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ABSTRACT

Fault creep plays a critical role in the earthquake cycle and seismic hazard estimation, yet its controlling
mechanisms along the central San Andreas Fault remain debated. Using >40 years of P and PmP traveltime data,
we image crustal velocity heterogeneity and azimuthal anisotropy across California. The inclusion of PmP data
significantly improves illumination of the middle-to-lower crust, revealing that fluids may promote the central
San Andreas Fault (SAF) creep primarily by forming frictionally weak materials. Specifically, aqueous fluids are
imaged as low-velocity anomalies beneath the creeping segment, with fluid volume nearly proportional to the
fault creep rate. However, low-velocity anomalies, identified as partial melting, are also revealed beneath the
locked Loma Prieta segment to the north. This comparison suggests that elevated pore pressure, arising from
either aqueous fluids or melts, may not be the primary driver of creep. Instead, aqueous fluids promote the
formation of frictionally weak minerals that facilitate creep. In addition, fault-parallel fast velocity directions
along the creeping segment further support the presence of frictionally weak minerals and their role in facili-
tating fault creep. This anisotropic pattern terminates at the locked Loma Prieta segment possibly due to
enhanced normal stress. Our detailed crustal anisotropic velocity model offers new insights into the mechanisms

governing fault creep, with potential applicability to major fault systems worldwide.

1. Introduction

Fault creep is an aseismic fault slip behavior that accommodates
lithospheric deformation by slow slip without generating high-
frequency seismic waves (Biirgmann, 2018). It contrasts with seismic
fault slip associated with stick-slip failure of asperities (McLaskey and
Glaser, 2011), such as large damaging earthquakes and small
repeating earthquakes (Uchida and Biirgmann, 2019). Fault creep is
commonly thought to accommodate a portion of the fault slip budget
aseismically, thereby reducing the likelihood of nucleating large earth-
quakes (Biirgmann, 2018). For example, in California, creep along the
central San Andreas Fault (SAF) was first recognized near Hollister in
1960 (Steinbrugge et al., 1960). Subsequent studies identified fault
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creep along a 175-km-long segment from San Juan Bautista to Cholame
(Jolivet et al., 2015; Titus et al., 2006), bounded by the Loma Prieta
segment to the northwest and the Carrizo segment to the southeast
(Fig. 1). Due to the creeping behavior, no historical earthquakes with
magnitude exceeding 7.0 have occurred over the past 1000 years (Smith
and Sandwell, 2006). In addition, the creeping segment also acted as a
natural barrier that prevented the southwestward rupture of the 1906
Mw 7.9 San Francisco earthquake and the northeastward rupture of the
1857 Mw 7.9 Fort Tejon earthquake (Smith and Sandwell, 2006).
Nevertheless, seismic hazard risk still persists along the creeping
segment, as evidenced by the 2004 Mw 6.0 Parkfield earthquake
(Fletcher et al., 2006) and the potential for future ruptures with
magnitude up to Mw 6.5 (Maurer and Johnson, 2014). These findings
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underscore the need to investigate fault creep for improved assessments
of earthquake potential and seismic risk.

Mechanisms contributing to the central SAF creep have been
extensively studied, including frictionally weak fault gouge materials
(Lockner et al., 2011; Moore and Rymer, 2007), elevated fluid pressure
within the fault zone (Becken et al., 2011; Fulton and Saffer, 2009), and
pressure solution creep (Gratier et al., 2011). Fluids are widely recog-
nized as an important factor influencing fault creep, yet their specific
contributions to the central SAF creep remain debated. Geophysical
observations, including seismic tomography (Zeng et al., 2016) and
magnetotelluric inversion (Becken et al., 2011; Bedrosian et al., 2004),
reveal abundant crustal fluids beneath the creeping segment, potentially
sourced from metamorphic dehydration of the Franciscan Complex and
Great Valley Sequence (Berry, 1973) and/or deep mantle sources
(Becken et al., 2011). Notably, fluid pressure in the Varian well, 1.4 km
from the creeping segment, reaches ~ 12 MPa above hydrostatic at
1.5 km depth (Johnson and McEvilly, 1995). According to the rate- and
state-dependent friction constitutive model (Dieterich, 1992), steady
shear stress is expressed as 75, = y(on —p), where p denotes the effective
friction coefficient, o, the normal stress acting on the fault plane, and p
the pore pressure. Some studies suggest that fluids decrease the effective
normal stress 6, = o, — p by elevating pore pressure p, thereby weak-
ening the fault and promoting creep (Fulton and Saffer, 2009;
Khoshmanesh and Shirzaei, 2018; Kodaira et al., 2004).

(a)
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However, findings from the San Andreas Fault Observatory at Depth
(SAFOD) project challenge the role of elevated pore pressure in fault
creep (Zoback et al., 2010). Significantly elevated pore pressures are not
observed within the fault zone during drilling at ~ 3 km depth. Instead,
Lockner et al. (2011) report that the fault gouge matrix contains 60 —
65% saponite, a trioctahedral smectite clay with extremely low fric-
tional strength (¢ ~ 0.05). This mineral alone is sufficient to explain the
weak fault strength and creep above ~3 km depth. Nevertheless, the
potential role of elevated pore pressure at greater depths, where sapo-
nite becomes chemically unstable, cannot be fully ruled out (Lockner
et al., 2011). Additionally, SAFOD samples reveal talc-bearing serpen-
tinite, a frictionally weak mineral that may contribute to fault creep
(Moore and Lockner, 2011; Moore and Rymer, 2007). Since talc remains
stable up to ~ 800°C (Evans and Guggenheim, 1988), this mineral is
proposed as the primary facilitator of creep at greater depths (Moore and
Rymer, 2007).

To address the long-standing debate on the role of fluids in fault
creep along the central SAF, we apply adjoint-state traveltime tomog-
raphy (Chen et al., 2025a; Chen et al., 2025b; Tong, 2021) to image
crustal velocity heterogeneity and azimuthal anisotropy across Califor-
nia (Fig. 1). The adoption of a broad study region ensures adequate data
coverage within the target region near the central SAF. Seismic velocity
and anisotropy are intrinsic rock properties that describe the seismic
wave propagation speed and its directional dependence (Long and
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Fig. 1. Tectonic setting of the study region. (a) The computational domain (green box) with major tectonic features labeled. Red curves indicate the boundaries of
these features, and the purple box outlines the central SAF study region. (b) Enlarged view of the central SAF. Black lines denote faults and lineaments. Thick blue,
yellow, and red lines indicate the locked, transition, and creeping segments, respectively. Orange areas indicate the rupture zones of the 1906 Mw 7.9 San Francisco
earthquake and the 1857 Mw 7.9 Fort Tejon earthquake. Red triangles denote the volcanic rocks near Berkeley Hills (7.9 — 12.0 Ma) and Coyote Reservoir
(3.66 + 0.01 Ma). Serpentinite outcrops are denoted by the brown zone, modified from Klein et al. (2022). BR: Basin and Range; FTE: Fort Tejon earthquake; LAB:
Los Angeles Basin; MD: Mojave Desert; PR: Peninsular Ranges; SAF: San Andreas Fault; SFE: San Francisco earthquake; ST: Salton Trough; TR: Transverse Ranges; VB:

Ventura Basin.
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Becker, 2010). Reduced seismic velocity may indicate the presence of
fluids (Smith et al., 2003), and anisotropy may reflect local stress re-
gimes and fault zone structures in the shallow crust (Boness and Zoback,
2006). Thus, accurate velocity and anisotropy models can provide an
important perspective for revealing the mechanisms by which fluids
contribute to fault creep.

Our inversion incorporates first-arrival P and reflected PmP phases.
The inclusion of reliably picked PmP data significantly improves illu-
mination of the middle and lower crust, thereby enhancing our ability to
identify crustal fluids. Leveraging an extensive dataset spanning 1981 to
2024, we obtain high-resolution images beneath the central SAF. The
resulting tomographic models provide robust evidence for crustal fluids
and clarify their specific contributions to fault creep along the central
SAF. These observations advance our understanding of fault creep
mechanisms and may be applicable to major fault systems worldwide.

2. Data and methods
2.1. Local earthquake traveltime data filtering

We download the first P arrivals from January 1981 to December
2024 from the Northern California Earthquake Data Center (NCEDC,
2014) and the Southern California Earthquake Data Center (SCEDC,
2013). Then, we apply strict selection criteria to improve data reli-
ability. First, to reduce inherent picking uncertainty, only earthquakes
with magnitudes greater than 2.0 are included. Second, earthquakes
deeper than 20 km and events with epicentral distances exceeding
100 km are discarded, which helps mitigate the sensitivity of first P
arrivals to uncertainties in Moho topography and uppermost mantle
velocity. A lower bound of 10 km for hypocentral distance is also used to
exclude extreme cases in which earthquakes occurred very close to the
stations. Because these data have very short propagation paths and small
traveltimes, the effect of uncertainties in traveltime picking, source
parameters, and small-scale heterogeneities may become relatively
significant. Third, we perform a linear regression between hypocentral
distance and traveltime. Data with deviations greater than 1.74 s (three
times the standard error of the estimate) are removed (Fig. S1). In
addition, earthquakes with fewer than 5 reliable picks are excluded.
Finally, all remaining earthquake locations are refined using the double
difference location catalogs (Hauksson et al., 2012; NCEDC, 2014;
SCEDC, 2013; Waldhauser and Schaff, 2008) to minimize source un-
certainties. Earthquakes absent from the double difference location
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catalogs are discarded. After filtering, our dataset consists of 4,034,776
first P arrivals from 166,783 earthquakes recorded by 2047 stations
(Fig. 2a).

The PmP traveltimes are collected from previous studies (Chen et al.,
2025a; Li et al., 2024; Wu et al., 2022), which are carefully picked using
a two-step semi-automatic workflow. In the first step, we manually
identify the most reliable PmP phases based on several strict criteria.
First, we consider only waveforms that most likely contain pronounced
PmP phases, filtered by earthquake magnitudes greater than 2.0,
epicentral distances of 50 — 200 km, and focal depths shallower than
20 km (Richards-Dinger and Shearer, 1997). Second, we apply a
band-pass filtering between 1.0 and 7.0 Hz, and retain only waveforms
with a signal-to-noise ratio (SNR) greater than 10. Third, PmP ampli-
tudes should be at least twice those of P phases, with both exceeding the
amplitude of the intervening waveform. Finally, the waveforms should
contain clear S and SmS phases near the predicted arrivals. These con-
ditions guarantee the highest-quality PmP phases. In the second step, we
relax some limitations, such as epicentral distance, SNR threshold, and
the presence of S and SmS phases. Those waveforms similar to the
high-quality waveforms are manually checked and retained, with simi-
larity defined by cross-correlation coefficients larger than 0.7. This
procedure allows us to pick PmP phases from waveforms of moderate
quality. A linear regression is performed between hypocentral distance
and PmP traveltime (Fig. S2). The standard error of the PmP traveltime
residuals is 0.77 s, slightly larger than that of the P data, 0.58 s. This
difference may arise from the inherently higher picking uncertainties of
PmP phases. Furthermore, similar to the P data, earthquake locations
associated with the PmP data are also refined using the double difference
location catalogs (Hauksson et al., 2012; NCEDC, 2014; SCEDC, 2013;
Waldhauser and Schaff, 2008). Finally, our dataset contains 44,694 PmP
traveltimes from 22,100 earthquakes recorded by 611 stations (Fig. 2b),
with representative examples shown in Fig. S3.

2.2. Initial model and Moho topography

The initial P-wave velocity model is derived by applying the
empirical function of Brocher (2005) to a three-dimensional S-wave
velocity model obtained by jointly inverting receiver functions, Rayleigh
wave dispersion, and ellipticity measurements (Schmandt et al., 2015).
Here, we follow the method of Shen and Ritzwoller (2016). In sedi-
mentary regions where Vs < 3 km/s, Vp is scaled from V; using

(b) PmP data distribution
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Fig. 2. Distribution of earthquakes and stations. Earthquakes, color-coded by depth, are projected onto the horizontal plane and two vertical sections. Blue inverted

triangles denote seismic stations. (a) First arrival P data; (b) Reflected PmP data.
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Vp = 0.941 + 2.095Vs — 0.821VZ + 0.268V3 — 0.0251 V. (€8]

In the crystalline crust and uppermost mantle, a fixed V /V;s ratio of
1.75 is applied. The resulting Vp model is then smoothed using a
Gaussian filter with standard deviations of 100 km horizontally and
2 km vertically. To further refine the initial model, we perform a pre-
liminary inversion of P traveltimes on a relatively coarse inversion grid,
aiming to mitigate systematic bias introduced by applying a uniform
empirical function across the entire study region. This procedure yields a
smoothed isotropic velocity model with a mean traveltime residual of —
0.08 s, close to 0, indicating that this smoothed velocity model is suit-
able as an initial model for subsequent inversion (Fig. S4). Nevertheless,
the mean traveltime residual varies with hypocentral distance. It is
—0.18 s for data with hypocentral distances of <30 km, but becomes
—0.02 s for data with hypocentral distances greater than 60 km (Fig. S5).
This comparison indicates that the relatively smooth initial model
cannot fully fit the observed and synthetic traveltimes over all hypo-
central distance ranges, and that subsequent inversion is required to
update the velocity model.

As Moho topography and lower-crustal velocity are typically coupled
when inverting PmP traveltimes, it is essential to adopt a reliable Moho
topography during the inversion. In this study, we adopt the Moho
topography of Schmandt et al. (2015) (Fig. S6), which is well con-
strained by joint inversion of receiver functions and Rayleigh wave
dispersion. This Moho topography is therefore considered reliable and is
kept fixed throughout the inversion. Further refinement of the Moho
depth would require additional reliable constraints, which could be
explored in future work. Although the Moho model does not cover the
entire study region, it fully encompasses all regions where PmP data are
included. Areas outside the model coverage are simply filled by
extrapolation, which has negligible influence on the results due to the
absence of PmP data there.

2.3. Adjoint-state traveltime tomography

We employ adjoint-state traveltime tomography (ATT) methods to
jointly invert first P (Chen et al., 2025b; Tong, 2021) and reflected PmP
traveltimes (Chen et al.,, 2025a) for velocity heterogeneity and
azimuthal anisotropy. The objective is to obtain the optimal velocity and
anisotropic parameters, denoted as (v*(x), &"(x),n*(x)), that minimize
the discrepancy between synthetic and observed traveltimes. We apply
an iterative method to alternately minimize the following two misfit
functions

10.Em=ltv.&n) — 7%, @

Lomp (Vs &)= tomp (v, &,1) — G| 3

Here, tp(v,&,17) and tpmp(v,&,n7) denote the synthetic P and PmP
traveltimes computed in the model (v(x), &(x),7(x)), while t2* and 35,
are the corresponding observations. The notation || - || represents the L,
norm, defined as || t || = /> ;t2.

The ATT workflow comprises two primary components: forward
modeling to calculate synthetic traveltimes, and inversion to iteratively
update model parameters. In the forward modeling stage, the aniso-
tropic Eikonal equation is solved using the fast sweeping method to
obtain synthetic traveltimes tp and tpmp (Chen et al., 2025a). This
method avoids the potential inaccuracies of conventional ray tracing
techniques (e.g. bending and shooting methods) in heterogeneous and
anisotropic media (Rawlinson et al., 2008). In addition, it is computa-
tionally more efficient than wave equation-based tomography methods.
As a result, the forward modeling in ATT methods achieves a favorable
balance between simulation accuracy and computational cost. In the
inversion stage, ATT methods employ the ray-free adjoint-state method
to compute sensitivity kernels. To enhance inversion stability, several
postprocessing strategies are applied (Chen et al., 2025b), including
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multiple-grid parameterization, kernel density regularization, and step
size-controlled gradient method (Text S1.1).

P traveltimes primarily constrain the upper to middle crust, whereas
PmP traveltimes are sensitive to the entire crust, with particular sensi-
tivity to the lower crust. To fully leverage the complementary resolving
abilities of these two datasets, which differ substantially in data volume,
we carefully design a two-stage inversion strategy to invert for velocity
and anisotropy in the entire crust. Specifically, in the first stage, only the
P traveltimes are inverted for 40 iterations to simultaneously update
velocity, anisotropy, and source locations. In the second stage, P and
PmP traveltimes are inverted alternately for 100 iterations in total,
consisting of 10 inversion loops. Each loop includes 5 iterations for PmP
data followed by 5 iterations for P data. Details of the inversion pro-
cedure are provided in Text S1.2. After the inversion, the standard de-
viations of P and PmP residuals reduce from 0.42 s and 0.75 s to 0.26 s
and 0.63 s, respectively (Text S1.3). Synthetic checkerboard tests vali-
date our inversion procedure and demonstrate that the inclusion of PmP
data substantially improves the resolution of the middle-to-lower crust.
In addition, synthetic leakage tests indicate that relatively weak leakage
occurs between velocity and azimuthal anisotropy during the inversion
(see Text S1.4 for details of synthetic tests).

3. Results

We obtain a three-dimensional anisotropic P-wave velocity model of
the entire crust beneath California. Incorporating PmP data enhances
illumination of the middle and lower crust down to Moho depths. Pro-
nounced velocity heterogeneities and anisotropy anomalies are identi-
fied beneath major tectonic features, such as the Sierra Nevada, Great
Valley, Coast Ranges, and southern California. Here, we focus on
structures beneath the central SAF, with other regions presented and
discussed in Text S2.

3.1. P-wave velocity heterogeneity

Our tomographic model reveals distinct velocity anomalies in the
crust. In the upper crust above ~ 8 km depth (Figs. 3b-d, S9b-d), the
most pronounced feature is the SAF that separates high-velocity zones to
the southwest from low-velocity zones to the northeast. This pattern is
consistent with previous tomographic studies (Eberhart-Phillips and
Michael, 1993; Tong, 2021; Zeng et al., 2016). The velocity contrast
across the fault exceeds 20% at 2 km depth and generally decreases to
approximately 4% at 8 km depth, which reflects differences in rock type
across the fault. The high-velocity region corresponds to Salinian granite
rocks, while the low-velocity body represents the Great Valley Sequence
which consists primarily of sediments (Wallace, 1990). In detail, the
Great Valley Sequence contains two anomalies with lower velocity—one
near the creeping segment at 36.3°N, 120°W, and the other near the San
Francisco Bay Area at 38.0°N, 121.8°W. The peak velocity perturbations
of these two anomalies reach approximately —20% at 2 km depth and
decrease in magnitude to approximately —10% at 8 km depth. These
features agree with models from Jiang et al. (2018) and Lin et al. (2014),
and may reflect relatively thicker sedimentary deposits (Mooney and
Kaban, 2010).

In the middle-to-lower crust below 10 km depth (Figs. 3e-h, S9e-h),
our model reveals a prominent high-velocity anomaly of +2% to +8%
beneath the Great Valley, corresponding to part of the 700-km-long and
70-km-wide Great Valley Ophiolite (GVO) (Godfrey and Klemperer,
1998). This feature aligns with previous seismic tomographic studies
(Jiang et al., 2018; Lin et al., 2014) and coincides with gravity and
magnetic models (Godfrey and Klemperer, 1998). In addition, our model
clearly resolves four isolated low-velocity anomalies in the
middle-to-lower crust along or near the central SAF. The northernmost
anomaly (L1; 37.8°'N, 122°W) underlies the Berkeley Hills volcanic
center (7.9 — 12.0 Ma) (Fox et al., 1985), which is also identified by
previous seismic tomographic models (Hole et al., 2000; Li et al., 2024).
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Fig. 3. Horizontal sections of P-wave velocity perturbation. (a) Topography map. Thick blue, yellow, and red lines denote the locked, transition, and creeping
segments of the central San Andreas Fault. The black curve represents the boundary of the Great Valley. (b-h) Horizontal profiles of P-wave velocity perturbation
relative to the horizontal average at different depths. Red circles mark tremor events located within 2 km of the section. Prominent features are labeled.
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Fig. 4. Horizontal sections of P-wave azimuthal anisotropy and stress map. (a) Stress map. Red lines align with Symax directions from the World Stress Map
Database Release 2025 (Heidbach et al., 2025). Blue lines indicate the smoothed Spmax directions from the Smoothed Global Stress Maps (Heidbach and Ziegler,
2018). (b-h) Fast velocity directions at different depths (red bars). Labeled arrows highlight general alignment patterns of fast velocity directions.
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This anomaly extends from 14 km to at least 20 km depth, with peak Vp
perturbations ranging from —12% to —6%. The second anomaly (L2;
37.2°N, 121.5°W) lies beneath the Coyote Reservoir volcanic center
(3.66 = 0.01 Ma) (Fox et al., 1985). It also extends from 14 km to at least
20 km depth, with peak Vp perturbations ranging from —12% to —8%.
This anomaly appears faintly in the Vp model of Guo et al. (2025) but is
sharply imaged here due to the enhanced middle-to-lower crustal reso-
lution by PmP data. The third anomaly (L3; 36.5°N, 120.8°W) is located
beneath the transition and creeping segments. This anomaly extends
from 14 km to at least 20 km depth, with peak perturbations ranging
from —6% to —4%. It coincides with a ~ 3.5 km/s low Vs anomaly at
20 km in the ambient noise tomography model of Lippoldt et al. (2017)
(profile b), but is poorly resolved in the Vp model of Zeng et al. (2016)
due to sparse lower-crustal low-frequency earthquakes in that region.
The southernmost anomaly (L4; 35.5°N, 120.5°W), west of the Carrizo
segment, extends from 17 km to at least 20 km depth, with peak per-
turbations ranging from —6% to —4%. This anomaly aligns with a ~ 3.5
km/s low Vs anomaly at 20-25 km in the model of Lippoldt et al. (2017)
(profile d). Notably, these four low-velocity anomalies are largely
revealed by the PmP data, consistent with the checkerboard tests
showing limited lower-crustal resolution using only P data (Text S1.4
and Fig. S21).

3.2. P-wave azimuthal anisotropy

Our model shows distinct patterns of azimuthal anisotropy in the
shallow and middle crust. In the shallow crust (Fig. 4b), fast velocity
directions (FVDs) along the central SAF vary significantly. NE-SW FVDs,
perpendicular to the fault strike, dominate in the locked Loma Prieta
(AI; 37.5°N, 122°W) and Carrizo segments (A3; 35.2°N, 120°W), with
anisotropy amplitudes of approximately 0.04 and 0.02, respectively. In
contrast, NW-SE FVDs, parallel to the fault strike, are imaged along the
intervening transition and creeping segments (A2), with anisotropy
amplitudes ranging from 0.02 to 0.04. This along-strike variation di-
minishes rapidly with depth (compare Fig. 4b with 4d). In the middle
crust, FVDs along the central SAF are uniformly oriented NW-SE, par-
allel to the fault strike (Fig. 4d-h, A4). The anisotropy amplitude reaches
up to 0.08 near the Loma Prieta segment but decreases to 0.01-0.03
toward the south. Additionally, two localized regions of fault-normal
NE-SW FVDs (A5 and A6) emerge adjacent to the central SAF, with
anisotropy amplitudes of approximately 0.02. One anomaly appears
west of the creeping segment down to 10 km depth (Fig. 4b-f, A5, 36°N,
121°W), where the FVDs align parallel to the maximum horizontal
compressive stress (Spymax) from borehole measurements (Boness and
Zoback, 2006) (Fig. 4a). The other anomaly lies beneath the Great
Valley at depths greater than 8 km (Fig. 4e-h, A6), distinct from the
NW-SE FVDs in the adjacent Coast Ranges.

4. Discussion
4.1. Mechanism of fluid-facilitated fault creep

The inclusion of PmP data enables the identification of four low-
velocity anomalies (L1-L4) in the middle-to-lower crust, providing
new insights into fluid infiltration beneath the central SAF. The two
northern anomalies (L1 and L2), located beneath the Berkeley Hills
volcanic center (7.9 —12.0 Ma) (Fox et al., 1985) and the Coyote
Reservoir volcanic center (3.66 £ 0.01 Ma) (Fox et al., 1985; Nakata,
1981), are plausibly interpreted as melting remnants in the
middle-to-lower crust. Further south, the low-velocity anomalies (L3
and L4) exhibit low electrical resistivity of ~ 10 Qm in magnetotelluric
inversions (Becken et al., 2011), indicating the presence of fluids. In
contrast to L1 and L2, there is no compelling evidence of historical
volcanism in the regions of L3 and L4 (Fox et al., 1985). Furthermore,
the temperature at 20 km depth near Parkfield, estimated to be ~ 500°C
based on surface heat flow modeling (Sass et al., 1997), is insufficient for
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partial melting (Becken et al., 2011). Thus, we infer that L3 and L4 likely
represent aqueous fluids rather than melts. These aqueous fluids may
originate from metamorphic dehydration of the Franciscan Complex in
the crust (Berry, 1973) and/or from the uppermost mantle due to
ongoing dehydration of serpentinized mantle wedge material (Becken
et al., 2011; Fulton and Saffer, 2009).

Fluids can elevate pore pressure and facilitate fault creep by reducing
effective normal stress (Becken et al., 2011; Fulton and Saffer, 2009;
Zeng et al., 2016). However, the SAFOD project did not observe signif-
icantly elevated pore pressure at ~ 3 km depth (Zoback et al., 2010),
casting doubt on the role of fluids in creep (Lockner et al., 2011; Moore
and Rymer, 2007). To address this issue, we attribute Vp reduction to
pore fluids and estimate average crustal porosity along the central SAF
using Gassmann fluid substitution modeling (Smith et al., 2003). See
Text S3 for details. Porosity varies substantially along strike, from 1% to
10%, with two pronounced peaks of ~ 10% in the locked Loma Prieta
segment and ~ 8% near the creeping segment (Fig. 5a). The porosity
range is consistent with 2% — 15% estimates from magnetotelluric in-
versions (Bedrosian et al., 2004). The two peak porosity zones corre-
spond to melt remnants of L2 beneath the locked Loma Prieta segment
and aqueous fluids of L3 beneath the creeping segment, respectively. It
should be noted that porosity may be overestimated because the effect of
fluid-saturated crack systems is not taken into account. However,
accurately correcting for the contribution of cracks to porosity estimates
is challenging, because the 3D distribution of crack density and the
degree of fluid saturation are not well constrained. Our rough evaluation
suggests that this overestimation does not exceed 3.75% in the upper
crust and is much smaller in the middle and lower crust due to pervasive
crack closure under increasing confining pressure. Therefore, this un-
certainty may not significantly alter the overall pattern of the estimated
porosity curve (see Text S3.4 for detailed discussion).

Fluids associated with L2 and L3 are likely to ascend into the shallow
fault zone through the fault plane, given that the SAF extends down to
the lower crust and even cuts through the entire crust (Henstock et al.,
1997; Parsons and Hart, 1999; Zhu, 2000). This inference is supported
by magnetotelluric inversions, which reveal vertical low electrical re-
sistivity channels (~ 10 Qm) beneath the Loma Prieta and the creeping
segment, extending from the surface to depths exceeding 10 km
(Bedrosian et al., 2004; Merzer and Klemperer, 1997). These channels
imply pathways for fluid migration from the lower crust or deeper
sources. In addition, elevated *He/*He ratios (0.12 — 4.0Ra, Ra = 1.4 x
106, the atmospheric *He/*He ratio) along the SAF indicate mantle He
contributions of 1% — 50% (Kennedy et al., 1997) (Fig. S27), further
supporting deep fluid sources.

Along the locked Loma Prieta segment and the creeping segment,
both melts and aqueous fluids can reduce effective normal stress by
elevating pore pressure. However, despite similarly high porosity levels,
the Loma Prieta segment associated with partial melting remains locked,
in contrast with the creeping segment which is related to aqueous fluids
and exhibits relatively high creep rates (Jolivet et al., 2015; Titus et al.,
2006) (Fig. 5). This discrepancy suggests that elevated pore pressure
may not be the primary driver of fault creep along the central SAF. This
interpretation is consistent with SAFOD findings, which ascribe fault
creep above ~ 3 km depth predominantly to frictionally weak materials
such as saponite and talc-bearing serpentinite (Lockner et al., 2011;
Moore and Rymer, 2007). Nevertheless, it is premature to rule out the
role of fluids in promoting creep. Our study shows that the creep rate
and porosity along the transition and creeping segments are highly
correlated, with a correlation coefficient of 0.99 (Fig. 5a, 100 — 275 km
from San Juan Bautista to Cholame). This strong correlation suggests
that fluids indeed contribute to fault creep, though not via elevated pore
pressure as commonly assumed (Fulton and Saffer, 2009; Khoshmanesh
and Shirzaei, 2018; Kodaira et al., 2004).

The key difference between the two fluid reservoirs lies in their
temperature and composition. Near the creeping segment, surface heat
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Fig. 5. Relationship between crustal fluids and creep rates. (a) The red curve shows the averaged crustal porosity, with the shaded area representing the
uncertainty. The blue curve denotes the smoothed Interferometric Synthetic Aperture Radar-derived (InSAR) line-of-sight (LOS) creep rate (Jolivet et al., 2015). An
InSAR LOS creep rate of 6-7 mm/year corresponds to 25-30 mm/year of plate motion parallel to the fault (Jolivet et al., 2015). (b) Vertical profile of velocity
perturbation along the central San Andreas Fault. Perturbations are shown relative to the 1D averaged model (Fig. S29). The black curve represents the

Moho interface.

flow modeling (Sass et al., 1997) estimates temperatures of ~ 250 —
500°C at depths of 10 — 20 km. This range favors the stable existence of
serpentinite and talc (Evans and Guggenheim, 1988), both of which are
commonly linked with fault creep (Biirgmann, 2018; Moore and Rymer,
2007). The presence of serpentinite is supported by outcrops near the
creeping segment (Rymer, 1982) (Fig. 1) and SAFOD samples at ~ 3 km
depth (Moore and Rymer, 2007). Additionally, talc forms along vein
walls, cracks, and foliation planes within sheared serpentinite at ~ 3 km
depth through metasomatic reactions with silica-rich hydrothermal
fluids:

Serpentinite + 2SiO,—Talc + H,O.

With increasing depth, faster reaction rates and greater amounts of
dissolved silica, due to higher temperature, will enhance metasomatic
reactions. Therefore, it is reasonable to infer that serpentinite and talc
persist at greater depths near the creeping segment (Moore and Rymer,
2007). As a frictionally weak material, talc-bearing serpentinite may
account for fault creep in the crust (Moore and Rymer, 2007). Labora-
tory experiments report that higher talc content in serpentinite yields a
lower coefficient of friction (Moore and Lockner, 2011). Notably, even ~
2% talc content in serpentinite can reduce the coefficient of friction from
~ 0.60 to ~ 0.25 in some cases (Moore and Lockner, 2011).

We infer that fluids facilitate the central SAF creep primarily by
promoting talc formation rather than by elevating pore pressure.
Increased aqueous fluid volume promotes greater dissolution of
silica—a key reactant in the metasomatic reaction—yielding greater talc
production. Thus, near the creeping segment, abundant crustal aqueous
fluids migrate upward along the fault plane, facilitating the formation of
talc within the fault gouge. The resulting talc-bearing serpentinite, being

frictionally weak, reduces fault strength and promotes fault creep. By
contrast, fluids beneath the Loma Prieta segment possibly correspond to
melt remnants beneath the Coyote Reservoir volcanic center
(3.66 £ 0.01 Ma). Temperatures required for partial melting in the lower
crust can exceed 800°C (Li et al., 2024). Under such conditions, fric-
tionally weak materials such as talc-bearing serpentinite are unlikely to
persist. In addition, the lack of aqueous fluids also inhibits the formation
of serpentinite and talc. Consequently, despite the potential for elevated
pore pressure, the Loma Prieta segment remains locked due to the
absence of frictionally weak materials. This comparison indicates that
fluids promote the central SAF creep primarily by facilitating the for-
mation of frictionally weak minerals rather than by elevating pore
pressure.

4.2. Implications of anisotropic variations along the central SAF

Fault properties are also linked with seismic anisotropy. In the
shallow crust (< 5 km) of the central SAF, anisotropy is primarily
controlled by stress and fault structures (Boness and Zoback, 2006). The
maximum horizontal compressive stress (Sumax) closes microcracks
perpendicular to its direction while preserving those parallel to Symax,
resulting in stress-induced anisotropy with FVDs parallel to Symax. In
addition, shear fabrics within the fault gouge and fault-parallel macro-
scopic fractures tend to orient FVDs parallel to the fault strike (Johnston
and Christensen, 1995; Zhang and Schwartz, 1994), which is widely
observed in large strike-slip fault systems (Boness and Zoback, 2006;
Zhang and Schwartz, 1994) and is termed structure-induced anisotropy
(Boness and Zoback, 2006).

Seismic tomographic inversion measures the volume average of
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anisotropy, which enables our model to capture the competition be-
tween fault-normal stress-induced and fault-parallel structure-induced
anisotropies along the central SAF. In the locked Loma Prieta and Car-
rizo segments, fault-normal (Sumax-parallel) FVDs dominate (Fig. 4, A1
and A3), reflecting stress-induced anisotropy. Conversely, fault-parallel
FVDs prevail in the intervening transition and creeping segments (Fig. 4,
A2), indicating structure-induced anisotropy. This variation in the
dominant anisotropy mechanism may be explained by two primary
factors. First, SAFOD drilling reveals that the fault gouge of the creeping
segment consists of a matrix of magnesium-rich clay containing por-
phyroclasts of serpentinite and sedimentary rock (Lockner et al., 2011).
The preferred orientation of foliated clay minerals within the fault gouge
can reduce P-wave speed normal to the fault by ~ 30% (Johnston and
Christensen, 1995), contributing to fault-parallel FVDs. X-ray diffrac-
tion analyses indicate that saponite is a key component of the fault
gouge and can constitute over 60% (Lockner et al., 2011). This mineral
contributes to a frictionally weak (4 ~ 0.15) and velocity strengthening
(a—b> 0.0037 £ 0.0007) fault gouge, promoting creep behavior
(Lockner et al., 2011). Thus, the fault-parallel anisotropy along the
creeping segment also highlights the presence of frictionally weak
minerals and their role in facilitating fault creep. Second, focal mecha-
nism inversions and borehole breakouts (Mount and Suppe, 1987)
indicate an angle of ~ 85° between Synmax and the fault strike near the
Loma Prieta segment, higher than the ~ 70° angle near the creeping
segment (Townend and Zoback, 2004) (Figs. 4a, S26, S28). The higher
angle of ~ 85° may suggest enhanced fault-normal stress, favoring
stress-induced anisotropy as the dominant mechanism in the Loma
Prieta segment.

With increasing depth, confining pressure gradually closes micro-
cracks, thereby diminishing microcrack-related anisotropy and making
the crystallographic preferred orientation (CPO) of minerals the domi-
nant mechanism (Crampin, 1987). Below 5 km depth, pervasive
fault-parallel FVDs are imaged along the central SAF (Fig. 4, A4), likely
attributed to the CPO of minerals (Kim and Jung, 2019; Zhang and
Schwartz, 1994). Middle-crustal rocks, such as amphibole and mica,
experience intense shear deformation due to the relative motion of the
Pacific and North American plates, producing FVDs parallel to the
plate-motion direction (i.e., parallel to the fault strike) (Almqvist and
Mainprice, 2017; Kim and Jung, 2019). In addition, stress-parallel
FVDs west of the SAF at 2 — 10 km depth (Fig. 4, A5) likely arise from
preferred orientations of open microcracks (Tong, 2021). These cracks
persist down to 10 km depth, possibly due to fluid infiltration (Audet,
2015), as supported by the low electrical resistivity anomaly there
(Becken et al., 2011). Furthermore, fault-normal FVDs within the Great
Valley Ophiolite (GVO) below 8 km depth stand in contrast to
fault-parallel FVDs in the Coast Ranges to the northwest (Fig. 4, A6). As
proposed by Godfrey and Klemperer (1998), the GVO formed through
spreading and was subsequently accreted to the continental margin
during the Nevadan orogeny, ultimately forming the basement of the
Great Valley basin. The fault-normal FVDs within the GVO possibly
result from the inherited structures and fabrics with limited rotation.

5. Conclusions

By jointly inverting first arrival P and reflected PmP phases, we
image crustal velocity heterogeneity and azimuthal anisotropy across
California. The inclusion of PmP data significantly enhances the iden-
tification of fluids in the middle-to-lower crust, revealing a nearly pro-
portional relationship between creep rate and aqueous fluid volume
along the central SAF. In contrast, the Loma Prieta segment remains
locked despite the potential for elevated pore pressure associated with
melts. This comparison suggests that elevated pore pressure, arising
from either aqueous fluids or melts, is not the primary driver of fault
creep. Instead, aqueous fluids may promote fault creep primarily by
facilitating the formation of frictionally weak materials, such as talc-
bearing serpentinite. Our anisotropic model further indicates the
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presence of frictionally weak minerals in the creeping segment. How-
ever, our model explains the mechanisms of creep only for the central
SAF, and its applicability beyond this fault system is uncertain. Fault
creep is also observed in other fault systems worldwide, such as the
North Anatolian Fault and Alto Tiberina Fault. The mechanisms that
drive fault creep are multifaceted and likely arise from the combined
effects of multiple factors. Further studies are required to investigate the
underlying mechanisms and to evaluate the extent to which our inter-
pretation can be generalized to other fault systems.
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