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Abstract The structure of fault zones and the ruptures they host are inextricably linked. Fault zones are
narrow, which has made imaging their structure at seismogenic depths a persistent problem. Fiber‐optic
seismology allows for low‐maintenance, long‐term deployments of dense seismic arrays, which present new
opportunities to address this problem. We use a fiber array that crosses the Garlock Fault to explore its structure.
With a multifaceted imaging approach, we peel back the shallow structure around the fault to see how the fault
changes with depth in the crust. We first generate a shallow velocity model across the fault with a joint inversion
of active source and ambient noise data. Subsequently, we investigate the fault at deeper depths using travel‐
time observations from local earthquakes. By comparing the shallow velocity model and the earthquake travel‐
time observations, we find that the fault's low‐velocity zone below the top few hundred meters is at most
unexpectedly narrow, potentially indicating fault zone healing. Using differential travel‐time measurements
from earthquake pairs, we resolve a sharp bimaterial contrast at depth that suggests preferred westward rupture
directivity.

Plain Language Summary Fault zone structure is important because it influences the physics of
earthquake ruptures. Imaging fault zones at depth, where large earthquakes typically happen, is challenging
because fault zones are narrow and seismic imaging resolution degrades with depth. Dense seismic arrays
deployed across faults can help resolve important properties of fault zones at depth. Fiber optic seismology
allows for the deployment of dense arrays across faults for long periods of time with low logistical burden. We
use a fiber optic array that crosses the Garlock Fault to explore important characteristics of the fault zone at
different depths. We find that there is no extensive low velocity feature at depth, potentially suggesting healing
of the fault damage zone. Additionally, when we remove the contribution of the complicated velocity structure
of the shallow crust, we recover a sharp velocity contrast across the fault which may have implications for the
propagation behavior of future ruptures.

1. Introduction
Fault zone structure plays an important role in the behavior of earthquake ruptures. Damage in the immediate
vicinity of the fault alters the permeability and rheology of fault‐adjacent rocks, potentially affecting the
movement of fluids near the fault (Caine et al., 1996) and changing the dynamic properties of ruptures (Dunham
et al., 2011; Thakur et al., 2020). Observational work has shown that large ruptures often propagate unilaterally
(e.g., Atterholt & Ross, 2023; J. J. McGuire et al., 2002); simulations and experimental work suggest that a
bimaterial contrast across the fault at seismogenic depths promotes asymmetric ruptures, but the consequences for
future directivity of faults is unclear (Andrews & Ben‐Zion, 1997; Anooshehpoor & Brune, 1999; Cochard &
Rice, 2000; Harris & Day, 2005; Huang, 2018; Ranjith & Rice, 2001; Xia et al., 2005). Recent simulations suggest
that, for sequences of earthquakes, bimaterial contrasts bias the nucleation sites toward asymmetric ruptures and a
preferred rupture direction (Abdelmeguid & Elbanna, 2022; Erickson & Day, 2016). This consequent directivity
can amplify ground motion in the path of the propagating rupture, which is an important consideration when
evaluating rupture hazards and dynamic stress changes.

The Garlock Fault is a major left‐lateral strike‐slip fault that extends from the San Andreas to the southern tip of
Death Valley and bisects the Eastern California Shear Zone. This fault has been quiet during the historical period
but is known to have hosted several large earthquakes in the past few thousand years (Dawson et al., 2003;
Madden Madugo et al., 2012; McGill & Rockwell, 1998). The most recent known event on the Garlock Fault took
place several hundred years ago, and thus the fault is expectedly late in its interseismic period. Results from a
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well‐studied site on the central segment of the Garlock Fault, which is of particular interest to this study, suggest
the most recent earthquake to rupture the surface along the central segment of the fault took place between 1450
and 1610 AD (Dawson et al., 2003). The integrated displacement along the fault is approximately 50 km (Davis &
Burchfiel, 1973; Monastero et al., 1997; Smith, 1962) and thus the Garlock is a mature fault with an expectedly
well‐developed damage zone. Based on empirical scaling relationships between fault displacement and damage
zone width, the displacement on the Garlock would suggest a damage zone with a wide range of potential widths,
but likely exceeding 100 m (Savage & Brodsky, 2011). Additionally, the large displacement along the fault could
have potentially juxtaposed lithologies with distinct seismic velocities, creating a bimaterial contrast across the
fault. But the juxtaposition observed at the surface is complicated (see Figure S1 in Supporting Information S1 for
geologic map) and is not necessarily representative of the material contrast at depth. Recently, the 2019
Ridgecrest earthquake sequence triggered creep and an earthquake swarm on the Garlock Fault (Ross et al., 2019).
A rupture on the Garlock is of concern because of its proximity to several communities and because it would
likely impose significant dynamic and static stress changes on the San Andreas (Toda & Stein, 2020) or could
potentially be triggered to produce a large aftershock of a rupture on the San Andreas, as in the 2023 Kahra-
manmaraş earthquake sequence (Jia et al., 2023).

Imaging fault zones is a challenging problem, particularly at depth, because fault zones are narrow structures, and
the resolution of imaging techniques, such as travel‐time tomography, typically degrade with depth. Fault
structure at depth is important because large earthquakes typically nucleate at least several kilometers (∼5 km)
below the surface (Hauksson et al., 2012), and the fault zone at these depths is thus important for understanding
the physics of large ruptures. Hereafter, we refer to depths at which large earthquakes typically nucleate as
seismogenic depths. Travel‐times from individual earthquakes can sample structure near the fault (Ozakin
et al., 2012), but these measurements are depth‐integrated, and thus make drawing conclusions about the fault at
seismogenic depths difficult. Fault zone trapped waves (e.g., Ben‐Zion et al., 2003; Catchings et al., 2016; Qiu
et al., 2021) and fault zone head waves (e.g., Allam et al., 2014; McGuire & Ben‐Zion, 2005) have been used to
image fault damage zones and bimaterial contrasts respectively, with great success. However, a recent study of the
Garlock fault (H. Qiu et al., 2023) shows no fault zone trapped wave observations and some weak fault zone head
wave observations, which are also depth‐integrated, on the Garlock. This would suggest the damage zone is not an
efficient trapping structure and that there is a material contrast across the fault; but the finer details and the depth‐
dependent behavior of these features are ambiguous. Imaging the depth‐dependent properties of the fault damage
zone and characterizing the properties of the fault interface at seismogenic depths thus present significant
challenges.

Distributed acoustic sensing (DAS) is a technique that measures strain in a fiber optic cable using optical
interferometry on backscattered light from laser pulses in the fiber. DAS arrays measure strain at high spatial and
temporal frequency and can be deployed with minimal effort for long periods of time. In this study, we use a DAS
array that crosses the Garlock to image the depth‐dependent structure of the fault zone. To accomplish this, we
apply a framework that uses multiple methods with complimentary depth sensitivities to recover the depth‐
dependent structure of the fault zone. This kind of approach has been successfully applied using dense arrays
that cross fault zones in the past (Jiang et al., 2021; Zhang et al., 2022). We first resolve a high‐resolution image of
the shallow structure using a joint data set of active source and ambient noise data. Subsequently, we measure the
depth‐integrated velocity structure on the fault zone using earthquake travel‐times from a cluster of earthquakes
near the fault. Using a broader set of earthquakes, we infer deeper fault structure using differential travel‐times
from earthquakes over a larger geographic area. These analyses are all performed using collocated measurements
and each uniquely constrain different depth‐dependent features of the fault zone.

2. A Heterogeneous Shallow Subsurface
The shallowest part of the fault zone has been shown to exhibit sharp, low‐velocity anomalies that contribute to
considerable ground motion amplification during earthquakes and may signify damage that facilitates fluid
transport (Share et al., 2020; Y. Wang et al., 2019; Zigone et al., 2019). The high heterogeneity imposed by the
shallow subsurface may also significantly affect depth‐integrated measurements which are used to infer the
properties of fault zones at seismogenic depths. The shallowest fault zone structure is thus a natural starting point
when seeking to understand the fault zone's full architecture, because this structure may subsequently be used to
correct for its universal contribution to depth‐integrated observations.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB028900

ATTERHOLT ET AL. 2 of 15

 21699356, 2024, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

028900 by C
alifornia Inst of Technology, W

iley O
nline Library on [16/06/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



In August of 2021, a DAS array was deployed on a dark fiber traversing a path between Ridgecrest, CA and
Barstow, CA. The array spans 100 km with 10‐m channel spacing, amounting to 10,000 channels averaging strain
over 50 or 100 m, depending on the recording period (see Figure 1). DAS is a powerful tool for characterizing the
shallow subsurface (e.g., Atterholt et al., 2022; Cheng et al., 2021; Jousset et al., 2018; Spica et al., 2020; Viens
et al., 2022; Yang, Zhan, et al., 2022), and we employ this array to solve for the heterogeneous structure in and
around the Garlock Fault. We leverage data with complementary frequency sensitivity from an active source
survey that used the in‐situ DAS channels as receivers and ambient noise cross‐correlations.

The active source experiment was performed using a Propelled Energy Generator (40 kg) source at 10 m intervals
along a 1.4 km segment of the array centered on the mapped strand of the Garlock Fault (purple segment;
Figure 1a). At each shot location, we performed 10 shots for stacking. During the active source experiment, we
reduced the channel spacing and gauge length of the array to 2 and 16 m respectively. To produce virtual shot
gathers, we cross‐correlate ambient noise for a week of continuous data with 10 m channel spacing and 50 m
gauge length. Prior to performing the cross‐correlations, we bandpass filter the data between 0.1 and 10 Hz and
down‐sample the data to 25 Hz. We apply absolute‐average temporal normalization and spectral whitening to 1‐hr
segments of the data and subsequently apply cross‐correlation and normalization in the frequency domain
(Bensen et al., 2007). We then transform the cross‐correlations to the time domain and organize them into
common shot gathers for each virtual source. Examples of both active source and virtual source shot gathers are
shown in Figure 1b.

To invert for dispersion curves for both sets of shot gathers, we employ a beamforming approach (Yang,
Atterholt, et al., 2022). In short, this approach takes a window of stations around each station that recorded an
individual shot gather and measures the local phase dispersion. The window used is set according to the
approximate wavelength of the data. This technique resolves many dispersion curves at each channel location for
each data set. The resultant dispersion curves in the immediate vicinity around the fault are shown in Figure 2, and
the dispersion curves for an extended region computed using only the ambient noise data are shown in Figure S2
in Supporting Information S1.

Figure 1. Study setting and data set examples. (a) Map summarizing the data used in this study. Blue, yellow, and purple curves represent the entire DAS array, the
segment used for the ambient noise experiment, and the segment used for the active source experiment, respectively. Gray and green points show the earthquakes used to
construct the profiles in Figures 2 and 4. The gray star indicates the earthquake shown in (c). The diamond shaped points indicate the earthquakes shown in Figure S8 in
Supporting Information S1. Red points show earthquakes that were also used in the inversion for the bimaterial contrast. Locations of the San Andreas Fault (SAF) and
Death Valley (DV) are indicated on the inset. (b) Example shot gathers located approximately on the mapped fault trace from the active source (top) and ambient noise
experiments (bottom). Active source and ambient noise shot gathers are bandpass filtered between 2–10 and 1–5 Hz respectively. (c) Example of the waveforms from an
on‐fault earthquake. Olive dotted lines mark the P and S wave picks. Earthquake wavefield is filtered between 1 and 10 Hz. For b and c, zero distance is the location of
the intersection between the central strand of the Garlock Fault and the DAS array.
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We subsequently perform a joint inversion to infer the depth‐dependent velocity structure around the fault shown
in Figure 3. To accomplish this, we use several key components of the level set tomography approach outlined in
Muir and Tsai (2020) and Muir et al. (2022). We parameterize our model as a Gaussian random field that is
regularized by a Whittle‐Matérn covariance function. The covariance function incorporates a dominant length
scale, set to 40 m in this study, and a roughness parameter, set to 2.5 in this study. We choose this length scale both
because it conservatively exceeds the minimum gauge length and corresponds to the minimum wavelength in our
data set. Because of the dominant length scale, some of the high spatial frequency features in the data are not
captured in the joint model. This is acceptable for our purposes. Setting the roughness parameter to 2.5 is
equivalent to enforcing that each individual realization of the Gaussian random process is twice continuously
differentiable. The inversion is solved using the Ensemble Kalman Sampler (Garbuno‐Inigo et al., 2020). This
solver initializes a set of particles and uses Langevin diffusion dynamics to iterate toward the posterior distri-
bution. We incorporate both sets of data into this inversion by computing the model‐data misfit for each data set,
weighted by the corresponding standard deviations, at each iteration. For the joint inversion, we up‐sample the
ambient noise dispersion curve profile so that the dimensions of the two data sets are the same.

We separately perform an inversion using only ambient noise cross‐correlation data for an extended portion of the
array using the dispersion curves in Figure S2 in Supporting Information S1. Because of the lower spatial res-
olution of the ambient noise cross‐correlation data set, we use a dominant length scale of 200 m for this inversion.
We merge this model with our higher resolution near‐fault model; the discontinuity between these two models is
removed by gradual averaging at the boundaries. The resultant extended model is plotted in Figure S2 in Sup-
porting Information S1. We directly compare the near‐fault velocity structure recovered using only the ambient
noise data with the model recovered using the joint inversion in Figure S3 in Supporting Information S1. While
these two models both recover the first‐order low velocity feature near the fault, the joint model recovers a more
detailed picture of the fault zone. The higher frequency phase velocity measurements from the active source
experiment prevent the underestimation of velocities in the shallowest portion of the model, and the higher spatial
frequency of the active source data uncovers the low wavelength variability near the fault trace.

The velocity model in Figure 3 shows a rapid transition from lower‐velocity material to higher‐velocity material
with depth. The heterogeneous lateral structure is responsible for sharp velocity perturbations at and across the
fault. There is a clear, low‐velocity feature biased toward the south side of the fault with a width of approximately
300 m. This feature could be interpreted as the fault damage zone, but at this depth resolution, it could also be a
shallow, potentially fault‐associated, basin structure, as has been observed elsewhere (Song & Yang, 2022).

Figure 2. Dispersion curves from the active source experiment (a) and ambient noise cross‐correlations (b) along the purple segment of the array in Figure 1. Black
dotted lines show locations of mapped strands of the Garlock Fault where they cross the velocity profile.
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Additionally, low velocities (less than 800 m/s) persist in the top 100 m to the edges of our joint model. To
determine if this is potentially a wider compliant zone associated with fault deformation, we can look at the
extended model produced using ambient noise cross‐correlation in Figure S2 in Supporting Information S1. This
model suggests that these low velocities extend at similar depths several kilometers from the fault trace. We thus
expect that these low velocities are associated with shallow sediment rather than deformation due to the fault
zone. There is also a clear step in velocity across the fault, suggesting a sharp discontinuity due to displacement.
The lateral heterogeneity at these depths suggests that the near‐fault structure is highly varied, and because local
structure plays a large role in ground motion amplification (Aki, 1993), these observations are important for
assessing potential ground motion variability due to strong velocity perturbations near faults. Beyond these
observations, this model is also a valuable correction term for isolating the fault structure at depth.

Figure 3. Shallow shear wave velocity model and corresponding model‐travel‐time perturbation comparison along the purple
segment of the array shown in Figure 1. (a) Profile taken from the shallow velocity model around 100 m depth (averaged
from 80 to 120 m and smoothed over 200 m laterally) that clearly shows the discontinuity across the fault. (b) Shear wave
velocity model from the joint inversion of the active source and ambient noise data. Black dotted lines mark the locations of
the array‐crossing mapped traces of the Garlock Fault. (c) Travel‐time perturbations from the cluster of earthquakes on the
fault in Figure 1 and the expected perturbations from the shallow model. Shallow model perturbations are modified by
applying a moving average filter corresponding to the gauge length of the fiber recording the earthquake for comparability.
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3. An Upper Limit on Damage Zone Size
Earthquake travel‐time measurements are sensitive to the velocity structure along the entire ray path, including
both seismogenic depths and the shallow crust. Due to the highly productive 2019 Ridgecrest earthquake
aftershock sequence, the area around the Garlock fault has produced many earthquakes with variable depths to the
northeast of the array (Ross et al., 2019). We first focus on a cluster of earthquakes near the Garlock Fault
approximately 20 km east of the array and 9 km deep (Figure 1). We use a deep learning algorithm, PhasenetDAS
(Zhu et al., 2023), which is designed specifically for DAS data, to pick shear wave phase arrivals from these
earthquakes. In short, PhasenetDAS generates training data sets by generating noisy labels for DAS data using
Phasenet (Zhu & Beroza, 2018) and refining the labels using GaMMA (Zhu et al., 2022), a phase association
algorithm. PhasenetDAS was partially trained using this data set and, by visual inspection, performs very well for
the events used in this study. Examples of these picks are shown in Figure 1 and Figure S8 in Supporting In-
formation S1. To compute the travel‐time perturbations for each event, we compute the expected travel‐times for
a 1D model and subtract these from the observed travel‐times. We modify a local 1D velocity profile from the
SCEC Community Velocity Model (CVMS) (E. Lee et al., 2014) and compute the travel‐times using TauP
(Crotwell et al., 1999). The velocity profile used, and the approximate depth‐sensitivity of the ray paths are shown
in Figure S4 in Supporting Information S1. We then perform an elevation correction assuming an S‐wave velocity
from the top layer of the Hadley‐Kanamori model (Hadley & Kanamori, 1977). The average travel‐time per-
turbations for all events in the cluster are shown in Figure 3.

We can compute the expected travel‐time perturbations for the near‐surface structure by computing the travel‐
time differences for a wavefront propagating through our shallow subsurface velocity model. As shown in
Figure 3, the travel‐time perturbations very close to the fault are highly consistent between those measured
from the earthquakes and the expected perturbations from our shallow velocity model. This would suggest that
most of the depth integrated structural contributions near the fault are coming from top few hundred meters,
and thus the structural variability at depth, including the variability resulting from the fault damage zone, is
minor.

The earthquake travel‐times are measured using waveform data with a power spectrum maximum at 6.5 Hz and
substantial energy at 10 Hz, as shown in Figure S5 in Supporting Information S1. Assuming shear wave ve-
locities directly below our shallow velocity model are slightly higher than 1 km/s, as we observe at the base of
our shallow velocity model, we may expect the wavelengths that control the sensitivity of our measurements to
be between 100 and 200 m and potentially as large as 300 m. We can use these wavelength estimates to better
understand the sensitivity of our measurements to low velocity zone parameters at depths below 200 m. With
this purpose, we perform an evaluation of travel‐time perturbations due to different fault zone parameterizations
using an Eikonal equation solver (Sethian, 1996; White et al., 2020), and we apply different moving average
filters to approximate sensitivities at wavelengths of 100, 200, and 300 m. The results of these computations,
shown in Figure S6 in Supporting Information S1, suggest our measurements are sensitive to low velocity zone
features deeper than our velocity model with widths of at least 150 m, and potentially as narrow as 100 m, and
velocity perturbation amplitudes above 5%. This would suggest that there is a rapid narrowing or decay of the
low velocity zone below 200 m depth, implying that the Garlock fault's damage zone does not host a wide or
high amplitude low velocity feature at depth. The observed low‐velocity feature is very small compared to
some other faults, such as the Calico Fault, another major Southern California Fault late in its interseismic
period, which hosts a substantial low‐velocity feature (Figure S6 in Supporting Information S1; Cochran
et al., 2009).

The approach we employ in this section assumes that the across‐fault velocity contribution along the ray path
between the source and the receiver is representative of the velocity heterogeneity vertically below the shallow
velocity profile. This is a reasonable assumption in the shallow crust, where ray paths are nearly vertical, but is
less applicable at deeper depths. The velocity correction used to account for travel‐time differences due to
topography is an approximation. Though we cannot perfectly account for elevation, this correction is sufficient
for our purposes, because in this section, we are mostly interested in the low velocity zone in our model. This
feature is spatially compact and in a segment of the profile with a low topographic gradient. Additionally, the
residual profile will be sensitive to contributions along ray paths that are distinct from those of a 1D model, due to
3D effects. We consider these effects by running the sensitivity tests, which incorporate 3D contributions to ray
paths for different structural scenarios.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB028900

ATTERHOLT ET AL. 6 of 15

 21699356, 2024, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

028900 by C
alifornia Inst of Technology, W

iley O
nline Library on [16/06/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



The reason for the absence of evidence for a low velocity zone at depth is unclear. If we consider the scaling of
fault zone thickness with displacement (Savage & Brodsky, 2011) and the inferred cumulative displacement of
approximately 50 km on the Garlock Fault (Davis & Burchfiel, 1973; Monastero et al., 1997; Smith, 1962), we
may expect the Garlock Fault damage zone to be hundreds of meters thick at depth. One potential explanation
is that we are by chance sampling a segment of the Garlock Fault with narrow damage because of along‐strike
variability in damage zone thickness due to lithological or geometrical changes (Lin & Yamashita, 2013). Such
along‐strike variability has been clearly observed both in regional tomographic models and systematic fault
zone trapped wave studies (Lewis & Ben‐Zion, 2010; Zigone et al., 2015). Given that Q. Qiu et al. (2020)
observed no compliant zone deformation in response to the Ridgecrest earthquake over an extensive region, we
consider this hypothesis unlikely. Another potential explanation is that the Garlock Fault is simply on the low
end of damage zone widths for mature faults. Fault damage zones can have a large variety of widths. For
example, the Hector Mine and Landers Faults exhibit widths of approximately 100 m (Y.G. Li, 2002) and
250 m (H. Li et al., 2007; Y. Li et al., 2000) respectively. There is similar variability among mature faults; the
Parkfield segment of the San Andreas Fault, which is far more active and mature than the Garlock Fault, hosts a
relatively narrow damage zone between 200 and 250 m at depth (Hickman et al., 2007; Y.G. Li et al., 2004). By
contrast, the Calico and Anninghe Fault Zones, both late in their interseismic periods, host low velocities zones
that in some places exceed widths of 1 km (Cochran et al., 2009; Mu et al., 2024). Mu et al. (2024) partially
attribute the wide low velocity zone found at the Anninghe Fault to fault‐associated sedimentation. This
suggests that factors other than fault damage, such as local geology, may be attributable to the variability in low
velocity zone width.

An alternative explanation for the spatially confined damage zone at the Garlock Fault is that considerable fault
damage zone healing has potentially taken place over a large segment of the fault, allowing for significant
recovery of the seismic velocities in our sensitivity range. This observation is consistent with the absence of
fault zone trapped waves near the fault (H. Qiu et al., 2023) and the lack of compliant zone deformation around
the fault following the Ridgecrest Earthquake (Q. Qiu et al., 2020). The combination of these factors and the
limit on the width of the low velocity zone determined in this study distinguishes the Garlock from the other
fault zones mentioned. Because of these complimentary forms of evidence, we favor the hypothesis that the
Garlock's damage zone has undergone substantial healing. This possibility has important implications, but it is
difficult to verify without knowing the state of the low velocity zone at the beginning of the interseismic
period.

Figure 4. Cluster comparison and inversion results from differential travel‐time measurements computed along the yellow segment in Figure 1. (a) Travel‐time
perturbations from on‐fault (gray) and off‐fault (green) clusters of earthquakes, shown in Figure 1. (b) Difference between the two sets of perturbations (purple) plotted
against the model fit from the inversion ensembles. (c, d) Ensemble results using differential travel‐times to invert for the necessary travel‐time adjustments for the
shallow (c) and deep (d) earth structure to the north and south of the fault. Joint distributions are shown in Figure 5.
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4. A Hidden Bimaterial Contrast at Seismogenic Depth
At a broader scale, as shown in Figure 4 and Figure S7 in Supporting Information S1, there is significant vari-
ability in the earthquake travel‐time perturbations that is not captured by the shallow model. The consequences of
this variability depend on whether it is localized above the seismogenic zone or present at seismogenic depths. To
help resolve this question, we consider the differential travel‐time perturbations between earthquakes. This is
based on the observation that earthquakes of variant geographic location have distinct ray paths at depth, but that
the ray paths become more similar as they approach the surface. This means that differential perturbations
emphasize contributions from deeper depths. We first take the differential perturbations between the cluster of
earthquakes on the fault and a different cluster farther to the north. Earthquake waveforms from these clusters are
shown in Figure 1 and Figure S8 in Supporting Information S1. The differential perturbation profile shows a
consistent difference between perturbation profiles that changes polarity at the fault (Figure 4). Since the
earthquakes to the north preferentially sample the northern side of the fault at depth, this differential travel‐time
profile suggests that the southern side of the fault is faster at depth. Importantly, because of the density of the array
and the sharpness of this polarity change, this observation localizes the contrast to the fault. This distinguishes this
study from lower resolution tomography models, for which it is not possible to determine whether a velocity
contrast is due to a fault or broader structural heterogeneity.

We quantify this observation with a Bayesian inversion using many of the M2+ earthquakes observed by the DAS
array. The data in this inversion are the differential travel‐time perturbations between every pair of earthquakes,
and we solve for the necessary changes in computed travel‐times in a simple model below the DAS array to match
the data. We compute travel‐time perturbations for all M2+ events within 30 km of the intersection between the
array and the fault. For this analysis, we consider observations from a 20 km segment of the array centered on the
Garlock Fault (yellow curve in Figure 1). We remove any events with mean deviations that are greater than 0.2 s
to ensure that we keep events with reliable hypocentral locations, and we subsequently compute the differential
travel‐time perturbations for each pair of remaining events. The events used in this analysis are plotted in Figure 1
and the depths for these events are given in Figure S9 in Supporting Information S1. Since we are considering
interevent travel‐time differences recorded by the same channels, these measurements remove the contribution of
receiver‐side topography. To improve the quality of our data and obtain good estimates of the uncertainty on these
measurements, we take the average and standard deviations, which are used as our uncertainties, of these per-
turbations within 1 km bins. These measurements constitute our data vector. We additionally incorporate the
standard deviation of the expected arrival time difference to our error estimates. Since the differential travel‐times
between the two clusters, and in general those between all event pairs used in this analysis, are simple and the
polarity change is sharp and close to the fault, we parameterize a simple 4‐block earth structure to resolve the
velocity contrast across the fault. The lateral and vertical interfaces between blocks are the Garlock Fault and an
approximation of the top of the seismogenic zone (5 km depth below sea level) respectively. We assume the
Garlock Fault is vertical based on the fault zone reflected wave observation in Qiu et al. (2023). We formulate our
inversion using the equation

dAn−Bn
= ∑

i
xi (tAni − tBni) − ( tAn

− tBn)

where tAni and tBni are the expected travel‐times of events A and B through block i in the model at station n, tAn
and

tBn
are the expected total travel‐times for events A and B at station n, and xi is the necessary perturbation to the

travel‐times through block i to fit the data. The parameters xi constitute our model vector. An important
assumption of this analysis is that the bimaterial contrast does not significantly change between the earthquakes
and the array. We also assume the effects of within‐fault and broad‐scale anisotropy are second order, as we are
using a single component measurement and the across fault perturbation change is abrupt.

We apply a simple MCMC approach to solve this inverse problem because of the flexibility of the Bayesian
framework and to evaluate tradeoffs between parameters in the inversion. We set a weak Gaussian prior at 1.0
with a standard deviation of 0.1 on each value of xi to ensure that any perturbation is data informed. As shown in
Figure 4, we find that to fit the differential travel‐time perturbation profiles, the southern side of the fault is
required to be 4%–7% faster than the northern side at seismogenic depths (>5 km). The joint distributions, shown
in Figure 5, suggest a narrower distribution of relative values, with a bimaterial contrast at depth well‐constrained
around 6%. This model matches our data, which requires an abrupt change in differential travel‐time at the fault,
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as shown in Figure 4. This velocity contrast is not apparent in the total travel‐time measurements around the fault
and was instead hidden by shallow crustal structure, which was largely removed by considering the differential
times. Since the expected directivity from bimaterial contrasts corresponds to the sense of slip on the slow side of
the fault, this would suggest an increased likelihood that future ruptures have a preferred rupture directivity
toward Los Angeles and the San Andreas Fault.

Our measurements are consistent with the CVMS model locally at the array, as shown in Figure S10 in Supporting
Information S1, and are also consistent with the tomography model of Tong et al. (2021), who find a similar
velocity contrast across the central Garlock fault that reverses polarity at depth. But regional velocity models (E.
Lee et al., 2014; White et al., 2021) do not yield a clear picture of a broader velocity contrast along strike. We can
corroborate our observation by comparing these results to estimates of velocity profiles from cross‐correlations
between broadband stations. We consider a year of continuous vertical data on four Southern California Seismic
Network broadband stations shown in Figure 6. In a methodology like that described in Section 2, we filter the
data between 2 and 100 s and decompose the data into day‐long segments. We subsequently perform absolute‐
average temporal normalization and spectral whitening and cross‐correlate the waveforms in the frequency

Figure 5. Joint probability distributions for ensembles of parameters from the differential travel‐time inversion. Diagonal plots show the marginal distributions (also
shown in Figure 4), and the off‐diagonal plots show the joint distribution for the row‐column pairs. The values in these plots are unitless and correspond to the ratio
between the time spent in each quadrant necessary to fit the arrival time data and the expected travel‐time spent in each region computed using the initial velocity model.
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domain. We then stack the correlograms and consider only the period band between 5 and 13.5 s for this analysis;
these frequencies have high sensitivity to the seismogenic zone (approximately 5–15 km) and depths directly
above the seismogenic zone. Periods below 5 s did not achieve good convergence and periods above 13.5 s
showed substantial phase interference.

We compute the phase dispersion curves by narrowband filtering the data at a set of frequencies and, for each
frequency, combine the phase‐amplitude relationship with the distance between stations to produce a frequency‐
velocity dispersion curve. These raw dispersion relationships are shown in Figure S11 in Supporting Informa-
tion S1. We resolve the 2π ambiguity by picking the frequency‐velocity relationship most closely aligned with the
Preliminary Reference Earth Model (Dziewonski & Anderson, 1981). We estimate the uncertainty on these
measurements using the width of the peak that we pick. We then use surf96 from the Computer Programs in
Seismology package (Herrmann, 2013), which applies an iterative, weighted inversion, to recover the 1D shear
wave velocity structure from these dispersion curves. The dispersion curves and corresponding velocity profiles
are shown in Figure 6. These profiles suggest that in a ∼100 km window along‐strike, encompassing our array, the
velocities to the north of the fault are faster at shallow depths but slower below ∼6 km, which is highly consistent
with our local model. The amplitude of the velocity contrast across the fault at depth is also consistent with our
local model. This suggests that what we observe in this study is perhaps an extensive rather than a local feature.

5. Discussion and Conclusions
This study provides the depth‐localized structure of a major fault zone in California through careful comparisons
of multiple forms of analyses with collocated, high spatial density measurements. The deconvolution of mea-
surement contributions from different parts of the fault zone suggests the fault zone model in Figure 7. In
particular, the near‐surface component of the schematic is determined using the shallow velocity model that
incorporates active source and ambient noise phase velocity measurements. The portion of the model at seis-
mogenic depths is determined using the inversion of the differential travel‐time perturbation measurements
shown in Figure 4. The shallow crust portion of the model is subsequently determined by measuring the residual
between the measured travel‐times of the cluster of earthquakes on the fault and the expected combined con-
tributions from the near‐surface and seismogenic depths. A summary of the travel‐time contributions informing
this schematic is shown in Figure S7 in Supporting Information S1. Deconvolving the different contributions to
depth‐integrated measurements is important because depth‐integrated measurements may sometimes be
misleading. For example, interpreting the fault zone structure using only the depth‐integrated travel‐time mea-
surements near the fault zone may lead to the conclusion that the low velocity zone to the south of the fault is
consistent with a typical persistent fault damage zone structure, and that seismic velocities are faster to the north
and slower to the south at seismogenic depths, but these are the opposite conclusions of those presented in this
study. These observations likely explain the differences between this study and that of H. Qiu et al. (2023), who

Figure 6. Results from the broadband seismic analysis. (a) Station map showing the stations used in this analysis. Each off‐fault station (orange) was cross‐correlated
with the on‐fault station (purple) to produce the corresponding models. (b) The dispersion curves from each of the cross‐correlation measurements and (c) the
corresponding inverted shear wave velocity profiles.
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used fault zone head waves to determine that the north side of the fault is faster than the south side of the fault.
These head wave observations, which are depth‐integrated, may have been dominated by the velocity contrast in
the shallow crust that is evidenced in Figure S7 in Supporting Information S1 and Figure 6 and illustrated in
Figure 7, rather than the contrast with the opposite polarity at seismogenic depth.

These results also show several strengths of DAS for making detailed observations of fault zones. The combined
high spatial density of the channels and the low‐effort maintenance allowing for long term deployments provide
the tools necessary to both perform detailed imaging studies and make observations of many earthquakes with the
same array. Performing these analyses with the same array allows for the direct comparison of the results and the
subsequent localization of contributions to measurements from depth‐localized structures in the fault zone. The
application of DAS to fault zone related problems is not limited to the analyses performed in this study, and one
can easily envision new possibilities for fault zone research that leverage the strengths of DAS data. For example,
DAS arrays deployed across faults could potentially act as long‐term, low‐maintenance fault zone observatories
that could be used to illuminate time‐dependent changes in fault zones due to processes such as healing and to
better capture seismicity along the fault.

The recovery of seismic velocities in the interseismic period is typically attributed to fault zone healing resulting
from fracture closure due to mechanical (Brantley, 1992; Brantley et al., 1990; Brantut et al., 2013) and chemical
(Aben et al., 2017; Lee & Morse, 1999; Renard et al., 2000) processes. Studies on fault zones immediately following
earthquakes have shown measurable increases in seismic velocity and decreases in permeability with time, sug-
gesting significant healing can take place shortly after an earthquake (Y. G. Li & Vidale, 2001; Marone et al., 1995;
Xue et al., 2013). The amount and rate of healing that takes place over the course of the interseismic period is likely
highly variable. The presence of low velocity zones and fault zone trapped waves in faults that have not ruptured for
decades suggest that some damage zones persist throughout the interseismic period (e.g., Cochran et al., 2009).

Figure 7. Schematic model summarizing the findings of this study.
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Some studies suggest crack healing can occur rapidly, on the order of years (Hiramatsu et al., 2005), and others have
observed substantial healing due to the sealing of fractures in exhumed fault zones (Rempe et al., 2018). A recent
study using a borehole from the Alpine Fault, another fault late in its interseismic period, suggested that, for at least
part of the fault zone, fractures near the fault had little impact on seismic velocity because of extensive mineral
precipitation in the fractures (Williams et al., 2016). We speculate that the segment of the Garlock Fault, which is in
a region of high hydrothermal activity (Sass et al., 1978), may have experienced similar healing as illustrated in
Figure 7. This is evidenced, not only by the low upper limit of damage zone width and velocity perturbation
amplitude determined in this study, which is not sufficient evidence by itself, but also by the absence of damage zone
indicators such as fault zone trapped waves (H. Qiu et al., 2023) and compliant zone deformation following the
Ridgecrest earthquake (Q. Qiu et al., 2020). We cannot definitively say whether this is the case, as the initial state of
the damage zone following the last major earthquake is unknown. However, the enigmatic condition of the Garlock
Fault's damage zone at depth warrants future study. One potential avenue for future research on this issue would be
to investigate borehole data for evidence of healing as done in Williams et al. (2016).

Experimental and observational work investigating the relationship between bimaterial contrasts on faults and
rupture directivity have discovered a range of behaviors (e.g., Harris & Day, 2005; Kane et al., 2013; Rubin &
Gillard, 2000; Shlomai & Fineberg, 2016; E. Wang & Rubin, 2011; Xia et al., 2005). Dynamic simulations of
sequences of ruptures on bimaterial interfaces suggest that, although a material contrast across a fault does not
dictate the direction of rupture asymmetry invariably, the presence of a bimaterial contrast over an earthquake
sequence creates favorable nucleation sites and increases the likelihood of asymmetric rupture in one direction
over the other (Abdelmeguid & Elbanna, 2022; Erickson & Day, 2016). Further complications arise when fault
complexity, such as fault curvature and along strike stress variability, is introduced. But, keeping these com-
plications in mind, we can use the observed bimaterial contrast on the Garlock Fault to infer if there is an increased
likelihood of a rupture propagating one direction over the other. The Garlock fault perhaps presents an ideal
setting for this kind of analysis, as the highly limited low‐compliance zone at depth suggests a potentially simpler
fault structure. In the case of this study, the bimaterial contrast, which we have localized to seismogenic depths,
suggests a future rupture on the Garlock Fault is more likely to propagate toward the San Andreas. This would
suggest an increased likelihood of forward directivity ground motion amplitudes to the west of a given rupture,
which is an important consideration for both the communities on the fault and those to the west, including Los
Angeles. This would also greatly increase the dynamic stress change induced on the San Andreas, and thus may
increase the likelihood of a rupture on the Garlock triggering a rupture on the San Andreas (Hill & Prejean, 2015;
Toda & Stein, 2020).

Data Availability Statement
The virtual and active source shot gathers used to produce the model shown in Figure 3 and the earthquake data
used to produce the profiles shown in Figures 3 and 4 are available at (Atterholt, 2023). The broadband data used
to construct the velocity profiles shown in Figure 6 were obtained from the Southern California Seismic Network
(SCEDC, 2013). The program used to compute the travel‐times for the parametric evaluation of damage zone
property sensitivity, Pykonal (White et al., 2020). Ray paths for the inversion of the velocity contrast across the
fault were computed using the TauP (Crotwell et al., 1999) functionality in Obspy (Krischer et al., 2015). Figure 1
was made using The Generic Mapping Tools (GMT), version 6 (Wessel et al., 2019).
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