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Abstract The distribution and intensity of fault damage zones provides insight into fault activity and its
relationship to fluid flow in the crust. Presently, measures of the in-situ distribution of fault damage remain
limited and along-strike studies are rare. This study focuses on an offshore section Palos Verdes Fault damage
zone that spans 28 km, near Los Angeles, California. To investigate the previously unresolved shallow (~400 m
below the seafloor) fault damage zone we use densely spaced (~500 m line separation) newly collected sparker
multichannel seismic lines and sub-bottom profiles. The combination of high-resolution acquisition methods
and specialized seismic processing workflows provide improved imaging of shallow faulting. We apply a multi-
trace similarity technique to identify discontinuities in the seismic data that may be attributed to faults and
fractures. This fault detection approach reveals diverse fault damage patterns on adjacent seismic profiles.
However, a discernible damage zone pattern emerges by stacking multiple damage detection profiles along
strike. We find that peak damage identified in this way corresponds to the active main fault strand, confirmed in
this study, and thus the technique may be useful for identifying active fault strands elsewhere. Additionally, we
observe that the variable width of the damage zone along strike is controlled by fault obliquity. Furthermore, our
observations reveal a correlation between fault damage and seafloor fluid seeps visible in the water column,
suggesting that damage plays a role in controlling fluid flow around the fault.

Plain Language Summary The area surrounding a fault has many smaller secondary faults that
make up the fault damage zone. The amount of secondary faults, or damage, holds valuable information about
how faults develop and change over geologic time, which is crucial for understanding earthquakes. In this
study, we use shipboard sound sources to generate around 100 images that represent the layers of rock
beneath the seafloor, along 30 km along the fault's length. By analyzing features within these images, we
identify and detect faults along with their accompanying damage zone. We find that shallow subsurface
damage is an effective way to distinguish faults that are active from those that are inactive. We also observe
that cumulative fault offset controls the approximate width of the damage zone and variation of damage along
the length of the fault is related to fault bends. Additionally, our findings reveal that fluids are released from
the seafloor where the fault zone is most damaged. This supports the idea that fault damage zones function as
fluid pathways around faults.

1. Introduction

The distribution and intensity of fault damage zones provide valuable insights into the behavior and response of
the Earth's crust to earthquakes. These fault damage zones are characterized by increased faulting, fracturing, and
deformation around a fault's principal slip surface, and has been documented in numerous field and geophysical
studies (e.g., Caine et al., 1996; F. M. Chester & Logan, 1986; Choi et al., 2016; Rodriguez Padilla et al., 2022;
Scott et al., 2018). Studies have revealed that fault damage zones are most pronounced and observable in the
uppermost kilometers of the Earth's crust (Alaei & Torabi, 2017; Alongi et al., 2022; Atterholt et al., 2022; Ben-
Zion et al., 2003; Cochran et al., 2009; Li et al., 2004, 2016; Liao et al., 2019, 2020; Ma et al., 2019; Qiu
et al., 2021; Thurber et al., 1997; White et al., 2021; Yang et al., 2011, 2014). Observations of fault damage are
typically at depths shallower than where earthquakes nucleate, however, these zones undergo inelastic processes
during coseismic rupture that alter the bulk rock properties. These changes impact near-field seismic hazards,
potentially amplifying ground motions during future earthquakes and affecting the distribution of seismic energy
(Kurzon et al., 2014; Spudich & Olsen, 2001; Wu et al., 2009).
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Furthermore, fault damage zones are essential to understanding fundamental earthquake physics for the following
reasons. They form a vital energy sink in the earthquake energy budget (Abercrombie & Rice, 2005; J. S. Chester
et al., 2005; Kanamori & Brodsky, 2004; Ke et al., 2022; Martel & Pollard, 1989; Wong, 1982). Another aspect is
the impact of fault damage zone rheology on dynamic earthquake rupture. The properties of fault damage zones,
such as their strength and frictional behavior, can influence the propagation and evolution of earthquake ruptures
(Dunham et al., 2011; Kame et al., 2003). The heterogeneity of the fault damage zone can affect rupture behavior,
the seismic cycle, and seismic wave propagation (Ben-Zion and Sammis, 2010; Huang et al., 2014; Thakur
et al., 2020). Additionally, fault damage zones in low porosity rock exhibit high permeability and play a crucial
role in fluid flow around faults (Caine et al., 1996). Fluids stored within fault damage zones affect stress con-
ditions and can potentially control nucleation and slip behavior (Bense et al., 2013; Guo et al., 2021; Hubbert &
Rubey, 1959).

Despite the importance of the fault damage zone and associated studies, numerous key questions remain unan-
swered. For example, the relationship between the fault damage zone and current fault activity is unclear. It is
possible that the amount of damage around the fault could be a proxy for fault activity. This notion arises from the
idea that repeated slip events on the fault cause predictable patterns of rock damage. If this were correct, then the
characteristics of the damage zone could be used to infer the total offset given a thorough understanding of fault
history, unit age, and slip rate. On the other hand, it is equally plausible that accumulated damage may reflect
geological history rather than present-day fault behavior. Resolving which of these scenarios is true is vital for
interpreting the geologic record and assessing the potential to interpret characteristics of the fault damage zone to
indicate fault activity.

Another subject of ongoing debate is the lateral extent of the fault damage zone. Field studies commonly observe a
fault damage zone that is 10-100s of meters wide (Berg & Skar, 2005; F. M. Chester & Logan, 1986; Choi
et al., 2016; Shipton & Cowie, 2001). Conversely, geophysical indicators of fault damage find damage zones
wider by an order of magnitude. This has been observed in various studies including fault zone trapped waves
(e.g., Ben-Zion et al., 2003; Li et al., 1997, 2004, 2016; Yang et al., 2014), low-velocity zones (e.g., Atterholt
et al., 2022; Cochran et al., 2009; Qiu et al., 2021; Thurber et al., 1997; White et al., 2021; Yang et al., 2011),
geodetic studies (e.g., Fialko, 2002; Fialko, 2004; Materna & Biirgmann, 2016; Xu et al., 2023), and controlled
source seismic reflection studies (Alaei & Torabi, 2017; Alongi et al., 2022; Liao et al., 2019, 2020; Ma
et al., 2019). Understanding the factors that control the disparity in results across methods is crucial for a unified
depiction of the fault damage zone.

While the effects of bends along strike-slip faults on surface topography have been studied, their impact on the
fault damage zone at depth remains unexplored. The impact of fault obliquity expressed as uplift and crustal
shortening caused by restraining bends, or as subsidence induced by releasing bends, have been widely inves-
tigated (Aydin & Nur, 1982; DeLong et al., 2010; Dooley & McClay, 1997; Mann, 2007; McClay &
Bonora, 2001; Segall & Pollard, 1980). Analog models provide valuable insights, demonstrating that trans-
pressional restraining and transtensional releasing bends generate more faults and wider zones of faulting and
deformation than simple linear faults (Naylor et al., 1986). Transtensional settings tend to facilitate simpler fault
structures with less folding (Dooley & Schreurs, 2012), and thus a narrower fault damage zone. Observationally,
the connection between surficial fault geometry and the width or complexity of fault zones has been hinted at in
surface rupture maps following large intraplate earthquakes (Aydin & Du, 1995; Teran et al., 2015) and recent
studies using optical image correlation techniques have also indicated an increase in strain and surface cracking at
fault bends (Milliner et al., 2021; Scott et al., 2018). However, it remains to be demonstrated how fault geometry
might influence the distribution of faults and damage at greater depths.

Another critical issue involves understanding how the fault damage zone responds to accumulated fault offset.
Existing research has shown that the width of the fault damage zone tends to increase for faults with greater
displacement (Faulkner et al., 2011; Savage & Brodsky, 2011; Torabi & Berg, 2011; Torabi et al., 2020).
However, cumulative displacement can vary along a single fault. Do changes in total offset along a fault result in a
variability of the fault damage zone?

Lastly, the link between damage zones and hydrological features needs to be clarified, particularly in the marine
environments. While multiple studies have proposed that fluids generated at depth are structurally controlled and
guided by faults to seep at the seafloor, direct in-situ subsurface data establishing a conclusive link between faults
damage zones and seeps is often lacking (Kluesner & Brothers, 2016; Kluesner et al., 2013; Prouty et al., 2020;
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Rudebusch et al., 2023; Tréhu et al., 1999). Therefore, connecting measurements taken at the seafloor with the
extent and patterns of damage at depth is essential for extrapolating insights from data-rich bathymetry and water
column measurements to less abundant Multichannel Seismic (MCS) reflection data.

To address the knowledge gaps outlined above, the present study focuses on the offshore portion of Palos Verdes
Fault (PVF) in southern California and utilizes newly collected 2D high-resolution MCS and chirp sub-bottom
profiles. The seismic survey design, acquisition equipment, and seismic processing techniques provide an op-
portunity to investigate fault damage at a mesoscale (~3 m horizontal and vertical resolution, see Text S1 in
Supporting Information S1). This approach enables mapping the fault damage zone in the context of activity,
outcrop versus average damage behavior, obliquity, cumulative offset, and fault zone hydrogeology, supplying
new insight into this complex system at an unprecedented scale.

In this study, we show that automated fault detection is an effective technique that accurately identifies faults
within high-resolution MCS data sets. The fault detections localized around the active main fault strand, even in
the presence of a well-documented anastomosing fault network, demonstrating the reliability and applicability of
the automated fault detection approach in capturing the actual fault location. The study establishes relationships
between the fault damage zone, obliquity of the active main fault trace, and displacement. Furthermore, the study
employs fault damage and fluid seep proxies to explore the role of tectonic history in controlling fluid mobility
around the fault zone.

2. Tectonic Setting and Data
2.1. The Palos Verdes Fault and Tectonic Context

The PVF is approximately 100 km in length and has a northwest-southeast strike (Figure 1). The fault is both
onshore and offshore in southern California within the Inner Continental Borderland tectonic province, and it
accommodates a portion of the dextral shear between the Pacific and North American Plates (Figure 1). Slip rate
studies indicate that the PVF has a slip rate of 1.1-5.9 mm/year and accounts for a significant percentage of total
right lateral motion distributed amongst faults within the Continental Borderland (6—8 mm/year) (Brankman &
Shaw, 2009; Brothers et al., 2015; McNeilan et al., 1996; Platt & Becker, 2010; Sorlien et al., 2013; Ward &
Valensise, 1994; Wolfe et al., 2022). Studies employing controlled source seismic reflection data have revealed
that the fault is near vertical in the sedimentary rock above the basement, which occurs at a depth of approxi-
mately 2 km (Alongi et al., 2022; Brankman & Shaw, 2009; Brothers et al., 2015; Fisher et al., 2004; Sorlien
et al., 2013).

Over the past 25 million years, the crust surrounding the PVF has experienced various stress states and stages of
faulting in response to the plate boundary's evolution. Before the Miocene (~25 Ma), the margin served as a
convergent boundary between the Farallon and the North American Plates. In the early Miocene (~23 Ma), the
plate boundary underwent reorganization, transitioning into a transform system (Crouch & Suppe, 1993). Later in
the Miocene, oblique extension, rifting, and normal faults led to the development of basins in the Inner Conti-
nental Borderlands, as evident by fault-ward thickening of Miocene units east of the fault in seismic reflection
data (Alongi et al., 2022; Brankman & Shaw, 2009; Fisher et al., 2004). During the early Pliocene (~6 Ma), the
plate boundary stepped inland, forming the San Andreas Fault “Big Bend,” and the Inner Continental Borderlands
faults underwent a transition from transtensional to transpressional systems (Wright, 1991; Yeats & Beall, 1991).
This led to an uplift west of the PVF, juxtaposing older rock on the west and younger rock east of the fault (Ward
& Valensise, 1994) and is discussed in further detail in Section 4.2.

2.2. Data

Previous studies investigating the offshore portions of the PVF have used various controlled source seismic
reflection data sets to map the fault (Alongi et al., 2022; Brothers et al., 2015; Rigor, 2003; Walton, Brothers,
et al., 2020; Walton, Papesh, et al., 2020; Wolfe et al., 2022). However, data acquisition, survey design, and
processing limitations have hindered the identification of secondary faults that comprise the fault damage zone at
shallow depths (less than 400 m below the seafloor). As a result, there is a lack of understanding regarding the
extension of the fault damage zones to the seafloor, their relationship with bathymetric features, and their in-
fluence on seafloor fluid flow.
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Figure 1. Map of the study area, the Inner Continental Borderland and San Pedro Shelf, in southern California. The inset map
shows western North America with the red star indicating the study area offshore southern California; NA, North American
Plate; PA, Pacific Plate; SAF, San Andreas Fault. Main map displays the location of mapped fault traces, with dashed red
lines representing the United States Geological Survey's Offshore Quaternary faults (Walton, Brothers, et al., 2020; Walton,
Papesh, et al., 2020). The solid purple line depicts the mapped location of the main active Palos Verdes Fault (PVF) strand
identified in this study. The blue lines indicate the track line locations of coincident multichannel seismic (MCS) and sparker
sub-bottom (Chirp) profiles used in the study (Alongi et al., 2024). Yellow lines represent the location of cross-sectional
profiles shown in detail in other figures.

In May of 2021 the United States Geological Survey (USGS) led a 9-day survey aboard the Research vessel
Robert Gordon Sproul to acquire high-resolution MCS using a SIG 50-tip mini sparker sound-source and
EdgeTech 2300 0.5-16 kHz (chirp) sub-bottom profiles. Ninety-seven coincident MCS and chirp track lines
amounting to 975 km were acquired along the San Pedro shelf and slope (Figure 1 and Figure S1 in Supporting
Information S1). Open access to the processed MCS and chirp data sets are available through the USGS National
Archive of Marine Seismic Surveys (Alongi et al., 2024; Triezenberg et al., 2016).

The processed MCS data have a peak frequency range between 100 and 300 Hz (Figure S2 in Supporting In-
formation S1) and were recorded with a ~120 m Geometrics GeoEel 40-channel streamer featuring group
spacings of 3.125 m and a sampling rate of 0.25 ms. The survey was conducted at a vessel speed of ~4 kts, with
the streamer depth maintained at ~2 m below the sea surface using Geospace Navigator birds.

For precise measurements of the shallow expression of the fault and its associated damage zone, most of the track
lines (51 out of 97) were oriented perpendicular to the PVF strike, spaced at ~500 m intervals (Figure 1 and Figure
S1 in Supporting Information S1). This approach was designed to assess the fault and associated damage zone
over 30 km. The newly collected high-resolution MCS data provides imagery with sufficient signal quality down
to about 400 ms two-way travel time (TWT) below the seafloor reflector.

To increase sampling of the fault trace between survey tracklines we use seafloor bathymetry. We identify
geomorphic features in the seafloor bathymetry such as fault related seafloor scarps and pull apart depocenters
(Brothers et al., 2015, 2020; Walton, Brothers, et al., 2020; Walton, Papesh, et al., 2020). These faults related
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Figure 2. Schematic workflow diagram illustrating the fault detection process. (a) Processing steps for the newly collected multichannel seismic data. (b) Explanation of
the fault detection workflows performed on the processed data. (c) Linking the observables and the data sets used in the study, color coded accordingly. (d) Cartoon view
of semblance and fault likelihood calculation on a dipping reflector with a faulting discontinuity (highlighted by the purple line, left side up). The dip-steered semblance
window follows the dip of the reflector over a moving window of 7 lateral traces and 128 samples or 32 ms two-way travel time. The green curve schematically shows
semblance value of the profile tracking the dashed gray lines. The orange curve depicts the equivalent fault likelihood value as a function of profile distance, and high
fault likelihood at the discontinuity.

features are observable in existing high-resolution multibeam bathymetry data (Figures S3 and S4 in Supporting
Information S1) (Dartnell & Gardner, 2009; Gardner et al., 1999).

3. Data Analysis
3.1. Multichannel Seismic Processing

The newly collected MCS and chirp data were processed using Shearwater Reveal seismic software package
(Reveal, 2022). The goal of the processing was to maximize horizontal and vertical resolution, minimize the
impact of source and receiver ghosts, and mitigate the impact of sea surface multiples. The seismic processing
steps are outlined in Figure 2, and further details can be found in Text S2 in Supporting Information S1.

The initial steps involved importing the raw field data files and calculating the source and receiver geometry using
shipboard Global Navigation Satellite Systems. The seismic data collected in shallow water were affected by
water column multiples, which can overprint and limit the interpretation of reflection data at depth (Don-
durur, 2018). To remove these multiples, we used a modern surface-related multiple elimination workflow that
mathematically predicts multiples by autoconvolution and then removes them through adaptive subtraction

(Verschuur et al., 1992).

We estimated the source signature and performed pre-stack deconvolution to improve vertical resolution and
reduce source ghosts and bubble-pulse (Kluesner et al., 2019; Sheriff & Geldart, 1995). Next, a critical step in
high-resolution MCS data processing involves addressing along-streamer variations in receiver depths (Kluesner
et al., 2019); without this step, destructive interference of high-frequency energy occurs during stacking and
reduces the vertical resolution. This streamer geometry issue was addressed by applying pre-stack time shift static
adjustments calculated from the cross-correlation of the windowed seafloor reflection on shot gathers. We also
determined the subsurface velocity structure using semblance-based velocity analysis workflows and then applied
them to normal move-out correction on common midpoint (CMP) gathers. The resulting CMP gathers were
stacked to increase signal-to-noise and further suppress seafloor multiples (Yilmaz, 2001).

In order to account for wave propagation effects and more accurately image the subsurface, and move reflected
energy to its proper location, migration was done in the frequency domain using a phase shift migration method
(Gazdag, 1978). We migrated the post-stack data at 1,400 m/s, muting data above the seafloor and 1,200 ms TWT
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Figure 3. (a, b) A comparison of the preprocessed multichannel seismic (MCS) profile and with the thinned fault likelihood
(TFL) attribute results overlain for line 022, as indicated in Figure 1. The view angle is from the southeast looking down the
strike of the main active strand of the Palos Verdes Fault (PVF) (shown in purple), which is identifiable by offset reflectors,
folding, and near fault deformation features. The dimensions for the figures are indicated by the white bars. (a) Presents the
processed dip-steered diffusion filtered results for comparison with transparent-to-red overlay of thresholded TFL in (b). The
TFL attribute is truncated to highlight high fault likelihoods (TFL > 0.98) which is consistently used throughout the study
and represent high fault likelihood or dissimilarity in seismic data. (c) Provides a zoomed-in view of the fault detections
around the PVF main active fault strand. Insets in the lower left display the frequency spectra of the MCS data used (top) and
the color bar and transparency ramp for the TFL attribute (bottom).

below the seafloor. Finally, we removed noise introduced in the deconvolution step by applying a structurally
oriented denoising workflow to depths less than 400 ms TWT below the seafloor (Hale, 2009).

3.2. Mapping the Active Main Fault Strand

To accurately map the main, or most recently active, strand of the PVF and establish it as a reference for
measuring fault damage, we utilize multiple data sets, including MCS and chirp sub-bottom profiles along with
high-resolution multibeam bathymetry. Our initial effort to map the fault involved strike perpendicular MCS
profiles and interpreting various seismic faulting indicators such as reflector offsets, truncations, and amplitude
reductions (see Figure 3). This allowed us to map the fault from the seafloor to a depth of 400 ms TWT below the
seafloor, providing insight into its subsurface geometry. We observed that the fault is steeply dipping within this
depth range which is consistent with previous studies (Alongi et al., 2022; Brankman & Shaw, 2009; Brothers
et al., 2015; Fisher et al., 2004; Wolfe et al., 2022; Wright, 1991).

In addition to MCS data, the chirp sub-bottom profiles were important in our study, particularly in examining the
upper 25 ms TWT of the fault zone and helping to identify the fault strand with the most recent surface breaking
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Figure 4. Chirp sub-bottom profile example for line 001, as indicated in Figure 1. The white bars indicate the length and depth with extreme vertical exaggeration of the
profile to highlight the fault scarp and fluid seeps. The Palos Verdes Fault (PVF) and Cabrillo Fault (CF) are represented by the red vertical lines, marked by a sharp
boundary between horizontally continuous Quaternary sediments to the northeast and deformed Miocene lithologies to the southwest. Along the shelf, all profiles
crossing the fault exhibit a notable scarp at the fault location that helps determine activity. In this example, two actively flowing seafloor seeps are visible, identified by
reflections in the water column created by fluid of different densities.

rupture. These profiles not only revealed offset reflections but also unveiled seafloor offsets to provide additional
evidence of recent fault activity (see Figure 4). The chirp profiles reveal a fault-related scarp, with the west side of
the fault elevated by as much as 3 m (refer to Figure 4 and Figure S4 in Supporting Information S1).

The scarp produced by fault offsets observed in the chirp sub-bottom profiles was also evident in the high-
resolution bathymetry data (Figure S3 in Supporting Information S1). Once we had mapped the fault using the
combined MCS and chirp profiles, we could trace the fault in finer detail by following geomorphic features on the
seafloor. This mapping, conducted at 50-m intervals, provided us with the opportunity to evaluate the potential
impact of fault bends or variations in obliquity on the pattern of fault damage. In this context, we define the
reference fault strike as 156°, which is the statistical mode of the fault azimuths (see Figure S5 in Supporting
Information S1) along this section. The obliquity, denoted as a, is calculated as the reference strike minus the local
azimuth (Figure 5). Consequently, azimuths greater than the reference (oriented more north-south or clockwise
rotation) have a negative obliquity, signifying right stepping releasing or transtensional bends. Conversely,
positive obliquities are counter-clockwise rotations and are more east-west of the reference, indicating left
stepping compressional or transpressional bends.

3.3. Fault Detection

We present a data-driven approach for fault detection in 2-D high-resolution MCS lines, illustrated in Figure 2.
Fault detection workflows were calculated in dGB OpendTect seismic software (OpendTect, 2022). This
approach utilizes the thinned fault likelihood (TFL) attribute, calculated using structurally oriented semblance
over a moving space-time window (Hale, 2013). The first step is to calculate the fault likelihood attribute that is
derived from semblance, which measure multi-trace similarity to infer the lateral continuity of seismic reflectors
(Marfurt et al., 1998). Using a structurally oriented semblance window of 7 traces and 32 ms TWT, following the
methodology in Hale (2013) fault likelihood is equal to one minus the eighth power of semblance. The resulting
fault likelihood values range from O to 1, where O is low fault likelihood and 1 is high fault likelihood.

In this approach, high semblance values indicate lateral continuity of horizons or reflectors, resulting in low fault
likelihood values (Figure 2d). Conversely, low semblance values indicate reflector discontinuities, leading to high
fault likelihood values. This fault likelihood image is then thinned by preserving local maxima in fault likelihood.
These thinned results are then connected to adjacent thinned samples over apparent dips of 75°-89°, assuming a
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Figure 5. Illustration of the variation in obliquity along the mapped Palos Verdes Fault. The colormap transitions from purple
to red, representing the relative obliquity of the fault. Green hues indicate azimuths aligned with the reference strike (156°),
see Section 3.2. Cooler colors (blue and purple) indicate releasing bends and warmer colors (orange and red) are restraining
bends. The inset cartoon helps visualize fault obliquity (not to scale). The green, blue, and purple lines depict the location of
profiles referenced in Figure 6. The red, orange, light blue, and dark blue lines indicate the location of profiles utilized in
Figure 9. The thicker portion of the colored profiles is the lateral widths use in the stacking of profiles in Figures 6 and 9.

velocity of 2,000 m/s, which represents an average local seismic velocity of the sedimentary rock at these depths
(seafloor—400 ms TWT) determined from geophysical sonic well logs (Alongi et al., 2022).

Prior to calculating TFL, we pre-processed the data to enhance the lateral continuity of reflections and reduce
noise we used a dip-steered fault enhancement filter. This method applies different filters based on nearby
reflector dips, aiming to reduce random noise while preserving the integrity of sharp discontinuities of the fault
(Chopra & Martfurt, 2008; Tingdahl & De Rooij, 2005). Specifically, a dip-steered median filter is used in areas
where reflectors have shallow to moderate dips, while a dip-steered diffusion filter is applied in regions with steep
dips. Figure 3 and Figure S6 in Supporting Information S1 displays the result of the fault enhancement filter and
the thresholded TFL detections, which will be explored in greater detail in the next section.
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3.4. Metric for Studying Fault Damage

This study investigates the spatial variation of faulting and fracturing in the damage zone related to characteristics
of the active main fault strand. To achieve this, we analyze seismic lines that are approximately perpendicular to
the fault's strike. This allows us to quantify fault damage as a function of distance from the fault, along
approximately 25 km of the length of the PVF. By selecting the highest faulting probabilities from TFL and
setting a threshold at >0.98, we focus on fault detections that a human interpreter would likely identify (Alcalde
et al., 2017; Iacopini et al., 2016; Figure 3). We find that this threshold also corresponds to an approximate in-
flection point in the histogram of the TFL data results (Figure S7 in Supporting Information S1). Other thresholds
were tested but had minimal differences and would not affect the interpretations (Figure S8 in Supporting
Information S1).

Our analysis focused on the depth range extending from the seafloor to 400 ms TWT below (~400 m assuming
2 km/s seismic velocity). This interval was chosen because it provides good signal-to-noise ratio in the data. We
use the seafloor, mapped during data processing, to define the depth and extent of our investigation. To quantify
fault damage, we count the number of samples in the trace that exceeded 0.98 TFL, which we refer to as
thresholded counts throughout the study. Where each seismic trace is a 1D depth sampling of the TFL fault
detections and consists of 1,600 samples (resulting from 400 ms TWT depth span at a 0.25 ms MCS sampling
rate).

In order to examine how fault damage varies with distance from the fault, we measure the distance from each trace
or sample to the location of the active fault (Section 3.2). Given the variability in the results of fault damage
(thresholded counts) with distance from the fault, we adopt a stacking approach to explore the average properties
of the fault damage (Figure 6). To create these stacked profiles, we regularize the geometry of the track lines by
resample the damage curves at uniform 3-m distance increments by interpolation. This allows us to median stack
the 2-D curves and effectively collapse the fault detection results along strike. These stacked results provide
insights into the emergent characteristics of fault damage over the scale of the seismic survey (~30 km). Dif-
ferences in observed stacked damage curves are discussed in Sections 4.2 & 4.3.

3.5. Seafloor Fluid Seeps and Fault Damage

The conventional depiction of fault zone structure in low porosity rock often portrays the tabular area around the
principal slipping surface as more permeable than the surrounding host rock (Bense et al., 2013; Caine
etal., 1996). This permeability contrast has been recognized as a significant factor in controlling fluid flow around
faults (Caine et al., 1996; Guo et al., 2021). In this study we map fluid seeps along the fault through observations
of acoustic flares detected in the water column on chirp sub-bottom profiles (e.g., Figure 4 and Figure S9 in
Supporting Information S1). These disturbances result from impedance differences caused by density variations
between gaseous seeping fluid and ambient seawater (Suess, 2020). All chirp sub-bottom profiles were examined
and 27 seeps were mapped. It is important to emphasize that the observed seeps represent a snapshot in time,
portraying their activity during the survey. Additionally, the seeps are identified in 2D profiles that ensonify a
narrow zone within the water column and seafloor. The actual distribution of seeps is likely much more extensive
than what the results depict and would require full coverage of multibeam water column data to map. We
qualitatively compare the seep locations with the fault detection data, and we find that seeps tend to concentrate in
areas of high likelihood of faulting, particularly in proximity to the mapped active main fault; further details will
be discussed in Section 4.5.

4. Results and Discussion

Through the development of an automated fault detection workflow, detailed mapping of the active main fault
strand, and identification of fluid-seeps, this study addresses several critical issues raised in the introduction about
the shallow (seafloor—400 ms TWT below or roughly 400 m) fault damage zone. The fundamental questions
raised are: (a) What is the relationship between the detected fault damage zone and current fault activity? (b) How
robust is the observed lateral extent of damage? (c) Does fault obliquity control the variability in damage along
strike? (d) Does cumulative offset explain the variability in damage along strike better or worse than obliquity? (e)
What is the observable connection between hydrogeology and the fault damage zone? Each of these questions will
be systematically explored in the subsequent subsections.
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Figure 6. Visualization of the distribution of high probability (>0.98) thinned fault likelihood (TFL) detections variations
with distance from the active main fault strand, calculated from the multichannel seismic data over the depth range from the
seafloor to 400 ms two-way travel time below the seafloor. (a) Illustrates individual line curves for different fault sections, as
indicated in the inset map in (b), and the pink line is the trace of the Palos Verdes Fault. In (a), the lines are arranged in order
from north to south for their respective sections, with the line number provided in the upper right corner; see Figure S1 in
Supporting Information S1 for a detailed track line map. The light-weight lines represent the number of samples in the trace
(3 m sampling) that exceeded 0.98 TFL. The heavy-colored lines indicate smoothed data using a moving mean with a tapered
cosine window (200 m width). (b) The median stack of each section as shown in (a). The heavy-weight dark line represents
the median stack of all fault perpendicular lines. It is important to note the variability in the fault zone in individual profiles
compared with the averaged values.

4.1. Damage Highlights Active Main Fault Strand

Our analysis demonstrates that stacking thresholded fault detections, derived from TFL, closely aligns with the
active main fault strand of the PVF (Figure 6b). There is a notable alignment between the peak in the stacked TFL
results and the location of the active main strand, confirmed in this study (Section 3.2) and agree within
approximately 50 m. This observation is intriguing because the peak in fault detections occurs at the location of
the active main strand even in the presence of the well documented multi-stranded PVF observed in this study and
at greater depths (Alongi et al., 2022; Brankman & Shaw, 2009; Sorlien et al., 2013; Walton, Brothers, et al.,
2020; Walton, Papesh, et al., 2020) (Figure 6 and Figure S10 in Supporting Information S1).

A good example of TFL's ability to identity faults is shown by the northern section of stacked profiles, represented
by the green curve in Figure 6b and Figure S6a in Supporting Information S1; where there are two distinct peaks
in damage detections that can be attributed to the splay in the fault zone here. One peak of fault damage aligns
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with the main fault strand itself, while the other is located approximately 800 m to the west. The suggestion of a
second strand from damage is consistent with faulting identifiable in chirp subbottom profiles (Figure 4 and
Figure S6a in Supporting Information S1) and location of the Cabrillo Fault provided by the USGS's Offshore
Quaternary Faults database (Walton, Brothers, et al., 2020; Walton, Papesh, et al., 2020) which includes a
bifurcation of the fault as it extends northward (Figure 1). The eastern strand is continuous and has been
confirmed to extend into Santa Monica Bay, where the western strand is not apparent beyond the Palos Verdes
Peninsula (Wolfe et al., 2022). The amplitude of the peak delineating the eastern strand is greater than for the
western peak, which makes sense when considering that the eastern strand is longer and has experienced more
cumulative slip and thus more damage, this idea is discussed further in Section 4.4.

The correspondence between the peak in fault detections and the location of the independently mapped faults may
be a two-way relationship. It suggests that peaks in fault detection may be a useful tool to aid fault mapping
efforts, particularly for identifying recently active fault strands within recently deposited shallow sediments. This
fault detection approach complements existing methods for fault mapping and may improve the accuracy of
active fault identification, an important factor in seismic hazard assessment.

4.2. Average Fault Damage Pattern Robustness

The analysis of fault detection using high-resolution MCS data reveals a remarkable degree of variability in
damage results along strike, even on closely spaced lines. However, this complexity diminishes as we stack an
increasing number of fault detection curves (Figure 6). Each seismic profile and fault damage measurement
represents an in-situ cross-section through the subsurface and share many characteristics with outcrops of faults in
the field, albeit at 3-m resolution (for additional information on seismic resolution see Text S1 in Supporting
Information S1). However, when many lines are stacked or the fault detections are averaged along strike, a
smoothed pattern of fault damage emerges, as depicted in Figure 6b. These findings imply that the complexity in
geologic observations of fault zones and the smoother characterizations of the damage zone often found in
geophysical measurements of the damage zone may be reconciled. Stacking the damage profiles is like many
geophysical measurements in that it integrates damage proxies over distance (i.e., tomography, fault zone trapped
waves, geodesy) thus representing average damage complexity.

The detected damage zone becomes systematic in its behavior with additional realizations, samplings, or mea-
sures of the fault zone. The well-defined average behavior implies that these averages can be reasonably and
confidently incorporated into regional scale dynamic earthquake rupture models, but should not be expected to
apply to each individual outcrop.

4.3. Fault Obliquity Impacts the Fault Damage Zone

In the following two sections, we delve into two potential factors contributing to the variability in damage along
strike and determine their relative importance.

First, we seek to understand how fault obliquity manifests as fault damage. To achieve this, we leverage the
detailed measurements of the fault trace to calculate the fault azimuth (detailed in Section 3.2), which vary by up
to 25° (See Figures 5 and 7). In this section we explore how these bends in the fault or changes in strike create
zones of transpression and transtension (Mann, 2007; Sanderson & Marchini, 1984; Sylvester, 1988) that may
manifest as additional fault strands and deformation patterns.

To assess the impact of obliquity of fault damage, we calculate the deviation from the reference azimuth (156°)
which we define based on the statistical mode from the distribution of azimuths (Figure S5 in Supporting In-
formation S1). This reference azimuth matches the strike of the fault in the southern portion of the survey area
where there is a marked decrease in near fault folding and vertical offset across the fault which provides further
clues that the reference azimuth is the preferred orientation of the fault within the local stress field. Obliquity, a, is
calculated as the reference azimuth minus the azimuth defined at 50 m intervals along the fault trace. Figure 7b
displays the results of the obliquity calculation as a function of distance along strike.

Next, we categorize the 40-fault perpendicular fault detection profiles into five bins based on obliquity and stack
the curves following the method outlined in Section 3.4. For equitable comparison between the obliquity stacks
we require an equal number of observations (damage curves) in each obliquity bin. Equal size bins are important
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Figure 7. Illustrating the variability in the fault detections and fault obliquity
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Thinned Fault Likelihood calculation (TFL > 0.98) as a function of distance
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showing height of 200 counts. Shading under each fault detection curve aids
in visualization. Positive fault perpendicular distances are locations east of
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western edge of the survey (Figure 1). (Right) illustrates obliquity, a in
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considered compressional regions, while negative a denotes extensional
conditions. The obliquity bins (eight curves each) utilized for stacking the
data in Figure 8 are highlighted in purple, blue, green, orange, and red
accordingly, with curves contributing to the obliquity bin maintaining color
consistency.
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Figure 8. Fault damage data are stacked according to the obliquity of the
fault. The different colors represent the obliquity (a) of the fault with respect
to the reference trend, see text in Section 4.3. (a, b) The purple and blue
curves represent releasing fault bends. (c) The green curve is interpreted to
be well aligned with the reference orientation of the fault. (d, e) The yellow
and red curves represent restraining fault bends.

because of the smoothing effect that occurs when increasing the number of
curves in the stack (as discussed in Section 4.2) and could bias qualitative
comparison. The stacked results are presented in Figure 8.

The stacked obliquity curves presented in Figure 8 show the relationship
between the degree of obliquity and the width of the damage zone. The green
curve (Figure 8c), representing a very narrow obliquity range (0°-2°), is
essentially the reference azimuth and features the most localized and narrow
fault damage zone or steeper flanks around the peak damage (Figure S11 in
Supporting Information S1). Many of the individual curves contributing to
reference azimuth range stacked results are in the southern region of the
survey area, where we observe less near-fault deformation and fewer fault
strands. We interpret this obliquity range to be the preferred orientation of the
because the fault zone is narrow (Figure 7), and it is also the most common
fault azimuth. Based on this interpretation, wider and more distributed blue
and orange curves (Figures 8b and 8d, Figure S11 in Supporting Informa-
tion S1) may be caused by the increased relative obliquity. We find that when
obliquity increases further as in Figures 8a and 8e, we observe an even
broader distribution of damage and a less identifiable “main strand” or peak in
damage (Figure S6b in Supporting Information S1). The correlation between
obliquity and the lateral extent of deformation is consistent with analog ex-
periments (Dooley & Schreurs, 2012), observations of deformation along
strike-slip faults (Scott et al., 2020), as well as theoretical considerations that
suggest that a broader off-fault damage zone may be expected due to the
rotation of the strain ellipsoid (Fossen & Tikoff, 1993; Sanderson &
Marchini, 1984). We suspect that the increase in damage west of the fault in
the divergent curve (Figure 8a) may be due to the superposition of basin-
bounding normal faults in the pull-apart basin (Figure 1, Figures S6 and
S12d in Supporting Information S1) that increase in separation to the
northwest (Figure 7 along strike distances between 15 and 20 km). Thus, we
conclude that obliquity is a determining factor in the variability of along strike
damage.

4.4. How Cumulative Fault Displacement Relates to the Fault Damage
Zone

In this section, we explore the potential relationship between cumulative
displacement on the Palo Verdes Fault and fault damage. To best isolate the
impact of cumulative displacement from obliquity we concentrate on the
southern section of the surveyed area where the fault is relatively straight (see
Figure 9 zones labeled in Figure 5).

In order to compare estimated displacement along the fault to the damage
zone width we first need to determine the lateral limits or width of the damage
zone. To achieve this, we measure the width by identifying the left and right
edges of the stacked damage curve as the location on each side of the peak
thresholded damage counts (~0 distance from fault) where the count value
equals 5% of the maximum value. To determine the damage zone width, we
subtract the distance between the edges. We assess the reliability of our edge
determination by bootstrap resampling with replacement of the data (distance,
counts pairs), following the approach outlined by Efron and Tibshir-
ani (1994). Through 1,000 bootstrap iterations of the pairs of distances and
counts and subsequent estimations of the damage curve edges (indicated as
stars in Figure 9a). This analysis confirms the stability of our width metric
(Figure 9c).
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Figure 9. Shows the decrease in fault damage toward the south. Panel (a) displays the variation of stacked and thresholded
thinned fault likelihood (TFL > 0.98) with distance east of the active main strand of the fault, similar to the plots shown in
Figure 6. The stars on the curve represent the edges of the damage zone, defined as where the value equals 5% of the peak
damage with the red and blue stars corresponding to the western and eastern edges, respectively. The locations of each stack
subsection are depicted in (b) where colors remain consistent in all subplots. The curves and edges are obtained through
1,000 bootstrap iterations, and the results for the measured edge distances are presented in (c). (d) Showing fault zone width
as a function of estimated displacement, details on the displacement estimation are presented in the text, Section 4.4.

(e) Displaying fault zone width as a function of the absolute value of obliquity (@) described in the text, Section 3.2. The error
bars represent 1 standard deviation of the bootstrapped means of obliquity for each segment and the distributions are shown
below.

We then must estimate displacement, which unfortunately cannot be measured directly along-strike. We therefore
use a theoretical relationship to estimate displacement as a function of distance from the fault tip using two key
assumptions. (a) Fault slip converges to zero at the fault tip (Segall, 2010). (b) Slip rate has remained constant
over time (Cowie et al., 2012). We estimate displacement for four subsections of the fault in the southern region of
the survey (depicted in Figure 9) using the elliptical relation between displacement and the distance from the fault
tip that is theoretically derived from linear elastic theory (Biirgmann et al., 1994; Pollard et al., 1987; Tada
etal., 1973). Other relationships between along strike distance and displacement have been observed and are topic
of continuing discussion, however, model choice does not impact our interpretation (Figure S13 in Supporting
Information S1). See Text S3 in Supporting Information S1 for details on displacement estimated from distance
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the mid-shelf, based on measured offset of a Miocene sediment isopach
(Brankman & Shaw, 2009). The fault tip (zero displacement) is the location

e where seismic reflection data no longer shows evidence of the PVF (Line
= ge o Kbl WSD81-712, Triezenberg et al., 2016). These two locations are shown in
() .
A ",.‘ i °s e | Figure 9.
S e
® e .?%’~ ® ] The analysis indicates that damage width steadily decreases to the south-east,
8 also apparent in MCS data (Figure S11 in Supporting Information S1) along

approximately 13 km of fault length (Figures 9a, 9b, and 9d). It may be
tempting to attribute the decrease in damage width to scaling relationships
that link damage width to cumulative slip (Alaei & Torabi, 2017; Savage &
Brodsky, 2011). And, while our results are consistent with compilation

-2 1
10752191

Figure 10. Comparison of the damage zone width versus displacement from
this study along with previous compilation study results. The colored
squares indicate widths that were estimated from bootstrapping results that

1077103 1% 10 1ef studies of damage zone width and displacement (Figure 10, square points;
Displacement [m] Savage & Brodsky, 2011), there is a striking deviation from the compilation

trend. The pronounced increase in the damage zone width with displacement
for the four points from this study is much greater than the scaling relationship
alone predicts (Figure 10). This leads us to conclude that the overall width is

were presented in Figure 9, and marker the faces are colored by distance likely governed by fault displacement, but that the rapid increase in width to
from the end of the fault. The dotted blue line is the power law fit to the data north (away from the fault tip) may be better explained by the change in

provided in Savage & Brodsky, 2011. The dashed yellow line is the power
law fit for the data in this study.

obliquity shown in Figure 9e. In other words, the displacement along the fault
likely sets the general width of the fault damage zone, while fault obliquity
accounts for along strike variations in damage zone width.

4.5. Fault Damage Controls Fluid-Flow

Our analysis reveals a clear spatial correlation between the locations of active fluid seeps and the TFL attribute, as
shown in the map in Figure 11a. This correlation (Figure 11b) suggests that the fault damage, which provides
enhanced permeability (Bense et al., 2013; Caine et al., 1996; Faulkner et al., 2010), is facilitating the escape of
fluids from the seafloor that we observe in the chirp sub-bottom profiles.

Interestingly, we find that seeps are predominantly observable to the west of the fault and are primarily confined
to the shelf area. This indicates that faults alone are not the sole control on seafloor seepage. There is a clear
asymmetry to the stacked fault damage zone trends (Figure 6b). On the shelf where the seeps are, there is a
preference for damage to extend further to the west of the fault, while fault damage appears to be more localized
east of the fault. We attribute this damage asymmetry to the well-documented tectonic folding and uplift
occurring west of the fault (Brankman & Shaw, 2009; Sorlien et al., 2013; Ward & Valensise, 1994). This
anticlinal uplift has resulted in older, more deformed/faulted rock being juxtaposed against younger, less
deformed rock on opposite sides of the fault, schematically shown in Figure 12. Subsequently, the increased fault
damage on the western side of the fault maybe attributed to the presence of more deformed and fractured older
rocks. These more fractured rocks presumably provide pathways for focused fluid flow and may explain the
pattern of seafloor seeps.

The absence of seeps to the east of the fault as well as on the slope may be due to young sediment cap may prevent
vertical fluid flow in these areas. There is evidence for these trapped fluids in the MCS data which are identifiable
as “bright spots” (Figure S14 in Supporting Information S1), a common gas indicator (Lgseth et al., 2009). We
suspect that the series of seeps observed at the eastern edge of the study area are associated with the damage zone
of the Thums-Huntington Beach fault.

Overall, our findings highlight the complex interplay between faulting, permeability, and fluid flow dynamics in
the study area, outlined in Figure 12. The correlation between active fluid seeps and the TFL attribute suggests
that fault damage provide preferential pathways for fluid migration and escape like other seismic reflection
studies conducted along the Hosgri Fault, offshore California (Kluesner & Brothers, 2016). Understanding the
factors controlling fluid seepage in this region is crucial for comprehending the broader feedback between tec-
tonics and fluid flow.
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Figure 11. Comparison of the thresholded thinned fault likelihood attribute (TFL) with the locations of the manually mapped
seafloor seeps depicted by light green circles. (a) The TFL color palette ranges from purple at low fault detection levels, to
white representing highly faulted areas. Additionally, a contour of the TFL detections is included to assist the reader. Fault
detection data is displayed for shelf regions, and the shelf break is represented by a dashed brown line. (b) Comparison of
binned number of seeps and thresholded TFL detections as a function of lateral distance east of the fault.

5. Conclusions

In conclusion, our study investigates fault damage zones, fluid seeps, and their relation to the active main strand of
the PVF. Using high-resolution MCS, multibeam bathymetry, and chirp sub-bottom profiles, we have identified
the active main fault strand and characterized the damage distribution along the broader fault zone. We observe
the highest intensity of damage occurring at the location of the mapped main active fault strand. Our findings
demonstrate the effectiveness of the automated fault detection method in accurately identifying the active main
fault strand within a complex fault network, thereby presenting a tool for future studies in fault mapping, analysis,
and seismic hazard assessment.

We note that the fault zone is highly variable in signature and lateral extent in seismic reflection profiles; however,
a consistent pattern emerges when fault detections are averaged along strike. This suggests that the smoothness of
fault damage zones observed in other geophysical studies is likely a low pass filtered or smoothed depiction of the
fault zone and that could be obscuring the real complexities observed in field studies.

Furthermore, we uncover a connection between the degree of damage localization and the obliquity of the fault.
Our findings indicate that increasing fault obliquity, whether in restraining or releasing bends, amplifies the
distributed nature of the fault damage zone. This insight into fault obliquity explains the variation in fault
damage observed along the length of the fault. We think that to first order the overall width and distribution of
the damage zone is likely controlled by displacement and that along strike variability is impacted by fault
obliquity.
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Figure 12. Schematic cross-section cartoon representing the fluid system in Section 4.5 of the text. Fluids generated at depth
migrate toward the seafloor through the high permeability fault damage zone, represented by red subvertical lines. The fault
damage, combined with the tectonic history of the Palos Verdes Fault region, influences the spatial distribution of fluids
released at the seafloor. Long-term uplift west of the fault brings older, more damaged rock closer to the seafloor, preventing
the accumulation of Quaternary sediments; this facilitates the uninhibited release of fluids. Conversely, to the east of the fault
where the damage is low and a thick sediment cap exists, fluids tend to be trapped within formation beds.

By combining the fault damage analysis with observations of fluid seepage patterns, we uncover the role of
tectonic history and sedimentation in controlling fluid mobility around the fault. The observed correlation be-
tween fault damage and fluid seeps provides insight into how faults within a strike-slip system govern subsurface
fluid flow and expulsions at the seafloor. The absence of fluid seeps in areas with thick quaternary sediment
suggests that the fluids are trapped in these layers without any clear pathways (faults/fractures) to the seafloor.

Altogether, fault zone damage as measured in shallow seismic data has proven to be a robust and useful tool to
identify active faults, to determine the key factors governing inelastic deformation and to directly observe the
controls on fluid migration in the crust.
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