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Abstract. COCORP seismic reflection
profiling in the western and northern
Mojave Desert of southern California has
revealed the presence of numerous major
low-angle reflecting horizons within the
crust. These complex, though laterally
continuous, horizons are interpreted to
represent major southwesterly dipping
crustal fault zones, and as such they
place important constraints on the tec-
tonic evolution of the region. The upper-
most horizon is interpreted to be the Rand
thrust, which, where exposed, places Pre-
cambrian and Late Cretaceous crystalline
rocks over possibly younger Pelona-Rand-
Orocopia Schist. This reflecting horizon
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extends for 25 km southwest of the Rand
Mountains where it appears to be truncated
at a depth of about 7.4 km by another
horizon, which may be a later low-angle
normal fault. The other reflecting hori-
zons are not traceable to the surface, and
so greater ambiguity remains in their
interpretation. The most prominent of
these horizons occurs at midcrustal depths
(15%6 km), exhibits a "ramp and flat" geo-
metry, and extends over the northern area
of the Mojave survey into the Basin and
Range Province. A lower horizon, at
depths of 20-30 km in the northern part of
the survey area, is antiformal and appears
to terminate above a flat and relatively
continuous Moho-depth horizon. The crust-
mantle transition appears to be repre-
sented by a continuous series of reflec-
tions which occur at about 10 s (33 km) in
the north of the survey and at about 8-9 s
(26-29 km) in the south. These reflec-
tions are offset in the vicinity of the
town of Mojave. The deep intracrustal
fault zones inferred from the COCORP sur-
vey may represent (1) the deep crustal
continuation of the system of Mesozoic
thrusts which crops out in southern Nevada
and southeastern California, (2) Late
Cretaceous to Early Cenozoic, northeast-
vergent thrusts related to the uplift of
the Pelona-Orocopia-Rand Schist, or (3)
low-angle normal faults related to Early
Miocene, northeast-southwest directed
crustal extension. The COCORP survey also
traversed the major strike-slip faults
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that bound the Mojave block. The San
Andreas fault zone appears to truncate
reflectors at depths of 6, 8 and 20 km
within the Mojave basement, suggesting
that it is a major vertical feature which
extends to at least 20 km depth. Con-
versely, the Garlock fault does not offset
an underlying reflecting horizon which oc-
curs at 9 km depth and therefore appears
to be a relatively shallow crustal fea-
ture.

INTRODUCTION

The Mojave Desert region of southern
California is located at the junction of
several of the major tectonic provinces of
the southwestern United States (Figure
1). It is a wedge-shaped region where
bedrock exposure is dominated by granitic
rocks of the Mesozoic batholithic belt
that extends along the western margin of
North America. The Mojave block is
bounded to the north by the Garlock fault
and the extensional Basin and Range Prov-
ince, and to the south and west by the San
Andreas transform system. East-vergent
thrusts of Mesozoic age extend across its
eastern margin, which is marked by a
series of northwest trending geophysical
anomalies (Bouguer gravity and seismic),
and a change in physiography and crustal
thickness [Dokka, 1980]. At one time or
another, each of these tectonic regimes
has played an important role in the evolu-
tion of the Mojave block. Recent detailed
surface geological studies such as those
by Miller [1977], Dokka [1980], and Glaz-
ner [1981], and the pioneering seismic
reflection experiments of Dix [1965], have
begun to elucidate the fundamental struc-
tural nature of the block.

Six deep seismic reflection profiles
were recorded within the western Mojave
Desert region (Figure 2) during the winter
and spring of 1982 by the Consortium for
Continental Reflection Profiling (COCORP)
in an effort to further understand this
complex region. The survey revealed sev-
eral extensive southwesterly dipping hori-
zons, or zones of reflectioms, at two-way
travel times corresponding to various
depths within the crust of the Mojave
block (Figure 3). These horizons are
often multicyclic and vary in continuity,
the less continuous horizons consisting of
discrete events which are laterally cor-
relative and are subparallel to the more
continuous horizons. They are inter-
preted to be major fault zones. However,
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whether these fault zones are brittle
faults or discrete ductile shear zones is
unclear, not being determinable from seis-
mic reflection data alomne.

Three regional tectonic models which
involve either northeast-directed over-
thrusting or northeast-southwest-directed
extension are considered in terms of the
COCORP results. Each model attributes the
primary cause of the reflecting horizons
to a different tectonic episode, either
(1) Mesozoic thrusting, (2) Late Creta-
ceous to Early Cenozoic thrusting related
to the uplift of the Pelona-Orocopia-Rand
Schist, or (3) Early Miocene crustal
extension.

TECTONIC SETTING

Although the Mojave block is defined
largely by the San Andreas and the Garlock
faults, these geological features have
played a relatively minor role in the evo-
lution of the crust within the Mojave
block compared to earlier Cenozoic and
Mesozoic tectonic events [Burchfiel and
Davis, 1981].

One important Mesozoic event was the
voluminous intrusion of granitic rocks
which form part of the major Mesozoic
batholithic belt of western North Amer-
ica. This belt represents the remains of
one or more fluctuating "Andean-type" mag-
matic arcs [Hamilton, 1969] which over-
printed most of the earlier Precambrian
and Mesozoic structures that once existed
within the western and central Mojave
Desert. In the eastern Mojave region,
major east vergent thrusting was coeval
with, and possibly related to, the evolu-
tion of this magmatic arc [Burchfiel and
Davis, 1972; 1975]. These thrusts may
have been part of a major Mesozoic thrust
belt that once extended into the Mojave
block [Burchfiel and Davis, 1981].

Magmatic activity and accompanying
arc-related thrusting ended about 80 Ma
[Burchfiel and Davis, 1981]. The Rand
thrust cuts granites dated at 85 Ma indi-
cating that the Rand Schist was emplaced
beneath Precambrian and Mesozoic crystal-
line rocks no earlier [Silver et al.,
1984]. Uplift of the Rand Schist to shal-
low crustal levels may have occurred at a
substantially later time. The Rand Schist
outcrops in the Rand Mountains and is cor-
related with the Pelona-Orocopia Schist of
southern California [Ehlig, 1968; Haxel
and Dillon, 1978]. Although the Pelona-
Orocopia-Rand Schist is distinctive in
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ern California.

Generalized geologic map of the Mojave Desert showing the positions
of the COCORP seismic reflection lines.
Dotted pattern, Rand-Pelona-Orocopia Schist; v pattern, Ter-

Inset shows position of map in south-

tiary sediments and volcanics; wavy pattern, Precambrian outcrops; white,
Mesozoic granites; unshaded, alluvium; dashed lines, Barstow Bristol Trough

(B.B.T.).

Faults are shown as bold lines.

Abbreviations for faults are B,

Blackwater fault; C, Camprock fault; CVF, Cantil Valley fault; CW, Cottonwood
fault; H, Hitchbrook fault; HA, Harper Valley fault; HE, Helendale fault; L,
Lockhart fault; M, Muroc fault; NR, North Rosamond fault; R, Rosamond fault;

WS, Willow Springs fault.

Abbreviations for mountains are AB, Antelope

Buttes; BM, Bullion Mountains; NM, Newberry Mountains; PR, Portal Ridge; RB,

Rosamond Buttes; RM, Rand Mountains; SP, Sierra Pelona.

Position of CERP

(COCORP Extended Research Program) survey is marked by a cross.

outcrop, its genesis and history are
enigmatic [Mukasa et al., 1984]. COCORP
line 3 traverses the surface outcrop of
the Rand Schist.

Uplift and erosion of the Mojave block
at about 45 Ma is suggested by Ar*? block-
ing temperatures determined from biotite-
bearing plutons in the central Mojave
Desert [Miller and Sutter, 1982]. This
apparent uplift is also supported by the
lack of Early Cenozoic sediments in the
Mojave Desert. From such evidence Hewett
[1954] estimated that the Mojave block
underwent approximately 3 km of erosion
during the Early Cenozoic.

In the early Miocene (23-20 Ma), the
central Mojave block underwent an intense
period of detachment faulting and associ-
ated high-angle normal faulting [Dokka,

1980]. This period was characterized by
rapidly evolving tectonic basins and the
onset of copious volcanism, centered about
the Barstow-Bristol trough (Figure 2)
[Dokka and Glazner, 1982].

Since mid-Miocene times the Mojave
block has been influenced by the San
Andreas strike-slip fault system. The
combined effect of the lateral displace-
ments along both the San Andreas and Gar-
lock faults has resulted in a north-south
compressive regime [Hill, 1954; Bohannon
and Howell, 1982], and in the development
of northwest trending right-lateral
strike-slip faults within the eastern and
central Mojave Desert [Dibblee, 1961]. On
the basis of paleomagnetic studies in
southern California, Luyendyk et al.
[1980] predicted substantial displacement
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on these faults. However, Dokka [1983]
suggested that the faults have relatively
minor displacements, ruling out large
lateral shearing within the Mojave block
during the late Cenozoic, although rota-
tion of the Mojave block as a whole cannot
be discounted.

DATA ACQUISITION AND PROCESSING

The locations of the six COCORP deep
seismic reflection profiles recorded dur-
ing the Mojave Desert survey are shown in
Figure 2. These profiles form a network
of lines, approximately 300 km in total
length, which runs southwest across the
Mojave Desert, from Searles Lake north of
the Garlock fault to San Franscisquito
Canyon south of the San Andreas fault.
Together, they provide three-dimensional
seismic reflection coverage of the western
and northern Mojave block.

Table 1 lists the data acquisition
parameters that were used by Petty Ray
Geophysical, a division of Geosource Inc.,
during the recording of each line. The
data were processed at Cornell University
using a MEGASEIS (TM Seiscom Delta) seis-
mic processing system following the se-
quence outlined in Table 2. In addition
to the three~dimensional information pro-
vided by cross-line control, common depth
point (CDP) scatter resulting from crooked
line geometries was exploited to provide
supplementary information about the
three-dimensional geometry of the reflec-
tors imaged by the survey. Extensive F-K
filtering was also required to remove sur-
face waves from shot point gathers re-
corded within sedimentary basins. This
filtering, along with careful muting and
velocity analysis, considerably enhanced
the appearance of the shallow data.

The quality of the data collected in
the survey is generally good; prominent
reflections occur at two-way travel times
corresponding to all depths within the
crust. However, occasional vertical
strips or '"panels" of numerous "ringing"
events are present on some of the unmi-
grated stacked sections, particularly in
areas of low stacking fold. Examples of
these '"panels" are visible on line 2 (VP
340 to VP 400, Figure 3), on line 3 (VP
340 to VP 480 and VP 850 to VP 900, Fig-
ures 3 and 6), and on line 4 (VP 1 to VP
50 and VP 250 to VP 300, Figures 3 and
8). The abrupt termination of these '"pan-
els" (for example, the '"panel visible on
line 3 between VP's 340 and 480), and the
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presence within the '"panels" of events
with differing dips and hence differing
raypaths, suggests that the "panels" may
be artifacts of anomalous near surface
conditions such as variation in vibrator
coupling and/or the shallow generation of
pegleg multiples. However, no correlation
has been detected between the occurrence
of the panels and changes in the mapped
surface geology. Preliminary deconvolu-
tion suggests that some of the "ringing"
may be removed by further processing.

During data analysis, particular atten-
tion was paid to distinguishing diffrac-
tions and sideswipe (reflections from out
of the plane of the section) from reflec-
tions that originated from structures
within, or near to, the plane of the sec-
tion. Diffractions were recognized at
many levels within the sections; however,
sideswipe proved to be a minor problem
despite the presence of major structural
features, such as the San Andreas and Gar-
lock faults, in close proximity to the
lines.

The data in this paper are presented as
line drawings which have been abstracted
from the seismic sections, augmented with
examples of the sections themselves.
Although most of the data presented here
are unmigrated, both three-dimensional
hand-, and two-dimensional hand- and
computer-migrated sections have been used
as interpretive aids.

COCORP DATA: RESULTS AND INTERPRETATIONS

The COCORP Mojave seismic data are
characterized by discrete, but mostly dis-
continuous, horizons or zones of reflec-
tions which appear to represent gently
dipping, near-planar structures at several
levels within the crust of the Mojave
block (Figure 3). Many of these bands are
multicyclic with a duration of up to 1 s
of two-way travel time. They consist of
numerous short reflections which are lat-
erally correlatable over large portions of
the survey.

Figure 3 is a schematic representation
of the seismic sections recorded during
the survey. Each section is adjacent to
the sections which cross it in order to
facilitate the discussion of the continu-
ous nature of the reflecting horizonms.

The sections (Figures 3, 4, 6, 7, and 8)
were displayed so that the upper parts
have approximately equal horizontal and
vertical depth scales. Consequently, the
lower parts of the sections are horizon-
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TABLE 1. Data Acquisition Parameters
Parameter Description
Source Vibroseis (trademark CONOCO,Inc.), nominal 5 vibrators
8 sweeps per vibration point (line 5: 4 sweeps)
8-32 Hz upsweep, 32-s duration (lines 4 and 6: 16 s)
100.6 m spacing (line 6:50.3 m)
149 m array length with 5 vibrators or 134 m with 4 vibrators
Receiver 100.6 m station spacing (line 6: 50.3 m)
96 channels
98.1 m geophone array length (24 elements)
nominal distance: near station 503 m (line 6: 251.5 m)
far station 10,058 m (line 6: 5,026 m)
Recording 52 s recording time (lines 4 and 6: 32 s)

20 s correlated record length

8 ms sample rate
48 (nominal) fold

Direction of 1line 1:
Shooting
line 2:

line 3:

line 4:

north to south; VP 61 to VP 280, push spread to south

south to north; VP 101 to VP 323, pull spread to north
VP 324 to VP 343, vibrate through spread

northeast to southwest; VP 1 to VP 868,

pull spread to southwest

west to east: VP 1 to VP149, push spread to east

VP 150 to VP 290, vibrate through spread

line 5:

line 6:

south to north; VP 101 to VP 382, pull spread to north

northeast to southwest;

VP 229 to VP 244.5, vibrate off-line on line 1,

into spread on line 6

VP 245 to VP 344.5, vibrate off-line on line 1,

into fixed spread on line 6

VP 151 to VP 442, pull spread to south

Parameters apply to all lines unless otherwise stated.

tally exaggerated by about 1.5:1. As a
general rule, 1 s of two-way travel time
corresponds to approximately 2 to 2.8 km
from O to 2 s and 2.8 to 3.3 km from 2 to
10 s on the sections. Two-way travel
times are used throughout this paper in
order to describe the depth of an event.
All dips quoted in this paper are approxi-
mate and based on three-dimensional migra-
tions unless otherwise specified. Copies
of the Mojave data set may be obtained as
outlined by Kaufman [1984].

The Rand Thrust

The Rand Mountains in the northern
Mojave Desert (Figure 2) expose the Rand
Schist [Hulin, 1925; Dibblee, 1967], an
isoclinally folded sequence of metavol-
canic and metasedimentary rocks of oceanic
affinity and continental provenance, which
has been correlated with the Pelona and
Orocopia Schists of southern California
[Hershey, 1912; Ehlig, 1968; Haxel and
Dillon, 1978]. All outcrops of the
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TABLE 2. Processing Sequence

Steps Descriptions

1 demultiplex

2 Vibroseis correlation

3 velocity (FK) filter

4 edit and tailmute noisy shot point gathers
5 crooked line geometry (CDP spacing = 50.3 m

except line 6 = 25.15 m)

6 elevation statics

7 gather

8 balance trace amplitudes, 1 s window
9 velocity analysis

10 normal moveout correction

11 mute

12 trace sum, line 6 only

13 stack

14 frequency filter

15 automatic gain control, 1 s window
16 display (Figures 4, 6, 8)

17 migration

18 display (Figures 4, 7)

Sequence applies to all

Pelona-Orocopia Schist are domal in form
with no visible basement, and appear to
lie in tectonic contact with overlying
Precambrian crystalline and Mesozoic igne-
ous rocks.

The Pelona-Orocopia Schist was metamor-
phosed during thrusting at depths of 20-30
km [Graham and England, 1976; Haxel and
Dillon, 1978; Graham and Powell, 1984].

It has since been uplifted, reaching the
surface during early Cenozoic times [Haxel
and Dillon, 1978]. Although the protolith
of the Pelona-Orocopia Schist is dated at
>160 Ma [Mukasa et al., 1984], the origi-
nal tectonic setting and the mechanisms of
emplacement and uplift of the Schist are
uncertain [Burchfiel and Davis, 1981;
Jacobson, 1983; Mukasa et al., 1984; Tos-
dal et al., 1984]. Regional tectonic
models suggest that the Schist may repre-
sent either an underthrust extension of
the Franciscan Complex [Crowell, 1968,
1981; Yeats, 1968a, b; Burchfiel and
Davis, 1981]; the overthrust remains of a
now closed oceanic rift or intra-arc basin
[Ehlig, 1968; Haxel and Dillon, 1978; Tos-
dal et al., 1984]; the overthrust remains
of a pull-apart rift basin once located at
the junction of the sinistral Mojave-
Sonora Megashear and the continental mar-
gin [Tosdal et al., 1984]; or a pre-Late
Jurassic exotic addition to North America
that was deformed and metamorphosed prior

lines unless otherwise stated

to being sutured to the continent [Vedder
et al., 1983; Mukasa et al., 1984]. How-
ever, the apparent age of the Pelona-
Orocopia Schist protolith (>160 Ma) casts
doubt on the underthrust Franciscan model,
because the Franciscan Complex is Upper
Jurassic to Tertiary in age [Mukasa et
al., 1984].

The Rand Schist crops out
northwest-southeast trending
[Dibblee, 1967] over most of the Rand
Mountains. FEhlig [1968] has suggested
that the schist lies in thrust contact
with the overlying gneissic and granitic
rocks, inferring that the contact, the
Rand thrust, is also antiformal. In the
northeastern part of the Rand Mountains,
the Rand thrust has been mapped as a zone
of mylonites [Vargo, 1972] between the
antiformal Rand Schist and the overlying
Precambrian paragneisses (the Johannesburg
Gneiss [Hulin, 1925]). 1In the south-
western Rand Mountains, Silver et al.
[1984] have mapped a southwest dipping
(10-40°) thrust zone of granite over
schist marked by a 5 to 75 m interval of
distinctive, mylonitic, grey carbonate-
rich quartzofeldspathic gneiss, and have
shown the thrust to be younger than 85 Ma,
the age of a granite in the upper plate.
In addition, an intrusive granite, dated
at 73 * 3 Ma, contains hornfelsed xeno-
liths of the schist suggesting that the

as a broad
antiform
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TWO WAY TRAVEL TIME (SECS)

Fig. 4.

Detail of the middle part of COCORP Mojave line 3.
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VP

c?

The lower section

is migrated with interpretation and shows the inferred Rand thrust and related

structures.
tical scales are approximately 1:1.
text. RT, Rand thrust.

Rand Schist was metamorphosed prior to
that date [Silver et al., 1984].

Line 3 traverses the Rand Mountains and
crosses the inferred surface trace of the
northeastern limb of the Rand thrust at VP
300 and the southwestern limb of the
thrust at VP 450 (Figure 2). A complex
zone of numerous southwesterly dipping re-
flections which extends from VP 520 at 0.5
s (1 km) to VP 820 at 3.0 s (8 km) is vis-
ible on line 3 (Figures 3, 4). In detail,
the zone consists of a series of short,
discontinuous, relatively strong reflec-
tions (horizon A in Figures 3b and 4b)
which run from VP 520 at 0.5 s (1 km) to
VP 740 at 2.8 s (7.4 km), below which
extends a diffuse series of subhorizontal
reflections (horizon B in Figures 3b and
4b). Horizon B extends from VP 600 at 2.5
s (6.5 km) to VP 820 at 3.0 s (8 km) on
line 3 and is also visible on line 5, a
crossline which intersects line 3 south-
west of the Rand Mountains at VP 750 (Fig-
ure 2). This horizon (B) has a true dip
of approximately 20° south and is distinct

The upper section is unmigrated and unmarked.

Horizontal and ver-

Lettered reflections are discussed in

between VP 120 at 3.0 s (8 km) and VP 240
at 2.0 s (5 km) on line 5 (Figure 3).
Event Bl (Figure 3) may be the continua-
tion of the horizon further to the north
on line 5.

The positions of horizons A and B rela-
tive to the inferred surface trace of the
southwestern limb of the Rand thrust, and
the absence of similar shallow reflections
in other parts of the data, suggest that
at least one of the horizons consists of
reflections from the Rand thrust. Figure
4 is an interpretation of this complex
feature. Horizon A may be projected to
the surface approximately at the inferred
surface outcrop of the Rand thrust (VP
450) and is therefore interpreted to
represent the thrust. The horizon is
interpreted to be cut extensively by
high-angle normal faults which may cor-
relate with high-angle normal faults
mapped in the vicinity of the Rand Moun-
tains [Morehouse, 1984; Silver et al.,
1984], and to be truncated at depth by the
more continuous horizon B. Therefore the
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Fig. 5. Shot point gather showing the
reverse moveout event that is interpreted
to be a reflected refraction from a high-
angle normal fault or a splay of the Lock-
hart Fault, and the event that is inter-
preted to be the Rand thrust. Shot point
gather has had AGC (Automatic Gain Control)
with a 1-s window applied. See Figure 2
for location.

Rand thrust, at least with these data,
cannot be traced throughout the Mojave
block. Horizon B is difficult to trace
westward beyond VP 820; however, event E
on the western end of line 3 and event D
on the northern end of line 2 may repre-
sent its southwesterly continuation (Fig-
ure 3). Diffractions at the eastern end
of horizon B, below VP 630 on line 3, at
2.5 s (Figure 4a) suggest that horizon B
terminates abruptly and therefore may also
be faulted.

Event C on Figure 5 exhibits reverse-
moveout on the shot point gathers. It may
originate from one of the faults which
cuts horizons A and B, and can be inter-
preted as a reflected refraction [Sheriff
and Geldart, 1982] from a steeply dipping
fault that projects to the surface approx-
imately at VP 585 on line 3, cutting the
Rand thrust at VP 575. The event (C) may
originate from a splay of the Lockhart
fault (Figure 2), a Late Cenozoic north-
west-trending strike-slip fault [Dibblee,
1961] or one of the high angle normal

Deep Crustal Structure of Mojave Desert 303

faults mapped to the south of the Rand
Mountains [Morehouse, 1984; Silver et al.,
1984].

The identity of horizon B is unknown.
However, since some of the inferred faults
which offset horizon A do not offset hori-
zon B, horizon B is interpreted to be more
recent structure than A. It may represent
a thrust related to the emplacement of the
Rand Schist or, alternatively, it may be a
later extensional detachment which trun-
cates the Rand thrust. Both horizons A
and B are interpreted to have been offset
by late Cenozoic faults east of VP 600
(Figure 4).

There is no recognizable reflection
from the northeastern continuation of the
Rand thrust on line 3 between VP 300 and
VP 220. This absence may be due to (1) a
lack of sufficient impedance contrast be-
tween the Johannesburg Gneiss, with its
associated mylonites, and the schist; (2)
the possible extreme structural complexity
of the northeastern limb of the thrust,
or, more likely, (3) the thrust lying
above the minimum depth (about 1 km) for
imaging seismic events in this survey.

Mid- and Deep-Crustal Structure

The mid- and deep-crustal data are
characterized by discrete bands of reflec-
tions, some of which are more continuous
and laterally extensive than the horizons
described above (Figure 3). However,
these mid- and deep-crustal horizons are
not traceable to the surface within the
survey, and so some ambiguity is inherent
in their interpretation. On the basis of
their form and extent, and in considera-
tion of the regional geology, the most
likely causes of these reflections are
either tectonic or lithological contacts
such as fault zones or the bottoms of
batholiths. Fault zones are commonly
accepted as possible seismic reflectors
[e.g., Smithson et al., 1979; Allmendinger
et al., 1983], and Lynn et al. [1981] have
considered the possibility that layering
at the bottoms of granitoid batholiths may
also generate good seismic reflections.

Event F (Figures 3 and 6) is a complex
midcrustal horizon on line 3, which ex-
tends from VP 350 at 3.7 s (10 km) to VP
808 at 7 s (22 km). Migration of horizon
F (Figure 7) clearly shows that it has a
steplike geometry with two southwesterly
dipping segments, below VP's 755 to 595
(F1) and VP's 525 to 440 (F2), between
three apparently horizontal segments, VP's
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808 to 755 (F3), VP's 595 to 525 (F4), and
VP's 440 to 350 (F5). The bend in line 3
at VP 360 (Figure 2) provides three-dimen-
sional control which confirms that segment
F5 is horizontal; therefore, it seems rea-
sonable to suggest that the other two seg-
ments with no apparent dip (F3 and F4) may
also be horizontal. Crossline control
provided by line 5 shows that segment F1
dips at approximately 30° to the south-
southwest and implies that F2 dips at
approximately 26° to the south-southwest
(assuming that both Fl1 and F2 have the
same strike). As there is no evidence for
large upper crustal velocity variations
above horizon F which might explain its
apparent shape, the horizon is interpreted
to exhibit a large-scale "ramp and flat"
geometry. Furthermore, it seems too regu-
lar to be a folded, originally more planar
horizon. Ramp and flat geometry is com-
monly shown by the thrusts of foreland
thrust belts [Dahlstrom, 1970] and is not
considered to be characteristic of batho-
lithic contacts. Consequently, the geo-
metry of horizon F suggests that the hori-

Deep Crustal Structure of Mojave Desert

Line 3, stacked section of the entire line, top 13 s of data only.

zon consists of a series of reflections
from a crustal penetrating fault zome.
The dip of the ramps (segments Fl and F2)
implies that the fault zone is either a
north-northeast vergent thrust fault or a
south-southwesterly dipping extensional
fault.

Since events F6 (VP 300 to VP 150, line
3) and F7 (VP 50 to VP 10, line 3) occur
along the northeastward projection of seg-
ment F5 (Figure 3) at a similar two-way
travel time, they are interpreted to be
reflections from the northeastern continu-
ation of this fault zone. Event F8 on the
northern end of line 2 (VP 320 to VP 400)
and on the southwestern end of line 3 (VP
830 to 890) occurs at the same two-way
travel time as segment F3 and may also be
from the inferred fault zone. These cor-
relations suggest that the fault zone is
traceable over approximately 100 km of the
survey and therefore appears to be a major
crustal feature.

The presence of such a structure, ex-
tending from depths of 9 to 22 km, has
significant ramifications for the deep
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Figure is shown at the same scale as the line drawings in Figure 3.

structure of the crust of the northern
Mojave block. If the flats are layer
parallel [e.g., Elliott and Johnson,
1980], it may be inferred that the crust
in this area is inhomogeneous, consisting
of subhorizontal, interlayered competent
and incompetent rocks. Some regional geo-
logic models hypothesize a suture between
two different crustal blocks [Haxel and
Dillon, 1978; Vedder et al., 1983; Mukasa
et al., 1984] in the region where horizon
F occurs. However, the regular ramp and
flat geometry of this structure would per-
haps not result from the juxtaposition of
two highly irregular crustal blocks.

Above horizon F on line 3 is horizomn G,
a less extensive horizon which extends
from VP 900 at 6.2 s (19 km) to VP 560 at
3 s (9 km), (Figures 3, 6 and 7). Horizon
G has a ramplike geometry similar to hori-
zon F, and the migrated section (Figure 7)
suggests that it truncates the short event
H below VP 620 at 4 s (12.0 km). These
geometrical relationships and the fact
that crossline control by line 5 shows
that horizon G has a similar strike to

horizon F (Figure 3), suggest that horizon
G is a related fault zone.

On the northeastern half of line 3,
below horizon F, is an arcuate zone (I in
Figure 3; also see Figure 6) of numerous
short, discontinuous reflections. Zone I
has a maximum duration of 0.5 s and a more
diffuse character than the other horizons
on line 3. It is visible below VP 1 at 7
s (22 km), and rises up to 5.5 s (18 km)
below VP 150, just north of the Garlock
fault. South of the Garlock fault, zone I
gently descends to 6.5 s (20 km) below VP
340, where it merges with an upwardly con-
vex wedge of reflections which extends
down to 8-9.5 s (26-30 km) between VP's
450 and 600. This wedge of reflections
terminates above a series of horizontal
Moho-depth reflections (M in Figure 3).
The bend in line 3 at VP 360 (Figure 2)
allows an average local dip of 28° south-
west to be calculated for the wedge.

The same wedge of reflections is visi-
ble on wide-angle seismic reflection data
collected by the COCORP Extended Research
Program (CERP) Mojave survey south of the
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Rand Mountains [Roy Chowdhury et al.,
1983]. "These data were recorded in-line,
70 km to the south of VP 360 on line 3
(Figure 2) from the same vibration signals
generated during the course of shooting
COCORP line 3 (VP's 271-368). The CERP
data show that the wedge has an apparent
dip of 35° to the south in the area just
south of VP 360 on line 3 (Figure 2),
which is consistent with the form of the
wedge seen on line 3. The convex-upward
curvature of the wedge of reflections 1is
suggestive of diffraction tails. Three-
dimensional control is insufficient for
detailed three-dimensional migration.
However, after two-dimensional migration,
the wedge maintains the same overall
form. Horizon I and the wedge of reflec-
tions may originate from a major litholog-
ical discontinuity, for example from the
top or bottom of a major intrusion [Lynn
et al., 1981], or they may represent a
complex fault zome.

Other distinct horizons are also visi-
ble on the seismic sections, but their
equivocal form and limited extent make
them more difficult to interpret. The
zone of numerous events, J on line 4 (VP
140 at 5.6 s (18 km), to VP 300 at 4 s (12
km)) and on line 2 (VP 50 to VP 150 at 4 s
(12 km)) consists of a series of interfer-
ing events which appear to have hyperbolic

Line 3, migrated section, VP's 350-980, top 13 s of data.
Figure is shown at the same scale as the
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Lettered

curvatures (Figures 3 and 8). Some of
these events may be diffractions from out
of the plane of the section; however, the
most prominent event (K1) of zone J on
line 4 (Figure 8) projects across an area
(VP 80 to VP 150) of low signal-to-noise
ratio to event K2 (VP 1 to VP 80 at 7 s,
or 22 km) and hence is long enough to
eliminate the possibility that it is a
diffraction tail. The crossline control
provided by line 2 suggests that K1/K2
dips to the west-southwest at approximate-
ly 25°.

Three-dimensional extrapolation of
horizon K1/K2 calls attention to events
K3, K4, and K5, which have dips and two-
way travel times that are consistent with
their forming part of horizon K1/K2 (Fig-
ure 3). Horizon K1/K2 is relatively iso-
lated from the other prominent horizons
and does not have a diagnostic geometry
such as the ramps and flats of horizon F.
However, the horizon does extend over 60
km of the survey and is structurally
higher than horizon F (Figure 9). Horizon
K1/K2 may represent a lithological bounda-
ry such as the bottom or top of a batho-
lith [Lynn et al., 1981] or may represent
a tectonic structure, possibly related to
horizons A, B, F, and G.

Some of the horizons previously dis-
cussed (F, G, K) extend into, but are not
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Fig. 8. Line 4, stacked section of the entire line, top 14 s of data only.

Lettered reflections are discussed in text.

line drawings in Figure 3.

traceable through, a vertical zone of num-
erous diffractions and reflections on the
western end of line 3 (VP 820 to 948) and
on the northern end of line 2 (VP 320 to
410) (see Figure 3). This vertical zone
may represent a region of extreme geologi-
cal complexity within the crust of the
Mojave Desert. It may correlate eastward
with a similar, though less distinct ver-
tical zone on line 5 (VP 50 to 120) (Fig-
ure 3), across which reflection continuity
is disrupted.

Lines 1, 2, 5 and 6, all north-south
trending lines, show a series of deep (8
to 16 s), northward dipping (35°) events
which appear to extend from the lower
crust into the mantle with constant dip
(L1, L2, L3, L4, L5, Figure 3). The aver-
age velocity difference between the crust
and the upper mantle (about 1 km/s) deter-
mined from refraction studies [Roller and

Shown at the same scale as the

Healy, 1963; Prodehl, 1979] should cause
an apparent change in the dip of these
events if they are in fact reflections
from within the plane of the section.
Since the events maintain constant dip and
do not all migrate (two-dimensional) to
above 10 s (the approximate two-way travel
time corresponding to Moho depths), they
cannot be reflections from within the
plane of the section and may be sideswipe
or reflected refractions. Without more
three-dimensional control, the origin of
these events cannot be determined; however
their orientations eliminate the Garlock,
San Andreas, or San Gabriel faults as a
source of sideswipe.

Moho Depth Reflections

The presence of numerous reflections
between 8.5 and 10 s two-way travel time
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(28-33 km) is a conspicuous feature of
much of the Mojave data. These reflec-
tions are aligned and mostly horizontal.
They occur as both individual reflections
and as packets of reflections of up to 1l s
duration. The reflections define a dis-
continuous horizon M (Figure 9) which is
also horizontal, a feature which distin-
guishes M from the predominantly south-
westerly dipping horizons previously dis-
cussed. Horizon M is the deepest promi-
nent horizon revealed by the survey. For
consistency, the position of horizon M
will be referred to the bottom of each of
the individual reflections or packets of
reflections which comprise it.

On the northern part of the survey,
horizon M occurs at approximately 10 s
two-way travel time (33 km) and, although
discontinuous, can be traced along line 3
from VP 280 to VP 960 into the vertical
zone of numerous reflections (described
previously) on the northern end of line
2. South of this vertical zone, horizon M
occurs between 8-9 s (26-29 km), extending
across the rest of line 2 and as a weak
zone across line 4. '"Panels" of numerous
"ringing" events (discussed earlier) par-
tially obscure horizon M on either end of
line 4. An event on line 1 at 8.5 s (28
km) (M1) may also be correlated with hori-
zon M, suggesting that the horizon extends

beneath most of the Mojave survey area
(Figure 9).

The change in two-way travel time to
horizon M, from 9.5-10 s on line 3 to
8.5-9.0 s on the southern part of line 2
(Figure 3), occurs below the vertical zone
of numerous reflections and diffractions
previously discussed (VP's 320 to 410 on
line 2). Average crustal velocities cal-
culated from the reflection data are well
constrained at upper crustal levels and
show little variation across the entire
survey. Interval velocities are poorly
constrained at lower crustal depths be-
cause of the relatively short receiver
spread length used by the COCORP survey.
However, a l-s change in the two-way
travel time to horizon M, due solely to
lower crustal velocity variation would
require a change in lower crustal velocity
of approximately 2.0 km/s. Such a veloc-
ity variation is both unlikely and incom-
patible with the range of lower crustal
velocities calculated from the available
refraction data [Roller and Healy, 1963;
Hadley and Kanamori, 1977; Prodehl,
1979]. Therefore this change in travel
time to horizon M appears to represent a
real change in depth. The occurrence of
the Moho offset below the vertical zone of
numerous diffractions and reflections
raises the possibility that an apparently
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Moho Depth from Seismic Refraction Experiments in the Mojave Desert

TABLE 3.

Approximate Two-Way Vertical Reflection

Travel Time Calculation From the

Depth to Moho
Refraction Models, s

Author(s)

Experiment

8.7-9.4

26-30 (central Mojave Desert

Roller and Healy

USGS Lake Mead
to Santa Monica Bay

to Lake Mead)
35-29 (eastward shallowing)

[1963]
Prodehl
[1979]
Prodehl
[1979]
Prodehl
[1979]
Prodehl
[1979]
Prodehl
[1979]
Hadley and Kanamori

13.2-9.7

USGS Lake Mead
to Santa Monica Bay
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9.7-10.3

30-31 (westward shallowing)

USGS Mojave
to Barstow

31-29 (eastward shallowing)

USGS Barstow

10.7-9.4

to Ludlow

USGS China Lake
to Santa Monica Bay

13.8-10.7

37-31 (northward shallowing)

9.9-11.7

28-35 (southward shallowing)

USGS Ludlow to

Nevada Test Site
Caltech Network
Mojave Desert

10.5-9.6

34-30 (eastward shallowing)

[1977]

Two depths, corresponding to the beginning and end of the 1

terpreted to be

i where the Moho is in

ine, are given

.

The two-way travel times correspond to these depths.

ipping.

d

near vertical crustal-penetrating feature,
perhaps a major fault, exists near the
northern end of line 2 in the vicinity of
the town of Mojave.

Horizon M occurs at depths appropriate
for the crust-mantle transition as defined
by seismic refraction experiments across
the Mojave Desert [Roller and Healy, 1963;
Hadley and Kanamori, 1977; Prodehl, 1979],
which suggest Moho depths of 26 to 32 km
(see Figure 10 for the locations of the
refraction surveys). Vertical, Moho two-
way travel times calculated from the re-
fraction models within the Mojave Desert
range from 8.7 to 10.7 s (Table 3), and
are broadly consistent with the range of
times recorded by the COCORP survey to the
base of horizon M (8.5-10.5 s). 1In fact,
the Moho itself may correspond to the base
of horizon M, as noted in other seismic
reflection surveys [Barton et al., 1984].
The zone of reflections which comprise
horizon M may represent a transitional
crust-mantle boundary, possibly similar to
that reported by Meissner [1973] on seis-
mic reflection profiles recorded in Ger-
many. Some of the local differences
between two-way travel times to the Moho
calculated from the refraction models and
from the COCORP data may result from the
problems of interpreting refraction data
in regions of variable crustal thickness.
For example, the USGS China Lake to Santa
Monica Bay refraction experiment extends
across three separate provinces of differ-
ent crustal thicknesses: the Transverse
Ranges, the Mojave block, and the Basin
and Range Province [Prodehl, 1979]. Thus,
it is perhaps not surprising that it pre-
dicts a slightly deeper Moho than that
suggested by the COCORP survey (Table 3;
Figure 10).

The reflection character of horizon M
varies over the length of the survey. On
line 4 the horizon is a weak multicyclic
zone spanning over 1 s (VP's 50 to 220),
whereas on line 3 (VPS 500-800) the hori-
zon is less pronounced, or even absent
(Figure 3). These lateral changes may be
caused by varying attenuation within the
overlying crustal material; however, some
of this lateral variation may represent
the variable nature of the crust-mantle
boundary [Herzberg et al., 1983].

Reflections from similar depths (9.9 s,
or about 32 km) recorded by Dix [1965] in
the southeastern Mojave Desert (Figure 10)
may also be from the crust-mantle transi-
tion. The widespread presence of horizon
M on the Mojave COCORP survey, and the
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Fig. 10. Schematic map of the Mojave
region showing seismic reflection and re-
fraction lines. Numbers refer to the
two-way vertical travel times, in seconds,
to the Moho at that part of the reflection
or refraction line. Where there are two
published models for the same refraction
survey, R & H 1indicates time determined
from the model of Roller and Healy [1963],
P indicates time determined from the model
of Prodehl [1979]. Shot point localities
are in bold type: B, Barstow; CL, China
Lake; JV, Johnson Valley; L, Ludlow; LM,
Lake Mead; M, Mojave; NTS, Nevada Test
Site; SMB, Santa Monica Bay. A, A' mark
the epicenters of earthquakes used by
Hadley and Kanamori [1977] for their re-
fraction profile. GF, Garlock fault; SAF,
San Andreas fault.

presence of reflections from a similar
depth on Dix's survey, suggest that the
crust-mantle transition is a good reflec-
tor beneath the Mojave block.

A number of events occur near horizon
M, but the relationship between these
adjacent events and M is difficult to in-
terpret. Some of the adjacent events oc-
cur below M, for example N on line 3, and
0 on line 4 (Figure 3), whereas others oc-
cur above M, specifically, the wedge of
reflections of horizon I on line 3 (Figure
3). The events which occur below horizon
M are of limited extent and cannot be
three-dimensionally constrained by the
seismic data, hence they may be '"sides-
wipe" from shallower structures.

Migration shows that the south-dipping
wedge of reflections that forms part of
horizon I (line 3), extends toward, but
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does not cross the approximately flat-
lying horizon M (a similar relationship
between the lower crust and the upper man-
tle has been observed across the southern
Indian craton [Roy Chowdhury and Har-
graves, 1981]). The discordance between
horizons M and I and the apparent termina-
tion of horizon I raises the intriguing
possibility that horizon M is younger than
I. Such a geometrical relationship may be
explained by (1) movement of the crust of
the Mojave block relative to the mantle on
horizon M, (2) transformation of old crust
into new mantle, obliterating deep crustal
structures below horizon M, or (3) simply
that horizon I does not extend to Moho
depths.

Horizon M cannot be traced further than
VP 280 on line 3 although horizon I (Fig-
ure 3) continues further to the north.
The absence of horizon M from VP 280 to VP
1 on line 3 appears to be unrelated to
horizon I. Moho-depth reflections at sim-
ilar two-way travel times are also re-
corded on the COCORP Death Valley survey,
50 km to the northeast of line 3 [DeVoogd,
in press, 1985], suggesting that the ab-
sence of Moho-depth reflections on the
northern end of line 3 may not be signifi-
cant.

The San Andreas Fault Zone

The COCORP Mo jave Survey traverses the
San Andreas fault zone in the north-
central Transverse Ranges, where it
changes direction from its usual N40°W
trend to a N75°W trend to form the "Big
Bend" (Figure 1). Line 6 crosses the
fault 15 km west of Lancaster and runs
from north of the Hitchbrook fault (VP 1),
across the San Andreas fault zone, then
southwest to San Francisquito Canyon (VP
432, Figure 2). No fault plane reflec-
tions are recognized on the seismic sec-
tion; however, the presence of a fault
zone is perhaps indicated by the apparent
termination of reflections K5, P and Q
(line 6, Figure 3) just to the north of
the surface expression of the San Andreas
fault zonme (VP 118).

Event Q (line 6) occurs at 2.2 s (6 km)
and extends from VP 1 to VP 100 (Figure
3). It is weak and discontinuous and is
offset 0.4 s to 1.8 s below VP 50. This
event correlates with event Ql on line 1,
which occurs at a similar depth (2 s)
where the two lines cross (Figure 3).

A more pronounced event on line 6 (P on
Figure 3) occurs at 3.6 s. This double-
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cycle event, between VP 1 to VP 70, is
also visible as a multicyclic event on
line 1 (VP 210 to VP 260, Pl in Figure
3). The multicyclic character of event Pl
is interpreted to be an artifact, because
the principle character of the vertical
zone in which it occurs (VP 210 to VP
240), is very similar to the 'panels' of
numerous ringing events discussed ear-
lier. Calculation of a true dip of 35°
northwest for the reflector from which
events P and Pl originate suggests that
the events have a large component of
"sideswipe." Anomalously low stacking
velocities of 3.8 km/s for P further sug-
gest that the reflections are "sideswipe"
from a relatively shallow reflector. The
reflector probably lies beneath Portal
Ridge, 6 km to the southeast of VP 1 on
line 6, and does not extend beneath the
surface trace of the San Andreas fault.
It may be a low-angle fault splay related
to the San Andreas fault zgne, or alter-
natively, may represent structure within
the Pelona Schist of Portal Ridge.

Event K5 on line 6, at 6 s (20 km), has
already been correlated with horizon K.

It also does not extend southwest of
approximately VP 60.

No major reflections are visible to the
south of the San Andreas fault zone on
line 6, although short lineups are present
on some of the shot point gathers recorded
along this line. This lack of major re-
flections may be due in part to the com-—
plex geometry of line 6 (part of which was
shot off-line due to adverse weather),
and/or to the extreme structural complex-
ity of the basement of the San Gabriel
Mountains over which the southern part of
line 6 was shot. However, the apparent
terminations of events P, Q, and K5 north
of VP 100 suggest that the San Andreas
fault zone extends down to at least 20 km
without an appreciable northeasterly dip.

The Garlock Fault

The Garlock fault, first recognized by
Hess [1910], is a major east to northeast
trending sinistral strike-slip fault at
least 265 km long, which forms the bound-
ary between the Sierra Nevada and Basin
and Range terranes and the Mojave block
(Figure 2). The fault consists of two
segments, a northeasterly trending western
segment, and a more easterly trending
eastern. segment. These two segments over-
lap in the vicinity of Koehn Lake forming
the Cantil Valley pull-apart basin [Clark,
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1973; Aydin and Nur, 1982]. Up to 64 km
of left-lateral strike slip displacement
has been recognized on the eastern segment
of the fault [Smith, 1962; Smith and Ket-
ner, 1970; Davis and Burchfiel, 1973].
However, less is known about the total
displacement on the western segment [La-
Violette et al., 1980]. The COCORP survey
crosses the Garlock fault twice. Line 5
crosses the western segment at the south-
eastern end of the Cantil Valley (VP 340),
and line 3 crosses the eastern segment to
the northeast of Randsburg (VP 220) (Fig-
ure 2).

Displacement of a strike-slip fault,
such as the Garlock fault, will create an
apparent vertical offset on any dipping
horizon which it cuts if that horizon has
a strike which is not parallel to the
strike of the fault. Therefore, the
depth, extent and geometry of the mid-
crustal horizons F and I (previously dis-
cussed) which pass under the surface trace
of the Garlock fault (Figures 3 and 6)
together with the known left-lateral off-
set on the fault itself, place constraints
on the maximum depth to which the central
portion of the fault extends. The hori-
zons F (3.3 s) and I (5.8 s) extend below
the surface trace of the Garlock fault on
line 3 (Figure 3) and are traceable for
approximately 100 km and 50 km, respec—
tively (Figure 9). If the occurrence of
reflections F6 and F7 along the projection
of horizon F (Figure 3) is fortuitious and
the reflections are unrelated, then the
Garlock fault may dip southwards to
approximately 20 km depth, merging into
the dipping reflections of horizon I (Fig-
ure 3). The Garlock fault would therefore
be a deep crustal feature. However, as
discussed earlier, it is more likely that
reflections F1-F8 are from a continuous
structural horizon and therefore constrain
the depth of the Garlock fault. The geo-
metries of horizons F and I, as shown by
lines 3 and 5, are complex with both hori-
zons having a component of dip parallel to
the Garlock fault. Based on the projec-
tion of event Fl on line 5 to the inferred
vertical trace of the Garlock fault, hori-
zon F has an average dip of 11° parallel
to the Garlock fault. The absence of
horizon I on line 5 and its apparent dip
on line 3 suggests a dip of at least 16°
parallel to the Garlock fault for this
horizon. The ages of horizons F and I are
not known and consequently some displace-
ment on the Garlock fault may have oc-
curred prior to their formation. However,
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Carter [1982] has suggested that about 43
km of the total displacement of approxi-
mately 64 km on the eastern segment of the
fault has occurred since Middle Pliocene
time. Assuming that horizons F and I are
older than Pliocene in age (a reasonable
assumption considering the tectonic his-
tory of the region [Burchfiel and Davis,
1981], and assuming that there is no large
component of dip-slip displacement on the
Garlock fault, the 43 km of left-lateral
displacement on the Garlock fault should
yield a 2-s (6 km) apparent vertical off-
set of horizon F, and 3-4 s (10-13 km)
apparent vertical offset of horizon I. No
such large offsets are observed for these
horizons (Figures 3 and 6). In fact, the
maximum apparent vertical offsets allowed
by the discontinuous nature of the hori-
zons is of the order of 0.4 s (1.5 km),
implying that the Garlock fault in the
vicinity of Randsburg is a relatively
shallow feature confined to the upper 9 km
of the crust.

The behavior of faults at depth is
poorly understood, and it is possible that
displacement on the Garlock fault may be
distributed over a large area by brittle
deformation and/or ductile flow. If the
displacement were distributed over a large
area, a significant change in depth to
horizons F and I, albeit a more gradual
one, would still result.

The distribution of microearthquake
hypocenters (ML<5.5) in California sug-
gests that the transition from frictional
to quasi-plastic behavior in quartz-
bearing crust (defined as the depth above
which 90% of the microearthquakes occur)
occurs at around 10 km in areas of high to
normal heat flow [Sibson, 1982] such as
the Mojave Desert region. The eastern
segment of the Garlock fault is relatively
aseismic compared to the western segment
of the fault [Astiz and Allen, 1984].
However, the seismicity is comparatively
high in the vicinity of the Cantil Valley,
where the COCORP survey crosses the sur-
face trace of the fault. Astiz and Allen
[1984] report that all seismic events
within a 25 km wide zone centered on the
Garlock fault occur above 15 km depth and
90% occur above 9 km (L. Astiz, personal
communication, 1983).

The actual geometry of the Garlock
fault at depth is unknown; however, it is
possible that the fault extends vertically
down to 9 km and terminates at horizon F.
Horizon F, or at least the part of it to
the north of the Garlock fault, may there-
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fore be a low—angle detachment above which
extension is occurring within the Basin
and Range Province [e.g., Stewart, 1983;
Burchfiel et al., 1983]. This would re-
quire that horizon F originated as an old-
er structure, possibly a thrust, that has
been reactivated north of the Garlock
fault since the Middle Pliocene [Cheadle
et al., 1986].

Problematic Events

Several events of limited lateral ex-
tent from different crustal levels have
not been discussed in the preceding sec-
tions, for example R on line 3 and S on
line 2 (Figure 3). These events are too
short or too isolated to be easily related
to any of the major horizons described.
Some of these short events may be segments
of additional, more continuous horizons
which have low impedance contrasts and
hence are not imaged well; for example,
event Gl on line 3 could correlate with
horizon G on the same line (Figure 3).
Alternatively, the short events may be a
combination of reflections from older
structures, both lithologic and tectonic,
which have been disrupted by the later and
now more continuous structures, and side-
swipe from complex younger structures.

TECTONIC IMPLICATIONS

Figure 9 is a schematic block diagram
which shows the major features of the
Mojave survey and their relationship to
the known bedrock geology of the region.
The bands of reflections (horizons A, B,
F, G, I, K, and M) and the vertical dis-
continuity described in the earlier sec-
tions of the paper are readily visible.
Apart from horizon A, which can be traced
nearly to the surface and which is in-
ferred to be the Rand thrust, and horizon
M, which can be correlated with the Moho
as defined by refraction experiments, the
identities of the horizons are specula-
tive.

The relationship of horizon B to hori-
zon A and the geometries of horizons F and
G suggest that they are tectonic in ori-
gin. Unlike horizons A and B, horizons I
and K have no characteristic geometry and
may represent lithological or tectonic
discontinuities.

In this section three tectonic models
(Figure 11) based on the results of the
COCORP survey and on the current geologi-
cal knowledge of the region are pre-
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visible on the COCORP Mojave sections.
sections. Abbreviations:

Summary cross sections of three possible models for the horizons
Inset map shows location of cross
BBT, Barstow-Bristol Trough; GF, Garlock fault; M,

Moho; MTB, Mesozoic thrust belt; RM, Rand Mountains; RT, Rand thrust; SAF,

San Andreas fault; dotted pattern, Rand Schist.
In both models 2 and 3, the shading represents the minimum
The crust below the shading may or may not consist of

zons in text.
extent of the schist.
Pelona-Orocopia Schist.

sented. All three models assume a complex
structural history for the Mojave Desert
region which involved at least two com-
pressional events (Mesozoic thrusting, and
the Late Cretaceous to Early Cenozoic
metamorphism and emplacement at depth of
the Pelona-Orocopia-Rand Schist) and an
early Miocene extensional event. The
mechanism of uplift of the Pelona-
Orocopia-Rand Schist is poorly constrained
and may be related to an additonal early
Cenozoic compressional event. The models
differ concerning which structural epi-

Letters refer to major hori-

sodes caused the features observed on the
seismic profiles, and thus, on the rela-
tive importance and timing of thrusting
and extension.

Mesozoic Thrusting

The mid and lower crustal horizons (F,
G, I, and K in Figure 9) may represent the
root zone of the system of Mesozoic thrust
faults which extendinto southern Nevada
and southeastern California. Burchfiel
and Davis [1981] summarized the temporal
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and the spatial relationships of the com-
ponent thrust faults in this part of the
Cordilleran orogen. The compressional de-
formation ranges in age from Triassic to
Late Cretaceous with the last major defor-
mational event being represented by the
early Late Cretaceous Keystone-Muddy Moun-
tains thrust system of southern Nevada
[Sutter, 1968; Fleck, 1970].

Most of the Mesozoic thrust faults in
the eastern Mojave Desert are east-vergent
and are mapped in granitic and crystalline
rocks. Hence the thrusts would be expect-
ed to have originally extended westward
into the Mojave block, possibly in the
manner suggested in Figure lla. Assuming
that the Rand Schist correlates with the
Pelona-Orocopia Schist, the Mesozoic
thrust model requires that the protolith
of the Schist was metamorphosed, at depth,
to the west of the Mojave Desert region
(outside the COCORP survey) and that the
Schist was overthrust along horizon B
above the older Mesozoic thrusts in a
relatively thin-skinned manner (Figure
11). The more continuous form of the
Mesozoic thrusts relative to the Rand
thrust may be explained by faulting of the
Rand thrust during overthrusting or by
shallow, late Cenozoic deformation which
affected the Rand thrust, but did not af-
fect the deeper Mesozoic thrusts.

Late Cretaceous-Early Cenozoic Uplift
of the Rand-Pelona-Orocopia Schist

Despite an age of at least 160 Ma for
the protolith of the Pelona-Orocopia
Schist [Mukasa et al., 1984], the emplace-
ment and metamorphism of the schist below
the Vincent thrust system occurred after
80 Ma and probably between 50 and 60 Ma
ago based on ages obtained from upper
plate rocks, from the schist and from
mylonites in the thrust zone [Carter and
Silver, 1971; Ehlig et al., 1975; Conrad
and Davis, 1977]. The Rand-Tehachapi
Schist may have been metamorphosed and
emplaced beneath Late Cretaceous granites
[Silver et al., 1984] somewhat earlier,
prior to the intrusion of minor granites,
dated at 74.8 Ma [Kistler and Peterman,
1978] and 73 3 Ma [Silver et al., 1984],
into the Rand Schist. However, despite
this discrepancy in the ages of metamorph-
ism.and emplacement, the Pelona-Orocopia
Schist and the Rand-Tehachapi Schist are
still believed to be correlative based on
similarities of lithology [Ehlig, 1968;
Haxel and Dillom, 1978].
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In Figure 1lla the major horizons (F, G
and possibly I and K) are interpreted to
be thrusts related to the uplift of the
Rand Schist to high crustal levels. Both
the Rand thrust, and the Rand Schist below
it, are interpreted to have been uplifted
by displacement on horizon F and thus the
antiformal outcrop of the Rand thrust may
be explained as a ramp anticline. This
model implies that the deformation related
to the uplift was "thick skinned," affect-
ing most of the crust in the region of the
survey. Indeed the similarity between
anomalous K-Ar [Ehlig et al., 1975; Miller
and Morton, 1980] and “oAr/3§Ar dates
[Miller and Sutter, 1982] which may repre-
sent uplift ages over large parts of the
region [Frost and Martin, 1983] and the
age of metamorphism of the protolith of
the Pelona-Orocopia Schist [Ehlig et al.,
1975; Conrad and Davis, 1977], suggest
that the metamorphism and uplift of the
schist may be related to one structural
episode. Alternatively, the event which
led to the metamorphism of the protolith
of the schist may be distinct from the
uplift event. 1In this case model 2 is
irrelevant to the question of how the pro-
tolith was emplaced at depth.

No reflections are seen from the Portal
Ridge (Figure 2) Schist body [Dibblee,
1967; Haxel and Dillon, 1978], perhaps
because of its close proximity to the San
Andreas fault. This body may be a sliver
of Pelona-Orocopia Schist caught up within
the San Andreas fault and is therefore not
depicted in Figure 11. 1In addition, the
origin of the protolith of the Rand, and
hence of the Pelona-Orocopia-Rand Schist,
is not constrained by the structures seen
on the seismic sections and any of the
numerous models for its origin may be
relevant. Thus the protolith of the
Schist may have originated in a back arc,
intra-arc, pull-apart, or rift-basin
[Ehlig, 1968; Haxel and Dillon, 1970;
Mukasa et al., 1984; Tosdal et al., 1984],
or in a deep ocean basin [Vedder et al.,
1983; Mukasa et al., 1984] or represent
underthrust Franciscan material [Crowell,
1968, 1981; Yeats, 1968a, b; Burchfiel and
Davis, 1981]. Regardless of which model
for the protolith's origin is accepted,
the schist was clearly involved in a major
Late Cretaceous to Early Cenozoic period
of eastward directed overthrusting accord-
ing to the model 2 interpretation.

It is possible that events later than
those considered in models 1 and 2 have
affected the Mojave Desert region and are
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responsible for some or all of the major
structures visible on the seismic data.
One such event is the Early to Mid-Ceno-
zoic, major west-directed thrusting pro-—
posed by Silver [1982, 1983] on the basis
of the geochemical, geochronological and
tectonic stratigraphy of southern Cali-
fornia. However, the ramp and flat geo-
metry of horizon F and the southwesterly
dips of the other major horizons visible
on the COCORP seismic sections do not sup-
port Silver's model, which predicts south-
easterly dipping thrusts.

Crustal Extension

Model 3 (Figure 1llc) offers another
possible interpretation of the structures
visible on the Mojave survey, in which
horizon F and possibly horizon B are low-
angle normal faults which formed during an
intense period of extension that affected
the Mojave block during the early Miocene
(23-20 Ma). This period of extension has
been documented by Dokka, [1980], who re-
cognized part of a regiofally developed
extensional fault complex in the Newberry
Mountains of the east-central Mojave
Desert.

The extension was dominantly to the
northeast (N 50°, E). However, in the
Bullion Mountains southeast of the New-
berry Mountains (Figure 2) extension was
apparently bidirectional [Dokka 1980],
with movement occurring both to the north-
east (N 50°, E) and to the southwest (S
50°, W). This distribution of extension
directions implies that a low-angle normal
fault underlying these mountains should be
antiformal in nature, dipping both to the
northeast and southwest.

The mapped extensional terrain is
located 100 km to the southeast of the
COCORP survey (Figure 2). It occurs with-
in the Barstow-Bristol trough (Figure 2),
a northwest-trending belt of Miocene and
Pliocene volcanic and sedimentary rocks
[Gardner, 1980; Glazner, 1981]. Dokka and
Glazner [1982] identified this trough with
the surface expression of the extension,
which allows the extensional complex to be
extrapolated along strike to within a few
kilometers of the COCORP survey (Figure
2). This extrapolation and the crustal-
penetrating detachment hypothesis of Wer-
nicke [1981] form the basis of model 3.

If the Barstow-Bristol trough repre-
sents the axis of a bidirectional exten-
sion terrain then the detachments may have
broad antiformal geometries. This inter-
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pretation is supported by Dokka's [1980]
observations in the Bullion Mountains, and
such an antiformal geometry is analogous
to that postulated for the Snake Range
décollement in western Utah by Miller et
al. [1983].

In model 3, horizon F is interpreted to
be the southwestern limb of a postulated
antiformal low-angle normal fault. This
limb must lie almost wholly within the
granitic basement of the Mojave block,
being similar in this respect to the
northeasterly dipping detachment mapped by
Dokka [1980] in the central Mojave Desert,
which also penetrates granitic basement.
Although the ramp and flat geometry shown
by horizon F is typically considered to be
indicative of thrust faults, such a geo-
metry may also be a feature of extensional
faults [Dahlstrom, 1970; Allmendinger et
al., 1983]. The difference in the dip
direction of horizon F (S 15°W) and
Dokka's extension direction (S 50°W) may
be due to the folded nature of the detach-
ment; similar folding has been mapped by
Dokka in the Newberry Mountains.

An extensional model is further sup-
ported by the apparent normal faulting of
the Rand thrust above horizon B (Figure
4), which suggests that horizon B is a
higher level low-angle normal fault. Most
of the faults which cut the Rand thrust do
not appear to affect horizon B; however,
below the Rand Mountains both horizons
appear to be cut by possibly later high-
angle normal faults or strike-slip
faults. High-angle faults have been map-
ped by Morehouse [1984] and Silver et al.
[1984] and may be similar to faults mapped
as cutting the low-angle normal faults in
the Barstow-Bristol trough [Dokka, 1980].

This model provides no constraints on
the uplift of the Rand Schist to shallow
crustal levels, nor on the events associ-
ated with the high pressure metamorphism
of the Schist. Furthermore, some of the
horizons, for example G, I, and K, may
represent now disrupted structures related
to earlier thrusting. The amount of the
southwesterly displacement of the upper
plate along the detachment is not known,
although some of the major westward dis-
placement of the Mojave Desert granitic
terrain suggested by Silver [1982, 1983]
could be explained by such southwesterly
dipping extensional faults.

The regional Miocene extension may be
related to the Neogene northward migration
of the unstable Mendocino triple junction
along the California coast. Dickinson and
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Snyder [1979] and Ingersoll [1982] recog-
nized that such an unstable configuration
necessitates regional extension in at
least one of the surrounding lithospheric
plates and that extension in the North
American plate is most likely. This sug-
gestion is further supported by the appar-
ent correlation of the migrating Mendocino
fracture zone with the onset of bimodal
Tertiary volcanism and detachment faulting
in the southwestern United States [Glazner
and Supplee, 1983].

All of the models require that horizon
F was reactivated during the late Cenozoic
(Middle Pliocene to Recent) Basin and
Range extension as a west dipping detach-
ment to the north of the Garlock fault.
It is also possible that horizon F is an
entirely Late Cenozoic detachment related
to the west-dipping detachments of Death
Valley and surrounding areas [e.g.,
Stewart, 1983]. However, this hypothesis
is geometrically more complex, requiring
the accomodation of large amounts of Late
Cenozoic upper crustal extension north of
the Garlock fault, but not to the south.
Since the dip direction of horizon F is
approximately parallel to the trend of the
Garlock fault, horizon F cannot simply be
the rooted continuation of the extensional
faults to the north of the Garlock fault.

Summary

The three models considered in this
section each depict a different structural
interpretation and tectomic origin for the
major crustal horizons that have been de-
lineated by the COCORP Mojave survey.
Since the three major tectonic events upon
which the models are based occurred at
different times, it is worth emphasizing
that the reflection horizons visible on
the seismic sections may be the result of
the superposition of these three major
tectonic events. Some of the shorter
horizons may represent disrupted earlier
structures.

Of course, the possibility exists that
some of the major crustal horizons seen on
the seismic sections represent earlier
Precambrian or Paleozoic structures. How-
ever, it seems reasonable that any such
early structure would have been highly
disrupted by the complex Mesozoic and
Cenozoic events of the region, and that
the later overprints are more likely to be
preserved.

Deep Crustal Structure of Mojave Desert

CONCLUSIONS

COCORP deep seismic reflection profil-
ing in the Mojave block, California, has
yielded significant new information on the
structure of the Mojave crust and provides
an insight into the tectonic evolution of
southern California. The major results of
the survey are as follows:

1. The seismic character of the crust
of the Mojave block is dominated by low-
angle, southwesterly dipping, linear bands
of reflections which can be traced over
large distances, suggesting the presence
of numerous, gently dipping, crustal
structures.

2. The southern extension of the Rand
thrust has been delineated for the first
time. It is a complexly faulted, south-
westerly dipping, low—-angle structure
which extends for 25 km southwest of the
Rand Mountains, where it appears to be
truncated by a younger or possibly coeval
structure. Therefore the Rand thrust can-
not be traced, at least with these data,
throughout the Mojave block.

3. A major southwesterly dipping mid-
crustal horizon, F on line 3 (Figure 9),
exhibits a well-defined ramp and flat geo-
metry, extends from 9 to 22 km in depth
and can be traced for over 100 km from the
Basin and Range Province into the north-
western Mojave Desert. The ramp and flat
geometry is consistent with either a
northeast vergent thrust fault, or a
southwesterly dipping, low-angle normal
fault.

4. A series of complex, sometimes
multicyclic, Moho-depth reflections is
visible on the seismic sections at 8-10 s
(28-33 km). These events define a horizon
which may represent the crust-mantle
transition. This horizon occurs at ap-
proximately 33 km in the northwest part of
the COCORP survey and shallows, relatively
abruptly, to about 28 km below the north-
ern end of Mojave line 2, remaining at
about 28 km beneath the rest of that part
of the western Mojave block covered by
this survey.

5. The presence of numerous diffrac-
tions and the apparent termination of
three of the major horizons (G, I, and K)
in a vertical zone above an apparent off-
set in the crust-mantle transition on line
2 suggests a major vertical crustal pene-
trating feature, presumably a fault.

6. The apparent termination of a deep
crustal structure above the crust-mantle
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transition raises the possibility that the
crust-mantle transition may be an "active"
feature and that either (1) the crust of
the Mojave block may have moved laterally
relative to the underlying mantle, or (2)
an older and deeper portion of the crust
has been transformed into new mantle.

7. The San Andreas fault is a major,
vertical feature which appears to truncate
crustal structures within the Mojave block
down to depths of 20 km and does not ap-
pear to have an appreciable northeasterly
dip.

8. The eastern strand of the Garlock
fault in the vicinity of Randsburg is
interpreted to be a relatively shallow
crustal feature which is confined to the
upper 9 km of the crust by the continuous
midcrustal horizon seen on Mojave line 3.
It does not appear to be a crustal-pene-
trating fault as has been formerly sug-
gested [Davis and Burchfiel, 1973].

In summary, the COCORP Mojave survey
has delineated major dipping, horizontal,
and vertical structures within the Mojave
block. Many of these-features may cor-
respond to Mesozoic or Cenozoic thrusts.
However, the presence of extensive, gently
southwesterly dipping structures, a well-
defined, possibly "young" Moho and a
shallow Garlock fault also raises the pos-
sibility, subject to confirmation by
future studies, that major extensional
structures exist within the Mojave block
and therefore that the Mojave block may
indeed have been the southwestern continu-
ation of the extensional Basin and Range
Province.
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