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Abstract
The effects of lithology, fracturing, and gouge zone mineralization on the geophysical properties

of fault zones are not very well understood. In situ seismic data collected over the exhumed San

Gregorio Fault at Moss Beach, CA were used to relate in situ compressional wave velocity to

internal fault zone properties. This active strike-slip fault is exposed in cross section on an

uplifting and actively eroding wave-cut platform. It cuts shallow marine sediments that have been

buried to depths of a few kilometers. The unweathered exposure containing seawater makes it a

unique analog of subsurface faults. Previous structural analysis over this exposure observed

damage caused by faulting over a ~100 m wide zone in cross-section. The fault zone is centered

at a 10-17 m wide clay-rich fault core flanked by a ~30 m wide brecciated gouge zone. These

gouge zones are bordered on either side by 30-40 m wide fractured zones. Resolving to a scale of

a few meters, the seismic survey produced a continuous P-wave velocity profile analogous to a

horizontal well log across the fault. Lateral variations in the velocity profile correlate exactly to

previously mapped fault zone structure. The clay core and adjacent brecciated gouge create a ~50

m wide very low velocity zone, 25-50% slower than the surrounding host rock. Fractured

bedrock on either side of the core causes a wider zone of 5-10% slow velocity, for a total fault

signature ~100 m wide. Fault parallel fracture anisotropy was observed in the fractured zones,

but surprizingly anisotropy was not observed in the strongly foliated gouge zones. The field

measurements differ significantly from laboratory measurements at zero pressure and in some
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cases from expected values for saturated rock of this porosity, perhaps due to biased rock

sampling, the long wavelength effects of macrofractures, frequency dispersion, and partial

saturation. The velocity profile is similar in width and consistent in velocity contrast to low S-

wave velocity zones derived from fault zone guided waves in other strike-slip faults. The

traveltime delay across the fault zone is not large enough to cause the 2-3 km wide crustal low

velocity zones modeled by refraction studies. Synthetic reflection seismograms in the typical

frequency range show that the fault zone acts as a thick bed or as a constructively interfering thin

bed. The models suggest that very large reflection coefficients observed across accretionary

prism faults can be explained by fracturing, brecciation and clay content without elevated pore

pressures. Comparison with a refraction study across the Punchbowl Fault shows a similar

structural zonation of these two well-studied examples of brittle fault zones. This suggests that

high-resolution seismic velocity models can be used to directly interpret internal deformation

structure of brittle faults.
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INTRODUCTION

Geophysical anomalies such as low seismic velocities [e.g., Mooney and Ginzburg,

1986], anomalous Vp/Vs ratio [e.g., Thurber et al., 1997], seismic anisotropy [e.g., Jongmans

and Malin, 1995], high electrical conductivity [e.g., Unsworth et al., 1997], and low gravity [e.g.,

Stierman, 1984] have been identified over major fault zones such as the San Andreas Fault.

Scientists have used geophysical data from surface, borehole, laboratory, and earthquake

measurements to interpret these anomalies in terms of internal fault zone properties such as

lithologic composition, clay content, fracturing, porosity, permeability, pore pressure, and fluid

content. These characteristic properties of fault zones hold the key to understanding outstanding

problems of earthquake source mechanics and seismic and aseismic faulting. Models of faults,

based on interpretations of the geophysical observations, have been created in order to analyze

the seismogenic potential of faults. The lack of knowledge about the in situ conditions of the

fault zone, scarcity of in situ data and the numerous parameters influencing geophysical

measurements have led to poorly constrained faulting models.

 The exposure of the San Gregorio Fault at Moss Beach, California, presents an excellent

opportunity to observe the characteristics of an active fault zone in a sedimentary rock

environment. The fault runs perpendicular to the shoreline, and unweathered bedrock is exposed

in the surf zone. The damage caused by faulting can be observed over a 100-m wide zone

perpendicular to the trace of the fault. Detailed mineral composition, microscopic and

macroscopic foliation, and fracturing have been mapped across the field site by Lohr et al.

[1999].
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In this study, seismic data were collected across the brittle fault zone to better constrain

the effect of in situ fault properties on geophysical anomalies. A high-resolution seismic

experiment using densely spaced shots and receivers was conducted over the exposure. First

arrival travel-times were used to produce a laterally varying compressional wave velocity model

across the fault zone. The profile was correlated with previously mapped geology of the field site

to identify the cause of observed low velocities. The velocity model was converted to 4-km depth

using lab measurements of samples from the fault to simulate a subsurface fault zone. Synthetic

seismograms of the depth converted velocity model were created to assess the reflection and

refraction attributes of the low velocity zone.

GEOLOGIC SETTING

The San Gregorio Fault is an active strike-slip fault of the right-lateral San Andreas Fault

system [Greene, 1990]. Horizontal displacement of 90-150 km has been estimated across the

fault [Greene, 1977;Clark et al., 1984]. The slip rate on the fault zone during the late Pleistocene

and Holocene, based on marine terrace stratigraphy, has been estimated between 5 and 11mm/yr

[Weber et al., 1996]. The study area is located at the Fitzgerald Marine Reserve in Moss Beach,

California, ~20 km south of San Francisco (Figure 1). Here, the Seal Cove strand of the San

Gregorio Fault is subvertical and cuts across shallow marine sedimentary rocks of the Pliocene

Purisima Formation at the surface. These rocks have been buried to a depth of 1 to 3 km based on

comparison of their densities with normal burial compaction trends [Lohr et al., 1999]. The fault

juxtaposes a mudstone-rich block on the southwest against a sandstone-rich block on the

northeast. The exposure is an actively eroding wavecut platform, which is subariel only at low
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tide and thus relatively unweathered. The lack of weathering and the presence of seawater as pore

fluid makes this exposure a unique analog of faults in the subsurface.

Field studies of brittle fault zones show that they are internally zoned with a strongly

foliated clay-rich core centered between zones of damaged rock[Chester et al., 1993]. Cataclastic

and fluid assisted processes within the fault core cause pervasive alteration of the host rock to

clays. The intensity of fracturing and deformation decreases away from the core towards the

undeformed host rock. This characteristic signature of deformation in brittle faults is observed

across the San Gregorio Fault zone at Moss Beach. Lohr et al. [1999] mapped the mesoscopic

(Figure 2) structure of the fault to meter-scale resolution.

A clay rich fault core atleast 10-m wide, assumed to accommodate most slip along the

fault, is centered between fractured zones. To the southwest of the fault core is a ~30 m wide

brecciated gouge zone with incipient scaly foliation and high clay content. The brecciated gouge

zone remains submerged during low tide and has not been well observed. This zone is bordered

to the southwest by a ~30 m wide zone of fractured mudstone in which bedding is not visible.

Deformation decreases gradually further southwest into intact host rock consisting of shallow

dipping beds of mudstone and siltstone (Figure 2).

The sharp northeastern edge of the fault core defines the knife-edge main trace of the

fault. The main trace of the fault strikes 350 west of north and dips 860 to the northeast. The fault

core is faulted against a ~7 m wide breccia zone at the main trace of the fault. The breccia zone

consists of cataclasized conglomerate and brecciated sandstone. A 50-m wide fractured

sandstone zone further northeast consists of subvertical beds of sandstone and conglomerate that

strike parallel to the fault. These beds were deposited after activity on the fault began and were

rotated to their present orientation due to motion along the fault [Lohr et al., 1999]. The intact
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rocks of the northeastern block mainly consist of fossiliferous sandstone with interbedded pebble

to boulder conglomerates.

Mazzoni and Moore [2000] analyzed the clay content across this exposure. They observed

high concentrations of smectite and illite in the fault core, a high concentration of smectite in the

brecciated gouge zone, a rapid decrease in smectite concentration in the northeastern breccia

zone and, low concentrations in the both fractured and intact sandstone and mudstone zones.

IN SITU MEASUREMENTS

Data Acquisition

A high-resolution seismic survey was conducted both perpendicular and parallel to the

strike of the fault at the Moss Beach field site. The seismic lines were carefully tied to the

geology map to allow direct correlation between seismic velocity and previously mapped

structure across the fault zone (Figure 2). The data were acquired far below the high tide line to

minimize beach sand and sample the rocks only meters from the mapped outcrop. Sand was a

0-1.5 m thick layer over bedrock, enough to plant geophones and bury the source. Tides limited

fieldwork to 3-4 hours per day and required instruments to be deployed and retrieved each day. A

buried shotgun was used as the source to fire shots 1 m off the line. 40 Hz geophones were used

as receivers. The relative position of each station was surveyed to ~5 cm accuracy using an

infrared transit (red curve of Figure 3b). Stations were surveyed as they were deployed or re-

deployed each day to account for sand movement during high tides. Sand thickness was

determined by pounding a metal probe into the sand until it hit bedrock. The probe easily

penetrated the extremely soft bedrock of the clay fault core, indicating its unexposed
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southwestern boundary for a total width of ~17 m. We have assumed this transition to be the

southwestern boundary of the fault core in our correlations.

A 200 m long line was shot approximately perpendicular to the strike of the fault to

resolve the lateral variations in seismic velocity across the fault zone. A dense shot and receiver

spacing of 1 m was used to statistically improve the velocity estimates. A 60-channel geophone

spread was used in an end-on geometry. The receivers were rolled-along in steps of 15 (one-cable

length), resulting in maximum offset of 45-60 m.

Seven 30-40 m long crosslines were shot parallel to the strike of the fault within the

different zones of deformation to measure seismic anisotropy. A 30-channel stationary geophone

spread with 1 m spacing was used. As large velocity contrasts were not expected along the

crosslines, shots were spaced at 5 m. Off-end shots were fired as far as possible into the surf

zone.

Data Analysis

Useful signal in the frequency range of 50-150 Hz was recorded on the direct arrivals at

the near offsets. Figure 4 illustrates an example shot gather from the data. The travel times for the

direct arrivals were picked manually from first breaks with <3 ms errors. These travel times were

used to compute velocities across the fault using two techniques, refraction statics and

tomography. Each technique has merits and assumptions. Refraction statics inverts for the sharp

contrast between sand and bedrock but does not allow for the probable vertical velocity gradient

in bedrock nor does it account for the off-line shots. Tomography considers turning rays due to a

velocity gradient in bedrock and off-line effects by modeling in three-dimensional space, but
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produces a smoothed image of the true discontinuity between sand and bedrock. In choosing the

best results from each technique, comparisons were made with the other to judge reliability.

The refraction statics technique was an inversion for a layer (sand) over a critical refractor

(bedrock surface). As the topography of the surface and depth to the refractor were known from

the survey, the travel times were inverted for the laterally varying velocity of sand and of

bedrock. To reduce effects from the off-line shots, only travel times from receivers at an offset

greater than 3 m were used. The rays were assumed to travel vertically in the sand layer, a good

approximation considering the large velocity contrast and a thin sand layer. Data from each

seismic line were inverted separately.

The sand layer and refractor were parameterized into 1m long segments. A system of

linear equations was formed

L u = t

where the L matrix contains the length of each ray in each segment, u represents the slowness

(reciprocal velocity) and t represents the travel times corresponding to the rays. Additional

Laplacian (second derivative) smoothing constraints were added to the system using different

weighting scalars for the sand (λsand) and bedrock (λbedrock). The system of equations was solved

using the Gaussian Elimination technique [Golub and Ortega, 1993]. Longer offsets were

discarded as they had poorer accuracy due to lower signal frequencies and may have sampled

deeper than the bedrock surface. Inversion results were improved by varying both the maximum

offset and the smoothing weights. These parameters were varied to produce the best lateral

velocity resolution while minimizing high-frequency noise. Best results for the main line (Figure

3c) were obtained by using a maximum offset of 15 m and λsand=λbedrock=100.
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Hole’s (1992) 3-D tomography algorithm was used to invert the travel times for velocity.

The finite difference solution to the Eikonal equations is used to trace raypaths. This algorithm

relocates the rays between each linearized step, which solves the nonlinear inverse problem.

Travel time is inverted using a simple backprojection technique to obtain velocity corrections.

Ad hoc smoothing dimensions were specified after each iteration.

To account for the off-line effects, rays were traced in a 3-D volume, but the velocity

model was forced at each iteration to be two-dimensional. The starting velocity model had a

constant vertical gradient. Initial smoothing was very large and decreased after every third

iteration. This scheme attempts to extract the large-scale structure during early iterations and

gradually fine tune the model, thus reducing dependence upon the starting model. The result

should be a smooth version of the true subsurface velocity structure. Final smoothing was aimed

at obtaining maximum resolution without smearing along ray paths. The results were explored by

varying the ratio of smoothing in the x to z-directions.

 To produce the final results (Figure 3a), the ratio of horizontal to vertical smoothing

started at 2:1 and was reduced in the final iterations to 5:1. The initial vertical smoothing was

large relative to the predominantly horizontal rays to allow only very smooth vertical velocity

variation within the bedrock but large variations across the vertical fault zone. The smoothing

was initially 120 m in the x-direction and 60 m in the z-direction and was reduced by 2/3rd steps

after every third iteration. Iterations were stopped when the smoothing was 6 by 3 m as optimal

lateral resolution was approached. In order to sharpen the known sand-bedrock discontinuity

further iterations decreased smoothing only in the z-direction, stopping at a final smoothing of 6

by 1.2 m. A similar scheme was used for the crosslines, with a final smoothing of 10 by 2 m.
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 The change in velocity with depth was analyzed along the 2-D velocity model. Velocity

vs. depth profiles (Figure 5) were plotted for the preferred model (Figure 3c) and other models

with different x to z smoothing ratios. These plots were used to estimate the appropriate depth for

extracting a profile of bedrock velocities across the fault zone. The vertical profiles indicate sand

velocities in the first 0-100 cm of ray coverage after which the velocity increased sharply and

finally tapered to bedrock velocities ~2.5 m below the true bedrock surface (Figure 5). A smooth

depth profile 2.5 m below the smoothed surface of bedrock was used to extract the bedrock

velocities across the fault zone from the 2-D velocity model (Figure 3c). A similar procedure was

used to estimate along-strike velocity from each crossline.

A 50 m wide very low velocity zone (LVZ) and a wider zone of low velocity are observed

across the fault zone using both refraction statics and tomography(Figure 3). In both cases the

velocities within the LVZ are approximately 50% slower than the surrounding host rocks. The

fractured zones show characteristic peaks and troughs that correspond between the two results.

The results from refraction statics show similar trends to tomography results but absolute values

are 40% slower for mudstone, 17% slower in the gouge and 22% slower for sandstone (Figure

3c). Refraction statics does not account for off-line effects or turning of rays in the subsurface.

Therefore this technique underestimates bedrock velocities, as the distance traveled by the rays in

the model is lower than the true distance. In contrast, tomography may observe the velocity a few

meters below rather than at the bedrock surface due to an increase in velocity with depth within

bedrock. These combined effects probably account for the difference in absolute velocity

between the two techniques. Although the absolute velocities across the fault zone are not well

constrained, the response from the different structural units and the velocity contrast across the
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fault zone are identical in both techniques. The tomography results will be used in further

discussions.

VELOCITY VS GEOLOGY

The velocity model across the fault zone correlates very well with previously mapped

geology of the field site [Lohr et al., 1999] (Figure 3). The central LVZ of the velocity model

corresponds exactly with the brecciated gouge zone and the clay-rich fault core. A wider zone of

low velocities corresponds to the total width of the fault’s damage zone. Further from the core

higher bedrock velocities correspond to the undeformed host rock. The topography of bedrock

(Figure 3b) across the fault zone also correlates with the velocity model (Figure 3c). Higher

regions correspond to faster velocities, suggesting that the rocks with slower velocities are

weaker and more easily eroded.

The tomography results show bedrock velocity of ~2.0 km/s for intact mudstone and ~1.8

km/s for intact sandstone. As the intact mudstone unit is at the edge of the model its velocity is

not well constrained. The velocity reduces by up to 20% in the fractured mudstone where it

oscillates between 1.6 and 2.0 km/s, and by up to 15% in fractured sandstone where it varies

between 1.5 and 1.8 km/s. The velocity reduces by ~40% relative to fractured mudstone in the

brecciated gouge to an extremely low value of 0.9 km/s. The velocity increases to ~1.0 km/s in

the clay-rich fault core. The northeastern breccia zone cannot be resolved against the fractured

sandstone.

The transition from fractured mudstone to brecciated gouge is sharp, whereas the

transition from fractured sandstone to the fault core is gradual. In contrast both structural

boundaries and clay mineral concentrations across the gouge zones are gradational at the
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southwestern edge and sharp at the northeastern edge. Lohr et al. [1999] observe that the

brecciated gouge zone has many faults that intersect the fractured mudstone. The velocity model

suggests that the fractured mudstone brecciated gouge boundary might possibly be a sharper

discontinuity than mapped.

There is a strong correlation between P-wave velocity and fracturing, lower velocity

corresponding to higher fracturing [Sjoren et al., 1979; Guadagno and Nunziata, 1993]. The

velocity model correlates with fracturing across the fault observed by Lohr et al. [1999]. The

fault core and the brecciated gouge are pervasively fractured and their boundaries correlate with

the boundaries of the central LVZ. The ~100 m wide zone of damage is marked by a wider but

weaker contrast. Lohr et al. [1999] observe that fracture frequencies decrease away from the fault

but fractures are concentrated near subsidiary faults and fractures. The effect of macrofractures is

to decrease seismic velocity [Moss and Zoback, 1983]. Both fractured zones show characteristic

oscillations, which could possibly be due to zones of high and low fracture frequency. These

features could not be directly related to the structural maps of Lohr et al. [1999].

In addition to fracture effects the velocity model also correlates with the mineralogy

across the fault zone. Velocities are known to decrease with increasing clay content [Wang,

2001]. The lowest velocity zone corresponds to the presence of clay minerals produced due to

remineralization during the faulting process. The fault core is foliated and has undergone

extensive remineralization to smectite and illite. The brecciated gouge zone has a random fabric

and is partially remineralized to smectite. This decrease in velocity could have been caused by

the combination of clay mineral, clay porosity and, clay foliation effects.

Strain induced anisotropy due to preferential alignment of grains, pores, cracks and

fractures is expected across fault zones. Along strike velocity from the crosslines was compared
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to across strike velocity to determine possible anisotropy. With one exception, tomography

results show that anisotropy is unresolvably low (<5%) (Figure 3c). The data shows no

anisotropy in the brecciated gouge, fault core, intact sandstone and all mudstone units. In the

fractured sandstone velocity is ~25% faster along the crossline. Bedding could produce

anisotropy in the intact sandstone unit as with velocity faster parallel to the subvertical bedding.

This difference was not resolvable in our results, which suggests that bedding anisotropy is

small. Anisotropy is not expected in intact mudstone unit as the beds are subhorizontal.Oriented

fractures parallel to the fault and bedding could produce anisotropy in the fractured zones with

velocity fast parallel to the fracture orientation and bedding. Due to the oscillating nature of

velocity across strike in the fractured mudstone unit anisotropy is not well determined. The

presence of anisotropy in the fractured sandstone unit can be explained by fault-parallel fractures

as bedding anisotropy is small. As the velocity profile across the strike of the fault shows a steep

trend near the crossline lateral refraction and lateral smoothing along the mainline could also

increase anisotropy. Clay mineral foliation anisotropy and intergrain porosity anisotropy are

expected in the brecciated gouge zone and fault core. Surprisingly anisotropy is not observed in

these zones. This might be explained by the poor intergrain contact as the rocks were at zero

pressure, which is not sufficient to generate anisotropy. Alternatively Crampin et al. [1980]

suggest a 4θ dependence of P-wave velocity for completely saturated cracks where θ is the angle

from the normal to the crack orientation. The rocks are mostly under sea level and are likely to be

completely saturated. If true, 4θ dependence could not be observed by our survey geometry.

Refraction statics results show little anisotropy in the fractured sandstone and higher

anisotropy values all along the profile (Figure 3). Except in the intact sandstone zone along fault

velocity is faster. However due to sparse shot spacing and short lengths on the crosslines the
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refraction statics technique was unable to accurately constrain along-strike velocity. The

tomography results are more accurate and prefered.

IN SITU VS LAB

Tobin and Lohr [1998] analyzed the ultrasonic properties of representative samples

collected from the study area. The ultrasonic velocity was determined over a 0-40MPa range of

pressure in the laboratory. Assuming an average density of 2.0g/cm3 these pressures correspond

roughly to a range of 0-2km depth. Figure 6 illustrates the depth dependence of P-wave velocity

in the different lithologic units. As part of this study, additional samples were collected and will

be analyzed [by G. Gettemy and H. Tobin, New Mexico Tech] to improve sampling issues and

provide better statistics on representative velocity in each zone.

The in situ seismic velocity at the surface (0 depth) is significantly slower than lab

measurements of the same rocks at near zero pressures. In situ velocity is 50% slower than the

lab velocity in the gouge, 33% slower in sandstone and 30% slower in mudstone. The percentage

velocity contrast across the fault zone is higher in the field. The contrast between the fault core

and the host rocks as measured in the lab increases from 15% at ~0 depth to 25% at ~2km depth.

In comparison the velocity contrast as measured in the field is ~50%. The velocity disparity could

be due to sampling bias, presence of macrocracks, frequency dispersion, or partial saturation. It

seems unlikely that the discrepancy can solely be attributed to any one factor.

The extremely fractured and brecciated nature of some of the rocks limited the choice of

samples that could be studied in the laboratory. Excluding the fault core the lab samples were

collected from outcrops that were less weathered and/or above the low tide, suggesting that these

samples were stronger than the rocks in the field. Long wavelength effects such as
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macrofractures are not sampled in the laboratory. Stierman and Kovach [1979] observed in situ

velocities to be 30-50% slower than the lab velocities in highly fractured quartz diorite in a well

near the San Andreas Fault. They interpreted this difference to be due to biased sampling of

unfractured rock for the lab measurements plus stress-induced porosity in the field. Seismic

velocities are known to be dependent on frequency, usually seismic properties are higher at high

frequency [Wang, 2001]. Field measurements were made at a few tens of hertz whereas

laboratory measurements were made at a few hundred kilohertz. The magnitude of dispersion is

<10% for sedimentary rocks [Geertsma, 1961].

Reduced saturation of fractured rocks can significantly reduce seismic properties

[O’Connell and Budiansky, 1974]. The fault core is known to be a migration conduit for

hydrocarbons [Lohr et al., 1999]. The concentration of hydrocarbons in the fault core is an order

of magnitude higher than the background concentrations and is strong enough to emit a strong

odor of hydrocarbons, not observed in other zones. The velocity of saturated rocks is never

observed to be <1.4 km/s, suggesting partial saturation is required. Using the formulae of

Domenico [1974], the gas saturation required to reduce the velocity from 1.5 km/s to 0.9 km/s in

the gouge zones is ~5%. Correcting the velocity model for saturation suggests that the central

LVZ would be 15-20% slower than the surrounding host rocks.

Individual units appeal to different hypothesis for explaining the discrepancy between lab

and field measurements. As the samples from the gouge zones were collected using a sediment-

coring tool and macrocracks would collapse in these zones the preferred mechanism is partial

saturation due to hydrocarbon gas in the pores. Outside the gouge zones hydrocarbons are not

observed and the discrepancy is probably due to biased sampling and macrofractures.
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Figure 5 suggest a velocity gradient in bedrock below the depth of sampling. The in situ

measurements show a higher velocity gradient with depth than the lab measurements (Figure 5

and Figure 6). This observation is consistent with previous studies [Moos and Zoback, 1983;

Guadagno and Nunziata, 1993]. This suggests that the difference between in situ and lab

measurements is a near-surface effect and decreases with depth. No analytical relationship

between seismic velocity and pressure exists as the relationship is extremely non-linear at lower

pressures and depends strongly on rock type. Our observations suggest that the near surface non-

linear behavior is significantly different in lab and field. The difference between lab and field is

assumed to be small by ~4 km depth in the further discussion.

SYNTHETIC SEISMOGRAMS

The bedrock velocity profile across the fault zone was scaled to ~4 km depth by tying it with

the lab measurements at appropriate pressures. Four scaling relationships were tested:

a) V4 = A1 V0

b) V4 = V0 + B2

c) V4 = A3 V0 + B3

d) V4, lithology = V0, lithology + B4,lithology

where A and B are scalars and the subscripts to V denote depth in km. In the first two cases the

constants were determined by using average in situ sandstone velocity and lab sandstone velocity

at ~4 km depth. In the third case constants A3 and B3 were chosen to tie both sandstone and

gouge velocities. In the fourth case additive scaling was done separately to each lithology

(mudstone, gouge, and sandstone). The resulting velocity profiles scaled to 4 km depth are very

similar for 3 of the 4 techniques (Figure 7). Scaling technique 1 produces a slow gouge that
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doesn’t match the lab data. The velocity model from the third technique (thick line, Figure 7)

matched both the fault core and country rock velocities, hence it was chosen as the best model.

The effect of a fault zone present in the subsurface on the travel time of an arrival

transmitted through the fault zone was calculated. The 1-way travel time through the fault is

delayed 9ms at ~4 km depth (thick curve of Figure 7) and 23ms at the surface (red curve of

Figure 3c) relative to a similar thickness of sandstone. The delay is probably not resolvable by

refraction data if the fault were vertical at 4 km depth.

Low-angle faults in accretionary prism settings are known to be prominent reflectors. The

best depth-converted velocity model of Figure 7 (thick line) was used as a well log to create

synthetic reflection seismograms. The velocity model was converted to a function of two-way

traveltime sampled at every millisecond (Figure 8a). The fault core and the brecciated gouge

together are ~40ms (two-way traveltime) wide and the entire zone of damage is ~100ms wide.

Density was estimated using Gardner’s equation [Gardner et al., 1974] and a reflectivity time

series was computed (Figure 8b). Ricker wavelets of typical frequencies in the seismic range

were used to convolve normal-incidence synthetic reflection seismograms (Figure 8c). The

brecciated gouge and fault core together act as a thin bed for frequencies below approximately 20

Hz. The reflections from the top and bottom of this the bed interfere constructively resulting in a

strong negative peak followed by a positive peak. At frequencies above approximately 30 Hz

some of the fault structural boundaries can be resolved. The sharp velocity boundary between the

fractured mudstone and the brecciated gouge is a very strong reflector on the synthetic

seismograms. As the velocity contrast is sharper at the fractured mudstone-brecciated gouge

boundary than the geologically sharper northwestern edge of the fault core, the reflection from

this boundary is stronger than that from the main trace of the fault. Assuming a sharp contrast
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between the gouge zones and the host rock, SGF produces reflections coefficients with an

absolute value of ~0.25 from both boundaries. The synthetic seismograms also suggest that thin

bed constructive interference can produce a higher apparent reflection amplitude.

DISCUSSION AND CONCLUSIONS

A 50 m wide very low velocity zone and a wider zone of low velocity are observed across

the San Gregorio Fault (SGF) zone. The velocity within the fault core gouge and the neighboring

zone of brecciated gouge is 30-40% slower than the velocity of the surrounding host rock. The

rocks in the damage zone of the fault are 5-10% slower than the intact country rocks. The

velocity model correlates with the deformation, clay-content, micro-fabric and, texture of rocks

across the fault zone. Conversion of the surface velocity model to ~4 km depth using laboratory

measurements shows a gouge LVZ ~25% slower than the host rock velocities.

Analyses of fault zone guided waves have indicated 100-200 m wide LVZ’s across fault

zones [Li et al., 1994, 1997, and 2000]. Li et al. [1997] observe a 120-170 m wide LVZ across

the San Andreas Fault with 30-50% slower shear-wave velocity. Li et al. [2000] observe a 250 m

wide low velocity zone across the Johnson Valley Fault that is 35-45% slower than the

surrounding rock. These observations are very similar to the width of the damage zone at the

SGF exposure, but the average contrast is larger than at SGF. As Vp/Vs ratios are expected to be

elevated within fault zones [e.g. Eberhart-Phillips and Micheal, 1998], the present study is

consistent with guided-wave results.

Seismic refraction and reflection studies have identified 2-3km wide LVZ’s across major

strike-slip faults [Mooney and Ginzburg, 1986; Feng and McEvilly, 1983; Eberhart-Phillips and

Micheal, 1993; Roure et al., 1989]. Feng and McEvilly [1983] observe a 3km wide, 5km deep
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LVZ across the San Andreas Fault, with velocities 0.3-0.4km/s slower than the surrounding host

rocks. The traveltime delay would be greater than 100ms relative to a model without the fault

zone. The low velocity zone observed in this study, while very strong, is too narrow to be

responsible for mid crustal fault LVZ’s in refraction profiles. Velocity structure at the exposed

SGF is much narrower and results in a much smaller traveltime delay. Resolution limits of the

refraction observations cannot explain the cause of such wide LVZ’s. The present study is across

just one strand of many in a broader SGF zone (Figure 1). Crustal LVZ’s could possibly be

caused by multiple fault strands that are not separately resolved in refraction studies [Mooney

and Ginzburg, 1986; Schulz and Evans, 2000].

The dependence of fault zone structure on depth is not very well constrained and was not

incorporated in the conversion. Li et al. (2000) use fault-zone guided waves to show that the

width of the Johnson Valley fault zone decreases by 20% from 0 to 4 km depth. Comparing the

P-wave velocity from present study to the S-wave velocity from guided wave studies, a 20%

decrease in width would correspond to a 40 m wide core low velocity zone across the SGF. Li et

al. [2000] also conclude that the shear velocity within the fault zone is 45% slower than the

surrounding host rock at the surface and 35% slower at 10 km depth. Assuming a linear

relationship this would correspond to 0.5% decrease in velocity contrast per kilometer increase in

depth. The depth-converted velocity model shows a 25% contrast at 4 km depth a decrease of 5%

per kilometer. This is higher than the decrease observed in the Johnson Valley Fault Zone but

consistent with nonlinear pressure effects suggested by the discrepancy between lab and field

data.

Brittle faults are known to reflect seismic energy. The synthetic seismograms (Figure 8)

suggest that subsurface fault zones, which are few tens of meters wide, could act as strong
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reflectors for most seismic reflection frequencies. These synthetic images of the fault zone can be

compared to accretionary prism faults that have been imaged in previous studies. Bangs and

Westbrook [1991] have modeled the reflection from the base of the Barbados accretionary prism

wedge at ~ 1 km depth from the seafloor. They observe that the amplitude of the reflection

increases towards the landward direction. They modeled the reflection by a 20 m wide low

velocity layer with ~10% lower velocity suggesting reflection coefficients of the magnitude of

~0.055. The presence of this low velocity zone is attributed to elevated pore pressures, which

allow fractures to remain open. Bangs et al. [1996] have suggested similar overpressured zones

further updip, where borehole data indicate no gouge formation in the very soft sediments. Tobin

and Moore [1997] suggest that the pore pressures required to produce the reflection coefficients

observed by Bangs et al. [1996] were unrealistic. The velocity model across SGF observes a

reflection coefficient of 0.25 much stronger than that of Bangs and Westbrook [1991] and Bangs

et al. [1996] at zero pore pressure. Deformation and clay content can create anomalous

reflectivity from faults.

The results from this study can be compared to a similar seismic refraction study across

the Punchbowl Fault (PBF) in Southern California [Li et al., 1999]. The fault outcrops close to

the survey site and is the location of fault structure studies of Chester and Logan [1986] and

Schulz and Evans [2000]. The PBF juxtaposes igneous and metamorphic rocks with sedimentary

rocks. The exposure has been buried between 2 and 4km depth [Chester and Logan, 1986]. The

resolution of the present study is roughly 5 times better than that across the PBF due to denser

shot and receiver spacing (1 m vs. 5 m) and thinner overburden (1 m vs. 30 m). The refraction

data across the PBF observe a 200 m wide low velocity zone that is 10-20% slower than the

surrounding host rocks (Figure 9). The PBF contains a core low velocity zone bordered on either
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side by velocities that increase gradually and stabilize to typical host rock values. The shape of

the profile is very similar to that across the SGF (Figure 9). The PBF is twice as wide and with a

lower contrast. The lower contrast might be due to PBF being inactive or to lower resolution of

the survey. Li et al. [1999] attribute the LVZ to fracturing alone. Based on comparison to the

SGF, the velocity model across the PBF can be re-interpreted as a ~50 m wide fault core with

intense fracturing and clay minerals, flanked by 50-90 m wide fractured zones with a gradual

decrease in deformation effects (Figure 9). Schulz and Evans [2000] have examined the

mesoscopic structure of the PBF at the same site and observed a ~30 m fault core and ~70 m

wide damage zones. The structure is very close to what we have re-interpreted based upon the

velocity model. The seismic character of the SGF in a sedimentary environment was used to

accurately interpret the structure from the velocity model across the PBF in igneous rocks.

Athough the width of damage may vary, the mjor structural zones are consistent for most brittle

faults [Chester et al., 1993]. This study suggests that although the velocity and the velocity

contrast may vary, the velocity structure is also consistent. If so, then the internal structure of

brittle faults can be inferred from high-resolution seismic velocity models.
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Figure 1: Location Map
Location map showing the San Gregorio Fault and the study site at Moss Beach.
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APPENDICES

A: Seismic survey geometry

The data is divided into 8 files in the SEGY format. The data will be archived at IRIS. The data

from the main line are in MAINLINE.SGY and the data from the crosslines are in XLINE1.SGY

to XLINE7.SGY. The data are sorted in shot gathers. Each shot contains 60 traces or less in the

main line and 30 traces or less in the cross lines except cross line 1 and 4. XLINE1 and XLINE4

have 60 traces or less. Channels 1-30 were placed parallel to the strike of the fault and channels

31-60 were placed perpendicular to the strike of the fault (along the main line). The numbering of

shot and receiver stations was formated so that the most significant digit corresponds to the day

number, the second most significant digit correspond to the line number and the three least

significant digits correspond to the meter marks (station number) on the line (starting from the

southwestern end for the mainline eastern ends for the crosslines). The data was sampled at every

0.25 ms. Each trace was 500 ms long. Recording was started 50 ms before the shot was fired.

Boundary Station # X
Intact Mudstone –
Fractured Mudstone 7 -112.25

Fractured Mudstone –
Brecciated Gouge 53 -65.67

Brecciated Gouge –
Fault Core 94 -24.5

Fault Core –
Breccia Zone 104 -15.0

Breccia Zone –
Fractured Sandstone 112 -6.5

Fractured Sandstone –
Intact Sandstone 143 23.75

Table A1: Station numbers and X corresponding to the structural boundaries.
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LINE # of
Shots

Size of
SEGY File

(bytes)

Start point
(X,Y)

End point
(X,Y)

Crossing Station #
main/cross

MAINLINE 196 93445200 (-118.75,0.04) (81.68,-1.72)

XLINE1 24 11869200 (-118.36,-11.56) (-105.44,13.67) 8/35

XLINE2 11 2722800 (-78.85,-4.94) (-67.2,21.51) 43/26

XLINE3 10 1981200 (-47.28,-15.58) (-35.67,3.99) 80/19

XLINE4 17 7848080 (-28.98,-15.90) (-15.14,4.63) 101/20

XLINE5 9 2228400 (-6.42,-23.03) (7.70,1.78) 125/28

XLINE6 10 2475600 (20.03,-28.09) (32.98,-2.39) 155/42

XLINE7 10 2475600 (46.34,-26.75) (62.48,-2.86) 183/53

Table A2: Location of seismic lines in the reference from used to define station (x,y) locations in
the trace headers.

SEGY
Header

Description TYPE Starting byte
location

REC-X Receiver x IBM FLOAT  81
REC-Y Receiver y IBM FLOAT 85
RELEV Receiver elevation IBM FLOAT 41
SHT-X Shot x IBM FLOAT 73
SHT-Y Shot Y IBM FLOAT 77
SELEV Shot Elevation IBM FLOAT 45
SOFFSET Signed Offset IBM FLOAT 37
REC-SAND Sand Thickness at Receiver IBM FLOAT 201
SHT-SAND Sand Thickness at Shot IBM FLOAT 205

Table A3: Header names , description, type and starting byte location on trace.
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B: Refraction Statics

A system of linear equations of the form AX=B is created in the problem. The system is solved
numerical using Gaussian elimination technique. This technique uses a forward reduction step
and a back substitution step to solve for X. In the forward reduction step the lower triangular part
of A is reduced to zero by appropriate column operations. This transformation is used to compute
individual elements of X from the bottom of the array.

a) Forward Reduction

For k = 1,…..,n-1
   For i =k+1,…..,n
       lik = aik/akk
       For j = k+1,…..,n

aij = aij - likakj

          bi=bI - likbk

b) Back Substitution

For k = n,n-1,…..,1
  xk = bk
 For i = k+1,…..,n
     xk = xk - akixI
xk = xk/akk
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C: Tomography

The algorithm accepts traveltime data and source-receiver geometry information in space or tab
delimited files. A picks file containing the traveltimes corresponding to each shot is created. The
picks files are formatted in four columns the first for the receiver number and the fourth for the
traveltime. The source geometry file contains the shot number, X, Y, and Z (depth) in successive
columns. The receiver geometry file contains the line number, receiver number, X, Y, and Z in
successive columns.
The algorithm requires an initial velocity model in 4-byte binary format. vel1d (/haida/hole/bin)
can be used to create such models.
A shell script (set.h) is used to initialize parameters and paths to the input files.  mkpar.com
uses the source geometry file to create parameter files (.par files) for the program punch. punch
is the forward modeling program that computes the eikonal solution to trace raypaths through the
velocity model. The script mkpcov.com creates the punch and cover command file
(pucov.com). cover locates the raypath from the shot to the receiver. The script mktdu.com
creates the command file for tomosm and duadd (tomdu.com).  tomosm and duadd are programs
used for smoothing and updating the velocity model. All the make files should be run in the order
documented above.
Finally all the command files are called using runfull.com.

Examples of these files can be found in /haida/hole/tomog/parkfield.
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Figure C1: 2-D velocity models from tomography for decreasing values smoothing from top to
bottom. X and Z smoothing in meters. Velocity model (c) shows smearing of velocity. These
iterations were used to decide to stop smoothing in the X direction at 6m.
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Figure C2: Preferred velocity model from Figure C1 (b) was used as the intial velocity model
and only smoothing in the Z direction was reduced. Clearly velocities seem to be smeared in (c).
These iterations were used to decide that best model (Figure 3a) was (b).
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Figure C3: Velocity vs. depth variation within different lithologic units at different smoothing.
“a” is direct smoothed through a 5:1 smoothing ratio, “b” is directly smoothed through a 2:1
smoothing ratio, “c”, “d”, and “e” are first smoothed to “b” and then smoothing is reduced only
in the z-direction. Smoothing ratio is 3:1 in “c”,  5:1 in “d”, and 6:1 in “e”. The red line (curve
c)has been extracted from the preferred model (Figure 3a).
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