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Steep-Dip Seismic Imaging of 
the Shallow San Andreas Fault 

Near Parkfield 

constrain a vertical, -1-km-wide high-con- 
ductivity zone southwest of the SAF, extend- 
ing from the surface to a devth of 1 to 3 km 
( l j ,  13). Drilling through the SAF has been 
proposed at this site to directly sample min- 
eralogy, stress, and fluids through an earth- 
quake cycle (14, 15). 
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To date, active near-vertical strike-slip 
J. A. Hole,'* R. D. Catchings? K. C. St. Clair,' M. J. Rymer? faults have not been imaged as migrated re- 

D. A. Okaya.3 B. J. Carney'? flectors in seismic reflection sections. Stan- 
dard seismic reflection acquisition and pro- 

Seismic reflection and refraction images illuminate the San Andreas Fault to  a cessing are designed to image reflectors that 
depth of 1 kilometer. The prestack depth-migrated reflection image contains are close to horizontal. An increase in seismic 
near-vertical reflections aligned with the active fault trace. The fault is vertical velocity with depth, which is the usual situ- 
in the upper 0.5 kilometer, then dips about 70" to  the southwest t o  at least 1 ation in the upper crust, refracts seismic en- 
kilometer subsurface. This dip reconciles the difference between the computed ergy into horizontal ray paths at a range of 
locations of earthquakes and the surface fault trace. The seismic velocity cross depths. These refracted rays (both smoothly 
section shows strong lateralvariations. Relatively low velocity (10 to  30%), high turning and critically refracted) are the basis 
electrical conductivity, and low density indicate a I-kilometer-wide vertical of refraction seismology but also are at the 
wedge of porous sediment or fractured rock immediately southwest of the correct orientation to be reflected by a steep 
active fault trace. fault and returned to the surface (Fig. 2A). 

The large amount of energy refracted by the 
Determination of the structure and internal vertical plane, but the plane projects to 0.2 to vertical velocity gradient allows reflections 
properties, such as geometry, mineralogy, 1.5 km southwest of the active surface trace from vertical structures to be as strong as 
and fluid content, of fault zones is essential to of the fault (4-6,8,11). Electromagnetic data those from horizontal structures (16). The 
understanding the earthquake process. Ex- 
posed faults provide constraints on fault zone 

120'35' 120'30' 
properties (I), but geophysical imaging is 
required to determine in situ properties. The 
San Andreas Fault (SAF) has a 100- to 200- 
m-wide zone of low seismic velocity identi- 
fied (but not located at depth) by fault zone- 
guided waves (2, 3). Other earthquake data 
only constrain the seismic velocity structure 
of the SAF on the scale of kilometers. Earth- 
quakes have been well located relative to OTV 
each other, illuminating fault structure and 
rupture patterns (4-6), but have several hun- 
dred meters of absolute location error. In 
comparison, individual faults create a defor- 
mation zone up to a few hundred meters wide 
(I), and changes through time create a broad- 
er fault zone a few kilometers in width. 

Our study region (Fig. 1) has been the site 
of studies related to the Parkfield Earthquake 
Prediction Experiment (7). A strong lateral 
contrast in seismic velocity exists across the 
SAF zone (8, 9) due to juxtaposition of the 
Franciscan complex, composed of deformed 
submarine sedimentary rocks, against the 
Salinian block, composed of granitic and 
metamorphic rocks. Earthquake data indicate 
low seismic velocity (2, 3, 8), high Poisson's 
ratio (8), and seismic anisotropy (10) within 
the fault zone. The earthquakes define a near- 
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petroleum industry has developed techniques 
to image reflections from the steep sides of 
salt domes (17, 18). Reflections have been 
observed from steeply dipping fault planes 
(16), but only Louie (19) has attempted to 
migrate the reflections, a necessary step in 
determining their subsurface location. 
Louie's work across the SAF was unable to 
image the active fault trace. 

A seismic survey acquired in 1998, dubbed 
PSINE (Parkfield Seismic Imaging Ninety- 
Eight), was designed to produce both refraction 
and reflection images of the upper 1 km across 
the SAF and proposed drill site (20, 21). The 
unusual combination of refraction and reflec- 
tion survey design is ideal for imaging reflec- 
tions from steeply dipping structures. Acquisi- 
tion parameters were 10-m shot and 5-m receiv- 
er spacings, 840 channels recording up to 4.9 
km offset, and a straight (<20 m variation in 5 
km distance) line perpendicular to the fault 
despite rough toPo&hy. Recording the seis- 
mic waves to long distances (relative to target 
depth) allows refraction analysis to constrain 
seismic velocity to greater depths and allows 
the recording of steep-dip reflections from 
greater depths (22). Dense sampling allows 
seismic migration to properly place the reflec- 
tions in the subsurface image and also directly 
improves the spatial resolution of the refraction 
velocity model. 

Migration of steeply dipping structures 
requires an accurate seismic velocity model, 
which was created by refraction tomography. 
First-arrival travel times were picked from 
the data (23) and inverted with a nonlinear 
tomography algorithm (24,25). The resulting 
two-dimensional model (Fig. 2A) constrains 
seismic velocity to about 750 m beneath the 
surface and has a spatial resolution of about 
200 m horizontally and 100 m vertically. The 
model contains large vertical and lateral vari- 
ations in velocity (20). 

Southwest of the SAF, the top of unfrac- 
tured, unweathered Salinian basement is in- 
terpreted to lie at the sharp velocity contrast 
near the 4.0 kmls contour (Fig. 2A). This 
surface dips -10" northeastward to about 
700 m depth beneath the proposed drill site 
and is shallower than the -1 km depth sug- 
gested by previous seismic and electromag- 
netic studies 3 km to the south (12). Overly- 
ing rocks with a low velocity gradient (3.0 to 
3.4 krnls) between 200 and 700 m depth 
beneath the drill site may be weathered or 
fractured Salinian granitic rocks. Alternative- 
ly, this depth range may consist of older 
Cenozoic sedimentary rocks. 

The surface trace of the SAF overlies a 
lateral velocity contrast (Fig. 2A). Relatively 
low (10 to 30%) velocity persists southwest of 
the SAF for about 1 km and extends to the base 
of the model. The southwestern boundary of 
this zone corresponds with an unnamed fault 
(nF in Fig. 1). Salinian basement is either ab- 

sent, too deep, or too deformed to be observed 
in this I-km-wide zone. Attempts were made to 
place higher velocity beneath the deepest rays 
in this region, but the travel time data do not 
allow velocity exceeding 4.0 km/s above 1 km 
depth. Gravity data constrained by the refrac- 
tion image suggest that Salinian basement is at 
- 1.2 km depth in this zone (26). 

The lateral extent of the low-velocity zone 
corresponds to the observed high electrical con- 
ductivity anomaly (13). The minimum I-km 
basement depth constrained by refraction data 
and estimated 1.2-km depth from gravity data 
(26) are consistent with the minimum 1.2-km 
depth for the base of high electrical conductiv- 
ity (Fig. 3). Exact lateral correspondence and 
consistency in depth extent suggests a common 
cause for the low velocity, low density, and 

high conductivity. The conductivity suggests 10 
to 30% porosity filled with saline fluid (12), 
which is consistent with the seismic and gravity 
models. These rocks could be either a fault- 
bounded sedimentary basin or a pervasively 
fractured wide fault zone near the surface. 

Kirchhoff prestack depth migration (19, 
27, 28) and the velocity model of Fig. 2A 
were used to create a seismic reflection image 
that includes steeply dipping reflectors. The 
seismic shot gathers were processed before 
migration to emphasize possible steeply dip- 
ping reflections. The data were filtered to 
relatively low frequencies, and severe mutes 
were applied to first arrivals, wide-angle re- 
flections, the air wave, and ground roll. This 
preprocessing eliminated energy from shal- 
low near-horizontal reflections. 

2.8 3.2 
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Fig. 2. Seismic cross sections across the SAF. The reference datum is 700 m above mean sea level 
(MSL). (A) Seismic velocity model derived from first-arrival travel times (20). Contours every 0.2 
kmls are labeled in  kmls. Areas without rays are white. The magenta line indicates a sample ray 
path reflected from a vertical plane beneath the surface trace of the SAF. (B) Prestack depth- 
migrated reflection image. Red and blue indicate positive and negative peaks of a reflected wavelet. 
Green arrows indicate interpreted reflections from the SAF fault plane. Migration artifacts create 
a circular smile pattern across the image, particularly at the ends of the image. (C) Image similar 
t o  (B), preprocessed t o  remove all non-steeply dipping energy in the shot gathers. 
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The migrated image (Fig. 2B) contains 
near-vertical features directly beneath the ac- 
tive surface trace of the SAF. These features 
are interpreted to be reflections from the 
steep fault plane or narrow fault zone. To test 
the image, a second migration was performed 
with different preprocessing. For Fig. 2C, dip 
filters in the shot and receiver gathers were 
used to eliminate all energy except that which 
was horizontally backscattered toward the 
shot (16). The image contains identical steep 
reflections, confirming that the events are not 
migration artifacts from shallowly dipping 
deeper horizons. Figure 2 is the first migrated 
image of reflections from the near-vertical 
plane of the active SAF trace, obtained 
through a combination of careful survey de- 
sign, accurate velocity model, and appropri- 
ate imaging algorithm. 

The interpreted SAF reflector is vertical 
(90" dip) in the upper part of the image but dips 
70" to the southwest below about 500 m depth. 
At 1 km depth, the reflector is -200 m south- 
west of the surface trace. Because the velocity 
model is not sampled by first anivals beneath 

Fig. 3. Interpretive cross section across the shal- 
low SAF. Thick lines show sedimentary basement 
(BSMT), the SAF, the CHF, and an nF as con- 
strained by Fig. 2, dashed where interpreted. The 
dotted line shows depth to basement near the 
SAF interpreted from gravity (26), consistent with 
the minimum depth allowed by seismic refrac- 
tion. Thin dashed lines show the shallowest and 
deepest possible extent of the high-conductivity 
(HC) anomalv /73k the lateral extent is identical * , ,. 
to <he zone of low density (LD) and low seismic 
velocity (LV). Catalog earthquake locations are 
shown as open circles, and one model of the same 
earthquakes with better relative locations is 
shown as overlapping solid circles (4). The gray 
"SAF?" zone indicates the range of other earth- 
quake location models (4-6.8.9). each of which 

-600 m near the SAF (Fig. 2A), the exact 
location of the deeper SAF reflector is less well 
constrained. Using the maximum velocity al- 
lowed in this region, a migration was performed 
that produced the steepest (most vertical) SAF 
image consistent with the velocity information. 
In this image, the SAF dips 75" to -150 m 
southwest of the surface trace at 1 km depth. 
The absolute location of the reflector is accurate 
to within 50 m at 1 km depth and to -20 m 
above 500 m depth. The active surface SAF 
trace is known to within a few meters. The dip 
of the reflector is accurate to 5'. Beneath 1 km 
depth, velocity and SAF reflector position are 
not constrained by the data. 

The SAF reflector corresponds with the 
northeastern margin of the low-velocity zone, 
suggesting that it bounds this zone. There are 
suggestions in the data and in some of the 
migrated images of steeply northeast-dipping 
reflections that intersect the surface at the un- 
named fault (nF) 1.0 km southwest of the SAF 
(Fig. l), but we have been unable to produce a 
satisfactory migrated image of this fault. A 
vertical reflection is imaged -300 m northeast 
of the surface SAF trace below 500 m depth 
(Fig. 2B). This feature does not extend as close 
to the surface as the SAF reflection and is thus 
more difficult to interpret, but it lies directly 
beneath the northward projection of the Gold 
Hill Fault (GHF) (Fig. 1). 

In central California, earthquakes define a 
near-vertical SAF plane, but the plane lies hun- 
dreds of meters southwest of the surface trace 
of the fault (8, 11). A systematic error in the 
velocity model used to locate the earthquakes 
could account for the apparent offset but would 
produce a dipping plane more closely aligned 
with the surface trace (9). Improvements in the 
velocity model have not resolved the discrep- 
ancy. Although estimates of absolute horizontal 
location accuracy for shallow earthquakes are 
0.5 to 1.0 krn, existing studies place the earth- 
quakes 0.2 to 1.5 km southwest of the surface 
trace (Fig. 3) (4-6, 8, 9). Actual misalignment 
of the surface trace and the deeper fault seems 
unlikely, because the rocks in the upper 3 km 
are too weak to generate earthquakes and 
should break vertically above the stronger deep 
fault. However, the reflection image suggests 
that the misalignment is real (Fig. 3). The dip- 
ping SAF points to the center of the range of 
possible earthquake locations at depth. An off- 
set of the surface trace from the deeper stronger 
fault could be due to strong heterogeneity in the 
near-surface materials or to changes over geo- 
logic time in the location of the active fault. 

The SAF reflections, fault to the southwest, 
low seismic velocity, low density, and high 
electrical conductivity indicate the complex 
structure of the shallow SAF. These features are 
interpreted to be due to a 1-km-wide shallow 
fault zone consisting of a wedge of sedimentary 
or fractured rock. The deeper vertical SAF 

beneath or southwest of this complex surface 
zone. 
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