the foot of the Panamint
Range, but the fan form is not distinct because the fans
are interrupted by numerous hills and ridges of older
rocks protruding through the gravel Also these gravel
deposits average very much thinner and their volume
very much less than those along the foot of the Pana-
mint Range, no doubt beause the drainage basn from
which these fans were derived are small compared to
those in the Panamint Range. The summit of the
Funeral Mountains is only ,000 feet in altitude, and
the area of the mountains draining to Death Valley is
no greater than the area of the fans. The rocks are
not unlike those in the Panamint Range.

A third group of gravel fans comprise those along
the foot of the Black Mountains, along the east side of
the saltpan south of Badwater. In contrast to the other
two groups of fans, these are small, evidently because
the floor of Death Valley has been tilted eastward dur-
ing Pleistocene and Recent time. These fans have been
snking and ar mostly buried by overlap of the playa
sediments.
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The fourth group of fans are those along the foot of
the Black Mountains north of Badwater. These fans
contain a high percentage of fine-grained sediments,
because they were derived in large part from fine-
grained Tertiary playa sediments and volcanics. The
area of these fans is about equal to the area of the
mountains drained to them, but the mountain summit
is only 2,0004,000 feet in altitude. The fans on Artists
Drive, like those in front of the Funeral Mountains, are
interrupted by hills of older rocks protruding through
the fans, and the gravel deposits are equally thin.

On the fans the gravels of different ages form differ-
ent kinds of ground, each having a distinctive drainage
pattern. The differences are best illustrated on the fans
along the foot of the Panamint Range (fig. 65).

Differences in the patterns of the fans in different
parts of Death Valley reflect differences in their struc-
tural history. In terms of Davis' nomenclature (1925)
the foot of the Black' Mountains south of Badwater is
partly fan based, as at Coffin Canyon (fig. 66A), and
partly fan free, as in the' coves just north and south of
the Coffin Canyon fan. Clearly this reflects the east-
ward tilting of the floor of Death Valley and the over-
lap of the fine-grained sediments onto the fans and even
onto the bedrock front of the mountain.

Differences in fan patterns northward along the foot
of the Panamint Range very possibly reflect northward
tilt of the Panamint Range. South of Johnson Canyon,
at Six Spring and Galena Canyons, the foot of the range
is fan bayed (fig. 66B). Them the spurs are ained,

and the fan gravels extend a short distance into the
canyons. From Starvation Canyon northward to Trail
Canyon the spurs are irregular, and the front of the
range is fan frayed (fig. 66). At Blackwater and
Tucki Washes, hills of bedrock are surrounded by fan
gravel, and the front of the range is fan wrapped
(fig. 66D).

There is a difference, too, in the degree of dissection
of the old gravels northward along the fans (pl. 2).
In general, the extent and depth of dissection of the old
gravel increases southward as if there has been north-
ward tilting of this stretch of Death Valley since the
No. 2 gravel was deposited.

On many of the fans the main washes, which are
transporting coarse material from the mountains, have
steeper gradients than tributaries. The main washes
with their coarse debris rise in areas of relatively high
rainfall; they are discharging into an area of low in-
fall where the ground is permeable and where water is
lost by seepage and evaporation. The courses of these
streams are being aggnaded. Their tributaries though,
rising at the foot of the mountains, are cutting down,
especially those eroding in fine-grained rocks; such
tributaries may have flatter gradients than the main
streams.

A very striking small-scale example of such difference
in gradient can be seen on the east side of the highway
at the south edge of Cow Creek. A small tributary
draining the fine-grained rocks of the Furnace Creek

ruouza IL-Map nllusratung iffermees In dunau aftu e t older nd i'eunM r aem. On the No. 
gr~adu (whit. &nus) t dage Is ViUafll tndIng tward dudritle. On the ounger gavuea No. 
(stppled szeuj and No. 4 (etrele ttern). the dralnag Is raided.
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Formation has a much flatter gradient than Cow Creek,
which it joins at the highway.

These relationships are similar to those better de-
veloped along the Book Cliffs (Rich, 1935) and around
the Henry Mountains, Utah (Hunt and others, 1953, p.
204). A companion study of fan gravels in the Death
Valley region, by C. S. Denny (written commun., 1965),
has shown that gradients along the washes are propor-
tional to the average grain size of the material being
moved. Washes transporting coarse material have
steeper gradients than those transporting fine materiaL
Lawson (1915) noted that the angle of the rock slope
in the desert commonly is determined by the maximum
size of rock fragments shed from its surface.

Another feature of the small washes on the surfaces
of the No. 2 gravel concerns differences in distribution
of coarse and fine materials. Some washes are floored
with coarse blocks, evidently a lag concentrate, and the
banks are covered with finer gravel or flakes. A neigh-
boring wash may have this distribution reversed. The
coarse blocks may line the banks as a natural lieve, and
the bottom of the wash may be mostly finer gravel or
flakes. Such differences may be related to the regimen
of the last storm.

DESTVARns3

Desert varnish, a stain of iron and manganese oxides
coating rock surfaces, is a conspicuous feature of the
gravel fans in Death Valley. As seen from a distance,
the different ages of gravel can be distinguished by the
different degrees of stain (p. A76, 84).

Individual stones on the No. 2 gravel that are firm
rock are stained as darkly as those on the surface of the
Nro. 3 gravel; but a high proportion of stones on the No.
2 are crumbly, and these have light-colored surfaces.
The varnish has flaked off. As seen from a distance or
on an aerial photograph, therefore, these surfaces may
appear less dark than do those on the younger No. 3
gravel

As the name implies, desert varnish is best developed,
or at least most conspicuous, in desert regions, but the
stain is by no means restricted to such areas; iron and
manganese oxides stain rock surfaces in humid regions
too. The stain occurs on every type of rock, although
it is les common on limestone and dolomite than on the
less calcareous rocks. The surfaces stained may be the
top or sides of isolated individual stones; they may be
vertical or overhanging cliffs, or other surfaces splashed
by rivers or wetted by seeps. The stained surfaces may
be exposed to direct sunlight or surfaces never reached
by the sun, such as joint planes or tunnel walls.

Engel and Sharp (1958), in an important contribu-
tion to the chemistry of desert varnish, studied the trace

elements occurring with the iron and manganese stain
and concluded that (1) varnish on stones in soil or col.
luvium, is derived largely from that material, (2) var.
nish on large bedrock exposures comes from weathered
parts of the rock, and (3) airborne material probably
contributes little to the varnish

Additional chemical studies of 15 samples or varnish
removed by an ultrasonic separator fi-om different kinds
of rocks in different environments in Death Valley are
presented in table 21. These analyses indicate that the
proportion of iron to manganese ranges from 1: 1
(sample 1B) to 10:1 (samples 3A, 4, 7). This range
is comparable to that reported by Engel and Shari
(1958, p. 500).

As seen in thin section, though, the varnish occurs ir
layers, at least in some places. The bottom layer i!
brownish or reddish, and the surface layer is bluisi
black. Some cobbles that are losing their varnish de
velop a brownish or reddish band where the varnish i!
thin between the bluish-black surface, still coated witi
varnish, and the light-colored surface where the varnisi
has been removed. Hubert LAkin (oral commun., 1960)
of the US. Geological Survey, experimenting with hy
droxylamine hydrochloride solution to remove deser
varnish, found that the color of bathed surfaces changec
from bluish black to red and finally to that of the paren
rock when all the varnish had been removed. Thes
observations suggest not only that the varnish is 
layers, but that the underlying layers may have mor
iron and less manganese than does the surface layer
The range in ratio of iron to manganese indicated b;
the analyses, therefore, may be due in large part to th
range in composition of the layem

The analyses on table 21 illustrate the similarity i:
composition of the desert varnish on different kind
of stones in single environments (compare 1A with 1)
and 1C; 24 with 2B; 3A with 3B) and the difference
in composition of the varnish in different environmen
(compare group 1 with groups 2 and 3). For example
beryllium and molybdenum were found in the varnis
on all three specimens from station 1, but they az
absent at stations 2 and Cobalt and gallium wei
found in the varnish on stones at stations 1 and 2, bi
they are absent at station 3.

Desert varnish is mostly a deposit of considerab
antiquity, a relic of past environments. It is being d
posited today or has formed in the very recent past on
at exceptional isolated locations where conditions, st'
not understood, have been unusual and optimum for i
deposition. Engel and Sharp (1958, p. 515-516) ove
emphasize a locality where they infer varnish has be
deposited in 25 years. If such deposition of the sta
were anything but highly exceptional, buildings i



STRATIGRAPET MLND STRUCTUREA9 A91

TABLz 21.-&m nquzanicive spectrograephic eayse of desert varnish
~go Ok~db 0O. lookad for ba o 1,und . brely Ceetdad ooue -'s"Ln
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(Anaijit, John C. KIM-119nl
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Co .... 07 .07 C 71 .15 01 0 0 0 0 07LA..... 03 .03 .011 I 07 .07 0 0 '0Ka .01 .0S .00 On0 .011 0 .01Nd.... .0 .03 .01510 .07 0 0 .0113 0 .013 0i 0011 0 GU7Yb-... 000 O7 .0011 A00 .0M .011 .000I1 0 .000 .000 .000 .00 .000 .07 .057 .007

TIgure OMi f*Prtad to the Mesreet nZ-mo Iel 0t sherbSC 7.3. LS. 0.7. 0.3 0.1 ot.. in gouLTh ubomt. rsn mdoiWo pa ate an a geometolc ecalo.Cocmpartmons @0 MbU type ofsomlquantltative results wth dats obtained by quanzltalivo tos. lbrchm or acroih. owtam he m ied g003z Utcludesths quwav* 'lisz about so percrnt Of the UMa

D~escription of samples
LA. Donse Cray aort from desert pavemeant on Death Vallay I elt. by Furnace Crack

at mouth o Corkscrow Canyon.
13. II--- to A but mor gromular; so= locality.
IC. Dons. brown thert: sarn locality.
2A.. ll quart: or chalcedony, staicted rod: from desert pavemen on benches Wo

tweon Travwrdmn and Teons Springs.
23. Quartzte stalned blak: fr= om me locality as 2A.
IA. Small ligbt-oolored eftort sks from Death valley I alt. on desert pavemhen

south of NSoares Spring.
33. Lag light-olore cuert Saksunm locality as IA.

other surfaces, artificial and nsatural, that are as old as
25 years should generally be darkly stained, but such is
not true.

There is, on the other hand, abundant and good evi-
dence in Death Valley, in the Southwest generally, and
in other parts of the world, indicating that very little
desert varnish has been deposited during the last 2,000
years In Death Valley, stone artifacts of the Death
Valley II and IV occupations are not stained with
desert varnish. Stone artifacts of the late Death Valley
1I occupation commonly are lightly stained. Stone arti-
facts of the early Death Valley II and Death Valley I
occupations commonly are darkly stained. These gen.
ers~lizations are based on studies of hundreds of archeo-
logical sites.

The relationships observed in Death Valley are true
generally through the Southwest. Pottery was intro-
duced earlier elsewhere in the Southwest than in Death
Valley-roughly 2,000 years ago. Stone artifacts and
masonry dwellings of the pottery-making peoples rarely
are stained with desert varnish, whereas stonework of
older occupations commnonly ame stained. This evidence

4. Cambrbut quartzfto n dclff wall ove Scaub.
I. obbie from Mm of Tertiary comlommerat balllnufWjd XZMme. 7. T. 27N..

RI. Z
L. Quarry ane at 'Metabreceloqaut I MiNes 00tbeaat of Echo Canyn.
7. Basaltic obbla. with w=thrt r bd rom umeral Formation ndar Manly

terrows at north nd of AMrtt Driveok WC~ blocks.
L. Ormnitic rotckom debris avalanche. 3 misoumth of Badwater.
S. Quartatte Sa" frm burial M-un iam at Tule Spring.

10. pe letstocen i a. Death Valley Canyon.
I1. Chppes12 o o rocks from quarry amoat base of Dlnneaur.

is regional and based on studies of thousands of sites.
Moreover, the conspicuous deposits of desert varnish

today are being eroded, as on the surfaces of the No. 2
gravel in Death Valley. Whatever the rate of deposi-
tion of desert varnish, erosion is faster. The sam is
true on the Colorado Plateau where the varnish is pre-
served on the parts of cliff faces that are protected
against erosion but is removed from exposed parts, such
as the rounded edges of joint blocks and the upward-
facing parts of cliffs or buttes. Recent rockfalls in the
canyons there leave bright scars on surfaces that other-
wise are darkened with varnish. The protected under-
sides of isolated boulders are still coated with varnish,
but it has been removed from the weathered tops and
rounded edges.

The same appears to be true in arid regions in other
parts of the world. Blackwelder (1948) cites evidence
from Egypt indicating practically no deposition of
desert varnish in 2,00 years, slight deposition in 5,000
years, and dark strain on older stonework

The origin of desert varnish is still uncertain; but a
preasonable hypothesis can be offered that is based on
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conditions at places where similar varnish is being de-
posited today.

Oxides of iron and manganese are being deposited at
present at many springs, seeps, and other damp places
in the arid Southwest. Water obviously is needed to
transport the metals to the surface where they are de-
posited, but the restricted occurrence of newly deposited
iron and manganese oxide at wet places suggests that
the moisture requirements may be considerable. Little
or no varnish is forming on surfaces that are infre-
quently wet.

The deposition occurring at wet places probably is
not due solely to physical-chemical processes. The
quality of the waters varies greatly from place to place,
yet the oxides of iron and manganese invariably are
selectively precipitated with only minor contaminants.
This selective precipitation of the metals without mix-
ing with large amounts of other salts could readily be
brought about by oxidation caused by bacteria, algae,
or other micro-organisms, but it seems difficult to achieve
in such varied environments by physical-chemical proc-
esses alone.

The importance of micro-organisms for hastening the
oxidation of pyrite in mine waters has been studied ex-
tensively and seems well established (see bibliography
in Temple and Koehler, 1954). Investigators of mine
waters have concluded that oxidation by physical-chem-
ical processes is too slow to account for the quantity of
ferric iron transported and deposited by the water, and
they attribute the oxidation and precipitation to specific
micro-organisms.

Mficro-organisms in water in a diversion tunnel of the
Tennessee Valley Authority also have caused deposition
of manganese oxides (Pollard and Smith, 1951).

I have attempted to apply some of what has been
learned about mine waters to the desert-varnish prob-
lem. Samples of water were collected at seeps and
springs in the Colorado Plateau and immediately added
to various kinds of solutions. One solution consisted
of a medium for growing bacteria, nutrient broth, to
which had been added-a trace of 10 percent solution of
nonsterile ferrous sulfate. Seep waters added to this
solution invariably produced abundant growths of new
colonies of micro-organisms, and the iron became oxi-
dized in a matter of hous A control solution of the
sme but without the seep water did not change color
for days; a second solution of seep water without the
broth remained clear. This experiment was duplicated
at many seeps.

In another experiment sterile mineral solutions with-
out nutrient broth were prepared with the following
composition (see Leathen, McIntyre, and Braley, 1951)
In 1,000 ml of distilled water:

K.HPO...-

--- -- ----- --- ----- - --__

from

0.15
.01
. 05
.05
.oq. _ _ __ Act__.

The solution was autoclaved and to it added 10 ml of a
10 percent solution of nonsterile FeSO,-TH.O. The pH
was then adjusted to 3.5 by adding HCI or NaOH as
necessary.

In this experiment, control solutions of the seep wa.
ter remained clear. Control solutions of the basic me.
dium remained clear for days. In a few cases, solution,
of the basic medium to which seep water was added be
came discolored in about a day. No new colonies ol
micro-organisms were observed.

The experiments leave much to be desired, but despite
obvious shortcomings the tests do indicate that micro
organisms of one kind or another abound at the seep,
and springs where iron and manganese oxides are bein4
deposited, and that those organisms hasten the oxidatior
of the metals. It still remains to be learned whether
the micro-organisms are an essential part of the process
or whether physical-chemical processes alone could de
posit iron and manganese oxides containing only trace!
of contaminants at seeps and springs.

A study of some thin sections of desert varnish bi
Estella Leopold and Richard A. Scott (writtei
commun., 1961), of the US. Geological Survey, did no
reveal evidence favoring deposition attributable tA
microorganisms. They suggest that the varnish lave:
may have been deposited as a silica gel around foreigi
particles serving as nuclei. The suggestion is favorec
by the fact that no extensive increment growth line
show in radial sections, but rings like liesegang ring
show in tangential sections. Moreover, they found lit
tle or no penetration of the varnish into the rock in:
way that would suggest surface weathering of the rod
attributable to micro-organisms. A single hypha
strand bearing two branches and looking very muc
like fungal hyphae was found in one radial section em
bedded in the varnish. What appear to be cells in tb
strand are 7-10 microns wide.

The age of the desert varnish and the evident nee,
for moisture lead to the conclusion that the varnish i
Death Valley and elsewhere in the Southwest is largel
the product of a pluvial period. The last pluvial peric
was the time of the Recent lake in Death Valley. .1
that time there may have been sufficient moisture in tk
form of dew to maintain microfloras that could gro
and hasten the oxidation and precipitation of iron ar
manganese oxide whenever occasional rains soaked td
soil.
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The huge gravel fans sloping from the mountains toK> the saltpan and the fill 1% miles deep under the saltpan
bear mute testimony to the vast amount of erosion in
the mountains bordering Death Valley. Cross sections
illustrating the depth of fill in the valley as estimated
from gravity and magnetic surveys, and the depth and
gradients of the canyons in the mountains, are shown
on figure 67. The proportion of fill that is Tertiary
and the proportion that is Quaternary must be inferred
(p. A106), but it seems likely that half or more of the fill
in Death Valley is Tertiary. The Quaternary is more
than 1,000 feet thick at the localities that were drilled
in Cottonball and Badwater Basins (table 19) where
the total fill, as estimated from geophysical surreys, is
about 4,000 feet. In the sections on figure 67, it is as-
sumed that the thickness of the Quaternary fill averages
about half that of the Tertiary.

Based on this assumption, the volume of the Quater-
nary fill in Death Valley aggregates about 80 cubic
miles. The correct figure can hardly be less than half
nor more than twice this estimate.

This estimated volume of the Quaternary fill is about
equal to the estimated volume (90 cubic miles) of the
canyons draining directly to the saltpan from the Pans-
mint Range and Black and Funeral Mountains. Al-
though neither estimate can be firm, the two quantities
seem to be of the same order of magnitude.

Moreover, Tertiary eruptives overlap the east flank
of the Panamint Range and rise high onto it along the
divides between the canyons. It seems likely therefore
that this surface of overlap represents the limit of
depth of dissection on this side of the Panamint Range
at about the beginning of Quaternary time, and that
the canyons were cut below that surface during the
Quaternary.

In attempting to equate the volume of fill in Death
Valley with the volumes of the canyons, however, thee
is need to consider the sediments brought into the
valley from other parts of the iydrologic basin, the
volume of volcanics, and the possible loss of early
Pleistocene sediments to the extent that Death Valley
may have had exterior drainage.

The Quaternary fill in Death Valley includes sedi-
ment brought there by the Amargosa River, by Salt
Creek, and by Furnace Creek Wash from its head in
Greenwater Valley. Except at the mouth of Furnace
Creek, these sources did not contribute to the gravel

.fans, and it is doubtful that they contributed as much
as half of the silt facies of the fill (fig. 67). Even this
proportion would amount to only a quarter of the total
fill, and probably the correct figure is nearer a tenth-

a quantity that is not significant considering other un-
certainties in the estimates.

The Tertiary deposits are composed very largely of
volcanic debris and contain no more than a tenth, and
perhaps very much less, of sediments derived from the
Precambrian and Paleozoic rocks. By contrast, more
than 90 percent of the Quaternary fill is derived by
erosion of the older rocks, including Tertiary as well
as Precambrian and Paleozoic ones, and much less than
a tenth is new volcanic debris.

Nevertheless, additions brought from other parts of
the hydrologic basin and other additions due to vl-
cans may aggregate a fifth, or perhaps a fourth, of
the whole volume. This volume would be offset, and
perhaps more than offset, by losses to the degree that
Death Valley had exterior drainage during the
Quaternary.

There is reason to believe that most of the erosion
occurred at times when more water was coming into the
valley than now, because under the present climatic
regimen the processes have greatly slowed. The present
rate of erosion can be estimated by noting changes along
datable features, such as-
A. Extent of destruction of-

1. Roads and flood-control ditches and other
features that were constructed about 20-25
years ago.

2. Old trails that were abandoned about 50 years
ago.

3. Archeological features.
4. The Recent fault scarp, believed to be about

2,000 years old, along the foot of the Black
Mountains.

B. Extent of weathering, erosion, and sedimenta-
tion on Quaternary deposits, such as the various
formations on the saltpan and the younger gravel
formations.

DAMAGE TO ROAy AND FWOD-COITROL DrrCH5
AND OTL BEASTRS Ur 5 TEAS

The present highway from Mormon Point to Bad-
water, Furnace Creek Ranch, and Beatty Junction-
45 miles-was paved between 20 and 25 years ago.
Although no formal record has been kept of mudflows
that have buried the highway, they are known to have
occurred at half a dozen places. A flood in 1954 de-
posited 4 feet of mud on the highway half a mile south
of the exit from Artists Drive; the present highway is
on top of that filL Other destructive mudflows have
covered the highway at the crossing of the wash from
Indian Pass, Furnace Creek Wash, at Desolation Can-
yon, Artists Drive between the exit and the junction
with the road to the west side of the valley, and at the
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junction of the road to the Salt Pools No doubt there
have been others, but only 1 percent or so of this 45-
mile stretch of highway has been washed by destruc-
tive doods in the last 20 years.

The original highway along the east side of Death
Valley was along the foot of the gravel fans; it was
last bladed when the present highway was paved about
20 years ago. A survey was made of damage along the
stretches of this old bladed road where it has not been
disturbed by later construction; the shoulder on the
uphill side of the road averages about 6 inches high
and perhaps a foot wide. Floods across this road in
the last 20 years have destroyed about 20 percent of this
little feature, as indicated in table 22.

TAJ 22.-rosion, 0 vpars, of road shoulder inches high
along old laded road from Bany Jnction south along e foot
of ah grad fan.

_~~~~~~~~~~~~ d
Lugedd c d 

- ~~~~~~~Lammt ?wcow

I atha **M EN- I e ~e O sull

Mto a2m -ml..... ... o.... Zk. I 12,
-toam-2 .. d..o .... ..... 2

am5 -lESo W- DU....d.... 3 1

-M 4,U -2 -- -- - - - . ... ..

SU -2 to NM-25L do.... 1 I0a to aYU ......... 3 t

W a z e -- W- --.... _t--_-,,-- ......... 
VM S UWXs- .......... . I_ SO. IZ _4 27

New Artlt Wgluc OMat awl "
JtX-7 ay te ufle- -.. Jo..... 1.6001000 d I Is

4 r 1h w 0 V , south 
Uew ....... Mfl.. 10 3 30

5 Ad fot of acd an itd at 3Is&
_......,.ML. S.3 = !

TUsLz 23.-Erosibn of lAood-conrto anangnts in 15 veos

LtJ7 d Det~o

1 2.5 miles northwest of Beatty
Junction; embankment oriented
slightly west of north ........... 2,500 23

2 Same location; embankment
oriented slightly north of east.... 4,000 30

3 0.9 mile southeast of Beatty
Junction-..................... 2,500 30

4 1.5 miles southeast of Beatty
Junction ....-........ 1,200 10

5 1.8 miles southeast of Beatty
Junction; embankment oriented
slightly west of north ---------- 2, 000 25

6 Same location; embankment
oriented about east ,,,, , 2,000 10

7 2.3 miles southeast of Bestty
Junction ...................... , 2,200 30

8 3.3 miles southeast of Beatty
Junction ......................- 2,000 15

9 3.6 miles southeast of Beatty
Junction .. ,,,,,,, ,,,,,,,,_, 1, 000 20

10 4.6 mfles southeast of Beatty
Junction; embankment oriented
northeast ,.....,,_,,,..,,.,, 2,000 40

11 Same location; embankment
oriented southeast -------------- 1,000 25

12 East side of highway opposite exit
from Mustard Canyon .......... 1,200 30

13 1.3 miles north of Furnace Creek
Ranch-£ __ S00 30

14 1 mile north of Furnace Creek
Ranch- ... -1,000 30

t5 0.3 mile northeast of Funace
Creek Ranch .................. 2,000 30

destroyed bout 25 percent of the embankments (table
23).

Even in washes where runoff is concentrated, after
25 years of oods about 75 percent of an earth ridge 1
foot high still stands

On the lood plain of the sakpan at the Devils Speed-
way at the foot of Trail Canyon fan, mome racetrack
runways were scraped about 25 years ago. The area
is looded seasonaily. & circuiar track half a mile in
diameter, with a smailer one inside, was scraped north
of the road across the valley; another nerly a mile long
and more oval, was scraped south of the highway. At
one curve an embankment aboUt a foot high was built,
but elsewhere the scrsoed track was bordered by only a
.ow ridge of earth about 6 inches high. After 25 years,
enougn of the ridges still remain to outline piaznly the
position of the oid tracks; tere has not been enougn
silting or erosion on this art of the flood plain to
destroy these minor artificial features.

'DAMA@ TO TRAIXS ANOCT 50 ZAAS OLD

Old trails cross the fans iagonally or follow the
contour ana lead from one spring to another and to
routes into and sway from the valley. These trails are
the original reeways, erhaps originaily made y

Fifteen miles of the traverses indicated in table 22
are on the fans between Badwater and Golden Canyon.
These fans are composed of fine-grained sediments that
are impermeable and favor runoff-far more so than the
permeable gravel fanL in the last 25 years, foods on
this imoermeable ground have destroyed about 20 per-
cent of a ridge of loose earth 6 inches high and I foot
wide. The runoff, of course, has been channeled in
washes, and in some washes there have been repeated
.loods. Nevertheless, 80 percent of the little ridge still
stands.

When the new road was built, 15 flood-control ditenes
totaling aoout miles in iength were constructe in
the northern Dart of the valley. The ditches were con-
structed t te most exposed locations. They extend
iagonadly across washes and are oriented about 45 to

-he highway. Originally the ditches were about 6 feet
wide and had a maium depth of about a foot. An
earth embankment about as wide as the ditch and about
a foot high was constructed along the lower side of %acb
4itch. 7'oods in these washes in aout 25 Pears have
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Pleistocene anirals, then used by the Indians who came
into Death Valley, ad finally by the pioneers. The
trails, though, have been little used in the last half
century; they were abandoned when vehicular traffic
became heavy enough to require roads other than those
that could be followed on foot or horseback. The trails
are preserved because there has been no livestock in
the valley.

That the trails were used by the Indians is indicated
by the concentrations of stone artifacts and other ar-
cheological signs along them. That the pioneers and
early prospectors used the trails is indicated by the
common occurrence of pre-1900 relics along the trails.
That the trails have been little used during the last 50
years is indicated by the scarcity of litter younger than
about 1900 and by the occurrence of narrow coyote trails
meandering within the wider, older trails. Results
of some surveys along stretches of the old trails are
given in table 24.

In general, the old trails are for the most part intact
where they cross high benches on the No. 2 gravel, sug-
gesting that in the present regimen erosion of these
benches must proceed by retreat of the sides rather than
by lowering of their tops.

Where the old trails cross No. 8 gravel, 10-20 percent
of the alinement may be destroyed, and the destroyed
stretches invariably are in the swales where runoff is
concentrated. Part of this runoff originates on the No.
3 gravel, but most of it represents overflow from nearby
washes.

Even where the trails cross washes with No. 4 gravel,
as much as 25 percent of the alinement may be pre-
served. Destruction is more complete wher main
washes are crossed on the upper parts of the fans rather
than on the lower. This may be due to the runoff being
concentrated in a few channels on the upper parts of
the fans, or it may be due to greater total runoff, or
perhaps to both.

Reference has been made to the steps (terracettes, fig.
51) and related features resulting fim mass westing
on the gravel fans, especially on the No. 2 gravel. (See
p. A68; see also Hii and Wuhburn, in Hunt and
others, 1965.) The trails cross such features without
showing signs of creep downhill

DAMLCZ TO l XISTORAC ARC0LOGCAL
YZAURUS

More than a dozen rock aliements dating from the
Death Valley I occupation are preserved at various
locations n the No. 2 gravel around Death Valley
(Hunt, A. P., 1960). Some of these alinements were
made by laying pebbles or small cobbles in a row; others
were made by scraping the gravel into a ridge 24
inches high. These slight features still stand despite

T~Amr 24.-rovalo n lig old trat i te lasd Waf centunry.

segment of U1il
et tray eld sementofl% d net d YI~mcn of Irsvom alang old Ists SCUL Me) aod

1 I miles across Artiste Drive
fan, acros sees. 15 and 22,
T. 2e N., R. 1 E ........... 7, 0 4,800 C

2 Wst of rad 2 mles south of
Bennetts Well ............. 1,250 800 61

3 3 miles across northeast comer
of Cottonball Basin. Be-
gin at north end at BM
-245, trail-

Across sand flaes of car-
bonate one....,.... 3,900 975 t' 2

To NatL Park Service
Monument, 2934, 8298,
on gravel fan....... 2,000 2,000 10

On fan southward to old
road................ ,000 675 3

Southward from old rad
acr saltpa........ ,800 800 2To EM -255 along foot
of gravel fan.. ....... 300 3, 000 9

4 N Salt 8p , out to
near Cow Creek --------- 10,000 2,000 2

5 3.7 miles, from Nevares
Sprng to Tc 8prng..- 1, 300 0 Non

1,050 1,050 10
450 Non
300 300 10
550 O Non

4,525 750 1
2,100 8W0 4

900 900 10
55 s0 1

1,250 625 a
1,200 200 1

350 175 a
2,000 1,800 9

925 90 1
750 750 1C

6 %i die, fom Furnace Creek
Ranch to Nearres Sprlng.
Ben t road ito East
ColanM s- -.. 2,600 750 1

7 North from Nevares Spring to
Echo Mountain ah. 
g. lY 4 mg"north of Ne-
vares Spring.......... 4000 1, 400 

4,000 0 Nos
1,400 975

Total or average.......7, 650 25,715

I Ralt by sel hoatu sad sbmzt haf by end=

approximately 1,000 years' exposure to sheetfloods c
the gravel Perhaps there were other alinements tiv
have been destroyed by sheetfloods, but probably z
more than a few judging by the preservation of trai
on the No.2 gravel.

In addition to the slinements, there are approximat
ly rock circles. These am on the No. 3 as well
on the No. 2 graveL They are not well dated; some a
historic. Others are prehistoric Death Valley IV, ai
some probably date from Death Valley III occupatic
Most of these rock circles consist of a single layer
cobbles arranged in a circle 5-7 feet in diameter. Sot
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circles located along the rims of washes have been part-
ly destroyed by undercutting of the rim, but circles back

I~y from the rim show very little sigun of washing.

DAMAGE TO BeZT WAULUT SCARP ALONG FOOT or
DLLCE MOU1(TAZIS

The Recent fault that extends from the mouth of
Furnace Creek 30 miles south to Mormon Point (p. A
100) forms a disoontinuous escarpment 510 feet
high. The faulting is believed to have occurred about
2,000 years ago. Since that time about 90 percent of
the escarpment has been destroyed, partly by dissection
of the upthrown block and partly by burial under
younger alluvial-fan deposits (fig. 72).

WEATEfLING, EROSION, AID 2IKNTATION ON
QUA2TNARY DEPOST

In the present climatic regimen disintegration of
stones is slow enough not to be noticeable in the No. 3
or No. 4 gravels, yet in the No. 2 and older gravel de-
posits, disintegration is continuing, as indicated by the
accumulation of fine debris around the foot of boulders
(fig. 49). This difference between the No. 2 and the
younger gravels could be attributed to difference in
length of time that the gravels have been exposed at
the surface, but more likely the difference is due chiefly
to some changes in the processes causing disintegra-
tion-changes attributable to the climatic changes that

By~ occurred during late Pleistocene time.
Erosion and sedimentation under the present climate

are slow too. Areas on the saltpan that are subject to
flooding are restricted to the flood-plain areas which
constitute about 30 percent of the valley floor. The salt
crusts on the other 70 percent were deposited about 2,000
years ago, and the only part of this crust that has been
flooded is the smooth silty rock salt, constituting about
30 percent of the crust. The smooth salt has been
flooded often enough in 2,000 years to deposit 1-8 inches
ofailtonthesalt. Onlyfinesandanduiltistransported
onto the fat valley floor; gravel is deposited at the foot
of the fans. The only exception to this is provided by
a few cobbles of light highly scoriaceous lava washed
onto the salt flat at the foot of Furnace Creek fan.

The No. 4 gravel, covering about a third of the gravel
fans, represents the part of the fans that is subject to
much washing at present. The No. 3 and older gravels,
darkly stained with desert varnish, have not been
washed sufficiently in 2,000 years to destroy that stain,
which is pro-Death Valley m occupation (p. A91).
Erosion and sedimentation on the gravel fans in 2,000
years, therefore, have been restricted to about a third
the rea of the fans.

The volume of the No. gravel is mall compared to
the older gravel formations and seems to be little, if any,

more than the volume of the washes and channels that
are eroded into the older gravels. Apparently not
much gravel has been brought from the mountains to
the gravel fans in 2,000 years; the No. 4 gravel seems to
be derived chiefly from erosion of the older gravel
formations.

Further evidence that little gravel is being trans-
ported from the mountains under the present climate
is found where the No. 2 or No. 3 gravels overlap the foot
of the mountains. Alluvial fans of No. 4 gravel have
been built on the older gravels only at the mouths of
large washes. Elsewhere, little new material has been
moved from the mountainsides onto the surfaces of the
old gravels

The deposits of the last 2,000 years-the No. gravel
and floodplain deposits-if spread over the whole valley,
would avenge considerably less than a foot thick, and
much, perhaps most, of this is simply reworked older
valley fill. Only a fraction can represent new sediment
brought into the valley from the mountains Exact
figures cannot be had, but no matter what figure is as-
smed within the known limits, clearly the thick Quater-
nary fill in Death Valley could not have been deposited
if the rate of erosion in the mountains had always been
as slow as it has been during the last 2,000 years.

The history of erosion and sedimentation in Death
Valley evidently is one of changing rates, presumably
due to changing processes. Huntington (1907) offered
the hypothesis that in arid regions the pluvial periods
accelerate weathering and growth of vegetation. Dur-
ing such periods, waste is stored in the mountains. Ac-
cording to him, the transition to an ensuing arid period
is the time when most of the waste is transported to the
alluvial fans; when the supply of waste becomes ex-
hausted, there is little new material brought from the
mountains and the older fill deposits become dissected.
The evidence in Death Valley fits well with Hunting-
ton's hypothesis.

STUMRAL GEOL4OGY

By CaAaz B. Eve" sad Dor IL "zr

The structural geology of the Great Basin, of which
Death Valley is a part, has been a century-long subject
of discussions and differences of opinion. One of the
principal conclusions arrived at from our studies of the
structural geology in Death Valley is that the discus-
sions and differences of opinion will continue for a long
time to come.

The mountains bordering Death Valley are uplifted
fault blocks of the general kind first recognized in the
Great Basin by G. K. Gilbert (1875), and later, with
modifications, by King (16T8) and Dutton (1880).
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(For a review of early theories about Great Basin struc-
ture, see Davis, 1926, and Nolan, 194&) But the moun-
tains have had a complex history of early deformation
and erosion that is not reected in the shapes of the
uplifted fault blocks, a complexity first clearly demon-
strated in the Great Basin by Louderback (1904), al-
though alluded to by the earlier investigators. Few to-
day will seriously entertain the theory (Keyes, 1900)
that the basins like Death Valley are chiefly erosional
in origin, but many will ponder the degree to which the
structural framework involves folding and thrust fault-
ing as well as block faulting, an extreme view of which,
advanced by Spurr (1901), discounts block faulting and
attributes the basins and ranges to a Appalachian
Mountain type structure in a desert climate. Too, our
lack of knowledge allows for differences of opinion
about the significance of the granitic intrusions and vul-
canism to the deformation; indeed, this subject has re-
ceived little attention.

Although Spurrs main thesis needs to be greatly
modified, we think he was more right than wrong in his
view that deformation has gone on "steadily though
spasmodically from the close of the Mesozoic to the
present." In the course of that long period of time,
usually taken as 60 million years, the way in which the

crust has yielded to stress has changed, and the earlii
structures therefore are obscured by the later ones. TI
record admittedly is not complete enough to demonstra
continuity of the deformation.

Probably the most basic uncertainty to underandir
the structural framework of Death Valley and the re
of the Great Basin is uncertainty as to whether tb
part of the crust has been shortened by compressic
or distended by tension. The evidence is conflicting
in Death Valley and elsewhere in the Great Basin.

Whatever the origin and complete sequence of stru
tural events have been, the result is a complex of stra
effects superimposed on one another. We attempt
unravel these by examining the younger first, and 1
eliminating their effects we attempt to restore seriati
earlier structures to the way they first appeared; t]
effort is only partly successful, for reasons that w
become apparent as we progress

STRUCTURAL SETT tO DEATH VALmE

Death Valley is about centered in an area that is
subsection consisting of the southernmost tenth of C
Great Basin (fig. 68). The Death Valley subsection
characterized by block mountains that are of Precai
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the Amargosa thrust system, including the faults that
branch upward from the main thrust.

About 60 miles east of Death Valley, and near the east-
ern edge of the Death Valley subsection, is a belt of con-
ventional overthrusts along which the thrusting has been
directed eastward-opposite to that of the Amargosa
thrust system. At these overthrust faults, Paleozoic for-
mations have been thrust eastward onto Mesozoic ones
and the faulting has been interpreted as Late Jurassic,
Cretaceous, or early Tertiary (Longwell, 1926, 1928,
1949; Hewett, 1931,1986).

East of this belt of conventional thrust faults is an
area exposing extensive Precambrian granite-part of
the Mexican Highland-and east of that is the Colorado
Plateau.

The dominant structural and topographic grain of
the Death Valley subsection is northerly and northwest-
erly. The structures however rise southward from un-
der the Tertiary volcanics in the subsection to the north.
Within the Death Valley subsection the southward rise is
further reflected by the dominance of Paleozoic forma-
tions across the northern part of the subsection and the
dominance of Precambrian formations across the south-
em part. Structurally, the Mojave Desert appears to be
as high or higher than the south edge of the Death
Valley subsection.

Bouguer gravity-anomaly values in the Death Valley
area are irregular but high compared to those under
the Siem Nevada to the west and under the Great Basin
to the northeast (fig. 70). The gravity values suggest
that the crust is relatively thin under the central part
of the Death Valley subsection, and that it thickens
westward and northeawward.

brian and Paleozoic formations intruded by granitic
rocks and locally capped by Tertiary volcanic rocks.

To the north, the next subsection of the Great Basin
is characterized by block mountains that are almost
entirely of Tertiary volcanic rocks. West of the Death
Valley subsection is the Sierra Nevada batholith; to the
east, along the Colorado River, is a small area that is
largely Precambrian granite and assigned to the Mexi-
can Highland; and beyond that is the Colorado Plateau.
Southward the Death Valley subsection ends at the
Mojave Desert (Hewett, 1955), a subsection of the Sono-
ran Desert.

Death Valley extends along the eastern edge of a
cluster of granitic intrusions that are satellites of the
Sierra Nevada batholith (fig. 68); it is at the eastern
edge of the seismically active areas that extend westward
to the coast (fig. 69). Along this border of the granitic
intrusions and seismically active areas is a series of curi-
ous overthrust faults, first recognized and described by
Noble (1941). These faults are curious because younger
rocks have been thrust westward over older ones. Be-
cause the horizontal movement is measurable in miles,
we follow Noble in referring to the faults as thrust
faults, although the displacement on them in fact is that
of a normal fault (Lngwell, 1945). Noble, and later
Curry (1954), also recognizedthat the thrust faults have
had a complex history including later folding of the
faults and later block faulting. Also, Noble recognized
that granitic intrusions had spread laterally at some
thrust faults as if controlled by them.

The thrust fault first described by Noble was named
the Amargosa thrust. Because this type of thrust fault-
ing now is recognized widely in the Death Valley sub-
section (Longwell, 1945; Mason, 1948; Kupfer, 1960),
we extend the term and refer to this system of faults as

Mua 70-souguer itomy AD e t Duumn Unltd
states. Contour intervaL 100 m1W1IL Baed on 0. P. Weolard
(unpublishd GUM) and Kaber (1860).
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The major structural features of Death Valley and
the mountains adjoining it are illustrated on plate 3

BECEN AM LA!Z STOCM SGUCTUR"A
EOLOGT

UTRUCTUrAL PTR=S OF T= DAImnTA=
GRAVEL FANS

Recent and late Pleistocene structural features of the
saltpan and gravel fans include (1) Recent eastward
tilting of the saltpan and associated faulting; (2) five
small Recent anticlines and five sm11 Recent faults af-
fecting the saltpan; (3) numerous faults including some
graben structures and small folds of late Pleistocene age
on the gravel fans (fig. 71).

ZCZXT msTa Or Tz USATAN

The saltpan is the product of a Recent lake about 30
feet deep, and dated archeologically about 2,000 years
ago (p. A79). The eastern shoreline of this Recent lake
is 20 feet lower than the western shoreline. About half
the tilting may be accounted for by a 10-foot-high Re-
cent fault scarp along the foot of the Black Mountains
(fig. 72).

The eastward tilting of the saltpan is reffected also in
differences in the drainage along the two sides. Along
the east side of Badwater Basin the food plain is smooth
and is being aggraded; but along the west side the
Amargosa River and its tributaries are entrenched in
deep channels, and in places the flood plain is being
disseted

That the tilting occurred suddenly about 2,000 years
ago rather than progressing gradually during that time
is indicated by the arrangement of the concentric rings
of salt in the saltpan, for they are crowded against the
east side. Tat the fault scarp developed at the time
of tilting is probable The scarp is well enough pre-
served to leave no doubt that it is Recent, yet it has
been partly destroyed by erosion and partly buried by
younger gravel That it is prehistoric is shown by the
fact that Indians constructed mesquite storage pits in
the colluvium that ouarlaps the scarp (figs. 72, 73).

The tilting, together with the faulting along the side
towards which the tilting occurred, duplicates in many
details the features that accompanied the earthquake at
Hebgen Lake in the West Yellowstone area in 1959
(US. GeoL Survey, 1959), and very likely the tilting
and faulting occurred equally suddenly.

3Z101 AR!ZCZUI AZM TALT AM ss I £hT TM SAAS

Other recognizable structures that affect the salt crust
and that evidently are no more than 2,000 years old in-
clude 5 anticlines and 5 small faults All these repre-
sent renewed movement along preexisting structures.

SYMBS 10 0 tO X #41m
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Vw YL-arcpal Quaterary trutura feature n beath amv
The Death Vay tault se s eut of at the orth b the ftrUl
Creek fault one and at the South by the Cdenc* E fzl
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right. View aorth an sath ide of Furce Creet fta.

Two of the anticlines are in the southern part of
Badwater Basin (pL 3), and both trend northwestv
from anticlines in the older rocks (Precambri
marked by turtleback ridges (Curry, 1954), in the B
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Mountains. They are expressed by sweeping curves in
the drainage that lies between the foot of the mountains
and the edge of the rock salt deposited by the Recent
lale in the interior of the saltpan (fig. 74). The anti.
elines are manifested by northwest-plunging noses in
the gravity contours (pL 3); this indicates that the
anticlines are underlain by highs on the surface of the
bedrock, which probably is Precambrian.

A third anticline extends across the saltpan where
the highway crosses it at the Devils Golf Course, west
of Artists Drive. The trend of this anticline ad the
location of its highest part are uncertain. Nearby
fault blocks of the Funeral Formation along the east
edge of the saltpan trend southwest, but the anticlinal
axis may or may not coincide with them. Because of
Recent uplift on this fold, drainage that formerly
was south to Badwater Basin now is ponded in Middle

I a I 2 MILES

rP m U.-ap showing dr sinag In
defected athO projected aze of
Mountalns.

the Death Valler atpan
turtlbacks In the Black

Basin north of the fold. Leveling along the channel
of Salt Creek, which extends from Middle Basin to
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Badwater Basin, indicates that the stream course has
been arched 18 inches and that a pond that deep must
form in Middle Basin before it will overflow again
into Badwater Basin. There was no such overflow
during the 6 years 1955-61. Litter along the channel
is mostly pre-190 type, that is, planks with square
nails and old bottles with hand-finished necks. There is
almost no modern litter; thus, it would appear that
there has been no flood of consequence along this stretch
of channel during the last half century.

The buried anticline separating Badwater Basin
from Middle Basin is marked by a gravity high and is
confirmed by drilling that encountered the Funeral
Formation 120 feet below the surface of the saltpan.
The drill hole is near the middle of the saltpan beside
the road across it; a log of the hole is given in table

19, well 2. The drill reached a depth of about 500 feet,
still in the Funeral Formation so far as known. An-
other hole about 7 miles southeast, toward Badwater,
was drilled to a depth of 1,000 feet, and did not reach
the Funeral Formation so far as can be determined
from the log. It may be inferred that the Pleistocene
deposits thicken southward from 120 feet abote the
buried anticline to more than 1,000 feet west of
Badwater.

A fourth anticline is in Cottonbail Basin. It lies
along the projected position of the faulted anticlines
of Furnace Creek Formation where the Furnace Creek
fault zone (pl. 3) extends under the saltpan. In the
center of Cottonball Basin the anticline is marked by
a broad arch, 10 inches high in 1958, that partly ponds
drainage in the northeast corner of Cottonball Basin

Nt;jqw�'.

Joun T5L-OqWe "sarl ,(e t e X Mt Ceek Hlla. an altne t Plsos an PlelAtoene?) b d odlne ts uat en (tareomUd)
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and separates it from the main drainage southward on
the playa. Only at times of major floods does the
ponded water discharge across the arch, and in pro-
tracted. dry periods dry salt crust forms completely
across the drainage line adding to the height of the arch.
The tributary drainage in this part of Cottonball Basin
is northwesterly, and on the smooth silty rock salt there
are some northwest-trending ridges, one of them 5 feet
high. The anticline coincides with a northwest-trend-
ing gravity low, indicating that the nticline is not
marked at depth by a major high on the bedrock

That the fill in Cottonball Basin is deep is confirmed
by a drill hole 1,000 feet deep near the center of Cotton-
ball Basin and on the arch extending northwest into
the basin (table 19). From surface to bottom the hole
encountered lternating layers of mud and salts that,
so far as can be judged from the lithologic description,
are entirely Pleistocene in age.

The fifth anticline affecting the saltpan is at the Salt
Creek Hills. It marks the north end of the saltpan and
divides it from Mesquite Flat (fig. 75). This faulted
anticline records a succession of uplifts. The latest,
amounting to 10-25 feet, has raised late Pleistocene
gravel which now forms terraces along the lower part
of Salt Creek and along a tributary from the southwest.
An earlier stage of uplift is recorded by the dome of
the Pliocene and lower Pleistocene( 1) Funeral Forma-
tion on which the structural relief is not less than 250
feet and probably is much more. Structural relief on
the Furnance Creek Formation is at least a thousand
feet, and probably more. The gravity contours indicate
that relief on the bedrock basement is still greater.

The gravity data also indicate another deep basin
under Mesquite Flat. The anomaly here is larger than
in the saltpan, and perhaps the fill of low density rocks
is thicker.

Four small faults on the saltpan disrupt the rock salt
in the northern part of Badwater Basin pL 8). These
faults are marked at the surface by linear breaks in

Yw,' the salt crust, but the displacement is small enough to

be obscured by irregularities in the salt growths. The
position of the fractures is of interest because they are
on the projection of the Mont Blanco fault, a southwest-
trending rift in the Black Mountains. Whatever buried
structure is manifested by these features may extend
southwestward to the Hanaupah escarpment on the
west side of the saltpan.

IAVT.S An TOLDS 01r owZ GRAVEL ran

Many small faults displace upper Pleistocene de-
posits on the gravel fans, and most trend roughly paral-
lel to the contour of the fans. Many show two stages
of movement. The older of the upper Pleistocene de-
posits, the No. 2 gravel, commonly is displaced 50-75
feet by faults that displace the latest Pleistocene gravels
5-10 feet (fig. 76). There are good examples of faults
showing two stages of displacement at the Hmnaupah
escarpment and at many places along the foot of the
Black Mountains, especially at Mormon Point and near
the mouth of Furnace Creek (fig. 47). Other faulted
gravel fans are at Tucki Wash and at Trail, Starvation,
and Johnson Canyons.

Parallel faults in the gravels commonly bound gra-
bens. Some, 10-23 feet deep and 500-1,000 feet wide,
break the older (o. 2) of the upper Pleistocene gravels
on the fans at Death Valley Canyon and Tucki Wash
(pl. 3). Several sall grabens only 25-50 feet wide are -
along the northwest side of the fan south of Badwater.
The paved highway follows one of these and appears to
be in a roadcut.

In connection with the eastward tilting of the salt-
pan, reference already has been made to the Recent
fault that extends along the foot of the Black Mountains
to Mormon Point (p. A100; see also Noble, Mb). The
most recent displacement along this fault is -10 feet,
but at many places along it, the older, No. 2, gravel is
displaced 5075 feet, as it is t the Hanaupah escarp-
ment.

Late Pleistocene and Recent faulting along the front
of the Black Mountains also is recorded by a series of
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haging alleys in the mountain block (figs. 77, 78).
In the vicinity of Furnace Creek fan the hinging valleys
are about level with upfaulted benches of No. 2 gravel
and evidently are no younger than that gravel; they
may be somewhat older.

The height of the hanging vlleys increases south-
ward, which accords with other evidence that the moun-
tains have been tilted northward as well as being faulted
upward. It is difficult, however, to obtain very mean-
ingful figures about the heights of the hanging valleys
because of differences in the kinds of rock and ease of
dowucutting at the valleys.

For example, at one canyon, Golden Canyon, in the
northern part of the Black Mountains the hanging vl-
ley is at an altitude of -40 feet. A mile south, at Gower
Gulch, the hanging valley is at sea level. About 1,
miles farther south, at Desolation Canyon, the hanging
valley is 100 feet above sea leveL But the northern
canyon is cut in soft beds of the Furnace Creek Forma-
tion; the middle canyon is cut into moderately resist

conglomerate at the base of the Furnace Creek Forma-
tion; and the southern canyon is cut into a resistant
block of dolomite Part of the northward decrease in
height may be due to northward tilting, but part prob-
ably is due to greater erodability of the rocks north-
ward.

Another comparison that involves less variable chan-
nels is provided by 2 gulches 1 mile apart on the side of
the Badwater turtleback of Precambrian rocks. Each
widens upward into a more open gulch, the northern
one at an altitude of 800 feet; the southern one at an al-
titude of 1,200 feet. This suggested tilt of 400 feet
northward is about the same as the northward tilt of the
upper surface of the turtleback.

The hanging valleys do not necessarily indicate north-
ward tilt of the Black Mountains, but at least their
heights do not conffict with such tilt.

The banging valleys are approximately the age of the
No. 2 gravel; this is suggested by the occurrence of
benches of No 2 gravel near the mouth of Furnace Creek
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that are displaced by about the same amount as nearby
hanging valleys (fig. 47).

The No.2 gravel is broken by many faults having dis-
placements of 50-100 feet, specifically at Mormon
Point, Furnace Creek fan (fig. 47), East Coleman Hills,
Mustard Canyon, Salt Creek Hills, Tucki Wash( pL 2),
Blackwater Wash, Death Valley Canyon (pl. 2), Ha-
naupah escarpment (fig. -6 and pl. 2), and the fans at
Six Spring Canyon (pl. 2 ) and south.

Upper Pleistocene gravels are downfolded into the
northwest-plunging Texas Spring syncline separating
the Black and Funeral Mountains (pl 3). In this syn-
ctine Pleistocene deposits are less folded than the
Pliocene and lower Pleistocene(?) Funeral Formation,
and the fanglomerate, in turn, is less folded than the
Furnace Creek Formation (fig. 79)-further evidence
that the deformation occured in multiple stages.

Upper Pleistocene gravel is folded and faulted at
many places along the Furnace Creek fault zone where
the zone plunges under the saltpan at the edge of
Cottonball Basin. At Mustard Canyon Hills, for ex-
ample, upper Pleistocene gravel unconformably over-
lies and is anticlinally folded above upper Pliocene de-
posits (fig. 80). Strike faults along the flank of this
dome have displacements 5-10 feet down in the direc-
tion of the dip. This late Pleistocene doming is 100
feet or more.

Reference has already been made to the doming of
the upper Pleistocene gravel at Salt Creek Hills across
Cottonball Basin from the Mustard Canyon Hills.

Evidence about tilting of shorelines of the upper
Pleistocene lake, Lake Manly, is not at all satisfactory.
Two hundred feet of eastward tilt and 800 feet of
northward tilt since Lake Manly time is indicated-
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(p. A71) a reasonable supposition. But the deposits
are discontinuous, and the correlations along and be-
tween the two sides of Death Valley are uncertain.
About all that can be concluded from the evidence pro-
vided by the upper Pleistocene lake deposits is that this
evidence does not conflict with what is known about
the structural history. The same seems to be true of
Panamint Valley (Maxson, 1950, p. 107).

Evidence of late Pleistocene deformation also is pro-
vided by the geomorphology of the gravel fans. The
fans on the two sides of Death Valley are strikingly dif-
ferent; those at the foot of the Black Mountains are

small, whereas those sloping from the Panamint Range
are long and high. There is similar difference between
the two sides of the Panamint Range (Murphy, 1932,
p. 353). The differences assuredly reflect the eastward
tilting, probably not of the whole area but of individual
fault blocks.

Also, differences in the fans along the foot of the
Panamint Range suggest there is a northward eom-
ponent in the tilting of that range The fans at the
north extend far into the mountains whereas those at
the south extend only to the mountain front (fig. 68
and pl 2).

rmsax $-Tkw along Me southwest Uat of the saUlea at the Yustard Canyon MUL Upper Pleistocene gravel dark beds) uncon-
tormably overiap, the roman reek Formatton 4llghteolored beds) ad o trned o 200 along the ank of tu atidina Thotograph
by Joba L Stacy.
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The gravity contours shown on plate 3 are based on
the complete Bouguer anomaly values. The data were
reduced with an ssumed density of 2.67 g per cm'
(grams per cubic centimeter). The terrain corrections
are large over all the area and locally extreme (more
than 70 mgals at Telescope Peak); however, the terrain
corrected data are considered accurate enough to justify
the 5- and lO-milligal intervals used in contouring.

The large local gravity lows in the valley are pro-
duced primarily by the relatively low-density Cenozoic
fill in the troughs. The more extensive variations are
produced by density variations in the older rocks and
perhaps by effects deep within the crust or in the upper
mantle. The quantitative interpretation of the gravity
data is limited by uncertainties in the density of the
rocks producing the anomalies. Horizontal and verti-
cal changes in the density of basin fill produce gravity
variations that cannot be distinguished from effects of
relief on the bedrock-fill interface. In parts of Death
Valley the problem of interpretation is further com-
plicated by large gravity anomalies due to variation in
the bedrock Although the bedrock anomalies are more
extensive than the basin anomalies, the two cannot al-
ways be separated satisfactorily. Despite these limita-
tions, the gravity data can be used to estimate the

K.) approximate thickness of the basin fills and to indicate
structures that produce relief on the interface between
the Cenozoic rock and the more dense older rock. Some
of the gravity effects produced by deeper mass anomalies
are also useful in studying the structural geology.

In a basin several times as wide as it is deep, the
amplitude of the gravity anomaly between Cenozoic fill
and the dense older rocks primarily depend upon the
density contrast and thickness of the fill. Computa-
tions of the thickness of fill are no more accurate than
the assumed density contrast. In Death Valley there
are no drill hole or seismic depths to bedrock to serve as
control for interpreting the gravity data, and densities
are inferred from surface samples. Gravity studies
elsewhere in the Great Basin indicate that the average
density contrast between the Cenozoic fill and the older
rocks is about 0.4 g per cm'. The contrast may range
from near zero to about 0.7 g per cma. If the contrast
is 0.4 g per cm', a gravity anomaly of about 5 milligals
will be produced by each 1,000 feet of fill. If the den-
sity contract is as great as 0.7 g per cm', the actual thick-
ness will only be about 60 percent as great as computed
assuming a contrast of 0.4 g per cm'. However, if the
density contrast approaches zero, the actual thickness
may be several times greater than the depth computed,
using a contrast of 0.4 g per cm' (fig. 81). The depths
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we infer from the gravity data are based on an assumed
density contrast of about 0.4 g per cm.

T gravity low extends the entire length of Death V-
ley. This low is divided into three principal areas of
low grainty closure separated bt the two high trends
across the valley. The low area are in Mesquite lat,
Cottonball Basin, and Badwater Basin; the two high
trends coincide with he anticlines at the Salt Creek
Hills and opposite Artists Drive.

The gravity low in Mesquite Flat ht the greatest
relief of any of the lows in Death Valley. part of this
negative anomaly is probably related to the low anomaly
values in the Cotonwood Rage, but a local anomaly
of 50 milligals is produced by roc underlying the
basin. Thiuisi the largest residual anomaly in the re-
gion, and it indicates a subsurface basin containing
about 2 miles of Cenozoic fi with the thickest section
nearthecenter of thefbasinM
p Near the south and east edges of Mesquite Flat are
steep gra ity gradients, which are interpreted as in-
dicating faults with large vertical displacement The
fault indicated by the gravity data along the northeast
side of the basin is part of the Furnace Cree fault zone.
The steep gradient norf th e front of Tucki Mountain
probably indicates a fault trending a few degrees north
of east Not enough gravity data were obtained along
the west sie of the basin to define adtequaty the graity
gradient; however, a steep gradient, probably related
to faulting, is indicated about 5 miles north of the mouth
of Marble Canyon.

The minimum nomaly values in- Cottonball Bi
are near the center of the valley along the east side of
the play&. The maximum gravty-anomalyr relief be-
tween the floor of the valley and stations on bedrock in
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the Funeral Mountains is 3 milligals. Along the
northeast side of the Furnace Creek basin the gravity
data indicate vertical displacement along more than one
fault of the Furnace Creek fault zone.

To the south the gravity anomaly bifurcates with
one brach trending south down Death Valley and the
other trending southeast along the Furnace Creek
fault zone under the Texas Spring syncline. The
gravity data indicate a considerable thickness of Ceno-
zoic rock; under the Texas Spring syncline most of it
must be Tertiary. This Cenozoic rock thins southeast-
ward. The gravity data do not indicate faulting along
the northeast side of the Black Moutais

The main branch of the gravity low in the Cottonball
Basin continues down Death Valley to the Devils Golf
Course opposite Artists Drive where a gravity saddle
separates the low anomaly in the north from the low in.
Badwater Basin. This coincides with the buried anti-
cline that has been confirmed by drilling (p. A102).

The low gravity omaly in Badwater Basin con-
sists of two areas of low closures separated by a north-
trending high down the west side of the saltpan, but
the significance of these gravity data is obscured by
the large regional gravity variation across the valley
(fig. 82). We infer a structural high along the west
side of the saltpan separating two areas of deep fill.
The fill under the saltpan is computed to be 9,000 feet
deep, of which two-thirds is estimated to be Tertiary.
The interpretation of the western half of the profile is
very doubtful because a major change from the assumed
regional gradient would substantially alter the residual
anomaly.

South of Mormon Point and south of the area shou
on plate 3 the axis of the gravity anomaly trends a litt
east of south and extends down the center of the narro
part of the valley between the Owlshead Mountains am
the Black Mountains. In the Confidence Hills the min
mum anomaly values occur directly over the hills, ih
dicating that the greatest thickness of Cenozoic roc
occurs under the hills and that the surface relief is no
reflected on the bedrock surface. Gravity evidence ii
dicates faulting on both sides of the valley in this are
The low anomaly diminishes to the south to a small lo
gravity closure north of the Arawatz Mountains.

OKAuIZZ ZATUS

Aeromagnetic data were obtained along profiles
Death Valley flown at an altitude of 3,50 feet abo,
sea level. One profile is along the axis of the valley ax
six are at widely spaced intervals across the vab
(fig. 83).

The local magnetic relief at the south end of prof
A-A' is produced by Tertiary volcanic rocks. The ge
eral rise in the total magnetic intensity toward t
north is about equal to the normal regional magnei
gradient. The gentle undulations several miles in 
tent with relief of less than 100 gammas probably 
flect deep features, either relief on the top of baseme
complex or, more probably, compositional chant
within the basement rock. The local anomaly betwi
Badwater Basin and Cottonblll Basin coincides w
the buried anticline there. The anomaly is produ(
by a relatively shallow feature, probably volea
material within the basin fill.
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Profiles B-B' and C-C' show the normal regional
gradient across the valley without any large local
anomalies. On profile C-C' there is an indication of
the south end of the positive anomaly along the north-
east side of Mesquite Flat, probably produced by the
basement rocks.

Profiles D-D', E-E', and F-F' across the Badwater
Basin show considerable local magnetic relief. Pro-
files D-D' and E-E' show a westward increase in the
magnetic field along the west side of the valley, and
at the west end of profile D-D', the anomaly has a
peak. Depth estimates on this anomaly indicate that
the feature producing the anomaly is within 1,000 feet
of the surface. These anomalies coincide with the vol.
canics and intrusions in the Amargosa thrust complex
along the east foot of the Panamint Range.

On profile D-D' there is a decrease in the total in-
tensity as the Black Mountains are approached; on
profiles E-E' and F-F' the total intensity increases to-
ward the Black Mountains. The latter two profiles are
in the rea where the older Precambrian complex makes
up the core of the Black Mountains, and it seems prob-
able that a major part of the rise in the total magnetic
intensity is related to the elevation of the Precambrian
rock. The local reversal near the east end of profile
(.G' has a near-surface cause. The magnetic maxi-
mum is where the older Precambrian rock of the Mor-
mon Point turtleback extends across the profile. To the
east of this outcrop is Cenozoic rock. The magnetic
reversal may be related to a high over the older Pre-
cambrian rock or to a low over buried volcanic rocks
to the east.

The southernmost profile 0S-' has considerable
magnetic relief west of the center of the valley. One
anomaly is a local high over Shoreline Butte, which
contains a considerable volume of basalt; probably the
other nomalies to the west are also produced by vol-
canic rocks in the Cenozoic iL From Shoreline Butte
the magnetic field increases eastward over the older
Precambrian complex in the Black Mountains.

csAxGm xK T XLTSmzUs~3 o n~c= xAnrn

Some evidence of continuing deformation in Death
Valley is provided by the hange in altitudes determined
for bench marks between the original level surveys in the
valley in 1907 and releveling in 193345 and 19424.
II 1907 the US. Geological Survey surveyed level lines
into Death Valley to provide vertical control for the
1:250.000 topographic maps of the region. Bench
marks were set along a line which followed the road
along the west side of Badwater Basin, crossed the valley
door at the Devils Golf Course and went around the
north and east sides of Cottonball Basin and Mesquite

Flat. Another line crossed the valley from Daylight
Paw to Emigrant Canyon. This early leveling al-
though providing adequate control for the topographic
mapping, was not sufficiently accurate to provide a
measure of the regional deformation when compared
with later leveling. However, local deformation with-
in the valley is indicated by comparing the original alti-
tude differences between bench marks in the valley with
altitude differences determined on the later surveys (fig.
84). Unfortunately only a few of the original bench
marks were recovered in the later surveys, and these pro-
vide an incomplete picture.

The indicated general decrease in altitude relative to
the reference bench mark near Wingate Pass may be
produced by systematic errors in the original data, but
in general the indicated changes within the valley are
probably reaL The largest subsidence is 0.73 foot for a
bench mark along the southwest edge of Badwater
Basin. At a bench mark about 5 miles to the southeast
near the end of the saltpan the indicated subsidence is
0.16 foot. This is consistent with continued subsidence
of the Badwater Basin.

On the east side of Cottonball Basin 3 bench marks
over an interval of about 12 miles show changes of
-0.07, +0.01, -0.65, and -0.03 foot. The bench
marks with the -0.07 and +0.01 change are just south-
west of the Kit Fox Hills fault with +0.01 bench mark
closest to the fault. The -0.65 bench mark lies between
the Kit Fox Hills fault and the anticline in the Cotton-
ball Basin. The -0.03 bench mark is south of the anti-
cline and over the gravity nose extending northwest
from the Black Mountains.

The data for 3 bench marks southeast of Mesquite Flat
indicate subsidence ranging from 0.28 to 0.68 foot.

These indicated subsidences may be due partly to
compaction of sediments in the valley fill and partly
to structural deformation.

UZZSMZC ACTI TY,

Death Valley is in a seismically stable area at the
edge of a highly active area (fig. 69). Fifty miles
southwest of Death Valley, epicenters are closely
spaced, and rather sharp northwest-trending line
marks the northeast edge of the seismically active rea
Only a dozen earthquake epicenters have been located
in the valley or in the mountains adjoining it, and none
of these was sufficiently intense to be felt by persons in
the arm. There is no historic record of earthquake
damage. Apparently the last major earthquake origi-
nating in Death Valley occurred 2,000 years ago wher
the floor of the valley was tilted 20 feet eastward and the
10-foot escarpment formed along the foot of the Black
Mountains (p. A100). The geologic effects of that
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earthquake, and perhaps its intensity, approximately
duplicated those of the 19 earthquake at Hebgen Lake
in the West Yellowstone area.

In the other direction, northeast of Death Valley, a
series of epicenters alined northwesterly roughly along
the Californis-Nevada boundary separates the Death
Valley area from a more extensive stable ares covering
most of the eastern part of the Great Basin. This lat-
ter stable area coincides with a regional gravity low
(fig. 70). Finally, another series of epicenters is lo-
cated along the boundary between the Basin and Range
province and the Colorado Plateau.

Data on earthquakes in the Death Valley region dur-
ing the period from 1934 through 1958 were compiled
and made available to us by C, R. Allen, of the Cali-
fornia Institute of Technology. These data show 12
epicenters in the main part of Death Valley or on the
adjoining mountain slopes. These quakes range in
magnitude from 2.5 to 4.0 on the Richter scale. The
uncertainty in the location of the epicenters is too great
to justify any attempts to correlate them with known
faults.

Seismic-refraction data indicate that the crust under
much of the Great Basin consists of two layers and that
it thickens northeastward (Press, 1960; Berg and
others, 1960; Diment and others, 1961). The upper
layer or layers have a velocity of 6.3 kmps (kilometers
per second) or less and are underlain at depths be-
tween 20 and 25 km by a layer having a velocity of 7.6-
7.8 kmps. The base of this layer slopes northeastward
from a depth of about 50 im in southern Nevada to
about 74 km in northwest Utah The underlying mate-
rial has a normal mantle velocity of about 8 kmps.

Such layering within the crust is not indicated west-
ward from Death Valley to the Sierra Nevada (Carder
and Bailey, 1958). Under the Sierra Nevada, velocities
in the crust are uniform. Tie crust appears to be homo-
geneous and at least 40 and perhaps more than 50 kin
thick. Gravity data (fig 70) and seismic data indicate
that the upper crust in the Death Valley area is little
more than half that thik, ay 2 5 km. Assuming thes
thicknesses, the base of the upper crust must slope about
15 westward from Death Valley. The slope to the
northeast would be about half that Death Valley ap-
pears to be over a ridge on the mantle.

TsM GoAdDTU

By GDo W. GN

3MODB

Seven tiltmeter stations were established in the Death
Valley area in 1958 and 1959 to determine if measu-
able tilt was occurring. The location of the tiltmeter
stations is shown on plate 3. A detailed description of

the portable liquid tiltmeters used in this study is given
by Eaton (1959).

Each tiltmeter station, except those in adits, was laid
out in a nearly equilateral triangle with sides 30-O
meters long. At each apex a machined brass hub was
set in concrete upon rock outcrops, and hub tops were
established within 0.5 cm of a level plane. Varia-
tions in the size and shape of the triangles were made
because of local terrain. One station, Trail Canyon
fan, was established by using large boulders embedded
in gravel instead of bedrock outcrops.

Temperature gradients between hubs and rapid
changes of air temperature cause erratic readings. To
avoid heating of the system by solar radiation, the tilt-
meter was used at night, or when the sky was heavily
overcast. Heat radiated from the ground at night,
especially when the sky is clear, also makes observations
difficult. A gentle wind can assist in maintaining a con-
stant temperature in the system..

Under ideal conditions, altitude differences between
hubs can be measured with an error of less than three
microns. Thus, if the hubs are 30 meters apart, a sen-
sitivity of 1 part in 10 million can be realized. The
precision of the measurements is checked by closing the
measured altitude differences around the three sides of
the triangle. I

In practice, closure errors as much as 50 microns were
encountered because of the difficulty in maintaining
the entire system at a constant temperature. Readings
were considered valid if the closure error was less than
10 percent of the total change in hub altitudes.

Tiltmeter observations show that the ground surfaces
in the Death Valley area are being tilted at present,
The direction and magnitude of tilting varies from one
station to another, and at any given station both direc-
tion and magnitude vary from time to time. Figure 8a
shows the tilting observed at five stations in the Death
Valleyarea.

The direction of tilting is consistent with the strac.
tural geology and tends to follow the present dip ol
strata at each station. Tilting is to the northeast at
Aguereberry Point, Trail Canyon, and Dantes View
These stations are located on block which have beer
tilted to the east or northeast. At Artists Drive, tiltinj
is predominantly toward the southwest, although there
is a distinct tendency at times to tilt southeastward
Here the Tertiary formations dip southeastward, an(
the overlapping early Pleistocene fnglomerate dip,
westward. Within the valley, tilting at Trail Canyor
fan is chiefly toward the south, which accords with itJ
position on the flank of the anticline north of Badwatei
Basin.
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The rate at which tilting occurs varies widely. Ob-
serrations have been made at intervals of from 3 to 6
months, averaging about 6 months, and the total change
of attitude, or tilting, that has occurred in the interval
is measured. There is no evidence to indicate that the
tilting has been at a uniform rate during the interval,
nor is there any evidence to show that tilting occurred
as a result of a single event or a seies of events. It is
convenient, however, to use "average" tilting rates when
comparing tilting at diferent stations and intervals.

An average rate as low as 0.15 microradian per month
at Artists Drive and as high as 12 microradians per
month at Aguereberry Point have been observed. Tilt-
ing at an average rate of 0.9 microradian per month (11
microradians per year) seems to be common in the Death
Valley area.

Tilting at the rate of 11 microradians per year would
produce an uplift of 581 feet over a distance of 5 miles
in 2,000 years, an amount that is many times too large
to be realistic.
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During the years 195841, both the direction and mag-
nitude of tilting have varied. At Aguereberry Point,
Trail Canyon, and Artists Drive, reversals of tilting
have occurred and, at the time this was written, the net
tilt at some stations after 3 years was less than it wa
after 1 or 2 years. Observations over a much longer
time are needed to establish the trends.

7LA=tor ZNWXE ==NaG KOtVZrT AM szad

Because the Death Valley area is relatively free from
earthquakes, it has not been possible to relate tilting to
seismic activity in the vicinity of the tiltmeter stations.
However, since the first tiltmeter measurements were
made in May 1958, there have been five earthquakes of
moderate intensity in the eastern Sierra Nevada and
Owens Valley areas. These earthquakes, which are
listed below, were not felt in Death Valley, although the
quake of January 1961 was felt at the Defense mine in
the Panamint Range where, according to the caretaker,
several large rocks were rolled down the mountain.

Date Baiste. gisdtde
Jan. , 1959 Southern Owens Valley. 4. T
Aug. 4. 1959. Northern Owens Valley. 5.5
Jan. 28, 1961. Walker Pass----- 5.3
Feb. 2 191 Sierra Nevada, east of

Mg Pine_____----- 5. 0
Oct. 18 161... Walker Pass . 5.2

There may be some relationship between tilting move-
ments in the Death Valley area and earthquakes about
50 miles away. The average rates of tilting at Aguere-
berry Point and Trail Canyon fan were greatly in-
creased during the period between October 1960 and
February 1961, but there was little change at the other
stations. The direction of tilting at two stations, Trail
Canyon and Artists Drive, was anomalous during this
period, but most of the stations have shown some
anomalous tilting in the past.

R&=Y SLE1MTOCSE= 8MBUMTEA ZATUM

Deposits of the Funeral Formation are exposed in
fault blocks at the foot of the Black Mountains at Mor-
mon Point and Artists Drive, in the Texas Spring syn-
cline and in some of the anticlines northwest of it, in
the Park Village fault blocks, Salt Creek Hills, and
along Emigrant Wash (pl 3). At all these places the
deposits are mostly fanglomerate, but they include
minor amounts of interbedded basaltic lava and volcanic
ash. The fanglomerate is sufficiently faulted, folded,
and eroded, so that its original fan form is no longer
apparent. The structure of the lower Pleistocene fan-
glomerates is accordant with that of the upper Pleisto-
eene deposits, but the faulting and folding are much
greater.

In discussing structural features involving the lower
Pleistocene deposits, it is necessary to recall the uncer-
tainties in correlating the deposits mapped as early
Pleistocene. Only in two localities is there paleonto-
logic evidence for dating the deposits mapped as Fu-
neral Formation (p. A63).

At Mormon Point the Funeral Formation overlaps
and is faulted against the steeply dipping surface on the
Precambrian metamorphic rocks (Drewes, 1959). The
overlapped surface is a turtleback fault surface, very
likely the Amargosa thrust, from which the overlying
rocks have been stripped (Noble, 1941; Curry, 1954).
Subsequent uplift of the turtleback has raised the fan-
glomerate a few hundred feet above the valley floor, and
the fanglomerate has been faulted vlleyward along
the contract of overlap. A. high-angle fault at the north
edge of the Funeral Formation separates it from the
younger fill in the saltpan. Displacement on this fault
is at least 200 feet (Drewes, 1959). There is differ-
ence of opinion about the continuity of the turtleback
fault surface with the Amargosa thrust Noble (1941)
and Curry (1954) connect them; Drewes (1959) sug-
gests that the turtleback fault surface is a younger nor-
mal fault.

The structural relations at Mormon Point are dupli-
cated along Emigrant Wash where the Funeral Forma-
tion overlaps the west-sloping turtleback surface mark-
ing the west side of the Tucki Mountain fenster, and
the fnglomerate subsequently has been faulted down-
ward along the old fault surface. The dip of the fault
is about 25° to the west. Likewise, as at Mormon Point,
a second fault, probably a high-angle one, marks the
valley edge of the fanglomerate, and the displacement on
this fault must also be down towards the valley, that is,
to the west. The displacement on this high-angle fault
is at least 500 feet.

The faulting that involves the lower Pleistocene de-
posits at Mormon Point and along Emigrant Wash
raises problems about nomenclature of the faults. The
autochthonous block at Mormon Point is regarded as
that of the Amargosa thrust: the autochthonous block
along the turtleback at Emigrant Wash is that of the
Tucki Mountain thrust fault (fig. 86). At both loca-
tions two generations of movement are recorded. The
latest movement, which involves the Funeral Forma-
tion, is sufficiently later than the earlier one for the fault
to have been folded anticlinally and the upper plate
stripped from it, probably by detachment faulting.

On Artists Drive the Funeral Formation overlays
middle and older Tertiary volcanic rocks. At the time
this was mapped, in 1957, it was assumed that the con-
tact was simply a depositional one of overlap. Question
now arises whether faulting along that overlap contact
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was overlooked. Faulting is suggested by the occurrence
in the fnglomerate of granulated Paleozoic quartzite,
like the chaotic blocks associated with the Amargosa
thrust (Noble, 1941).

Along the west side of the Artists Drive area, at the
edge of the saltpan, are four southwest-trending fault
blocks of Funeral Formation. The geomorphology of
the ridges suggests that they are separated by as many
southwest-trending faults and that each fault is down-
thrown on the northwest side. Tle two northerly hills
are opposite the anticline buried in the saltpan that
separates Badwater Basin from the basins to the north
(p. A102). The two southerly hills lie just north of
the projection of the Mont Blanco fault and between its
outcrop on the higher part of Artists Drive and the
faults thought to represent its extension in the saltpan.
The Mont Blanco fault and its projection in the Artists
Drive area marks the southern limit of Funeral Forma-
tion exposed in those fault blocks. South of the fault
the Funeral Formation either is absent or has been
faulted downward and buried under younger valley
fill.

North of the Black Mountains the Funeral Formation
is downfolded in the Texas Spring sycline (fig. 79) and
anticlinally folded over the East Coleman Hills (pl 3).
The structural relief of the Funeral Formation across
the Texas Spring syncline and adjoining maticline is
at least 750 feet and probably more nearly a thousand.
This structural relief is four of five times that of the
upper Pleistocene grarels, but probably less than half
that of the underlying Furnace Creek Formation
(Pliocene).

In the Texas Spring myncline block of the Funeral
Formation ends southeastward at the Mont Blanco
fault, which trends northeastward. Displacement on
this fault, where it cuts of the fanglomerate, is down
to the northwest. This direction of displacement is
opposite t the apparent displacement farther south-
west along the Mont Blanco fault where it enters the
Tertiary formations and seems to have dropped the base
of the Furnace Creek Formation downward a thousand

feet on the southeast side against the Artists Drive
Formation. Perhaps the displacement in the Tertiary
formations is that of a tear fault with right-lateral
displacement, and the horizontal displacement was.
taken up in part by downfolding of the Texas Spring
syncline.

IX the Park Village block, between Cottonball Basin
and the Funeral Mountains, the Funeral Formation
forms a northwest-trending ridge bounded by faults.
This probably is not a horst, however, because the fault
along the northeast side of the ridge very probably is a
faultline scarp. The displacement there probably is
down to the west, that is, towards the valley, and the
Funeral Formation probably has been stripped from
the structurally higher fault blocks between the Park
Village block and the Funeral Mountains. This in-
terpretation is favored because the Tertiary formations
along this fault and others paralleling it in the Furnace
Creek fault zone are dropped down towards the valley.

There may have been lateral displacement along the
Furnace Creek fault zone (Curry, 1938a). There is
some evidence of right-lateral displacement along sev-
eral faults between the Park Village block and the
Funeral Mountains, where the beds on the southwest
side of the faults, the downthrown side, show southward
drag.

Right-lateral displacement also is indicated along
faults at the west foot of the Panamint Range (Maxson,
1950, p. 107) and in the Confidence Hills (Noble and
Wright, 1954, p. 157).

In the Salt Creek Hills the Funeral Formation is
involved in both anticlinal folding and faulting (fig.
75) and has a structural relief measurable wn hundreds
of feet (p. A103).

Now we attempt to visualize how the physical geog-
raphy and structure of the Death Valley area might
appear if we undo the folding and faulting attributable
to middle and late Quaternary time-that is. post-Fu-
neal Formation. The distribution of the lower Pleisto-
cene deposits shows that the Funeral Mountains, Black
Mountains, and Tucki Mountain were in existence, but
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structurally they were at least 1,000 feet lower, and
probably more nearly 2,500 feet lower.

If we raise the trough of the Texas Spring syncline
(fig. TO) by 2,500 feet-that is, unfold it-dips in the
Tertiary rocks in the Black Mountains are reduced al-
most one half, to an average in the neighborhood of 20"-
25°.

Similarly, if the top of Tucki Mountain (fig. 86) were
flattened structurally by 2,500 feet, the eastward dip
of the Tucki Mountain thrust fault and the westward
slope of the turtleback surface would be reduced to about
5. The westward dip of the faults branching upward
from the Tucki Mountain fault would be approximately
doubled to an average of about 250; the average east
dip of the faulted Paleozoic formations would be re-
duced to roughly 25".

No basis was found for estimating the amount of
middle and late Quaternary uplift along most of the
Black Mountains, but in view of the regional structural
rise southward (p. A71, 88, 99) the probabilities are
that the uplift towards the south was as great or
greater than it was at the north. We assume the same
anount-2,500 feet.

To continue the attempt to visualize conditions as
they were at the beginning of the Quaternary, it is nec-
essary to remove something like 3,000 feet of sediment
from the structurally deepest part of Badwater Basin
and perhaps 2,000 feet from Cottonball Basin.

It seems doubtful that Death Valley ever was 3,000
feet below sea leve. On the contrary, it may even have
had exterior drainage during part of the late Pleisto-
cene time. Some of the late Pleistocene lkes may
have connected with those at Soda Lake (p, A72) and
possible exterior drainage from Death Valley is sug-
gested by the abundant large boulders in certain upper
Pleistocene (No. 2) gravel deposits (p. A65). Accord-
ingly, it is reasoned that the floor of Death Valley was
no lower than sea level, and probably was higher, at the
beginning of the Quaternary; The Black Mountains
probably were about half as high above the floor of the
valley as they ae now. -

There is reason to infer that, during the Quaternary,
the main part of the Panamint Ringe was raised much
more than has been assumed for Tulcki Mountain or
for the Black Mountains. The Funeral Formation at
the west foot of Tucki Mountain (fig. 86) rises south-
ward in 10 miles to an altitude of 7,400 feet. The
fanglomerate may have had a source in or beyond what
is now Panamint Valley west of the range (Axelrod
and Ting, 1960, p. 22). This suggests the possibility
that at the beginning of the Quaternary and during
early Quaternary time a structural valley and trough
extended southward from Mesquite Flat along the site

of Emigrant Wash and connected with the north end
of Panamint Valley.

Regardless of the continuity of the trough, its alti-
tude probably was not more than half the maximum
now reached by the fanglomerate. Whatever that
altitude was, the difference between it and the present
maximum altitude of the deposit (7,400 ft) is the
amount by which the Panamint Range has been raised
during middle and late Quaternary time. If this is
assumed to be about 3,500 feet, the structures in the
Panamint Range should be rotated westward 5-10°
to restore dips as they were when the Funeral Forma-
tion was being deposited.

An upland surface of lower relief is represented on
the Panamint Range by broad open valleys about
5,000-0,000 feet in altitude (Mxon, 1950, p. 102).
The age of the open valleys is uncertain. One of them,
Harrisburg Flat, is eroded partly in Funeral Forma-
tion; but the open valley could be as old or even older
than the fanglomerate, and the subsequent erosion at-
tributable to the fact that the valley provided a local
base level for erosion of the fanglomerate. The open
valleys contain upper Pleistocene gravels; therefore
they must be middle Pleistocene or older erosional
features. ost of the differential uplift of the Pans-
mint Range above Death Valley and Panamint Valley
has occurred since the broad open valleys were formed.

LATE TZRTZAEY EUCTUEA LEATURES

The Furnace Creek Formation records the existence
of a playa that extended from Mesquite Flat south-
eastward across the site of the Salt Creek Hills, Cotton.
ball Basin, Furnace Creek fault zone, and north end
of the Black Mountains. Facies changes in the Furnace
Creek Formation suggests that the plays did not extend
southward along the trough that later became the
Death Valley saltpan, because conglomerates in the
formation in the northern part of the Black Mountains
appear to have had a source far to the northwest in the
northern part of the Panamint Range (p. A.60)
Had there been a plays extending southward along the
site of the Death Valley saltpan, the gravels should
have moved southward and not across the valley to the
east side. The play& lasted long enough to accumulate
more than 5,000 feet of fine-gained sediments, mostly
derived from erosion of volcanic rocks.

Facies changes within the Furmce Creek Forma
tion are not kiown well enough to reconstruct closelj
the limits of the trough that contained the playa. Th(
northeast edge probably was at or close to the Kit Foi
Hills fault (pl. 3). Major displacement on that faull
occurred after the Miocene( t) formations were de
posited in the Kit Fox Hills. It is assumed that th
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displacement of this fault, down on the southwest side,
progressed while the Furnace Creek Formation was
being deposited and that the scarp along the fault
formed a northeast edge of the plays in which the
Furnace Creek Formation was deposited.

The southwest edge of the trough evidently coin-
cided with the flank of Tucki Mountain. On the Black
Mountains there was a pile of older volcanic rocks, the
Artist Drive Formation, that shed debris northward
into the playa, but those mountains were not high
enough or dissected deeply enough to contribute Pre-
cambrian debris to the Furnace Creek Formation. To
what extent the mountains also had started to be raised
as a major fault block is uncertain.

Much of the uplift of the Black Mountains occurred
after the Furnace Creek Formation was deposited. At
the front of the Black Mountains the Furnace Creek
Formation is cut off by the fault along that front, one
of the Basin and Range type of block faults, and
dropped at least 1,000 feet, and perhaps more, into
Death Valley.

Structural relief on the Furnace Creek Formation
dipping off the north end of the Black Mountains could
be as great as ,500 feet (fig. 7M), but this figure prob-
ablv is excessive. It seems unlikely that the Furnace
Creek Formation under the Texas Spring syncline is so
thick because the gravity data (pI. 3) indicate that
the bedrock floor there is about 5,000 feet deep, and part
of this is Pleistocene.

The conflicting data provided by the gravity
measurements and by the dips observed in the Furnace
Creek Formation can be resolved by assuming that the
playa shifted northeastward while the formation was
being deposited. Such shift also is suggested by the
fact that the sulfate and chloride zones in the upper
members of the formation are north of their positions
in the lower members (p. A62). If this shift is as-
sumed, beds in the Furnace Creek Formation would
offlap northeastward and would not be so thick under
the Texas Spring syncline as would be assumed from
the thick steeply dipping section exposed on the flank
of the Black Mountains.

The structural significance of this interpretation is
that much of the uplift of the Black Mountains may
have occurred while the Furnace Creek Formation was
being deposited; perhaps no more than half, and pos-
sibly much less, of the uplift of the Black Mountains
need be attributed to early Pleistocene time after the
Furnace Creek Formation had been deposited. We
favor this interpretation because it resolves an apparent
conflict between the structural and gravity data, and
because it accords with an inferred northward shift of
the salt zones of the Furnace Creek Formation.

At the Salt Creek Hills the Furnace Creek Formation
is exposed in a sharply folded and faulted dome. The
fold is asymmetrical. Its southwest flank is almost ver-
tical where it is overlapped by the Pliocene and lower
Pleistocene( 1) Funeral Formation; the northeast flank
dips 20-l45e northeastward. About 3,500 feet of beds
assigned to the formation is exposed in the dome, and
its indicated structural relief would be at least that
much.

Outcrops of upper Tertiary deposits northwest of the
Salt Creek Hills (pI. 3) suggest that a major fault
trends northwestward for at least 6 miles. Southeast-
ward the fault probably underlies the ridge of lower
Pleistocene gravel that extends into the saltpan south
of Salt Creek Projected across Cottonball Basin the
fault would join with the frontal fault of the Black
Mountains where that fault turns northwestward into
Cottonball Basin. Very likely this is one of the faults
through which ground water is discharged from ies-
quite Flat to maintain the extensive marsh on the west
side of CottonbaUll Basin (Hunt and Robinson, 1960;
see also Hunt and others, 1965).

At the Salt Creek Hills, as elsewhere, the Furnace
Creek Formation is more strongly folded than the lower
Pleistocene fanglomerate, which, in turn, is more folded
than the upper Pleistocene gravels.

Reference has already been made to the curious Mont
Blanco fault that trends northeast across the north end
of the Black Mountains and Teas Spring syncline
(p. A103). In the Black Mountains the base of the
Furnace Creek Formation is offset to the right, as if the
displacement were that of a normal fault down on the
southeast side. Yet displacement of the Pleistocene
beds in the Texas Spring syncline is down on the
northwest

Many assumptions have had to be made as to condi-
tions at the time the Furnace Creek Formation was
deposited, but it is inferred that the playa represented
by it occupied a long, narrow, southeast-trending struc-
tural trough-at least 40 miles long and no more than 5
miles wide. The trough may have branched southward
along the site of the Death Valley saltpan, but this
branch was higher than the playa; its subsidence to a
level below that of the southeast-trending plays could
have occurred late in Pliocene time, but it more probably
occurred early in Pleistocene time.

It has been inferred that the Black Mountains were
raised structurally about 4,000 feet while the Furnace
Creek Formation was being deposited, and that another
3,500 feet of uplift occurred during early Pleistocene
time.

To visualize conditions at the beginning of the Plio-
cene, it is necessary to imagine the valley fill without the
Furnace Creek Formation and younger sediments. The
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thickness of these, as suggested by the gravity data, is
less than the apparent thickness across the steeply
dipping beds, and is assumed to be about 3,00-4,000
feet. To the degree that the Furnace Creek Formation
in the valley is underlain by older Tertiary deposits, the
thickness assumed for the formation there would have
to be even less. Because the amount of uplift inferred
at the Black Mountains is about equal to the thickness of
sediments under the Texas Spring syncline, the relief
across that part of the area probably was little different
from what it is at present.

There is no stratigraphic or structural evidence to sug-
gest how the Panamint Range changed during this
period. At least the northern part of the range was in
existence because it provided some of the conglomerates
in the Furnace Creek Formation. The part south of
Tucki Mountain may have been much lower. It was
certainly partly buried, and may have been largely
buried, under the lower Tertiary volcanics that overlap
the east side of the range.

aOCWE(?) AND EARLY TERTIARY VMUCTURAL
FEATURE

Deposits mapped as Miocene(f) are extensive in the
Kit Fox Hills, east of Mesquite Flat, and they extend
from there southeastward to the foot of the Funeral
Mountains. The Kit Fox Hills fault, a straight high-
angle fault and part of the northwest-trending Furnace
Creek fault zone, extends for at least 30 miles along
the southwest edge of the deposits. Displacement is
down on the southwest side, and the gravity data indi-
cate that displacement totals several thousand feet.
Probably the Pliocene deposits southwest of the fault
never extended northward across it (p. AllT), but if
they did, they have been stripped from the upthrown
block. Part of the displacement on this fault is Quater-
nary in age; much of the displacement is Pliocene, and
most of it may antedate the Furnace Creek Formation.

Along the northeast side of the Park Village block
the Kit Fox Hills fault may be marked by a faultline
scarp, as already noted (p. All$).

Between the Kit Fox Hills and the Funeral Moun-
tains an hills of Titus Cmnyon( I) Formation of Stock
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and Bode (1935) (Oligocene) that protrude through
the fan gravels. The northeast side of the Kit Fox Hills
probably is a faultline scarp like that along the east
side of the Park Village block. The scarp along the
northeast side of the it Fox Hills faces northeast and
overlooks older formations; it seems too straight to be
simply a cuesta at the updip side of Riocene(l) fan-
glomerate. This fault may be older than the Kit Fox
Hills fault.

Along the Keane Wonder fault at the foot of the
Funeral Mountains, the Titus Canyon( I) Formation is
faulted down against the Precambrian in the moun-
tains. The fault dips 25-40° towards the valley, about
the same as the dip of the Precambrian beds in that part
part of the Funeral Mountains, which form a dissected
turtleback (fig. 118).

The occurrence of the Titus Canyon(l) Formation
along this fault and turtleback surface is like that of the
Funeral Formation at the Tucki Mountain turtleback in
Emigrant Wash and at the Amargosa thrust fault and
turtleback surface at Mormon Point (p. A114). These
relations also are duplicated at the Copper Canyon tur-
tleback (Drewes, 1959) (fig. 87). The Keane Wonder
fault and the turtleback surface are continuous with the
thrust faults at Boundary Canyon and Echo Mountain,
along which Cambrian formations are thrust westward
onto the Precambrian. The Titus Canyon( t) Forma-
tion is faulted against the turtleback surface of the
Funeral Mountains; but the main thrust appears to
be pre-Titus Canyon in age, because to the north that
formation overlies the upper plate. The similarity of
this structure to those where the Funeral Formation has
overlapped and has been faulted against turtleback sur-
faces suggests similar histories. If so, the main thrust is
old enough to have had the upper plate stripped from
the turtleback surface before the Ttus Canyon(l)
Formation was deposited and faulted against it.

At the north foot of Nevares Peak, beds mapped as
Titus Canyon( 7) Formation are dragged upward along
a smooth fault surface dipping northward off the Cam-
brian rocks that form that mountain. This feature
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shows well on the State geologic map of Death Valley
(Jennings, 1958).

Mapping of the Miocene( 1) formations between
Cottonball Basin and the Funeral Mountains suggests
that they aggregate more than 4,000 feet thick. But con-
sidering that there must be some Titus Canyon( 1) For-
mation beneath these beds, the thickness seems to be ex-
cessive. The gravity data suggest that bedrock is no
more than about 4,000 feet deep in that area. The con-
flicting data can be reconciled by assuming either that
the Titus Canyon( t) Formation is denser than was as-
sumed in compiling the gravity data (p. A107) or by as-
suming an offlap relation in the Tertiary formations
valleyward from the Funeral Mountains, as has been in-
ferred for the Furnace Creek Formation northward
from the Black Mountains. The latter interpretation
seems reasonable because the outcrops of Titus Can-
yon(8) Formation north of the Kit Fox Hills prob-
ably never were buried under Miocene(? ) fanglomerate
as thick as that exposed in the Kit Fox Hills.

In the northern part of the Black Mountains, the
formation at Artists Drive dips northeastward under
the Furnace Creek Formation. About 6,000 feet of
beds are exposed, mostly volcanics, but these grade
northward to and intertongue with plays. deposits. The
formation must thin northward under the Furnace

K>_y Creek Formation, for the same reason that the Furnace
Creek Formation must thin northward under the Texas
Spring syncline. Gravity data indicate a total of about
5,000 feet of Quaternary and Tertiary deposits down
to the bedrock under the syncline. Figure 88 is a dia-
grammatic section illustrating the probable thinning
northeastward of the Tertiary and Quaternary forma-
tions on the northeast dank of the Black Mountains

Very likely the bedrock floor under the Tertiary
formations is a series of fault blocks, but these cannot be
satisfactorily reconstructed While the formation at
Artists Drive was being deposited, the axis of the trough
was near A, B and C (fig. 88). At the ite of the axis
of the Texas Spring synline, dips were towards the
Black Mountains.

At the front of the Black Mountains the formation at
Artists Drive is fulted down about 5,000 feet. The
blocks faulted down on the Death Valley side a re-
ferred to as the Artists Drive fault blocks The fault
is the frontal fault of the Black Mountains, and it con-
tinues northward and cuts off the Furnace Creek For-
mation at the front of the north end of the Black Moun-
tains. The Furnace Creek Formation is displaced at
least 1,000 feet by the fault. If there was any displace-
ment on this fault before the Furnace Creek Formation
was deposited, the fault remained inactive while the

K> formation was being deposited, because the facies
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changes in the formation are cut off by the fault and ar
not related to it. The probabilities are that the frontal
fault along the Black Mountains is a Quaternary struc-
ture. Block faulting that outlined the present basins
and range elsewhere in the region is regarded as largely
of Quaternary age (Gilbert, 1941; Axelrod and Ting,
1960).

On the other hand, there was earlier faulting along
the northwest-trending Furnace Creek fault zone and
along other northwest-trending faults in the region.
Near Leadfield, in the Grapevine Mountains north of
this area, the Titus Canyon Formation overlaps an
earlier northwest-trending high-angle fault (James
Gilluly, oral commun. 1960). The block faulting there-
fore appears to have started as early as Oligocene time.
The faulting has continued to the present, but since late
Pliocene time the dominant trend of the faults has
changed from northwesterly to northerly.

If the north-south faults are mostly Quaternary, the
uplift of the Black Mountains that caused the north-
ward offLp and thinning of the formation at Artists
Drive and the Furnace Creek Formation is attributed
to folding rather than faulting.

The formation at Artists Drive above the Artis
Drive fault blocks also is broken by some fiat faults
that dip only 20-40 towards Death Valley (g. 79).
Displacements ar at least as great as 2,500 feet and in
places may be very much greater. These ctures
were examined only in reconnaissance; they could be
dismissed as megabreccia, except for the fact that in
that area ther are large chaotic blocks of Paleozoic
rocks, hundreds of feet in diameter, and the ensemble
suggests the possibility that major thrusting, like that
of the Amargosa thrust farther south (Noble, 1941), has
been overlooked in this part of the Black Mountains.

One of the blocks of Pleozoic rock is dolomite
wedged into the Tertiary formations at the frontal
fault. Another is granulated quartzite, a monolitho-
logic breccia, under (or ink) the Funeral Formation at
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the northwest end of the Artists Drive fault blocks.
The chaotic blocks probably are Cambrian-from the
Zabriskie Quartzite and Bonanza King Formation.
The blocks are suggestive of the Paleozoic blocks that
are mixed with Tertiary ones and associated with the
Amargosa thrust. There is no nearby source, and they
must hare been brought a long distance. The fiat faults
in the formation at Artists Drive may be branches from
a larger fault that has not yet been identified.

Volcanic rocks along the east foot of the Panamint
Range in part at least are Miocene (p. A120), and are
similar to and probably correlate with parts of the
formation at Artists Drive. The eruptives are tilted
20° towards the east and overlap more steeply dipping
Paleozoic formations (fig. 89), showing that about half
the eastward tilt of the Panamint Range has occurred
since those eruptions.

GP.AN C IThUIONS

Two large granitic intrusions, probably Cretaceous or
early Tertiary, are well exposed at the west edge of the
Death Valley area and are shown on the geologic map
(pl. 1). One of these, the granite at Skidoo, crops out
in an area of about 12 square miles along the north and
east sides of Harrisburg Flat and extends southeast-
ward into the head of Trial Canyon. The other, the
granite at Hanaupah Canyon, occupies an equal area
at the head of Hanaupah and Starvation Canyons.
Smaller outcrops of granitic intrusions in the Panamint
Range are in Wildrose Canyon about midway between
the granites at Skidoo and at Hanaupah Canyon, in
Warm Spring Canyon about 15 miles south of Hanau-
pah Canyon, and along the east foot of the range.

Uthough labeled on the map as granitic intrusions,
and loosely called granite or granitic rocks, niost of the
intrusions would more nearly be classed as quartz
monzonite porphyry. However, the field study was in-
terrupted before chemical analyses were made, and not
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enough thin sections were examined to be certain of the
range in composition of the facies of the intrusions.
Under the circumstances, a more precise nomenclature
for the few rocks studies would be misleading, and we
use the term granitic intrusion" throughout

The granites at Skidoo and at Hanaupah Canyon dif-
fer texturally and, to a minor degree, mineralogically.
The granite at Hanaupah Canyon is porphyritic with
distinct fluidal structures; the dark phenocrysts are
biotite and hornblenle. The granite at Skidoo is
mostly gneissic, but a part of it is porphyritic and has
fluidal structures; the dark phenocrysts are biotite.
The kind and amounts of trace elements in the two in-
trusions and the trace elements that are in quantities
too small to determine are similar, as brought out in
table 25. The apparent greater concentration of lead
and zinc in the granite at Hanaupah Canyon and the
sill east of it, as compared to the granite at Skidoo, may
be real, but additional analyses of the rocks are needed.

The three-dimensional form of intrusions probably
is the most important criterion for determining the re-
lationship between the intrusions and the structural
geology of the region; this relationship, in turn, is basic
for understanding the origin of the intrusions Yet the
form must remain a matter of considerable conjecture.
We have attempted to apply some of the principles that
have been learned about intrusive forms on the Colo-
rado Plateau, where complexities are at a minimum and
where exposures are far more complete As G. K. Gil-
bert wrote (8T6) in citing the Colorado Plateau as a
field for geologic study, "with the facts of structure
conspicuous and beyond question, the mind is left free
to search for causes."

Before attempting to compare these intrusions with
those on the Colorado Plateau, which is remote and
structurally very different, some similarities may be
noted between the intrusions of the Death Valley area
and the individual plutons of the Sierra Nevada batho-
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TABLZ 25.-Trace elements in ae granites at Skidoo and at
Hanaupah Canyon

Cu. Pb. and Zn determined by cldormetric methods by R. L Nelma= other
deormICIatOit WmqusAtMtttI SPCrophle wAxes by E. . Cooky.
U.S. Gool. Survy. Values in Pam per 1u G aept X which Xi given n
peftenti

At Skidoo At Kansuvab Canyon

_~~~A I kdo ________-___

Element gneisstc 1cla
Boulder from SWl along fault

central oust 0f the
Intiwlion canyon

Cu.- .... .... .4 4 6
Pb .26 80 280
Zn ,,-,......... SO 90 80
4n- .................. 300 1,000 700
Zr1....................... oo 300 500
Ni... ..... .... 15 15 1 10
Co- . <5 7
V----------2 20 70
MO- ............. 7.. <7 5
Y................ . 3 30 30
Be .............. 1. 1.5 <1
Ti ................ 0....... . 2,00 5000
B-20 10 30
La SO 100 ISO
So ----------------------- <10 <10 10
Cr ....................... 30 30 20
Ba...................... S 500 1,500
Sr .300 200 1,000

g---------------------- <I <I <1
Mg.0.7 0.7 1

Cove.-All amples ctied A >1.000 S >10 WI G >20; Ga >V. Cd >SM
Bi >10; In >10; Sb >20 I>0; f 1;T >30; W0300

v,.. lith. In the batholith the earliest intrusions were
concordant and followed stratigraphic or tectonic
boundaries (Cloos, 1932). Where the intrusions are
crowded together, this concordance is masked because
the later intrusions became guided by the walls or other
structures of the earlier ones. There is abundant evi-
dence that the intrusions emplaced themselves more by
physical injection than by replacement, assimilation, or
stoping (Knopf, 1929; Calkins in Matthes, 1930; Cloos,
1932, 133, 1935, 1936; Bateman, 1958). The batholith
plunges northward, and the intrusions at the north end
are separated from one another like those to the east in
the Death Valley area. The structural settings of the
Sierra and Death Valley aeas are quite different. Seis-
mic and gravity data indicate that dense rock is shallow
under the intrusions just west of Death Valley, but the
main part of the batholith, including its north end, is
underlain by a considerable thickness of light rock.
But even where the intrusions of the batholith are
crowded, there has been structural doming.

The earliest intrusions of the Sierra Nerada batholith
are along its west edge and are thought to be Late Juras
sic or Early Cretaceous (Knopf, 1929, p. 9). Eastward
across the batholith the individual plutons are younger
and generally less mafic (Calkins in Hatthes, 130;
Cloos, 1936, p. 431-434; compare with Bateman, 1961,
fig. 5). The intrusions in the Death Valley area may

776-6 0-6-9

extend this pattern to the east. These age relationships
have long been recognized, and the problems they pose
have been well stated by Ferguson (1929, p. 118):
It may be that the locus of Intrusion moved gradually eastward
from the Sierra Nevada to the Rocky Mountain region and that
the areas of granitic rocks. intermediate In position between
the Sierra Nevada batholiths and the Tertiary batholiths to the
east are also intermediate In time (Llndgren, 1915. p. 260). or
there may have been two distinct and sharply separated episodes
of granitic Intrusion.

Whether the Death Valley intrusions should be re-
garded as part of the composite Sierra Nevada batholith
depends on one's definition of the batholith and on as-
sumptions about the form of the buried parts of the
intrusions. But regardless of whether the definition,
which perforce must be arbitrary, includes or excludes
them, clearly these intrusions are genetically related to
each other and to the batholith. In the Death Valley
area the granitic intrusions may have reached almost
to the surface and may have developed into volcanic
rocks at the surface. These volcanic rocks are inter-
bedded with playa and related deposits ranging from
Oligocene to Pliocene.

The interpretation presented in this report is that
the granitic intrusions in the Death Valley area are
related to, but younger than, the batholith to the west
and that they are related to, but older than, the vol-
canism. The granitic intrusions in the Panamint
Range are probably Miocene (p. A50) and are inter-
preted as having immediately preceded the volcanism
which continued long thereafter. The intrusions seem
to have spread laterally along the Amargosa thrust
fault and its branches and to have domed the overlying
rocks (figs. 90, 91, 94, 108) because-

1. The intrusions have concordant roofs. There is dis-
cordance to be sure, but the degree of discordance
is no greater than the discordance of laccoliths at
their type area, the Henry Mountains, Utah, where
structural relationships are much simpler than in
the Death Valley area.

2. The intrusions spread in incompetent formations
where they are overlain by competent ones, a
favored mechanism of intrusions that are demon-
strably floored.

3. Because there is little evidence of reaction along the
contacts and little other evidence of assimilation
or replacement, the intrusions must have emplaced
themselves by physical injection. Despite the
large size of the intrusions, hydrothermal effects
are little, if any, greater than around intrusions in
the Colorado Plateau.

4. The volumes of the structural domes over the intru-
sons are too small to accommodate physically in-



A122 GENERAL GEOLOGY OF DEATH VALLET, CALIF0'4I

W E

10.00

- coop

, ra qat OWe ." 0000

SEA -Aa Ow"u LEVEL

Tmau SO.-Crom etion of the granite t Ha..upah Canyon. LMyth of section 6% wles: wrt scale ot eaggerated #C. Pa
eambrian metamorphlc rcks; 9Ca. ?oodayl 7) Dolomite: pCi. bobnle rormation; VCs. Stirling Quartsite; C. Wood Canyon
Formation. Lane t tazting and Intruion of the granite. the Pafamint Rae has been tilted la*-20* ASt.

jected crosscutting intrusions as wide as these
(see Hunt and others, 153, p. 139).

5. Sills that extend from the granite at Hnaupah
Canyon along thrust faults, like the Burro Trail
fault and others north of the intrusion (pl. 3),
show that the granite is later than the thrust fault-
ing and that part of the granite demonstrably
spread laterally along the faults

Except for their large size, the intrusions are much
like those on the Colorado Plateau. They are not like
the individual intrusions in the Sierra Nevada batholith
where, although the plutons seemingly were forcibly
injected, there is abundant evidence of steep contacts
(Bateman, 1958; Sherlock and Hamilton, 1958). Nor
is there evidence of much assimilation or stoping like
that described at some intrusions in the Mojave Desert
(McCulloh, 15, p. 21).

Intrusions in the Great Basin probably am floored to
a far greater degree than has generally been assumed.
Few workers have considered this problem. Noble
(1941, p. 963) inferred that the granite under the
Amargosa thrust fault in the Virgin-Spring area was
controlled by the fault because the roof of the granite
parallels the fault (fig. 108). Hewett (1956, p. 63)
interpreted the Teutonia Quartz Monzonite in the Ian-
pah quadrangle, 75 miles southeast of Death Valley, as
having been intruded along one of the eastward directed
thrust faults. He states (p. 6), "There is nothing
about the relations of the monzonite to the limiting

rocks in any part of the region to indicate that any
large part of it is a crosscutting stocklike mass."

Granitic intrusions in the Mina quadrangle in west.
em Nevada have been interpreted as having spread
laterally at the thrust faults (Ferguson and others.
1954), and one at the south end of the Panamint Range,
in Warm Spring Canyon, is intrusive along a fault
(Wasserburg and others 1959). Granitic intrusions in
the southern part of the Panamint Range have em-
placed themselves along faults (Johnson, 1957, fig. 2).
and some in the Silurian Hills were first localized by the
thrusting and later displaced by it (upfer, 1960).
Intrusions in the Darwin area also have the flat fort
(W. E. Hall, written commun, 196).

Mackin (1947, 1954) has shown that doming in thi
Iron Springs district in southwestern Utah is quits
like that on the Colorado Plateau. He has been the
principal advocate (1960) of the idea that igneous in
trusions have been underestimated as a cause of man,
of the structural features in the Great Basin.

But such interpretations are exceptional for the Grea
Basin. In most reports the form of the intrusion
either is ignored by drawing cross sections away frot
them, or the cross sections are drawn to indicate that th
intrusions widen downward. A cae can be made fo
this interpretation by ssuming that the Great Basi
is underlain by a granitic batholith and that the stock
are minor apophyses rising upward from it. In fave
of such interpretation is seismic refraction evidenc
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suggesting that the crust under the Great Basin con-
sists of 2 layers, the upper one having a velocity of 6.3
kmps or less, and the lower one having a velocity of
7.6-X.8 mps (Press, 160; Berg and others, 1960;
Diment and others, 11). Such interpretation, how-
ever, is not presented, and one gains the impression that
the stocks were drawn in cross sections to widen down-
ward chiefly to conceal and dispose of complex struc-
tures at depth. A bad effect of this practice, however,
is that there has been too little thought given to the
three-dimensional forms of the intrusions, the mechanics
of how they became emplaced, and their part in the
structural history of this complex region.

The granites at Skidoo and at Hanaupah Canyon
have domed roofs of Precambrian sedimentary forma-
tions that are roughly concordant with the upper sur-
faces of the granites. The degree of discordance is little
greater than over laccoliths in the Henry Mountains
where, despite the simplicity of the structure of the
host rocks, even the most orderly laccoliths cut across
several hundred feet of beds in a mile. Extensive con-
cordant roofs, like those on the granites at Skidoo and at
Hanaupah Canyon, imply equally concordant doors.

Moreover, the area domed by the granites at Sklidoo
and at Hanaupah Canyon is too small and has too little
structural relief to be attributable to doming by steep-
walled crosscutting intrusions having cross sections as
wide as the exposed granites. On the Colorado Plateau,
stocks 1 mile in diameter produce domes having a base
6 miles in diameter and a structural height of almost 1%
miles (Hunt and others, 1953, p. 139). The intrusions in
the Panamint Range are much wider than those in the
Colorado Plateau, but the doming is not corresponding-
ly greater. This fact also suggests that the grnnitic
masses have spread laterally and that the steep-walled
stocklike source for them is much smaller than the area
of granite at and near the surfa.

Finally, the roof and side contacts of the intrusions
are sharp and contact metamorphism is slight, both of
which indicate that there was no great amount of reac-
tion that would cause replacement or assimilation of
the country rock by the granite. Indeed, the contact
metamorphism is more like that around the floored in-
trusions than around the stocks on the Colorado Plateau.

The occurrence of a pyritic and an epidotic zone of
alteration over the west side of the granite at Hanaupah
Canyon is the basis for inferring that the source of that
intrusion is under its west side (fig. 90). Pyritic alter-
ation and considerable discordance along the west side
of the granite at Skidoo suggest that its source is under
its west side. The eastern edge of the granite at Skidoo
is inferred to be along the north-trending monocline
that forms the -head of Tucki and Blackwater Washes.

The intrusions therefore are interpreted to be wedge
shaped, the form to which the names sphenolith (Burek.
hardt, 1906) and harpolith (Cloos, 1921) have been
applied.

GRANZTr AT SKMOO

The granite at Skidoo (an abandoned mining camp)
crops out in an area about 12 miles long and 15 miles
wide, elongated north-northwestward parallel to the
general strike of the enclosing formations. The age is
presumably Cretaceous or Tertiary. The southwest
contact is steep and crosscutting; but the roof is con-
cordant, east dipping, and mostly in the Kingston
Peak(7) Formation although cutting upward discord-
antly to the Noonday(t) Dolomite. The structural
form (fig. 91) is broadly wedge shaped thinning east-
ward.

The contact along which the intrusion has spread al-
most certainly is a thrust fault of the Amargosa fault
system. The contact between the Kingston Peak(t)
Formation and Noonday( 1) Dolomite is a fault; so also
is the contact between the Noonday(l) Dolomite and
Johnnie Formation. The spreading of the granite has
obscured evidence for faulting at the plane of intrusion,
and not enough is known about the local stratigraphy
of the Kingston Peak( I) Formation and Xoonday( 7)
Dolomite to estimate the thickness of beds cut out by
faulting at any particular place-although locally more
than a thousand feet of beds have been cut out. The
amount of lateral displacement along the fault is
uncertain.

The granite at Skidoo has spread in the Kingston
Peak( I) Formation, which is an incompetent unit, and
under the Noonday( 1) Dolomite, which is a competent
unit. This relationship duplicates that on the Colorado
Plateau where the favored horizons for spreading of
floored intrusions are in the upper part of incompetent
formations that are overlain by competent ones (Hunt
and others, 1953, p. 142).

The roof of the granite at Skidoo is well exposed
almost continuously from the head of Trail Canyon to
a little beyond the abandoned mining camp at Skidoo.
In Trail Canyon the roof is Noonday(?) Dolomite.
This roof rises steeply westward to the summit where
it flattens. Along the summit from Trail Canyon
northward along the east side of Harrisburg Flat, the
roof of the granite and the overlying dolomite and lime-
stone dip gently 5f-10° E The steep dip noted in
Trail Canyon, however, extends northward as a mono-
ctine 124 miles east of the summit, and this fold prob-
ably marks the eastern limit of the granite. This in-
terpretation is based partly on the structure (fig. 91)
and partly on the occurrence of small intrusions of
alaskite along the monocline. The granite, therefore,



a

EXPLANATION 
IFioF

z-y--B

____ 7I anx

0~~~~~~~~~~~~~~~~~~~~~~~
Jet m i. ftfl~~~~~~~~~~~~~~~~~~~iII U 0 . . ~ ~ ~ ~ ~ ~ ~ ~ ~ -J 6 - 5

us4

z G~~~~~~~~~~~~~~~~~~~ 

0 ~ ~ ~ ~ I ;

nosem O.-faes alarvms. Isemettse prejoeth Isetratfut Isftflre obhe o te giamite t skido..



STRATIORAPET AD STRUCrURE 12A125

is inferred to have a maximum thickness about equal to
the structural relief along the monocline, that is, about
3,500 feet.

At the head of Trail Canyon the Noonday( ) Dolo-
mite above the granite is about 800 feet thick Within
a mile and a half to the north, however, the dolomite
has thinned to about 200 feet, probably by faulting, and
about 200 feet of shaly beds of the Kingston Peak(?)
Formation lies between the dolomite and the top of the
granite. Farther north the dolomite again thickens
to about 1,000 feet; it overlies the granite at 2 places,
but 2 miles southeast of Skidoo, 500 feet of shale,
quartzite, and stretched-pebble conglomerate belonging
to the Kingston Peak( 1) Formation lies under the dolo-
mite and above the granite.

The steep west wall of the granite cuts across faulted
and folded beds, mostly belonging to the Kingston
Peak(?) Formation. At 2 places about 3 miles south-
east of Skidoo the west wall is dolomite, but whether
this dolomite is part of the Noonday( ?) Dolomite or
a part of the Kingston Peak( ?) Formation was not
determined.

In the vicinity of Skidoo the granite is in the Kingston
Peak(?) Formation, and the roof plunges northwest-
ward.

Westward from the north end of Harrisburg Flat
and northward along the west edge of the intrusion,
Pliocene and lower Pleistocene(1) Funeral Formation
has been faulted against the granite. This roof of the
granite is sheeted roughly parallel to the faulted con-
tact along Emigrant Canyon; the sheeting and the roof
contact strike north and dip about 25° W. Steeply
dipping fissures in the granite also strike north. Dikes
of basalt intrude both the sheeted joints and the steeply
dipping fissures. Along the canyon there are at least
5 dikes in the upper 250 feet of the granite; their thick-
nesses range from 6 inches to 10 feet. These dikes we
not related to the granite. Probably they are early
Pleistocene in age and related to the basaltic lavas and
minor intrusions that occur nearby in the Funeral
Formation.

The southern third of the g6anite at Skidoo is por-
phyritic and clearly an intrusive igneous rock; but the
northern two-thirds of the intrusion is banded gneis,
and many outcrops there look like metamorphic Pre-
cambrian rocks. Along the monocline east of the out-
crop of the granite are small intrusions of alaskite
(fig. 92).

The contacts along both the roof and west wall of the
granite at Skidoo are sharp. In the porphyritic facies
dike-like and sill-like apophyses of granite extend up-
ward into the fractured roof rocks. e contact zone
commonly is a few inches wide (fig. 93), about twice as
wide but otherwise similar to roof contacts over lac-
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ar small and not very distinct in hand specimens A
selvge 1 or 2 inches wide at the contact is sheared and
banded. At the contact isa granulated layer 2 or 3 mm
wide.

Contact-metamorphic efects are surprisingy slight
Shale and chist are baked to hornfels and carbonate
rocks are bleached-effects that are only a little more
intensive and etensive than the alteration zones above
the much smaller dloored intrusions on the Colorado
Plateau.

The gneissic fades may be an ancient granite. There
is much brecciation, and ctaclastic structures are
strongly developed along the roof contact. Quartz
veins in the gneissic facies are numerous, and some, like
those at Skidoo, have produced gold.

OELLM= AT AN.LsVP CA=OX

A granitic intrusion at the head of Eanaupah Canyon
crops out in n oval a about 6 miles long and miles
wide extending from Hsnaupah Canyon to Starvation
Canyon. The roof is highly domed, much more sharply

domed than that of the granite at Slidoo. Across th
north end of the intrusion sad along the northwest sid
of the roof is Noonday( ?) Dolomite. Along the south
east side, which, however, was examined only from th
air (p. A8), the granite may cut discordantly upwar
to the Johnnie Formation.

The structural relief acram the top of this intrusio
is at least 6,000 feet, but half of this can be attribute
to the homoclinal eastward dip of the country rock
The doming, superimposed on the homoclinal eastwas
dip, amounts to about 3,000 feet and could be produce
by a partly ffoored intrusion about that thick (fig. 94

The only part of the granite at HanapaSh Cany(
that was examined on the ground is the northern r
northwestern contact from 4,000 feet altitude in Ha
Lupah Canyon to the summit at 10,000 feet. Along tb
contact the Noonday( I) Dolomite is bleached and h
been dragged steeply upward; but the drag is not
steep as the side wall of the granite, which in plac
cuts upward to the Johnnie Formation. -
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Contact-metamorphic effects consist of bleaching of
the Noonday(t) Dolomite and developemnt of nests
of tremolite and calcite. Minor quantities of sulfides
have been deposited along faults and fissures extending
north from the intrusion. In addition, under the sum-
mit ridge for 2 miles north from Telescope Peak, the
lower part of the Johnnie Formation and upper part of
the Noonday( f) Dolomite are stained brown, presum-
ably because of oxidation of disseminated iron sulfide.
Northward from this belt along the summit ridge for
another 2 miles the joints and fissures in the Johnnie
Formation are coated with epidote.

On the Colorado Plateau, alteration zones like these
are found only around the stocks, not around the lac-
coliths. The position of these alteration zones, there-
fore, suggests that the source for the granite at Hanau-
pah Canyon is under the west side of the intrusion,
and this is a basis for the interpretation given on
figure 94.

The alteration zones extend 4 miles north-northwest-
ward from the granite to within 2 miles of a granitic
body in Wildrose Canyon. The granite in Wildrose
Canyon, which is gneissic and contains biotite, more
closely resembles the granite at Skidoo than the granite
at Hanaupah Canyon.

Dikes and sills extend 2 miles northward from the
granite of Hanaupah Canyon, and others occur along
the Burro Trail and other faults east of the granite
(figs. 94, 96). Ie dikes and sills are 5-10 feet thick
and provide a measure of the fluidity of the magma. that
was intruding. By contrast, at the laccolithic mountains
on the Colorado Plateau. only the latest intrusions were
sufficiently fluid to form thin dikes and sills; the earlier
ones were highly viscous.

The rocks comprising the dikes and sills tend to be
finer grained than the porphyry in the main intrusion,
but many closely resemble it (fig. 95). Moreover, their
content of trace elements is similar (table 25). Almost
certainly the sills along the thrust faults east of the
granite are connected with it like those that extend to
the north.

The sills along the thrust faults locally have chilled
contacts against the faulted surfaces and clearly are
later than the faulting. However, there was renewed
movement on some thrust faults later in Tertiary time;
possibly later movement on the Burro Trail and neigh-
boring faults followed shaly layers above or below the
sills without severely fracturing those intrusions.

These sills along the faults are much altered, but it
was not determined to what extent the alteration was
caused by deuteric action, hydrothermal activity, or to
weathering due to ground water percolating along the
faults. Throughout the Panamit Range, the thrust
faults have served as aquifers.

Flouut 3.-MlcragrsPhs of thin ections f the granitac intrusion at
Sanaupy Cayon ad associated SIL 0. Uart: . feldspar; 
horablende: . botite: hi magnetite. Diameter of id, 25 m.
A. Quartz monsntte rmm the Intrusion. Pheocrysts of feldspar
an mostly slgoclase mottled with potash feldspar. Most of the
suk a graphic Intergrowth of quarz ad clouded feldspar
stippled nms). Dark minerals a botite. horablende and mag-
nete. , onsoanlte porphm from a sill along the Burrn Trail
fault. hencrysts of olloclase bave trongly %rglflired borders.

rblende is sgered to calite. mgette and pidotl 1). Quar
uccur as deeply embued pheanocrysts and as secondary ests.

Magnetite occurs t emall obsnocryats. eoae f which a ombayd
Uk. the quarts. The grondmass. stongly argilhhed oasats f
lathilk and rectangular teldspars aid tny Specks of magnetite.

The granite is a homogeneous porphyry as far as
could be judged by examining many boulders from it
along Hanaupah and Starvation Canyons and by ex-
amining the north edge of the intrusion. The rock
contains large phenocrysts of K-feldspar with rims of
oligoclase associated with quartz, biotite, hornblende,
and some magnetite (fig 95).

Trace elements in the granite at Hanaupah Canyon
(table 25), as already noted, are similar to those in the
granite at Skidoo.

The contact at the edge of the granite is sharp like
the roof and sides of the porphyry facies of the granite
at Skidoo. Porphyry containing large phenocrysts oc-
curs within a few inches of the contact, but at the con-
tact the porphyry is fine grained and granulated (fig.
98). -
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CHAD= COM E AONG TIM AIARGOSAd TIVST

The chaotic complex along the Amargosa thrust,
along the east foot of the Panamint Range (p. A51), is
structurally arched. Its high part is between Hanaupah
and Death Valley Canyons where the thrust fault and
underlying Precambrian metamorphic rocks are exposed
(fig. 96). The Precambrian rocks are intruded by a
granitic mass and a still younger swarm of felsite dikes
(fig. 97). At Hanaupah Canyon the upper plate of the
thrust is Precambrian Stirling Quartzite. Farther
north the upper plate consists of progressively younger
Cambrian formations.

At Death Valley Canyon these arched rocks of the
complex plunge northward under a mass of volcanic
rocks having interlayered slabs of Paleozoic dolomite
(fig. 98), a mixture highly suggestive of the chaos which
was described by Noble (1941) in the Virgin Spring
district 20 miles southeast of here. The swarm of felsitic
dikes that intrude the granitic mass and the meta-
morphic rocks south of Death Valley Canyon also in-
trude the chaos north of the canyon. The chaos also
is cut by felsite plugs.

The thrust and the underlying metamorphic rocks
and granitic intrusion are not exposed farther north or
south, but in both directions the complex is represented
by lavas, dikes, and areas of hydrothermal alteration.
Very possibly the granitic mass that underlies the high-
est part of the structural arch may thin northward and
southward and be a main cause of the arching. The
thrust fault is well exposed where it crosses the divide
a mile north of the mouth of Hanaupah Canyon. There
the upper plate is Stirling Quartzite dipping about 45e
E: the fault dips 15e W. (fig. 96). The lower part of the
quartzite is thoroughly granulated in part mylonitized,
in a zone about 50 feet thick. Below lthis, the myloni-
tized quartzite is mixed with crushed Precambrian met-
amorphic rocks from the lower plate.

The metamorphic rocks include augen gneiss, feld-
spar-biotite gneiss, biotite schist, and quartz gneiss.
The most conspicuous and most abundant rock is the
augen gneiss (figs. 99, 100), which consists of augen of
feldspar as much as 1 inch long in a matrix of feldspar
and quartz cut by stringers of biotite. The augen make
up perhaps 15 percent of the rock. Just below the
thrust the augen gneiss is finely layered, and augen are
few. The rock there grades into feldspar-quartz-biotite
gneiss.

The augen gneiss is about 50 percent quartz. The
augen, which constitute about 20 percent of the rock,
are altered (silicified or argillized?) feldspar, probably
microcline or albite. Some augen contain irregular
grains of quartz, plagioclase, and biotite. The rest of

the rock is about half plagioclase and half biotite, the
latter occurring mostly as bands or layers in the gneissic
structure. Zircons from several specimens of augen
gneiss are rounded and colorless (Ralph L Erickson,
written common., 1961) (fig. 103). Their lead-uranium
and lead-thorium ages are greater than a billion years
(T. W. Stern, written commun., 1965).

Some facies of the biotite gneiss contain considerable
potassium feldspar, as much as 25 percent. Other con-
stituents are quartz, 40 percent; plagioclase, 20 percent;
and biotite, 15 percent. Other facies are without potas-
sium feldspar and contain 60 percent quartz, 20 percent
plagioclase, and 15 percent biotite. In some specimens
of these rocks Erickson (written Commun., 1961) found
two kinds of zircon (fig. 103), mostly colorless and
rounded like those in the augen gneiss, but some eu-
hedral and pale pink with rodlike inclusions More
work is needed to determine how these types are dis-
tributed in the different facies of the biotite gneiss.
Trace elements in the ugen gneiss and biotite gueiss
are given in table 26 (p. A140).

The gneiss is strikingly foliated and the dips are to
the west. There are belts 50-50 feet wide in each of
which the dip of the foliation increases westward from
about 200-700 (fig. 101). The parts of the belts having
the most steeply dipping folia generally are occupied
by dikes.

The dikes cutting the augen gneiss range in width
from stringers less than 1 inch to dikes about 6 feet
wide. Contacts are sharp and most of them show dis-
tinct chilled edges, although some contacts are obscured
by subsequent shearing.

The age of the metamorphism and the age of the
metamorphosed rock are not clear. The rock is Pre-
cambrian (see above), but some of the metamorphism
may be very much later, because biotites from these
same rock give a late Miocene potassium-argon age
(T. W. Stern, written commu., 1965). This could ac-
count for the close spatial association of the augen gnsiss
with so much volcanic activity and with the Amargosa
thrust fault, not only here but also in the Virgin Spring
area (Noble, 1941). A close relationship between the
fissuring that localized the dikes and the structure of the
metamorphism is indicated by the steepened dips in the
folia adjacent to dikes. Also, numerous thin stringers
of splite in the augen gneiss are more like the dike rocks
than the metamorphic rocks. The plitic rocks are most-
ly potassium feldspar (as much as 60 percent) and
quartz with only a little plagioclase and biotite.

Part of the metamorphism seems to be later than the
thrust faulting. Locally, there has been reaction be-
tween the gneiss and the granitic rock, suggesting local
assimilation. Augen locally are collected in pegmatitic
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or aplitic masses that seem to provide a gradation be-
tween the gneiss and some of the felsitic dikes that cut
the gneiss. Also, the trace elements in these rocks are
similar (table26).

Other evidence indicating metamorphism attributable
to the igneous activity is the occurrence of incompletely
replaced metasediments in the granitic rocks (fig. 102).

Some of the granite and some of the other igneous rocks
may have been similarly generated from older rocks
along the thrust fault. In short, the concentration of
augen gneiss, granite, felsite dikes, and volcanics, to-
gether with various kinds of metasediments and partly
granitized rocks along the Amargosa thrust, suggests
that the fault zone is an old structure which repeatedly
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has been the site of myloitization, rec tion,
igneous invasion, anetamorpi and granitization, and
perhaps of magma generaOL

Brecciation of the metamorphic rocks at the Amar-
gosa thrust shows that the metamorpism in part at
least antedates the thrust, yet this brecciation could
partly be due to renewed movement on the thrust. Prob-
ably much of the metamorpi is Precambrian, but
part of it may be much younger.

Ralph L Brickaon (written commn., 1961) found
two kinds of zircons in the Amargosa complex (fig.
103). -

Zreo= trom the augmn vals. are eolortes., rouded. and
frosted: uircoms from the granite and volcaewi rocks are brown-
lob, pink. euhedral. and somewhat lar'r. Zrcons from the
botte gels are Ied, but the colo- riety predomizates
strogl. ZrODS in the plite ae th. - al pink variety.

The occurrence of these two varieties suggests that
the rounded colorless zircons are detrital and much older
than the euhedral pink variety, and further, that the
augen gneiss and biotite gneiss are metasediments in-
truded and further metamorphosed by younger granitic
rock.

Along the east side of the arched metamorphic rocks
is a granitic intrusion. Its exposed part widens north-
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ward from the tip of the spur north of Hanaupah Can-
yon to the north side of the Death VLey Canyon,
but not eough of the granite is exposed to reveal its
structural form. Probably it is tabular and approxi-
mately parallel to the thrust li the simlar intrusion
below the augen gneiso under the Amarga thrus
fault in the Virgin Spring am (Noble, 1941). The
swarm of dio, mosty felsite, crossing the metamor-
phic rocks also crosees this granite (Bgs 96, 9).

Fmvn iOO.-Spcdmen of auW ents. from
Asargoua thrust comple 1 mil north of tS
muth of anaupa Cn. The lock eon-

ets of dzk ho2tefCch situgi (I) bt n
Ugbftr colored augen kema" tha an moutl
ke-gratned qts ad felMar (G. F) and
tarp auzfa o orothoda (). UAtoual mIss
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Ihe rock is finer grained than the granites at Skidoo
or at Hanaupah Canyon. It contains roughly 40 per-
cent potassium feldspar, 80 peroent plagioclase, 20 per-
cent quartz, and 10 percent biotite. The quartz and
orthoclase are in graphic intergrowths (fig. 104). Some
facies might be referred to as lasite. The textcre,

which is more that of a hypabyssal rock than a deep-
seated pluntonic one, is intermediate between the tex-
tue of the other granites" and the volcanic rocks .
The zircons are the euhedral pink variety (fig. 103).

Above the granite is 400-500 feet of Precambrian
augen gnesss, and above the augan gneis is the Amar-
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The gneiss is brecciated at the crush zone along the
thrust fault as if te s s ntedates the fault. In
part it probably does, but the relationships may have
been complicated by later movements along the fault,
and perhaps by some metamorphism dating from the
time of the thrusting and the granitic intrusion.

The chaoslike formation exposed at the mouth of
Death Valley Canyon is composed mostly of volcanic
rocks (fig. 98). Intercalated with these rocks are slabs
of Paleozoic dolomite and some slabs of Precambrian
metamorphic rock including augen gneiss. Individual
slabs are 10-50 feet thick and as much as 600 feet long;
they dip at about 25e W. Some dolomite slabs re
bordered by skrn. The dike swam also cuts this chaos,
but the dikes seem to be fewer than in the augen gneiss
and granite. In addition to dikes, there are some plugs
of felsite (fig. 105). One on the north side of Death
Valley Canyon is 1,500 feet in diameter.

The chaos lies above the granitic intrusion ad be-
tween it and the Cambrian formations in the upper plate
of the Amargosa thrust. The contact between the in-
trusion and the chaos is obscured by shearing, but it
seems to dip west about parallel to the sheeting in the
chaos.

The structural relationship between this chaos and
the Cambrian formations in the upper plat is naot t

gosa thrust fault, the upper plate of which is Stirling
Quartzite. The sequence is very similar to that of the
Amargosa thrust in the irg Springs district (Noble,
1941) where augen gneiss, identical to that at the east
foot of the Pnamint Range, lies above a granitic in-
trusion and below the Amargoua thrust. In the Virgin
Springs district the upper plate of the thrust consists
of a chaotic mixture of upper Precambrian sedimentary
rocks and Tertiary volcanic rocks, a mixture referred
to as chaosn (Noble, 1941).
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all clear, because the contact is obscured by a felsite
plug north of the canyon mouth and by faulting.

Between Hanaupah and Death Valley Canyons the
dikes, plugs, and other intrusions which are nearly ver-
tical, are restricted to the lower plate. They do not cut
the Stirling Quartzite and younger formations in the
upper plate.

Moreover, the belt of volcanic activity extends A a
narrow linear belt northward and southward from the
arched lower plate, indicating that the.lower plate was
very near the surface at the time of the volcanism.

One of the most extensive eruptive masses is north
of Trail Canyon where felsite flows and lapilli tufs
500 feet thick overlap the Paleozoic formations in the
upper plate. The flows dip about 25 E.; the Paleozoic
formations dip about 00 E. Parallel layering in the
erptives indicates that their eastward dip is not origi-
nal and depositional; evidently half the eastward tilting

of the Pmnamint Range occurred before and half after
these eruptives were formed.

The volcanisn north of Trail Canyon also is marked
by dikes of felsite and basalt cutting the upper plate,
by a felsite plug 2 miles south of Blackwater Wash, by
tu& and basalt flows on each side of the mouth of Black-
water Wash, and by hydrothermal alteration of the
Paleozoic formations. The Pogonip Group especially
is reddened northward and southward from Trail
Canyon.

Southward from Hanaupah Canyon the belt of vol.
canism similarly is marked by eruptives, dikes, sills,
plugs and extensive areas of hydrothermal slteration.
The ermptives, mostly tus, dip east and overlap west-
ward onto the more steeply dipping rocks of the upper
plate

At Perlite Hill, porphyritic rhyolite is overlain by
perlite that is capped by rhyolitic tuff and agglomerate,
the whole about 800 feet thick.
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A deposit of lapilli tuff high on the mountain west
of Perlite Hill and north of Starvation Canyon (fig.
96) is broken by small thrust faults on which the move-
ment has been westward. The tuff deposit south of the
mouth of Starvation Canyon is broken by a series of
high-angle normal faults. On all these faults the dis-
placements are small, less on the average than the dis-
placements of the neighboring Cambrian and Precam-
brian formations along similar faults. It seems likely
that both the thrusting and the high-angle normal fault-
ing were renewed after the volcanism.

Sills of porphyry intruded along the Burro Trail
fault are like the porphyry in the granite at Hanaupah
Canyon (fig. 95; also table 25). Moreover, these sills
occur only along that part of the fault that is nearest
the granite-the part from Starvation Canyon to the
north side of Hanaupah Canyon. The sills very likely
are connected with the granite at Hanaupah Canyon
(p. A128), and perhaps the granitic intrusion in the
lower plate of the Amargosa thrust north of Hanaupah
Canyon is too.

Despite the considerable variation in texture and com-
position of phenocrysts in the volcanic rocks of the
Amargosa thrust complex, the rocks are more alike than
different (fig. 106). The dike rocks generally contain
considerable potassium feldspar. Plagioclase tends to
occur as phenocrysts, whereas the potassium feldspar is

Y' i mostly in the groundmass. Zircons in these dikes, are
the euhedral pink variety (fig. 103). The rocks occur-
ring in the volcanic plugs are like the dike rocks. The
distribution and concentration of minor elements in the
different rocks are shown in table 26.

The inferred relation of the thrust to the granites and
volcanics in the Panamint Range and eastward to the
Virgin Spring area is presented in figure 108.

At the time the volcanism occurred the east foot of
the Panamint Range had been eroded to within one or
two hundred feet of the present surface, because from
Trail Canyon north and at Starvation Canyon and
farther south, lavas and other eruptives lie at the foot
of the Panamint Range and rise part way onto it (fig.
89). Volcanic rocks probably underlie the gravel fans
in those areas too, as indicated by magnetic anomalies
on the Trail Canyon fan and on the gravel fans south
of Hanaupah Canyon. This distribution of the vol-
canic rocks coupled with the fact that sills from the
granite at Hanaupah Canyon spread eastward along
branches of the Amargosa thrust, like the Burro Trail
fault, suggests that the igneous activity progressed up-
ward and eastward under the Amrgon thrust and
erupted when the surface was reached at the east foot

of the range. This is the interpretation illustrated on
figure 90.

The suggestion is strong that the chaos in some way is
related to the volcanism as well as to the thrust faulting,
a relationship also favored by L F. Noble (written
commun.); but what the relationship is, remains to be
demonstrated. There was thrust faulting before the
volcanism, but in some places there was later thrusting
too, both in the Panamint Range (see above) and in the
Virgin Spring district (Noble, 1941).

To restore dips in the Panamint Range as they were
at the time of the volcanism, the range must be rotated
almost 20 back to the west (fig. 89). This places the
highest part of the granite in Hanaupah Canyon (fig.
90) about a mile lower than the surface on which the
eruptives spread. In addition, the domes produced by
the granitic intrusions should be flattened. These
changes practically eliminate the Panamint Range as
a topographic feature. The Paleozoic and Precam-
brian formations composing the Panamint Range would
have had only moderate dips to the east, mostly less
than 25e, and the Amargosa thrust and its branches
would have dipped west 10-450.

Folding of the Amargosa thrust and removal of
upper plate rocks from above the thrust have exposed the
gneissic cores of anticlines at three places in the Black
Mountains. One of these is at Copper Canyon (fig.
107), another at Mormon Point (fig. 108), and a third
at Badwater (fig. 88). The surface of the gneiss at
these anticlines is smooth, and the domed surfaces are
the so-called turtlebacks (Curry, 1938b, 1954).

Figure 107 is a view of the turtleback at Copper Can-
yon. Tertiary formations overlap the smooth surface
of the gneiss and have been faulted against it. The sur-
face of the Precambrian gneiss is the domed surface of
the Amargosa thrust. An interpretation of the rela-
tions is that the thrusting, doming, and removal of the
chaos from this turtleback occurred before deposition
of the Tertiary formations seen in this view. Subse-
quently these formations were downfaulted against the
turtleback surface. Drewes (1968) found boulders of
volcanic rocks like those in the chaos in the Tertiary
formations in Copper Canyon.

Figure 108 is an interpretation of the relations be-
tween the Amargosa thrust, turtleback surfaces, and
granitic intrusions in the Black Mountains and their
counterparts in the Panamint Range. This interpre-
tation, although arrived at independently, was first sug-
gested by Noble in 194L He wrote (p. 995) that "the
dominant structure of the Panamint Range may be an
anticline in a thrust plate like the Amargosa 'chaos,' in
the core of -which the Precambrian gneiss of the autoch-
thonous block is exposed."

776-6 0-W60
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the west side where Precambrian metamorphic rocks are
exposed.

The gravity-anomaly values decrease westward to-
wards the Sierm Nevada, but the low values under the
Panamint Range are, in large part, a local feature re-
lated directly to that range.

The steepness of the gravity gradients on the south-
east side of Tucki Mountain suggests that the density
contrast producing the anomaly is at least, in part, in
the upper few kilometers of the crust. The extent of the
anomaly requires that a relatively low density mass un-
derlies most of the Panamint Range south and west of
Tucki Mountain. Too, the anomaly values over the
metamorphic rocks on the west side of the Panamint
Range are lower than those in the metamorphic rocks in
the Slate Range, a few miles to the southwest.

If the low density mass underlying the Panamint
Range is granitic rock in contact with Precambrian
metamorphic rock, the granitic mass must be about 2
miles thick

In terms of deep crustal structure the combined
geological, seismic, and gravty data (p. A107) suggest
three quite different possibilities. One is that deep in
the crust under the Panamint Range is a large granitic
intrusion that is continuous westward with the Sierra
Nevada batholith. Its surface would rise irregularly

Black Mountains

Froaus 1oT.-Iketch of Copper Canyon turtleback. from oblique
sartsl photograph. vw is east. The trtleback. composed f

Precambtan guels (C) has a smooth top and forms a smooth but
Oteep front of tha mountain rising moe thaa 3.000 tet above the
saltpan. Tertiary formations (T) overlap the orth end of the
turtleback and are faulted down against It.

ICATED GRAXTC ROCE UNDER TE
pANAZ RAGE

The highest Bouguer gravity-anomaly values in the
Death Valley region are over the Precambrian meta-
morphic rocks in the Black Mountains, and anomalies
almost that high were found over the Funeral Moun-
tains and Tucki Mountain. Over the main part of the
Panamint Range the anomaly values are low, even on
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westward, emerge at the Argus Range 20 miles west of
K> the Panamint Range, and, with more interruptions, con-

tinue its rise westward to the summit of the Sierra.
The floor of the batholith dips westward as the surface
rises, greatly increasing the thickness of the granitic
rock

By this interpretation the granitic mass under the
Panamint Range would be a bulbous edge of the Sierra
Nevada batholith, which thickens northeastward, and
would be the source for the injected granitic intrusions
represented by the granites at Skidoo and at Hanaupah
Canyon.

A second possibility is that the edge of the batholith
is west of the Panamint Range and that the range is un-
derlain by several isolated granitic masses. These
masses need not be connected with the batholith. If
by palingenesis of Precambrian granitic and metamor-
phic rocks a magma was produced at moderate depth
within the crust, the magma could have been the source
for the physically injected granitic masses now exposed
at the surface of the Panamint Range.

The third possibility is that the low-density rocks
underlying the Panamint Range may be Precambrian
granite, like that to the east under the Colorado
Plateau. Cretaceous (or Tertiary ) intrusions could
have been derived from the old granite. According to
this interpretation, the boundary between the Pre-

K.> cambrian and Sierran granites lies west of the Pana-
mint Range, perhaps where the local reversal of the
gravity field coincides with the northeast edge of the
seismically active area that extends westward to the
coast.

The great height of the Panamint Range combined
with the occurrence of a negative gravity anomaly
under it suggests that part of the height and uplift
may be attributable to local isostatic adjustment. If so,
the adjustment began in middle or late Tertiary time,
after deposition of the volcanics that overlap the east
side of the Panamint Rang (p. AlW; fig. 89). This
was later, and presumably much later, than the time the
Skidoo and Hanaupah granites were injected.

aRCTURz 01 PsCAMRRN AD PALOZOIC
EOCKS

The Paleozoic and upper Precambrian sedimentary
rocks in the mountains bordering Death Valley occur in
a series of folded thrust plates of the Amargosa thrust
system. The thrusting moved younger rocks westward
onto older ones.

Within a thrust plate the formations have rather uni-
form homoclinal dips, that, with very few exceptions,

K> are eastward.

In terms of competency and density the formations
involved in these structures can be considered in three
major groups. At the base is the competent and dense
Precambrian metamorphic complex, exposed in the
Black Mountains and the west face of the Panamint
Range.

Overlying the metamorphic complex is a section of
upper Precambrian and lower Paleozoic formations
aggregating about 30,000 feet thick and consisting of
very thick incompetent shaly units separated by mod-
erately thick competent units. At the base is the
Pahrump Series (Crystal Spring Formation, Beck
Spring Dolomite, and Kingston Peak Formation), the
upper part of which is composed largely of incompetent
beds. Above this series is the competent Noonday Dolo-
mite, a thousand feet or more thick The Noonday is
overlain by the highly incompetent Johnnie Formation,
a few thousand feet thick; above the Johnnie is the
competent quartzite of the Stirling and lower part of
the Wood Canyon Formation. At the top is shale of
the Wood Canyon Formation, which is Early
Cambrian.

The rest of the Paleozoic formations comprise a com-
petent unit of limestone and dolomite aggregating
about 25,00 feet thick

Much of the thrusting here as in other parts of the
region (see for example, Kupfer, 1960) has been along
bedding planes in the incompetent upper Precambrian
formations; this introduces difficulties in evaluating
unconformities and determining to what extent evident
cutting out of beds is attributable to the angular un-
conformities or-to deformation. Also, it introduces
difficulties in estimating displacement along the thrust
faults.

At the base of the Noonday Dolomite and top of the
Pahrump Series probably is a considerable angular un-
conformity (Hazzard, 137b; Hewett, 1958; Kupfer,
1960), but in places this contact also may be a thrust
fault. It is, to say the least, curious that in the eastern
part of the Panamint Range the Noonday Dolomite
rests on the Crystal Spring Formation of the Pahrump
Series and the Kingston Peak Formation is missing,
wheras on the west side of the range a carbonate
formation thought to be the Noonday rests on the
Kingston Peak( 1) Formation which, in turn, rests di-
rectly on the Precambrian metamorphic rocks-the
Crystal Spring Formation being cut out (fig. 6).

There are no major unconformities in the rest of
the Paleozoic section up to the Permian, which con-
tains thick breccias and conglomerates.

Deformation in late Paleozoic or early Mesozoic time
in this region is recorded by an unconformity between
Permian and overlying Triassic rocks and by the major
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change in lithology between them (Johnson, 1957).
The Triassic formations, consisting of metasedimentary
and volcanic rocks, 8,000 feet thick, are exposed just
south of the area shown on plate 3, in Warm Spring
Canyon and Butte Valley.

The thrust faulting and folding of the Amargosa
system began before the granitic intrusions were em-
placed in this area and continued long into the Tertiary.
The faulting may have begun when the granitic in-
trusions west of here were being emplaced, perhaps
during the Cretaceous. The igneous intrusions in this
area invade the earlier faults.

TVC= MOUTIMIW IMPS:

In the Virgin Springs area, the type area for the
Amargosa thrust, the upper plates are chaos, which in
large part consists of Tertiary volcanic rocks. Tucki
Mountain provides the prototype of faults in the Amar-
gosa system that involve great plates of Paleozoic for-
mations thrust onto Precambrian formations. The
Tucki Mountain klippe, covering more than 35 square
miles, consists of a slab of Paleozoic formations dipping
steeply to the east and thrust westward onto less steeply
dipping Precambrian formations. That the direction
of thrusting was westward is shown by the way the
thrust slices are shingled on one another (figs. 86, 109)
and by drag along the faults. The general structure
has long been recognized and is shown quite satisfac-

torily on the Death Valley sheet of the State geologic
map (Jennings, 1958).

The Tucki Mountain thrust fault is exposed almost
continuously for 15 miles-along Mosaic Canyon, across
the top of Tucki Mountain, and along the north side of
Tucki Wash. Rocks of the upper plate range in age
from late Precambrian (Stirling Quartzite) to Permian.

A series of secondary thrusts branch pward from
the main thrust and divide the upper plate into a series
of shingled thrust plates. On each of these thrusts the
direction of movement was westward and carried
younger rocks in the upper plates over older rocks in
the lower plates. The mountainside along the north
side of Tucki Wash provides an excellent exposure of
a natural cross section showing the structure; a good
view of this can be had from Aguereberry Point.

The Tucki Mountain thrust fault dips northeastward
about 20°. It crosses the top of Tucki Mountain at an
altitude of 5,600 feet, and it is buried under the north-
east foot of the mountain, parts of which are below sea
level.

The strike and dip of the thrust fault is oblique to
the strike and dip of the formations in the upper plate,
which strike almost north and everywhere dip east more
steeply than 45o. At the east foot of the mountain the
Pennsylvanian and Permian formations are overturned
(pl. 3). The secondary faults that divide the upper
plate into separate shingled thrust plates in general
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strike north-northwest, a direction that is intermediate
between the strike of the main fault and that of the
formations in the upper plates.

The principal secondary faults that divide the upper
plate are the Grotto Canyon, Trellis Canyon, and Coral
Reef faults. The Grotto Canyon fault, the most west-
erly of the three, has moved Ordovician, Silurian, and
Devonian formations westward onto Middle Cambrian.
The displacement is nearly 2 miles to the west.

The Trellis Canyon fault also carries Ordovician,
Silurian, and Devonian formations about 2 miles west-
ward onto the Middle Cambrian. Part of this fault is
represented by an exhumed surface on the lower plate
along the north side of Tucki Wash, 2 miles south of
the trace of the fault. This exhumed surface covers
about 1 square mile and, when viewed from Aguere-
berry Point, appears as a level skyline. The topogra-
phic contours show it well (fig. 110).

Displacement on these branch faults totals at least
4 miles to the west; displacement on the main fault must
be very much greater than that.

The most easterly of the secondary faults, the Coral
Reef fault, carries Mississippian rocks about a mile
westward onto the Devonian. This fault is branched
southward.

At the east foot of the mountain the dips are greatly
steepened and locally overturned. The stratigraphic
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section in this part of the upper plate is confused, be-
cause there has been considerable faulting along the
bedding.

UCz MOU l TA" F;6T

The west and south sides of Tucki Mountain are com-
posed of the late Precambrian Kingston Peak(?)
Formation folded into a dome of which the high part
is approximately at the mountain top. From the top
the beds dip northeastward under the Tucki Mountain
thrust fault, westward towards Emigrant Wash, and
southward towards the granite at Skidoo (pl. 3). The
fenster is a dissected turtleback. Structural relief on
the dome is greater than the topographic relief, that is,
something more than 7,000 feet.

Capping many of the divides on the west slope of the
turtleback are small klippes of carbonate rocks, prob-
ably from the Noonday(?) Dolomite but possibly from
the Paleozoic. The thrust faults under these klippes are
approximately concordant with the dip of the under-
lying Precambrian strata.

The turtleback ends westward at the Emigrant
Spring fault where the Funeral Formation has over-
lapped the turtleback surface and later has been down-
faulted along the overlap contact (p. A114; fig. 86).

Extending southeastward from the top of Tucki
Mountain is a steep east-dipping monocline of Noon-
day(t) Dolomite and overlying Johnnie Formation.
The monocline emerges from beneath the Tucki Moun-
tain thrust fault where that fault is joined by the Trel-
lis Canyon fault. The monocline turns southward at
Tucki Wash and extends across the head of Blackwater
Wash. It approximately parallels the granite at Skidoo
and probably marks its eastern limit.

Evidence is conficting about the relative age of the
monocline, the Skidoo granite that is thought to have
produced it, and the Tucki Mountain thrust fault. The
monocline extends northward under the thrust, but it
merges there with the east flank of the dome of the au-
tochthonous rocks. The fact that the monocline is
partly cut off by the thrust does not necessarily mean the
thrust is later, because incompetent beds may have been
folded under competent ones. Further, the westward
offset of the Tucki Mountain thrust across the monocline
suggests that the mionoclinee is later. Detailed map-
ping would determine the relations, but this mapping is
still to be done

UOUTJN PRT 0]r T= PAMAMZXT PaAICs

Fault blocks on the east side of the Panamint Range
south of Tucki Mountain can be divided into two major
units. From Starvation Canyon southward to Warm
Spring Canyon, 1% miles south of the area mapped (pL
3), the formations are mostly late Precambrian. Tey
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dip east and are much broken by high-angle faults
This area is the upper plate of a thrust fault, probably
one that is exposed in Warm Spring Canyon. From
Starvation Canyon northward to Blackwater Wash the
rocks are Paleozoic. They, too, dip east but are broken
by west-dipping faults, all of which involve thrusting
towards the west and are part of the Amargosa thrust
system.

At the head of Galena Canyon, Precambrian schist is
overlain by the Crystal Spring Formation of the Pah-
rump Series. The contact appears to be depositional.
Above the Crystal Spring Formation is the Noonday
Dolomite; but the contact at its base, which is poorly
exposed, may be a thrust fault. Overlying the Noon-
day is the Johnnie Formation and that contact appears
to be depositional, but there are thrust faults both
within the Johunie Formation and at the base of the
Stirling Quartzite which is on top of it.

Where rock formations are very much sheared and
faulted, it is difficult to represent the dips on a general
map. For example, on figure 111, a series of individual
fault blocks may each dip 45, but because of repeated
small faults, too small to show, the effective dip is only
S0. On the map (pl 3), strikes and dips are recorded
as measured, but croSS sections accompanying this report
show the effective dips.

Most of the faults in this part of the area are high-
angle faults and are closely spaced. The principal ones
trend northwest or north. North of Six Spring Can-
yon, dips are towards the east; south of the canyon the
formations are domed. This doming, which shows well
in Warm Spring Canyon too (C. T. Wrucke, oral com-
mun., 1981), may be due to doming over a granitic in-
trusion in Warm Spring Canyon.

Shearing in these formations is reflected in fracture

cleavage and discordances along the contacts (fig. 112).
The fracture cleavage is nearly horizontal across beds
that dip east. The cleavage is about parallel to the
faults of the Amargosa thrust system. The relation.
ships are suggestive of those at overturned folds, but
the fracture cleavage here evidently is related to the
thrust faulting. The beds are not overturned.

North of Starvation Canyon the formations in the
mountains are mostly Paleozoic and dip 45-60 E.
High on the mountain, structurally and stratigraphi-
cally below these formations, are the Stirling Quartzite,
Johnnie Formation, and Noonday(?) Dolomite also
dipping east. These eastdipping formations a re
broken by numerous west-dipping fabIts along which
the upper plates have moved westward. Maximum dis-
placement on these faults is about a mile. They appear
to be branches of the Amargosa thrust fault, which is
exposed along the east foot of the Panamint Range
(p. A129).

Best known of the branch faults is the Burro Trail
fault (figs. 113-116). It first appears at the south at
Starvation Canyon where a tear fault (fig. 11T) that
dips steeply northward has been traced 3 miles west-
ward to the west edge of the Bennetts Well quadrangle.
This fault may extend along the south edge of the gran-
ite at Hanaupsh Canyon, which is 3 miles farther west.

North of the mouth of Stariation Canyon the tear
fault divides. An upper branch turns northward and
flattens into the Burro Trail fault. The lower branch
continues northeast and probably onnects with the
Amargosa thrust where that fault is buried by fan
graveL Eruptives and volcanics, with some admixed
Paleozoic or Precambrian rocks suggestive of chaos,
occur along the southeast side of this branch of the tear
fault. Also, volcanic rocks have been faulted onto the
Wood Canyon Formation in the upper plate north of
the tear fault (fig. 117).

The Burro Tril fault is well exposed and intrded
by monzonite porphyry sills for miles to the north (pL
8 and fig. 114). The sills extend to the divide north
of Haaupah Canyon, but they are not found north
of there. The composition of tee sills, together with
their distribution in a belt directly east of the granite
at Haaupah Canyon, leaves little doubt that they are
connected with that granitic intrusion (fig. O).

North of Hanaupah Canyon the Burro Trail fault is
broken by a series of north-trending high-angle faults
that are downthrown to the east (pl 3). North of this
disturbed area the Burro Trail fault separates into sev-
eral branches, but these join again north of Death Val-
ley Canyon (fig. 113-115). North of Trail Canyon
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the fault again divides into branches along which the
displacement commonly is no more than a thousand feet.

On all these faults the hanging-wall rocks are the
younger, and the displacement therefore is that of nor-
mal faults. Possibly these faults were originally high-
angle normal faults that later were rotated to dip gently
west. But although it is true that the Panamint Range
has been rotated east (p. A.137), and the faults originally
must have dipped moderately steeply to the west, the

structures along these faults are not those of high-angle
normal faults. Crushing along them is much more in-
tense than along the high-angle faults in this region,
and locally the upper-plate rocks are almost concordant
on the fault, as in Trail Canyon (fig. 116).

Tie Burro Trail fault, although a striking feature,
probably is only a minor fault in the Amargosa system.
It probably connects at depth with the Amargosa thrust
under the Panamint Range and branches upward from
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it, as the Grotto Canyon, Trellis Canyon, and Coral
Reef faults branch upward from the Tucki Mountain
thrust fault (fig. 109).

BL&CIK MOUNTs" FENSTm

The Black Mountains expose the domed lower plate
of the Amargosa thrust. Precambrian metamorphic
rocks which form the lower plate are exposed for 20
miles northward from Mormon Point to the north end
of the Badwater turtleback (pl. 3). The Amargosa
complex eposed along the east foot of the Panamint
Range north of Hanaupah Canyon (p. A1M9) represents
the domed lower plate of the thrust on the west side of
Death Valley, and probably is the westward continua-
tion of the faulted anticlines represented by the Black
Mountains.

The Amargosa thrust fault is exposed along the east
side of the Black Mountains. The fault was first recog-
nized and named in the Virgin Springs district a few
miles southeast of Mormon Point (Noble, 141).

At the north the formations at Artists Drive overlap
and are faulted against the Precambrian metamorphic
rocks that comprise the Badwater turtleback. The
Black Mountains between the Virgin Springs district
and the Badwater turtleback have been mapped by

¼wy Drewes (193).

The folding and faulting of the Black Mountains has
produced three turtlebacks that have been described by
Carry (1938b, 1954). Axes of the turtlebacks plunge
northwestward into Death Valley at Mormon Point,
Copper Canyon, and Badwater. These structures are
oblique to the northward-trending block mountain, but
they are reflected in Quaternary structures on the door
of Death Valley (p. A100). The folds seem to have
continued to develop through the stage of block faulting.

In brief, the anticlinal uplift of the Black Mountains
evidently began during middle Tertiary time by folding
along the northwest-trending axes represented by the
turtlebacks. Uplift continued into Qaternary time
when block faulting along the faults trending north-
south further raised the mountain block (p. A116).

FU'RAL MOUWTAJN8 FrMCT A." FUlaAL
MOUNTAnMr EZPP5

The Funeral Mountains comprise two very different
structural units. At the north is Precambrian King-
ston Peak(?) Formation in an anticlinal uplift having
a northwest-trending axis and representing a fenster
between thrust plates in the Grapevine Mountains to
the north and in the southern part of the Furera Mo-
tais (pl. 3). The fenster is dissected turtleback
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much like the west side of Tucki Mountain. The turtle-
back surface app tly conformzs to the dip of the
Precambnan formations and to the dip of the thrust
fault.

The northern end of the fenster is at Boundary Can.
yon, a mile north of the aea mapped, where a thrust
fault carries Lower Cambrian formations westward onto
the Precambrian. The southwest edge of the fenster
is at the Keane Wonder fault which trends northwest
along the foot of the mountain and dips 25-400 toward
Death Valley. At Hells Gate the hanging wall is
Lower Cambrian overlain by beds correlated with the
Titus Canyon( I) Formation of Stock and Bode (1935),
but from there southeast to the edge of the quadrangle

the hanging wall consists of crushed and contorted beds
of the Titus Canyon( I) Formation (fig. 118).

The age of this faulting is equivocaL At least part
of the displacement is younger than the Ttus Can-
yon(1) Formation, which is faulted against the Pre-
cambrian. But the strutural geology is very similar
to that along the west side of the Tucki Mountain turtle-
back where the Funeral Formation has overlapped and
has been faulted against that turtleback surface (p.
A1n4). Along the southwest side of the Funeral Mo-
tains fenster the Titus Canyon( I) Formation is simi-
larly faulted against both the upper and lower plates,
and probably the thrust faulting occurred before the
Titus Cnyon( 1) Formation wUs deposited. TheTitus
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Canyon(t) Formation may have overlapped both the
upper plate and the turtleback By this interpretation
the faulting of the Titus Canyon( 1) Formation against
the trtebackalong the Keane Wonder fault isattrib-
utable to renewed mnticlinal folding of the fenster.

Volcanic rocks have been reported in thrust breecs
along what is presumed to be the Keane Wonder fault
east of this am (James Gilluly, oral commun, 1960).
Some possible relationsdips between the thrust faulting
and early volcanism have already been discused (p.
A187). Whether the occurrence along the Keane Won-
der fault is evidence of early volcanism or of late move-
ment along the fault remains unresolved.

Along the southeast side of the Funeral Mountains
klippe the overthrust plates are folded steeply down-
ward toward Death Valley. East of Nevaes Peak is
a north-trending high-angle fault that drops Middle
Cambrian formations down on the west agains the
Lower Cambrian and Precambrian (fig. 119).

At the north base of Nevares Peak, the Titus Can-
yon(t) Formation is dowufaulted against a smooth

Fzoru 118.-VTy northwest along the turtleback fault surface
aexaig the Keane Wonder ault Crushed and contorted beds
corrlated wth the Titus Curon(?) rmation of Stock and IId

, {(1035). ( ae faulted agit the mooth tunlebck surface en
the Precambrian foran tlu (C).
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fault surface on the Cambrian formations (p. A118).
The downfolding and faulting of these formations into
Death Valley seem to have antedated the Titus Can-
yon( 1) Formation, but there was later movement, too,
as there was along the Keane Wonder fault (fig. 118).
Beds tentatively correlated with the Titus Canyon( ?)
Formation, on the southeast spur of the Funeral Moun-
tains klippe, have the same dip as the underlying Paleo-
zoic formations (CS. Denny, oral commun., 1961); the
dips in that part of the klippe are post-Titus
Canyon( i), indicating eastward rotation of the upper
plate like that in the Panamint Range.

The relationships at Nevares Peak can be interpreted
as due to vertical movements with little or no horizontal
displacement along the high-angle fault, but another in-
terpretation could be that the Cambrian formations
under Nevares Peak have moved laterally 2 miles north-
westward from where these formations form the upper
plate of the thrust and extend to the mountain front.

The Mont Blanco fault, on which there has been
Pleistocene movement (p. A115), may extend northeast-
ward through the Funeral Mountains klippe, for the
Ryan quadrangle map, just to the east, show a conspicu-
ous trough extending northeastward through that part
of the Funeral Mountains to the Amargosa Desert.

SOUTXZ31r C APZ YNU MOrTAMS

The southern part of the Grapevine Mountains (pi.
3) is composed of Cambrian formations in one or more
thrust plates resting on Kingston Peak(1) Formation
and NToonday( I) Dolomite at the north end of the Fu-
neral Mountains fnster. The thrust fault is arched
anticlinally across the north end of the Funeral Moun-
tains; the anticlinial axis trends about northwest.

At Hells Gate the thrust fault exposed in Boundary
Canyon either is cut off by a high-angle fault, down to
the west, or the thrust there dips steeply west. The
structure is buried under Quaternary gravel, but it
probably is like that at Nevares Peak (fig. 119) where
the Funeral Mountains klippe is dragged steeply down-
ward intoDeath Valley.

ORInr or TH aTEcW"L FEATURM

It still does not appear possible to offer a satisfactory
explanation for the structural features in the Death
Valley area. The structure of the thrust slices in the
Amargosa thrust system is very similar to that of a
group of landslid blocks (Mason, 1948). The similari-
ties are so great that one feels the thrust must have
moved by gravity (Sears, 1953). But none of these
thrust slices has yet been found overriding surficial de-
posits attributable to n old land surface, so that the
parts of the faults of the Amargosa system that are now
exposed are presumed to be subsurface features.

We do not refer to these thrust slices as megabreccia
(Langwell, 1951), but prefer to restrict that term to
fractured blocks that can be related to an existing or a
preexisting land surface like the clearly landslid mega-
breccia at the east foot of the Funeral Mountains (C. S.
Denny, written commun., 1M). A similar distinction
has been noted by Jahns and Engel (1950) and by Lup-
fer (1960). It is not possible, with present inforna-
tion, to relate the thrusts in the Panamint Range to a
preexisting surface. Etymologically, of course, the
range is a megabreccia but so, too, is any other broken-up
part of the earth's crust.

The parent block from which the Tucki Mountain
thrust plates were torn must have contained a virtually
complete section of Paleozoic formations, one above the
other in an orderly plateaulike structure, because 30,000
feet of Paleozoic formations are represented in the
thrust blocks, and their dips are homoclinal to the east.
The angle between the dipping beds and basal faults
(such as the Tucki Mountain and Amargosa faults) is
about 45e. The angle between the beds and the faults
that branch upward from the basal ones approaches 90.
The homoclinal eastward dip of the beds and their
angular relation to the faults could not ham been ob-
tained from a source that was complexly folded or
faulted.

It is difficult to believe that there ever was a 30,000
foot escarpment facing west with a plateau that high
east of it. It seems more likely that the thrust faults
that are exposed represent segments of faults that ex-
tended downward into the crust.

Since the thrust faulting occurred, the Panamint
Range has been rotated at least 200 to the east, because
this is the dip of the Tertiary eruptives that overlap
thrust blocks along the east side of the rage. It is
supposed, then, that when the thrust faults formed they
had an average dip westward of about 45s. The faults
are concave upward, so that the dip would be Batter at
depth and to the west and steeper upward and to the
east. The dip of the formations in the upper plates
need have been no more than a third as great as the
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present dip, somewhere around 5e-10° E. in the south-
em part of the range and O-200 E. in the northern
part.

The rocks in the upper plates are spread over more
area today than they were before they were faulted to
their present position. That this is so can be deter-
mined by measuring the length of individual beds in
individual fault slices (see fig. 119 or pl. 1). These
show 4 miles of displacement within the upper plate, be-
tween the westernmost and easternmost thrust slices,
and with less than 1 mile length of displaced beds. The
deficiency can only be made up by imagining it all in a
block to the west that has since been destroyed by ero-
sion. The length of individual beds averages only
about 20 percent of the length of the area across which
they are spread.

Faults like those in the Amargosa system are numer-
ous across the Death Valley subsection (Longwell,
1945), and they appear very similar to some reported at
the edge of the Colorado Plateau (fig. 120) that appar-
ently were derived from a plateaulike block.

There is considerable evidence suggesting that the
thrust faulting was in some way related to the Intrusion
of the granites and to the volcanism, because igneous
activity accompanied the faulting. This relationship
is reported in the Silurian Hills too (upfer, 1960).

Many features of the Amargosa fault system are sug-
gestive of the detachment thrust faults described by
Pierce (1957) in Wyoming. The similarities are that
the thrust blocks have moved onto older rocks along
thrust faults that have no roots, and the geometry
strongly suggests that gravity was important as a pro-
pelling force. Also, there is a suggestion that both may

have been triggered by volcanic or other igneous ac-
tivity. A major difference is that the detachment
thrusts in Wyoming must have moved onto ground
surface, but the faults of the Amargosa system seem-
ingly extended downward. Despite this, the tempta-
tion is strong to attribute the turtleback fault surfaces
to detachment thrusting and tectonic denudation.

Perhaps detachment thrusts developed from the
upper plate of the Amargosa and other thrusts. The
detached blocks could have moved off the areas now
represented s fensters and be buried in the valleys
under the fill. The block off the Funeral Mountains
fenster would be composed of Paleozoic rocks and would
have had to become detached before the Titus Can-
yon(7) Formation was deposited; a similar block of
Paleozoic rocks off the west side of Tucki Mountain
would have had to be detached before the Funeral For-
mation was deposited in Emigrant Wash. The blocks
off the turtlebacks on the Black Mountains would be
composed of chaotic blocks of volcanic and Paleozoic
rocks.

The suggestion requires that all the detached blocks
slid westward, but this direction of displacement would
be favored in any case because the thrust faults con-
verge westward. Slight movement eastward and val-
leyward of the Tucki Mountain klippe may be indicated
by the increasingly steeper dips in the thrust plate east-
ward toward the base of the mountain. At the east foot
of Tucki Mountain the Permian beds are overturned.

Such might be the explanation for the turtlebacks;
we still need to try to explain the main Amargosa thrust.

In Late Cretaceous time the Death Valley subsection
must have been high land contributing its share of sedi-

1.i Crua 120.-Law4n& fIuXt at Wet Oo of the Coloado Plkteu he¶e dlplacements lik tho the Awg os than roam
LadnwaU (1945).
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ments to the geosyncline that extended eastward a thou-
sand miles from somewhere along the east edge of what
is now the Great Basin. There may have been a narrow
belt of folding and thrusting at the position of the Key-
stone and other thrust faults 60 miles east of Death
Valley, but from there westward must have been a sim-
ple plateau-type structure that could serve as source for
the homoclinal dips in the upper plates of the Amargosa
thrust faults. Perhaps the Keystone thrust had not yet
developed; it may be younger than has been assumed.

The high part of this ancient plateau may have been
across the section that lies between Death Valley and
the folded belt to the east. In LAte Cretaceous time,
while part of the granitic batholith was being formed
to the west, the site of Death Valley was on the west
dank of this broad arched highly elevated plateau. The
imagined plateau had to be high enough to contribute
sediments to the geosyncline to the east, and its structure
had to be simple enough to provide homoclinal dips in
the fault blocks moved westward from it.

Longwell suggested (1945) that the flat faults in the
region were duiB to collapse of an anticline (fig. 120),
but there do not seem to be adequate west flanks for such
folds. The dips are homoclinal to the east and are
largely, if not wholly, those attributable only to an
eastern limb. We visualize, instead of an anticline, a
series of plateaulike blocks all tilted towards the east.
In effect, these would comprise a series of west-facing
and east-dipping blocks, perhaps continuous with the
Colorado Plateau. The blocks would be normal faults,
downthrown to the west. The westernmost part of the
Colorado Plateau, between the Grand Wash Cliffs and
the Hurricane fault, may be such a block still attached
to the plateau.

.Asuming this approximates the structural setting
from which the Death Valley subsection evolved, we vis.
ualize a high plateau surfaced with fat-lying Triassic
and Jurassic sediments. But all the formations thicken
greatly westward. Along te belt of the Keystone
thrust the Triassic and Jurussic rocks are about 4,000
feet thick, the Paleozoic rocks are about 9,000 feet thick,
and the late Precambrian sedimentary formations are
thin or absent (Hewett, 1931, p. 9). In the Death Val-
ley area the Tasuic is 8,000 feet thick (p. A50), and
there was an unknown thickness of additional Triassic
and Jurassic above this. The Paleozoic formations are
30,000 feet thick, and the late Precambrian are at least
13,000 feet thick. In the 60 miles from the Keystone
thrust to Death Valley the section thickens westward
about threefold. The base of the sedimentary forma-
tions would have dipped west almost 101.

If this ancestral plateau be divided into major blocks
by fractures that extended to the base of the crust, the

high block of the series may have been the one at the
present area of high gravity values extending from
Death Valley to the folded belt 60 miles to the east.
The Keystone thrust would be one of the fractures. Its
extension into the lower part of the crust could very well
cause remobilization of the Precambrian granite which
would become forcibly intruded upward along the fault
and along the secondary fractures branching from it in
the shallower levels of the crust. Such could well have
been the history of the extensive Teutonia Quartz Mon-
zonite which spread along thrust faults in the Ivanpah
quadrangle (Hewett, 1956, p. 61-63).

A second major fracture extending to the base of the
crust may have been at the west edge of a block where
the present seismic and gravity data indicate that the
base of the crust begins sloping steeply westward under
the Sierra Nevada (p. A139). This would be along a
line trending northwest about at the Panamint Range.

This fracture, too, could have been the cause or effect
of remobilization of Precambrian granite in the deep
levels of the crust and upward movement of that granite
to form the intrusions that are clustered along that belt
and to the west.

From this fracture west to the Sierra Nevada, the base
of the crust, or layers deep within the crust, slope west-
ward perhaps as steeply as 15. We already have noted
a 10° westward dip at the base of the sedimentary part
of the crust. With such slopes, the structural set-
ting would seem to be favorable for westward sliding
on fractures as they became lubricated by igneous
activity.

S8XEARY 0 THE STRUCTURLL YZA2URES

The principal structural features of Death Valley
were developed during late Mesozoic and Cenozoic time.
There had been structural deformation during late Pre-
cambrian, Permian, and Permian and Triassic time, but
little is known about the kind and extent of the ancient
structures that were developed. The late Mesozoic and
Cenozoic structures are of four principal kinds and de-
veloped at four principal stages:
1. Stage 1 was in Cretaceous, or possibly Jurassic time.

The area is visualized as being a high plateau that
became fragmented by northwest-trending rifts
extending to, or nearly to, the base of the crust
where granitic intrusions rose along the rifts. The
base of the crust slopes west. As the lower parts
of the rifts, downslope, became lubricated, the
blocks began sliding westward. This began the
Amargosa thrust system; later the thrusting was
accompanied by folding.

2. Stage 2 was in early Tertiary time. During this
stage the granitic intrusions reached the upper
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levels of the crust, spread along the thrust faults,
and the thrust plates above the intrusions became
domed.

3. Stage 3 was in middle Tertiary time. During this
stage folding continued, the igneous activity devel-
oped into volcanism. Blocks of the upper plates
of the thrust faults became detached, slid of the
uplifts, and left the lower plates exposed.

4. Stage 4 is the period of Basin and Range type block
faulting; this began in middle Tertiary time and is
continuing.

Thrust faults of the first stage strike northerly or
northwesterly and involve the thrusting (sliding) of
younger rocks westward onto older ones. The folds
that developed during the latter part of this stage and
during stages 2 and 3 are asymmetrical with their steep
flanks facing west. Fold axes trend northwest; all the
lesser ones plunge northwest. The axes of these lesser
folds are arranged en echelon in northward-trending
belts.

The granitic intrusions that were injected during
stage 2 spread along the thrust faults. The long axes
of the intrusions and of the anticlines over them paral-
lel the strike of the thrust faults.

During stage 3 folding continued, and probably there
was continued thrust faulting. During this stage,
though, blocks of the upper plates became detached
from the steep west flanks of the folds, slid into the syn-
clinal valleys, and left the lower plate rocks exposed as
westward-sloping turtleback surfaces.

The earliest block faults, illustrated by those of the
Furnace Creek fault zone, trend northwest and are
downthrown on the southwest side. These faults fur.
ther accentuate the asymmetry of the northwest-trend-
ing folds as if the folding of the steep flank progressed
to the point of fracturing. This faulting probably be-
gan before the deposition of the Titus Canyon(I) For-
mation of Stock and Bode (1935), but we cannot be
sure how early these synclinal basins of deposition be.
came faulted. However, the faulting and the down-
folding of the northwest-trending synclines has
continued to the present.

Block faulting during Quaternary time developed the
north-south trough represented by Death Valley, but
some of the individual faults outlining tho trntiwl prav
trend northwest and be arranged en echelon like the
steep flanks of the folds to which they seem related.
The prottolties are that Death Valley is ?ts low today
as it has ever been, and that te valley floor has been
sinking in altitude as well as in relation to the adjoining
mountains. There is a little evidence, not at all satis-
factory, that Death Valley drained southward in middle
or late Pleistocene time (p. A65).

776423 c0-- I -
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GEOLOGY OF NORTHERN NELLIS AIR FORCE BASE BOMBING
AND GUNNERY RANGE, NYE COUNTY, NEVADA

By E. B. ExREN, R. E. AwrmsoN, C. L. RoOERs, and D. C. Nonrz

ABSTRACT

The area of study, covering about 2,400 square miles In mye
County, southwestern Nevada, les east of Goldield. Elevations
range from 4,700 feet in the westernmost alluvial valley, Stone-
wall Flat, to more than 8,900 feet in the Reveille Range In the
northeastern part of the area. The climate Is arid; rainfall
ranges from about 4 inches in the valleys to about 6 inches n
the higher ranges and mesas. All the streams are intermittent
and, with the exception of Thirsty Oanyon and ts tributaries,
all end in closed basins, which make up about half of the total
area. Igneous rocks of Tertiary age form at least 90 percent of
the outcrops. The remainder consists of sedimentary rocks of
late Precambrian and Paleozoic age and a single small horst of
crystalline basement.

Rocks of late Precambrian age have an aggregate thickness
of about 8,400 feet and Include the Stirling Quartzlte and the
lower ive-sixths of the Wood Canyon Formation; they consist
of quartzite, lltstone, phyllIte, and rather minor carbonate
rock. The upper part of the Wood Canyon Formation is Early
Cambrian In age and consists largely of micaceous slltstone and
shale, with subordinate quartzlte and a few carbonate layers.

The Wood Canyon Formation Is overlain by the thin Zabrskie
Quartzite of Early Cambrian age, which In turn is overlain by
Lower to Middle Cambrian rocks that are at least 4,500 feet
thick and are transitional between the older dominantly elastic
rocks and younger dominantly carbonate rocks.

Younger rocks are dominantly of mfogeosynclinal origin and
belong to the eastern carbonate assemblage. At the base they
include an incomplete section of the Middle and Upper Cambrian
Bonanza King Formation (largely dolomite) and the Upper
Cambrian Nopah Formation, which Is about ,000 feet thick
and consists of the Dunderberg Shale and the Halfplnt and
Smoky Members.

Most of the Ordovician rocks occur In the Pogonlp Group
which Is also about 8,000 feet thick and consists of the Goodwin
Limestone, NInemlle Formation, and Antelope Valley Limestone.
The Pogonlp is overlain by the Middle Ordovician Eureka
Quartzite, about 815 feet thick, and this in turn is overlain by
the Middle and Upper Ordoviclan Ely Springs Dolomite, which Is
about 840 feet thick.

The Ordovician rocks are succeeded by the dolomite of the
Spotted Range, of Early Silurian to Early Devonian age. The
dolomite Is about 1,400 feet thick and is overlain by an Incom-
plete section of the Nevada Formation. The Nevada is Early
and Middle Devonian In age and at least 1,000 feet thick.

Most of the younger Paleozoie rocks appear to lie In the upper
plate of a major thrust fault. They include a limestone and
dolomite unit of Middle Devonian age, which has an exposed
thickness of almost 1,800 feet, and the overlying Eleana Forma-

tion, which Is Late Devonian to Mississippian In age and more
than 4,000 feet thick.

Small, exposures of granite of Mesozoic age occur In the
Cactus Range and southern Eawlch Range. The granite s
nearly void of mafic minerals and closely resembles the alaskite
at Goldfeld.

Rocks of Tertiary age form a composite section more than
20,000 feet thick. They include minor anglomerate at base,
numerous widespread ash-flow tuft sheets that range in age
from about 27 to 7 m.y. (million years), thick piles of varie-
gated lavas, and several sequences of Interbedded ash-flow tuft
and sedimentary rocks The oldest volcanic rock is an ash-flow
tuf of late Oligocene age named herein Monotony Tuf. The
rock Is rhyodacitic and contains abundant phenocrysts of plaglo-
elase, quartz, and blotite. It is overlain by the tuffs of Antelope
Springs In the western part of the mapped area and the Shingle
Pass Tuft in the eastern part. Both units are dominantly
rhyolltlc and quartz latitlc. The next higher unit of regional
significance Is the rbyolitic tuf of White Blotch Spring. This
unit Includes ash flows from more than one center, but all are
characterized by abundant large crystals of quartz and sparse
manie minerals. In most areas the White Blotch Spring Is over-
lain by minor sedimentary rocks and asb-flow tufg and then by
widespread lavas of Intermediate composition. The lavas were
extruded from many vents that are widely scattered in the
mapped area and beyond. They form the bulk of the outcrops
in many parts of the area and are the principal host rocks for
gold and silver ore at Goldfleld and Tonopah adjacent to the
area of study.

The Fraction Tu, which overlies the lavas of intermediate
composition, is more than 7,000 feet thick at the exhumed
Cathedral Ridge caldera in the southern extension of the Kawlich
Range. The Fraction Is a lithic-fragment-rich, crystal-rich, and
generally quartz-rich ash-flow sheet of rhyolitic and quartz
latitic composition. During a pause in volcanic activity after
the eruption of Fraction Tuft, local areas were deeply eroded.

The period of relative quiescence and erosion was followed
by extrusion of rhyolite lavas that overrode wide areas, and
these eruptions In turn were followed by the extrusion of the
Belted Range Tuf and related sodlc rhyolltes. The Belted
Range Is overlain by strata of the Paintbrush Tuft and by mas-
sive strata of the Timber Mountain Tuff of which two mem-
bers are present: the Rainier Mesa Member and the Ammonia
Tanks Member. In early Pliocene time, after the region had
acquired a topography similar to that of the present, the Thirsty
Canyon Tuft was extruded. This tugf, whose source was the
Black Mountain caldera, forms the surface strata over broad
areas In the western and southwestern parts of the area.

1
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The project area contains eight structural blocks or units:
the Belted Range, Kawich Range, Mellan Hills, Cactus Range,
Trappman Hills, Mount Helen, Black Mountain, and Pahute

lesa. The Belted Range block exposes a major thrust fault
having a displacement of several tens of miles. This fault
places lower Pleozoic rocks over upper Paleozoic rocks and
correlates with the C P thrust In the Yucca Flat area at
the Nevada Test Site. Two normal fault systems are present
throughout the mapped area, exclusive of Pahute Mesa and
Black Mountain. The earlier system consists of two sets that
strike northeast and northwest; the later system, a single set,
strikes north. Both systems postdate the Tertlary volcanic rocks,
but the older system is confined to rocks older than about 17
m.y.

Deposits of gold and silver occur In several localities, and
small mines and prospect pits are abundant. in parts of the
Cactus Range and the southern Kawleb Range. The deposits
are small, and the combined gold and silver production to date
is between 10,000 and 100,000 ounces.

Several localities within the area may provide favorable en-
vironments for underground nuclear testing.

INTRODUCION

LOCATION AND GEOGRAPHY

The mapped area (fig. 1) lies within the Basin and
Range physiographic province and consists primarily
of alluvium-covered valleys separated by northerly
trending mountain ranges. Pahute Mesa lies in the
southern part of the mapped area and forms an east-
west terminus to the north-trending mountains and
valleys. Thick coalescing alluvial fans flank most of the
mountain ranges. Relief in the area generally ranges
from 1,000 to 3,000 feet; the lowest elevation, at Stone-
wall Flat on the west, is 4,729 feet, and the highest ele-
ration, at Reveille Peak on the northeast, is 8,910 feet.
All the streams are intermittent, and, with exception of
Thirsty Canyon and its tributaries, all end in the closed
basins of Cactus Flat, Reveille and Kawich Valleys, and

116 15'11700

o to 20 MILES I
I * 

FiouRs 1.-Location of studied area (shaded outline) and major physlographlc features.
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Stonewall Flat. The basins are almost wholly enclosed
by surrounding ranges and by Pahute Mesa.

Playa lakes occur in Gold Flat, Kawich Valley, and
Cactus Flat. During the Pleistocene Epoch the lakes
contained water several tens of feet deep as shown by
former shorelines still outlined by thin zones of fine
sand. The playas are used by the U.S. Air Force as
bombing sites.

PURPOSE AND SCOPE OF THE INVESTIGATION

The northern Nellis Air Force Base Bombing and
Gunnery Range was mapped as part of the long-range
geologic investigations undertaken by the U.S. Geologi-
cal Survey on behalf of the U.S. Atomic Energy Com-
mission. The immediate objective was to provide geo-
logic information necessary to predict whether parts of
the area might be suitable for underground testing. The
study included a detailed gravity survey to determine
the subsurface configuration of the major basins in the
area and the thicknesses of fill in the basins. The results
of the gravity survey were described by C H. Miller
and D. L. Healey (written commun., 1964), and the
gravity contours are shown on plate 1.

After Pahute Mesa was developed as an underground
test area, consideration of the remainder of the Nellis
Air Force Base Bombing and Gunnery Range for a test
area wvas abandoned. As a result, this report has been
written to provide general geologic information with-
out specific emphasis on the evaluation of the area for
nuclear testing.

CLIMATE, VEGETATION, AND WILDLIFE

The climate of the mapped area is arid (table 1) and
the summer months are extremely hot. The most pleas-
ant season is early fall, when the daytime temperatures
range from low sixties to high eighties and high winds
are rare. In the spring, the weather is extremely vari-
able and few days are without strong winds.

Vegetation is sparse in the lower elevations but is
fairly abundant on Pahute Mesa (table 2) and in the
higher ranges. Grasses are abundant at elevations above
6,000 feet and support several herds of wild horses.
Kawich and Reveille Valleys and Gold Flat are used
by local ranchers as winter ranges for cattle, but the
valleys constitute marginal grazing land at best. A herd
of six or seven antelope inhabits the Gold Flat area,
and a herd of about 20 antelope inhabits the Kawich
Valley area. Deer are common in the higher ranges and
on Pahute Mesa, and the mapped area is the home of
many golden eagles. These can be seen nearly every day,
and eagle nests are common in higher crags. Coveys of
chukar partridge are abundant on Pahute Mesa, in the
Belted Range, and in the vicinity of all flowing springs.

TABLE 1-Rainfall and termperature at GoldfIeld and Tonopah,
Nev.

(From U.S. Weather Bureaul

Goldfield Tonopah

Temperature ( F) Temperature eS F)
Year Rainfall Rainfall

(Inches) Extremes (inches) extremes
Average Aiverage -

LoW High Low High

1958 --- ----- --- - - - 38 52 6 6 100
1959_ --- 2.87 53.4 6 100 2. 37 52.7 0 103
1960___- 6.5 5 51.4 -2 99 3. 69 52. 6 0 104
1881____- 4. 47 50 8 0 97 2 90 51. 3 0 102
1962 _ __ 6. 23 51. 9 -10 96 5. 84 50 7 -15 97

TABLE 2.-Plants in the northern Nellie Air Force Base Bomb ing
and Gunnery Range

EIdentified and comptied by Helen Cannon, U.S. Geol. Survey]

Kawich valey

For about 5 miles north and south from the playa the plant
assemblage Includes these xerophytic halophytes, which
are very tolerant of salts:

Afriplex con! ertifolia-shadscale
Kochia americana-green molly
Artenisia spinmeecn-budsage

For the next several miles both north and south, in soils that
contain more alluvial material and less salts:

Eurotia lanata-wlnterfat
Atriplex lineari&-narrowleafed saltbush
Tetradymia glabrata-littleleaf horsebrush
Artmisia spinescens-budsage
Atriplez confertifolia-shadscale

In both ends of the valley and in washes along the sides of the
valley where water is available and the salt content Is
much lower:

Chrysothamnue sp.-rabbitbrush
Artemisia arbuscula-sagebrush

Higher in the drier parts of the alluvial fans:
Ephedra nevadenis-Mormon tea
Grayia spinosa-Hopsage

Gold Ft
I

The plants of. Gold Flat are generally similar to those in Kawich
Valley but there is more evidence of water. An assemblage
of phreatophytes was noted along the south edge of the
playa. They Included:

Sarcobatus vericulaus-greasewood
Chrysothamnus viscidsftorus-rabbitbrush
Atrsplex canecene-four-wing saltbush

A large area of selenium-indicator plants occurs in the center of
the valley; however, these species do not indicate a very
high concentration of selenium:

Aatragalue lenfiginosu-pelclepod loco
Starteya pinnafa-Prlncesplume
Aster abatus-Mohave aster

Pahute Mesa

Trees:
Pinus monophyla-pinyon
J.uniperu* osteosperma-juniper
Quercus gambells-Gambels oak

Shrubs:
Ewhedra spp.-Mormon tea
Crrysothamnus spp.-rabbitbrush
Tetradymia spp.-horsebrush
Ribes montegenum-gooseberry
Artemiaia spp.-sagebrush



4. GEOLOGY OF NORTHERN NELLIS BOMBING RANGE, NYE COUNTY' NEVADA

TABLEz 2-PaGM8 n the niorthern Nellis Air Force Bae Bomn .g
and Gunznery Range--Continued

Pabute Mesa

Purshia ridentata-antelope brush
Cowania #fansburiana-Stansburys cliffrose
Symphoricarpos parishii-snowberry
Afriplex canescens-four-wing saltbush
Raul ilobata-,skunkbush
Cercocarpus ledifoiu-mountaln mahogany

Herbs-lany species of the following genera are common:
Ltupinue-lupine
Cgptantha-cryptanth
Phacelia-heliotrope
Pentemon-penstemon
Castileia-paintbrush
Arenarua-sandwort
Senecio-groundsel
Arabii-rockeress
Oenothera-primrose
Giti-gilia
Ertogonum-wild buckwheat

FIELDWORK AND ACKNOWLEDGWMENS
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PREVIOUS WORK

The area between at 36030' and 88°00' and long
116° and 117°30', which includes the present project
area, was mapped in reconnaissance by Ball (7).
Ball delimited, with considerable accuracy, Paleozoic
strata from volcanic strata, and the present authors
marvel at the amount of geology he and his companions
mapped in the very short field period of June-Decem-
ber 1905. Ball's study was made during the period of
active mining in the area, and he described in con-
siderable detail several of the mining districts that
are now abandoned.

STRATIGRAPHY.

Sedimentary, igneous, and metamorphic rocks that
range in age from Precambrian to Holocene are ex-
posed in the area. Tertiary lavas, ash-flow and ash-fall
tuff, andf intrusive rocks form at least 90 percent of the
outcrops (table 3).

The pre-Tertiary rocks, exclusive of a small area of
crystalline basement, are about 29,000-30,000 feet thick
and include three distinct sequences. The lower part of
the section-which is 10,000-11,000 feet thick and con-
sists of quartzite, siltstone, shale, and minor carbonate-
is lte Precambrian to Middle Cambrian in age. It is
overlain by a section-which is more than 14,000 feet
thick and. consists of limestone, dolomite, and minor
siltstone, quartz and chert-that is Middle Cambrian
to Devonian in age. This part of the section is of
miogeosynclinal origin and is part of the eastern or
"carbonate" assemblage as defined by Silberling and
Roberts (1962, p. 5).

The Antler orogeny greatly modified the Cordilleran
geosyncline in middle Paleozoic time, and during the
remainder of the Paleozoic, deposition took place only
locally in shallow restricted waters. Within the mapped
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TABLE 3.-Major geologic rock units in the northern Nellis Air Force Base Bombing and Gunnery Range

5

. 8tn^Ug~sragphie
Age Roe} wilt(t) Lithologc character

Alluvium and colluvium 0-3, 000+ Valley and stream alluvium, terrace and pediment
Quaternary and late Tertiary gravels, talus and landslide debris.

Basalt 0-100 Lava flows; a few dikes and one small cinder cone.

Basalt 0-100 Lava flows; many dikes.

Thirsty Canyon Tuff 0-500 Trachyte, trachytie sodic rhyolites, omendite, and
pantellerite.

Pliocene
Ammonia Tanks 0-350 Rhyolitie welded tuff.

Rainier Mesa Member 0-600 Do.

Paintbrush Tuff 0-500 Rhyolitic ash-fall tuff and Intercalated rhyolite
lavas.

Rhyolite lavas and tuffs 0-1, 000 8odic rhyolite lava flows, welded tuff, ash-fall tuft.

Belted Range Tuff and 0-1,000 Comendite, trachytic sodic rhyolite, trachyte.
associated lavas

Tuff of Tolicha Peak 0-400 Rhyolitic welded tuff.

Rhyolite 0-1, 600 Lava flows and numerous dikes and plugs of rhyolite
and rhyodacite.

Sedimentary rocks 0-800 Ash-fall tuff, tuffaceous sediment, and thin-bedded
lake sediment.

Miocene Fraction Tuff 0-7,200 Rhyolitic welded tuff, composite ash-flow sheet.

Lavas of intermediate 0-3,000 Lava flows, dikes, plugs, and small stocks.
composition

Tuff of Wilsons Camp and 0-500+ Rhyolitic welded tuff, ash-fall tuff, and tuffaceous
bedded tuff sedimentary rock.

Tuff of White Blotch Spring 0-3, 000 Rhyolitic welded tuff.

Shingle Pass Tuff 0-1, 000 Rhyolitic welded tuff.

Tufts of Antelope Springs 0-4,000+ Rhyodacitic and rhyolitic welded tuff; several cool-
ing units.

Oligocene Monotony Tuff 0-2, 300 Rhyodacitic welded tuft.
Unconformity 

Mississippian and Late Devonian Eleana Formation 5, 000d Argillite, quartuite, and conglomerite; some lime-
stone and limestone conglomerate at base.

Middle Devonian Limestone and dolomite 1, 285+ Limestone, sity lim-toge, and dolomite.

Middle and Early Devonian Nevada Formation 11, 000+ Dolomite, sandy deI I I_______ with ubordinaf
~<omitic sandstone,

, and chert.

Early Devonian and Late and
Middle Silurian

Dolomite of the Spotted Range 1, 415 Dolomite; sandy

Late and Middle Ordovician Ely Springs Dolomite 340 Dolomite, wit!

Middle Ordovician Eureka Quartzite 315 Quartuite; g-
lying unit

Middle and Early Ordovician Pogonip Group 3, 0104 Limestone
calcareo

* I. -I

Smoky Member 950+ Limestor

Late Cambrian an1 is
Halfpint Member 1, 900± Limestt

and
4.

Dunderberg Shale
Member

200+ Shale
I _ _ _ 3 _ _ _ _ _ _ _ _ _ _ ~

404-771 0-71-2
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TABLE 3.-Major geologic rock units in the northern Nellis Air Force Base Bombing and Gunnery Range-Continued

I ~~~~~~~~~~Stiatigraphlc 1
Age IRock unit thikn~ W Lithologic chamcter

(feet) 

Late and Middle Cambrian Bonanza King Formation 3, 300+1 Dolomite and limestone; silty in part; minor chert.

Middle Cambrian Limestone, silty limestone, and 1, 323+ Lmestone and silty limestone, local chert; shale
shale sequence at top.

Middle and Early Cambrian Carrara(?) Formation 1, 577 Shale, and subordinate limestone, silty limestone,
and siltstone.

Early Cambrian Zabriskie Quartzite 150 Quartzite and subordinate siltstone.

Earlv Cambrian and Precambrian Wood Canyon Formation 3, 750 Quartzite and siltstone, partly micaceous; carbonate
beds In upper and lower parts.

,2 Upper part 2, 300 Quartzite and siltstone, partly micaceous, and silty
c______ "phyllite; subordinate carbonate material.

Precambrian .o a Lower part 2, 970+ Quartzite, subordinate micaceous siltstone and
quartzite and minor phyllite.

Gneiss and schist of Trappman Gneissic quartz monozonite and biotite-amphibole
Hills area schist.

area this period is represented solely by the Eleana For-
mation of Late Devonian and Mississippian age, which
is largely elastic, consisting dominantly of argillite, silt-
stone, quartzite, and conglomerite. This formation is at
least 4,000 feet thick.

Although the Paleozoic strata have been telescoped by
a thrust fault system of Mesozoic age, the total displace-
ment was insufficient to juxtapose the western or detri-
tail-volcanic assemblage. Some of the Devonian rocks in
the Belted Range, however, may represent a transitional
facies introduced by the large-scale thrusting.

PRECAMBRIAN

LOWER PRECAMBRIAN-GNEISS AND SCHIST OF
TRAPPMAN HILLS AREA

Gneissic quartz monzonite and biotite schist of prob-
able early Precambrian age crop out in the Trappman
Hills (pl. 1) in an area about 3 miles long and 1 mile
wide between Mount Helen and Gold Flat. The rocks
are poorly exposed and form low rounded hills.

The gneissic quartz monzonite, which forms at least
70 percent of the outcrops, is light gray to brownish
gray, fine to medium grained, locally pegmatitic, and
generally moderately to well foliated. The rock contains
33-46 percent quirtz, 26-30 percent orthoclase, about
B5 percent plagioclase, and 1-15 percent muscovite and
biotite. The potassium feldspar is generally fresh and
clear, and a few grains are perthitic. The plagioclase is
cloudy, and in zones of hydrothermal alteration the rock
contains sericite, calcite, clay, abundant limonite, and
Cubes of pyrite. Biotite is altered to chlorite, sericite,
and iron oxide. Biotite, muscovite, and chlorite occur
as tiny isolated flakes and as enticular masses along

foliation planes. Quartz grains have been intensely
strained, and undulatory extinction is pronounced in
eight thin sections from widely separated outcrops.

The gneissic quartz monzonite contains xenoliths of
schist, and in many outcrops it appearstohave intruded
the schist lit-par-lit. Contacts between schist and gneiss
are very sharp in most areas; however, in places the
contacts are gradational between mica-poor gneissic
quartz monzonite and mica-rich schist.

The schist is of variable composition. Some contains
the same minerals as the quartz monzonite but has more
biotite and actinolite or tremolite. Other schIst is very
calcareous and contains abundant clinozoisite. Float of
argillite and quartzite of probable Precambrian age is
common on some of the hills, but these rocks were not
observed in place.

The quartz monzonite and schist are cut by a few thin
aplite dikes and by many quartz veins. The quartz veins
range in width from a fraction of an inch to more than
50 feet and in places are several hundred feet long. They
contain some pyrite and gold and were mined in the
early 1900's. Ball (1907, p. 138) visited the Trappman
Hills in 1905 when the quartz veins were being mined
and concluded that there were three distinct periods of
vein formation. He considered the first to be of pegma-
titic origin related to the quartz monzonite, which he
considered to be Mesozoic in age, and the second and
third to be of Tertiary age.

UPPER PRECAMBRIAN-STIRLING QUARTZITE
DEFINITION AND DISTRIBUTION

The Stirling Quartzite was named by Nolan (1929)
for exposures on Mount Stirling, about 5 miles east of
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the Johnnie mine, in the northwestern part of the Spring
Mountains, Nye County, Nev. In the type locality it is
3,700 feet thick and is composed mainly of crossbedded
quartzite, with minor amounts of siltstone and shale.

In the Groom district, east of the mapped area, the
Stirling is 3,400-3,500 feet thick, as estimated by Barnes
and Christiansen (1967), and consists dominantly of
nonmicaceous quartzite, with less abundant siltstone
and micaceous quartzite and a few tin beds of lime-
stone. In the mapped area the Stirling Quartzite is ex-
posed mainly in the southern extension of the Ka-wich
Range and in one very small area on the west flank of
the Belted Range. Quartzite Mountain, which has a
total relief of about 2,500 feet and is a major landmark
in this region, is composed entirely of Stirling Quartzite.

A nearly complete section was measured by J. H.
Stewart and C. L. Rogers in the southern extension of
the Kawich Range, in secs. 13, 24, 26, 27, and 35 (all
unsurveyed), T. 4 S., R. 50 E. This was a composite sec-
tion measured in six parts extending from the west flank
of Quartzite Mountain to a point about 5.8 miles north-
northwest of Quartzite Mountain. The section has a
total thickness of almost 5,300 feet and, according to
Stewart (oral commun., 1964), who has made a regional
stratigraphic study of the formation (Stewart., 1970),
is the thickest known section of the Stirling Quartzite.
The lithology is intermediate between predominantly
quartzite lithology to the southeast and predominantly
siltstone lithology with conspicuous carbonates to the
northwest.

LrrHOLOGY

The base of the Stirling is not exposed in the Quartz-
ite Mountain area, but the lo-west beds exposed resemble
the basal beds of the formation in other localities and
probably lie only a short distance above the contact
with the underlying Johnnie Formation. The remainder
of the formation is complete, and at the north end of
the outcrop the uppermost beds of the Stirling are
overlain by beds of the Wood Canyon Formation. In
this report the formation is divided informally into
lower and upper parts. This bipartite division is a nat-
ural one, for although the lower part is dominantly
quartzite, the upper part is dominantly siltstone and
silty phyllite, with subordinate quartzite and an ap-
preciable amount of carbonate material. The formation
is further divided into five informal members, A
through E, which are correlative with members A
through E described by Stewart (1966) in the Spring
Mountains-Death Valley. arca, and elsewhere (1970).
They are summarized As follows:

Thickness
(feet)

Stirling Quartzite ----------------------- 5,2D0+
tpper part------------------------------------ 2,320

Member E: largely slltstone and quartzite ---- 1,19;5
Member 1): dolomite and limestone---------- 285
Member C: largely silty phyllite_-----_----_… 840

Lower part_------------------ -, 970+
Member B: quartzite, silty sandstone and silt-

stone; partly micaceous -- ______ ____ 1,130
Member A: largely quartzite----------------- 1,840+

Member A is about 1,840 feet thick and is almost
wholly quartzite except for thin partings of greenish-
gray micaceous siltstone or phyllite, which become more
abundant from the base upward. The lowest beds of
the formation in this area, which are well exposed on
the west flank of Quartzite Mountain, are composed of
gray to dusky-grayish-purple laminated to thick-
bedded quartzite that weathers reddish brown. The
quartzite forms somber-looking cliffs and steep rubble-
covered slopes. The quartzite is fine to coarse grained
and contains rather abundant thin conglomeratic lenses
that are generally composed of granules and pebbles less
than 5 millimeters in diameter but may include a few
fragments as much as 1 centimeter in diameter. Many
beds are laminated to cross laminated, and a few show
rather poorly developed graded bedding. Ripple marks
occur at some horizons but are nowhere abundant. Thin
sections reveal that the quartzite consists mainly of sub-
rounded to subangular quartz, 5-10 percent altered feld-
spar, a few quartzite fragments, minor red jasper, a
variable amount of sericite that occurs interstitially and
as an alteration product within the feldspar grains,
finely disseminated -limonite or hematite, and a small
amount of heavy minerals such as magnetite, sphene,
zircon, and tourmaline.

The upper part of member A contains a zone 35 feet
thick that is predominantly medium-light-gray to olive-
gray phyllite, with subordinate grayish-purple mica-
ceous fine-grained quartzite. Above this zone is a
sequence 375 feet thick, in which dark quartzite grades
upward into lighter quartzite and in which micaceous
siltstone and silty sandstone laminae are fairly common.
This sequence is medium dark purplish gray to pinkish
and yellowish gray on fresh surfaces and weathers to
light reddish brown.

Member B, which overlies the lighter quartzite of
member A, is about 1,130 feet thick. Its lower part,
which is less resistant than the underlying quartzite and
forms slopes and saddles, is composed of nonmicaceous
to highly sericitic silty sandstone, quartzite, and silt-
stone, and it weathers to platy or flaggy fragments. The
member is partly laminated to thick bedded, but it is
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predominantly thin bedded. The rock types are all
gradational, and they characteristically alternate from
purple to green. These rocks become gradually coarser
and less micaceous toward the top and grade into a
pinkish-gray to grayish-purple quartzite that is about
210 feet thick. The quartzite is mostly fine to medium
grained, laminated to thin bedded, and contains a small
amount of silty sandstone. The upper 110 feet of mem-
ber B, which is composed of phyllitic, platy-splitting
siltstone with subordinate pinkish-gray quartzite, repre-
sents a transition to the upper part of the formation.

The upper part of the Stirling Quartzite, which is
about 2,320 feet thick, is a heterogeneous sequence that
originated largely as fine-grained elastic sediments with
subordinate carbonate material. Individual members
are distinctive and could be easily mapped.

Member C is a relatively nonresistant sequence of
rocks that is about 840 feet thick and is estimated to be
90 percent silty phyllite or phyllitic siltstone and about
10 percent quartzite. Quartzite is most abundant in the
basal beds, which consist of micaceous siltstone and
quartzite interbedded with silty to sandy phyllite. These
rocks are dark steel gray to almost black, with occa-
sional purplish hues, and are laminated to medium
bedded. In thin section the quartzose rocks consist
largely of subangular quartz grains in a fine-grained
sericitic matrix. The quartz grains range in size from
silt to pand, having an average diameter of about 0.05
mm and a maxium diameter of about 0.2 mm. The thin
sections also contain a few feldspar grains, minor chlor-
ite, calcite, and dark opaque minerals, minor tourmaline,
and rather abundant small carbon flecks that occur
predominantly along the micaceous laminae. The phyl-
litic interbeds are characterized locally by a conspicuous
slaty cleavage.

Above the basal beds, member C consists largely of
laminated to thin-bedded silty phyllite or phyllitic silt-
stone. To a point about 600 feet above the base the mem-
ber is predominantly medium gray to grayish purple,
with numerous greenish-gray zones, but toward the top
it is almost wholly green. This green sequence exhibits
some variation laterally from a silty phyllite to a silty
argillite, and it is not clear whether this simply reflects
some difference in the degree of metamorphism, or
whether it reflects a change in lithology and the presence
of a minor unconformity. The first explanation seems
more likely. The phyllitic rocks are light greenish gray
to greenish gray and may have a silky sheen or a dis-
tinctly schistose look, depending on the coarseness of
the mica. Two specimens that were examined in thin
section contain 30-50 percent silt-sized quartz and a
little feldspar in subrounded to subangular grains, em-
bedded in a very fine grained matrix of chlorite and

sericite. These specimens also contain a considerable
amount of iron oxide, both disseminated and filling
small fractures. The argillite is a friable olive-drab
rock that in thin section contains scattered small quartz
grains in a very fine grained sericitic groundmass. The
quartz grains average 0.02-0.03 mm in diameter and
probably form 10-20 percent of the rock. The rock also
contains a few feldspar grains, common disseminated
limonite, and minor tourmaline. The limonite occurs
as a stain and in euhedral and anhedral grains that
are probably pseudomorphous after pyrite.

Near the base, member C generally contains several
zones of dolomite 1-3 feet thick. The dolomite is light
gray on fresh surfaces but weathers to grayish orange.
Several thin zones of yellowish-brown dolomite also
occur near the top of the member, and the highest beds
are gradational into the overlying carbonate unit, mem-
ber D. The basal dolomite beds may be lenticular, be-
cause they apparently are absent in some areas.

Member D is a carbonate unit about 285 feet thick.
It is light to medium gray and aphanitic to fine grained;
it ranges in composition from limestone to dolomite. It
is predominantly laminated to thin bedded, and locally
crosslaminated. The upper one-third is somewhat silty
and includes some limestone that has weathered to
brown. Some beds contain small platy to rodlike struc-
tures suggestive of pdprly preserved algae and other
fossils. According to J. H. Stewart (oral commun,
1984), this carbonate unit is probably correlative with
part of the Reed Dolomite in the region to the west.
The nearest exposure of Reed Dolomite lies only a short
distance beyond the west boundary of the project area,
near the northwest corner of Stonewall Mountain.

Member E, which overlies the carbonate unit, mem-
ber D, is a heterogeneous sequinee that is almost 1,200
feet thick; it is composed predominantly of siltstone
and quartzite and contains very minor sandstone and
carbonate. The lower 440 feet consists of silty to sandy
argillite, micaceous siltstone, rusty limonitic sandstone,
quartzite, and carbonate beds. The argillite and silt-
stone range in color from gray to greenish gray, olive
drab, buff, and various shades of rusty brown. They
are laminated to thin and medium bedded and weather
to small platy fragments. In thin section the rock was
found to contain abundant subangular quartz grains in
a very fine grained sericitic and chloritic groundmass.
The quartz grains are about 0.02-0.15 mm in diameter
and form 4050 percent or more of the rock, which
ranges in composition from a silty argillite to a phyllitic
siltstone and which contains rather abundant finely dis-
seminated limonite, minor feldspar, and sparse small
grains of tourmaline. The carbonate layers weather to
reddish gray and yellowish gray and are similar to the
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rock in the underlying member. Carbonates occur
throughout this zone but are somewhat less abundant
in the upper part. The sandstone is greenish gray to
yellowish gray and pale yellowish brown, fine to medium
grained, lminated to thin bedded, locally crosslami-
nated, and commonly calcareous. The sandstone locally
grades into quartzite. The quartzite in the upper two-
thirds of this zone is predominantly pinkish gray, lam-
inated to thick bedded, and relatively clean; it con-
tains little mica.

The middle part of member E, S5 feet thick, is com-
posed largely of interbedded siltstone, quartzite, and'
micaceous siltstone. The quartzite is increasingly abun-
dant from the base upward and occurs in layers 1-8 feet
thick.

The upper part of member E is a cliff-forming
quartzite 400 feet thick; it has a few thin layers of
micaceous siltstone in the upper part. The quartzite is
predominantly a pinkish-gray clean-looking rock con-
sisting largely of fine- to medium-sized quartz grains,
with a small percentage of feldspar and rather abun-
dant iron oxide specks. Thin lenticular pebble beds are
common, and the rock is laminated to thin bedded with
common cross-laminations.

AGE

No identifiable fossils have been found in the Stirling
Quartzite. Its stratigraphic position indicates a prob-
able late Precambrian age.

PRECAMBRIAN AND CAMBRIAN-WOOD CANYON
FORMATION

DEFINITION AND DISTRIBUTION

The Wood Canyon Formation was named by Nolan
(1929) for exposures in Wood Canyon in the northwest-
ern part of the Spring Mountains, Nye County, Nev. In
the type locality it comprises 2,100 feet of thin-bedded
quartzitic sandstone and sandy shale with a few carbo-
nate beds near the top.

The formation is exposed only in the two major belts
of sedimentary rocks in the Belted and Kawich Ranges.
In the Belted Range the unit occurs beneath a major
gravity slide or thrust fault, and all but the basal part
is well exposed. In the Kawich Range only the lower
part is exposed.

LITHOLOGY

A section of the Wood Canyon Formation in the
Belted Range, in an unsurveyed area about 2.5 miles
west-southwest of Cliff Spring and 5.5 miles southwest
of Belted Peak, was measured by J. H. Stewart and
C. L. Rogers. Because the area contains numerous small
faults and several rhyolite dikes, the thicknesses ob-

tained may be slightly in error. The measured thickness
is about 3,750 feet, and this represents an increase of
about 1,465 feet over the nearest measured section,
which lies approximately 20 miles to the east-southeast
in the Groom district (Barnes and Christiansen, 1967).

In the Belted Range the contact of the Wood Canyon
with the underlying Stirling Quartzite is masked by
alluvium, and small differences in attitudes between the
highest exposed Stirling beds and the lowest Wood
Canyon beds suggest the possibility of a concealed fault.
In the Kawich Range the contact with the Stirling
Quartzite is transitional. Because the lower contact in
these areas cannot be precisely located, the thickness of
the lower unit could only be determined approximately
at 1,320 feet.

Three informal units of the Wood Canyon are rec-
ognized in the Groom Range, outside the project area,
and these have also been recognized within the project
area. They are described separately as lower, middle,
and upper units but are not shown separately on the
geologic map.

The lower unit is composed largely of siltstone in the
lower half and quartzite in the upper half. The siltstone
is olive or olive gray to grayish red, platy,'and variably
micaceous. The quartzite is yellowish to greenish gray
and pale yellowish brown, predominantly fine gra'ined,
evenly laminated to thin bedded, and locally micaceous.
The unit also contains three carbonate zones which, ac-
cording to J. H. Stewart (oral commun., 1964), are very
persistent and have been recognized in widely separated
areas. In the Kawich Range the lowest carbonate zone,
which is 25 feet thick and lies about 360 feet above the
base of the unit, is a grayish-orange, brownish-weather-
ing, finely crystalline, sandy dolomite that grades lo-
cally to dolomitic sandstone and calcitic dolomite. In
the Belted Range the lowest carbonate zone is 83 feet
thick, and the overlying carbonate zones, which are
similar in lithology, are 3 and 23 feet thick, respec-
tively. Stewart believes that the basal carbonate zones
in the two areas are correlative, and if this is true, it
would indicate that the underlying sequence is consider-
ably thicker in the Belted Range, because the lowest
carbonate zone in the Belted Range apparently lies
about 640 feet above the Stirling Quartzite. Much of
this basal sequence in the Belted Range, however, is
covered with alluvium, and the contact with the Stirling
Quartzite can only be approximately located. Also, con-
cealed faults in this covered interval may cause some
duplication of beds.

The middle unit is about 1,115 feet thick and, be-
cause it is predominantly quartzite with subordinate
siltstone, is more resistant than the neighboring units.
The quartzite ranges in color from pale red to gray-
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ish red and yellowish gray and is fine to coarse grained,
but predominantly fine grained. The beds in the unit
are 1-6 inches thick and some are crosslaminated. The
basal beds, 10-20 feet thick, are partly conglomeratic
and contain granules and small pebbles of quartz and
quartzite. The siltstone,'which may constitute as much
as 80 percent of the unit, is grayish purple to grayish
olive, platy, and micaceous in varying degrees.

The upper unit is about 1,815 feet thick and is pre-
dominantly micaceous siltstone with smaller amounts
of quartzite and carbonate rock. The siltstone is gray-
ish olive to dusky yellow and platy. The quartzite is
pale yellowish brown to yellowish gray, fine grained.
laminated, and micaceous in part. Quartzite is rather
sparse in the lower part of the unit but is increasingly
abundant upward and may be dominant in the upper
part. The carbonate rock is mainly concentrated in a
zone 100 feet thick that lies about 850 feet above the
base of the unit. This zone is estimated to contain about
60 percent carbonate rock, 80 percent quartzite, and 10
percent siltstone. The carbonate rock is largely dolo-
mite or calcitic dolomite, except for few feet of lime-
stone near the base, and is pale yellowish brown and
pale red on fresh surfaces, predominantly weathering
to a dark reddish brown. The rock is finely crystalline
or oolitic and in some parts contains disseminated sand
grains. It is generally laminated to thin bedded and
is locally cross-laminated. A few thin dolomite layers
occur above the main zone. In the uppermost part of
the unit, which is somewhat transitional in character.
the siltstone grades into a finer grained rock that is
more shaly in appearance and is similar in lithology
to some of the shaly rocks in the overlying Zabriskie
Quartzite and Carrara(l) Formation.

AGE

The lower and middle units and the basal part of
the upper unit contain only indeterminate worm trails
and borings and are considered to be Precambrian in
age. Rocks in the upper 635 feet of the Belted Range
section contain olenellid trilobites, vertical worm bor-
ings known as Scolithus, pelmatozoan debris, and some
poorly preserved brachiopods. These rocks are consid-
ered to be Early Cambrian.

CAMBRIAN

ZABRISKIE QUARTZITE

DEFINITION AND DISTRIBUTION

The Zabriskie Quartzite was described by Hazzard
(1937) in the Nopah-Resting Springs area of Invo
County, Calif., and was considered by him to be a
member of the Wood Canyon Formation. The unit

was redefined by Wheeler (1948, p. 26) as a formation
between the underlying Wood Canyon Formation and
overlying Carrara Formation.

The Zabriskie crops out only in the southern part
of the Belted Range, where'it can be traced for about
4 miles and is cut by numerous small transverse faults.
The quartzite has been mapped with the Wood Can-

Iyon Formation on plate 1 because it is too thin to be
shown separately. Its thickness is about 150 feet in the

!Belted Range, 220 feet in the Groom district (Barnes
and Christiansen, 1967) 20 miles to the east-southeast,
and 1,150 feet in the Bare Mountain area more than
a0 miles to the southwest (Cornwall and Kleinhampl,
1961). The Belted Range section was measured by
J. H. Stewart and C. L. Rogers.

LITHOLOGY

The lower one-third of the Zabriskie is poorly
exposed zone that is transitional into the underlying
Wood Canyon Formation and is composed of inter-
bedded quartzite and siltstone. This sequence has been
arbitrarily included with the Zabriskie Quartzite, but
a study of better exposures, if they could be found,
might change this assignment to the underlying
formation.

The upper two-thirds of the Zabriskie is a con-
spicuous ridge former and is composed of yellowish-
gray to pale-yellowish-brown quartzite that is charac-
teristically massive in appearance, although it is lami-
nated and cross laminated in places. It contains a few
thin lenticular conglomeratic layers containing peb-
bles and small cobbles of quartzite and red chert that
are generally less than 1 cm long. The Zabriskie Quartz-
ite is different from the quartzite in the older forma-
tions in that it is completely free of feldspar. A zone,
40 feet thick, at the top of the formation contains sub-
ordinate fissile olive-drab shale, and it apparently rep-
resents a transition into the overlying Carrarm(?)
Formation.

AGE

The only fossil evidence in the Zabriskie consists of
vertical Scolithus-like worm borings. However, the
stratigraphic position of the formation is sufficient for
dating purposes, and it is clearly Early Cambrian in
age.

CARRARA(?) FORMATION

DEFINITION AND DISTRIBUTION

The Carrara Formation was named by Cornwall and
Kleinhampl (1961) for an abandoned mining camp lo-
cated 8 miles east-southeast of Beatty, Nev. It. lies be-
tween the Zabriskie Quartzite and the Bonanza King
Formation and is transitional between the older dom-



fiTRATIGRAPY 11

inantly clastic rocks and the younger dominantly car-
bonate rocks. In the type locality the Carrara consists
of 1.785 feet of shale and limestone with relatively
small amounts of quartzite, sandstone, and siltstone.
The lower half consists mainly of shale with very sub- 
ordinate limestone, but the upper half consists almost
wholly of carbonate rock.

In the Belted Range the rocks lying above the Za-
briskie Quartzite are intermediate in lithology between
the typical Carrara Formation in the area to the south-
east and the typical Emigrant Formation in Esmeralda
County to the west. Rather than introduce a new strati-
graphic name for these transitional rocks, the authors
have resorted to a compromise. The lower part, which
is about 1,577 feet thick and resembles the lower part
of the Carrara, is called Carrara(l) Formation, and
the upper part, which is about 3,000 feet thick and
more closely resembles the Emigrant Formation, is
identified simply as limestone, silty limestone, and
shale of Middle Cambrian age."

The Carrara(1) Formation is exposed over an area
of several square miles on the west side of the Belted
Range (p1. 1) and in several small isolated outcrops
along the west base of a ridge 5 miles west-southwest
of Mount Helen. These isolated outcrops are too small
to be shown on the geologic map, but they are near the
exposures of Eureka Quartzite in that area. In the
Belted Range, in an area 2 miles southwest of Cliff
Spring (unsurveyed secs. 21 and 22, T. 5 S., R. 52 E.),
the formation was measured by J. H. Stewart and C. L.
Rogers.

LITHOY..

For descriptive purposes, the Carrara ( ) Formation
is divided into four units, which correlate only in part
with the units described by Barnes, Christiansen, and
Byers (1962, 1965), and by Barnes and Christiansen
(1967) in the Halfpint Range and the Groom district
southeast of the project area. The four units are as
follows:

Thlcknaa
(feet)

Carrara(?) Formation ------ _____-------------------- 1,577
Unit D: limestone, silty limestone,

calcareous siltstone, and shale------------------- 237
Unit C: papery shale- ------ ___________________ 400
Unit B: shale, with rather minor siltstone,

sandstone, and limestone----------------------- 710
Unit A: shale and limestone in roughly equal

proportions ---------------------- --------- 230

IJnit A is about 230 feet thick and consists of about
equal parts of shale and limestone. The shale generally
is grayish olive to green, and it contains sparse to rather
abundant fine-grained mica. Some zones are less fissile
and more resistant and are more accurately described
as siltstone. The limestone is generally medium gray,

finelv crystalline, and thin to medium bedded, but it
contains some buff silty limestone in discontinuous ir-
regular laminae and a few thin layers that are silty
throughout. The major limestone sequence, which is
about 80 feet thick, occurs at the top of the unit. The
lithology and fossil evidence indicate that unit A,
though thinner, is the approximate equivalent of mem-
bers A and B of Barnes and Christiansen (1967) in
the Groom district, about 20 miles east-southeast of
the Belted Range.

Unit B is about 710 feet thick and is composed largely
of shale with relatively small amounts of silstone, sand-
stone, and limestone. The shale is generally grayish
olive, though locally it is greenish gray to medium dark
gray, and in the upper part of the unit is characterized
in part by relatively coarse grained mica, giving it a
schistose appearance. The upper part of the sequence
also contains more abundant resistant siltstone layers
and a few thin beds of greenish-gray micaceous sand-
stone. The limestone forms several thin zones near the
base of the unit and a sequence about 20 feet thick at
the top of the unit.

Unit C, about 400 feet thick, is a homogeneous
sequence of papery pale-olive shale that weathers light
yellowish gray or gray. The shale contains abundant
fine-grained sericite, which imparts a silky sheen to the
cleavage surfaces.

Units B and C, although more than twice as thick as
member C, may be roughly equivalent to it in the
Groom district. According to A. R. Palmer (written
commun., 1964), the limestone zone at the top of unit B
is comparable stratigraphically and in faunal content
to a similar zone in the Groom section that forms the
only prominent ledge between members B and D of that
area. Trilobites collected from this limestone zone in
the Belted Range and from the shales immediately
above it are of earliest Middle Cambrian age.

Unit D, about 237 feet thick, is transitional in char-
acter. It is composed of alternating zones of limestone
and clastic to semiclastic rocks ranging in type from
yellowish-weathering micaceous shale near the base to
thin-bedded buff- to brownish-weathering calcareous
siltstone and silty limestone in the upper part. The lime-
stone becomes more abundant upward and is generally
medium to dark gray, aphanitic to finely crystalline,
and laminated to medium bedded. Some beds are rather
coarsely oolitic, and some limestone contains thin

jlaminae of brown dolomite.
No fossils have been collected from unit D, but the

general lithology and the fossil evidence obtained from
neighboring units suggest that it represents member D
of the Groom District.
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AGE

An Early and Middle Cambrian age is assigned to
fossils collected from the Carrara( i) Formation in the
Belted Range and identified by A. R. Palmer (written
commun., 1964).

Limestones in unit A yielded abundant fragments of
the olenellid trilobites Olenellw and Paedumia8, a
smaller number of specimens of a nonolenellid trilobite
that are probably referable to Antagmu8, Bristolia,
Snbrere7la, several poorly preserved orthoid brachio-
pods, and numerous examples of Girvanella, an algal
form, which may occur as scattered individuals or as
clusters in biostromelike masses. This assemblage indi-
cates an Early Cambrian age.

The limestone layer at the top of unit B yielded
PoliellaI sp. and a kochaspid trilobite, Dictyonina sp.
and orthoid brachiopods, and Chancelloria sp.; shales
in the basal part of unit C yielded Pagetia sp., Orydto-
cephcald sp., and undetermined ptychoparoid trilobites.
The trilobites from these two horizons are of earliest
Middle Cambrian age. Girvanella was collected from
the top of unit C.

Collections from the small isolated exposures of
possible Carrara beds in the western part of the project
area, which were also studied by A. R. Palmer (written
commun., 1964) contained abundant specimens of
Girvanella, an indeterminate olenellid trilobite, trilo-
bites referable to Crasifim , and a capuliform
mollusk referable to Scenella. Palmer stated that it is
difficult to make a formational assignment because,
although these rocks are clearly Early Cambrian in age
and equivalent to the lower part of the Carrara Forma-
tion, the locality lies between the Nye County and
Esmeralda County Lower Cambrian areas, which have
almost totally different formational sequenes. The ex-
posures that were found consist of thin- to medium-
bedded gray to yellowish-gray silty limestone and thin
interbeds of brown-weathering silty dolomite.

LIMESTONE, SILTY LIMESTONE, AND SHALE OF
MIDDLE CAMBRIAN AGE

In three localities in the Belted Range the Carrara ( i)
Formation is overlain by a sequence that is referred to
simply as limestone, silty limestone, and shale of Middle
Cambrian age. The unit, which is incomplete and on
the east is faulted against Tertiary volcanic rocks, can
be divided into three units:

Thiccrea
(lost)

Limestone, silty limestone, and shale of Middle Cam.
brian age------------------------------------- 2,970±F

Upper unit: flsile shale- -___________________ 700±
Middle unit: limestone with minor silty limestone

and cert------------------------------------ 2,000±
Lower unit: limestone and silty limestone-------- 270

The lower unit is about 270 feet thick and is composed
of alternating zones of medium- to dark-gray aphanitic
to fine-grained limestone and a buff- to brown-weather-
ing silty limestone that grades locally into a calcareous
siltstone.

Only the lower 450 feet of the middle unit has been
measured, owing to an abundance of small-scale folds
in its upper part. However, it is estimated that the
total thickness of the unit may be as much as 2,000 feet.
The middle unit is composed largely of medium- to
dark-gray aphanitic to finely crystalline laminated to
medium-bedded limestone, with scattered partings or
thin interbeds of silty limestone or calcareous siltstone.
Locally the beds have a wavy appearance, and, in the
upper half of the unit, they contain scattered thin lenses
of black chert. Chert increases in amount gradually up-
ward, and near the top it is locally abundant.

The lower and middle units are lithologically similar
to the Emigrant Formation (J. IL Stewart, oral
commun., 1964) and, as shown by fossils, are partly cor-
relative with it. The Emigrant Formation was named
by Turner (1902) for exposures lying to the south of
Emigrant Pass in the Silver Peak Range of Esmeralda
County, Nev., and its age was revised by Albers and
Stewart (62) to Middle and Late Cambrian. It is
equivalent in part to the upper part of the Carrara
Formation and in part to the overlying Bonanza King
Formation in the Groom and Jangle Ridge areas.

The upper unit, which is about 700 feet thick, is com-
posed of gray to slightly greenish-gray fissile shale that
weathers to various shades of brown and breaks into
small platy to elongate fragments. It occurs only in the
northernmost exposure of the sequence being described
and is in normal-fault contact with volcanic rocks on
the east. It seems probable that this shale occurs in
approximately normal stratigraphic sequence and that
it corresponds to a shaly unit in the Emigrant Forma-
tion. The contact between the shale and the underlying
limestone cannot be determined because of poor ex-
posures, however, and the shale may represent a se-
quence in the lower part of the Carrara( t) Formation
that has been repeated by faulting.

AGE

In the lower unit, fossil material was collected by
A. R. Palmer, J. H. Stewart, and C. L. Rogers, and was
identified by Palmer (written commun., 1964) as
Ogygop8i8 typicalis (Resser), Pagetia sp., P. clytia
Walcott, and P. muladengis Resser, Oryctocephalu8 sp.,
Tonkinellat sp. and Tonkinella idahoenais Resser,
"Agnostws" lautus Resser and cf. "Agno8tua" lautue
Resser, Alokistocare sp., undetermined ptychoparioid
trilobites, Hyolithes, and Girvanella. According to Pal-
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mer, this assemblage is approximately equivalent to the
Albertella zone, which lies immediately below the Jan-
gle Limestone Member of the Carrara Formation in
the area east of Yucca Flat and which is Middle Cam-
brian in age.

The middle and upper units are probably Middle
Cambrian in age, but no determinable fossils were
found in them.

BONANZA KING FORMATION

DEFINMON AND DISTRIBUTION

The Bonanza King Formation was named by Haz-
zard and Mason (1936) for the Bonanza King mine
on the east side of the Providence Mountains, San
Bernardino County, Calif., where the formation con-
sists of about 2,000 feet of dolomite and minor silt-
stone, silty limestone, and chert.

To the south and east of the project area the forma-
tion crops out widely in the C P Hills and in the Half-
pint and Groom Ranges. A virtually complete strati-
graphic section of the formation, 4,600 feet of limestone
and dolomite, was measured across Jangle Ridge and
Banded Mountain in the northwestern part of the Half-
pint Range by Barnes, Christiansen, and Byers (1962,
1965), who divided the formation into Papoose Lake
and Banded Mountain Members. In the Groom Range a
complete section of the formation, which is 4,355 feet
thick, is also largely limestone and dolomite with minor
siltstone and silty limestone (Barnes and Christiansen,
1967). Within the project area the formation occurs
mainly in the extreme southeast corner, where a thick,
though incomplete, section is exposed. These rocks are
tentatively assigned to the Papoose Lake and Banded
Mountain Members, but the members are not separately
mapped.

LROLOGY

In the main outcrop area an incomplete section of the
Papoose Lake Member is about 1,450 feet thick and is
composed almost wholly of dolomite. The dolomite is
light to medium and dark gray, locally laminated but
generally medium to thick bedded, and fine grained and
is characterized in some places by a sugary texture. The
lowest beds contain a small amount of buff platy silty
dolomite; small lenses of gray chert were noted at one
horizon. This part of the formation contains a large
amount of light-colored secondary silica, some of which
lies along fractures but most of which occurs in abun-
dant very small, thin irregular lenses that on weath-
ered surfaces bear a superficial resemblance to chain
corals. The rocks have been dolomnitized and extensively
silicified, and as a result their original lithologic char-
acter has been largely obliterated. The Papoose Lake
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Member has been divided into three informal units by
Barnes and Christiansen (1967), but these have not been
recognized in the project area, perhaps owing to the
extensive alteration of the rocks.

The upper part of the Bonanza King Formation,
which has an exposed thickness of about 1,850 feet, is
tentatively assigned to the Banded Mountain Member.
The top of the formation and the overlying Dunderberg
Shale Member of the Nopah Formation may lie beneath
the covered area to the north, for this interval is suc-
ceeded on the north by a large exposure of the Halfpint
Member of the Nopah Formation, which is structurally
concordant with the Bonanza King beds.

The Banded Mountain Member has been divided into
four informal units by Barnes and Christiansen (1967),
but these units cannot be recognized with assurance in
the project area, owing to alteration and poor exposures.

The basal 85 feet consists of buff to brownish-buff
weathering laminated to tin-bedded silty dolomite
which, except for being dolomitized, is similar to part
of a zone marking the base of the Banded Mountain
Member in the Halfpint and Groom Ranges.

The next 915 feet is composed df light- to dark-gray
dolomite. The lower part consists of thick-bedded dark-
gray dolomite, which is overlain by a thick sequence,
incompletely exposed,"of light- to dark-gray laminated
to thick-bedded fine-grained dolomite that closely resem-
bles the rocks assigned to the Papoose Lake Member.
The upper part is light-gray laminated to thin-bedded
dolomite and silty dolomite that weathers to brown. The
thin-bedded dolomite contains a minor amount of len-
ticular gray chert. Locally these rocks contain rather
abundant secondary silica similar to that occurring in
the Papoose Lake Member.

The next 550 feet is mainly medium- to thick-bedded
light-gray fine-grained locally calcitic dolomite in its
lower part and thick-bedded light-gray to very light-
gray aphanitic to fine-grained limestone in its upper
part. The limestone weathers to a smooth rounded sur-
face that contrasts with the rough pitted surface of
the dolomite, and some beds appear to have been
marmorized.

The uppermost 350 feet is medium- to thick bedded
light- to medium-gray fine-grained dolomite having a
rather saccharoidal texture. In the darker beds, which
occur in the lower part of the unit, are a few fossililfer-
ous layers that contain poorly preserved brachiopods
and numerous small ovoid forms with a concentric
structure that resemble GirvaneU4.

Two small exposures tentatively identified as Bo-
nanza King occur on the west side of the Kawich Valley
west of the north end of the Belted Range. They are
composed of light- to dark-gray aphanitic to fine-
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grained medium- to thick-bedded dolomite. The color
banding is partly stratigraphic, but it has been modified
by irregular bleaching. One exposure is adjacent to a
granite porphyry stock, and the rocks in both areas ex-
hibit some fracturing and brecciation, as well as bleach-
ing and minor silicification. The general lithology and
the presence of small ovoid structures resembling Gir-
vanella suggest a correlation with the Bonanza King
Formation. The rocks also contain some linguloid
brachiopod fragments, but these are nondiagnostic
for the purpose of identifying the Bonanza King
Formation.

AGE

Most of the Bonanza King Formation is Middle
Cambrian in age, but the uppermost part is of- Late
Cambrian age (Barnes and Palmer, 1961).

NOPAH FORMATION

DEFINITION AND DISTRIBUTION

The Nopah Formation was named by Hazzard
(1937) for the Nopah Range in southeastern Inyo
County, Calif., where it consists dominantly of vari-
colored dolomite.

The formation is widely exposed between the project
area and the Nopah Range. Barnes and Christiansen
(1967) have described and redefined the Nopah in the
Groom district and have correlated its three members
southwestward to Bare Mountain. and the Nopah
Range. It is about 2,000 feet thick in the Groom district
and is divided into the Dunderberg Shale, Halfpint,
and Smoky Members. This area is only a few miles east
of the southeast corner of the project area (pl. 1), and
owing to its proximity and to lithologic similarity be-
tween the Groom and Belted Range rocks' the authors
have adopted the nomenclature employed by Barnes
and Christiansen.

In the Groom district the Dunderberg Shale Mem-
ber is about 310 feet thick and consists df highly fissile
pale-reddish-brown to olive-gray shale, with thin inter-
beds of platy to wavy and nodular limestone. The upper
part grades into the overlying Halfpint Member, and
the top is placed at the point where shale gives way to
limestone as the dominant rock type. The Halfpint
Member is 1,055 feet thick and is composed of platy-
to flaggy-splitting very thin bedded limestone, with
intercalated laminae of clayey and silty limestone and
very thin beds of chert. The Smoky Member is 670 feet
thick and consists mainly of blocky- to massive-split-
ting limestone, with little or no chert and silty lime-
stone.

In the project area the Nopah Formation is partially
exposed for a length of about 9 miles on the west flank

of the Belted Range, in several relatively small areas
on the east flank of the Belted Range, and in the south-
east corner in the vicinity of Oak Spring Butte. It may
have a total thickness of at least 3,000 feet.

LITHOLOGY

The Dunderberg Shale Member, which forms the
basal member of the Nopah Formation within the proj-
ect area, crops out in a single locality on the west flank
of the Belted Range, where an incomplete section occurs
within a small fault block. The exposed part may be
about 200 feet thick. The contact with the underlying
Bonanza King Formation is not exposed, and there
appears to have been at least minor gravity slide or
thrust movement along the contact with the overlying
Halfpint Member. The lower part of the section ex-
posed consists of very fissile reddish-brown shale and
scattered thin beds df medium-gray limestone that
weather to brownish gray. The limestone becomes rela-
tively abundant in the upper part of the section and
occurs in thin nodular to wavy beds resembling the
basal part of the Halfpint Member.

The Halfpint Member may be about 1,900 feet thick
in the Belted Range, but the member cannot be meas-
ured accurately because of severe crumpling of the beds
and some fault displacement.

The Halfpint Member is composed largely of thin-
bedded medium-gray limestone and dolomite and inter-
calated laminae of silty limestone and dolomite which
weather to reddish gray and brownish gray. The rock
is mostly laminated and wavy bedded, and it breaks
characteristically into fairly large platy or flaggy frag-
ments. Thin lenses and nodules of medium- to dark-
gray chert are rather abundant at many horizons, and
locally the rock contains a large amount of secondary
carbonate material which weathers to brownish gray
along bedding planes and fractures and in small ir-
regular masses. In the southeast corner of the project
area and locally in the Belted Range, the member con-
sists largely of limestone. In several small gravity
slide or thrust plates in the Belted Range, the Halfpint
Member is extensively broken, deformed, and dolomit-
ized. The dolomite is secondary and may be structur-
ally controlled, as shown by the dominantly* limy
character of equivalent rocks in the lower plates. The
contact with the overlying Smoky Member is grada-
tional and is placed in the zone where there is a change
upward to thicker splitting beds and less chert. Locally
along this contact, where some movement apparently
occurred, the change in lithology is abrupt. In these
areas the Halfpint Member has been altered to a sugary-
textured dolomite that is buff to brown on weathered
surfaces.
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The Smoky Member is about 900 feet thick and is
composed of thin- to thick-bedded light- to dark-gray
limestone and dolomite; in many places it forms rather
smooth-weathering massive-looking outcrops. In many
exposures the member is characterized by conspicuous
alternating bands of light- and dark-gray carbonate
rock, the bands ranging from several feet to tens of
feet in thickness. Laterally along strike, dolomite and
limestone occur in highly variable proportions, al-
though dolomite seems to predominate. The dolomite
is fine to medium grained, sugary textured, and locally
laminated to cross laminated. Some is obviously elastic
in origin. In the Belted Range the Smoky Member is
brecciated, fractured, and altered in many places and
locally contains abundant light-gray to buff or
brownish-gray relatively coarse-grained secondary
dolomite that occurs along bedding planes and fractures
and in small irregular masses. The member contains
scattered small chert nodules, and some dolomite beds
are characterized by light-gray to reddish-gray mot-
tling. Well-developed stromatolites and Girvawnela have
been noted at several horizons in the Smoky Member
in the southeast corner of the project area. They were
not observed in the Belted Range, however, perhaps
because they have been largely obliterated there by the
extensive alteration that has taken place.

AGE

Most of the Nopah Formation in the project area,
in the Groom district, and in the Halfpint Range
(Barnes and Christiansen, 1967), is Late Cambrian in
age. However, no fossils have been collected from the
uppermost part of the Xopah Formation or the basal
part of the Goodwin Limestone in this region, and the
Cambrian-Ordovician boundary has not been accurately
located.

ORDOVICIAN

POGONIP GROUP

DEFINITION AND DISTRIBUTION

The name Pogonip, which is taken from Pogonip
Ridge in the Hamilton district 30 miles southeast of
Eureka, Nev., has survived many changes in usage since
it was introduced in 1878. In the Eureka area, Nolan,
Merriam, and Williams (1956) used the term Pogonip
Group for the rocks lying between the Cambrian Wind-
fall Formation and the Eureka Quartzite of Middle
Ordovician age, and it is in this sense that the name is
now being used in the Nevada Test Site and adjacent
areas. Nolan and his associates divided the group into
three formations, the Goodwin Limestone, Ninemile
Formation, and Antelope Valley Limestone, and these

have been recognized 'and described in the project area.
They are shown separately only in cross section.

The Pogonip Group (fig. 2) is exposed for a length of
about 8 miles on the west flank of the Belted Range; it
crops out in two small areas on the east flank of the
Belted Range and is exposed for a length of about 2.5
miles in the trough of a syncline in the Carbonate Wash
area. The Pogonip occurs also in one small exposure
near the Oswald mine on the east boundary of the
project area. Complete, well-exposed sections occur in
both the Belted Range and Carbonate Wash areas; the
section on the west flank of the Belted Range was
measured by R. J. Ross, Jr., and Li A. Wilson. The area
in which the section was measured is not surveyed, but
it lies about 8 miles west-southwest of Belted Peak and
3.5 miles northwest of Cliff Spring. The Pogonip has
a total thickness of about 3,000 feet.

GOODWIN LIMESTONE

The Goodwin Limestone is about 1,010 feet thick in
the project area and can be divided into three units.
The lower unit is about 400 feet thick and grades into
the underlying Smoky Member of the Nopah Forma-
tion. This unit is composed of light- to medium-gray
fine-grained limeston6, dolomitic limestone, and dolo-
mite, which are generally thin to thick bedded, but
locally laminated to crosslaminated. It is silty in part
and commonly weathers to a buff to orange hue. The
limestone contains rather abundant lenticular gray
chert and small amount of intraforrmational con-
glomerate. The rock is most readily distinguished from
the Smoky Member by its weathered color, but it is
also characterized by a higher proportion of limestone,
more abundant chert, and thinner splitting beds that
form more distinctly edgy outcrops. Generally it is a
better ridge and cliff former.

The middle unit, about 230 feet thick, is a relatively
soft sequence which forms topographic saddles and
strike valleys. It is composed of silty limestone and
calcareous siltstone, which weather to yellowish
gray, and subordinate laminated to thin-bedded me-
dium-gray limestone. Much of the limestone is lenticular
to somewhat nodular. This unit has been widely recog-
nized and described in southern Nevada but has not
been named.

The upper unit, about 380 feet thick, is composed
predominantly of laminated to thick-bedded medium-
gray aphanitic to medium-grained limestone. The upper
half contains- rather abundant laminae of silty lime-
stone that weathers to shades of yellow, brown, and
red. Some silty limestone occurs in an irregular net-
work resembling the '"chicken-wire" pattern in the
Antelope Valley Limestone. The thicker limestone beds
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FIGURE 2.-Widest part of Limestone Ridge on the west flank elan age. The Paleozoic rocks are n normal-fault contact with
of the Belted Range. This part of the ridge is composed of younger volcanic rocks in the foreground. View to the south.
rocks of the Pogonip Group and Eureka Quartzlte of Ordovl-

in the upper part of the unit contain some intraforma-
tional conglomerate. Lenticular gray chert is common
in the lower part of te section but sparse in the
upper part.

The Goodwin Limestone is moderately fossiliferous
and has been proved to be of Early Ordovician age.
Fossils collected in the Belted Range, which were iden-
tified by R. J. Ross, Jr. (written commun., 1968), in-
clude two trilobites, Hyatricuru8 sp. and Symphyau-
rina sp., and a brachiopod, Apheoorthie sp.

NINEKILE FORMATION

In the project area the Ninemile Formation is a
thin, easily eroded unit on which saddles and strike
valleys have been formed, and exposures are generally
poor. Its average thickness is about 00 feet, and it
generally weathers to yellowish-gray. The Ninemile is
composed of laminated to thin-bedded silty limestone
and calcareous siltstone with intercalated fissile clay-
stone. The unit includes a subordinate but rather vari-
able amount of medium-gray fine-grained limestone
that is commonly nodular to enticular but may occur
in persistent beds.

The Ninemile Formation is abundantly fossiliferous
and is Early Ordovician in age, like the underlying
Goodwin Limestone. Fossils from the Belted Range
were identified by R. J. Ross, Jr. (written commun.,
May , 1968), and include two bruchiiopods, Eilipto-
glO88a sp. and Conotreta? sp., collected from the south-
ent part of Limestone Ridge on the west side of the

range (USGS colli. D1409 CO), and two trilobites,
Ptyocephalus 6p. and LucAfietoma? 8p., collected from
an isolated exposure on the east side of the range
(USGS colln. D1418 CO).

ANTELOPE VALLEY LIMESTONE

In the Belted Range and in the area north of Oak
Spring Butte, the Antelope Valley Limestone contains
three recognizable units that are correlated with the
Paiute Ridge, Ranger Mountains, and Aysees Mem-
bers. These members were defined by Byers, Barnes,
Poole, and Ross (1961) and were named by them for
features lying within and just east of the Nevada Test
Site. They are well exposed in the Ranger Mountains,
where they were mapped and described by Poole
(1965), and have an aggregate thickness of about 1,530
feet. In the Belted Range the three members have an
aggregate thickness of at least 1,600 feet.

The Paiute Ridge Member, about 400 feet thick,
forms a bold ridge lying between two less resistant
units. It consists of thin- to thick-bedded dominantly
medium-gray fine-grained limestone with abundant
silty limestone in regular laminae and beds and in the
etched irregular networks which form a "chicken-wire"
pattern and which are characteristic of this member
(Byers and others, 1961). The silty limestone weathers
to shades of brown and orange. Sparse small chert
nodules occur in the member.

The Ranger Mountains Member is about 300 feet
thick. It is a soft sequence characterized by poor ex-
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posures and consists of laminated to thin-bedded
flaggy-splitting medium-gray fine-grained limestone
interbedded with yellowish- to brownislh- and reddish-
gray siltstone and calcareous siltstone. The limestone
may be wavy bedded to lenticular and nodular, and
locally it contains numerous thin lenticular beds of
black chert.

The A)sees Member, about 910 feet thick, can be
divided into lower and upperparts. In the Belted Range
the lower part is about 540 feet thick and is a ridge-
forming sequence composed of medium-gray thin- to
thick-bedded dolomite that is locally laminated and
slightly silty. Weathered surfaces are pale gray to gray-
ish and brownish orange. The upper part is about 870
feet thick and is a less resistant sequence composed of
laminated to medium-bedded pale-gray- to yellowish-
gray- and brownish-gray-weathering dolomite, dolo-
mitic limestone, and limestone, which are slightly to
strongly silty and which contain scattered small chert
nodules. In places the silty rocks are gradational into
siltstone and fine-grained quartzite. In the southeast
corner of the project area the same division can be rec-
ognized, but in both lower and upper parts the rocks
tend to be siltier and thinner bedded, and the yellowish-
gray to brownish-gray weathering is more pronounced.

All members of the Antelope Valley Limestone are
fossiliferous, and the formation is Early and Middle
Ordovician in age.

Fossil material was collected from the formation in
the Belted Range by R. J. Ross, Jr., and the authors
and was studied by R. J. Ross, Jr., J. M. Berdan, J. W.
Huddle, and 0. L. Karklins.

Two trilobites were collected from a locality 165 feet
above the base of the Paiute Ridge Member (USGS
colln. D1Sl CO) and were identified by R. J. Ross, Jr.
(written commun., May 9, 1968), as Ptyocephalzu8 sp.
and Nileus? sp. This member also contains a few
Girvanella.

A locality 460 feet above the base of the formation
(USGS colln. Dl100 CO), and in the lower part of the
Ranger Mountains Member, yielded two trilobites,
which were identified by R. J. Ross, Jr. (written
commun., May 9, 1968), as Ectenonotue sp. and ff.
Miracybele sp., and a number of conodonts, which were
identified by J. W. Huddle (R. J. Ross, Jr., written
commun., May 9, 1968) as:
Bclodin-a aff. B. inclinsu8 Branson and Mehl
Lfgonodina tortilla Sweet and Bergstrom
Oiatodue sp.
Perlodon ap.
Prionlodina Bp.

According to Ross, this combination of trilobites and
conodonts is characteristic of the Orthidiella zone in

the Toquima Range of central Nevada, where it is found
in the lower member of the Antelope Valley Limestone.

A collection from the Aysees Member of the Antelope
Valley (USGS colln. D1089 CO) yielded three trilobites
and three ostracodes. The trilobites were identified by
R. J. Ross, Jr., and included llaenus sp., Paeudomrera
sp., and Ieoteltwl 8p.; the ostracodes were identified by
J. A. Berdan and included Schmidtella sp, Leperdi-
tellaI sp., and ?Leperditella sp. cf. L. bulboca Harris.
This unit also contains numerous examples of the gas-
tropods Maclurites and Paliseria, but they were not
collected.

Silty to sandy limestone lying 80-60 feet below the
Eureka Quartzite yielded numerous fossils (USGS
colln. D1499 CO) and might be considered as upper-
most Antelope Valley or as equivalent to the lower part
of the Copenhagen Formation.

This collection included pachydictyd( l), trepostome,
and monticuliporid bryozoans, which were identified by
0. L. Karklins (written commun., 1965) and indicate
an age probably younger than the Oil Creek Formation
and older than the Bromide Formation of Oklahoma.
From the same collection R. J. Ross, Jr., identified the
brachiopods Syndielama sp., Valcourea p. and Lep-
telin? sp., as well as an indeterminate large fine-ribbed
orthid and one trilobite, Isote7us cf. I. epurius Phleger.
From the same collection J. W. Huddle (written com-
mun., March 9,1965) identified the following conodonts:
Belodina cf. B. ornata (Branson and Mehl)
Cordylodu8 op.
Dichognatue . up.
Dietacodus Np
Drepanodus 6p.
Phrapmodu8 undatue Branson and Mehl
PrIonlodina? W,
Trichonodella OA'
Zpgognathe spW

This conodont fauna is probably Middle Ordovician
in age. The overall aspect of the fauna from the collec-
tion being described indicates, according to R. J. Ross,
Jr. (written commun., May 9, 1968), a correlation with
the upper part of the Antelope Valley Limestone ex-
posed at Ikes Canyon in the Toquima. Range of central
Nevada; this interval may also be correlative in part
with the lower beds of the Copenhagen of the northern
Monitor Range in central Nevada.

EUREKA QUARTZITE

DEFINITION AND DISTRIBUTION

The Eureka Quartzite was named by Hague (1883,
1892) for outcrops near Eureka, Nev., but the type area
was lIter transferred to the western base of Lone Moun-
tain (Kirk, 1933) about 18 miles wrest-northwest of
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Eureka, where the unit is better exposed and where it
is 350 feet thick (Nolan and others, 1956).

The Eureka Quartzite and related quartzitic units
of Ordovician age are remarkably persistent, as Ketner
(1968) has recently pointed out, and extend from the
Peace River in British Columbia to the Owens River in
southern California. IKetner believes that the sand form-
ing these deposits may have been derived fom Cambrian
sandstone covering the Peace River-Athabaska arch in
northern Alberta.

Small incomplete exposures of the Eureka Quartzite
occur in several places around the margins of Yucca
Valley. A complete section was measured and described
by Byers, Barnes, Poole, and Ross (1961) and Poole
(1965) in the Ranger Mountains, about 15 miles south-
east of Yucca Flat. Poole reported that the section has
a total thickness of 880 feet and consists of a basal
quartzite unit 5 feet thick, which is dolomitic at the
base; a carbonate unit 5 feet thick; a cross-laminated
sandstone-quartzite unit 20 feet thick; a varicolored
quartzite unit 150 feet thick; and an upper white
quartzite unit 120 feet thick.

In the project area the Eureka Quartzite occurs
mainly in the southeast corner, where it continues a short
distance south into the Oak Spring quadrangle (Barnes
and others, 1963) ; on the west flank of the Belted Range,
where it occurs in four small exposures, the largest of
which is about 1.3 miles long; at the Oswald mine in
the northeast corner; and along the west base of a ridge
5 miles west-southwest of Mount Helen.

LTHOLOGY

A complete section of the Eureka Quartzite was meas-
ured by F. G. Poole, C. I. Rogers, and A. R. Niem about
1 mile northeast of Oak Spring Butte, where it is 315
feet thick and is readily divided into three major
lithologic units that probably correlate with the five
units recognized in the Ranger Mountains.

The basal 55 feet is poorly exposed and consists largely
of laminated to thin-bedded silty limestone with smaller
amounts of dolomite and dolomitic sandstone. It is
correlated ith the lower three units of the Eureka
Quartzite in the Ranger Mountains and may be strati-
graphically equivalent to the Copenhagen Formation in
the Eureka district (F. G. Poole, oral commun., 1964).
In the Belted Range the basal unit is largely covered by
talus and may have been included in large part with the
Antelope Valley Limestone.

The middle unit consists of 180 feet of varicolored
quartzite, which weathers to shades of brown and gray,
anl, in the middle and upper parts, contains minor
amounts of olive-gray argillite. The quartzite is gener-
ally laminated to thin bedded, but massive in appear-

ance; many layers are cross laminated. The rock is
composed of fine- to medium-sized well-rounded quartz
grains, and it contains no feldspathic material.

The upper unit consists of 80 feet of homogeneous
quartzite that is white to tan on weathered surfaces and
only locally brown. It is characterized by poorly defined
bedding, and only a few layers are laminated.

A-E

Fossils were found in the carbonate rocks of the basal
unit, but no collection was made because material that
Was obtained previously from equivalent beds in the
Ranger Mountains indicates a Middle Ordovician age
for the formation. Vertical and horizontal animal bor-
ings are fairly abundant in the middle dark-weathering
varicolored quartzite unit in the project area but are
sparse in the upper light-colored quartzite unit

ELY SPRINGS DOLOMITE

DEINmON AND DISTRBUTION

The Ely Springs Dolomite was named by Westgate
and Knopf (1932) for exposures in the Ely Springs
Range of the Pioche district, Lincoln County, Nev.,
where two measured sections total 525 feet and 770
feet, respectively. F. G. Poole (oral commun., 1964) has
studied and remeasured'the type section and has ar-
rived at a total thickness of 685 feet. The formation is
predominantly dark-gray dolomite and contains a con-
siderable amount of chert.

Poole (1965) has measured and described the bipar-
tite formation in the Ranger Mountains, a short distance
east of the Nevada Test Site, where it is about 280 feet
thick. The lower part (*130 ft) is dark- to medium-
gray dolomite and the upper part (t150 ft) is medium-
gray, light-gray-weathering dolomite. The lower
part is unusually thin in the Ranger Mountains (F. G.
Poole, oral commun., 1964).

Within the project area several small exposures of
the Ely Springs Dolomite are present on the west flank
of the Belted Range, but the least altered outcrops oc-
cur in the southeast corner of the area, north and north-
east of Oak Spring Butte.

UTHOLOGY

A composite section of Ely Springs Dolomite total-
ing 840 feet was measured by F. G. Poole, C. Lo Rogers,
and A. R. Niem about 0.3 mile east-northeast of Oak
Spring Butte. The formation may be comparably thick
in the Belted Range to the north, but it is thinner in the
Ranger Mountains and thicker in the Specter Range
immediately south of the Nevada Test Site.

Near Oak Spring Butte the dolomite consists of two
distinct parts. The lower part is 270 feet thick and is
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dominantly thin- to thick-bedded fetid medium- to
dark-gray dolomite, which contains abundant poorly
preserved small fragments of pelmatozoans and vaguely
defined small round to ovoid forms that may be Girvan-
ella. A brown and gray sequence about 30 feet thick
composed of dolomitic sandstone and sandy dolomite
crops, out at the base immediately above the light-
colored Eureka Quartzite. The lower part contains a
persistent zone of layered chert about 20 feet from the
top and numerous scattered blebs, lenses, and discon-
tinuous layers of chert. In places part of the chert has
been partly or wholly replaced by dolomite, and white
secondary-dolomite is rather common in small irregular
masses as fracture fillings and as replacements of fos-
sil debris.

The upper part is 70 feet thick and is composed of
light- to medium-gray partly color-banded dolomite
that is generally finer grained and more distinctly
bedded than the dolomite in the lower part. It is lam-
inated to thin bedded and may be slightly silty and
clayey, as suggested by some yellow-weathering zones.
It contains comparatively little chert. The contact be-
tween this part and the overlying Silurian and Devo-
nian dolomite was difficult to determine because the
quartz sand and oolitic or pelletal dolomite zones that
characterize the top of the Ely Springs in many areas
(F. G. Poole, oral commun., 1964) are not present.
However, the Ordovician-Silurian boundary was ap-
proximately located by a persistent zone containing
chain corals, which apparently mark the basal part of
the Silurian in the Oak Spring Butte area.

AGE

Numerous fossils have been found in the Ely Springs
Dolomite in other areas; these have established a
Middle and Late Ordovician age for the formation (F.
G. Poole, written commun., 1964). Within the project
area it contains solitary and colonial corals, brachio-
pods, pelmatozoan debris, and Girvaneila.

ORDOVICIAN AND SILURIAN DOLOMITE

Ordovician and Silurian dolomite crops out on Lime-
stone Ridge. about 2 miles southwest of Belted Peak in a
gravity slide block or overthrust sheet that rests on
Cambrian strata. (See "Structure.")

The lowermost strata consist of very cherty dark-
gray dolomite, and they correlate with the Ely Springs
Dolomite. The dark-gray dolomite grades upward to
massive fine- to coarse-grained dolomite that is generally
light to medium gray but locally is buff or reddish gray.
It contains only minor chert. These strata are altered
and recrystallized in most exposures, and bedding is
indistinct or wholly missing. The uppermost beds must

be of Silurian age, but because of the alteration they
could not be separated from the Ely Springs.

Dolomite of Ordovician and Silurian age has also
been mapped in the vicinity of the Oswald mine, on the
northeast edge of the project area. The rock has been
hydrothermally altered and is largely medium- to thick-
bedded fine-grained light-gray dolomite with only
minor chert and with no recognizable fossils.

SILURIAN AND DEVONIAN-DOLOMITE OF THE
SPOTTED RANGE

The thick dolomite unit of Silurian and Early De-
vonian age that overlies the Ely Springs Dolomite is
referred to informally as dolomite of the Spotted Range.
The Spotted Range, where the dolomite is well exposed,
lies immediately east of Mercury in the southeast cor-
ner of the Nevada Test Site.

LITHOLOGY

The dolomite of the Spotted Range is largely limited
to the southeast corner of the project area, and a com-
plete section, 1,415 feet thick, was measured by F. G.
Poole, C. L. Rogers, and A. R. Niem about 1.5 miles
northeast of Oak Spring Butte. It can be divided into
two principal units, but these have not been shown on
the geologic map.

The lower unit is about 465 feet thick and is probably
correlative with unit C in the Ranger Mountains (Poole,
1965). It is composed of laminated to thick-bedded
dolomite that is generally medium to dark gray on fresh
surfaces but weathers to somewhat lighter shades of
gray. In much of the unit bedding is rather vague and
indistinct. The dolomite is locally aphanitic but gen-
erally fine to medium grained, and it contains scattered
chert in blebs and lenses. Much of the chert occurs in
two zones.'One zone lies only 15-20 feet above the base
of the section and contains rather regular thin lenticular
beds of dark-gray to black chert that weathers to brown.
The second zone lies 80 feet above the first and con-
tains chert and dolomite in about equal proportions.
The chert is gray but weathers to brownish gray; it
occurs in rather irregular lenses and nodules that may
coalesce to form a reticulate pattern. Where the section
was measured the lower chert zone is about 25 feet
thick and the upper zone about 80 feet thick, but the
zones exhibit considerable variation in thickness owing
apparently to partial replacement of the chert by dolo-
mite in many places.

The lower unit is succeeded rather abruptly by a very
thick sequence of dominantly light-gray dolomite of
the upper unit. However, the boundary between light-
and dark-gray dolomite is not everywhere stratigraphic,
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because it has been blurred by secondary bleaching,
which may extend locally throughout the lower unit
to its contact with the underlying Ely Springs Dolo-
mite. The color change is very useful as a structural
guide in areas where there has been no extensive altera-
tion or bleaching and can be used to determine the rela-
tive movement and approximate magnitude of faults.

The upper unit is about 950 feet thick and contains
three fairly distinct lithologic zones that may be equiv-
alent to units, D, E, and F in the Ranger Mountains
(Poole, 1985). To a point 215 feet above the base, the
rock is a light-gray dolomite with some yellowish-gray
and light-olive mottling. It is generally fine to medium
grained, though coarsely crystalline in places, and mas-
sive in appearance, with rather indistinct bedding. The
poorly bedded character is probably the result of ex-
tensive fracturing and recrystallization, which has left
the bedding planes rather vaguely defined. Above this
zone is a color-banded sequence about 500 feet thick
consisting of light- to medium-gray and olive-gray do-
lomite, which is predominantly fine to medium grained
and indistinctly bedded. This sequence is well preserved
in places but locally is difficult to trace, owing to bleach-
ing and alteration, and it is not a mappable unit. One
zone only a few feet thick is medium-dark-gray lami-
nated to thin-bedded dolomite containing poorly pre-
served spaghettilike forms that resemble Amphipora.
The uppermost sequence, 235 feet thick, is a highly
fractured light- to olive-gray dolomite that is finely
crystalline and exhibits rather blocky splitting. The
highest part of this sequence contains a zone about 35
feet thick that partly consists of sandy (quartz), color-
banded, light- to dark-gray dolomite, which is locally
fossiliferous.

AGE

The dolomite of the Spotted Range contains little
good fossil material in the vicinity of Oak Spring
Butte, but it can be dated by comparison with the equiv-
alent rocks in and near the Nevada Test Site. Units A
and B of the Ranger Mountains, which are Early
Silurian in age, seem to be missing in the area north
of Oak Spring Butte, and this absence indicates the
presence of a major unconformity (F. G. Poole, oral
commun., 1964). The remainder of the dolomite may
be represented, however, and is probably late Early
Silurian to Late Silurian and Early Devonian in age.

DEVONIAN

NEVADA FORMATION

DEFINITION AND DISTRIBUTION

The name Nevada Limestone was introduced by
Hague (1892) and defined to include all the Devonian

rocks in the Eureka district of Nevada. Merriam (1940)
later divided the sequence on a faunal basis into the
Nevada Formation and the Devils Gate Limestone. In
the type locality the restricted Nevada Formation com-
prises almost 2,500 feet of limestone and dolomite.

In the project area the formation is exposed in the
vicinity of Oak Spring Butte and to the northeast of
Wheelbarrow Peak. North of Oak Spring Butte the
Nevada forms a sharp ridge about 2.6 miles long and
as much as 0.4 mile wide, where the base is well exposed
but the upper part is missing. On the west the Nevada
is faulted against rocks of the Pogonip Group. This
incomplete section of the Nevada was measured by
F. G. Poole, C. L. Rogers, and A. B. Niem about 1.5
miles north-northeast of Oak Spring Butte, where it is
about 1,000 feet thick and can be divided into two in-
formal units designated simply as lower and upper
units. These have not been separately mapped, however.

LrroooY

The lower unit is 430 feet thick. Its basal part, which
is 180 feet thick, consists largely of light- to medium-
gray and olive-gray finely crystalline laminated to thin-
bedded sandy dolomite. About 80 feet above the base
this sequence contains a zone 30 feet thick that is partly
limestone and contains common brachiopods and cup
corals. PapliophyUlurn elegantuum Stumm, near the
top of this zone, probably represents the upper part of
the Acrogpibfer kobeAna and (or) the lower part of
the Eurekasupirfer pinyoamensis brachiopod zone; it in-
dicates an Early Devonian age.

The upper part of the lower unit is 250 feet thick.
At the base is a soft 40-foot-thick sequence which is
poorly exposed in slopes and saddles and which consists
largely of light-reddish-brown to brownish-red fissile
siltstone. Interbedded with the siltstone are smaller
amounts of calcitic partly sandy dolomite and silty
pinkish-gray limestone. The siltstone is overlain by 210
feet of cherty limestone and dolomite, with minor
lamine of silty limestone in the lower part. The lime-
stone and dolomite are laminated to thick bedded,
medium dark gray, and slightly sandy. The brownish-
weathering chert is black on fresh surfaces and occurs
in nodules and lenticular beds as much as 8 inches thick.

The incomplete section of the upper unit that was
measured is 570 feet thick. The lower 800 feet is com-
posed of alternating dolomite and quartz-sandy dolo-
mite. The dolomite is light to medium gray, finely
crystalline, and rather poorly bedded. The sandy dolo-
mite weathers to brown and contrasts rather sharply
with the gray dolomite. The quartz grains in the sandy
dolomite are rather well sorted, well rounded, and fine
to medium; they vary greatly in abundance. Locally the

.
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sandy dolomite and dolomitic sandstone are virtually
quartzites. The lowest sandy beds contain some brown
tubular structures that may be algae.

The upper 270 feet of the upper unit consists of light-,
medium-, and dark-gray fine- to coarse-grained dolo-
mite. The dark-gray dolomite contains coarsely re-
crystallized white dolomite in blebs and veinlets and as
a replacement of fossil material; several layers contain
abundant rodlike fossils that may be the stromatoporoid
Amphipora.

AGE

The Nevada Formation is indicated by fossil evi-
dence and stratigraphic position to be Early and Middle
Devonian in age. In the Spotted Range, lying immedi-
ately southeast of the Nevada Test Site, it overlies
dolomite of Early Devonian age and underlies the
Devils Gate Limestone of Middle and Late Devonian
age.

LIMESTONE AND DOLOMITE

An incomplete limestone and dolomite unit which is
of Middle Devonian age, and which is at least partly
equivalent to the Nevada Formation but represents a
slightly more western facies, is exposed in the vicinity
of Carbonate Wash in the southeast corner of the proj-
ect area and occurs in one small area on the east flank
of the Belted Range. These rocks appear to lie in the
upper plate of a major thrust (See "Structure.")

LrrHOLOGY

The limestone and dolomite in the Carbonate Wash
area, which was measured by F. G. Poole, C. L. Rogers,
and Reginald Hammond, is 1,285 feet thick. It can be
divided into three lithologic units.

The lower unit has an exposed thickness of 275 feet
and is dominantly limestone and limestone conglom-
erate, which are commonly biohermal or biostromal and
contain minor silty to clayey limestone in the matrix and
in thin beds and partings. The limestone is aphanitic to
coarsely crystalline, laminated to thick bedded, and
medium to dark gray; it generally weathers to medium
gray. It exhibits mostly flaggy to slabby splitting and
locally contains a few black chert nodules. The con-
glomerate contains rounded to subangular. fragments,
which range in size from pebbles to boulders about 2
feet long and are lithologically similar to the flaggy
limestone. The basal 20 feet of the unit contains the
coral Hexagonairia sp., which may represent the lower
part of the Warrenella kirki brachiopod zone.

The middle unit, about 445 feet thick, consists of
relatively weak rock that weathers to a gentle slope.
It is composed largely of interbedded limestone and
silty limestone, but near the base it contains one layer
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of limestone conglomerate. The limestone is .
to thin bedded, platy to flaggy splitting, aphani
fine grained, and medium gray to pinkish gray. Th.
silty limestone is laminated, aphanitic to finely crystal-
line, and pale red to yellowish gray on weathered sur-
faces. A few small lenses and nodules of black chert
occur locally in the unit. Corals and brachiopods from
the upper 275 feet are representative of the Warrenella
kirki faunal zone. Rocks near the base of the unit yielded
styliolinids and a few specimens of. Nouwakia.

The upper unit, about 565 feet thick, is composed of
relatively resistant rocks that form a ridge. The lower
230 feet consists of light-olive-gray to medium-gray
limestone and, near the top, includes some thin dolo-
mitized zones and minor cherty zones. The limestone is
fine to coarse grained, laminated to thin bedded and
commonly wavy bedded, and partly biostromal. The
upper 835 feet consists almost wholly of dolomite, but
near the base it contains local irregular zones of calcitic
dolomite and unaltered limestone. The dolomite is
medium to light gray, generally fine to medium grained,
laminated to thin bedded, and locally cross laminated.
On weathered surfaces it is yellow gray and light olive
to medium gray and is commonly mottled or color
banded. It contains common white coarse-grained
dolomite in wisps and veinlets, and locally it is highly
fractured and brecciated, with indistinct bedding.

About 850 feet above the base of the upper unit, F. G.
Poole (written commun., 1967) collected silicified speci-
mens of S t ingocephaZu sp., a large brachiopod that
marks the upper part of the Nevada Formation in the
Eureka district

About 5 miles southeast of Belted Peak there is a
small exposure of light-gray laminated to thin-bedded
limestone that contains abundant rod-shaped fossils
suggesting' AmphAipora of Middle to Late Devonian
age (F. G. Poole,oral commun., 1963). It may be correl-
ative with the formation being described.

DEVONIAN AND MISSISSIPPIAN

ELEANA FORMATION

DEFINIMION AND DISTRIBUTION

The Eleana Formation was named by Johnson and
Hibbard (1957) for incomplete exposures in the Eleana
Range on the west margin of Yucca Flat. The formation
has a probable minimum thickness of 7,700 feet and is
known only by a composite of partial sections (Poole
and others, 1961). Owing to structural complexities and
partial cover by younger rocks, correlation of these
sections is difficult and is considered tentative.

The Eleana Formation is exposed in the southeast
corner of the project area and in several small areas on
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the east flank of the Belted Range. Rocks that probably
correlate with the Eleana occur on the west flank of
the Cactus Range, and these are described separately.

LITHOLOOY

The Eleana Formation contains six distinctive units
in the southeast part of the mapped area. These cor-
respond to units A-E and G of Poole, Houser, and
Orkild (1961). Units A, B, C, and the lower part of
D have been studied and remeasured by F. G. Poole,
C. L. Rogers, and Reginald Hammond.

Unit A is about 112 feet thick and rather heterogene-
ous. It consists of limestone conglomerate, limestone,
silty to sandy limestone, calcareous sandstone, sand-
stone, and quartzite. A 60-foot-thick zone near the base
resembles a reef complex and consists of fossiliferous
limestone conglomerate, limestone, and sandy limestone.
The rock is medium to light gray, commonly mottled,
and aphanitic to coarsely crystalline; the conglomerate
contains subrounded boulders as much as 4 feet in
diameter. Another major zone consists of platy- to
flaggy-splitting beds of limestone and silty limestone,
which are medium gray to pale red or brown, laminated
to thin bedded, and aphanitic to finely crystalline. The
quartzite is light gray to olive gray, medium grained,
and laminated to thin bedded, and it weathers to brown
and yellowish-to light gray; it commonly contains
small cavities that may have formed by the leaching of
carbonate material.

Unit B, about 1,230 feet thick, is composed largely of
argillite and quartzite. The basal 240 feet, which ap-
pears to be gradational into the underlying unit A,
consists of flaggy- to platy-splitting laminated to thin-
bedded limestone, silty to sandy limestone, limy sand-
stone, laminated limy argillite, subordinate quartzite
and limestone conglomerate, and, in the lower part,
minor chert. Dominantly orange-pink to grayish-orange
shaly partly calcareous argillite and sparse thin beds
and lenses of quartzite form the upper part. These basal
beds are overlain by about 470 feet of yellowish-brown
to medium-gray and light-olive-gray thinly laminated
shalY argillite that weathers to various shades of pale
iellowish brown, gray, and green. The lowermost beds
contain argillite, which locally grades to fine-grained
quartzite, and in some places they contain sparse fine-
to medium-grained quartzite. The argillite contains
many cubic iron oxide pseudomorphs after pyrite and,
in many places, small sinuous markings on bedding sur-
faces that are probably worm trails. The shaly argillite
sequenece is overlain by about 520 feet of dominantly
PlatY- to slabby-splitting very fine to fine-grained
quartzite with subordinate coarser grained quartzite
and many shaly argillite partings. A few plant stem

imprints occur throughout the sequence, and abundant
convolute laminae occur in the fine-grained quartzite.
These upper beds contain features characteristic of
turbidites (F. G. Poole, oral commun., 1965).

Unit C. 430 feet thick, consists of quartzite, subordi-
nate conglomerite, and minor argillite. The quartzite is
olive gray but weathers to brown. It is fine to medium
grained. iaminated to very thin bedded, and character-
ized locally by convolute laminae. The rock exhibits
partly flaggy to slabby splitting, and it contains scat-
tered granules and pebbles of chert and sparse plant
stem imprints. The conglomerite weathers to olive gray
and contains rounded to subrounded pebbles of chert,
quartzite, and argilite as much as 2 inches long, which
are set in a vitreous quartzitic matrix.

The lithologic descriptions of units D, E, and G are
based on a report by Poole, Houser, and Orkild (1961).

Unit D is about 400 feet thick at Carbonate Wash
and is predominantly grayish-orange to yellowish-
brown laminated argillite; it also contains numerous
beds of pale-brown to grayish-brown quartzite that is
fine to coarse grained, thin bedded, and characterized
by abundant convolute laminae and small-scale cross
strata. Many of these beds contain features characteris-
tic of turbidites (F. G. Poole, oral commun., 1965).
These rocks generally, weather into sharp elongate
fragments and form steep rubble-covered slopes. Ac-
cording to F. G. Poole (oral commun., 1965), the orig-
inal measured thickness of 520 feet (Poole and others,
1961) for this unit may be excessive, inasmuch as the
unit was originally measured in an area where faulting
has probably resulted in some duplication of beds. A
nearby section that may be nearly complete was later
measured by Poole and C. L. Rogers and found to have
a thickness of about 375 feet.

Unit E, about 2,400 feet thick, consists largely of
argillite with minor in-terbedded quartzite. The argil-
lite is yellowish brown to pale red and greenish gray to
dark gray and is laminated to thin bedded. The quartz-
ite is similar to that in unit D.

Unit G is 1,4OO feet thick on Quartzite Ridge north-
west of Yucca Flat, but only the lower part extends into
the mapped area. The unit consists of quartzite, con-
glomerite, and argillite. The quartzite is brown to yel-
lowish brown and gray, thin to thick bedded, and com-
monly cross-laminated. The conglomerite is brown to
reddish brown and is composed of rounded fragments,
as much as 2 feet long, of quartzite, chert, argillite, and
limestone. The argillite is light brown to reddish, sandy,
and laminated to thin bedded.

The exposure of the Eleana Formation located 
miles southeast of Belted Peak (cross section F-F' of
pl. 1) was visited by F. G. Poole (oral commun., 1963),
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who identified four major lithologic units that lie tenta-
tively correlates with the upper part of the Eleana
Formation of Yucca Flat. If the correlation is valid,
these units are much thinner than equivalent beds in the
Yucca Flat area. The lowest beds consist of 100-200 feet
of argillite and quartzite with minor conglomerite, and
they may represent the top of unit E. The argillite ex-
hibits numerous worm trails on bedding surfaces. These
beds are overlain by 200-300 feet of quartzite and con-
glomerite that may correlate with unit G. The gravels
are rounded to subangular and consist largely of green-
ish-gray and light- to dark-gray chert with some gray
quartzite. Pebbles and cobbles are as much as 4 inches
in diameter, but most are less than 1 inch. Unit H is
probably represented by about 200 feet of light-gray to
very light gray argillite that contains some plant stems.
The highest beds exposed, which have an incomplete
thickness of about 100 feet and which consist of gray
cherty fossiliferous limestone, may represent the basal
part of unit I.

Along the east side of the exposure southeast of
Belted Peak the Eleana beds appear to be in fault con-
tact with limestone that is probably Devonian in age
(F. G. Poole, oral commun., 1963). The two units are
separated by a limestone breccia with angular blocks
as mucl as 2 feet long, but the rocks are poorly exposed
in this area and their relations are obscure. It could not
be determined whether the breccia is a sedimentary
breccia in the Eleana Formation or a tectonic breccia
related to faulting. However, it is more likely a tectonic
breccia related to faulting, and if this is so, then a fault
separates the two units.

The Eleana is also exposed in the area of Paleozoic
rocks 3 miles northeast of Wheelbarrow Peak. The ex-
posure is in a structural window and is very small, but
because of its structural importance, it is slightly exag-
gerated on the geologic map (pl. 1). It consists largely
of argillite and some conglomerate.

AGE

At its type locality in Carbonate Wash, located in the
southeast corner of the project area, the Eleana Forma-
tion overlies rocks equivalent to the Nevada Forma-
tion of Early and Middle Devonian age and in the
Yucca Flat area, lying a few miles to the south, under-
lies the Tippipah Limestone of Pennsylvania age. Its
stratigraphic position and the available fossil evidence
indicate an Early to Late Mississippian age for most of
the formation; the basal part is ate Devonian in age
(Poole and others, 1965). Initial fossil evidence sg-
gested that the ighest beds were of Pennsylvanian age
(Poole and others, 1961), but recent fossil evidence in-

dicates that these beds are Mississippian in age (Poole
and others, 1965).

Numerous fossils have been collected from the Eleana
Formation within the project area, and some of these
have been of great importance in the solution of the
age problem. Only fossil evidence not previously pub-
lished will be presented here.

In the Carbonate Wash area F. G. Poole collected
an impression of a bony plate from a quartzite layer
in the upper part of unit A that was described by
Edward Lewis (written commun., 1985) as being re-
ferable to an undetermined genus of archaic fish of the
Class Placodermi, Order Arthrodira, and Infraorder
Braclthoraci. It is probably Late Devonian in age.

According to F. G. Poole (written commun., 1968),
a Late Devonian conodont assemblage, collected about
50 feet above the base of unit B and studied by J. W.
Huddle, represents the Palmatolepis repida zone of
earliest Famennian age

At the exposure of the Eleana Formation located 
miles southeast of Belted Peak F. G. Poole (oral com-
mun., 1963) found some silicified corals, crinoids,
brachiopods, and other forms in the limestone of the
highest beds, which may be correlative with unit I of
the Yucca Flat area. The fossil collections from this
locality were studied by Helen Duncan, E. L. Yochel-
son, I. G. Sohn, and J. W. Huddle and yielded some
tiny gastropods, some ostracodes, a conodont, and three
small horn corals. One of the horn corals might be a
Rylatonia, and the other two appear to be saphrentoids.
However, neither the gastropods nor the corals are
sufficiently well preserved to indicate whether they are
Mississippian or Pennsylvanian in age.

ELEANA(?) FORMATION IN THE CACTUS RANGE

Most of the Paleozoic rocks exposed in the Cactus
Range resemble the Eleana Formation and may corre-
late with it, although this has not been proved. A few
hundred feet of strata is exposed and has been briefly
examined, but the rocks have not been measured or
studied in detail. They are uniform structurally-
the beds strike north to north-northwest and dip
100-200 W.

The rocks are composed chiefly of rusty-weathering
thick-bedded to rather indistinctly bedded conglom-
erate that contains gray, brown, black, and green
chert and quartzite fragments. Locally, the fragments
also include micaceous quartzite and siltstone. phyllite,
schist, quartz, pegmatite, and granite or related rocks
of platonic origin. 1many of the metamorphic rocks re-
semble the Precambrian Stirling Quartzite in lithol-
ogy. The fragments are well rounded to subangular
and range in size from pebbles to boulders 3-4 feet
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in diameter. Some of the layers are strongly cemented
with silica and can be described as conglomerite, but
most of the rock contains little matrix and is friable,
and as a result it disintegrates readily to form a rub-
ble-covered slope. The conglomerate contains a few thin
layers of argillite and a few beds of gray medium- to
coarse-grained quartzite. The argillite contains plant
stem imprints in a few places.

In the northernmost outcrop, about 8 miles south-
southwest of Cactus Spring, the uppermost rocks con-
tain two zones of predominantly limestone breccia
whose aggregate thickness is about 250 feet. The
carbonate fragments, which range in size from pebbles
to boulders as much as 4 feet in diameter, are distinctly
angular in contrast to the noncarbonate fragments. The
fragments are largely monolithologic and consist of
laminated to thin-bedded medium- to dark-gray silty
limestone, with minor granular dolomite. The silty
limestone contains sparse fossil material that includes
linguloid brachiopod fragments and rodlike fossils re-
sembling Amphipora, the latter suggesting a Middle
to Late Devonian age. Immediately west of the area
being described, the rocks of the Eleana(?) Forma-
tion are in fault contact with laminated to medium-
bedded silty dolomite, which closely resembles the
carbonate clasts in the limestone breccia and which has
been tentatively assigned to the Halfpint Member of
the Nopah Formation. This dolomite crops out adja-
cent to a small granite stock to the west and exhibits
some contact metamorphic effects, such as recrystalli-
zation to dolomite and a rather fine color banding in
shades of light to medium and dark gray. The outcrop
has been exaggerated on the geologic map.

The Eleana(?) rocks in the Cactus Range are
coarser than any Eleana within or near the Nevada
Test' Site that has been studied (F. G. Poole, oral
commun., 1965), and this feature, together with the
resemblance of the rock to fanglomerate and the angu-
larity of the limestone fragments, suggests that the
Cactus Range was near the source of the Eleana For-
mation. However, there is a marked difference between
the limestone breccia and the cherty conglomerite, and
the latter must have formed under somewhat different
conditions. It contains abundant well-rounded clasts,
which are widely diverse in lithology and which must
have been transported a considerable distance.

MESOZOIC(?) GRANITE

Leucogranite of probable Mesozoic age intrudes
Paleozoic limestone 2 miles south-southwest of Urania
Peak (not shown on pl. 1) in the Cactus Range and
Precambrian quartzite about miles southeast of
Quartzite Mountain in the Kawich Range. The granite

masses in both areas are almost completely covered by
alluvium, and their dimensions are unknown. The Pre-
cambrian rocks near Quartzite Mountain have been
metamorphosed for a distance of nearly a mile adja-
cent to the granite outcrops, indicating that the intru-
sive mass in that area may be rather large.

The granite in both areas is pink to salmon colored,
hypidiomorphic granular, and medium to coarse
grained. The rocks are devoid of mafic minerals and
contain only a fraction of a percent muscovite. Quartz
makes up 80-40 percent of the volume, and the re-
mainder is almost wholly perthite. Plagioclase averages
less than 1 percent in the rock from the Kawich Range
and less than 5 percent in the rock from the Cactus
Range.

Alaskitic granite at Goldfield intrudes shale of Cam-
brian age and is probably of Cretaceous age (Ransome,
1909). The granite rocks in the Cactus Range and near
Quartzite Mountain are probably also of Cretaceous age
inasmuch as they are not known to intrude Tertiary
strata and, in contrast with all known Tertiary intru-
sive rocks in the area, they are equigranular and coarsely
crystalline. A postthrusting and postfolding age is sug-
gested by the lack of features characteristic of dyna-.
mometamorphism. The feldspars are fresh and clear,
and quartz grains shov no strain effects.

TERTIARY

The mapped area includes some of the thickest and
best exposed Tertiary volcanic sections in the Great
Basin. These volcanic rocks are chiefly ash-flow tuffs but
they include thick piles of silicic lavas and several se-
quences of interbedded ash-fall tuff and tuffaceous sedi-
mentary rocks. The volcanic rocks form a composite
section over 20,000 feet thick and range in age from
about 27 to 7 my. with the oldest rocks exposed in the
northern part of the area and the youngest (the Thirsty
Canyon Tuff) exposed in the southern part. The area
contains five major volcanic centers and parts of two
others (pl. 1) that gave rise to thick sections of welded
tuff and large volumes of silicic lava.

In order to keep cartographic units at a reasonable
minimum for the small-scale map, many lavas and tuffs'
are combined into single map units. These composite
map units include (1) lavas that show marked chemical
similarities throughout the area, and that appear to be
closely related in time, (2) ash-flow tuffs and ash-fall
tuffs that form a mappable interval between easily rec-
ognizable marker beds, and (8) widespread sedimentary
rocks of late Miocene age which are interbedded with
volcanic rocks of limited areal extent and which reflect
a comparative lull in volcanic activity.
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The terminology used in this paper to describe ash-
flow tuffs is that of Smith (1960) and Ross and Smith
(1961); the size classification of pyroclastic fragments
is that of Fisher (1960); and the classification for
quartz-rich igneous rocks (tuffs and lavas) is that of
O'Connor (1965). The textural terms are those of
Williams, Turner, and Gilbert (1954).

FANGLOMERATE

Weakly cemented fanglomerate composed entirely of
pre-Tertiary debris crops out in several fault blocks
west of Mount Helen. The fanglomerate consists prin-
cipally of angular cobbles and boulders of quartzite
derived from the Stirling Quartzite, and it locally con-
tains a few fragments of fossiliferous carbonates from
Wood Canyon Formation. Contacts with adjacent strata
are poorly exposed, and only in one locality was it de-
termined conclusively that the strata rest directly on
pm-Tertiary rocks. This occurrence, the total lack of
volcanic detritus in the rock, and the juxtaposition of
the rock with downdropped volcanic rocks dated else-
where at 25 m.y. of age indicate conclusively that the
rock predates the volcanic activity in the mapped area.

The source areas for the detritus probably were very
close to the present outcrops; however, these have been
downfaulted and blanketed by volcanic strata. The di-
rection from which the detritus was derived can gener-
ally be determined from the wedge shape of most of the
deposits.

MONOTONY TUFF

The oldest volcanic rock is an ash-flow tuff of late
Oligocene age herein named Monotony Tff for
Monotony Valley in the extreme eastern part of the
mapped area. The best exposures and the type locality
are along the northeastern flank of Monotony Valley
about 2.5 miles south-southeast of the Oswald mine, in
secs. 2 and 3, T. 8 S., R. 3 E., where the tuff is about
2,800 feet thick, rests on Ordovician strata, and is over-
lain by the Miocene Shingle Pass Tuff. In the mapped
area, the Monotony is perhaps the most widespread of
the ash-flow sheets exposed; it occurs throughout the
northern two-thirds of the area, where it has an average
thickness of at least 1,000 feet. Beyond the mapped
area, it was traced 50 miles northeastward to the Pan-
cake Range (fig. 8) and 85 miles eastward to the north-
ern Pahranagat Range. The west edge of the sheet is
inferred to be near the west boundary of the mapped
area. The northern edge is very indefinite. The south
boundary, though vague because the contact between
Paleozoic and Tertiary rocks is deeply buried in the
region of Pahute Mesa, is inferred to be near the lati-
tude of Quartzite Mountain and Gold Flat. At least one

0 WHILES
I~

Filous 8-Distribution of Monotony Tuff; edge of shaded area
has queries where extension Is doubtful.

lobe of the sheet extended as far south as Groom Pass
southeast of Quartzite Mountain within the Nevada
Test Site, at lat 87° 12' and long 116°.

Despite the indefinite northern edge, the Monotony
Tuff has been correlated with reasonable certainty in an
area about 100 miles in diameter. On the basis of an
average minimal thickness of 500 feet, the unit had an
astounding volume of more than 700 cubic miles.

The location of the vent area of the Monotony is un-
certain, but it may have been the southern Pancake
Range, as suggested by the following: () the southern
Pancake Range lies near the center of the distribution
area, and (2). the thickest sections known in the area-
probably 2,0004,000 feet thick-are exposed at the south
end of the range and along the east flank of the Reveille
Range. Whether these thick deposits lie within an area
of collapse is unknown, but several arcuate post-Monot-
ony Tuf collapse features are present farther north in
the Pancake Range near Lunar Crater. The features in-
clude "scallops" similar to those around the edges of the
Timber Mountain caldera. (P. P. Orkild, oral commun.,
1966), which probably are related to voleano collapse.
Detailed mapping is necessary to determine the bound-
aries of the collapsed area and to define the volcanic
history, but with the data now available, the Pancake
Range seems the best choice for the source of the Monot-
ony Tuff.

In outcrop the tuff characteristically weathers to
rusty brown or green brown and forms gentle slopes
and valleys between underlying and overlying more
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resistant rocks. The soft weathering habit results in a
general paucity of good outcrops, although a few do
occur as in Monotony Valley and in the Cactus Range
just east of Wellington Hills where the tuff forms steep
slopes along a receded fault Sarp. The rock is densely
welded in most exposures, but eutaxitic structure is
vague, and the rock weathers to massive joint-controlled
spheroidal outcrops and hoodoos very similar to
weathered granite. Fresh rock is extremely scarce, but
shards are visible in nearly all thin sections. Within the
mapped area the Monotony appears to comprise a single
compound cooling unit that is completely devitrified,
mostly as a result of cooling-history crystallization
(Smith, 1960, p. 152). In many other areas, however,
part of the devitrification resulted from hydrothermal
alteration which occurred after cooling and which com-
monly affected the mafic minerals. East of the mapped
area, for example at Coyote Peake in the Timpahute
Range (fig. 3), the rock is fresh and only partly devitri-
fied, and to cooling units occur. These units are each
200-250 feet thick and are reddish gray to brown in
their lower parts and light gray to very pale brown in
their upper weakly welded tops.

Within the bombing and gunnery range the rock has
a nearly constant phenocryst assemblage that shows
only slight variation laterally and vertically. The rock
contains 45-60 percent phenocrysts consisting of 15-20
percent clear to slightly smoky quartz (as much as 7 mm
in diameter, average 2-3 mm), 15 percent biotite (com-
monly as much as 5 mm across), 5-15 percent alkali
feldspar, 50-60 percent plagioclase, and less than 5 per-
cent pseudomorphs after pyroxene and hornblende. The
high ratio of plagioclase-to alkali feldspar, the abun-
dance of biotite, and the large quartz and biotite grains
are distinguishing mineralogical features. The Monot-
ony Tuff is very similar to the Hiko Tuff of Dolgoff
(1963) exposed near Hiko, Nev., and at Hancock Sum-
mit in the Pahranagat Range, where the Hiko over-
lies the Shingle Pass Tuff. Petrographic study is com-
monly necessary to distinguish the two rocks; the Hiko
generally contains abundant sphene, which is extremely
rare in the Monotony; it contains much more horn-
blende, lacks clinopyroxene, and has a lower ratio of
plagioclase to alkali feldspar. Both rocks have about the
same amount of phenocrysts and both have similar
"granitic" eathering habits.

Hydrothermal alteration of the Monotony in the type
locality and also in the Belted Range has resulted in
the partial replacement of mafic minerals by chlorite,
calcite, and iron oxide. Locally, in the southern Belted
Range due west of White Blotch Spring, the rock is
weakly mineralized and was heavily prospected for

gold and silver during the 1930's. A small mine was
operated there during the late 1930s or very early
1940's. In the Kawich Range, the rock is similarly al-
tered and is locally very weakly mineralized; the pla-
gioclase phenocrysts are commonly albitized. In the
Cactus Range, where the Monotony was subjected to
various types of hydrothermal alteration, no fresh
rock is known. The megascopic appearance of most of
the altered rock, however, does not differ greatly from
that of relatively fresh rock exposed in the other ranges.
Thin sections show that few crystals have entirely
escaped alteration. Alkali feldspar phenocrysts are
commonly albitized and partly replaced by epidote; pla-
gioclase phenocrysts are extensively sericitized, albi-
tized, and partly replaced by calcite. Mafic phenocrysts
are altered to chlorite, iron oxide, and locally calcite;
groundmass constituents are altered to epidote, chlorite,
sericite, calcite, and iron oxide.

Chemical analyses of five samples of relatively un-
altered Monotony Tuff from widely separated areas are
given in table 4. According to the classification for
quartz-rich igneous rocks proposed by O'Connor (1965,
p. B79-B84), the rock plots in the fields of rbyodacite
and quartz latite (fig. 4).

Potassium-argon ages of 26.1 ±0.71 and 27.6±0.8 m.y.
(average of two splits) were obtained from samples of
Monotony Tuff from outcrops in the Belted and Tim-
pahute Ranges respectively (table 5). These determina-
tions indicate a late Oligocene age based on the time
scale of Kulp (1961, p. 1105-1114) and the Geological
Society of London (1964), or an early Miocene age
based on the scale of Evernden, Savage, Curtis, and
James (1964, p. 167). It is here considered late Oligo-
cene in age.

PROBLEM O CORMrATZON

Recent reconnaissance mapping and stratigraphic
studies by the authors and others north and east of the
Nellis Air Force Base Bombing and Gunnery Range
indicate that the lithology of the Monotony Tuff is far
from unique. Tuffs that are megascopically and petro-
graphically nearly identical with the Monotony occur
both above and below the Monotony Tuff. The oldest of
these probably exceeds 30 m.y. in age (F. J. lein-
hampl, written commun., 1966), and the youngest, the
Hiko Tuff (Dolgoff, 1963, p. 885-888), is probably about
25 in.y. In most areas a definite correlation can be made
on the basis of stratigraphic succession; however, in
isolated fault blocks and in areas where umits are miss-
ing, the problem of correlation is a major one. The
Needles Range Formation (ackin, 1960) in eastern
and central Nevada (Cook, 1965) can be distinguished
from the Monotony only by detailed study of many thin
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T.&nLE 4.-Chemical analyscs and norms of Monotony Tuff

lAnalyses by P. L. D. Elmore, S. D. Botts, O.W. Chloe, Lowell ArUs. and H. Smith
b apid method described by Shapiro and rannock (1902). Norms determined
from chemical analys recahulated to 100 percent minus IO+COzJ

Sample ... 1 2 a 4 6

Laboratory No - 0.. 0722 160 160808 10960 1064

Field No .......... BP-28 QM1-71 R-16E )1-220 PL-2374

Chemical analyse,

SiO - 6& 4 67.3 67.2 65.3 6& 2
Al2 0__-________ 15.2 1& 4 16.1 15.6 15.4
Fe0 _- 2.5 2 4 2.8 2.3 2.0
FeO - .87 1.5 .64 2.0 1.1
Mg ------------ .70 L 6 .73 1.5 1.6
CaO -4.0 2.9 2 9 3.3 3.1
NaO - 2.5 3.0 2.6 2.8 2 8
KO- 3.6 3.4 4.4 3.5 3.4
H,0 - -. 87 .12 .72 .19 A.2
H20 +- 1.4 1.6 1.3 1.8 2 4
TiO2 - .43 .50 .43 .55 .46
PsOs -__.13 .13 .15 .15 14
MnO - _ .04 .08 .03 .13 .07
C 2- 1.2 .20 <.05 1.2 <.05

Sum - 100 100 100 100 100

Q- 29.9 29.1 29.0 27.0 29.4
or - 22.1 20.5 26. 5 21.3 2 9
ab - 21.9 25.8 22.4 24.4 24.6
an - 19.7 13.8 13.7 5.8 15. 0
C -. 2 1.9 2.2 1.6 1.9
en - 1.8 . 1 L 9 3.8 4.1
fs… -- _.1 …----- . 1.1 ._-__
mt -1.8 3.5 .9 3.4 2.5
hm - 22 - .3
i _-- -. 8 1.0 .8 1.1 .9
ap -. 3 .3 .4 .4 .3

B-Je, 1dit ea Ndncinplo

INumbers following mineral names are percent of total phenocrystsl

1. In Belted Range 2miles southwest of Belted Peak. O2percent phenocrysts: quarts
33, plegloclase 83, alkali feldspar 2 blotite calcIte 2. Crystas are mostly trag-
ments, quartz shows some resorptbn.

2. In soutbern extension o ic Range 2K4 miles northwest of Gold Reed. About
60 percent phenocrysts with about same proportions of minerals as sample 1.
Rock Is very fragmental-most of the crystals are broken.

. ast fiank of Kawich Range, mile north of Cedar Pass. Same crystal content as
sample 1

4. Southwestflank of Cactus Range 1% miles north-northeast of O'Brlens lhob 6
percent phenocryst: quartr 22 sal feldspar .4, plaglcciase 890, blotie 14.7.

8. Xast sie ofJangle Ridge 734-minute qudagle. south of project area at let 79.
long 1i56"6.7. Abtout 80 percent phenocrysta In about same proportions df pjjn
erals as sampe 1.

sections. The Needles Range Formation probably is at
least 28 or 29 m.y. old (Armstrong, 1963) and may be
as old as 31 ni.y. (D. C. Noble and H. H. Mehnert,
written commun., 1966). The Needles Range Formation
generally contains more hornblende and pyroxene than
the Monotony Tuff and locally contains abundant
spliene which is extremely sparse in the Monotony.

The possibility seems good that several major ash-
flow seets of Monotony lithology were erupted from
centers in central and eastern Nevada in late Oligocene
and early Miocene time. Two of these are the Monotony

An

Ab

FiouaR 4.-Plot of normative albite-anorthiteorthoelase ratios.
Squares, Monotony Tuff (from table 4); triangle, tuff of White
Blotch Spring (average of four norms of samples 2, , 6, and 6
from table 6); crosses, lavas of ntermediate composltion
exclusive of rocks from Mount Helen (from table 7); dots,
rocks from Mount Helen (from table 8). Only rocks with more
than 10 percent normative quartz are plottedL Fields ae from
O'Connor (1).

Tuff and Needles Range Formation. Additional units
will be found, with detailed mapping, that at present
are correlated with either the Monotony Tuff or the
Needles Range Formation largely on the basis of gross
megascopic and petrographic features. Detailed map-
ping of the Tertiary strata in all the ranges in central
and eastern Nevada, is necessary before this strati-
graphic problem can be resolved.

SEDIMENTARY ROCKS OF CEDAR PASS AREA

Clastic and tuffaceous sedimentary rocks more than
400 feet thick are exposed near Cedar Pass on the east
side of the Kawich Range. The rocks are light to dark
brown or light to dark gray; where hydrothermally
altered they are white, pale green, or pale yellow. They
consist of thin-bedded mudstone and sandstone with
minor stratified shard tuff and pumice tuff.

The base of the unit is exposed 1.3 miles west of Ce-
dar Spring. Here the elastic rocks rest on an erosion
surface developed on Monotony Tuff, and they are over-
lain by highly altered welded tuff that correlates with
either the tufts of Antelope Springs or the Shingle
Pass Tuff of early Miocene age. The sedimentary rocks
are inferred to be also early Miocene in age.
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TABLE S.-Summary of potassium-argon age. for volcanic strata in and near Nellis Air Force Base. Bombing and Gunnery Range
tAnysts: L.W. stler, 1. H. Mehnt, R. F. arvInJ. ID. Obmdovich, and Violet Merritt

sample . Field No. Unit Age (m.y.) Analyzed material Locality

-_ N80A -

2 - Age-11 _-

3 - Age-17 .
4- _ Age-16__
5--.~-- Age-12 -

6 - Age-20__

7_ Age-5 -

8-GM-I-B_. 

Thirsty Canyon Tuff:
Labyrinth Canyon

Member.
Spearhead Member

Timber Mountain Tuff:
Ammonia Tanks Member.

..do __
__ do _

-_. do _

.do .

Rainier Mesa Member --

Paintbrush Tuft:
Tiva Canyon Member --

--_ do .

Topopah Spring Member-

Rhyolite of Saucer Mesa

Belted Range Tuff:
Grouse Canyon Member..

Rhyolite of Kawich Valley..

Fraction Tuff .

9- Age-4-----

10 - BC-308 ----

11 - Age-2A_ _-_

12 REA-62-
SC

13_____ WPN-23A..

14 WPN-500-

15- Age-24 .

6. 24-0. 17 Alkali feldspar . 4 miles northwest of Black Mountain; lat
37018' N., long 116035 W.

7. 50Q 20 ----- do --------- 3 miles north-northwest of Scrugham Peak,
lat 3738.5' N., long 116°26' W.

10. 9+0 35 Biotite - _ Piapi Canyon; lat 36-59' W., long 116115' W.
10. 8+0 40 Sanidine -Do.
11. 20. 49 Biotlte -6 miles west of south Timber Peak, lt

37°2' N., long 116'35.51 W.
11. 40. 50 - do -.- _-_6 miles northwest of Scrugham Peak, lat

870121 N., long 116'28.5' W.
12. 1*0. 45 - do . Massachusetts Mountain, lat 36-54.5' N.,

long 115158' W.
11. 3:0. 3 Sanidine - Southeast corner of Pahute Mesa, lat 37'13.5'

N., long 116i16.7' W.

12 4Q 46 Biotite -Piai Canyon; lat 3658.6' N., long 116014.51

12. 40. 40 do - 3 miles west of Rhyolite, Nev.; lat 36*54.5V
N., long 116"53' W.

13 2:-0.42 - do - 1 mile southeast of Topopah Spring; lit
36-54.5' N. long 116-17-'fW.

13. 14*0 5 Nonhydrated Apache Tear Canyon T. 6 S., R. 50 E.
glass. lat 37*24' N., long i6'21' W.

13. 80. 6 - do- _-- Belted Range, Oak Spring Butte quadrangle;
lat 37'20'30" N., long 116 01' V.

14. 840. 6 Sanldine -_- __Southern Belted Range; lat 37'21'10" N.,
long 116'01' W.

15. 00. 55 Biotite -Test well 8 4,384 ft; lat 3655.5' N., long
116-16' W.

17. 8* 0. 48 - do -Trall*r Pass, Kawich Range; lat 3737' N.,
long 11619.5 W.

1o. 7*0. 5 Sanidine - Cactus Range; lat 37'45' N., long 116'58' W.
16. 4*0. 5 - do -Do.
1& 70. 7 Biotite - Gabbard Hills; T. 4 S., R. 48 E., lat

3732'4011 N., long 116'32' W.
17. 20. 7- do -Do.
21. 1 0. 6 Biotite - South flank of Goldfield Hills.
24. 4*0. 7 Sanidine - East flank of Monotony Valley; lat 37'45' N.,

long 116 00' W.
25. 20. 8 Biotite- D.
23. 4 0. 7 Sanldine - West flank of Kawich Range; lat 38°00' N.,

long 116'34' W.
23. 8*0 7 Biotite--n _-:-D
21. 5+0. 5 - do - Central Kawich- Range; lat 3756' N.,

long 116825' W.
22. 9*0. 7 Sanidine - Northern Cactus Range; T. 2 B., R. 46 E.,

lat 37145' N., long 116-52' W.
21.80.7 -do - Do.
2& 3*Q 68 - do - 6 miles northeast of Belted Peak; lat 37-38'

N long 115 59' W.
25. 4* 8 - do -Soutiern Pancake Range; NE, sec. 6, T.

6 N., R. 54 E.
27. 70. 8 Alkali feldspar - Northern Cactus Range; lat 3746' N.,

Iona 116 53' W.
26. 2*0. 8 Biotite--------- Do.
27.4+. 8 - do -Coyote Peak Timpahute Range; T. 4.5., R.

56 E., lat 37'34' N., long 11540' W.
27. 8+ 8 do -- Do.
26. 10. 71 - do - West flank of Belted Range; lat 37'34'30"

N., long 116'06' W.

16 Age-25 - do .

17__ CS-817 -_-_--do -- _-_-
- do _

18- EA-17-6 -- Dacite lava .

- do.
19 '--- 644-3 -_ "Dacite vitrophyre" i
20--- OM-WBL.- Tuff of White Blotch Spring

- -_ do --- -------------
21- 66-E-10- do _

-- -- do-- - - - - - - - - -
22 - 438-6 _ do _ -

23 - CS-796 -_ do _- -

do. .--
24 -- 163-3 - Shingle Pass Tuff

25 ' _- 15195-20 --- do --------------- -

26_ CS-869 --- Tuff of Antelope Springs. 

R -do.- --- -- -- --
27 - MT-1- Monotony Tuft _

- do _
28 Age-26 - do --

I amples collected by H. R. Cornwall.
Named by Ransome 109VD. 61)- rock is a quartz latie welded tuft.

*sample collected by Frank loin ampl.
X Horblende and pyroxene are completely altered In this ample; blotite appers

tash but probably incipiently altered.
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TUFFS OF ANTELOPE SPRINGS

A sequence of rhyolitic to rhyodacitic ash-flow tuffs

crops out above the Monotony Tuff and beneath the

tuft of White Blotch Spring in the western part of the

project area. These rocks are here informally called

tuffs of Antelope Springs after the excellent exposures

near Antelope Springs in the Cactus Range, where the

tuffs have a composite thickness of about 5,600 feet.

In almost all areas the tuffs of Antelope Springs are

displaced and tilted by many normal faults, and no-

where is a continuous and unfaulted stratigraphic sec-

tion available. Most of the rocks have been moderately

to intensely altered by hydrothermal solutions. Rock

textures normally used to interpret the cooling history

of ash-flow tuffs (Smith, 1960) have been partially de-

stroyed by this alteration. Also, the primary minerals
(except quartz, apatite, and zircon) have been modi-

fied or replaced in the altered rocks. The rocks are gen-

erally drab, and many have greenish casts resulting

from abundant secondary sericite, chlorite, and epidote

in both phenocrysts and matrix. Low-silica varieties are

yellowish brown where fresh but tend to be purplish

gray where altered. The rocks are bleached to light gray,

pink, or pale yellow adjacent to faults and intrusive

masses where silicic and (or) argillic hydrothermal
alteration has been intense.

Because these tuffs are generally faulted and altered,

individual cooling units are very difficult to recognize

and cannot be unambiguously correlated between sep-

arate areas. A broad tripartite division (lower, middle,

and upper), based on the abundance of quartz and alkali

feldspar and on color, was made in parts of the Cactus

Range, but elsewhere the unit is undivided. Contacts

between the three parts are depositional horizons not

marked by bedded tuff or sedimentary rocks.

LOWER ASH-FLOW TUFFS

The lower ash-flow tufts are 800+ feet thick in the

southern Cactus Range. At the base the rock is pale

green, weakly welded, and typically slabby weathering;
it grades upward to greenish-gray densely welded co-

lumnar-jointed rock that contains about 15-20 percent

phenocrysts. Phenocrysts of clear quartz and alkali

feldspar averaging about 1.5 mm in diameter are con-

spicuous, but plagioclase and biotite, which are mostly

replaced by white mica, are inconspicuous or unrecog-

nizable megascopically. The greenish-gray rock is over-

lain by densely welded maroon to light-purple tuff

characterized by conspicuous pink euhedral alkali feld-

spar phenocrysts. In six thin sections of this rock the

penocryst content was 15-30 percent. The average phe-

nocryst percentages are quartz, 16; alkali feldspar, 42;

404-771 O-71-5

and plagioclase, 38. Altered \-

locally.
All the lower welded tuffs 

merous greatly flattened sip
to be green in the greenish-g
light-purple and maroon ro
generally less than 1 inch If
cate wisps normal to the plane -u...

thin films in it. The rocks are notably poo

fragments in contrast to some of the overlying upper--

tuffs of Antelope Springs that are similar in general

appearance.
MIDDLE ASH-FLOW TUFFS

A decrease in abundance of alkali feldspar and quartz

marks the lower boundary of the middle ash-flow tufts,

a sequence of rhyolitic to rhyodacitic ash flows that

probably exceeds 2,300 feet in thickness, although no-

where is a complete section available. The rocks are well

indurated, but it is not known whether the induration
is everywhere due to original dense welding or to later

postemplacement alteration. In an incomplete section

that is well exposed on Antelope Peak 2 miles west-

northwest of Antelope Springs, the lower 100-150 feet

is dark gray to dark purple and locally brown, and it

contains abundant dark-gray to black greatly collapsed
pumice lapilli. The interval is generally very resistant
and forms a dark cliff. Secondary epidote clusters as

much as 1 cm in diameter are conspicuous. Phenocrysts

make up about 20 percent of the rock and consist of 80

percent plagioclase, 5 percent quartz, and 12 percent

alkali feldspar. Secondary epidote, chlorite, sericite,

calcite, and clay occur in both the phenocrysts and

groundmass of the rock.
The overlying rock, of which about 700 feet is ex-

posed, is buff to light gray and weathers red to dark

red. It -is monolithologic; moderately altered, and

pumice poor; it contains less than 10 percent pheno-

crysts. Tuff structures are very inconspicuous mega-

scopically, but abundant shards and scattered tiny

pumice fragments are clearly visible in thin section.

Phenocrysts consist of plagioclase and minor iron-

depleted biotite. Quartz is sparse to absent. The rock is

massive in outcrop and weathers to steep slopes covered

with angular blocky scree. Gradational contact rela-

tions observed near Antelope Peak indicate that this

tuff and all the underlying tufts of Antelope Springs

may be part of a compound ash-flow tuff cooling unit.

A thick section of crystal-poor brown, tan, and gray

densely welded rhyolitic(l) tuff is exposed between

Roller Coaster Knob and Antelope Springs. These
rocks, which are included with the middle tuffs on the

basis of low quartz content. dip vertically to 25° SE.
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It is not known to what extent these strata are repeated
by faulting, and neither the base nor the top is exposed,
but 1,900 feet probably is a conservative estimate of
their total thickness. Phenocrysts, which make up about
5 percent of the rock, have been largely replaced by
secondary minerals. The rocks are fractured and flow
layered. Other exposures of this unit occur in Sleeping
Column Canyon and on the northeast flank of Urania
Peak, but they are not shown separately on plate 1.

A greenish-gray, greenish brown, and locally brown
slabby-weathering rhyodacitic welded tuff occurs lo-
cally above the typical crystalpoor tuffs just described.
The rock contains. 25-3 percent crystals, 82 percent of
which are plagioclase and 12 percent, biotite. Biotite
phenocrysts are preferentially oriented parallel to the
plane of compaction. Pumice lapilli are either lacking
or indistinct, and the rock is easily mistaken for a lava.
The best exposures are about 2 miles northwest of
Roller Coaster Knob, where an incomplete east-dipping
section has an estimated thickness of 400 feet.

UPPER ASH-PLOW TUFFS

The upper ash-flow tuffs of Antelope Springs are
about 2,000 feet thick at Antelope Springs. They ap-
pear to be much thicker in the northern Cactus Range,
but they are intensely deformed there and thus cannot
be measured accurately. The upper tufts rest conform-
ably on the middle tufTs in the southern part of the
range and also in a single exposure on the northeast
flank of Urania Peak (not shown on pl. 1). Between
these two areas, about 8 miles southeast of Urania Peak,
they apparently rest unconformably on the Monotony
Tuff and contain lithic fragments and blocks of the
middle tuffs of Antelope Springs. Only the upper tuffs
are recognized in the northern Cactus Range. In con-
trast to the pervasive alteration of equivalent tuffs in
the south and central parts of the range, the upper tuffs
in the north are sufficiently unaltered to permit reliable
modal analyses of phenocryst contents. In the descrip-
tions that follow, the modal data given for the rocks in
the north are inferred to apply to stratigraphically
equivalent rocks in the central and southern part of the
range.

At Antelope Springs, the upper tufts comprise three
distinctive zones, each of which probably represents an
ash-flow cooling unit. The three zones are separated
from each other by a few inches to several feet of bedded
ash. The lower zone is about 1,000 feet thick and, in the
lower half, consists of greenish-gray partially welded
to densely welded tuft rich in lithic fragments of older
welded tuffs, argillite, and quartzite; the upper half
contains brown welded tuff rich in biotite, large red-

stained quartz, and large pumice lapilli. The greenish-
gray tuff also contains biotite, quartz, and pumice
lapilli. but they are smaller and less abundant than in
the overlying brown rock. The greenish-gray tuff con-
tains less plagioclase and more alkali feldspar than the
brown tuff.

The middle zone of the upper tuffs is about 800 feet
thick and consists of slabby- to massive-weathered steel-
gray to pale-purplish-gray densely welded tuft rich in
lithic fragments of rust-colored carbonate and dacite
lava. The rock contains conspicuous quartz and less
biotite than the underlying brown tuff.

The upper zone is at least 700 feet thick and consists
of a basal slabby-weathering pastel-green poorly
welded tuff that grades upward to purple to light-brown
densely welded tuff. This zone contains abundant small
embayed quartz, alkali feldspar, and white pumice
lapilli, and minor altered biotite. Plagioclase pheno-
crysts are completely altered to sericite and clay and
are removed easily during weathering, leaving numer-
ous small euhedral holes on weathered surfaces. Rocks
in this zone form the prominent hogback ridges that
mark the east edge of the Cactus Range north and south
of Antelope Springs.

The stratigraphy of the upper tuffs of Antelope
Springs in the northern Cactus Range is poorly under-
stood owing to the structural complexity of that area.
Most of the rock exposed probably correlates with the
lower zone at Antelope Springs. The rocks equivalent
to the lithic-rich lower part of that zone are generally
brown to reddish brown, locally gray, and are composed
of as much as 50 percent lithic fragments, some of which
are 10 feet in diameter. The predominant lithic frag-
ments are Monotony Tuff, argillite and quartzite of pre-
Tertiary age, pink granite of Mesozoic(?) age, lower
and middle tuffs of Antelope Springs, and porphyritic
pilotaxitic dacite. Rocks equivalent to the brown tuff
are widely distributed. They are generally brown with
abundant yellowish-brown pumice lapilli and blocks
but are locally purplish gray with light-gray pumice.
They contain about 40 percent phenocrysts consisting
of 15-28 percent quartz as much as 3 mm in diameter,
8-20 percent alkali feldspar, 50-56 percent zoned plagio-
clase, and 8-12 percent mafic minerals consisting of
biotite and altered hornblende(?). Magnetite, zircon,
and apatite are the principal accessory minerals. The
rock generally contains 1-2 percent of small lithic frag-
ments of welded tuft, dacite(t), and quartzite. Other
welded tuffs of unknown stratigraphic position are poor
in mafic minerals and contain as much as 43 percent
alkali feldspar; still others are quartz latitic and con-
tain as little as 7 percent quartz.
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UNDIFPERNTlATED TUFFS

In the area between Stonewall Mountain and Wilsons
Camp, numerous scattered exposures of quartz-bearing
calc-alkaline welded tuffs are mapped as tufts of Ante-
lope Springs, undivided. Most of these rocks probably
correlate with the upper tuffs just described. At Mount
Helen, however, the tufts exposed at the top of the
sequence include two units, each about 760 feet thick,
which are separated by at least a partial cooling break
and which are not recognized with certainty at Ante-
lope Springs. The lower unit is a densely welded purple
tuff that contains abundant small grains of quartz,
chatoyant alkali feldspar, minor biotite, argillized
plagioclase, and indistinct pumice lapilli; it crops out
on both sides of the mountain. This rock is overlain by
a unit several hundred feet thick that is identical with
the underlying rock except that it contains larger
phenocrysts of quartz and alkali feldspar. The tuff with
the smaller quartz grains closely resembles the tuff that
forms the prominent hogback ridges at Antelope
Springs, but it is different in that it lacks conspicuous
white pumice lapilli and contains catoyant alkali feld-
spar. The tuff with the larger quartz grains apparently
is not present at Antelope Springs or in the central core
of the Cactus Range; it is thickest in the vicinity of
Mount Helen. These tufts, although they resemble some
of the upper tuffs of Antelope Springs, are inferred to
have been extruded from a different volcanic center,
presumably the Mount Helen volcano.

SHINGLE PASS TUFF

The Shingle Pass Tuff was named by Cook (1965,
p. 20) for a highly welded dark-red to pale-purple
vitric ignimbrite exposed at Shingle Springs "just west
of a dirt road that leads through Shingle Pass in the
Egan Range, in sec. 8, T. 8 N., R. 63 E., Lincoln
County." Scott (1965) later correlated the Shingle Pass
with two to 10 chemically similar ignimbrites above
the Needles Range Formation in the Grant Range,
about 0 miles northeast of the Nellis Air Force Base
Bombing and Gunnery Range. The name is used herein
for several closely similar ignimbrites or ash-flow tuff
cooling units exposed in the eastern part of the mapped
area, some of wich are probably the direct equivalent
of units in the Grant Range. Whether any of the units,
however, correlate with the single ignimbrite at the
type locality remains to be proved by detailed mapping.

The rocks included in the Shingle Pass Tuff in the
area of study lie between the Monotony Tuff and the
tuff of hite Blotch Spring. They are correlated with
certainty only within the Belted Range, Monotony Val-
ley, and as far south as the Jangle Ridge quadrangle

in Nevada Test Site, where a s:
called informally the "red
Christiansen, and Byers (1965s.
northward, northwestward, and east.
ward extension within the bombing ann
is extremely vague. Two hydrothermally
and orange cooling units east of Quartzite A,
in the southern extension of the awich Rangb
tentatively correlated with the Shingle Pass Tutr, a.
a unit north of Cedar Pass in the Kawich Range may
be an equivalent, but because of intense hdrothernial
alteration there, this correlation is uncertain. The rocks
in both areas are shown on plate 1 as tuffs of Antelope
Springs and Shingle Pass Tuff undivided. In Cactus
and Gold Flats the interval between the Monotony Tuff
and the tuff of White Blotch Spring is poorly exposed,
and the few rocks that are exposed are also hydro-
thermally altered. They most closely resemble the tuffs
of Antelope Springs that were extruded from the Cac-
tus Range. Thus, the western limit of the Shingle Pass
Tuff appears to lie somewhere between the awich and
Cactus Ranges, and the southern limit is just south of
the mapped area at about lat. 87°10' N.

The tuff in the Belted Range and Monotony Valley
occurs in a mosaic of fault blocks. It consists of four
to possibly as many as seven separate cooling units.
Most of the units average less than 100 feet in thickness
and the combined sequence averages about 700 feet.
Most of the flows are nonpersistent, a feature which
probably reflects the great distance from the source
area-presumably at least several tens of miles to-the
northeast. Probably only two or three of the thickest
flows persist throughout the Belted Range. Everywhere
the rocks are slightly to intensely hydrothermally
altered and are more altered and fractured than the
overlying tuft of White Blotch Spring. All the flows
are dominantly red, orange, or grayish purple except
for their chilled nonwelded bases which commonly are
yellow, white, or green; all ae densely welded, and
most have conspicuous black to dark-greenish-black
basal vitrophyres 520 feet thick. Nearly all units con-
tain conspicuous lithophysal or gas-bubble zones that
start below the contact between the basal glassy vitro-
phyres and devitrified rock and grade upward well into
the dvitrified densely welded interiors. Many of the
lithophysae apparently formed in collapsed pumice
fragments, but many others formed in shard ttf almost
wholly devoid of pumice. In all the cooling units some
pumice occurs, and eutaxitic structure is generally well
defined. Several units have a vague planar structure
that formed as a result of slight flowage after the units
were emplaced.
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With the exception of a red welded tuff about 50 feet
thick that occurs locally near the base and contains
fairly abundant small phenocrysts of quartz, the cool-
ing units are quartz poor and contain 8-20 percent
phenocrysts consisting of plagioclase and alkali feld-
spar-in ratios that range from 6:1 to about 1:4-
biotite, minor quartz, sparse corroded pseudomorphs
after olirine or clinopyroxene, and sparse hornblende.
One cooling unit exposed along the east flank of
Monotony Valley east of the mapped area contains
biotite as the only mafic mineral in a crystal-poor base,
but in a more crystal-rich upper part it contains both
biotite and clinopyroxene. This unit is as much as 450
feet thick in Monotony Valley and at least 200 feet thick
throughout the exposures in the Belted Range. It is
the only unit in which pyroxene was an appreciable
constituent in thin section. Allanite was noted in several
thin sections from cooling units at the base of the
sequence and in one thin section from an upper cooling
unit exposed in Monotony Valley.

A potassium-argon date of 25.3 m.y. was obtained
from an outcrop of Shingle Pass Tuff on the east flank
of Monotony Valley, sampled by H. R. Cornwall, and
25.4 m.y. from an outcrop in the Pancake Range about
40 miles north of the Belted Range, sampled by F. J.
Kleinhampl. These dates (table 5) indicate an early
Miocene age.

The contact between the Shingle Pass and the under-
lying Monotony Tuff appears to be conformable
throughout the Belted ange area. In places, however,
the upper weakly welded top of the Monotony Tuff
was completely removed by erosion prior to the deposi-
tion of the Shingle Pass. The gentle basal contact con-
trasts with the upper contact, which in most places is
a surface of considerable relief marked by rubble zones
containing boulders and cobbles of Shingle Pass Tuff
as well as fragments derived from the Monotony Tuff.

LACUSTRINE EDIMENTARY ROCKS OF THE CACTUS ANGE

Sedimentary rocks that include abundant siltstone
and shale rest unconformably on a surface of consider-
able relief developed on tuffs of Antelope Springs and
Monotony Tuff in the central Cactus Range. In this area
the rocks are at least 800 feet thick, they are everywhere
hydrothermally altered, and they are locally baked to
dense dark-brown and black hornfels adjacent to in-
trusive masses. Where intensely silicified or argillized,
the rocks are light gray to white, and where propy-
litized, they are brown to greenish brown.

The strata consist of siltstone, shale, sandstone, and
ash-fall tuff; tuff is most abundant in the lower 00
feet. The upper strata, which are thin bedded, consist
of approximately 20 percent coarse arkose and vol-

canic conglomeratic sandstone and 80 percent dark-
gray silicified shale and siltstone. Most siltstone and
shale beds are only a few inches thick, and most sand-
stone beds are less than 10 feet thick. The persistent
thin and even bedding indicates deposition in water
without vigorous currents, and a lacustrine environ-
ment is inferred. No fossils have been found in these
strata. Although tuft of White Blotch Spring is not
seen resting on them, these sedimentary rocks are in-
ferred to be pre-White Blotch Spring in age. They
probably accumulated in a lake that developed after
collapse related to the withdrawal of magma to form
the upper ash-flow tuffs of Antelope Springs. These
sedimentary rocks probably were deposited over a
broader area than that in which they now occur. They
may have been removed from the northern part of
the range and other areas during and after a stage of
postcollapse doming.

TUFF AND RHYOLITE OF GOLD FLAT

Several isolated exposures of welded tuff occur in
Gold Flat south of Coyote Cuesta along the northern
flank of Pahute Mesa. The rocks crop out beneath rhy-
olite lavas that underlie the tuff of Wilsons Camp (p.
42). The stratigraphic position of the rock with re-
spect to older volcanic strata in the project area is
unknown. i

The base of the tuft has not been observed, although a
vitrophyre, probably basal, is present in several ex-
posures. If the vitrophyre is actually at or near the
base, the tuff is about 100 feet thick. The rock is pastel
pink, red, and green on fresh fractured surfaces and
weathers pinkish gray. It is densely welded, poor in
pumice and crystals, and fairly rich in small rhyolite
and andesite lithic fragments. Crystals make up 10-20
percent of the rock and include zoned plagioclase, alka-
li feldspar, quartz, and very sparse clinopyroxene, horn-
blende, and biotite.

Rhyolite crops out in a few isolated areas beneath
the tuff of Wilsons Camp and above the welded tuff
just described. The rhyolite has abundant tiny spheru-
lites and is light gray to red, highly flow layered and
laminated, brecciated at the base, and void of crystals.
It weathers to small flat angular fragments.

TUFF OF WHITE BLOTCH SPING

The name tuff of White Blotch Spring is applied
to a sequence of quartz-rich welded tuff that crops
out throughout the bombing and gunnery range. The
sequence forms a readily mappable unit of strikingly
similar strata from range to range, but slight differ-
ences in the type and abundance of phenocrysts are evi-
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dent, and marked differences in nonbasal accumulations
of lithic fragments indicate that the unit as mapped
contains ash flows from different centers. Each center
seemingly stamped its identity on its ash flows by means
of lithic fragments that are representative of the crust
through which the magma was erupted.

The Cactus Range and the northern Kawich Range
(beyond the mapped area) have been identified as two
of the centers of ash-flow eruptions. An unidentified
third center is inferred near the east boundary of the
mapped area. Potassium-argon dates indicate a slight
progressive decrease in age of volcanic activity from
east to west, but the similarity of strata strongly sug-
gests a common substratum source.

The ash-flow tuffs exposed in the eastern, central,
and western parts of the mapped area probably are
juxtaposed at depth in the intervening valleys. They
may also be juxtaposed in the ranges, but this cannot
be demonstrated conclusively with the available data.

EASTERN PART OF MAPPED AREA

Rocks mapped as tuff of White Blotch Spring in the
eastern part of the mapped area are distributed widely
in the ranges on both sides of Monotony Valley,
where they are 800-900 feet thick and rest disconform-
ably on the Shingle Pass Tuff in most exposures. They
are as much as 2,000 feet thick in the southern Reveille
Range, where three or more densely welded cooling
units occur that weather to massive reddish-gray and
brown cliffs and steep slopes. (The Reveille Range was
mapped by Cornwall (1967), and it was examined only
briefly by the authors.) As far as is known, the base
of the tuff of White Blotch Spring is not exposed in
the southern Reveille Range. Reconnaissance mapping
by Ekren in 1966 in the northern part of the range
where older tuffs are exposed failed to disclose the
Shingle Pass Tuff. The possibility should not be over-
looked, therefore, that the tuff of White Blotch Spring
in the Reveille Range predates the Shingle Pass.

Exclusive of the Reveille Range, the strata consist of
two cooling units, each about 400 feet thick, that are
separated locally by bedded tuff. Where bedded tuff is
absent, the break between cooling units is extremely
subtle, as in the exposures at White Blotch Spring in
the locale of the measured section. (See p. 82.) Start-
ing about 1 mile north of the spring, however, the break
is easily recognized and can be traced northward to the
Oswald mine, where the bedded tuff between cooling
units is as much as 450 feet thick. In addition, a welded
ash flow, 20-50 feet thick, is present in several exposures
a few feet below the upper cooling unit. This rock con-
tains 14 percent phenocrysts of plagioclase and alkali
feldspar, in a ratio of about 2: 1, and 0.5 percent biotite.

Quartz is absent. Despite its occurrence between ash
flows of the tuff of Wh11ite Blotch Spring, this welded
tuff obviously comprises a genetically unrelated cooling
unit. The "alien" tuff was observed only in the eastern
part of the area, and it is presumed, therefore, that its
source lies east of the project area.

In Monotony Valley and the Belted Range the two.
cooling units of tuff of White Blotch Spring form a
series of cliffs and slopes (fig. 5) produced by differen-
tial erosion of zones that differ slightly in welding and
devitrification. Several of the cliff-forming zones dis-
play columnar jointing. The rocks range in color from
light grayish tan and pinkish tan at the base, through
alternating light brown and medium brown, to light
reddish brown in an upper cliff-forming zone (upper
cooling unit). Weakly welde4 rock above the highest
cliff (not visible in fig. 5) is commonly light blue gray
to white. Pumice fragments are generally small and
indistinct in the lower cooling unit but are large (as
much as 6 inches) and conspicuous in the upper unit.
Lithic fragments, which are sparse and are confined to
the lower one-third of the section, are chiefly vitro-
phyric cobbles and boulders of Shingle Pass Tuff but
include lavas of intermediate composition and well-
rounded boulders of massive Paleozoic quartzite. These
fragments are inferred to be mostly basal accumula-
tions-rocks picked up by the tuff as it rode over an
irregular surface.

The two cooling units are petrographically nearly
identical. Both contain 80-35 percent phenocrysts, of
which quartz is the most conspicuous and commonly
the most abundant mineral. The quartz occurs as
euhedral bipyramids as much as 5 mm in diameter. The
grains show slight embayment in thin section, and
very few are "worm eaten" in hand specimen. Plagio-
clase and biotite are generally more abundant in the
lower unitthan in the upper, but some modal analyses
show no differences. The plagioclase is commonly re-
sorbed, "worm eaten," and charged with glass in the
lower unit; it contrasts with the euhedral clear plagio-
clase in the upper unit. Allanite and zircon are conspicu-
ous accessory minerals in the lower unit and are exceed-
ingly sparse in the upper.

CENTRAL PART OF MAPPED AREA

Rocks mapped as tuff of White Blotch Spring in the
central part of the mapped area crop out only in the
Kawich Range, where two cooling units are present.
Both units are characterized by abundant large crystals
of quartz. These rocks were called "tuff of the Kawich
Range" by Rogers, Anderson, Ekren, and O'Connor
(1967). The lower cooling unit is poor in fragments and
pumice; it could, on the basis of phenocryst content,
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FIGURE 5.-Outcrop of tuff at White Blotch Spring, which is slope) and quartz latlte lavus. Pediment surface in right
located just to the right of the area shown. In the high bluffs middleground Is cut on Shingle Pass Tuff and also on down-
In the right background, strata nclude ash-fall tuff (forms faulted tuff of White Blotch Spring.

correlate with either of the cooling units exposed in the
Belted Range and Monotony Valley. This unit, however,
contains sparse but ubiquitous foliated quartzite lithics,
fragments which were not observed in the eastern units.
The foliation in the quartzite is defined by sparse flakes
of biotite. This type of quartzite was observed also in
all the cooling units exposed in the extreme northern
part of the Kawich Range beyond the mapped area.
The rocks there form the central dome of the resurged
Kawich caldera and were undoubtedly extruded from
that center. The unit is about 400 feet thick; it is densely
welded, reddish gray, and mostly devitrified. Quartz
makes up 25-50 percent of the total phenocrysts. Alkali
feldspar and plagioclase occur in proportions that range
from about 2: 1 to 1:2; biotite is the sole identifiable
mafic mineral, but pseudomorphs occur that appear to
be after hornblende.

The upper unit, also about 400 feet thick, is rich in
lithic fragments and pumice throughout its exposure.
The lithic assemblage, in order of decreasing abun-
dance, consists of red-brown Monotony Tuff, dark-gray
argillite, dacite lava, quartzite, and sparse gneissic

granite. This assemblage indicates that the unit does
not correlate with either df the two cooling units ex-
posed in the eastern part of the mapped area. The
phenocryst assemblage, in contrast, matches very well.
The rock contains 35 percent phenocrysts of which
quartz is 30 percent, alkali feldspar is 37 percent, plagi-
oclase is 27 percent, and biotite is 3-4 percent.

WESTERN PART OF MAPPED AREA

W estern facies rocks of the tuff of White Blotch
Spring have been mapped only in the northern Cactus
Range, where they rest with steep angular unconform-
ity on the upper tu ffs of Antelope Springs. No con-
tinuous section is exposed in the Cactus Range, but the
estimated composite thickness exceeds 3,000 feet. The
rocks are intensely faulted and, except locally, are mod-
erately to intensely hydrothermally altered. Cooling
breaks possibly are present, although none were ob-
served. The tuff of White Blotch Spring has not been
identified in the Goldfield area to the west, the Tonopah
area to the northwest, or the Monitor Hills to the north
of the Cactus Range. Rocks younger and older than the
tuff of White Blotch Spring are exposed in all those
areas. Much of the rock mapped as tuff of White Blotch
Spring and tuffs of Antelope Springs undivided in the
area east of Mellan probably correlates with the tuff of
White Blotch Spring in the Cactus Range. These rocks
probably are widely distributed in the shallow subsur-
face south and west of Mellan. The tuff of White Blotch
Spring is much more heterolithic in the Cactus Range
than in the eastern area and somewhat more heterolithic
in the Cactus Range than in the Kawich Range.

The tuff is characterized by a pale-orange-brown 100-
to 200-foot-thick basal zone, which is rich in lithic frag-
ments and which grades upward to drab brown-gray
rock rich in. yellowish-gray pumice lapilli and blocks
(fig. 6) as much as 1 foot in diameter. The pumice-rich
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Fioua 6.-Speclmen of pumice-rich tuff taken a few feet above
a basal lithic-rich zone n the tuff of White Blotch Spring,
Cactus Range. Tie nonfiattened Inclusions are fragments of
cognate tuft and not pumice blocks. Quartz forms the most
conspicuous crystals, but feldspar grains are more abundant
and are of equal size. Note that the largest phenocrysts are
In the pumice and cognate Inclusions.

zone averages about 700 feet in thickness. It is overlain
by massive medium-gray densely welded tuff which is
virtually free of lithic fragments and pumice lapilli.
This tuft is well jointed and locally columnar jointed;
it forms steep rugged slopes partially covered with
dark-pprplish-gray or dark-red-gray blocky talus and
scree. The uppermost unit is light red brown to salmon,
slabby to hackly weathering, and massive and densely
welded. It is indistinguishable from the rocks in the
Kawich Range that are poor in lithic fragments. The
compaction foliation is extremely difficult to detect in
both this and the underlying zone.

Lithic fragments locally make up 50 percent of the
lower part of the unit in the Cactus Range and are com-
monly several feet in diameter. The most abundant frag-
ments, in order of decreasing abundance, are Monotony
Tuff, tuffs of the Antelope Springs area, and dacite.
Pink Mfesozoic(?) granite and sedimentary rocks of
probable Paleozoic age are locally common. The frag-
ients are also moderately abundant in outcrops near

Mellan. The tuff is similar in general appearance and
lithology to the upper tuffs of Antelope Springs ex-
posed in the northern Cactus Range. Both units are
characterized by abundant grains of quartz and locally
by abundant large pumice Inpilli and blocks; both con-
tain similar assemblages of lithic fragments. The tuffs
of Antelope Springs are richer in biotite. The two units
can generally be distinguished by differences in color;
exposures of the tuff of White Blotch Spring tend to be
dominantly pale orange, brown, or buff, and exposures
of tuffs of Antelope Springs are commonly lavender or

purple and locally mottled in purplish gray and yellow-
ish brown.

CHEMISTRY

Chemical analyses of the tuff of White Blotch Spring
from White Blotch Spring and the Kawich and Cactus
Ranges are shown in table 6. The abnormally high norm-
ative orthoclase and quartz and the low normative
anorthite of sample CS-228 reflect not only the partial
replacement of plagioclase by alkali feldspar but also
the weak silicification of this rock Weak silicification is
also apparent in sample R-16D. The average normative
albite, anorthite, and orthoclase for the other four
samples plots within the rhyolite field (fig. 4, point
WBS).

An early Miocene age is indicated for the tuff of
White Blotch Spring on the basis of four potassium-
argon dates from rocks exposed in the eastern, central,
and western areas (table 5).

ROCKS BETWEEN THE TUFF OF WHITE BLOTCH
SPRING AND FRACTION TUFF

The rocks between the tuff of White Blotch Spring
and Fraction Tuff consist of tufts and lavas without dis-
tinctive marker zones. The strata are interbedded and
interfingered, and, as a consequence, beds that are lowest
in one locality occur in the middle or near the top of
the section in another. SVhe chief units are (1) bedded
tuffs, commonly zeolitized, that underlie and are inter-
bedded with larvas of intermediate composition, (2) lavas
of intermediate composition, (3) older rocks of Mount
Helen, (4) the tuff of Wilsons Camp, which is probably
interbedded with the lavas, (5) intrusive rocks of inter-
mediate and rhyolitic compositions which occur in the
raised central core of the Cactus Range and to a lesser
extent in the Kawich and Reveille Ranges, and (6)
rhyolite and interbedded ash-fall tuff and sedimentary
rocks that overlie the lavas (chiefly at White Ridge in
the Kawich Range).

ZEOLITIZED BEDDED TUFF AND SEDINENTARY ROCKS

In most of the ranges the tuff of White Blotch Spring
is overlain by bedded ash-fall tuft and sedimentary rocks
that form a conspicuous slope between the relatively
resistant welded tuff below and the hard lavas of inter-
mediate composition above. Most of the bedded tuffs
are zeolitized, but some are vitric; in the eastern part of
the mapped area the vitric tuffs predominate.

In the Belted Range the strata consist of 60-100 feet
of dazzling-white well-stratified vitric ash-fall tuff that
contains minor sandstone and conglomerate at the base.
The tuff consists of fine shards and small pumice lapilli
and contains phenocrysts of plagioc.lase, biotite, and
minor quartz, an assemblage that persists throughout
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TABLE 6.-Chemical analyses and norms of tuff of White Blokh
Spring

lAnal)resbYP.LD.ElmoreS.. Botta 0 W Cboe, LowellArtls andH Smith.
by rapid method (hapiro and Brannock, 196. Norms determaned (rmm chemical
analyses recalculated to 100 percent minus Hj+0W

Sample 1 2 3 4 a

Laboratory
No ...... 1/2061 160612 6203 10807 182064 162063

Field No... CS-22B BE-10-3 BK-10-15-7 RD WBS-4 WBS-5

Chemical anale.

SiO1 - 74.4 75.9 74.7 75.5 73.8 72.1
Al: .---- I&.6 I&.0 12.8 I&a0 1.5 14.3
Fe 2O,3--- 1.3 1.1 1.4 .94 1.0 1.5
FeO. .40 .16 .12 .24 .24 .52
mgO ---- .46 .43 .05 .27 .48 .70
CaO ---- .22 .59 1.1 .24 .86 1.6
Xa2O.--- 1.4 3.0 3.4 2.8 2.9 2.4
K-O- 5.7 4.5 4.7 4.7 4.9 4. 3
HO - 30 .41 .70 .42 1. 0 1 0
HO+ 2.0 .85 .75 1.2 1.1 1.0
Ti ---- .28 .20 .19 .17 .17 .30
P,05 . 09 .05 .04 .07 .09 .07
MnO---- .03 .04 .04 .02 .03 .04
CO, <.05 <.05 <. 05 <.05 <.05 <,05

Sum--- 100 100 100 100 100 100

Norma

Q- 44.5 39.9 35.2 41.4 3& 6 3&3
or_-3 84.4 2 9 28.2 286 29.6 2 0
ab - 12.1 25.6 29.2 24.2 25.0 20.8
an- .5 2.6 5.3 .8 &8 7.6
C 5.1 2.3 .2 &1 2.1 3.0
en- _ 1.2 1.1 1 .7 1.2 1.8
mt- .6 .1 ------ .4 .4 1.0
hm. .9 1.1 1.4 .7 .8 .9
ii- .5 .4 .3 .3 .3 .6
Sp - .2 .1 .1 .2 .2 .2

Sample, locality and description

(Numbers following mineral names awe percent of total phenocrysts]

1. About 1.5 miles west-southwest of Cactus Spring In Cactus Range. Rock Is rich In
white pumice lap8lll; 30 percent henocys quartz 28 Iron oxide - altered
blotlie L8. altered sanidine and p wloese as, pdote i Bloate is chIortized,
plagloclase Is partly replaced by uibito pidote ad elay.

2. Summer Spring on east lank of Kawich lange. 9 percent phenocrysts: quartz 52,
Agloclse 13.5 anidine 32, blotte 3

t About I mile northwest of Summer Spring. east tank of Kawieh Range. Rock Is
richer In pumice than sample 2; 40 percent phenocrysts: quartz 37, sanidIne 20,
px c 232 blotite 2.

4. c Rw Just north of Cedar Pass. Rock kw been slightly silcled; beut
the some mode as sample 2.

6. White Blotch Sprint upper part of slope-forming son. above lowest cliff. 25 per-
cent penoerysts: quarts 42, sanidine 6 plaglociase 21 botte 1.7.

. White Blotch BpFrng-, of highest clIfonniff - one 3 percent phenocrysts:
quart 4oaandine20p lase3l, blotte Drck Is fairly rich in devitrl-
fedt pumice lapWl WI wchcontain more plaglocbase than the matrix; the pil
were counted in the mode

the project area. The conglomerate contains pebbles,
cobbles, and boulders of probable Cambrian or Pre-
cambrian age and densely welded tuft derived from the
underlying White Blotch Spring.

In the vicinity of Gray Top Mountain nd Lava
Ridge in the northern Belted Range, 50-200 feet of tuff
and sedimentary rocks crops out above a black andesitic
basalt in the approximate middle of the lava pile. At
Gray Top Mountain these rocks consist of gray well-
bedded tuffaceous sandstone, gravel, conglomerate, and,
at the base, minor massive-weathering tuff that is rich

in lithic fragments, principally of intermediate lavas.
On Lava Ridge west of Gray Top Mountain, the rocks
also consist of massive lithic tuft at the base, but there
the overlying sandstone and conglomerate is dominantly
yellow brown, red brown, and dark gray. At the top, a
red conglomeratic sandstone, rich in iron oxide, contains
large boulders of rhyodacite lava. All the conglomerate
beds are cross-stratified and most contain well-rounded
pebbles and cobbles. This sedimentary sequence is not
shown separately on plate 1.

In the Kawich Range, bedded tuffs beneath the lavas
rest on an eroded surface of considerable relief. Near
Gold Reed, for example, 200-00 feet of vitric ash-fall
tuff rich in small pumice lapilli overlies altered tuffs
mapped as Shingle Pass Tuff and tuffs of Antelope
Springs undivided. South of Quartzite Mountain the
bedded tufts rest directly on Precambrian strata. The
tuff of White Blotch Spring is absent in both areas.
North of Gold Reed and south of Cedar Pass, in Tps.
2 and 3 S., R. 51 E., the bedded tuffs are very thin or
absent, and in most of this area lavas of intermediate
composition rest directly on the tuft of White Bloteh
Spring or on older sedimentary rocks of the Cedar
Wells area (older than tuffs of Antelope Springs).

In the Lizard Hills, Wilsons Camp, and Mellan areas,
the bedded tuft is zeolitized in nearly every exposure; it
is fresh only in sporadic outcrops. In some outcrops the
zeolitized tuff is massive and contains no visible bed-
ding, and thus it is not easily distinguished from zeolit-
ized tuff of Wilsons Camp (a weakly welded ash-flow
tuff). In other outcrops the tuft is thin bedded and lo-
cally cross-stratified. It is composed chiefly of small
pumice lapilli and fine shards, but locally it contains
beds rich in coarse pumice fragments as much as 3
inches long. Where fresh, the tuff is dominantly white or
light gray; where zeolitized, it-is moitly yellow brown.

Near Mount Helen the bedded rocks are more diverse
than in the Lizard Hills and Mellan areas. They are as
much as 100 feet thick and contain coarse conglomeratic
sandstone, thin-bedded siltstone, and ash-fall tuff rich
in pumice lapilli. These strata lie beneath the oldest
lavas and above a densely welded ash-flow tuff tenta-
tively correlated with tufts of Antelope Springs. In ad-
dition, bedded tuff, siltstone, and poorly stratified tuff
crop out locally on the west and south sides, possibly
between the oldest lava (andesitic basalt) and overlying
lavas of quartz latite. Some of the poorly stratified rock
on the west side, which includes ash-flow tuft, is rich in
metamorphic lithic fragments that are identical with
the gneiss and schist exposed east of Mount Helen in
the Trappman Hills. The fragments possibly were
picked up as the tuft rode over the gneiss and schist of
Trappman Hills, but it seems more likely that they were
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derived from the crust at the Mount Helen volcano dur-

ing extrusion, because the Trappman Hills rocks were

probably completely covered by volcanic strata at that

time.

LAVAS AND INTRUSIVE ROCKS OF INTERMEDIATE COMPOSITION

The rocks treated herein are exclusive of the rocks of

Mount Helen and the intrusive rocks in the central

cores of the Cactus and Kawich Ranges.

Lavas of intermediate composition are exposed in all

the ranges within the mapped area. Beyond the mapped

area they are widely distributed to the north, west, and

east. The rocks were extruded from many widely dis-

persed vents, but their stratigraphic position indicates

that they are of approximately the same age in all

localities. They apparently were extruded principally

from fissure-type feeders, several of which are exposed.

The intrusive and extrusive rocks are petrographically

and chemically very similar.
The intermediate lavas are light gray to black and

commonly weather to somber shades of brown; in most

outcrops they are flow layered and folded. They are

generally more resistant to erosion than adjacent strata

and tend to form steep ridges and rugged hills. Where

the lavas have been weakly or moderately hydrothermal-

ly altered, they tend to form distinctive lavender or

purplish-gray outcrops and soils. Where the lavas are

intensely altered, as at Gold Reed, they are commonly

bleached to pale gray, yellow, or pink. The rocks are

described by area in a general progression from east to

west.
BZLTED RANOR AND RzvWLK VALLEY

Intermediate lavas nearly 1,000 feet thick form the

bulk of the outcrops in the northern Belted Range. They

crop out as far south in the range as Wheelbarrow Peak

and also form a broad area of hills in Reveille Valley.

The rocks are well exposed and show considerable

variation in composition and texture. All are porphy-

ritic and most contain about 80 percent phenocrysts. The

groundmasses range from glassy to completely crystal-

line and consist predominantly of plagioclase and alkali

feldspar microlites, iron oxides, and fine biotite. The

principal phenocryst in all the rocks is plagioclase,

whose sizes and zoning are varied and whose average

composition is andesine-labradorite. Biotite is the chief

mafic mineral, but hornblende occurs in nearly all the

rocks, and augite and hypersthene occur in some. In

general, the least silicic rocks and those richest in mafic

minerals occur at or near the base of the lava pile; how-

ever, in most exposures within the Belted Range thin

andesitic basalt lavas crop out near the middle of the

sequence. These rocks are black where glassy and dark

greenish gray where stony. They contain about 20 per-

404-171 -1T--- 6

cent small phenocrysts of labradorite, augite and,

hypersthene in a pilotaxitic groundmass of ndesine

mnicrolites and iron oxide. The basalt is major rock

unit southeast of the Oswald mine and east of the

mapped area.
Chemical analyses of two samples from the Belted

Range are shown in table 7 (samples 1 and 2). Sample

1 is from the top of the pile at lava Ridge, and sample

2 is from the approximate base; both contain abundant

normative quartz, but only sample 1 contains quartz

phenocrysts. Both samples, as shown on the plot of

normative albite, anorthite, and orthoclase (fig. 4), fall

in the rhyodacite and quartz latite fields.

KAWICit RANOz

Intermediate lavas form two outcrop belts in the

Kawich Range. The largest and best exposed belt strikes

north-northwest and extends from the east side of Sau-

cer Mesa to the west flank of. the Kawich Range at

Trailer Pass. The other belt lies entirely along the east

flank of the range and extends roughly from the south

boundary of T. 8 S., R. 51 E., to Cedar Pass in T. 2 S.

The rocks in both belts are the same age, but they have

been displaced from, each other by several northwest-

trending faults that are inferred to bound the Cathe-

dral Ridge caildera.
East of Saucer Mesa the lavas are as much as 500 feet

thick and crop out in a series of isolated knobs and hills.

The oldest flows are rhyodacites. A modal analysis of

one of these is given in table 7 (sample 8). The plagio-

clase phenocrysts are as much as 10 mm long and con-

monly are aggregates of several grains. The hornblende

is brown and has a very small extinction angle. The

groundmass, which is hyalopilitic, contains microlites

of andesine and tiny grains of iron ore in brown glass.

The rhyodacite is overlain by andesite lava which con-

tains about 44 percent small phenocrysts of plagioclase,

clinopyroxene, hy-perfthene, and iron ore. Except for a

basal vitrophyre, the andesite has a completely devitri-

fied groundmass composed of a dense felt of plagioclase

micralites and interstitial iron ore. Apatite is a common

accessory in both the rhyodacite and andesite.

North of Quamtite Mountain, where the lava belt is

shifted westward by high-angle normal faults, an esti-

mated 2,0003,000 feet of lava is exposed. At Gold Reed

these rocks are moderately to intensely hydrothermally

altered and are weakly mineralized. The rocks are prin-

cipally dacites and rhyodacites and they contain 30-40

percent phenocrysts of which plagioclase is always

dominant. Mafic minerals are altered partly or wholly

to chlorite, calcite, and iron ore. The chief pseudomorph

appears to be after biotite, but several thin sections

show relicts that are after hornblende and pyroxene.
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TABLE 7.-Chemical analy.ea and norms of lava. of intermediate composition exclusive of Mount Helen rocks

.. nalYses by P. h D. Elmore, S. W'. Bottb, 0. W. Chloe, Lowell Artis and H. Smith, by rapid method (Sha flro and Brannock. IM). Norms determined rom hemical analyses
recalb .ated to 100 percent minus Hr0 + Cnk 1d

Sample ........... 1 2 a 4 5 6 7 8 9 10 11 12 U

Fleld Xo .. . BP-57 BP48 Q3,148 QI-70 Q41-75 QM4I R-14C R-16A bt-13 t-la cs-32e CR-253 CSR42

Laboratory No- 180725 180726 180982 180979 1609S 1893 180804 16005 160963 1809U 18280 8208 10

Chemkl analyses

SO2 -67.7 60. 5 6 0 609 59.6 59.3 53.7 59.8 63.3 57.2 62. 5 59.5 62. 6
A20,- 15.2 16. 6 16.0 17.1 16. 2 .0 15. 4 16 9 16. 8 17.6 15.0 16.1 14.3
F 20 - 1.9 4.2 4.6 3.4 4.3 5.0 2.5 4.5 2.9 3.1 4.9 6.1 as
FeO -. 97 1.9 .76 2.0 1.2 .56 5.1 1.2 1.4 a7 .60 .40 1.1
;%[gO -1.0 2.0 2.1 3 .1. .90 7.9 2.4 1.7 3.6 1.7 2.5 2.0
CaO - 1 5.2 4.6 4.3 5.6 6.7 8.3 4 4.4 6 4 4.2 4.3 4.4
Na0 -ao -1 3.2 31 al 3.0 2.6 3. 3.2 a2 3.2 3.1 2.7
K20 ---------- a8 ao 33 1. 0 1.4 ai 2.0 3.3 3.6 2.8 3.2 4.1 34
1120- .32 1.1 .70 .47 1.6 .77 .47 .64 .75 .31 .96 .84 .90
1120 +- 2.5 .94 1.0 2.9 2. 8 1.3 .90 .87 .97 .84 1.7 1.4 2.8
TiO2- .30 1.1 .77 .78 .79 .74 1.0 .86 .54 .96 .70 .81 .96
P,0s .18 .37 .22 .32 .27 .32 .40 .36 .34 .40 .28 .38 .32
M~nO - .04 .10 .07 .12 .05 .10 .12 .06 .08 .14 .07 .15 .07
Co - <.05 <. 05 <.05 .07 .06 2.3 <. 05 <. 05 <. 05 <.05 <.05 <.05 <.05

Tota -- 100 100 100 100 100 100 100 100 100 100 99 100 99

Norms

Q. - 28.9 18.5 201 27.5 21.3 18.2 2.9 14.6 20.3 9.5 22.1 14. 24.1
1.0 - - - 4. 2 .1 ------------------ .5 _-_-_-__-_-_

or------------ 23.1 1&1 19.8 6.1 8.7 19.1 11.9 20.0 21.7 16.7 19.6 25.0 21.0
ab -26.1 26.7 27. 4 26.4 27.4 26 5 22.2 26.5 27.5 27.3 28.1 27.0 24.0
an -14.6 23.0 19.8 20.0 27.2 22.0 24.7 22.7 20.0 26.0 18.0 18.4 18.0
Wo -----------. 4 .8- - ------- 4.4 6.0 3.0 ------- .6 .8 .1 1.3
en - 2.6 5.1 5.3 8.5 8.1 2.3 20.0 6. 0 4.3 9.0 4.4 6.4 5.2
fs _ -------- 9 ---- 2.9
mt -5 3.3 .5 4.8. 1.8 ------- 3.7 1.6 3.3 4.5 .1 - - 1.1
hm- .3 2.0 4.4 .3 3. .2 2 ------- 3.5 .7 ------- 5.0 63 3.2
ii -. 6 2.1 1.5 1.5 1.6 1.5 L9 1.7 1.0 1.8 1.4 1.2 1.9
tn- - _ -----.-
ap - .4 .9 .5 ;7 .67 .8 1.0 .9 .8 1.0 0 .9 .8

Sample, boedg and descritio

lNumbers following mineral names are percent of total phenocrysts.

1. Highest flow In northern part of Lava Ridge, Belted Rev. Medlumigray vitro-
phyric rhyodaciti28 percent pbenocrysts: e andesne 6i2, blotie 17, horn-
blende 17, quartz , nd minor sphene, magneUte and apathe.

2. Northern prt of Lava Ridge, Belted Range. Dark-gray to black, dense rhyoda-
cite; 17 percent phenocrysts: plsgioclase 8, ellnopyroxene and orthopyroxene
16, nd .agneUte 14; grounrdmass Is trachyic to ty.

. About 2.2 =l1es outh-eoutheast of Gold Reed Nawich Range Rddlsbbrown
rhyodacte; about 30 percent phenocrysts: pagodase (s much as 10 mm) 70,
brown hornblende 20, and minor clinopyroiene, botte, magnetite and quartz;
mrundmass is hyslopilitic.

4. Aout A miles south of Trailer Pass near wstern limit of exposed dactte lavas,
Eawich Range. Greenlshray dacte; about 0 percent phenocrysts consisting
predomninanty of soned p goase (sodic labradorite)b mallc minerals Include
partly altered llnopyroxene and.blotite and completely altered and unidenti-
tlable grais that may hav been hornblende. Note high corundum In norm;
possibly indkats loss ot aizalls throu alteration. Also, plot of partial molecu-
sr norm (fg. 4) Indicates possible loss of potassium.

5. About .5 mies northwest of Gold Reed Kawich Range; ust below base of
Fraction Tufa. Reddlshebrown dacte with h aenocrst assemblage similar to
sample 3 but with clinopyroxene as principal malc pbenocryst.

8. About 1.5 miles southwest of Gold Reed on north fank of Quartzite Mountain,
Kawich Range. Red weakly altered rhyocacite; about 20 percent phenocrysts
of plagioclase, altered mafic minerals, magnetite, and quartz n a plotaxitic
groundmass; calcite, bemattte, end quartz re common secondary minerals.

The plagioclase is etensively replaced by more sodic
plagioclase and locally by calcite. Quartz phenocrysts
tre visible in nearly all the rocks, but they are subordi-
nate to the mafic phenocrysts and plagioclase.

-Northeast of Trailer Pass, in the second belt of lavas
outlined above, most of the rocks are nearly identical
with those already described; however, several flows in

7. About 4.) miles south-southeast of Mellan. Black andeste; 30 percent phenocrysts:
paagdoclase (ann) 39, diopsidic sugite 38, magneslan oltyine 20 and minor magne-
tIle and bornblende, in a ptlotaxitic groundmss of plagloease, pyroxens, and
iron oxide.

S. About 2.6 miles southeast of Mellan. Darkgray to black rhyodaclte; 12 percent
phenocrysts: pla coase (aide andeslna) 70 augite 20, blotite 8 end magnetite
, xna dense =cytic groundSmss tat entsfl SS&s smst la RGtocla WIS.

9. Zastern part of Lizard ills. Black rhyodaete dike, 3 percent p eants:
plaXioclaseaan) grains (as much as S mm) 72, biotlte 14 green horublende 7,

minor nopyroxene and magnetite In a eryptocryat&lline felty groundmass.
10. Northeastern per d Lizard EI1ls. Black rhyo Iacts; 85 percent henocryts:

piagloclase 64, augtte 15, hyperstbene 9, magnetite 10, brown bornblende 2, and
a trace of qu in a cryptocrystalilne lly groundmass.

11. About 2.5 miles east of CaCtUS pring. Reddish ray rhyodscete smilar to sample
12 but with sparse quarts phenorat and slightly more ougite.

12 About O mies sothwest ol C ctus Peak. Ollvegreen ryodaeit; 20 percent
phenocryats: plagloclase (calcic andestne) 80, brown horabtende 22, blotite 10,
and quaric 4, aug11. 2, nd magnetlte 2, in * nlyalpilltlc groundmnas composed

predominantly ot plagllse an magnetze.
13. East pert df Ooldfleld iIhs west df vrolect area. Gray shyodrte; 28 percent

phenocrysts: andesn 75, blotte 11.5, *ugite 8.5, hornblende 2.3, and magnetite
2 ma in yopiltic grounmas.

this area contain phenocrysts of alkali feldspar, as much
as 2 cm in diameter, and moderate amounts of quartz.
These flows have not been analyzed, but they are petro-
graphically very similar to analyzed rocks that are
quartz latites in composition. In this area the lavas
locally rest unconformably on sedimentary rocks that
predate the tuffs of Antelope Springs; this fact sug-
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gests extensive prelava erosion. North of Cedar Pass,
on the east flank of the range, lavas of intermediate
composition occur in isolated exposures. These rocks are
similar megascopically to the lavas to the south and
are presumed to be equivalent stratigraphically. They
form part of the downfaulted margins adjacent to the
raised central mass of the range.

Analyses of four rocks from the Quartzite Mountain
(southern Kawich Range) area are shown in table 7
(samples 8,4,5,6).

MELLAN HILLS AREA

For simplicity the term "Mellan Hills area" is used
for the area of ridges and hills lying between the Cactus
and Kawich Ranges. It comprises the hills near the old
townsite of IMellan, the Lizard Hills, Gabbard Hills,
and Triangle Mountain.

The intermediate rocks exposed in the Mellan Hills
area display a wide variety of colors and textures and
range in composition from andesite to quartz latite.
Most are lavas that form a group of fault-controlled
northwest-trending ridges, and some are dikes that trend
mostly northeast. In the area between Mellan and the
old road between Antelope Springs and Trailer Pass,
the lavas overlie the tuff of Wilsons Camp, which in
turn rests on the tuff of White Blotch Spring or older
rocks., lavas, which are overlain by the Fraction
Tuff or younger rhyolite lavas, are thin, rarely exceed-
ing 50 feet. The thinness is probably due principally to
shortening of the section by low-angle faults, but may
be partly due to deep pre-Fraction Tuff and prerhyo-
lite erosion. The rock still preserved in outcrop is dark-
gray rhyodacite (sample 8, table 7). The rocks exposed
between the Antelope Springs-Trailer Pass road and
the Antelope Springs-Gold Reed road are mostly black
and glassy with compositions ranging from andesite to
quartz latite. The black latites and andesites are not
easily distinguished from basalt. They contain about 80
percent small phenocrysts consisting of about equal
amounts of plagioclase and pyroxene and minor horn-
blende, biotite, fayalite, and locally a trace of quartz.
Magnetite is abundant as small phenocrysts and as tiny
grains in a felty to hyalopilitic groundmass. The pheno-
crysts of hornblende and biotite consistently display
thick reaction rims of magnetite. The andesites and
latites are intruded by and locally overlain by rhyoda-
cite and quartz latite which form the bulk of the out-
crops southward to Triangle Mountain.

At Triangle Mountain three rock types occur in a
steep west-dipping sequence. The easternmost and old-
est rock is an andesite or dacite. The rock is black,
glassy, and flow brecciated at the base and top and is
brown and gray in the thin flow-layered stony interior.

Bedded tuff at the base of the lava is fused for a dis-
tance of 2-5 feet from the contact, and the beds dip
vertically or 700 IV. The rock contains nearly 50 per-
cent small phenocrysts of plagioclase, hornblende,
biotite, augite, and hypersthene in a pilotaxitic to hyalo-
pilitic groundmass composed of plagioclase microlites,
specks of iron ore, and glass. The middle flow in the
lava pile is flow layered light- and brownish-gray mostly
devitrified dacite or latite that contains 80 percent
phenocrysts of plagioclase, biotite, and hornblende in
a dense groundmass of plagioclase microlites, "crypto-
felsite," and glass. On the west flank, this rock is over-
lain by quartz latite that contains 80 percent pheno-
crysts of plagioclase, quartz, hornblende, biotite, augite,
and fayalite. The plagioclase grains are commonly as
much as 10 mm long, and the rock, therefore, is con-
spicuously porphyritic. This rock is in fault contact
with the tuff of Wilsons Camp which is locally silici-
fied for a distance of about 2 feet from the fault.
Locally, the tuff of Wilsons Camp has been forced
into steep dips along the fault zone, and older bedded
tuffs are in contact with the quartz latite. On the south-
east flank of the mountain the lava flows change strike
from north-northwest to east and here the dip in the
flow layering decreases from vertical and 700 W. to
about 15-25 S. In this area the conspicuously porphy-
ritic quartz latite rests on latite or dacite, which in
turn rests on zeolitized tuff. The andesite, which is the
oldest flow in the exposures to the northwest, is not
present.

The quartz latite at Triangle Mountain contains
abundant inclusions of hornblende-rich rock with a pe-
culiar pseudo-ophitic texture. Crystals in the inclusions
consist of randomly oriented tabular plagioclase, horn-
blende, and minor clinopyroxene, and interstices are
filled with brown glass. Hornblende is mostly in the
form of very slender prisms or "needles" which are
intergrown with the plagioclase; individual crystals
commonly penetrate as many as five grains of plagio-
clase. The hornblende is pleochroic from olive to deep
brown and has a maximum extinction angle of about
100. The plagioclase is labradorite or calcic andesine
and is weakly zoned. The clinopyroxene is commonly
altered along crystal edges to hornblende. The inclu-
sions, which range in size from a few millimeters to
several feet, probably constitute early magmatic seg-
regates that were brought to the surface in the form of
semisolid masses of crystal mush.

WILSONS CAMP

Intermediate lavas form several rounded hills east
and south of Wilsons Camp. The oldest lava at Wil-
sons Camp is a dark-gray to dark-brownish-gray
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quartz latite. It contains about 80 percent phenocrysts
consisting of glomeroporphyritic plagioclase (clots as
large'as 10 mm), minor quartz (as large as 3 mm),
sparse alkali feldspar (as large as 1I, cm), and abun-
daut mafic minerals consisting of about equal amounts
of clinopyroxene and hornblende and minor altered bio-
tite. The hornblende and biotite are largely altered to
iron oxide, chlorite, and calcite; the clinopyroxene, in
contrast, is fresh and clear. The groundmass is pilo-
taxitic with tiny plagioclase and alkali feldspar micro-
lites, abundant dust and specks of iron oxide, and inter-
stitial "cryptofelsite" and glass.

The youngest lava is a dacite or rhyodacite that is
finer grained than the older rock and contains about
20 percent phenocrysts comprising, in order of de-
creasing abundance, plagioclase (as much as 5 mm),
clinopyroxene, hornblende, hypersthene, and biotite
(all less than 5 mm). The hornblende and biotite are
largely altered to iron oxide. The groundmass con-
sists of a dense felt of tiny plagioclase and alkali feld-
spar microlites. Apatite, in prisms nearly 1 mm long,
is a conspicuous accessory mineral.

CACTUS RANGE

In the Cactus Range, lavas of intermediate compo-
sition occur only on the flanks of the range, where
they form isolated outcrops surrounded by alluvium.
The basal contacts have not been observed.

In the northwestern part of the range, the lavas
are about 600 feet thick. They are unconformably over-
lain by sedimentary rocks of pre-Fraction Tuff age.
Both the lavas and sedimentary rocks are intruded by
broad rhyolite dikes that were emplaced in faults along
which the strata were tilted westward to moderate
and steep angles. The strata are repeated several times
by these faults and form discontinuous bands parallel
to the range. The lavas are mostly reddish brown to
dark gray and tend to weather to subdued dark ridges
that are locally paralleled by ridges of contrasting
lighter colored rhyolite. The lower part of the unit is
commonly olive green as a result of the partial altera-
tion of the groundmass to celadonite.

On the eastern flank of the range, east of Cactus
Spring, rhyodacite lavas are reddish brown to reddish
gray. These colors contrast sharply with the dark-
greenish-gray to greenish-brown colors characteristic
of the propylitized intrusive rhyodacites that lie south-
'vest of these exposures. A small isolated outcrop of
reddish-gray rhyodacite similar to the lavas near Cac-
tus Spring is located in Civet Cat Canyon southwest
of the Cactus Range, and small exposures of altered
rhyodacite lava occur also in the extreme southern
part of the Cactus Range near the Wellington Hills.

In the northern Cactus Range the reddish-brown
lavas contain 20-80 percent phenocrysts consisting of
6075 percent conspicuous plagioclase (calcic andesine)
and varying proportions of biotite, hornblende, clino-
pyroxene, and magnetite. Clinopyroxene is sparse or
absent in some rocks, and occasional large phenocrysts
of quartz and alkali feldspar (as large as 1.5 cm) occur
in some flows. Much of the reddish-brown color of these
rocks is caused by pseudomorphs of hematite after bio-
tite and hornblende. Clinopyroxene was generally un-
affected by the alteration that gave rise to hematite in
the biotite and hornblende. Some plagioclase grains
show deep magmatic corrosion but are otherwise unal-
tered. In most rocks the groundmass is hyalopilitic to
pilotaxitic and is composed predominantly of plagio-
clase, magnetite, biotite, and glass. Phenocrysts range
in size from about 1 to 10 mm.

Chemical analyses of lavas from the east and west
flanks of the Cactus Range are given in table 7 (samples
11 and 12, respectively). In thin section both rocks show
some evidence of deuteric alteration, and sample 12
contains appreciable celadonite in the groundmass. For
comparison, an analysis of unaltered lava from the east
flank of the Goldfield Hills is also given (sample 13).
All analyses plot in the rhyodacite field of figure 4.

Lavas of intermediate composition, similar to those
in the Cactus Range, make up most of the Tertiary ex-
posures in the Goldfield Hills, a volcanic center adjoin-
ing the west margin of the mapped area. These lavas
rest on and are overlain by welded tuffs and tuffaceous
sedimentary rocks that can be correlated unequivo-
cally with rocks in similar stratigraphic positions in the
Cactus Range. The lavas in the Goldfield Hills, there-
fore, are interpreted as belonging to the same period
of eruptive activity as the lavas in the Cactus Range.
A potassium-argon age of 21.1 m.y. (sample 19, table
5) was obtained from biotite from a quartz latitic
welded tuff that overlies the lavas on the south flank
of the Goldfield Hills (H. R. Cornwall, written com-
mun., 1964). Thus an early Miocene or older age is
indicated for the underlying lavas in the western part
of the mapped area.

OLDER ROCKS OF MOUNT HELEN

Mount Helen was a source area for lavas of inter-
mediate to basic composition. Intrusive rocks and lavas
derived from this source make up most of the mountain
and form many of the adjacent hills. These rocks form
a mappable group that is related spatially and chemi-
cally. The lavas rest locally on thin-bedded sandstone,
siltstone, and tuff, which in turn rest on welded tufE that
probably was extruded from the Mount Helen area. The
lavas are overlain by sedimentary rocks and the tuff of



STRATIGRAPRY 41

Tolicha Peak. Three distinctly different rocks occur;
from oldest to youngest they are andesitic basalt, rhyo-
dacite, and quartz latite. The rhyodacite is described
herein but is not shown separately on the geologic map.

In addition to these rocks, much younger basalt was
extruded from the central feeder at Mount Helen. This
basalt is described on page 65.

ANDiStIC BASALT

The andesitic basalt underlies Mount Helen and
crops out sporadically around the perimeter of the
mountain. It also forms several broad outcrops as far as
3 miles west of Mount Helen. The rock is largely a lava,
but in places near the mountain it occurs as intrusive
dikes and irregular apophyses. A small dike can be
seen in the saddle south of the mountain on the old
road to Wellington.

The andesitic basalt is dark gray to black where fresh
and unaltered; it is brown and massive weathering with-
out visible flow layering. The presence of highly vesicu-
lar zones near the top and of small pebbles of basalt in
the overlying quartz latite lavas indicates that the rock
is a lava.

The rock is porphyritic, containing conspicuous dark-
green to black prisms of augite as much as 6 mm in
length and 8 mm in diameter. The dense groundmass is
composed of randomly oriented microlites of calcic
andesine, tabular crystals of labradorite as much as 1.5
mm in length, a few small crystals of olivine, abundant
magnetite, and very sparse interstitial alkali feldspar.
A few thin sections contain sparse corroded micro-
phenocrysts of biotite or hornblende as much as half a
millimeter in diameter that are rimmed with iron oxide.
Commonly the rock is altered and the augite has been
replaced by iron oxide and chlorite, and the larger crys-
tals of plagioclase have been replaced by calcite and yel-
lowish-green clay or chlorite. The altered augite pheno-
crysts weather to cavities that closely resemble vesicles
in outcrop.

A chemical analysis of the andesitic basalt is given in
table 8 (sample 1).

RKYODACITZ

Rhyodacite makes up a very small part of the rock
at Mount Helen and is exposed only in small patches
on the east and west sides, where it may be a single lava
flow. The rock is dark greenish gray and, in contrast
with the andesitic basalt, is conspicuously flow layered.
It is porphyritic but the phenocrysts are small and in-
conspicuous, rarely exceeding 3 mm in length. Pla-
gioclase (sodic andesine) is the most abundant crystal,
followed by augite, hypersthene, and magnetite. The
total phenocryst content is about 15-20 percent. The
groundmass is glassy to cryptocrystalline.

TABLE 8.-Chemical analyses and noms of rocksfrom Mount Helen
(Analyses by P. L. D. Elmore, S. D. Botts 0. W. chloe, Lowell Art!, and H. Smith

by rapid method (Shapiro and Brannocl, 1962). Norms determined from chemical
analyses recalculated to 100 percent minus Ha+CO]

Sample................. 1 2 3 4 8

laboratory No ......... 144 15058 2M la966 1m67

FelddNo ...... .. S-1 El-204 BE-47-1 M-l95 3-17

Chemical analyses

sio - 51.1 65.3 62.8 63.5 65.2
A603 --------- 17.4 18.0 17.1 16.7 15.5
Fe2O -- _ 6.4 1.3 5.0 4.8 3
FeO - _ 3 1.4 .16 .32 .12
MgO -_ 3 1.1 .40 .33 .47
CO - 9.1 3.6 4 2.1 2.1
NaIO - 3.2 4.0 3.2 3. 2.2
K20----------- 2.4 2.4 6.8 6.8 9.2
I0 - -1.5 1.3 .37 .26 .17
H,0 +- 1.1 2.7 .57 .68 .45
T -,- 1.4 .49 .74 .78 .44
PO _ _ .71 .23 .31 .26 .23
n) --. 07 .07 .06 .02 .05

CO, -. 54 .09 .08 .11 .67

Sum -_ 100 100 100 100 100

Norms

Q- 2 24.8 13.5 1& 4 12.2
or -14. 7 14. 8 40.6 40.7 55.0
ab -------- 28.1 35.3 27.4 26.9 18.8
an--------- 27.0 17.1 10.0 8.3 & 2
C -------. 9 .9 1.2 .----
wO-----------6.3----------
en -_------- 2.9 1.0 .8 L 2
fs L- .9 -- _------ _----____-
mt - .4 2.0 -_--_-_-______-____-
hm -- 6.4 -- 5.1 4.9 3.3
Kl -- _-- _-- 2.8 1.0 .5 .7 .4
ap - L 7 .6 .7 .6 .6
nix___ ---------- .5 .4 -----
tn ------------------------------------------- .6

.ml*. lop>,iA , and d*scption

(Numbers following mine names we percent of total pheocrytal
1. South Bank of Mount Helen. Andesitic basalt lava; 20 percent phencryts onsist-

Ing of labradorlte, augite, hornblende rimmed with and magnetite In
a pilotaxitic eonta

2. Rut side o WfOwt Hdm . lav 1 ercent phenocrysts: plagloclase
74. dllnopyzoene 1.6, hypersthene 10, manetite 2.5. anda trace of bio tei ta
glassy groundmass.

A South Bfank of Mount Hln. Blotite hornblende quartz latite outcrop. Rock is
blue r, about 30 percent pbenocrysts of andesine, quartz, Satred blotite, and
hornblende; mafics re almost completely altered to Iron oxide horite and
elay(?). Plaloclase Is slightly altered to clcidt and potassium folaspar; ground-
mass Is aphanitic and contains much Iron oxide dust. Rock (In outcrop) contalm
scattered potassium feldspar phenocrysts as much as 2 cm long (none of these
believed to be In rock aalyed).

4. South flank of Mount Helen. Blotte-hornblende quartz latde. Rock Is dark
purplib gray and probably part of same flow s sample 3. Same pbenocryst
content; &Jew potassium felsdpar phenocrysts visible In thin section butndesine
Is dominant feldspar maflc minerls re amost completely altered to Iron xide
and chlorite; pla0clase partly altered to calcite and potium feldspar.

5. South fiank of Mount Helen. Blotite quartz latt; rock Is ht gray; 48 perent
phenocrysts: quarts 19; alkalI feldspr 29; andesine 28; blotfte 19; hornblende 2.
Piagloclase Is partly replaced by alkli feldspar and calcite; blotite and born-
blends ae almost completely altered to Iron oxidand calcie.

A chemical analysis of the rhyodacite is shown in
table 8 (sample 2).

QUARTZ LATITE

Rocks mapped as quartz latite consist of lavas, R few
thin sills that were intruded at the base of the pile ad-
jacent to Mount Helen, and a large feeder plug at the
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south end of Mfount Helen. Two types of quartz latite
are recognized. The older is dark green gray or dark
blue gray, conspicuously flow laminated and layered,
and characterized by sparse potassium feldspar pheno-
cr}ysts that commonly are 2 cm long, rarely as much as
5 cm. This rock contains about 30 percent phenocrysts
consisting of plagioclase that range in size from about
1 mm to about 1 cm, considerably less but more con-
spicuous potassium feldspar, biotite, hornblende, and
minor quartz. Iron oxide is fairly abundant as small
phenocrysts, as fine dust and specks in the groundmass,
and as a replacement product of hornblende and biotite;
in many thin sections it has entirely replaced the mafic
minerals. The grou ndmasses of all rocks examined in
thin section are too dense for point counting with the
microscope. All contain tiny grains of quartz and micro-
lites of alkali feldspar. A conspicuous feature is the
partial replacement of plagioclase phenocrysts by alkali
feldspar. A lack of twinning and the unusually high
K,0 content of the rock (see samples 3 and 4, table 8)
strongly suggest that the replacement feldspar is potas-
sium feldspar rather than albite.

The younger quartz latite is characterized by abun-
dant phenocrysts of quartz and biotite. It forms lavas
in and adjacent to Mount Helen and occupies the cen-
tral part of the feeder plug. This rock is light gray to
medium gray and is also conspicuously flow layered. It
contains as much as 50 percent phenocrysts that include
oligoclase and potassium feldspar in ratios of about
2:1, abundant quartz and biotite, and sparse horn-
blende. The mafic crystals are largely replaced by iron
oxide in most thin sections and entirely replaced in
some.

The two types of quartz latite from Mount Helen are
extremely rich in KO (table 8); the older quartz latite
(samples S and 4) contains 6.8 percent KRO. Because
of the possibility that single very large potassium feld-
spar crystals were present in these analyzed samples,
an additional analysis was made of several small frag-
ments in order to preclude the occurrence of the large
potassium feldspar grains. This analysis showed 7.t
percent K0 and 2.8 percent NaO (W. M. Mountjoy,
written commun., 1965). The younger quartz latite
(sample 5) contains 9.2 percent KO and 2.2 percent
Xa2O. The high KO contents indicate that all the al-
kali feldspar in the groundmasses of the quartz latite is
probably potassium feldspar. The fact that plagioclase
phenocrysts have been largely replaced by alkali feld-
spar suggests that much of the groundmass feldspar is
probably similarly altered. Whether this alteration was
hydrothermal or deuteric is not known. It appears to be
confined to rocks in the immediate vicinity of Mount
Helen. Prior to alteration the rocks may have been

normal calc-alkalic types similar chemically to the
lavas of intermediate composition that crop out
throughout the project area.

TUFF OF WILSONS CAMP

The name tuff of Wilsons Camp is here informally
applied to an ash-flow tuff sheet that crops out in Tps.
8, 4, and 5 S., Rs. 47,48, and 49 E., and locally along the
southwest flank of the Cactus Range. The fresh rock is
best exposed between Coyote Cuesta and Triangle
Mountain in T. 5 S., R. 48 E., about 5 miles southeast
of Wilsons Camp.

The tuff comprises two cooling units, each of which
is 50-300 feet thick. Both units are predominantly
weakly welded and vitric, and both locally have thin
vitrophyric zones at their bases. The tuff is character-
ized by abundant nonflattened to slightly flattened
pumice lapilli and by blocks of light-gray to white silky
pumice and greenish-gray and brown cindery pumice.
The pumice fragments are as much as 4 feet in length
but average less than 4 inches. They make up as much
as 50 percent of the total rock. The tuff also contains
abundant fragments of porphyritic lava of intermedi-
ate composition, rhyolite, basalt, and a few variegated
metamorphic rocks-mostly argillite and quartzite. The
fragments range in size from about 1 inch to 2 feet and
are largest and most abundant at the base of the lowest
cooling unit. The tuff matrix is light gray and weathers
pale brown to buff. It contains 20-33 percent pheno-
crysts consisting of 4-16 percent quartz, 4040 percent
plagioclase, 10-SO percent alkali feldspar, and 8-15 per-
cent biotite. Other mafic minerals are hornblende, clino-
pyroxene, and hypersthene; these are most abundant in
the lowest unit. Magnetite, sphene (as much as 1 mm);
and allanite are common accessory minerals.

Tuff that is mapped as tuff of Wilsons Camp in the
valley east of Gabbard Hills and in the valleys north-
east of Triangle Mountain is intensely zeolitized. The
zeolitized rock is yellow, orange, and brown, and the
abundant pumice lapilli and blocks which characterize
the vitric tuff of Wilsons Camp are rare and obscure.
Biotite is the only identifiable mafic mineral in thin
section. Map unit identification, therefore, is tentative
and the zeolitized strata may include cooling units that
are older than the tuff of Wilsons Camp. If this is the
case, the rocks are probably at least genetically re-
lated to the tuff of Wilsons Camp as shown by the same
lithic fragment assemblage and nearly the same abun-
dance of fragments.

At the old townsite of Mellan the tuff has been in-
tensely silicified by hydrothermal solutions. The two
cooling units are separated by 20-100 feet of siltstone,
ashfall tuff, and conglomeratic sandstone, all of which
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are intensely silicified. Both cooling units are character-
ized by abundant cavities that originally contained
pumice lapilli. The two cooling units and the sedimen-
tary rocks that separate them are best seen in the hang-
ing-wall block of a northwest-trending fault that dis-
places the tuff of W ilsons Camp down on the northeast
against tuff of White Blotch Spring on the southwest.
An inclined shaft follows this fault and penetrates
about 300 feet of the lower cooling unit.

The tuff of Wilsons Camp is similar in general mega-
scopic appearance to the Fraction Tuff (p. 50), and
the two can easily be confused. The Fraction also con-
tains a great abundance of fragments of intermediate
rocks and has about the same percentage of pheno-
crysts; it is more densely welded, contains more meta-
morphic lithic fragments and less pumice and plagio-
clase, and, apparently, contains no pyroxene. It does
contain both sphene and allanite.

INTRUSIVE ROCKS OF THE CENTRAL CORE OF THE CACTUS
RANGE

The intrusive masses within the central core of the
Cactus Range form a group of intergrading hypabyssal
calc-alkalic rocks that range in composition from mela-
nodiorite to rhyolite. This assemblage persists through-
out, but high-silica varieties dominate in the northern
part of the Cactus Range, and intermediate and low-
silica varieties predominate in the central and southern
parts. There is good evidence that the rocks ranged
from the generally low-silica varieties to coarse-grained
porphyritic rhyolite as intrusion proceeded, and they
appear to be genetically related. All the rocks are por-
phyritic but the texture of many is medium-grained
granitoid; such a texture suggests that they may have
been intruded at moderate depth.

The rocks form dikes, sills, plugs, laccoliths, and
stocks. These bodies range in size from apophyses a few
feet in diameter to a large complex laccolithic mass ex-
posed between Cactus Spring and Antelope Springs,
herein named the Roller Coaster laccolith for exposures
on Roller Coaster Knob. The laccolith is 6, and possibly
10, miles long and more than 8 miles wide. Only the
larger intrusive masses are shown on plate 1. Probably
more than 100 additional small isolated masses occur.

Most, if not all, of the larger masses are composite,
and it is within them that the relative age of the various
rock types has been established. North of the Welling-
ton Hills, for example, the sequence of intrusion is
low-silica porphyritic granodiorite followed by melan-
odiorite, biotite lamproyphyre, a high-silica variety of
porphyritic granodiorite, and finally coarse-grained
porphyritic rhyolite. In the Roller Coaster pluton the
oldest rocks are aphanitic low-silica rhyodacites simi-

lar in composition to the low-silica variety of porphy-
ritic granodiorite. These are intruded in turn by high-
silica porphyritic granodiorite, quartz latite porphyry,
rhyolte, and coarse-grained porphyritic rhyolite. Other
rock types, gradational between these, may also occur
among the apihanitic and fine-grained phases which can-
not be accurately identified. Small isolated dikes and
apophyses crop out around the peripheries of the larger
masses and are presumed to be the same age as rocks of
similar composition in the composite masses.

The intrusive rocks postdate the tuff of White Blotch
Spring, and they probably predate the Fraction Tuff.
The intrusive masses very possibly are equivalent in age
to the lavas of nearly identical composition that flank
the range and occur in adjacent areas.

Most of the intrusive masses are extensively pro-
pylitized and large areas of some are highly altered;
unaltered rocks are exceptional. This alteration tends to
obscure intrusive contacts between petrographically
similar rocks, and it renders the recognition of subtle
differences in texture and mineralogy very difficult. In
certain bodies, where alteration is sufficiently mild to
permit distinction of separate phases, it is apparent that
too many phases occur to be shown on the geologic map.
Similarly, other more altered masses, even if they could
be differentiated by detailed field study, could not be
shown at the scale of plate 1. For this reason many
intrusive masses are shown as single cartographic units
although several rock types are present. The rocks are
divided into three broad units: (1) rocks of basic and
intermediate composition, (2) rhyolite, and (3) coarse-
grained porphyritic rhyolite.

Similar intrusive rocks occur in isolated masses in
the Kawich and Reville Ranges. They are approxi-
mately the same age as the rocks in the Cactus Range
and are included in the same cartographic unit.

RocKs OF BASIC AND INTERMEDIATZ COMPOSITION

Rocks in the basic and intermediate composition
group include melanodiorite, biotite lamprophyre, low-
silica granodiorite, rhyodacite, high-silica granodiorite,
and quartz latite porphyry. Of these, only the quartz
latite porphyry is mapped separately; the remaining
rocks are mapped together and subdivided on the basis
of texture into aphanitic and phaneritic varieties.

Melanodiorite.-The melanodiorite is dark gray to
black and porphyritic; it occurs as dikes and plugs in
the composite stock north of Wellington Hills and as
irregular-shaped small apophyses and dikes which in-
trude the tuff of White Blotch Spring in the northern
part of the range. The total area of all exposures prob-
ably does not exceed 1 square mile. The rock contains
sparse euhedral phenocrysts of clinopyroxene and pla-

.. 
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gioclase as much as 83 mm in length and glomeropor-
phyritic clots composed mostly of clinopyroxene as
much as 7 mm in diameter. The phenocrysts are set in a
diabasic groundmass in which interstices between
abundant plagioclase laths are filled with alkali feld-
spar, clinopyroxene, biotite, and iron oxide. The
groundmass plagioclase laths are about 0.15-1 mm long.
The finer grained varieties closely resemble basalt.

The typical melanodiorite contains strongly zoned
labradorite (0 percent), augite (25 percent), and bio-
tite, alkali feldspar, and iron oxide (about 6 percent
each). Some rock is conspicuously porphyritic with
euhedral labradorite and augite in a fine-grained granu-
lar groundmass. Alkali feldspar is more abundant in
the groundmasses of the conspicuously porphyritic
rocks than in the more equigranular diabasic varieties.
The composition of zones in plagioclase ranges from
calcic labradorite in the cores to albite in thin outer rims.
Although chemical data are not available, the granular,
porphyritic varieties are probably gradational between
melanodiorite and granodiorite; the diabasic textured
varieties are gabbroic in composition. Thus, a consider-
able range in composition is indicated for the melano-
diorite.

Biotite lamprophyre.The biotite lamprophyre is
medium gray and has conspicuous abundant plates of
biotite and subhedral to anhedral alkali feldspar in a
medium-grained (about 1.6 mm) matrix composed pre-
dominantly of andesine, partly uralitized clinopyro-
xene, and magnetite. The large biotite and alkali feld-
spar grains are poikilitic; the biotite grains enclose
eulhedral andesine crystals, and the feldspar grains en-
close euhedral to subhedral grains of andesine, un-
altered clinopyroxene, biotite, and magnetite. The rock
occurs only in the composite stock north of Wellington
Hills.

Low-silica granodiorite.-The low-silica granodiorite
is dark gray to black, porphyritic, and not easily dis-
tinguished from melanodiorite. It is similar to mela-
nodiorite in abundance and areal distribution, and it
also makes up a minor border phase of the large mass
located northwest of the Antelope Springs (patterned
area, pl. 1). In addition, it is similar in composition
and is gradational in texture with the rhyodacite in-
trusive rock described below. Most of the rock has
seriate texture with grains ranging in size from small
microlites to crystals about mm long. The larger
crystals consist of andesine, augite, hornblende, and
magnetite. Mafia phenocrysts are partly uralitized and
chloritized. The groundmass is a granular aggregate
composed of sodic plagioclase, alkali feldspar, mag-
netite, quartz, and secondary uralite and chlorite.

Rhyodacie.-Rhyodacite forms plugs, dikes, sills, and
most of the larger Roller Coaster laccolith. These
masses, which together make up about 15 square miles
of outcrop, are distributed throughout the range but
are most common in the south and central parts.
Rhyodacite is the oldest rock in the Roller Coaster lac-
colith, which probably is a single large floored and
roofed mass that was divided into northwest and south-
east segments by intrusion of younger discordant
masses of porphyritic granodiorite.

All the rhyodacite, except a few small isolated plugs
and dikes, has been propylitically altered. The altera-
tion ranges from incipient albitization of plagioclase
and (or) chloritization of biotite and hornblende to
complete replacement of phenocrysts and groundmass
by chlorite, calcite, albite, epidote, and iron oxide in
varying combinations and proportions.

The color of propylitically altered rhyodacite ranges
from olive green through light greenish gray to dark
greenish gray. Less altered rhyodacites are dark gray,
black, or dark purple, and they commonly contain small
flecks or spots of secondary green chlorite and (or)
epidote. Most rocks weather to greenish brown. Flow
alinement of crystals is common and upon weathering
gives rise to an accentuated planar structure.

Thirty thin sections of rocks, collected from the Roller
Coaster and satellite masses, show considerable petro-
graphic variations. In most rocks plagioclase is the
dominant phenocryst; quartz phenocrysts are not sparse,
but generally only a few grains occur per thin section;
alkali feldspar phenocrysts are sparse or absent. The
mafic minerals are mostly altered, but the morphology
of replaced grains commonly permits an estimate of
original phenocryst assemblages. Some prealteration
mafic mineral assemblages are (1) biotite-hornblende
(either may dominate), (2) biotite-hornblende-
pyroxene (any one may dominate), (8) clinopyroxene-
hornblende, and (4) clinopyroxene. Common accessory
minerals are magnetite, apatite, zircon, and allanite.
Groundmass textures are hyalopilitic, pilotaxitic,
trachytic, or granular. Plagioclase is the principal
groundmass constituent and is accompanied by biotite,
hornblende, and iron oxide. In general, the isolated
small intrusive masses tend to be less silicic than the
large masses.

Hig&-aioa granodiorite.-The high-silica grano-
diorite is medium gray to greenish gray and porphyritic,
and it forms very irregular, mostly discordant masses.
These occur in a band extending from 1 mile north of
Roller Coaster Knob southwestward to Wellington Hills
(patterned area, pl. 1), where it makes up the youngest
intermediate intrusive rock. Most of the rock has been
weakly propylitized and deuterically altered, but it is
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distinctly less altered than the rhyodacite just described.
It is massive, nonfoliate, and fine to medium grained.
Where the rock is fine grained, it is conspicuously
porphyritic, carrying phenocrysts of plagioclase, horn-
blende, and pyroxene. Where it is coarse grained, it is
only slightly porphyritic. The rock contains 40-50 per-
cent plagioclase (andesine), about 10 percent horn-
blende, 10-16 percent quartz, 15-20 percent alkali feld-
spar, minor biotite, and magnetite. Alkali feldspar and
quartz are coniionly micrographically intergrown and
are generally restricted to interstices between plagio-
clas and hornblende or pyroxene. The rock is grada-
tional with low-silica granodiorite and is distinguished
from it by its more conspicuous quartz. Some rocks
gradational between low-silica and high-silica grano-
diorite contain as much as 20 percent augite. These
rocks also contain less alkali feldspar than is typical
for the high-silica phase.

Quarts latite porphyry.-Dikes, plugs, and laccoliths
of quartz latite porphyry are exposed in a broad north-
west-trending band in the north half of the Cactus
Range. The bulk of the quartz latite occurs in a large
intrusive mass near Sleeping Column Canyon. This
mass has a flat-lying to gently dipping roof (fig. 7)

from which many dikes and small pophyses extend
upward (not visible in fig. 7). The mass is inferred to
be a laccolith, although its true shape is unknown be-
cause of extensive faulting. Like other large intrusive
bodies in the Cactus Range, this laccolith is composite.
Part is composed of plagioclase-rich quartz latite, in
which alkali feldspar makes up less than 5 percent, and
part is composed of coarse-grained porphyritic rhyo-
lite, in which alkali feldspar is the dominant pheno-
cryst. These rocks are not shown separately on plate 1.

In the northern part of the range the quartz latite
porphyry is unaltered to weakly altered. Where un-
altered, the rock is gray; where altered, it is green or
greenish gray as a result of secondary chlorite and
epidote. The freshest rocks contain about 40 percent
plagioclase (commonly glomeroporphyritic clots of
andesine), &-10 percent biotite, 9 percent altered
pyribole, 2-5 percent conspicuous large alkali feldspar
(as large as 2 cm), 10 percent quartz, and 2.5 percent
magnetite. The groundmass is mostly fine grained and
felsic. The quartz latite porphyry is distinguished from
other intrusive rocks by the sparse large and conspic-
uous alkali feldspar and quartz phenocrysts. Porphy-
ritic rbyolite phases included in this unit are similar to
those described below.

RU'v'oLrm

The rhyolite is white to light gray, crystal poor, mas-
sive to flow layered, and generally silicified. It forms
several large plugs and numerous small dikes and plugs.
Phenocrysts comprise less than 5 percent of the rock
and are predominantly quartz and alkali feldspar with
minor plagioclase and biotite. The groundmass is felsic
and is cryptocrystalline to fine-grained saccharoidal.

COARSX-GRANED PoRuPyiamC RavoLiTz

FraURE T.-Outcrope of quartz-laUte porphyry laccolith(TIp)
and tuff of White Blotch Spring (Tws). The strata ae re-
peated by normal faults that displace the rocks down toward
the viewer. Both rocks are highly altered at the contact.
Light dashed lines ndicate formation contacts. Solid lines
outline topography. Heavy dashed lines Indicate faults. Fault
traces are dotted where concealed behind hills; U, upthrown
side; D, downthrown side. View to the northeast into the
Cactus Range from a point 2 miles southwest of Urania
Peak.

Coarse-grained porphyritic rhyolite crops out dis-
continuously over about 2 square miles in the northern
Cactus Range. Most of the rock is part of a gently dip-
ping body that has a flat-lying roof. Contacts with en-
closing tuffs are marked in many outcrops by altered
zones several feet thick. The tuff of White Blotch Spring
is the youngest rock intruded by the porphyry in this
area.

The coarse-grained porphyritic rhyolite is light
brown to light orange brown and weathers to light-
brown grus-covered rounded knobs and hills that are
not easily distinguished from outcrops of tuff of White
Blotch Spring. Phenocrysts makeup 3075 percent of
the rock and consist of quartz (2030 percent) and
plagioclase (30-40 percent) that range in size from 1
to 5 mm, and alkali feldspar (40 percent) as much

I as 2 cm long. Biotite and magnetite are the only mafic
404-771 0-717-
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minerals, and they constitute less than 1 percent of the
phenocrysts. The groundmass is aphanitic and is com-
posed predominantly of equigranular quartz and alkali
feldspar. The abundance of quartz and the occurrence
of pink to pale-orange alkali feldspar phenochysts are
distinguishing mineralogical characteristics.

An impressive system of east- and northwest-trend-
ing dikes, some of which are as much as 6 miles long,
transects the Cactus Range south of Cactus Spring. The
dikes are composed predominantly of light-gray to light
brown highly porphyritic rhyolite that is similar in
general appearance and mineralogy to the rock just
described. Many of the porphyritic dikes have thin
selvages of white fine-grained flow-laminated rhyolite
that grade within short distance (a few inches to 2 ft)
into highly porphyritic rock. Where the dikes are nar-
row, they are composed entirely of white, crystal-poor
rhyolite.

CHZEISTRY

Chemical analyses and norms of 18 intrusive rocks
in the Cactus Range are given in table 9. Samples 1-2
and 11-18 are of phaneritic rocks, ranging from quartz
latite porphyry to melanodiorite, which are only incipi-
ently or mildly altered in contrast to samples 87, 9, and
14-15, which are highly propylitized. This contrast in
degree of alteration is reflected by the presence of less
than 0.25 percent CO, in the first group and 0.9-3.2 per-
cent C0 2 in the second group.

Chemical ariation among these rocks is shown in
figures 8 and 9. The trend lines are drawn on the figures
as best visual fits to the points representing rocks with
negligible CO, (dots). Tielines extend from the open
circles to positions corresponding to ratios calculated
after the reported CaO was reduced by an amount
sufficient to form calcite from all the reported COP.
Although the magnitude of shift between each pair of
points is large for some rocks with high CO, contents,
the direction of shift so nearly parallels the trend line
that it is impossible to unambiguously determine
whether CaO should be corrected for CO2. There is,
nevertheless, a slightly better fit of the trend line to the
open circles than to the positions at the ends of the tier
lines; this ft suggests that calcium was not introduced
along with CO2 during the alteration process. On the
basis of this relationship, the normative percentages for
the altered rocks reported in table 9 were calculated
assuming no addition of CaO. Water and CO2 were
removed and the analyses were recalculated to 100 per-
cent before the norm was calculated. When the norm is
calculated in this way, corundum appears in only three
rocks (samples 9,17, 18, table 9), w hereas corundum will
appear in the norms of all the altered rocks if the per-

centage of CaO is reduced by an amount sufficient to
form calcite from all CoI.

The general absence of corundum in the reported
norms is assumed to indicate that only minor amounts
of alkalis were lost during the alteration process. This
conclusion is also supported by comparison of partial
molecular norms (fig. 10) for unaltered and altered
pairs of rocks. For example, sample 16 is of quartz
latite porphyry that shows partial alteration of biotite
phenocrysts to chlorite, hornblende to chlorite and epi-
dote, and plagioclase to sericite. The rock contains no
secondary calcite or albite and is considered to have
undergone only incipient propylitic alteration. In con-
trast, sample 14 is of quartz latite porphyry that is
completely altered to an assemblage of albite, quartz,
sericite, calcite, epidote, and iron oxide. The partial
molecular norms of the two rocks plot very close to-
gether when COs is considered R mobile component
(fig. 10). A similar comparison can be made between
samples 5 and 6, which are rhyodacite from the Roller
Coaster laccolith southeast of Cactus Springs. Both
rocks are altered and both contain CO., but sample 5
is much more intensely altered. If the partial molecular
norms for these two rocks had been calculated after
correcting the CaO contents for CO,, the points would
be widely separated in figure 10. These comparisons

FeO

FIGURE &-Plot of PeO: aO+KO: MO ratios of Intrusive
rocks from the core of the Cactus Range. Open circles cor-
respond to rocks baving appreciable CO,; solid circles, to
rocks having little or no COb Xumbers refer to sample num-
bers In table 9. Arrows point In direction of more sliceous
and, In general, younger rocks The dashed extension of the
trend line Is based on a single analysis of weakly altered
porpbyritl ryollte (sample 18, table 9).
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TAnL1, O.-Chiemical analyses and norms of/fresh and propyliical4 alteredl intrusive rocks in the core of the Cadtus Range

tAnalyzes by P. L, D. Elmore. S. W. Botts. 0. W. Chloe, Lowell Artis and B. Smith, by rapid method (Shapiro and Brannock, 1902). Norms determined from chemical
analyses recalculated to 100 percent minus H,0+CO]

sample.---1 2 3 4 5 a 7 a 9 le it 12 13 14 15 16 17 is

Fleld No .......... Cs- Cs- Cs- Cs- Cs- Cs- M_ Cs- Cs- Cs- Cs- M_ M- Cs- Cs- Cs- Cs- Cs-
57 el 200 227A 83 95 198 291 91 383 105 214 205 279 244 371 358 76

Laboratory No - 1620...... 5~ 16094 16205 10207 16450 160951 16090 10252 16450 10601 160952 1600 16097 I6=5 16205 1687 l0286 160950

Chemical &salyses

8I0s.......... 0.. .K2 58.1 53.8 8.1 87.1 89.1 89.3 OD. 4 61.8 5 3.8 61.4 61.7 2 62. 8 Z 653 68. 1 69.4i 67.2
AlsO . .------------17.7 16.8 16.7 17.5 159 16.1 162 19 16.5 141 161 162 6.1 157 16.$ 13.3 166 16.1
7e0s .......... . 4.3 3. S 4. 4.3 3.5a to 2.7 I.0 4.7 3.7 3.4 3. 3.0O 2.0 2.7 2.9 2.6 1.2
weOo............ . 9 2.8 2.6 2.8 If8 28 3.8 2.0 1.4 1.5 2.2 2.8 2.2 1.1 1. 1.0L .40 .93

IlgO........... . .3L .3S 34 I. I 212 2. 7 I.7 2.7 1.6 2.4 2.3 2.7 L I 1.8 1.0 L 6 .67 .15
Clo........... . .2a a.1 7.2 CS 3. 2 .0 S. 4 3.2 4.6 &S8 4.0 4.8 4.4 3.6 3.9 I 4 1.9 1.4
NasO ............ .2 2.S 3.4 3.0 2.7 16 I.8 3. 7 2.4 2.9 3.4 B. 2 3.3 3,8 31 3.1 2.6 35
K4O .......... . .3L 3.1 2.8 3.2 I9 2 S.2 2.4 3.1 4.4 4.2 3.7 3.6 4.6 23 4.0 4.4 8.0
RIO-.............. 20 .32 .30 .18 .23 .29 .22 .83 .84 .83 .28 .17 .17 .17 .32 .44 .53 .26
Rs+. ............. 021.6 3.30 14 S.I 1.9 LS6 1.7 I.1 1.8 L9 .943.4 1.S 1.0 LO8 L L I
Tb: ............. .3L .78 .35 .86 .74 .60 .73 .73 .79 .89 .60 .84 .69 .48 .48 .45 .42 .31
!P,0 ---------- 88--- .3 ,.9 .52 .32 .30 .27 .20 .35 .42 .36 .41 .23 .21 .22 .21 .20 .00 .12
MnO ............- .18 .12 .8S .08 .11 .10 .10 .09 .11 .09 .09 .10 .69 .08 .10 .04 .09 .08
CO1............. 97 .21 2.10 L.6 3.2 1.8 1.8 <05 .12 .16 .07 <05 <06 1.2 1.2 (.05 <05 .90

TOtal..........100 - 100 so 100 100 100 101 100 100 100 100 100 100 100 100 s9 101 100

Norma

.. 14.--------------- 4 7.8 1. 16. 6 16.5 13.8 16.1 25.4 20.8 18.2 15. 19.6 1&3 24.4 28.7 3K.3 23.6
.~~~~~~~~~~~~~~~~~~~~~~~~-------1.9 ....................... . . . . 2 .8 S,6

-------- 1------8----1---5..8 1 F4 -- 19O...I 13.2 -- 16.2 -- 19.86 14.6 13.0 27 2.3 22.0 22.0 26.3 23.1 23 20.8 36&8
ab ......... 27.1 24. 30.1 26.2 24.2 22.9 '24.5 32.1 20.9 25.2 29.3 27.3 28.8 23.5 27.0 27.0 24.1 30.1
an .............. 27.2 23.0 2.0 258 24.1 29.1 22.9 231.0 20. 7 12.8 16.8 19.1 1S.3 12.7 37.7 10.3 9.8 .8
wo.8--.......... .2L LS84.1 2.2 3.4. .. 34 .8A..1 . L3 .2 1.2 .8 a 3.8 .4.............

o.............%3' 6.4 6. LO 84 LS t.o8. 6.9 4.1 6.1 LB1 6.8 2.8 3.9 2.16 41 3.7 L
6 .3.............12 1O.0. 3.. .9 .9 LS3 .2 ........ . 8 1.0 .8 ............... . .. 4

ml .............. 7.1 5.? 6.2 6.4 3.4 4.4 4.0 4.8 2.7 3.2 6.0 LS 4.4 2.5 26 2.1 .1 LB6

U ............. 31 LS LO 1.7 1.8 1.3 1.4 3.4 1.5 1.3 1.3 6 1.3 3.0 .9 .9 .1 .8
ap.3.4------------- 1.0 3.8 .8 LO .7 .5 .9 1.0 .9 LO0.8 .8 .8 .8 .5 . . 3

&uumr, localify, ensd desariptfe.

tNumbers following mineral names are Perecent of total phenocrysts!

I. About 28 Iles southeast of Antelope Peak, Cactus Range. Mediumgrle
meslanodlorie composed of strongly zoned laloclase (sodlo labradorlt.) 80

lioyroxm , magnetlte ; 1c = Itestiia alkali feldspar Ra
blo tieS and 4 percent secondary = adserici..

2. About 2.5 miles southwest of Antelope Peak, Cactus Range. Lowalcarno
dlorlte; rock contains pherysts at plagioclss, elinopyroxene hor.lend~~~~~~ ~~~composed pred~ominantly ol

3.Icnetyatrdrhoaie lgols phenocrysta are fresh; secondary
calite chorie nd agntit bae ompetey rplaedpyroxene and partly

secondary calciIronoxi.
4SmlplgIil otwt iCts ,.4. Weakly propylitized low-slllca

grand~orte~madcminealsare ompetely replaced by calcite, chlorite.
snonly glomaroporpe ~h nd om~ hyltlu;grcndmss I jiiotaxtlo ithandesine mlcrolltes

BS.Sall saleltic Intrusive mass west of Roiler Coaster laccolith IJ Mile southeast
of Urania Peak. Intensely propylitized thyodscite;prncipal secondary min-
erals are chlorite. magnetite, and abundant calcite (sown by high Cus con-
tent); minor secondary quarts; no epidote and only minor albltel waftc pheno-
cryts are completely replaced and plaglocks enoryt partly siter" to

clieand aericite; groundrnass Is completely atered.
6. Roller Coester lccolith 2.5 mile sotes fCctsSrn.Ioderately=

ylltlzed rhyodacite; Mpal secondary minerals are calcite, chlorite, a dote,
magnetits, and clay; blotite.yoxene. and homnblende arsecompletely replaced,

PI~olas pheocrstsand grondmass laths are mostly fresh; no Ipparent

7. Roller Coaster leccolith at Antelop Springs. Moderately droylitlzed rhyo-dadie; principal secondary miner= a.e lrite, calcit. an ly mfcm
erals wre completely replaced; no secondary epidota or albIto.

6. About IS5 miles south of 0'Brdens Knob, Cactus Range. Black vitric dacite lava
containing 30 percent phenocrysta consistin of 70 lsrcnt plagoclase (u)
and 30 percent augite, brow hornblende, and m elte inarato of 2:2: land
a trace of klott set Ina glassy groundmsss conning tiny blebs of magnetito
and small laths of Plaglclme

9. Thin sill 3 mile southeast of Urania rpak. Intensely propyliticed and weekly
pyrtlsd ryodcit; etie rck i aterd t seonaryab pdt eiie

is. About 12 m~e eto neOf ek Cau Range.t(ranodtoriegsimilr tgr12
simiar lt1witprhyr40 cen plghcae ns.)s28 perceti alal folssa 10

andp mio iooee, oanrt. pee adaae,
13.nA of15mlsnrheto Atlopu pigCcusRne reiha

14. About 2. miessoth-outhast of raas Peak. Cohly rlned qurphtslte
prhyry ock. lee ql'ln()o ape1 i otisls urs
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FIGUOE 9.-Plot of CaO:NaO: lO ratios of Intrusive rocks

from the core of the Cactus Range. Open circles correspond

to rocks having appreciable C3,; solid circles, to rocks hav-

Ing little or no CO. Numbers refer to sample numbers in

table 9. Arows point in direction of more siliceous and, in

general, younger rocks. The dashed extension of the trend line

indicate that only minor gains or losses of alkalis and

calcium occurred during propylitic alteration. This sta-

bility is in sharp contrast with a rather high mobility

of sodium and calcium recognized in the silicic and

argillic or "vein-forming" type of alteration based on

unpublished analyses of rocks from the Cactus Range.

The arrows shown on the trend lines in figures 8 and

9 point in the direction of the more high-silica rocks.

60 . ..: 80

is based on a single analysis of weakly altered porph

rhyolite (sample 18, table 9). Tleltnes extend from the

circles to positions corresponding to ratios calculated

the reported CaO was reduced by an amount suielent to

calcite from all the reported COW.

The positions of points along these lines corres

to a general decrease -in age in the direction ol

arrows. The rocks lowest in silica are from the 

intrusive rocks in the Wellington Hills area and:

the Roller Coaster laccolith. The progression p

through the low-silica variety of granodiorite,

through quartz latite porphyries, and finally tc

porphyritic rhyolite, which is the youngest intr
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FIouiE 10.-Plot of normative alblte-anorthite-ortboclase ratios
of intrusive rocks from the core of the Cactus Range. Solid
circles are plots of relatively unaltered rocks with little or
no CO:; open circles correspond to rocks with appreciable
CO. and the norms of these rocks were calculated considering
CO. as a mobile component. Numbers refer to sample num-
bers in table 9. Fields are from O'Connor (1905).

rock in the central core of the range. The concordance
of this chemical trend with age is consistent with the
interpretation that these rocks have a common parental
magma.

RHYOLITE OF WHITE RIDGE AND TUFFACEOUS ROCKS

A small volcano from which ash-fall tuff and rhyo-
lite lava were erupted is centered on White Ridge about
2.5 miles southeast of Cedar Pass in the Kawich Range.
Stratified ash-fall tuff, which accumulated around the
center to distances of a few miles, represents the earli-
est record of volcanic activity at the White Ridge
volcano. The tuff was deposited on an erosional sur-
face of considerable relief developed on dacite and
andesite lava. The tuff is white to light gray and even
Bedded, and it contains sparse small phenocrysts of
alkali feldspar, quartz, and plagioclase. Locally, the
cuff is fused to greenish-gray and dark-gray vitrophyre
adjacent to rhyolite intrusive masses that crop out in
the center of the volcano and in several radial dikes.
These fused zones are no wider than 50 feet. Other
Mised or welded bedded tuffs occur at distances of as
much as 1 mile from the nearest visible intrusive mass.
These tuffs are red brown to orange brown and contain
Collapsed vitrophyric pumice lapilli. They apparently
accumulated very rapidly near the vent and retained

sufficient initial heat to permit welding. Similar welded
bedded tuffs around volcanic vents have been recog-
nized by R. L. Smith (oral commun.. 1964), who has
suggested the term "agglutinate" for such tuffs.

-The intrusive rhyolite is white to pale yellow, crystal
poor, flow laminated, and locally brecciated. The only
rocks that can be identified as lavas are exposed west
of Cedar Pass, 5 miles northwest of the volcano. It is
not known whether these were extruded from the vol-
cano or from other unrecognized vents. The lavas are
slightly richer in crystals than is the intrusive rhyolite.
Alkali feldspar and quartz are the predominant pheno-
crysts; plagioclase and biotite occur in lesser amounts.

Rocks occupying the same position as the rhyolite of
White Ridge crop out in both the Belted and Cactus
Ranges. Although no genetic or absolute age equiva-
lence is inferred for these widely separated rocks, they
are mapped as the same cartographic unit as the rhyo-
lite of White Ridge and associated tuffaceous sedimen-
tary rocks. The rhyolite in the Belted Range is 50-100
feet thick and overlies about 30 feet of well-bedded
ash-fall tuff which, in turn, overlies quartz latite lava.
The rhyolite is crystal poor, pink to gray, and flow
laminated, and at the base it contains a thick vitric flow
breccia. About 4 miles southeast of these exposures ash-
fall tuff and tuffaceous sedimentary rocks, having a
combined thickness of about 500 feet, crop out. These
strata rest on lavas of intermediate composition and are
overlain conformably by Fraction Tuff. The strata are
best exposed near White Saddle Pass, where the bulk
of the rock consists of vitric to slightly devitrified ash-
fall tuff. Tuffaceous sedimentary rocks containing frag-
ments of dacite, rhyolite, quartzite, and chert crop out
near the base. The rocks are commonly cross-stratified
and range in color from pastel shades of brown and
green to white.

About 400 feet of well-stratified mudstone, sandstone,
gravel, conglomerate, and minor ash-fall and ash-flow
tuff is exposed in the northwestern Cactus Range. These
strata rest on dacite lavas and are overlain by Fraction
Tuff and post-Fraction rhyolites. They dip about 50°
W. and are repeated several times by faulting. Locally
they are separated from the underlying lavas by rem-
nants of quartz-bearing, plagioclase-rich, biotite-rich,
quartz latitic welded tuff. This tuff probably correlates
with the dacite vitrophyre of Ransome (1909), which
is nearly identical with it and which occupies the same.
stratigraphic position. Ransome (1909, p. 64) noted the
chemical similarity between the tuff (dacite vitrophyre)
and the underlying dacite lavas and suggested that the
two rocks are of nearly the same age. The present
authors share this opinion and interpret the tuff as a
late eruptive phase of igneous activity of dominantly

i
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intermediate composition. The sedimentary rocks are
brown, greenish brown, reddish gray, and pastel shades
of yellow and pink. The lighter colors are characteristic
of zeolitized, silicified, or argillized rock. Pink pumice-
rich massive air-fall(l) tuff is common in the upper
part subjacent to the Fraction Tuff. Where the rocks
rest on dacite lavas, they contain boulders and cobbles
derived from the lavas. Much of the finer grained elastic
rock is rich in plagioclase and biotite; this richness in-
dicates that these elastic rocks were also derived in part
from rocks of intermediate composition. The deposition
of the elastic rocks is probably related to erosion of the
central core of the Cactus Range as it was elevated
following the extrusion of lavas and tuff of intermediate
composition (p. 72).

A small exposure of brown sandstone rich in biotite
and plagioclase is located 1 mile northeast of Antelope
Springs. The sandstone dips about 150 E. and is over-
lain by minor zeolitized tuff and at least two flows of
rhyolite of O'Briens Knob (p. 56). Biotite and pla-
gioclase in the sandstone are unaltered. These fresh
grains could not have been derived from any rocks now
exposed in the central core of the Cactus Range. They
are presumed to have been derived from tuffs or lavas
that once covered the range and were stripped off when
the range rose.

FRACTION TUFF AND RELATED ROCKS

FRACTIONJ TUFF

The Fraction Tuff was first described by Spurr
(1905), who named the unit the Fraction Dacite Brec-
cia. The type area was given as the south half of the
Tonopah mining district, where the rock overlies lavas
of intermediate composition and underlies bedded tuffs
and lake beds. Nolan (1930), realizing that the rock was
not a dacite in composition, changed the name to Frac-
tion Breccia. The Fraction Tuff is a major map unit in
the project area, and in nearly all exposures it overlies
intermediate lavas and underlies bedded tufts or sedi-
mentary rocks.

DISTRMUTION AND TBICICNzSS

The known area of distribution of the Fraction Tuff
extends from the Belted Range, where it is as much as
1,000 feet thick, to Tonopah, Nev., where it is at least
745 feet thick (Spurr, 1905). The thickest and best ex-
posures in the project area are at Trailer Pass in the
Cathedral Ridge caldera, where a composite measured
section indicates a thickness of about 7,200 feet. The

I The lower approximately one-third part of the measured section is
'a single fault block about mile south of Trailer Pass; the upper

two-third s in another block located about 2,000 feet south of the
lower Ine of section. Covered ntervals n the upper two-thirds may
conceal small faults, and the total thickness, therefore, might be slightiy
in error. A gradual upward decrease In welding Indicates that repetitions,
If they do exist, are minor.

[BING RANGE, NYE COUNTY, NEVADA

tuff between Quartzite Mountain and Pahute Mesa has
been faulted out or covered by younger strata, and its
extent is therefore unknown. Thicknesses of 1,000 and
1,150 feet have been penetrated in two drill holes located
about 30 miles south of Cathedral Ridge on the south
flank of Pahute Mesa, and several hundred feet has
been penetrated in a drill hole in northern Yucca Flat
(W. J. Carr, oral ommun., 1966). The tuff is absent
from the vicinity of Coyote Cuesta and Triangle Moun-
tain, where older lavas of intermediate composition are
exposed, but several hundred feet is exposed north of
Coyote Cuesta near Mellan. The rocks at Mellan are
identical with those at Cathedral Ridge.

Ash-flow tuffs that are petrographically similar to
the Fraction Tuff crop out on the northwest flank of
the Cactus Range. These strata are mapped as Fraction
Tuff (pl. 1), but the correlation is questionable. Com-
mon rock colors are light chocolate brown, charcoal
gray, or salmon pink, none of which is characteristic of
the Fraction elsewhere in the mapped area. Also, lithic
fragments are sparse and those of metamorphic rocks
are very rare.

-In all the areas of outcrop there is evidence that
Fraction Tuff was deposited on an erosional surface of
considerable relief. The thinning of the Fraction to-
ward Quartzite Mountain and at White Ridge probably
indicates that these areas were -topographically high
during the period of Fraction Tuff eruption. In the
Belted and Cactusg Ranges the Fraction is locally sepa-
rated from the underlying dacite lavas by "0300 feet
of tuffaceous elastic sedimentary rocks including coarse
conglomerate containing well-rounded cobbles of pre-
Tertiary quartzite and volcanic rocks; these rocks
record an erosional interval of unknown duration. Sub-
surface investigations in the western part of the Tono-
pah mining district (Bastin and Laney, 1918; Nolan,
1935) have shown that the Fraction rests unconform-
ably on lavas of intermediate composition, and ore-
bearing veins are locally truncated by the tuff.

LrritmoaY AND PETROLOGY

At Cathedral Ridge the Fraction Tuff is pinkish
gray, pale brown, and light red; it weathers to pale
brown, brown, and dark brownish gray. The tuff forms
a prominent sequence of steep cliffs and slopes on Cathe-
dral Ridge. The differences in hardness and weathering
characteristics result from variations in degree of
devitrification and argillic alteration rather than pro-
nounced differences in the degree of welding. Pods and
lenses of dark-gray to black vitrophyre, indicative of
partial cooling breaks, occur at several intervals, and
at least one vitrophyre can be traced the length of
Cathedral Ridge. Thin zones of welded ash-fall tuff
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have also been recognized within the sequence in this
area. Except for a nonwelded to poorly welded light-
yellow zeolitized basal zone of variable thickness, this
sequence of ash flows is densely welded and is inter-
preted as a compound coaling unit. South of Trailer
Pass, however, at about 4,200 feet above the base, the tuff
is very weakly welded and has a low bulk density. (See
field No. Ttp-17, table 10.) In this locality a partial
cooling break is inferred. The interval is poorly ex-
posed and it is not known whether the poorly, welded
rock constitutes the upper or lower part of a cooling
zone.

North of Wild Horse Draw in the Kawich Range, the
formation loses its stratified appearance and weathers to
massive, brown, devitrified outcrops without visible
cooling breaks.

The assemblage of fithic fragments is a diagnostic
feature of the Fraction Tuft throughout Cathedral
Ridge, the Kawich Range, and at Tonopah. Indeed, it
was the abundance of these fragments at Tonopath that
led Spurr (1905) and others to consider the rock to be
a breccia. The fragments, in order of decreasing abun-
dance, are intermediate lavas, gneiss, schist, granite, and
sedimentary rocks of probable Paleozoic age. At Cathe-
dral Ridge the fragments increase in abundance and
size from the base to the approximate middle of the
section and remain fairly constant from the middle to
the top. At the base of the section, fragments average
less than 2 inches in diameter and make up less than 10
percent of the rock; near the middle they are commonly
10 inches long, rarely as much as 3 feet, and make up

20-30 percent of the rock. The increase in abundance of
fragments upward in the section and the occurrence of
metamorphic fragments indicate that the fragments
werer derived from the crust during the ascent of the
Fraction magma and were not merely picked up by the
tuff as it flowed over the ground surface. Pumice lapilli
are common. They are flattened, black, and vitrophyric
where the tuft is densely welded and white to light gray
where it is weakly welded.

In the Belted Range the Fraction is 500-1,000 feet
thick, and two cooling units are inferred to be present.
The lowest unit is about 300 feet thick and has as much
as 200 feet of nonwelded to partially welded light-gray
tuft at base that grades upward to a weakly welded
gray-tan top. The overlying unit is pale brown to gray
brown and contains abundant datrk-gray to black vitric,
pumice lapilli. This unit is partially welded at base,
densely welded in the middle, and nonwelded at the top.
The nonwelded top was deeply eroded prior to the dep-
osition of overlying sedimentary rocks and is preserved
in only a few localities. The entire sequence contains
abundant lithic fragments of rhyolite and dacite and
sparse fragments of gneiss and schist.

I In the northern Cactus Range the rocks that are ten-
tatively assigned to the Fraction Tuff include three
cooling units totaling 450 feet in thickness. The lower
cooling unit, about 100 feet thick, is pumice rich and
light chocolate brown. The middle cooling unit con-
sists of at basal white to pink nonwelded zone 50 feet
thick, a pink shard-rich vitric densely welded zone 75
feet thick, and an upper partly welded vapor-phase

TABLE 10-Physical properties of Fraction Tuff and underlying lavas at Trailer Pass, Kawich Range, Nye County, Nev.
(Analysts: It F. Monk, W. H. Lee, and W. R. Eberle. All samples were thin rectangular slabsi

Saturated Magnetic Iongft- a. Z 0 K
Dr bulk Groin bulk suscepti- dinal Shear * Young's Shear Bulk

Field Porosity density den~~~sity niy bility velocity velocity Poisson's modulus modulus modulus
Lab. No. No. Rock type (percent) (g*o) (W-c /c)r(10' g) ((.) MIp) ratio (108 pat) (1u' psI) (10' Pal)

D700708 Tip- Dcite lava .- 6.---- 7 2.50 2168 167 3,817 13.070 3,8$81 0.26 6.03 2.37 4.49
709 2 Ltite isma....... 4.3 2.52 2.64 2.57 (') C1) (' C ) Q) ('
710 4 Welded tufi-6.--- &3 2.40 2.63 2.53 254 13,497 3.8940o .245 607 104 332
711 a5-..do.--------- 19 2.38 2.42 2.40 214 14,641 8,470 .249 6.74 2.30 3.81
7122 6 Welded tIT 1.7 138 1 42 139 223 1 3 ...............................

vitropohyre
713 7 Welded tuf------.- 9.0 118 169 145 148 14 15 8.142 .253 6.22 .11 3.56
714 8 Welded tuf, 1.4 138 14 1.40 176 S.552 S.189 .209 2.09 0.66 119

715 9 ldtug ........ 7.5 2.40 2160 2.48 118 1% 237 S. SW 16g 6.85 2.51 2194
718 10..do ------- 10.1 1 34 P.60 144 22 1t 891 7252i .268 4.21 1.08 3.02
717 11 Welded tuft L 0 2.42 2.44 1643 410 17, 640 10.238 .246 662 3.42 6.59

vitrophyre
718 12 Welded ag....... 7.7 1.40 2.60 2.48 578 13,570 8.142 .219 6.22 2714 3.10
719' 13..do ......... 6. ± 45 162 2.51 304 1222...............................
?20' 14-...do.-------- 1.7 2.39 2.43 2.41 401 14,949...............................
721' 16. ---do ......... 7.7 1.37 2.57 2.45 v16 13.254...............................
222 16. ---do ......... 10. 5 2.30 2157 2.40 974 12.974.------------------------------
723 17.. d. 0......... 27.7 1.77 145 105 331 13225 3,898 .270 198 LI3 1.09
224 is8..do.6...... 4 2.39 155 2.43 831 12.679 6,986 .277 4.0 1.57 3.00
72 19 Welided tf, 3.0 138 2.46 141 69m It.562...............................

vitrophiyre
726 20 Welded tuft....... 12.5 2.25 1567 2.27 609 10.827 6.723 .18 325 L37 1.73
727 21..do.-------- 112 2.21 1592 133 409 1171 6.403 .282' 319 1.24 2.44
128 22..do.......... 17.5a 2.08 2.63 2.26 548 9,293...............................
729 23..do.--------- 1901 1.06 184 1.25 388 11.02 ...............................

INo sample received.
S-wave Ideterminable.
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zone 25 feet thick. The upper cooling unit, about 150
feet thick, consists of completely devitrified partially
welded charcoal-gray to pink tuff which is characterized
by a distinctive clinkery aspect. The rocks contain 25-
35 percent phenocrysts, which consist of subequal pla-
gioclase, alkali feldspar, quartz, and accessory amounts
of biotite, hornblende, allanite, and sphene. On the west
flank of the range, 1 mile north of Kawich Road, these
tuffs are at least 1,200 feet thick. An unknown thickness
of similar tuffs is exposed on the south flank of the
Goldfield mining district just west of the project area.

Petrographic studies of 16 thin sections from the
measured section on Cathedral Ridge reveal minera-
logical variation from plagioclase-rich, relatively
mafic-rich quartz latite to alkali feldspar-rich, mafic-
poor rhyolite. Modal data obtained from eight thin sec-
tions which represent the extremes of variation
throughout the section together with modal estimates of
the remaining eight thin sections are plotted in figure
11. The lowest specimen (sample 2) is quartz latite lava
that crops out beneath the Fraction Tuff. This lava is
very similar mineralogically to the tuffs directly above
it. The tuffs are rich in zoned plagioclase and mafic
minerals and poor in alkali feldspar. In the interval
between samples 5 and 10, the rocks are poor in mafic
minerals and contain approximately equal amounts of
plagioclase and alkali feldspar. They are notably rich in
quartz, which is the dominant phenocryst. Phenocryst
assemblages in the rocks between samples 10 and 19
show wide variations, but in most of the rocks plagio-
clase is the dominant phenocryst and quartz averages
about 30 percent. In these rocks, biotite is more abun-
dant than in the underlying rocks, and hornblende is
rare. Between samples 19 and 22 the rocks are rich in
plagioclase and contain about 20 percent each of quartz
and alkali feldspar. These rocks also contain less horn-
blende than biotite. In general, throughout the section
plagioclase varies antithetically with alkali feldspar
and sympathetically with biotite.

The Fraction Tuff exposed on the east flank of the
Belted Range is similar petrographically to the alkali
feldspar-rich, mafic-poor tuff that occurs in the inter-
val between samples 5 and 10 in the section measured
south of Trailer Pass on Cathedral Ridge (fig. 11).

Despite its varied phenocryst content, the Fraction
Tuff can be distinguished from other tuffs in the region
by (1) the lack of pyroxene even in mafic-rich varie-
ties, (2) the presence of trace amounts of allanite, which
is common also in the tuff of Wilsons Camp (see earlier
pages), (3) the presence of plagioclase phenocrysts that
generally show strong normal zoning and are com-
monly aggregates of several grains, and (4) by a
distinctive assemblage of lithic fragments.

Chemical analyses and norms of six samples of
Fraction Tuff are given in table 11. The tuffs are
typically calc-alkalic. Corundum appears in the norm
of all these rocks as an indication of their peralumi-
nous character or of the leaching of alkalis. Petro-
graphic studies showed that the amount of normative
anorthite varies with the amount of modal plagioclase
and that the amount of TiO, varies with the amount
of modal sphene. A comparison of normative and
model data is justified by a general parallelism of vari-
ations among analyzed specimens. Analyses 1 and 2
represent the approximate maximum mineralogical
variation in the unit at the type area, and they are,
therefore, assumed to approximate the maximum
chemical variation. The tuff that crops out on the east
flank of the Belted Range (sample 4) is chemically
similar to the higher silica variety from the Cathedral
Ridge (sample 1), but the latter rock has a slightly
lower ratio of KCO to Na2O. These two rocks, plus a
weakly altered sample of Fraction Tuff from the Belt-
ed Range and a sample of vitrophyre from the Cactus
Range, plot in the rhyolite field; samples 2 and 3 plot
in the quartz latite field (fig. 12).

AO

A Miocene age is indicated for the Fraction Tuff
fronm a sample collected at Trailer Pass (table 5, sam-
ple 16). This age is compatible with that deduced by
Spurr (1905) for the volcanic rocks that include the
Fraction Breccia at Tonopah.

TUFFACEOUS CONGLOMERATE AND DEBRIS FLOWS

East of Cedar Pass and White Ridge in the Kawich
Range, the Fraction Tuff is separated from older lavas
and welded tuffs by a chaotic zone of very coarse elastic
material, some of which is tuffaceous. In most areas
the zone is thin, but just west of Cedar Pass it is as
much as 400 feet thick. Because only the upper ash
flows of the Fraction Tuff are known to overlie them,
the elastic deposits are inferred to be interstratified
with the Fraction Tuff (cross section C<', p 1).
The deposits probably accumulated adjacent to the
wall of the Cathedral Ridge caldera. The chaotic zone
is composed of very crudely stratified beds of nontuffa-
ceous debris flows, tuffaceous conglomerate, and mas-
sive tuffs rich in lithic fragments. Locally, the debris
flows are composed of brecciated dacite or rhyodacite
and elsewhere they are predominantly rhyolite. The
tuffaceous conglomerates contain blocks of dacite or
rhyolite as much as 100 feet long completely surrounded
by tuff. Much of the tuff matrix is rich in crystals
of plagioclase, quartz, alkali feldspar, hornblende, and
biotite, an assemblage that is very similar to that of
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TAVLE 11.-Uhemical analyaea and norms of Fraction Tuff, rAiolite of O'Briens Knob, and andesite of Stonewall Plat

(Analyses by P. L. D. Elmere, A W. Botts, 0. W. Chloe, Lowell Arts, and IL Smith, by rapid method (hapiro and Brannock. 1962). Norms determined from chemical
analyses recalculated to 100 percent minus H1O+C Oz1

Andesite of
Unit ...... ,,............ Fraction TufO Rhyolite of O'BrIens Knob Stonewall

Flat

sample .................... 1 2 3 4 a 6 7 1 9 10 11 12

Laboratory No .............. 16974 I6975 160978 IG0720 10724 160955 160723 16977 16054 112055 10956 162058

Field No .................... QM-3 QM-13 QM-17 BP-23 BP-33 CP-62 BP-2 QM-19 C8-I C8-2t2 CPF- CS-259

Chemical analyses

sio - - 7 8 70. 2 71.1 75.1 72.7 73.7 6 7 7 2 72.2 70.2 73.6 53.0
AIA ----------------- 12.6 14.8 14.-5 12.7 12.7 13.9 15.0 15.6 13.4 14.1 13.5 17.4
Fe20, - -. 51 1.8 1.5 .64 .85 1.2 1.3 1.5 -.80 2.6 1.6 5.7
FeO_ _- __---______ .18 .49 .37 .18 .10 .48 .97 .67 .37 .2 .21 2.6
MgO ___--------- .27 .55 .40 .31 .31 .40 .80 .61 36 .71 .49 4.5
CaO - -. 66 2.1 2.2 .68 1.- 1.7 2.7 2.3 1.2 2.2 18 8 2
Naso -------- 3.0 3.2 3.2 2.7 2.2 3.2 3.1 3.6 2.8 ao 3.0 3.1
KO _--- 4.6 4.4 4.2 5.3 5.6 4.4 3.5 4.0 4.9 3.9 4. 5 2.0
H2O -_ _-_--____ .71 .45 .31 .43 2.2 .22 .71 .14 .26 1.2 .31 .75
H0 - _-.__--____-_-_ 3.3 1.1 1.8 2.0 2 0 .91 2.9 .86 3.1 1.4 .91 1.20
TiO,____----------_ .11 .32 .2S .07 .08 .21 .29 .32 .16 .36 .24 1.0
PO-s ___------ .00 .08 .07 .03 .02 .08 .13 .10 -.05 .18 .08 .45
MnO ___--------- .06 .02 .05 .05 .03 .04 .06 .05 .05 .08 .04 .14
COs - -<.05 <.005 <. <.005 <.5 <.05 <.05 <.05 05 5 .06 <.05 <.05

sum - __ 100 100 100 100 100 101 100 100 100 100 100 100

Norms

Q ____----______--38.6 30.3 3 0 38.2 37.3 34.5 31.6 28.7 35.5 33.4 34. 9 6.6
or -___----__--_--_ 2& 4 26.5 25.4 32.0 34.6 26.2 21.4 2 9 30.1 23.6 26.8 12.1
ab- - _-- ______--- 26.5 27.6 27.7 23.4 19.4 27.3 27.2 30.8 24.6 26.0 25.6 26.7
an___ -__________ 3.4 10.1 10.7 3 5.6 & 0 13.0 10.9 &8 a 00 a.5 28.2
C -___ 1.6 1.2 .9 1.4 1.1 1.0 1.6 1.4 L 1.4 .6 __-__

en -__--______---- .7 1.4 1.0 .8 .8 1.0 2.1 1.5 .9 1.8 1.2 11.4

mt - _---- _______ .5 .7 .6 .6 .2 1.1 2.0 1.4 .9 _ .1 6.5
hm- - __ .2 1.3 1.2 .3 .8 .5 --- .5 .2 2.7 1.5 1.6
il_ _-__________ .2 .6 5 1 2 4 .5 .6 3 .6 .5 1.9
ap_ ----------------------- .2 .2 .1 .1 .2 .3 .2 .1 .4 .2 1.1

Scmpk, Ieality, and desciti

[Numbers following mineral names are parcent of total phenrcrysts]

1. About JW t above bese of unit and directly above the lower plag5oclase-rch zone
at the reference ae at Trailer Pas; dark-gray to black vitrophyric ash-low

suB rtratlc position and mineralgy is about equivalent to that of

2. From dipope on northeast flak ef Cte Ridge. Densely welded vftric
plagtoclase rkch blotitehbornblende uahttow tuft; tratigraphic position and
mIneralogy b about equlent to that o epecimen 22 n gure 12.

J. From be et untt 2a o1 east of W~d Erse Ranch, awich Range. ra
vitrophyric erystal-rich plaglociase-rlch botitebhornblende ashfow tutt
atratigraphic position and mineralogy is about equivalent to that of specimen
4 In figure i

4. From east lank of Belted Range at long 11W1 W., lat7°29.5 N. Gray witric
weakly welded pumlerlch quartzlch ash4ow tuft; ratio of quart:ahla
feldspar:plagloclase ias prolmately 5:3:2.

6. From east flank of Belted Range 2 miles northeast of Belted Peak. Llght-tan
partly devitrufed welded ash toiW mineralogy hs same ample 4; ome
sodium pzrobably leached by eakc hydrothermal alteration. )4sm

S. From 2 m outhwest of Cactus Peak, Cact Range. Partly devitrifted vitro-
hyde. contains 22 percent pbenocrysts consisting of plaglociase 35, alkali

e r 29, quarz 2, blotlte 6, and accery horablende, magnetite allanite,
apbene, nd direon.

the Fraction Tuff. Locally, the tuffaceous conglomerate
and tuffs rich in lithic fragments ontain cobbles and
blocks of welded tuff, some of which appear to be
Fraction Tuff. The occurrence of these cobbles and
blocks substantiates the inference that these deposits
are interstratified with the Fraction.

North of Gold. Reed the nonwelded upper part of

7. From 2 miles north-northwest of Belted Peak, Belted Range. Gray Atrophyric
rhyodadte flow containing 34 percent phenocrysts consisting of strongly zoned
dcoaliandesne ( 60, quartz 27, blotlte 9. hornblenade 3 and accessory magnetite
and allanite.

a From 3.5 miles east-southeast of Wild Horse Ranch, Kawich Range. Gray vitro-
phyrb crystal-rich Intrusive rhyolite. mineralogy is similar to sample 4.

9. From west flank of O'Brlens Knob, southern Cactus Range. Dark-gray Intrusive
vltrohyric rhyolite.

10. From ridge I mile west of Sulfide Well, southern Cactus Rnge. Rock Is a reddish-
gray autobreociated quartz latite intrusive containing 20 percent phenocrysts
of andesine 69. biotite 19, quartz 3, magnetite 7, and minor zircon and apatIe.
Mineral assemblage Is not typical of unt.

11. From 2 miles southwest of Cactus Peak Cactus Range. Vitrophyric rhyolite
dike containg 33 percent phenocryss consisting of andesine 48, alkali feldspar
20, quartz 24, blotite 7, and accessory magnetite borublende, ephene allanIte.
and apatite.

12. From 6.5 miles southwest of Cactus Peak, Cactus Range. Black, dense andesite
dike rock, contains about 26 percent phenocrysts as much as 2 mm In dlameter
consisting of partly corroded sodlc tbradorite 63. aute 20 (commonly glomero-
jhorphyritb), horublende rlmmed with Iron oxide 8, lddingsite 5, and magnetite

S n a hyalopilitle gronndmass.

the Fraction is overlain with apparent low-angle un-
conformity by a debris flow, tuffaceous conglomerates,
and tuffs that together are at least 2,000 feet thick and
possible as much as 8,000 feet. These rocks are inter-
preted as post-Fraction caldera-fill deposits. The lowest
deposit consists of 50-300 feet of nearly monolith-
ologic debris flow composed of boulders and smaller
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fragments of porphyritic dacite. The. lack of a basal tion T
vitrophyre and the lack -of. baking in the underlying O'Bri(
soft vitric tuffs indicate that the rock was cold when repres
deposited and that it may have originated as a land- of volt
slide. Locally, the flow contains a sandy tuff matrix cartog
and large fragments of Fraction Tuff, and in many conten
places the matrix is moderately well cemented.

The debris flow is overlain by a thick sequence of
conglomerate, a bed of limestone 'about 20 feet Bed
thick, ash-fall tuff, and"- minor ash-flow tuff. The Range
strata "consist of about 60 percent' conglomerate and sandst
40 percent interbedded tuff. A broad pediment surface interbi
bevels the area of outcrop, and'pediment gravels and half. I
alluvium--blanket the bedrock except' where recent where
streams have cut into the pediment surface. The

-The conglomerate consists of large blocks, boulders, places
and smaller fragments of Fraction Tuff and dacite lavas rock ii
in a tuffaceous sand matrix.-The rock is weakly cemented lapilli,
and nonresistant, and it is'not-eisily distinguished from rock is
the overlying unconsolidated pediment gravels. Cross- of abu
bedding is visible locally, especially where the rock is in dia
moderately indurated. In places near the base the con- fall tv
glomerate contains abundant fragments of silicified, genera
wood, and locally' logs as much as 2 feet in diameter and and is
100feetinlength maybe found. Theb

The interbedded tuffs are white, vitric, and rich in stratif
biotite, quartz, and plagioclase. Ash-flow tuffs occur The
near the middle of the exposed sequence and carry Canyo
abundant pyroxene in, addition to the minerals listed tinctiy
above. With the exception of a densely welded tuff at of the
Gold Reed (not mapped separately), these tuffs are Canyo
nonwelded to weakly welded. Some of the tuff was rocks 
quarried for building stone in the early 1900's; the as the
Kawich Post Office at Gold Reed was built with this millioi
stone. The densely welded tuff at Gold Reed is medium in the:
gray to dark brownish gray and vitrophyric, and con-
tains'40-50 percent phenocrysts of plagioclase, quartz,
biotite, and clinopyroxene. No alkali feldspar was Thic
observed. --

The thick largely sedimentary sequence, which in- east ia
cludes boulders of Fraction Tuff as much as 30 feet long, agains
was unquestionably derived from a large nearby block up th4
that came into high relief following the formation of 10°-25
the Cathedral Ridge aldera. This block must have on roe
existed east and northeast of the area that received the th
deposits and has since been either downfaulted by basin- mappe
range faults or eroded and covered by younger deposits. the rh

SEDIMENTARY ROCKS AND BEDDED TUFF abund
- . . ~~~~~~~~~indical

Exclusive of the tuffaceous conglomerate and debris in pai
flows in the Kawich Range just described, a large Fracti
variety of sedimentary rocks and bedded tuff accumu- white,
lated in adjacent areas after the extrusion of the Frac- vitric

f-. ; - 6r.55

'uff and preceding the eruption of the rhyolite of
ns Knob. The evidence is good that this interval

ents a long period of erosion and relative paucity
3anic activity. The rocks were mapped as a single
raphic unit, although they were not deposited
iporaneously in all areas.

BELTED RANGE

ded strata above the Fraction Tuff in the Belted
include thin beds of crossbedded conglomeratic

one at base, ash-fall tuff in the lower half, and
added sandstone and ash-fall tuff in the upper
The strata are at least several hundred feet thick
exposed in' Monotony Valley near Juniper Pass.
tuff in the lower half is poorly bedded and, in
probably includes nonwelded ashiffow~tuff. The

s light gray to white and rich in small pumice
and it contains quartz, biotite, and feldspar. The

svitric and unaltered except for local occurrences
andant siliceous concretions as much as 2 inches
meter. This rock is overlain by well-bedded ash-
iff and tuffaceous sandstone; the bedded tuff is
aly poorer in crystals than the underlying tuff
nearly void of biotite and other mafic minerals.
Bds of sandstone are white to light, gray, cross-
Led, rich in quartz, and commonly conglomeratic.
interval just described is overlain by the Grouse
n Member of the Belted Range Tuft,'a very dis-
ve and easily mapped ash-flow tuff. Bedded strata
Belted Range Tuff probably underlie the Grouse
an Member. The lowest beds of the sedimentary
and bedded tuffs, however, may be nearly as old
Fraction Tuff. Thus, a range in age of several

a years is inferred for the beds in this interval
Belted Range area.

CACTUS RANGE

ik- to thin-bedded fine-grained to conglomeratic
eous sedimentary rocks crop out on the north and
anks of the Cactus Range and are downfaulted
.t the older volcanic and intrusive rocks that make
b central core of the range. These strata dip
5° away from the range; they rest unconformably
ks inferred to be tuffs of Antelope Springs and
-re interstratified with basalt lavas tat are not
ed separately (pl. 1). The beds are overlain by
yolite of Cactus Peak (p. 57) and locally contain
ant inclusions of that rhyolite; these inclusions
te that the deposition of the sediments coincided
At with the intrusion and extrusion of post-
on Tuff rhyolites. The sedimentary rocks are
light gray, and pale yellow; they are locally

but mostly highly zeolitized. Similar tuffaceous
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sedimentary rocks and ash-fall(?) tuff are exposed in
gullies west of Wellington Hills. These strata, which are
mostly white and vitric, dip toward the range 15°-200.
Their age is known only as pre-Thirsty Canyon
(p. 65) but they are inferred to be post-Fraction Tuff
in age.

MOUNT HELEN

The sedimentary rock near Mount Helen consists of
cross-stratified fluvial conglomerate and fine- to coarse-
grained sandstone composed predominantly of poorly
sorted volcanic detritus. Finely laminated siltstone and
shale and thick- to thin-bedded ostracode-bearing lime-
stone, all of lacustrine origin, are also common at Mount
Helen.' Thick beds of ash-fall tuff and three cooling
units of the tuff of Tolicha Peak (p. 59) are inter-
bedded with these strata. With the exception of
medium- to dark-gray limestone, the rocks are yellowish
brown to buff, pink, and white. Nearly everywhere they
have been modified by hydrothermil or ground-water
alteration, and locally they are intensely silicified.

Fossil wood fragments, ranging in size from less than
an inch to a few large trunks 2 feet in diameter and as
much as 100 feet long, are fairly abundant in the section,
but they are so completely silicified that they can be
identified only as conifer (L A. Scott, oral commun.,
1963).

Ostracode samples were examined by I. G. Sohn, who
reported (written commun., 1964):
The preservation Is too poor for study of shell morphology, but
one group, represented by steinkerns, has a diagnostic node on
the surface of the valves. These were compared with described
species of Tuberooypris Swain, 1947, described from the Salt
Lake Formation of Utah that have a similar node. * The
specimens on hand differ from the described species of Tuberocy-
prs. The Russian workers have described a similar form as
HerpetooypreUa Daday, 109, that ranges from the Miocene,
Pliocene, and Holocene. The specimens on hand do not resemble
any of the Russian species.

Sohn concluded that the ostracodes are probably of
Pliocene age.

Vertebrate bone fragments collected from sandstone
were examined by Edward Lewis (written commun.,
1963), who reported that all 51 fragments are seemingly
from a single individual camelid artiodactyl, but 32
are morphologically indeterminate. Morphologically
determinate fragments are:

one carpal-right pyramidal
one tarsal-left cuboid
one tarsal-left ecocuneiform
four of a right metacarpal
four of the shaft of a metapedial
six of proximal phalanges of a manus
two of a proximal phalanx of a pes

Lewis concluded:
Canmellds of this size occur commonly In lower Miocene (Ari-
karee) to upper Pleistocene (Wisconsin) rocks of North
America. These nondlagnostlc fragments most closely approach
the morphology and size of camellds such as those of the genus
Procamelus of the upper Miocene and lower Pliocene.

Fishes from calcareous siltstone were identified as
killifishes of the family Cyprinodontidae by D. Al
Dunkle (written commun., 1963). Dunkle pointed out
that the fossils were too poorly preserved for precise
determination but that they can be tentatively referred
to the genus Funduhm. According to Dunkle, fish of
this type are known from several localities in California
and Nevada and are considered by Miller (1945) to be
either Pliocene or Pleistocene in age.

The age of the strata at Mount Helen is not clearly
indicated by the above paleontological data. The strata
are interbedded with the tuff of Tolicha Peak for which
a late Miocene age is inferred on the basis of potassium-
argon dates of higher and lower strata. (See later
pages.) The strata are here considered to be of late
Miocene age.

RiHYOLITE OF O'BRIENS KNOB

After the deposition of a large variety of sedimentary
rocks and ash-fall tuft in the project area, silicic lavas
ranging in composition from quartz latite to rhyolite
were erupted from many widespread vents. These rocks
are generally rich in crystals and have a distinctive
phenocryst assemblage that enables correlation from
one range to another. Hence, they are mapped herein
as a single unit named informally for exposures at
O'Briens Knob in the Cactus Range. Rhyolite and
quartz latite that'are very similar to the rhyolite of
O'Briens Knob occur in ranges east, north, and north-
west of the project area, and stratigraphic relations in
these areas indicate that they are virtually the same age
as the rhyolite of O'Briens Knob. These rocks include
rocks equivalent to the Oddie Rhyolite and Brougher
Dacite (quartz ltite) mapped by Spurr (1905) at
Tonopah and the Oddie Rhyolite mapped by Ferguson
and Cathcart (1954) in the western Manhattan district
42 miles northeast of Tonopah.

Characteristically the rhyolite of O'Briens Knob is
light to medium gray or reddish gray where devitrified
and dark gray where vitrophyric. It weathers to form
reddish-gray or reddish-brown rounded hills and slopes,
but locally it forms rugged craggy outcrops, especially
in areas where the rock occurs as flow breccia or in in-
trusive masses. The rhyolite is generally conspicuously
flow layered with the layers averaging several inches in
thickness, but locally it is massive without visible layer-
ing. The rock at the borders of intrusive masses is corn-
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monly vitrophyric-.and'-autobrecciated,
abundant shattered and broken phenocrystE

Phenocryst contents range from 5 to 45 
the higher values greatly.,predominating.
varieties are distinguished by abundant
plagioclase phenocrysts (mostly andesine a
mm in diameter) and conspicuous quartz
Plagioclase te dominant phenocryst, typi
up, 50-0 percent of the phenocrysts. The
generally shows.'oscillitory and strong no:
and complex. twinning, and.,.commonly i
glomeroporphyritic'. clots.'Other phenocr
grains of quartz :(25-0 percent), sanidin(
cent), biotite (5>iO t), ent), and minor
sphene, magnetite, and.allanite. This mir
blage is also characteristic. of the tuff of Wi
and Fraction Tuff(, . !;.- .-.

Chemical analyses and 'norms of the
O'Briens Knb' from each of the ranges a
table 11 (samplesl7-11). These rocks fall in
and quartz latite fields of O'Connor (fig. I
exception of sample 2, a rock from the Bi
which falls in the rhyodacite field close to t]
of quartz atites.'

The rhyolite of 07Briens Knob and the FY
are very similar chemically, petrographic
the range of variation among the normati'
The only apparent difference between the

An
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.containing aside from one being a tuff and the other i lava, is the :
s. '. high lithic content characteristic of the tuff. These rocks
percent, with possibly are genetically related. The fact that the rhyo-
Crystal-rich lite of O'Briens Knob occurs throughout such a broad
conspicuous area indicates that it, like the lavas of intermediate

Ls much as 5 composition previously described, was withdrawn from
and biotite. a substratum that was broader than the' mapped' area.

[cally makes
plagioclase STRATIGRAPHIC RELATIONS AND AGE

rmal zoning In the Belted Range, the lavas rest unconforinably
it occurs as on or intrude faulted eroded blocks of tuff of White

Vsts include Blotch Spring, lavas of intermediate composition,.Frac-
(0-25 per- tion Tuff, and, locally, sedimentary acks and bedded

horblende tuff. In the Kawich and Cactus Ranges, the rhyolite of

e'Briens Knob occurs mostly as broad dikes and plugs,
lsons Camp some of which intrude the Fraction Tuff. In the south-

em Belted Range, the rhyolite is overlain by the rhyo-
rhyolite of lites of Belted Peak and Ocher Ridge, which in turn
~re given i are overlain by the Belted Range Tuff dated at 13.8 m.y.
the rhyolite (table 5). It seems reasonable to conclude that the rhyo-
.2) with the lite of O'Briens Knob is late Miocene in age.

hlted ange In the west half of the mapped area, especially along
the margins of Cactus and Gold Flats, rhyolites that are

oration TuE fnot typically of O'Briens Knob lithology were included
actin Tuff .in the same cartographic unit to keep rhyolite units at

ally, and in a minimum. Most of these rhyolites contain phenocrysts
ve minerals. of plagioclase, and stratigraphic rlations indicate that

wo roc they are closely related in time to the rhyolite of

O'Briens Knob.

RHYOLITE OF CACTUS PEAK

Several plugs, broad dikes, and flows of white to gray
crystal-poor plagioclase-free rhyolite occur in the
northern part of the Cactus Range. Cactus Peak, one of
the most prominent landmarks in'the area; is composed
of this rhyolite. At several localities the rhyolite in-
trudes rocks mapped as rhyolite of O'Briens Knob. The
rhyolite of Cactus Peak- is massive 'to intensely flow
layered and locally columnar jointed;' it weathers to
reddish gray where unaltered and light.gray to pale
yellow where silicified. It contains 110 percent pheno-
crysts of alkali feldspar, small resorbed quartz, and

\20 sparse biotite in a microcrystalline granular, felty, or
spherulitic groundmass that generally contains some
secondary zeolite and sericite. It is vitrophyric locally
at the base of flows or at the border of intrusive masses.

0 Or A thick pile of similar rhyolite crops out east of the
Goldfield mining district and extends into the extreme

oclase ratios northwestern part of the project area (pL. 1). Although

S In O'bens the age equivalence is not established, these rocks are
mapped with the rhyolite of Cactus Peak.

Quarz fatophyre /9
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Fiouzz 12.-Plot of normative albite-anorthite-orti
for Fraction TuE (open circles) and rhyolite
Knob (soid circles). Numbers refer to sample
Fields from O'Connor (1965).
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RHYOLITE OF BELTED PEAK AND OCHER RIDGE

Thick rhyolite lavas and several large rhyolite in-
trusive masses form the bulk of the southern Belted
Range. Aside from the relatively young rocks that are
genetically related to the sodic rhyolitic Belted Range
Tuff, the rhyolites are calc-alkalic in composition and
occur as two types. One type generally contains abun-
dant phenocrysts (rhyolite of Belted Peak); the other
contains few phenocrysts (rhyolite of Ocher Ridge).
The rhyolite of Belted Peak characteristically contains
moderately abundant and conspicuous flakes of biotite
and abundant large phenocrysts of quartz. In contrast,
no mafic minerals of any kind have been observed in
the'rhyolite of Ocher Ridge either in outcrop or in five
thin sections taken from widely separated outcrops.
Quartz phenocrysts are small. Both rocks contain al-
kali feldspar and minor oligoclase.

The rhyolites of Belted Peak and Ocher Ridge ap-
pear to have been extruded nearly simultaneously from
several feeder necks and plugs that are alined north-
south along the west flank of the Belted Range. Near
Wheelbarrow Peak the rhyolite of Ocher Ridge is
younger; to the southwest, however, rhyolite of Ocher
Ridge is interbedded with rhyolite of Belted Peak. Sev-
eral of the plugs are well exposed, and in these the dis-
cordant relations with country rock are visible (fig. 13).
The rocks are definitely younger than the rhyolite of
O'Briens Knob and older than the Belted Range Tuff.

[BING RANGE, NYE COUNTY, NEVADA

RHYOLITE AND COARSE PORPHYRITIC RHYOLITE OF
UNCERTAIN AGE

Rhyolite lavas and rhyolite porphyry intrusive
masses that crop out (1) on the east flank of Stonewall
Mountain, (2) near Mount Helen, (3) in the Kawich
Range, and (4) in the Belted Range and northern
Kawich Valley can be dated only as Tertiary in age.
These rocks are included in a single cartographic unit.

On the east flank of Stonewall Mountain, the lavas
are about 1,300 feet thick and are in fault contact with
the Thirsty Canyon Tuff. They are light gray to pink
gray and conspicuously flow layered. Most are mod-
erately rich in phenocrysts of quartz, sanidine, plagi-
oclase, biotite, and magnetite. Some of the sanidine
crystals'are as much as 10 mm long. The groundmass is
glassy to finely crystalline.

Near Mount Helen the rhyolite is so intensely silici-
fied that nothing is known of its original petrography
except that the rock was probably poor in phenocrysts.

In the Kawich'Range, rhyolite exposed in small
patches north of Quartzite Mountain and as large
masses north of Cedar Pass is petrographically dis-
similar to the rhyolite at Stonewall Mountain. These
rocks are very poor in crystals. They contain sparse
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FioURS 13.-Feeder plug about 2 miles south-southwest of
Belted Peak. Rock In the plug s gradational between rhyolite
of Belted Peak and rhyolite of Ocher Ridge. It intrudes
gently dipping Monotony Tuff and Shingle Pass Tuff. A (left),
View to the east. B (right), View to the north along discordant

contact with Shingle Pass Tuff on west side. Note that flow
layering in the rhyollte parallels contact. (Man Is standing In
contact zone.) Rock In front of tree on left Is nearly flat-lying
altered tufi.
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phenocrysts of alkali feldspar, quartz, and biotite. They

are similar to the rhyolite of Cactus Peak but are not

mapped with that rhyolite because of the uncertainty in

age equivalence and because of the great distance sepa-

rating the exposures.
A rhyolite porphyry plug located in the northern

part of Kawich Valley and a rhyolite dike located

southeast of Belted Peak intrude strata of Paleozoic

age and the Monotony Tuff, respectively. The rock in

Kawich Valley is massive weathering with only weak

flow layering and is rich in crystals including

alkali feldspar as much as 10 mm in length and quartz

as much as 8 mm in diameter. Chloritized biotite is the

only mafic mineral. The interior of the mass has a much

coarser grained groundmass than the outer margins.

The dike rock southeast of Belted Peak is petrographi-

cally similar, containing alkali feldspar crystals as

much as 10 mm in length and abundant crystals of

quartz and small crystals of biotite.

ANDESITE OF STONEWALL FLAT

Andesite dikes and plugs intrude Fraction Tuff along

the northwest margin of Stonewall Flat. The rock is

dark gray to black and produces a distinctive black pat-

tern on aerial photographs. The rock weathers to dark-

brown slopes composed of angular joint-faceted blocks.

It is massively to very faintly flow layered and contains

about 30 percent phenocrysts consisting of plagioclase,

pyroxene, hornblende, magnetite, and altered olivine. A

chemical analysis is given in table 11 (sample 12). The

andesite predates Thirsty Canyon Tuff, but its age rela-

tive to other post-Fraction Tuff strata is not known.

TUFF OF TOLICHA PEAK

The tuff of Tolicha Peak is well exposed at Tolicha

Peak, which is outside the project area about 2 miles

west of Quartz Mountain. The best exposures within

the area are 12 miles north-northeast of Tolicha Peak

at triangulation station Pahute located on a large knoll

or hill about half a mile east of Road D and 6 miles

south-southwest of Mount Helen in T. 6 S., R. 46 E.,

Nye County, Nev. The rock is discontinuously exposed

over a considerable area in this vicinity and adjacent to

Mount Helen, and it has been correlated as far eastward

as the southern Belted Range. It has been tentatively

identified in drill cores from wells on Pahute Mesa. Its

northern extent is unknown because vast areas to the

north that were probably topographically low during

the tuff eruptions are covered by Thirsty Canyon Tuff

and alluvium. The Cactus Range was probably a topo-

graphic high during Tolicha Peak time, and the ab-

sence of the tuff there does not preclude the possibility

that it originally extended that far north. The extent

of the tuft west and southwest of the mapped area is

unknown.
The tuff is about 300 feet thick at the triangulation

station, where it forms a compound cooling unit with a

conspicuous vitrophyre zone 30-50 feet thick at the base.

The rock is densely welded there and weathers to hard

clinkstone. It is gray, buff, and reddish brown where

fresh and unaltered, and yellow or buff where zeolitized

and silicified. In most exposures the tuff forms valleys

or low hills. It contains less than 1 percent phenocrysts

consisting of plagioclase, quartz, alkali feldspar, and

sparse crystals of biotite and hornblende. The rock is

composed dominantly of shards and pumice fragments

that average less than half an inch in length and diam-

eter. The pumice fragments commonly weather to

elongated pits in exposures north of the triangulation

station, especially where the tuff has been silicified. The

pits together with incipient desert varnish, give the

altered rock a distinctive rough and dingy aspect. The

rock contains many small spherulites that average 1 mm

or less in diameter. The spherulites are visible even

where the enclosing matrix is highly zeolitized or sili-

cified; they are a useful guide for recognizing the rock.

North of the triangulation station, at the south end

of Mount Helen, three cooling units are present in the

tuff of Tolicha Peak. These are separated from each

other by fluvial and lacustrine sedimentary rocks and

ash-fall tuff. The lowest of the three units crops out

adjacent to the mountain, where it rests directly on

eroded lavas of Mount Helen or on thin-bedded fluvial

sandstone. This unit is massive weathering, contains

abundant fragments of lavas of Mount Helen at the base,

and is moderately rich in phenocrysts. It grades upward

to crystal-poor tuff identical with that at the triangula-

tion station. The tuff is about 200 feet thick and is over-

lain by 500-800 feet of crystal-poor ash-fall tuff, thin-

bedded siltstone and limestone, and fluvial crossbedded

sandstone. The middle cooling unit, which is thought to

correspondent to the unit at the triangulation station,

contains abundant rhyolite lithic fragments and has a

thick altered vitrophyric zone at the base. It is overlain

by ash-fall tuff and sedimentary rocks that include

zones of sandy limestone as much as 15 feet thick and

several zones of thinly laminated siltstone and shale.

The bedded interval is at least 200 feet thick and pos-

sibly as much as 400 feet. It is overlain by weakly welded

ashflow tuff that is nearly identical with the tuff of

Tolicha Peak below but is different in that it contains

virtually no lithic fragments. It is the youngest bedrock

in the syncline valley in the SW. cor. T. 5 S., R. 47 E.

All three units are zeolitized in the Mount Helen ex-

posures, and locally they are intensely silicified. Because

the three units are so strikingly similar in outcrop, no
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attempt was made to differentiate them. In fact, in many
areas the tuff of Tolicha Peak includes not only the three
units but the interbedded ash-fall tuffs and sedimentary
rocks as well.

A single chemical analysis (table 12) of vitrophyre
from the triangulation station shows the rock to be a
salic rhyolite extremely low in femic constituents.

TABLE 12.-Chemical analysis and norm of luff of Tolicha Peak
from It miles north-northeast of Tolicha Peak

{Analysis of am~ 1 lborso No. 185058. eid No. 64-194, by P. L.D.
Elms., 5. A. Bott, a. w. Chloe. LoweU Artls, and H. Smith, by rapid method]

>mea a"nsis Nam
SiO - -73.-06 ._ __ 8
A1303 --- - 12.2 C___ -_ -_. 1. 8
FeO -- .48 or. .- - 26.2
FeO -- - .28 ab __-- : 26. 8
Mgo - -. 16 an----------------- 3.0

O-- .57 en ----- 4
NaO -- 3 is ----- 07

O--- 4.2 mt --. 74
H0 --- .66 il ----- .22
H1,0 + -- 3.9
TiO -- .11
PO _----- - 0
Mno -- .07
CO,-- .05

Sum ------ 99

The source for the tuff of Tolicha Peak is not known
with absolute certainty. The fact that several cooling
units of the tuff are intercalated with thick sequences of
lacustrine sedimentary rocks in and adjacent to Mount
Helen suggests that collapse occurred there concomit-
antly with the extrusion of the tuff. The caldera may be
centered south of Mount Helen on a small gravity low
(p1. 1).

The age of the tuff of Tolicha Peak, as indicated by
available data, is probably late Miocene. It is younger
than the rhyolite of Ocher Ridge, which underlies the
tuff along the southeast flank of Kawich Valley, and is
older than the Belted Range and Paintbrush Tuffs,
which overlie the tuff of Tolicha Peak in the southern
Belted Range and near Tolicha Peak. The Belted Range
Tuff (Grouse Canyon Member) has been dated at
13.8±0.6 m.y. (table 5, sample 13).

RHYOLITE OF QUARTZ MOUNTAIN

Calc-alkalic rhyolite lavas with minor basal ash-fall
tuffs locally are at least 400 feet thick in the general
vicinity of Quartz Mountain in the extreme southwest
part of the project area. The rhyolite overlies the tuff of
Tolicha Peak and underlies the Grouse Canyon Mem-
ber of the Belted Range Tuff. In outcrop the rock ranges
from grayish white to gray and buff. It contains 20-25
percent phenocrysts, which consist of subequal amounts
of quartz, sanidine, and sodic plagioclase, 1-2 percent
biotite, and accessory iron ore and sphene. The ground-

mass is typically vitric, although locally it is devitrified.
Locally the rhyolite has been silicified and argillized by
hydrothermal solutions.

Chemical analyses of two samples of the rhyolite are
given in table 13.

TABLE 13.--MCemical analyses of rhyolite of Quartz Mountain
(Analyses by P. L. D. Elmore. S.W. Botts, O.W. Chloe, Lowell Artis, and H. Smith,

by rapid method (Shapiro and Brannock, 1962)j

Sample ..................................................... TP-12 BM-20

Sio-
120------------------------ ---- --

FeO, _ _-- -- _- -- -_ - -
FeO ------------------ ------- ---
Mgo -
CaO .- - --
NaO _ _ --- -_ ------
KO _ - -_- - - -
HO -. _- -_--- -- _ _ _
H20 ---------------------------------
TiO._ .------------------------------

MnO .-.-------------------------
CO 2 - _--_--__--__--___--_____--____-

71. 3
I3.0

1.2
.37
.35

1.3
3.4
3.8
.43
4.9
.20
. 05
.05
.05

71.1
14.2
1.4
.46
.40

1. 1
3.6
4.8

26
2 3
.24
.04
.08
.05

Sum- _---------- 100 100
Powder density -___ - -___ -g/cc 2.38 2. 38

Sample, locairS, and desaiption
TP-12. Vltrophyre from lava exposed 3 miles west-northwest of Quartz Mountain.
BM-20. VItric rhyollte lava from L.5 miles outh ofQuartz MountaIln.

YOUNGER VOLCANIC ROCKS

In the southern part of the mapped area, the older
Tertiary volcanic rocks described herein are overlain
by relatively undeformed and virtually unaltered vol-
canic rocks of late Miocene and Pliocene age. These
rocks consist of extensive sheets of silicic and interme-
diate ash-flow tuff with intercalated ash-fall and re-
worked tuff, and of local silicic to mafic lavas.

Most of the younger volcanic rocks belong to one of
five major genetic groups, which, from oldest to young-
est, are: Belted Range Tuff and associated lavas and
tufts, Paintbrush Tuff, Timber Mountain Tuff, Thirsty
Canyon Tuff and associated lavas, and basalt of Basalt
Ridge. The rocks of a genetic group are closely related
chemically, petrographically, and with respect to their
source areas.

The rocks of these five genetic groups are most wide-
spread, thickest, and best exposed in the southern part
of and south of the mapped area, where they have been
mapped at a scale of 1: 24,000 under the U.S. Geological
Survey's long-range geologic studies project of the
Nevada Test Site. A voluminous body of data on these
rocks has been accumulated in conjunction with this
1: 24,000-scale mapping, and a series of reports, both
published and in preparation, describes their stratig-
raphy, structure, and petrology. For this reason, only
short summary descriptions of these rocks are given
here.

A
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In addition, several genetically unrelated units,
mainly lavas, interfinger with the rocks belonging to the
five major groups. These rocks will not be described else-
where and thus are described here in somewhat greater
detail.

BELTED RANGE TUFF AND ASSOCUTED LAVAS AND TUFFS

Rocks of the Belted Range Tuff are widespread in the
southern part of the mapped area (pl. 1) and are ex-
tensive south of the mapped area. The formation is
composed of the Tub Spring and the overlying Grouse
Canyon Members (Sargent and others, 1965; Hinrichs
and Orkild, 1961), both of which are compound cooling
nits of ash-flow tuff. Both members were erupted from

a vent area in eastern Pahute Mesa (p1. i), which is the
site of a caldera complex 7-10 miles in diameter (P. P.
Orkild and K: A. Sargent, written commun., 1968;
Orkild and others, 1968; Noble and others, 1968). In
the general vicinity of the caldera, the two members
are overlain, underlain, and locally separated by areally

restricted units of lava, ash flows, and nonwelded and
welded ash-fall tuff, which, as shown by field relation-
ships, chemical composition, and petrography, are gene-
tically related to the Belted Range Tuff. These lavas
and tuffs are here subdivided into four informal units:
the rhyolite of Kawich Valley, the rhyolite of Quartet
Dome, the trachyte of Saucer Mesa, and the rhyolite
of Saucer Mesa.

The composition of the rocks of the Belted Range
Tuff and the associated lavas and tuffs, except the
trachyte and some of the rhyolite of Saucer Mesa, is
comenditic (table 14). Most of the rocks are peralkalic
and contain a molecular excess of alkalis over alumina,
as shown both by chemical analyses and by the presence
of sodic emphibole and pyroxene in the groundmass of
rocks that have crystallized in a nonoxidizing environ-
ment. The rocks are also characterized by relatively high
contents of such trace elements as zirconium, niobium,
beryllium, gallium, and the rare earths.

TABLE 14.-Average majorelenent chemical compositions of rocks of younger volcanic units

Thee composItions are averages for densly elded devftrifed tuffs and dense devltrided lava. Sme of the compositions are significantly different from the Inferred original
compos tons ofthe unit prlortocrystlltlon and prolonged contact wlth ground water. Averages are based on approxImately 250 rapid and standard rock analyses made
In the U.S. Geological S urvey laboratories in Wahlngto7 D.C., and Denver, Colo.]

1 2 a 4 5 6 7 S 9 10 11 12 13

s80 ,- 48 74 69.5 66 72.5 66 73.5 69 60. 5 68.5 64 63 8 5
A0-O- 16.5 13 11.5 16 14 15 12. 5 14. 5 17 15 16.5 17.5 15.5
F.O -_ 4.5 1.9 4 2.1 1.8 3 1.9 3 3 Z.8 2.7 2.2 3
FeO -7 .1 1.2 L3 .2 .5 .3 .3 2.6 .7 1.7 1 .2
MgO - 5.2 .4 .3 .4 .2 .5 .2 .4 1.3 .25 .9 .9 .4
CaO - 8.5 .6 .5 1.6 .9 1. .7 .8 2.8 .55 2.2 2.2 .6
NaO - 4 4.2 5.2 .3 4. 2 5.1 4.5 4.8 5.2 5.1 4.8 S.1 4.8
K O- 1.8 8 4.8 5.8 .2 5.3 4.8 5.4 4.8 5.5 5 5.5 5.3
H -,O+- .7 .4 .6 .6 .5 .8 .2 5 .6 .4 .6 .7 4
TiO, 2.2 .12 .3 .45 .15 .35 .15 .35 .9 .35 .85 .7 .45
MnO -_-- .19 .08 .16 .16 .08 08 .08 .15 .15 .15 .13 .15 .15
PaO, _- -- .9 .06 .07 .10 .04 .16 .03 .07 .5 .04 .38 .35 .1
CO -_ <.05 .5 .05 .3 .2 .3 .1 .1 .05 <.5 <.05 <.05 .05

14 15 1 17 is 19 20 21 22 23 24 25

siOs -61.5 7 5 6& 5 72 74 76 74.5 69.5 69.5 76 65.5 75
A-sO,- 17.5 13 16 13 11.5 11 12.5 14.5 14 11.5 15.5 11.5
Fos - 3.3 .6 1.5 2.6 2.5 2.1 1.4 2.2 2.6 2.3 4 2.1
FeO -_ 1.7 .2 .7 5 1 .4 .9 L3 .7 .2 .7 .4
MP - .85 .15 .8 4 .1 .35 .1 .1 .3 .1 .35 .2
CaO -3 .6 1.7 1 .3 .5 .3 .8 .5 .2 1.1 .4
N4O -_------- .1 3.6 4.5 4.4 4.6 4.3 4. 5.2 4.6 4.2 a 5 4.2
KSO - 6 4.8 3.2 5 4.6 4.7 4.7 5.2 5.2 5 S 6 4.5
HlO+ - .5 .5 .5 .9 .4 .5 . .2 .6 .3 .3 .3
TiO,- .85 .15 .5 .35 .22 .15 .15 .30 .30 .16 .6 .15
MnO -. 12 .06 .08 .15 .17 .07 .09 .20 .17 .11 - 23 07
P.OS----- -_ .34 .05 .2 .10 .02 .02 .02 .03 .04 .02 .16 .01
C0- - <.05 .1 .1 .5 .05 .1 <.05 .I .1 .05 <.05 .3

L Basalt of Basalt Ridge.
2. Labyrinth Canyon Member, Thirsty Canyon Tuf.
S. Gold Flat Member, Thirsty Canyon Tuff.
4. Tra1 Ridge Member, Thirsty Canyon Tug.
A Trail Ridge Member, Thirsty Canyon Tuf, erystal-poor ash flows.
. Tril Ridge Member Thirsty Canyon Tuf, lower crystal-rich ash flows.

7. Spearhead ember Thtrsty Canyon Tuf. comendite ash fows.
S. pearhead Member Thirsty Canyon Tuft, trachytic sodic rhyoaltic ash flows.
9. Tracbyte ot Hidden CIff.

10. Rhyote of Pillar Spring, middle tracbytic *odic rhyoute lava
IL Rhyofte ot PUlar Spring lower trachyte lavas.
12. Tachytef Yeow Cle trachyte lava.
13. Rhyollte of Ribbon Cliff, upper trachytic sodft rhyolte lavs.

14 Rbyolb of Ribbon CUf, lower trachyte lava.
I1J Timber Mountain Tuff. rhyoUUc ash-Bow tfts.
16 Timber Mountain Tuff. quartZ laitic ash-flow tuffs.
17. Grouse Canyon Member, Belted Range Tuft, upper crystal-rich ash-flow sheet.
18. rouse Canyon Member Belted Range Tuf, lower crystal-poor ash-flow sheet.
19. Tub 8ring ember Beited Range Tuf.
20. Rhyolteof Saucer iesa
21 Trochytc sodl¢ rhyoUte of Saucer Mesa.
23. Tuft of Basket Valley.
23. Rhyob of Quartt Dome
24. chyte ot aucer Mesa.
25. Rhyote of Kawich Valley.
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Sodium-rich sanidine is the dominant phenocryst
mineral; sodium-and iron-rich clinopyroxene, fayalite,
zircon, and apatite are ubiquitous phenocryst miner-
nls, but form less than 0.1 -percent of the rock. Quartz
phenocrysts are abundant in the rhyolite of Quartet
Dome, the Tub Spring Member, and the rhyolite of
Kawich Valley, and less abundant in rocks of the
Grouse Canyon Member. Crystals of sodic amphibole of
vapor-phase origin are common, particularly in the
ash-flow tuffs.

RHYOLITE OF KAWICH VALLEY

Numerous discontinuous bodies of petrographically
similar commendite lavas, which were erupted in the
general vicinity of Kawich Valley and in the southern
Belted Range prior to the eruption of the Tub Spring
Member, are here included in the rhyolite of Kawich
Valley. The form and areal distribution of these lavas
-show that they were erupted from numerous vents.

Rocks of the unit are typically flow layered and
highly contorted. The lavas are crystallized in most out-
crops although vitrophyres are present locally. Spher-
ulitic devitrification is common and zeolitic alteration is
fairly common. Colors range from gray, bluish gray,
and green to various shades of red and yellow. Pheno-
crysts, consisting predominantly of sanidine and sub-
ordinate quartz with minor fayalite and clinopyroxene,
make up about 1-10 percent of the rock. The rhyolite has
been dated at 14.8 ±0.6 m.y. (table 5, sample 14).

TRACHYTE OF SAUCER MESA

Peralkalic trachyte lavas crop out below the rim of
Saucer Mesa on the southeast flank of Gold Flat and
also in a strike valley southeast of Saucer Mesa. The
rock is reddish gray or green and weathers to dark red
or brown. Phenocrysts-which include sodium-rich
sanidine-anorthoclase (1030 percent), clinopyroxene
(<5 percent), and sparse crystals of iron-rich olivine-
are set in either a glassy groundmass or a trachytic
groundmass of alkali feldspar and sodic amphibole.

RUYOLrTE OF QUARTET Dore

The rhyolite of Quartet Dome comprises several
thick, small bodies of crystal-rich comendite lava
which, as shown by their shape and structure, were
emplaced at various times as relatively viscous bodies
which erupted from a different volcanic vent. Some
were emplaced before the eruption of the Tub Spring
Member, others were emplaced after the eruption of
the Tub Spring Member but before the eruption of
the Grouse Canyon Member, and one was emplaced after
the eruption of the Grouse Canyon Member. It is pos-

sible that some. bodies of the rhyolite of Kawich Valley
postdate some of the lavas of Quartet Dome in areas
where stratigraphie relations are doubtful. When strati-
graphic relations are straightforward, however, the
rhyolite of Quartet Dome overlies the rhyolite of
Kawich Valley.

Rocks of the unit are typically gray, crystallized,
and well foliated on a large scale. Rocks of the various
domes are petrographically nearly identical. Pheno-
crysts of sanidine and quartz, 1-4 mm in diameter,
together compose 25-30 percent of the rock, and clino-
pyroxene and fayalite compose less than 1 percent.
Vitrophyre and zones of spherulitic and zeolitic altera-
tion are relatively uncommon.

In Grass Spring Canyon the rhyolite of Quartet
Dome is underlain by a unit composed of poorly welded
ash-flow or welded ash-fall tuff and nonwelded ash-
fall tuff. This unit has the same phenocryst content as
the overlying lavas, and locally it contains lithic frag-
ments that are lithologically identical with those lavas.
This tuff was probably erupted from the same vent im-
mediately prior to the eruption of the rhyolite.

TUB SPRING MEMBER

The Tub Spring Member crops out on the east and
south flanks of the Belted Range, east of Yucca Flat
south of the project area, and locally in Kawich Val-
ley and vicinity. It is as much as 300 feet thick.

Rocks of the member are typically buff or bluish gray,
but locally they are brick red. The member is mostly
devitrified, but at the base and top it contains poorly
welded glassy tuff that is partly or completely zeolitized
in many outcrops. Vitrophyre is locally present in the
central part of the cooling unit, where the member is
thick and densely welded. The member contains about
20-25 percent phenocrysts of sanidine and quartz, minor
amounts of clinopyroxene and fayalite, and locally
fragments of pumice, rhyolite, welded tuff, and Paleo-
zoic sedimentary rocks.

GRousE CANYON MEMBER

The Grouse Canyon Member has a much wider dis-
tribution than the Tub Spring Member. As inferred
from its present known distribution, the Grouse Can-
yon Member originally covered at least 1,500 square
miles.

The Grouse Canyon differs from the Tub Spring in
being more densely welded and in having a much
smaller percentage of phenocrysts. The various ash
flows that make up the member contain about 0.01-25
percent phenocrysts, with an average of about 2-3 per-
cent. In most places the member is densely welded
(fig. 14) and, with the exception of a thin basal vitro-
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phyre, is almost everywhere devitrified. The rocks are
greenish gray to bluish gray to grayish buff and brown
and locally are brick red.

FrousZ 14.-Hand specimen of Grouse Canyon Member of Belt-
ed Range Tuff cut normal to prominent compactlon folia-
tion. Note that foliation parallels the boundaries of lithie
Inclusions of flow-banded rhyolite.

RHYOLrm OF SAUCER MESA

The rhydlite of Saucer Mesa consists of generally
crystal-poor and well-flow-banded lavas that overlie the
Grouse Canyon Member at Saucer Mesa and in Kawich
Valley. The lavas and associated tuffs are locally as
much as 1,000 feet thick.

The rocks range in color from bluish gray, greenish
gray, and buff to reddish brown and red. Phenocrysts,
consisting almost entirely of sodium-rich sanidine, com-
pose about 1-20 percent of the lavas. The rocks of the
upper part are almost entirely crystal poor, and they
are bluish gray and greenish gray, whereas rocks of
the lower part contain both crystal-poor and moderately
crystal-rich flows. Although most of the rocks are
comendites, trachytic soda rhyolite lavas (table 13)
occur locally at the base of the unit.

The trachytic sodic rhyolite of Saucer Mesa and the
tuff of Basket Valley, which are mapped separately on
1: 24,000- and 1: 62,500-scale maps, respectively, are in-
cluded with the rhyolite of Saucer Mesa on plate 1.

ASK-FALL AND REWORKED TUFF

In most places the units of welded tuff and lava are
underlain and separated by variable thicknesses of
nonwelded ash-fall tuff, reworked tuff, and epiclastic
tuffaceous material. Generally these rocks are bedded
and partly or completely zeolitized. Crystal content is
about 1-25 percent. Some tuffs, particularly those con-
taining abundant crystals, contain numerous lithic
fragments. Where too thin to be shown separately on

the geologic map, ash-fall and reworked tuffs are, by
convention, included with the overlying map unit.

Ash-fall and reworked tuff occurs stratigraphically
above and below the Tub Spring Member (pl. 1). Above
the Tub Spring the tuffs are almost wholly genetically
related to the Belted Range Tuff and associated lavas,
but in many places below the Tub Spring the tuffs
appear to be related to older volcanic units.

RHYOLITE OF AREA 20, PAHUTE MESA

Cale-alkalic rhyolite lavas locally crop out beneath
the Timber Mountain Tuff and between members of the
Timber Mountain Tuff in the northern and southwest-
ern parts of Pahute Mesa. The oldest, which is called
the rhyolite of Area 20 by Orkild, Sargent, and Snyder
(1969), is flow brecciated, vesiculated, and glassy at the
top and base, and flow layered and devitrified in the
interior. The rock contains phenocrysts of quartz, alkali
feldspar, plagioclase, biotite, hornblende, and, locally,
sphene. Drill-hole data on Pahute Mesa (P. P. Orkild,
oral commun., 1966) show that this rhyolite, although
it crops out directly below the Rainier Mesa Member of
the Timber Mountain Tuff in Silent Canyon and tribu-
taries, is actually older than the Paintbrush Tuff.

The youngest lava, which is called rhyolite lava of
Timber Mountain' Caldera Moat by Orkild, Sargent,
and Snyder (1969), crops out in tributaries of Thirsty
Canyon. The rock is light gray to purplish gray, mas-
sive to flow layered, dense to vesicular, and generally
crystallized'except for locally glassy tops and bases. It
contains 5-10 percent phenocrysts-mainly quartz and
alkali feldspar with minor plagioclase, biotite, and iron
ore. In places the rock is quartz free and contains alkali
feldspar and plagioclase in a ratio of about 2: 1. Drill-
hole data indicate that this rhyolite lies between the
Ammonia Tanks Member and the Rainier Mesa Mem-
ber of the Timber Mountain Tuff.

PAINTBRUSH TUFF

Two members of the Paintbrush Tuff (Orkild, 1965),
the Stockade Wash Member and an unnamed unit of
ash-fall and reworked tuff, are present in the south-
eastern part of the map area.

STOCKADE WASH MEMBER -

The Stockade Wash Member is a simple cooling unit
of buff poorly welded rhyolitic ash-flow tuff which
locally is as much as 300 feet thick; in most places it
is much thinner. Sparse phenocrysts include quartz,
plagioclase, alkali feldspar, biotite, hornblende, and
iron ore.

5,
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ASH-FALL AND RWORcrLD TUFF

The unit of ash-fall and reworked tuffs is approxi-
mately equivalent to the Survey Butte Member of for-
mer usage exposed on Rainier Mesa (Gibbons and
others, 1963), but probably only the middle part of the
map unit is genetically related to the Paintbrush. Tuffs
immediately underlying the Rainier Mesa Member are
undoubtedly genetically related to the Timber Moun-
tain Tuff. Where the Stockade Wash Member is absent,
ash-fall and reworked tuffs genetically related to the
Belted Range Tuff and associated lavas and tuffs are
locally mapped with the bedded tuffs of the Paintbrush
Tuff. In the southern part of Kawich Valley a local
unit of tuffaceous conglomerate, which in places is as
much as 200 feet thick, is included in the unnamed unit.

LATITE OF SOUTH KAWICH VALLEY

Black latite lavas that closely resemble basalt in out-
crop are here termed the latite of south Kawich Valley.
The latite interfingers with the ash-fall and reworked
tuffs in south Kawich Valley and at several localities
north of Pahute Mesa on the southeast edge of Gold
Flat. In the area north of Pahute Mesa the rock was
emplaced as a series of thin flows generally no more
than 30 feet thick, whereas in south Kawich Valley the
unit is as much as 250 feet thick and covers an area
of more than 1 square mile.

The rock is dark gray to black and sparsely
porphyritic, containing a few phenocrysts of labra-
dorite, clinopyroxene, olivine, and iron ore in a pilotax-
itic groundmass. The plagioclase microlites in the
groundmass, which appear to be oligoclase or andesine
in composition, surround tiny grains of pyroxene, iron
ore, and iddingsite. A few crystals of greenish- to dark-
brown hornblende mantled with opaque iron oxide are
visible in two thin sections from exposures near Gold
Flat. The rocks contain an abnormally large amount of
apatite, which occurs in the groundmass and as euhedral
prisms as much as 0.3 mm long.

TIMBER MOUNTAIN TUFF

The Timber Mountain Tuff (Orkild, 1965) is com-
posed of a sequence of ilicic ash-flow tuffs that were
erupted from sources in the immediate vicinity of Tim-
ber Mountain just south of the mapped area. The two
most extensive members of the formation, the Rainier
Mesa and the Ammonia Tanks, are present within the
mapped area.

Devitrified rocks of both members range in color from
gray and maroon to buff; glassy bases and tops of the
cooling units are pink, buff, or dark gray. Degree of

welding ranges from nonwelded and poorly welded to
densely welded.

Within the mapped area the Rainier Mesa Member
ranges in thickness from 0 to 600 feet, and the Ammonia
Tanks Member, from 0 to 350 feet. Both members are
thickest in the eastern part of Pahute Mesa. Numerous
partial cooling breaks, reflected by alternating zones
of dense and partial welding are visible in many places
in thick sections of both the Rainier Mesa and Ammonia
Tanks Members; no complete breaks have been
observed.

Rocks of the Timber Mountain Tuff range in composi-
tion from rhyolite to quartz latite. In both members
the ash flows that compose the lower parts are more
silicic and less mafic than those that compose the upper
parts. Average chemical composition for the rhyolite
and quartz latitic phases is given in columns 15 and
16, table 14. Phenocrysts of quartz, sanidine, plagio-
clase, biotite, hornblende, and clinopyroxene compose
15-25 percent of both members. The Ammonia Tanks
Member has an appreciably higher ratio of sanidine
to total quartz and plagioclase than does the Rainier
Mesa Member (. M. Byers, Jr., oral commun., 1964).

In isolated outcrops it may be difficult to distinguish
the two members. In many thin sections, however, the
Ammonia Tanks Member may be recognized by the
presence of abundant accessory sphene. In addition,
in southeastern Pahute Mesa, the Ammonia Tanks
Member may be distinguished by the presence of
numerous fragments of red densely welded tuff of an
older unit of the Timber Mountain Tuff, and by a thick
and distinctive sequence of poorly welded pumice-rich
ash-flow tuffs that makes up the lower and middle parts
of the member in that area. The difference in the quartz:
sanidine-plagioclase ratios and in the direction of
remanent magnetization may also be used to identify
rocks of the two members; studies by Gordon Bath
(unpub. data, 1966) of the U.S. Geological Survey in-
dicate that the Rainier Mesa Member is reversely polar-
ized and the Ammonia Tanks Member is normally
polarized.

BASALT OF STONEWALL MOUNTAIN AREA

Porphyritic basalt crops out between the Thirsty
Canyon Tuff and the Rainier Mesa Member of the Tim-
ber Mountain Tuff in several localities in the southwest-
ern part of the project area near Stonewall Mountain
and at the south end of Coyote Cuesta. None of this
basalt was examined in thin section or chemically
analyzed. The rock contains small phenocrysts of labra-
dorite and a few crystals of olivine largely altered to
iddingsite. None of the basalt lavas are more than a
few tens of feet thick. South of Stonewall Mountain,
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west of the project area, several basalt flows are sepa-
rated by bedded tuff. The basalt and interbedded tuffs
at Stonewall Mountain are several hundred feet thick
(F. M. Byers, Jr., written commun., 1964).

YOUNGER ROCKS OF MOUNT HELEN

Local poorly exposed units of fanglomerate, allu-
vium, and basalt underlie the Thirsty Canyon Tuf in
the general vicinity of Mount Helen. Although the
Thirsty Canyon Tuff provides an upper limit on the
age of these rocks, it is difficult to place definite lower
limits on their age.

AuoUMUx

Weakly lithified alluvium, colluvium, and fanglom-
erate crop out beneath the Thirsty Canyon Tuff in
several areas around the perimeter of Mount Helen,
notably near Gold Crater. The unit is heterolithic; in
places it consists of boulders, cobbles, and pebbles of
Paleozoic rocks and fragments of volcanic rocks older
than the Thirsty Canyon Tuff in a locally lithified
matrix of sand or silt. Material that is clearly of
alluvial-fan origin and that consists wholly of volcanic
detritus crops out along the west and north flanks of
Mount Helen. In the vicinity of Gold Crater, the al-
luvium apparently is dominantly the valley-fill type,
although some may be of alluvial-fan origin. The
alluvium is locally at least 50 feet thick, but it may be
considerably thicker under Stonewall Playa, which ap-
pears to have been topographically low prior to the
extrusion of the Thirsty Canyon Tuff.

PORPHYRtnC BASALT

Basalt caps the south end of Mount Helen and the
tops of several hills or buttes flanking Mount Helen.
The lavas, which apparently were originally only a
few feet thick, were erupted onto a fairly extensive
erosional surface that sloped away from Mount Helen
in all directions.

The rock is characterized by sparse to abundant
phenocrysts of plagioclase that average about 1 cm in
length but locally are as much as 10 cm. In thin section
the groundmass is glassy to extremely dense. At the
sumnmit of Mount Helen, however, at or near the feeder
vent for the basalt, the rock grades to porphyritic
leucodiabase containing a few large plagioclase pheno-
crysts in a subophitic groundmass of calcic labradorite,
65 percent; olivine (fa.,), 11 percent; clinopyroxene, 15
percent; and iron ore, 3 percent. Less than 1 percent
alkali feldspar is present interstitially and in the rims
of plagioclase. The remainder of the rock is composed
of 6 percent calcite, which occurs as vesicles and locally
as an alteration product of plagioclase.

The presence of basalt boulders in alluvium beneath
the Thirsty Canyon Tuff shows that the basalt is older
than the Thirsty Canyon. The basalt itself rests on an
erosional surface developed on a variety of older vol-
canic rocks. This surface was not extensively dissected
until after Thirsty Canyon time, as shown by erosional
remnants of Thirsty Canyon Tuff on or very near the
same surface as the basalt. It seems, therefore, that the
rock is not appreciably older than the Thirsty Canyon
Tuff and is herein considered tentatively to be of early
Pliocene age.

FANGLOWERATE OF TRAPPUAN HILLS

Weakly cemented fanglomerate composed domi-
nantly of fragments of gneissic quartz monzonite and
biotite schist forms gently rounded hills west and south-
west of Trappman Hills. The fragments are about 1-12
inches in diameter, and in most exposures they contain
less than 10 percent of Tertiary volcanic rocks. The per-
centage of volcanic fragments increases southward; in
the southernmost outcrops volcanic material comprises
about 50 percent of the fanglomerate.

Although the source of the metamorphic fragments
is clearly the Trappman Hills, where the bedrock con-
sists of identical rock, the age of the fanglomerate is
not so simply deduced. Locally, the fanglomerate rests
on tuff of Tolicha Peak; this fact suggests a Miocene or
Pliocene age. However, the occurrence of boulders or
fragments of gneissic quartz monzonite in rhyodacitic
breccia (rocks of Mount Helen, pl. 1) suggests that the
fanglomerate may have started to form prior to the
deposition of the tuff of Tolicha Peak. The evidence
here, however, is not straightforward inasmuch as the
fragments could have been derived directly from Pre-
cambrian bedrock.

THIRSTY CANYON TUFF AND ASSOCIATED LAVAS

A complex sequence of genetically related tuffs and
lavas had its source in the volcanic center of Black
Mountain (Christiansen and Noble, 1965).

The ash-flow and closely associated ash-fall tuffs that
erupted from the Black Mountain volcanic center are
named the Thirsty Canyon Tuff (Noble and others,
1964). Five formal members are recognized.within the
Thirsty Canyon. From oldest to youngest, they are: the
Rocket Wash, Spearhead, Trail Ridge, Gold Flat
(Noble, 1965), and Labyrinth Canyon Members. On
plate 1 the tuffs of the Rocket Wash, Spearhead, and
Trail Ridge Members are combined. Each member con-
sists primarily of ash-flow tuff that had completely
cooled before the deposition of succeeding units of ash-
fall or ash-flow tuff. A relatively thin unit of ash-fall
tuff occurs at the base of the members in most outcrops.

C' -
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The rock and cooling unit types of the members and
their relative original volume are given in table 15, and
average chemical compositions for the Spearhead, Trial
Ridge, Gold Flat, and Labyrinth Canyon Members are
given in table 14.

TABLE 15.-Rock and cooling unit types and relative original
volume of members of *he Thirsty Canyon Tuff

Rela-
Member Rock type Coolft unit type tUveol:

ume

Labyrinth Comendite - Single-flow (7) 1
Canyon. simple cooling

unit.
Gold Flat - Pantellerite - Compound cooling 2

Trail Ridge --- Nonperalkaline Multiple-flowaimple 4
rhyolite. cooling unit.

Spearhead - Comendite and Compound cooling 5
trachytic sodie unit.
rhyolite.

Rocket Wash_ _ Trachytic sodic - do -_-__-3(7)
rhyolite and
comendite.

With the exception of the Gold Flat Member, which
is typically buff, ocher, or green, the rocks of the
Thirsty Canyon Tuff are maroon, gray, buff, and locally
pink. Phenocrysts of sodium-rich sanidine compose
about 5-25 percent of the rock. Phenocrysts of fayalite
and sodic clinopyroxene are ubiquitous, but each com-
poses less than 0.1 percent of the rock. Spatse pheno-
crysts of an iron- and sodium-rich amphibole are
present in the Spearhead, Gold Flat, and Labyrinth
Canyon Members. Sparse phenocrysts of quartz and
plagioclase are present in the Gold Flat Member, and
flakes of biotite occur very sparsely in the Spearhead,
Trail Ridge, and Gold Flat Members. Lithic fragments,
mostly genetically related material derived from the
Black Mountain volcano, and large blocks of pumice
are common in many ash flows.

Trachyte and trachytic sodic rhyolite avas underlie
and interfinger with the Thirsty Canyon Tuff in the
immediate vicinity of Black Mountain. These lavas are
here divided into four informal units, which are, from
oldest to youngest, the rhyolite of Ribbon Cliff, the
trachyte of Yellow Cleft, the rhyolite of Pillar Spring,
and the trachyte of Hidden Cliff. The rocks are typi-
cally gray or blue-gray holocrystalline rocks, which in
many localities exhibit large-scale flow layering. Feld-
spar phenocrysts compose 10-30 percent of the lavas.
The trachytic sodic rhyolites contain phenocrysts of
sodium-rich sanidino and anorthoclase averaging al-
most a centimeter in diameter, whereas the trachytes
contain somewhat smaller phenocrysts of plagioclase,
thickly rimmed by anorthoclase or sodium-rich sani-
dine, in addition to phenocrysts of alkali feldspar. All

the rocks contain phenocrysts of iron-rich olivine and
clinopyroxene. Biotite phenocrysts re also sparsely
present in a few of the lavas of Ribbon Cliff. The
groundmass of the lavas consists principally of alkali
feldspar, with minor amounts of quartz, iron ore, and
aegirite or sodic amphibole. Average chemical composi-
tions of the various units are given in table 14.

The rhyolite of Ribbon Cliff underlies the Rocket
Wash and Spearhead Members east, south, and north
of Black Mountain (pl. 1). The best exposures are at
Ribbon Cliff, 5 miles east of the summit of Black
Mountain, where the unit is more than 400 feet thick.
Although most of the lava flows that make up the rhyo-
lite of Ribbon Cliff are of trachytic sodic rhyolite
composition (table 14), flows of trachyte are locally
present at the base of the unit.

A collapse caldera 7 miles in diameter centered on
the summit of Black Mountain formed after the depo-
sition of the rhyolite of Ribbon Cliff and the extrusion
of the Rocket Wash and Spearhead Members. After
collapse, the trachyte of Yellow Cleft, a complex se-
quence of lavas, tuffs, breccias, and hypabyssal intrusive
bodies of trachytic and trachytic sodic rhyolite compo-
sition, was erupted within the depression.

The ryolite of Pillar Spring was erupted during
the interval between the deposition of the Trail Ridge
and Gold Flat Members. The locality is at an infor-
mally named spring (pl. 1), 3 miles south-southwest of
the summit of Black Mountain. Three distinct rock
types can be recognized in the formation: a basal se-
quence of trachyte flows, and middle and upper units
of trachytic soda rhyolite. With the exception of the
upper unit, which has overflowed the northwest edge
of the post-Spearhead depression, the rhyolite of Pillar
Spring is presently, and probably was originally, re-
stricted to the area of post-Spearhead subsidence.

The trachyte of Hidden Cliff, which is named for
Hidden Cliff, located 1 mile east of the summit of
Black Mountain, was erupted between the deposition
of the Gold Flat and Labyrinth Canyon Members.
These lavas, erupted from a vent near the present sum-
mit of Black Mountain, probably originally did not
extend much beyond their present distribution.

BASALT OF BASALT RIDGE

Basalts younger than the Thirsty Canyon Tuff crop
out at Basalt Ridge, at several localities west of Gold
Flat, and in Thirsty Canyon and vicinity. Although
the various outcrops are similar in lithology, they may
vary considerably in age. No isotopic dates are avail-
able for the basalt of Basalt Ridge, but the topographic
expression and degree of erosion of the various out-
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crops make 'a Quaternary age improbable. The basalt

is here assigned a Pliocene age.
The basalts are porphyritic in most exposures, but

on Basalt Ridge they are conspicuously porphyritic
with about a third of the rock containing phenocrysts

of plagioclase and clinopyroxene as much as 3 cm in

length. In most thin sections the rock is seriate with

grains of sodic labradorite, clinopyroxene, olivine

(fas), and iron ore, which range in diameter from

several millimeters to less than 0.1 mm. Groundmass

texture is typically intergranular, but in some thin sec-

tions is subophitic or intersertal. The cores of the larger

plagioclase phenocrysts are sodic labradorite and the

smaller phenocrysts and microlites range from andesine

to calcic oligoclase. -:
Chemically the basalt of Basalt Ridge is character-

ized by relatively high iron and alkalis. The average

chemical composition (table 14) is similar to that of the

average hawaiite described by MacDonald. (1960).

TERTIARY AND QUATERNARY

BASALT

Basalt of Tertiary and Quaternary age crops out in

Reveille Valley, along the west flank of Kawich Valley

near Gold Reed, northeast of Mellan in Cactus Flat, and

north of Cactus Peak. The rocks are dense black olivine

basalts with sparse phenocrysts of plagioclase; none

were examined in thin section.
The youngest basalt appears'to be that in Reveille

Valley, which, according to H. R. Cornwall (oral com-

mun., 1964), was erupted from fissures in the Reveille

Range and flowed out onto the valley where it rests on

valley-fill alluvium (pl. 1). The basalt along the west

flank of Kawich Valley near Gold Reed is probably

older than basalt of Reveille Valley because it is largely

covered by valley-fill alluvium. Dikes and highly

pumiceous basalt rubble occur in an isolated knob, 4

miles north-northeast -of Gold Reed, that probably

marks the site of a vent zone or small cone that fed the

flows in the Gold Reed area. The basalt northeast of

Mellan, shown at the north boundary of the map, rests

on an erosional surface developed on the Fraction Tuff.

ALLUVIUM AND COLLUVIUM

Approximately half of the mapped area is blanketed

by alluvium and colluvium of Quaternary and Tertiary

age. This category includes fan alluvium '(locally fan-

glomerate) deposited on pediment surfaces that slope

radially away from the mountain ranges, valley-fill al-

luvium, lake and shoreline deposits, and, locally, land-

slide deposits and talus. That some df this material is of

Tertiary age is indicated by interbedding with volcanic
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rocks. For example, in the vicinity of Mount Helen, allu-

vial material that crops out beneath the Thirsty Canyon

Tuff was mapped as older alluvium, but where the

Thirsty Canyon is not present because of erosion or

nondeposition, alluvium that is probably of pre-Thirsty

Canyon age is not distinguished from more recent

alluvium.
The alluvial material is thickest in the major basins,

but the actual thicknesses ire unknown. The basins in

the project area are similar in size, areal extent,

and geologic setting to the Yucca Flat intermon-

tane basin in which the alluvial fill ranges in thickness

from 0 to as much as 2,200 feet (W. P. Williams, W. L.

Emerick, R. E. Davis, and R. P. Snyder, written com-

mun., 1963). Gravity data (Healey and Miller, 1962)

suggest that the alluvial fill and volcanic rocks may be

as much as 4,500 feet thick in Kawich Valley and Gold

Flat. Drill-hole data at Yucca Flat' (W. P. Williams

and others, written commun., 1963) show that the com-

position, texture, and physical properties of -the- allu-

vium vary according to the distance from the source,

the types of rock at the source, the carbonate content

and resultant degree of cementation, and the amount of

compaction of the alluvium with depth. The bulk of the

material cut by the drill within the project area is sand

and clay. (See p. 84.)

Several of the canyons cut into Thirsty Canyon Tuff

adjacent to playas have been partly filled with allu-

vium. For example, in Civet Cat Canyon south of Stone-

wall Flat, a well dug 75 feet into the floor of the Canyon

bottomed in alluvium of post-Thirsty Canyon origin.

The mechanism'of this occurrence of aggradation is not

perfectly understood, but it seems likely that the canyon

was cut primarily during a pluvial cycle of the Pleisto-

cene Epoch when increased rainfall probably gave rise

to a perennial stream. With diminished rainfall after

the Pleistocene Epoch, rock waste was moved into the

canyon by constantly overloaded "gully washing"

streams. This aggradation continued until the canyon

was filled to a level slightly higher than its present

depth, as indicated by several alluvial terraces flanking

the streambed a few feet above the present stream level.

The shift to downgrading may reflect a slight change to

relatively heavier precipitation in fairly recent times or.

relative settling of the Stonewall Flat basin *hich effec-

tively increased the stream gradient.

STRUCTURE

GENERAL SETTING

The mapped area is in the western part of the Basin

and Range province, about 50 miles east of the average

east border of the Cordilleran eugeosyndline as defined

_TA
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by Gilluly (1905). The eugeosynclinal border also ap-

proximately marks the east border of the region that is

characterized by large granitic plutons of Mesozoic age

that are related to the intrusion of the Sierra Nevada

batholith. Granite plutons are present east of the line,

but they are relatively small and widely scattered. The

area lies east of a zone of transcurrent faulting first de-

fined by Gianella and Callaghan (1934) and named the

Walker Lane by Locke, Billingsley, and Mayo (1940).

This zone divides southern Nevada into an area of

north-trending ranges (includes most of mapped area)

and an area of northwest-trending ranges (fig. 15). The

eastern part of the Walker Lane as defined by Locke,

Billingsley, and Mayo 1940) was named the Las Vegas

Valley shear, zone by Longwell (1960), who concluded
that the zone was a right-lateral fault with at least 25

miles of displacement. Stratigraphic studies by U.S.
Geological Survey personnel working at Neveda Test

Site (F. G. Poole, oral commun., 1966) support Long-

well's conclusion. The exact location and the nature of

the shear zone in and adjacent to the area of study are

problematical. Burchfiel (1965) concluded that the

Las Vegas Valley shear zone and the Walker Lane do

not form a single continuous fracture zone. Neverthe-

less, there is general agreement that these two faults

together with others (for example, the Furnace Creek

fault zone in Death Valley) define a zone of structural

weakness in the crust along which there has been con-

siderable right-lateral movement. Shawe (1965) prefers

to extend one of the major transcurrent faults through

Tonopah and southeastward from there through the

Cactus Range. Although the present authors have

found no unequivocal evidence of strike-slip movement

in the area southeast of Tonopah, the prominent north-

west-trending grain of the Cactus Range and the occur-

rence of numerous volcanic centers along a line ' ex-

tending southeastward from the Cactus Range into

Nevada Test Site (fig. 15) tend to suggest that a major

crustal rift is present in the area along.which magnas,

generated at great depth, moved upward. That this

zone is a major transcurrent fault may never be proved,

but it certainly must be considered a reasonable

possibility.
The structure of the adjacent Goldfield area, a vol-

canotectonic feature west of the mapped area (fig. 1),

has been described by Ransome (1909) and recently by

Albers and Cornwall (1967); the Tonopah area to the

northwest, by Spurr (1905), Nolan (1935), and Fergu-

son and Muller (1949); and the structure of the Bare

Mountain area to the southwest, by Cornwall and Klein-

hampl (1961).

* P. P. Orkild (oral commun., 1962) of the U.S. Geological Survey was

the irst to note the alinement of volcanic centers, and he coined the

expression line of ire" to designate the concentration of centers.

0 50 100 150 MILES

Fiouim 15-The Walker Lane-Las Vegas shear zone and trends

of the ranges In the Basin and Range province. Dots Indicate

location of major volcanic centers: 1, Cactus Range; 2, Stone-

wail Mountain; 3, Mount Helen; 4, Black Mountain; 5, Pahute

Mesa; 6, Timber Mountain; 7, Cathedral Ridge; 8, Wabimonle;

9, Tonopah; 10, Goldfield. (Modified from Burchfiel, 1965.)

The mapped area contains eight structural blocks or

units that lend themselves to separate descriptions,

although the relations between units are not entirely

clear. The units are separated from each other by struc-

tural basins and (or) faults. The units are the Belted

Range, the Kawich Range-Quartzite Mountain Block,

the Mellan Hills, the Cactus Range, Mount Helen, the
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Trappman Hills, Black Mountain, and Pahute Mesa. A lo
'Of these, only the Belted and Kawich Ranges appear to Mine
be predominantly basin-and-range type structural rian
blocks; the others are entirely or in large part volcano- Penn
tectonic structural features. B

2.5 ni
BELTED RANGE BLOCK 37°21

The Belted Range block lies along the east border of tphaert
the mapped area and includes all the topographically fault
high ground between Railroad Valley on the north and in ti
.Oak Spring Butte on the south. It is bounded on the Smo]
west by Kawich and Reveille Valleys and on the east by of th
Monotony Valley and an unnamed valley. The block, as is the
a separate structural entity, probably extends beyond lies 
the mapped area as far south as the Eleana Range, thrui
which lies directly along the projection of the Belted sists
Range and exposes strata of Paleozoic age. Silu

Tertiary strata exposed in the block decrease in age thin,
from north to south and dip 20°400 E. in the northern clasti
part of the range and about 5°-10° E. in the southern A
part. They are cut by numerous normal faults with dis- tend
placements that range from a few feet to at least 1,000 ered
feet. Paleozoic and Precambrian strata dip at steeper (soul
angles both eastward and westward and are cut by Pool,
numerous normal faults and several low-angle faults, form
most of which are interpreted herein as gravity-slide ted ]
faults. mite

latte:
PRE-TERTIARY FOLDS AND THRUST FAULTS lenti

Pre-Tertiary strata in the Belted Range are very inanti
steeply dipping, and they contrast, for example, with a fa(
the strata in the Quartzite Mountain-Cathedral Ridge sc9r67
area where dips on pre-Tertiary strata are nearly con- smal
formable to dips in the overlying volcanic rocks. Along ofali
Limestone Ridge vertical beds and overturned beds are of ti
a common feature. These steep dips are the result of the Peak
composite effects of folding, thrust faulting, gravity lime.
sliding, and tilting related to basin-and-range faulting. e st

The oldest beds (Precambrian Stirling Quartzite) ad
crop out on the west flank of Limestone Ridge adjacent ane
to Kawich Valley near Cliff Spring. The youngest beds overt
(Eleana Formation of Mississippian and Devonian of t
age) crop out in three localities on the east flank of the
Belted Range between lat 37016' and 37°33'. bona

A thrust-fault system that occurs in the Yucca Flat nord
area of the Nevada Test Site is regional in extent, and
it appears to continue northward through the Belted map]
Range and on into central Nevada (F. G. Poole, oral thru
commun., 1966)1 Thrusting was from the west and strat
northwest. In the part known as the C P thrust (Barnes form
and Poole, 1968), rocks of late to middle Paleozoic age thru,
are overridden by Cambrian and Precambrian rocks. of th

wer, subsidiary, part of the system, known as the
Mountain thrust, has moved Devonian and Silu

carbonate rocks over rocks of Mississippian and
Lsylvanian age.
ith thrust plates are present in the ridge that lies
files northeast of Wheelbarrow Peak, at about lat
3'. The C P thrust can be observed in the central
of the ridge, where Eleana rocks are overlain by
Ialfpint Member of the Nopah Formation and the
t is clearly flat to gently dipping. The upper plate
is area also includes younger rocks from the

ky Member of the Nopah and from the lower part
.e Pogonip Group. A continuation of the structure
e buried thrust shown in section F-F' (pl. 1) which
several miles to the north. The Mine Mountain
it, which occurs in the south half of the ridge, con-
mainly of the Nevada Formation with subordinate
ian dolomite (not shown on pl. 1), and it forms a
highly deformed thrust remnant that rests on

ic rocks of the Eleana Formation.
still lower thrust, known as the Tippinip, may ex-
from Yucca Flat into the Belted Range. It is cov-
by volcanic rocks in the Carbonate Wash area

itheast corner of pl. 1), but is believed by F. G.
a and the authors to be present at depth and to
a structural contact between dolomite of the Spot-

R1ange (pl. 1) on the east and limestone and dolo-
of Middle Devonian age (pl. 1) on the west. The
r unit is, at least in part, stratigraphically equiva-
to the Nevada Formation in this area, but is dom-
tly limestone rather than dolomite and represents
cies that is slightly more western and may be de-
ed as transitional (F. G. Poole, oral commun,
). The Tippinip thrust may also be present in the
1 Paleozoic exposure that lies on the east margin
ie mapped area and 5 miles southeast of Belted
:, where Eleana rocks may overlie a Devonian
stone.
veral additional thrust faults are present to the
of the Tippinip fault in the Carbonate Wash area,
one of these may have been the mechanism that
turned the Carbonate Wash yncline. A sizable
it fault may also be present at depth in the vicinity
Le Butte fault, and this may have caused the Car-
te Wash syncline to override the adjacent gently
i-plunging anticline lying to the east.
he absence of deposits of Mesozoic age in the
ped area precludes accurately dating the period of
it faulting. The thrust faults do not cut Tertiary
a and it seems reasonable to assume that the faults
ed during the same orogeny that gave rise to
it faults in adjacent areas. Thrust faults northwest
Le mapped area, in the Hawthorne and Tonopah
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quadrangles, have been dated as Jurassic by Ferguson
and Muller (1949). The earliest thrusting was from
the north followed by thrusts from the northwest.
Longwell (1949) dated intense thrusting in the Muddy
Mountains near Las Vegas as Middle to Late Creta-
ceous, and Nolan (1962) dated the thrust faults at
Eureka, Nev., as Early Cretaceous. The thrusts in the
Belted Range are inferred to be Jurassic or Cretaceous
in age.

GRAVITY SLIDE BLOCKS

The strata on Limestone Ridge north of the Kawich
Valley-Cliff Spring road are part of a large gravity-
slide block that is inferred to have moved-from east
to west (section F-F', pl. 1) A higher block in the
northern part of the ridge (section E-E') and other
blocks not shown in cross section are inferred to have
the same origin.

The conclusion that these blocks slid into their pres-
ent positions by gravity movement rather than by thrust
faulting from the west is based entirely on the consist-
ent west shift of stratigraphic marker zones in the suc-
cessive overlying plates. For example, the beds on Lime-
stone Ridge (section F-F') decrease in age from west
to east and can be restored to normal stratigraphic po-
sition with respect to the underlying beds by moving
the overlying block about 4 miles to the east. Thrust
faulting from the west would require shifting the east
limb of one anticline over the east limb of another. The
same relations apply to the higher block shown in sec-
tion E-E'. The beds can be restored to their normal po-
sition with respect to the underlying beds by moving
them approximately 2,000 feet to the east. Parts of a
third and still higher block are found about 1 mile
south of section E-E'. In this area beds of the Smoky
Member of the Nopah Formation have moved about
1,500 feet westward with respect to the underlying
strata. To thrust these beds from the west would again
entail moving part of an east limb of one anticline over
the east -limb of another. That this is possible is not
questioned; however, the possibility seems remote that
each thrust movement could result in younger strata
being moved over older strata, and that each thrust
would superpose only the east limbs of anticlinal folds
in the Limestone Ridge area.

Brecciation at the base of the gravity slide blocks is
intense, and this feature largely masks any drag folds
or other features that might be used to determine move-
ment directions of the blocks. Thicknesses of breccia
range from a few feet to as much as 100 feet, even in
blocks that show only few tens of feet of apparent
lateral shift. Locally, the zones are intensely silicified
and (or) dolomitized. In the northern part of Lime-
stone Ridge, for example, a small block composed of the

Nopah Formation and the Goodwin Limestone (section
E-E', pl. 1; and fig. 16) probably moved no more than
200 feet westward, but at the base this block has a
breccia zone that is about 50 feet thick on the south and
east sides. Brecciated rock is sparse on the west side of
the block, but the lack of breccia there may be caused
by a normal fault that drops the brecciated rock a few
feet down to the east. The breccia fragments and the
beds in the overlying block are coarsely recrystallized
to dolomite, whereas the underlying strata, especially
the Goodwin, are mostly fine- to medium-grained lime-
stone. This occurrence indicates that some of the
dolomitization in the Belted Range is related to ground-
water or hydrothermal alteration that postdated the
major folding and thrust faulting. The gentle dip of
the fault plane (section E-E', p. 1; and fig. 16)
resulted in part from eastward tilting, related to basin-
and-range faulting, which eliminated part of the origi-
nal west dip on the fault plane. Direction and degree
of dips of the adjacent Monotony Tuff indicate that the
fault plane could have been rotated as much as 30°
during late Tertiary time.

The age of the gravity sliding apparently is pre-late
Oligocene, because nowhere do the volcanic rocks ap-
pear to be involved in the sliding. The most likely time
was immediately after the period of thrust faulting.

NORMAL FAULTS

Two ages of normal faults are recognized in the
Belted Range and throughout the project area (Ekren
and others, 1968). The oldest faults, which strike east,
northeast, north-northeast, and northwest, are entirely
pre-Belted Range Tuff in age. These faults have dis-
placements of as much as several thousand feet. They
are as abundant in Tertiary strata as in pre-Tertiary
and it is presumed, therefore, that they are post-late
Oligocene in age. The youngest faults, which strike
north, displace all the strata and give rise to the north
strike of the Belted and southern Kawich Ranges. Most
of the north-trending faults within the ranges have dis-
placements of only a few tens of feet; however, the
range-front faults are inferred to have displacements
that locally exceed 1,000 feet. For example, gravity data
indicate that the fault that bounds the Belted Range on
the west side near Cliff Spring has a displacement of at
least 2,000 feet (D. L. Healey, oral commun., 1964).
This fault is marked by a feeble lineament on aerial
photographs and by small offsets of older alluvium
along the east flank of Kawich Valley. The northward
fracturing probably began just before the eruption of
the rhyolites of Belted Peak and Ocher Ridge (late
Miocene), as shown by the fact that these rhyolites were
intruded along many north-trending fractures in sev-
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FIGURE 1.-GraVity-slide blocks in northern part of Lmestone Tm, Monotony TufT (Tertiary); Op. Pogonip Group (Ordo-
Ridge, Belted Range. The planes of movement are Inferred to vician) ; Cns, Smoky Member, and Cnh, Halfpint Member of
have dipped steeply to te west prior to late Tertiary faulting Nopah Formation (Cambrian). View to the north.
and subsequent eastvard tilting. See also section E-.E (pl. 1).

eral areas, principally in the vicinity of Indian Spring.
Evidence is good, however, that the basins and ranges
controlled by the north-trending faults did not acquire
their present configuration and relief until after the
Timber Mountain Tuff was extruded. Drilling in Yucca
Flat, for example, discloses that the tuffs are no thicker
in the basin than on the flanks, an impossible situation
if the basin had formed prior to the eruption of the
tuffs from the nearby Timber Mountain volcanic center.
By Thirsty Canyon time the area had virtually the same
topographic grain but lacked the relief that it has today.
This conclusion is deduced from the general distribu-
tion of the tuff, evidence of its lapping up against some
of the ranges and hills, and its occurrence in old valleys
and draws, especially in the vicinity of Lizard Hills in
the central mapped area.

KAWICH RANGE-QUARTZITE MOUNTAIN BLOCK

The area of positive relief extending northward from
Saucer Mesa and flanked on the east by Kawich and
Reveille Valleys and on the west by Gold Flat is here
designated the Kawich Range-Quartzite Mountain
block. The part of this block that lies within the mapped
area averages about 7 miles in width, and trends north-
ward in the south two-thirds of the area and N. 350
W. in the north one-third. The block can be divided
into three northwest-trending en echelon structural seg-
ments-the southern, central, and northern segments.

The southern segment, which consists predominantly
of pre-Tertiary sedimentary rocks, extends from east
of Saucer Mesa northwestward to Cathedral Ridge.
The sedimentary rocks are nearly all of Precambrian
age and are well exposed in a belt almost 12 miles long
and as much as 3.5 miles wide. North of Quartzite
Mountain the strata have an average strike of north-
northwest and low to moderate easterly dips. On
Quartzite Mountain and in the outcrops to the southeast,
the sedimentary strata strike north, northeast, and
northwest and dip about 200.400 E. East of Saucer
Mesa the Precambrian rocks are cut by numerous faults
that trend east to northeast and northwest. The con-
tacts with the adjacent volcanic rocks to the east, west,
and south are almost wholly fault contacts, and some
of these faults have displacements of several hundred
feet. Quartzite Mountain itself is an upthrown block
that is bounded on all sides by normal faults and is
broken into a mosaic of small blocks by variously
oriented faults, only a fev of which are shown on plate
1. The faults bounding Quartzite Mountairron the west
(section D-D', pl. 1.) are inferred to be part of a major
north-trending range-front fault system that truncates
both the southern and central segments of the structural
block. This fault or fault zone is concealed throughout
most of its length, but at Quartzite Mountain a small
exposure of Stirling Quartzite in the downthrown block
indicates a stratigraphic throw of at least 4,000 feet.
To the south the range front fault is interpreted as
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splitting into two faults of small displacement that cut
Saucer Mesa; however, several other faults cutting the
western part of the mesa may also converge northward
beneath the alluvium to join the range-front fault zone.

The central segment, which lies en echelon to the
southern segment and extends from Gold Reed to Cedar
Pass, consists entirely of Tertiary igneous rocks, and it
contains a structural, depression named herein the
Cathedral Ridge caldera. This collapse structure con-
tains the thickest cogenetic sequence of ash-flow tuffs
known to the authors-the Fraction Tuff that is more
than ,000 feet thick. This tremendous thickness sug-
gests that this area subsided concomitantly with the
extrusion of the tuff and is, therefore, part of the
original caldera. The possibility that a large depression
existed there prior to the Fraction Tuff eruptions seems
most remote because where the tuff is thickest it rests
directly on intermediate lavas without intervening thick
deposits of basin fill. The presence of a volcanotectonic
collapse structure or caldera in the vicinity of Cathedral
Ridge is further suggested by geologic relationships in
the area. west of Cedar Pass and White Ridge, where
some of the youngest ash flows in the Fraction Tuff
are deposited on a thick sequence of tuffaceous conglom-
erate, rubble, and debris flows that apparently accu-
mulated along the wall of the caldera subsequent to
the first phases of subsidence (section C-C', pl. 1).
This zone of very coarse lastic material thus marks
the location of the north and northeast margins of
collapse. Rocks within the zone are mapped with simi-
lar debris flows and coarse tuffaceous sedimentary rocks
north of Gold Reed, but it is not known whether these
presumably younger strata at Gold Reed also mark
the margin of the caldera. Much of the coarse elastic
material north of Gold Reed consists of pre-Fraction
debris that must have been derived from the east, pre-
sumably from a caldera wall that is now either eroded
away or downfaulted into Kawich Valley. The south
margin of the caldera is inferred to lie along the trace
of two major normal faults that strike N. 650 W. north-
west of Gold Reed. These faults have combined throws
that total about 7,000 feet, almost equal to the thickness
of Fraction Tuff exposed at Trailer Pass. The %vest
margin is inferred to be downfaulted into Gold Flat
and to be buried by basin-fill deposits.

The Fraction Tuff dips east and northeast at an
average angle of about 250 throughout most of the
caldera; this dip suggests that the entire structure was
rotated eastward by basin-range faulting. Locally along
the collapse zone west of White Ridge, the Fraction
dips westward into the caldera at 1004.50. The in-
ferred area of collapse is elongate northwest and
seemingly reflects control by the same forces that con-

trolled the northwest-trending northern and southern
segments of the Kawich Range-Quartzite Mountain
structural block.

The northern segment, which extends from near
White Ridge northwestward to beyond the mapped
area (pl. 1), consists predominantly of Tertiary igne-
ous rocks that are older than those of the central seg-
ment. This segment is a horst that averages about 4
miles in width and trends N. 350 W. Except for three
small masses of Paleozoic sedimentary rocks that might
be landslipped blocks totaling less than 1 square mile,
it consists of Tertiary tuff, lava, and intrusive masses
of pre-Fraction Tuff age. The horst is poorly defined
south of Cedar Pass, where it consists mostly of lavas
of intermediate composition and where, at White
Ridge, it contains a well-defined rhyolite volcano. Lavas
and bedded tuffs in that area dip gently southward
and are cut by numerous normal faults that trend
northwest and west-northwest The east boundary of
the horst south of Cedar Pass is probably buried in
Kawich Valley, and the west boundary is nearly coin-
cident with the collapse zone of the Cathedral Ridge
caldera.

North of Cedar Pass the horst is composed predom-
inantly of welded tuff of White Blotch Spring. The
rocks in this sequence strike northwest and dip mod-
erately to steeply near the north edge of the mapped
area (pl. 1), but to the south they have more variable
strikes with dips generally less than 200. They are
intruded by a large rhyolite mass, similar in composi-
tion to the rhyolite at White Ridge, and by other
smaller less silicic intrusive masses. The possibility
seems good that intrusive masses are widespread in the
shallow subsurface and that their emplacement was a
major factor in the uplift of the horst-as much as 3,000
feet on the southwest side. Aside from the range-front
faults, numerous normal faults cut the horst with dis-
placements ranging from a few feet to as much as
500 feet. These give rise to a mosaic of tilted blocks
with random dips, a feature that contrasts with other
ranges that constitute tilted east-dipping blocks rather
than horsts; for example, the Belted Range. Although
the rocks are well exposed throughout the range, the
faults are generally concealed beneath talus and stream
gravels, and their dips are rarely observable.

CACTUS RANGE

The Cactus Range is a northwest-trending raised
structural block bounded on the east by Cactus Flat
and on the west by Stonewall Flat. It terminates
abruptly to the northwest a few miles beyond Cactus
Peak; to the south and southeast it passes into numer-
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ous low hills that extend nearly to Mount Helen. The
block is at least 18 miles long and its average width
is about 5 miles; it strikes N. 400 W.

The Cactus Range is one of at least five separate
mountain masses that lie along the Las Vegas valley-
Walker Lane lineaments. In these mountain masses
volcanic rocks of Tertiary age are steeply tilted, highly
faulted, and invaded by numerous hypabyssal intru-
sive masses (R. E. Anderson and E. B. Ekren, unpub.,
data). In each area the steeply tilted strata are cut
by wrench and low-angle faults. The similar struc-
tural patterns recognized in each area apparently
result from superposition of structures of probable
volcanotectonic origin on those resulting from wrench
and related styles of'regional tectonism. The struc-
tures are extremely complex and difficult to interpret.
They are the subject of present field studies de-
signed to evaluate the interrelationships between the
volcanotectonics and regional tectonics. The present
report includes only a summary of the major struc-
tural features in the range and brief tentative inter-
pretations of the sequence of events that produced them.

The main mass or central core of the Cactus Range
is composed of minor upper Paleozoic sedimentary
rocks, one small exposure of Mesozoic granite, a thick
sequence of widespread Tertiary extrusive and sedi-
mentary rocks ranging stratigraphically from Monot-
ony Tuff to tuff of White Blotch Spring, and a wide
variety of intrusive rocks believed to postdate the
White Blotch Spring and known to predate the Thirsty
Canyon Tuff. The central core rocks are flanked locally
by post-White Blotch Spring volcanic and sedimentary
rocks that are downdropped along known or inferred
faults that tend to gird the range. These younger strata
include the Fraction Tuff, and they predate the Thirsty
Canyon Tuff which laps onto the range.

The fault density throughout most of the range is
much greater than shown on plate 1, where only faults
that in most places juxtapose rocks of contrasting
lithology are shown. Northwest, east, and northeast
fault trends prevail, but locally the fault pattern is a
random mosaic. The principal faults trend northwest.
The pre-Tertiary rocks, for example, are restricted to
a northwest-trending horst about 1 mile wide and 7
miles long along the west margin of the southern
range. Also, major northwest-trending faults and
related structures that may be of volcanotectonic origin
occur in the northern range.

The Monotony Tuff was deposited on , surface of
moderate relief developed on gently dipping upper
Paleozoic rocks. Its deposition was followed by em-
placement of the several ash-flow tuffs that make up the
lower and middle parts of the tuffs of Antelope Springs.

#70,

.st major event of structural significance in the--
Range appears to have been the eruption of the''

tuffs of Antelope Springs. That these tuffs were -
I from within or near the range is indicated by
great thickness, especially in the northern range,
the local occurrence of many large ithic inclu-

rhe lithic assemblage in these tuffs includes all
'pes known to have been present in the area prior
lacement of the tuff and suggests derivation from
ted roof rocks in or near the range. The assem-
would be anomalous in most other areas. Evidence
stextrusion collapse within the range is twofold.

1. Along the northern range axis the tuffs of Antelope
Springs are steeply tilted, contorted, and locally
sheared. In some places they are overlain by gently
dipping to flat-lying tuff of White Blotch Spring;
the deformation would thus be pre-White Blotch
Spring in age. The intensity of this pre-White
Blotch Spring deformation far exceeds that which
could reasonably have been produced by normal
block faulting. It is inferred to have been produced
by postextrusion collapse along a northwest-
trending rift or graben. The tuffs of Antelope
Springs along the northwest margin of the range
also dip steeply and are overturned locally, but
similar attitudes prevail in the adjacent younger
tuft of White Blotch Spring, and this fact pre-
cludes unambiguous assignment of a pre-White
Blotch Spring age to the deformation there.

2. As much as 800 feet of thin-bedded lacustrine sedi-
mentary rocks accumulated on relatively unde-
formed tuffs of Antelope Springs in the middle
part of the range, and subsidence of the underlying
rock is indicated. The sedimentary rocks are rea-
sonably inferred to predate the White Blotch
Spring. They may have been deposited in a less
deformed southeastward extension of the postu-
lated postcollapse rift or graben.

Partial resurgence within the inferred Antelope
Springs collapse structure is suggested by deep pre-
White Blotch Spring erosion of intensely deformed
tuffs of Antelope Springs in the northern part of the
range.

The second major event was eruption of the tuff of
White Blotch Spring. Evidence for eruption of these
tuffs from a source within or adjacent to the Cactus
Range and for subsequent collapse is essentially the
same as for the earlier tuffs. After eruption of the White
Blotch Spring, subsidence may have occurred along a
northwest zone as extensive as the present range. Steep
northeast tilting and local overturning to the southwest
of tuff of White Blotch Spring and older rocks occurred
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in a zone as much as 1 mile wide and at least 8 miles long
flanking the northern range on the west. Some areas of
complete structural chaos occur within the zone. The
White Blotch Spring dips more gently or is locally flat
lying east of this zone of deformation. Along the eastern
range flank the White Blotch Spring dips moderately
west toward the axis of the inferred rift. The fact that
no zone of steep tilting is recognized there suggests that
if the steep dips to the west are related to postextrusion
collapse of a northwest rift or graben then the structure
is asymmetric with maximum downthrow along the
western edge. The pattern of deformation is similar to
that produced in the upper tuffs of Antelope Springs
along the range axis, and only locally is it possible to
distinguish between these two periods of deformation.
Subsidence of the central range is supported by intru-
sion of stocks, sills, and laccoliths of post-White Blotch
Spring age into the post-Antelope Springs lacustrine
rocks. The considerable thickness of overburden
younger than the lacustrine rocks required for intrusion
of these masses probably consisted of tuff of White
Blotch Spring that accumulated to a much greater
thickness in the subsiding block than outside it. This
inferred thickness of White Blotch Spring is assumed
to have been removed by erosion during later uplift of
the range.

The third major event consisted of prolonged intense
intrusive activity following the postulated subsidence
related to extrusion of tuff of White Blotch Spring. An
estimated 200 exposed intrusive masses were emplaced.
Lavas and tuffs flanking the northern part of the range
probably were erupted concomitantly with emplace-
ment of the intrusive masses. These strata may have
covered most of the area now occupied by the Cactus
Range. During the latter part of this period of igneous
activity, the range was uplifted to its present structural
level. Uplift occurred along a system of faults that tend
to gird the range. They are well delineated in the north-
ern part of the range but are mostly inferred in the
southern part. Little or no additional drag folding,
tilting, or brecciation occurred along these fractures
during uplift. The contrast between lack of deformation
during uplift and intense deformation during subsid-
ence indicates that the fractures along which postex-
trusion subsidence occurred dip inward. The volume
constrictions required by collapse along inward-dipping
fractures are assumed to have caused the intense tilting
of the strata at the margins of the downdropped blocks
or rifts. The volume increase required for the abundant
dikes and plugs within the blocks may be related to the
volume increase accompanying uplift along inward-
dipping faults.

Emplacement of the stocks was accomplished mainly

by upward displacement of large blocks of roof rock
along preintrusive faults. The stocks are composed
mostly of relatively low-silica granitoid-textured rocks
and are among the oldest intrusive rocks in the range.
They were presumably emplaced when the range was
greatly depressed. Emplacement of. laccoliths and sills
was primarily along zones of sedimentary rocks, but
locally these masses are markedly discordant. The dikes
were intruded mainly along west- and northwest-trend-
ing faults. They are mostly aphanitic rhyolite and are
the youngest intrusive masses in the range. As noted
previously, their emplacement probably marks a period
of volume inflation attending uplift of a volcanotectonic
rift or graben.

Although the interpretation of the structural evolu-
tion of the Cactus Range is based largely on inference,
there is little doubt that large volumes of rock were
extruded from the area and that collapse occurred. The
range is unique among reported deeply eroded volcano-
tectonic structures in that postcollapse uplift was of
sufficient magnitude to elevate much of the floor of the
structure. The range offers an unusual opportunity to
observe the fracture zone along which collapse oc-
curred, a feature normally buried beneath the "moat
fill" of less eroded calderas.

THE MELLAN HILLS

The Mellan Hills are a series of north-northwest-
trending topographically subdued lava ridges sepa-
rated by valleys formed of soft tuffs. The geologic struc-
ture is so completely dominated by northwest- and
northeast-striking faults that the area has a distinctly
rectilinear, almost diagrammatic-appearing structural
and topographic grain. The block is about 10 miles
wide (east to west) and 20 miles long (north to south).
It is separated from the Cactus Range by Cactus Flat
and from the Kawich Range by the northern extension
of Gold Flat. On the southwest, the hills merge top-
ographically with the Trappman Hills, from which
they are separated structurally by a major fault with
large displacement that drops Tertiary strata in the
Mellan Hills against Precambrian crystalline rocks in
the Trappman Hills.

Despite low elevations and a consequent lack of vege-
tation, the hills have the poorest exposures of any bed-
rock area in the Bombing and Gunnery Range. This is
due to the abundance of rubble-weathering flow breccias
in the lava piles and the tectonic breccias that formed
as the lava ridges were faulted, titled, and shifted east-
ward by northwest-striking very low angle faults (sec-
tion A-A', pl. 1). The rubble obscures most of the faults
that are the key to understanding the area, and were it
not for the recent experience gained by R. E. Anderson
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mapping in the Boulder City area in extreme south-
eastern Nevada, where remarkably similar geology is
'well exposed a sensible interpretation of the structure
of the Mellan Hills probably would not have been
possible.

Very few fault planes were actually observed. All
that were observed show eastward dips of 25O-35o with
slickensides alined directly downdip. Beds in the hang-
ing walls (mostly lavas) display steep reverse dips of
500 to nearly vertical, averaging 700 into the fault
plane. The footwalls are formed of zeolitized tuff of
Wilsons Camp which is intensely silicified in a zone
about 6 inches wide adjacent to the fault plane. The
silicified rock weathers to hard rubble and bears a strik-
ing resemblance to flow-laminaied crystal-poor rhyolite.

Some of the faults that are inferred in the valley
areas where exposures are especially poor were located
principally on the occurrence of the silicified "rhyolite"
rubble. In other areas, especially along the western
ridges where partially welded tuff of Wilsons Camp is
mostly fresh and vitric, the fault zones are marked by
float of fine-grained brown gouge that formed by the
grinding of the tuff of Wilsons Camp in preference to
the more competent lavas in the hanging-wall block.
This type of float occurs in all instances within a few
feet of the west margins of the west-dipping lava
ridges, and it is inferred, therefore, that the ridges are
all bounded very closely on their west flanks by low-
angle faults.

The structural relations of a faulted lava ridge that
is thought to be a typical example are well displayed
northeast of Triangle Mountain near the east township
line of T. 4 S., R. 48 E. Here one can see the controlling
low-angle fault and also see beneath the. lava ridge.
The base of the topographic ridge clearly is also essen-
tially the base of the Vest-dipping lava mass. It is
apparent, however, that in addition to the eastward
and downward movement along the main controlling
fault, which dips 250 E. there has been some gliding of
the lava mass at the base of the ridge along planes
developed above the main fault in soft bedded tuffs.
These planes dip at angles less than 10° E. Total move-
ment along these gently dipping planes is obviously
very minor for this particular ridge; however, this type
of movement could have given rise to considerable dis-
placement for some of the larger masses, especially the
eastern ridge shown at the end of section A-A' (pl. 1).
This mass is inferred to have moved eastward princi-
pally along a plane that probably dips about 5. The
lavas in the eastern ridge display flow layering that
dips generally east, whereas flow layering in nearly all
the other ridges dips about 700 W. The layering, how-
ever, is in marked discordance with dips in the sub-

jacent bedded tuffs. This discordance and the lack of
reverse dip into the fault plane suggest a different mode
of faulting and transport, a mode consistent with move-
ment along gentle glide planes similar to those visible
in T. 4 S., R. 48 E.

A feature of the hills that is nearly as conspicuous
on aerial photographs as the northwest-trending ridges
is a series of lineaments and dikes that strike east-north-
east, nearly at right angles to the ridges. The lineaments
that are not occupied by dikes are extremely straight.
There is an apparent horizontal offset of the lava ridges
across some oif the northeast-trending lineaments. The
lineaments are inferred to mark the traces of lateral
faults that have horizontal displacements of several
hundred feet. The sense of movement is right lateral
across some of the faults and left. lateral across others;
the total offset could be either right or left lateral.
The occurrence of quartz latite dikes in the northeast
set of Tfaults indicates that faulting started before the
intermediate rock volcanism had completely ended.

Thus far this description has been concerned with
those rocks lying south of the Antelope Springs-Trailer
Pass Road. A tectonic fabric that appears to be similar
to that of the southern hills prevails north of the road.
There the younger rocks, exclusive of the rhyolite, dip
consistently 20°30° E. and the older tuffs of Antelope
Springs and White Blotch Spring dip as much as 700
W. Two interpretations are possible: (1) the Fraction
Tuff and dacite lavas rest on the older tuffs with a
nearly 900 unconformity, or (2) they have moved over
the underlying rocks in a manner similar to the gliding
transport inferred for the eastern lava ridge south of
the road. We favor the gliding interpretation because
of (1) the intensely broken nature of the dacite lava and
the Fraction Tuff, and (2) the conflict that exists be-
tween a nearby flat outcrop pattern and an internal dip
of 20 0-30 0 .

Either of the two possible explanations indicates,
however, that the northern Mellan Hills was the site
of profound tectonic activity that either postdated the
Fraction Tuff (gliding hypothesis) or postdates the
tuffs of Antelope Springs and White Blotch Spring and
predates the Fraction Tuff (unconformity hypothe-
sis). The rhyolite masses in the northern hills do not
seem to be involved in the deformation that affected the
Fraction and older rocks. The rhyolite contains rubble
of dcite at its base and is clearly younger than the
dacite. Poor exposures suggest that the rhyolite rests
unconformably on the Fraction Tuff.

The rhyolite has not been dated isotopically. The
lavas of intermediate composition that form the
faulted ridges south of the road have been dated at
about 18 m.y. (table 5), and they are overlain uncon-
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formably by the Grouse Canyon Member of the Belted
Range Tuff dated at about 14 m.y. (table 5). If one
ignores the unconformity hypothesis that is applicable
only to the northern hills, the period of the intense
structural activity seems to be bracketed by these dates.

The type of faulting that affected the Tertiary rocks
of the Mellan Hills is not unique in the Basin and Range
province. Longwell (1945) described strikingly simi-
lar faults in southeastern Nevada, and we have observed
them in the Cactus Range. Anderson, studying such
faults in a broad area in the vicinity of Hoover Dam,
thinks that none of the several possible explanations
currently in vogue to explain this type of faulting-
for example, simple gravity sliding-fully satisfies all
the data. At Mellan, the occurrence of northeast-trend-
ing dikes and tear faults that formed during a period
of intermediate rock volcanism and virtually simul-
taneously with the development of northwest-trending
low-angle glide faults indicates deeper seated control
than mere gravity sliding would require. More data are
needed on a regional scale before this type df deforms-
tion can be satisfactorily explained.

TRAPPMAN HILLS

The Trappman Hills form a north-northwest-trend-
ing horst bounded on the north by Cactus Flat, on the
east by a syncline that is inferred to be the southward
extension of Cactus Flat, on the west by a structural
low that flanks Mount Helen, and on the south by Gold
Flat. The hills are formed of Precambrian gneiss and
schist, the only known occurrence of crystalline base-
ment rocks in the mapped area. High-angle northeast-
and northwest-trending faults bound the horst on the
north, west, and east. Gravity data suggest that the
horst extends southward for several miles beyond the
outcrop area. The Precambrian rocks there are probably
at shallow depth beneath alluvium and Thirsty Canyon
Tuff. See Rogers, Ekren, Noble, and Weir (1968).

The Precambrian rocks are cut by several northwest-
trending rhyolite dikes that nearly parallel northwest-
striking foliation and by one dike of dark-gray rhyo-
dacite. This dike follows a northeast-trending fault that
drops upper tuffs of Antelope Springs against gneiss
and schist.

The lack of upper Precambrian and Paleozoic rocks in
fault blocks in and adjacent to the Trappman Hills
suggests that these rocks are absent or very thin in and
near the hills and that Tertiary rocks may directly
overlie the basement strata adjacent to the horst block.
This is suggested also at Mount Helen, about 5 miles
west, where a tuff rich in lithic fragments crops out
that is found in no other area and that is presumed,

therefore, to be locally derived. The chief lithic frag-
ments in this rock are gneiss and schist of the Trapp-
man type. This fact indicates, perhaps, that little sedi-
mentary rock of Paleozoic age was encountered by this
tuff during its ascent through the crust. The chief lithic
fragments in dikes of rhyodacite, exposed near Tri-
angle Mountain about 7 miles northeast of Trappman
Hills, are also gneiss and schist of the Trappman type.

The thinness or absence of Paleozoic strata suggested
by these data indicates either that prior to Tertiary
volcanic eruptions the area stood as a topographic high
for a long period during which the Paleozoic rocks
were stripped away or that the crystalline rocks at
Trappman Hills have been thrust over the Paleozoic
rocks. Data on this point are sparse. The gravity high
over the hills seemingly is low for basement rocks, be-
cause higher anomalies were obtained over Paleozoic
and Tertiary rocks in the mapped area. This relatively
low anomaly, however, probably reflects only the low
density of the quartz monzonite gneiss.

MOUNT HELEN

Mount Helen is a volcano and lava pile that lies at
the center of a structural dome which, in turn, lies near
the center of a collapsed area or caldera that is 9 miles
wide measured east to west (sections A-A' and B-B',
pl. 1). The structure on the north and south is covered
by younger volcanic rocks and alluvium. In the center
of the 9-mile-wide zone of collapse (section A-A', pl.
1), an additional collapse zone or graben, which is about
4 miles wide, occurs. This zone contains rocks that are
younger than the lava pile; these include the tuff of
Tolicha Peak, and lacustrine and fluvial sedimentary
rocks totaling more than 2,000 feet in thickness. The
graben is inferred to be part of a caldera that formed
during the eruption of the tuff of Tolicha Peak.

The lavas at Mount Helen are radially distributed
around a large feeder neck that is exposed at the south
end of the mountain. The neck is a composite mass com-
posed of an older quartz latite that forms a peripheral
zone in the neck and a younger quartz latite that fills
the central part. The neck is at least three-fourths of a
mile in diameter, but the exact dimensions are unknown
because on the northwest and north the rocks grade lat-
erally to lava flows. The feeder may actbally be elon-
gate north to south and could underlie the entire length
of the mountain (this possibility is not inferred, how-
ever, in section A-A', pI. 1).

The andesitic basalt that underlies the quartz latite
is not found in the feeder neck, but was undoubtedly
fed from the same locality as indicated by several radial
dikes that are exposed south and west of the mountain.
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SEQUENCE OF EVENTS ments. It is overls

The volcanic and structural history of Mount Helen bedded sandstone.
is long and varied, and deciphering the early history directly above the
is hampered by the occurrence of alluvium and young eral low area, WI
volcanic rocks that not only mask large parts of the ash-flow eruption
9-mile-wide structure but also cover vast areas beyond. lase etel
Little is known, therefore, of the distribution of the apse immeiaj
older tuffs that can reasonably be inferred to have been member.
extruded from the Mount Helen volcanic center and that After the depot

middle member c
caused the initial collapse. Mount Helen possibly lies in pid, and o
a large rift zone which is bounded on the east by crys-psouthdofath mom
talline basement rocks of Precambrian age and on the of limestone and
west by sedimentary rocks of early Paleozoic age. The n ltone 
rift may have controlled the' location of the Cactus

debris and fish. 'I
Range, Black Mountain, and Timber Mountain centers tin fh c
as well as Mount Helen. brial of the eni

Whether or not such a rift zone exists, evidence is uriel of eln
good that tuffs were extruded from the Mount Helen the otinaty
center prior to the lava eruptions and that these ex- thsmountai
trusions caused collapse across a broad area. Two ash- with siltstone the
flow-tuff cooling units, which have not been positively third member of
identified elsewhere crop out on both the east and west deposited, but wI
flanks of the graben. They probably are radially dis- lapse is uncertain
tributed around the mountain at depth. These ash-flow covered by alluvii
tuffs were called tuff of Mount Helen and are shown It seems likely
separately on a map covering the north half of the Black Peak was located
Mountain quadrangle by Rogers, Ekren, Noble, and centeed on a sn
Weir (1968). On plate 1 the two units are included with
the tuffs of Antelope Springs. (See p. 29.) They prob- (pl. 1).
ably are at least 1,500 feet thick. That a topographic After the depo
and presumably a structural depression existed at dome formed at:
Mount Helen after the tuffs were extruded is indicated accompanied the 
by the occurrence of coarse fluvial conglomerate, sand- ably occurred aloi
stone, and lacustrine siltstone and shale above the tuffs ben. Rhyolite dike
and beneath the lava pile. These rocks are poorly ex- northeast flanks 
posed and, although their average thickness is only 100- episode. During i
200 feet, they are widespread, occurring both inside and tair and the top
outside the inner graben.a phyritc basalt w

After the deposition of the sedimentary rocks, lavaszone and also fro
ranging in composition from andesitic basalt to quartz The eruption of I
latite were erupted from Mount Helen; a long period sion that removed
of erosion then ensued. The lavas from Mount Helen tion the Thirstd
were deeply eroded, at least on the south and southeast flan of Mount
flanks, and the volcanic neck was exhumed. In places flanks of Mount.
some of the underlying bedded sedimentary rocks and other alluvial mat
older welded tuffs were exposed at the surface before Canyon time, the
the basal member of the tuff of Tolicha Peak was de- and most of the I
posited. This tuff locally rests on prelava rocks and tan has been strif
locally fills deep gullies cut into the lavas. It seems cer-
tain that the tuff lapped up against the feeder neck it-
self. At the base the tuff contains abundant boulders
and cobbles of quartz latite and basalt, but 20 feet above The Black Mou
the base and upward it is virtually free of lithic frag- of multiple calder

din by thin beds of ash-fall tufT, cross
lacustrine siltstone, andthin bedded

ccurrence of lacustrine strata alimost'
ash-flow tuff indicates that a periph- 

dich might have existed prior to the
was not filled with tuff or that col-

j followed the extrusion of the basal

3ition of these sedimentary rocks, the
if the tuff of Tolicha Peak was de-
'pse certainly occurred. This member
itain is overlain directly by thin beds
by several tens of feet of finely lami-
ome of which. contains fossil plant
'he collapse associatedawith the erup-
d member may have resulted in the
,re mountain, as suggested by the c-
y laminated siltstone near the top of
ie south end. This material is identical
it crops out around the flanks. The
the tuff of Tolicha Peak was then

iether this unit also gave rise to col-
n inasmuch as it is almost completely
um.
that the vent for the tuff of Tolicha
,some distance south of the mountain
test collapse occurred there, possibly
all gravity low in T. 6 S., B. 47 E.

sition of the tuff of Tolicha Peak, a
Mount Helen. Faulting undoubtedly
doming, and reverse movement prob-
ig faults that formed the earlier gra-
es that now crop out on the north and
probably were intruded during this
L subsequent period of erosion, pedi-
re formed radially around the moun-
of the lava pile was exhumed. Por-
as extruded from the central feeder
in one arcuate fault on the east side.
basalt was followed by extensive ero-
much of the basalt before the deposi-
y Canyon Tuff, which lapped onto the
Helen and rests on fanglomerate or
erial containing many large boulders
[en porphyritic basalt. Since Thirsty
area has been extensively dissected

Thirsty Canyon adjacent to the moun-
pped away.

BLACK MOUNTAIN

ntain volcano is an excellent example
a subsidence uncomplicated by either
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penecontemporaneous radial faulting or subsequent
basin-and-range normal faulting.

The main collapse, which formed an elliptical depres-
sion 7 miles in average diameter centered on the summit
of Black Mountain, took place after the deposition of
the Spearhead Member of the Thirsty Canyon Tuff. A
smaller collapse caldera formed within the post-Spear-
head caldera immediately west of Black Mountain after
the deposition of the Gold Flat Member. Another cal-
der probably formed within the area of post-Spear-
head collapse after the eruption of the Trail Ridge
Member. These calderas, however, if they existed, have
been completely obliterated by the rhyolite of Pillar
Spring.

The cycle of (1) eruption of ash-flow tuff, (2) cal-
dera subsidence, and (3) partial or complete filling of
the caldera by lavas has been repeated several times in
the Black Mountain center. Thus the trachytes of Yel-
low Cleft and the trachytes of Hidden Cliff partially
filled the post-Spearhead and post-Gold Flat calderas,
respectively. The lower and middle units of the rhyolite
of Pillar Spring, emplaced after the deposition of the
Trail Ridge Members, are probably closely related to
the inferred post-Trail Ridge calderm.

Almost all the lavas that erupted after the deposition
of the Spearhead Member seem to have been derived
from from central vents located within collapsed cal-
deras. In only one place were lavas erupted from the
marginal fractures of the post-Spearhead, and those
lavas were in very small amounts.

PAHUTE MESA

Pahute Mesa is a broad elevated plateau of rela-
tively gentle relief measuring approximately 20 miles
east to west and about 10 miles north to south. On
the south, adjacent to the moat area of the Timber
Mountain caldera, the mesa is bounded by steep slopes
with total maximum relief of about 1,700 feet; on the
west it abuts Black Mountain; on the northwest it
slopes gently into Gold Flat; and on the north and
east it joins the southern extensions of the Kawich
and Belted Ranges. The mesa is unique in the Nevada
Test Site area in that it is a broad area of gently
dipping strata not broken by large fault-controlled
basins. Gravity data (pl. 1) indicate that the mesa
overlies a deep structural basin, and recent drill-hole
data indicate that the volcanic strata are at least 13,000
feet thick in the basin. This structural basin, with its
great thicknesses of many different volcanic strata, has
been interpreted by geologists working in the Nevada
Test Site (Orkild and others, 1968; Noble and others,
1968) to be a large caldera that gave rise to the Belted
Range Tuff and related lavas and tuffs.

Most of the faults on Pahute Mesa strike dominantly
north, and the strata are downthrown mostly on the
west. Vertical displacements average less than 100 feet
but range from a few feet to as much as 600 feet. Most
of the faults are of post-Thirsty Canyon (early
Pliocene) age; a few are older, and some are recurrent,
showing greater displacements in pre-Thirsty Canyon
strata than in Thirsty Canyon. The faults are inferred
to be basin-range structures wholly unrelated to the
volcanotectonic basin that underlies the mesa.

MINES AND MINING

The principal mining areas in and adjacent to the
project area are at Gold Reed and Silverbow in the
Kawich Range; Antelope Springs, Cactus Spring, and
Wellington Hills in the Cactus Range; Gold Crater
northwest of Mount Helen; at Wilsons Camp; and in
the Trappman Hills. These mining areas and others in
Nye County have been briefly described by Kral (1951).
Prospect pits and exploratory shafts also are abundant
in other areas but only in the above listed areas is it ap-
parent that ore was actually shipped. All areas are
abandoned, but the Silverbow mining area, just north of
the mapped area, enjoyed limited exploration activity
during the present field study.

ANTELOPE SPRINGS DISTRICT

The Antelope Springs mining district covers a rec-
tangular area measuring 12 miles northward and 101/2
miles eastward, with Antelope Springs in the Cactus
Range at the approximate center (Schrader, 1913).
It includes scattered mines and prospects at Antelope
Springs and Wilsons Camp and in the Wellington Hills.

At Antelope Springs several shafts were sunk along
north-trending faults that drop the strata down to the
west. The mineralized fault zone along which most of
the mines are located dips about 30° W. and displaces
the upper part of the tuff of Antelope Springs at least
1,000 feet down to the west. This fault is cut by several
west- and northwest-trending faults of small displace-
ment. Drifts in the mines follow both the main fault
zone and the west-trending minor faults. The tuffs are
propylitically altered throughout the area, and adjacent
to ore-bearing veins they are either intensely silicified
or argillized and are bleached to light greenish gray
and light gray. Schrader (1913), who studied the dis-
trict in 1912 when the mines were in full operation, noted
that sericite, calcite, chlorite, alunite, and hydrous iron
oxide, in addition to secondary clay and silica, are
common gangue minerals. Development at that time was
restricted to the oxidized zone, which yielded cerar-
gyrite and argentite as the chief ore minerals with a
silver-gold ratio of 4: 1. At the old sulfide prospect

't
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2% miles south of Antelope Springs (Schrader, 1913,
p. 14), the lower part of a 120-foot-deep shaft pene-
trated the sulfide zone. According to Horton, Bonham,
and Longwill (1962a, b), the Antelope Springs mines
produced at least 10,000 ounces of silver. The mines
are filled with water to very shallow depths, and the
good pay zones apparently were below the present water
level.

At Wilsons Camp the mines are along a fault zone
trending N. 60°.E.. that drops the strata down on the
northwest side.-Most of the fractures in the fault zone
are filled with quartz, but many are open and contain
cavities as much as 6 inches wide that are lined with
dogtooth crystals of quartz and minor calcite. Pyrite
and hydrous iron oxides are locally abundant. The rocks
in the mine aredacitic lavas and welded tuffs of Ante-
lope Springs that have been silicified. and argillized.
The welded- tuffs' occur principally in the upthrown
block and the .laias, in the downthrown. According to
Ball (1907, p. 189), the ore averaged 1 ounce of gold to 5
or 6 ounces of silver. These mines were worked also in
the late 1930's and very early in the 1940's. Total produc-
tion is unknown.

In the Wellington Hills and in the low areas east of
them, altered Monotony Tuff, tuffs of Antelope Springs,
and intrusive masses of intermediate to rhyolitic comn-
position form most of the weakly mineralized outcrops.
Hydrothermal alteration was locally intense along
numerous faults in this area. One mine shaft follows a
high-angle fault in fine-grained melanodiorite, and
numerous shafts and prospect pits are located in country
rock adjacent to intrusive masses and along faults some
distance from the intrusives. There is, however, no
apparent genetic relation between mineralized rock and
the intrusion of the various masses; the period of hydro-
thermal alteration and mineralization postdates intru-
sive activity.

Several small mines that were being worked during
1905 (Ball, 1907, p. 95) are located south of Wellington
Hills and north of Gold Crater in a small patch of brec..
ciated and altered tuff or rhyolite.

Other mines,.located 3 miles northwest of Mount
Helen near the old townsite of Jamestown (Schrader,
1913, pl. 1), are in altered dacite and andesite that
intrudes(?) tuffaceous sediment. At the surface the
rocks are brecciated and highly silicified or argillized,
and along fault zones they contain barren vein quartz.
Hydrothermal alteration occurred in the rocks through-
out the area, but most intensely in rocks along faults.
Silicification is most intense near the surface and gives
way at depth to predominantly argillic alteration; this
distribution suggests silica enrichment during weather-
ing. The mine dumps at three of the four main shafts

in. this area contain both oxidized and unoxidized
minerals. The occurrence of oxidized minerals indicates
that the workings penetrated the unoxidized zone where
primary pyrite and chalcopyrite occur in veinlets a few
millimeters wide and as disseminated grains. The rock
was mined for silver and gold associated with the sul-
fide minerals.

TRAPPMAN HILLS

The workings in the Trappman Hills consist of two
shafts sunk into Precambrian strata near the south end
of the hills. One shaft is sunk in a north-trending quartz
vein about 0 feet thick; the other is in a pyritized
fault zone that trends north-northeast and dips 60°-70°
W. Ball (1907) visited these workings shortly after
they were opened in June.1905 and recognized three
distinct periods of 'uartz vein formation. The earliest
is pegmatitic, and the associated -veins are apparently
all barren except where they are brecciated and stained
by limonite. In the two youngser sets of veins, which
'carried the principal ores, Ball (1907, p. 139) recognized
minor amounts of native silver, galena, and horn silver.
Ball reported that the ratio of gold to silver was 1:4.

GOLD CRATER

Gold Crater consists of a few small hills and knobs
of pre-Thirsty Canyon rock surrounded by Thirsty
Canyon Tuff, the edge of which forms a discontinuous
subeircular rim resembling a crater rim. Here, as in
other mining areas in the region, the hydrothermal al-
teration predates the Thirsty Canyon Tuff. The altera-
tion and associated mineralization were most intense
in the north half of the "crater," where most of the
mines and prospects are located. Several different lithol-
ogies can be recognized in the northern "crater" area,
but the chief rock is quartz latite lava of the Mount
Helen type. Alteration is predominantly argillic and
is most intense along faults. Most of the mining was
restricted to the oxidized zone, where the rocks show no
visible minerals other than limonite and hematite. Rocks
in the mine dump at one of the deeper shafts contain
pyrite, indicating penetration below the oxidized zone.
Altered rocks, possibly mineralized, probably extend
beneath the Thirsty Canyon Tuff adjacent to the mining
area.

GOLD REED (KAWICH)

The Gold Reed (originally Gold Reef or Kawich)
mining area lies 6 miles northwest of Kawich playa
on the east side of the Kawich Range. The first loca-
tions were made in December 1904, and 10 miners were
at work in August 1905 after a rush of several hun-
dred men in the spring of 1905 (Ball, 1907, p. 111).
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The principal mines are located along a northwest-
trending silicified horst along which the strata have
been dropped both to the northeast and southwest. The
silicified zone forms a reeflike ridge; hence, the original
name Gold Reef. It is not known when or how the orig-
inal name was corrupted to Gold Reed.

None of the major mines are accessible at present;
however, all the deep shafts are sunk in porphyritic
dacite which seems to be the principal ore bearer. The
dacite is bleached to light gray and pastel shades of
yellow and pink. The gold is not visible to the eye but
apparently is associated with iron oxide and pyrite.
According to Ball (1907, p. 111-112), some of the
limonite-stained casts of phenocrysts contained visible
plates of hackly gold, but these relatively rich oxidized
zones apparently were restricted to shallow depth and
have been mined out.

The amount of gold ore produced at Gold Reed is
unknown. Data compiled by Horton, Bonham, and
Longwill (1962b) indicate only that the Kawich (Gold
Reed) area produced an estimated total of between 0
and 1,000 ounces of silver.

SILVERBOW (TICKABO) MINES

The Silverbow (Tickabo) mines are located half a
mile north of the mapped area, in T. 1 N., R. 49 E.,
along the west flank of the Kawich Range northeast
of Mellan; only a few minor prospects are in the proj-
ect area. The mines were operated intermittently dur-
ing 1904-40, and they produced at least 10,000 ounces
of silver and 1,000 ounces of gold (Horton and others,
1962a, b).

The mines are along several northwest- and west-
trending faults that drop the Fraction Tuff and dacite
lavas down on the west and south against the tuff
of White Blotch Spring and older tuffs; mines are
also in and adjacent to rhyolite plugs. Horn silver is
concentrated locally in thin veinlets, and in places it
is disseminated in the country rock. Secondary copper
minerals occur locally; Ball (1907, p. 109) reported that
specks of stephanite and "ruby silver" occur and that
gold occurs free in some of the veins but that silver
was the predominant metal.

The authors visited the Silverbow mines in April
1964 and were guided through the area by Mr. Dan
Sheek of Tickabo Mining and Milling Co. At that time
the company was in the process of reopening many of
the mines and was building a small concentration mill.
(The reactivation was short lived; by 1967 all activity
had ceased.) Several of the prospects controlled by the
Tickabo Mining and Milling Co. are in Fraction Tuff.
Inasmuch as the lavas of intermediate composition are
the principal ore bearers in adjacent areas, especially

at Tonopah where they also underlie the Fraction Tuff,
those lavas possibly are mineralized at depth along
the west flank of the range in the Silverbow area. The
Fraction has been pervasively altered in much of the
Silverbow area, but in most places the alteration and
associated mineralization were restricted to the lower
part of the tuff except- where faults or open fractures
cut the tuff. Where the rock is unfractured, the hydro-
thermal solutions apparently were unable to penetrate
above a densely welded impermeable zone in the tuff.
The altered rock beneath the impermeable zone is mod-
erately to densely welded in most exposures, but it
weathers easily and closely resembles nonwelded or par-
tially welded tuff.

SUGGESTIONS FOR PROSPECTING

Future mining exploration in and adjacent to the
project area, especially in the Silverbow area, should
include sampling the avas of intermediate composi-
tion wherever practicable. These rocks are generally
the most intensely altered rocks in areas of hydrother-
mal alteration and, as stated previously, are the chief
ore bearers at Goldfield and Tonopah. In the Antelope
Springs area the possibility seems good that weakly
mineralized welded tuffs at the surface are intruded by
dacite and andesite at shallow depths. If the intrusive
rocks are present, they may contain ore.

In mineralized areas adjacent to the Thirsty Can-
yon Tuff or alluvium-filled valleys, the possibility of
buried deposits beneath the tuff or alluvium should be
considered, inasmuch as these strata postdate most pe-
riods of hydrothermal activity (Anderson and others,
1965). The most likely areas for buried deposits ap-
pear to be (1) the area north of Stonewall Mountain
bordering Stonewall Flat, (2) the area between Stone-
wall Mountain and Mount Helen, and (3) Stonewall
Flat adjacent to the Cactus Range.

POTENTIAL SITES FOR UNDERGROUND
NUCLEAR TESTING

The project area, exclusive of Pahute Mesa which
is currently being used as a testing area, offers various
sites that may be suitable for underground nuclear test-
ing. The sites and the thicknesses and physical proper-
ties of available media are discussed below.

ALLUVIUM-FILLED BASINS

Most of the underground nuclear testing at Nevada
Test Site has been in alluvium-filled basins. The basins
in the area of study are very similar geologically to
those in Nevada Test Site and should, therefore, pro-
vide suitable environments for testing. Of the four
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principal basins-Kawich Valley, Gold Flat, Cactus
Flat, and Stonewall Flat-the first two appear to be
most suitable because they are far removed from pop-
ulation centers and have the thickest deposits of allu-
vium. Gravity data (Healey and Miller, 1962, p. 20-
22; C. H. Miller and D. L. Healey, oral commun.,
1968) suggest 4,500 feet of alluvial fill and volcanic
rocks in the deepest parts of both valleys and indicate
sizable areas where the alluvium and volcanic rocks
can be expected to be at least 2,000 feet thick.

As of June 1966 no drill holes had penetrated suffi-
ciently deep to determine the thickness of alluvium
and volcanic rocks in any of the valleys. The logs of
several wells that have been drilled for water (pl. 1)
very briefly describe the material penetrated (p. 84).
The driller's log of Gold Flat well 1 indicates bedrock
at from 400 feet to 486 feet, but this log may be
erroneous inasmuch as it conflicts with gravity data
and the geologic setting. It seems more likely that the
driller reached well-cemented gravel rather than bed-
rock, but possibly the alluvium in this part'of Gold
Flat is thin. In general, the greatest thicknesses of
alluvium within the valley areas probably occur within
or adjacent to the lowest gravity contours along the
east flanks of the valleys, but drill-hole data are needed
for accurate thickness determination.

NONWELDED AND PARTIALLY WELDED ZEOLITIZED
TUFF

Thick zones of nonwelded and partially welded zeol-
itized tuff have been used for contained explosions for
many years at the Nevada Test Site. As much as 800
feet of such tuff (bedded) crops out along the west flank
of the Belted Range east of Pahute Mesa in the vicinity
of Quartet Dome (Sargent and others, 1966). Here the
tuff is capped by 80 feet of the densely welded ash-flow
tuff of the Grouse Canyon Member of the Belted Range
Tuff. The bedded tuff dips gently to the east, and it may
thicken eastward. As much as 1,000 feet of cover could
be obtained by driving tunnels 3,000 feet eastward from
an elevation of 6,200 feet approximately 2 miles south-
southwest of Quartet Dome (K. A. Sargent, written
commun., 1963).

Thick sections of zeolitized nonwelded and partially
welded tuff have been penetrated by the drill beneath
the Timber Mountain Tuff in local areas on Pahute
Mesa. The possibility seems good that similar tuff in
thinner beds is also present beneath the Timber Moun-
tain Tuff along the south flank of Gold Flat north and
northwest of Silent Canyon. In this area, the alluvium
probably ranges in thickness from 0 to at least 1,000 feet
and, excluding the western part of the flat, the first
bedrock is probably either basalt, Thirsty Canyon Tuff,

or Timber Mountain Tuff. Along the west and south-
west flanks of Gold Flat, lavas and tuffs that are older
than the Timber Mountain Tuff crop out. These out-
crops indicate that the maximum width of ground that
can be inferred to be underlain by Timber Mountain
Tuff and thick alluvium in Gold Flat is less than 5 miles
measured east to west. Most of the alluvium above the
volcanic rocks is probably poorly lithified and rich in
boulders; therefore, drill holes will undoubtedly meet
with lost circulation zones in the alluvial section. The
volcanic rocks beneath the alluvium are probably no
more fractured and faulted than those on Pahute Mesa;
they should drill easily and provide tight impermeable
zones suitable for test media. Drill holes would be re-
quired for accurate thicknesses of the total alluvium-
volcanic rock section in this area.

WELDED TUFF

Thick sections of densely welded tuft are probably
present at various depths in all the basin areas, and in a
few areas they may be sufficiently homogeneous and
impermeable to be potentially valuable as test media.
The most favorable areas for such occurrences appear
to be the west flank of Kawich Valley east of Trailer
Pass and north of Gold Reed, in Tps. 3 and 4 S., R.
51 B., and in Gold Flat adjacent to the Cathedral Ridge
caldera. In both areas several thousand feet of Fraction
Tuff probably underlies the sedimentary rocks of Ter-
tiary age and the alluvium of Cenozoic age. Depending
on the distance outward from the range, the tuff could
be expected to occur at depths from zero to several
thousand feet. Drilling would be required to determine
the depth to ground water and the occurrence of im-
permeable zones suitable for test media. Physical prop-
erties of Fraction Tuff and of two samples of subjacent
lava of intermediate composition are given in table 10.

BASEMENT ROCKS AND GRANITE

The Trappman Hills are a structural horst formed of
gneiss and schist of Precambrian age. The gneiss
(gneissic quartz monzonite) forms the bulk of the out-
crops in the hills and intrudes the schist. Both rock
types are well foliated and intensely fractured; locally
they are hydrothermally altered. The rocks are cut by
numerous quartz, aplite, and pegmatite veins as well as
by several rhyolite dikes of Tertiary age. The schist is
characterized by abundant femic minerals and rela-
tively high dry bulk density (2.8 grams per cubic centi-
meter, E. F. Monk, written commun., 1963) ; the gneissic
quartz monzonite is characterized by relatively sparse
femic minerals and lower dry bulk density (2.6 g/cc).
In several areas gneissic quartz monzonite forms the
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only visible outcrops and probably forms a homogene-
ous medium at depth suitable for some types of nuclear
tests.

Granite of probable Mesozoic age in T. 3 S., R 46 E.,
in the Cactus Range along the northeast flank of Stone-
wall Flat, and southeast of Quartzite Mountain in the
southern Kawich Range about 41,h miles west-northwest
of the Floyd Lamb water well provides relatively un-
fractured media similar to the quartz monzonite in the
Climax stock at Nevada Test Site.

MEASURED SECTIONS

Tuff of White Blotch Spring

{Outside mapecd ra, about I mle north oWhite Blotch pring in NEX T. 8.,
R. 3 E Wte lh Spring qusdran Nye County. Nev. MArd by E. B.
Ekrren, C. L. Rogers.,.Theodore Botinely, amd 3. E. Weir, April 19631

Tty. of Wfhic Blotch. Spring-Continued

te
1

Top of section is fault contact with younger ash-
flow tuff.

Tuff of White Blotch Spring (incomplete):
Ash-flow tuff, weathers white; moderately

welded. Contains abundant white fiamme
as much as 2 in. long, sparse biotite as
sole mafite, 30 percent phenocrysts con-
sisting of 40 percent quartz, 40 percent
sanidine, and 20 percent andesine. (A
comparison of this zone with outcrops
where top of White Blotch Spring is pre-
served indicates no more than a few tens
of feet are cut out here by fault.) Forms
bench _ - -_

Ash-flow tuff, light-gray, densely welded,
crumbly weathering; vague flow layering
with layers about 3 ft thick. Contains
fairly abundant lithic fragments of shard-
rich gray welded tuff about 1 in. in dia-
meter, abundant white fiamme, same
phenocrysts as above, sparse biotite.
Forms bench above cliff. Thickness of
unit, approximate

Ash-flow tuff, medium-gray, weathers
brownish gray; otherwise similar to above
but fiamme are very sparse and ground-
mass is mostly vitric. Contains 24 percent
phenocrysts consisting of 33 percent
quartz, 42 percent sanidine, 24 percent
plagioclase, and I percent biotite. Forms
upper part of cliff

USt A eumu-
thicknesa Wed

(feet) then
Uod)

50 895

Ash-flow tuff, light-gray, weathers light red-
dish brown, densely welded; groundmass
partly vitric. Contains small white fiamme
and 32 percent phenocrysts consisting of
40 percent quartz, 43 percent sanidine,
and 17 percent plagioclase. Forms steep
jointed cliff _

Ash-flow tuff, light-gray, weathers light
reddish brown. Basal less-welded slope-
forming part of same zone as above, but
is richer in biotite and plagioclase; no
apparent cooling break. Contains sparse
small andesite lithic fragments, 34 per-
cent phenocrysts consisting of 36 percent
quartz, 20 percent sanidine, 33 percent
plagioclase, and 11 percent biotite _

Ash-flow tufT, very light gray, densely
welded, fiamme-poor, shard-rich. Ground-
mass vitric to weakly devitrified. Unit
contains 35 percent phenocrysts consisting
of 41 percent quartz, 36 percent anidine,
21 percent plagioclase, 2 percent biotite.
Forms slope _ I _-_-_-_

Ash-flow tuff, light-gray, weathers to alter-
nating light-, medium-, and dark-brown
zones. Pumice lapilli very sparse, eutaxitic
structure vague, groundmass vitri to
weakly devitrified. Contains 30 percent
phenocrysts consisting of 45 percent
quart, 30 percent sanidine, 18 percent
plagioclase, 7 percent biotite. Forms cliff
that is columnar jointed at base _-_

Ash-flow tuff, tan, pale-pink, green, and gray,
biotite-rich, weakly to moderately welded.
Contains abundant light-greenish rhyolite
fragments and flattened pumice lapilli and
blocks as much as 4 in. long; at about 150
ft above base lithic fragments diminish.
Unit forms slope. Mostly covered, thick-
ness approximate -

Total incomplete tuff of White
Blotch Spring .-- -

Shingle Pass Tuff (incomplete):
Ash-flow tuff, vitrophyre, black. Contains 23

percent phenocrysts of plagioclase, horn-
blende, biotite, and magnetite. Unit ap-
pears to be vitrophyre at top of flow that
is very poorly exposed but may be basal
part of flow extending Into covered zone
above -_

Aeeumu-
nf ted

ke, thickness
eto (fee)

160 695

30 535

100 505

70 405

2'

335 335

120 845 895

2030 725
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Fraction Tuff !-I ;t -.:.! Fraction TuI-Contlnued
unit

Mtikness
(led)

AccMUm-..
10We

(fed*)About 14 miles South of Trailer Pass In N34 T. 4 ., Rs. 50, 51 E., Quartzlte
Mountain quardrangle, Nye County, Nev. Measured by E. B. Earen and C. L.
Rogers. May 23, 1963j -

Accumu-
Unit lted

thickness thickness
(fet) (feet)

Top of section represented by a poorly exposed
contact with overlying dacitic debris flow.

Fraction Tuff:
Ash-flow tuft, white, weathers white; vitric,

weakly welded. Contains phenocrysts of
plagioclase, alkali feldspar, quartz, bio-
titc, hornblende, sphene, and magnetite.
Gently sloping surface.
Generally poorly exposed - 1, 300

Ash-flow tuff, light-pinkish-gray, weathers
brownish gray, vitric, moderately welded.
Contains fairly abundant white flattened
pumice lapilli, plagioclase, quartz, alkali
feldspar, biotite, and abundant hornblende.

Weathers to rubbly slope, forms gentle hills.
Contact gradational with units above and
below - 600

Ash-flow tuff, dark-brownish-gray at base
grading upward to light-pinkish-gray at
top; white flattened pumice lapilli,
vitric, moderately welded. Plagioclase is
dominant phenocryst, quartz and alkali
feldspar also present; abundant biotite,
very little hornblende, no sphene - 700

Vitrophyre of ash-flow tuff, brown-black;
same mineralogy as unit above -30

Ash-flow tuff, brown-gray; same miner-
alogy as unit above, very rich in lithic
fragments, including dacite, schist, and
quartzite, the latter in boulders as much
as 3 ft in diameter; unit is moderately
welded, vitric --- 300

'.'

7, 220

.5, 920

5, 320

4, 620

Ash-flow tuff, light-buff, weathers brown,
i densely welded, partly devitrified. Con-

tains small amount of biotite, no horn-
blende or sphene; quartz dominant
phenocryst, alkali feldspar exceeds plagio-
clase; contains a few dacite lithic frag-
ments. Forms steep jointed cliffs that

- weather to spires; columnar jointed at
base. Thickness, approximate - 1, 100 2, 510

Ash-flow tufT, discontinuous. Basal 35 ft is
black vitrophyre; above the vitrophyre
the unit Is light gray and weathers gray
brown. Unit is partly devitrified, forms
stepped cliff near base grading upward to
slabby- and crumbly-weathering slope
former. Same mineralogy as unit above..- 200 1, 410

Ash-flow tuff, some lenses of vitrophyre at
base, light-gray at base, light-violet-gray
at top. Crystal rich with same mineralogy
as unit above -70 1,210

Ash-flow tuff, densely welded. At base,
black vitrophyre pods, as much as 10 ft
thick; above base, unit is gray green and
devitrified. Phenocrysts: quartz (domi-
nant), alkali feldspar and plagioclase
about equal, small amount of biotite - 40 1,140

Ash-flow tuff. At base, discontinuous dark-
brownish-gray to black vitrophyre as much
as 40 ft thick; above base, unit is largely
devitrified. Unit contains sparse horn-
blende and biotite, very minor sphene;
quartz, plagioclase, and alkali feldspar in
about equal amounts, abundant dacite
lithic fragments - 230 1, 100

Ash-flow tuff, olive-gray, hackly-weathering,
densely welded at base of exposure; grades
upward within about 20 ft to black vitro-
phyre as much as 50 ft thick; rock above
vitrophyre same lithology as rock below;
some biotite, no hornblende, minor
sphene; quartz, plagioclase, alkali feld-
spar; no visible ash fall at base of unit In
vicinity of section, but in exposures to
north about 50 ft of stratified yellow tuff
crops out at base -__ 120' 870

Ash-flow tuff, light-red to light-reddish-gray,
densely welded, devitrified, irregular
slabby weathering. Contains abundant
flattened light-gray to yellow-gray pu-
mice; biotite abundant, some hornblende
and large sphene; plagioclase, quartz,
alkali feldspar. Unit forms gentle slopes
and hummocky hills in line of section;
to north weathers to small rounded "hay-
stack" hills; lower 5 ft crystal poor and
locally silicified -750 75

4, 590

Ash-flow tuft, light-brownish-gray, lithic-
rich, weakly welded; approximately equal
amounts of plagioclase, alkali feldspar,
and quartz, with minor biotite and no
hornblende or phene. Zone of hydro-
thermal alteration may Indicate fault
contact with unit above .

Ash-flow tuff, light-brownish-gray, weathers
dark brow'nish gray, moderately welded,
lithic-rich; same mineralogy as unit
above. ---. ------

Ash-flow tuff, weathers brown, densely
welded. Phenocrysts are quartz, alkali
feldspar, plagioclase, abundant botite,
very sparse hornblende. Forms rugged
hills above two vitrophyre zones that
show as two dark conspicuous bands on
arerial photographs __ - _

Ash-flow tuff. Interval includes two vitro-
phyres about 30 ft thick with about 120
ft of intervening devitrified welded tuff;
upper vitrophyre apparently is base of
of ash flow described above; lower vitro-
phyre is base of 150-ft-thick welded tuff.
Unit contains abundant biotite; pheno-
crysts consist of plagioclase (dominant),
quartz, and alkali feldspar.

100 4,290

800 4, 190

700 3,390

180 2, 690

Total Fraction Tuff -7, 220

Lavas of intermediate composition (incomplete):
Latite or rhyodacite, light-gray to yellowish-

green, flow-layered, crystal-rich; plagio-
clase, quartz, biotite, and hornblende.
Base not exposed. 40
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DRILLERS' LOGS OF WATER WELLS IN MAPPED
AREA

Drillers' logs throughout this section are quoted
verbatim.

Gold Flat 1

lWell drilled by E. C. Ferguson, Tonopab, Nev. Casing 6 In. In diameter to 390-ft (?)

Depth Thickness
Materal (eet) (fees)

Gravelly sand --- 40 40
Whitish soil -------- ---------- ---- 200 160
Reddish soil ____ _- -- 255 55
Gravelly sand _- - -- _260 5
Whitish soil __-- -- 390 130
(Not logged) ----- -- 400 10
Bedrock - - 486 86

Gold Flat ;

iWel1 drilled by E. C. Ferguson. Tonopa, Nev. Casig 8( tn. In diameter to 290ft
depth, perforated 2-290 It. Could not lower wvaer level with 6-n..dlameter bailer
20 it longe

Material. (fet (feet)
Soft volcanic gravel - _ _ -__ -_ 90 90
Slightly harder volcanic gravel -- 200 110
Reddish volcanic gravel, water - _,-_-__-250 50
Blackish volcanic gravel - -- _ -_290 40

Sandia I

[Well drilled by 8.R. Mcinney and Son, Las Vegas, Nev. Uncesed test hole. Balled
30 gal of water from zone at 45 ft remainder of well dryl

Sandia 2

tWeI drilled by .. MeKinney and Son, Las Vegas, Nev. Casing 8 In. In diameter
to SZM-t depth perorated 225-45 ft. Well yelded 15 gum with 142-tt drawdown
during a test of unspecified length of time]

Materla

Gravel and clay .
Brown cement gravel .
Red, brown, and white cement gravel .-_
Brown cement gravel ._ ._- _-__
Brown and white cement gravel ..
Brown, red, and white cement gravel _-_-_-_
Brown and gray gravel, hard .- _
Brown and gray cement gravel .
Brown, gray, and red cement gravel ._
Brown, gray, and red cement and sand .-_-__
Brown, gray, and white cement gravel .
Brown and white cement gravel _ I
Brown, white, and pink cement gravel-
Brown, white, and pink cement gravel and sand -
Brown, white, and pink cement gravel and clay.
Cement gravel, water -- _-_-_-_-_- _
Brown, red, and white cement gravel _- _
Brown, red, and white cement gravel, water ----
Brown, red, and white cement gravel .
Cement gravel and clay.
Brown and white cement gravel ..
Brown and white cement gravel and clay .
Yellow clay -_-- -
Yellow clay and gravel .
Brown cement gravel, hard ___..
Muddy clay -
Clay and gravel, water. - -- __ _
Gray sand and clay . -- -

4
20

35
45
70
99

110

125
170
215
280

* 327
346
357 -

362
367
387
392
397
407
417
437
442
452
455
467
477
525

Fhicknen
(M)

4
16
15

.10
25
29
11

-15

45
45
65
47
19
11
5
5

20
5
5

10
10
20
5

10
3

12
10
48

Material

Loose sand and gravel ._- _____ -_-_
Cement gravel and boulders - _- 
Black, pink, and white cemented gravel .-_
Granite clay. ___._ __ _ _ __ __
Cement gravel with clay. - _-___- ____-__-_
Cement gravel -------
Cement gravel and clay.
Brown cemented gravel .___ _.__
Black, red, and white cement gravel_ - - _
Brown cemented gravel . --------
Pink, white, and brown cemented gravel .
Gray and white cemented graveL __-__--_
Brown cemented gravel and sand .-_-__
Gray cemented gravel and sand ._
Gray clay and gravel. __
Gray clay and sand .----------------
Gray clay. . -----_-__ -__
Gray and green clay. _. _-_
Green clay.
Gray and green and gray and black shale .
Blue shale .----
Blue and green shale
Gray limestone .------------
Dark-gray shale
Brown shale __
Brown and gray shale.
Blue shale ._------ __--_----
Blue and brown shale with limestone shelves-
Blue shale .--

3
28
35
45
50
55
60
75

100
110
130
160
175
220
260
325
435
440
465
470
475
480
485
535
541
548
588
593
600

(feet)

3
25
7

10
5
5
5

15
25
10
20
30
15
45
40
65

110
5

25
5
5
5
5

50
6
7

40
5
7

Sandia S
No log available.

Sandia 4

Well drilled by 8 R. McKinney and Son LAs Vegas Nv. Csnt 8 In. In dlaneter
to 80-tft depth, perforated 351-46 ft. Well yielde 6 pm oth 67-ft drawdown
during test of unspeclfied length of time]

Maerial

Soil and gravel ----
Gravel - -- -
Cement gravel and boulders-
Gravel - _----__-
Cement gravel and boulders ___-__-_-__-_-_
Cement gravel -
Cement gravel and boulders-
Gravel and little clay- __
Cement gravel ----- _-----
Gravel-
Cement gravel -
Gravel and sand - _--- _-_
Cement gravel and sand-
Cemented sand- -
Cemented sand and gravel -

Pepa
(fedt)

5
-15
65
74
81
95

130
134
196
201
225
230
260
347
362

(feet)

5
10
50
9
7

14
35
4

62
5

24
5

30
87
15
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- Sandia 4-Continued f

n.w
-Mateal (fed)

Sand, gravel, and clay; lost mud- 367
Cemented sand. .- 397
Cemented sand, little clay, little water- 402
Cemented sand, little water -412
Cemented sand - 422
Cemented sand and clay - 437.
Sandy clay, little gravel -442
Sandy clay- 477
Gray sandy clay - 497
Gray clay, muddy - 546
Pink clay - 580

Sandia 5
Well drilled by Perry Bros., Flagstaff, Ariz.)

M afteal

Sandy clay _ _ _--- -
Sand and gravel.. _------_____-__-_
Brown clay _- -_--
Fine sand_.. -- __ - - -- --
Sandy clay and gravel _
Sand and gravel _- - --_
Brown sandy clay _--_
Sandy clay with streaks of semicemented gravel _
Sand and gravel _- - - -
Black volcanic rock __

I ni)cknes
(feet)

5
30
5

10
10
15

35
20
49
34

Depth
Iv t) .

0-18
19-30

- 30-36
36-51
51-82
82-125

125-132
132-180
180-280
280-300

Test pumping results: Pump setting 210 ft to end
of suction. At start 11 gpm, water level 210 ft. Surging
and backwashing increased yield to 15 gpm. At com-
pletion of test, yield had increased to 16 gpm. After
setting overnight, well would pump 20 gpm for 10
hours then drop off to 16 gpm. Maximum yield was
from 210-ft level.

- - Sandia 7- -

(WOU drilled by Perry Bros., Flagstaff, Ariz.J
Meterf a? ~~~~~~~Depth

- .-. - ~~atiallUT
Blow sand _------- - 4
Sand and sandy clay - - 4-110
Sand and large gravel _ __-_-_ - - 110-120
Sand and small gravel (water level 137 ft) -- 120-280
Gravel, sand, and clay___- _ -__ __ _ 280-305

Test pumping results: Static water level 137 ft; 125
rpn with 23-ft drawdown;-~ 150 gpm with. 38-ft
arawdown.

Sandia 8

IWell drilled by Perry Bros., FlagstaffArit. Casing 8 .in diameter to 793-ft depth,
perforated 36- .Well yielded 12 gpm with 100-ft drawdown during test of
unapeced lengh of tme] v

- * e : : DktA flfcks

Brown clay with gravel and sand - 250 250
Basalt sill or cemented gravel- 268 18
Clay, gravel, and sand with basaltstringers- 328 60
Sandy clay - - ----------_483 155
Clay, gravel, and sand _ 710 227
Sand with clay -: ----------_ 793 83
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