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Abstract

The increased concern over seismic hazards in the Los Angeles region has created interest in the crustal structure
and mechanical properties associated with faults, like the Sierra Madre and San Andreas. This study presents the seismic
properties of major lithologies found in the vicinity of the San Andreas fault zone in order to correlate with the
Los Angeles Region Seismic Experiment (LARS E) results. Scientists from the LARSE group have recently acquired
high-quality seismic data along three transects. Thirty-nine rock samples were collected along the LARSE Line I,
which trends NE-SW across the central Mojave Desert and the San Gabriel Mountains. These rock samples represent
the following lithologies: Precambrian gneisses, San Gabriel anorthosite, Mesozoic granitic intrusives, Pelona schist,
Mendenhall granulite gneisses and San Andreas fault zone cataclasites. The seismic properties were determined by
measuring compressional and shear wave velocities as a function of confining pressure. Average compressional and shear
wave velocities at 150 MPa show a wide range of values. The Mendenhall gneiss and the San Gabriel anorthosite complex
have high velocities, 6.5 km/s and 6.4 km/s, respectively. The Pelona schist, the Mojave granitic intrusives, and the San
Andreas cataclasitic rocks have average velocities of 5.8 km/s, 5.2 km/s, and 5.1 km/s, respectively. Average densities
range from 2320 kg/m3 for fault zone cataclasites to 3100 kg/m3 for a Mendenhall granulite gneiss. Gneisses and schists
show significant seismic anisotropy (5-20%) due to preferred mineral orientation, while most other rocks are nearly
isotropic. Poisson's ratios range from a high of 0.29 in the San Gabriel anorthosite to a low of 0.22 in the San Gabriel
gneiss. Comparison of the measured seismic properties with the LARSE velocity model allows interpretation of crustal
structure in terms of rock compositions. The upper crust southwest of the San Andreas fault contains granitic intrusives,
gneisses and schists, while under the Mojave Desert, the upper crust is dominated by gneisses. High velocities under
the San Gabriel Mountains represent either lower crustal granulites or anorthosite. The velocity decrease beneath the San
Andreas fault zone originates from minor amounts of cataclasite or the presence of low-velocity lithologies such as Pelona
schist. @ 1998 Elsevier Science B.V. All rights reserved.
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Recently, programs assessing earthquake hazards
have focused on determining the physical proper-
ties and mechanical behavior associated with ac-
tive fault zones and their surroundings (e.g., Page
et aI., 1992). Accomplishing this objective requires
integrating geological and geophysical studies into
a crustal model that characterizes fault properties.
Such a model has been developed to characterize
the central San Andreas fault. This model describes
a low-velocity zone, which is 3 km wide, 10-15
km deep, filled with fault gouge, and deforming by
continual creep Healy and Peake, 1975; Stewart and
Peselnick, 1978; Feng and McEvilly, 1983; Wang,
1984; Shedlock et aI., 1990; Eberhart-Phillips and
Micheal, 1994). Geologists and geophysicists are

currently developing a crustal model for southern
California faults (Fig. 1); however, doing so is diffi-
cult due to the complex geology of the region (Ehlig,
1975; Dibblee, 1975; Roller and Healy, 1963; Hadley
and Kanamori, 1977; Malin et aI., 1981; Hearn and
Clayton, 1986). The Los Angeles Regional Seismic
Experiment (LARSE) collected high-quality seismic
data along three transects, to better describe these
complexities in geology. Of particular interest to this
study is the LARSE high-resolution Line 1, which
defines the compressional velocity structure across
the San Gabriel Mountains and the Mojave Desert
(Fuis et aI., 1996). The LARSE results provide de-
scriptions of the crustal structures and seismic ve-
locities; however, the interpretation of seismic data
in terms of rock composition requires rock seismic
properties from laboratory studies.

100KM
I

Fig. I. Map of the Cenozoic fault segments in southern California (modified from May. 1989). Gray areas represent outcrops of
crystalline rocks (not shown in the Mojave region). The dashed line marks the location of the LARSE line I seismic profile. The box
represents the San Gabriel-Mojave region. LA = Los Angeles; SD = San Diego; SGF = San Gabriel fault; SMF = Sierra Madre fault;
SAF = San Andreas fault; SJF = San Jacinto fault; EF = Elsinore fault.
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This study discusses the seismic properties of
major lithologies found in the San Gabriel-Mojave
(SG-M) region, and interprets the LARSE seismic
velocity model in terms of rock composition. The
SG-M region (Fig. 1) includes the San Gabriel
Mountains and the Mojave Desert, which are sep-
arated by the San Andreas fault. This region was
selected because of its proximity to the LARSE seis-
mic transect, accessibility to rock exposures, and
propensity for future seismic activity. The seismic
characterization was obtained through detailed lab-
oratory analysis of rock samples, including petro-
graphic descriptions and measurements of density,
compressional and shear wave velocities, anisotropy,
and Poisson's ratio. Results from this study will pro-
vide important constraints on the geology beneath
the SG-M region, allowing for better assessment of
earthquake hazards.

2. Geologic setting

The San Gabriel-Mojave (SG-M) region repre-
sents the center of the east-west-trending trans-
verse ranges. Two basement terranes characterize
the SG-M region, the San Gabriel terrane and the
Mojave terrane (Ehlig, 1981). The Mojave terrane
represents the original North American basement,
whereas the San Gabriel terrane is an allochthon
isolated by Cenozoic deformation along the San
Gabriel and San Andreas faults. The rocks found
in both terranes are similar: containing Precambrian
gneisses that are intruded by Mesozoic granitic plu-
tons, and followed by subsequent Cenozoic sediment
deposition and deformation. The detailed geologic
descriptions for each major lithology in the base-
ment terranes are presented in Table 1. Fig. 2, after
Woodburne (1975) and Ehlig (1981), shows the dis-
tribution of these lithologies across the SG-M region.
The Cenozoic sediments will not be addressed be-
cause they are shallow features and have minimal
influence on crustal structure.

The tectonic interpretation of the SG-M region is
key for understanding the crustal structures related
to convergent margins and transform faults. In the
San Gabriel terrane, it is generally accepted that
a Late Cretaceous magmatic arc was thrust over a
shallow ocean basin putting crystalline basement on
top of Pelona schist. The direction of thrusting and
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the eastward extent of the basin, however, is still
poorly understood. Seismic reflection data suggest
that the Rand schist, found along the Garlock fault,
may correlate with the Pelona schist, implying east-
ward continuance of both the basin and the thrusting
beneath the Mojave terrane (Cheadle et a!., 1986; Li
et a!., 1992). However, recent drilling in the Mojave
at Cajon Pass produced a geologic section containing
gneisses and granitic intrusives with no evidence of
Pelona schist (Silver and James, 1988). This sug-
gests that the Mojave terrane, in contrast to the San
Gabriel terrane, exhibits a simpler tectonic history as
part of the stable North American craton. The Pelona
schist is also used to reconstruct the Cenozoic defor-
mation along the San Andreas fault. The 300 krn of
right-lateral displacement is inferred along the San
Andreas fault during the Cenozoic by correlating of
the Pelona schist with the Orocopia schist in the
Chocolate Mountains (Ehlig, 1981).

The San Andreas fault is a dominant geologic
feature in the SG-M region, cutting the region in
half and juxtaposing the San Gabriel and Mojave
terranes. In conjunction with 300 km of lateral dis-
placement along the San Andreas, there is evidence
for additional folding and faulting within the base-
ment terranes. The lateral deformation of the San
Andreas is accommodated by a braided system of
thin faults «50 m) isolating slivers of undeformed
country rock (Woodburne, 1975; Dibblee, 1982). The
rocks found in these thin faults are cataclasites, not
fault gouge (Anderson et a!., 1980). These thin cat-
aclasitic faults may explain why stronger-magnitude
earthquakes occur along this locked segment of the
San Andreas.

3. Experimental techniques

3.1. Sample descriptions

Correlation of the rock seismic properties with
the LARSE seismic data requires samples that accu-
rately represent the geology along the LARSE pro-
file. Fig. 2 shows the location of the 39 samples col-
lected across the SG-M region for this study. These
samples were selected to represent the major internal
compositional variations of each lithology described
in the region. For example, the San Gabriel gneiss
samples are both felsic and mafic. Although sam-
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Table I
Geologic summary of the major lithologies in the SG-M region
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Lithology ReferencesTectonic event Description

San Gabriel terrane
Paleoproterozoic:
Gneisses

Mesoproterozoic:

San Gabriel anorthosite

Mendenhall gneiss

Late Triassic:

Mount Lowe intrusives

Cretaceous:
Intrusives

Late Cretaceous:

Pelona schist

Mojave terrane
Paleoproterozoic:
Gneisses

Cretaceous:
Intrusives

San Andreas fault zone
Cenozoic:
Cataclasites

Regional metamorphism

Magmatic intrusion

Thermal aureole produced
during anorthosite intrusion

Magmatic intrusion

Magmatic arc

Regional compression caused

thrusting along the Vincent fault

and produces Pelona schist

Regional metamorphism

Magmatic arc

Lateral displacement along the

San Andreas fault

Interfingered quartzo-feldspathic

and amphibole-rich layers

Anorthosite with minor amounts of
gabbro and syenite

Granulite gneiss containing mafic

and felsic components

Granodiorite containing abundant

feldspar with a zoned outer margin

A series of plutons varying in

composition from granitic to

dioritic

Vincent fault is marked by a

km-wide mylonite zone meta-
morphosed to greenschist grade

Greenschist-grade quartz-mica

schist with a layer of

actinolite-epidote schist at the base

of the thrust

Interlayered quartzo-feldspathic and

amphibole-rich gneisses with

isolated layers of marble and mica

schist

A series of plutons varying in

composition from granitic to

dioritic

A braided system of thin

cataclasitic faults isolating silvers

of undeformed country rock

Ehlig (1981)

Carter and Silver (1972)

Ehlig (1981)

Ehlig (1981); Barth and Ehlig
(1988)

Barth (1990)

Crowell (1981); Jacobson (1988)

Dibblee (1982); Jacobson (1988)

Burchfield and Davis (1981)

Burchfield and Davis (1981)

Anderson et al. (1980); Dibblee
(1982)

pIing the San Andreas fault rock was difficult due to
intense weathering, a few cataclasites were obtained.
Table 2 shows the coverage of samples relative to the
internal compositional variations and the estimated
surface distribution of these compositional variations
by percent volume within each lithologic unit. The
estimated surface distribution of each lithology is

within 10% (A. Barth, pers. commun.). The percent
surface volume distributions are used as weighting
factors during the averaging of measured properties.

The mineralogy of each sample was estimated by
visual analysis of a single petrographic thin section
made from a core end (Table 3). The intrusive rocks
were classified using the lUGS (1973) plutonic rock

Author's Personal Copy



Mendenhall gneiss:
Quartzo- feldspathic 50
Mafic 50

Intrusives:
Granite 45
Diorite 45
Granodiorite 10

Mt. Lowe intrusive:
Granodiorite 100

Anorthosite complex:
Anorthosite 62
Gabbro 8
Syenite 30

Pe/ona schist:
Quartz-mica 90
Actinolite-epidote 10
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Table 2
Lithologic distribution

Range of
compositions

Estimated volume %

at surface

No. of samples

samples

Southwest of San Andreas (San Gabriel)
Gneiss:
Quartzo- feldspathic
Mafic

50
50

4
3

4
1
1

2

4
3

Northeast of San Andreas (Mojave)
Gneiss:
Quartzo-feldspathic
Mafic
Marble

48
48

4

2
]

2

Intrusives:

Granite

Granodiorite

Diorite

25
50
25

2
I
I

San Andreas fault zone:

Cataclasites 100 3

classification. Foliations or deformational features
are observed in the gneisses, schists, and cataclasites,
while all other samples exhibit randomly distributed
equant grains. Gneisses and schists show strong foli-
ations defined by preferred orientation of micas and
amphiboles. The cataclasites exhibit intense defor-
mation through fracturing and alteration.

3.2. Methods

The physical properties measured on the SG-M
samples at the Purdue University Rock Physics

Laboratory include: density, seismic anisotropy, and
compressional and shear wave velocities. To deter-
mine seismic velocities and anisotropy, three perpen-
dicular minicores (A, B, C), 2.5 cm in diameter and
4-6 cm in length, were cored from each sample. For
metamorphic samples the axes of the A-cores are
oriented normal to foliations. The B- and C-cores
are cut parallel to the foliations and perpendicular
to one another. The axes of B-cores are parallel to
the strike of lineations, when present. Bulk densities
are calculated from core dimensions and weights.
Velocity measurement preparation includes jacketing
the cores in copper, attaching brass tabs on the core
ends, and inserting this assembly in rubber tubing
to prevent oil saturation during the high-pressure
runs (Christensen, 1985). Seismic velocities were
measured as a function of confining pressure, using
the pulse transmission technique (Birch, 1960). This
method measures the transmission time of a mechan-
ical pulse along the length of the core, and then
translates that time into a velocity. To generate the
compressional wave pulse and the shear wave pulse,
different transducer assemblages are required. Spe-
cial care must be taken when obtaining shear wave
velocities, to ensure that all possible combinations
of propagation and vibration directions are mea-
sured. Shear wave velocities provide key information
about crustal structure and composition, plus Pois-
son's ratios (e.g., McCormack et aI., 1984; Holbrook
et aI., 1988; Ward and Warner, 1989; Johnston and
Christensen, 1992; Christensen, 1996). Anisotropy is
defined as the difference between the maximum and
minimum velocities, expressed as a percentage of the
mean velocity for each sample.

The velocity measurements were conducted at hy-
drostatic confining pressures up to 600 MPa to deter-
mine the influence of microcracks and mineralogy on
the velocities. Fig. 3 shows a typical velocity versus
pressure curve increasing rapidly below 100 MPa, due
to crack closure (Birch, 1960, 1961), and increasing
linearly above 100 MPa. Therefore, seismic proper-
ties will be examined at 150 MPa to enable a useful
correlation with the LARSE data. The average, den-
sity, velocities, and anisotropy determined from the
three minicores are listed in Table 3. Velocities are
given at pressures of 150 MPa where the effects of
cracks are largely eliminated. The LARSE velocity
model loses resolution below 6 km depth (Lutter et
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Compressional Wave

i 0 Increasing Pressure
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300 400 500 600
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Fig. 3. Compressional and shear wave velocity presented as a function of pressure for NG-19A. Shear wave is propagating parallel to the

lineation.

Pressure (MPa)

3.1

2.6

o 100 200

aI., 1995), a confining pressure of approximately 170
MPa. A complete listing of the measured properties
can be acquired from the authors upon request.

4. Seismic properties

Interpretation of seismic images using measured
seismic properties requires understanding how com-
position and mineral fabrics produce variations in
seismic velocity, anisotropy, and Poisson's ratio.
Fig. 4 illustrates the commonly observed relation-
ship of increasing velocity with increasing density
(e.g., Birch, 1960; Christensen, 1965, 1966) associ-
ated with a progressive change in mineralogy from
quartzo-feldspathic rocks to amphibole and pyrox-
ene-rich rocks. In Fig. 4, average compressional

and shear wave velocities at 150 MPa are plotted
versus bulk densities at atmospheric pressure, as a
function of lithology for each of the 39 samples.
No one simple mathematical relationship can define
the entire data set, because variations in mineralogy
produce significant scatter in the data. For exam-
ple the compressional velocities measured on the
Pelona schist show a linear increase of velocity with
density, whereas the Mojave gneisses have a wide
range in velocity, but similar densities (Fig. 4a).
Shear wave velocities appear more scattered due to a
strong influence of quartz. Quartz has an extremely
high shear wave velocity for its relatively low den-
sity (Christensen, 1966; Christensen and Fountain,
1975). Thus, samples rich in quartz, such as the
Pelona schist, deviate substantially from the general
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trend of increasing shear wave velocity with increas-
ing density (Fig. 4b).

Fig. 4 also illustrates how the wide range of
velocities and densities relate to the lithologies in
the SG-M region. The details of these relationships
are summarized in Table 3. Average densities range
from 2320 kg/m3 for a fault zone cataclasite to 3100
kg/m3 for a Mendenhall granulite gneiss. The fastest
velocities are found in lithologies rich in feldspar,
amphiboles, and pyroxenes, like the Mendenhall
mafic granulite gneiss and amphibole schists. The
anorthosite and marbles also have high velocities.
The cataclasites exhibit the slowest velocities due to
the intense deformation and alteration found in these
samples. The quartzo-feldspathic samples represent
the remaining velocities.

4.1. Anisotropy

Seismic anisotropy has become a significant tool
for characterizing both rock types and crustal struc-

20.0
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tures. Anisotropy influences seismic data by caus-
ing azimuthal variations in refraction profiles (e.g.,
Brocher and Christensen, 1990), increasing crustal
reflectivity (Christensen and Szymanski, 1988; Mc-
Caffree and Christensen, 1993), and aligning split
shear wave arrivals along dominant structural trends
(Mjelde, 1991; Kern and Wenk, 1990; Zhang and
Schwartz, 1994). Recent observations of crustal
anisotropy in metamorphic terranes (Brocher and
Christensen, 1990) and active fault zones (Zhang
and Schwartz, 1994) suggest that anisotropy may
be important in the interpretation of seismic data
throughout the SG-M region.

In Fig. 5, compressional anisotropy is plotted ver-
sus shear wave anisotropy for the lithologies of the
SG-M region. The gneisses and schists show signif-
icant compressional and shear wave anisotropy (5-
20%), while most other rocks are nearly isotropic.
Seismic anisotropy is generally attributed to either
preferred mineral orientation (Christensen, 1965,
1966) and/or aligned fractures (Crampin, 1985).

18.0

Fig. 5. Plot of shear wave anisotropy versus compressional anisotropy as a function of lithology.
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Anisotropy due to microcracks and fractures is elim-
inated by using velocities at 150 MPa. Therefore,
the observed anisotropy is produced by the preferred
orientation of minerals such as the micas and am-
phiboles in the gneisses and schists, The orientation
of the foliation exhibited by the gneisses and schists
across the region will govern the degree to which
anisotropy is detected on seismic data, The regional
extent of the gneissic foliation has been destroyed by
the intrusion of the Mesozoic rocks (Dibblee, 1982),
minimizing the anisotropy. The Pelona schist, on the
other hand, has a simple and pervasive foliation (Ja-
cobson, 1983, 1988) that could produce significant
velocity variation,

The Pelona schist anisotropy is discussed sepa-
rately for each side of the San Andreas fault, since
the orientation of the foliation differs in each ter-
rane. In the Mojave terrane, seismic reflection data
suggest that the Pelona schist foliation has a hori-
zontal orientation (Cheadle et aI., 1986). In the case
of horizontal foliation, compressional waves propa-
gating in the foliation plane travel at a high velocity
with little azimuthal velocity variation, producing
no observable anisotropy. In the San Gabriel ter-
rane, the Pelona schist foliation ranges in dip from
45° to near vertical (Jacobson, 1983, 1988). Vertical
foliation can produce a maximum compressional ve-
locity variation for horizontal propagation of seismic
waves with the fast velocity being recorded parallel
to the foliation. The difference between the fast and
slow compressional velocities defines the azimuthal
anisotropy that would be recorded on refraction pro-
files. For the Pelona schist with vertical foliation, this
azimuthal variation could be as much as 0.8 km/s.

Shear wave anisotropy in a vertically foliated sec-
tion of Pelona schist causes a vertically propagating
wave to split into two waves, with one traveling
faster than the other. The difference in travel time
between the split shear arrivals was calculated to
be a maximum of 0.4 s for a I km-thick section
of Pelona schist using the maximum shear wave
velocity difference. Therefore, shear wave splitting
measured in the vicinity of the San Andreas fault
(Savage et aI., 1990; Ozalaybey and Savage, 1995)
can be explained by either mineral orientation in a
section of Pelona schist along the fault or oriented
fractures due to crustal stresses. These calculations
of anisotropy support conclusions made by Brocher

and Christensen (1990), who cautioned that erro-
neous interpretations can be made when interpreting
crustal composition from a single azimuth refraction
profile, or making inferences about principal stress
directions in continental metamorphic terranes with
significant anisotropy, like the SG-M region.

4.2. Poisson's ratio

Recent seismic field and laboratory studies have
shown the usefulness of Poisson's ratios in deter-
mining crustal composition (Holbrook et aI., 1988;
Johnson and Hartman, 1991; White et aI., 1992;
Christensen, 1996). Average Poisson's ratios were
calculated for each lithology in the SG-M region as
a function of pressure (Fig. 6). The equation used to
calculate the Poisson's ratio is:

where Vp and V, represent the weighted average
compressional and shear wave velocity for each
lithology. Table 4 lists the weighted lithologic av-
erage densities, velocities, and Poisson's ratios at
150 MPa. The weighting factors used to calculate
the average velocities are the percent volume dis-
tributions estimated for each lithology (Table 2). In
general, 10% errors in estimating the weighting fac-
tors produce errors of less than 0.05 km/s in the
average velocities.

Fig. 6 shows that the SG-M region contains three
distinct ranges of Poisson's ratios. The anorthosite
complex exhibits the highest ratio (0.29), similar to
anorthosites in other crustal studies (White et aI.,
1992; Christensen, 1996). This Poisson's ratio is less
than that measured for pure anorthosite, 0.32, be-
cause the gabbroic and syenitic components were
included in the average. The lowest Poisson's ratios
that relate to high quartz content range from 0.22
for San Gabriel gneiss to 0.24 for the fault zone
cataclasites. Previous studies have documented this
relationship of decreasing Poisson's ratio with in-
creasing quartz content (Christensen and Fountain,
1975; Wilkens et aI., 1984; McCaffree and Chris-
tensen, 1993; Christensen, 1996). The remaining
lithologies have average Poisson's ratios near 0.26,
which is slightly lower than the average continental
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Lithologies Density (kg/m3) Vp(kmls) V, (kmls) Poisson's ratio (0-)

Southwest of San Andreas (San Gabriel)
Gneiss 2805 6.031 3.567 0.231
Mendenhall gneiss 2879 6.459 3.704 0.255
Intrusives 2696 6.087 3.475 0.258
Mt. Lowe intrusive 2638 5.942 3.432 0.250
Anorthosite complex 2727 6.346 3.37] 0.303
Pelona schist 2719 5.825 3.48 0.222

Northeast of San Andreas (Mojave)
Gneiss 2830 6.045 3.531 0.241
Intrusives 2598 5.630 3.299 0.239

San Andreas fault zone
Cataclasi tes 2482 5.000 2.965 0.229

Vp = compressional waves; V, = shear waves.
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Fig. 6. Weighted lithologic Poisson's ratios plotted as a function of pressure.

crust ratio of 0.27 determined by Christensen (1996).
The distinctive range in Poisson's ratio measured for
the SG-M region suggests that field determination of

Poisson's ratios may allow differentiation of major
lithologies, such as the anorthosite, the Pelona schist,
and the granulite gneisses.

Table4
Lithologic weighted averages at 150 MPa (~5 km depth)
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5. Seismic interpretations

The following discussion includes a brief descrip-
tion of the seismic structure in the SG-M region and
a comparison of the velocity structure with the lab-
oratory velocities. The first refraction survey across
the Transverse Ranges and Mojave Desert used travel
time data from local seismic networks to obtain a
one-dimensional crustal and upper mantle seismic
velocity model. This velocity model shows 30 km of
crust divided into three crustal layers having veloci-
ties of 5.5, 6.2, and 6.7 km/s with a mantle velocity
of 7.8 km/s (Hadley and Kanamori, 1977). In this
model, the upper crust with a velocity of less than
6.2 km/s exhibits a thickness variation across the San
Andreas fault, with the Mojave region being thicker
(~20 km) than the San Gabriel region (~10 km).
Using airgun sources in the Bouquet reservoir, Malin
et al. (1981) determined similar velocity models both
parallel and perpendicular to the San Andreas fault,
near Palmdale. Malin et al. (1981) also observed
a thicker upper crust in the Mojave region. Hearn
and Clayton (1986) established a similar change in
crustal structure with a tomographic image, which
shows a significant velocity variation across the San
Andreas fault. The observed upper crustal velocities
(5.5-6.2 km/s) correspond with the range of veloci-
ties measured at 150 MPa (~5 km depth) for crustal
lithologies in the SG-M region (Table 4).

The LARSE experiment, using refraction and
wide-angle reflection methods, has provided the most
recent two-dimensional velocity model across the
SG-M region (Fig. 7). The Line I survey consisted
of 622 receivers spaced at 100-m intervals and 64 ex-
plosive sources at IOOO-mintervals (Hafner and Clay-
ton, 1995; Fuis et aI., 1996). The velocity model was
created by inversion of the first arrivals along Line
I, and has good resolution above 6 km depth (Lutter
et aI., 1995). The upper crustal velocities range from
4.5 to 6.5 km/s, similar to both the earlier one-dimen-
sional velocity model and the laboratory velocities.
The dominant features in the model are a dipping
high-velocity zone, low-velocity sedimentary basins
and low-velocity fault zones (Lutter et aI., 1995; Fuis
et aI., 1996). The high-velocity anomaly dips to the
southwest beneath the San Gabriel Mountains and ex-
hibits a velocity increase on the order of 0.5 km/s. The
sedimentary basins have a velocity range of 2.0-4.5

km/s and can be as deep as 2.5 km. Velocities asso-
ciated with the San Andreas fault zone are 0.25 km/s
lower than the adjacent crustal velocities. Except for
the San Gabriel fault zone, similar velocity decreases
are observed related to other faults in the region.

We will compare the LARSE velocity results with
the laboratory velocities using two models, a con-
stant-pressure model and a gradient model. The con-
stant-pressure model examines the relationship be-
tween the lateral velocity anomalies described above
and changes in rock composition. Such a comparison
requires the LARSE velocities and the laboratory ve-
locities to be at equivalent pressures. Thus depth in the
LARSE model is converted to pressure using the rela-
tionship that hydrostatic confining pressure is propor-
tional to the product of crustal density and the over-
lying rock thickness. This conversion assumed a con-
stant crustal density of 2750 kg/m3, to create the con-
stant-pressure profile line at 150 MPa shown in Fig. 7.
The constant-pressure line approximates topography
because constant hydrostatic pressure and constant
density imply uniform thickness of overlying rock.

Velocities, from the constant -pressure line of
Fig. 7, are plotted as a solid bold line in Fig. 8.
Weighted average laboratory velocities at 150 MPa
for the major lithologies in the region are shown
as constant-velocity lines. These weighted averages,
which are given in Table 4, were calculated from
the average sample velocities for each lithology and
their estimated volume percentages from Table 2.
The major fault zones are also marked on Fig. 8.

The following interpretation of crustal composi-
tion in the region is based on comparison of the
weighted average laboratory velocities with the re-
fraction velocities at depths corresponding to 150
MPa pressure (Fig. 8). This comparison is strictly
valid for depths in the 3-6 km range (Fig. 7). The
majority of lithologies found in the SG-M region
exhibit typical crustal velocities (5.7-6.1 km/s), in-
dicating that the upper crust consists of granitic in-
trusives and gneisses. Each terrane can be interpreted
individually to provide a more detailed description
of crustal composition. In the Mojave terrane, the
Mojave gneiss represents the major lithology of the
upper crust, with no evidence of any Pelona schist.
This observation agrees with the Cajon drill hole re-
sults that also showed predominantly gneisses in the
upper crust (Silver and James, 1988). The velocity

I
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Fig. 7. LARSE Line I two-dimensional velocity model modified from Lutter et at (1995). The constant-pressure profile line is marked

with the bold line. The three gradient models are vertical lines labeled at the top. Contour interval is 0.25 kmls. Distance is measured

from the first shot point to the southwest. SGF = San Gabriel fault; SMF = Sierra Madre fault; SAF = San Andreas fault; PBF =
Punch bowl fault.

high on the northeast end is most likely a feature
of poor resolution in the seismic data. Southwest of
the San Andreas in the San Gabriel terrane there are
three significant observations. First, fault zone cata-
clasites have much lower velocities than the velocity
decrease associated with the San Andreas and Sierra
Madre fault zones, implying that the narrow bands of
cataclasite observed in the San Andreas have limited
influence on the crustal velocities. The velocity de-
crease could also originate from a section of Pelona
schist near the San Andreas fault. This interpretation
is reasonable because the Pelona schist is exposed
along the San Andreas fault in this region. Just west
of the San Andreas velocity low, the crust has veloci-
ties similar to the San Gabriel gneiss, the San Gabriel

intrusives, the Mt. Lowe intrusives and the Pelona
schist. Lastly, the high-velocity anomaly near the
San Gabriel fault correlates with anorthosite and/or
crustal granulitic gneisses, suggesting either a mas-
sive anorthositic intrusion during the pre-Cambrian
or a significant period of crustal uplift.

The gradient model determines how composition
changes with depth by comparing crustal velocity
gradients and velocity depth curves of the weighted
lithologic averages (Fig. 9). Three different crustal
gradients were chosen and marked on Fig. 7, to
represent the velocity variations beneath each crustal
regime: the San Gabriel Mountains, the San Andreas
fault, and the Mojave Desert. In Fig. 9, the weighted
average velocities and the velocity gradients are both
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plotted as a function of depth from the surface
to maintain the pressure-depth relationship. None
of the gradient profiles follow one single lithology
with depth, indicating that the vertical variations
in velocity are due to changes in lithology, not
pressure. The gradients in the shallow crust (0-3
km) are hard to interpret due to unknown crustal
fracturing. Interpretation of the upper crust (3-6 km)
with the gradient model corroborates the findings
of the constant-pressure model. The upper crust of
the Mojave terrane contains mainly Mojave gneiss.
As was previously discussed, the San Andreas fault
zone velocity gradient agrees well with Pelona schist
velocities. Finally, the velocity high under the San
Gabriel terrane corresponds with the anorthosite and
granulite gneisses.

6. Summary

The interpretation of rock composition beneath
the SG-M region is still open to much debate. The

laboratory velocities presented in this study show
several important correlations with lithology. Com-
pressional and shear wave velocities in the SG-M
region increase with increasing density due to a
progressive change in mineralogy from rocks with
abundant quartz and feldspars to rocks containing
amphiboles and pyroxenes. Compositional variations
also produce a distinct range of densities and veloc-
ities associated with each lithology. Densities range
from 2320 kg/m3 for fault zone cataclasites to 3100
kg/m3 for mafic granulite gneisses. Compressional
wave velocities range from 4.61 km/s to 6.91 km/s
and shear wave velocities range from 2.73 km/s to
3.86 km/s. Significant anisotropy (5-20%) is found
in both gneisses and schists, and originates from pre-
ferred orientations of micas and amphiboles. Pois-
son's ratios range from 0.22 for the Pelona schist
to 0.29 for the San Gabriel anorthosite. This wide
range of Poisson's ratios allows lithologies, such
as the anorthosite and the granulite gneiss, to be
distinguished in the subsurface.
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Using laboratory velocities to interpret the
LARSE data has resulted in constraints on crustal
composition beneath the SG-M region. The upper
crust in the Mojave terrane is primarily gneisses,
while the San Gabriel upper crust consists of granitic
intrusives, gneisses, and Pelona schist. Anorthosite
and/or mafic granulite gneiss are correlated to the ob-
served high-velocity anomaly on the LARSE model,
suggesting either a period of anorthositic intrusion
or eastward thrusting. Poisson's ratios can be used
to differentiate these two interpretations, because
anorthosite has a higher Poisson's ratio than gran-
ulite gneisses. The velocity decrease beneath the
San Andreas fault zone could originate from minor
amounts of cataclasite or the presence of low-veloc-
ity lithologies such as Pelon a schist. This fault zone
interpretation differs significantly from the central
San Andreas fault zone model, supporting the con-
clusion of Mooney and Ginzburg (1986) that the

southern San Andreas is governed by different fault
mechanisms. This study could not interpret the lat-
eral extent or subsurface geometry of the Pelona
schist beneath the region, because the velocity of
the schist falls within the crustal average. Observed
reflectivity in crustal mylonites, high-grade meta-
morphic zones and the Rand schist (Cheadle et aI.,
1986; Matthews and Cheadle, 1986; Christensen and
Szymanski, 1988; Wang et aI., 1989; Li et aI., 1992)
suggest that the Pelona schist and/or the Vincent
thrust may be highly reflective. If foliations are sub-
horizontal, this would provide a means to image the
structure of the schist.

These results have contributed new information
on crustal composition in the SG-M region, en-
hancing our understanding of the complex southern
California geology. This new understanding of the
subsurface geology will allow scientists to better as-
sess earthquake hazards by depicting zones of future
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seismic activity and providing additional parameters
for modeling fault motions, For example, Magis-
trale and Zhou (1996) have shown that variations
in crustal composition govern the maximum rupture
depth for earthquakes. Further geophysical studies
in this region, such as a 2-D Poisson's ratio model
and reflectivity studies, will be important. The re-
sults of this study illustrate the utility of combining
physical property measurements with field seismic
studies to examine crustal structure, subsurface rock
compositions, and fault zone properties.
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