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 CHURCHILL AND MINERAL COUNTIES, NEVADA

by

Joseph I. Satterfield

Text and references to accompany Nevada Bureau of Mines and Geology Map 133

INTRODUCTION

Setting

The Sand Springs Range (SSR) is a small mountain range
(60 km long, 10–15 km wide, 2,600 feet maximum vertical
relief) in Churchill and Mineral Counties, west-central
Nevada. This map covers the southern SSR, including the
southern part of the Sand Springs pluton, a large Cretaceous
granitoid (fig. 1). The map area contains a large expanse of
pre-Cretaceous rocks, the primary focus of mapping. Pre-
Cretaceous rocks include diverse sedimentary, intrusive
igneous, and extrusive igneous rocks deformed and
metamorphosed to widely varying degrees. With one
exception, Cretaceous-Jurassic porphyritic basalt, exposed
only in the northern SSR (fig. 1), pre-Cretaceous rocks are
metamorphic tectonites. Cretaceous granitoid plutons
intrude tectonites throughout the map area; the Sand Springs
pluton and the Nevada Scheelite pluton are labeled on the
map and on figure 1. Cenozoic intrusive igneous rocks,
extrusive igneous rocks, and sediments crop out over large
areas on the flanks of the SSR. Cenozoic faults, including
range-front faults active in the Quaternary, border and
segment much of the range.

The SSR lies within the Mesozoic marine province of
the northwestern Great Basin. Rocks of the Mesozoic marine
province, exposed in numerous mountain ranges in western
Nevada, were deposited in a backarc basin east of the Sierran
arc (Speed, 1978; Oldow, 1984). This backarc basin was
the site of marine deposition from the Early Triassic into
the mid-Jurassic: carbonate and craton-derived siliciclastic
sediments were deposited on its eastern flanks, while
volcanic rocks, volcanogenic sediments, and interstratified
carbonate sediments were deposited to the west. A wide
range of depositional environments from intertidal-
supratidal to deep basinal have been documented in Triassic
and Early Jurassic rocks in various parts of the Mesozoic
marine province (Oldow, 1984; Oldow and others, 1993,

Stewart, 1997). In the mid-Jurassic through the Early
Cretaceous, the Mesozoic marine province was complexly
deformed during a protracted history of regional shortening,
probably in a transpressional setting in which strike-slip
faults and large-displacement thrust faults were active at
the same time (e.g., Oldow, 1984).

Major Mesozoic Structural Divisions

In the SSR three generations of Mesozoic structures are
distinguished by direct superposition and are designated D1,
D2, and D3 from oldest to youngest. Map-scale and outcrop-
scale folds and faults are associated with each phase except
D3, which lacks documented faults. A widespread penetrative
foliation, S1, is parallel to D1 axial planes. The fundamental
Mesozoic structural units in the southern SSR are the upper
plates of nine mapped or inferred D2 thrust faults. These
upper plates, termed “nappes,” are designated from
structurally lowest to highest, n1 to n8 (fig. 2, on plate).
The inferred thrust fault at the base of n7 is interpreted to be
down-dropped by a Cenozoic high-angle fault and not
exposed at the surface (cross sections D–DI, E–EI). The
structural position of the small exposure of n9 at the eastern
margin of the map is not known.

Each D2 nappe contains up to six Mesozoic fault blocks
bounded by faults active during D1. Where D1 fault blocks
are exposed, they are designated by an a–f within each
numbered D2 nappe. As an example, n2 contains a single
D1 fault separating n2 into two D1 fault blocks designated
n2a and n2b (fig. 2). When upper and lower plates of
typically steep D1 faults can be distinguished, earlier letters
of the alphabet signify structurally lower D1 fault blocks.
Fault block boundaries are speculative where covered by
post- D1 units. In the explanation and elsewhere in this paper
the structural framework shown on figure 2 is used to
describe the locations of map units and key exposures.
Evidence supporting this arrangement of faults is
summarized in the section on Mesozoic structures.
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Figure 1.MSimplified geologic map of Sand Springs Range showing location of the southern Sand Springs Range,
northern Sand Springs Range, and key localities mentioned in text. Locations of isotopic date samples that fall outside
the southern Sand Springs Range and locations of dated samples reported in Schilling (1964) are shown as circles.
Dates are listed in table 1.
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Previous Mapping

Some southern SSR structures and lithologic units have been
previously mapped at smaller scales or in small areas of
tungsten mineralization. Beal and others (1964) and
Schilling (1964) summarized the geology of the SSR and
described details of Cretaceous granitoids. Banaszak (1969)
prepared a 1:31,600-scale map of the southern SSR and
described structures and rock types within. The 1:250,000-
scale geologic map of Churchill County covers much of the
range and accompanying text includes brief descriptions of
structures and rock types in the SSR (Willden and Speed,
1974). The 1:250,000-scale Mineral County geologic map
(Ross, 1961) includes the Nevada Scheelite Mine and the
southernmost SSR. Most of the SSR lies within the
1:250,000-scale geologic map of the Reno 1 x 2
Quadrangle (Greene and others, 1991). Areas directly
adjacent to this map of the southern SSR were mapped or
described in Ekren and Byers (1986), Black and others
(1991), and Henry (1996). This map confirms approximate
locations of many previously mapped contacts, but shows
some of these to be of different kind, such as being intrusive
or fault contacts rather than depositional. Relative timing
relations inferred from this map also differ from some
previous interpretations. While Banaszak (1969) and
Willden and Speed (1974) interpreted much of the
deformation and metamorphism near the Cretaceous Sand
Springs pluton to be caused by its forceful intrusion, relations
on this map support the hypothesis that Cretaceous pluton
emplacement postdated all major phases of Mesozoic
deformation.

Significance

The geologic map and accompanying paper present detailed
descriptions of rock types and structures in the southern SSR,
plus first-order interpretations of contact types and relative
timing of geologic events. This information can be applied
to several problems. First, the SSR contains particularly
well-exposed and abundant folds and faults that can be used
to test the several contrasting tectonic models proposed to
explain deformation of this part of the Mesozoic marine
province (e.g., Speed, 1978; Oldow, 1984; Schweickert and
Lahren, 1990; Wyld and others, 1996, 2001). Second, the
southern SSR contains extensive exposures of previously
little-known pre-Cenozoic rocks. Descriptions of these rocks
can be used to help assemble the stratigraphy and
paleogeography of this part of the Mesozoic marine
province. Third, the SSR contains extensive, well-exposed
pluton-country rock contacts and their environs useful for
evaluating models of pluton emplacement. Fourth, this map
shows the structural and stratigraphic setting of numerous
mines and prospects, including the Nevada Scheelite Mine.
Regional implications of structures, rock types, contact
types, and mine locations in the SSR are not discussed in
this paper. This map provides data and first-order
interpretations that any regional model must consider.

CENOZOIC GEOLOGY

Rock Types

Unmetamorphosed Cenozoic rocks are subdivided into seven
igneous and six sedimentary map units that primarily crop
out in downthrown fault blocks along the eastern and western
flanks of the range. The ostensibly oldest Cenozoic unit, dark
red feldspar porphyry (Tbs), is found in small exposures on
the eastern and western margins of the range. Rhyolite
intrusive rocks and crystal-lithic tuff (Tr), the most extensively
exposed Tertiary unit, includes crystal-lithic tuff containing
abundant flattened pumice shards (Trt) as well as quartz-
feldspar-biotite porphyry containing intrusive contacts (Tri).
Locally boundaries between tuff and intrusive subdivisions
of Tr are complex and difficult to locate and as a result are
not distinguished everywhere on the map. In the western
portion of the map Tr surrounds four 0.6 km-long inclusions
of Mesozoic and/or Paleozoic carbonate rocks. Mesozoic S1

orientations within inclusions are consistent with S1 in
adjacent, more continuous tectonite exposures, suggesting
inclusions have not been detached or offset from the country
rock of Tr. Porphyritic andesite (Ta) overlies Tr and caps one
ridge in the southern SSR. Correlative andesite caps mesas
in the Cocoon Mountains to the west and in the northern Sand
Springs Range and southern Stillwater Range to the north.
Its horizontal basal contact in the southern SSR is an angular
unconformity above tilted compaction foliation in Tr. Cobble
conglomerate (Tcg) and flow breccia (Tvb) are exposed in
small areas and are of uncertain age relations to Tbs, Tr, and
Ta. Trt and Tri in or near the map area have yielded Oligocene
and Miocene isotopic dates respectively (isotopic date
samples 4, 11, and 12, table 1; Silberman and others, 1975).
Overlying Ta elsewhere in Churchill County has yielded
Miocene isotopic dates (Willden and Speed, 1974).

Five possibly Quaternary sedimentary units are shown
on the map. All except QTg and Qt have been mapped
primarily from aerial photographs. Terrace gravel and sand
(QTg) a distinctive, 940 m-thick unit that crops out only
in low ridges flanking Fourmile Canyon in the northwestern
portion of the map, is the only Quaternary unit containing
measured bedding. In Fairview Valley east of the northern
SSR geophysical studies show 5800 feet of Cenozoic
alluvium and a well penetrated 980 feet of alluvium (Beal
and others, 1964).

All Tertiary–pre-Tertiary contacts in the southern SSR
are mapped as fault or intrusive igneous contacts. Data
supporting the presence of intrusive igneous contacts are
given in the explanation; the following section will describe
and document fault contacts.

Structures

Cenozoic faults

Cenozoic high-angle faults and low-angle contacts
interpreted to be faults crosscut Cenozoic and pre-Cenozoic
rocks. Low-angle contacts mapped as faults are typically
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contacts between Trt and pre-Cenozoic map units. These
contacts have also been interpreted to be an unconformity
where tuffs were deposited on an irregular topographic
surface on pre-Cenozoic rocks (C. Henry, written commun.,
2002). Contacts between pre-Cenozoic rocks and Trt that
appear to be low angle are interpreted to be faults because,
where well exposed and easily measured, compaction
foliation in Trt directly overlying contacts dips at steep
angles, implying that the foliation was crosscut by
underlying faults (relations shown on cross sections C–CI,
D–DI, and E–EI). One such locality is near isotopic date
sample locations 11 and 12, along the western margin of
the range at the southern margin of n6c. There the well-
located Trt–pre-Cenozoic contact follows contour lines for
more than 1 km suggesting the contact is planar and low-
angle. Given the assumption that the contact is planar, a
three-point calculation indicates the contact dips 7SW.
Abundant measured compaction foliations in Trt adjacent
to the contact and throughout this nearly 1 km2 local area
dip fairly consistently 24–66 southwestward. In the same
locality, Tru, a cooling unit subdivision within Trt, abruptly
stops at the Cenozoic–pre-Cenozoic contact to the north,
apparently because Tru is truncated by a fault. Low-angle
faults in the northern Gillis Range, 20 km to the southwest,
and in the Gabbs Valley Range, the southward continuation
of the Gillis Range, are interpreted to be décollement
surfaces at the base of transtensional nappes within the
Walker Lane (Hardyman and Oldow, 1991).

An alternative interpretation must be considered. Basal
Trt contacts locally or throughout the SSR could be
unconformities atop irregular paleotopography since this
contact type is common throughout western Nevada and
the Sierra Nevada (Dilles and Gans, 1995). Direct indicators
of low-angle fault movement, such as slickenlines on
polished fault surfaces, have not been found on Cenozoic–
pre-Cenozoic contacts in the SSR. Offset senses or amounts
of displacement on interpreted low-angle faults in the SSR
remain unknown. As expected at and above an
unconformity at isotopic date sample location 12 the contact
between pre-Cenozoic rocks and Cenozoic ash-flow tuff is
marked by a conglomerate of well-rounded boulders of pre-
Cenozoic rocks up to 50 cm in diameter. These are overlain
progressively upward by bedded tuff, poorly exposed
conglomerate(?) marked by a lag of rounded boulders, and
poorly welded tuff that passes upward into a densely welded
vitrophyre and then densely welded devitrified tuff (C.
Henry, written commun., 2002). In addition, in some areas,
such as in Trt east of Scheelite Summit, existing sparse
data apparently show compaction foliation orientations are
not consistent in strike or dip, relations expected if
compaction occurred above irregular paleotopography.

High-angle faults that dissect the entire southern SSR
offset Cenozoic map units, Cenozoic low-angle faults, and
pre-Cenozoic map units and structures. In general they
produce topographic saddles and range front scarps,
prominent at the western boundary of n6a and along the
eastern range front at the Sand Springs pluton-Quaternary

contact. Locally they are identified as several-meter-thick
zones of fault breccia, as slickenside surfaces, and as zones
of quartz veins and/or jasper mineralization commonly
explored by prospect pits and shafts. High-angle faults strike
northwest and northeast to north-northeast. Several
prominent faults in the southern SSR, such as the fault
separating n7a-c from n6b-d, have arcuate traces that vary
from east-west to north-northeast over 5 km distances.
Slickenside surfaces along western range front faults dip
westward 67 to 80 and contain lineations indicating dip-
slip and strike-slip displacements. Mineralized zones along
northwest-striking high-angle faults along the western range
front have been explored in at least two mines (table 2) and
in many prospect pits. Northwest striking high-angle faults
along the western range front fall within and are probably
parts of the easternmost Walker Lane (Hardyman and Oldow,
1991; Dilles and Gans, 1995).

Cenozoic faults do not reorient significantly Mesozoic
structures or internally deform pre-Cenozoic rocks outside
of their narrow fault zones. Mapped contacts show offsets
on Cenozoic high-angle faults dissecting individual Mesozoic
fault blocks are relatively small. Mesozoic contacts
interpreted to be originally subhorizontal, D2 thrust faults in
the southern and northern SSR and an unconformity in the
northern SSR (fig. 1; Oldow and others, 1993; Satterfield,
1995), remain subhorizontal. In addition the orientations of
the two youngest generations of folds (D2 and D3), whose
axial planes are nearly orthogonal, also remain consistent
throughout the entire SSR (Satterfield, 1995) and have the
same orientations as correlative phases in untilted domains
elsewhere in western Nevada (e.g. Oldow, 1981, 1984).

Timing
Contacts mapped as low-angle faults crosscut 24.9 Ma Trt and
are offset by high-angle faults. Cenozoic high-angle range front
faults crosscut Quaternary alluvial fans (Qf) and are crosscut
by active stream channels (Qa). In the northwest corner of the
map, strata in Cenozoic terrace gravel and sand (QTg), are
tilted eastward 40–60 in the footwall of west-dipping range
front faults, suggesting range front faults moved after QTg
deposition.

PRE-CENOZOIC GEOLOGY

Rock types

Pre-Cenozoic rocks are subdivided into 29 map units. They
include the Sand Springs pluton, a Cretaceous granitoid
batholith, smaller Cretaceous granitoid plutons to the south
and southeast, and large exposures of Mesozoic
metamorphic tectonites that flank the Sand Springs pluton.

Pre-Cenozoic tectonites
Tectonites are metamorphic rocks typically penetratively
deformed during D1 whose original compositions, bedding,
and sedimentary structures remain recognizable to widely
varying degrees. Pre-metamorphic rock types of tectonites
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Locality Unit, Sample Fossils Age
on map location number identified

1 Hc, 71789-1 Indojuvavites cf. I. angulatus Magnus Zone, late Early Norian
n6a (identified by N.J. Silberling, 1989) (Silberling, 1984)

2 H(?)ct, 82392-6f possible megalodontid bivalves Late Triassic
n6d (identified by N.J. Silberling

from photographs)

3 H(?)ct, 101291-1 possible megalodontid bivalves Late Triassic
n6d (identified from photographs by

N.J. Silberling)

4 GCc, 62589-1 large echinoderm fragments not age-diagnostic
n7d(?)

TABLE 3.  FOSSIL LOCALITIES

are diverse: mafic-intermediate volcanic/volcanogenic rocks
and carbonate rocks comprise 48% and 30%, respectively,
of the total exposed sections of tectonites (excluding
intrusive igneous rocks), felsic volcanic and volcanogenic
rocks comprises ~13%, and black shale comprise ~10% (fig.
3). Tectonites also include numerous intrusions of diverse,
mafic and felsic compositions.

Although pre-metamorphic rock types of tectonites are
generally recognizable, several factors prevent the assembly
of a single continuous composite stratigraphic section for
the southern SSR. First, tectonite rock types are
heterogeneously distributed within 19 Mesozoic fault blocks
(figs. 2, 3). Second, original stratigraphic unit thicknesses
and facing directions remain unknown in most fault blocks
due to deformation and metamorphism. Third, few fossils
are preserved, so that ages of most map units are poorly
constrained. Fourth, transitions between map units present
few compelling lithologic correlations between sections in
different fault blocks. Thus, figure 3 shows the stratigraphic
successions of each Mesozoic fault block listed separately.
The same succession of map units in different fault blocks,
as in n6d and n7c (fig. 3), implies that in several cases
correlations between fault blocks can be made.

Carbonate rocks in two map units in different Mesozoic
fault blocks contain age-diagnostic fossils. A marble and
felsic volcanogenic succession in n6a has yielded a single
ammonoid characteristic of the late Early Norian (table 3).
Probable megalodontid bivalve shell fragments
characteristic of the Late Triassic are locally abundant in
carbonate beds interstratified with felsic tuff at two localities
in n6d (table 3). Other tectonite map units not in depositional
contact with dated units, or not correlated to map units
containing age-diagnostic fossils, are constrained to be
Mesozoic and/or Paleozoic in age, since their original rock
types predate D1 metamorphism and deformation of
Mesozoic age (documentation of D1 timing in next section).

A preliminary date of the pre-D1 quartz-feldspar
porphyry intrusion (Hqp) is 237  5 Ma (U-Pb on zircon,

isotopic date sample 2, table 1; fig. 4), Middle Triassic in
age (Geological Society of America, 1999). However well-
exposed Hqp intrudes Hc which contains a Late Triassic
ammonite. Several hypotheses can explain these
contradictory relations. One possibility is that Hc varies in
age, such that its base is Middle Triassic or older and its top
is Late Triassic. Correlative limestone successions in the
northern Gillis Range were deposited in deep marine
environments where sedimentation rates are locally low
(Oldow and others, 1993), allowing the possibility that the
relatively thick Hc was deposited over a long interval of time.
More biostratigraphic data in the SSR and in nearby areas
can test this hypothesis. A second possibility is that Hc in
n6a contains one or more additional, unmapped D1 faults
that juxtapose Hc containing the late Triassic ammonite
against similar appearing, yet older carbonate rocks crosscut
by Hqp. Pre- and/or syn-metamorphic D1 faults are abundant
in the southern SSR. Faults that juxtapose similar-appearing
carbonate map units which typically lack preserved bedding
would be very difficult to locate. A third possibility is that
Hqp is Late Triassic and slightly younger than Late Triassic
Hc. This would require that the absolute age picks for age
boundaries shown in the Geological Society of America
(1999) time scale are slightly inaccurate. This possibility
merits consideration since estimated uncertainties of Middle
and Late Triassic age boundaries are 8–9 million years and
the isotopic date of Hqp includes a measurement uncertainty
of 5 million years. Hqp could be as young as 232 Ma (table
1) and the Carnian-Norian boundary could be as old as 230
Ma (Geological Society of America, 1999). Thus with current
data, Hqp and Hc are allowably almost the same age. A slight
revision of the isotopic date of Hqp or of the time scale could
establish that Hqp is slightly younger than Hc.

Except for Hqp and Hfqp, tectonites that are intrusive
igneous map units are constrained to be Jurassic and/or
Triassic in age or Mesozoic and/or Paleozoic in age. Ages
are constrained to be no older than the ages of the units they
intrude.
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Figure 3.MStratigraphic columns of individual fault blocks in the southern SSR. Arrows to left of columns for n7b and n7c
indicate where facing indicators have been found. Numbered circles indicate where age-diagnostic fossils have been found.
Numbers are sample location numbers on map and in table 3. See plate for explanation of unit symbols.

Black, dark gray shale

Shale

Carbonate rocks

Fine-grained mafic-intermediate
volcanogenic and/or volcanic rocks

Breccia, conglomerate in mafic-intermediate
volcanogenic and/or volcanic rocks

Fine-grained felsic volcanogenic
and/or volcanic rocks

Breccia, conglomerate in felsic
volcanogenic and/or volcanic rocks

Tuff

n1
MzPz

n2a
MzPz

n2b
MzPz

n3a
MzPz

n3b
H

n4
H

n5
MzPz

n6b
MzPz

n9
MzPz

n6a
H

n6c
MzPz

n6d

2

H(?)
n6e
MzPz

n6f
H(?)

n7a
MzPz

n7b
MzPz n7c

H(?)
n8
H(?)

n7d
MzPz

c

c

ac

c c
cg

as

cc

vs
qt hc

cc
c

c
cg

a
c

av

c
ct

qt

vs
-3

vs
-2

vs
-1

vs
-4

cg
c

cg
sg

av
sg

as
qt

as
av

ha
ha

hc
ct

qt
hc

c
s

sl
c

c
cs

ac
as

1

3

400

200meters

0



9

A) TRqp from sample locality 2 (located on geologic map) B)  Kg from sample locality 10 (located on fig. 1)

Figure 4.MConcordia diagrams of zircon size fractions from Triassic white-yellow quartz-feldspar porphyry pluton (A) and
Cretaceous granitoid (B). Data-point error ellipses are 2

Cretaceous granitoids
Cretaceous granitoid plutons scattered throughout the map
area include: a) porphyritic granite apparently gradational
to non-porphyritic granodiorite, b) aplite and pegmatite dikes
and sills, and c) quartz veins. The most abundant rock type
is coarsely crystalline porphyritic granite to non-porphyritic
granodiorite mapped as Kg (mineral compositions in
explanation). The Sand Springs pluton in the north, the
largest pluton, is exposed over ~250 km2.

Mapped and outcrop-scale granitoid plutons include large
sills (such as the pluton crosscutting the n7c–n7d(?) boundary),
plutons crudely disc-shaped in outcrop pattern (Nevada
Scheelite pluton and pluton in southern n6b), and many smaller
dikes and sills (several mapped adjacent to the Sand Springs
pluton). The extensive southern intrusive contact of the Sand
Springs pluton is overall parallel to S1 in adjacent tectonites.
However, at the scale of the map this contact is very irregular,
locally crosscutting S1 at high angles. Aplite and pegmatite
dikes and sills centimeters to tens of meters thick are abundant
near the Sand Springs pluton contact and crosscut granite and
granodiorite throughout the Sand Springs pluton (Beal and
others, 1964). Most aplite and pegmatite plutons have planar,
steeply dipping contacts trending N50W (Beal and others,
1964), including several mapped 0.5 km east of the Red Ant
Mine. Locally, such as 3 km southeast of the Red Ant Mine,
strikes of sill and dike contacts vary from north-south to east-
west, dip angles vary 45–90, and contacts display apparent
pinch-and-swell features. However, varied dike orientations
do not define folds, and variations in dike thickness do not
define lineations (Satterfield, 1995). Felsic sills and plutons
similar in composition to aplite and pegmatite plutons but not
near granite contacts are mapped separately as EGi. Only
larger plutons are mapped. At least one is apparently Cenozoic

(see explanation) and unrelated to Cretaceous granitoid.
Quartz veins are common near Kg contacts but are too thin to
be mapped.

Granite and granodiorite comprising most of Kg is
relatively homogeneous and boundaries between porphyritic
granite and non-porphyritic granodiorite are indistinct. Rare
compositional layering is a magmatic not a tectonic feature;
near the Kg contact 0.5 km east of the Red Ant Mine steep
north-south compositional layering (plotted on map)
parallels the Kg contact and is orthogonal to S1. Joints are a
common internal feature in Cretaceous granitoid plutons;
the most common set in the Sand Springs pluton strikes
N50ºW, parallel to aplite and pegmatite dikes. A younger
set of closely spaced fractures strikes N30ºE (Beal and
others, 1964). Three joint orientations in two plutons are
plotted on the map.

Granitoid intrusive contacts are in general well exposed
and can be located within several meters. Fairly common
hard-rock contacts are knife-sharp boundaries between
typical, foliated metamorphic tectonite and coarsely
crystalline, typical granitoid which sharply crosscuts well-
preserved S1 in tectonite. Contacts are steep and non-planar
overall. The southern contact of the Sand Springs pluton,
the most extensively exposed intrusive contact in the range,
strikes northwest overall but at numerous places strikes north
or even northeast. Extensive mine workings and exploratory
drilling to over 500-foot depths along the west flank of the
Nevada Scheelite pluton reveal its intrusive contact changes
dip from sub-vertical to 30 and that portions of the
northeast-striking contact dip northwest and southeast
(Stager and Tingley, 1988).

Several mines, including the Nevada Scheelite Mine,
have exploited thin, typically discontinuous zones of
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scheelite mineralization at the Kg-country rock contact
(Ross, 1961; Stager and Tingley, 1988, table 2). Ore minerals
have been found at Kg-GCc and Kg-JHfp contacts (table
2). Reported mineralized zones vary in thickness from 0.6
to 15 m (table 2). A twelve-kiloton nuclear bomb was
detonated at the bottom of a 1,200-foot shaft within the Sand
Springs pluton at the location of isotopic date samples 7
and 8 (fig. 1) on October 26, 1963 (Mackedon, 1990).

Mesozoic Structures

First-phase (D1) Structures
D1 folds and faults control the outcrop pattern of
metamorphic tectonites in the northern and southern SSR.
Outcrop-scale D1 folds, foliation, and lineations are
abundant in tectonites in the map area. Locally in the
southern and northern SSR more than one phase of D1 folds
and fabric are recognized (Satterfield, 1995). Multiple D1

phases are outcrop-scale features only and are not shown
on the map.

D1 folds. D1 folds are tight to isoclinal flexures containing
widespread penetrative axial-planar cleavage. Outcrop-
scale D1 folds of several millimeters to 0.5 m
half-wavelength are defined by changes in bedding (S0) and
quartz vein orientation. They are common, yet irregularly
distributed, in carbonate rocks, black slate/schist, and felsic
and mafic volcanogenic and volcanic rocks. Outcrop-scale
fold data are not plotted on the map (many data and
descriptions of outcrop-scale folds are in Satterfield, 1995).
Map-scale folds of 25 m to >1 km half-wavelength, many
shown on the map by a thin line locating the surface trace
of the axial plane, are defined in several ways. Many are
identified by bends of depositional contacts crosscut by a
consistent S1 orientation. These relations are shown on the
map in n1, 1 km east of the Red Ant Mine, in n7b on the
northeast flank of Big Kasock Mountain, and in n6a, n7a,
and n2a. D1 folds are also sharp bends of the JHfp-GCc
contact, an intrusive igneous contact south of the Nevada
Scheelite Mine that is crosscut by consistent S1. Other D1

folds are defined by changes in S0 strike and/or facing
direction crosscut by consistent S1 orientation. These
relations are shown in n7b within GCvs2 on the north side
of Scheelite Summit (cross section E–EI), in n7b northwest
of Big Kasock Mountain, in southern n6b, in n7a, and in
northwestern n6a. In addition, D1 folds are mapped as bends
in early-formed syn-D1 faults, such as warps of faults
separating n6a from n6b and n7a from n7b.

D1 folds are close to isoclinal and display rounded
hinges. S1, the foliation axial planar to map- and outcrop-
scale folds, is typically a penetrative metamorphic foliation.
Oriented chlorite, biotite, white mica, calcite, actinolite,
hornblende, andalusite, and epidote define S1. In GCas,
Hqp, and Hfqp S1 is also locally a penetrative, closely spaced
fissility. In JHfp S1 is a sporadically developed spaced
cleavage. S1 orientations, the most abundant symbol on the
map, are measurements at significant locations or a
representative fraction of measurements collected.

S0–S1 intersection, mineral, and stretching lineations
are geometrically related to D1 fold axes and axial planes.
S0-S1 intersection lineations, defined by the intersection of
original bedding (S0) and S1, are parallel to map- and
outcrop-scale D1 fold axes (data in Satterfield, 1995). S0–S1

intersection lineations, not plotted on the map, can be
constructed from abundant S0 and S1 data in n3a, n6a, n6b,
n7b, n7c, and n7d. Stretching lineations, defined as long
axes of elongate grains, pebbles, and cobbles of various
compositions, plot within the S1 plane (stereonets in
Satterfield, 1995, in prep.). Stretched clast dimensions in
the X-Z plane vary from 1.5:1 to 20:1. Stretching lineations
are abundant within and representative measurements are
plotted in n1, n2a, n3a, n3b, n6a, n6b, and n7b. D1 mineral
lineations, defined as long axes of syn-D1 metamorphic
minerals, form maxima parallel to stretching lineations
(stereonets in Satterfield, 1995, in prep.). Long axes of
actinolite, hornblende, andalusite, and aggregates of biotite
crystals define mineral lineations. Mineral lineations are
abundant within and representative measurements are
plotted in n1 and n2a.

Present orientations of D1 fold and fabric elements can
be simply described with individual Mesozoic fault blocks,
although orientations have been reoriented by several
deformation phases. Nappes n1–n6 generally contain
northwest-striking, steeply southwest-dipping S1 and D1

axial planes. S1 strikes northwest overall; deflections formed
during D2. Within individual domains in n1–n6, S1 planes
contain subparallel concentrations of D1 fold axes, S0–S1

intersections, stretching lineations, and mineral lineations
which plunge moderately to the southwest or west-southwest
(data in Satterfield, 1995, in prep.). Nappe n7 contains two
concentrations of poles to S1, one in the northwest quadrant
and one in the southeast quadrant. Fold axes and S0–S1

intersections form girdle distributions within each S1

orientation in n7. In n7b at Scheelite Summit stretching
lineations define a maxima within S1 which plunges
moderately to the northwest. In all Mesozoic fault blocks
except n6a, S1 and S0 are subparallel, another indication of
tight to isoclinal D1 folding. In n6a S1 is at a high angle to S0

within a broad hinge area of a map-scale fold.

D1 faults. Syn-D1 faults are distinguished from D2 faults by
their characteristic sharp, non-brittle, steeply dipping
contacts, as well as by their pre-D2 timing. Although they
are difficult to recognize as faults at the outcrop-scale, map
relations show they fulfill several criteria for faults: 1) D1

faults locally truncate otherwise continuous map unit
contacts on one or both sides, 2) adjacent S0 within an
individual map unit is locally at a high angle to the fault
plane, implying the fault truncated original bedding, 3) D1

faults locally truncate map-scale D1 folds. Table 5 specifies
where these relations occur. The D1 fault separating n6b
from n6c and n6d both crosscuts and is folded by map-scale
D1 folds, establishing that D1 faults were active during D1.
D2 folds reorient D1 faults and D2 faults crosscut D1 faults,
also supporting movement during D1. Rarely exposed D1
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faults are zones no thicker than several centimeters that do
not contain gouge or brecciated rocks. Similar-style faults
in the Last Chance Range, southeastern California are
several millimeter-thick zones tightly folded by subsequent
deformation (Corbett, 1990a, b). In n1–n6, D1 faults
generally strike northwest and dip steeply southwest, parallel
to S1. In n7 faults strike northeast and are subvertical. Post-
D1 structures have reoriented D1 faults and their original
orientation and kinematic significance are not known.

Timing. D1 in the SSR ended no later than Early Cretaceous.
Poorly constrained ages of units deformed by and postdating
D1 structures in the northern SSR suggest that D1 was
confined to the Early through Late Jurassic. Several lines of
evidence indicate that D1 predated intrusion of Late
Cretaceous granitoids. First, granitoid intrusive contacts
commonly crosscut S1 at high angles. Although margins of
the Sand Springs pluton roughly parallel S1, its irregular map-
scale contact sharply truncates S1 at many locations, such as
2 km north of its southernmost contact and 1 km east of the
Red Ant Mine. Margins of other Kg plutons also sharply
crosscut S1, such as the western margin of the Nevada
Scheelite pluton and at the southern boundary of n6c along
the western range front. Second, granitoid plutons, including
thin sills and dikes, are typically nonfoliated, homogeneous
intrusions not displaying D1 folds or fabric. Abundant, thin
Kg dikes and sills adjacent to D1 folds 3 km southeast of the
Red Ant Mine are not folded and do not have orientations
related to D1 folds or fabric (data in Satterfield, 1995, in
prep.). Third, in the northern SSR a small, well-exposed
granitoid tentatively dated as Cretaceous (isotopic date
locality 10, tables 1, 4) crosscuts metamorphic tectonites
deformed in D1, an overlying angular unconformity, and
Cretaceous-Jurassic porphyritic basalt extruded atop this
unconformity which is not metamorphosed or deformed in
D1 (fig. 1). This relation establishes that granitoid
emplacement occurred after a post-D1 unconformity and after
extrusion of Cretaceous-Jurassic basalt above that
unconformity (small-scale map in Oldow and others (1993);
Satterfield, 1995, in prep.). Fourth, emplacement of Kg will
be shown in the next section to postdate D2, during which
D1 structures and fabric were folded and faulted.

The ostensibly youngest map units in the SSR deformed
during D1 are Jurassic(?) carbonate and quartz-rich
siliciclastic rocks only exposed in the northern SSR. These
units contain quartz arenite lithologically correlative to the
Jurassic Westgate Formation in the southernmost Clan
Alpine Mountains, and to the Jurassic Dunlap Formation
exposed in several mountain ranges to the south (Oldow
and others, 1993; Satterfield, 1995, in prep.). The oldest
unit in the SSR not deformed or metamorphosed in D1 is
Cretaceous-Jurassic porphyritic basalt exposed only in the
northern SSR (fig. 1, Oldow and others, 1993). This basalt
has been correlated to lithologically similar extrusive
equivalents of the 159 Ma Humboldt lopolith (Willden and
Speed, 1974; Hudson, 1988). If these speculative age
constraints based on lithologic correlations hold, D1 is
limited to the Jurassic, between 200 and 159 Ma.

However syn-D1 amphibole separates from two separate
tectonite samples have yielded Late Cretaceous 40Ar/39Ar
dates (isotopic date samples 1, 3; table 1; fig. 5), similar to
dates of Cretaceous granitoid. In light of multiple lines of
field evidence suggesting Cretaceous granitoids were
emplaced after D1 and after D2, Late Cretaceous isotopic dates
from syn-D1 minerals are interpreted to date when isotopic
ratios where reset by heat from nearby post-tectonic granitoid
emplacement. Temperatures of 500–550C are required to
reset hornblende isotopic ratios (Harrison, 1981). Although
Cretaceous plutons are widespread throughout the SSR and
isotopic date sample 1 is located only 0.2 km from the Kg
contact, no obvious petrographic or 40Ar/39Ar data signature
in isotopic date samples indicates that dates were reset.

Second-phase (D2) structures
Mapped and inferred D2 faults bound nappes n1–n9. Map-
and outcrop-scale D2 folds are abundant and well exposed
throughout the map area. D2 structures are directly superposed
at the outcrop- and map-scale on D1 folds, faults, and fabric.

D2 folds. D2 folds are typically close folds of S1 which lack
axial-planar cleavage. Outcrop-scale folds of 5 to 100 cm
half-wavelength are defined by changes in orientations of
S1 and S0 and are most abundant in carbonate rocks and
black slate/schist. Outcrop-scale fold data are not plotted
on the map; outcrop-scale fold data are in Satterfield (1995,
in prep.). Map-scale folds of 0.2 to 5 km half-wavelength,
many identified on the map by positions of the surface trace
of axial planes, are defined several ways. First, D2 folds are
warps of depositional and intrusive contacts of metamorphic
tectonites. Such warps include atypical “fish-hook” folds
in n1 and n3b east and south of the Red Ant Mine which
display greatly attenuated short limbs resulting from folding
of three map units of differing competence (Ramsay and
Huber, 1987). Second, numerous D2 folds are defined by
dramatic bends in S1 form surfaces. Many such folds are
identified in the northwest portion of the map. The axial
trace of the longest wavelength D2 fold mapped (~5 km half-
wavelength) is shown southwest of the southernmost tip of
the Sand Springs pluton. This single, subvertically plunging
fold covers the entire southern half of n6. Third, D2 folds
include warps of map-scale D1 folds particularly well
displayed 1 km southeast of the Red Ant Mine. Fourth, D2

folds in n7, where D2 fold axes are subhorizontal, are
primarily defined by reversals in S1 dip directions.

D2 folds are gentle to close flexures containing rounded
and angular hinges. D2 folds overall trend northeast;
orientations vary in different nappes. Nappes n1–n6 contain
north-northeast striking, subvertical axial planes and steeply
south-southwest plunging fold axes. Nappe n7 contains
northeast to east-northeast striking, subvertical axial planes
and subhorizontal to gently southeast- and northwest-
plunging fold axes (stereonets in Satterfield, 1995, in prep.).

D2 faults. Syn-D2 faults are distinguished from D1 faults by
their characteristic brittle deformation style, their fairly unique
low-angle orientation, as well as by their post-D1 timing. D2
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Figure 5.M40Ar/39Ar age spectra for
tectonite amphibole separates from
isotopic date samples 1 (SSR-82088-3)
and 3 (SSR-9289-2). Sample locations
are on the geologic map. Late
Cretaceous dates are interpreted to be
age of the Sand Springs pluton.

faults truncate depositional and intrusive contacts, D1 folds
and faults, S1, and at least one map-scale D2 fold. Table 6
locates these map relations. Fault movement during D2 is
inferred from the fault at the base of n3 that shows mutually
crosscutting relations with map-scale D2 folds 2-3 km
southeast of the Red Ant Mine. Similar mutually crosscutting
relations between D2 folds and D2 faults are displayed in the
northern SSR (Oldow and others, 1993; Satterfield, 1995, in
prep.). Mutually crosscutting relations between a single fault
and several folds result when a brief time of fault movement
occurs within a longer interval of folding, such that the same
fault crosscuts early D2 folds and is later folded by late D2

folds. Rarely exposed D2 fault surfaces consist of a 1- to 2-
m-thick zone of brecciated limestone and fine gouge best
observed in the northern SSR (Oldow and others, 1993;

Satterfield, 1995, in prep.). In the northwest portion of the
map, where best exposed, D2 faults are subhorizontal surfaces.
Faults at the bases of n6 and n3 are particularly well exposed.
Varied, subhorizontal to moderate dips of D2 fault surfaces
result in part from folding during D2 and D3. Although direct
kinematic indicators have not been found, D2 faults are
interpreted to be thrust faults because they are correlative in
relative timing and style to thrust faults documented in many
parts of the Luning-Fencemaker thrust belt. Displacement
on Luning-Fencemaker thrust faults occurred synchronously
with formation of northeast-trending folds in numerous
mountain ranges (e.g., Oldow, 1981, 1984). Northeast-
trending Luning-Fencemaker folds are correlative in relative
timing, style, and orientation to D2 folds in the SSR
(Satterfield, 1995, in prep.).
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D2 fault
at base of: Fault block Evidence

n2 n1 fault crosscuts GCc-GCac contacts
n1 fault crosscuts GCas-GCs contacts

n3 n2a fault crosscuts GCha-GChc contacts
n2a fault truncates map-scale D1 fold and S1
n2a fault truncates map-scale D2 fold
n2a, n2b fault crosscuts D1 fault (n2a-n2b)
n2b fault truncates S0 in GCas
n3a fault crosscuts GCas-GCac contact
n3a fault crosscuts D1 fault (n3a-n3b)
n3a fault apparently truncates S1
n3a fault truncates map-scale D2 fold

n4 n3b fault crosscuts Hc-Hcg contacts
n3b fault truncates map-scale D1 fold
n4 fault crosscuts Hc-Hcg contact

n6 n2a-n2b fault crosscuts D1 fault (n2a-n2b)
n3b fault crosscuts Hc-Hcg contact
n3b fault truncates map-scale D1 fold
n3b fault truncates S1
n6a Hc highly fractured near fault
n6a,n6b fault crosscuts D1 fault (n6a-n6b)

TABLE 6.MMAP RELATIONS SUPPORTING D2 FAULT CONTACTS

Some poorly exposed steep faults or portions of faults
which crosscut D1 folds could be: a) D2 thrust faults steeply
tilted by D3 or late D2 folds, or b) late-D1 faults that retain
their pre-D2 steep orientation, or c) a combination of D2 and
D1 faults. In these situations several alternative arrangements
of different fault generations were considered and the
simplest one shown on the map.

Timing. D2 structures deform the youngest Mesozoic
stratigraphic unit in the SSR, Cretaceous-Jurassic porphyritic
basalt exposed only in the northern SSR. Late Cretaceous
granitoids intruded after D2. Several local observations in
the southern SSR document this relative timing of Cretaceous
plutons and D2. First, the Sand Springs pluton crosscuts D2

faults at the bases of n2 and n6b. Second, thin granitoid sills
and dikes abundant near the Sand Springs pluton in n2a are
not folded in outcrop-scale or map-scale D2 folds. Three
granitoid dikes mapped in n1 0.5 km east of the Red Ant
Mine consistently trend northwest, crosscutting both limbs
of a map-scale D2 fold. Third, the extensive and well-exposed
intrusive contacts of the Sand Springs pluton do not show
evidence of extensive brittle shearing expected if this large
pluton predated D2 or D3. Fourth, D2 cleavage or syn-D2

metamorphic minerals are not observed as Cretaceous
plutons are approached, suggesting that D2 is not related to
their emplacement. The youngest map unit folded and
crosscut by D2 structures is the Cretaceous-Jurassic
porphyritic basalt exposed in the northern SSR (Oldow and
others, 1993; Satterfield, 1995, in prep.). Thus if speculative
lithologic correlation to the dated Humboldt lopolith holds,

D2 is no older than 159 Ma. In summary, D2 is inferred to
have occurred before 85 Ma and possibly after 159 Ma.

Third-phase (D3) Structures
The final phase of Mesozoic deformation, D3, produced
gentle to open folds lacking axial-planar cleavage that
consistently strike northwest throughout the SSR. Relative
timing of D1, D2, and D3 is directly documented at location
A in the southernmost SSR where D3 folds are superposed
on D2 folds which in turn reoriented S1 axial planar to
outcrop-scale D1 folds. D3 folds are easily identifiable only
in n7 and in the northern SSR because in these nappes many
pre-D3 surfaces were subhorizontal and thus readily folded
into open flexures. D3 folds are rarely recognized in n1
through n6, probably because S0 and S1 planes in these nappes
were northwest-striking and steeply dipping, and thus more
difficult to reorient by northeast-southwest compression.
Outcrop-scale folds of 5 cm to 3 m half-wavelength are warps
of S0 and S1 most abundant in carbonate rocks in the southern
SSR (stereonets in Satterfield, 1995, in prep.). Map-scale
folds of 40 to 400 m half-wavelength are defined by changes
in orientation of S0 and S1; two are identified on the map in
n7. D3 axial planes strike on average N55W, are subvertical,
and contain fold axes steeply plunging to the northwest
(Satterfield, 1995, in prep.). Strikes of axial planes vary from
N10W to N80W.

D3 folds, like D2 structures, apparently formed between
the mid-Jurassic and Late Cretaceous because in the northern
SSR they fold the basal contact of Cretaceous-Jurassic
porphyritic basalt (Satterfield, 1995, in prep.) and do not
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deform Late Cretaceous granitoids. Suggestions that
granitoid emplacement postdated D3 include the lack of
brittle deformation along the margins of large plutons and
the absence of D3 folds in thin granitoid dikes.

KEY POINTS

The map, cross sections, and accompanying paper present
a detailed picture of the geology of the southern Sand Springs
Range. They illustrate four key points. First, the pre-
Cenozoic section, although dismembered, is unusually thick
and diverse in composition. It includes carbonate rocks,
felsic tuff, mafic volcanogenic conglomerate, and black shale
divided into 18 map units. Seven different pre-Cenozoic
intrusive igneous map units, including metamorphosed felsic
and mafic rocks and unmetamorphosed granitoid, crosscut
Mesozoic and/or Paleozoic sections. This diversity in rock
type is a primary, pre-metamorphic feature of Mesozoic and/
or Paleozoic stratigraphy. Although tectonites are
metamorphosed and deformed to varying degrees
(Satterfield, 1995, in prep.), differences in protolith
composition listed in the map unit descriptions and
differences in successions of rock units within nappes
preclude outwardly similar map units, such as green
volcanogenic GCvs and GChc, from being correlative. The
total thickness of the pre-Cenozoic section exposed in the
SSR may exceed 3–4 km, comparable in thickness to the
thickest sections in other parts of the Mesozoic marine
province (Oldow and others, 1993).

Second, the map area contains unusually well exposed
and abundant map-scale and outcrop-scale folds separable
into three generations: D1, D2, and D3. Mesozoic rocks are
typically penetratively deformed and metamorphosed by the
first deformation phase, D1, which includes folds, coeval
faults, a pervasive axial planar foliation (S1), stretching
lineations, and mineral lineations. A second widespread
deformation phase, D2, produced abundant map-scale and
outcrop-scale folds and faults, further shuffling the
stratigraphy of the SSR. Several localities identified in this
paper and/or symbolized on the map show D2 folds directly
superposed on D1 folds and D3 folds superposed on D1 and
D2 folds. Orientations of folds and D1 fabric plotted on the
map also establish relative timing of D1, D2, and D3. Several
lines of evidence indicate that D1 and D2 predated intrusion
of widespread Cretaceous granitoid plutons.

Third, the southern SSR provides a well-exposed view
of the margins of the Sand Springs pluton and several smaller
plutons. These Cretaceous granitoids sharply crosscut existing
D1–D3 structures and metamorphic fabric and produced little
deformation and metamorphism in their country rock.
Surprisingly, 40Ar/39Ar dates of syn-D1, pre-pluton
emplacement amphiboles (isotopic date samples 1 and 3, table
1) are Cretaceous, overlapping ages of Cretaceous plutons.
In light of several well-exposed field relations, isotopic clocks
of syn-D1 amphibole samples apparently have been reset by
post-tectonic pluton emplacement long after the amphiboles
originally crystallized.

Fourth, Cenozoic rocks and structures in the SSR are
diverse and, except for the youngest Quaternary sedimentary
units (Qa, Qt, Qf, and Qof), are interpreted to be everywhere
in fault or intrusive contact with pre-Cenozoic rocks. The
13 Cenozoic map units distinguished include mafic and felsic
intrusive and extrusive igneous rocks, sedimentary rocks,
and sediments. Widespread Tertiary rhyolite (Tr) is an
enigmatic map unit: it varies greatly in color and contains
portions showing both intrusive and extrusive field relations.
Cenozoic and older map units are also bounded by high-
angle faults and by apparent low-angle contacts interpreted
to be faults that separate Tertiary rhyolite, including tuff (Trt)
from pre-Cenozoic rocks. Cenozoic terrace gravel (QTg) is
the youngest map unit that has been steeply tilted by faulting.
Range front faults unequivocally crosscut all Cenozoic units
except modern stream channel deposits (Qa) and talus (Qt).
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