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JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 102, NO. B3, PAGES 5473-5490, MARCH 10, 1997 

Three-dimensional upper crustal velocity structure beneath San 
Francisco Peninsula, California 

Tom Parsons and Mary Lou Zoback 
u.s. Geological Survey, Menlo Park, California 

Abstract. This paper presents new seismic data from, and crustal models of the San 
Francisco Peninsula. In much of central California the San Andreas fault juxtaposes the 
Cretaceous granitic Salinian terrane on its west and the Late Mesozoic/Early Tertiary 
Franciscan Complex on its east. On San Francisco Peninsula, however, the present-day 
San Andreas fault is completely within a Franciscan terrane, and the Pilarcitos fault, 
located southwest of the San Andreas, marks the Salinian-Franciscan boundary. This 
circumstance has evoked two different explanations: either the Pilarcitos is a thrust fault 
that has pushed Franciscan rocks over Salinian rocks or the Pilarcitos is a transform fault 
that has accommodated significant right-lateral slip. In an effort to better resolve the 
subsurface structure of the peninsula faults, we established a temporary network of 31 
seismographs arrayed across the San Andreas fault and the subparallel Pilarcitos fault at 
-1-2 km spacings. These instruments were deployed during the first 6 months of 1995 
and recorded local earthquakes, air gun sources set off in San Francisco Bay, and 
explosive sources. Travel times from these sources were used to augment earthquake 
arrival times recorded by the Northern California Seismic Network and were inverted for 
three-dimensional velocity structure. Results show lateral velocity changes at depth 
(-0.5-7 km) that correlate with downward vertical projections of the surface traces of the 
San Andreas and Pilarcitos faults. We thus interpret the faults as high-angle to vertical 
features (constrained to a 70ø-110 ø dip range). From this we conclude that the Pilarcitos 
fault is probably an important strike-slip fault that accommodated much of the right- 
lateral plate boundary strain on the peninsula prior to the initiation of the modern-day 
San Andreas fault in this region sometime after about 3.0 m.y. ago. 

Introduction 

Since the 1906 San Francisco earthquake, the San Andreas 
and related faults have been seismically quiet on San Francisco 
Peninsula [Olson and Lindh, 1985; Olson and Zoback, 1992; 
M. L. Zoback and J. A. Olson, unpublished data, 1996]. The 
relative lack of earthquake hypocenters beneath the peninsula 
has left many unresolved questions about the subsurface geol- 
ogy and its relation to the structure of the San Andreas and 
associated faults. Surprisingly little is known about the subsur- 
face structure of the San Francisco Peninsula because of con- 

ditions adverse to seismic techniques; the peninsula is heavily 
urbanized except in areas of steep, brush-covered topography. 
This paper presents seismic data from San Francisco Peninsula 
that were collected during 1995 by the U.S. Geological Survey 
in an effort to characterize its structure. The seismic experi- 
ments were conducted with three broad goals: (1) to conduct a 
general site characterization study because San Francisco Pen- 
insula has been suggested as a possible deep drilling site into 
the San Andreas fault zone, (2) to enable a better seismic 
hazard assessment of the Pilarcitos fault, a fault of unknown 
subsurface geometry and sense of slip that splays off of the San 
Andreas fault on the Peninsula (Figure 1), and (3) to provide 
a three-dimensional (3-D) velocity model for San Francisco 
Peninsula that will enable better interpretation and location of 
historic and future earthquakes for use in subsequent studies. 

This paper is not subject to U.S. copyright. Published in 1997 by the 
American Geophysical Union. 

Paper number 96JB03222. 

In this paper we show new earthquake and controlled source 
seismic data collected on San Francisco Peninsula. Seismic 

travel time data were collected and modeled for 3-D velocity 
structure, and high-resolution refraction data were collected 
along a two-dimensional profile crossing the faults. We show 
results from inversion of travel times for upper crustal seismic 
velocity and interpretations of those models. By interpreting 
the resolvable velocity structure we demonstrate a simple 
kinematic model for the development of the San Andreas fault 
on San Francisco Peninsula and its relationship to the Pilar- 
citos fault. 

Tectonic Setting and Geology of San Francisco 
Peninsula and Bay Region 

The San Francisco Bay region lies within the surface expres- 
sion of a broad (-70-80 km wide) plate boundary zone be- 
tween the Pacific and North American plates. As a result, the 
region is highly deformed and faulted, and includes major 
seismic hazards as evidenced recently by the 1989 M7.1 Loma 
Prieta earthquake as well as by the 1906 M7.7 San Francisco 
earthquake. Plate boundary right-lateral shear takes place on 
the San Andreas, Rodgers Creek-Hayward, Green Valley- 
Concord-Calaveras, and Antioch fault systems (Figure 1) as 
well as numerous smaller faults distributed throughout the 
region. This zone of crustal shear accommodates about 4-5 
cm/yr of relative motion between the Pacific and North Amer- 
ican plates [e.g., De Mets et al., 1990; Kelson et al., 1992]. 
Continuous low-level seismic activity throughout the bay area 
indicates that regional deformation is ongoing. 
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Figure 1. Tectonic setting of the San Francisco Bay region. Plate boundary slip is accommodated by 
right-lateral motion on the San Gregorio, San Andreas, Hayward-Rodgers Creek, Calaveras-Concord-Green 
Valley, and Antioch faults. This study is concentrated on San Francisco Peninsula and the San Andreas and 
Pilarcitos faults. 

Like much of coastal California, the San Francisco Bay re- 
gion is underlain primarily by the Late Mesozoic/Early Tertiary 
Franciscan Complex of accreted origin. This assemblage con- 
tains fragments of oceanic crust, pelagic sedimentary rocks, 
and land-derived marine sandstones and shales mixed together 
in a melange in some places, and occurring as coherent units in 
others [e.g., Page, 1992]. These rocks were emplaced during the 
long-term phase of oblique to head-on subduction that oc- 
curred along the California margin, and many were subse- 
quently translated along the coast during oblique subduction 
and when strike-slip motion supplanted subduction during 
Tertiary time [e.g., Blake, 1984]. In general, Cretaceous gran- 
ites of the Salinian terrane are exposed west of the San An- 
dreas Fault [e.g., Ross, 1978] and are observed in tomographic 
studies to comprise much of the upper crust, butting against 
Franciscan rocks across the San Andreas Fault [e.g., Foxall et 
al., 1993]. 

The geology of San Francisco Peninsula is dominated by the 
right-lateral San Andreas fault. The fault is found in a depres- 
sion known geographically as the San Andreas rift zone and is 
bounded on its west side by the abrupt rise of the Santa Cruz 
Mountains. In most of central California the San Andreas fault 

bounds the Salinian and Franciscan terranes. On San Fran- 

cisco Peninsula, however, the Salinian-Franciscan boundary is 
marked by the subparallel Pilarcitos fault west of the San 
Andreas [e.g., Brabb and pamPeyan, 1983] (Figure 1). On the 
surface, the San Andreas fault on San Francisco Peninsula is 
contained entirely within the Franciscan complex that locally 
consists of sandstones, siltstones, and shales with occasional 
outcrops of altered oceanic basaltic rocks (greenstone) as well 

as chert and limestone. Locally, within our study area, a frag- 
ment of the Cretaceous Permanente terrane, a characteristic 
oceanic sequence of pillow basalts, foraminiferal limestones, 
and other sedimentary rocks within the Franciscan Complex is 
found between the Pilarcitos and San Andreas faults. Within 

the Permanente terrane is the distinctive Cretaceous Calera 

limestone that has been offset by the peninsula segment of the 
San Andreas fault and is used to limit the total offset to 19-23 

km [e.g., Dibblee, 1966; Cummings, 1968; Hengesh and Wak- 
abayashi, 1995; McLaughlin .et al., 1996]. The Calera limestone 
and Permanente terrane have not been found or• the southwest 
side of the Pilarcitos fault and presumably have been tectoni- 
cally transported beyond the present scope of observation 
(B. M. Page, personal communication, 1996). 

At least two possible models for the arrangement of the 
Salinian-Franciscan terranes on the Peninsula have been pro- 
posed: (1) the Pilarcitos fault may be an east dipping thrust 
fault that has emplaced Franciscan rocks over Salinian granites 
[e.g., Wakabayashi and Moores, 1988] (Figure 2a) or (2) the 
Pilarcitos fault may represent an old segment of the San An- 
dreas fault system that accommodated pre-Quaternary right- 
lateral slip and is hence a high-angle structure [e.g., Cummings, 
i968; McLaughlin et al., 1996] (Figure 2b). The surface trace of 
the Pilarcitos fault has a somewhat curved or scalloped appear- 
ance (Figure 1) that makes it look more like a thrust fault than 
a strike-slip fault, and it is associated with east dipping mylo- 
nite fabrics indicative of shortening [Wakabayashi and Moores, 
1988]. However, the relationship, if any, between the mylonite 
and the Pilarcitos fault remains unresolved. 

The distinctive Calera limestone in the Franciscan complex 
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Plate 1. Example horizontal slices from the regional 3-D velocity model volume (3-4 and 6-7 km depth). 
These velocity solutions were used to apply regional earthquake sources to our detailed San Francisco 
Peninsula velocity model. Hole et al. (submitted manuscript, 1996) provide a detailed discussion and inter- 
pretation of regional San Francisco Bay area velocity models. 
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Plate 2. Horizontal slices from the 3-D San Francisco Peninsula velocity model volume from 1 to 11 km 
depth. The model slices represent a 20 km x 20 km area. The color scale for velocity differs from slice to slice 
to highlight velocity variations. Velocity values are contoured in kilometers per second. Black lines show the 
downward vertical projection of the surface traces of the Pilarcitos and San Andreas faults and coastlines. 
Features of the velocity model are discussed in the text. 
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Plate 3. Example vertical slice taken from the 3-D San Francisco Peninsula velocity model volume. The 
cross section is oriented approximately 90 ø to the surface strikes of the San Andreas and Pilarcitos faults. 

is offset 19-23 km by the present-day Peninsular segment of 
the San Andreas fault. Correlation of several distinct aeromag- 
netic anomalies adjacent to the San Andreas fault that act as 
piercing points suggests the total offset to be 23 km on the 
Peninsula (R. C. Jachens, personal communication, 1996). If a 
present-day slip rate of 15-17 mm/yr is assumed for the pen- 
insula segment of the San Andreas fault (consistent with geo- 
detic [Lisowski et al., 1991; Williams, 1995] and late Holocene 
slip rate studies [Hall, 1984, 1993; Hall et al., 1996], then the 23 
km of total slip implies that faulting initiated between 1.3 and 
1.5 Ma. However, if the averaged long-term slip rate is some- 

what lower (--•7-12 mm/yr post-350,000 to 400,000 years B.P.) 
as has been suggested by geologic studies [Addicott, 1969; 
Cummings, 1968; Taylor et al., 1980], then an initiation time 
between 1.9 and 3.3 Ma can be inferred for the peninsula 
segment of the San Andreas fault from the observed offset. 

The 1995 San Francisco Peninsula 

Seismic Experiment 
Beginning in January 1995, we installed 31 Reftek seismo- 

graphs in an array spanning San Francisco Peninsula and the 
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(P# phase) to various recording sites for use in modeling the 
3-D velocity structure. By combining earthquake and con- 
trolled sources we were able to get seismic arrivals from broad 
offset, azimuth, and depth ranges that wouldn't have been 
possible with any one source mode. The use of regional earth- 
quake sources in particular enabled deeper ray coverage for 
modeling than would have been possible from only a con- 
trolled source experiment because of the long offset range and 
deep source locations. Our study was strongly augmented by 
the long-term (---30 years) data catalog from the Northern 
California Seismic Network (NCSN) (Figure 4 shows instru- 
ment locations). By using NCSN travel time picks we were able 
to develop a regional 3-D velocity model of the San Francisco 
Bay region (Plate 1) that allowed us to treat arrivals from 
regional earthquakes reaching our local network as being on 
known travel paths (within a margin of error). There will be 
further discussion of the techniques applied to the travel time 
data in subsequent sections. 

'• Salinian 
.':• Franciscan 

Figure 2. Simplified geology of San Francisco Peninsula and 
possible structural models for the relationship between the 
Pilarcitos and San Andreas faults. In most of central California 

the San Andreas fault separates the Salinian and Franciscan 
terranes, whereas on San Francisco Peninsula the Pilarcitos 
marks the terrane boundary. (a) The Pilarcitos may be an east 
dipping thrust fault that has pushed Franciscan rocks up over 
Salinian rocks, or (b) the Pilarcitos Fault may be a vertical 
strike-slip fault that accommodated significant right-lateral slip 
before the formation of the San Andreas fault on San Fran- 
cisco Peninsula---3 Ma. 

San Andreas and Pilarcitos faults (Figure 3). The instruments 
were spaced about 1-3 km apart in any given direction and 
recorded continuously for 6 months. Most of the seismometers 
(23) were short-period (4.5 Hz) three-component sensors, an 
additional seven were intermediate period (1 Hz) three- 
component sensors, and one was a downhole broadband sen- 
sor beneath the San Mateo Bridge. These instruments each 
recorded an average of 105 local earthquakes (M 1.0-3.0) 
from January through July of 1995 (Figure 4). In April 1995 we 
recorded air gun sources that were detonated in San Francisco 
Bay (Figures 3 and 4) for vertical incidence reflection profiling 
[Hart et al., 1995]. In June 1995 we detonated 11 chemical 
explosions (125-500 kg) inside and outside the network (Fig- 
ure 3). The explosive sources were recorded both on the 31 
Reftek seismographs and on 183 seismic group recorders 
(SGR) that were deployed along a southwest-to-northeast line 
across the Pilarcitos and San Andreas faults (Figure 3). The 
SGRs were deployed at 50 m spacings in a fixed array that 
recorded seven in-line shots spaced between 1 and 5 km apart 
and four fan shots located 5-20 km both north.and south of the 
recording profile. The closely-spaced SGRs enabled us to gen- 
erate a higher-resolution 2-D velocity model of the uppermost 
2 km of the crust across the Pilarcitos fault. 

The purpose of recording the earthquake and controlled 
sources was to exploit variations in the first-arrival traveltimes 

San Francisco 

Oakland 

El 

O Permanent Station 

•i Temporary (6 Mos.) 
Station 

ß Temporary (6 Mos.) 
Intermediate and Broadband 

El Chemical Shotpoint 

Reflection Spread 

Figure 3. Setup and location of the 1995 San Francisco Pen- 
insula seismic experiment. Locations of our temporary network 
(solid circles and triangles) and permanent Northern Califor- 
nia Seismic Network (NCSN) stations (open circles) are 
shown. The dashed line in San Francisco Bay marks the ap- 
proximate track line for air gun shots recorded by the network. 
Squares show the locations of chemical explosive shot points, 
and the dashed line on the Peninsula shows the location of the 

high-resolution refraction spread. 
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Figure 4. Relocated epicenters of the earthquake sources (January-July 1995) and locations of the con- 
trolled sources (open circles) used in our travel time inversion for 3-D velocity structure of San Francisco 
Peninsula. Our temporary network and the NCSN stations used for the regional velocity model are shown as 
solid triangles. 

Travel Time Inversion for 3-D Upper Crustal 
Velocity Structure of San Francisco Peninsula 
Travel Time Data 

Four separate types of travel time data were applied to our 
velocity modeling: (1) first-arrival times from local earthquakes 
(Figure 5), (2) first-arrival times from air gun blasts in San 
Francisco Bay (Figure 6), (3) first-arrival times from explosive 
sources detonated on San Francisco Peninsula (Figure 7), and 
(4) travel time picks from earthquake and controlled sources 
from the NCSN catalog and previous regional seismic experi- 
ments [Murphy et al., 1992; Brocher and Moses, 1993; McCarthy 
and Hart, 1993; Brocher and Pope, 1994; Kohler and Catchings, 
1994; Holbrook et al., 1996]. We used NCSN origin times to 
window out the local earthquakes, sorted the data into receiver 
gathers, and plotted them as a function of offset to epicenters 
(for ease of picking; NCSN hypocentral locations were used as 
initial input for velocity modeling). Figure 5 shows an example 
of a quiet site; data quality was degraded in more urban sites 
where cultural noise overwhelmed some of the smaller events. 

Some of the apparent perturbations in arrival times shown in 
Figure 5 result from variable hypocentral depths of events that 
affected the lengths of the travel paths to the receiver and 
hence the arrival times. We picked the first arrival times (P# 
phase) of all usable, well located (by the NCSN) earthquakes 
during the January-July 1995 period on the 31 instruments in 
our array (-180 events with an average of 105 recorded at a 
particular site). We applied the criteria that a well-located 
event was recorded by at least five permanent network stations 
and that the RMS error in location was less than 2 km. Only 

the smallest earthquakes ( <M 1.0) were near the limits of our 
criteria. Events were not picked if the onset of the P# phase 
could not be confidently identified within 100 ms. We applied 
the same selection criteria to picks from the -30-year NCSN 
catalog for use in the regional velocity model. 

Airgun sources were detonated in San Francisco Bay in 
April 1995 over 9 days of shooting mostly along north-south 
profiles (Figure 4). Figure 6 shows an example of airgun data 
recorded at the same site as the earthquake data shown in 
Figure 5. The P# phase from the air gun shooting was quite 
strong in most cases across our network. No clear secondary 
phases such as reflections were observed from the airgun data. 
Explosive source data are shown in Figure 7 from the same site 
as Figures 5 and 6. Clear first arrivals (P# phase) were ob- 
served on all 31 of our stations from the explosive sources, 
though no coherent secondary phases were observed. We also 
included traveltime picks provided by investigators of previous 
controlled source experiments in the San Francisco Bay area in 
the regional velocity model [Murphy et al., 1992; Brocher and 
Moses, 1993; McCarthy and Hart, 1993; Brocher and Pope, 1994; 
Kohler and Catchings, 1994; Holbrook et al., 1996]. 

Velocity Modeling Methods 

We applied the 3-D tomographic technique of Hole [1992] 
modified to simultaneously invert for velocity, hypocenters, 
and origin times. This technique applies a finite difference 
solution to the eikonal equation (Vidale [1990]; updated by 
Hole and Zelt [1995]) to calculate first arrival times through a 
gridded slowness model. An iterative nonlinear inversion is 
performed as a simple backprojection along raypaths deter- 
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Figure 5. Example plot of network earthquake data recorded at station Corral de Tierra (marked as C on 
the map); earthquake epicenters are shown as open squares on the map. Very clear first arrivals (P# phase) 
are seen, as well as the direct shear wave arrivals (S# phase) below. The data are plotted as a function of offset 
independent of azimuth or hypocentral depth. The arrival times were picked as a function of hypocentral 
location as determined by the NCSN for use in the velocity modeling. A 20-s automatic gain control (AGC) 
window was used for the display. 

mined from the forward modeling step. We compiled travel- 
time picks from a variety of data types for each receiver as a 
function of their 3-D spatial source locations and inverted 
them for 3-D veloci.ty structure. Initial hypocenter locations 
and origin times of earthquakes were input as determined by 
the NCSN. Starting models were discretized into grids of 1-km 
cells; we used small grid cells to ensure accurate calculation of 
ray paths along short source-receiver offsets. A spatial smooth- 
ing filter was applied to the models between velocity and 
source-parameter iterations. Early iterations were conducted 

that tested a variety of 1-D starting models, applied very broad 
smoothing filters (up to 100 km), and limited source-receiver 
offset ranges to solve the shallowest parts of the velocity model 
first. Subsequent iterations were conducted that included 
greater source-receiver offsets and progressively shorter 
smoothing filters. 

The San Francisco Bay area is crossed by several major 
strike-slip faults that provided most of the seismicity we used to 
develop the velocity models presented here. These strike-slip 
faults also cause heterogeneous velocity structure in the seis- 
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mogenic crust. The earthquakes used in this study were initially 
located with a I-D velocity model; thus a degree of coupling 
between hypocenter location and the velocity structure derived 
from earthquake travel times is unavoidable and could cause 
significant errors in the resolved velocity models [e.g., Thurber, 
1993]. To reduce such errors, hypocenters and origin times 
were relocated while controlled source locations and times 

were held fixed. The events were relocated between velocity 
iterations (mean relocation was 0.54 km); see J. A. Hole et al. 
(Seismic tomography in the San Francisco Bay area, submitted 
to Journal of Geophysical Research, 1996; hereinafter referred 
to as Hole et al., submitted manuscript, 1996) and Hole [1992] 
for full details on the travel time inversion algorithm. 

We found it necessary to model 3-D velocity structures on 
two separate scales so that we could use regional earthquake 
sources recorded by our local network: (1) a San Francisco Bay 
regional model, and (2) a local San Francisco Peninsula model. 
The regional-scale model was developed by applying the ---30- 
year catalog of NCSN first-arrival travel time picks and picks 
from previous controlled source experiments to generate a 
velocity solution that included the entire San Francisco Bay 
region earthquake source areas (Plate 1). This model con- 
verged to an RMS travel time misfit of 370 ms after 7 itera- 
tions. A 10-km smoothing filter was applied to the final re- 
gional model, which was masked in areas of no ray coverage for 
display (Plate 1). A complete interpretation of San Francisco 
Bay regional velocity models is provided by Hole et al. (sub- 
mitted manuscript, 1996). 

The purpose for generating the San Francisco Bay regional 
velocity model was to enable travel times from earthquake 
sources located outside our San Francisco Peninsula network 

to be calculated to the edges of a second, more detailed model 
(our 1-3 km spaced network allowed for a much shorter 
smoothing filter than did the 5-20 km spaced NCSN). Thus in 
effect, the distant earthquake sources were migrated to the 
edges of a more detailed model and treated like deep sources 
along the model faces; this technique somewhat resembles a 
teleseismic experiment in that traveltime variations from dis- 
tant sources were used to augment a local array study. The 
uncertainties in source location and travel time misfits of the 

regional model may accumulate on long travel paths and could 
cause errors in the travel time calculations to the edges of the 
more detailed model. In practice, however, such uncertainties 
manifested primarily as small static velocity shifts at depth in 
the resolution tests. The application of controlled sources from 
known locations acted to calibrate the velocity models. In com- 
bination with fixed sources, short smoothing parameters (2 km) 
and the close station spacing (1-3 km) prevented significant 
spatial shifting of velocity anomalies. Intentional static mislo- 
cation of earthquake sources in test models caused very minor 
changes in resolved velocity; these effects are quantified in a 
subsequent discussion. 

The 3-D Velocity Structure of San Francisco Peninsula 

A 3-D velocity model limited to San Francisco Peninsula was 
developed by shortening the final smoothing filter to 2 km in 
accordance with the 1-3 km station spacing adopted for the 
temporary network. The San Francisco Peninsula model con- 
verged to an RMS traveltime misfit of 245 ms after 5 iterations. 
Like the San Francisco Bay regional velocity model, the San 
Francisco Peninsula velocity model was masked in areas of no 
ray coverage (Plate 2 and Figure 8). Plate 2 shows horizontal 
slices (20 km x 20 km) taken from the 3-D model volume; the 

shallowest slice (1 km depth) shows a velocity range from -3.5 
to 5.0 km/s. A very rough correspondence of velocity to the 
trace of the present-day San Andreas fault is evident, with 
higher velocities occurring on the southwest side of the fault 
trace; this velocity boundary near the San Andreas fault is 
more clearly shown in the vertical cross section of Plate 3. The 
shallow velocity structures resolved at 1-km depth correlate 
broadly with mapped geologic units; the higher velocity rocks 
(4.5-5.0 km/s) southwest of the San Andreas correlate with 
Franciscan sandstones and greenstones (metamorphosed oce- 
anic basalts) of the Permanente terrane, the intermediate ve- 
locity rocks (4.0 km/s) immediately northeast of the San An- 
dreas correlate with highly sheared Franciscan rocks, and the 
lowest velocity rocks (3.5 km/s) correlate with Quaternary and 
Tertiary basin fill [Brabb and Pampeyan, 1983]. The maximum 
error in reported velocities at specific points is _+0.4 km/s (___0.2 
km/s if averaged over a 2-km-wide zone) as determined from 
resolution tests (discussed in a subsequent section). There are 
indications of some lower-velocity rocks within the Perma- 
nente terrane just northeast of the Pilarcitos fault; these rocks 
are investigated in detail in a higher-resolution two-dimen- 
sional (2-D) model shown in Figure 11. 

At 3 km depth the highest velocity rocks (5.5 km/s) appear to 
be confined between the downward vertical projection of the 
surface traces of the San Andreas and Pilarcitos faults, and 
probably represent the deeper expression of the Franciscan 
greenstones mapped at the surface, or a higher velocity unit 
underlying the Permanente terrane. Southwest of the Pilarcitos 
fault is a large outcrop of Cretaceous granite (Montara Moun- 
tain Granite) that is part of the Salinian block [Brabb and 
Pampeyan, 1983]. Although velocities within the Salinian block 
are higher in general than the Franciscan rocks juxtaposed 
across the San Andreas fault to the east (Plate 1), beneath the 
upper 1 km on San Francisco Peninsula, Franciscan greenstone 
rocks are often higher velocity than the Salinian Montara 
Mountain Granite (Plate 2). As will be shown, modeling of 
higher resolution refraction data indicates that the Montara 
Mountain Granite is faster than the Permanente terrane in the 

uppermost 1 km (Plate 4). 
Below 3-5 km depth it appears that a downward vertical 

projection of the surface trace of the Pilarcitos fault marks a 
velocity transition from lower velocities to the southwest (5.5- 
6.0 km/s) into higher velocities to the northeast (6.2-6.8 km/s) 
(especially evident at 7 km depth, Plate 2). Our resolution tests 
indicate that beneath 6 km depth, velocity anomalies can only 
be resolved within about 2 km of their true positions. Thus this 
lateral velocity change could reasonably be attributed to either 
the San Andreas or Pilarcitos faults. At 7 km depth, there is a 
small (---5 km x 5 km) high velocity anomaly (6.5-6.8 km/s) 
just northeast of the San Andreas fault (see contours on Plate 
2). This body lies at the western edge of a larger high-velocity 
anomaly (---6.2 km/s) that lies beneath much of San Francisco 
Bay at ---6-7 km depth that appears to be bounded by the 
Hayward fault on its east side (Plate 1). The small 6.5-6.8 km/s 
anomaly may represent a high-velocity unit within the Fran- 
ciscan Complex that has velocities appropriate for diabase or 
diorite lithologies at 5-10 km depths [e.g., Christensen and 
Mooney, 1995]. These high velocities are not typical of Fran- 
ciscan rocks at shallow depths; the regional average is lower at 
6.0-6.2 km/s [e.g., Holbrook et al., 1996]. If the _+0.2 km/s limit 
on absolute velocity resolution is taken into account, then the 
6.5-6.8 km/s rocks could still fall into the average range for 
Franciscan rocks. Beneath 7 km depth, there are hints of struc- 
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Figure 6. Example data plot from one line of air gun shots recorded at station Corral de Tierra (marked as 
C on the map). Air gun shots were also recorded from northern San Francisco Bay (Figure 4). Clear P# 
arrivals can be seen, but no secondary arrivals such as reflections were recorded from air gun sources by the 
network. The apparent time skips in the first arrivals result from gaps in the shooting; the data are plotted in 
trace order to enable clearer examination. A 5-s AGC window was used for the display. 

tures that could be bounded by downward vertical projections 
of the Pilarcitos and San Andreas faults, but there is limited 
coverage at these depths and such correlations are tentative. 
More typical Franciscan velocities of---6.0-6.2 km/s are ob- 
served at these depths. 

An implication of the San Francisco Peninsula 3-D velocity 
model is that at 3 km, and perhaps extending to 7 km depth, 
there are velocity boundaries that can be correlated to the 
downward vertical projection of the Pilarcitos fault (Plate 2). 
Such a correlation suggests that the Pilarcitos fault may be a 
high-angle feature. High-angle velocity changes are also evi- 
dent across the San Andreas fault and are strongest in the 
shallowest part of the upper crust (1-3 km) where there is an 
apparent high-angle boundary between the Franciscan Perma- 
nente terrane southwest of the fault and highly sheared Fran- 
ciscan rocks to the northeast (Plates 2 and 3). In Plate 3, we 
show a representative vertical southwest-northeast oriented 
slice through the 3-D model volume. Because most of the 
structural variation occurs from southwest to northeast (per- 
pendicular to the major faults), vertical velocity sections 

through the model are very similar from north to south. The 
primary feature in these slices is a consistent gradation from 
higher-velocity rocks southwest of the San Andreas fault into 
lower-velocity rocks northeast of the fault in the upper 3 km of 
the crust. 

Dip of the Pilarcitos Fault 

We conducted a higher-resolution 2-D travel time inversion 
for the velocity of the Permanente terrane (bounded along its 
southwest side by the Pilarcitos fault) using travel times re- 
corded on instruments (SGRs) along a closely spaced (50-m 
station spacing, 2-3 km shot spacing) southwest-northeast di- 
rected recording spread (Figure 3 and Plate 4). The spread was 
oriented at a ---90 ø angle to the strikes of the Pilarcitos and San 
Andreas faults. Because of the short station spacing and over- 
lapping coverage we were able to reduce the velocity model 
cell size to 100-m squares (as compared with the 1-km cubes in 
the 3-D velocity models). Models derived from the 2-D higher- 
resolution refraction data are most consistent with the Pilar- 

citos fault marking a vertical boundary in the upper 0.5-1.0 km 
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SF Peninsula Explosive Sources: Station Corral de Tierra 
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Figure 7. Example plot of explosive-source data recorded at station Corral de Tierra (marked as C on the 
map). Clear P# arrivals can be seen, but no secondary arrivals such as reflections were recorded from explosive 
sources by the network. Locations of the explosive sources are shown as open squares on the inset map. A 5-s 
AGC window was used for the display. 

of the crust between the relative low-velocity rocks of the 
Permanente terrane to the northeast (-4.5 km/s) and the ad- 
jacent Salinian rocks to the southwest (Plate 4). The higher- 
resolution results tend to verify the indications from horizontal 
slices out of the 3-D velocity model (Plate 2) that the Pilarcitos 
fault is a steeply dipping boundary. We thus interpret the 
Pilarcitos fault as primarily a strike-slip fault rather than a 
thrust. We discuss the tectonic implications of the Pilarcitos 
fault as a transform in a subsequent section. 

Resolution 

To interpret results from tomographic inversions for velocity 
structure, it is very important to quantify what features are 
resolvable given the quantity and coverage of the input travel 
time data. We conducted a number of resolution tests like the 

examples shown in Plate 5; 3-D test models were constructed 
with velocity anomalies superimposed on 1-D gradients, and 
groups of synthetic travel time picks were calculated from all 
the source locations into the station locations used in the 

actual modeling. These synthetic travel time picks were then 
inverted for velocity structure following the same procedures 
used to model the real data (1-D starting models; 2-km 
smoothing filter in final iterations), and the final models were 
compared with the test models to see how well they could be 
reproduced. We show the results of these example resolution 
tests as vertical slices to make it easier to evaluate changes in 
resolution with depth. In the examples shown in Plates 5a-5c, 
a 4-km-wide higher-velocity block (anomaly gradient increas- 
ing with depth a laterally consistent 0.5 km/s greater than the 

background gradient) was superimposed beneath San Fran- 
cisco Peninsula to mimic vertical structures. In addition, we 
conducted similar tests with dipping boundaries in an effort to 
ensure that we had sufficient coverage to discern moderately 
dipping (45 ø ) velocity boundaries from vertical boundaries 
(Plate 5d). 

Because the solution of velocity anomaly position and abso- 
lute velocity are coupled, there are trade-offs between resolv- 
ing the shapes and positions of anomalies and their velocities. 
If we applied a strict criterion of absolute velocity resolution at 
specific points, we would find that the minimum reliably de- 
tectable velocity contrasts were 0.5 km/s (for the 3-D model 
data coverage). If instead, we allowed for smearing of anomaly 
positions, we could resolve smaller velocity contrasts (0.2-0.25 
km/s). In addition, as might be expected, lateral resolution 
decreases with increasing depth because the Fresnel zone 
width of turning rays becomes increasingly broader. For exam- 
ple, in the 3-D model resolution tests, the lateral positions of 
vertical velocity contrasts (->0.5 km/s) were resolvable to 
within 1 km of their actual positions near the surface, while at 
5-6 km depth the boundaries can be smeared across 2-km- 
wide zones. Thus a fault or other velocity interface that is 
vertical might appear to dip anywhere between 70 ø and 110 ø. 
Similarly, a 70ø-110 ø dipping interface could appear vertical. In 
Plate 5b we contoured the difference between the actual ve- 

locities and the modeled velocities of a representative resolu- 
tion test to demonstrate the magnitudes of errors; we found 
that the centers of the input velocity anomalies (->0.5 km/s) 
tended to be resolved exactly, while the blurred edges of the 
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Plate 5. Example resolution tests. (a) A simple vertical high-velocity zone (0.5 km/s faster on same gradient 
as background) was emplaced in a 1-D velocity gradient. Travel times were calculated through this test model 
from source locations used in the San Francisco Peninsula velocity model to the network station locations to 
generate synthetic travel time picks. (b) The synthetic travel time picks were then inverted for velocity, and the 
resulting model is shown along with contours of the difference between the input velocities and modeled 
velocities. The boundaries of the input velocity anomaly were blurred (1-2 km, especially at the bottom of the 
model). The absolute velocities were resolved completely at the center of the anomaly but differ by as much 
as 0.4 km/s at the edges; the average mismatch across a 2-km-wide zone at the anomaly edge was 0.2 km/s. (c) 
All earthquake sources were intentionally mislocated (by 2 km in random directions) to investigate the effects 
of mislocated sources. The controlled sources were kept fixed. The position of the velocity anomaly was not 
shifted as a result of source mislocation, but static velocity shifts (up to 0.2 km/s) were observed. Systematic 
mislocations produced similar results as random mislocations. (d) Resolution test similar to vertical example 
above, but with a 45 ø dipping interface. Coverage was sufficient to resolve a dipping boundary in the upper 4 
km of the model. 
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Figure 8. Location map showing the boundaries of the hor- 
izontal slices shown in Plate 2. 

anomalies had worst-case velocity mismatches of up to 0.4 
km/s. If the velocity mismatches are averaged across the 2-km- 
wide blurred edge of the output velocity model, then velocity 
resolution is 0.2 km/s. 

We conducted similar resolution tests for the higher resolu- 
tion 2-D model (Plate 4). We found that we could resolve a test 
rectangular low-velocity anomaly (anomaly gradient increasing 
with depth a laterally consistent 0.3 km/s less than the back- 
ground gradient) within 100 m of its actual vertical and hori- 
zontal position and to within 0.1 km/s in velocity. We tested 
vertical and dipping (45 ø) velocity boundaries and found that a 
45 ø dipping boundary was easily resolvable despite the lateral 
smearing effect that tended to overestimate the amount of dip 
on the boundary (Plate 4). 

In addition to spatial and velocity resolution tests, we at- 
tempted to isolate errors resulting from mislocation of earth- 
quake hypocenters; the RMS travel time misfit (370 ms) of the 
regional velocity model resulted from mislocated hypocenters, 
broad smoothing filters, and picking errors. Simultaneous in- 
version for hypocenters, origin time, and velocity reduced er- 
rors caused by the I-D velocity model applied for NCSN hy- 
pocenter locations, but it is still worthwhile to investigate 
effects of possible earthquake mislocation because the 10-km 
smoothing filter applied to the regional model most likely 
preserved some of the coupling between velocities in the 
source zones and the source/time locations. To gain some 
insight on the effects of source location errors, we intentionally 
mislocated the earthquake sources in our resolution tests. To 
investigate a worst-case effect of mislocated events, we system- 
atically (and randomly) moved all earthquakes by the maxi- 
mum RMS mislocation error (from 1-D velocity model used 
for NCSN locations) of events included in our modeling (2 km) 
while keeping the controlled sources fixed. In Plate 5c, we show 
the effects of source location errors on the geometry and mag- 
nitude of velocity anomalies; the effects of mislocating all 

earthquake events on the modeled velocity structure were mi- 
nor. The locations of the velocity boundaries did not have to be 
shifted laterally, though small static differences in the velocity 
magnitudes were observed (0.2 km/s; this number is a maxi- 
mum estimate because the source error estimates assumed 

maximum RMS mislocations and no correction from hypo- 
center relocation) (Plate 5c). The lack of large lateral velocity 
anomaly shifts occurred primarily because the travel paths of 
first arrivals from distant earthquake sources were mostly high 
angle. Similar results occurred with random mislocations as 
with systematic mislocations; the static velocity shifts were very 
slightly different, probably a result of net cancellation of loca- 
tion errors. We conclude from our resolution tests that in the 

upper 6 km of the San Francisco Peninsula crust, we can 
resolve the dip on lateral velocity boundaries to within +_20 ø , 
and absolute velocities to within +_0.2 km/s across a 2-km-wide 
zone. 

A 2-D Gravity Model Across San Francisco 
Peninsula 

Our interpretation of the anomalies from the San Francisco 
Peninsula velocity models is that the velocity boundaries asso- 
ciated with both the Pilarcitos and San Andreas faults are 

steeply dipping to vertical features (70ø-110ø). Such an inter- 
pretation is consistent with gravity data on the northern Pen- 
insula (shown above the modeled cross section on Figure 9) 
that indicate a dense block located between the San Andreas 

and Pilarcitos faults. This dense block coincides with the Fran- 

ciscan Permanente terrane oceanic rocks, which are denser 
than other units within the Salinian and Franciscan terranes. 

There is an associated relative velocity increase of the Perma- 
nente terrane in the shallow crust (0-5 km depth; Plate 2). Our 
2-D cross-section gravity model (Figure 9) indicates that the 
Permanente terrane is ---0.055 g/cm 3 denser than the Salinian 
block and 0.085 g/cm 3 denser than the Franciscan rocks north- 
east of the San Andreas fault (we model only a small density 
contrast (0.03 g/cm 3) between the Salinian block and non- 
Permanente Franciscan rocks). All densities used in the mod- 
eling are consistent with the range of measured values in a 
database of rock densities in the Bay Area [Jachens and 
Griscom, 1997]. 

The gravity data are not consistent with a thrust fault geom- 
etry for the Pilarcitos. Curve a on Figure 9 is the predicted 
gravity signature for a 45 ø NE dipping Pilarcitos fault that 
merges at depth with a vertical San Andreas fault. This geom- 
etry produces a small (--•2 mGal) local high directly over the 
Permanente rocks between the two faults but fails to explain 
the longer-wavelength high centered on the Pilarcitos and San 
Andreas faults because of the low-density contrast between the 
Salinian and Franciscan to the east which would be juxtaposed 
across the San Andreas at depth beneath a Pilarcitos "thrust." 
Because of the nonuniqueness of gravity modeling, the north- 
eastern limb of the long wavelength high could be replicated 
for a Pilarcitos "thrust" interpretation if the density contrast of 
the Salinian block was increased relative to Franciscan rocks 

from 0.03 to 0.05 g/cm'; however, this results in gravity values 
significantly larger than observed over the Salinian block (see 
curve b on Figure 9). Modeling of a detailed gravity profile 15 
km to the southeast also indicates near vertical boundaries 

associated with the San Andreas and Pilarcitos faults, a sub- 
stantially dipping "thrust" geometry for the Pilarcitos fault 
(---45øNE) can be excluded by these data (R. Jachens, written 
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Figure 9. Two-dimensional gravity model across the San Francisco Peninsula; locations of the San Andreas 
(SAF), Pilarcitos (PF), and San Gregorio (SGF) faults are indicated, and density contrasts (D) are given in 
grams per cubic centimeters. The best fit (solid curve) to the Bouguer anomaly was with vertical density 
boundaries across both the San Andreas and Pilarcitos faults. The fit for a 45øNE dipping geometry for the 
Pilarcitos fault (indicated by heavy dashed line on cross section) is given by dashed curve a. The fit for the same 
dipping model but with an increased density (to 0.05 g/cm 3) in the Salinian block is given by dotted curve b. 
The irregular bodies within the Permanente terrane do not contribute as density bodies; they are meant to 
symbolize fragments of oceanic crust. 

communication, 1995). Thus, while nonunique, the Bouguer 
gravity data interpretation as constrained by measured density 
values appears generally consistent with a steep fault interpre- 
tation for both the San Andreas and Pilarcitos faults. A high- 
angle interpretation of the Pilarcitos fault combined with geo- 
logic evidence such as the presence of Salinian rocks west but 
not east of the Pilarcitos fault and the 19-23 km offset limit of 

the Franciscan Permanente terrane along the Peninsula seg- 
ment of the San Andreas fault support the idea that the Pilar- 
citos fault accommodated most of the pre-Quaternary right- 
lateral plate boundary slip on San Francisco Peninsula. 

Upper Crustal Faulting Interpretation 
and Tectonic Implications 

If our interpretation of the anomalies from the San Fran- 
cisco Peninsula velocity and gravity models is accepted that the 
Pilarcitos and San Andreas faults are steeply dipping to vertical 
features (70ø-110ø), then there are important tectonic implica- 
tions for the recent geologic history of San Francisco Penin- 
sula. We suggest a simple model for the evolution of plate 
boundary faulting on the Peninsula that resulted from an ap- 
parent 11ø-12 ø clockwise change in convergence angle between 
the Pacific and North American plates about 3.4-3.9 Ma [Hat- 
bert and Cox, 1989; Harbert, 1991]. In that model, the --•N45 ø- 
50øW striking Pilarcitos fault would have been well-oriented to 
accommodate Pacific-North American plate motions prior to 

3.4-3.9 Ma. When the relative motion changed to the present 
N32ø-33øW direction on the peninsula, the resulting compo- 
nent of convergence made slip on the Pilarcitos fault more 
difficult, eventually resulting in the formation of a new, more 
favorably oriented fault strand, the N30-35øW striking penin- 
sula segment of the San Andreas fault (Figure 10). Similar 
changes in fault trends or formation of new faults apparently 
occurred throughout coastal California during the 3.4-3.9 Ma 
period [Harbert and Cox, 1989; Harbert, 1991]. 

The initiation of the peninsula segment of the San Andreas 
fault can be estimated from the geologically determined 19-23 
km offset of the Permanente terrane along the San Andreas 
fault and the averaged long-term slip rate. As noted in the 
introduction, geodetic data [Lisowski et al., 1991; Williams, 
1995] and late Holocene slip rate studies [Hall, 1984, 1993; Hall 
et al., 1996] have suggested a present-day slip rate of 15-17 
mm/yr on the peninsula segment of the San Andreas fault, 
whereas studies based on longer-term geologic data have sug- 
gested a lower rate of 7-12 mm/yr [Cummings, 1968; Taylor et 
al., 1980]. The lower slip rate estimates are probably more 
representative of the true averaged long-term slip rate since 
there was no doubt some delay before the newly formed pen- 
insula segment of the San Andreas fault (with an initial slip 
rate of 0 mm/yr) was able to achieve the present day 15-17 
mm/yr rate. Using the geologic slip rate of 7-12 mm/yr, the 
--•23 km best estimate offset [e.g., Dibblee, 1966; Cummings, 
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'."I• Franciscan Block 
Figure 10. Model for the development of the San Andreas and Pilarcitos faults. (a) Before Pliocene time the 
Pilarcitos acted to accommodate most of the right-lateral strain on San Francisco Peninsula, offsetting the 
Franciscan and Salinian terranes. (b) About 3.4-3.9 Ma, the relative Plate motion between the Pacific and 
North American Plates changed resulting in an 11ø-12 ø clockwise increase in the convergence direction, 
sometime afterward a new more northerly trending segment of the San Andreas fault system developed. (c) 
Sometime between 3.3 and 2.0 Ma, the Pilarcitos fault was abandoned and transported ---23 km northwest 
along the San Andreas fault. 

1968; R. C. Jachens, personal communication, 1996] implies 
that the present-day Peninsula segment of the San Andreas 
fault originated sometime between 2.0 and 3.3 Ma. The older 
end of this time range is similar to the timing of the 11ø-12 ø 
clockwise change in convergence angle between the Pacific and 
North American plates about 3.4-3.9 Ma [Harbert and Cox, 
1989; Harbert, 1991]. 

The offset of the Calera limestone in the Permanente ter- 

rane implies that the Pilarcitos fault has been translated ---23 
km northwestward; its reconstructed location lies northwest of 
Loma Prieta Peak in the central Santa Cruz Mountains within 

a broad bend in the San Andreas fault system (Figure 1). As 
shown in Figure 10, the Pilarcitos fault on San Francisco Pen- 
insula was probably part of the present-day San Andreas fault 
system from the Loma Prieta area south. McLaughlin et al. 
[1991] and McLaughlin and Clark [1997] have mapped what 
they infer to be the main offset strand of the Pilarcitos fault in 
the Loma Prieta area (equivalent to the main "bedrock" com- 
ponent of the San Andreas fault based on a major difference in 
Pliocene and younger stratigraphy) just a few hundred meters 
northeast of the San Andreas fault where it ruptured during 
the 1906 San Francisco earthquake. 

The N30ø-35øW strike of the San Francisco Peninsula seg- 
ment of the San Andreas fault is within lø-2 ø of the NUVEL-1 

relative plate motion velocity vector at this latitude [De Mets et 
al., 1990]; this strike is more northerly than the ---N45øW strike 
of the Pilarcitos fault on the peninsula, as well as its presumed 
offset equivalent, the present-day San Andreas fault in the 
Santa Cruz Mountains (Figures 1 and 10). Thus the N30 ø- 
35øW strike of the peninsula segment of the San Andreas fault 
and its initiation between 2.0 and 3.3 Ma suggest that it devel- 
oped to more favorably accommodate plate boundary shear in 
response to the change in relative motion between the Pacific 
and North American plates. Faults east of San Francisco Bay 

such as the Hayward fault (Figure 1) have inferred slower slip 
rates after 5 Ma (relative to rates between 8 and 5 Ma), sug- 
gesting a transfer of strain westward to the San Andreas system 
between 5 and 3 Ma [McLaughlin et al., 1996]. The implication 
of this is that since the peninsula segment of the San Andreas 
fault did not exist prior to about 3 Ma, the Pilarcitos fault 
probably accommodated most of the regional plate boundary 
strain between 5 and 3 Ma. 

The abrupt topography of the recently uplifted (<3 Ma) 
Santa Cruz Mountains west of the San Andreas fault [e.g., 
Page, 1992] indicates that there has been significant fault- 
normal compression across the peninsula segment of the plate 
boundary. It is possible that during the early initiation of the 
Peninsula San Andreas fault, the Pilarcitos fault (and possibly 
other subparallel faults in the San Andreas system) accommo- 
dated both dextral slip and convergence as oblique high-angle 
thrust faults, similar to the 70 ø southwest dipping fault plane 
responsible for the 1989 Loma Prieta earthquake that had 
almost equal components of right lateral and reverse motion. 
Such late phase oblique slip may be responsible for the curved 
or scalloped surface trace of the Pilarcitos fault (Figures 2 and 3). 

While the seismic hazards posed by the peninsula segment of 
the San Andreas fault are obvious, the rupture potential of the 
Pilarcitos fault is far less so. If the Pilarcitos fault is subvertical 

and has a low shear strength like the San Andreas fault [e.g., 
Lachenbruch and Sass, 1980; Zoback et al., 1987; Rice, 1992; 
Sleep and Blanpied, 1992; Bird and Kong, 1994], then it could 
still pose a hazard as a strike-slip fault despite its more north- 
westerly trend relative to the San Andreas. If the Pilarcitos 
fault plane is strictly vertical throughout the upper crust, then 
it cannot accommodate any convergent strain. However, given 
the _+20 ø resolution on the dip of velocity anomalies in our 
model, we cannot rule out some capability of the Pilarcitos 
fault to move as an oblique reverse fault, similar to the Loma 
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Prieta fault plane. Such a high-angle oblique reverse plane 
would require high fluid pressure or some other mechanism to 
allow it to move [e.g., Sibson, 1985], similar to what has been 
proposed for the Loma Prieta source region based on electrical 
and seismic studies [e.g., Eberhart-Philips et al., 1990; Zoback 
and Beroza, 1993; Eberhart-Philips et al., 1995]. 

Conclusions 

A detailed 3-D velocity model for San Francisco Peninsula 
was generated from earthquake and controlled sources. We 
conclude from seismic and gravity data collected on San Fran- 
cisco Peninsula, that the San Andreas and Pilarcitos faults are 
high-angle to vertical features where resolvable in the upper 
crust. Geologic data suggest that most Quaternary strike-slip 
offset on the San Francisco Peninsula has occurred on the San 

Andreas fault rather than on the more northwesterly oriented 
Pilarcitos fault, but we cannot rule out the Pilarcitos fault's 
potential to accommodate some oblique convergent strain as a 
high-angle reverse fault, similar to the fault associated with the 
Loma Prieta earthquake. Prior to about 3 Ma, the Pilarcitos 
fault probably accommodated most of the plate boundary 
strain; a change in the relative Pacific-North American plate 
motions ---3.4-3.9 Ma stimulated the formation of the Penin- 

sula segment of the San Andreas fault, and the Pilarcitos fault 
was abandoned as the primary plate boundary fault. 
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