
Using 3D seismic data to study damage zones

Abstract

Damage zones can observationally link earthquake physics to mechanics beyond
elasticity. The extent of distributed damage affects an earthquake’s propagation,
its associated strong motion and perhaps even the distribution of seismicity
around the fault. However, 3D observations of damage remain limited. Here we
constrain damage zones offshore California using existing 3D seismic reflection
datasets. Our current results from the Palo Verdes Fault zone show that damage
is most concentrated around mapped faults and decays exponentially to a
distance of 2.2 km, where fracturing with distance from the mapped fault and
reaches a clearly defined and relatively undamaged background values for all
examined depths and lithologies (450 m to 2.2 km). We also find that the damage
decay and background level damage in the background differs for each unit
indicating that lithology is a major control on damage variability, but not depth.
Qualitatively less brittle units, such as siltstone, appear to have damage that
decays slowly, but also have low background damage levels and the opposite is
true for sandstone and conglomerate. Surprisingly, these differences in damage
decay and background level balance each other out to result in a consistent
damage zone width regardless of lithology or depth. We will follow up on these
observations by exploring potential damage asymmetry and the relationship to
folding. This work is being performed by UC Santa Cruz graduate student Travis
Alongi in collaboration with Danny Brothers and Jared Kluesner of the USGS.

Introduction and Preliminary Work

Faults at field and laboratory scales are observed to be complex damage zones in
response to repeated rupture propagation. This damage zone plays a role in rupture,
attenuation and perhaps even nucleation. However, basic knowledge of its systematics
is limited and thus models of its effects are handicapped. Previous studies have
investigated damage zone systematics based on exposed fracture density and related
observations (Keren & Kirkpatrick, 2016; Mitchell & Faulkner, 2009; Savage & Brodsky,
2011; Scholz et al., 1993; Shipton et al., 2006; Wilson et al., 2003). However, these
studies have been largely limited to surficial measurements of fracture density and
lacked the means to quantify the damage in situ at seismogenic depths. In particular, it
is difficult to address questions of depth, lithology and stress regime dependence
through the geological measurements available.

Seismic data has contributed significantly to our understanding of fault damage zones
(Ben-Zion et al., 2003; Cochran et al., 2009; Vidale & Li, 2003). However, 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. Seismic reflection
data has the capability of observing faults and fractures in situ using advanced object
detection approaches and these techniques are burgeoning with the machine-learning
revolution (Edwards et al., 2018; Kluesner & Brothers, 2016), but the prohibitively high
acquisition and processing cost of the 3D volumes have limited the use for academic
purposes and fault mechanics applications. Proprietary holds on industry collected 3D



marine seismic reflection data have recently expired, and these datasets are becoming
available through the USGS.

Figure 1. Map of southern California
Inner Borderlands and San Pedro
Shelf. Inset map shows western US
with the red star indicating the 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 (Walton et
al., 2020) dataset and the turquoise
lines are the USGS onshore
Quaternary faults (U.S. Geological
Survey and California Geologic
Survey, Quaternary fault and fold
database for the United States,
accessed August 2019). Thick green
polygons indicate the bounds of the
3D marine active source data sets.
Dashed red lines indicate the 2D
lines used in the study. The blue
triangles indicate the surface location
of the geophysical well logs. White
lines are the location of
cross-sections of lines shown in other
figures. Yellow arrow is the view
direction from figure 4. Circles
indicate earthquakes colored by
depth and scaled by magnitude from
the Southern California Earthquake
Data Center alternate catalog [1981 -
2018] (Hauksson et al., 2012).

Prior SCEC-funded Work

This work is a continuation of a SCEC-funded project. Through our SCEC-funded
project, we utilized 3D marine seismic surveys collected offshore Los Angeles over the
San Pedro shelf and slope, spanning ~20 km of the Palo Verdes fault to measure fault
zone damage (Figure 1). We used a Thin Fault Likelihood algorithm to measure
seismically imaged fractures (Hale, 2012) and demonstrate that the fracture zones
identified by this method are preferentially near fault strands, as expected for damage
zones. This analysis reveals depth dependent fault zone damage and allows for an
evaluation of damage formation as a function of depth and lithology.

In the last year, we have separated the data by geological unit (Figure 2). There is a
clear relationship of exponential damage decay with distance from the Palos Verdes
Fault. These relationship observations are similar to what is seen in outcrop scale
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studies. We infer a ~2 km half-width of the damage zone regardless of lithology (Figure
2).

Figure 2. The left figure shows an example of dip-steered diffusion filtered seismic data in black
and white color scale(location shown in Figure 1). Overlain, the vertical teal line is the manually
mapped central strand, the dark purple is the western strand, and the navy blue is the eastern
strand. The transparent to red is the Thinned Fault Likelihood fault detections. The multi-color
horizontal lines are mapped 3D horizon-surfaces projected onto the inline and mark lithological
contacts or unconformities that have been tied to well logs. These horizons are used as upper
and lower bounds to constrain the fracture probability as a function of distance for each lithology
within the Chevron volume, which are shown in the semi-log plots on the right of the figure. Note
the different exponential fit slopes in different geologic units and variable background (horizontal
portion).

The new window into damage as a function of lithology and depth provides a new
insight into the trade-off between background damage and decay. Qualitatively stronger
units decay quickly with distance, but have low background levels. The opposite is true
for softer units such as siltstone. Interestingly, these factors counterbalance each other
resulting in a consistent damage width across the units. The data indicates that width
can be a more stable feature of damage zones than might be anticipated from observed
variations in individual units. This new observation invites future modelling work
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exploring the role of rock strength in controlling damage zone width. Apparently the
relationship involves non-trivial feedback mechanisms that needs to be fully explored.

The SCEC funding has supported graduate student Travis Alongi and engaged the
USGS Coastal Hazards group in the SCEC collaboration. This year Alongi made
substantial progress once COVID-related delays were resolved. In the course of the
analysis, we realized that separating the data by geological units was a key step that
had not been in our original work plan. This separation led to the key insights about the
importance of geology in controlling both decay and background in complementary
ways as discussed above. Alongi also expanded analysis to the higher resolution Shell
volume this year.
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