Internal structure of the San Andreas fault at Parkfield, California
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ABSTRACT

Magnetotelluric and seismic reflection surveysat Parkfield, California, show that the San
Andreasfault zoneischaracterized by a vertical zone of low electrical resistivity. Thiszoneis
=500 m wide and extendsto a depth of =4000 m. The low electrical resistivity isattributed to
high porosity of saline fluids present in the highly fractured fault zone. The occurrence of
microearthquakesand creep in thelow resistivity zoneis consistent with suggestionsthat seis-
micity at Parkfield isfluid driven.

INTRODUCTION

The San Andreas fault in California is the
boundary between the Pacific and North Ameri-
can plates and is one of the most accessible and
well-studied plate margins on Earth (Wallace,
1990). Despite such study, many aspects of its
seismicity and structure are still unresolved. In
this paper the results of recent high-resolution
magnetotelluric (MT) and seismic reflection
imaging of the Parkfield segment of thisfault are
presented. MT is aremote sensing technique ca-
pable of imaging subsurface electrical resistivity
(Vozoff, 1991). Because fluids dramatically
lower the resigtivity of their host rocks, the MT
method provides a powerful tool for delineating
fluidsinthe crust. TheMT datacollected at Park-
field strongly suggest that the fault zone beneath
Middle Mountain contains anomalously high
fluid content. This observation is consistent with
recent models of the earthquake cycleby Byerlee
(1993) and Rice (1992), in which the presence of
high-pressure fluids at depth within faults has
been postulated to account for the weakness of
strike-slip faults such as the San Andreas
(Zoback et d., 1987).

TECTONIC SETTING

Parkfield marks the transition from the creep-
ing central segment of the San Andreas fault to
the north to the locked 1857 Fort Tejon earth-
quake segment to the south. It isthe site of six
moderate earthquakes within the past 150 years,
the most recent being an M = 5.9 event in 1966
(Bakun and Lindh, 1985). Owing to the apparent
regularity of characteristic earthquakes on this
segment of the San Andresas fault, Parkfield has
been the focus of a major monitoring effort
aimed at a better understanding of the earthquake
cycle and possible precursory phenomena (Ba-
kun and Lindh, 1985). Parkfield is also a poten-
tial sitefor a scientific fault-zone drilling project
(Hickman et a., 1994). The San Andreas fault at
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Parkfield separates very different types of base-
ment rock (Fig. 1; Sims, 1990; Dibblee, 1980).
Southwest of the San Andreas fault basement
rock is Salinian granite, which is overlain by
Quaternary and Tertiary sediments. To the north-
east the basement is Franciscan, amelange con-
sisting primarily of metamorphosed accretionary
prism, covered by Tertiary and Holocene sedi-
ments. Seismic reflection showed that fault-
normal compression has produced aflower struc-
ture5 km or more widein the upper 10 km of the
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crust (McBride and Brown, 1986). The absence
of coherent reflectors suggests a zone of heavily
fractured material in the fault zone. Fault-zone-
guided waves that propagate within a wedge of
low seismic velocity material along thefault, pro-
videmore direct evidencefor afractured zone (Li
et al., 1990). Tomographic velocity analysis us-
ing microearthquake sources (e.g., Eberhart-
Philips and Michael, 1993; Lees and Malin,
1990; Michelini and McEvilly, 1991 reveals
lower seismic velocities northeast of the San
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Figure 1. Map of San Andreas fault in vicinity of Parkfield showing location of magnetotelluric

(MT) and seismic surveys.
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Figure 3. A: Migrated seismic reflection data on profile normal to fault. The depth of 1 km cor-
responds to a two-way travel time of 1 s. B: Electrical resistivity model that best fits observed
magnetotelluric data presented in Figure 2. Location of active trace on basis of creep is de-
noted by T and topography shown on same vertical scale. C—crest of Middle Mountain.
C: Schematic interpretation of the seismic and magnetotelluric data. Kg—Salinian granite,
Tcr—Coast Range sedimentary units, Tgv—Tertiary Great Valley sequence, Kjf—Franciscan
melange, and DZ—damaged zone.
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Figure 2. A: Continuous magnetotelluric data
collected at Middle Mountain. Ticks on hori-
zontal axis denote locations at which data
were recorded. These locations are spaced
100 m apart except for a gap east of Middle
Mountain. Vertical axis is frequency. Because
low frequencies penetrate farthest into the
earth, this form of display gives an impres-
sion of depth. Transverse electric (TE) appar-
ent resistivity was computed from currents
flowing parallel to fault and magnetic fields
normal to fault. Transverse magnetic mode
(TM) apparent resistivity was computed from
currents flowing across fault and magnetic
fields parallel to fault. Phase is proportional to
the derivative of the apparent resistivity with
respect to frequency. A uniform earth would
give a constant phase of 45° and in general
high phases correspond to low resistivity and
vice versa. B: Response of the resistivity
model (Fig. 3B) that best fits MT data.
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Andreas fault. Regiona MT measurements sug-
gest that low electrical resistivities are associated
with theselow velocities, but site spacing wastoo
wide to resolve detailed fault zone structure
(Eberhart-Philips and Michael, 1993; Park et al.,
1991). Direct current (DC) resistivity measure-
ments by Park and Fitterman (1990) suggest a
complicated near-surface resistivity structurein
the Parkfield area.

DATA ACQUISITION

The high-resolution MT measurements de-
scribed here were designed to image the el ectrical
resigtivity of the fault zone close to the 1966 epi-
center (Fig. 1). Along the 4 km profile, electric
fields were measured continuously with 100 m
dipoles, and magnetic fieldswere measured every
500 m. Variations in these fields in the frequency
range of 40 Hz to 0.003 Hz were recorded for
6-10 hrs and then analyzed using the technique of
Egbert and Booker (1986) to determinethe appar-
ent resistivity and phase as a function of surface
position and frequency (Fig. 2A). Because low-
frequency signds penetrate deeper than high-fre-
quency signals, plotting frequency on the vertica
axis gives an impression of how resigtivity varies
with depth. A number of features can be qudita
tively identified in the data sections (Fig. 2A). On
the southwest end of the profile, the apparent re-
sistivity computed from electric currents that
cross the San Andreas fault (TM mode) revedsa
resistive body benesth ashallow conductivelayer.
Northeast of the fault, resistivities appear to be
significantly lower, and the lowest resistivities
occur beneath the crest of Middle Mountain.

The tensor decomposition technique of Chave
and Smith (1994) demonstrated that electrical re-
dgtivity variations along strike are small enough
to justify atwo-dimensional interpretation. The
two-dimensional minimum structure inversion
technique of Smith and Booker (1991) was then
used to convert the apparent resitivity and phase
data into electrical resistivity as a function of
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depth (Fig. 3B), and data were fit to within 5%
(Fig. 2B). Equal weight was given to vertica and
horizontal smoocthing. The inversion generates
the smoothest resistivity model consistent with
the data, and dl structuresin the resulting mode!
are required by the data. More complex models
may also fit the data, but additional structureis
not required. Note that the model becomes
smoother as depth increases because the deeper
parts of the model are sampled by longer wave-
length signals than the top.

Multichannel seismic reflection datawere col-
lected west of the San Andreas fault (Fig. 1) to
locate the top of the Salinian granite. Two
22-88 Hz Vibroseis profileswere shot, one paral-
lel to the San Andreas fault and one normal toit.
Each profile consisted of 128 fixed receiver
points at 15.2 m intervals. Alternate receiver
points were used as source points. The datawere
then analyzed with a simple common midpoint
reflection processing sequence, to permit asim-
ple time-to-depth conversion (Fig. 3A).

GEOLOGIC INTERPRETATION

Southwest of the San Andreas fault the resis-
tivity model and the seismic section indepen-
dently show a rough surface at a depth of
700-900 m separating rocks of significantly dif-
ferent physical properties. The high electrical re-
sigtivity and uniform seismic impedances below
thissurfaceindicatethat it isthe faulted top of the
Salinian granites. Above this contact both data
sets suggest that the overlying Tertiary sedimen-
tary rocks are faulted and folded. The latera re-
sistivity variations within these rocks probably
result from fault-controlled concentrations of
ground water, and itisinferred that the faults may
act asflow barriers. Northeast of the San Andreas
fault, drilling at the Varian well penetrated
1700 m of briny sedimentary rocks before en-
countering Franciscan basement in alow-angle
fault zone containing pressurized water in large
fractures (Jongmans and Malin, 1995). The low
resistivities east of the fault, which extend to
depths of =1500 m in the MT model, are consis-
tent with the well data, and suggest a zone of
fluid-rich sediments extending several km east of
the San Andreas faullt.

LOW RESISTIVITY FAULT ZONE

The most striking feature of the resistivity
model of Figure 3B isthe vertical zone of low
electrical resistivity (<5 Q - m) beneath Middle
Mountain. Modeling and inversion of the MT
datarequire the resistivity of this zone to signifi-
cantly increase at =4000 m. A thinner zone of low
resistivity may exist at greater depths, but thisis
not resolvable from surface MT measurements
(Eberhart-Philipset d., 1995).

What isthe origin of thislow resistivity? Ser-
pentinite, arock that can have low resigtivity, has
been found at many locations along the San An-
dreas fault, but no surface exposures were
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mapped on Middle Mountain by Sims (1990),
Dibblee (1980), or Dickinson (1966). Aeromag-
netic data have been used by Hanna et d. (1972)
to locate buried serpentinites along the San An-
dreas fault, because of the large magnetic anom-
alies sometimes associated with this material.
The absence of such an anomaly at Middle
Mountain suggests, but does not require, that a
large serpentinite body is absent. Because the
aeromagnetic data described by Simpson et al.
(1989) were collected on a1 mile (1.6 km) grid,
itispossiblethat asmall serpentinite diver could
have escaped detection. However, serpentinite
aloneisunlikely to producethe very low resistiv-
itiesobserved (<5 Q - m).

Clay minerals are another candidate for the
low resistivity. These minerals are commonly
found in fault gouge and may contribute to the
weakness of strike-dip faults. Typica clays have
resistivities in the range 520 Q - m (Palacky,
1987). Although clay may partially explain the
low resistivity, the large region with resistivity
=1 Q - m suggests another materia isresponsible
for the low resistivity. Within the breccia and
fault gouge located in the core of thefault, saline
fluids could easily produce a network of inter-
connected pores and low electrical resistivity.
The amount of fluid has been estimated in two
ways from the resitivity data.

(2) Fluid is present in interconnected pores.
The Varian well afew kilometres along the fault
encountered brines with 30 000 ppm chloride.
Assuming that these fluids are representative of
those in the fault zone, then the fault zone fluids
would have a resistivity of Pf = 026 Q - m.
Archie'slaw isoften used to convert electrical re-
Sigtivity to porosity in systems where electrical
conduction is dominated by an interconnected
porefluid and iswritten in theform

P =P

where p, isthe effective resstivity of therock, @is
the porosity, and mis a constant that lies between
land2. Toobtainp,=3Q -m, typical of thefault
zoneat 3km depth, would requireaporosity range
of 8.6% to 30%, with m = 1 and 2, respectively.
For the expected texture of a fault zone with
cracks, as opposed to spherical pores, the lower
m = 1 porosity bound is more reasonable. If sig-
nificant clay content were present, then lessfluid
would be required to produce the low resistivity.

(2) Fluid is contained in a set of macroscopic
cracks. Thiswas the case with the fluids encoun-
tered in theVarian well that werelocated inanar-
row fractured zonethat isinferred to be one of the
eastern strands of the flower structure shown in
Figure 3C. Given the resistivity of brine derived
above, and assuming a 500-m-wide zone of
3Q -mresigtivity anomaly at 3km, a30-m-wide
zone of fluid would have the same effective con-
ductance (ratio of width and resistivity).

It is most probable that a combination of

macroscopic cracks, interconnected pore fluids,
and clay mineralsisthe cause of the zone of low
resistivity. These porosity values are high for
near-surface rocks, and although there is some
nonuniqueness converting resistivity to porosity,
all calculations indicate that a significant fluid
content is required to explain the low resistivity.

Thelow resitivity zoneformsadamaged zone
at the center of aflower structure. Two branches
of the flower structure are inferred to bound the
damaged zone. Loci of very low resistivity may
indicate faults within the damaged zone. Faults
imaged within the sedimentary rocks west of the
San Andreas may represent another. The =500 m
horizontal width of the zone of low resistivity
agrees well with the width of the seismic low-ve-
locity zone inferred from the fault-zone-guided
wave observations of Li et al. (1990). Fracturing
and fluid saturation combine to produce low elec-
trical resistivity and seismic velocity. The correla-
tion of these two parameters strengthens the case
that the low resigtivity isdueto fluids, rather than
serpentinite or clay alone. The seismic observe-
tions also favor a significant width of high poros-
ity because afew narrow cracks aone would not
allow guided waves to propagate. Studies of ex-
humed exposures of the San Gabriel and Punch-
bowl faults in southern California (Anderson
etd., 1983; Chester et d., 1993) showed awedge
of breccia and gouge that pinched out at =4 km.
Both depth extent and shape agree well with the
wedge-shaped zone of low resistivity at Parkfield
consisting of fluid-saturated breccia

Thefluids could be mantle, crustal, or meteoric
in origin. At the Cajon Pass drill site located on
the Mojave segment of the San Andreas faullt,
Torgersen and Clarke (1992) determined that the
fluids originated as meteoric water transported at
depth within the crust. At Parkfield it is most
likely that the inferred fluids are also crustal and
enter the fault from the northeast. They could be
meteoric in origin or generated by metamorphic
reactions in the Franciscan unit (Irwin and
Barnes, 1975). Fluid migration may be in re-
sponse to regiond tectonic stresses described by
Wentworth and Zoback (1989). Thisideais sup-
ported by the low electrical resistivity imaged
northeast of the San Andreasfault by previousre-
gional MT surveys (Eberhart-Philips and Mi-
chael, 1993; Park et al., 1991). Observations of
low seismic velocity in this area by Eberhart-
Philips and Michael (1993) are also consistent
with this pathway for fluid transport. However it
isunclear at what depth the fluids enter the fault.

RELATIONTO SEISMICITY

Arethe fluids related to the seismicity? Nu-
merous microearthquakes, mapped by Nadeau
et a. (1995), occur at depths above 4 km on the
western edge of the low resistivity zone (Fig. 3).
The role of the fluids may be passive, and they
may simply come to the surface when they en-
counter the impermeable granite, using the fault
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zone as an easy conduit (Irwin and Barnes,
1975). It is also possible that fluids play a more
active role in the earthquake cycle. These fluids
could form high-pressure, fluid-filled compart-
ments as suggested by Byerlee (1993). Johnson
and McEvilly (1995) suggested that Parkfield
seismicity isfluid driven andthe M T data support
thisideabecause they show that fluids are present
at the depths of at |east the shallowest earthquake
clusters. It is significant that the earthquakes are
located on the edge of the granite block, whilethe
actively creeping surface trace lies to the east of
the low resistivity zone (errorsin the microearth-
quake locations are =200 m). Here the mechani-
cally rigid granite block is strong enough to pro-
duce earthquakes. If deformation at depthisadso
occurring directly benesth the surface trace then
it must be accommodated by aseismic creep.
Compression of the flower structure causes
weak, fluid-saturated materia to be uplifted and
accounts for the topography of Middle Moun-
tain—a pressureridge.

The characterigtic Parkfield earthquakes occur
& depthsbe ow thoseshownin Figure 3. If fluid is
flowing up through the fault zone, then high
porosities may also exist at depth, implying the
characteristic earthquakes may aso be fluid driv-
en. Isit coincidenta that ahigh fluid content isob-
served a thelocation of the predicted M = 6 event?
With the available data, we have not determined if
thelow resigtivity istypical of thewhole Parkfield
segment, or just locaized benesth Middle Moun-
tain. That the fluids are electrically conductive
may be significant for earthquake prediction.
Fraser-Smith and Liu (1995) reported electromag-
netic precursors to earthquakes at Parkfield.
Motion of a conducting fluid as a high-pressure
compartment burst could generate observable
electromagnetic precursorsto an earthquake.

CONCLUSIONS

The MT datahave yielded high-resolution im-
ages of the interior of the San Andreas fault zone
beneath Middle Mountain. The low resistivity
fault coreimplies clay and sdinefluids are pres-
ent within the cracks of azone of gouge and brec-
ciathat narrows with depth. The high porosities
are consistent with the suggestion that seismicity
at Parkfield isfluid driven.
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