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INTRODUCTION

The Granite Wash Mountains are located
in west-central Arizona and are contiguous
with the Harcuvar Mountains to the northeast
and the Little Harquahala Mountains to the
south. They are part of the Maria fold and
thrust belt, a belt of large folds and major
thrust faults that trends east-west through
west-central Arizona and southeastern
California (Reynolds and others, 1986). In
the Granite Wash Mountains, late Mesozoic
deformation related to the Maria belt affected
a diverse suite of rock units, including
Proterozoic crystalline rocks, Paleozoic car-
bonate and quartzose clastic rocks, and
Mesozoic sedimentary, volcanic, plutonic, and
hypabyssal rocks. This deformation was
mostly deep seated and produced an assort-
ment of folds, cleavages, and both ductile and
brittle shear zones. Several discrete episodes
of deformation occurred, resulting in refolded
folds, folded and refolded thrust faults, and
complex repetition, attenuation, and trunca-
tion of stratigraphic sequences. Greenschist-
facies metamorphism accompanied deforma-
tion and was most intense along the major
thrusts. Deformation and metamorphism
were followed by emplacement of two Late
Cretaceous intrusions and numerous. dikes. .

The geology of the Granite: Wash Moun-
tains was mapped between 1982 and 1988 as
part of the U.S. Geological Survey - Arizona
Geological Survey Cooperative Geologic

and others, 1987, in press), and some parts of
this report derive from these earlier publica-
tions. Previous geologic studies in the range
consist mostly of regional reconnaissance
(Bancroft, 1911; Wilson, 1960; Kam, 1964;
Wilson and others, 1969; Rehrig and
Reynolds, 1980) and two theses covering
limited areas (Ciancanelli, 1965; Marshak,
1979).

REGIONAL GEOLOGIC SETTING
The oldest rocks in the region are

Proterozoic gneiss, schist, amphibolite, and
dioritic to granitic rocks. These are deposi-
tionally overlain by a 1-km-thick sequence of
Paleozoic carbonate and clastic rocks. Indi-
vidual Paleozoic formations maintain their
distinctive characteristics, even where
metamorphosed and greatly attenuated (Stone

et al., 1983), and are therefore extremely
useful for unraveling complex structure.

Mesozoic sedimentary and volcanic rocks
in the region can be subdivided into the
following four units (in ascending strati-
graphic order):

(1) Buckskin Formation (Reynolds and
Spencer, 1989), a sequence of variably cal-
careous siliciclastic rocks and phyllite, with
local conglomeratic, feldspathic, and
evaporitic intervals. This unit rests deposi-
tionally on Permian Kaibab Formation and
largely correlates with Triassic Moenkopi

Mapping (COGEOMAP) Program, whose goal
is to map the geology of the Phoenix 1° X 2°
quadrangle. The entire mountain range was
mapped at a scale of 1:24,000 (Reynolds and
Spencer), with additional, generally more
detailed mapping in the central (Laubach and
Reynolds), northern (Cunningham), and
northwestern (Richard) parts of the range. In
addition to the mapping, we performed
detailed structural and petrographic analysis
at key localities.

This report accompanies a 1:24,000-scale
black-and-white map and presents the results
of the mapping and describes major findings
about stratigraphy, structure, and metamor-
phism. Some aspects of the research have
been presented elsewhere (Reynolds and
others, 1983, 1986b, 1987, 1988, 1989;
Cunningham, 1986; Laubach, 1986; Laubach

Formation of the Colorado Plateau (Reynolds
and others, 1987);

(2) Jurassic or Late Triassic Vampire
Formation (Reynolds and Spencer, 1989),
consisting of impure quartzose sandstone and
quartzite, with conglomerate at the base and
locally higher in the section. Because of a
major episode of Late Triassic or Early
Jurassic uplift, the basal conglomerate
unconformably overlies a variety of older
rock units, including Buckskin Formation,
Paleozoic rocks, and Proterozoic crystalline
rocks (Reynolds and others, 1989). The for-
mation probably correlates with the Jurassic
Glen Canyon Group of the Colorado Plateau
(Reynolds and others, 1987);

(3) Jurassic intermediate to silicic
volcanic and volcaniclastic rocks dated at




about 160 Ma (Reynolds and others, 1987).
This unit largely consists of feldspar- and
quartz-phyric ash-flow tuffs, hypabyssal
intrusions, volcaniclastic rocks, and their
schistose, metamorphosed equivalents, The
volcanic sequence is locally accompanied by
contemporaneous(?) granitoid plutons (Tosdal
and others, in press); and

(4) McCoy Mountains Formation, a
sequence of dominantly clastic rocks of
Jurassic age (Harding and Coney, 1985),
Cretaceous (Stone and others, 1987) age, or
both (Tosdal and others, in press). In several
ranges, the McCoy Mountains Formation is 5
to 7 km thick and has been subdivided into
the following six members (from bottom to
top): (a) basal sandstone member one; (b)
basal sandstone member two; (c) mudstone
member; (d) conglomerate member; (e)
sandstone member; and (f) siltstone member
(Harding and Coney, 1985). These thick se-
quences define a west-northwest-trending
outcrop belt, termed the McCoy basin
(Harding and Coney, 1985; Reynolds and
others, 1986), which includes the Granite
Wash, Little Harquahala, Plomosa, and Dome
Rock Mountains of Arizona and the McCoy,
Palen, and Coxcomb Mountains of
southeastern California. Some sections.of
McCoy Mountains Formation are thinner (less
than 2 km) and cannot be unambiguously
correlated with these six members (Harding
and Coney, 1985). To differentiate the two

upright folds and major ductile and brittle
thrust faults. The folds are associated with
extreme attenuation of Paleozoic and
Mesozoic sections and widely involve the un-
derlying Proterozoic crystalline basement.
The larger thrust zones include tectonic slices
of Jurassic or Proterozoic crystalline rocks
and commonly juxtapose thrust plates with
contrasting Mesozoic sequences and histories.
The thrust and folds have been locally over-
printed by northeast-vergent shearing and a
late, southwest-dipping cleavage (Richard,
1988).

Late Cretaceous and early Tertiary
granitoid plutons and dikes intruded after
thrusting and were accompanied by deforma-
tion and amphibolite-facies metamorphism in
the Harcuvar and Harquahala Mountains

(Rehrig and Reynolds, 1980; DeWitt and
others, 1988) but not in the Granite Wash
Mountains. A major episode of Late
Cretaceous to early Tertiary regional uplift
followed plutonism and metamorphism, as
indicated by widespread 70 to 45 Ma K-Ar
cooling ages on a variety of rock types, by
the relatively deep-level character of exposed
Late Cretaceous and early Tertiary granitoids,
and by the absence of Upper Cretaceous and
lower Tertiary. supracrustal :rocks; (Reynolds.
and others; 1986b, 1988).

Middle Tertiary history of the region
included widespread volcanism, dike

different sequences of McCoy Mountains
Formation, we have used the term Apache
Wash facies for the thinner sequence (after
Harding and Coney, 1985) and basin facies
for the thicker sequence (Reynolds and
others, 1986).

Subsequent to deposition of the McCoy
Mountains Formation, late Mesozoic tec-
tonism affected the region. Deformation and
metamorphism were apparently concentrated
in the east-west-trending Maria fold and
thrust belt, which extends from the Palen and
Coxcomb Mountains of southeastern Califor-
nia to the Harquahala and Eagle Tail Moun-
tains of west-central Arizona (Reynolds and
others, 1986b, 1988; Hoisch and others, 1988).
The thrust belt is characterized by generally
southeast-, south-, and southwest-vergent
structures, including large recumbent to

emplacement, and sedimentation that was
commonly synchronous with normal faulting,
fault-block rotation, and tens of kilometers of
transport on gently dipping, ductile shear
zones and detachment faults (Reynolds and
Spencer, 1985; Spencer and Reynolds, 1989,
in press). The Harcuvar Mountains, adjacent
to the Granite Wash Mountains, are a
metamorphic core complex that was tectoni-
cally denuded during middle Tertiary detach-
ment faulting (Rehrig and Reynolds, 1980).
Late Tertiary and Quaternary events in the
region included: (1) minor Basin and Range
normal faulting that blocked out some present
basins, (2) movement on northwest-trending
strike-slip, reverse, and normal faults within
the ranges, (3) eruption of basaltic lavas, (4)
deposition of nonmarine clastic rocks and the
Pliocene Bouse Formation, and (5) integration
of previously internal drainage systems with




accompanying sediment deposition in alluvial
fans and along stream channels.

GEOGRAPHIC FEATURES

The geological discussion below
references key geographic features that are
shown on figure 1. These features include
(1) officially named geographic features (that
is, recognized on USGS quadrangle maps of
the area), (2) mine names not listed on the
USGS base map, but determined by a search
of all available literature on the area, and (3)
previously unnamed geographic features that
are assigned informal names. Official names
are capitalized, whereas informal and mine
names are not capitalized. For example, the
long ridge that extends northward from the
main mass of the Granite Wash Mountains is
informally referred to as Butler ridge because
it marks the southwest end of Butler valley.
Other important geographic names include
Calcite mine, Cobralla, Desert Mine, Dona
Kay mine, Glory Hole mine, Glory Hole
peak, klippe hill, Little Butler ridge (the
small ridge west of Butler ridge), Mt. green,
Salome Peak, Three Musketeers mine, True
Blue mine, and Yuma mine (fig. 1).

STRUCTURAL AND STRATIGRAPHIC
FRAMEWORK

The geology of the Granite Wash Moun-
tains is dominated by a series of major,
gently dipping thrust faults that cut
Mesozoic, Paleozoic, and Proterozoic rocks

and by two major post-thrusting Late
Cretaceous plutons -~ the Tank Pass Granite
and Granite Wash Granodiorite (Fig. 2). The
main thrusts are southwest vergent and are,
from top to bottom, the Hercules thrust,
Yuma mine thrust, and McVay thrust, The
Hercules thrust is the most important thrust
because it extends north-northwest along the
entire length of the range, is marked by the
thickest zone of penetrative deformation, and
everywhere carries Proterozoic and Jurassic
crystalline rocks in its hangingwall. Below
the Hercules thrust, the Yuma mine thrust in-
terleaves Mesozoic, Paleozoic, and Proterozoic
rocks. The Yuma mine thrust is subsidiary to
the Hercules thrust, but is also a major
thrust. The structurally lowest McVay thrust
cuts mostly Mesozoic rocks and is exposed
only in a small window in the center of the
range. It is inferred to underlie the rest of

the range. These thrusts subdivide the range
into four major structural plates that will be
discussed separately below. In addition, the
northern Granite Wash Mountains will be dis-
cussed separately because rocks and structures
in this area are isolated from those further
south by the large pluton of Tank Pass
Granite.

Central Granite Wash Mountains: Below the
McVay thrust

The structurally lowest rocks in the range
are exposed within a small structural window
along "McVay wash," which is located south
of the Yuma mine in the west-central part of
the range. This structural plate underlies the
McVay thrust and consists of quartzofeld-
spathic and lithic clastic rocks that correlate
with the McCoy Mountains Formation. These
rocks are structurally overlain along the
McVay thrust by Jurassic volcanic rocks, a
distinctive stretched-pebble conglomerate
with light-colored volcanic clasts, and
Paleozoic and Triassic rocks. The McVay
thrust is least obvious where the thrust places
stretched-pebble conglomerate over McCoy
Mountains Formation (because this could
simply be an overturned unconformity), but
becomes clear where tectonic slivers:of .
Paleozoic rocks intervene between-the two
rock types. The distinctive stretched-pebble
conglomerate is not recognized elsewhere in
the range and either is laterally discontinuous
or is within a separate, small structural plate.
The position of the conglomerate within the
associated Jurassic volcanic section is
unknown, but is probably near the base, con-
sidering its northerly position within the
general south-facing volcanic section.

Central Granite Wash Mountains: Below the
Yuma mine and Hercules thrusts, Above the
McVay thrust

This structural plate is areally the largest
in the Granite Wash Mountains and comprises
the southwestern two thirds of the range. It
includes rocks above the McVay thrust and
below the Yuma mine thrust or Hercules
thrust where the Yuma mine thrust is absent.
This domain is structurally complex, but
consists of a large upturned stratigraphic
sequence that includes Paleozoic rocks, Tri-
assic and Jurassic sedimentary rocks, Jurassic
volcanic and volcaniclastic rocks, and McCoy




Mountains Formation. Bedding and lithologic
units in this section strike east to northeast,
face south to southeast, and generally are
steeply dipping to vertical, but are signifi-
cantly overturned to upside down over large
areas. Because the entire section is on end,
progressively higher stratigraphic levels are
exposed from north to south. The mostly
gently dipping Yuma mine and Hercules
thrusts, therefore, cut discordantly across the
upturned section in their footwalls.

The stratigraphically oldest rocks in the
continuous, upended section are Paleozoic
rocks that form three northeast-striking
Paleozoic strike belts in the west-central part
of the range. Stratigraphic units within these
belts are nearly vertical and face southeast,
The strike.belts are separated from-one
another by steeply dipping, bedding-parallel
faults and ductile shear zones marked by
intensified, steep cleavage. The two northern
strike belts are the most complete, and each
contain an intact section that includes, from
northwest to southeast, Devonian Martin For-
mation, Mississippian Redwall Limestone,
Permian-Pennsylvanian Supai Group, and
Permian Coconino Sandstone and Kaibab
Formation. -Kaibab Formation:in-both’of
these strike belts is locally overlain by -

quartzo-feldspathic clastic rocks, phyllite, and’

gypsum-anhydrite rocks of the Triassic Buck-
skin Formation. A small irregularly shaped
body of Jurassic(?) granite intrudes the

At the northwestern corner of the Paleozoic
strike belts, the vertically dipping Paleozoic
rocks are faulted over Jurassic or Proterozoic
porphyritic granite along a gently dipping,
brittle-ductile shear zone (the term brittle-
ductile shear zone is used for shear zones in
which movement has taken place by a com-
bination of ductile deformation, as indicated
by well-developed cleavage or foliation, and
slip on discreet fault surfaces and cleavage
planes). The porphyritic granite is itself un-
derlain by steeply dipping slivers of tectoni-
cally interleaved Paleozoic rocks, Triassic
Buckskin Formation, and amphibolite and
mafic schist of Proterozoic or Jurassic age.
This zone of interleaving displays both
north~northwest- and northeast-trending
lineations. Where remnants of intact

stratigraphic sections are-present-in-the fault
slivers, the units face south. To the east, this
shear zone is cut by the eastern extension of
the gently dipping, brittle-ductile shear zone
that floors the main Paleozoic strike belt.
This area also contains small klippen struc-
turally correlative with the main klippe in the
center of the strike belts. The thrust zone
beneath the klippen is broadly to isoclinally
folded about northwest- to west-trending
axes and. is cut by late-stage, brittle-ductile -
shear zones.  The northernmost klippe of -

-deformed Jurassic igneous rocks overlies

south-facing Coconino Sandstone on-its
southern side and Triassic Buckskin Forma-
tion on its northern side. This relationship

Paleozoic units on the southwest end of the
central strike belt.

Near the center of the northern two
strike belts, the vertically dipping Paleozoic
units and their steep, section-repeating fault
are discordantly truncated by an overlying
subhorizontal thrust klippe of Mesozoic
sedimentary and volcanic rocks. A well-
developed subhorizontal cleavage concordant
with the thrust is present in both the upper-
and lower-plate rocks. The fault that bounds
this klippe of Mesozoic rocks is interpreted to
be a downfolded segment of the Yuma mine
thrust.

The northern limit of the Paleozoic strike
belts is a structurally complex zone where the
rocks have been shuffled by several genera-
tions of shear zones and subsequently folded.

suggests that the fault has overridden a pre-

existing (bedding parallel?) fault that repeats
the footwall rocks as a fourth strike belt.

The youngest structures in the area are minor
northeast-trending, high-angle faults.

Northeast and east of the main klippe,
the Paleozoic units are extensively intruded
by Jurassic alaskite and are overlain by small
klippen of Jurassic volcanic and volcaniclastic
rocks; these klippen are probably correlative
with the larger klippe. The Paleozoic rocks
in this area, especially those in the southern
strike belt, are extremely attenuated and
locally occur as thin tectonic slivers or root-
less folds within Triassic and Jurassic rocks.
In several localities, a completely inverted,
attenuated sequence of Coconino Sandstone,
Kaibab Formation, and Triassic Buckskin
Formation is tightly folded by west-




northwest-plunging, upright folds. The tight
folds are adjacent to a late-stage, northeast-
vergent, brittle-ductile shear zone. North-
east, toward the structurally overlying Yuma
mine thrust, the Paleozoic section is dragged
to the south as a southward-tapering wedge
directly beneath the thrust.

The southern of the three strike belts is
thinner and less complete, generally consisting
of Coconino Sandstone, Kaibab Formation,
and Triassic Buckskin Formation. The
Paleozoic-Mesozoic contact is tectonized, but
generally no more so than the adjacent units,
and is regarded as fundamentally depositional
in character. The contact is folded by at
least one large southeast-facing fold and is
locally cut by a near-vertical, brittle fault
with associated gouge and breccia.

The Buckskin Formation in the southern
strike belt is stratigraphically overlain by a
relatively complete Mesozoic section consist-
ing of Jurassic or Upper Triassic Vampire
Formation, Jurassic volcanic and volcaniclas-
tic rocks, and McCoy Mountains Formation.
For the most part, these units have the same
east to northeast strike and steep dip as the
Paleozoic rocks.. Exposures of bedding are
generally absent in the relatively massive
volcanic and volcaniclastic-rocks, but at least
one important marker unit, a K-feldspar-
megacrystic porphyry near the the base of the
volcanic section, exhibits a map pattern

are correlative with basal sandstone member
two of the McCoy Mountains Formation,
whereas units 5 and 6 are correlative to the
mudstone member and lowest part of the
conglomerate member, respectively, of the
basin facies of the McCoy Mountains Forma-
tion (Laubach and others, 1987).

Eastern Granite Wash Mountains: Above the
Yuma mine thrust, below the Hercules thrust

The Yuma mine thrust places a diverse
assemblage of Mesozoic, Paleozoic, and
Proterozoic rocks across the upturned
sequence described above. The Yuma mine
thrust is best exposed near the Yuma mine,
where it carries coarse-grained Proterozoic
granite, Paleozoic rocks, and Mesozoic alas-
kite in its hangingwall. The thrust cuts

- Paleozoic rocks in its footwall north of the

Yuma mine, but cuts Jurassic volcanic and
volcaniclastic rocks further south, where the
southward-tapering wedge of Paleozoic rocks
pinch out. In the latter area, the thrust
juxtaposes lithologically similar sequences of
Jurassic volcanic and volcaniclastic rocks and
is marked by discontinuous fault-bounded
slivers of Paleozoic rocks and by a zone of
intensely developed cleavage and mylonitic
foliation. Kyanite-bearing quartzite and -
tourmaline-bearing, quartz-mica:schist. are
present beneath the thrust.

Above the Yuma mine thrust are
numerous shear-zone-bounded thrust slivers,

consistent with an east-northeast strike and
near-vertical dip. Near the top of the vol-
canic and volcaniclastic unit are mica schist,
quartzite, and, near the Hercules thrust,
quartz-kyanite rocks.

The McCoy Mountains Formation
stratigraphically overlies the Jurassic volcanic
and volcaniclastic rocks and includes, from
north to south, the following mappable units
(Laubach, 1986; Laubach and others, 1987):
(1) a lower lithic sandstone; (2) heterogeneous
clastic rocks of the Yellowbird mine se-
quence; (3) polymict conglomerate; (4) lithic
sandstone; (5) mudstone (now phyllite) with
interbedded siltstone, sandstone and cal-
careous clastic rocks; and (6) sandstone and
conglomerate. The overall stratigraphic
succession, in conjunction with sandstone
petrography, suggests that units 1 through 4

the lowest of which includes Cambrian Bolsa
Quartzite in recumbently folded depositional
contact with a Proterozoic porphyritic granite.
Successively higher thrust-bounded slivers
include (1) mafic schist of unknown age, (2)
Permian quartzite and marble, (3) Mesozoic
sedimentary rocks, (4) undifferentiated
Paleozoic rocks, (5) Mesozoic sedimentary
rocks, and (6) a fine-grained plutonic equiv-
alent of the Jurassic volcanic rocks. The
thrust slivers of Paleozoic rocks thin to the
south toward Mt. green into a thick mass of
penetratively cleaved and mylonitized Jurassic
volcanic and volcaniclastic rocks and their
intrusive equivalents.

An offset continuation of the Yuma mine
thrust, originally referred to as the Calcite
mine thrust (Reynolds and others, 1986b), is
exposed in the southern part of the range.




This southern segment of the Yuma mine
thrust occupies the same structural position as
the Yuma mine thrust further north (e.g.,
above the upturned section of the McVay
plate and below the Hercules thrust). The
thrust places a sheet of hydrothermally
altered and metamorphosed Jurassic metavol-
canic and volcaniclastic rocks, quartzite, and
andalusite-rich schist over McCoy Mountains
Formation. The thrust is discordant to the
underlying south-facing McCoy Mountains
Formation; it cuts the lithic sandstone at
Calcite mine and the phyllite and upper
sandstone and conglomerate further south.
North of the Calcite mine, the thrust is itself
cut by an east-west-striking, gently north-
dipping, late-stage, brittle~-ductile shear zone
(referred to as the Calcite Wash shear zone),
Near-this-late-stage shear zone, the Yuma
mine thrust and foliation related to the thrust
are folded into east-plunging folds as large as
several hundred meters in amplitude. South
of the Calcite mine, the upper plate of the
Yuma mine thrust includes a thrust-bounded
wedge of Mesozoic metasedimentary rocks of
uncertain regional correlation.

Another stack of imbricate thrust sheets
that lie above the Yuma mine thrust-and:
below the Hercules thrust is-exposed on:-the.:
west flank of Salome Peak in the north-
central Granite Wash Mountains. The lowest
thrust sheet in this stack contains a coarse-
grained Proterozoic porphyritic granite (dated

Mountains Formation, Jurassic volcanic and
volcaniclastic rocks, and finally Proterozoic
crystalline rocks above the Hercules thrust.
The thrust sheet of Jurassic volcanic and
volcaniclastic rocks locally contains lenses of
massive quartz-kyanite rocks and associated
hydrothermal quartz rocks (now quartzite).

Several of the thinner thrust sheets are
absent along strike to the south, near a
northeast-trending body of Granite Wash
Granodiorite. When the rocks reappear on
the south side of the granodiorite, only one
major thrust is present below the Hercules
thrust. This thrust, interpreted to be the
Yuma mine thrust, places one section of
McCoy Mountains Formation over another
and is marked by thin, discontinuous slivers

and remnants of Proterozoic crystalline rocks
and Jurassic Vampire Formation. The rocks
mapped as McCoy Mountains Formation
above this thrust could alternatively correlate
with the upper fine-grained part of the
Vampire Formation. This alternative requires
the abrupt southward termination of three
thrust sheets above the fine-grained unit

- north of the granodiorite body. In both

cases, the abrupt change in thrust-sheet stack-
ing across the granodiorite body implies that
the body intruded-along: a tear fault or lateral
ramp of the thrust system. -

Easternmost Granite Wash Mountains: Rocks
above the Hercules thrust

by a Rb-Sr whole-rock model age) that is
identical to the granite above the Yuma mine
thrust at Yuma mine. The porphyritic granite
structurally overlies Jurassic volcanic and vol-
caniclastic rocks along a shear zone correlated
with the Yuma mine thrust. The granite, like
that at the Yuma mine, is depositionally over-
lain by Cambrian Bolsa Quartzite. Above the
Bolsa Quartzite in this area, however, is a
low-angle unconformity overlain by
conglomerate, sandstone, and fine-grained
rocks correlated with the Jurassic or Upper
Triassic Vampire Formation (Laubach and
others, 1987; Reynolds and others, 1987).

The Vampire Formation passes upward into
Jurassic volcaniclastic and volcanic rocks that
are in turn overlain by a thrust sheet of inter-
leaved Paleozoic rocks and Triassic Buckskin
Formation. These rocks are successively
overlain by higher thrust sheets of McCoy

The Hercules thrust is a regional struc-
ture that places Jurassic and Proterozoic
crystalline rocks over Mesozoic and Paleozoic
supracrustal rocks (Reynolds and others,
1980, 1986b). In the eastern Granite Wash
Mountains, the upper plate of the Hercules
thrust consists of (1) Proterozoic
amphibolite-grade, quartz-feldspar-biotite
gneiss and biotite-muscovite-quartz-feldspar
schist, (2) Jurassic granitoid rocks, including
a distinctive monzodiorite that is a common
lithology above the Hercules thrust in the
Little Harquahala and Harquahala Mountains
(Spencer and others, 1985), (3) medium- to
fine-grained granodiorite of Jurassic or
Proterozoic age, and (4) leucogranite of either
Jurassic or Proterozoic age. All these rock
units have a penetrative mylonitic fabric and
are strongly retrograded along the thrust, but
retain older fabrics and mineral assemblages




at higher structural levels away from the
thrust.

Northern Granite Wash Mountains

In the northern Granite Wash Mountains,
rocks older than the Late Cretaceous Tank
Pass Granite are restricted to three areas: (1)
a main, north-northwest-trending ridge
(Butler ridge); (2) a separate bedrock promon-
tory to the east that includes the Cobralla
mine; and (3) Little Butler ridge, a small, iso-
lated ridge west of Butler ridge.

Butler ridge contains an imbricate thrust
stack of interleaved Mesozoic, Paleozoic, and
Proterozoic rocks. Thrust sheets in this zone
strike north-northwest parallel to the ridge
and dip gently to moderately to the northeast.
In the northern half of Butler ridge, the
structurally lowest rocks exposed are a
Proterozoic granite (dated by a Rb-Sr
whole-rock analysis) and a small body of
younger diorite. These rocks are overlain by
a southward-thinning lens of strongly
attenuated Paleozoic and Mesozoic metasedi-
mentary rocks. The contact between the
granite and metasedimentary rocks is tectonic
in character, but probably does not represent
a major structure because Cambrian Bolsa
 Quartzite, one component of the metasedi-.
mentary sequence, rests depositionally on the
granite in one locality. The metasedimentary
rocks, Proterozoic granite, and small intru-~
sions of Jurassic alaskite are complexly

thrust is underlain by numerous imbricate
thrusts that interleave the Paleozoic
metasedimentary rocks and underlying Prot-
erozoic granite. Beneath the Proterozoic
granite are several additional thrust faults
that are not exposed further north on the
ridge. These thrusts place the granite over
Paleozoic and Mesozoic sedimentary rocks,
including Bolsa Quartzite, and Jurassic
Vampire Formation. The Vampire Formation
is apparently depositional on an underlying
Proterozoic granite in several exposures, a
relationship similar to that seen in the section
near Salome Peak. We infer that these rocks
in the northern Granite Wash Mountains are
within that same structural plate as those near
Salome Peak and would be underlain by the
Yuma mine thrust. The thrusts in this area,
like those elsewhere in the range, have been
broadly to tightly folded.

Thrusts structurally above the Hercules
thrust on the east side of the main Butler
ridge diverge from the underlying thrust
stack and swing to the east into the Cobralla
area, At Cobralla, thrust-bounded slivers of
Paleozoic and Mesozoic rocks appear along
shear zones that juxtaposed only crystalline

..rocks further west:on the main ridge. The

main.Cobralla thrust:dips to the north.and -
places mylonitic crystalline rocks, including
foliated granodiorite, quartz diorite, and
gneiss, over Proterozoic gneiss and an over-
turned, south-southeast-facing section of

interleaved via both folding and faulting.

The top of the metasedimentary lens is a
major thrust that carries Proterozoic gneiss
and Jurassic or Proterozoic leucogranite in its
hangingwall -- this thrust is interpreted to be
the continuation of the Hercules thrust from
the southern part of the range. The Hercules
thrust zone in this area is characterized by
~ laterally discontinuous slices of Paleozoic and
Mesozoic metasedimentary rocks, Proterozoic
granite, and Jurassic alaskite. Thin lenses of
Paleozoic metasedimentary rocks are also
present above the thrust along ductile shear
zones within the gneiss and along subsidiary
thrusts between the gneiss and leucogranite.
The Hercules and subsidiary thrusts continue
to the south where they are discordantly
intruded by the Tank Pass Granite. Just
north of the intrusive contact, the Hercules

Paleozoic and Mesozoic rocks. The Paleozoic .
section is strongly attenuated to a total
thickness of approximately 40 m, or four
percent of normal, yet all of the typical
Paleozoic formations are present. The
contacts between the inverted Paleozoic
sequence and the underlying Mesozoic(?)
rocks to the south are conformable and not
tectonized more than any other formational
boundary. The Mesozoic(?) rocks include
mafic schists, quartz-feldspar-lithic
sandstone, slightly feldspathic vitreous
quartzite, and strongly foliated, fine- to
coarse-grained alaskite that is discordantly
cut by undeformed Tank Pass Granite,

Little Butler ridge contains an over-
turned, southwest-facing Paleozoic section
that is overlain by a Proterozoic granite. All
of the typical Paleozoic units are preserved




beneath the granite, but they are much thin-
ner than normal. On the northern end of the
ridge, the granite overlies a thin remnant of
Cambrian Bolsa Quartzite along a contact that
is interpreted to be an overturned noncon-
formity. This contact is not more tectonized
than adjacent units and is marked by a
sericitic zone in the granite that is interpreted
as a metamorphosed clay-rich soil horizon
associated with original nonconformity
beneath the Bolsa. The inverted Paleozoic
sequence below the contact in this area is
greatly attenuated -- the combined thickness
of Cambrian, Devonian, and Mississippian
units is only 6 m. Further south, the base of
the granite cuts discordantly across the
Paleozoic section and ultimately rests on
upside-down Permian Coconino Sandstone,
without any intervening lower Paleozoic units.
This segment of the contact is marked about
10 cm of ultramylonite and is clearly a shear
zone. The granite is more strongly mylonitic
upward toward a shear zone that is overlain
by a thrust sheet of quartzite, calc-silicate
rocks, marble, and structurally higher
leucogranite,

PHASES OF DEFORMATION,
KINEMATICS, AND TIMING

The geologic relationships:summarized:
above clearly show that rocks in the range
were affected by multiple episodes of defor-
mation. We have used these map-scale
relationships and more detailed structural

D1b -- southeast- to south-vergent folding of
D1la thrusts and attenuated sections,
accompanied by formation of an axial-
planar slaty cleavage in rocks of
appropriate composition;

D2a -- southwest-directed displacement of
the Hercules, Yuma mine, and McVay
thrusts, with associated folding and
development of cleavage and foliation;

D2b -- formation of large, north-northwest-
trending folds;

D3 -- large- and small-scale folding about
west- to west-northwest-trending axes,
locally associated with reverse movement
on south- and north-vergent, brittle-

ductile shear zones; and

D4 -- development of a southwest-dipping
spaced cleavage; the relative timing
between this event and D3 is uncertain,

These phases of deformation will be discussed
below, from oldest to youngest.

Dla and D1b

The first episode. of *deformation (D1):
was' characterized by tectonic transport to the
southeast or ‘south and consisted of two
phases, Dla and D1b. Dila is most clearly
recorded by the north-dipping Cobralla

mapping and analysis to identify four main
episodes of deformation and metamorphism,
designated D1, D2, D3, and D4, from oldest
to youngest. Each episode of deformation
has several different manifestations (for
example, thrusting, folding, and cleavage
development) that we have grouped together
because of similar kinematics or timing.
Where relative timing between two manifes-
tations of a single deformational episode can
be discerned, we have designated these with
the suffix a or b (e.g. D2a and D2b, from
oldest to youngest). In all, six phases of
deformation are recognized:

Dla -- southeast-vergent thrusting, formation
of thrust duplexes, and section attenua-
tion; major structures are marked by
zones of strongly developed mylonitic
fabric and cleavage;

thrust, which places crystalline rocks over a
south- to southeast-facing, overturned and
attenuated Paleozoic section. Mineral and
stretching lineation in mylonitic rocks along
the thrust trends north to northwest, and S-C
fabrics indicate that the upper plate moved
south or southeast (Cunningham, 1986;
Reynolds and others, 1986b). The direction
of overturning of the underlying Paleozoic
rocks is kinematically consistent with this
sense of transport. The Cobralla thrust and
related fabrics predate D2 because they (1)
are overprinted by fabrics related to the Her-
cules thrust on Butler ridge and (2) bend into
parallelism with the Hercules thrust, which
continues undeflected across their projection,

Evidence for Dla is also preserved in the
southern part of Butler ridge, just north of
the Tank Pass Granite. In this area,




mylonitic zones with southeast-trending
stretching lineation and southeast-directed
S-C fabrics and asymmetric feldspars are
associated with a thrust that places
Proterozoic granite over Mesozoic and
Cambrian rocks. This northwest-trending
thrust is apparently truncated to the southeast
by more northerly trending thrusts of the
Hercules thrust zone. Such fabrics are
progressively more strongly overprinted
upwards by D2 mylonitic fabric associated
with the Hercules thrust.

The main manifestation of Dla in the
central Granite Wash Mountains is recorded
by the attenuation and repetition of Paleozoic
units in the three strike belts. The faults and
shear zones repeating the section are parallel
to the steeply-dipping bedding in the
Paleozoic units and are marked by a steep,
layer-parallel Dla cleavage that is especially
well developed in Mesozoic units along the
faults and shear zones. The faults are discor-
dantly cut by a gently dipping D2 thrust that
underlies a klippe of Mesozoic rocks. The
simplest interpretation is that the section-
repeating faults are early (Dla) thrust slices
or duplexes that imbricated the section before
it was upended by folding. Dla thrusting -
was accompanied by:formation of the layer--
parallel cleavage (which is presently steeply’
dipping) and by attenuation of the
Paleozoic-Mesozoic sections, especially in the
southern strike belt. Based on where the

defined by the basal units of the McCoy
Mountains Formation, which are near vertical
in structurally low exposures but at higher
levels bend over to the south into a com-
pletely inverted limb. The lower, upright
limb of the fold is generally below the level
of exposure. Associated with the fold is a
fine-grained, slaty cleavage (S1) that is quite
variable in orientation because of cleavage
refraction and subsequent folding. Where
unaffected by later folding, the slaty cleavage
commonly dips gently to the north and
northwest, concordant with the axial surface
of the main D1b fold.

D2a

D2a was a major, southwest-vergent
deformation that formed the Hercules, Yuma
mine,.and McVay thrusts and associated
widespread cleavage, mylonitic foliation, and
small- and large-scale folds. D2a thrusts,
folds, and fabric clearly crosscut and are
unrelated to D1 structures, as illustrated by
thrusts that cut discordantly across the up-
turned section in the hinge of the large Dlb
fold. An excellent example of this is the
gently dipping klippe of Mesozoic rocks that
overlies vertically dipping units in the center
of the Paleozoic strike belts. On a smaller
scale, S1 slaty cleavage: (related:to'DI1b
folding) is discordantly cut by D2a cleavage
and is folded around the hinges of D2a folds.

A southwest sense of transport during

section-repeating faults cut the section, the
floor (sole thrust) of the duplexes is within
Cambrian shales and siltstones, and the roof
thrust is within mechanically weak evaporitic
and phyllitic zones of the Triassic Buckskin
Formation, These two stratigraphic horizons
are also zones of thrust localization in the
Buckskin Mountains, northwest of the
Granite Wash Mountains (Reynolds and Spen-
cer, 1989),

D1b deformation, consisting of
southeast- to south-vergent folding, widely
affected rocks in the central part of the range
and was responsible for upturning the entire
Paleozoic-Mesozoic section beneath the Yuma
mine and Hercules thrusts. The northeast to
east strike and steep dip of this section
reflect a single, large southeast- to south-
facing, recumbent fold. The fold is best

D2a is indicated by (1) southwest-directed
S-C fabrics and asymmetrical feldspar por-
phyroclasts along the Hercules, Yuma mine,
and McVay thrusts in the main part of the
range and along the Hercules thrust on Butler
ridge, (2) observed offsets on small-scale D2a
shear zones; (3) southwest-vergent minor
folds with their associated northeast-dipping
cleavage, and (4) the map-scale drag of
Paleozoic and Mesozoic units to the south and
southwest beneath the Yuma mine and Her-
cules thrusts.

The effects of D2 deformation vary
markedly with increasing distance both below
and above the Hercules thrust. At the
deepest structural levels, Mesozoic sedimen-
tary rocks largely retain their primary
sedimentary structures and are cut by spaced,
disjunctive cleavage or crenulation, reflecting




pressure-solution effects. At higher levels,
the rocks are progressively converted into
phyllite, semischist, and finally fine- to
medium-grained schist directly beneath the
Hercules thrust. Upper-plate crystalline
rocks are mylonitic near the thrust, but
largely retain their original, pre-thrust fabrics
within 100m above the thrust.

Three different types of D2-related
cleavage are differentiated on the map.
These cleavages are all interpreted to be
related to D2a and are designated D2a, D2b,
and D2m (following Laubach, 1986; Laubach
and others, in press). S2a consists of spaced,
disjunctive, pressure-solution or crenulation
cleavage that is best preserved at deeper
structural levels, away from the Hercules and
Yuma mine thrusts. It commonly.dips north-
east and is penetrative in finer grained rocks,
but is subvertical and almost fracturelike in
the mafic bodies within the McCoy Moun-
tains Formation. It is interpreted to be
related to northeast-southwest-directed
flattening of the rocks during thrusting.

S2b cleavage forms thin zones of inten-
sified fabric that represent small-scale shear
zones, typically with several centimeters to
several meters of offset. This fabric and S2a-

cleavage are commonly both present within a °

single outcrop and interact in a manner very
reminiscent of S-C fabrics in mylonites.
They are interpreted as lower grade kinematic

southwest-facing monocline. The genetic
relation of these folds to D2a thrusting is un-
known, but the folds have axes perpendicular
to the direction of D2a thrusting and, where
asymmetrical, have the same southwest sense
of vergence.

D3

The D2 thrusts and thrust-related fabrics
are also folded by west- to northwest-
trending, small- and large-scale folds. The
largest of these is near the Calcite mine,
where the Yuma mine thrust, overlying Her-
cules thrust, and associated mylonitic fabrics
are folded by a vertically plunging,
westward-opening antiform that causes a
sharp bend in the trace of both thrusts, This
peculiar folded geometry of the thrusts is
interpreted to be an interference pattern

resulting from successive folding of the
thrusts by a large, northwest-trending D2b
fold and an even larger, east-trending D3
fold with an amplitude of approximately
1km. The large D3 fold is accompanied by a
series of east-trending folds with amplitudes
of tens to hundreds of meters. These folds
are spatially associated with the east-trending,
north-dipping brittle-ductile Calcite Wash
shear zone north:of Calcite mine.: This shear

- zone discordantly cuts D2a-thrust-related:

fabrics and contains south-vergent folds that
fold D2a cleavage. The D3 shear zone cuts

across the trace of a major D2b fold with no
apparent change in orientation, which implies

equivalents of S-C fabrics and yield a top-
to-the-southwest sense of shear.

S2m cleavage represents the most extreme
intensification of S2 fabric within the
Hercules thrust zone. It varies from a
mylonitic foliation with associated stretching
lineation to a poorly lineated schistosity or
phyllonitic fabric. It is interpreted to repre-
sent surfaces of high shear strain (including
discrete shear zones) and the resulting
asymptotic approach of §2a and S2b fabric to
mutual parallelism.

D2b

D2b consists of large (approximately
100m amplitude), northwest-trending folds
that fold the Hercules and related D2a thrusts
and fabrics. These folds are generally
upright antiforms and synforms or
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that D3 postdates D2b. Associated with this
shear zone is a very locally developed spaced
cleavage or fault-zone fabric (S3).

Similar D3 folds and brittle-ductile shear
zones are also present northward in the range.
A major D3 fold limb is present along the
northern boundary of the McVay window,
where the McVay thrust rolls over from its
typical subhorizontal attitude into a steep
northward dip. Along strike to the west, a
completely inverted sequence of Permian and
Triassic rocks beneath a D2a thrust is folded
by tight, west-northwest-plunging, upright
D3 folds. D3 folding is also interpreted to be
responsible for the steep dip of both D2a and
Dla shear zones north of the Paleozoic strike
belt. The adjacent brittle-ductile shear zone
that places the Paleozoic strike belts over the
Jurassic(?) granite is regarded as a D3 struc-




ture. Along the eastern extension of this
structure, the D2a thrust that places Jurassic
volcanic rocks over Coconino Sandstone is
tightly to isoclinally folded by west- to
northwest-plunging D3 folds. These folds are
adjacent to a southwest-dipping, brittle-
ductile shear zone with northeast vergence
and D3 style of deformation. The D3 shear
zones are commonly accompanied by fault-
zone fabric and cleavage with mixed,
brittle-ductile character.

D4

In weakly metamorphosed rocks in the
western part of the range, D4 is expressed as
a disjunctive, pressure-solution-type cleavage
(S4) that crosscuts D1 and D2 fabrics. This
cleavage is best developed in the western part
of the range, where it generally dips south-
west and is locally associated with northeast-
vergent, brittle-ductile shear zones. In rocks
with well-developed D2 fabric in the eastern
part of the range, D4 fabric is manifest as a
west-northwest- to north-northwest-trending
crenulation of D2a-thrust-related foliation
and cleavage. The relative timing of D3 and
D4 is uncertain, and the two deformations
may be related.

Timing

All phases of deformation affected, and
must be younger than, rocks correlated with
basal sandstone member 2 and the mudstone
member of the McCoy Mountains Formation.

crosscutting relationships are less clear. Near
the Tank Pass Granite, D3 brittle-ductile
shear zones commonly contain synkinematic
scheelite-bearing quartz veins. ‘This associa-
tion may imply that the granite and shear
zones are of similar age, but no shear zones
or D3 cleavage have been observed cutting
the granite. Some quartz veins along these
shear zones contain fragments of phyllite, but
are themselves boudined.

A weakly developed foliation of uncer-
tain significance is present in sever