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Offshore fault damage zones in 3D with Active Source Seismic Data

Abstract: Damage zones can observationally link earthquake physics to mechanics beyond
elasticity. The extent of distributed damage affects earthquake rupture propagation, its
associated strong motion, and perhaps even the distribution of seismicity around the fault.
There are very few 3D observations of damage. Here we constrain the Palos Verdes Fault
damage zone offshore California using existing 3D seismic reflection datasets. We use a novel
algorithm to identify faults and fractures in a large seismic volume consisting of 4.8 x 108 points
and examine the spatial distribution of damage. Our results from the Palo Verdes Fault Zone
show that damage is focused around mapped faults and that damage decays with distance from
the fault, reaching the undisturbed and mostly unfractured background at a distance of 2.2 km
from the fault. The identified damaged zone appears to obey power law behavior at the outer
edges of a 3 strand fault network, with a power law exponent of 0.68, this trend extrapolates to a
probability of 1 at the mapped fault location. The power law like scaling of apparent fractures
with distance from fault is striking similar to outcrop studies, but extends to distances seldom
accessible. We find that fracturing in the damage zone increases with depth to around 500 m
and at greater depths may be more strongly controlled by lithological grain size, induration, and
unit thickness.

1. Introduction

Earthquakes release accumulated strain energy. How the released energy is partitioned during
rupture controls propagation and sets the boundary conditions for subsequent events. Energy
absorbed in damage zones around faults is a vital sink of strain energy sink and estimates vary
widely. Damage zones are highly permeable and particularly important to the distribution and
mobility of fluids around faults. The damage zone is the area where fracture density is higher
than the surrounding background fracture density. A fault zone consists of a highly localized
principal slip surface of highly comminuted granular clay rich gouge material (Chester and
Logan, 1986; Chester et al., 1986; Caine et al., 1996; Choi et al., 2016). The principal slip
surface is thought to accommodate the majority of the displacement and fault slip. The slip
surface is bound on either side by cataclasite grading to breccias which transitions into a tabular
damage zone at greater distances. The damage zone experiences less intense deformation
compared to fault core and is thought to be related to crack tip propagation or the cumulative
wearing effect of repeated ruptures. (Cowie and Shipton, 1998; Scholz et al., 1993).

Basic knowledge of the systematics of damage zones is limited, and most of what we know
about damage zones is based on geologic outcrop exposures and related observations (Keren
& Kirkpatrick, 2016; Mitchell & Faulkner, 2009; Savage & Brodsky, 2011; Scholz et al., 1993;
Shipton et al., 2006; Wilson et al., 2003). Outcrop studies of damage zones typically consist of
quantifying cracks surrounding the principal slip surface and identify the damage zone as the
area where cracks are more abundant than the background. In these studies the damage zone
width has been shown to scale with various fault parameters such as length, displacement, and
number of strands. (Torabi and Berg, 2011; Childs et al., 1997). Faults at field and laboratory
scales are observed to be complex and may vary in response to repeated slip events. The
damage zone plays a role in rupture and perhaps nucleation (Ben-Zion and Zaliapin, 2020;



Cartwright-Taylor et al., 2020 ). Outcrop studies have been largely limited to surficial
measurements of fracture density and lacked the means to quantify the damage in situ at depth.
In particular, it has been difficult to address fundamental questions of how depth, lithology and
stress regime control the spatial systematics of the damage zone.

Seismic data has contributed to our understanding of fault damage zones in-situ as a sampling
of the distinct elastic material properties that are sampled passively with seismic waves
(Ben-Zion et al., 2003; Cochran et al., 2009; Vidale & Li, 2003). Passive seismic experiments
and techniques are limited by access and deployment logistics on land. Active source marine
seismic data may provide a means to improve the situation and provide a higher-resolution and
more robust image of the subsurface. 3D Seismic reflection techniques, typically used in
hydrocarbon exploration, have the capability of observing fault and fracture networks in-situ.
Access to high cost and often proprietary 3D datasets is limited and have only recently been
utilized in academic studies (Alaei and Torabi, 2017; lacopini et al., 2016; Torabi et al., 2017).
Here we use 3D seismic data along with an algorithm to extract a fault network from the data.
We compare the algorithmically identified faults and fractures to manually mapped 3D fault
surfaces. We identify and image the damage zone, identify the spatial decay of damage with
distance from the fault surface, as well as analyze the depth, lithology, unit thickness impact on
damage.

2 Data

The Palos Verdes Fault (PVF) is located primarily offshore Southern California in the Inner
Continental Borderlands, and is an active constituent of the distributed shear zone that is
accommodating relative motion between the Pacific and North American Plates (Figure 1).
Current estimates suggest that the borderlands accommodates 6 - 8 mm/yr of right lateral
motions, accounting for about 15% of the motion across the entire shear zone. The PVF has
one of the highest slip rates in Southern California, with estimated rates between 1.9 -4 mm / yr
(Ward and Valensise, 1994; McNeilen et al., 1996; Brankman and Shaw, 2009; Brothers et al.,
2015).

In order to examine the damage zone in-situ we utilize existing marine seismic reflection data
that is openly available through the USGS at the National Archive of Marine Seismic Surveys.
We utilize two overlapping legacy industry collected 3D marine seismic reflection datasets along
with 2D multi-channels seismic surveys collected offshore of Los Angeles over the San Pedro
shelf and slope, spanning ~20 km of the PVF (Figure 1). The larger of the two volumes has a
346 km? footprint and was collected by Chevron in 1976 (C-01-76SC-3D). In addition we used
the smaller, higher resolution, smaller binspacing, and more modern dataset collected by Shell
in 1984 (B-388-84SC-3D). In support of the 3D seismic data we use 2D airgun and sparker
sourced multi-channel seismic lines that intersect the 3D volumes as well as Beta field
exploratory geophysical well logs. We also used exploratory geophysical well log and lithology
logs to create a 1D velocity model for the volume, allowing the conversion of the time volume to
depth.



3 Methods

3.1 Data Conditioning

This section describes the methods and workflow outlined schematically in Figure 2a. First,
downloaded data navigation headers were converted from North American Datum 1927
(NAD27) to Universal Transverse Mercator 11 N and imported into seismic interpretation
software, OpenDTect, where conditioning of the data included dip-steered diffusion filtering to
reduce noise and increase lateral continuity of geologic reflectors. The attribute applies median
filtering in @ moving 3D window (inline, cross-line, time-window) following structural dip in areas
shallow to moderate dips. Areas with very steep dips are not median filtered which reduces
smearing of median filtering across faulting discontinuities (Marfurt et al.,1998; Tingdhal and de
Rooij, 2003).

3.2 Manual Fault Mapping

Three traces of the fault were manually mapped through the volume in the sedimentary section.
We chose to confine our study and mapping to the sedimentary strata where the fault could be
mapped continuously and with confidence (250 m - 2.2 km). We avoided the chaotic reflection
character of the basement (depth > 2.2 km) and the clear processing artifacts in the shallow
section (depth < 250 m). Three continuous PVF fault stands were mapped through the majority
of the larger volume (Figure 1). The existence of three PVF strands is consistent with USGS
offshore mapping efforts (Walton et al., 2002; Conrad et al., 2010). The 3D fault picks were
interpolated forming 3D fault surfaces.

3.3 Automated Fault Detection

We use the ‘thinned fault likelihood’ algorithm to automate identification of smaller faults and
fractures within the volume (Hale, 2012 & 2013), which is shown in cartoon form on Figure 2.
This method uses semblance (a measure of multitrace similarity over a time-window) to scan
adjacent traces to identify discontinuous regions, over a moving window (Figure 2.b). The local
maxima of the calculation are preserved, effectively thinning the discontinuity volume (Figure
2c¢). The discontinuous voxels are then scanned over geologically reasonable dips and azimuths
for adjacent voxels of high fault likelihood which are then linked together to form a fault and
fracture network. For example of the results of thinned fault likelihood see Figure 3. The thinned
fault likelihood attribute volume has a probability for each voxel in 3D space being a fault or
fracture.

4. Measuring Damage as a Function of Distance for the Fault

To examine how fracturing varies spatially with respect to the center of the fault zone, we
calculate the minimum distance from each voxel (N = 4.8 x 10%) in the volume to the manually
mapped and interpolated central fault strand surface (N = 2 x 10°). We focus our study on the



eastern side of the central fault strand where the reflectors are more horizontal and less
undeformed. Similar to manual fault mapping we limit our analysis to depths below the
processing artifacts (>250 m) and above the basement (< 2.2 km) consisting of the Cretaceous
Catalina Schist fm. which is highly scattering producing spurious thinned fault likelihood
probabilities. We bin the data spatially both by distance from fault and depth in order and
calculate the arithmetic mean probability per spatial bin to examine spatial relationships of
thinned fault likelihood probability.

First, we analyze the resulting average probabilities <P> as a function of distance from the fault
(Figure 3). There is a clear relationship between fracture probability and lateral distance from
the fault that decays to a stable background value. This data appears to obey a power law over
a limited distance range (between the eastern strand to background), and can be well
represented by,

<P(x)> = Cx™

where x is the perpendicular distance from the fault surface, C is a constant the slope m is -0.68
+/- 0.02. At distances less than 150 meters we suspect that the fracture probability measure is
saturated. We speculate that the power law may be extrapolated back to the distance where
fracture probability value of 1 which occurs at ~ 10 meters from the fault surface.

Next, we investigate the impact of lithology and depth on damage. We calculate fracture
probability for each sample depth. We classify the data to within the bounds of the inner fault
damage zone where the fault probability measure is not saturated and background fracture
density (2.5 - 6 km) which is easily observable as the horizontal portion of Figure 4, and
indicated in Figure 3. We perform a simple subtraction of the depth dependent fracture
probability of the fault zone from the background to account for geometric spreading, intrinsic
attenuation, and reduce resolvability with depth inherent to active source seismic imaging. The
result is shown in Figure 5, and lithological tops are indicated, which are calculated as the mean
depth from lithology logs in the beta field. Note that all rock types here are sedimentary, and that
the boundaries represent disconformities. The results here show that deeper than about 500 m
that the units may be the most significant control on fracturing.

5 Results and Discussion

5.1 Density - Distance Relationship and Fault-bounded damage zones

The thinned fault likelihood method appears to be successfully identifying faults and fractures
within the seismic volume. The attribute identifies features within the data that seismic
interpreters would likely identify as a fault such as offset in reflector and changes in reflection
characteristics. Additionally, the areas with the highest probability for fracture identified by the
attribute are localized around faults identified in this study and others as the Palos Verdes Fault



and Wilmington Fault (eastern edge of volume) (Brankman and Shaw, 2009; Conrad et al.,
2007; Sorlien et al., 2013, Thompson et al., 2015; Wolfe et al., 2019).

We find that the fracture probability dependance on distance from the center strand of the fault
is best fit by a power law relationship, with a power-law exponent of 0.68. This observation is of
the same functional form as those observed in outcrop studies (Chester and Logan, 1986;
Micarelli et al., 2003; Berg and Skar, 2005; Savage and Brodsky, 2011);. however, some studies
have preferred an exponential decay form. (Faulkner et al., 2003; Mitchell and Faulkner, 2009).
Bonnet et al. in 2001 explained that distinguishing exponential and power-laws relationships
may not be straightforward and that it is advised to span several orders of magnitude before
determining the appropriate functional form. This study spans 3 orders of magnitude (50 - 8000
m) in the dataset. Each seismic bin (voxel) has dimensions of 50 m x 25 m x 4 ms (z dimension
= 5m) and we extend our study to 8 km in distance from the fault, these observations are at
distances from the fault that are rarely accessible in outcrop studies. Nearly 2 orders of
magnitude are included (450 - 2200 m) when fitting the fracture probability outside the bounds
of the mapped fault strands (Figure 4.). Unique to this method and study is the clearly defined
edge of the fault zone, where power-law behavior intersects the background at 2.2 km from the
central strand (Figure 4.) providing a robust distance cut off for fitting.

~

The along-strike averaged fracture density, over the depth ranges of 250 - 2200 m depth (nearly
seismogenic depths) also has power law scaling. We capture the behavior of the damage zone
at large length scales and show that the power law decay relationship extends to at least the 10°
m length scale. It has been argued that the observation of a broad distributed damage zone is a
result of the superposition of multiple sub-parallel faults that accommodate slip (Mitchell and
Faulkner, 2009). The cumulative effect of multiple strands results in a wider zone of damage,
where multiple fault strands each have their own damage zone. Our data appear to support the
fault strand damage zone superposition model, and we find that the inner fault damage bound
between the eastern and the western fault strands is the most intense. We suspect that the area
closest to the central fault strand may be at the saturation point for the thinned fault likelihood
algorithm (0 m from the fault to 150 m (Figure 4.)). In the determination and calculation of
thinned fault likelihood space between ‘thinned faults’ is prescribed in the method and 0.12
appears to be the maximum spatially averaged probability within the dataset, however, the large
scale aggregate fault appears to follow power law scaling. If we assume that there is no break in
the scaling, the fit line may be extrapolated and projected to probability of 1 (highest certainty of
fault), corresponding to a distance of ~10 m from the mapped fault surface, which is well within
the uncertainty of our mapping and is rather remarkable.

5.2 Damage Zone Width

The data indicates the half width of the Palos Verdes Fault is 2.2 km, or 4.5 km total width. The
width determined is indicated by the clear break in slope (Figure 4.) defining a clear boundary
between the fault and the relatively undisturbed basin. The width identified here is of the same
order as the widths inferred in some passive seismic tomography studies (1 - 2 km) (Thurber et
al., 1997; Yang et al., 2011; Cochran et al., 2009). The passive seismic studies hinge on seismic



body wave ray paths to sample the fault zone and thus limited in their resolution and spatial
sampling, in contrast to our study has uniform sampling throughout, and may be more resolving
of the outer bounds of the damage zone.

5.3 Sedimentary Rock and Damage

We analyze how fracturing and damage evolves with depth (Figure 5.) It appears that fracturing
increases slightly with depth for regions within the inner fault bound damage zone at depths
less than 500 meters. The progressive increase in fracturing up to 500 meters may be
suggestive of gradational diagenetic effects that occur in response to increased pressure and
temperature with sediment burial. The background fracture level may decrease slightly with
depth, but the signal is too weak (at the lower limit of the study) to interpret and speculate that
intrinsic attenuation, fresnel zone, and geometric spreading (which increases with propagation
distance / travel time) have an effect on the detection faulting features by the thinned fault
likelihood algorithm. Note the stability of the differenced result through the Monterey -
Delmontian formations, and the stability of the fracture probability among many of the overlying
strata.

6 Conclusions

We find that the damage zone is observable and identifiable in seismic data. The seismic
attribute computed from the data is representative of the damage zone and areas with elevated
fault and fracture probability are consistent with areas of mapped faults both in this study and
independent fault mapping efforts. We find that the level of fracturing scales with lateral distance
from the fault. This trend is best fit by a power-law with an exponent of ~0.7 for the regions
outside of the mapped fault strands, this scaling relationship is similar to other mature systems.
An extrapolation of the power-law fit, projects to a probability of 1 on the central main strand.
Due to the large footprint and large amount of data we extend observations to greater distances
and with more continuous sampling than is typically done at the outcrop scale. Additionally, the
large dataset allows for a well defined background and edge of the damage zone which is ~2.2
km away, and the next fault system creates a clear separate signal. Damage increases
moderately with depth to ~500m, beyond which it appears that formation lithology is stronger
control on damage.
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Figure 1: Map of southern california inner borderlands of the San Pedro Shelf. Inset map shows
western US, with the red star indicating the region of study area. Main map shows location of
mapped fault traces from the USGS quaternary faults database, where the navy blue lines are
the USGS offshore quaternary faults dataset and the turquoise lines are the USGS onshore
quaternary faults. Thick green polygon indicates the bounds of the 3D marine active source data
sets. Circles indicate local earthquakes that are colored according to depth and scaled by
magnitude from the Southern California Earthquake Data Center alternate catalog of events
included from 1981 - 2018 (Hauksson et al., 2012).
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Figure 2. (A) workflow used, where purple numbers in the thinned fault likelihood calculation are
shown in cartoon form in B & C. (B) following (Hale, 2013) cartoon showing the fault likelihood
volume from a semblance volume where semblance is a measure of multi-trace similarity of
adjacent traces over a time window that scans over a moving 3D window that is dip-steered
along continuous reflectors. The lower panels depict the fault-likelihood of this moving window
cartoon. (C) shows the resulting fault likelihood volume and that the local maxima for fault
likelihood is calculated and preserved, thinning the discontinuity volume to areas of highest
likelihood for faulting. Finally the thinned discontinuities are linked up forming a fault and
fracture network identified purely by the data. For additional description see the Methods
section.
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Figure 3. Perspective view of Thinned Fault Likelihood attribute results in high confidence
ranges (0.75—1) along the Palos Verdes fault zone. The rainbow colormap ranges from red to
violet, where violet is the greatest probability of a fault. The attribute is projected on a
strike-perpendicular line and an interpreted and Monterey horizon. Note the variable width of the
damage zone along strike, and how the results for thinned fault likelihood are concentrated
around the fault.
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Figure 4. (top) Fracture probability
relationship  with  distance from
central mapped strand. Exhibits a
decay relationship with increasing
distance from the center of the
central  fault strand.  Fracture
probability decays with distance from
the central strand to ~ 2.2 km from
the fault. The background fracture
probability extends from 2.2 km to 6.2
km from the fault before fracture
increases again, due to the
Wilmington fault at the eastern edge
of the seismic volume. (bottom)
Shows spatial relationship between
fracture density and distance from
the central strand. Red line
indicates least squares power law fit
through the data that extends from
the bounds of the eastern strand to
the background (~ 2.2 km).
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Figure 5. Three panels showing fault probability variation with depth. The mean unit boundary
depth as determined by averaging Beta oil field exploratory well log tops. Main units from
shallowest to deepest are Pico, Repetto, and Monterey. (left) shows how fracture probability
changes with depth within the inner fault bound damage zone, but outside of the region where
thinned fault likelihood may be saturated. (center) shows fracture probability relationship with
depth for the background region 2.5 - 6 km. (right) shows simple subtraction of the background
from the fault. Note the stability within units.
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