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ABSTRACT

The geology and structure of two crustal scale shear zones were studied
to understand the partitioning of strain within intracontinental orogenic
belts. Movement histories and regional tectonic implications are deduced from
observational data. The two widely separated study areas bear the imprint of
intense Late Mesozoic through Middle Cenozoic tectonic activity. A regional
transition from Late Cretaceous-Early Tertiary plutonism, metamorphism, and
shortening strain to Middle Tertiary extension and magmatism is preserved in
each area, with contrasting environments and mechanisms. Compressional
phases of this tectonic history are better displayed in the Rand Mountains,
whereas younger extensional structures dominate rock fabrics in the
Magdalena area.

In the northwestern Mojave desert, the Rand Thrust Complex reveals a
stack of four distinctive tectonic plates offset along the Garlock Fault. The
lowermost plate, Rand Schist, is composed of greenschist facies
metagraywacke, metachert, and metabasalt. Rand Schist is structurally
overlain by Johannesburg Gneiss (= garnet-amphibolite grade orthogneisses,
marbles and quartzites), which in turn is overlain by a Late Cretaceous
hornblende-biotite granodiorite.  Biotite granite forms the fourth and highest
plate. Initial assembly of the tectonic stack involved a Late Cretaceous? south
or southwest vergent overthrusting event in which Johannesburg Gneiss was
imbricated and attenuated between Rand Schist and hornblende-biotite
granodiorite. Thrusting postdated metamorphism and deformation of the
lower two plates in separate environments. A post-kinematic stock, the Late
Cretaceous Randsburg Granodiorite, intrudes deep levels of the complex and

contains xenoliths of both Rand Schist and mylonitized Johannesburg? gneiss.
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Minimum shortening implied by the map patterns is 20 kilometers.

Some low angle faults of the Rand Thrust Complex formed or were
reactivated between Late Cretaceous and Early Miocene time. South-southwest
directed mylonites derived from Johannesburg Gneiss are commonly
overprinted by less penetrative north-northeast vergent structures.
Available kinematic information at shallower structural levels indicates that
late disturbance(s) culminated in northward transport of the uppermost plate.
Persistence of brittle fabrics along certain structural horizons suggests a
possible association of late movement(s) with regionally known detachment
faults. The four plates were juxtaposed and significant intraplate movements
had ceased prior to Early Miocene emplacement of rhyolite porphyry dikes.

In the Magdalena region of north central Sonora, components of a pre-
Middle Cretaceous stratigraphy are used as strain markers in tracking the
evolution of a long lived orogenic belt. Important clements of the tectonic
history include: (1) Compression during the Late Cretaceous and Early
Tertiary, accompanied by plutonism, metamorphism, and ductile strain at
depth, and thrust driven? syntectonic sedimentation at the surface. (2) Middle
Tertiary transition to crustal extension, initially recorded by intrusion of
leucogranites, inflation of the previously shortened middle and upper crustal
section, and surface volcanism. (3) Gravity induced development of a normal
sense ductile shear zone at mid crustal levels, with eventual detachment and
southwestward displacement of the upper «crustal stratigraphy by Early
Miocene time.

Elucidation of the metamorphic core complex evolution just described
was facilitated by fortuitous preservation of a unique assemblage of rocks and
structures. The "type" stratigraphy utilized for regional correlation and strain

analysis includes a Jurassic volcanic arc assemblage overlain by an Upper
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Jurassic-Lower Cretaceous quartz pebble conglomerate, in turn overlain by
marine strata with fossiliferous Aptian-Albian limestones. The Jurassic strata,
comprised of (a) rhyolite porphyries interstratified with quartz arenites, (b)
rhyolite cobble conglomerate, and (c) intrusive granite porphyries, are
known to rest on Precambrian basement north and east of the study area. The
quartz pebble conglomerate is correlated with the Glance Conglomerate of
southeastern Arizona and northeastern Sonora. The marine sequence
represents part of an isolated arm? of the Bisbee Basin.

Crosscutting structural relationships between the pre-Middle Cretacecous
supracrustal section, younger plutons, and deformational fabrics allow the
tectonic sequence to be determined. Earliest phases of a Late Cretaceous-Early
Tertiary orogeny are marked by emplacement of the 78+3 Ma Guacomea
Granodiorite (U/Pb zircon, Anderson et al.,, 1980) as a sill into deep levels of the
layered Jurassic series. Subsequent regional metamorphism and ductile strain
is recorded by a penetrative schistosity and lineation, and ecast-west trending
folds. These fabrics are intruded by post-kinematic Early Tertiary? two mica
granites. At shallower crustal levels, the orogeny is represented by north
directed thrust faulting, formation of a large intermontane basin, and
development of a pronounced unconformity. A sccond important phase of
ductile strain followed Middle Tertiary? emplacement of leucogranites as sills
and northwest trending dikes into intermediate levels of the deformed section
(surficial volcanism was also active during this transitional period to regional
extension), Gravitational instabilities resulting from crustal swelling via
intrusion and thermal expansion led to development of a ductile shear zone
within the stratigraphic horizon occupied by a laterally extensive
leucogranite sill. With continued extension, upper crustal brittle normal

faults (detachment faults) enhanced the uplift and tectonic denudation of this
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mylonite zone, ultimately resulting in southwestward displacement of the
upper crustal stratigraphy.

Strains associated with the two ductile deformation events have been
successfully partitioned through a multifaceted analysis. Rf/¢ measurements
on various markers from the "type" stratigraphy allow a gradient
representing cumulative strain since Middle Cretaceous time to be determined.
From this gradient, noncoaxial strains accrued since emplacement of the
leucogranites may be removed. Irrotational components of the post-
leucogranite strain are measured from quartz grain shapes in deformed
granites; rotational components (shear strains) are determined from S-C
fabrics and from restoration of rotated dike and vein networks.  Structural
observations and strain data are compatable with a deformation path of: (1)
coaxial strain (pure shear?), followed by (2) injection of leucogranites as
dikes (perpendicular to the minimum principle stress) and sills (parallel to the
minimum principle stress), then (3) southwest directed simple shear.
Modeling the late strain gradient as a simple shear zone permits a minimum
displacement of 10 kilometers on the Magdalena mylonite zone/detachment
fault system. Removal of the Middle Tertiary noncoaxial strains yields a
residual (or pre-existing) strain gradient representative of the Late
Cretaccous-Early Tertiary deformation. Several partially destrained cross
sections, restored to the time of leucogranite emplacement, illustrate the idea
that the upper plate of the core complex has been detached from a region of
significant topographic relief. 50% to 100% bulk extension across a 50
kilometer wide corridor is demonstrated.

Late Cenozoic tectonics of the Magdalena region are dominated by Basin
and Range style faulting. Northeast and north-northwest trending high angle

normal faults have interacted to extend the crust in an east-west direction. Net
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extension for this period is minor (10% to 15%) in comparison to the Middle

Tertiary detachment related extensional episode.
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MOTIVATION AND SCOPE OF STUDY

A diversity of well exposed thrust faults and detachment faults in
southern California, western Arizona, and northwestern Mexico provide
potential constraints on the Late Mesozoic through Cenozoic tectonic history of
the southwestern Cordillera. These low angle faults mark the locus of intense
shearing, planes of failure along which significant displacements have
occurred during regional shortening and/or extension of the middle and
upper crust. Deformational fabrics developed in rocks adjacent to these faults
record the cumulative imprint of large scale crustal movements. Crosscutting
structures at many scales define the relative kinematic sequence as well as the
geometry of the associated strain. Shear zones can thus be reclated to regional
tectonic events. The intent of my thesis is to explore these relationships
through the application of multiscale geological observations.

In the succeeding chapters, rocks involved in two important crustal
scale shear zones are analysed in detail. The movement history of each shear
zone is interpreted and then integrated into a regional tectonic framework.
The models developed offer fresh insight into the tectonic evolution of the
southwest Cordillera.

Complete documentation of a shear zone movement history should
address the following questions:

(1) What rocks are affected by the shear zone, and what is its geographic
extent?
(2) How much displacement has occurred?

(3) What was the direction of motion, and how does it relate to the larger
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scale tectonic environment and regional stress regime?

(4) When was the main phase of movement?

(5) Has the shear zone been reactivated? If so, when and where did these
reactivations take place, and what was their tectonic significance?

(6) At what temperature and depth did faulting occur, and how did these
conditions evolve with time?

(7) To what degree did deformation within the shear zone approach a
simple shear strain gcometry?

(8) How does the shear zone movement history bear on the tectonic
evolution of the region?

All of these questions are considered in my efforts to understand the
movement histories of two quite dissimilar shear zones exposed in widely
separated areas of the southwest Cordillera. The two study areas (shown in
Figure 0.1) encompass low angle fault systems which developed within an
evolving continental margin. The Rand Thrust Complex records a history
of Late Cretaceous overthrusting followed by at least one episode of
recactivation in a probable extensional environment. The Magdalena
Metamorphic Core Complex preserves a brittle-ductile normal sense shear
zone which evolved in response to regional extension of a previously
shortened (and inflated?) Middle Mesozoic through Middle Cenozoic crustal
section. These conclusions are based largely upon field observations and
visual measurements performed on rock samples in the laboratory. My
research technique involved the mapping of rocks and structures at many
scales, and the comparison of highly deformed rock assemblages to
undeformed equivalents. As with most geological research, the story is not yet

complete, but this work serves as a basis for future studies.



Figure 0.1: Map showing location of the Rand Thrust Complex and the
Magdalena Metamorphic Core Complex.  Stippled areas represent the lower
plates of metamorphic core complexes. Hachured lines indicate major Middle
Tertiary detachment faults. Barbed lines are thrust faults. LA = Los Angeles;
SD, San Diego; m, Mexicali; Y, Yuma; A, Ajo; P, Phoenix; T, Tucson; N, Nogales; C,
Caborca; M, Magdalena; Ca, Cananea.
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PART 1I:

THE RAND THRUST COMPLEX



CHAPTER 1

INTRODUCTION

In the northwestern Mojave desert a tectonic stack of at least four
distinctive plutonic and metamorphic terranes is exposed along the crest of a
faulted basement antiform. The four crystalline masses are separated by low
angle faults which can be traced for tens of kilometers. This structural
assemblage (hereafter referred to as the Rand Thrust Complex) has been offset
left laterally about 60 kilometers by the Neogene Garlock Fault system. On a
more regional scale, the Rand Thrust Complex shares a common structural
setting with several other low angle fault systems exposed in widely scattered
basement uplifts of southern California and southwestern Arizona (see Figure
1.1). Each of these fault complexes reveals a lower plate of schist derived from
an oceanic protolith, structurally overlain by one or more plates of
continental crystalline rock. The schist bodies comprise the deepest exposed
structural levels of a large portion of the southwest Cordillera. The sequence
of tectonic events leading to their present disposition is a controversial subject
of critical importance to reconstructions of this region.

The multiplate tectonostratigraphy described below was first proposed
by Lee Silver during his leadership of a Caltech advanced mapping class (in
which I was an active participant). Silver was also first to suggest the
correlation of specific components of the Rand Thrust Complex to schists,
gneisses, and granites of the southern Sierra Nevada. The ideas and geological
intuition of my thesis adviser thus played an important role in focusing my

field research and providing a regional tectonic context for the structural and



Figure 1.1: Map showing two offset portions of the Rand Thrust Complex,
the regional distribution of Pelona/Orocopia/Rand Schist, exposures of the
Vincent/Chocolate Mountains thrust system, and important Neogene faults
(heavy dark lines). Modified from Haxel and Dillon, 1978.
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kinematic analysis outlined below. A well preserved portion of the complex
centered in the Rand Mountains was the target of my research during several
excursions to the area between 1983 and 1988. Block faulted fragments of a
correlative tectonostratigraphy in the southern Sierra Nevada were mapped in
reconnaissance during the same time period.

The bulk of this portion of the dissertation addresses diverse mylonites
and cataclasites from the Rand Mountains. These sheared rocks record a
history of late Cretaceous to Middle Tertiary tectonic ecvents which were
responsible for assembly of the Rand Thrust Complex. Multiple overprinting
of structures attests to the complexity of relative movements between various
structural levels of the tectonic stack. Pre-thrusting fabrics within the two
lowest plates provide insight into separate, earlier phases of regional
metamorphism and deformation.

The movement history of the Rand Thrust Complex is developed in the
following discussion. A regional tectonostratigraphy is defined and structures
associated with three low angle faults are analysed at mesoscopic and
microscopic scales. Directions of displacement are constrained by a variety of
kinematic indicators. The sequence of fault motion is interpreted from
crosscutting field relationships.  Finally, absolute timing of the deformational
sequence is bracketed by a number of well dated intrusive units which were

emplaced during various stages of evolution of the complex.

PREVIOUS STUDIES
The Rand Mountains have been the subject of geological investigation
since gold was discovered locally in 1893. The Rand Schist and associated rocks

were first mapped for purposes of mineral resource evaluation (see early
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reports by Hess, 1909; Hershey, 1912; Hulin, 1925; and Dibblee, 1952).
Subsequent comparison of the Rand Schist to better known exposures of
Pelona/Orocopia Schist in southwestern California (Dibblee, 1967; and Ehlig,
1968) sparked a renewed interest in the area by tectonics enthusiasts. Several
workers have noted similarities in structural setting between the
Rand/Pelona/Orocopia schists and their tectonically overlying gneissic and
plutonic rocks (Dibblee, 1967; Ehlig, 1968; Vargo, 1972; Silver et al., 1984; Silver
and Nourse, 1986; Postlethwait and Jacobsen, 1987). This peculiar structural
association is believed to represent an important regional tectonic event
which may have structurally underplated a large portion of the southwest
Cordillera with an oceanic terrane.

A variety of models have been proposed to explain the present
structural geometry of the northwestern Mojave desert. Haxel and Dillon
(1978) interpret the Rand Schist as a window through a regional thrust system
which hypothetically extended across southern California and southwestern
Arizona. In their two alternative models, the Pelona-Orocopia-Rand Schists
were contemporaneously overthrust by continental crystalline rocks during
cither cast directed subduction or the closing of a back arc or intra-arc basin.
Silver (1986) proposed the correlation of lithologies and structures in the Rand
Mountains to those exposed in the southern Sierra Nevada, and suggested their
involvement in large scale detachment of part of the Sierran batholith.
Postlethwait and Jacobson (1987) argue that the Rand thrust originally formed
in a subduction zone, but has subsequently been reactivated as a low angle
normal fault.

The ultimate test of these tectonic models is reconstruction of the crustal
terranes involved. This requires the documentation of piercing points in

conjunction with kinematic analysis of the terrane bounding shear zones.
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Constraints on the direction, magnitude, and timing of important low angle

fault movements in the Rand Mountains are evaluated below.

GENERAL GEOLOGICAL SETTING

The four plates of the Rand Thrust Complex are best exposed in the Rand
Mountains near the mining communities of Johannesburg, Red Mountain, and
Randsburg, California (see Figure 1.2). Outcrops of all structural levels are
preserved at various positions along the crest and flanks of an east trending
antiform. The two lowest plates of the complex are intruded by a granodiorite
stock in the vicinity of Randsburg. All but the uppermost plate are intruded
by a family of felsite dikes which emanate from a hypabyssal intrusive center
located midway between Randsburg and Johannesburg. The crystalline
complex is unconformably overlapped by a thick section of middle to upper
Tertiary sedimentary and volcanic rocks that comprise most of the nearby
Lava Mountains. Folding of this section and the underlying basement rocks
was contemporaneous with deposition.

The present level of exposure in the Rand Mountains is due in part to
uplift along a major east-northeast trending normal fault that bounds the
range on its northwest side. Less significant normal faults with structural
throws of tens and hundreds of meters disrupt the crystalline complex along
north and northeast trends.

Structurally disturbed components of the Rand Thrust Complex are
preserved along the prominent range front of the southern Sierra Nevada,
immediately north of the Garlock Fault, 10 to 15 kilometers northeast of
Mojave, California (see Figure 1.3). As in the Rand Mountains, the crystalline
assemblage in this area is intruded by felsite dikes and overlain by Tertiary

sedimentary and volcanic rocks.  Also, northeast and east-northeast striking
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Figure 1.2: Geologic Map of the Rand Mountains and vicinity. After
Hulin, 1925, Smith, 1964, and Dibblee, 1952, 1967.

Figure 1.3: Geologic sketch map of a portion of the southern Sierra
Nevada. Based in part on mapping by Dibblee, 1952. Symbols as in Figures 1.2,
2.1-2.2.
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normal faults have downdropped the tectonic stack in a stairstep fashion.
Some of these faults may record minor amounts of left lateral slip sympathetic
to motion along the Garlock Fault zone. Late Cenozoic tectonics of this region
reflect the kinematic interaction between a left step in the Garlock Fault and a

system of normal faults that bound the eastern Sierra Nevada (see Figure 1.1).
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DEFINITION AND DISTRIBUTION OF TECTONOSTRATIGRAPHY

Figures 2.1 and 2.2 summarize tectonostratigraphic relationships
preserved in the two offset segments of the Rand Thrust complex. These
diagrams integrate the ficld observations and geological mapping of several
workers, including myself, Silver et al. (1984), Silver (1986), Dibblee (1967),
Smith (1964), and Hulin (1925). My geologic map of the south flank of the
Rand Mountains Antiform is compiled at 1:16,000 scale in Plates 1A and 1B.
Sample locations are also plotted on this map. Sample descriptions are compiled
in Appendix A. In the following discussion, each component of the
tectonostratigraphy is described in structural sequence, from the lowest

exposed structural levels to the highest.

PLATE 1

The lowest exposed plate of the Rand Thrust Complex is Rand Schist. The
schist occupies the stuctural core of a regional east trending fold hereafter
referred to as the Rand Mountains Antiform. The dominant lithologic
constituent of Plate I is a gray, well foliated plag-musc-qtz-ep-chltbiotgt
schist This rock is commonly associated with less foliated dark green to black
mafic schists composed of amphibole and plagioclase. 4 centimeter to 5 meter
thick interlayers of purple quartzite with varying amounts of musc-gt-
mgttcrossite are locally abundant. Rare marble is present in thin lenses
(Hulin, 1925). The protoliths of these metamorphic rocks were probably

marine graywackes, basalts, cherts, and limestones. Collectively they are
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Figure 2.1: Generalized tectonostratigraphic relations in the Rand
Mountains study area.

Figure 2.2:  Generalized tectonostratigraphic relations in the southern
Sierra Nevada study area.
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interpreted to be a metamorphosed trench/oceanic basin assemblage. A
similar environment of accumulation has been suggested for the protoliths of
the Pelona, Orocopia, and Chocolate Mountain schists of southeastern
California and southwestern Arizona (Haxel and Dillon, 1978). These
interpretations are supported by a variety of trace element and isotope studies
(Bennett and DePaulo, 1982; Dawson and Jacobson, 1986; Haxel and Tosdal, 1986;
Haxel et al., 1987).

A narrow slice of Rand Schist occurs north of the Garlock Fault, where
it appears to dip beneath higher grade gneisses (see Figure 1.3; see also Ross,
1982). Most primary tectonic contacts in the area are disturbed. This Rand
Schist exposure is the deepest structural level of the Rand Thrust Complex in
the immediate area. It serves as an approximate piercing point to the axial
trace of the Rand Mountains Antiform.

The Rand Schist contains abundant veins of coarsely crystalline white
bull quartz that range in thickness from 4 centimeters to 2 meters. These
veins tend to occur as discontinuous sheets concordant to the schistosity of
their host rock.  Occasionally, the veins cut sharply across the schistosity.
Away from Fault I they ecxhibit no deformational fabric. These bull quartz
veins are interpreted to be late stage mobilizates of silica emplaced during the
final stages of prograde metamorphism. Ross (1982) arrived at a similar
interpretation for bull quartz veins in the Rand Schist of the southern Sierra
Nevada.

The Rand Schist exhibits some internal variation in metamorphic grade.
Postlethwait and Jacobsen (1987) report systematic trends in the compositions
of amphiboles extracted from the mafic schists. Apparently, sodium rich
crossite occurs at the deepest structural levels whereas calcium rich

hornblende is found at shallower levels. These authors also cite variations in
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bulk metamorphic assemblage which indicate that lower parts of the Rand
Schist are metamorphosed to blueschist-transitional-greenschist facies while
upper portions are at albite-epidote-amphibolite grade (see also Jacobson and
Sorensen, 1986). They argue that the vertical metamorphic zonation in the
Rand Schist was acquired during deformation in a subduction zone

environment.

PLATE II

Plate 1 is structurally overlain by crystalloblastic gneisses of higher
metamorphic grade and differing deformational history. Named the
Johannesburg Gneiss by Hulin (1925), this unit consists of well foliated, locally
mylonitic orthogneisses of granitic to dioritic composition intercalated with
marbles and quartz rich metasedimentary rocks. A 900 meter thick section of
the garnet-amphibolite grade assemblage is exposed in its type locality north
of Johannesburg (see Figure 2.3). In this area all original lithological contacts
have been transposed into a north dipping compositional layering. A fault
contact with structurally lower Rand Schist dips concordantly beneath Plate II
at an angle of 559 or less (see Figures 2.1 and 2.3).

On the south flank of the Rand Mountains Antiform, remnants of
Johannesburg Gneiss occur as a thin (0 to 35 meters) tectonic slice sandwiched
between Plates I and III.  Here, all constituents of the gneiss are overprinted
by mylonitic fabrics. A fine grained marble tectonite frequently occupies the
lowest structural position of Plate II, and commonly, a thicker, more coarsely
crystalline marble layer occurs at the highest level.

Probable displaced lithologic equivalents of Plate II occur on the north
side of the Garlock Fault (see Figures 1.3 and 2.2). Here, garnet bearing

orthogneisses, marbles, amphibolites, sparse quartzites, and abundant
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Figure 2.3: Geologic map of the northern Rand thrust. Map units as
follows: rs = Rand Schist, jogn = Johannesburg Gneiss, undifferentiated, mgm =
mafic gneiss component of jogn, vertical ruled pattern = marble component of
jogn, stippled pattern = quartzitic component of jogn, gr = cataclatic
leucogranite, Tp = Early? Miocene rhyolite porphyry, Tv = undifferentiated
Tertiary volcanic and sedimentary rocks, Qv = colluvial cover derived from
Tertiary volcanic rocks, Q = alluvium.
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mylonites are exposed as discontinuous fault slices in the lower portions of
canyons draining the range front. Despite significant disruption by Necogene
faulting and recent landsliding, it is possible in several arcas to delincate a
shallow north dipping fault contact between the gneisses of Plate II and a
structurally higher granodiorite of Plate III. Frequently the contact is marked
by a 1 to 15 meter thick layer of coarsely crystalline marble. In many places
this low angle fault surface is clearly discordant to steep foliations in the
underlying gneisses.

The rocks of Plate Il may correlate with a similar group of high grade
gneisses exposed to the northwest in the Tehachapi Mountains. These gneisses
have been mapped in reconnaissance by Sharry (1981) and Ross (1982). Their
U/Pb, Rb/Sr, and oxygen isotopic systematics were studied by Saleeby and Sams
(1987). The Tehachapi Mountains gneiss complex includes a variety of
garnet+pyroxene bearing orthogneisses of dioritic to granitic composition,
with associated metasedimentary screens of pelitic, calcareous, and
quartzofeldspathic material. Deep secated Early Cretaceous regional
metamorphism of this assemblage culminated in the emplacement of  several
100+5 Ma tonalitic plutons (Saleeby and Sams, 1987; Sams and Salecby, 1988).
The resemblance of these rocks to constituents of the Johannesburg gneiss is

striking, as is their close proximity to a fault bounded slice of Rand Schist.

PLATE III
Plate II is structurally overlain in the Rand Mountains and in the
southern Sierra Nevada by a medium grained porphyritic granodiorite.  This
rock varies in composition from hornblende-biotite-sphene quartz diorite or
tonalite at deep structural levels to biotite quartz monzonite at shallow levels.

It is commonly cut by leucocratic dikes or veins of aplite and pegmatite.
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Dioritic xenoliths occur frequently. The geometry of Plate III is truly plate-
like. Its structural thickness ranges from 0 to 500 meters over an exposed area
of greater than 500 square kilometers.

In contrast to Plates I and II, Plate III is not penetratively deformed.
However, irregular zones of intense cataclasis and chloritic alteration are
present in the lowest (and sometimes the highest) structural levels of the
granodiorite.  True mylonitic textures are restricted to narrow, isolated shear
zones. These localized deformational fabrics probably reflect movement along
boundary structures during the tectonic emplacement and/or reactivation of
Plate III.

Silver et al.,, (1984) report an age of 84+3 Ma for a hornblende-biotite-
sphene granodiorite component of Plate III, based on U/Pb systematics on
zircon. This age is interpreted as the primary crystallization age of the

granodiorite.

PLATE IV

Scattered remnants of an orange weathering leucocratic biotite alkali
granite  with a maximum thickness of 50 meters structurally overlic Plate III
in the southern Rand Mountains. A larger (greater than 750 meters thick)
mass of a similar granite forms the highest component of the tectonic stack in
the southern Sierra Nevada. The granite consists of a medium grained
porphyritic phase with coarse quartz intruded by dikes of fine grained aplite.
Biotite in the older phase is often completely replaced by iron oxide. The aplite
resembles some of the dikes which cut Plate III. In one place, the porphyritic
phase is intruded by a dike of medium grained biotite granodiorite similar to
nearby parts of Plate III. Plate IV is therefore interpreted to be older than

Plate III.
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Nowhere in the mapped arca was a primary intrusive contact observed
between Plates III and IV, due to the persistance of a hydrothermal alteration
zone in the lower 5 to 35 meters of the granite. Parts of the granite are
commonly replaced by hematite, calcite, and silica, and the feldspars may be
sericitized.  Primary plutonic textures are locally overprinted by cataclasis and
vein filling of fracture networks. This mappable alteration zone forms a
resistant ledge which everywhere parallels a subhorizontal contact with
structurally deeper Plate III.

A 1 to 5 meter thick ductile shear zone marked by quartz rich mylonites
is preserved at the base of Plate IV in one area of the southeastern Rand
Mountains (see Plate 1B). This subhorizontal fault cuts down section toward
the northeast. Here and at several other locations, Plate IV appears to impinge

upon Plate I.

RANDSBURG GRANODIORITE

South and west of Randsburg a small (8 km2) stock of porphyritic
biotite-hornblende granodiorite intrudes the Rand Schist. In addition to
abundant inclusions of schist, the granodiorite contains two large, eclongate
xenoliths of layered gneiss composed of highly sheared hornblende diorite,
marble, and quartzite (see Plate 1B). These rocks are tentatively interpreted to
be pendants of mylonitized Johannesburg Gneiss.  Accepting this correlation,
the field relations suggest that the granodiorite has intruded into the
lowermost two plates of the Rand Thrust Complex.

The Randsburg Granodiorite is essentially undeformed. However, in one
place (structurally above the sheared gneiss pendants), the rock is cut by
irregular, discontinuous shear zones. These shear zones are apparently

localized along narrow (less than 1 cm wide) veins which are mineralized with
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epidote, chlorite, and quartz. Minor northeast directed displacements across
the shear zones were observed occasionally.

Southeast of Johannesburg the granodiorite is intensely
hydrothermally altered along its contact with a younger porphyritic rhyolite
plug. Feldspars are completely altered to clay, and the mafic minerals are
obliterated over a zone at least 100 meters wide.

Silver (1986) obtained a U/Pb age of 791 Ma on the Randsburg
Granodiorite. This is probably the best estimate for the true time of
crystallization.  Younger K/Ar ages of 74.2+1.9 Ma (from hornblende) and
18.2£0.5 Ma (from biotite) reported by Kistler and Peterman (1978) probably
reflect thermal disturbance of the granodiorite during emplacement of the
nearby hypabyssal intrusive center (see below). Kistler and Peterman also
report an initial strontium value of .7066 and a Rb/Sr age of 90 Ma for the same
rock. The Srj number implies a significant contribution from a cratonal
source region. The discordant Rb/Sr age may reflect nonideal mixing between
two or more source materials and/or complications due to the Early Miocene

thermal reactivation.

RHYOLITE PORPHYRY

In the Rand Mountains, the Rand Thrust Complex is intruded by a family
of porphyritic felsite pipes, dikes, and sills. These hypabyssal rocks are
dominantly rhyolitic in composition, but include some quartz latites and
dacites (Hulin, 1925). A large rhyolite pipe, exposed 1-2 km southeast of
Johannesburg, has imparted an intense alteration halo to its country rocks.
Dikes which appear to extend radially outward from this pipe are frequently
observed to intrude Plates I, II, and III. One felsite dike sharply cuts across

Fault I on the north flank of the Rand Mountains Antiform. Rhyolite
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porphyry also intrudes into the lower portion of a Middle to Late Tertiary
sedimentary and volcanic section which unconformably overlies deep
structural levels of the Rand Thrust Complex (see next section).

The age of the rhyolite porphyry in the Rand Mountains is constrained
indirectly. Shallow emplacement of porphyries into the Randsburg
Granodiorite has apparently caused the thermal resetting of biotite in the
latter rock to 18.2+0.5 Ma (K/Ar, Kistler and Peterman, 1978). The lowermost
beds of the Rosemond Series/Bedrock Springs Formation (see Hulin, 1925 and
Smith, 1964), which contain clasts of Rand Schist and Randsburg Granodiorite,
are intruded by rhyolite. Stratigraphically higher pyroclastic rocks and
conglomerates of the Bedrock Springs Formation, dated at Early to Middle
Pliocene, contain clasts of rhyolite (Smith, 1964). Emplacement of the
porphyries therefore postdated uplift and erosion of the Rand Schist and the
Randsburg Granodiorite, but preceded Early Pliocene deposition of locally
derived clastic debris. Based on the above evidence, the age of the rhyolite
porphyry is believed to be Early Miocene.

A lithologically similar family of porphyritic rhyolite dikes intrudes all
levels of the Rand Thrust Complex exposed in the southern Sierra Nevada.
These porphyries have not been radiometrically dated, but they exhibit
stratigraphic relationships similar to those observed in the Rand Mountains.
In the Cache Peak arca, the lower beds of a thick Tertiary sedimentary and
volcanic sequence are intruded by rhyolite porphyry (Dibblee, 1967). These
hypabyssal rocks are contemporaneous with rhyolitic flow breccias and tuffs
which underlie sandy siltstone in the middle part of the Tertiary section.
Fossiliferous strata from the latter horizon have been dated at Middle Miocene
(Buwalda, 1916, 1954). The rhyolite dikes which cut the Rand Thrust Complex

in the southern Sierras are thus also assigned an Early to Middle Miocene age.
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SEDIMENTARY AND VOLCANIC OVERLAP SEQUENCE

A thick (as much as 4 km) Tertiary section of clastic sedimentary and
volcanic rocks overlaps contrasting structural levels of the Rand Thrust
Complex in the Rand Mountains and in the southern Sierra Nevada. These
strata have been mapped separately and assigned different formational names
in the two areas, but probably can be correlated over large arecas of the
northwestern Mojave desert.

In the Rand Mountains, a folded sequence of conglomerates, sandstones,
siltstones, tuffs, and rare gypsum (originally named the "Rosemond Series" by
Hulin, 1925) unconformably overlies the Rand Schist and the Randsburg
Granodiorite east of Randsburg (see Plate 1B). Hulin demonstrated that
deposition of part of the Rosemond Series was contemporancous with the local
emplacement of rhyolite porphyries (see previous section). A section of
andesite flows, agglomerates, and tuffs, mapped by Hulin as "Red Mountain
Andesite" overlies the Rosemond Series in angular unconformity along the
crests of the Lava Mountains and on Red Mountain.

Smith (1964) remapped and subdivided the sedimentary and volcanic
strata of the Lava Mountains, and discovered some vertebrate fossils in the
middle part of the section. The type section of Smith's Bedrock Springs
Formation, exposed in the central Lava Mountains, was assigned an Early to
Middle Pliocene age. The stratigraphic relationship of this dominantly arkosic
and conglomeratic section to the part of Hulin's Rosemond Series exposed near
Randsburg is uncertain. However, the type Bedrock Springs Formation
contains clasts of rhyolite and granodiorite, suggesting that it correlates with
the upper beds of the Rosemond Series in the Randsburg area. Two

stratigraphically higher volcanic units mapped by Smith (the Almond
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Mountain Volcanics and the Lava Mountains Andesite) are essentially
equivalent to Hulin's Red Mountain Andesite. Both units have been assigned
Late Pliocene ages by Smith.

Folds in the Lava Mountains strata (as mapped by Smith, 1964) trend east
northeast. Smith describes a marked angular unconformity between the
Bedrock Springs Formation and the overlying Almond Mountain Volcanics,
which have in turn been folded. Thus, deformation of the Lava Mountains
section occurred after Early Pliocene time and continued during accumulation
of the Late Pliocene volcanic rocks.

In the Cache Pecak area of the southern Sierra Nevada, Tertiary strata
unconformably overlap Plate IV of the Rand Thrust Complex (see Figure 1.3).
The oldest unit, the Witnet Formation, is composed of unfossiliferous arkosic
sandstone and micaceous siltstone with subordinate conglomerate, including a
basal granite cobble conglomerate (Buwalda, 1954; Dibblee, 1967). This unit
has been assigned an Early Tertiary age (Buwalda, 1954; Dibblee, 1967). The
Witnet Formation is overlain in pronounced angular unconformity by tuffs
and volcaniclastic sandstones of the Kinnick Formation. The dominantly
pyroclastic lower and middle members of this formation are devoid of fossils,
but sandy siltstones of the upper member have yielded Middle Miocene
vertebrate fossils (Buwalda, 1916, 1954) and early Middle Miocene plant
fragments (Savage et al.,, 1954). The Kinnick Formation is conformably
overlain by conglomeratic sandstones, siltstones, and shales of the Bopesta
Formation (Buwalda, 1954), which in turn are overlain by thick (up to 1 km)
andesite flows. The lower and middle parts of the Bopesta Formation have
yielded Late Miocene vertebrate fossils (Buwalda, 1916; Savage et al., 1954).

Reconnaissance mapping by Dibblee (1967) indicates that Tertiary

strata of the Cache Peak arca have been folded about east and cast northeast
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trending axes. Because the Bopesta beds are affected, this folding event is at
least as young as Late Miocene. An earlier local deformational event is also
implied by stratigraphic relations along the southern margin of the Tertiary
section (near its contact with the Plate IV granite. Here, steeply north
northwest dipping, locally overturned beds of the Witnet Formation are
overlapped by the shallow north dipping Kinnick Formation (see Dibblee,
1967, Figures 59-60). Significant tilting of the Witnet strata therefore took
place sometime in the Middle Tertiary before pre-Middle Miocene deposition of
the lowermost Kinnick beds.

Correlations of Tertiary strata between the Rand Mountains and the
southern Sierras are difficult to make precisely. However, it is interesting
that the ages and succession of rock types are similar in both areas. Also, both
regions have experienced post-Late Miocene folding along similar trends.
Together, the two Tertiary sections represent the accumulation of clastic and
volcanic debris in a tectonically active continental setting. The Tertiary strata
overlap the Rand Thrust Complex in both areas, placing an upper bound on the
timing of tectonic juxtaposition. It is clear that by Middle Tertiary time the
Rand Mountains segment of the complex had been unroofed to much deeper

structural levels than the southern Sierra Nevada segment.
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CHAPTER 3

STRUCTURAL AND KINEMATIC ANALYSIS

The contacts separating the four plates of the Rand Thrust Complex are
interpreted to be low angle faults (hereafter referred to as Faults I, II, and III).
Associated with these faults are abundant exposures of mylonites which reflect
the movement history of the shear zone network as well as the evolution of
deformational conditions. These mylonites are the focus of the following
structural analysis. As research proceeded and as more plates were
recognized, kinematic complexities became quite apparent, particularly with
regard to the reactivation of early phase structures. Indeed, it appears that
low angle faulting within the complex took place along different structural
levels at different times, followed interfering trajectories, and occurred under
a variety of crustal conditions. Still, a consistent pattern of tectonic fabrics
and kinematic indicators places important constraints on the movement
history.

Mapping of portions of the four plates and their tectonic boundaries
was carried out at a scale of 1:16,000. Structural elements were measured and
oriented samples collected at all levels of the tectonic stack. About 120 thin
sections were analysed petrographically. Quartz c-axis orientations were
measured in seven samples. A progressive sequence of fabric development
demonstrated by crosscutting structures is described below. The structural and
kinematic data are summarized in Figures 3.1 through 3.6.  Structures and
fabrics are addressed systematically from the deepest to the shallowest levels

of the tectonic stack. A discussion of mesoscopic structures is followed by a
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description of microstructures.

MESOSCOPIC STRUCTURES AND PETROGRAPHY

Plate I: The most conspicuous structure within the Rand Schist is a
moderate to strong schistosity which parallels a mesoscopic compositional
layering.  This schistosity appears to be a transposition foliation developed
during the flattening and shear of the schist protoliths. It is generally
concordant with the attenuated limbs of early isoclinal folds. At map scale the
schistosity defines an antiform with a subhorizontal east trending axis. At
outcrop scale, a variety of folds deform the schistosity. Fold styles are
complicated and variable, as are the fold axis orientations. Two discordant
lincations are frequently observed, one or both of which may correspond to
the axes of millimeter to centimeter scale kink folds. [ did not study the
internal structures of the Rand Schist in detail (see Hulin, 1925; Dibblee, 1967;
Vargo, 1972; and Postlethwait and Jacobsen, 1987 for further discussion).

Away from Fault I, the main body of Rand Schist is characterized by
prograde metamorphic mineral asssemblages and crystalloblastic textures. A
foliation is defined by preferred orientation of muscovite and chlorite in the
quartzofeldspathic schists, and by suparallel alignment of amphibole and
flattened plagioclase in the mafic schists. In gt-musctcrossite quartzites,
coarse, elongate, slightly undulose quartz grains lie parallel to the mica
foliation.  Porphyroblasts of plagioclase, epidote and rare garnet within the
grayschist component of Plate I appear to be in textural equilibrium with
their matrix minerals. Dynamic strain overprinting is restricted to the

immediate vicinity of Fault I

Fault I: Directly beneath Plate II, all structures of the Rand Schist are
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transposed into a penetrative mylonite zone. An abrupt contact with
structurally higher Johannesburg Gneiss is commonly delineated by a thin
(less than 2 meters wide) layer of finely laminated marble mylonite.
Approaching this contact from below, the upper 1 to 3 meters of Plate I
becomes intensely foliated and lineated.  Abundant quartzite mylonites within
this structural interval display a pronounced millimeter scale ribbon foliation.

Mylonites derived from the Rand grayschist are characterized by finely
comminuted layers of feldspar and phyllosilicate transected at low angles by
shear bands filled with chlorite and iron oxide. Quartz grains are drawn out
into coarse, undulose ribbons. Garnet porphyroclasts are frequently displaced
and rotated along chlorite filled fractures. A late set of kink folds and
mineralized fractures cut the mylonitic foliation at high angles.

Stretching lineations associated with Fault I are defined by streaks of
quartz, feldspar, and muscovite on the surfaces of quartz rich lithologies, and
by elongate clusters of resistant calcsilicate material in the marble mylonite.
These lineations are shallow and consistently oriented within a given

geographic domain.

Plate II: The gneisses of Plate II exhibit a great diversity of structures
which reflect their complex deformational history. On the north dipping limb
of the Rand Mountains Antiform a crude compositional layering is defined by
1 to 10 meter thick lenticular masses of orthogneiss, marble, and quartzite.
This layering is concordant with north dipping foliations observed within
individual constituents of the Johannesburg Gneiss.  Mylonitic fabrics occur
throughout the section, but are best developed near the fault contact with
underlying Rand Schist. Away from Fault I lineations are poorly developed.

Mesoscopic folds of variable orientation and vergence are present at all
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structural levels.

On the south dipping limb of the Rand Mountains Antiform a highly
attenuated sheet of Johannesburg Gneiss is imbricated between Plates I and
[II. The dominant structure here is a penetrative, shallowly dipping mylonitic
foliation (S;) which overprints most earlier fabrics of Plate II (see Figures 3.1
and 3.2a). S; probably represents early differential movement between Plates
I and III. In the thicker Plate Il exposures of the southwest Rand Mountains,
blocks of garnet-amphibolite grade orthogneiss retain their prograde
mectamorphic foliation (Sg). This fabric is often rotated at low angles to Sy in
the surrounding mylonites. S1 is generally parallel to Fault 1. A strong
stretching lineation (L), marked by elongate quartz, feldspar, amphibole, or
mica, is best developed in quartz rich lithologies. Lj is shallow and displays a
measurable fluctuation in direction between various geographic domains (see
Figure 3.1). In general, stretching linecations within Plate II trend more
southwestward than those measured in the immediate vicinity of Fault 1.

A second, obliquely oriented lineation (L) observed in the southern
Rand Mountains corresponds to the axes of millimeter scale kink folds which
deflect Sy. Lp may also mark the axes of larger scale asymmetric folds. Some
overturned folds are truncated by miniature thrust ramps oriented at about 30°
to S1. These mesoscopic folds display a wide variety of vergence directions (see
Figure 3.3). They probably represent late differential movements between
Plates I and IIL

All ductile structures within Plate II are overprinted by brittle fabrics.
S is transected at high angles by discontinuous fractures filled with quartz,
calcite, limonite, or chlorite. These fractures often display minor (less than 1

centimeter) offsets in both normal and reverse senses.
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Figure 3.1: Geographic distribution of mylonitic structures (S; and Lj)
in the Rand Mountains study area. For each geographic domain the left hand
stereonet shows stretching lineations while the right hand stereonet shows
poles to mylonitic foliation.

Figure 3.2a: Compilation of poles to mylonitic foliation (Sj) in the Rand
Mountains study area.

Figure 3.2b: Compilation of stretching lineations (Lj) in the Rand
Mountains study area.
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A retrograde mineral assemblage is associated with the mylonitic fabrics
of Plate IL Hornblende is replaced by fibrous actinolite and chlorite.
Feldspars are pervasively sericitized. Garnets are fractured and filled with
chlorite. =~ White mica and chlorite are localized along mylonitic shear bands,
and frequently show offset or rotation. These disequilibrium textures imply
that mylonitic deformation within Plate II accompanied fracturing and
alteration of the host rocks in a fluid rich environment. Deformational

conditions probably did not exceed greenschist facies.

Faults II and III: Narrow zones of cataclasis and hydrothermal
alteration are encountered directly above Faults II and III. Within these 5 to
50 meter wide structural intervals, primary plutonic textures are modified by
cataclastic, and locally, mylonitic fabrics. @ The alteration is most visible in
Plate II where the conversion of hornblende and biotite to chlorite gives the
rock a distinctive green color. Feldspar and sphene crystals are brittlely
fractured and mechanically abraded. Quartz grains may be slightly undulose,
but are not noticeably recrystallized. Microbreccias veined with epidote,
chlorite, quartz, and calcite are common.

Rare occurrences of mylonites within Plate III are confined to the
highest and lowest structural levels. In outcrop these orthogneisses exhibit a
strong foliation marked by elongate, flazered quartz grains and flattened lense
of comminuted feldspar.  Exposures with mesoscopic kinematic information
were encountered in two places: (1) Directly above Fault II in the south central
Rand Mountains a 1 meter wide mylonite zone hosted in granodiorite dips
steeply (71°) north-northeast. This shear zone is apparently truncated by
Fault II (and Fault I) at depth. The mylonitic foliation is disrupted by

centimeter scale asymmetric folds which verge southwest. (2) Nearby, but at a
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higher structural level (within a few meters of a Plate IV klippe), an outcrop
of mylonitic granodiorite with a strong northeast (043°) lineation was
observed. In this exposure northeast dipping chlorite filled shear bands
consistently transect a subhorizontal quartz-feldspar foliation at an angle of
259, In accordance with Berthe, et al. (1979) and Simpson (1984, 1986), this S-C
fabric yields a top-to-the-northeast sense of shear.

Lineated quartz rich mylonites occur along the base of Plate IV in the
southeastern Rand Mountains. Some of these mylonites are composed of 100%
finely recrystallized quartz. A shallow, east dipping foliation in these rocks is
defined by lamellae of extremely fine grained phyllosilicate and feldspar
which alternate with pure quartz on a submillimeter scale. This foliation is
affected by centimeter and millimeter scale asymmetric folds and "mini-
thrusts” which were observed to verge north and west (see Figure 3.3). Well
developed stretching lineations trend NNE-SSW, at high angles to most of the
mesoscale fold axes. The upper level shear zone has apparently overridden the
south-southwest dipping mylonites localized along Fault I. In this immediate
area, Plates II and III have been tectonically thinned or cut out altogether, and
the structurally deeper mylonites carry a contrasting SSE-NNW stretching

lineation (see Figure 3.1)
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Figure 3.3: Equal area sterconet showing axes and vergence directions
of small scale folds affecting the mylonitic foliation, Rand Mountains study
arca. Sample locations are plotted on Plates 1A and 1B.
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MICROSTRUCTURES

Thin sections of 45 mylonite samples were studied to characterize their
microstructural evolution and interpret the sense of movement along various
levels of the Rand Thrust Complex. Samples were collected throughout the
southern Rand Mountains, where the complete tectonostratigraphy is
preserved. It is convenient to describe the samples in three sets, based on
structural position:  Set I includes samples of mylonitic schist and quartzite
collected from the uppermost 3 meters of Plate I. Set II includes a variety of
Plate Il mylonites. Set III includes samples from the quartz mylonite zone
localized along Fault III.

Most thin sections were cut perpendicular to the mylonitic foliation and
parallel to the stretching lineation. This plane corresponds to the XZ plane of
the finite strain ellipsoid (Simpson, 1988). A few sections were cut
perpendicular to both the foliation and lineation, affording a view of the YZ
plane. Three dimensional sectioning of the associated hand specimens
indicates that the lincation reflects a true eclongation of residual feldspar
porphyroclasts, and the foliation marks a flattening of feldspars and quartz as

well as a preferred orientation of phyllosilicates and amphiboles.

Set I Mylonites: Mylonites derived from three distinctive Rand Schist
lithologies occur directly beneath the marble mylonite layer that marks Fault
L. Most common is the Rand grayschist, which displays a remarkable
microfabric transition over a 3 meter interval. An upward increase in
dynamic strain intensity is defined by several criteria: (1) feldspars are
reduced in grain size, (2) feldspar and epidote are converted to porphyroclasts

by means of fracturing and mechanical abrasion, (3) a mylonitic foliation
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(S1), defined by eclongate feldspars or feldspar aggregates and subparallel
domains of stretched quartz (frequently ribbon-like) is developed, (4) quartz
domains are dynamically recrystallized into finer subgrains, and (5) the
deformational fabric is enhanced by conjugate sets of chlorite filled shear
bands (C) which transect S; at low angles and commonly display minor normal
offsets. These shear planes are sometimes asymmetrically disposed about S;
and variable in intensity. In two samples (#522 and #607), a shallow (5° to 159)
north dipping set of C planes dominates a steeper (40°) south dipping set.

Purple sheared quartzites (metacherts) containing up to 25% garnet,
10% muscovite, 5% magnetite, and 3% feldspar are interlayered with the
mylonitic grayschists. In these rocks a strong foliation (S;) is defined by
medium to fine grained clongate quartz ribbons which may be dynamically
recrystallized into extremely fine subgrains. A marked eclongation of the
ribbon grains observed in YZ sections implies that a significant component of
flattening strain was important during deformation. Extension of garnet
porphyroclasts parallel to S; is initially accommodated by normal sense
displacement along intragrain fracture networks preferrentially oriented at
high angles (greater than 65°) to the foliation. Progressive rotation of these
fractures toward the foliation plane has resulted in pronounced elongation
(up to 500%) of some gamnets. The sense of displacement on these fractures is
antithetic to the prevailing shear direction (Paschier and Simpson, 1986;
Simpson, 1986). Two samples (#301 C and #525) with rotated and displaced
garnets indicate a south or southwest sense of shear, while three samples
(#521 B, D, and E) yield a northward direction.

S1 is commonly transected at 10° to 25° angles by normal sense shear
bands (C planes) which are delineated by stringers of wispy chlorite. This S-C

fabric is highly asymmetric in seven samples of mylonitic metachert.  Four
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samples (#521 B, D, and E, and #303 L) are consistent with a northward sense of
shear, while three samples (#301 C, #525, and #729) display a southward
component of rotation.

Intensely sheared white bull quartz veins are frequently encountered
in the Fault I mylonite zone. These samples of pure quartz exhibit spectacular
ribbon structures in thin section. Various stages of ribbon evolution,
breakdown, and subsequent dynamic recrystallization are well preserved.
Early generation (Phase I) ribbons were apparently derived from very coarse
quartz grains. Individual ribbons ranging in width from 1/2 to 2 millimeters
maintain a constant optical orientation across the entire thin section. Ribbon
boundaries are sharply defined by optical discontinuities and may be marked
by stylolites. Phase 1 ribbons often display longitudinal parting along
subparallel glide? planes which eventually become the boundaries of
narrower Phase II ribbons. Both Phase I and Phase II ribbons may be
dynamically recrystallized into domainal mosaics of fine subgrains.
Individual subgrains within a domain maintain the same optical orientation
as their parent ribbon.

Shear bands are not well developed in the mylonitic quartz veins.
However, in six samples, the long axes of slightly elongate recrystallized
subgrains collectively define a secondary foliation (S2) which is inclined to Sj
at angles of 5° to 30°. This asymmetric subgrain shape fabric indicates that
recrystallization of the host ribbon grains took place in a noncoaxial strain
environment (Burg, 1986). Five of the samples (#604 A and B, #602, #532, and
#524) yield a top-to-the-south sense of shear, while one sample (#714) displays
an opposite sense of movement. It should be noted, however, that these shape
fabrics are only useful for constraining the latest increment of the finite

strain history (Burg, 1986; Simpson, 1986).
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C-axis orientations of quartz ribbons from two samples of mylonitic
metachert (#301-C and #303L) and three samples of sheared bull quartz (#309-
A, #309-E1, and #524) were measured optically on a universal stage. The
resultant fabrics are shown in Figure 3.4. All measurements are plotted as
lines on the lower hemisphere of equal area sterconets. The plots are oriented
so that the XY plane corresponds to the quartz ribbon foliation and the X
direction coincides with the northward component of lineation. Sample #303
L is noticeably less deformed than the others. Its lineation is poorly defined
and the quartz grains are only partially drawn out into ribbons. Hence, this
sample may record the partial inheritance of an ecarlier fabric (acquired
during the initial metamorphism of the Rand Schist?).

In general, strong preferred orientations are displayed by slightly
asymmetric crossed girdle fabrics. The girdles intersect about the Y axis,
indicating that the mesoscopic structural elements of the sample coincide with
the axes of the strain ellipsoid (Bouchez, 1977). The occurrence of discrete
maxima at shallow and intermediate angles implies that the preferred
orientation resulted from dislocation glide along basal and rhombohedral slip
planes, respectively. These planes are believed to be active under low
temperature, possibly high Pg20 conditions (Lister, 1979). The narrow
"opening angle"” between the two outer maxima is also consistent with low
temperature (greenschist facies) deformational conditions (Lister, 1979).

The presence of two crossed girdles indicates that coaxial strain was
important during development of the preferred orientation (Lister, 1977).
However, the five fabrics are slightly asymmetric in their skeletal outlines,
and in some cases, their density distributions. In all samples the prominant

girdle is tilted slightly northward with respect to the foliation.  Strikingly
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Figure 3.4: Quartz c-axis fabrics for seven samples of mylonitic quartzite
collected from various structural positions in the southern Rand Mountains.
In these equal areca stereonet plots, the mylonitic foliation plane (Sp) is
oriented EW, and Z is normal to the foliation. X marks the direction of the
stretching lineation (Lj). The contours represent 1, 3, 5, 7, 9, 11, and 13 times
uniform distribution (Kalsbeek Counting Net method). See also discussion in
text. Sample locations are plotted on Plates 1A and 1B.
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similar c-axis fabrics were published by Postlethwait and Jacobson (1987) for
quartzites sampled from shallow structural horizons of the Rand Schist in the
southern Rand Mountains. The northward asymmetry reflects a north directed
component of noncoaxial deformation (Lister, 1977; Simpson and Schmidt,
1983).  Unfortunately, this kinematic interpretation must be qualified. As
with the quartz subgrain shape fabrics desribed earlier, skelctal outlines are
sensitive to late stage strain perturbations, and probably reflect only the last
phase of deformation (Paschier, 1983; Burg, 1986). These c-axis fabrics
therefore can only be used to document late movements -on Fault I The
inferred northward transport direction is consistent with other late
microstructures observed at the same structural levels (see below).

All of the Set I mylonites are disturbed by at least two genecrations of late
microfractures. These fractures are healed by veins of fine grained, statically
recrystallized quartz.  Fractures oriented at high angles (greater than 50°) to
the foliation often display minor reverse offsets which dominantly verge to
the north. In quartz rich mylonites the microfaults have induced millimeter
scale kinking of the ribbon foliation. On the mesoscale these kinks
correspond to intrafolial folds with axes at high angles to the stretching

lineation (see Figure 3.3).

Set II Mylonites: Samples in this suite include garnet bearing quartz
dioritic gneisses, finely laminated marbles, and a variety of quartzofeldspathic
mylonites and ultramylonites which appear to have been derived from K-
feldspar and quartz rich garnetiferous granite orthogneisses. All are
components of Plate II. Only the latter group yielded microfabrics suitable for
kinematic analysis.

The quartzofeldspathic mylonites are characterized by subrounded to
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ovoid porphyroclasts of feldspar and rare garnet isolated within a strongly
foliated matrix of comminuted feldspar and finely recrystallized quartz.  The
foliation is enhanced by irregular stringers of chlorite and rare biotite, and
by tails of fine crushed feldspar which trail from the long axes of the
porphyroclasts. In six samples (#303 B, #302 H1, # 302 M2, #302 O1, #302 I, and
#303 E), this fabric is cut by normal sense shear planes which dip consistently
109 to 159 southwest relative to the mylonitic foliation. The shear bands also
deflect spindle shaped white micas (aka "mica fish", see Lister and Snoke, 1984)
in a sense consistent with southwest directed simple shear. Long axes of
porphyroclasts are back tilted relative to the foliation in the same sense as the
mica fish. Finally, elongate domains of dynamically recrystallized quartz
exhibit an asymmetric subgrain shape fabric (Burg, 1986) which reflects a
late stage southwest directed noncoaxial strain component.

Not all samples display a strong southwestward asymmetry. In many
cases the mylonitic foliation and the shear bands are virtually parallel, and
displaced strain markers record conflicting senses of offset.  Extreme shear
strains arec implied by the exceptionally fine grain size of the matrix and by
the coincidence of the S and C planes.

Two samples (#304 B and #304 D) show evidence for late northeast
directed shear. Discrete, northeast vergent shear bands transect and offset a
carlier formed mylonitic foliation. These samples were collected from an arca
of the south central Rand Mountains where the mylonites of Plate II are
complexly folded, and shortening along mesoscale thrust ramps of variable
orientation is frequently observed.

A quartz c-axis fabric measured from one quartz rich ultramylonite
(#302 1) displays a strong single girdle inclined at 55° to the foliation plane

(see Figure 3.4). The southwestward tilt of the girdle reflects a southwest
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simple shear component consistent with other microstructural evidence

observed in this sample.

Set III Mylonites: Quartz mylonites from the base of Plate IV in the
southeastern Rand Mountains exhibit a strong foliation (S;) defined by layers
of extremely fine biotite and chlorite that separate domains of dynamically
recrystallized quartz. Recrystallization has occurred at the expense of
previously strained ribbon grains which are sometimes preserved as "ghosts."
The fine quartz subgrains are elongate with their major axes inclined at
oblique angles to S;, In all twelve samples analyzed, this oblique subgrain
shape foliation (S2) dips south-southwestward relative to Sj, indicating that
recrystallization took place in a north-northeast directed noncoaxial shear
regime. Within a given sample, the angle between S; and S, varies inversely
as a function of subgrain aspect ratio; i.e., the most elongate grains are
inclined to S; at the lowest angles. This angular variability probably
represents fluctuations in shear strain within different domains of the sample
(Burg, 1986).

C-axis orientations of recrystallized quartz subgrains from one sample
(#305 C) were measured optically. The contoured fabric (see Figure 3.4)
displays a single girdle inclined at about 60° to S;. The asymmetry of this
fabric may be interpreted as additional evidence for late north-northeast

directed simple shear along Fault IIL

SUMMARY OF STRUCTURAL AND KINEMATIC SEQUENCE
The structural features described above record the cumulative history
of crustal movements that resulted in the present disposition of the Rand

Thrust Complex. At each structural level, mylonitic foliations and stretching
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lincations define the orientation of the bulk finite strain ellipsoid, and shear
sense indicators provide the dominant direction of noncoaxial rotation, if any.
Where two or more deformational events have left an imprint in these rocks,
the tectonic sequence must be interpreted from crosscutting structures and
fabrics. Some ecarly shear zone fabrics may have been obliterated during
evolution of the complex. Nevertheless, the spatial and temporal distribution
of kinematic indicators is sufficient to differentiate at least two important
movement episodes.

Figures 3.1 and 3.2 summarize the mesoscopic mylonitic foliations (S1)
and lineations (Lj) measured at various locations in the Rand Thrust Complex.
Figure 3.1 shows the geographic distribution of the data; Figures 3.2a and 3.2b
arc compilations of all foliation and lineation measurements.

Figure 3.5 summarizes the variation of lineation direction with
geographic location. The data are divided into separate domains bounded by
high angle faults. The average lineation direction may be quite disparate
between two adjacent domains. Implicit in this observation is a potential
kinematic complexity: individual blocks of the tectonic stack may have rotated
significantly along vertical axes during movement on Neogene faults.

Figure 3.6 shows the distribution of shear sense indicators in the
southern Rand Mountains. These kinematic indicators vary systematically
with structural position and appear to preserve a progressive history of shear
zone interactions. Several conclusions may be drawn from the available data:

(1) The latest ductile movement on Fault III was directed toward the north-
northeast.  This activity postdated the development of mylonitic fabrics at
lower structural levels.

(2) Penetrative southwest noncoaxial fabrics within Plate II are

overprinted by a variety of folds and localized shear zones which dominantly
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Figure 3.5: Map showing the fluctuation of average lineation direction
between domains bounded by high angle faults in the southern Rand
Mountains. The lineation data of Figure 3.1 are plotted here as rose diagrams.

Figure 3.6: Geographic, structural, and temporal distribution of
kinematic indicators observed in mylonites of the southern Rand Mountains.
See also discussion in text.
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Figure 3.5
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verge northward. Plate II was therefore emplaced in a southwest directed
shear regime prior to its local reactivation along opposed trajectories.

(3) Shear sense indicators near Fault 1 yield conflicting results.
Asymmetric fabrics from closely spaced mylonite samples may display opposite
directions of rotation. There is some indication that the north vergent fabrics
arc later in the sequence. Many samples, although highly strained, show no
dominant sense of asymmetry. The presence of conjugate shear bands and
crossed girdle quartz c-axis patterns suggests that coaxial strain may have

been important in partitioning deformation at this structural level.
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CHAPTER 4

INTERPRETATION AND DI I

Tectonic development of the Rand Thrust Complex involved a
complicated sequence of Mesozoic and Cenozoic plutonic, metamorphic, and
deformational events. Geological observations described in the preceding two
chapters place the following constraints on the tectonic - evolution of this
region:

(1) The four plates of the tectonic stack record secparate geologic
histories which predate their involvement in the Rand Thrust Complex. Plate I
represents an immature marine sedimentary sequence and part of its oceanic
basement which were regionally metamorphosed to greenschist (and locally,
albite-epidote-amphibolite) facies prior to emplacement of the Randsburg
Granodiorite in Late Cretaceous time. Schistosity and most of the folds in the
Rand Schist developed during prograde metamorphism, perhaps in a
subduction zone environment. Mobilization and emplacement of the bull
quartz veins was late or post metamorphic. Plate II represents an assemblage
of granitic to dioritic plutons with associated calcarcous and quartzitic country
rocks which were deformed under much higher temperature (garnet-
amphipolite grade) conditions. Accepting a tentative correlation with the
gneisses of the Tehachapi Mountains, this regional metamorphic event
probably culminated at about 100 Ma. Plates III and IV represent two separate
calc-alkaline plutons which were probably emplaced into the Sierra Nevada
batholith. Plate III locally appears to intrude Plate IV; hence, the low angle

contact between these two plates may be a tectonically modified intrusive
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contact.

(2) The four plates are presently juxtaposed along three discrete low
angle faults of regional extent. Primary mineralogies and textures of each
plate are overprinted by new assemblages and fabrics which indicate that
faulting occurred under greenschist facies or lower metamorphic conditions.
Retrograde fluids were important in the development of mylonitic fabrics at
deep structural levels. Cataclasites associated with Faults II and III represent
drier and/or shallower deformational conditions.

3) Stacking of the plates involved significant movements along all
three faults. One or more of these structures were reactivated during
development of the complex. The timing of fault movements may be
constrained as follows:

(a) All movements postdate the separate prograde metamorphism of Plates
I and II, as well as the igneous cystallization of Plates III and IV.

(b) In the southern Rand Mountains, Plates I, II, and III were juxtaposed
during the same movement event. Persistence of a narrow, continuous slice of
Johannesburg Gneiss between Plates I and III implies that Plate IT was
imbricated and attenuated when Plate III overthrust Plates I and II.  The
marble layers preserved at the top and bottom of this tectonic slice may have
played an important role in lubricating the shear zone and in localizing
ductile strain within a narrow interval.

(c) Plate IV may have ridden "piggyback” on Plate III during the
overthrusting event of (b). It is clear from the distribution of fabrics that
Fault III has not accommodated nearly as much ductile shear strain as Faults I
and II.

(d) The Randsburg Granodiorite intrudes the lower structural levels of the

Rand Thrust complex. Hence, the timing of event (b) is constrained between
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84 Ma (the interpreted age of the Plate III granodiorite) and 79 Ma (the
interpreted age of the Randsburg Granodiorite). Discrete ductile shear zones
within the Randsburg Granodiorite represent younger tectonic disturbances
of minor significance.

(e) Two or more reactivations of Plate III along Fault II (and possibly along
Fault I) are suspected. Asymmetric folds which deform Plate Il mylonites are
highly variable in vergence direction, implying late complicated relative
motions between Plates I and III while still in the ductile regime. All Plaie 1I
and Fault I mylonites are overprinted by brittle fabrics, suggesting that
deformation continued (or resumed) at shallower crustal levels. Cataclastic
textures within the granodiorite just above Fault II are in marked contrast to
mylonitic fabrics preserved at deeper structural levels, indicating that the
Platelll/Plate II contact has been reworked as a brittle fault. Finally, in the
southern Sierra Nevada, Fault II is highly discordant to steeply dipping
foliations in the gneisses of Plate II. The latest movement of Plate III in that
region therefore postdated ductile deformation and tilting of Plate II.

(f) Fault III truncates Faults I and Il in the southeastern Rand Mountains.
Thus, final displacement of Plate IV postdated the tectonic juxtaposition of
Plates I, II, and III. The movement of Plate IV may have been kinematically
coordinated with late reactivations of Plate IIl and Plate IL

(4) Kinematic information derived from field and microstructural
measurements places constraints on the directions of motion along the various
faults. In general, the shear sense indicators show that deep levels of the
Rand Thrust Complex were dominated by transport of the upper plates along
south or southwestward trajectories, while shallower levels moved in a north
or northeastward direction. A complimentary temporal sequence of intense

south vergent noncoaxial strain followed by Iless penetrative northward
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reactivation is also preserved. The most straightforward interpretation of
available kinematic evidence therefore requires that south or southwest
directed imbrication of the four plates was succeeded by local northward
displacements of the wupper two plates. The early overthrusting event
corresponds broadly to a late Cretaceous episode of crustal shortening
recognized throughout the southwestern Cordillera (see G. H. Davis, 1979;
Drewes, 1980; Simpson, 1984; Haxel et al.,, 1984; Reynolds et al., 1986b; Tosdal,
1986; Bykerk-Kauffman and Janecke, 1987; Smith and Gehrels, 1987; Hoisch et
al., 1988; Richard and Sutter, 1988). The younger north directed events may
represent a response of the Rand Mountains region to Early Miocene extension
documented in nearby parts of the Mojave desert (see Howard and John, 1987;
Dokka et al., 1988; Glazner et al., 1988; G. A. Davis, 1988). It is conceivable that
certain levels of the complex were reactivated as detachment faults.

(5) Ambiguities in shear sense which occur along Fault I are
problematic. South vergent noncoaxial fabrics are common along the
southern Rand thrust, but many samples display evidence for a late northward
component of simple shear, and coaxial fabrics are frequently preserved. The
apparently conflicting data from this structural interval are interpreted to be
the result of one or more of the following deformational mechanisms:

(a) coaxial flattening with local development of simple shear domains
during tectonic stacking of three massive plates onto the Rand Schist,

(b) overprinting of south vergent mylonitic fabrics during the northward
reactivations of Plates III and IV, or

(c) northward overprinting of the Fault I mylonites during flexural slip
folding and uplift of the Rand Mountains Antiform.

(6) The total amount of shortening related to movement along the Rand

Thrust Complex can be estimated from regional outcrop patierns. Given that
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Plate Il was imbricated between Plates I and III, the minimum displacement
cquals the outcrop width of Faults I and II in the direction of transport.
Assuming a south-southwestward trajectory, a minimum displacement of 20 km
may be mecasured from the map after 60 km of sinistral slip is removed from
the Garlock Fault. The total north-northeastward displacement of Plate IV
along Fault III is uncertain, however, it was significant enough to develop a
two meter thick mylonite zone.

(7) Wide dispersion in the lineation data (ranging from NW-SE to NE-
SW) could be the result of complicated relative motions between various levels
of the tectonic stack. However, the average lineation trends appear to
fluctuate somewhat systematically between geographic domains bounded by
high angle faults (see Figure 3.5). It is possible that part of this variation is
due to vertical axis rotation of large crustal blocks along these Neogene faults.
Significant strike slip movements would be necessary to cause such rotations.
In any event, it should be bormme in mind that the present day lineation
directions may not record the the original movement trajectories.

(8) The Neogene history of the Rand Thrust Complex is constrained by
crosscutting and overlapping hypabyssal, sedimentary, and volcanic rocks. A
thick section of middle to upper Tertiary conglomerates, arkose, tuffs, and
andesites unconformably overlies the Rand Schist and the Randsburg
Granodiorite, indicating that Plate I had been uplifted and unroofed by this
time. The age of the overlap sequence is constrained by an 18 Ma? rhyolite
porphyry plug which intrudes into the base of the section. Dikes related to
this porphyry crosscut Plates I, II, and III in the Rand Mountains, while dikes
related to a porphyry of similar age intrude all levels of the complex in the
southern Sierra Nevada. All four plates were therefore in place by Middle

Miocene time. The clastic section has been syndepositionally folded about east-
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northeast axes coincident with the general trend of the Rand Mountains
antiform (see Hulin, 1925, Smith, 1964, and Dibblee, 1967). Folding has affected
strata as young as Middle Pliocene age. Finally, all lithologies and structures
are displaced by Basin and Range style block faults, and the complex has been

offset approximately 60 km along the Garlock Fault.

SUMMARY OF TECTONIC SEQUENCE

Integration of all available lithologic, structural, and geochronologic
data from the Rand Thrust Complex permits the following interpretation of the
tectonic sequence:

(1) Formation of the protoliths of Plates I through IV in separate
geologic environments,

(2) Separate metamorphism and deformation of Plates I and II under
dissimilar conditions, and probably at different times,

(3) Late Cretaceous tectonic juxtaposition of Plates I, II, and III along
low angle faults, initially during one overthrusting event. The transport
direction was dominantly south-southwest,

(4) Emplacement of the Randsburg Granodiorite (79+1 Ma) into the
lower two plates of the complex,

(5) Multiple reactivation of various structural levels, culminating in
the movement of Plate IV along a north-northeast trajectory,

(6) Uplift of the complex and erosion to the level of Plate I, accompanied
by early accumulation of a Middle Tertiary overlap sequence ,

(7) Early Miocene emplacement of shallow level felsic intrusive centers
accompanied by locally intense hydrothermal alteration,

(8) Continued Miocene-Pliocene subaerial accumulation of sedimentary

and volcanic strata, with syndepositional folding about east-northeast axes,
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(9) Displacement of the complex along high angle faults, including the
Garlock Fault,

(10) Erosion to the present levels of exposure.
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INTRODUCTION

The crystalline and supracrustal rocks of northwestern Mexico offer
exciting opportunities to study the evolution of regional low angle fault
systems.  Thrust faults and detachment faults of suspected Late Mesozoic to
middle Cenozoic age abound in the desert ranges of Sonora and Baja California.
Only recently have some of these shear zones been mapped in detail. Their
significant role in the Mesozoic-Cenozoic tectonic evolution of the
southwestern Cordillera is rapidly becoming apparent. It is now clear that this
structurally complex region of Mexico has experienced the same general
pattern of Late Mesozoic-Early Cenozoic crustal shortening followed by Middle
Cenozoic extension that one observes north of the international border. The
precise timing of events may differ slightly, but the overall tectonic history is
consistent and compelling. The following study focuses on one area of north
central Sonora where essential clements of this tectonic evolution are well
preserved.

The Magdalena metamorphic core complex (named for its location near
the small city of Magdalena de Kino, Sonora) reveals a system of low angle
shear zones which developed in response to Middle Tertiary regional
northeast-southwest extension of the continental crust. Deformed strata of the
complex preserve the intense deformational imprint of these extensional

shear zones as well as structures and fabrics related to earlier tectonic events.
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It can be demonstrated that the main phase of extension followed emplacement
of late leucogranites into a previously strained crustal section, the deep levels
of which had been inflated by two earlier generations of granitoids.
Syntectonic sedimentary deposits and contractional structures which occur at
shallower stratigraphic levels constrain important episodes of regional uplift
and crustal shortening that predate the main extensional event.

Lithological components of the Magdalena metamorphic core complex
were mapped during an intensive study of the areca between 1985 and 1989. In
the following chapters, a Middle Mesozoic through Middle Cenozoic
tectonostratigraphy is defined. Geological structures and rock fabrics are
analyzed, and their deformational and kinematic sequence is established. The
magnitude and geometry of regional deformations are constrained by
systematic variations in finite strain and fabric intensity. The timing of
deformational events is bracketed by a variety of intrusive units which were
emplaced before, during, or after the accumulation of strain in their
respective country rocks. Tectonic reconstruction of the original
stratigraphy is facilitated by comparison of undeformed strata to highly
deformed correlative rock assemblages. Total displacements across the
important fault zones are estimated from finite strain data and from
stratigraphic piercing points. Finally, the tectonic history of the study area is

interpreted in a more regional context.

GEOGRAPHIC LOCATION AND ACCESS
The study area (shown in Figures 0.1 and 5.1) is located in north central
Sonora within a transition zone between low hills of the Sonoran desert to the

west and high ranges of the Sierra Madre Occidental to the east. The area is
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divided roughly in half by the Rio Magdalena drainage system. The rocks
described below are exposed mainly in mountain ranges on either side of this
perennial stream. Maximum topographic relief is on the order of 1000 meters.
Additional exposures (often covered by thick growths of cactus) are found in
the foothills and in topographically subdued portions of the drainage basin.
Limited paved road access is afforded by Mexican federal highways 2 and 15. A
diversity of unpaved ranch roads and connecting routes provide access to

other more isolated regions (see Figure 5.2).

PREVIOUS STUDIES

Rocks of the Magdalena area were first mapped in reconnaissance
during the 1920's by a Mexican geologist named Teodoro Flores. In his
pionecering treatise of 1929, Flores describes the geology and known mineral
deposits exposed in a 20 kilometer strip on either side of the Southern Pacific
Railroad between Guaymas and Nogales, Sonora (see Figure 5.1). The accuracy
of Flore's mapping is quite remarkable, considering that most of the ground
was covered on horseback and the map was constructed without a base,
utilizing only a compass (for triangulation) and a barometer (for elevation). I
found Flore's detailed field observations illuminating and immensely useful in
planning my geological traverses.

Several of the lithologic units originally described by Flores make up
important components of the tectonostratigraphy defined in Chapter 6. These
rock assemblages include:

(1) a thick sequence of rhyolite porphyries associated with porphyritic
granites which occur in a wide belt between Nogales and Imuris,

(2) a group of metamorphic rocks exposed north of Magdalena and west of
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Figure 5.1: Location map showing area of this study (8), relative to areas
of previous or concurrent studies. (1) Flores, 1929, (2) Valentine, 1936, (3)
Salas, 1968, (4) Gilmont, 1978, (5) Stephens and Anderson, 1986, (6) Segerstrom,
1987, (7), Kitz and Anderson, 1988, in progress.

Figur 5.2: Geography of the study area, showing locations of
physiographic features referenced in text.



69

YS
A‘!ghé‘

Bacascend

USA

(LI 29 e

d i
8.y
- &5 %
r 34 I
Z| v AF ey
L I
| o
.l X

2|

i

— ' P
L 4




~J
o

i A =
= \P ) AN WL 2
: - 3 g :
3 \“ runln de o p y - .p 3
AN $ ™ fana T ow/ ; 2 ¥
= b o = = -,
|~ El Rincon 'P_? .7 s . : o o
7S Say - - -2 S
|I 2 -;/‘l Ay 2\ % o o =
v 2la Cumeguita ":;\‘ \ Z \ oo
S Q@ LT i W =
5 1 UE <. = "-..:\ % Pyertola % /
H;.;;m ¢ 3 aEl Carricite 7(. I W 'Bondc\" N %
! =iz C 4,‘)’ \ 2 % 7
] & 1 < - o i ks
i « ; X 7 \ e
i = g ¢ 5 v
| 25 > ¥ \ = J V—f/
AntamioZ . A0 \ 2
' & N v Carado
l, o LTS dla Pelinerd Cocospera s
= 1 g H { ;“ 5 Faservar
i S SIeRRA LA 8.2 R
= gl N J 7 % PPl {
i = it e o : D e Ll o
,l :t,_,,{ J'OJ °b°~ -L.‘m.:_:‘»\n' 7 N e _’:-_4/ e 2 \ 8
: =TT ase ZAN" 5 3
i /}1\ | AT i FPuerte EIY 3 Los Remedion 3
-~ N i‘" '\'\: ‘\"/,“." \‘ 2 MQSQ"“?“ \’ &
el A o gl
Kebolla
N
kg
l’?.n
Nueve
-
”
N
S —_
~
S~ £l Alamlle
\\
N\ASDRLENN B : 3 g
-] La® = 8
= o ,/Ean-rs ) ;1 IJ
= v, = ]
\'- ’I--\ ’I""r 5 \
z- z ; 3
i L = & \
Rar 2 5 U T L A T k
§ T i \ Pesaumnra A o i )
— = \S"""_ JChupadars % < \
] S LA s K7 1 & w '
5 e e R
SanTA RNA < g
= I
L
1
\
]
1
\
14
1
{
,"EJ Terraom
= - ¥
- ; ~/
’ 0 i = Sl(m & ycurpe it
L “im i | = =i, ) SAEES . |
A Lamina © . !
$ Fory ¢ 2 \ /
¥ 3 \ |
: : S \ \
<Y ‘e 4t N A

Figure 5.2



71

Imuris that include granite gneisses, mica schists, and a variety of
metasedimentary rocks with marble interlayers,

(3) a large mass of granite intruded by fine grained dikes, exposed in the
Sierra Madera east of Magdalena and Imuris,

(4) a folded section of fine grained clastic strata with Lower Cretaceous
fossiliferous limestone beds, exposed east of Santa Ana,

(5) an extensive andesitic volcanic field which makes up the high ridge
(Sierra Ventana) south of Magdalena, and

(6) a diversity of tilted conglomerate beds preserved in topographically low
portions of the Rio Magdalena basin.

Salas (1968) mapped at reconnaissance scale the metamorphic,
sedimentary, and volcanic rocks exposed in the Santa Ana quadrangle (see
Figure 5.1). His study area included the western portions of the Sierras
Magdalena and Guacomea, the southern part of the Sierra el Alamo Viejo, and
all of the Sierras las Jarillas and Potrero to the west. In the course of sampling
metasedimentary strata ., exposed throughout these ranges, Salas noted
systematic trends in metamorphic grade (from greenschist to "granulite”
facies), which he attributed to the spatial association of numerous deformed
granitic intrusions. He also concluded that the metamorphic strata were
Precambrian in age.

Regional studies by Anderson and Silver have established a
geochronologic framework for much of central and northern Sonora.
Elements of their work which are important to my analysis of the geology
near Magdalena include:

(1) the regional distribution of Precambrian basement rocks (Silver and

Anderson, 1974; Anderson and Silver, 1977, 1979, 1983),
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(2) definition of a west-northwest trending Jurassic magmatic arc across
the north central part of Sonora (Anderson et al.,, 1969; Anderson and Silver,
1978),

(3) documentation of a group of Late Cretaceous plutons which display an
castward younging trend (Anderson and Silver, 1974, 1977; Anderson et al.,
1969, 1980; Silver and Chappell, 1988),

(4) Recognition of an extensive belt of metamorphic strata with regionally
consistent NE-SW lincations (Anderson, et al., 1977, 1980),

(5) extension of a belt of Cordilleran metamorphic core complexes with
associated detachment faults into central Sonora (Anderson et al., 1977, 1980),
and

(6) documentation of early Tertiary ages for a suite of deformed two mica
granites exposed in the lower plates of these core complexes (Anderson et al.,
1980, Silver and Anderson, 1984).

A Masters thesis by Gilmont (1978) addresses the stratigraphy of an
important section exposed in the Puerto la Bandera area northeast of Imuris
(see Figure 5.1). Although I disagrcf, with some of this author's age
assignments, his documentation of the sedimentology was invaluable in
helping me develop stratigraphic correlations to highly deformed and
metamorphosed strata preserved in the ranges west of Imuris. In particular,
Gilmont's Cocospera Formation serves as a key tectonostratigraphic and strain
marker in my reconstructions of the region.

Many other geological studies of nearby areas were drawn upon in my
efforts to understand the regional stratigraphy and tectonics. These include a
description of Jurassic? and Cretaceous? strata southwest of Nogales

(Segerstrom, 1987), an interpretation of the Jurassic-Cretaceous boundary in
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the Cucurpe-Tuape area (Rodriguez-Casteneda, 1986), a detailed stratigraphic
analysis of Lower Cretaccous marine strata exposed northeast of Cucurpe (Kitz
and Anderson, 1988), a study of Aptian-Albian limestones and associated
Cretaceous beds north of Altar (Jacques-Ayala, 1986; Jacques-Ayala and Potter,
1987), descriptions of the stratigraphy and structure of the Agua Prieta region
(Taliaferro, 1933; Rangin, 1977b), and a documentation of the stratigraphy and
structure of the El Tigre mining district in northeastern Sonora (Montano-
Jimenez, 1988). Also of interest were an analysis of Mesozoic-Cenozoic low
angle structures near Caborca and Altar (de Jong, 1988), and a description of
Precambrian and Jurassic? thrust sheets exposed between Magdalena and
Cucurpe (Anderson et al.,, 1984; Stephens and Anderson, 1986). Discussions
with Tom Anderson and Lee Silver over the years have been important factors
in my research. Finally, the observations of countless other workers on the
geology of southern and western Arizona and northern Sonora were helpful

in developing a regional geologic perspective.

GENERAL GEOLOGICAL SETTING

The Magdalena metamorphic core cc;mp]ex developed within an
evolving portion of the southern Basin and Range Province. Throughout this
province, bedrock geology is typically exposed in isolated, north or northwest
trending mountain ranges separated by broad alluviated valleys. The present
day topography and geomorphology are the result of horst and graben
development in an extensional tectonic environment. High angle normal
faults that bound most of the ranges are believed to be relatively young

Structures, probably active only during the past 10 million years (Stewart,

1978).  Their recent domination of the Basin and Range structure has been
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important in exposing a wide spectrum of profiles through the middle and
upper crust.

The more extensively studied Arizona segment of the Basin and Range
Province provides a relevant data base for comparing my observations from
Mexico. Many common geologic and tectonic links exist between the two
regions. Widespread portions of southern and western Arizona have
experienced a remarkably consistent two stage history of Late Mesozoic-Early
Cenozoic thrust faulting, magmatism and metamorphism followed by Middle
Tertiary extension along shallowly dipping brittle-ductile normal sense shear
zones (detachment faults). I believe the same pattern is represented near
Magdalena, but with a unique assemblage of rocks. The transition from crustal
shortening to crustal extension in this area is depicted in Figure 7.16.

Strata of the Magdalena metamorphic core complex are preserved in two
plates of the Magdalena detachment fault system. These rocks owe their
present level of exposure to Late Cenozoic uplift along a network of northeast
and northwest trending high angle normal faults, and to minor late
reactivation of certain segments of the detachment fault. A succession of
stream terraces preserved at various levels along the length of the Rio
Magdalena drainage basin attest to relatively recent tectonic uplift of the
region.

The Magdalena detachment fault is well expressed geomorphically as a
shallow dipping, broadly folded surface which flanks the southern Sierra
Magdalena, the southeastern part of Cerro de Enmedio, and the western and
southern portions of the Sierra Madera. Southwestward movement along this
high strain interface has effectively unroofed a ductilely deformed plutonic

and metamorphic substrate from structurally and stratigraphically higher
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unmetamorphosed sedimentary and volcanic rocks. Together these two plates
comprise a once continuous Jurassic through Middle Tertiary crustal section.
Rocks of the Magdalena core complex record a pre-detachment tectonic
history in addition to deformational fabrics directly related to Middle Tertiary
displacement on the detachment (fault. Late Cretaceous-Early Tertiary
depositional, magmatic, and structural events in the upper plate correspond
broadly to deeper seated plutonic and metamorphic episodes in the lower plate.
A transition from regional crustal contraction to localized crustal extension is
implicit in the crosscutting field relationships. Observations developed in the
next three chapters place constraints on the timing, geometry, and mechanics
of this evolutionary process. The geology and tectonostratigraphy are
outlined in Chapter 6. Local and regional structures and fabrics are described
in Chapter 7. The geometry of strain associated with two ductile deformational
events is analyzed in Chapter 8. Finally, the tectonic sequence is summarized

in Chapter 9.
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GEOLOGY AND TECTONOSTRATIGRAPHY

Diverse lithologies in the Magdalena area record the Mesozoic and
Cenozoic tectonostratigraphic development of part of an important orogenic
belt. Across a 50 kilometer wide corridor, a distinctive Jurassic through Lower
Cretaceous stratigraphy preserves the cumulative effects of multiple
superimposed deformational events. The deeper parts of this Jura-Cretaceous
section serve as a convenient stratigraphic and strain markers in tracking the
structural evolution of the middle crust through a time interval that
overlapped the emplacement of three generations of Late Cretaceous-Middle
Tertiary granitoids.  Fossiliferous Lower Cretaceous limestone beds present at
higher stratigraphic levels provide a key reference horizon useful for
constraining the sedimentary, volcanic, and deformational history of the
upper crust during the same time interval. The resulting composite Jurassic
through middle Tertiary tectonostratigraphy is presently exposed in two
structural plates separated by a regional low angle fault (the Magdalena
detachment fault). The lower plate and the upper plate represent highly
evolved portions of the middle crust and upper crust, respectively.

The geology and structure of the study area are compiled on a 1:50,000
scale topographic base map with a contour interval of 20 meters (see Plate 2).
The locations of all samples used for strain analysis are plotted on Plate 4.

Petrographic analyses of representative samples are tabulated in Appendix B.

All mineralogical modes are based on volumetric estimates.
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Several regions of the lower plate were mapped at more detailed scales
of 1:20,000 or 1:30,000. These areas serve as “"type localities" useful for
evaluating stratigraphic correlations and applying quantitative structural and
strain analysis. Large portions of the Sierra Guacomea, the Sierra la Jojoba,
and the Sierra el Pinito were not mapped due to accessibility problems.
Mapping in the upper plate is also incomplete. The data shown there include a
compilation of mapping by Flores (1929), Salas (1968), and Stephens and
Anderson (1986) as well as observations made by myself during
reconnaissance traverses through various sedimentary and volcanic
sequences.

Specific sites described in the text are keyed to locations of the ranches,
roads, and physiographic features shown in Figure 5.2. The geology of the
study area is summarized in Figure 6.1, A generalized northeast-southwest
cross section is shown in Figure 6.2. To facilitate description and correlation
of the tectonostratigraphy, I have divided the mapped area into three
geographic domains: In the Northeast Low Strain Belt, a well preserved
Jurassic through Lower Cretaceous type section is described. The section is
compared to similar strata exposed outside the study area, and the basis for
regional stratigraphic correlation is established. Next, a layered metamorphic
sequence exposed in the Central High Strain Belt is described. Age
relationships between deformed supracrustal rocks and multiple generations
of granite are documented, and the supracrustal rocks are interpreted to. be
metamorphosed equivalents of the northeastern type section. Finally, after a
brief description of the Magdalena detachment fault, the Upper Plate
Stratigraphy is addressed, with a focus on two well cxposed areas. A
transition from marine deposition to active intracontinental clastic

sedimentation and volcanism is established, and evidence for a regional Late
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Cretaceous?-Early Tertiary unconformity is discussed.

The last portion of this chapter briefly describes the widespread
occurrences of alluvium and colluvium in the study area. While these young
deposits were not studied in detail, their general distribution provides indirect
insight into Late Cenozoic structural modifications of the pre-Middle Tertiary

tectonostratigraphy.
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Figure 6.1a: Generalized geologic map of the Magdalena Metamorphic
core complex.

Figure 6.1b: Explanation for geologic map and cross section.

Figure 6.2:  Northeast-southwest cross section through the Magdalena
mctamorphic core complex, along a line connecting Santa Ana and Puerto la
Bandera.  Vertical exaggeration = 2. Geology is projected in from 10 to 15
kilometers on either side.
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THE NORTHEAST LOW STRAIN BELT

Unmetamorphosed to weakly metamorphosed rocks that make up the
type Jurassic-Lower Cretaceous stratigraphy occur to the north, northeast, and
east of Imuris. The type section (shown in Figure 6.3) consists of a layered
series of interstratified rhyolite and quartz arenite, volcanic conglomerate,
and intrusive granite porphyry, overlain in faulted unconformity by well
bedded deposits of fluvial conglomerate, sandstone, and siltstone. The base of
the type section is not exposed. The volcanic strata become progressively more
recrystallized and strained in a transition zone between the Rio Cocospera and
Puerto el Mesquital, where they are intruded by two distinctive two mica

granite plutons.

FELSIC VOLCANIC SERIES (AND ASSOCIATED ROCKS):

A diverse assemblage of felsic volcanic arc related rocks covers a large
portion of the northeastern map area. Excellent exposures occur in new
roadcuts along recently upgraded Highway 15 north of Imuris, in roadcuts
along Highway 2 near Puerto la Bandera, in the walls of the Rio Cocospera
canyon, and along the crest of the northern Sierra Madera.

Rhyolite Porphyry (rhy) makes up the bulk of the felsic series.
Part of this unit was mapped by Gilmont (1978), who named it "El Pinito
Rhyolite" for its occurrence in the Sierra el Pinito. The rock varies in
composition from rhyolite to rhyodacite or quarz latite. The texture is
porphyritic-aphanitic, with phenocrysts of subrounded quartz and euhedral to

fragmented feldspar in a white to light gray felsic groundmass. Phenocryst
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Figure 6.3: Stratigraphy of the type section, Northeast Low Strain Belt.
Rock symbols as in Figure 6.1b.
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content varies from 10% to 50%, and crystals as large as 6 millimeters in
diameter are common. The rhyolite frequently exhibits a primary flow
banding which is invariably subparallel to the orientation of interstratified
quartz arenite lenses.  Outcrops of rhyolite porphyry near Highway 2 are
essentially unmetamorphosed, however, farther south in the contact aureole
of the two mica granites, the groundmass and feldspar phenocrysts are
thoroughly recrystallized. There the rock is characterized by residual quartz
eyes in a sugary felsic matrix.

In thin section, both microcline and sodic plagioclase are observed as
phenocrysts. The microcline may be partially replaced with sericite.
Anhedral quartz phenocrysts are generally subequent and sometimes almost
spherical in shape. Zircon, sphene, and magnetite? occur as accessory
phenocrysts. The groundmass is composed of extremely fine grained feldspar,
quartz, devitrified glass?, white mica, and biotite. Contacts between
phenocrysts and groundmass are sharply defined. In recrystallized samples,
the groundmass is coarser grained, and boundaries with recrystallized
phenocrysts tend to be diffuse.

The widespread geographic distribution of the rhyolite porphyry as
well as its lithologic continuity and lack of textural variability suggest that the
volcanic unit was extruded as thick, laterally extensive flows or sheets.
Additional mapping of the rhyolite would be helpful in subdividing individual

flow units and in correlating specific stratigraphic intervals over large areas.

Rhyolite Breccia (rbr) occurs as irregular masses within the
rhyolite porphyry. The rock is comprised of angular, centimeter to decimeter
sized fragments of fine grained rhyolitic material in a highly silicified felsic

matrix.  Outcrops form resistant, uneven surfaces, and tend to be stained dark
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reddish purple (due to hydrothermal Mn? alteration). Quartz filled fractures
pervade the rock. The breccia may represent a pyroclastic deposit, but its
proximity to large fault zones suggests a tectonic origin. I have interpreted

this unit as a fault breccia derived from a rhyolitic protolith.

Quartz Arenite (qgss) is present as layers up to 50 meters thick within
the upper portion of the felsic series. One of these layers, the "Bandera
Sandstone," was mapped by Gilmont (1978) in the area just south of Highway 2
near Puerto la Bandera.  Several other slightly recrystallized quartz arenite
lenses are interlayered with rhyolite on both sides of the Rio Cocospera
canyon, and in the Sierra Madera north of Puerto el Mesquital.

The quartz arenites are fine to very fine grained, moderately sorted, and
well indurated.  Outcrops are highly resistant and typically form prominent
ledges. Bedding is defined by thin bands of dark minerals (zircon and
magnetite), and decimeter and meter scale cross bedding is present in places.
Fresh surfaces are white or light gray. Weathered surfaces tend to be stained
dark purple. Where unfaulted, contacts with the rhyolite porphyry are sharp
and conformable. The sandstones are clearly interstratified with the rhyolite
and are therefore coeval with at least the upper part of the rhyolitic sequence.

Gilmont (1978) studied the petrography of the Bandera Sandstone in
detail. The four thin sections I examined from the gss unit are consistent with
his results. In general, the rock is made up of 60% to 70% well rounded detrital
grains cemented by authogenic sericite and silica. At least 80% of the grains
are quartz; the remainder are feldspars or volcanic rock fragments probably

derived from the rhyolite porphyry.
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Rhyolite Cobble Conglomerate (vcg) is the highest stratigraphic
unit of the felsic series. One small mass is exposed in roadcuts immediately east
of Puerto la Bandera. Here a pristine depositional contact between the
conglomerate and wunderlying rhyolite porphyry is preserved (see Figure
8.6a). The conglomerate is composed of well rounded cobbles of white and gray
rhyolite porphyry in a poorly sorted, weakly indurated lithic sand matrix.
Rarc pebbles of light gray quartzite and quartz arenite are present as
accessory clasts. Both the rhyolite cobbles and their matrix appear to have
been locally derived from the rhyolite porphyry unit.

A larger mass of rhyolite cobble conglomerate occurs along the crest of
the northern Sierra Madera. Here the conglomerate also contains locally
abundant cobbles of quartz arenite and rare pebbles of fine grained dark gray
biotite-feldspar schist. The volcanic and sandstone clasts are lithologically
identical to the stratigraphically deeper rhy and qss units, respectively. A
systematic metamorphic/strain gradient is well displayed by this
conglomerate mass. In the northernmost exposures the matrix minerals are
recrystallized and a weak schistosity is apparent.  Farther south the entire
rock is recrystallized and the conglomerate clasts are noticeably elongate.
Where the conglomerate is intruded by the Mesquital Granodiorite (see below)
it is more accurately classified as a stretched cobble conglomerate.

The top of the rhyolite cobble conglomerate unit was observed in one
place on the northern Sierra Madera ridge crest. There a small mass of
quartzite-volcanic cobble conglomerate similar to part of the Cocospera
Formation (see next section) rests in apparent depositional contact upon the
rhyolitic conglomerate.  The contact is marked by an abrupt color change
from white-light gray in the older unit to green-orange in the younger. Also,

the percentage of quartzite and quartz arenite clasts increases significantly.
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Ficld relationships indicate that the rhyolite cobble conglomerate is
younger than the interbedded rhyolite/quartz arenite sequence, but older
than an intrusive sill of granite porphyry (see below). The conglomerate is
also older than the Cocospera Formation, and older than the crosscutting

Mesquital Granodiorite.

Granite Porphyry (grp) intrudes all components of the felsic series
described above. Sills of granite up to 100 meters thick occur in at least two
stratigraphic positions in the northern Sierra Madera. The granite porphyry
becomes more metamorphosed toward the south. Exposures 1/2 kilometer
north of the microondas road are quite foliated and recrystallized.

Compositionally the porphyry is a biotite-sphene granite. Texturally it
varies from granite porphyry to coarse grained porphyritic granite. Euhedral
microcline megacrysts up to 2 centimeters long are common, as are coarse (5
to 10 millimeter diameter) subspherical quartz phenocrysts. The medium to
fine grained groundmass is composed of plagioclase, alkali feldspar, biotite,
and sphene. The extreme porphyritic character of the granite implies that it
was emplaced at shallow crustal levels.

The intrusive nature of the granite porphyry is best displayed on the
crest of the northern Sierra Madera, where it forms a concordant sheet
between the interlayered rhyolite/quartz arenite sequence and the
stratigraphically higher rhyolite cobble conglomerate. The granite sill
becomes abruptly finer grained within 1 to 2 meters of its upper contact with
the conglomerate. Both the percentage of phenocrysts and their average size
decrease markedly. In some places this border phase may exhibit a flow
foliation.

Where granite porphyry intrudes the rhyolite porphyry the contacts



90

appear gradational, for the finer grained phase of the granite is similar in
composition and texture to the rhyolite. The age relationships between these
units thus tend to be equivical, particularly where a deformational fabric has
been superimposed. However, an independent line of reasoning argues that
the granite is younger than the rhyolite: no granite porphyry clasts are
present in the vcg unit, but rhyolite and quartz arenite cobbles are ubiquitous.
Had the rhyolite and granite porphyry been a coeval suite one would expect to
sec a contribution from both of these units in the conglomerate.

Counterparts to the granite porphyry are known in many areas of
northern Sonora (Anderson and Silver, 1978; Corona, 1979) and southern and
western Arizona (Tosdal et al., 1988). Typically the granites are intruded as
sills into well stratified sections of rhyolite, conglomerate, and sandstone.
Specific occurrences of granite porphyry north of the mapped area include
exposures in the Sierra las Avispas, in the western Sierra el Pinito, and in a
group of hills west of Nogales. These granite outcrops were first described and
mapped by Flores (1929). All appear to have been emplaced into thick

rhyolitic sequences.

COCOSPERA FORMATION (csp):

The felsic volcanic strata are stratigraphically and structurally
overlain by a fining upward quartz rich clastic sequence. Sedimentological
features of this conglomeratic section were studied in detail by Gilmont (1978),
who named it the "Cocospera Formation" for its geographic association with
the Rio Cocospera drainage. Excellent exposures of this unit are preserved in
the canyon of the Rio Cocospera, in Highway 2 roadcuts, and along bulldozer
tracks near the power lines south of Puerto la Bandera.

The Cocospera Formation is made up of layers and lenses of cobble-
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pebble conglomerate interbedded on a decameter and meter scale with green
sandstone, siltstone, and mudstone. Gilmont interpreted the assemblage as a
fluvial sequence, based on: (1) the ubiquitous occurrence of asymmetric
channel deposits, cut and fill structures, and normally graded beds, and (2) the
statistical shape of conglomerate clasts. Sediment transport direction
(determined from crossbed orientations) was dominantly toward the south or
southwest. In general, the size of conglomerate clasts decreases up section, as
does the ratio of conglomerate to finer grained sedimentary rock.

In the canyons of the Rios Cocospera and Los Remedios the
conglomerate beds are clast supported and well indurated. Sandstone and
siltstone comprise less than 30% of the section. The conglomerates are
composed of well rounded, subelliptical pebbles and cobbles set in a poorly
sorted matrix of sand and gravel. A typical clast population from this area is:
25% quartzite, 10% quartz arenite, 10% rhyolite porphyry and aphanitic
felsite, 12% green lithic sandstone, 15% green siltstone or shale, 5% green
andesite? porphyry or black mafic volcanic with white feldspars, 1% black
chert, 1% nonfossiliferous, light gray to brown limestone, rare coarse grained
granite porphyry, and 20% matrix. Gilmont (1978) recports the presence of
limestone cobbles with Oxfordian fossils, but none were encountered during
my traverses. The stratigraphically deeper felsic series was certainly an
important source terrane, for the rhyolite, quartz sandstone, and granite
porphyry clasts are lithologically identical to the rhy, gss, and grp units,
respectively. The rest of the clasts originated from sources outside the study
area.

Cocospera conglomerate exposures just south of Puerto la Bandera
represent either stratigraphically higher or more distal deposits. Here,

sandstone, siltstone, and shale make up about 75% of the section. The
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conglomerates are matrix supported and the clasts are dominantly of pebble
size. In comparison to the clast population described above, quartzite, quartz
arenite, and chert are significantly more abundant, andesite is rare, and the
green sandstone and siltstone clasts are absent. Also quite common are
moderately indurated, light brown sandstone and siltstone pebbles which were
probably reworked from slightly deeper intraformational beds.

Sandstone, siltstone, and mudstone layers within the Cocospera
Formation were analysed petrographically by Gilmont (1978). The three thin
sections I studied agree with his conclusions. These immature beds have an
average composition of lithic wacke or feldspathic wacke. In sandstone layers,
subangular, moderately sorted grains with a clay rich matrix are cemented by
authogenic sericite and calcite. In finer grained siltstone or mudstone
horizons the grains are matrix supported, and the clay is commonly altered to
chlorite, imparting a distinctive green color to these sediments. The sand
grains typically include a representative population of quartz, sodic
plagioclase, microcline, rhyolite, andesite, quartz arenite, and ra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>