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A Look Inside the San Andreas
fault at Parkfield Through
Vertical Seismic Profiling

J. Andres Chavarria,1* Peter Malin,1 Rufus D. Catchings,2

Eylon Shalev1

The San Andreas Fault Observatory at Depth pilot hole is located on the
southwestern side of the Parkfield San Andreas fault. This observatory includes
a vertical seismic profiling (VSP) array. VSP seismograms from nearby micro-
earthquakes contain signals between the P and S waves. These signals may be
P and Swaves scattered by the local geologic structure. The collected scattering
points form planar surfaces that we interpret as the San Andreas fault and four
other secondary faults. The scattering process includes conversions between P
and S waves, the strengths of which suggest large contrasts in material prop-
erties, possibly indicating the presence of cracks or fluids.

The San Andreas Fault Zone (SAFZ) is a
major strike-slip fault system. Understanding
its structure and dynamics is important for
understanding the nucleation of earthquakes
and the mechanics of plate boundaries. To
determine its structure and observe the earth-
quake process in the near-source region, the
U.S. and international earth sciences commu-
nities have joined together to drill a borehole
through the Parkfield, CA, section of the
SAFZ (1) (Fig. 1 and fig. S1). Parkfield lies
on the central part of the SAF, at the transi-
tion between the creeping and locked sections
of the fault (2). The San Andreas Fault Ob-
servatory at Depth (SAFOD) pilot hole (PH)
was drilled in June and July 2002 to test

drilling conditions, monitor earthquake activ-
ity, and study the structure of the fault system
before the drilling of the main hole that will
cross the main branch of the SAF.

Strong variations in seismic velocity in
the northwest-southeast trending SAFZ at
Parkfield have been observed (3–5). A 100-
to 200-m-wide low-velocity and low–
electrical resistivity zone (6, 7) separates gra-
nitic Salinian rocks on the SAFZ’s southwest
side from the mélange of deformed trench,
Franciscan rocks on its northeast side (8, 9).
The SAFOD site is located on the more ho-
mogeneous Salinian block, and knowledge of
its internal structure is important for both
earthquake research and future drilling.
Structures in this block may include several
faults, one of which has already been encoun-
tered during the drilling of the PH at a depth
of �800 m below sea level (10).

In July 2002, we installed a VSP (11)
array of 32 levels of three-component, 15-Hz
seismographs in the SAFOD PH (12). The
array spans the depth interval of �200 to

1400 m below sea level (�900 to 2100 m
below ground level) with levels separated by
40 m. Many VSPs of nearby microearth-
quakes and surface calibration shots contain
strong secondary signals between the direct P
and S waves and after the direct S wave (Fig.
2). We located the likely origin points of
these secondary signals using a Kirchhoff
migration (imaging) scheme (11, 13–15).

We analyzed the secondary signals of 96
seismograms from each of the 43 earthquakes
and 11 calibration shots. All of the sources
were within �8 km of the PH array, and, as
might be expected, the microearthquakes
were all located within the SAFZ (Fig. 1).
Thus, the calibration shots provided impor-
tant observations from areas where there was
no seismicity.

The Kirchhoff migration of the second-
ary signals was accomplished by (i) divid-
ing up the volume that surrounded all of the
sources and receiver points into cubic cells
with sides measuring 40 m and (ii) dividing
the seismograms between the direct waves
and after the S wave into sequential seg-
ments 0.02 s long. A travel timetable for
each source-receiver cell arrangement, in-
cluding the four possible combinations of P
and S wave incidence and scattering, was
then calculated with a ray-bending method
(16, 17 ). The threedimensional velocity
model used for the ray tracing had previ-
ously been determined by seismic tomog-
raphy (18). The energies in each seismo-
gram segment corresponding to a given cell
were then added together and assigned to
that cell. One seismogram segment of one
source-receiver pair corresponds to a com-
plex ellipsoidal distribution of potential
scattering cells, all with the same correspond-
ing travel time as that of the segment. After
stacking (adding) together the energies from
several different source-receiver arrange-
ments, a collection of the most likely scatter-
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Fig. 1. (A) A vertical cross
section parallel to the SAF
through the SAFOD PH.
(B) A vertical cross section
perpendicular to the SAF
through the SAFOD PH.
The near-surface locations
of the calibration shots re-
corded by the array are
shown by squares (18).
Triangles indicate microe-
arthquakes migrated in
Fig. 3A; circles indicate the
events that were used to
construct Fig. 3, B and C;
and diamonds indicate the
events used in Fig. 4. The
crosses indicate back-
ground events that are in-
terpreted to lie on the SAF.
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ing points consists of the cells with the great-
est total energies.

For the P-P and P-S scattering cases, we
included only the secondary signals between
the P and S arrivals. For the S-S case, we
included the segments up to 2.5 s after the S
wave. In all cases, the direct P and S wave
segments were “muted” to ensure that their
signals did not interfere with the migration of
the secondary signals (11). The mutes limit
the detection of potential scattering zones
near the PH, because such signals have travel
times close to those of the direct waves. For
instance, in the case of P-P scattering, the
P-wave mute eliminates the scattered signals
from the fault that is known to intersect the
PH. Fortunately, because of the greater time
separation of direct S waves and S-S scattered
signals, it was still possible to observe this
fault with these signals.

We implemented our migration procedure
for various subsets of earthquakes and shots
on the basis of their location with respect to
the PH (Fig. 1). We found that the closest
(��4.5 km) source-receiver pairs contained
prominent P-P scattered signals. More distant
(��4.5 km) pairings contained prominent
P-S and S-S scattered signals.

Secondary signals observed in the closest
microearthquakes (a and b in Fig. 2A) were
migrated under the assumption of P-P scat-
tering (a and b in Fig. 3A). Stacking of

energies from the four nearest microearth-
quakes (��2 km) (Fig. 1) and the three
nearest shots (��4 km) resulted in three
scattering zones: Two of them were located 2
km away from the SAF at depths of 1.5 and
3 km, and a third was located between the PH
and the SAF (Fig. 3A).

The vertical-component seismograms of the
seven next-nearest microearthquakes (�2 to
�4.5 km) (Fig. 1) and the two next-nearest
shots (��6 km) migrated into scattering zones
that were fairly coincident with the two struc-
tures located 2 km away from the SAF (a and b
in Fig. 3A), albeit with some increase in dis-
tance from the PH (Fig. 3B). The change in
distance might be a result of errors present in
the velocity model and/or the limited source-
receiver geometry. The same scattering zones
were obtained when analyzing the events in
Fig. 3B by migrating and stacking the second-
ary energy in the north-component seismo-
grams (Fig. 3C). The results of these migrated
sections also have a third high-energy scattering
zone between the PH and the SAF, centered in
the same position as the one in Fig. 3A (c in
Fig. 3C). Thus, it is unlikely that these zones
correspond to random noise in one or all of
these seismograms. The isolated high-energy
ellipsoid from the most distant earthquake in
this migration, located at a depth below 3 km
(Fig. 3B), gives a sense of the resolution of our
migration method. The width of the high-ener-

gy band is between 100 and 200 m, suggesting
that structures smaller than this might not be
well imaged by our data.

We determined scattering zones in the
SAFOD area from migrating and stacking
surface shots under the assumption of S-S
scattering (Fig. 3D). The S-wave signals from
the shots were generated by P-S conversions
near the surface. The S-S migrated section
appears to show some evidence of the scat-
tering zone located under the PH [Fig. 3, A
(zone marked by the a) and D], although it is
displaced farther away from the PH than in
Fig. 3A but close to those in Fig. 3, B and C.
Because of the greater time separation of the
(muted) S and S-S scattered signals, this sec-
tion contains the scattered signals from the
fault zone known to intersect the PH at �800
m below sea level (d in Fig. 3D).

On the basis of their orientations and the
geology of the SAFOD site, the scattering
zones imaged by our migration method may
represent secondary faults in the SAFZ (a to d
in Fig. 3). The two faults 2 km away from the
SAF, together with the fault between the PH
and the SAF, and the previously known fault
intersecting the PH (c and d in Fig. 3, which
have opposing dips), suggest the presence of a
deeper connecting structure, such as a second-
ary flower structure (19) or an earlier branch of
the current SAF, connected to the current trace
of the SAF. The existence of a secondary flow-
er has previously been noticed on the basis of
surface seismic profiling (13). In either case,
these results imply that the SAFOD hole, which
will begin with a vertical well similar to the PH
but then deviate toward the SAF (1), could
encounter at least one notable structure, quite
likely another fault, before reaching the SAF.

Because they tend to distort and attenuate
high-frequency seismic waves, the presence of
unaccounted faults can lead to substantial bias-
es in earthquake source studies. More impor-
tant, an understanding of these structures at
depth is critical, because strains accumulated in
the SAFZ may actually diffuse along them,
which in turn could account for changes in the
earthquake cycle at the SAF.

On the basis of our data, other potential
geologic features related to seismic wave
scattering are not well determined. A deeper
connecting fault may exist to the southwest of
the PH (Fig. 3D). A portion of a similar
scattering zone can also be seen in the P-P
section (Fig. 3B). Other features that were
also left out include the more horizontal scat-
tering zones to the northeast of the PH (Fig.
3D). These particular zones may correspond
to either contacts between the overlying Ter-
tiary sediments and underlying Mesozoic
basement rocks or formation contacts within
the sediments themselves.

The microearthquakes used in our study may
come from the main branch of the SAF, and we
expected that parts of this fault might act as

Fig. 2. Low-pass filtered VSPs of the nearest and deepest microearthquakes used in this study. The
vertical axis is time in seconds; the horizontal axis is depth below sea level in kilometers. The arrival
times of the P and S waves and selected secondary phases are indicated to the left of each VSP. (A) The
PH VSP from an event with a magnitude of 1.05 located 2 km away from the PH. The secondary phases,
indicated by a and b, migrate to the locations shown in Fig. 3A. (B) The PH VSP from an event with a
magnitude of 1.20 located 10 km beneath the PH. The secondary phase, indicated by saf, migrates to
the location shown in Fig. 4.

R E P O R T S

www.sciencemag.org SCIENCE VOL 302 5 DECEMBER 2003 1747

 o
n 

M
ar

ch
 2

4,
 2

00
7 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org


scattering zones. We migrated the secondary
signals of six microearthquakes from the area
beneath the surface trace of the SAF and deeper
than 4.5 km (Fig. 1). These signals (saf in Fig.
2B) were migrated under the assumption that
P-S scattering has larger coda amplitudes than

S-P scattering (20, 21). The results of this mi-
gration show that the main feature is the surface
of scattered energy located directly beneath the
surface trace of the main branch of the SAF (Fig.
4). The curvature of the deeper portions of this
zone may be the result of the restricted number

of events available for the migration and/or er-
rors in the velocity models. Despite the limita-
tions of the data, the existence of the zone sug-
gests that the main branch of the SAF contains
contrasts in material properties that may repre-
sent cracks or fluids. This scattering zone co-
incides with a zone of low electrical resistance
found in magnetotelluric studies of the SAF at
this site (7). The resistance anomaly has been
interpreted as the result of active fluids
trapped inside the damage zone and/or unusu-
ally conductive fault materials, including hy-
drothermally altered clays and other rock
types. These fault materials along with the
complex fault zone imaged here (Fig. 4) are
critical for the development of a complete model
of the SAFZ dynamics.
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Fig. 3. Cross sections through the cells of migrated microearthquake and shot seismogram segments
assuming P-P and S-S scattering. The sections are the same as in Fig. 1B. The sections intersect a grid
of 141 by 124 cells, each of which measures 40 m per side. The solid line at 0 km is on the surface trace
of the SAF. The color bar indicates the relative amounts of scattered energy, 1 being the highest value
in each section. (A) P-P migration results for vertical-component seismograms from microearthquakes
located ��2 km from the PH and three shots. a and b represent northeast-dipping faults. (B) The P-P
migration results for vertical-component seismograms from microearthquakes and shots located
between �2 and 4.5 km from the PH. (C) P-P migration using the north-component seismograms for
the same events as in (B). c represents a southwest-dipping fault. (D) S-S migration for vertical-
component seismograms using surface shots as sources. d represents a fault known to interest the PH.

Fig. 4. A cross section through
cells of migrated microearth-
quake VSP signals assuming P-S
scattered waves. The section is
the same as that in Fig. 3. Micro-
earthquakes located �4.5 km
away from the PH and underneath
the PHwere used in the migration.
The highest energy scattering cells
correlate with the surface fault–
trace of the SAF. Interpreted faults
from other scattering modes are
included. a, b, c, and d represent
faults identified by scattering
zones; question marks represent
the locations of possible deep con-
necting structures.
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