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Geology of a part of the southern Monte Cristo Range,
Esmeralda County, Nevada

By Steven W. Moore

ABSTRACT

The Blair Junction sequence of the Esmeralda Formation in the
southern Monte Cristo Range, Esmeralda County, Nevada, is informally
defined as a discrete local stratigraphic assemblage of middle to
upper Miocene, dominantly lacustrine sedimentary rocks. The Blair
Junction sequence, which is divided into four informal members, is
interpreted as being deposited in shallow, fresh, alkaline water of
a marginal lacustrine environment with local influences of intermit-
tent paludal and fluvial depositional conditions and contemporaneous
volcanic activity. Older stratigraphic units include middle Miocene
andesite units and upper Oligocene to lower Miocene ash-flow tuff.

The Cenozoic volcanic and sedimentary rocks unconformably overlie
the Ordovician Palmetto Formation. Post-Esmeralda Formation units
include upper Miocene to Pliocene andesite, rhyolite, and Quaternary
alluvial deposits.

Member 1 of the Blair Junction sequence of the Esmeralda Forma-
tion is correlative with the coal-bearing unit at the north base of the
Silver Peak Range. However, the amount and the grade of coal (lig-
nite or carbonaceous shale) generally decreases northward. In fine-
grained lacustrine rocks, authigenic minerals include montmorillonite,

opal-CT, authigenic potassium feldspar, and minor zeolites.



The southern flank of the Monte Cristo Range is traversed by
three major sets of faults, the trends of which average N. 57 E.,
N. 77 E., and N. 42 E., respectively. These trends are anomalous
with respect to the more northerly trends typical of the Basin and
Range Province. These faults, some with large vertical throw, offset
upper Oligocene to Pliocene rocks. Slickensided fault planes provide
some evidence for left-oblique slip on these northeast-trending
faults, which is analogous in part to the relative sense of movement
along the fault system in the nearby Candelaria Hills. A zone of lo-
cally intense folding, suggestive of compressional stresses acting
subparallel to an adjacent fault, also suggests a lateral or oblique

component of movement along this fault,



INTRODUCTION

Background, Purpose, and Scope

Coal was discovered north of the Silver Peak Range in Esmeralda
County, Nevada in 1893. This discovery spurred great local interest
in the early 1900's because of scarcity of fuel in the region and the
energy demand of mining operations in the nearby gold-boom towns of
Goldfield, Candelaria, and Tonopah. In 1911, lands in four townships
in this area, including much of the Monte Cristo Range, were designat-—
ed by Presidential order as Nevada Coal Withdrawal No. 1 (fig. 1), in
accordance with the General Withdrawal Act of 1910 ("Pickett Act").
Under the provisions of this act, Federal lands enclosed were withheld
from settlement, sale, location, or entry pending classification of
the land for coal resources by the U.S. Geological Survey. The with-
drawal has been only partially classified since its designation in 1911,

Recent Federal legislation, in particular the Federal Land Policy
Management Act of 1976, requires the Bureau of Land Management (BLM) to
review all mineral and other withdrawals to determine the need for ex-
tention or revocation in view of the public interest. This project
was undertaken as part of the U.S. Geological Survey's effort to provide
basic geologic data necessary to support the mandated BLM withdrawal
review.

Past studies of this area have been of a more regional nature,

providing only general descriptions of the geology of the area, which
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were unsuitable for determination of the extent of coal deposits in
the area. Therefore, this study was proposed to investigate the
sequence of Tertiary sedimentary and volcanic rocks that extends
northward from classifed "coal land" into the Monte Cristo Range.
The emphasis of this project is on geologic mapping, physical stra-
tigraphy, and depositional sedimentary environments of the area.

Of major interest has been the relationship and correlation of the
sedimentary sequence of this area to the coal-bearing rocks exposed

at the base of the Silver Peak Range, south of the study area.

Location and Geographic Setting

The project area is located in Esmeralda County, which lies
in southwestern Nevada adjacent to the California border (fig. 2).
The project area, as shown on figures 1 and 2, extends south and
southwestward from southern Monte Cristo Range towards the northern
base of the Silver Peak Range. The project area lies entirely within
the Blair Junction 7.5-minute quadrangle.

The topography of Esmeralda County is conspicuously dominated by
several mountain ranges, or combinations of mountain ranges, which
together form distinctive, large, concave—north, arcuate structures
(Albers and Stewart, 1972, p. 42). This arcuate topographic trend
represents a significant departure from the common northerly trending
mountain ranges and intervening valleys typical of the Basin and
Range Province. The Monte Cristo Range and the Cedar Mountains

together define one of these arcuate geomorphic trends. Likewise,
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the Silver Peak Range is also part of another large, concave-north arc.
The project area lies between these two mountain-range arcs. In addi-
tion, the project area constitutes a relative topographic high sepa-
rating the large intermontane valleys of the Big Smoky Valley, to the
east, and Columbus Salt Marsh, to the west.

Elevations within the project area range from about 1,460 m
(4,800 £ft) to 1,950 m (6,400 ft). The southern part of the project
area is characterized by subdued relief with low, dissected hills
and gullies that extend across alluvial slopes towards the Monte
Cristo Range. The northern extreme of the project area has more
rugged terrain with relatively high local relief up to about 180 m
(590 ft) developed in the thick pile of volcanic rocks. Landmarks
nearby include Castle Peak, elevation 1,873 m (6,145 ft), which lies
immediately east of the project area. Devils Gate, a narrow opening
between high andesite ridges, lies northeast of the Castle Peak.
Three informal geographic names, Jackrabbit Draw, Dragonback Hills,
and Gilbert Road, are informally proposed to aid in description of

localities described in the text and are shown on plate 1.

Methods Used in the Investigation

A total of 47 days of field work was accomplished during the
period from October 1977 to March 1979 for this investigation.
Initial field reconnaissance and selection of the project area oc-
curred in October 1977 and March 1978. The bulk of the field work

including detailed geologic mapping, measurement of stratigraphic



sections, and collection of lithologic and fossil samples was accom-
plished during July, September, and October 1978.

Geologic mapping of approximately 85 km2 was done at a scale of
1:24,000 using the U.S. Geological Survey Blair Junction 7.5-minute
topographic quadrangle as a base map. In addition, to increase the
precision of location, some geologic data such as sample localities
and some fault and lithologic contacts were plotted on 1:20,000—~
scale, black and white, vertical aerial photographs. Other black
and white, vertical aerial photographs at scales of 1:37,000 and
1:60,000 occasionally were used for further location control. Strat-—
igraphic sections were measured using a 30-m tape and Brunton compass,
or a Jacob's staff, where applicable. Rock colors were described us-
ing the standard rock color chart of Goddard and others (1975). Geo-
logic data from aerial photography was subsequently transferred to
the base map using a PG-2 stereographic plotter at the U.S. Geo—
logical Survey in Menlo Park, California.

The laboratory part of this investigation included further exam-
ination of some of the samples with a binocular microscope. Thin sec-
tions of volcanic and sedimentary rocks were examined in detail, in
plane and polarized light, to determine mineral composition, texture
and other microscopic features. A Zeiss, model 9901, standard petro-
graphic microscope was used. Where applicable, Michel-Levy's method
was used to determine the anorthite composition of plagioclase in

selected samples of volcanic rocks.



X-ray diffraction patterns were made of 36 bulk samples of fine-
grained sedimentary rocks, tuff, and various volcanic rocks. Bulk
samples were crushed to a fine powder, mounted on a glass slide, air
dried, and then exposed to nickel-filtered Cu K-alpha radiation us-
ing a Rigaku Miniflex X-ray diffractometer. Scanning speed used was
0.5° 26/minute and the machine was set at 500 counts/second. Minerals
were identified by use of using reference patterns and other standard

methods.

Some tentative fossil identifications of molluscan fossils were
made by the author. J.R. Firby of the University of Nevada, Reno,
later substantiated and added to these identifications. G.R. Smith
of the University of Michigan identified some fossil fish bones. C.A.
Repenning and R.M. Forester, both of the U.S. Geological Survey,
provided fossil identifications on a mammal fossil and ostracodes,

respectively.

Previous Investigations

Knapp (1897), in an early report, described the coal prospects,
first discovered about 1894, at the north end of the Silver Peak
Range. Knapp noted a high ash content of 30 percent, in selected
coal beds, suggesting clay and sand being washed into the organic
matter during deposition. Turner (1900) named the Esmeralda Forma-
tion for widespread lacustrine deposits in Esmeralda County and
published a map showing the formation's distribution over a wide—
spread area in and north of the Silver Peak Range, along the east

9



and west sides of Big Smoky Valley, in Clayton Valley, and in the
Fish Lake Valley area. Turner interpreted these rocks, some of
which contain coal, as representing Miocene to Pliocene deposits

of a single, extensive, fresh water "Lake Esmeralda.'" Knowlton
(1900) initially described a fossil flora from the Esmeralda Forma-
tion. Berry (1927) and Axelrod (1940) continued work on flora of
the Esmeralda Formation and considered it representative of early
Pliocene age.

Early investigations by Spurr (1904, 1906) and Hance (1913) sum-
marized the general geology and coal deposits north of the Silver
Peak Range, which became known as the Coaldale district. Hance (1913)
reported that the coal is confined mostly to four main horizons in
sections 27, 28, 33, and 34, T. 2 N., R. 37 N., Mount Diablo Meridian.
Hance (1913) described coal as being limited to four main beds: coal
from the upper two having dull luster, and the lower two containing
coal with a more vitreous, brilliant luster. Hance also noted the
rather high amount of folding and faulting in these beds, making
measurement of true stratigraphic thickness difficult. On the basis
of mammalian fossils, Stirton (1932) correlated Esmeralda Formation
lacustrine rocks of Fish Lake Valley with those of Cedar Mountain,
north of the Monte Cristo Range.

During World War II, the U.S. Geological Survey and the U.S.
Bureau of Mines conducted surface and some subsurface exploration
and analyzed coal in the vicinity of Coaldale. These investigations

suggest that coal is discontinuous laterally, due to faults, folds, local

10



igneous intrusions, and sporadic increases in shaly strata. Tests of
coal by Toenges and others (1946) show a wide range in coal rank from
lignitic shales to rare high volatile—A bituminous coal. These anal-
yses revealed that the coal has a caloric value ranging from about
4,000 to 14,000 BTU, low sulfur content, and an ash content averaging
50 to 59 percent.

Ferguson and others (1953) mapped the geology of the Coaldale
quadrangle, which includes the Monte Cristo Range, at a scale of
1:125,000. In that work, the Esmeralda Formation in the Monte Cristo
Range was subdivided into a lower rhyolitic breccia unit and an upper
sedimentary unit. The stratigraphy of the Esmeralda Formation and
other Cenozoic rocks in the Silver Peak region has been described by
Robinson (1964), Robinson and others (1968), and Moiola (1969).

Albers and Stewart (1965, 1972) mapped geology of Esmeralda Coun-
ty at scales of 1:200,000 and 1:250,000, respectively. Nearby pub-
lished geologic quadrangle maps include those of Robinson and others
(1976) and Stewart (1979). Recent work in the Candelaria Hills, by
Speed and Cogbill (1979a—c), has provided a basis for comparison

with some of the volcanic rocks and structures in the project area.

Geologic Time Scale Used

During the past 20 years, the geologic time scale has undergone
numerous revisions, mostly on the basis of an ever-growing data base
of radiometric ages and their application to the stratigraphic and

fossil record. Most notably, the Miocene~Pliocene boundary used

11



with regard to much of the earlier published literature on the Esmer-
alda Formation has changed significantly. 1In this report, the Tertiary
epoch boundaries correspond to 1980 U.S. Geological Survey standards
(USGS, Geologic Names Committee, written commun., 1980). Informal
geologic-time divisions "early'", "middle", and "late'" for the Oligo-
cene and Miocene epochs are based upon definitions of Ryan and others
(1974). Boundaries between North American Land Mammal Ages are based
upon current USGS recommendations (C.A. Repenning and J.M. Armentrout,
personal commun., 1979), which are in part derived or modified from
Evernden and others (1964). In addition, most of the radiometric

ages available for southwestern Nevada were done prior to the 1976
adoption of new decay and abundance constants for the calculation

of potassium—argon ages (Steiger and Jager, 1977). Therefore, the
potassium—-argon ages referred to in this report have been recalculated
using the conversion tables of Dalrymple (1979), and have been sum-
marized in appendix A. Potassium—-argon ages quoted in the text also
have been recalculated, but referenced by original sources of the

ages. The time scale adhered to in this report follows that illus-

trated in figure 3.

12



Informal North American
Period Epoch Epoch Land
Subdivision Mammal Ages
Pliocene Blancan
5
Hemphillian
Late 8
Clarendonian
11.5
12
Miocene
Middle Barstovian
16
Tertiary 16.5
Early Hemingfordian
21
Arikareean
24
26
Oligocene Late
Whitneyan
29

Figure 3.--Late Cenozoic geologic time scale. Numbers on age
boundaries are currently accepted estimates in millions of
years before present, based on radiometric age dates. (Ryan
and others, 1974; and U.S. Geological Survey, Geologic
Names Committee, written commun., 1980).
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STRATIGRAPHY

Ordovician System

Palmetto Formation

The oldest rock unit in the mapped area is the Ordovician
Palmetto Formation. Turner (1900, p. 265) originally named this
formation on the basis of exposures in the Palmetto Mountains in
southern Esmeralda County. The Palmetto Formation is widespread in
Esmeralda County and dominantly consists of shale and siltstone with
lesser amounts of interbedded chert and limestone. Locally, shale and
siltstone are metamorphosed to hornfels. Interlayered quartzite also
occurs in the Palmetto Formation, but it probably is limited to the

basal 150 m (500 ft), according to Albers and Stewart (1972, p. 23).

Distribution, Contact Relations, and Thickness. Exposures of the

Palmetto Formation in the southwestern and central Monte Cristo Range
cover about 28 km2. The Palmetto Formation is limited to exposures in
the northern part and along the north-central boundary of the study
area (pl. 1). The lower contact of the Palmetto Formation with older
rock units is not exposed within the study area or in other parts of
the Monte Cristo Range (Albers and Stewart, 1972, pl. 1). The Palmetto
Formation is overlain, with angular unconformity, by the upper Oligocene
or lower Miocene Castle Peak tuff.

Thickness of the Palmetto Formation is indeterminable from the

extent of mapping in the study area. Limited exposures of the
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Palmetto Formation within the study area typically are tightly
folded and faulted and exhibit no consistent bedding from one out-
crop to the next. Ferguson and others (1954) report a thickness of
the Palmetto Formation greater than 1,200 m (4,000 ft) in Mineral

County.,.

Lithology. In the southern Monte Cristo Range, the Palmetto
Formation principally consists of thin-bedded chert interbedded with
lesser amounts of phyllitic to hornfelsic, silicified shale (fig. 4).
Outcrops appear rugged and dark. Exposures of the Palmetto Formation
are dominated by black to medium-gray (N 5), 2- to 10-cm—thick beds
of chert that commonly pinch out laterally over a few meters. Chert
beds generally are weathered to yellowish gray (5Y 7/2) or moderate
yellow (5Y 7/6). Interbedded phyllitic to hornfelsic shale, commonly
a small percentage of each exposure, occurs in 1-to 2-cm-thick, fis-
sile plates, which are medium gray (N 5) to medium dark gray (N 4).
Chert beds typically are undulatory or tightly folded into small-scale

folds.

Age and Correlation. No fossils were found within the Palmetto

Formation in the study area. However, in other parts of Esmeralda
County, abundant graptolites and the assoclated crustacean, Caryocaris
sp., are indicative of a Middle Ordovician Age (Ross and Berry, 1963,
Pe. 22-24; Albers and Stewart, 1972, p. 24). Although most fossil
collections are representative of a Middle Ordovician age, Early and

Late Ordovician age assemblages also are subordinately represented
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Planorbis sp., Vorticifex sp., and Viviparus turneri. Member 4, the

volcanic breccia-sandstone member, is probably of Hemphillian (late
Miocene) age on the basis of the disconformable relationship to
Clarendonian age member 3 and a potassium—-argon date of 7.1+0.3 m.y.
on an air-fall tuff in a lithologically similar and probably correla-
tive unit, which also unconformably overlies Clarendonian strata, in
the Weepah Hills (Robinson and others, 1968; app. A, no. 10).

On the basis of these age relationships and the general lithology
of the stratigraphic sequence, the Blair Junction sequence is tempor-
ally and closely lithologically equivalent to the Coaldale sequence
of Robinson and others (1968) and Moiola (1969). The Coaldale sequence
is divided into 3 subunits: a "lower unit" of predominately fine-grained

rocks; a '

'middle unit" of alternating coarse- and fine-grained rocks;
and an "upper unit'" composed of a laharic breccia. The Coaldale and
Blair Junction sequences are correlative as shown in figures 5 and 15.
Many lithologic similarities are evident between the coal-bearing
lower unit of the Coaldale sequence and member 1 of the Blair Junction
sequence, which contains similar carbonaceous and lignitic shales.
Both units also contain tuffs with abundant silicified wood and inter-
bedded, thin, molluscan limestones are associated with the carbona-
ceous sequence. The coaly portion of member 1 is very similar to that
represented in the lithologic logs of Bureau of Mines coreholes 3-28,

1-28, and 2-33 at the base of the Silver Peak Range (Toenges and

others, 1946, p. 20). The three coreholes, spaced about 0.9 km
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(0.5 mi) apart and drilled to depths between 160 and 210 m (520 and
680 ft), each encountered coaly zones. However, even over this rela-
tively close spacing, coal beds were not precisely correlative bed-for-
bed, but were discontinuous and irregularly mixed with varying amounts
of tuff, shale, and sandstone., Similarly, the coaly zone of member 1
can be roughly correlated to the coaly zones in corehole logs. The
correlation is again imprecise, attesting to the inherent variability
in the thickness and lateral discontinuity of coaly deposits in the
Esmeralda Formation. From comparison of these logs and other avail-
able stratigraphic data at the north end of at the Silver Peak Range
(including Hance, 1913) with measured section SS I, even less coal or
carbonaceous shale is present in the Blair Junction sequence than at
the north end of the Silver Peak Range.

In contrast to the general lithologic continuity between the Blair
Junction and Coaldale sequences, the other sequences, as described by
Moiola (1969) and Robinson and others (1968), exhibit appreciably more
lithologic variability, On the basis of fossil and radiometric age
evidence, those authors suggest that the stratigraphic sequences around
Big Smoky Valley (Alum, Coaldale, and Vanderbilt sequences) represent
contemporaneous, local facies on opposite sides of the same depositional
basin. These correlations are shown on figure 5. The correlation of
the Coaldale and Alum sequences across Big Smoky Valley indicate that
Turner (1900, p. 199-202) was probably incorrect in interpreting rocks
from these two areas as representing a continuous superposed stratigraph-

ic succession (Moiola, 1969, p. 23; Robinson and others 1968, p. 582).
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Sedimentary rocks and tuffs that crop out in the Fish Lake Valley
are also temporally correlative to the Blair Junction sequence. In
the northern Fish Lake Valley, teeth from the early Clarendonian horse

Nannippus tehonensis are associated with tuffs which have potassium-

argon ages of 11.4 and 11.7 m.y. (Evernden and others, 1964; app. A,
numbers 17 and 19). The basal part of the sedimentary sequence at the
southern end of Fish Lake Valley has a potassium—argon age of 13.4
m.y., the oldest reliable date for tuffaceous sedimentary rocks of
the Esmeralda Formation (Robinson and others, 1968; app. A, no. 25).
Stirton (1932) used mammalian assemblages to correlate the Fish Lake
Valley beds with those at Cedar Mountain. Since then, this correla-
tion has been substantiated by corroborating potassium—-argon ages
between 11.8 and 10.9 m.y. (Evernden and others, 1964; app. A, num—
bers 20 and 16). The potassium—argon ages are associated with tuffs
above an assemblage of mammals of early Clarendonian age. The beaver

Monosaulax pansus also is associated with the Stewart Spring Fauna

of Barstovian age at Cedar Mountain (Teilhard de Chardin and Stirton,
1934). These beds correlate well with the time range represented by
members 1 through 3.

The sedimentary rocks in Coal Valley were originally included
in the Esmeralda Formation by Berry (1927). Axelrod (1956) later
described the geology and distinguished three formations on the basis
of lithology and floral assemblages that implied local depositional
conditions. On the basis of fossil mammal evidence and potassium-argon

ages ranging from about 11 to 9 m.y. (Gilbert and Reynolds 1973; app. A,
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numbers 21, 15, and 14), two of these formations in Coal Valley
correspond well with ages of members 1 to 3 of the Blair Junction
sequence. Together these formations compose the Wassuk Group, which
comprises, from oldest to youngest, the Alrich Station Formation, the
Coal valley Formation, and the Morgan Ranch Formation. The Alrich
Station and Coal Valley Formations are temporally correlative to
members of the Blair Junction sequence of the Esmeralda Formation as
shown in figure 5. In addition, the stratigraphic position of this
sedimentary sequence above older andesites, dated at 15.3+0.5 m.y.
(Gilbert and Reynolds, 1973; app. A, no. 26), is strikingly similar
to the southern Monte Cristo Range stratigraphy (fig. 5). However,
the different floral assemblages, as described by Axelrod (1956),
together with contrasting specific stratigraphic detail, lack of
evidence for a physical depositional connection, and distance from

the Blair Junction sequence, indicate separate depositional basins.

Depositional Enviromment. The Esmeralda Formation has long been
considered by geologists as consisting of rocks of mainly lacustrine
origin (Turner, 1900; Toenges and others, 1946; Ferguson and others,
1953; Van Houten, 1956; Robinson, 1964; Firby, 1966; and Moiola,
1969). The Blair Junction sequence of the Esmeralda Formation is
interpreted as a local succession of lithologic units that were depos-
ited in a shallow-water, marginal-lacustrine enviromment with local
influences of paludal and fluvial conditions and associated volcanic
activity. The dominance of a lacustrine enviromment generally is

indicated by fossils, thin limestone beds, relatively good lateral
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continuity of rhythmically bedded fine-grained rocks (probably formed
by tractive currents), and by the general paucity of sedimentary
structures.

The vertical succession in member 1 is interpreted to represent
a transition from a dominantly alluvial to a marginal-lacustrine or
paludal enviromment. In the lower 150 m of member 1, poorly to moder-
ately sorted and lensoidal, andesitic conglomerate and sandstone units
are interpreted as rapidly deposited braided-stream deposits that ac-
cumulated at the distal end of an alluvial fan system. Reddish color-
ation of conglomerates and sandstones is probably due to subaerial
exposure and oxidation shortly after deposition. Interbedded with
coarser channel-form beds are thick claystone and bentonitic tuff
units, which represent overbank deposits. Fragmented, carbonaceous
plant material dispersed throughout some of the tuff units suggests
a nearby source of abundant vegetation. Also, large silicified logs
and wood fragments that are localized in pockets within conglomerates,
sandstones, and adjacent claystone or tuff units, suggest concentra-
tion by fluvial processes.

The upper part of member 1, which typically is more fine grained,
thin bedded, and contains carbonaceous shale and low-grade lignite
beds, suggests a shallow lacustrine to paludal enviromment. Similar
lithologic assemblages produced from this type of environment occur in
the Luman tongue of the Green River Formation, which represents the
early facies of Eocene Lake Gosiute in Wyoming (Surdam and Wolfbauer,

1975, p. 336). The general lateral discontinuity of organic coaly
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deposits between member 1 and correlative, but more concentrated,
thicker coal beds at the north end of the Silver Peak Range (lower
unit of the Coaldale sequence) also suggests local pond enviromments,
with variable supplies and mixtures of organic and inorganic matter.
Thin, brown, mud- to grain-supported limestone with abundant whole
and fragmented molluscs, ostracodes, and fish-bone fragments resemble
lake-margin, carbonate-flat units such as those described by Surdam
and Wolfbauer (1975, p. 339), Ryder and others (1976, p. 504-505),
and Surdam and Stanley (1979, p. 102-103). The ostracodes identified,
including the families Cyprididae and Cyclocyprididae, generally are
suggestive of a marginal-lacustrine, pond, or other small aquatic en-
vironment with abundant aquatic vegetation, and shallow water (less
than 3 m deep), according to R.M. Forester (written commun., 1979).

The ostracodes and identified molluscs, including Viviparus turneri,

Valvata sp., Sphaerium sp., and Pisidium sp., suggest a permanent,

fresh-water lake, containing alkaline water with a pH of 7.0 to 8.4,
and low total dissolved solids. 1In addition, the lake probably
exhibited seasonal flucuations (Firby, oral commun., 1979). The

fossilized jaw of the beaver Monosaulux pansus (Cope) from a sandy

limestone of member 1 also is consistent with a pond or marshy en-
viromment adjacent to a fresh-water lake. In addition, the Cyprinid
fish identified in member 1 is associated with low salinity, high
alkalinity, and moderately high temperatures of perhaps 25°C (G.R.

Smith, written commun., 1979).
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The depositional enviromment of member 2, which is dominantly
composed of alternating volcanic-wacke sandstone and platy silicified
siltstones, is interpreted as a marginal-lacustrine-deltaic environ-
ment, Although alternating sandstone-siltstone units are relatively
thick bedded, the horizontal laminae, very-fine-sand grain size, the
flat to slightly undulatory bed bases, and fining-upward, grain-size
sequences are similar to the lacustrine-deltaic enviromment described
within the Cretaceous through Eocene age Lake Uinta in Utah (Ryder
and others, 1976, p. 505-507). Minor, thin-bedded limestone within

nmember 2, containing the lacustrine molluscs Goniobasis sculptilus

and Vorticifex sp., suggests minor flucuations with an adjacent car-
bonate-flat enviromment. The poorly sorted conglomerate marking the
top of member 2 in measured section SS II may represent lag deposits
of a deltaic channel.

The depositional enviromment of member 3 is similar to that of
the upper part of member 2 and is interpreted as marginal lacustrine.
Platy, silicified siltstone, water-laid tuffs, and tuffaceous sed-
imentary rocks attest to concurrent volcanic activity in the region,
The influence of a carbonate-~flat enviromment is evidenced by later-
ally pervasive, thin, fossil-rich limestone beds with locally abun-
dant, large spheroidal calcite concretions., Calcite concretions and
calcareous cement are considered characteristic of the marginal-
lacustrine facies of Eocene Lake Gosiute of the Green River Formation

(Ssurdam and Wolfbauer, 1975, p. 339). The mollusc and ostracode
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assemblages suggest a sedimentary enviromment with fresh, alkaline
water and low total dissolved solids, similar to that of member 1.
In member 3, channel-form, coarse-grained sandstone and granule- to
pebble-conglomerate, with medium—-scale, trough crossbeds are inter-
preted as bar deposits of small deltaic, braided, distributary
streams.

Member 4, mostly composed of distinctive volcanic breccias with
coarse, interbedded conglomerate and sandstone, is interpreted as a
dominantly fluvial unit containing volcanic mudflows or lahars. A
laharic origin is also suggested for volcanic breccias of the correl-
ative upper unit of the Coaldale sequence (Moiola, 1969, p. 77). The
interpretation of these volcanic breccias as lahars is based on: mas-
sive, resistant, cement-like outcrops; angularity of fragments; very
poor sorting; a matrix of mixed tuffaceous material, sand, and com-
minuted volcanic clasts; reverse grading of larger clasts; and irreg-
ular thickness and sheet-like geometry. These features are consistent
with those of other lahars described by Mullineaux and Crandell (1962),
Schmincke (1967), and MacDonald (1972, p. 170-181). The lahars in
member 4 also resemble similar deposits, which are interbedded with
fluvial deposits in the Mehrten Formation of the Sierra Nevada in
California, described by Curtis (1954). Two most striking features
of lahars, the angularity of fragments and the almost complete absence
of bedding and sorting, are explained by unified mass movement and

high specific gravity. The viscous mixture of water-rich mud and
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fine-grained pyroclastic materials in a mobile lahar tends to buffer
or cushion the larger clasts, thus greatly reducing abrasion and
allowing the whole mass to move fluidly (Mullineaux and Crandell,
1962, p. 858).

In addition, reverse grading of larger clasts within finer matrix
and the presence of a relatively fine-grained sand layer at the base
of the lahars is common. This may be explained by pebbles and blocks
that have moved up during transport, leaving a fine-grained layer at
the base, as explained by Schmincke (1967, p. 446) in analogous depos-
its of the Ellensburg Formation in south-central Washington. Judging
from the extreme angularity of the andesite and rhyolite fragments,
these lahars probably were derived from the flanks of a nearby vol-
cano, and were possibly associated with the earliest eruptions of
the Silver Peak volcanic center in late Miocene.

The sandstone with minor conglomerate within member 4, which is
commonly channel-form, moderately sorted, graded (fining up), and
which contains small-scale trough crossbeds, is interpreted to repre-
sent deposits of overloaded aggrading, meandering streams. Fine-
grained interbeds probably represent overbank deposits.

During most of the deposition of the Blair Junction sequence in
middle to late Miocene time, the climate was temperate, as suggested
by the fossil record. The coal deposits and locally abundant fossil
plant material of the Esmeralda Flora, in beds correlative to member

1, suggest a savana-woodland community dominated by oaks and junipers
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(Axelrod, 1940, p. 165). Nearby grasslands are suggested by the
temporally equivalent grazing mammal assemblage in the Vanderbilt
sequence, to the south of the project area (Robinson and others,

1968, p. 592; Moiola, 1969, p. 8l). Ferns probably grew around
shallow pond enviromments, with nearby pine, spruce, and alder also

in existence. According to Axelrod (1940, p. 167), precipitation in
this area was much greater than at present, probably ranging from 30
to 38 cm (12 to 15 in.) per year, in comparison to the present 10 cm
(4 in.) per year. The Esmeralda Flora is similar to the present flor-
al assemblage on the western slopes of the southern Sierra Nevada and
in southern Arizona, suggesting comparable temperature ranges, and

an average annual temperature of about 15°C (59°F), according to Axel-
rod (1940, p. 167). The relatively warm climate, reflected in the
Esmeralda Flora, may have been associated with a world-wide middle

Miocene warm interval, which is referred to by Wolfe (1978, p. 700).

Diagenesis., Minerals resultant from diagenetic processes iden-
tified by X-ray diffraction in the Blair Junction sequence (table 1)
include montmorillonite, opal-CT, authigenic potassium feldspar, and
minor amounts of clinoptilolite, and erionite., Authigenic silicate
minerals, including the minerals above, are common in Cenozoic conti-
nental tuffs and tuffaceous sedimentary rocks in the western U.S.,
as has been shown by many authors (Deffeyes, 1959; Hay 1963, 1966;
Sheppard and Gude, 1969, 1973; Walton, 1975; Boles and Surdam, 1979;

and Glanzman and Rytuba, 1979). 1In addition, previous work has
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demonstrated a significant presence of zeolites and associated mont-
morillonite in parts of the Esmeralda Formation (Moiola, 1963, 1964,
1969, and 1970). Montmorillonite also is extensively developed in
correlative Esmeralda Formation beds at the Blanco clay mine, on

the northeast side of the Silver Peak Range, about 13 km south-south-
east of Coaldale (Papke, 1970, p. 20).

In the Blair Junction sequence, montmorillonite is by far the
most abundant authigenic silicate mineral. Particularly evident in
the claystones and altered tuffs of the lower part of member 1 is the
occurrence of montmorillonite as a partial to almost total replacement
of vitric material (table 1).

Although zeolites are common in other locations of the Esmeralda
Formation, they were identified in only 3 of about 20 samples of tuffs
or tuffaceous sedimentary rocks. Clinoptilolite and erionite are pres-
ent in only minor amounts and are associated with potassium feldspar,
quartz, and montmorillonite., 1In one sample, a tuffaceous sandstone,
clinoptilolite forms a finely crystalline cement similar to that de-
scribed by Sheppard and Gude (1973, p. 14), and Moiola (1970, p. 1686).

According to the experimental work by Hemley (1959, 1962), and
zeolite studies by Hay (1963, 1966), Moiola (1963, 1964), Moiola and
Hay (1964), and Mariner and Surdam (1970), the formation of zeolites
and associated minerals is activated by high alkali-ion (Nat, k*)
to hydrogen-ion (H') ratios and high silica activity. Moiola (1970,

p. 1689) suggests that this type of chemical enviromment can be
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attained in one of three possible situations: a depositional environ-
ment of an alkaline, saline lake; hydrothermal alteration; or a post-
depositional diagenetic enviromment resulting from dissolution and
hydrolysis reactions between volcanic glass and subsurface water.
The first alternative does not seem plausible, since fossil evidence
(molluses and fish) and absence of saline minerals, other than surface
efflorescence, are indicative of a fairly fresh, although alkaline
lake. Several hornblende andesite and rhyolite dikes and plugs in-
trude member 1; however, alteration of vitric material is not con-
fined to the local area or fractures around these intrusive bodies,
but rather seems laterally continuous and confined by bedding. 1In
addition, common hydrothermal alteration minerals such as kaolinite
and alunite are notably absent; thus an origin from hydrothermal al-
teration is unlikely. Therefore, the third alternative, that authi-
genic minerals were formed after deposition by reaction of subsurface
groundwater with vitric material seems most plausible.

Given a particular set of conditions, according to Moiola (1970,
p. 1688) and Walton (1975, p. 617), montmorillonite is among the first
diagenetic minerals to form from hydrolysis of volcanic glass by sub-
surface water. The initial formation of montmorillonite, over direct
formation of zeolites, probably is the result of less alkaline, lower
PH, conditions and a relatively low alkali-ion to hydrogen—-ion ratio
(Hemley, 1962). The hydrolysis reaction releases silica, alumininum
species, and alkali ions into solution and precipitates montmorillo-

nite. At this stage, montmorillonite forms clay coatings or rinds
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on glass shard and grain surfaces. Excess silica in solution not
consumed in this formation of clay would concurrently form opal. Ac-
cording to Hay (1963), the formation of initial montmorillonite by
this reaction would in effect raise the Nat + K activity and raise
the pH of interstitial water. This in turn, results in the formation
of zeolites, most commonly clinoptilolite, in favor of continued for-
mation of montmorillonite. Various forms of silica, as opal, are
thought to continue during the formation of zeolites, and thereafter,
as long as excess silica is available (Walton, 1975, p. 621). Forma-
tion of potassium feldspar may coincide with the formation of zeolites
such as clinoptilolite, or analcime, as is suggested by the coexistence
of the two minerals in this study, and in the studies of Deffeyes
(1959), Hay (1963), and Moiola (1970).

In view of these concepts, and given the assemblage of authigenic
minerals in the Blair Junction sequence, a specific set of local post-
depositional chemical conditions is required. In order for montmoril-
lonite to form, initial reactions between fresh volcanic glass and
groundwater require a relatively low Nat + Kt to H' ratio and a rela-
tively alkaline pH. Concurrent with, and subsequent to montmorillonite
formation, opal-CT was deposited as a result of groundwater supersat-
urated in silica. The sparse representation of zeolites in the sam-
pling suggests two alternatives: (1) zeolites were once more extensive
and have been subsequently altered; or (2) zeolites were never formed
to any large extent., In the first case, zeolites may have been re-

cently removed by surficial weathering. Or in the second case, the
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subsurface chemical conditions were such as to halt the formation of
zeolites after montmorillonite formed, and favored the direct forma-
tion of potassium feldspar. This could be activated by some change
in the hydrologic regime, or by the interaction of a specific set

of variables which may include: porosity; pH; depth of burial, or
temperature and pressure conditions; or influence of the original
composition of the unaltered glass. These variables, in combination,
could alter the critical equilibrium between the Nat + KXK' to H'
ratio and silica concentration, thus determining the stability and
presence of authigenic minerals. Conceivably, local concentration
of more alkaline, higher pH, pore fluids possibly could have accounted
for only very local formation of zeolites; whereas, montmorillonite
was more favored in less alkaline, lower pH pore conditions persist-—
ent over a larger subsurface area. However, owing to the only minor
presence of zeolites, their paragenesis is not clearly evidenced.

In member 1 of the Blair Junction sequence, the abundance of
montmorillonite is attributed to a combination of diagenetic and
surficial weathering processes, A diagenetic origin for much of the
montmorillonite is supported by its association with authigenic po-
tassium feldspar, opal-CT, and minor zeolites, and by the relative
abundance of montmorillonite in member 1, as compared to members 2
and 3 (table 1), suggesting depth of burial as a factor. However,
similar alteration of volcanic glass is also likely under surficial
weathering conditions, apparent from the abundant montmorillonite in

the surface weathering rind on claystones and shale units in member 1.
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Miocene or Pliocene(?) Series

Post-Esmeralda Formation Volcanic Rocks. Dikes and other small

intrusive masses of both rhyolite and hornblende andesite locally in~
trude the Blair Junction sequence of the Esmeralda Formation and older
rock units in the project area. This intrusive relationship is best
seen in the Dragonback Hills where north-northwest-trending hornblende
andesite dikes transect the older andesite unit. The dikes are com~
monly 1 to 3 m wide and form resistant, linear features easily differ-
entiated from older rocks (fig. 27). Where narrow dikes intrude mem-
ber 1 of the Blair Junction sequence, shale and siltstone beds are
locally folded and deformed. Dikes are locally brecciated and contain
mixtures of angular rhyolite and andesite clasts, with andesite pre-
dominant and comprising most of the groundmass material. This common
mixture of andesite and rhyolite attests to the bimodal nature of
volcanism in the area in post-Esmeralda Formation time, In the area
immediately east of Dragonback Hills, an exposure shows a narrow horn-
blende andesite dike that thickens upward into a small local flow
(fig. 28). The area immediately east of Dragonback Hills is dominated
by a complex of numerous dikes, small intrusive hornblende andesite
masses, and small local flows. Parallelism of many small dikes with
northeast~trending faults suggests emplacement along, but not limited
to, fault planes. Because dikes are also slickensided and offset by
faults, faulting also occurred subsequent to dike emplacement. Other
dikes, particulary notable in the Dragonback Hills, trend north or
north-northwest, transverse to the trend of faulting.
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Folds in the project area are apparently related to faults. This
relationship is suggested by the concentration of the zone of intense
folding localized along the major fault crossing Jackrabbit Draw, and
the adjacent relationship of small flexures in bedding with mapped
faults (fig. 33). These smaller flexures suggest drag along faults,

and provide evidence for the sense of relative fault block movement.

Discussion

The fault trends of N. 40-80 E., mapped in the project area, al-
though anomalous to the more northerly trends typical of the Basin and
and Range province as a whole, are similar to fault trends indicated
by recent work in adjacent areas. Areas with similar structural trends
include the Candelaria Hills (Speed and Cogbill, 1979a), the area north
of the Volcanic Hills, in the Columbus and Miller Mountain quadrangles
(Stewart, 1979), and the northern Silver Peak Range (Robinson and oth-
ers, 1976). In addition, older Quaternary fault scarps across Big Smo-
ky Valley, at the base of Lone Mountain have similar trends of N. 65 E.
and N. 20 E., (Davis and Vine, 1979, p. 422). According to those auth-
ors, the fault scarp trends coincide with ages of about 20,000 and
10,000 years, respectively. This similarity suggests that regional
tectonic stresses that produced faults in the Blair Junction sequence
during the late Miocene or Pliocene were also active, at least inter-
mittently, through Quaternary time.

Most of the fault displacement in the project area appears to be

due to vertical movement. Slickensides suggesting oblique slip are
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intriguing and invite comparison with left-oblique slip faults in the
Candelaria region described by Speed and Cogbill (1979a,c). Those
authors suggest that a system of en echelon faults has undergone sig-
nificant left slip in a N, 82 W. extension direction, along nearly
east-trending faults, intermittently from late Oligocene through Pli-
ocene time, 1In addition, a magnitude 6.3 earthquake produced en ech-
elon fractures with left-oblique slip (Callaghan and Gianella, 1935)
in 1934 along the Excelsior Mountain fault. This recent seismic activ-
ity suggests possible continuance of east-trending extension to pres-
ent time. The faults in the project area, particularly those with
some oblique slip, could be in part related to the same regional
stresses responsible for the left slip in these adjacent areas.

The zone of intensely folded rocks may be analogous to similarly
trending folds and associated compressional features in the Candelaria
Hills (Speed and Cogbill, 1979a). Those authors describe local con-
centrations of folds with northwest-trending axial traces, that lie
along the north wall of the east-trending Candelaria fault system.
These folds intersect the fault system at 45° and suggest that the
generation of folds is related to lateral shortening or compression
along a northeast-trending axis, concurrent with left-oblique slip
along the Candelaria fault system. The orientation of folds in the
project area is essentially the same, although the associated fault
trends are more northeasterly than the Candelaria Fault system. The
similarity of folding between these two areas suggests a similar form

of compressive stress along the north wall of the northeast-trending
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fault adjacent to the folded zone. The compressive stresses needed to
facilitate this folding, therefore, may be also related to at least
limited left-oblique slip along this fault, as is also supported by
the orientations of measured slickensides along this fault.

In summary, although the areal extent of the project area is very
limited, the trends and types of structural features fit well with
those described by other workers in the adjacent areas., Fault trends
in the project area are anomalous to those of the Basin and Range Pro-
vince as a whole. Walker Lane and east-trending structural lineaments
such as the Warm Springs lineament, may have some control on structural

trends in the project area.
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GEOLOGIC HISTORY

In the vicinity of the present Monte Cristo Range, chert and
phyllitic shale of the Palmetto Fommation, in addition to associated
graptolite shale in nearby areas, suggest deep, off-shelf, marine
deposition in Ordovician time. Marine conditions are in evidence
as early as Cambrian from widespread exposures of Cambrian rocks in
the nearby Silver Peak Range, Miller Mountain, and Lone Mountain
areas (Albers and Stewart, 1972, pl. 1).

The interval between Ordovician and late Oligocene is represent-
ed by a pronounced angular unconformity between the Palmetto Formation
and the Castle Peak tuff, During that time, regional deformations and
intrusions of plutonic rocks occurred leading to a transition from
marine to nommarine, continental conditions., The first major folding
and deformation of the Palmetto Formation may have coincided with part
of the Antler orogeny during Late Devonian~Early Mississipian time.

The absence of Paleocene through middle Oligocene rocks in the
project area and surrounding region suggests that this area was a
highland with external drainage during at least part of this time
(Moiola, 1969, p. 88). 1In late Oligocene to early Miocene, volumin-
ous rhyolitic ash~flow tuffs, including the Castle Peak tuff, were
deposited on an irregular pre~Tertiary erosional surface that had
relatively high local relief. Northwest of the project area, in the

vicinity of the Candelaria Hills, an east~trending trough of probable
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block-fault origin existed, as suggested by Speed and Cogbill (1979c),
and was filled by the correlative "upper Oligocene tuffs."

Subsequent to the eruption of the Castle Peak tuff and the older
andesite, probably by about 16 or 15 m.y. ago (middle Miocene, late
Hemingfordian-early Barstovian), andesitic volcanism was predominant,
represented by the fine-grained and coarse-grained andesite flows.
Shortly after, block faulting and associated extensional tectonism
produced the basin in which the Blair Junction sequence of the Esmer-
alda Formation was to be deposited. Moiola (1969, p. 88-90) suggests
that the Esmeralda Formation was deposited in two northwest-trending
basins formed at this time. A short period of erosion was followed
by the beginning of the dominantly lacustrine deposition of the Blair
Junction sequence of the Esmeralda Formation, in middle to late
Miocene time (late Barstovian to Hemphillian). The basal part of
member 1 was deposited by braided streams and as overbank deposits
along the distal end of an alluvial fan system. The fine-grained
shale and lignitic beds in the upper part of member 1 were subsequent-
ly deposited in a marginal-lacustrine to paludal environment. Mar-
ginal lacustrine conditions continued throughout the deposition of
members 2 and 3, with a deltaic influence that caused flucuating lake
shorelines, as represented in member 2. Carbonate mudflat conditions
prevailed intermittently adjacent to the lake. The abundance of tuf-
faceous material in the sedimentary rocks attests to the presence of

concurrent volcanic activity in the region.
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A period of uplift and erosion followed the deposition of member
3, which was followed by predominantly fluvial deposition accompanied
by active volcanism and emplacement of volcanic mudflows from adja-
cent volcanic vents. Soon thereafter, minor andesite and rhyolite
dikes and other small igneous bodies intruded into the Blair Junction
sequence and older rocks. Many dikes were intruded along preexisting
faults. The period of volcanism occurred in the latest Miocene to
early Pliocene (Hemphillian) and was approximately coincident with
the activity at the Silver Peak volcanic center.

A period of tilting and associated faulting occurred prior to the
eruption of the basaltic andesite in the Pliocene. Active extension-
al tectonics and uplift continued during Pliocene time, during which
oblique slip and dip slip occurred on faults in the project area.
Continuing tectonic activity in the region is indicated by historic
earthquakes of large magnitude and by Quaternary fault scarps at the

base of Lone Mountain.
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CONCLUSIONS

The stratigraphic record of the project area provides an ex-
ample of deposition resulting from a complex interaction of specific
tectonic and climatic conditions imposed on this region during late
Cenozoic time. The Blair Junction sequence of the Esmeralda Forma-
tion, in the southern Monte Cristo Range, represents a succession
of lithologic units of fairly local extent, which range in age from
middle Miocene (late Barstovian to early Clarendonian) to late Mio-
cene (Hemphillian), or about 13 to 7 m.y. before present, While the
other contemporaneous sequences of the Esmeralda Formation, as de-
scribed in the literature, are similar in general aspect, lithologic
detail varies greatly owing to variable local depositional conditiomns.
The Blair Junction sequence correlates with the lithologically simil-
ar Coaldale sequence at the northern base of the Silver Peak Range.

Lignitic intervals in member 1 of the Blair Junction sequence
generally correlate with coal-bearing horizons at the north base of
the Silver Peak Range. However, coaly material in member 1 is even
Athinner and of lower grade than coal in the coal mine area at the
north base of the Silver Peak Range. The general decrease in coal
content northward is attributed to the discontinuous nature of the
accumulation of vegetative matter and irregular increases of inorganic
shale laterally, Because of the low grade and low concentration of
coal in the Blair Junction sequence, in addition to the complex struc-

ture of the area, determined by surface mapping, the coal deposits of
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the southern Monte Cristo Range are considered subeconomic. There-
fore, these lands are considered to be below the standards for "coal
land" for the purpose of U.S. Geological Survey mineral land classi-
fication.

The stratigraphy in the southern Monte Cristo Range reveals a
long period of uplift, nondeposition, and erosion from Early or Mid-
dle Ordovician to late Oligocene. During that time, regional deforma-
tions and intrusions of plutonic rocks occurred in the region and a
transition was made from marine to continental conditions. After
deposition of upper Oligocene to lower Miocene volcanic rocks, lacus-
trine conditions prevailed intemmittently until Pliocene. The mem-
bers of the Blair Junction sequence of the Esmeralda Formation were
deposited in a mostly marginal-lacustrine to paludal enviromment,
Evidence indicates that the water in the shallow lake was fresh, but
alkaline. This lacustrine deposition evidently occurred during a
somewhat warmer and considerably less arid climate than that of the
present. Fluvial and volcanic influences were predominant during
deposition of member 4. Tuffaceous material in the Blair Junction
sequence has largely been diagenetically altered to montmorillonite,
opal-CT, authigenic potassium feldspar, and minor zeolites.

The Castle Peak tuff is dominantly of an ash-flow origin and is
probably correlative with tuffs in the Candelaria Hills and other
adjacent areas., The Gilbert Andesite, as mapped by Ferguson and
others (1953), is not exclusively of post-Esmeralda Formation or

Pliocene age. Rather, different andesites grouped into the Gilbert
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Andesite appear to range in age from as old as 25 m.y., to as young
as 7 m.y. From regional compilation of radiometric dates, the bulk
of the andesite erupted in this region occurred about 17 to 15 m.y.
before present.

The structure of the southern Monte Cristo Range and the adja-
cent region is complex. Although vertical displacements along north-
east~trending faults were predominant, there also is some evidence
for oblique slip along these faults. This suggests that regional
tectonic stresses responsible for deformation in this area were not
purely extensional. The relationship between large-scale regional
"structural" features such as Walker Lane and the Warm Springs linea-
ment has not yet been substantiated. More regional analysis is ne-
cessary. However, the proximity to Walker Lane probably contributes
to the rather anomalous fault trends encountered in the southern Mon-

te Cristo Range.
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