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Recent research along the east half of a crustal geotraverse
across the Cordillera from the Southern California Border-

land to the Colorado Plateaus in Arizona was the subject of

a workshop held in Flagstaff, Arizona, in May 1988. The
diversity of earth science disciplines brought together by this
stimulating CACTIS (California-Arizona Crustal Transect—
Interim Synthesis) workshop offered new insights toward an
understanding of the crustal structure and evolution of this
region. It was decided at the workshop that a set of papers
should be assembled to present these new insights. This
special section, part 1, presents the first group of papers on
the California-Arizona crustal transect; part II will be pub-
lished in early 1990, and part I1I is projected for late 1990,
Part I focuses largely on the Basin and Range province.

The southern Cordillera of the United States (Figure 1)
comprises geologic terranes and provinces formed over the
past 2 b.y. variously by continental accretion, subduction,
arc magmatism, terrane dispersal, compression, and exten-
sion. A broad array of exposed crustal levels, as deep as 30
km, makes this well-exposed arid region an excellent labo-
ratory to study crustal evolution and processes. The nature
of the boundaries between terranes or provinces, their
character at deep crustal levels, and the specific tectonic
processes responsible for crustal evolution invite inquiry by
many approaches. Improved understanding of the structure
of the crust and the timing of events, made possible by the
power of collaborative multidisciplinary study, helps deci-
pher geodynamic history and the responsible orogenic pro-
cesses.

East of the San Andreas fault on the North American
plate, the crust of the Basin and Range province has under-
gone several intense and widespread Phanerozoic compres-
sional and extensional events accompanied by magmatism.
In contrast, the uplifted but little deformed Colorado Pla-
teaus have remained a stable block through most of Phaner-
ozoic time. What protected the plateaus block from these
deformational events and controlled its boundary against the
highly deformed belt? How have the lower crust and sub-
crustal continental lithosphere evolved from their Early
Proterozoic crustal origin and assembly through the subse-
quent Phanerozoic orogenic episodes? Did compression,
crustal thickening, and arc magmatism during the Mesozoic
lead directly to and localize crustal collapse, thinning, and
exposure of metamorphic core complexes during the Ceno-
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zoic? What happened during the intervening 20-40 m.y. of
early Cenozoic time when our record of events is nearly
blank. as revealed by a synthesis of event timing assembled
at the workshop [Sass et al., 1988]? How did inboard events
in the Basin and Range province relate to plate interactions
and processes at the continental margin to the west?

For the past few years, such questions have been the
subject of concerted scientific attack in the region. Crustal
seismic reflection studies were launched by the California
Consortium for Crustal Studies (CALCRUST) and the Con-
sortium for Continental Reflection Profiling (COCORP). The
Pacific to Arizona Crustal Experiment (PACE) of the U.S.
Geological Survey was formed to support these studies with
other geophysical and geologic work and to help forge a
crustal transect study from the Colorado Plateaus south-
westward across the Cordillera to the continental margin at
the west edge of the Southern California Borderland. These
consortia, as well as the Collaborative Old Woman-Piute
Investigative Effort (COWPIE) and ongoing investigations
by many other academic, government and industry scien-
tists, have combined in a broadly based interdisciplinary
attack on the structure and evolution of the crust in the
region [Frost et al., 1987].

Panel discussions at the CACTIS workshop focused on a
synoplic view of the transect [Sass et al., 1988]. Of partic-
ular interest were the seismic refraction and reflection data
recently obtained by PACE, COCORP, and CALCRUST,
and the interpretation of these data in light of petrologic
evidence for deep processes and the potential for seismic
anisotropy. Geobarometric data provided evidence for con-
siderable variation in the depth of formation of metamorphic
core complexes unroofed during Tertiary extension: some
are shallow, others are deep. The role of inheritance of older
structural belts in new tectonic regimes received prominent
attention.

Five papers in this special section address structural and
petrologic events during the late Mesozoic to early Tertiary.
John and Mukasa report on Cretaceous ductile shearing
coincident with plutonism as exposed in the Chemehuevi
metamorphic core complex. Fletcher and Karlstrom de-
scribe anastomosing ductile thrusts accommodated base-
ment shortening. Palais and Peacock suggest constraints on
the depth of pluton emplacement and degree of crustal
thickening in the area of the Catalina metamorphic core
complex. Jacobson and Heizler discuss the timing, and
Simpson the shear sense, along the Vincent-Chocolate
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Fig. 1. Southwestern U.S. Cordillera, showing major geologic
provinces. AZ, Arizona; CA, California; NV, Nevada.

Mountain thrust, an important and much debated boundary
between oceanic and continental crust.

The interplay between Mesozoic thrusting and middle
Cenozoic extensional events is a recurring theme. Spencer
and Reynolds focus on Mesozoic thrusting followed by
coincident Cenozoic extension in the area of the Maria fold
and thrust belt, proposing that crustal thickening under the
thrust belt directly controlled later thinning. Walker, Bart-
ley, and Glazner document the timing of Miocene extension
and core complex development in the western Mojave
Desert and point out the implications of this extension for
reconstructing the configurations of Mesozoic terrane
boundaries.

Stratigraphic and structural evolution during crustal ex-
tension during the mid-Tertiary is the subject of three
papers. Nielson, Lux, Dalrymple, and Glazner report an age

INTRODUCTION

for the Peach Springs Tuff of Young and Brennan [1974], a
key stratigraphic and structural marker that spans several
structural provinces from the western Mojave Desert to the
Colorado Plateaus. Hileman, Miller, and Knoll address
extensional events along the western margin of the Colorado
River extensional corridor, whereas the central part of that
corridor is addressed by Nielson and Beratan and by Bera-
tan, Nielson, Blom, and Crippen.

A paleomagnetic study by Calderone, Butler, and Acton
concludes that no tectonic rotations have occurred in the
region east of the central Mojave Desert and Transverse
Ranges since the middle Miocene. Wilshire reports petro-
logic evidence from xenoliths for the evolution of the crust-
mantle boundary and the seismic characteristics of the lower
crust and upper mantle.
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Crystalline rocks unroofed from the middle crust during Tertiary crustal extension by the
Chemehuevi detachment fault record a complex history of comprises both subhorizontal and
subvertically foliated mylonitic gneisses sharing a common gently SW-plunging stretching
lineation, which are intruded by members of the voluminous laccolith-shaped Chemehuevi
Mountains plutonic suite. Proterozoic and Mesozoic gneisses, migmatites and early
members of the Chemehuevi Mountains plutonic suite in the eastern Chemehuevi Mountains
are deformed into a gently southwest-dipping zone of protomylonite, mylonite and locally,
ultramylonite in excess of 1.5 km thick. A belt of steeply foliated mylonitic gneiss up to 5
km across, traceable for 12 km along strike (NE-SW) crops out in the northern part of the
range. This belt passes abruptly downward into the subhorizontal shear zone exposed in the
castern Chemehuevi Mountains. A preliminary shear sense study indicates NE-directed shear
within the sub-horizontal mylonitic rocks, and sinistral shear parallel to the steeply foliated
mylonites. Deformation in these two zones took place under upper greenschist to middle
amphibolite facies conditions. Mylonitic deformation associated with the two shear zones
was spanned by intrusion of the Chemehuevi Mountains plutonic suite. Cross-cutling
contacts within the suite indicate that ductile deformation occurred after intrusion of
homblende-biotite granodiorite. Four zircon fractions from this unit are discordant, but
define a chord with a lower intercept of around 90 Ma and an upper intercept of ~1900 Ma.
Thirteen zircon fractions from two separate undeformed members of the suite (biotite
granodiorite and porphyritic biotite granodiorite) are variably discordant, but fractions for
each unit define chords that yield latest Cretaceous cryslallization ages with upper intercepts
of ~1600 Ma. Together these data constrain the timing of plutonism and ductile deformation,
with associated thick zones of fabric reorientation and mylonitic transposition, to the Late
Cretaceous. Superimposed on this fabric and involving all rocks types in the footwall, are
the localized brittle and ductile effects of the mid-Tertiary extensional deformation.
Movement direction and the timing of mylonitic deformation in the Chemehuevi Mountains
suggest that the effects of the Cordilleran fold and thrust belt extends into the Chemehuevi
Mountains region, where it in part overlapped with, and was heated by, plutonism along the
eastern margin of the Mesozoic magmatic arc during late Cretaceous time.

INTRODUCTION

Cordilleran metamorphic core complexes crop out in a
sinuous belt extending from Canada to southern Nevada, west
of the Mesozoic fold and thrust belt, and inboard of the
Mesozoic arc (Figure 1). In southeastern California and
western Arizona these complexes lie astride the fold and thrust
belt, now the eastern margin of the magmatic arc, and distend a
multiply deformed and intruded crust. This unusual spatial
distribution of core complexes has generated a variety of
hypotheses for their evolution and led to considecrable debate
among geologists for over a decade [Davis and Coney, 1979;
Crittenden et al., 1980; DeWirt, 1980; Wernicke, 1985;
Armstrong, 1982; Miller et al., 1983; Spencer and Reynolds,
1986; Carr et al., 1987; Gans, 1987; Davis and Lister, 1988].
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The common thread that runs through all models of core
complex evolution is that at least some of their structural
features are related to Tertiary continental extension.

In the southern Cordillera these complexes are characterized
by domes of crystalline rock flanked by prominent outward
dipping Tertiary low-angle normal or detachment faults. The
faults juxtapose rock suites of varied lithology, age, structure,
and metamorphic history. The footwalls of these detachment
faults expose crystalline rocks, in many cases bearing a
mylonitic fabric. It is becoming increasingly apparent that
within some core complexes ductile (mylonitic) and brittle
(cataclastic) deformation are genetically related to the same
extensional event [Davis and Coney, 1979; Davis, 1983;
Miller et al., 1983; Snoke and Lush, 1984; Reynolds, 1985;
Davis and Lister, 1988]. Yet, despite similarities in structural
style between different core complexes and the parallelism of
lineations in footwall mylonites, striations on detachment
fault surfaces, and hanging wall transport directions, some of
these features have a much ecarlier (Mesozoic) origin
[Armstrong, 1982].

The Chemechuevi Mountains area lies in the central part of a
100 km-wide zone of extension, termed the Colorado River
extensional corridor [Howard and John, 1987], which is
centered along the Colorado River trough (Figure 2). Major
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Fig. 1. Map showing the location and tectonic setting of the
Cordilleran metamorphic core complexes (modified from
Armstrong [1982]). The core complexes are shown solid.
Double-headed arrows indicate the trend of mylonitic lineations
within the core complexes. The pre-80 Ma Cretaceous arc is
shown patterned. Outline indicates area of Figure 2.

mid-Tertiary extension involving the upper and middle crust
was accomplished along brittle, east dipping, low-angle
normal or detachment faults. As a consequence of this
deformation, crystalline rocks that once resided at paleodepths
of at least 10 km in the crust were juxtaposed against volcanic
rocks erupted at the surface 18 Ma [Howard and John, 1987,
John, 1987b; Davis, 1988; Anderson, 1988].

The Chemehuevi Mountains expose a classic metamorphic
core complex, where Tertiary extensional deformation can be
shown to post date earlier mylontic deformation and associated
plutonism. The range is underlain by Prolerozoic through
Tertiary igneous and metamorphic rocks. Three stacked low-
angle normal faults cut these rocks. Tertiary volcanic and
sedimentary strata lie both unconformably and in fault contact
above the crystalline basement in the hanging walls of the two
structurally highest faults. Footwall rocks in the core of the
range consist of variably mylonitized gneiss and migmatites of
Proterozoic age. Locally, these rocks bear a subhorizontal
mylonitic lineation. An irregularly zoned, granitic laccolith of
Late Cretaceous age, the Chemehuevi Mountains plutonic suite,
intrudes the Proterozoic rocks and locally shares the mylonitic
fabric. Felsic and intermediate members of the suite are

JOHN AND MUKASA: A WINDOW INTO THE MIDDLE CRUST, SOUTHERN CORDILLERA

undeformed and intrude the thick sequence (>1.5 km) of
mylonitized gneiss, indicating that these mylonites are no
younger than Late Cretaceous and therefore were not caused by
mid-Tertiary crustal extension.

The purpose of this paper is to outline the macroscopic
structural relations between the plutonic and associated
mylonitic rocks exposed in the footwall to the mid-Tertiary
Chemehuevi detachment fault. We provide information on the
style, metamorphic conditions, and kinematics of these rocks
and present new U-Pb isotopic data that bear on the timing of
both plutonism and ductile deformation preserved in the
footwall. The shear zones and associated plutonic rocks
fortuitously exposed in the footwall of the mid-Tertiary
Chemehuevi detachment fault allow us a rare glimpse of the
kinematics of the late Mesozoic middle crust in this region.

Regional Structural and Plutonic History

Prolerozoic crystalline rocks and their thin veneer of cratonal
strata in the eastern Mojave Desert record a complex, often
difficult to decipher, Mesozoic history that involved large-
scale thrusting, regional metamorphism, and multiple
injection of granitic magmas |Howard et al., 1980, 1987;
Miller ¢t al., 1982; Hamilton, 1982; Hoisch et al., 1988:
Reynolds et al., 1988]. Two major zones of thrust faulting,
folding, and regional metamorphism have been documented in
the eastern Mojave and western Sonoran deserts of California
and Arizona (Figure 1). These are belts of late Mesozoic ductile
thrusts and related folds, which cut and deform Paleozoic and
Mesozoic stratified rocks and Proterozoic crystalline basement
[lloward et al., 1980, 1987: Miller et al., 1982; Hamilton,
1982; Frost and Martin, 1982: Reynolds et al., 1986, 1988].
They crudely align with the Sevier orogenic belt of Nevada and
Utah to the northwest [Armstrong, 1968; Burchfiel and Davis,
1981]. Recognition of these thrusts and related deformation in
the eastern Mojave and western Sonoran deserts has extended
the Cordilleran fold and thrust belt into a cratonal region that
was thermally softencd by voluminous batholith emplacement
[Howard et al., 1980; Burchfiel and Davis, 1981]. Along the
Colorado River trough, the fold and thrust belt crosses the
northwest trending Jurassic and Cretaceous magmatic arcs that
extend from Mexico, across southwestern Arizona, and into
adjacent California (Figure 1). The ductile mode of deformation
documented in this region and the metamorphism and
plutonism associated with it contrast sharply with the more
brittle style of thrusting developed at the margin of the
stratigraphically thick miogeoclinal section in the classical
fold and thrust belt of Nevada and Utah.

Thrust faults and related deformation in eastern California
outline the southern and western margins of the uplifted
crystalline terrane that includes the Sacramento, Chemehuevi
and Whipple Mountains core complexes (Figure 2). However,
no Mesozoic thrusting sensu stricte has been recognized in
this crystalline terrane.

Proterozoic structures and intrusive relationships are
preserved in the western Whipple Mountains [Davis et al.,
1982], the Turtle Mountains [Howard et al., 1982¢], and the
Mohave and Buck mountains [Howard et al., 1982a].
Restoration of the pre-Tertiary crustal configuration indicates
that these Proterozoic rocks represent high structural levels in
the crust, suggesting that Proterozoic structures are best
preserved at high structural levels [Howard et al., 1982a;
Howard and John, 1987]. In this restoration, midcrustal depths
are characterized by mylonitized gneisses, such as those now
exposed in the Chemehuevi and Whipple mountains [Howard
and John, 1987].  Supporting this notion are the
thermobarometric studies by Anderson [1988] in the Whipple
Mountains, suggesting that mylonitic deformation took place
at 4-5 kbar.
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Fig. 2. Map of the Colorado River extensional corridor in California, Arizona, and Nevada [Howard and John,
1987]. The central belt of metamorphic core complexes is shaded. Alluviated basins intervene between the
named mountain ranges. The solid lines with teeth indicate major late Mesozoic thrust faults [compiled from
Howard et al., 1987; Miller et al., 1982; Carr et al., 1980; Hamilton, 1982; Lyle, 1982; Reynolds et al., 1986,
1988]. Dashed lines with teeth indicate the upper margins of known or suspected late Mesozoic mylonite
zones in the Chemehuevi, Sacramento, and Whipple mountains [compiled from John, 1987a; McClelland,
1982; Davis et al., 1982]. Strike-slip arrows in the northern Chemehuevi Mountains indicate the location of a
transcurrent ductile shear zone linking mylonitic rocks in the Sacramento Mountains with those in the
Chemehuevi Mountains. Dotted line with boxes indicates the inferred breakaway of the Tertiary fault system

before erosion.

Mesozoic regional deformation and metamorphism in
southeastern California and southwestern Arizona were
accompanied by intrusion of metaluminous and peraluminous
granitic magmas. These granites apparently bracket the timing
of deformation based on the intrusive and fabric relations with
their metamorphic host rocks [Hoisch et al., 1988; Reynolds et

al., 1988]. Homblende and muscovite 404,397, plateau ages
from metamorphosed and deformed Proterozoic and Mesozoic
rocks in the Old Woman and Big Maria ranges (Figure 2) vary
from 78 to 75 Ma and 66 to 59 Ma, respectively [Hoisch et al.,
1988]. Undeformed Late Cretaceous (72 Ma, U-Pb zircon)
homblende-biotite granodiorite in the Old Woman Mountains
intrudes a southeast vergent nappe [Miller et al., 1982; Miller
et al., 1984]. Fletcher et al. | 1988] show that Late Cretaceous

structures in the Piute Mountains are dominated by both
portheast and southwest directed shear zones active between 85
and 73 Ma. Together these dala place a Late Cretaceous
minimum on the age of deformation, metamorphism, and
plutonism in the eastern Mojave Desert. The geochronology
cited by Hoisch et al. [1988] establishes that tectonism in
southeastern California is similar in timing to the fold and
thrust belt in southern Nevada.

Mylonitic gneisses, granitic intrusions, and regionally
metamorphosed tocks exposed in the Sacramento,
Chemehuevi, and Whipple mountains are inboard of the two
belts of known thrusting and are thought to have, at least in
part, similar Late Crelaceous ages |Davis et al., 1982; John,
1982, 1986; Wright et al., 1986]. The timing of
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mylonitization, however, and the nature, origin, and
significance of the mylonitic fabric are still debated [cf. Davis
et al., 1982; John, 1986; Davis, 1988; Anderson, 1988]. We
suggest that in these three ranges, formation of the thick
sections of mylonitic rocks, late Mesozoic thrusts, and
attendant plutonism are related. This suggestion is based on
the close association in time and space, the regional
continuity, and the apparent parallel movement directions
recorded by the [abric in the mylonitic rocks and late Mesozoic
thrust faults [Miller et al., 1982; Howard et al., 1982b: Jolin,
1986; Hoisch et al., 1988; Reynolds et al., 1988]. This
interpretation is in matked conflict with those made recently
by Davis [|1988], Andersen [1988], and Davis and Lister
[1988], who have suggested that mylonitic gneisses exposed
in the Whipple Mountains ate purely the product of deep-seated
Cenozoic extensional deformation. We suggest that the thick
zone(s) of mylonitic transposition exposed in the Whipple,
Chemehuevi, and Sacramento mountains is fundamentally Late
Cretaceous in age, and has been extensively overprinted
locally by middle Tentiary extension as carefully documented in
the Whipple Mountains by Davis [1988] and Davis and Lister
| 1988].

Terminology

Mylonitic rocks are highly strained metamorphic rocks,
which, as a result of continuous deformation, have been
tectonically reduced in grain size and developed a penetrative
foliation and/or lineation [Tullis et al., 1982]. They show no
physical discontinuities in outcrop or hand sample. These
rocks are believed to be characteristic of ductile fault zones at
middle and lower crustal depths, below the seismogenic zone,
and at conditions of greenschist or higher facies [Sibson,
1977, 1983]. Ductile shear zones typically consist of tabular,
relatively narrow belts of mylonitic rock centimeters to
kilometers thick [Ramsay, 1980].

The terminology of mylonilic rocks is far from standardized
lef. Higgins, 1971; Sibson, 1977; White, 1982: Wise et al.,
1984]. The classification of mylonitic rocks used in this paper
is modified from Wise et al. [1984] and Sibson [1977].
Mylonitic rocks in the Chemehuevi Mountains are classified
into three types: protomylonite-mylonite-ultramylonite, the
proportion of porphyroclasts decreasing from protomylonite
to ultramylonite (Table 1). The terminology chosen to
describe the mylonitic rocks is based on field and petrographic
observations of the relative proportions of fine-grained
material (approximately <0.5 mm) produced by crystal-plastic
processes (usually accompanied by recovery and/or dynamic
recrystallization) compared to relict porphryoclasts [Wise et
al., 1984]|. Ductilely deformed rocks in the Chemchuevi
Mountains range from strained gneisses to mylonites and,
locally in high strain zones, ultramylonites. Protomylonites
are by far the most abundant rock type. This classification
scheme best describes the intrusive rocks that have undergone
only one period of deformation. The more general term
"mylonitized gneiss" is used to refer to the deformed
equivalents of the heterogeneous Proterozoic gneisses and
migmatites [after May, 1986].

MYLONITIC DEFORMATION IN
THE CHEMEHUEVI MOUNTAINS

Introduction
Mylonitic rocks in the Chemehuevi Mountains are

characterized in outcrop by a platy foliation and strong WSW
trending stretching lineation. These rocks are dominantly L-S

JOHN AND MUKASA: A WINDOW INTO THE MIDDLE CRUST, SOUTHERN CORDILLERA

TABLE 1. Classification Scheme for Mylonitic Rocks in
the Chemehuevi Mountains

Rock Type Percent Matrix Description
(>0.5 mm)
Strained 0-10 weak foliation, rare
asymmetric microstructures
Protomylonite 10-30 weak to moderate
mylonitic foliation and
lineation, common
asymmetric microstructures
Mylonite 50-90 strong mylonitic foliation
and/or lineation, common
asymmetric microstructures
Ultramylonite 90-100 usually very strong

foliation and lineation,
asymmelric microstructures
rare

All terms imply tectonic reduction in grain size dominating
over grain growth. Very few rocks in the Chemehuevi Mountains
show tectonic recrystallization or grain growth in excess of 0.5-
1.0 mm.

tectonites with subordinate S and L tectonites [Flinn, 1962]
characterized by a subhorizontal elongation lineation and
cither a steeply to moderately dipping or subhorizontal
mylonitic foliation (Figure 3). All textural varieties of
mylonitic rock listed in Table 1 are present, with
protomylonite the most abundant.

The two major zones of mylonitic rocks in the Chemehuevi
Mountains characterized by fabric reorientation and
transposition are themselves made up of numerous smaller
zones of relatively high strain, up to tens of meters thick, that
enclose pods or lenses of less deformed rock. The northern
zone (domain 1, Figure 3) crops out along the high ridge that
includes Whale Mountain in the northern part of the range
[John, 1987a]. The southern margin of this mylonitic shear
zone has been intruded by undeformed biotite granodiorite, Kbg
[John, 1987a] (Figure 4). The contact has been severely
disrupted by the brittle effects of mid-Tertiary detachment
faulting, as this zone is a lateral wall to a major antiformal
corrugation of the Mohave Wash fault [John, 1987a]. The
eastern zone lies structurally below the Chemehuevi Mountains
plutonic suite and crops out in the eastern third of the range
(Figure 3). It is subdivided into two structural domains (Figure
3). Domain Il lies in the northeastern and east-central part of
the range. Domain III lies in the southeasternmost part of the
Chemeheuevi Mountains; the fabric has been slightly
reoriented due to intrusion of the porphyritic member (Kpg) of
the Chemehuevi Mountains plutonic suite (Figure 4) [John,
1987a].

The northern zone of subvertical mylonites is exposed
continuously over two-thirds of the width of the range (~12 km
along strike) and is nearly 5 km thick. It has been greatly
disrupted by the effects of detachment faulting; it is cut by the
Mohave Wash fault and high-angle normal and strike-slip
faults. The eastern zone is well exposed along the wash bottom
in eastern Mohave Wash, and between Red Rock and Trampas
washes in the east central part of the range [John, 1987a ].

The lower boundary of the subvertical mylonites (domain I)
is gradational with the subhorizontal myloniltes exposed in the
eastern part of the range (domains II + 11I). The steeply foliated
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&

Upper plate rocks

Gneissic and plutonic rocks
Mylonitic gneiss

s Detachment fault

Fig. 3. Generalized geologic map of the footwall to the Chemehuevi Mountains detachment fault. Lower
hemisphere equal-area stereonet plots indicate the poles to foliation (S) and lineation (L) from mylonitic rocks
in the three structural domains outlined. The northern zone includes domain I. Domains II and Il comprise the
eastern zone. "Upper plate rocks" refer to rocks lying above the Chemehuevi detachment fault. Data taken

from John [1987a ].

mylonitic rocks pass structurally down into a high strain zone
of subhorizontal mylonite and locally ultramylonite, within a
distance of a few tens of meters. The transition is abrupt and
characterized by a centimeter scale planar fabric, well exposed
in the upper reaches of Bat Cave Wash and less well exposed in
the two small subparallel washes to the south [John, 1987a].

Rock Types Involved in Mylonitic Deformation

Northern zone. Mylonitic deformation in the northem zone is
restricted to members of the Whale Mountain sequence, early
members of the Chemehuevi Mountains plutonic suite
(homblende-biotite granodiorite, Kgd), and rare preserved

screens of Proterozoic gneiss and migmatite (Figure 4 and John
[1987a]. Several thin northwest trending dikes of undeformed
biotite granodiorite (Kbg) intrude deformed members of the
Whale Mountain sequence and interleaved Proterozoic gneisses
in the northwesternmost Chemehuevi Mountains [John,
1987a]. This relationship implies that ductile deformation was
followed by the intrusion of undeformed more felsic members
of the Chemehuevi Mountains plutonic suite [John, 1988;
John and Wooden, 1989].

Mylonitic deformation in the granitic and gneissic rocks in
the northern zone was accompanied by grain size reduction
from medium- to coarse-grained diorite, quartz diorite, quartz
monzodiorite, granodiorite, and quartz-poor granite to locally
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mylonitic and ultramylonitic rocks. This grain size reduction
involved crystal-plastic deformation and recrystallization of
plagioclase, hornblende, quartz, potassium feldspar, and
biotite and is discussed in a later section.

Eastern zones. Mylonitic deformation in the eastern zones
(domains II + III) affects Proterozoic gneisses and migmatites,
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Hornblende diorite -- (KJd)

Mylonitized Proterozoic gneiss

Proterozoic gneiss
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Fig. 4. Generalized palinspastic map of the footwall to the Chemehuevi detachment fault. East-northeastward
slip on the Mojave Wash fault has been restored to simplify the lower plate to the Chemehuevi detachment
fault. Lines A-A' and B-B' indicate line of sections in Figure 8.

Igneous foliation absent

Mylonitic foliation

a large sill of Cretaceous homblende-biotite granodiorite, thin
sill-like intrusions of the Whale Mountain sequence, and rare
thin sheetlike intrusions of metaluminous and peraluminous
granitic rock. Because of their small outcrop area, rocks of the
Whale Mountain sequence and the metaluminous and
peraluminous sheets were not mapped at the scale of John
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[1987a]. The sheets are typically tens of centimeters to as
much as 30 m thick and are exposed continuously for tens of
meters. Quartz diorites and quartz monzodiorites of the Whale
Mountain sequence crop out as sill-like intrusions in the
eastern part of the range. In contrast to the northem zone, the
geometry of deformation in the eastern zone is less well
exposed, involves mostly polymetamorphic Proterozoic
gneisses and migmatites, and is characterized by a penetrative
subhorizontal mylonitic foliation and lineation.

Near contacts with the younger undeformed members of the
Chemehuevi Mountains plutonic suite and within the large
screen [see John, 1987a], country rocks (both Proterozoic and
earlier intrusive rocks) show crystalloblastic rather than
protomylonitic fabrics. The developed microstructure, elongate
but weakly deformed quartz ribbons with a preferred asymmetric
orientation of porphyroclasts, suggests that earlier high-
temperature microstructures related to asymmetric deformation
have been obliterated by static annealing.

Mesoscopic Structures

Dominantly L-S, with subordinate L and S tectonites ar
developed in the mylonitic rocks exposed in the Chemehuevi
Mountains. The mylonitic lineation is oriented with a maxima
uniformly 050°+5°, plunging either gently southwest or
northeast (Figure 5). In the southeasternmost exposures of the
mylonitic rocks (domain 1I1), the strike of the penetrative
foliation parallels the contact with the undeformed porphyritic
granodiorite (Kpg) and was apparently rotated during the
intrusion  The L.-S fabrics have been disrupted throughout the
area by postmylonitic brittle deformation. The most intense
cataclasis occurs adjacent to the mid-Tertiary detachment faults
and related normal and strike-slip faulls discussed by John
[1986, 19875h].

Northern zone. The main pre-Tertiary structural element in
the northern Chemehuevi Mountains is a steep, northeast
striking mylonitic foliation which contains a subhorizontal to
gently southwest-plunging lineation (Figure 5, domain 1).
This fabric is well developed in finely laminated gneisses,
where the foliation is defined by transposed schistosity or
gneissic layering. Marker units in the Proterozoic gneisses
show evidence for internal transposition (interfolial and
rootless interfolial folds) and locally developed sheath folds.
The penctrative lineations are of several types, most
commonly quartz, feldspar, and hornblende mineral
elongation, trails of biotite and muscovite "fish" and rarely the
hinge lines of small folds.

Malic plutonic rocks of the Whale Mountain sequence,
including horublende-biotite diorite, quartz diorite and quartz
monzodiorite, and quartz-poor granite have the same fabric as
their host Proterozoic gneissic wall rocks [Johin, 19874].
Between high strain zones, the intrusive rocks are weakly 1o
strongly foliated and commonly lineated. The observed
mylonitic foliation overprints an earlier sleep magmatic flow
foliation. Where the original igneous foliation is preserved,
mafic enclaves are lensoidal. In  zones where a mylonilic
fabric is developed, the enclaves are pancake to cigar shape
(Figure 6a). The mylonitic foliation was imposed under
subsolidus conditions, leading to partial recrystallization of
plagioclase and homblende.

The foliation in the granitic rocks is locally folded. Where
mafic enclaves are common in Whale Mountain sequence, it is
possible to observe complex folding (Figure 66). The hinge
lines of these minor folds are roughly normal to the regional
lineation. Elsewhere, folding is difficult to recognize in the
homogeneous granilic rocks. In contrast to the older
Proterozoic gneissic rocks, no sheath folds were obscrved.
Where folds were recognized in more gently dipping portions
of the northern zone, vergence is toward the south.
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Eastern zone. The main structural feature of the eastern zone is
the pervasive subhorizontal mylonitic foliation and gently
plunging stretching lineation (Figure 5, domains II and 1II).
Ductile normal faults and boudin lines in the mylonitized
gneisses in the eastern zone trend 140°-150°, roughly normal
to the lineation direction. This relationship confirms that the
mylonitic lineation is a stretching lineation [Hobbs et al.,
1976]. For the most part, the orientation of gneissic foliation
(Figure 5) parallels that developed in the mylonitized gneiss.
We have interpreted this as reflecting rotation of the older
gneissic fabric into alignment with the mylonitic foliation
|Escher and Watterson, 1974; Ramsay, 1980].

Strain in the mylonitized gneiss of the eastcrn zone is very
lieterogeneous and distributed over a broad region. Within this
zone, protomylonitic fabrics dominate. Belts of high strain do
exist, however, and are commonly associated with the sheet
like metaluminous to peraluminous intrusions. Mylonitic
shear zones apparently develop adjacent to and incorporate the
sheets. Based on exposures in the northeastern Chemehuevi
Mountains, these granitic sheets were intruded as dikes at a
high angle to the earlier gneissic foliation and were
progressively rotated into a subhorizontal orientation with
increasing strain.  Locally, they are boudinaged. In the
bounding mylonitized gneisses, the older gneissic foliation is
transposed into a mylonitic foliation. These sheets are folded
into large reclined to recumbent, tight to isoclinal folds (on the
scale of tens ol meters). Zones of intense contact strain are
also common near large boudinaged bodies of amphibolite in
the eastemn zones.

Complex folding of the gneissic rocks resulted in the local
transposition of gneissic foliation into the mylonitic
foliation. Figure 7 summarizes the fold orientation data from
the mylonilized gneisses in the eastern zones (domains 1I and
1I). The mylonitic lineation is coaxial with the hinge line of
the recognized folds and foliation coaxial with the hinge
planes. This suggests rotation of fold hinges during mylonitic
deformation |Escher and Watterson, 1974; Cobbold and
Quinguis, 1980]. Folding of the mylonitic foliation is
observed locally and probably occurred throughout the
deformation. Fold asymmetry throughout the eastern mylonite
zones (domains 11 and L) indicates consistent north directed
vergence. In locally developed sheath folds, fold hinges
deviate less than 10° from the regional trend of the mylonitic
lineation.

East of Whale Mountain the steep northern and gently
dipping eastern zones merge. The downward transition
structurally of the northern to the eastern zone occurs within
tens of meters and is defined by a zone of chaotic structure,
floored by a subhorizontal zone of very high strain mylonite
and ultramylonite.  The resultant geometry is very complex
and is not completely understood. To the south of this high
strain zone, the steeply south dipping foliation flattens (Figure
8). There the mylonitic fabric changes from S>L to L-S to pure
L tectonites and may represent the superposition of two L-3
fabrics.

Asymmetric Microstructures

Microstructural characteristics including displaced broken
grains, oblique pressure shadows, mica "fish" asymmetric
plagioclase, amphibole, and garnet porphyroclasts in a
dyamically recrystallized matrix. These characteristics, in
addition to composite planar structures (S-C fabrics) where
developed, were used in a preliminary study of shear sense (see
Simpson and Schmidt [1983] and Lister and Snoke [1984] for
reviews). Field determinations were supplemented by study of
oriented thin sections cut parallel to the lineation and normal
to the foliation. The shear sense in intrusive rocks with only
one fabric developed (the metaluminous and peraluminous
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LINEATION FOLIATION
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Fig. 5. Lower hemisphere equal-area stereoplots of lineation and poles to mylonitic foliation for the three
structural domains. The mylonitic foliation varies from subvertical in domain I to subhorizontal in domains IT
and III. The orientation of the lineation maxima remain the same in all three domains. Contours are percent
per 1% area. n, number of attitudes plotted.

sheets, members of the Whale Mountain sequence, and consistent, indicating top-to-the-northeast shear roughly 60%
hornblende-biotite granodiorite, Kgd), was uniformly top to of the time.

the northeast where subhorizontally foliated and left slip where In the castern zones it is sometimes possible to trace
subvertically foliated (Figure 9). Shear indicators in the older deflected dikes; these always show top to the northeast shear,
heterogeneous Proterozoic layered gneisses were less Rarely, ductile normal faults are observed in the






