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Abstract. Although there is increasing evidence that fluids may play a significant
role in the earthquake rupture process, direct observation of fluids in active fault
zones remains difficult. Since the presence of an electrically conducting fluid, such
as saline pore water, strongly influences the overall conductivity of crustal rocks,
electrical and electromagnetic methods offer great potential for overcoming this
difficulty. Here we present and compare results from high-resolution magnetotelluric
(MT) profiles across two segments of the San Andreas Fault (SAF) which exhibit
very different patterns of seismicity: Parkfield, which has regular small earthquakes
and creep events, and in the Carrizo Plain, where the fault is seismically quiescent
and apparently locked. In both surveys, electric fields were sampled continuously,
with 100 m long dipoles laid end-to-end across the fault. From 100 to 0.1 Hz the
data from both profiles are consistent with a two-dimensional (2-D) fault-parallel
resistivity model. When both transverse electric and magnetic (TE and TM) mode
data are included in the interpretation, narrow (~300-600 m wide) zones of low
resistivity extending to depths of 2-4 km in the core of the fault are required at
both locations. However, at Parkfield the conductance (conductivity thickness
product) of the anomalous region is an order of magnitude larger than at Carrizo
Plain, suggesting much higher concentrations of fiuids for the more seismically
active Parkfield segment. We also image structural differences between the two
segments. At Carrizo Plain, resistive, presumably crystalline, rocks are present on
both sides of the fault at depths below 3-4 km. In particular, we clearly image
resistive basement extending ~10 km or more east of the SAF, beneath the Elkhorn
Hills and Temblor Range. At Parkfield the situation is quite different with a
resistive block of Salinian granite west of the fault and an electrically conductive,
presumably fluid rich Franciscan complex to the east. It is possible that these
structural differences control the difference in mechanical behavior of the fault,
either directly by affecting fault strength or indirectly by controlling fluid supply.

1. Introduction

Several lines of evidence suggest that high-pressure
fluids in fault zones may play a critical role in control-
ling the rupture dynamics of earthquakes. First sug-
gested by Hubbert and Rubey [1959], this concept gained
support from the observation by Zoback et al. [1987]
that in situ stress indicators, and the lack of significant
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heat flow anomalies [Brune et al., 1969; Lachenbruch,
1980], imply that the San Andreas Fault (SAF) is in-
herently weak. Subsequently, Willcock et al. [1990] es-
tablished that oceanic transform faults are also weak.
While it is possible that the intrinsic weakness of strike-
slip faults results from the presence of materials in the
fault zone with a very low coefficient of friction, it is
difficult to reconcile this explanation with laboratory-
derived estimates of typical rock friction coefficients
[Byerlee, 1978]. As aresult, low intrinsic fault strengths
have most often been explained in terms of high pres-
sure fluids in the fault zone [e.g., Sleep and Blanpied,
1992; Byerlee, 1990, 1993; Rice, 1992]. This interpreta-
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tion is supported further by geological mapping of ex-
humed faults, which provides direct evidence that fluids
were once present in zones of active strike-slip deforma-
tion [e.g., Sibson et al., 1988; Chester et al., 1993].

Zoback et al. [1987] demonstrated that simple mod-
els of overpressured fluids in the crust are inconsistent
with in situ stress observations. To avoid unobserved
hydrofracturing, fluid pressures would have to be lim-
ited by the minimum principal stress. To overcome this,
and related difficulties, more sophisticated and detailed
theoretical models for the dynamical behavior for flu-
ids in mature active fault zones have been proposed
[Sleep and Blanpied, 1992; Byerlee, 1990, 1993; Rice,
1992]. Although differing in many important details,
these models all suggest a rather complicated picture
in which the distribution, connectivity, and pressure of
fluids may vary dramatically in space and time, in a
manner which is closely linked to the earthquake cycle
on individual fault segments. :

To distinguish between theoretical models such as
these, it is necessary to map the location of fault zone
fluids in detail. While deep drilling such as that pro-
posed by Hickman et al. [1994] will ultimately be
needed to determine the physical state within the cores
of active faults, remote sensing techniques capable of
detecting in situ fluids to a depth of at least 10 km
are clearly useful. FEberhart-Phillips et al. [1995] re-
viewed the resolution that might be obtained by seis-
mic, electrical, and electromagnetic techniques. Since
the presence of an electrically conducting fluid, such as
saline pore water, strongly influences the overall elec-
trical conductivity of crustal rocks, electrical and elec-
tromagnetic methods offer great potential for detect-
ing fluids at depth within the fault zone. Electromag-
netic exploration methods can be divided into those us-
ing natural sources such as magnetotellurics (MT) and
those that require the generation of artificial electro-
magnetic signals. Electromagnetic signals propagate as
loss free waves in the atmosphere but diffuse as highly
attenuated waves in the ground which can generally be
considered a good conductor. This attenuation is char-
acterized by a skin depth § = (2/pwa)/2, where w
is the frequency of the signal, p is the magnetic per-
meability, and ¢ is the conductivity of the earth. To
explore deep structure requires large skin depths and
usually low-frequency signals. Such signals are difficult
to generate artificially, but for most frequencies below
100 Hz, natural source signals are often strong. MT is
thus generally used for crustal scale sounding.

In recent years, MT profiles have crossed the San An-
dreas Fault at a number of locations. Park et al. [1991]
collected widely spaced long-period sites from the Pa-
cific Ocean to Nevada, with one profile crossing the San
Andreas Fault close to Parkfield. This study suggested
that the Great Valley was bounded by electrically con-
ductive suture zones but that the San Andreas Fault
was not a significantly conductive feature in the lower
crust and upper mantle. Based on U.S. Geological Sur-
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vey MT data collected in the Parkfield area, Eberhart-
Phillips and Michael [1993] inferred a significant resis-
tivity contrast across the San Andreas Fault, with con-
ductive material east of the fault. Unpublished USGS
data (W. D. Stanley, personal communication, 1994)
suggested that situation at Carrizo Plain was reversed,
with an unexpected resistive body east of the San An-
dreas Fault beneath the Temblor Range. Mackie et al.
[1997] imaged a similar pattern of resistivity variations
along two additional profiles across the fault within the
Carrizo Plain. These surveys used data collected at sites
several to tens of kilometers apart. Although they have
imaged large-scale contrasts in crustal resistivity across
the fault and have sometimes provided indirect evidence
for enhanced conductivity within the fault zone, sam-
pling was not dense enough to provide a detailed view
of the actual fault zone.

In this paper we describe the results of two high-
resolution electromagnetic surveys across distinct seg-
ments of the San Andreas Fault where the earthquake
cycle is very different: at Carrizo Plain and at Middle
Mountain, Parkfield (Figure 1). In these surveys we
sampled the electric fields on the surface with a contin-
uous series of dipoles laid end to to end. This style of
continuous MT profiling gives a high spatial data den-
sity and minimizes the possibility of spatial aliasing of
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Figure 1. Map showing San Andreas Fault and the

locations (solid dots) of continuous MT profiles at Car-
rizo Plain (C) and Parkfield (P).
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near-surface static shifts into deeper structure [Torres-
Verdin and Bostick,1992]. The method allows us to
obtain high-resolution images of electrical conductivity
variations within and near the fault zone to depths of
around 4-6 km. Experimental details are provided in
section 2. We then present and interpret results from
modeling and inversion of the MT data for each pro-
file. As we shall show, there are significant differences
in geoelectric structure between the locked Carrizo seg-
ment and the Parkfield segment which has regular small
earthquakes and creep events. In section 5 we consider
possible implications of the different conductivity struc-
tures for fault dynamics.

2. Data Acquisition and Time Series
Analysis

Data were collected using two Electromagnetic In-
struments Incorporated MT-1 systems. The first sys-
tem recorded 10 channels of data, including the horizon-
tal magnetic fields at the center of each array, and elec-
tric fields for five along-profile and three across-profile
dipoles. The layout is illustrated and contrasted with
the conventional MT layout in Figure 2. Along the pro-
file, dipoles were laid end-to-end, so that a continuous
profile of electric. fields was obtained across the fault.
At Carrizo Plain, 100 m dipoles were used close to the
fault, with 300 m dipoles at the ends of the profile. At
Parkfield, 100 m dipoles were used throughout the sur-
vey. The second instrument was used to simultaneously
collect standard five-channel MT data at a permanent
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site to permit remote reference processing of the time
series data [Gamble et al., 1979]. The remote site for
the Carrizo Plain profile was located ~5 km from the
southwest end of the profile; at Parkfield the remote ref-
erence was ~15 km from the profile. Data were recorded
at each location overnight so that 500 to 1500 m of pro-
file were covered per day.

Time series data were analyzed using the robust pro-
cessing code of Egbert [1997] (a multiple-station exten-
sion of the method of Egbert and Booker [1986]) to com-
pute estimates of the MT impedance tensor for frequen-
cies between 100 and 0.005 Hz. In general, data quality
was very good, except in the frequency range 1-0.1 Hz.
In this “dead band” a combination of low MT signal
strength, noise in the magnetic channels due to ground
motion, and coherent cultural noise makes collection of
high-quality MT data difficult. For these frequencies
the remote reference estimates proved essential to re-
move downward bias in impedance magnitudes due to
excessive noise in magnetic field components. Multiple
station processing using the approach of Egbert [1997]
detected low levels of coherent noise in narrow frequency
bands near 4, 2, and 8 s, Curiously, noise in these same
bands was found for both the Carrizo Plain and Park-
field profiles. The source of this noise remains unclear.
Reprocessing with the robust multiple-station approach
reduced the effects of this coherent noise somewhat, but
estimates at these frequencies still show more scatter
for some arrays and generally have larger error bars.
However, these effects are confined to relatively nar-
row bands. Comparison to results for neighboring fre-

CONTINUOUS MAGNETOTELLURIC PROFILING
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Figure 2. (top) Layout of electric dipoles and magnetic sensors used for electromagnetic array
profiling, (bottom) compared to conventional MT survey configuration. The eight dipoles dis-
played for the continuous MT profile are recorded simultaneously in a single array. Additional
arrays were laid out end-to-end to allow continuous along-profile sampling of the electric fields.
Close to the fault, electric field dipoles were 100 m in length; farther away, they were 300 m.
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quencies, where no coherent noise was detected showed
that the impedances were not significantly biased by
this noise.

At Parkfield the remote site failed after the first two
arrays had been completed. It was thus not possi-
ble to compute standard remote reference estimates for
most of this profile. To reduce bias in the dead band
impedances, we again used the multivariate approach of
Egbert [1997]. This scheme automatically computes es-
timates of signal-to-noise ratio for each channel, allow-
ing unbiased estimates of impedances to be computed
from an eigenvector decomposition of the spectral cross
product matrix [Park and Chave, 1984]. Although de-
veloped for multiple-station processing, it can be shown
that this scheme should also work well with the 10-
channel MT profiling data considered here. In effect,
the replicated electric field components can be used for
the remote. As a check, results obtained by this ap-
proach were compared to robust remote reference re-
sults for the first two arrays, where a remote reference
was available. In general, no consistent biases are ob-
served in this comparison, so we believe the results for
the full Parkfield profile are unbiased, even in the dead
band.

3. Carrizo Plain

The San Andreas Fault at Carrizo Plain (Figure 1) is
crossed by numerous offset creeks which clearly define
the right-lateral offset of the fault. This segment has
been locked since the 1857 Fort Tejon earthquake, and
seismicity has been minimal since the advent of mod-
ern instrumentation [Hill et al., 1990]. The Cretaceous
Salinian block lies to the west of the fault with granitic
and metamorphic crystalline basement overlain by 1-4
km of predominantly nonmarine Tertiary sedimentary
rocks [Dibblee, 1973a,b; Page, 1981]. Several authors
have suggested that the crustal block west of the San
Andreas is not part of the Salinian block [Ross, 1984;
Irwin, 1990]. The so-called Barret Ridge Slice appears
to have an origin similar to the crystalline rocks of the
San Gabriel Mountains to the south.

East of the San Andreas Fault, Cretaceous to Tertiary
marine sedimentary units are exposed in the Temblor
Range, and thrusting and folding indicates fault-normal
compression [Dibblee, 1973a,b; Page, 1981; Ryder and
Thomson,1986]. Extensive mapping and well log data in
the oil fields of the eastern Temblor Range have shown
that up to 7.5 km of sedimentary units underlies the
Elk Hills some 15 km east of the San Andreas Fault
[Fishburn, 1990]. Farther east, seismic refraction data
have shown up to 12 km of sedimentary rocks in the
Great Valley [Colburn and Mooney, 1986]. However,
the character and depth of basement between the oil
fields and the San Andreas Fault (i.e., beneath the Tem-
blor Range) remain uncertain. It is assumed that the
wedge of Franciscan formation that abuts the fault to
the north is also present here ( e.g., Ryder and Thom-
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son [1986] show Franciscan at a depth of 3 km beneath
the Temblor Range), but there is little direct evidence
for its presence. Previous MT surveys in the Carrizo
Plain detected resistive basement at depths less than 3
km beneath the Temblor Range [Mackie et al., 1997;
W.D. Stanley, personal communication, 1994.]

In the absence of microseismicity, the location of the
San Andreas Fault at depth is uncertain. Recent geo-
morphic studies by Arrowsmaith [1995] suggested that a
vertical fault to a depth of several kilometers is required
to explain uplift of the Elkhorn Escarpment. Seismic re-
flection and well log data to the southwest of the San
Andreas were interpreted by Davis et al. [1988] to show
that the Morales thrust shallows with depth and the re-
sulting horizontal detachment may have offset the San
Andreas 5-14 km to the east at depths of 5-7 km.

3.1. Dimensionality and Distortion Analysis

After the time series analysis described above, the
dimensionality of the MT data was investigated using
the tensor decomposition technique of Chave and Smith
[1994]. Frequency-independent strikes were computed
for four frequency bands for each array ( i.e., the five
MT sites collected each day). The misfit between the
impedance predicted by the distortion model and the
measured impedance was computed for strike angles
from 0° to 90° in terms of a root mean square (rms)
misfit. The strike angles that minimized the rms mis-
fit for each array are shown in Figure 3. In the high-
frequency band (100-10 Hz) the best fitting strike is 8°
east of the surface trace, but a significant scatter occurs
east of the surface trace. In the middle-frequency bands
(10-1 Hz and 1-0.1 Hz) there is little variation between
arrays, and strikes are within 5° of the fault trace. The
lowest frequency band (0.1-0.01 Hz) shows a consistent
strike 25° west of the fault strike. Figure 4 shows how
well the decomposition model fits the impedance data
for site 30 at Carrizo Plain. In the three high-frequency
bands (100 to 0.1 Hz) the impedances are fit to within
a rms normalized misfit in the range 1-5. At lower fre-
quencies, in the 0.1-0.01 Hz band, the two-dimensional
(2-D) distorted model does not fit well, with rms mis-
fits from 10-50. This poor fit indicates a 3-D regional
structure and is consistent with the change of strike at
these frequencies. Fits to the distorted two-dimensional
model for the other sites were similar. Figure 5 shows
the impedance skew for all sites. Above 0.1 Hz most
skews are less than 0.1, again suggesting a 2-D geoelec-
tric structure. Below this frequency, skew becomes large
indicating a 3-D geoelectric structure is being sensed.

The small skew values and uniform strike at frequen-
cies between 100 and 0.1 Hz suggests that the MT data
are consistent with a two-dimensional (2-D) interpreta-
tion, in a fault normal and parallel coordinate frame.
Data from 0.1 to 0.01 Hz should be included only with
caution, particularly if interpreted in the same coor-
dinate frame. The change of strike estimated for this
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Figure 3. Map of continuous MT profile at Carrizo Plain with arrows for each array showing
best fitting 2-D strike direction in four frequency ranges. Except for the lowest-frequency band
the geoelectric strike is consistently within 5°of the surface fault trace.

last band and the increased misfit to the 2-D distorted
model suggest that there may be some contamination by
three-dimensional (3-D) effects at long periods, where
the MT data sample a larger volume. In particular, the
deep strike (25°W of the surface trace) may reflect the
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Figure 4. Fit of data to decomposition model for site
30 at Carrizo Plain. The solid curve indicates the min-
imum misfit that occurs as strike is rotated from 0° to
90°. An ideal minimum misfit would be 1. The dashed
curve indicates the maximum misfit. When minimum
and maximum misfit are similar in value there is lim-
ited control on strike, when different the strike is well
constrained.
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Figure 5. Impedance skew for the all sites on the Car-
rizo Plain profile.
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change in direction of the San Andreas to the southeast
of the Big Bend or the surface geologic strike of the
Cuyama valley and related faults to the south [Page,
1981]. Alternatively, these indications of 3-D complica-
tions could reflect the change in direction of the coast-
line in southern California.

The resulting apparent resistivity and phase data in
a fault parallel ( i.e. unrotated) coordinate system are
shown in Plate 1a. The horizontal ticks denote the cen-
ters of the electric field dipoles, and frequency is shown
on the vertical scale. Because of the skin depth effect
noted above, this pseudo-section gives a sense of how
the structure varies with depth. TE mode apparent re-
sistivity and phase correspond to electric currents flow-
ing along the fault, while the TM mode data correspond
to electric currents flowing normal to the fault.

3.2. Modeling and Inversion

The apparent resistivity and phase data were con-
verted into a spatially smooth electrical resistivity model
using a combination of inversion and forward model-
ing. The rapid relaxation inversion (RRI) of Smith and
Booker [1991] was applied in the following steps:

1. Horizontally average TM apparent resistivity (prm)
and phase (®ry) data, and invert for a 1-D layered
Earth model. At each frequency an average pry and
&\ was computed for all sites on the line. This pro-
cedure allowed the inversion in step 2 to converge more
rapidly than if started from a half-space.

2. Using this model as a starting point, begin a 2-
D inversion to fit the TM data (pry and ®rv). The
resulting model and computed response are shown in
Plate 1b. Note that the actual model used extended 300
km to the east and west and included the Pacific Ocean
as a fixed feature, to allow for the significant effects
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of the highly conductive ocean on MT measurements
made onshore [ e.g., Ranganayaki and Madden, 1980:
Mackse et al., 1988]. The TM mode data are fit well,
to a normalized rms misfit of 2.1. This corresponds to
misfits of individual data of & 10 percent for apparent
resistivities, and 5° for phases. Note that ideally misfits
would be equal to the standard errors in the data i.e.,
the rms misfit would be 1. However, the TE response
of this model does not fit the data below a frequency of
1 Hz.

3. A two-dimensional inversion was started from the
model obtained in step 2 and required the TE apparent
resistivity (prg) and phase (®.g) to be satisfied in ad-
dition to the TM mode data. The RRI algorithm was
unable to significantly lower the misfit for the combined
data set because it was trapped in a local minimum of
the data misfit function. Using trial-and-error forward
modeling to improve the fit to the TE responses with-
out significantly altering the TM response, we found
that both TE and TM mode data could be fit reason-
ably well by the addition of the large conductor east
of the profile that was imaged in previous regional MT
surveys by Mackie et al. [1997] and W. D. Stanley (per-
sonal communication, 1994). Given the way in which
the RRI algorithm searches model space and the lack of
data on the east end of profile, it is not surprising that
this better fitting model was not found by the inversion
scheme alone.

4. A final inversion was started from this hybrid
model, resulting in a combined rms misfit of 2.6 for
both modes. The model and its response are shown in
Plate 1c . The vertical stripes in p;z are due to the
application of frequency-independent static shift coef-
ficients that were computed by the inversion and dis-
played in Figure 6a. Allowing the inversion to estimate
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Figure 6. (a) Estimated static shift coefficients for the Carrizo Plain data. (b) Misfit between
data and predicted response of model in Plate 1c as a function of distance from the surface trace.
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static shifts effectively downweights the resistivity data,
making the interpretation less susceptible to distortion
by galvanic effects and is equivalent to the technique
of manually “correcting” for static shift. Note that
both modes are generally fit well down to a frequency
of 0.1 Hz. Below this frequency the predicted phases
are higher than the observed. This may reflect the fact
that a 2-D fault-oriented model is invalid at these fre-
quencies, as implied by the tensor decomposition and
skew values. The normalized rms misfits for each site
are shown in Figure 6b. Misfit levels are relatively uni-
form across the profile, except for two adjacent sites
2 km east of the fault trace. This poor fit to the TE
data is almost all due to the very poor fit for the lowest
frequencies (0.1-01 Hz) and probably reflects a combina-
tion of local distortion and the change of strike direction
at these frequencies.

A similar model was obtained by the inversion se-
quence: (1) Fit TE data starting from a 10 Q m half-
space; and (2) from this model, fit both TE and TM
mode data. This gave a good fit to the TE data by
placing the conductive structure at depth east of the
profile but did not fit the small-scale structure required
by the TM data at high frequencies. While some details
in the geometry vary, both the TM data and TE4+TM
data models have the following conductive (C) and re-
sistive (R) features in common:

Cl1, 5-10 © m conductive layer west of the surface
trace of San Andreas Fault; C2, 3-7 Q m conductive
zone beneath the surface trace in the upper km; C3,
7-20 Q m conductive layer at the east end of the profile;
C4, Zone of slightly enhanced conductivity beneath the
fault trace; R1, 50-100 Q m resistive, westward dipping
layer; R2, 300-1000 2 m resistive basement below 2 km
east of fault; R3, resistive basement below depth of 3-4
km west of San Andreas Fault.

The differences between the TM and TE+TM mod-
els can be understood by considering the physics of 2-D
MT. Thin vertical conductors are essentially invisible
to TM mode electric currents. Positive and negative
electric charges develop on opposite sides of the con-
ductor at depth, but the effect of these charges largely
cancels out at a location on the surface. However, TE
mode electric currents flowing along the conductor are
readily detectable on the surface, even if the body is
very narrow. Thus the Carrizo Plain TM data are sen-
sitive to the contrast in resistivity across the fault but
do not require a significant fault zone conductor below
2 km. In contrast, the TE data are more sensitive to
the presence of the narrow conductor (C4) in the fault
zone, which extends in the combined TE4+TM model to
a depth of 6 km.

It is important to consider the possibility of 3-D ef-
fects. One possible source of 3-D effects is the shallow,
but very conductive basin partly occupied by Soda Lake
at Carrizo Plain. This could systematically distort the
electric fields so that large static shift coeflicients would
be required to fit prz. However, estimated static shifts
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are small (Figure 6a), indicating that strong distortion
of the whole profile is unlikely. Furthermore, this type
of distortion has less effect on the phase, which we have
emphasized in our inversion. The 3-D effects could also
result from conductive structures ( e.g., C4) with lim-
ited continuity along strike. In this case the TM re-
sponse would be virtually unaltered, but pz could be
artificially lowered by electric charges developing at the
ends of the conductor [ Wannamaker et al., 1984]. A 2-
D interpretation emphasizing prs could thus lead to an
overestimate of conductance for the 3-D feature. Note,
however, that this discussion presumes the existence of
the conductive structure. It is the magnitude of the
conductance, not the presence or absence of the fea-
ture which might be called into question by possible
unresolved 3-D effects. Given the consistent geoelectric
strike, the small skews, and the essential similarity of
the TM and TE4+TM models, we believe that a 2-D in-
terpretation of this dataset is reasonable. However, it
should be borne in mind that quantitative estimates of
conductance for some features might be biased to some
small extent by 3-D end effects.

3.3. Interpretation

Our interpretation of the Carrizo Plain resistivity
model is summarized in Plate 2a. Note that faults can
change the electrical resistivity of the ground in at least
two distinct ways. They can produce a zone of low re-
sistivity by trapping groundwater uphill of a fault and
also by forming a zone of low resistivity in the gouge
and breccia at the core of the fault.

3.3.1. Structure west of San Andreas Fault.
The shallow conductivity structure is well-correlated
with geologic mapping and well log data from the area.
West of the fault, Vedder [1970] mapped the Wells
Ranch syncline, consisting of Caliente formation sed-
imentary units [Plate 2a]. This corresponds to con-
ductive unit C1, and the westward dipping resistivity
contours between 3 and 5 km west of the SAF corre-
late well to the dip of the eastern limb of the syncline.
At a depth of ~4 km the resistivity increases signif-
icantly (R3), presumably corresponding to crystalline
basement of the Salinian block. The location of this
boundary inferred from seismic reflection by Davis et
al. [1988)] agrees well with the resistivity model. Dauis
et al. [1988] suggest this contact is a back thrust fault
(F4) associated with the deeper Morales thrust, whose
inferred location is shown in Plate 2a.

3.3.2. Shallow structure east of San Andreas
Fault. Immediately to the east of the surface trace is
a wedge of low resistivity (C2) with its western bound-
ary directly beneath the surface trace. Note that the
surface trace lies just east of the change in elevation as-
sociated with the Dragonsback pressure ridge. Mapping
and well logs compiled by Vedder [1970] indicate that
C2 is the Bitterwater Creek shale, a clay rich sequence
with low electrical resistivity. Trapping of groundwater
uphill (east) of the fault may also contribute to the low
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resistivity. Arrowsmath [1995] found a number of fault-
controlled springs in this area, consistent with the idea
that fault can act as a barrier to groundwater flowing
from the northeast in the near surface. Farther to the
east, R1 correlates with the Santa Margarita formation,
described by Vedder [1970] and Dibblee [1973a,b] to be a
sedimentary unit containing granite boulders up to 12 ft
in diameter, in addition to gneiss and other clasts. This
may account for the relatively high resistivity of this
unit, and the boundaries (inferred to be thrust faults)
correlate well with the spatial extent of the central shal-
low resistive zone. Near the eastern end of the profile,
C3 is interpreted as a sandy-clay rich facies of the Mon-
terey shale which also has a low resistivity. Note that
there are two distinct zones of low resistivity, and that
both of these lie east of, and topographically above, the
thrust faults (F2 and F3) mapped by Vedder [1970] and
Ryder and Thompson [1986]. Concentrations of ground-
water trapped by these faults, may contribute to the low
resistivities imaged along the MT profile.

3.3.3. Resistive basement east of San Andreas
Fault. The most striking feature east of the fault is
the shallow depth (~ 2 km) to resistive basement (> 300
Q m). Seismic reflection and MT data at Parkfield
[Unsworth et al., 1997a] showed that the top of the
Salinian granite corresponded to the 100 2 m contour.
This suggests a crystalline basement at a depth of 2
km beneath the Elkhorn Hills and Temblor Range east
of the San Andreas. However, this interpretation is at
variance with currently accepted tectonic models of this
area [Page, 1981] in which Great Valley sedimentary
units and the Franciscan formation extend westward to
the San Andreas Fault. These rock units would be ex-
pected to have a lower resistivity than the 200-3000 Q2
m observed, although Park et al. [1991] reported resis-
tivities greater than 500 Q m in the Franciscan forma-
tion, possibly due to greenstones or metabasalts. Sig-
nificantly, Graff [1962] reports that the Western Gulf
Oil Vishnu No. 1 well (located some 6 km along strike
from our profile on the northeast side of the San An-
dreas) bottomed at 2114 m in granite. This resistive
unit has also been detected by previous M'T surveys
that crossed the San Andreas Fault at several locations
within Carrizo Plain [Mackie et al., 1997; W.D. Stan-
ley, personal communication, 1994]. Thus the resistive
feature is neither a local structure confined to a sin-
gle profile, nor an artifact of the data acquisition and
processing reported here.

How far east does the resistive structure extend? It
certainly extends to the eastern end of the profile, and
beyond this point our data provide minimal control but
are still sensitive to some structure at depth. During
the inversion process described above, it was found that
to fit the essentially flat prg responses, lower resistiv-
ity material was required somewhere to the east of the
profile and that the resistive basement block could be
terminated ~6 km east of the SAF and not shown in
Plate 2a). This was confirmed by Mackie et al. [1997],
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who collected MT data at a site east of the Temblor
Range. Thus the resistive unit is most likely only a
horizontally limited sliver of crystalline rock. Clearly,
it does not extend into the oil fields east of the Temblor
Range, where wells have penetrated up to 7.5 km in sed-
imentary rocks of the Great Valley sequence [Fishburn,
1990}.

While Zoback et al. [1987] showed that the San An-
dreas is inherently weak, Castillo and Hickman [1995]
suggested that within 5 km of the San Andreas Fault
the Carrizo segment is strong. Our data support this
suggestion since it implies there is crystalline, presum-
ably mechanically strong material on both sides of the
fault below 2 km depth. The material to the west could
be Salinian granite or, alternatively, crystalline base-
ment of the Barret Ridge Slice. The material to the
east is of undetermined origin. It could be a fault slice
of Salinian granite or part of the Barret Ridge Slice,
which is believed to originate in the crystalline base-
ment that underlies the Mojave desert and San Gabriel
Mountains [Ross, 1984; Irwin, 1990].

3.3.4. Fault zone conductor. In contrast to
Parkfield (see Unsworth et al. [1997a] and also sec-
tion 4) the SAF at this location is a relatively subtle
feature of the resistivity model. Although the MT data
are consistent with a modest reduction of resistivity in
the fault zone, this feature is not particularly striking.
In the upper kilometer the fault appears to act as a bar-
rter to groundwater flow, as a zone of low resistivity is
found east (on the uphill side) of the fault. Below this
depth a zone of reduced resistivity extends to depths
of at least 4 km. This feature could represent a weak
fault zone conductor that has been smeared out by the
inversion, as observed in synthetic MT model studies
by Eberhart-Phillips et al. [1995]. However, the fault
zone conductance (conductivity times fault zone width)
at Carrizo Plain is of the order of only 20 S. This is
an order of magnitude less than the 250 S fault zone
conductance imaged at Parkfield which Unsworth et al.
[1997a)] interpreted as due to an anomalously high fluid
concentration.

What is the maximum fault zone conductance con-
sistent with the data? To explore this question, the
best fitting model was modified by decreasing resistiv-
ity within the fault zone in a variety of ways. Figure
7 shows the observed TE mode data and the responses
of selected models at site 30, which was typical of sites
within 2 km of the surface trace. Adding a 100 m wide 2
 m fault zone conductor ( i.e., 50 S conductance) low-
ers prg significantly below 0.5 Hz. Increasing the width
to 300 m (150 S conductance) produces an even more
unacceptable fit. Alternatively, increasing the resistiv-
ity of the fault between 1 and 3 km to 10 © m raises prg
so that the data are not fit between 5 and 0.2 Hz. Note
that the TM data for the same models shown in Figure
7 are much less sensitive to variations in fault zone con-
ductivity. Thus the fault zone conductance is at least
partially constrained by the TE data. However, as we
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Figure 7. TE and TM mode responses and measured data at dipole 30 for a set of models
including a more conductive fault zone. Note that the TM mode data are virtually insensitive to
the fault zone conductance, while the TE data constrain this quantity.

have discussed in section 3.2, the possibility of 3-D end
effects adds some uncertainty to quantitative estimates
of fault zone conductance.

3.3.5. Faulting pattern. Shallow crustal defor-
mation in the vicinity of the MT profile is dominated
by a series of westward dipping thrust faults, denoted
as F1-F4 in Plate 2a. In our interpretation the main
vertical trace of the San Andreas Fault is offset later-
ally to the west by 200-300 m at a depth of around 500
m. Based on geomorphic mapping, Arrowsmith [1995]
proposed a model for the uplift of the Dragonsback pres-
sure ridge in the Elkhorn Hills, in which a thrust fault
intersected and beheaded the originally vertical SAF at
around 500 m depth. The inferred location of F1 cor-
relates well with the near-surface zone of low resistivity
in our model in Plate 2a. Arrowsmith [1995] estimated
that an offset of around 200 m was needed to produce
the necessary uplift. Again, this is in good agreement
with the modeled location of the deeper fault zone con-
ductor in Plate 2a. Note that fault F4 (inferred from
the electromagnetically mapped location of the resistive
basement contact) might be a continuation of F1 across

the San Andreas Fault. The contact between C2 and
R1 might be a thrust fault (F1) that offsets the San
Andreas Fault to the west at around 1500 m depth.

Farther to the east, F2 and F3 are thrust faults
mapped at the surface by Vedder [1970] and Ryder and
Thomson [1986]. The locations of these faults within
the upper 2 km of sedimentary rocks are strongly cor-
related with variations in the resistivity model [Plate
2a]. These faults may also penetrate the crystalline
basement and possibly intersect the San Andreas at
depth, but the MT data offer no supporting evidence
for this possibility. Indeed, our model does not exhibit
any significant vertical offsets in depth to the resistive
basement beneath this part of the profile.

Can our data constrain the location of the San An-
dreas Fault at depth? The location of the Morales
thrust inferred by Davis et al. [1988] is shown in Plate
2a. This resistivity model shows no evidence for con-
ductive sedimentary units below this depth. Certainly,
a horizontally limited feature at this depth is near the
limits of what we might resolve with our 9 km long
profile. The longer profile of long-period MT measure-



(a) Carrizo Plain Dragonsback Elkhorn Plain
escarpment

SAF F3

Slack Middle Little
(b) Canyon Mountain Cholame
Creek

2km

Resistivity (ohm m)

Plate 2. Interpretation of resistivity models. (a) Carrizo Plain with geologic units labeled as
by Vedder [1970]: Kg, Salinian granite; Tbw, Bitterwater Creek Shale; Tms, Monterey shale;
Tsm, Santa Margarita formation; DZ, damaged zone. See text for discussion of faults F1-F4. (b)
Middle Mountain, Parkfield with geology east of the San Andreas Fault taken from Sims [1990].
Ter, Tertiary Coast Range units; Tgv, Great Valley sequence; Kjf, Franciscan formation. GHT,
Gold Hill thrust Fault. Dots denote earthquake hypocenters from the Berkeley seismic network.
Models shown with no vertical exaggeration.
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ments described by Mackie et al. [1997] also fails to
image conductive structure below the inferred Morales
thrust, suggesting that if the Morales thrust extends
this far east as a subhorizontal detachment, it is most
likely underlain by crystalline basement. However, it is
possible that sediments thrust to 8§ km depth might be
only weakly conductive and that the conductive surface
layer (C1 and C2) masks what would then be a rela-
tively subtle feature in the MT data. There is also no
clear evidence in either the resistivity model of Plate
2a or the model of Mackie et al. [1997] for an east-
ward offset in the San Andreas Fault at 8 km depth,
as suggested by Davis et al. [1988]. However, even if a
horizontal detachment is invisible to MT, the San An-
dreas Fault at depth might be imaged electrically. The
midcrustal conductor detected east of Carrizo Plain by
deep sounding data of Biasi et al. [1990] might corre-
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spond to the San Andreas Fault offset to the east at
depth.

4. Middle Mountain, Parkfield

The seismic behavior of the Parkfield segment dif-
fers significantly from the Carrizo segment. Here there
is extensive microseismicity, with the shallowest events
occurring in repeating clusters at depths of ~3 km. Fo-
cal mechanisms, and the repeat sequence, suggest that
seismicity is fluid driven [Nadeau et al. 1995 ; Johnson
and McFEuilly, 1995]. Characteristic M ~6 events have
ruptured this segment on average every 22 years since
1857 [Bakun and Lindh, 1985]. In contrast to Carrizo
Plain the location of the fault at depth is seismically
well-defined and is close to vertical to a depth of 8 km.
Previous studies of the Parkfield segment using both
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Figure 8. Map of continuous MT profile at Parkfield, with arrows showing best fitting 2-D strike

direction for each array in four frequency ranges.
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direct current (DC) electrical methods [Park and Fit-
terman, 1990] and MT [Eberhart-Phillips and Michael,
1993] suggest that electrical resistivities are low in and
near this fault segment. The MT survey also revealed a
broad (20+ km) wide zone of low resistivity in the upper
5 km of the crust northeast of the SAF. This zone was
correlated with a pronounced seismic low-velocity zone
[Eberhart-Phillips and Michael, 1993]. Our profile at
Parkfield is only 4 km in length but is sampled densely
enough to reveal significantly more detailed images of
shallow fault zone resistivity structure than have been
available previously. An initial interpretation of these
data was given by Unsworth et al. [1997a], who showed
that the fault zone was coincident with a relatively nar-
row (500 m wide) vertical zone of low resistivity, which
was attributed to the presence of significant amounts of
fluid. Here we provide a more detailed description of
the inversion results and explore the range of possible
models that are compatible with the data. We will show
in particular that the TE data imply that the zone of
low resistivity extends to a depth of 2-4 km.

4.1. Dimensionality and Distortion Analysis

Tensor decomposition was applied to the impedance
data, following the procedure described in section 3.1,
and results are presented in Figure 8. The decomposi-
tion model fits the data quite well in each of the four
frequency bands. Although there is some scatter in the
directions at shorter periods, the estimates of geoelec-
tric strike for arrays west of the SAF are generally con-
sistent and within £5° of the surface trace. East of the
SAF the strike is less well-constrained as the TE and
TM responses are relatively similar, in contrast to the
west where they are very different. The fit of the de-
composition model to the impedance data for a typical
site (site 21) is shown in Figure 9. The minimum rms
misfit can be seen to be acceptable at all frequencies.
The impedance skews shown in Figure 10 are almost all
below 0.2. Thus for the bulk of the profile the decompo-
sition and skew analysis suggest that a 2-D interpreta-
tion will be reasonable over the whole frequency band.
The TE and TM apparent resistivity and phase in this
fault-oriented co-ordinate system are shown in Plate 3a
in pseudo section format.

Parkfield site 21
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Figure 9. Fit of data to decomposition model for site
20 at Parkfield.
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Figure 10. Impedance skew for all sites on the Park-
field profile

4.2. Modeling and Inversion

The data were inverted using a sequence similar to
that described for the Carrizo Plain data. Inversion of
the TM data produces the model shown in Plate 3b.
This model fits the TM data well, but does not come
close to fitting the TE data. To adequately fit both
modes, the TM model was modified to improve the fit
to the TE data. We found that a conductive layer of
1 € m, 1 km thick fixed in the model at a depth of 2
km, and located 4 km to the east of the SAF solved
this problem. This closely matches the conductive zone
east of the SAF mapped in previous MT surveys of this
area [Eberhart-Phillips and Michael, 1993]. This model
was used as a starting model for a joint TE4+TM inver-
sion using RRI. The model and response are shown in
Plate 3¢c. Note that in the TE4+TM model the fit to the
TM data has been improved, particularly in &,, east
of the fault trace due to the addition of a resistive zone,
R2. Again, the TM data image the contrast in resis-
tivity across the fault at depth and also the top of the
large fault zone conductor. However, the bulk of the
fault zone conductor, C2, is invisible to TM data and
is only imaged by the TE mode. The vertical stripes in
the computed prg result from application of static shift
coefficients (Figure 11a) to the responses. Static shifts
are larger for Parkfield than for Carrizo Plain, probably
in part due to topographic effects. Figure 11(b) shows
that the rms misfit is uniform across the profile, with
all sites fit comparably well.

As discussed for the Carrizo Plain data, interpreta-
tion of TE mode data must be undertaken with care
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Plate 3. (a) Data pseudo-sections for the Parkfield MT profile and (b) model and response
obtained by inverting the TM data. (c) Model and responses obtained by inverting and modeling
both TE and TM mode data. Models and topography are plotted with no vertical exaggeration.
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Figure 11. (a) Estimated TE mode static shift coefficients for Parkfield data. (b) Misfit between
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as this mode can be more susceptible to contamination
by 3-D effects than the TM mode. Since the inclusion
of the TE mode data significantly effects the inversion
results for Parkfield, the possibility of 3-D effects needs
careful consideration here. There are several lines of
evidence that support a 2-D interpretation of this seg-
ment of the SAF. First, the higher-frequency data which
we emphasize in the inversion fit a distorted 2-D model
quite well, with a nearly fault-parallel geoelectric strike.
Impedance skews are small (< 0.2) at all frequencies.
Thus there is no evidence in the data itself for 3-D ef-
fects. Furthermore, additional MT profile data were
collected on Middle Mountain in late 1997. Profiles to
the northwest and southeast of the 1994 line interpreted
here show similar resistivity and phase data [Unsworth
et al., 1997b]. Vertical magnetic field data can provide a
useful indication of the connectivity of conductors along
strike. Vertical field data were not collected in the 1994
survey but were collected in the 1997 survey. The in-
duction vectors from this survey are generally normal to
the fault zone, again consistent with a 2-D geoelectric
structure with fault-parallel strike. Furthermore, ver-
tical field data from a fault-normal profile some 3 km
northwest of the 1994 profile closely match the vertical
fields predicted by the 2-D model of Plate 3¢ down to
0.2 Hz. All of these observation are consistent with a
2-D interpretation, and none provide direct evidence for
3-D complications. Thus, while we cannot completely
dismiss the possibility that 3-D effects may bias quan-
titative estimates of fault zone conductance, we believe
that a 2-D interpretation incorporating TE phase data
is not unreasonable in this case.

Having given substantial evidence that the fault zone
is relatively 2-D, we will now demonstrate that a con-
ductor within the fault zone is required to fit the TE
mode data. Further forward models were computed to

see how sensitive the data were to the depth extent of
the fault zone conductor. Figure 12 shows the responses
at site 21 of models derived from the TE+TM model
shown in Plate 3c. The response at this site is observed
at sites 16 to 25 and is clearly not a single-site anomaly.
In models 24 and 23 the conductor is terminated at shal-
lower depths, resulting in a minimum in ®.z at around
1 Hz and a rapidly rising prg which are not observed
in the data. This is particularly true when the conduc-
tive zone is truncated at only 1 km depth (model 24).
Model 23, which extends the fault zone conductor to 2
km depth, gives a comparable fit to the model with a
conductor extending to 3 km. Extending the fault zone
to a depth of 10 km in the presence of the eastern con-
ductor (model 25) produces @, that is too high and
pre that are too low. Thus the TE data indicate that
the strong conductor extends to a depth of 2-4 km but
does not continue to significantly greater depth. Note
that termination at 2 km is possible, but the best fit
to this data occurs with ~3 km depth extent. As with
the models considered in Figure 7, the TM responses of
these models are essentially indistinguishable.

The requirement for the moderately resistive zone
(R2) east of the SAF was examined by replacing the
resistor with a 10 Q m zone. This altered &,y by ~ 5°
east of of the SAF and indicates our data are sensitive to
this zone. If observed at just one MT site, this anomaly
might be disregarded as a single-site anomaly. How-
ever, in the continuous MT profiling data presented in
this paper, we see such features in multiple sites. This
redundancy in spatial sampling allows small features in
the data to be interpreted with more confidence that
that obtained with widely spaced sites.

Our preferred model consists of a conducting wedge
(C2) that pinches out at around 2-4 km, with a weak
conductive root present below that depth. However,
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Figure 12. TE responses at dipole 21 for a set of models with the fault zone conductor terminat-
ing at depths of 1 km, 2 km, 3 km, and 10 km. These results demonstrate that if the geoelectric
structure is 2-D, then the low-resistivity zone beneath the surface fault trace extends to a depth
of 2-4 km. Resistivity models are shown with no vertical exaggeration.
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the presence of the deeper root below 4 km is not con-
strained by the MT data, as shown by resolution anal-
ysis using synthetic MT data [Eberhart-Phillips et al.,
1995]. Low resistivities below 4-5 km in our model at
depth in the fault zone could be an artifact caused by
vertical smoothing of the regularized inversion.

4.3. Interpretation of the Middle Mountain
Model

A detailed interpretation of the near-surface portion
of the model has been given previously by Unsworth et
al. [1997a]. This showed that the fault zone was char-
acterized by a positive flower structure with a strong
central conductor, interpreted as a fluid saturated zone
of breccia at the core of fault. In this paper we have
reexamined the prominent fault zone conductor more
carefully and shown that the TE data are consistent
with a conductive fault zone that pinches out over the
depth range 2-4 km (assuming that the fault zone is suf-
ficiently 2-D to allow interpretation of the TE mode).
Given the nonuniqueness inherent in the inversion of
magnetotelluric data, variants on this model may also
reproduce the data. Clearly, alternate conductivity dis-
tributions may be possible east of the profile, given the
lack of data in this area. The following major features
are required by the TM mode data: (R1) a resistive
block west of SAF and (C1) a conductive zone east ex-
tending east of the profile. These features can be con-
sidered a minimum structure model that is required by
the TM data. However, as we have shown, 3-D effects
appear to be small. Thus the combined TE and TM
mode data can be used to add a resistive zone east of
the fault (R2) and a vertical conductor in the fault zone
(C2).

A tevised interpretation, based on comparison to the
geological map of Sims [1990], is shown in Plate 2b on
the same scale as the Carrizo Plain interpretation. The
unit R1 is interpreted as being granite of the Salinian
block. The fault that bounds the east side of C2 is
clearly the Gold Hill Thrust Fault. Resistor R2 is coin-
cident with the anticline between the Parkfield syncline
and the Gold Hill Thrust Fault. Is the relatively high re-
sistivity of this feature reasonable given the high salinity
of fluids that are widespread in the Franciscan forma-
tion [Eberhart-Phillips and Michael, 1993]? Unsworth
et al. [1997a] used Archie’s law to estimate the poros-
ity required to account for the low resistivity in the core
of the fault zone. At a depth of 3 km, a porosity in the
range of ~10-30% was required within the fault zone
to account for the low resistivity on the basis of fluids
alone. Assuming the same pore fluid salinity, porosities
in R2 would be in the range 1-10%, where upper and
lower limits correspond to exponents of 2 and 1, respec-
tively, in Archie’s law. Sims [1990] shows that the area
denoted as (R2) in our interpretation has Franciscan
formation at its core at a depth of ~ 2 km. Given the
heterogeneity of the Franciscan formation the inferred
porosity is not unreasonable.
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The two models shown in Plate 3 could be consid-
ered end-members of a spectrum of models consistent
with the TM data. Depending on how much weight
is given to the TE data, the fault zone conductor will
have varying conductance. If the TE data are consid-
ered unreliable, then it will be restricted to the upper
kilometer. However, if the TE data are deemed reli-
able and can be interpreted in a 2-D context, a fault
zone conductor extending to a depth of 2-4 km is re-
quired by the data. Note once again that a conductor
terminating as shallow as 2 km on Middle Mountain is
a possibility. Both models in Plate 3 have related hy-
drogeological interpretations. In the first, fluid flows to
the surface along the interface between the Franciscan,
while in the second, fluids accumulate in a wide dam-
aged zone of high porosity produced by fracturing of
country rock.

The earthquake hypocenters in Plate 2b appear to lie
on the west side of the fault zone conductor. However,
when these events were relocated [Ellsworth, 1996], they
were found to lie some 200 m east and 400 m deeper
than the locations (from the Berkeley Seismic Station)
shown in Plate 2b. Thus it is unclear whether the mi-
croearthquakes are in the center or on the edge of C2.
In either case they are located within a conductive, pre-
sumably high fluid content fault zone, which stands in
contrast to the seismically inactive and comparatively
more resistive fault zone at Carrizo Plain.

The depth extent of the fluid saturated zone implied
by the model of Plate 2b agrees well with the model
of Anderson et al. [1987] based on the mapping of ex-
humed faults. In both, the zone of breccia terminates
around 5 km depth. The MT image is also consistent
with recent seismic tomography data which shows a 500
m wide seismic low-velocity zone extending to a depth
of around 4 km beneath Middle Mountain (C. Thurber,
personal communication, 1997). The presence of fluid
lowers both electrical resistivity and the seismic velocity
and is a natural explanation for the structures imaged
by both datasets.

5. Discussion and Conclusions

On both MT profiles we have imaged narrow fault
zone conductors extending to depths of 2-4 km and
sharp variations of resistivity across the fault contact.
The high-density electric field sampling has also allowed
us to resolve many details of near-surface resistivity
structure, along with variations in depth to the resistive
basement. Although there are broad similarities in the
two resistivity models of Plates 2a and 2b, there are also
some very significant differences. These include (1) the
contrast of resistivity across the fault; at Carrizo this
is small with 10004+ £ m material on each side, and at
Parkfield there is a west to east change from 1000 to 30
Q m; (2) the magnitude of the low resistivity anomaly
in the fault zone; at 3 km depth fault zone conductance
at Carrizo Plain is ~20 S, while at Parkfield our analy-
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sis suggests a conductance of approximately 200 S; and
(3) the width of the damaged zone at the core of the
fault (as inferred from resistivity contrasts) is less than
300 m at Carrizo Plain and around 600 m at Parkfield.

These segments also have very different patterns of
seismicity. Even though we are not imaging fault struc-
ture to the depth of the M = 6 events at Parkfield or the
larger events that may periodically rupture the Carrizo
segment, our resistivity data are sampling depths where
shallow seismicity is present at Parkfield but absent at
Carrizo Plain. How might the differences observed in
the resistivity sections be related to the differences in
seismicity?

First, could difference (1), the contrast in structure
across the fault, contribute to the observed pattern of
seismicity? Our results show that at Carrizo Plain,
resistive, presumably crystalline, rocks are present on
both sides of the fault. This is supported by the results
of Castillo and Hickman [1995], who used stress analy-
sis to show that the Carrizo segment is locally strong,
in contrast to the general weakness of the fault docu-
mented by Zoback et al. [1987]. While the top of the
resistive zone is deeper on the west side of the fault than
on the east, these mechanically strong blocks may give
the fault zone increased strength, compared to other
parts of the San Andreas Fault. At Parkfield the situa-
tion is quite different with a resistive block of Salinian
granite west of the fault and an electrically conductive,
presumably fluid rich, and possibly mechanically weaker
Franciscan complex to the east. Weak materials east of
the fault could limit the strength of the fault and result
in a cycle of more frequent, smaller earthquakes than is
observed at Carrizo Plain.

Alternatively, it could be difference 2, the properties
of the fault zone, specifically the fluid distribution, that
are controlling seismicity. At Middle Mountain, Park-
field, a number of lines of evidence suggest that both
shallow clusters of microearthquakes, and the charac-
teristic deeper M = 6 events are fluid driven. Johnson
and McEuily [1995] suggested that earthquake clusters
at Parkfield had focal mechanisms consistent with fluid
cycling. At the depth of the characteristic M = 6 events
a zone of low 1}, and high V,/V, consistent with the
presence of excess fluid has been reported [Michelini
and McBvilly, 1991]. In contrast to Middle Mountain,
Carrizo Plain is characterized by an almost complete
absence of seismicity. In this paper we have shown that
the conductance of the shallow (0-4 km) fault zone at
Middle Mountain could be at least an order of magni-
tude greater than on the quiescent Carrizo Plain seg-
ment. This difference may be partly explained by fluid
chemistry ( i.e., the high salinity of 30,000 ppm chio-
ride at Middle Mountain would produce a lower elec-
trical resistivity than a lower salinity at Carrizo Plain).
However, even with a high salinity of 30,000 ppm at
Parkfield a porosity of ~ 10% was required to explain
the low resistivity. Thus we believe our data suggest
higher porosities in the San Andreas Fault at Parkfield
than at Carrizo Plain.
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The possibility that seismicity is controlled by fluids
in the fault has been proposed by many people. The
correlation of fluid flow through the fault with abun-
dant seismicity and creep was initially suggested by
Irwin and Barnes [1975]. They proposed that these
fluids originated in metamorphic reactions within the
Franciscan formation and that fault creep occurs where
Franciscan rocks abutted the fault and provided a ready
supply of fluids. While we have considered only two lo-
cations on the San Andreas Fault system, our findings
are consistent with this hypothesis.

The MT data for Parkfield and Carrizo Plain do not
directly constrain structure at depths where the large
earthquakes that periodically rupture this segment nu-
cleate. If the hypothesis of Irwin and Barnes [1975] is
correct and fluids enter at depths below 10 km and then
flow to the surface, the high concentration of fluids in
the near-surface at Parkfield may be indicative of an
ample fluid supply at depth. Alternatively, the fluids
may be entering the fault at shallow depths and be un-
related to the characteristic earthquakes. The resistor
east of the SAF (R2) does not necessarily represent a
barrier to fluid flow, rather just a zone of lower poros-
ity with the Franciscan formation. At Carrizo Plain
the absence of fluids in the near-surface may indicate a
relatively dry fault zone at depth.

In reality, a combination of factors is probably re-
sponsible for the differences in seismic behavior of the
two fault segments. We have shown that there are ma-
Jor differences in geoelectric structure between the Park-
field and Carrizo segments. Our results are consistent
with previous surveys of both fault segments, but close
to the fault, higher resolution of shallow structure is
facilitated by dense spatial sampling. Subject to the
absence of 3-D effects, our interpretation of the data
is that the San Andreas Fault at Parkfield has a high-
porosity core, while at Carrizo Plain the fault is essen-
tially dry. Significantly, microearthquakes occur in the
shallow fault zone at Parkfield but not at Carrizo Plain.
Given careful analysis, we believe that MT exploration
can provide valuable new constraints on the physical
conditions within active fault zones.
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