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ABSTRACT

The structure of fault zones and the behavior of ruptures are indivisible. Fault struc-
ture is molded by the continued overprinting of slip events, and rupture propagation
is highly sensitive to fault zone parameters. Observational constraints on both fault
zone characteristics and the behavioral response of ruptures to fault variability are
thus needed to understand earthquakes. Fault zones are narrow structures that are
difficult to image in detail, particularly at depth. This means that fault structure is
often oversimplified in rupture models and inversions. Earthquake source descrip-
tions are frequently high dimensional. Fault slip distributions are often complicated
and nonunique and seismicity catalogs can contain hundreds of thousands of events.
This complexity can be difficult to reduce for the purpose of making clear conclu-
sions on earthquake phenomenology. In this sense, observations of fault structure
may benefit from a dimensionality expansion and observations of earthquakes may
benefit from a dimensionality reduction. In Chapters 2-5 of this thesis I address the
former problem. I show how an emergent technology, distributed acoustic sensing
(DAS), that transforms fiber optic cables into dense arrays of strainmeters can be
used to resolve fault zone characteristics with astonishing detail. This applies to
small and large faults at shallow and deep depths. I define a framework for partition-
ing the seismic wavefield and show that scattered phases in earthquake wavefields
encode information on the location and dimensions of small faults. I then investigate
the Garlock Fault with an intersecting DAS array and uncover structural variability
across the fault at shallow and seismogenic depths. I also use this array to inves-
tigate Moho topography, and find that the Garlock Fault offsets and, by extension,
penetrates the mantle over a narrow width. In Chapters 6-8 of this thesis I address
the latter problem. I show that second moments, both of source and seismicity
distributions, can improve the clarity of observations and make drawing meaning-
ful conclusions about rupture behavior possible. I first develop a framework to
probabilistically invert for the second moments of source distributions and use it
to investigate all large strike-slip events of the past three decades. These solutions
show several patterns between faults and rupture behavior. I also create a seismicity
catalog for the Ridgecrest earthquake sequence and use a second moment measure

to constrain the evolution of fault orientation and the stress state.
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2.1

2.2

LIST OF ILLUSTRATIONS

Geographic setting and waveform examples. A. Map showing the
geographic setting for the data segments in this figure. The yellow
star indicates the location of the M; 1.79 earthquake recorded by the
Ridgecrest array and the LRL station at distances of 44 km (specifi-
cally the station highlighted in panel C) and 62 km respectively. The
blue line indicates the location of the DAS array that recorded the
time series shown in the middle image of this figure. The white box
indicates the approximate location of the DAS station whose individ-
ual station data is shown in this figure. The orange triangle shows the
location of the broadband station (LRL) whose station data is shown
in this figure. The black and gray lines delineate faults and roads
respectively. The light-red dots indicate the locations of aftershocks
used as templates in this study. The inset gives regional context. B.
Full DAS record section at the time of a regional earthquake, the
location of which is shown in the map in A. The black arrow marks
the location of the DAS channel given as an example in C (channel
899). C. Comparison of station data from a single DAS station (top)
with the east-west component of station data from the nearby LRL
broadband station (bottom). The DAS stations in panels B and C and
the broadband station in panel C are band-pass filtered from 2-8 Hz
using a Butterworth filter. . . . . .. ... ...
Curvelet polar tiling framework. A.Schematic illustration of the polar
tiling used to construct curvelet coefficients. The wedges delineate
the compartmentalization of the frequency-wavenumber domain. B.
Plot of select curvelets in both the frequency-wavenumber domain.

C. Plot of the same curvelets as in B in the spatiotemporal domain.

Page

Colors of arrows correspond to equivalent curvelets between B and C. 11



2.3

24

2.5

[lustration of stochastic denoising using soft-thresholding in the
curvelet domain. Thresholds for this example were determined em-
pirically using a window with little coherent signal from the same
data set. A. Unfiltered record sections for the entire DAS array. B.
Curvelet filtered record sections for the entire DAS array. C. The
individual DAS station data from the record sections in A (black) and
B (red) for the DAS station marked by the gray (channel 422) arrows.
D. The individual DAS station data from the record sections in A
(black) and B (red) for the DAS station marked by the black (channel
T80) arrows. . . . . . . e e
[lustration of coherent denoising using the polar-tiling framework of
the curvelet construction. A. Pseudo-synthetic noisy window made
by superimposing a record section with high cultural noise onto a
record section with an earthquake. B. Time series in which velocities
in the range 0-1000 m/s were removed using an untapered FK-filter.
C. Time series in which velocities in the range 0-1000 m/s were
removed using our curvelet windowing technique. The black arrows
point to a region of prominent filter-generated artifacts. . . . . . . . .
Hourly (PST) event counts of the catalogs created using template
matching. A 3-hour moving average filter was applied to each of the
time series. The yellow line shows the hourly counts for the catalog
of templates made using the SCSN catalog. The red line shows the
hourly counts for the catalog created using template matching (TM)
on the unfiltered data. The blue line shows the hourly counts for the

catalog created using template matching (TM) on the curvelet filtered

X1
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2.52

2.S3

3.1

Hourly (PST) event counts of the catalogs created using template
matching. A 3-hour moving average filter was applied to each of the
time series. The yellow line shows the hourly counts for the catalog
of templates made using the SCSN catalog. The red line shows the
hourly counts for the catalog created using the unfiltered data. The
green line shows the hourly counts for the catalog created using data
filtered using only the coherent noise filter. The purple line shows the
hourly counts for the catalog created using data filtered using only
the stochastic noise filter. The blue line shows the hourly counts for
the catalog created using data filtered with both the coherent noise
and stochastic noise filters. . . . . . . . . ... .. Lo L.
Hourly (PST) measure of the percentage of events from the catalog
produced using unfiltered data retained in the catalog produced using
data filtered for both stochastic and coherent noise. Events are con-
sidered retained if there exists a corresponding event in the catalog
produced using filtered data that has an origin time within 2.5 seconds
of the event. A 3-hour moving average filter was applied to this time
SEIICS. .« & v v v e e e e e e e e e e e e e e
Example of a detection made in the original catalog but not made in
the new catalog. A. Template event taken from the unfiltered data.
B. Wavefield of the detection made using the template in A. C. Same
template as in A but taken from the filtered data. D. Same wavefield
as in B but taken from the filtered data. Black arrows point to the
earthquake-generated body waves of the template event. . . . . . . .
Geographic setting and illustration of scattered phases. Top: The
geographic setting of the data used in this study. Blue line corre-
sponds to the DAS array. Red dots correspond to the epicenters of
the events used in this study. Yellow star corresponds to the epicenter
of the event shown below (depth 5.6 km). Green lines correspond
to the USGS-mapped Quaternary faults in the area. Bottom: Ex-
ample of the DAS-measured wavefield of the onset of an event used
in this study. Black dotted lines correspond to the locations of the

chevron-like features that are mapped in Figure 3.3. . . . . . . . . ..
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34

Schematic illustration of the phenomena observed in the earthquake
wavefields used in this study. Top: Record section corresponding to
the processes illustrated below. Bottom: Illustration of the phenom-
ena resulting in the generation of the chevron-like features shown in
Figure 3.1. Colors represent the same phenomena in both top and
bottom. Green corresponds to incident body wave. Gray features
indicate a fault zone. Purple corresponds to the scattered surface
waves resulting from the body waves impinging on the fault zone.

Orange line and triangles indicate the fiber optic cable and stations,

respectively. Blue box represents the DAS interrogator unit. . . . . .

Backprojection of scattered phase results. Left: Backprojection pro-
files made using 50 events recorded by the DAS array in Ridgecrest,
CA. Light blue lines correspond to profiles made using a single event.
Dark blue lines correspond to the mean profile. Orange lines cor-
respond to the topographic prominence of the mean energy profile.
Top and bottom plots correspond to profiles generated with 4 and 7
Hz center frequencies, respectively. Black arrows point to referenced
peaks «, 3, v, and ¢. Right: Prominence profiles to the left, convolved
with Gaussian kernel to widen peaks for representation, plotted on
the DAS array geometry shown in Figure 3.1. Color corresponds
to prominence amplitude. Green lines correspond to fault locations.
Solid lines are moderately or well constrained fault locations, and
dotted lines are inferred fault locations. Faults are labeled according
to associated peaks indicated in the profiles to the left. Curved black

arrows indicate the proposed relocation of the fault associated with

peak a. . . . .. e

Synthetic tests of shallow scatterers. Left: Example of velocity model
modified from Yang, Atterholt, et al. (2022) and Small et al. (2017)
with two fault zone-approximating velocity perturbations emplaced
in the model. Green line corresponds to array of strainmeters. Black
arrows point to incident wave direction and fault locations. Note the

large vertical exaggeration. Right: Record section generated from

scenario illustrated tothe left. . . . . . . . . .. ... ... ... ..
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3.51

3.52

3.S3

Comparison of modeled and observed spectra. A. Pseudocolor plot
of mean backprojection amplitude plotted against center frequency
and distance along array. Dotted green and dotted blue lines cor-
respond to cross sections of this plot, associated with peaks @ and
B, respectively. B. Plots of backprojection amplitude versus center
frequency for the cross-sections shown in A. Light green and light
blue lines are the frequency-amplitude curves determined for a single
event for peaks @ and S, respectively. Dark green and dark blue
lines are the mean frequency amplitude curves for peaks o and g3, re-
spectively. Dotted black lines correspond to the frequency-amplitude
curves for our preferred fault zone model for each peak. Dotted col-
ored lines are frequency amplitude curves for fault zone models with
variant parameters to illustrate the constraints of this methodology.
The parameters used for each model are given in Table 3.S1. The
asterisk in the legend indicates that, for visualization purposes, the
corresponding model is normalized by the maximum height of the
data curve rather than the integrated sum. . . . . . . ... ... ...
Examples of the wavefield partitioning, described in Atterholt et al.
(2021), applied for separating the direct waves from the surface waves.
The left column shows the total wavefield for 3 separate events used
in this study. The middle column shows the separated direct waves
of the events. The right column shows the separated scattered waves
oftheevents. . . . ... ... ... ...
Dispersion curve generated using the backprojection framework to
perform a grid search at velocities in narrow frequency bands on the
earthquake wavefield shown in Figure 1. Black dotted line is the 1D
average of the velocity model from Yang, Atterholt, et al. (2022) . . .
Dispersion curve generated using the backprojection framework to
perform a grid search at velocities in narrow frequency bands on a
synthetic shot gather with an emplaced fault model. Black dotted line
is the 1D average of the velocity model from Yang, Atterholt, et al.
(2022) . . .
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4.1

4.2

Peak decay functions of peaks a and S for ensemble of profiles shown
in Figure 3. Light green and light blue lines are decay functions of
individual profiles for peaks @ and 3, respectively. Dark green and
dark blue lines are mean peak decay functions for peaks @ and g,
respectively. Dotted lines are peak decay functions for synthetics
generated using different attenuation regimes defined using constant
of proportionality c. . . . . . .. ... ... L Lo
Study setting and dataset 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 Figs. 4.2 and 4.4. The gray star indicates the earthquake
shown in c¢. The diamond shaped points indicate the earthquakes
shown in Fig. 4.S8. Red points show earthquakes that were also
used in the inversion in 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 1-10
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. . .
Dispersion curves from the active source experiment (a) and ambient
noise cross-correlations (b) along the purple segment of the array in
Fig. 4.1. Black dotted lines show locations of mapped strands of the
Garlock Fault where they cross the velocity profile. . . . . . . .. ..
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4.3

4.4

4.5

4.6

Shallow shear wave velocity model and corresponding model-travel-
time perturbation comparison along the purple segment of the array
shown in Fig. 4.1. a. Profile taken from the shallow velocity model
around 100 meters depth (averaged from 80-120 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 Fig. 4.1 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. . . . . . ... ... ...

Cluster comparison and inversion results from differential travel-time
measurements computed along the yellow segment in Fig. 4.1. a.
Travel-time perturbations from on-fault (gray) and off-fault (green)
clusters of earthquakes, shown in Fig. 4.1. b. difference between the
two sets of perturbations (purple) plotted against the model fit from
the inversion ensembles. ¢, 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 Fig. 4.5. . . . ... ... ...

Joint probability distributions for ensembles of parameters from the
differential travel-time inversion. Diagonal plots show the marginal
distributions (also shown in Fig. 4.4), 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

velocitymodel. . . . . . . .. ...

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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4.54

4.S5

4.S6

4.57

Schematic model summarizing the findings of this study. . . . . . . .
Geologic map of the study region with units defined in the Geologic
Map of California (Jennings et al., 1977). The dimensions of this
map are the same as those in Fig. 4.1. Black lines are faults.
Gr = Mesozoic granitic rocks | Ns = Plio-Pleistocene and Pliocene
loosely consolidated deposits | Tv = Tertiary volcanic flow rocks | Q
= Quaternary alluvium | Sc = schist of various types | Mv = Paleozoic
metavolcanic rocks | Pc = Precambrian rocks | Ms = Paleozoic marine
rocks. . Lo
Extended shallow imaging experiment phase (top) and shear wave
velocity (bottom) models. . . . . .. ... ...
Comparison of the near-fault velocity model recovered from the joint
inversion (Fig. 4.3) and the inversion using only ambient noise data
(Fig. 4.82). . . . .
1D velocity model and approximate ray paths. Left: velocity profile
used to isolate travel-time perturbations from 3D structure. Right: ap-
proximate ray-paths between near-fault event cluster and DAS channel
collocated with the mapped trace of the Garlock Fault. . . . . . . ..
Normalized power spectra of the earthquake wavefields of events in
the cluster of earthquakes on the Garlock Fault. . . . . . . . ... ..
Parametric evaluation of the sensitivity of our array to different veloc-
ity features at depth and comparison to velocity feature from Cochran
etal. (2009). In this plot we vary depth of damage zone (d), velocity
perturbation at depths greater than 0.2 km (dVy;) and the width of
the damage zone at depths greater than 0.2 km (Wy). . . . . . . . ..
Travel-time perturbations from the gray cluster of earthquakes shown
in Fig. 4.1 at different distances from the Garlock fault for illustration.
Near surface perturbations are computed using the model in Fig. 4.2.
Seismogenic zone perturbations are computed using the model in
Fig. 4.4. Shallow crust perturbations are computed as the difference
between the total perturbations and the combined perturbations of
the near surface and seismogenic zone. Black dotted line indicates
location of Garlock fault in the USGS Quaternary Fault Database. . .
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4.S8

4.S9

4.510

4.S11

5.1

5.2

Examples of earthquake wavefields from clusters of earthquakes on
and off the Garlock Fault. Locations of these earthquakes are indi-
cated by the diamond markers on the map in Fig. 4.1. Olive-colored
dotted lines indicate the P and S phase picks made by PhasenetDAS. .
Map of events used in the inversion for the bimaterial contrast across
the fault. Green segment of the array indicates the channels from
which travel-times wereused. . . . . ... ...
The SCEC Community Velocity Model along a path collocated with
the DAS array used in this study. Note the high velocity anomaly at
depth on the south side of the model. . . . . ... ... ... ....
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Synthetic tests. (A) Velocity models and source-array geometry used
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inversion. Left: Map-view projections of a 500-solution subset of
the ensemble of second spatial moment ellipsoids solved for in this
study. Ellipsoids are defined using r.(fi) in equation 6.3, and the
largest principal semi-axis is L.. Right: Map-view projections of
a 500-solution subset of the ensemble of vy, as defined in equation
6.4, solved for in this study. Black lines represent the surface-rupture
faults mapped after the Ridgecrest mainshock. Yellow star marks the
location of the gCMT centroid of the Ridgecrest mainshock. Trans-
parent blue lines represent a single solution from the ensemble of
second moment solutions. Solid blue lines represent the mean so-
lution from the ensemble second moment solutions. Green, purple,
and yellow vertical lines correspond to the fault-slip distribution re-
sults from prior studies, simplified into spatial second moments, from
Ross, Idini, et al. (2019), Xu et al. (2020), and Jin and Fialko (2020),
respectively. . . . . ...
Traces of stations submitted to manual quality control in this study.
Station plots with black outlines indicate stations that were kept.
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Examples of waveform fits for the 1999 M,,7.61 Izmit earthquake.
The waveforms in the top grouping are fits to the SH phase. The wave-
forms in the bottom grouping are fits to the R1 phase. Each wave-
form panel includes corresponding station name and back-azmith.
The black and blue lines correspond to the observed waveforms and
the point source theoretical Green’s functions at each respective sta-
tion. The red and gray lines correspond to the waveform fit of the
mean solution and the distribution of fits for the ensemble of solu-

tions, respectively. Waveforms are filtered between 7.5 and 12.3 mHz

according to the described bandpass framework. . . . .. ... ...

Summary of characteristic values. Left: Twice the characteristic
temporal deviation (20 of moment rate function) for each event
plotted against event moment magnitude. Black dotted line is the
empirical magnitude-duration relationship used in (Ekstrom et al.,
2012). Center: Characteristic spatial deviation plotted against cen-
troid propagation length. Black dotted lines separate bilateral, mixed,
and unilateral categories described in the text. Right: Twice the char-
acteristic spatial deviation plotted against event moment magnitude;
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1992). Green, red, and purple correspond to continental strike-slip,

oceanic interplate, and oceanic intraplate, respectively. . . . . . . . .

Derived source quantities described in the text. Top row: Distri-
butions of all event ensembles for each quantity. Second row from
the top: Distributions of all ensembles within individual tectonic
groups for each quantity. Green, red, and purple correspond to
continental strike-slip, oceanic interplate, and oceanic intraplate, re-
spectively. Bottom three rows: ensemble distributions for individual
events within each tectonic category for each quantity. The rela-

tive heights of a few distributions of directivity ratios for individual

sources were reduced for visualization purposes. . . . . .. .. ...
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Depth extent of earthquakes plotted against lithospheric age. Isotherms
generated using a half-space cooling model with an ambient mantle
temperature of 1350°. Gray points are the gCMT centroid depths.
Green violin plots are distributions of depth extents estimated by
&(z) + %Z. Yellow violin plots are depth extents estimated by
£(2) + \/TEZ . Left and right figures includes all interplate and in-
traplate events included in this study for which oceanic lithosphere
age was obtainable respectively. Lithospheric age is obtained from
Seton et al. (2020). . . . . . . ..
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plane strikes for all continental strike-slip and interplate oceanic
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sembles with fracture zone strike estimation described in the main
text for intraplate oceanic earthquakes near mapped fossil fracture
zones. For both plots, black dotted lines correspond to differences
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oceanic interplate, and oceanic intraplate, respectively. . . . . . . . .
Map view (top row) and vertical plane (bottom row) projections of
median (dark blue) and individual ensemble members (light blue) of
spatial second moment ellipsoids for several events considered in this
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respectively. . . . .. L
Examples of waveform fits for the 2002 M,,7.88 Denali earthquake.
The waveforms in the top grouping are fits to the SH phase. The
waveforms in the bottom grouping are fits to the R1 phase. The black
and blue lines correspond to the observed waveforms and the point
source theoretical Green’s functions at each respective station. The
red and gray lines correspond to the waveform fit of the mean solution

and the distribution of fits for the ensemble of solutions respectively. .
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Examples of waveform fits for the 2018 M,,7.60 Palu earthquake.
The waveforms in the top grouping are fits to the SH phase. The
waveforms in the bottom grouping are fits to the R1 phase. The black
and blue lines correspond to the observed waveforms and the point
source theoretical Green’s functions at each respective station. The

red and gray lines correspond to the waveform fit of the mean solution

and the distribution of fits for the ensemble of solutions, respectively.

Station distribution for the three events plotted in Figure 3 of the main
text in an azimuthal equidistant projection. Orange triangles represent
Global Seismographic Network Stations and focal mechanisms are
produced using the gCMT solution (Ekstrom et al., 2012). . . . . .
Ensembles of parameters defined in equations 4 and 5 of the main
text for the oceanic interplate earthquakes considered in this study. .

Ensembles of parameters defined in equations 4 and 5 of the main

XX Vil

159

. 160

text for the continental strike-slip earthquakes considered in this study. 161
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Map-view comparison of deviation ellipsoids between the second
moment solutions produced in this study and those computed from
peer-reviewed fault slip distributions in the SRCMOD database (Mai
and Thingbaijam, 2014). Additional solutions for Palu earthquake
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reviewed but includes multiple faults, are included as well. . . . . . .
Comparisons of vertical deviations between the second moment solu-
tions produced in this study and those computed from peer-reviewed
fault slip distributions in the SRCMOD database (Mai and Thingbai-
jam, 2014). Additional solutions for Palu earthquake from Socquet et
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Plot of the seismicity (A) and focal mechanisms (B) resolved during
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respectively. . . . . ...
Direct comparison plot showing time evolution of faulting between
methods applied in this study. The progression of the dip direction
(black) measured using the peaks of the K, plots is compared to the
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rcrvp values and corresponding focal mechanism diagrams for the
normalized summed potency tensor solutions for the spatial and tem-
poral windows used in this study. The dotted line marks where rcryp
is equal to zero. In the foreshock zone, the pre-mainshock bin has
two windows, one prior to the M6.4 foreshock (labelled P) and one
between the M6.4 foreshock and the M7.1 mainshock (labelled F). .
K.y, values for sweeps of dip direction (¢) and dip (@) for the time-
integrated seismicity for the regions defined in and the catalog pro-
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define the dip direction and dip, respectively. Locations of the crosses
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windows within each region. Pre-mainshock plots were made using
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Chapter 1

INTRODUCTION

Earthquakes show substantial variability in rupture properties between events (Hayes,
2017; Yin et al., 2021; Bao et al., 2022). This variability is partially due to differ-
ences in the structure on and around faults. Fault zones are characterized by fault
cores that localize strain and an encompassing volume of fractured rock termed a
damage zone (Faulkner et al., 2010). Few generalizations beyond the existence of
these key components are possible. Faults exist in varied geological settings and
are modified by continued deformation due to a diversity of slip regimes. These
differences map to a heterogeneity of characteristics and dimensions of fault zones.
Observational studies of fault zones often employ the seismic wavefield to image
subsurface fault zone structure (e.g., Share and Ben-Zion, 2018; Cochran et al.,
2009; Qiu, Ben-Zion, et al., 2021). This works because fault zones perturb seismic
wave propagation in a volume through fracture and the displacement of lithologies
and lithological boundaries. In general, fault zone imaging techniques require ob-
servations near or on the fault zone. Because fault zones are narrow features, dense
arrays are often necessary for measuring phase delays with sensitivity to fault zone
structures and for identifying fault zone waves. Dense array deployments are limited
in that they are often logistically challenging and temporary, meaning that datasets
with sensitivity to fault zone structure for major faults are often unavailable or lim-
ited. Moreover, the logistical challenge of dense arrays means that they are often
deployed with specific targets in mind, limiting available datasets for discovering

unmapped low wavelength structure.

Distributed acoustic sensing (DAS) is a technique that uses phase interferome-
try of Rayleigh backscattered light to turn fiber optic cables into dense arrays of
strainmeters (Zhan, 2020). This technique is powerful because it allows for the
deployment of dense arrays over extensive distances and long time periods. This
tool can also leverage existing fiber infrastructure, so-called dark fibers, which min-
imizes the logistical and financial costs of deployment. These dark fibers frequently
cross faults. The extent of these fibers means that they span large distances of poorly
studied regions that may contain unmapped but nonetheless important structural
features. DAS thus has the potential to greatly increase the number of available

datasets for studying known and unknown fault zones in detail. In the first part of
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this thesis I establish several frameworks for investigating fault structure with DAS,
and I apply these frameworks to DAS arrays in the Eastern California Shear Zone

to make several interesting observations on both major and minor faults.

In Chapter 2 (Atterholt et al., 2021), I introduce a framework for partitioning the
seismic wavefield in DAS recordings. DAS data are noisier than traditional broad-
band seismic data both in terms of coherent noise and stochastic noise. Elevated
coherent noise is due to the proximity of fiber to roads and elevated stochastic noise
is in large part due to instrument-related effects and poor fiber-to-ground coupling.
Care must be taken to partition the noise from the signal of interest. Moreover, this
dense station spacing makes phases in the seismic wavefield observable that would
otherwise be spatially aliased. Separating these phases from the rest of the wavefield
is often necessary when using them to constrain earth structure. I use curvelets to
partition the components of the seismic wavefield measured by DAS. Curvelets are
an extension of directional wavelets that employs a parabolic scaling relationship
that optimally represents images with discontinuities along curves. I show that these
objects sparsify the DAS-measured wavefield which allows for efficient reductions
in stochastic noise. I also show that the discretization of the frequency-wavenumber
domain during curvelet construction is an excellent domain for separating coherent
components of the wavefield from each other. I illustrate the efficacy of this frame-
work by greatly improving a template matching catalog produced using DAS data

by removing the stochastic noise and traffic noise signal from the data.

In Chapter 3 (Atterholt et al., 2022), I investigate scattered waves that are nearly ubiq-
uitously observed in the body coda of DAS measured earthquake wavefields. These
waves have been suspected to be the product of scattering by fault zones, but until
this study, no work had confirmed or systematically investigated this phenomenon.
Using the wavefield partitioning framework discussed in Chapter 3, I develop a
backprojection framework with which the strength, location, and frequency content
of these scattered waves recorded by a DAS array may be quantified. I apply this
backprojection framework to a set of aftershocks from the 2019 Ridgecrest earth-
quake measured by a nearby DAS array and find exceptional spatial correlation
between the locations of these scattered waves and the mapped faults in the area. |
also observe distinct frequency contents of scattered waves associated with different
faults. With synthetic modeling, I find that the frequency content of these scattered
waves is related to the dimensionality of the faults that generate them, and I use this

information to constrain the geometry of the faults observed near Ridgecrest. These



3

results are consistent with a paired study that observes similar scattering behavior

in ambient noise correlations.

In Chapter 4 (Atterholt et al., 2024), I use a DAS array that crosses the Garlock
Fault, a major fault that bisects the Eastern California Shear Zone, to investigate its
structure in unprecedented detail. The philosophy of this chapter is to investigate
the fault in stages, first resolving the shallower structure and using that shallower
structure as a correction term to better resolve the deeper structure. We determine
a shallow velocity model across the fault zone jointly using both surface waves
from an active source experiment across the fault and empirical Green’s functions
from ambient noise cross correlations. We find a collocated low velocity zone that
is biased to the south of the mapped surface trace of the fault. We then compare
this velocity model to depth integrated measurements of phase delay due to the
low velocity zone from nearby earthquakes. We find that there is no phase delay
signal that cannot be accounted for by the shallow velocity model, suggesting that
the velocity perturbation due to the damage zone is only a shallow feature. Finally,
using differential times from a variety of earthquakes, we resolve a sharp velocity
contrast across the fault that may suggest preferred westward rupture directivity in

the event of a future earthquake.

In Chapter 5 (Atterholt and Zhan, In Review), I use the same DAS array as in
Chapter 4 to investigate Moho topography in Southern California. Investigating
deep crustal structure with DAS is challenging because DAS has a high noise level
at low frequencies. In this study I instead use the Moho reflected P-wave (PmP),
a high frequency phase, to investigate crustal thickness. This phase has the added
benefit of enabling us to make observations of crustal thickness far away from the
fiber. I systematically investigate the seismic wavefields of all M2.5+ earthquakes
recorded by this DAS array over the course of 2 years. I find that the large spatial
extent of DAS makes PmP easily observable, because PmP can be verified using
array-side moveout. I identify clear PmP arrivals for many earthquakes, and I
develop a framework to pick the differential arrival time between the first arriving P
wave and PmP using autocorrelation. I use these differential arrival times to invert
for crustal thickness, and I make several interesting observations of low wavelength
Moho topography. I find that there is a step in the Moho across the Garlock Fault,
suggesting that this fault penetrates the mantle and maintains a narrow width at
depth. T also observe a shallow Moho anomaly near the Coso Volcanic Field,

suggesting an upper mantle source for the associated magma chamber.
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The aforementioned observations provide important constraints on the structures
that host earthquake ruptures, but in this thesis I also attempt to address the ques-
tion of how these structures affect rupture phenomenology. To accomplish this, I
search for measures of earthquake sources and associated transients that allow for
the establishment of patterns in behavior. Earthquakes and earthquake locations can
be characterized as distributions of slip and points in space. Distributions can be
described by their moments, and lower order moments provide low dimensional ap-
proximations of the size and shape of a distribution. For the problem of earthquake
slip the zeroth and first mathematical moments, corresponding to the seismic mo-
ment and the centroid position, are routinely computed (Ekstrom et al., 2012). The
second moments describe the width and time-dependence of a slip distribution in 4
dimensions. A paradigm for computing second moments of the slip distribution has
been established (Backus, 1977; McGuire et al., 2000), but is sporadically applied.
This paradigm, however, is valuable because low dimensional estimates are useful

quantities for establishing patterns in source distributions.

Thanks to advances in template matching (Ross, Trugman, et al., 2019), machine
learning techniques (Ross, Yue, et al., 2019; Zhu and Beroza, 2018), and the in-
creased use of cross-correlation-based relocation (Waldhauser and Ellsworth, 2000;
Trugman and Shearer, 2017), seismicity catalogs are increasingly complete and
precise. One challenge is using these catalogs to draw meaningful conclusions
about the processes driving the distributions of events. Some help may be found
from moment measures from point process theory, which can be used to described
fundamental characteristics of distributions of points (Illian et al., 2007), with the
second moment measure capturing how the intensity of these points varies in space
(Ripley, 1976; Mgller et al., 2016). In the second part of this thesis, I develop
and apply frameworks for capturing the second moments of source distributions
and seismicity catalogs, which offer reduced dimensionality compared to fault slip
distributions and sets of hypocenter locations, to find patterns that inform a deeper

understanding of what drives source behavior.

In Chapter 6 (Atterholt and Ross, 2022), I introduce a new framework for prob-
abilistically inverting for second moments of the earthquake source distribution.
The second moments of an earthquake source amount to a covariance matrix of the
spatiotemporal source distribution, and thus yield estimates of the spatial extent,
rupture propagation direction, and duration of the earthquake. The advance of this

technique is that the inversion is Bayesian, allowing for an estimate of the posterior
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distribution of the second moments. This is important because determining whether
earthquakes on different types of faults have parameters that are significantly differ-
ent requires probabilistic estimates that accurately encode uncertainty. We solve for
the second moments by fitting observed waveforms to synthetic Green’s functions,
and the inversion is performed using Hamiltonian Monte Carlo sampling and is
constrained to produce a positive definite matrix using Cholesky decomposition.
We validate this technique by inverting for second moment posteriors of a synthetic

test and of the 2019 magnitude 7.1 Ridgecrest earthquake.

In Chapter 7 (Atterholt and Ross, 2023), I apply the framework developed in Chapter
6 to all large (M,, > 7.5) strike-slip earthquakes of the past 3 decades. This results in
probabilistic estimates of fundamental source quantities like spatial extent, rupture
directivity, and duration for 25 events from a diversity of tectonic environments.
From these second moment estimates, I compute additional quantities like the
source reclinearity, average moment density, and the vertical extent of the source.
The intention of this study is to look for patterns that are either consistent between
all events or events within particular tectonic regimes. As part of this analysis, I
separate these events into groups for comparison: continental strike-slip, oceanic
interplate, and oceanic intraplate (Table 7.1). I demonstrate that most events show
at least some unilateral directivity, but many of the events show directivity patterns
that have some mixture of unilateral and bilateral directivity. 1 also show that
oceanic intraplate events commonly rupture depths with temperatures above the
expected isothermal boundary for oceanic earthquakes, whereas oceanic interplate
earthquakes do not. Finally, I show that a proposed mechanism for weakening in
the oceanic crust, fossil fracture zones, are usually not aligned with large oceanic
intraplate ruptures, suggesting alternative explanations for weakening in the oceanic

crust are necessary to explain these events.

In Chapter 8 (Atterholt and Ross, In Prep), I investigate the evolution of fault
orientations and the stress state throughout the 2019 Ridgecrest earthquake sequence.
I start by developing a high resolution catalog of seismicity and moment tensors that
encompasses the entire sequence. Active fault orientations are partially a function
of the stress state, and evaluating how the orientations of active faults evolve may
provide an observational constraint on the relationship between deformation and
stress. 1 investigate fault orientations in narrow spatiotemporal windows using
both seismicity and focal mechanisms to inform a fine scale understanding of the

fault evolution throughout the sequence. Investigating fault orientations with focal
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mechanisms is common, but these techniques have particular biases that motivate the
use of complementary measures. I use a particular second moment measure termed
the cylindrical K-function to measure the modes of fault orientations throughout
the earthquake sequence using the seismicity catalog. 1 find that this measure
using seismicity informs a unique perspective on the stress state, and yields distinct
estimates of the absolute differential stress and the progression of reloading due to

postseismic deformation.



Chapter 2

PARTITIONING AND DENOISING THE DAS WAVEFIELD

Atterholt, J., Zhan, Z., Shen, Z., and Li, Z. (2021). A unified wavefield partitioning
approach to distributed acoustic sensing. Geophysical Journal International 228.
por: 10.1093/gji/ggab407. Pp. 1410-1418.

Abstract

While Distributed Acoustic Sensing (DAS) has been demonstrated to have great
potential in seismology, DAS data often have much higher levels of stochastic
and coherent noise (e.g., instrument noise, traffic vibrations) than data collected by
traditional seismometers. The linearly, densely spaced nature of DAS arrays presents
a suite of opportunities for more innovative processing techniques that can be used to
address this issue. One way to take advantage of DAS’s array architecture is through
the use of curvelets. Curvelets have a non-uniform scaling property that makes
them an excellent tool for representing images with discontinuities along piecewise,
twice continuously differentiable curves. This anisotropic scaling property makes
curvelets an ideal processing tool for DAS data, for which the measured wavefield can
be represented as an image composed of curved features. Here we use the curvelet
frame as a tool for the manipulation of DAS signal, and we demonstrate how this
manipulation can improve our ability to identify important features in DAS datasets.
We use the curvelet representation to partition the measured wavefield using DAS
data collected near Ridgecrest, CA following the 2019 M,, 7.1 Ridgecrest earthquake.
Here we isolate the earthquake induced wavefield from coherent and stochastic noise
using the curvelet frame in an effort to improve the results of template matching of the
Ridgecrest aftershock sequence. We show that our wavefield partitioning technique
facilitates the identification of over 30% more aftershocks and greatly reduces the

magnitude of diurnal depressions in the aftershock catalog due to cultural noise.

2.1 Introduction

Distributed Acoustic Sensing (DAS) is a new tool in seismology that repurposes
fiber optic cables as arrays of densely spaced strainmeters (see Hartog (2017) for
a review). DAS employs a laser interrogator unit, which sends short laser pulses

through optical fibers and performs interferometry to measure phase shifts in the
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Rayleigh-backscattered light. These phase shifts are quasi-linearly proportional to
strain or strain-rate in the fiber. This strain is averaged over a "gauge length" and
sampled at discrete intervals along the fiber that constitute the so-called channels
of the array. Laser pulses are sent at regular intervals to measure the temporal

dependence of strain in the fiber.

DAS has the potential to transform seismology because of its dense spatial sampling
and its capacity to transform in situ fibers into seismic arrays (see Zhan (2020) for
a review). DAS functions as a large-N array of instruments, and because of this
high spatial sampling, DAS may allow seismologists to probe the subsurface at
resolutions that have historically been limited to expensive exploration experiments
(Dou et al., 2017; Ajo-Franklin et al., 2019). Preexisting fiber optic cables in place
for telecommunications can be easily re-purposed as DAS arrays. DAS’s capacity to
use pre-existing fiber allows seismologists to both deploy seismic arrays faster and
extend seismology, particularly dense array seismology, to logistically challenging
locations of immense societal and scientific interest (Lindsey et al., 2019; Sladen
et al., 2019; Spica, Perton, et al., 2020; Lellouch et al., 2019; Booth et al., 2020).

But, DAS remains an emerging technology, and there still exist fundamental chal-
lenges in the acquisition and analysis of DAS data. One such challenge is noise,
both stochastic and coherent. Stochastic noise in DAS signals is likely dominated
by instrumental deficiencies like sampling error and phase noise and is bounded by
the Cramer-Rao Lower Bound (Costa et al., 2019). Coherent noise can be defined
as the coherent components of the DAS wavefield that are not interesting to the
end user. In many cases, particularly for seismologists, traffic noise is a persistent
source of coherent noise. Traffic noise is especially problematic for DAS, because
pre-existing fiber optic cables are often placed along major roads. Both stochastic
and coherent noise are problematic, because they can either mask or obscure relevant
signal. This obfuscation is exemplified in Figure 2.1b, which shows a case in which
cultural noise masks much of the signal generated by a local earthquake. Figure 2.1b
also shows that even for a relatively quiet station along the DAS array, stochastic
noise is much stronger in the DAS station than in a nearby broadband station. DAS
stochastic noise is in large part instrument related, and the noise level in DAS will
likely vary between generations and decrease as technology improves. But, since
DAS signal degrades with distance, stochastic noise may persist as a challenge at

the far end of the DAS array for many years to come.
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Figure 2.1: Geographic setting and waveform examples. A. Map showing the
geographic setting for the data segments in this figure. The yellow star indicates
the location of the M; 1.79 earthquake recorded by the Ridgecrest array and the
LRL station at distances of 44 km (specifically the station highlighted in panel C)
and 62 km respectively. The blue line indicates the location of the DAS array that
recorded the time series shown in the middle image of this figure. The white box
indicates the approximate location of the DAS station whose individual station data
is shown in this figure. The orange triangle shows the location of the broadband
station (LRL) whose station data is shown in this figure. The black and gray lines
delineate faults and roads respectively. The light-red dots indicate the locations of
aftershocks used as templates in this study. The inset gives regional context. B.
Full DAS record section at the time of a regional earthquake, the location of which
is shown in the map in A. The black arrow marks the location of the DAS channel
given as an example in C (channel 8§99). C. Comparison of station data from a single
DAS station (top) with the east-west component of station data from the nearby LRL
broadband station (bottom). The DAS stations in panels B and C and the broadband
station in panel C are band-pass filtered from 2-8 Hz using a Butterworth filter.

Previous efforts to remove stochastic noise from DAS data have been varied and
proposed both outside of and within seismology. Many of these efforts have success-
fully applied time-space analysis techniques from signal processing such as wavelet
transforms (Qin etal., 2012), 2D edge detection (Zhu et al., 2013), 2D bilateral filters
(He et al., 2017), empirical mode decomposition (Qin et al., 2017b), and principal
component analysis (Ibrahim et al., 2020). In particular, Qin et al. (2017a) proposed
an approach to remove random noise in the curvelet domain. They recognized that
the curvelet domain, much like the wavelet domain, sparsely represents DAS data,
and they perform thresholding of curvelet coefficients below a certain magnitude to
remove random noise. We build on this approach in this study. More recently, Ende
etal. (2021) proposed a deep learning approach for removing incoherent signal with
a focus on DAS data.
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There has been less discussion of removing coherent noise from DAS, partly because
coherent noise is not well-defined. The difference between coherent noise and the
signal of interest depends on how we define coherent noise and what the signal of
interest is. Usually, signals of different types can be distinguished by one or more
their physical characteristics. For the seismic wavefield, signals can be distinguished
using the various velocity attributes of seismic waves. We can exploit this quality
by transforming our DAS data from the spatiotemporal domain to the frequency-
wavenumber domain, where our signals are localized by velocity. Williams et al.
(2019) illustrates this point by localizing seismic waves from ocean waves recorded
by a submarine DAS fiber using the frequency-wavenumber domain. It follows
that if the coherent noise is localized by velocity, then muting the velocity range
in the frequency-wavenumber domain associated with the coherent noise removes
the coherent noise from the signal. This method of denoising has been used in
exploration seismology for decades (Embree et al., 1963) and has been applied as a
preprocessing step to DAS data (Fang et al., 2020). Though frequency-wavenumber
domain filtering is commonly used, other tools, such as the continuous wavelet
transform, have been used to diminish coherent noise in DAS data as well (Martin
et al., 2018).

With DAS we encounter stochastic noise and coherent noise together. We argue that
a simple, unified approach to noise reduction in DAS would be useful. Moreover,
given the large volumes of DAS data which seismologists are prone to process, this
filtering approach must be scalable such that it can be applied to terabytes of data
in a reasonable amount of time. In this paper, we propose combining some of the
principles described in this introduction into a unified approach to isolate a signal of
interest in seismological data by wavefield partitioning entirely under the curvelet
transform. We then illustrate the efficacy of this approach by applying it as a pre-
processing step for template matching applied to a subset of DAS data recording the
M,,7.1 Ridgecrest earthquake aftershock sequence.

2.2 Methodology

Curvelets

Curvelets were described in a continuous setting (Candés and Donoho, 2004) as an
almost optimal representation of images with discontinuities along twice continu-
ously differentiable (C 2) curves. Candes et al. (2006) developed the Fast Discrete
Curvelet Transform (FDCT), making curvelets easily applicable in image process-

ing. This transform has since been used widely in a number of fields (see Ma
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Figure 2.2: Curvelet polar tiling framework. A. Schematic illustration of the polar
tiling used to construct curvelet coefficients. The wedges delineate the compart-
mentalization of the frequency-wavenumber domain. B. Plot of select curvelets in
both the frequency-wavenumber domain. C. Plot of the same curvelets as in B in
the spatiotemporal domain. Colors of arrows correspond to equivalent curvelets
between B and C.

and Plonka (2010) for examples). Curvelets have been evaluated by how well they
represent a 2D object, F, that has a discontinuity along a curve, but is otherwise
smooth, using an m term approximation of the object, F;,. It has been shown that for
such objects the mean squared error of the curvelet frame representation decays with
m~2[log(m)]? whereas the mean squared error of the wavelet representation decays
with m™! (Candés and Donoho, 2004). We claim that DAS data sections measuring
the seismic wavefield can be approximated as smooth images with discontinuities
along C? curves, because DAS data are marked by periods of quiescence (smooth-
ness) interrupted by wavefronts (curvature). If this is a good approximation, the
curvelet frame is the best available non-adaptive sparse representation of DAS data.
In this study, we perform denoising of DAS data through applications of the FDCT

on DAS record sections of finite length in time and space (e.g., Figure 2.1b).

Following closely after Candes et al. (2006), curvelets are constructed by first
creating a polar tiling in the frequency-wavenumber domain. Specifically, we take
the 2-dimensional Fourier Transform of our function and compartmentalize the
resultant function using special tiling geometry. Letting (w, k) be a coordinate in
the frequency-wavenumber domain and letting r = Vo2 + k2 and 0 = arctan(%g),
we can construct the polar tiling using windowing functions:
i
sz; 9)

U;(r,0) = 2‘¥W(2-fr)V(2— @.1)

where U (r, 6) is a polar wedge corresponding to radius r, orientation 6, and scale

integer j. Here, W is a window function along the radius and V' is a window function
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along the orientation. Importantly, the scale, given by 27/, is inversely related to the
scale integer term. Notice, then, that the radius is dilated by 2 for each jump in scale,
and the number of wedges increases by a factor of 2 for every 2 jumps in scale. This
prescribes a non-uniform scaling that results in curvelets becoming more needle-like
with finer scales. The spacing of r and 6 are thus dictated by the number of scales
and the number of wedges at the coarsest scale. To be clear, tiles further away from
the origin of the frequency-wavenumber domain correspond to smaller and more
needle-like curvelets in the spatiotemporal domain. This relationship is illustrated
in Figure 2.2b. The intuitive motivation for this non-uniform scaling rests in the
observation that smooth curves appear more linear when viewed from up close, and
thus needle-like objects can capture the sharp edges of smooth curves if the needles

are sufficiently small.

Now, a so-called "mother" curvelet, ¢;(x, 1), with scale integer j and coordinate
(x, ) in the space-time domain, is defined by taking the inverse Fourier transform
of the polar wedge:

¢;(x, 1) = F ' Uj(w, k)] (2.2)

where U (w, k) is the wedge described in Equation 2.1 in Cartesian coordinates in
the frequency-wavenumber domain. This term, ¢; (x, 1), is called the mother curvelet
because all curvelets of scale 27/ can be defined as some rotation and translation of
¢;(x,t). Indeed, with a sequence of rotation angles defined as 6; = 2 - 2l=31
where [ = 0, 1,2, ... satisfying 6; € [0,2n) and translation parameters defined as

k = (ki, k»), all curvelets can be defined as:

¢i1x(x, 1) = ¢ (x,1) - Ry, - ((x,0) = (X, 15,) V) (2.3)

where Ry, is a standard rotation matrix and (xy,,x,)/* is the position prescribed
by Rgll (ky - 27 ky- 270 ). Finally, the curvelet coefficients, the values of which we
will use in the subsequent denoising procedure, are defined using the scalar product

of the curvelets with an arbitrary function f € L?(R?):
craa=Feinad = [[ 1 Grtnasdr

= (2711)2 //f(w, k)-¢;ri(w, k)ydwdk

(2.4)

where ¢; ;s is the conjugate of ¢ i ;.

In words, these curvelets form a set of basis functions that, when weighted by

curvelet coefficients, can represent an arbitrary smooth function like the seismic
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wavefield in space and time. But, the antecedent equations describe the curvelet
construction for the continuous case, and seismic data are collected at discrete
intervals. So, in practice, a few modifications to this methodology are necessary to
make this continuous transformation applicable to discrete data. One modification
is that the polar wedges, defined in Equation 2.1, are necessarily computed as
so-called Cartesian shears. An illustration of the compartmentalization of the
frequency-wavenumber domain into Cartesian shears is given in Figure 2.2a. The
construction of these shears requires thoughtful considerations of geometry and
windowing that are given a more complete treatment in Ma and Plonka (2010). In
short, these windows are real, positive, smooth functions that localize the frequency-
wavenumber domain into a tiling of trapezoidal shears and allow the resultant
curvelets to form a tight frame. Additionally, these shears are not rectangular, and so
the necessary inverse Fast Fourier Transform (FFT) for the discrete case is impossible
to compute. To get around this problem, the FDCT employs a "wrapping" operation;
that is, the curvelets are duplicated many times and situated adjacent to each other
over the frequency-wavenumber domain. Then, the inverse FFT is taken on a
rectangular section centered on the origin in this domain (see section 3.3 of Candés
etal. (2006) for details). Curvelets of different scales and orientations for the discrete
case are shown in both the frequency-wavenumber and spatiotemporal domain in
Figure 2.2b. As mentioned previously, the spacing of r and 6 are determined by the
number of scales and the number of tiles at the coarsest scale. These parameters are

user-defined in the FDCT according to the data matrix sampling and size.

Stochastic Noise Removal

The curvelet frame has previously been used to remove random noise from seis-
mograms collected using traditional seismic arrays and has even been extended
to nonuniformly sampled arrays (Hennenfent and Herrmann, 2006). Denoising
with curvelets is often accomplished by producing white noise images with some
assumed variance, performing FDCT transforms on these images to establish scale-
dependent thresholds, and applying either hard or soft thresholding using these
thresholds (Jean-Luc Starck et al., 2002). This method is imperfect because it

requires an estimation of the variance and assumes that the noise is white.

With DAS seismic data, we benefit from having continuously recorded data over long
periods of time. In these long time series, there are usually time windows in which
there is minimal coherent signal. These time periods can be used as benchmarks

for the level of incoherent noise throughout the time series. So, in this study,
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we chose wedge-dependent denoising thresholds using the distribution of curvelet
coefficient amplitudes in quiet sections of the time series. Implicit in this selection
of thresholds is the assumption that the stochastic noise levels are independent of
time. That is, we assume that the noise in a quiet time segment will be representative
of the noise throughout the data. This is not always true, as we expect the noise
in DAS to fluctuate with time according to environmental factors like temperature
variability. However, we still favor a uniform application of thresholding, because
nonuniform applications are generally less stable and can produce artifacts like step
discontinuities in the noise floor of denoised data. Because we intend to apply this
technique to more data than can be visually scrutinized, we consider these potential
issues to be unacceptable in this workflow. We also choose thresholds that are not
dependent on translational parameter k. This means that we ignore any spatial and
temporal variability of the noise floor within the quiet time segment. This is a
reasonable assumption because we consider the noise floor to be largely reflective of
the DAS interrogation unit, which is shared by all channels in the array, and because
including a temporal variability within each time segment would suggest that the

noise floor is periodic according to the arbitrarily chosen time segment duration.

When choosing a thresholding technique, one often chooses between hard threshold-
ing and soft thresholding. Here, we chose soft thresholding, because it minimizes
noise that barely exceeds the threshold and prevents the generation of artifacts that
result from preserving high amplitude noise curvelet coefficients and zeroing their
neighbors. Soft thresholding is defined as:

0 if |Cj,k,l| < Tl

Crns = | | 2.5)
Cjkt —signlcjr)-tir if|cjril > 7

where c; x; is a given curvelet coefficient and 7, is its associated threshold. We
show an example of applying soft thresholding using empirical thresholds defined
using a pure stochastic noise window in Figure 2.3. Soft thresholding systematically
diminishes the observed amplitude of the seismic wavefield. This is acceptable in
the coming example, but for amplitude dependent analyses, hard thresholding may

be preferable.

Coherent Noise Removal
As described earlier, coherent noise can often be localized from interesting signal
using velocity contrasts in the frequency-wavenumber domain. The curvelet frame,

by construction, creates a polar tiling in the frequency-wavenumber domain that
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Figure 2.3: Illustration of stochastic denoising using soft-thresholding in the curvelet
domain. Thresholds for this example were determined empirically using a window
with little coherent signal from the same data set. A. Unfiltered record sections for
the entire DAS array. B. Curvelet filtered record sections for the entire DAS array.
C. The individual DAS station data from the record sections in A (black) and B (red)
for the DAS station marked by the gray (channel 422) arrows. D. The individual
DAS station data from the record sections in A (black) and B (red) for the DAS
station marked by the black (channel 780) arrows.

finely compartmentalizes the wavefield by velocity and scale. Naturally, then, we
can exploit this compartmentalization to filter out coherent noise under the curvelet
transform. This can be done by simply muting the wedges under the curvelet
transform that contain the part of the wavefield associated with the coherent noise.
The curvelet transform has been used in array seismology for similar purposes in the
past, namely to improve measurements of SS precursors by eliminating interfering
phases (Yu et al., 2017) and to help isolate the scattered wavefield from teleseismic
P waves (Zhang and Langston, 2020).

We can justify our decision to perform velocity filtering under the curvelet transform
in a few ways. Firstly, it is convenient to perform coherent noise filtering under the
same transform with which we perform stochastic noise filtering. Additionally,
this filtering procedure is straightforward and useful for experimentation. The

Cartesian shear framework provides a convenient basis with which to identify and
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remove wavefield components in velocity-scale space. Yet another reason is that
the windowing functions used by the FDCT employ tapers that are effective at
removing large artifacts produced by the creation of discontinuities in the frequency-
wavenumber domain. We show this in Figure 2.4, where we evaluate the removal of
coherent noise using real data. These tapers are also highly localized in the angular

direction, yielding a precise separation of velocities.
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Figure 2.4: Illustration of coherent denoising using the polar-tiling framework of the
curvelet construction. A. Pseudo-synthetic noisy window made by superimposing
a record section with high cultural noise onto a record section with an earthquake.
B. Time series in which velocities in the range 0-1000 m/s were removed using an
untapered FK-filter. C. Time series in which velocities in the range 0-1000 m/s
were removed using our curvelet windowing technique. The black arrows point to
a region of prominent filter-generated artifacts.

Unified Approach

Since the methods described for removing stochastic noise and coherent noise are
both performed under the same transform, we can remove both of these noise sources
in the same step. This procedure simply involves transforming from the spatiotem-
poral domain to the curvelet domain under the FDCT, performing thresholding using
thresholds determined by a noise window to remove stochastic noise, muting the
curvelet wedges that are associated with unwanted signal, and finally performing
the inverse FDCT to return to the spatiotemporal domain. If the threshold values
are fixed, then the order of the second and third steps does not matter. Performing
these procedures together simplifies preprocessing and lowers computational costs
by avoiding additional transforms. The simplicity argument for this approach should
not be undervalued. Rather than requiring a set of arbitrary signal processing de-
cisions, our methodology effectively offers a "dial" to turn down stochastic noise
and a "switch" to turn off coherent signal by velocity and scale. The computational

cost reduction may vary, but if one were to perform stochastic noise filtering under
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the curvelet transform and coherent noise filtering under a second transform, the
cost saved would amount to the cost of the forward and inverse computations of
the second transform multiplied by the number of spatiotemporal windows being
filtered.

2.3 Application

Data

Following the M,,7.1 Ridgecrest earthquake on July 5, 2019, an OptaSense ODH3
interrogator unit was used to deploy a DAS array in the town of Ridgecrest, CA near
the epicenter of the event. This array samples at 250 Hz and has 1250 channels
with a channel spacing of 8 m for an overall cable length of 10 km. The array
continuously recorded much of the aftershock sequence. We choose this array both
because it has recorded many earthquakes, and because it is linear. The linearity of
the array ensures that the apparent velocities of incoming waves are mostly constant
across the entire array. A linear array geometry is not strictly necessary to perform
the curvelet filtering approach outlined above, but the linear geometry ensures that
the earthquake wavefield is more localized in the frequency-wavenumber domain.

The location and aperture of the DAS array is shown in Figure 2.1a.

Template Matching

In order to demonstrate the efficacy of our filtering approach, we apply it to the DAS
data prior to a template matching procedure to better illuminate small earthquakes
masked by noise. Template matching is a technique that correlates known events,
known as templates, with continuous time series to detect previously unknown
events that are similar to the templates (Gibbons and Ringdal, 2006). Li and
Zhan (2018) showed that template matching could be successfully applied to DAS
data. This technique has been modified to perform template matching using the
Ridgecrest DAS array to supplement the Southern California Seismic Network’s
(SCSN) catalog of Ridgecrest earthquake aftershocks (Li et al., 2021). Though
this catalog is successful in improving the number of cataloged events, the template
matching catalog contains diurnal depressions in the number of events due to cultural
noise. Additionally, the completeness of this catalog may be limited by the noise
floor of the Ridgecrest DAS array. We seek to show that these limitations can be
mitigated by applying our unified curvelet filtering framework to Ridgecrest DAS

array data.
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Our filtering framework includes a few preprocessing steps. We first remove the
stations of the array that are either coiled or too close to the interrogator unit.
We then segment these array data into 60-second time windows recorded at the
original sampling rate by the 1142 DAS stations that remain after the station removal
step. The temporal and spatial sampling rates dictate the velocities associated with
Cartesian shears under the curvelet domain. The number of samples along the
time and space axes control the frequency and wavenumber resolution, respectively,
which in turn dictates the precision of the velocity filtering. We segment these array
data to ensure that each allocation of memory does not exceed a few gigabytes, but
60-second segments are long enough so as to ensure we have sufficient frequency
resolution for velocity filtering. Segmenting these data also allows us to filter in
parallel. We applied a Tukey window along the time axis to minimize artifacts due to
discontinuities at the start and end of each segment. Time segments were staggered
such that we could clip the tapered portions of the time segments when constructing
the final time series. For each time segment, we applied a median filter to remove a
source of optical noise, not handled by the curvelet filter, that results in random, high-
strain spikes in the data (Bakku, 2015). Failure to remove these spikes before filtering
results in the creation of star-like artifacts after filtering. Though median filtering
mitigates this issue, these artifacts are often unavoidable. An adaptive spectrum
screening algorithm can potentially help better separate earthquake signals from
coherent noise, but for consistency with the original template matching framework,
we band-pass filter each station between 2-8 Hz (Li et al., 2021).

For each time segment, we applied our unified curvelet filter procedure described
above. For the stochastic noise removal, we used a representative noise window to
establish thresholds for the entire time series. We opted to use a single representative
noise window rather than multiple noise windows throughout the time series, because
using multiple noise windows produces the undesirable side-effect of discontinuities
in the noise floor. After applying these thresholds, we muted wedges associated
with apparent velocities between 0-1000 m/s in both the east-going and west-going
directions at scales corresponding to the seismic wavefield. We then took the inverse
FDCT and removed the tapered portions of the time segment. We then placed the

filtered time segment in its appropriate position in the final, filtered time series.

The templates used in the template matching algorithm were taken directly from
the data. So, once we had filtered the data, we had also filtered the corresponding

templates. We found template candidates using the SCSN catalog and determined
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which template candidates to keep using a criterion that requires at least a set
number of stations to exceed a fixed signal-to-noise ratio (SNR). Because the curvelet
denoising improves the SNR of the data, the curvelet filtered data produced many
more templates that met our criteria. To be fair, we only used templates that the
filtered and unfiltered data had in common. We then performed template matching on
both our filtered and unfiltered time series. Processing 192 hours of DAS data (July
14-21, 2019) using our intentionally redundant methodology on 24 CPUs took just
over 19 hours. Both the catalog produced before filtering and the catalog produced
after filtering are plotted, by number of events per hour, in Figure 2.5. The template
matching catalog corresponding to the unfiltered data contains 20,935 events while
the template matching catalog corresponding to the filtered data contains 28,044
events. There exists a diurnal pattern in the difference between the filtered and
unfiltered catalogs, with the difference reaching peaks during the daytime when
traffic noise is highest. In particular, we see a 56% increase in number of events
during the daytime (7 a.m. to 7 p.m.) and a 21% increase in number of events

during the nighttime (7 p.m. to 7 a.m.).

To confidently identify the cause of this diurnal effect, we applied this template
matching procedure to the same DAS data filtered using only the coherent noise filter
and only the stochastic noise filter. These hourly catalogs are shown in Figure 2.S1.
This diurnal pattern in the difference between the filtered and unfiltered catalogs
is amplified when only the coherent noise is removed while this diurnal pattern is
nonexistent when only the stochastic noise is filtered. This observation suggests that
the improvement made by the coherent velocity filter is largely due to the removal
of traffic-generated surface waves. Interestingly, performing only the stochastic
noise filtering results in a catalog with slightly fewer events (19,826 events) than the
catalog produced using unfiltered data (20,935 events); incongruously, performing
the stochastic and coherent noise filtering together results in a catalog with many
more events (28,044 events) than the catalog produced using data filtered using only
the coherent noise filtering (25,731 events). This observation may be explained by
noting that the stochastic noise filter will amplify both the earthquake waveforms
and the coherent noise (e.g., traffic noise), and so the stochastic noise filtering in
the presence of a large amount of coherent noise may be detrimental to the template
matching procedure and stochastic noise filtering in the presence of little coherent

noise is beneficial to the template matching procedure.
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Figure 2.5: Hourly (PST) event counts of the catalogs created using template match-
ing. A 3-hour moving average filter was applied to each of the time series. The
yellow line shows the hourly counts for the catalog of templates made using the
SCSN catalog. The red line shows the hourly counts for the catalog created using
template matching (TM) on the unfiltered data. The blue line shows the hourly
counts for the catalog created using template matching (TM) on the curvelet filtered
data.

2.4 Discussion

Clearly, the curvelet filtering improved the performance of the template matching
algorithm. One noteworthy feature of Figure 2.5 is the reduction in the magnitude of
the diurnal depressions in the aftershock catalog. This is largely due to the removal
of the cultural noise (mostly surface waves generated by vehicles), which is far more
prevalent during the daytime, by the coherent noise filter. Because the apparent
velocities of the earthquake-generated surface waves also often fall in our filtered
velocity range, earthquake signals in our filtered time series are often degenerate. We
argue this loss of information is well compensated by the remarkable illumination of
the earthquake-generated body waves. As is clear in Figure 2.5, at no point did we
see a decrease in the number of cataloged events due to filtering, suggesting that the
information recovered by filtering outweighed the information lost. Given that DAS
is more sensitive to the low velocity wavefield, earthquake-generated surface waves
may prove useful in the detection of earthquakes in the future (Lior et al., 2021).
However, traffic noise is also composed of largely low velocity surface waves and is

thus especially prominent in DAS data, making the removal of this noise essential.

To evaluate the amount of overlap between catalogs, we compute the proportion

of events in the original template matching catalog that were also detected in the
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new template matching catalog made using filtered data. Because the templates
are altered in the filtering process, the same event may be matched with different
templates between catalogs. This possibility adds significant uncertainty to any
measure of overlap between catalogs. We choose to measure this overlap using the
metric that if for any given event in the original catalog, there is a corresponding
event in the new catalog with an origin time within 2.5 seconds of that of the given
event, then the given event is represented in both catalogs. By this metric, 73% of
the events in the original catalog were carried over to the new catalog. Indeed, this
metric is conservative; if we extend the time window about the origin to 5 seconds,
then we find that 83% of the events in the original catalog are represented in the new
catalog. Additionally, the fact that some events are not represented in the new catalog
does not necessarily represent a failure of the filtering methodology, but could be
indicative of a success. Cultural noise is a consistent source of coherent signal that
produces observables that are frequently almost replicated at different times. This
noise can potentially produce false detections in the original catalog that will not
be present in the new catalog, for which cultural noise has been largely removed.
This removal of false detections is partially evidenced by the diurnal pattern shown
in the plot of the percent of events retained between catalogs by hour shown in
Figure 2.S2, which suggests that the percentage of events retained between catalogs
is lowest during a large portion of the population’s morning commute. Further
evidence that the detections lost from the original catalog to the new catalog are
false detections is given by the observation that most of these detections were made
using noisy templates as opposed to quiet templates. These noisy templates thus
provide a substantial coherent noise wavefield that can produce cross-correlation
peaks with the coherent noise in the data. An example of one of these suspected

false detections is shown in Figure 2.S3.

Our results summarized in Figures 2.5 and 2.S1 suggest that, in combination with
the coherent noise filtering, the stochastic noise filtering produced a considerable
improvement in the number of cataloged events. This improvement likely results
from the fact that for a template matching algorithm to label a detection, the cross-
correlation between the template and the time series must produce a peak that
exceeds some significance threshold. It is easier, then, for an event’s correlation
to exceed a significance threshold when the baseline noise is lower. Additionally,
in the absence of coherent noise filtering, the stochastic noise filtering produced a
slight decrease in the number of cataloged events. This decrease may potentially be

explained by the fact that the stochastic noise filtering increases the signal to noise
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ratio of all types of coherent signal, thus increasing the prominence of coherent
noise in the data and making event detection more challenging. We suggest that
this explanation for the loss of detections is more plausible than an explanation of
simple over-filtering, because there exists a diurnal pattern in the loss of detections
(we see a 9% decrease in the number of events between 7 a.m. and 7 p.m. and only
a 3% decrease in detections between 7 p.m. and 7 a.m.). This pattern runs counter
to our expectation for over-filtering; for which we would expect over-filtering to
present more of a problem during the nighttime, because the detection threshold for

template matching is much lower when coherent noise is lower.

Though this curvelet filtering methodology performs very well for this problem and
is easily generalizable to other problems, it has some limitations. Many of these
limitations are a result of the imperfect nature of DAS as a measuring instrument.
Indeed, curvelets are exceptional at representing smooth discontinuities, but not
rough discontinuities. In reality, DAS data exhibit many rough discontinuities
such as random spikes of high strain that act as localized discontinuities. We also
note that, for high strain events like earthquakes and large vehicles driving near
the fiber, strain rates are so high they produce DAS phase errors that results in
additional discontinuities. Optical fading, a spatially random effect that results from
the destructive interference of scatterer-generated electric fields (Zhou et al., 2013),
produces muted stations which, when near unmuted stations, act as discontinuities.
A similar effect can be produced by variability in the degree of coupling between
the DAS cable and the ground. These discontinuities are not well represented by

curvelets and produce artifacts of varying severity under our filtering procedure.

We also note the importance of array geometry in the practicability of our method-
ology. The degree of localization of velocity dictates whether or not two signals
can be separated on the basis of velocity. For example, a plane wave recorded by a
complex DAS array geometry may be spread over a large range of velocities because
of a high variability in the angle of incidence at different stations along the array.
Traffic-generated surface waves are conducive to this technique, however, because
DAS cables often run parallel to roads. In this case, most of the traffic-generated
surface wave signal is recorded at near true velocity. This is the case in this study,
but with a not-insignificant caveat. Because the cable and the road are separated by
a small distance, for a short section of the array directly next to passing vehicles,
traffic-generated surface waves are recorded with very high velocities. This results

in systematic imperfections in the coherent noise removal in this study.
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In this study, we apply stochastic and coherent noise removal together to illus-
trate a unified approach to noise removal that is convenient, scalable, and effective.
However, there is no hinderence to applying either the stochastic or coherent noise
filtering independently. Applying the stochastic noise filtering by itself is easily jus-
tifiable, because the curvelet representation is, to our knowledge, the best available,
non-adaptive sparse representation of objects with smooth discontinuities. Apply-
ing the coherent noise filtering by itself is effective, but not more effective than
traditional frequency-wavenumber filters with specialized tapers. The choice to
perform only coherent noise filtering under the curvelet transform may be made out
of convenience, but the flexibility of this filter is limited by the Cartesian coronae
framework. Performing only coherent noise filtering using the curvelet domain can
be made considerably faster by creating a frequency-wavenumber mask under the
curvelet transform. Such a mask can be made by performing coherent noise filtering

on a 2D delta function under the curvelet transform.

2.5 Conclusions

Here we proposed a unified wavefield partitioning approach for DAS data in a
seismological context using curvelets. One component of our technique involves
the application of thresholding to curvelet coeflicients using data-specific thresholds
under the curvelet transformation. Another component of our technique requires
the implemention of scale dependent velocity filtering under the curvelet transform.
By using these partitioning techniques together under the curvelet transform, we
demonstrated that stochastic and coherent noise can be removed in a single step. We
showed that this approach is effective and scalable by applying this filtering technique
to 8 days of DAS data collected following the M,,7.1 Ridgecrest earthquake. With
a simple application of our filtering technique, we greatly improved a template
matching-generated earthquake catalog, increasing the number of detected events
by over 30 percent and reducing the magnitude of diurnal depressions in the catalog

due to cultural noise.

With its high spatial sampling and logistical advantages, DAS presents numerous
opportunities to advance the field of seismology. But, more so than for other seismic
instrumentation, noise in DAS will persist in limiting how well we can seize these
opportunities. In the coming years, we may expect improvements in DAS instru-
mentation to lower the instrument noise floor, but we should continue searching
for preprocessing steps that help us get the most out of our data. Here we have

outlined a methodology to remove noise sources from DAS data in a seismological
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context using a basis that we think is particularly well suited for DAS data. But
our approach is non-adaptive, and we might expect to see significant improvements
in coherent noise removal from adaptive techniques targeted to seismological ap-
plications. In particular, learning the structure of DAS data, using techniques like
machine learning, will likely allow for more precise coherent noise removal. We
see the framework of our methodology and the curvelet basis as potentially useful
components of more effective adaptive filtering techniques that may be developed

in the foreseeable future.
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Figure 2.S1: Hourly (PST) event counts of the catalogs created using template
matching. A 3-hour moving average filter was applied to each of the time series.
The yellow line shows the hourly counts for the catalog of templates made using the
SCSN catalog. The red line shows the hourly counts for the catalog created using
the unfiltered data. The green line shows the hourly counts for the catalog created
using data filtered using only the coherent noise filter. The purple line shows the
hourly counts for the catalog created using data filtered using only the stochastic
noise filter. The blue line shows the hourly counts for the catalog created using data
filtered with both the coherent noise and stochastic noise filters.
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Figure 2.S2: Hourly (PST) measure of the percentage of events from the catalog
produced using unfiltered data retained in the catalog produced using data filtered
for both stochastic and coherent noise. Events are considered retained if there exists
a corresponding event in the catalog produced using filtered data that has an origin
time within 2.5 seconds of the event. A 3-hour moving average filter was applied to
this time series.
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Figure 2.S3: Example of a detection made in the original catalog but not made in
the new catalog. A. Template event taken from the unfiltered data. B. Wavefield
of the detection made using the template in A. C. Same template as in A but taken
from the filtered data. D. Same wavefield as in B but taken from the filtered data.
Black arrows point to the earthquake-generated body waves of the template event.
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Chapter 3

FINDING SMALL FAULTS WITH SCATTERED WAVES
RECORDED BY DAS

Atterholt, J., Zhan, Z., and Yang, Y. (2022). Fault zone imaging with distributed
acoustic sensing: body-to-surface wave scattering. Journal of Geophysical Re-
search: Solid Earth 127. por: 10.1029/2022JB025052. €2022JB025052.

Abstract

Fault zone structures at many scales largely dictate earthquake ruptures and are con-
trolled by the geologic setting and slip history. Characterizations of these structures
at diverse scales inform better understandings of earthquake hazards and earthquake
phenomenology. However, characterizing fault zones at sub-kilometer scales has
historically been challenging, and these challenges are exacerbated in urban ar-
eas, where locating and characterizing faults is critical for hazard assessment. We
present a new procedure for characterizing fault zones at sub-kilometer scales us-
ing distributed acoustic sensing (DAS). This technique involves the backprojection
of the DAS-measured scattered wavefield generated by natural earthquakes. This
framework provides a measure of the strength of scattering along a DAS array and
thus constrains the positions and properties of local scatterers. The high spatial
sampling of DAS arrays makes possible the resolution of these scatterers at the scale
of tens of meters over distances of kilometers. We test this methodology using a
DAS array in Ridgecrest, CA which recorded much of the 2019 M,,7.1 Ridgecrest
earthquake aftershock sequence. We show that peaks in scattering along the DAS
array are spatially correlated with mapped faults in the region and that the strength
of scattering is frequency-dependent. We present a model of these scatterers as
shallow, low-velocity zones that is consistent with how we may expect faults to
perturb the local velocity structure. We show that the fault zone geometry can be

constrained by comparing our observations with synthetic tests.

3.1 Introduction
The Earth’s crust is a geologically heterogeneous medium that hosts myriad sharp
material contrasts at multiple scales. Among these heterogeneities are fault zones,

features consisting of fault cores and surrounding zones of fracture that accommo-
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date strain. Finding new ways to locate and characterize fault zones may potentially
serve a variety of societally and scientifically important functions. Proximity to
fault zones increases the likelihood of severe damage to infrastructure, both because
fault zones host static deformation, and because fault zones may amplify ground
motion (Kurzon et al., 2014). Additionally, the locations of faults control estimates
of fault connectivity, which is an important parameter in some probabilistic hazard
estimates (Field et al., 2014). Relatedly, relative fault positioning and fault geometry
play a pivotal role in the propogation and termination of earthquakes (Harris and
Day, 1993; Harris and Day, 1999; Wesnousky, 2008). Fault damage zone scaling
is expected to play an influential role in earthquake nucleation (Ampuero et al.,
2002), earthquake potency (Weng et al., 2016), and long-term earthquake sequence
behavior (Thakur et al., 2020). Importantly, fault zones are multi-scale structures
(Faulkner et al., 2010), and thus developing a more complete picture of fault zone
structure at sub-kilometer scales contributes to these efforts to evaluate earthquake

hazard and geological controls on earthquake phenomenology.

Considerable attention is given to major fault zones, those that are large and accom-
modate significant strain. But, minor and unmapped fault zones are an important
consideration when evaluating the structural deformation and earthquake hazards
in a region. Plate deformation is usually not accommodated by a single fault zone,
but rather by a broad distribution of fault zones that extend sometimes hundreds of
kilometers from the plate boundary, and minor fault zones play a key role in the
accommodation of this strain (Scholtz, 2019). In the absence of high deformation
rates, minor fault zones can develop a high risk potential if strain accumulates over
a long time period, the stress state changes (Freed and Lin, 2001), or the stability
of the fault is perturbed (Ellsworth, 2013). Relatedly, many significant earthquakes
rupture within minor or unmapped fault zones. For example, the 2019 Ridgecrest
earthquake sequence, which included the largest earthquake to take place in Cal-
ifornia in over two decades, ruptured mostly unmapped faults in the Little Lake
and Airport Lake fault zones (Ross, Idini, et al., 2019), which only accommodated

approximately 1 mm/y of slip (Amos et al., 2013).

For both major and minor fault zones, shallow fault zone structure is important. The
shallowest few hundred meters of fault zones can exhibit sharp and localized velocity
reductions (e.g., Zigone et al., 2019; Wang et al., 2019; Share et al., 2020) that can
amplify ground motion, and shallow crustal faults play an important role in both

facilitating and impeding the transport of groundwater and hydrocarbons (Bense
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etal., 2013). Shallow fault zone structure may also be used to infer the contribution
of deep fault structure, which is very difficult to constrain, by correcting for shallow

structure contributions in depth-integrated fault characterization approaches.

Previous efforts to locate and describe shallow fault zone structures at sub-kilometer
scales have typically relied on geologic mapping, seismic surveying, and satellite
imagery. Geologic mapping over decades has produced excellent records of Qua-
ternary faults (e.g., USGS and CGS, 2022), but discerning faults using geologic
mapping requires careful fieldwork and evidence of faulting at the surface. Seismic
surveying produces detailed images of the subsurface, with which fault locations can
be inferred e.g., Liberty et al., 2021; Lay et al., 2021, but surveys are often expensive
and logistically challenging, particularly in urban settings. Satellite imagery is also
used to map faults, often by identifying topographic anomalies in images (Joyce
et al., 2009). More involved processing, such as producing phase gradient maps
from InSAR interferograms (Xu et al., 2020), can also be used to identify fractures.
These techniques are powerful, but they require surficial evidence of strain that can

be imaged from above.

Other studies have used the earthquake wavefield to characterize the structure of
major fault zones. For example, some studies have used fault zone head waves,
head waves generated by refraction due to a bimaterial contrast across the fault, to
image the fault interface and constrain the velocity contrast across the fault (e.g.,
McGuire and Ben-Zion, 2005; Allam et al., 2014; Share and Ben-Zion, 2018; Qin
et al., 2020). Additionally, some studies have used travel-time anomalies from
regional and teleseismic events to discern properties like the width of the damage
zone and the velocity reduction within the damage zone (e.g., Cochran et al., 2009;
Yang et al., 2020; Qiu, Ben-Zion, et al., 2021; Share et al., 2022). Moreover, low
velocity structures can amplify ground motion, and some studies have used S-wave
amplification caused by the reduced velocities in fault damage zones to delineate their
structure (e.g., Qiu, Ben-Zion, etal., 2021; Song and Yang, 2022). Another approach
is to use fault zone trapped waves, waves generated by constructive interference of
critically reflected waves in the fault damage zone, which can be initiated by sources
outside the fault zone (Fohrmann et al., 2004) and have been used to constrain
the structure of fault damage zones (e.g., Ben-Zion et al., 2003; Catchings et al.,
2016; Wang et al., 2019; Qiu, Ben-Zion, et al., 2021). In general, these techniques
are highly effective tools for capturing geometric and internal properties of major

fault zones. But, fault zones usually need to exhibit relatively large and spatially
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consistent elastic material contrasts for these techniques to be used. Hence, these
techniques are typically applied to major fault zones using targeted deployments of
dense networks of sensors. These factors make these methods ineffectual for the

discovery and characterization of minor fault zones.

The weaknesses of these methods motivate the development of complimentary tech-
niques for identifying and characterizing sub-kilometer scale fractures in the crust.
To this end, we suggest an alternative method for identifying and characterizing
fractures in the crust using distributed acoustic sensing (DAS) data. DAS is an
emergent technology that repurposes fiber optic cables as dense arrays of strain-
meters. DAS uses a laser interrogator unit to emit pulses of light that probe a fiber
optic cable, and natural imperfections in the fiber send echoes back to the interroga-
tor unit. Perturbations of the fiber change the travel times of these echoes, and these
changes in travel time are quasi-linearly proportional to the strain induced by the
perturbations. The high spatial frequency of DAS data allows for the resolution of
high wavenumber phenomena that are incoherent in more sparsely measured data,
which is useful for characterizing fault zones at high resolution (Jousset, 2019). One
such phenomenon is the scattering of earthquake body waves to surface waves due
to small-scale, local heterogeneities in the upper crust. We show an example of this
scattering in Figure 3.1, and we subsequently refer to these features as chevrons,
owing to their chevron-like shape in DAS data representations. These chevrons have
been observed in other DAS datasets, and the scatterers generating these chevrons
have been inferred to be faults (Lindsey et al., 2019; Spica, Nishida, Akuhara,
Pétrélis, Shinohara, and Yamada, 2020). Moreover, these scattered surface waves
are also visible in empirical Green’s functions derived in DAS datasets that can be

migrated to infer scatterer locations (Cheng et al., 2021; Yang, Zhan, et al., 2022a).

Our contributions in this paper are as follows. We suggest a local backprojection
framework for the systematic location of the sources of these chevron-like features
and find a strong spatial correlation between these locations and mapped faults. We
suggest a model of these scatterers as rectangular perturbations in the velocity field,
approximating a fault zone, and show that this model reproduces first-order features
observed in the data. We then show that we can constrain key geometric features of

the fault zone under this backprojection framework.
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3.2 Data

In early July 2019, a large earthquake sequence initiated in the Eastern California
Shear Zone. This sequence, which included a M,,6.4 foreshock and a M7.1
mainshock, produced thousands of aftershocks over the course of a few months.
Shortly following the mainshock, a DAS array was deployed in Ridgecrest, CA
using an Optasense ODH3 interrogator unit in an effort to record this aftershock
sequence (Li et al., 2021). This DAS array began recording on July 10, 2019, and
in this study we use recorded aftershocks that took place between the initiation of
recording and October 4, 2019. The array is temporally sampled at 250 Hz and is
spatially sampled at 8 m intervals over 1250 channels, with a total cable length of 10
km. The deployment of this DAS array ensured that numerous Ridgecrest sequence

aftershocks were recorded nearby at a high spatial frequency.

For this study, we choose a subset of well-recorded, low-noise earthquakes on
which we perform our subsequent analysis. We choose these earthquakes using
straightforward quality control metrics to ensure that the earthquake wavefield has a
high enough amplitude to be reliably analyzed and that the scattered surface waves
are isolated from any cultural noise that may bias the analysis. As part of this quality
control, we select from only events with Mj > 2 or My, > 2 as determined by the
Southern California Seismic Network catalog. We also restricted our selection to
only events that occurred between 11 pm and 4 am local time, thus only keeping
events with a low probability of being partially masked by cultural noise. We then
manually inspected all of the remaining events and ensured that we only kept events
with negligible cultural noise. After performing this processing, we are left with 50
events that meet our quality control criteria. These events are plotted in geographic
context in Figure 3.1. These events are reasonably well clustered by distance and

azimuth, minimizing variability due to the directional sensitivity of DAS.

3.3 Mapping Faults Using Local Backprojection

To quantify the magnitudes and locations of these scatterers, we employ a simple
local backprojection technique to identify the locus points of the scattered waves in
the body wave coda. This backprojection is based on the reasonable assumption that
these chevron-like waves are surface waves generated by earthquake body waves
impinging on a scatterer near the DAS array. We expect this phenomenon to be
body-to-surface wave scattering because the scattered waves are dispersive, which
we verify subsequently, and the onset of these waves occurs early in the body wave

coda. We expect these scatterers to be local because the scattered waves attenuate
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Figure 3.1: Geographic setting and illustration of scattered phases. Top: The
geographic setting of the data used in this study. Blue line corresponds to the
DAS array. Red dots correspond to the epicenters of the events used in this study.
Yellow star corresponds to the epicenter of the event shown below (depth 5.6 km).
Green lines correspond to the USGS-mapped Quaternary faults in the area. Bottom:
Example of the DAS-measured wavefield of the onset of an event used in this study.
Black dotted lines correspond to the locations of the chevron-like features that are

mapped in Figure 3.3.

rapidly in space, as exemplified by the narrow width of these chevrons shown in
Figure 3.1. Additionally, we exclude the possibility of fault resonance waves due to

the fact that our resolution is approximately normal to the fault and that the chevron
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Figure 3.2: Schematic illustration of the phenomena observed in the earthquake
wavefields used in this study. Top: Record section corresponding to the processes
illustrated below. Bottom: Illustration of the phenomena resulting in the generation
of the chevron-like features shown in Figure 3.1. Colors represent the same phe-
nomena in both top and bottom. Green corresponds to incident body wave. Gray
features indicate a fault zone. Purple corresponds to the scattered surface waves
resulting from the body waves impinging on the fault zone. Orange line and trian-
gles indicate the fiber optic cable and stations, respectively. Blue box represents the
DAS interrogator unit.

width, though narrow, is wider than expected for fault resonance waves for minor
faults. A schematic example of the generation of these scattered waves is shown
in Figure 3.2. The driving principle of this methodology is the same for standard
backprojection techniques used in seismology (Kiser and Ishii, 2017). In particular,
for grid points near or above a scatterer, the backscattered energy resultant from the
scatterer will align and sum coherently, producing a larger amplitude than that of
a grid point far from any scatterers. In this case, we attempt to backproject locally
scattered surface waves to image the scattering source, illustrated as a fault zone in

Figure 3.2.

To accomplish this backprojection, we first bandpass our data to a narrow frequency

band; this frequency band can vary depending on the desired dimensional sensitivity.
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We select frequency bands with 1 Hz widths and center frequencies spanning 2-10 Hz
at 0.5 Hz intervals. For each of these frequency bands, we partition the earthquake
wavefield by velocity in the curvelet domain (Atterholt et al., 2021), using a curvelet
basis to mute sections of the frequency-wavenumber domain and thus isolate desired
wavefield components. This is equivalent to frequency-wavenumber filtering with
specialized tapers that minimized velocity filtering artifacts. We use this wavefield-
partitioning technique to separate the scattered wavefield and the direct waves into
two separate windows. We classify velocities below 750 m/s to be the scattered
wavefield and velocities above 1000 m/s to be the direct wavefield. We show
examples of this wavefield partitioning in Figure 3.S1. Of the scattered wavefield,
we select only the scattered waves from the early-onset body waves, because these
early-onset scattered waves are typically more pronounced relative to the earthquake
wavefield and are not superimposed by earthquake-generated surface waves, which
can bias the final result. To isolate the early-onset scattered waves, we window the
scattered wavefield over the time interval between 2 seconds prior to the onset of
the P-wave and 5 seconds after the onset of the P-wave. Once we have isolated
the scattered waves, we perform a local backprojection of surface wave energy
according to a local velocity model across the array. For the local velocity model,
we use a 1-dimensional velocity model made by taking averages of each period of
the velocity model developed by Yang, Atterholt, et al. (2022). We perform this
averaging to avoid biasing of the result due to lateral slopes in the model. We
then define a grid of potential scattering sources along the array geometry, and we
backproject the surface waves recorded by the surrounding channels, up to a fixed
distance, according to their distance from the potential source. Our grid of potential
source locations is spaced at 8 m along the array, which coincides with the station
spacing. In this study, by inspecting the data, we fix the maximum distance to be
250 m based on the expected distance from the chevron center over which we can
expect to get significant constructive interference by aligning the waveforms. We
then stack the backprojected channels and sum the absolute value of the stack, giving
us an amplitude for the grid point. We only define the grid at the surface along the
array, because linear DAS array geometry poorly constrains backprojection images
along orthogonal axes. But, the rapid attenuation of these surface waves suggests
that most of the energy in the scattered wavefield is generated very close to the array,
minimizing the consequence of this poor constraint. Furthermore, scattered waves
from more distant scatterers will have higher apparent velocities, minimizing the

impact of these scatterers in a backprojection framework that uses true velocity.
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We can verify that these scattered waves are dispersive under this framework. That
is, we apply this backprojection framework to the earthquake wavefield shown in
Figure 3.1 over a range of velocities for each frequency, rather than using a single
velocity model. We can then sum across each resultant profile to get a single value
for each frequency and velocity pair. From this we can determine which velocities
produce the largest sum at each frequency, which we expect to be correlated with
the amount of constructive interference due to waveform alignment. In this way
we can construct a dispersion curve using only the scattered wavefield. This is a
similar approach to that taken by Spica et al. (2022), but because we sum across the
entire profile, this produces a velocity spectrum that averages the contributions of
the scattered waves produced across the array. A plot of this velocity spectrum is
shown in Figure 3.S2. This spectrum shows a clear dispersion pattern that is well
matched by the dispersive relationship for this setting computed in Yang, Atterholt,
et al. (2022).

Since DAS measures longitudinal strain, which is distinct from conventional inertial
seismometers, the sensitivity of DAS to these scattered waves is also distinct. For
surface waves generated by scattering from a fault that runs orthogonal to the array,
the recorded surface waves will propagate parallel to the fiber. Consequently, a
significant component of the particle motion will be parallel to the fiber, motion to
which DAS is most sensitive. For a fault that runs oblique to the array, the surface
waves will not propagate exactly parallel to the fiber, and the apparent velocity will
increase and the sensitivity of the DAS array to the waves will decrease. However,
since these waves attenuate rapidly in space, the majority of the recorded energy
will have been scattered very close to the array, minimizing variability due to
obliquity. Additionally, because DAS is more sensitive to lower velocities, surface
waves are amplified in DAS data relative to the other components of the earthquake
wavefield. This potentially explains why these surface waves are such a common and
well-recorded observation in DAS data (e.g., Lindsey et al., 2019; Spica, Nishida,
Akuhara, Pétrélis, Shinohara, and Yamada, 2020; Ajo-Franklin et al., 2022). These
factors suggest that the variability in scattered waves measured across the DAS
array is largely due to variability in the strength and geometry of the scatterers
near the array. Additionally, because we are using array seismology, we need to
consider apparent velocity when performing velocity filtering and backprojecting
these waves. But, since the recorded surface waves propagate approximately parallel
to the fiber, the apparent velocity of locally scattered surfaces waves is very close

to the true velocity. In particular, the apparent velocity follows v{/cos(8); where v,
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is the true velocity and 6 is the incident angle relative to the array geometry. In the

case of surface waves scattered very close to the array, 6 is close to zero.

We apply this backprojection technique to the 50 high quality events recorded by the
DAS array in Ridgecrest, CA described in the preceding section. Backprojecting
the scattered wavefields of these earthquakes results in an ensemble of profiles of
scattering across the Ridgecrest DAS array. To ensure that the within-array and
between-event amplitudes are comparable, we normalize the profile amplitudes by
the sum of the absolute value of the body waves that occupy the same window
used for each grid point in each profile. For this normalization, we account for
the variability in azimuth and incident angle according to the directional sensitivity
of strainmeters (Benioff, 1935). In particular, noting that the dominant body wave
signal we use for this normalization is the P-wave, we divide the direct wavefield
by cos?(6). Although this normalization is imperfect, because some windows may
include P-to-S conversions or S waves; we find it to be sufficient for our purposes.
We smooth these profiles with a Gaussian kernel with a standard deviation of 5
channels to minimize any high-frequency, stochastic variability in these profiles.
We show these ensembles of backprojection profiles computed at 4 and 7 Hz center
frequencies in Figure 3.3. These profiles are generally "bumpy," and it can be
difficult to determine to which of these peaks to assign significance. Additionally,
some peaks are of low amplitude, but are noteworthy because they are positioned
in areas with low noise floors. To help us determine which peaks are most likely
associated with scatterers, we use the metric from mountaineering of topographic
prominence, which is a measure of the height of a peak relative to its surroundings.
We plot the prominence profiles alongside the backprojection amplitude profiles in
Figure 3.3. Additionally, we superimpose these prominence profiles on the DAS
array geometry in Figure 3.3. Indeed, there is a spatial correlation between peaks
in the prominence profile and the locations of USGS-mapped Quaternary faults
near the array. This spatial correlation partially evidences the argument that the
nearly ubiquitous chevron-like features in the DAS measured wavefield are fault-
zone scattered waves. In Figure 3.3, we make note of four peaks, which we term
peaks a, (3, v, and ¢. These are the most prominent peaks in both frequency bands,
and by visual inspection we can associate these peaks with mapped faults nearby.
In particular, peaks « and $ are noteworthy in that they are prominent enough that
we can analyze their behavior with space and frequency. We use peaks « and S to

infer properties of the associated fault zones subsequently.
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Figure 3.3: Backprojection of scattered phase results. Left: Backprojection profiles
made using 50 events recorded by the DAS array in Ridgecrest, CA. Light blue lines
correspond to profiles made using a single event. Dark blue lines correspond to
the mean profile. Orange lines correspond to the topographic prominence of the
mean energy profile. Top and bottom plots correspond to profiles generated with 4
and 7 Hz center frequencies, respectively. Black arrows point to referenced peaks
a, B, v, and ¢. Right: Prominence profiles to the left, convolved with Gaussian
kernel to widen peaks for representation, plotted on the DAS array geometry shown
in Figure 3.1. Color corresponds to prominence amplitude. Green lines correspond
to fault locations. Solid lines are moderately or well constrained fault locations, and
dotted lines are inferred fault locations. Faults are labeled according to associated
peaks indicated in the profiles to the left. Curved black arrows indicate the proposed
relocation of the fault associated with peak «.

3.4 Modeling Scatterers as Fault Zones

To further investigate the nature of the sources of scattering evident in DAS data, we
present a model for these scatterers as rectangular perturbations in the 2D velocity
structure. Although natural faults are neither perfect rectangles nor uniform velocity
perturbations, this simple parameterization allows us to capture first order structural
properties of fault zones without including more complexity than we can feasibly
resolve given our data. The few free parameters of this fault model are burial depth,
maximum depth, width, and percent change in velocity. For a background velocity
model, we use a combination of the aforementioned shear wave velocity model from
Yang, Atterholt, et al. (2022) for the shallowest 150 m and a local 1D velocity profile
taken from the SCEC Unified Community Velocity Model (Small et al., 2017) for

depths deeper than 150 m; we combine these two models using a linear interpolation.
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We then create a model fault zone by multiplying a section of the background model

with an assigned rectangular geometry by a constant of proportionality.

We then use this model to perform synthetic tests that we can compare to our
observations to assess the feasibility of this scatterer model. We generate these
synthetics using Salvus (Afanasiev et al., 2019), a full waveform modeling software
that simulates wave propagation using the spectral element method. We approximate
the DAS array at Ridgecrest as a linear, 8 km array of strainmeters at the surface
of our Earth model. We emplace a 2D double couple source with a 0.1 s half-
duration Gaussian rate source time function 30 km east of the array at 10 km depth,
a representative distance and depth for the earthquakes used in this study. We
generate an adaptive mesh with which we can compute these synthetics up to 10.5
Hz with at least one element per wavelength. We use the same setup to perform
tests of the fault geometry that we describe subsequently. We show an example
of a simulation for a model with two faults with different geometries and velocity
reductions in Figure 3.4. The faults in Figure 3.4 were parameterized using models
for the faults associated with scatterers o and S that are proposed in the subsequent
section. In particular, the fault on the left is parameterized as a 30% velocity
reduction with a width of 20 m and a depth extent of 10 to 60 m. The fault on the
right is parameterized as a 10% velocity reduction with a width of 50 m and a depth
extent of 0 to 50 m. Both fault parameterizations are vertical. The resultant scattered
waves in the synthetic wavefield match many of the first-order characteristics of the
scattered waves in the observations of Figure 3.1. In particular, we have reproduced
the observation of low-velocity scattered surface waves emanating from a narrow
source. We can evaluate the similarities in the velocity content of the synthetic data
and the observed data by computing the velocity spectrum of the scatterer component
of the synthetic wavefield, as outlined in the preceding section. We show the velocity
spectrum in Figure 3.S3. The dispersion of the scattered wavefield in the synthetic
test is a close match to the dispersion for the real data in Figure 3.S2. Further, we see
that secondary arrivals in the synthetics also produce scattered, dispersive waves.
Secondary arrivals may thus explain why the scattered waves appear to reverberate
in time. These simulations further confirm that these scatterers may be related to
faults. Asis clear in Figure 3.4, variations in the properties of the model fault zones

create visually apparent differences in the strength of the scattered wavefield.
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Figure 3.4: Synthetic tests of shallow scatterers. Left: Example of velocity model
modified from Yang, Atterholt, et al. (2022) and Small et al. (2017) with two
fault zone-approximating velocity perturbations emplaced in the model. Green line
corresponds to array of strainmeters. Black arrows point to incident wave direction
and fault locations. Note the large vertical exaggeration. Right: Record section
generated from scenario illustrated to the left.

3.5 Constraining Fault Geometry

Now that we have a method of quantifying the degree of scattering in data and a
means of simulating our observations using a reasonable model, we can constrain
the properties of the sources of scattered waves by comparing features between the
data and synthetics under this backprojection framework. As is evident in Figure
3.3, the peaks in these backprojection profiles have variant properties in space and
frequency, and this variability may inform a better understanding of the faults that
generate these peaks. Moreover, since we performed this backprojection for many
events, we have an ensemble of profiles with which we can evaluate how well

constrained the fault-zone properties that control these peak shapes are.

To generate our synthetics, we use the velocity model and source described in
the preceding section. We also incorporate attenuation into our model. Since
we do not have a priori estimates of the attenuation at this site, we parameterize
the attenuation using the functional decay of the peaks from our backprojection
profiles to obtain a rough estimate of the local attenuation structure. We assume
an empirical relationship between shear wave velocity and attenuation structure, a
common assumption when building an Earth model with heterogeneous attenuation
structure (Graves and Pitarka, 2010), and may be denoted as Q, = cV,. To test
the attenuation of surface waves away from a local scatterer, we define a fault zone
according to the aforementioned simplified fault model with a width of 20 m, a depth

extent of 0-100 m, and a 30% velocity reduction. We test several values for ¢ and
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compare the spatial decay of the resultant synthetic peaks to those of peaks @ and 8
at 4 Hz. We find that the data are best fit by a value of ¢ = 50, a reasonable value for
this relationship (Lin and Jordan, 2018; Lai et al., 2020). These peak comparisons
are shown in Figure 3.S4. This empirical relationship between attenuation and
velocity is imperfect, as other parameters such as temperature and fluid content
also control attenuation (Brocher, 2008; Eberhart-Phillips et al., 2014), and other
factors such as structural heterogeneity can control surface wave amplitude (Bowden
and Tsai, 2017). But, since we are only trying to obtain a reasonable attenuation
parameterization for our forward model, this approximation is sufficient for our

purposes.

To constrain the local fault zone properties, we note that the backprojection profiles
shown in Figure 3.3 are functions of the frequency band in which we filter the data,
and that each peak behaves differently with frequency. We investigate this property
by evaluating the backprojection profiles for all narrow frequency bands for which
we computed profiles in this study, with center frequencies ranging from 2 to 10
Hz. By plotting the mean profiles at each center frequency together, we can better
inform our understanding of the behavior of the frequency dependence of individual
scattering features along the array. We plot these mean profiles against center
frequency and distance as a pseudocolor plot in Figure 3.5. As is evident in Figure
3.5, there are peaks that are traceable across a range of center frequencies, and there

is a high degree of variability in the behavior of these peaks with frequency.

We then focus on the two most prominent peaks in this image, peak @ and peak
B, both of which are spatially correlated with USGS-mapped faults (USGS and
CGS, 2022). By taking cross sections of the center frequency versus distance along
array plot, we can determine the frequency dependence of these specific scatterers
along this profile. Clearly, these peaks have different frequency dependences, which
likely reflects a variability in the depth and geometry of the scattering fault zone.
To discern the properties of these faults, we test different fault zone geometries to
match these frequency dependent trends. Because the amplitudes of DAS data are
not well understood, we only attempt to match the shape of the synthetic profile
with the shapes of the peak profiles, and we thus normalize the synthetic profile
amplitude by the ratio of the integrated amplitude of the mean peak profile to the
integrated amplitude of the synthetic peak profile. We attempted to reproduce
these frequency-amplitude trends by performing synthetic simulations that included

fault zones with varying free parameters. These simulations were too expensive to
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Figure 3.5: Comparison of modeled and observed spectra. A. Pseudocolor plot of
mean backprojection amplitude plotted against center frequency and distance along
array. Dotted green and dotted blue lines correspond to cross sections of this plot,
associated with peaks @ and B, respectively. B. Plots of backprojection amplitude
versus center frequency for the cross-sections shown in A. Light green and light
blue lines are the frequency-amplitude curves determined for a single event for
peaks a and B, respectively. Dark green and dark blue lines are the mean frequency
amplitude curves for peaks @ and S, respectively. Dotted black lines correspond to
the frequency-amplitude curves for our preferred fault zone model for each peak.
Dotted colored lines are frequency amplitude curves for fault zone models with
variant parameters to illustrate the constraints of this methodology. The parameters
used for each model are given in Table 3.S1. The asterisk in the legend indicates that,
for visualization purposes, the corresponding model is normalized by the maximum
height of the data curve rather than the integrated sum.

perform a full grid search over all the fault model parameters, but by identifying
patterns between fault zone parameterizations and subsequent simulated frequency-
amplitude profiles, we were able to find fault zone models that produced good fits to
the profile ensembles for both faults, as shown in Figure 3.5B. Indeed, reproducing

the frequency-amplitude curves for the different peaks requires the use of variant
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fault zone parameterizations. Peak « is best fit by a 30% velocity reduction that is 20
m wide and spans 10 to 60 m depths. Peak g is best fit by a 10% velocity reduction
that is 50 m wide and spans O to 50 m depths. The results for peak @ suggest that

we may be able to detect and constrain properties of small-scale buried faults.

3.6 Discussion

The spatial correlation between the locations of sources of scattering and the mapped
faults near the Ridgecrest DAS array shown in Figure 3.3 suggests that the source of
at least some of these scatterers are faults, and thus DAS arrays can detect measurable
signatures of fault zones. An example of the potential utility of this technique is
readily available in this dataset. In particular, peak « is located near, but is offset
from, a mapped fault extending across the array. The Quaternary Fault Catalog
(USGS and CGS, 2022) records this fault’s location as inferred rather than directly
observed; thus, we can use our backprojection profile to refine the location of this
fault, treating peak « as a potential node of the fault trace. This node provides a
stronger constraint on this fault’s location near the town of Ridgecrest, CA, which
has important implications for the location of possible static strain in the event of
the activation of the Little Lake Fault Zone. This technique is generalizable to all
DAS arrays that record seismicity, and may then be used elsewhere to systematically
refine inferred fault locations and suggest the presence and locations of previously

unmapped faults.

The profiles in Figure 3.3 bear a resemblance to results from distinct fault zone
characterization methodologies, namely S-wave amplification analysis (e.g., Qiu,
Ben-Zion, et al., 2021). Both techniques can be used to locate faults at small spatial
scales using the peak locations, but these techniques otherwise provide compli-
mentary information. For example, the shape of the peaks in S-wave amplification
profiles can be interpreted as an estimate of the lateral characteristics of the fault
damage zone, while the shape of the peaks in this study are largely reflective of the
processing workflow and amplitude attenuation. But, the methodology presented in
this study is more sensitive to small variations in the frequency of scattered waves
that are reflective of characteristic dimensions of the fault zone, which includes
constraints on the depth-dependence of the fault zone. Additionally, the methodol-
ogy presented in this study is more readily applicable to DAS, both because DAS
amplitudes are not well understood due to variability in coupling of the fiber and

because DAS is particularly sensitive to low velocity surface waves.
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The synthetic simulations in this study provide additional evidence that these
chevron-like observations in DAS data are well-explained by fault zones. In par-
ticular, as shown in Figure 3.4, an approximation of a fault zone as a rectangular
perturbation in velocity reproduces the first order features of these chevron-like ob-
servations. Additionally, the complexity in the frequency-amplitude curves shown in
Figure 3.5 evidences a necessary variability in the finite properties of the scattering
fault zones (Almuhaidib and Toks6z, 2014). But, importantly, this representation is
non-unique, and the diversity of geologic heterogeneity in the upper crust suggests
that features other than fault zones are likely responsible for at least some of the
chevron-like observations we see in DAS data. Additionally, it is important to be
careful when interpreting a backprojection image. Backprojection images are sub-
ject to spatial smearing due to constructive interference away from the true source
location. Spatial smearing may bias frequency-amplitude curves by convolving
contributions from multiple peaks. We minimize this form of biasing in this study
by fitting only the most prominent peaks, which are spatially isolated from each

other.

The geometric constraints we place on the faults in this study illustrate that, using
DAS recorded earthquakes, we can constrain some aspects of the subsurface geom-
etry of fault zones on the scale of tens of meters, potentially even for buried faults
as is the case for peak @. Although these solutions are non-unique, they provide
robust constraints on the approximate scaling of these subsurface structures. As
stated prior, we were able to approach fault models that fit these data by identifying
patterns in the relationship between fault zone geometry and the resultant synthetics.
One interesting relationship, made clear in Figure 3.5, is related to the observation
that peak g has a unimodal frequency-amplitude curve while peak o has a bimodal
frequency-amplitude curve. The simulations suggest that two characteristic lengths
produce distinct modes in these frequency-amplitude curves: the fault zone width
and the fault zone depth extent. In particular, we obtain a unimodal frequency-
amplitude curve when these lengths are the same (as with peak £) and a bimodal
frequency-amplitude curve when these lengths are distinct (as with peak «), with
the smaller characteristic dimension responsible for the highest frequency mode and
vice versa. We demonstrate that variant characteristic dimensions can account for
each frequency mode of peak @ by running separate simulations for square-shaped
buried faults, with velocity perturbations equivalent to the best fitting model for
peak a, that extend up to 10 m depth with side lengths of 50 m and 20 m, lengths
which match the depth extent and width, respectively, of the best fitting model for
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peak a. The amplitude-frequency curves of these simulations are plotted as Models
1 and 2 in Figure 3.5, respectively. Both of these models well approximate one of
the individual modes of the bimodal data curve for peak «. Finally, although we
normalize by amplitude, the magnitude of the velocity perturbation subtly changes
the shape of the synthetic curves in our simulations in Figure 3.5; however, this is a

weakly constrained parameter in this methodology.

Although this is not the first study to attempt to map fault zones using scattered
waves in DAS data, a key contribution of this study is that it provides a framework to
systematically locate the origins and discern the dimensions of these scatterers using
the earthquake wavefield. Importantly, when using the earthquake wavefield, we
are mostly looking at body-to-surface scattered waves, which have a different depth
sensitivity than surface-to-surface scattered waves. In particular, body-to-surface
wave scattering has a deeper depth sensitivity than surface-to-surface wave scattering
because body waves can propagate at depth while surface waves have a frequency-
limited depth extent (Barajas et al., 2022). But, body-to-surface wave scattering
at a given frequency is still only sensitive to depths at which a scattering source
can excite surface waves. Differences in sensitivity are important to consider when
comparing this methodology to other scatterer characterization methods that use
surface-to-surface wave scattering. Since we can only feasibly apply this technique
between 2-10 Hz, this depth sensitivity constraint suggests that this methodology is
only sensitive to the top few hundred meters. But, we suggest that the depth extents
determined in this study are well-constrained by the data. To illustrate this, we
perform a simulation for a fault with the same parameters as the best fitting model
for peak S, but change the depth extent from 0-50 m to 0-100 m. The frequency-
amplitude curve for this simulation is plotted as Model 4 in Figure 3.5. This curve
shows that for a deeper fault, we would expect to observe a frequency-amplitude
curve more depleted in higher frequencies and enriched in lower frequencies. Recent
techniques (e.g., Touma et al., 2022) have shown promise in imaging even deeper
scatterers at high resolution using targeted array deployments. For imaging major
fault zones with deep structures, method integrated approaches may be useful for

illuminating fault zone structures at all depths.

In Yang, Zhan, et al. (2022a), the authors discern properties of the fault zone
associated with peak « in this study as a 30% velocity reduction that is 35 m wide
and spans 0 to 90 m depths. While this geometry is very close to our result and

provides a useful verification of our technique, the differences that arise are likely due
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to the different sensitivities of the measurements and the different frequencies used
to fit the fault model. Namely, the geometry of the faults discerned in this study
were partially constrained by measurements over 6 Hz, which were not used to
constrain the geometry in Yang, Zhan, et al. (2022a). The higher frequency content
used in this study likely explains why the characteristic dimensions discerned in this
study are both smaller than those found in Yang, Zhan, et al. (2022a). The higher
frequency content may account for our ability to resolve a shallow burial depth.
This fault burial depth is largely constrained by subtle variations in the peak shape.
To illustrate this, we generate synthetics for a fault model with the same parameters
as the best fitting model for peak @, but use a depth extent of 0-50 m instead of
10-60 m. The frequency-amplitude curve for this synthetic test is plotted as Model
3 in Figure 3.5. This result shows, that for an unburied fault, we achieve a slightly
different shape that does not capture any separation of the high and low frequency

modes of the data curve for peak a.

Finally we note that, although this study focused on relatively minor faults, this
methodology can be readily extended to major fault zones, and requires only an
across-fault DAS array and earthquake observations. Indeed, since the interrogation
length for DAS units is increasing, and since many in situ fibers cross major faults,
we can expect the number of DAS arrays sensing structure over major fault zones
to increase rapidly over time. The technique presented in this paper presents an
opportunity to leverage these DAS arrays to measure the fracture density and char-
acteristics within major fault zones. Moreover, this study only covers one method
with which DAS can be used to characterize major fault zones. Many of the afore-
mentioned techniques which have previously used densely deployed conventional
seismometers can be performed with DAS. The key challenges in applying these
techniques, however, are that DAS provides a different observation than traditional
seismometers, single component strain, and that DAS amplitudes are not well under-
stood due to variability in coupling. These differences make some traditional fault
characterization techniques, such as detecting fault zone head waves using particle
motion analysis or measuring S-wave amplification, more difficult to apply using
only DAS data. But, including some conventional inertial seismometers along a
DAS array has the potential to diminish some of the challenges of DAS data (e.g.,
Wang et al., 2018; Lindsey et al., 2020; Muir and Zhan, 2021a; Yang, Atterholt, etal.,
2022). For the fault zone characterization case, including collocated 3-component

seismic sensors allows for amplitude calibration of DAS data and provides local
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particle motion observations. In this way, we can leverage the high station density

and extensive deployments of DAS data while minimizing its limitations.

3.7 Conclusions

In this study we present a framework for the systematic location and characteriza-
tion of fault zones using the DAS measured earthquake wavefield. This framework,
which relies on the simple backprojection of the scattered wavefield following an
earthquake, yields profiles of the scattered wave energy across the array. We apply
this framework to 50 earthquake record sections recorded by a DAS array in Ridge-
crest, CA, yielding an ensemble of profiles of scattered wave energy across the array.
With these profiles, we identify numerous scattering peaks that are spatially well-
correlated with mapped faults in the area, suggesting that these observed scattered
waves are faults. Using these backprojection profiles, we suggest a correction to the
location of one of the mapped faults in the area. Moreover, we present a model for
these scattering sources as rectangular perturbations in the velocity structure, which
is a simple approximation of a fault zone, and through simulations we show that this
model reproduces first order observations of the observed scattered waves. Using
this backprojection technique and these simulations, we establish a framework for
using the locally scattered wavefield to evaluate shallow attenuation structure and
infer characteristic dimensions of fault zones. We then apply this framework to the
profiles computed for the Ridgecrest DAS array and consequently make claims about
the fault zone structure near the array. We use the frequency decay of the profile
peaks and synthetic simulations to image local faults at the scale of tens of meters,
and with these images we distinguish between a fault that is surface-breaching and
a fault that is buried.
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Figure 3.S1: Examples of the wavefield partitioning, described in Atterholt et al.
(2021), applied for separating the direct waves from the surface waves. The left
column shows the total wavefield for 3 separate events used in this study. The middle
column shows the separated direct waves of the events. The right column shows the
separated scattered waves of the events.

Model Parameters
Model # Burial Depth (m) Maximum Depth (m) Width (m) Velocity Reduction (%)

Model 1 10 60 50 30
Model 2 10 30 20 30
Model3 0 50 50 30
Model 4 0 100 50 10
Model @ 10 60 20 30
Model 5 0 50 50 10

Table 3.S1: Model parameters for each of the models shown in Figure 5. Fault
model is rectangular, where the burial depth is the depth of the top of the rectangle,
the maximum depth is the depth of the bottom of the rectangle, the width is the
lateral extent of the rectangle, and the velocity reduction is the applied velocity
perturbation. All fault models are vertical.
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Figure 3.S2: Dispersion curve generated using the backprojection framework to
perform a grid search at velocities in narrow frequency bands on the earthquake
wavefield shown in Figure 1. Black dotted line is the 1D average of the velocity
model from Yang, Atterholt, et al. (2022)
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Figure 3.S3: Dispersion curve generated using the backprojection framework to
perform a grid search at velocities in narrow frequency bands on a synthetic shot
gather with an emplaced fault model. Black dotted line is the 1D average of the
velocity model from Yang, Atterholt, et al. (2022)
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Figure 3.S4: Peak decay functions of peaks « and S for ensemble of profiles shown
in Figure 3. Light green and light blue lines are decay functions of individual
profiles for peaks @ and g3, respectively. Dark green and dark blue lines are mean
peak decay functions for peaks o and S, respectively. Dotted lines are peak decay
functions for synthetics generated using different attenuation regimes defined using
constant of proportionality c.
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Chapter 4

IMAGING THE GARLOCK FAULT WITH A DAS ARRAY

Atterholt, J., Zhan, Z., Yang, Y., and Zhu, W. (2024). Imaging the Garlock Fault
Zone with a fiber: a limited damage zone and hidden bimaterial contrast. Jour-
nal of Geophysical Research: Solid Earth 129. por: 10.1029/2024JB028900.
€2024JB028900.

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.

4.1 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 and Ross, 2023; 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
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future directivity of faults is unclear (Andrews and Ben-Zion, 1997; Anooshehpoor
and Brune, 1999; Cochard and Rice, 2000; Harris and Day, 2005; Huang, 2018;
Ranjith and Rice, 2001; Xia et al., 2005). Recent simulations suggest that, for
sequences of earthquakes, bimaterial contrasts bias the nucleation sites towards
asymmetric ruptures and a preferred rupture direction (Abdelmeguid and Elbanna,
2022; Erickson and 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 and 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 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 and 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 and 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 Fig. 4.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, Idini, 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 and Stein, 2020) or could potentially be triggered to produce a
large aftershock of a rupture on the San Andreas, as in the 2023 Kahramanmaras

earthquake sequence (Jia et al., 2023).
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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, Niu, et al., 2021)
and fault zone head waves (e.g., Allam et al., 2014; McGuire and 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 (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 dataset
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
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geographic area. These analyses are all performed using collocated measurements

and each uniquely constrain different depth-dependent features of the fault zone.

4.2 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 earth-
quakes and may signify damage that facilitates fluid transport (Share et al., 2020;
Wang et al., 2019; Zigone et al., 2019). The high heterogeneity imposed by the shal-
low 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.

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 kilometers with 10-
meter channel spacing, amounting to 10,000 channels averaging strain over 50 or
100 meters, depending on the recording period (see Fig. 4.1). DAS is a powerful tool
for characterizing the shallow subsurface (Atterholt et al., 2022; Cheng et al., 2021;
Jousset et al., 2018; Spica, Nishida, Akuhara, Pétrélis, Shinohara, and Yamaha,
2020; Viens et al., 2022; Yang, Zhan, et al., 2022b), 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; Fig. 4.1a). 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 m 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-hour 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
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Figure 4.1: Study setting and dataset 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 Figs. 4.2 and 4.4. The gray star indicates the earthquake
shown in c¢. The diamond shaped points indicate the earthquakes shown in Fig.
4.S8. Red points show earthquakes that were also used in the inversion in 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 1-10 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.

and organize them into common shot gathers for each virtual source. Examples of

both active source and virtual source shot gathers are shown in Fig. 4.1b.

To invert for dispersion curves for both sets of shot gathers, we employ a beamform-
ing 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 dataset. The resultant dispersion curves in the immediate
vicinity around the fault are shown in Fig. 4.2, and the dispersion curves for an

extended region computed using only the ambient noise data are shown in Fig. 4.S2.
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We subsequently perform a joint inversion to infer the depth-dependent velocity
structure around the fault shown in Fig. 4.3. 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 dataset. 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 towards the posterior distribution.
We incorporate both sets of data into this inversion by computing the model-data
misfit for each dataset, 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 datasets are the same.
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Figure 4.2: Dispersion curves from the active source experiment (a) and ambient
noise cross-correlations (b) along the purple segment of the array in Fig. 4.1. Black
dotted lines show locations of mapped strands of the Garlock Fault where they cross
the velocity profile.
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We separately perform an inversion using only ambient noise cross-correlation data
for an extended portion of the array using the dispersion curves in Fig. 4.S2. Because
of the lower spatial resolution of the ambient noise cross-correlation dataset, 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 Fig. 4.S2. We directly compare the near-fault velocity structure recovered
using only the ambient noise data with the model recovered using the joint inversion
in Fig. 4.S3. 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 Fig. 4.3 shows a rapid transition from lower-velocity mate-
rial 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 towards the south side of the fault with a width of approx-
imately 300 meters. 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 and Yang, 2022). Additionally, low
velocities (less than 800 m/s) persist in the top 100 meters 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 Fig. 4.S2. 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.
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Figure 4.3: Shallow shear wave velocity model and corresponding model-travel-
time perturbation comparison along the purple segment of the array shown in Fig.
4.1. a. Profile taken from the shallow velocity model around 100 meters depth
(averaged from 80-120 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 faultin Fig. 4.1 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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4.3 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, Idini, 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 (Fig. 4.1). 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 datasets
by generating noisy labels for DAS data using Phasenet (Zhu and Beroza, 2018) and
refining the labels using GaMMA (Zhu et al., 2022), a phase association algorithm.
PhasenetDAS was partially trained using this dataset and, by visual inspection,
performs very well for the events used in this study. Examples of these picks are
shown in Fig. 4.1 and Fig. 4.S8. 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 Fig. 4.S4. We then
perform an elevation correction assuming an S-wave velocity from the top layer of
the Hadley-Kanamori model (Hadley and Kanamori, 1977). The average travel-time

perturbations for all events in the cluster are shown in Fig. 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 Fig. 4.3, the travel-time pertur-
bations 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 spec-
trum maximum at 6.5 Hz and substantial energy at 10 Hz, as shown in Fig. 4.S5.
Assuming shear wave velocities directly below our shallow velocity model slightly

higher than 1 km/s, as we observe at the base of our shallow velocity model, we may
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expect the wavelengths that control the sensitivity of our measurements to be be-
tween 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 meters. 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
m, 200 m, and 300 m. The results of these computations, shown in Fig. 4.S6,
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 meters 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
(Fig. 4.56) (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.

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 and
Brodsky, 2011) and the inferred cumulative displacement of approximately 50 km
on the Garlock Fault (Davis and Burchfiel, 1973; Monastero et al., 1997; Smith,

1962), we may expect the Garlock Fault damage zone to be hundreds of meters thick
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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 and Yamashita, 2013).
Such along-strike variability has been clearly observed both in regional tomographic
models and systematic fault zone trapped wave studies (Lewis and Ben-Zion, 2010;
Zigone et al., 2015). Given that 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 (Li et al., 2007; 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 200-250 m at depth (Hickman et al., 2007; 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 (Qiu et al., 2023) and the lack of compliant
zone deformation around the fault following the Ridgecrest Earthquake (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.
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4.4 A Hidden Bimaterial Contrast at Seismogenic Depth

At a broader scale, as shown in Fig. 4.S7, there is significant variability 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 Fig. 4.1 and Fig. 4.S8. The differential
perturbation profile shows a consistent difference between perturbation profiles
that changes polarity at the fault (Fig. 4.4). 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 Fig. 4.1). We remove any events with mean deviations that are greater than
0.2 seconds 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 Fig. 4.1 and the
depths for these events are given in Fig. 4.S9. 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 perturbations
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Figure 4.4: Cluster comparison and inversion results from differential travel-time
measurements computed along the yellow segment in Fig. 4.1. a. Travel-time
perturbations from on-fault (gray) and off-fault (green) clusters of earthquakes,
shown in Fig. 4.1. b. difference between the two sets of perturbations (purple)
plotted against the model fit from the inversion ensembles. ¢, 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 Fig. 4.5.

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 following equation:

da,-B, = in(l‘A,,,» —tg,;) — (tan = 1Bn), 4.1

i
where t4,, and tp,, are the expected travel-times of events A and B through block i
in the model at station n, 74, and ¢p, are the expected total travel-times for events A
and B at station n, and x; is the necessary perturbation to the travel-times through

block i to fit the data. The parameters x; constitute our model vector. An important
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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 x; to ensure that any perturbation is data informed. As shown in Fig.
4.4, 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 Fig. 4.5, 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, as shown in Fig. 4.4. 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 towards

Los Angeles and the San Andreas Fault.

Our measurements are consistent with the CVMS model locally at the array, as
shown in Fig. 4.S10, and are also consistent with the tomography model of Tong
etal. (2021), who find a similar velocity contrast across the central Garlock fault that
reverses polarity at depth. But regional velocity models (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 Fig. 4.6. 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 domain. We
subsequently 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.
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Figure 4.5: Joint probability distributions for ensembles of parameters from the
differential travel-time inversion. Diagonal plots show the marginal distributions
(also shown in Fig. 4.4), 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.

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 Fig. 4.S11. We resolve the 2z
ambiguity by picking the frequency-velocity relationship most closely aligned with
the Preliminary Reference Earth Model (Dziewonski and Anderson, 1981). We
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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 Fig. 4.6. 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.
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Figure 4.6: 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.

4.5 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 measurement contributions
from different parts of the fault zone suggests the fault zone model in Fig. 4.7.
In particular, the near-surface component of the schematic is determined using the
shallow velocity model that incorporates active source and ambient noise phase ve-
locity measurements. The portion of the model at seismogenic depths is determined
using the inversion of the differential travel-time perturbation measurements shown
in Fig. 4.4. The shallow crust portion of the model is subsequently determined by

measuring the residual between the measured travel-times of the cluster of earth-
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quakes on the fault and the expected combined contributions from the near-surface
and seismogenic depths. A summary of the travel-time contributions informing this
schematic is shown in Fig. 4.S7. 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 measurements 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 Qiu et al. (2023), who 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 Figs.
4.S7 and 4.6 and illustrated in Fig. 4.7, 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 and
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, suggesting significant healing can take place
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Figure 4.7: Schematic model summarizing the findings of this study.

shortly after an earthquake (Li and 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). 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 Fig. 4.7. 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
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absence of damage zone indicators such as fault zone trapped waves (Qiu et al.,
2023) and compliant zone deformation following the Ridgecrest earthquake (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 bima-
terial contrasts on faults and rupture directivity have discovered a range of behaviors
(e.g., Harris and Day, 2005; Kane et al., 2013; Rubin and Gillard, 2000; Shlomai
and Fineberg, 2016; Wang and 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 and Elbanna, 2022; Erickson and Day, 2016). Further
complications arise when fault complexity, such as fault curvature and along strike
stress variability, is introduced. But, keeping these complications in mind, we can
use the observed bimaterial contrast on the Garlock Fault to infer if there is an in-
creased 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
towards 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 and Prejean, 2015; Toda
and Stein, 2020).
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Figure 4.S1: Geologic map of the study region with units defined in the Geologic
Map of California (Jennings et al., 1977). The dimensions of this map are the same
as those in Fig. 4.1. Black lines are faults. Gr = Mesozoic granitic rocks | Ns =
Plio-Pleistocene and Pliocene loosely consolidated deposits | Tv = Tertiary volcanic
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metavolcanic rocks | Pc = Precambrian rocks | Ms = Paleozoic marine rocks.

IS
a

o
3
Phase Velocity (km/s)

Figure 4.S2: Extended shallow imaging experiment phase (top) and shear wave
velocity (bottom) models.
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Figure 4.S3: Comparison of the near-fault velocity model recovered from the joint
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Figure 4.S4: 1D velocity model and approximate ray paths. Left: velocity profile
used to isolate travel-time perturbations from 3D structure. Right: approximate ray-
paths between near-fault event cluster and DAS channel collocated with the mapped
trace of the Garlock Fault.
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Figure 4.S5: Normalized power spectra of the earthquake wavefields of events in
the cluster of earthquakes on the Garlock Fault.



100 m wavelength
T

200 m wavelength
T

72

300 m wavelength
T

0.00 H 0.00 H 0.00 H
1 1
0.05 ! 0.05 0.05 5
o 1 1 1 2
bt 1 1 1 o
b 1 1 1 8
1 1 1 5
0.10 I 0.10 I 0.10 I
L Gtom | VoA | Wy A L Go2m | VN A | Wo=NA L e | VN A | Wy NA
d=0.5km |V, =15% | Wa=0.3km a=oskm|
L 410k 0V, =15% | Wa=0.3m L Ge1.0km| v, =15% | Wa=0.3km L G=10km | aVam15% | Wa=0.3km
0.15 0.15 0.15
=08 -0.4 0.0 0.4 08 =08 -0.4 0.0 0.4 0.8 -0.8 -0.4 0.0 0.4 0.8
T T T
0.00 H 0.00 H 0.00 H
1 1
5
<2
0.05 1 0.05 0.05 =
= 1 1 1 g
z 1 1 1 5
b 1 1 1 o
—— d=02km | dV,,=N.A. | W,=N.A. —— d=0.2km | dV,,=N.A. | Wy=N.A. — d=0.2km | dV;,= 9
0.10 1.0k | dVs,=15% | Wg=0.3 km 0.10 d=1.0km | dVs,=15% | Wy=0.3 km 0.10 d=1.0km | ol a
- | Wo=02 km 0km | dVs,=15% | Wy=0.2 km —— d=1.0km | d\ e
L | W5=015 km =15% | W,=0.15 km — 4-L0kma
- 4=L0km | dV,,=15% | W=0.1 km L =15% | W,=0.1 km L 40k | dv.-15%
0.15 0.15 0.15
~0.8 -0.4 0.0 0.4 08 =08 -0.4 0.0 0.4 0.8 =08 -0.4 0.0 0.4 0.8
T T T
0.00 H 0.00 H 0.00 H
1 1
<
B)
0.05 1 0.05 0.05 S
= 1 1 1 =
= 1 1 1 ‘
b 1 1 1 &
1 1 1 g
0.10 L 402 km | VoA [ WeNA 0.10 L G0z km | v NA [ WeNA 0.10 L gcozkmidvoNA (WA | B
km | @V,,=15% | Wy=0.3 km d=1.0km | dV,,=15% | Wa=03 km
km | dV;,=10% | Wy=0.3 km —— d=10km | d\ % | Wa=0.3 km L G=1.0km | dV,,=10% | We=0.3 km
j=1.0 km | dVs,= 5% | Wy=0.3 km = d=10km | dVs,= 5% | Wg=0.3 km —— d=1.0 km | dV;,= 5% | Wy=0.3 km
0.15 0.15 0.15
=0.8 -0.4 0.0 0.4 08 0.8 -0.4 0.0 0.4 08 0.8 -0.4 0.0 0.4 0.8
T T T
0.0 ~___1 0.0 — 0.0 — B T ——
1 1 1 2
1 1 1 2
0.2 1 0.2 1 0.2 1 §_
1 1 1 g
= 1 1 1 g
04 1 0.4 1 0.4 1 >
bS] 1 1 1 5
1 1 1 3
1 1 I H
0.6 ! 0.6 ! 0.6 1 e
] 1 1 S
1 — s sty tGaroc | — This sudy (Gartock) | — This sudy (caroc)
0.8 ! Cochran et a. (2009) (Calico] 0.8 1 Cochran et a. (2009) [Calico) 0.8 1 Cochran et . (2009) (Calico)
-0.8 —-0.4 0.0 0.4 08 -08 —-0.4 0.0 0.4 08  -08 -0.4 0.0 0.4 0.8
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Figure 4.S7: Travel-time perturbations from the gray cluster of earthquakes shown
in Fig. 4.1 at different distances from the Garlock fault for illustration. Near
surface perturbations are computed using the model in Fig. 4.2. Seismogenic zone
perturbations are computed using the model in Fig. 4.4. Shallow crust perturbations
are computed as the difference between the total perturbations and the combined
perturbations of the near surface and seismogenic zone. Black dotted line indicates
location of Garlock fault in the USGS Quaternary Fault Database.
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Figure 4.S8: Examples of earthquake wavefields from clusters of earthquakes on and
off the Garlock Fault. Locations of these earthquakes are indicated by the diamond
markers on the map in Fig. 4.1. Olive-colored dotted lines indicate the P and S
phase picks made by PhasenetDAS.
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Figure 4.S9: Map of events used in the inversion for the bimaterial contrast across
the fault. Green segment of the array indicates the channels from which travel-times
were used.
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Figure 4.S10: The SCEC Community Velocity Model along a path collocated with
the DAS array used in this study. Note the high velocity anomaly at depth on the

south side of the model.
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Figure 4.S11: Setting and phase velocity picks for the low-frequency broadband
cross-correlation measurements. Top left plot shows station locations used in this
analysis. The Christmas Canyon station (CCC) was a member of each cross-
correlation pair. Other plots show measurements and error estimates of phase
velocity dispersion measurements.
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Chapter 5

MAPPING FINE-SCALE MOHO TOPOGRAPHY WITH DAS
WAVEFIELDS

Atterholt, J. and Zhan, Z. (In Review). Fine scale Southern California Moho structure
uncovered with distributed acoustic sensing.

Abstract

Moho topography can yield insights into the tectonic evolution of the lithosphere and
the strength of the lower crust. The Moho-reflected phase (PmP) samples this key
boundary and may be used in concert with the first arriving P phase to infer crustal
thickness. The densely sampled station coverage of distributed acoustic sensing
(DAS) arrays allows for the observation of the PmP phase at fine-scale intervals
over many kilometers with individual events. We use the PmP phase recorded by a
100 km-long fiber that traverses a path between Ridgecrest, CA and Barstow, CA to
explore the structural variability of the Moho in Southern California. With hundreds
of well-recorded events, we verify that PmP is observable and develop a technique
to identify and pick the relative arrival time between the first arrival and PmP with
high confidence. We use these observations to constrain Moho depth throughout
Southern California, and we find that low-wavelength variability in crustal thickness

is abundant, with sharp changes across the Garlock Fault and Coso Volcanic Field.

5.1 Introduction

Observations of Moho structure are important because they provide evidence of
processes that deform the lithosphere and yield constraints on the rheology of the
lower crust (McKenzie et al., 2000; Zhu et al., 2006). Crustal thickness varies over
many scales, and fine-scale variability is important because it constrains the depth-
extent and depth-dependent behavior of localized tectonic processes observed at
the surface (e.g., Liu et al., 2017; Luo et al., 2021; Yu et al., 2021; Zhu and
Kanamori, 2000). The most popular methods for uncovering Moho structure are
receiver functions and seismic reflection surveys. Receiver functions are a powerful
tool for robustly determining Moho depth (e.g., Li et al., 2022; Sui et al., 2023; Yan
and Clayton, 2007; Zhu, 2000), but are a low frequency measurement that requires

seismometers near the measurement points, limiting their spatial resolution and
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geographic coverage. Reflection surveys can uncover Moho variability at impressive
resolution (e.g., Cheadle et al., 1986; Fliedner et al., 2000; Li et al., 1992), but these
surveys are expensive and often fail to penetrate Moho depths.

An alternative to these techniques is to use the Moho reflected phase (PmP), which
provides constraints on Moho depth (Ding et al., 2022; Li et al., 2022; Nakajima
et al., 2002; Richards-Dinger and Shearer, 1997; Salah and Zhao, 2004) and lower
crustal velocity structure (Huang et al., 2016; Li et al., 2024; Wang et al., 2022;
Xia et al., 2007). The advantage of using PmP over other methods is that measure-
ments are made passively using higher frequency regional earthquakes and, with the
right seismicity distribution, can resolve structure outside a seismic network. This
technique has not been used as frequently as others because PmP is difficult to con-
fidently identify on individual seismograms (Richards-Dinger and Shearer, 1997).
Recent studies have found success using multi-event estimates of PmP moveout and
machine learning techniques to generate expanded PmP catalogs (Ding et al., 2022;
Li et al., 2022). These techniques are not readily transferrable to or ideal for dense
array datasets that generally have lower data quality but high spatial sampling. The
high frequency content of PmP observations combined with dense array datasets
may allow for very high-resolution sampling of low wavelength features near the

crust-mantle boundary.

Distributed acoustic sensing (DAS) is an increasingly popular technique in seis-
mology that transforms fiber optic cables into dense arrays of strainmeters using
phase interferometry of backscattered light (Zhan, 2020). This technique is power-
ful because it enables the deployment of extensive, dense seismic networks for long
periods of time at low logistical burden. DAS is routinely employed for shallow
crustal imaging (e.g., Cheng et al., 2021; Spica, Perton, et al., 2020; Yang, Atter-
holt, et al., 2022) and has recently been used to resolve structure in the middle crust
using travel-time tomography (Biondi et al., 2023). The dense recordings enabled
by DAS facilitate low-wavelength observations over large distances, and the long
deployment times allow for the passive recording of high-quality earthquake wave-
fields with diverse source locations. While receiver functions have been successfully
computed by combining DAS data with nearby broadband data (Yu et al., 2019),
wider adoption of deep crustal imaging techniques with DAS has been slow, because
DAS has high noise levels at low frequencies (R. Ferndndez-Ruiz et al., 2019). PmP
is an especially promising avenue for realizing the potential of DAS for deep crustal

imaging for a few reasons. Firstly, PmP is a high frequency phase, and DAS is
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most sensitive to higher frequency wavefields. Secondly, the high spatial density
and abundance of channels in DAS arrays allows for both spatial coherence and
array-side moveout to be used to identify PmP. Thirdly, although DAS arrays have
many channels, the cable geometry often imposes a narrow geographic footprint;
with PmP, Moho depth measurements may be made over a much larger area than is

covered by the fiber.

In this study, we introduce a method with which to identify and pick relative arrival
times of secondary phases in DAS data. We apply this method to a DAS array in
the Mojave Desert to measure PmP differential times and use these observations
to invert for Moho depth over a wide area. We find good correspondence with
previous results, and we make novel observations of low-wavelength features in
the Moho across the Garlock Fault and the Coso Volcanic Field. This technique
offers a promising outlook for using DAS arrays to make fine-scale observations of

lithospheric structure over broad geographic areas.

5.2 Autocorrelation for Secondary Phase Retrieval

In August of 2021, a DAS array was deployed on a 100 km segment of dark fiber
between Ridgecrest, CA and Barstow, CA (Figure 5.1). This array has 10,000
channels with 10 m channel spacing and 100 m gauge length. Over the course of
a two-year recording interval, the array recorded 440 M2.5+ regional earthquakes.
Many of these earthquake wavefields exhibit strong secondary phase arrivals that
coincide with the expected onset time of the Moho reflected phase (PmP) for a
standard 1D earth model (e.g., Hadley and Kanamori, 1977). The relative arrival
time between the first arriving P-phase and PmP provides a strong constraint on
crustal thickness (Figure 5.2). Coupled with the spatial density of DAS, P-PmP

differential times can yield very low wavelength profiles of Moho depth.

Identifying and measuring the relative arrival times of PmP on DAS data can be
a challenging problem. Firstly, although PmP is often the strongest phase in P-
wave coda, it has historically been very challenging to identify in broadband data,
with only 1% of records showing readily identifiable PmP waveforms (Ding et al.,
2022). DAS presents an advantage towards identifying this phase; the spatial density
of DAS arrays allows for the evaluation of candidate phases across a broad spatial
window. This spatial window allows for the use of spatial coherence and array-
side moveout to assist in identifying secondary phases like PmP. Once identified,

however, it is impractical to pick the thousands of phase arrivals recorded by DAS for
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Figure 5.1: Experiment setting and data. The DAS array geometry (blue curve)
plotted against the kept (green) and discarded (red) M2.5+ events recorded by the
array. Also plotted are the fault traces included in the USGS Quaternary Fault
Database (2018) and locations of relevant tectonic provinces and features (GV =
Great Valley | SN = Sierra Nevada | BR = Basin and Range | MD = Mojave Desert |
CVF = Coso Volcanic Field | GF = Garlock Fault | SGM = San Gabriel Mountains |
SBM = Santa Barbara Mountains).

every earthquake wavefield by hand. Traditional automated phase picking methods
are usually inadequate for these data because P-phase onsets are often weak and
complicated in DAS due to broadside insensitivity of axial strainmeters and strong

surface wave scattering due to local heterogeneities. Machine learning methods,
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Figure 5.2: Important phases and relative arrival times. (A) Ray paths for the three
phases of interest in this study for a fixed source-receiver distance and representative
velocity model: the direct phase (Pg), the Moho head wave (Pn), and the Moho
reflected wave (PmP) (S not pictured for simplicity). (B) Reduced (8.1 km/s) arrival
times of phases plotted against source-receiver distance. (C) Differential times of
phases relative to the first arriving P-phase plotted against source-receiver distance.

such as PhaseNet DAS (Zhu et al., 2023), have shown promise toward addressing

this problem, but as of now they have not been adapted to secondary phases.

We develop a simple and effective approach to both identify and pick relative arrival
times of secondary phases like PmP. Because the scattered surface waves that are
nearly ubiquitous in DAS data are generated locally (Atterholt et al., 2022; Lindsey
etal., 2019), these waves are common to both the first arrival and secondary arrivals.
These phases consequently generate complicated but highly correlated wavefields.
The autocorrelation of DAS-recorded earthquake wavefields is thus a potentially
powerful tool for making highly accurate relative phase arrival time measurements.

We apply a straightforward and semi-automated framework for identifying PmP and
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obtaining P-to-PmP differential times for DAS data (see Methods). This method-
ology is outlined using an example in Figure 5.3. Of the initial set of events, 229
events had visually identifiable P-phase onsets and some high-quality first arrival
picks. Of this smaller subset of events, we can observe and pick PmP arrivals over
large spatial windows for 72 events. Additionally, as shown in Figure 5.2, by evalu-
ating the change in differential time with source-to-receiver distance, we determine
for each observation whether PmP is trailing a direct wave (Pg) or a mantle head
wave (Pn) first arrival. From this dataset, our workflow yields over 200,000 accu-
rate and precise P-PmP differential times that may be used to constrain the velocity
structure and crustal thickness throughout Southern California. These picks and the

corresponding correlograms are shown in Figure 5.4.
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Figure 5.3: Example of autocorrelation for phase retrieval. (A) Earthquake wavefield
with representative data quality. Included are the PhaseNet DAS picks and computed
P and PmP times for the representative velocity model used in this study with a
Moho depth of 32 km. Green bars are a reference for the channel bounds within
which differential time picks were made. (B) Autocorrelation image created for
the corresponding earthquake wavefield using the framework outlined in the text.
Included are the computed P-PmP differential times and the picks made on the
positive correlation peak associated with the PmP arrival. Location of this event is
indicated as a green star in Fig. 5.1

5.3 Fine-Scale Crustal Thickness Variability from Dense Moho Depth Profiles
As shown in Figure 5.2, the differential time between Pg and PmP is both a function
of the difference in path length between these two phases, which is dependent on the
Moho depth, and the difference in the velocity structure to which these two phases
are sensitive. Pn has a longer ray path than PmP, but it arrives earlier than PmP

and eventually overtakes Pg because the upper mantle velocity is much higher than
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Figure 5.4: All PmP picks made in this study. Plotted are the autocorrelation cor-
relograms for each channel for which estimates of P-PmP differential time could
be made. Black dotted lines correspond to pick times, and correlograms are orga-
nized by decreasing pick times when following Pg and increasing pick times when
following Pn. Gray dotted line marks the transition from Pg to Pn as first arrival.

the crustal velocity. When using P-PmP differential times, we thus need to consider
three things: crustal structure, upper mantle velocity, and crustal thickness. Crustal
structure and thickness trade off with each other and considering the two simultane-
ously would result in non-uniqueness, particularly because parameterizing the crust
requires both seismic velocities and a layering structure. Low wavelength variability
in PmP differential times is much more sensitive to changes in crustal thickness.
This is because sensitivity due to crustal structure depends on integrated velocities
along the ray path, not detailed velocity structure; we subsequently illustrate this
with synthetic tests. Since we are most interested in sharp changes in the Moho,
we choose to fix a representative crustal model (Figure 5.S1) using an ensemble
of velocity profiles (see methods) and invert for Moho topography. The distance
at which Pn supersedes Pg as the first arrival and the rate at which the Pn-PmP
differential time increases with distance are functions of the upper mantle velocity
integrated along the ray path. While this value also trades off with absolute Moho
depth, we can resolve a robust estimate of a representative upper mantle velocity for
the entire dataset in a straightforward way. We can then incorporate this velocity

into our model when inverting for crustal thickness.
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Using the representative crustal model, we determine a best fitting combination
of Moho depth and upper mantle velocity for our entire dataset (see methods).
We find that the optimal pair is a Moho depth of 31.5 km and an upper mantle
velocity of 8.1 km/s. The representative model is shown in Figure 5.S1. This
Moho depth is very similar to that of the Hadley-Kanamori model for Southern
California (32 km) (Hadley and Kanamori, 1977), and the upper mantle velocity is
consistent with Pn tomography results from this region (e.g., Buehler and Shearer,
2014; Richards-Dinger and Shearer, 1997). We then use our fixed crustal and
optimal upper mantle velocities combined with our PmP differential times and first
arrival classifications to invert for crustal thickness along each of our bounce-point
profiles (see methods). The resultant profiles provide estimates of Moho depth at
sub kilometer intervals, which is smaller than the minimum wavelength expected
in the earthquake wavefields used in this experiment. These Moho depth estimates

and select cross sections are shown in Figure 5.5.

These profiles yield Moho topography that is in close agreement with previously
resolved high wavelength features in Southern California (Tape et al., 2012) and
provide remarkably high spatial frequency resolution along profiles that illuminate
highly localized changes in crustal thickness. Broadly, we observe a Moho depth
of approximately 30 km throughout most of the Mojave block that shallows to the
east. We also resolve a deep Moho over and around the Isabella anomaly (Raikes,
1980) that has been regularly observed in this region (e.g., L. Zhu and Kanamori,
2000). Consistent with other studies, the crust thickens sharply at the transition to
the San Bernadino Mountains, corresponding to the mountain root. The Moho is
relatively deep just to the northwest of these mountains, which is consistent with
some recent results (Li et al., 2022). In general, the absolute values of Moho depth
across the region agree with previous localized measurements of Moho depth made
using receiver functions (Yan and Clayton, 2007), as is illustrated in Figure 5.5 and
5.52.

There are indeed tradeoffs between variability in the velocity model and crustal
thickness, and we evaluate and discuss these tradeoffs later. However, the primary
advantage of combining a high-frequency measurement like P-PmP differential times
and the high spatial sampling of DAS is towards resolving fine-scale variability in
crustal thickness, rather than broad-scale absolute values. Velocity model variability
will generally exert a longer wavelength effect on P-PmP differential times because

the velocity contribution to the differential time is path integrated. Crustal thickness
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Figure 5.5: Summary of resolved Moho depth variability. (A) Moho depth inversion
results along corresponding bounce-point locations for all events included in this
study. Included as squares are Moho depth estimates reported in Yan and Clayton
(2007). Purple dotted line marks the DAS array location. (B) Cross-sections of
Moho depth corresponding the profiles mapped in (A). Included are all estimates of
Moho depth within 10 km of the profile reported in this study (black dots) and all
estimates of Moho depth within 20 km of the profile reported in Yan and Clayton
(2007) (orange squares). Lettering indicates different structural features where they
cross the profiles (GF=Garlock Fault | LLFZ=Little Lake Fault Zone | CVF=Coso
Volcanic Field | TRF=Tunnel Ridge Fault | NFT=North Frontal Thrust). The CVF
location marks the approximate southern extent of the mid-crustal low velocity zone
reported in (Zhang and Lin, 2014). Lateral dotted line corresponds to smoothed
Moho depth estimates from the Community Moho Model (Tape et al., 2012). (C)
Schematic diagrams of the cross-sections in (B).
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variability, however, can exert shorter wavelength effects on P-PmP differential
times, because a sharp change in the Moho depth abruptly changes the path length
of PmP. We demonstrate this using a set of synthetic tests (see methods) shown
in Figure 5.6. These tests show that even very sharp and high amplitude local
velocity perturbations have a smooth and muted effect on P-PmP differential time
with source-to-receiver distance. Comparatively, a Moho step produces an abrupt
jump in the P-PmP differential time that is representative of the amplitude of the

step in the Moho.
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Figure 5.6: Synthetic tests. (A) Velocity models and source-array geometry used in
these synthetic tests. Double-sided arrows correspond to the approximate extent and
locations of bounce-points in these tests. Solid black line marks the Moho and dotted
black lines outline velocity anomalies. (B) Differential times from autocorrelation
wavefields for each synthetic test. Shown are reference relative arrival times of PmP
for a flat Moho at 25 and 30 km depth.
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5.4 Sharp Moho Changes Across the Garlock Fault and Coso Volcanic Field

Our results show that there is considerable variation in Moho depth along our
crustal thickness profiles. We choose to focus on two low-wavelength features that
are observable only because of the unique combination of the station density of DAS
and the regional sensitivity of the PmP measurements. The correlogram profiles that
inform these observations are shown in Figures 5.7 and 5.8. One of these interesting
features shown in Figure 5.5 is a sharp step (3-4 km) in the Moho that is very close to
the surface trace of the western segment of the Garlock Fault. As is shown in Figure
5.7, this step is clear in the data and occurs over only a few kilometers. Because this
profile is recovered using individual event wavefields, uncertainties related to source
location do not affect the relative change. A less precise but more objective way to
confirm the presence of the step is to sum the envelope of these correlograms along
the expected P-PmP differential times for a range of Moho depths. When we do
this along the spatial windows to the north and south of the expected step location,
we find that there are peaks at distinct Moho depths (Figure 5.9). Another shorter
profile to the east, also shown in Figure 5.7, shows a step-like feature of the same

polarity, providing additional evidence for this Moho discontinuity.

This observation may be attributed to a discontinuity in the crust imposed by the
Garlock Fault and would suggest that the western segment of the fault penetrates
the Moho. This observation is distinct from some early results suggesting that the
Garlock Fault is truncated (Cheadle et al., 1986) or approaches a horizontal angle
in the middle crust (Louie and Qin, 1991). The results presented in this study have
deeper penetration depths and require fewer assumptions than these earlier studies.
The deeper penetration depths resolved in this study add increased importance to the
Garlock Fault as a physical boundary between the Mohave and the Sierra Nevada
and Basin and Range terrains to the north (Figure 5.1). This agrees with some
geologic studies that suggest the Garlock Fault delineates, and slip on the fault may
be driven by a difference in extensional behavior between the Basin and Range and
the Mojave (Wernicke et al., 1982). Additionally, this feature suggests that along
this segment of the fault the Garlock is nearly vertical through the entire crust. This
extends the results of earlier studies that used focal mechanisms (Bailey et al., 2010)
and imaging techniques (Qiu et al., 2023) to infer a near vertical dipping fault at
seismogenic depths. The width of this step is intriguing, because the behavior of
continental faults at depth can shed light on the strength of the lower crust and upper
mantle (e.g., Molnar et al., 1999; Zhu and Kanamori, 2000). Since the Garlock

fault consists of a narrow step, this observation supports the possibility of a narrow
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shear zone at depth, rather than a broad deformational zone, The wavelength of this
step observed at the Garlock Fault (<3 km) suggests an upper bound for the width of
the deformation zone at the crust-mantle boundary. The PmP observation becomes
faint in the narrow spatial interval at the step, and we cannot further characterize the
properties of the step within this interval. That such a narrow zone with steep offset is
maintained on a relatively slow slipping fault (e.g., Chuang and Johnson, 2011) may
help constrain the strength contrast at the crust mantle boundary. This observation
is comparable to that of the Denali Fault, another intracontinental strike-slip fault
with a sharp Moho step at depth (Allam et al., 2017). A schematic representation

of the observations made at the Garlock is shown in Figure 5.5C.

Another important feature is the thinning of the crust near the Coso Volcanic Field
(CVF) that is illuminated by several profiles. Two of the correlograms that inform
this result are shown in Figure 5.8. Again, we can confirm the distinction between
these profiles by summing the envelopes of the correlograms for these two profiles
along computed P-PmP differential times (Figure 5.9). We find that this confirms
the P-PmP differential times evidence distinct Moho depths at each profile. This ob-
servation is supported by a resolved shallowing of the Moho observed with receiver
functions nearby (Yan and Clayton, 2007). The crustal thinning may be explained
as a highly localized feature that evidences a regional tectonic phenomenon. The
deep Moho to the west, that is also resolved in our data, has been explained as a
subduction-induced lithospheric drip of the ultramafic base of the Sierra Nevada
batholith (Saleeby et al., 2003; Zandt et al., 2004) or as a fragment of the Farallon
Plate (Dougherty et al., 2020; Wang et al., 2013). In either case, these structures
are expected to induce a counterflow that results in mantle upwelling and crustal
thinning to the east (Bernardino et al., 2019). There are several recent tomography
results that suggest that the CVF is collocated with a regionally significant low-
velocity anomaly in the upper mantle and lower crust that are slightly to the south of
the associated mid-crustal magma reservoir (Jiang et al., 2018; Wang et al., 2022;
Wang et al., 2013). Our results may provide additional constraints at the crust-
mantle boundary on the location of the mantle source of the mid-crustal magma
reservoir. The feature we resolve is more local and biased further to the north than
the features described in deeper tomography studies, which may be due either to
distinct responses of velocity structure and Moho depth to the thermal anomaly
or the different sensitivities of these methods. A schematic representation of the
connection between this observed section of thinned crust and the Coso system is

shown in Figure 5.5C.
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The known low velocity anomaly in the middle crust associated with this reservoir
(e.g., Zhang and Lin, 2014) raises questions as to whether we are indeed observing
a true crustal thickness anomaly or an apparent thickness anomaly due to sharp
velocity heterogeneity. A low velocity anomaly in the lower crust would make
the Moho apparently deeper, rather than shallower, but a low velocity anomaly
in the middle crust could indeed preferentially delay Pg and produce an apparent
thinning of the crust. But, as shown in our synthetics in Figure 5.6, even a high-
amplitude low-velocity anomaly in the middle crust, one much stronger than what
is resolved in Zhang and Lin (2014), and comparable to the volume expected at
CVF produces a small perturbation in P-PmP times relative to a 5 km high Moho
platform. Additionally, the synthetics show a diffracted phase generated at the
transition to bounce points off the step that may be observable in the data. We
observe a weak phase preceding the PmP phase in the autocorrelation profile just
south of the shallow Moho anomaly; our preferred interpretation is that this is the
diffracted phase (Figure 5.8).
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Figure 5.7: Auto-correlograms across Garlock Fault. (A) and (B) are correlograms
for long and short bounce-point profiles across the Garlock fault, respectively. Plot-
ted are reference curves of expected P-PmP differential times for different Moho
depths. Also plotted are the estimates of the width of uncertain Moho depths on
either side of which we can confidently identify distinct PmP peaks. Locations of
these profiles are indicated as @ and g in Figure 5.5.

5.5 Discussion of Ambiguity and Uncertainty
There will always be uncertainty when attempting to classify secondary phases;
our objective is to minimize this uncertainty. It is thus important to evaluate the

confidence with which we can ascribe the secondary phase arrivals made in this study
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Figure 5.8: Auto-correlograms near Coso Volcanic Field. (A) and (B) are correlo-
grams for bounce-point profiles on and just south of the shallow Moho depth anomaly
near Coso, respectively. Plotted are reference curves of expected P-PmP differential
times for different Moho depths. Also identified is a correlogram peak that we
speculate is the diffracted phase off nearby shallow Moho anomaly. Locations of
these profiles are indicated as y and ¢ in Figure 5.5.

to a specific phase. There are several reasons why we expect our observations to
correspond to PmP. Each identification was made using prominent phases recorded
by at least hundreds of channels that were highly correlated with the first arriving
P-phase. This would suggest that we are not identifying spurious arrivals, but
rather phases associated with a sharp and coherent discontinuity with a similar
scattering behavior to the P-phase. It is well documented that PmP is often the
most prominent phase in the P-wave coda (e.g. Grad et al., 2009; Richards-Dinger
and Shearer, 1997), and so we would expect it to show a high relative amplitude to
the first arriving P. We only identified a phase as PmP if the phase approximately
paralleled the expected P-PmP differential time and moveout for a representative
lithospheric model of the region. This correspondence was usually evaluated over
tens of kilometers at meter-scale intervals for each event, as shown in Figure 5.3.
This array-side moveout evaluation is an effective tool for identifying secondary
phases that is available only to dense arrays. Other studies have been successful in
identifying PmP using reciprocity to evaluate P-PmP moveout using multiple events
(Li et al., 2022). Our technique is similar; however, it has the added benefit of
removing the uncertainty associated with potential errors in the source location and
depth. A related verification of our observations comes from the fact that a global
inversion for the sensitive parameters of Moho depth and upper mantle velocity

under the assumption that our observations were PmP produced results that are
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highly consistent with prior studies for the region made using independent methods
(Buehler and Shearer, 2014; Hadley and Kanamori, 1977; Tape et al., 2012). The
regional variability, both in terms of absolute and relative values, of Moho depth
is also in close agreement with the expected variability for Southern California
resolved using receiver functions (Li et al., 2022; Yan and Clayton, 2007; Zhu,
2000).

As is shown in Figure 5.2, for some arrivals before the triplication point, Pn is
expected to arrive between Pg and PmP, and for arrivals after the triplication point,
Pg is expected to arrive between Pn and PmP. This may lead to the problem that
in some cases, Pn or Pg may be misidentified as PmP. It is highly unlikely that
Pn would be misidentified as PmP, as Pn is expectedly much lower amplitude than
either Pg or PmP in our synthetic tests (Figure 5.S3). The case of Pg following Pn is
more problematic; judging by our synthetic tests, Pg is expected to have comparable
amplitude to PmP for a range of source-to-receiver distances beyond the triplication
point. However, as is shown in Figure 5.4, for observations on or shortly beyond the
triplication point, the correlograms show no evidence of exceptionally early PmP
arrivals, as would be expected if we were misclassifying Pg as PmP. Further, there is
little evidence of multiple, high amplitude peaks in the correlograms following Pn,
as would be expected if Pg were observable in the coda. Supplementary evidence
can be found in the fact that the Moho variability computed using PmP following
Pn agrees with previous studies, as is made abundantly clear by the consistently
resolved deepening of the Moho across the Northern Frontal Thrust (Li et al., 2022;
Li et al., 1992; Yan and Clayton, 2007; Zhu, 2000), shown in Figure 5.5, and
that the resolved upper mantle velocity is consistent with Pn tomography models
(Buehler and Shearer, 2010; Buehler and Shearer, 2014). The step across the
Garlock Fault and the shallowing the Moho near Coso, are made using PmP picks
that follow a Pg first arrival. We also note that for low-angle reflections, there is
expectedly phase distortion (Aki and Richards, 2002). For simplicity and precision,
we pick the maximum positive correlation peak, and we expect errors due to phase
distortion to be small. This expectation is supported by the fact that the dominant
frequency content of PmP in this study is high ( 4 Hz), as illustrated in the stacked
cross-correlation wavelet in Figure 5.S4. The upper bound for error due to phase
distortion ( 0.1 s) is thus quite small compared to the differential time differences

important in this study, as shown in Figures 5.7 and 5.8.



93

20 20
251 251
€
<
< 301 30 .
a
()
e e et
2
S 351 351
E _________________ -
== N of Step
40 - == S of Step 40 -
=== On Anomaly
= Off Anomaly
0.4 0.7 1.0 0.4 0.7 1.0

Normalized Amplitude

Figure 5.9: Correlogram envelope summation results. (A) and (B) show profiles
that summarize the amplitude of the summation of the envelopes of the correlogram
profiles shown in Figures 5.7 and 5.8 along expected P-PmP differential times for
different Moho depths. (A) shows the results of this operation performed along
the spatial windows to the north and south of the expected step location for profile
shown in Figure 5.7. (B) shows the results of this operation performed on profiles
(on anomaly) and (off anomaly). Both (A) and (B) suggest the data between profiles
are consistent with variant crustal thickness values.

The depth phases sP and sPmP are also of interest because they can produce ampli-
tudes comparable to PmP and in some cases are expected to arrive at times similar
to PmP. As shown in Figure 5.S4, the phase sP can have comparable differential
times at certain source-to-receiver distances for specific source depths; however,
the moveout of the P-sP differential time is markedly different from P-PmP and
can easily be distinguished using the moveout criterion of the PmP selection. Also
shown in Figure 5.S5, for very shallow events (<2.5 km), the expected arrival times
of sPmP assuming a shallower Moho and PmP assuming a deeper Moho can be
similar. This is a concern for a small number of earthquakes in this study with

shallow source depths. One such important event is the event whose data are shown
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in Figure 5.8b; we describe the uncertainties associated with the shallow depth of
this event subsequently. We also note that SmS is observable in these data. SmS is a
uniquely important phase because it is sensitive to shear wave velocities in the lower
crust (Kay et al., 1999; Zhan et al., 2010), and it often produces the strongest ground
shaking at regional distances (Liu and Tsai, 2009; Somerville and Yoshimura, 1990).
We show an example of an SmS observation next to a PmP inversion for one of the
earthquake wavefields used in this study in Figure 5.S6. Picking and identifying first
S arrivals at regional distances is often challenging and the SmS cross-correlation
peaks are generally not as clear as those of PmP. We thus reserve the systematic

identification and analysis of SmS phase differential times for future work.

An important result of this study is that PmP is commonly observable in DAS data;
however, we also found PmP is more commonly not observable. The fact that PmP
is observable in some seismograms but not others has been extensively documented
(see Ding et al. (2022) for a summary), but the reason for this observation has not
been conclusively determined. We do not attempt to resolve this question in this
study, but we evaluate how several source and array parameters affect the observ-
ability of PmP (Figure 5.S7). We found strong positive correlations between source
magnitude and source-to-receiver distance with PmP observability, and a weak pos-
itive correlation between source depth and PmP observability. Additionally, for the
sources for which there was a focal mechanism solution, we computed the minimum
angular distance between the expected takeoff ray of PmP and the nearest nodal
plane to the observability of PmP. As expected, we see a positive correlation be-
tween these two parameters, suggesting that PmP observability is partially a source
effect. Additionally, since DAS is a uniaxial strainmeter, the array geometry may
play a role in the observability of PmP. To determine the strength of this effect,
we compare the angle between the expected incidence path of PmP and the local
source geometry to the observability of PmP. We find a negative correlation between
these two parameters, which is consistent with the expected broadside insensitivity
of DAS. The combination of source effect and array geometry produces a stronger
correlation. None of these parameters completely explain the common lack of ob-
servability of PmP. There are likely large contributions from parameters that are not
so easily tested, such as focusing and defocusing of PmP due to crustal structural
variability, energy partitioning due to complex geologic structure (Mori and Helm-
berger, 1996), and the strengthening or weakening of PmP due to differences in the
sharpness of the Moho (Levin et al., 2016).
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In this study, we use fixed crustal and upper mantle velocities to invert for Moho
depth. There are tradeoffs between the absolute value of the Moho depth and the
velocity model used to infer expected P-PmP differential times. Although in this
study we are mostly concerned with low-wavelength, relative changes in Moho
depth, we can also evaluate the potential variability in the resolved absolute values
due to uncertainties in the velocity model. The Moho depth values are especially
sensitive to changes in the lower crustal velocity and, for Moho depths resolved
using P-PmP differential times when Pn is the first arrival, upper mantle velocity.
Our fixed crustal model considers a set of 1D profiles drawn from the Community
Velocity Model (CVM) (Lee et al., 2014) at expected bounce point, source, and
receiver locations, and the variance of these 1D profiles can be used to estimate
the potential broad deviations of the lower crustal velocity within our study area
(£0.15 km/s). Additionally, we can perturb our best fitting upper mantle velocities
by a small value (+0.1 km/s) and continue to fit our data reasonably well. We
invert for Moho depth along the bounce-point profiles using perturbed values (see
methods) and plot the results in Figure 5.S8. In general, as shown in Figure 5.S9,
the deviations are quite small. Varying the lower crustal velocity produces the most
substantial change in absolute value, but this is contained within 5 km and the key
features in the relative variability are unchanged. Varying the upper mantle velocity
shifts only the measurements that trail a Pn first arrival, and these shifts are within
3 km.

Multiple events are necessary to support the observation of shallowing of the Moho
near the Coso Volcanic Field, meaning we must carefully consider source un-
certainty. The two events that suggest a thin crust near Coso are approximately
collocated, with depths of 6.9 and 7.1 km in the SCSN catalog and 7.75 and 7.87
km in the focal mechanism catalog developed following Yang et al. (2012). If
this feature was an artifact of incorrect event location, both events would need to
be severely mislocated in both catalogs, as removal of this anomaly would require
these events to be substantially deeper, approximately 15 km depth. We can estimate
the potential error in the depths of the SCSN catalog by plotting a distribution of
differences between the depths of the events used in this study in the SCSN catalog
and the available depths in the waveform relocated Hauksson et al. (2012) seismic-
ity catalog. The vast majority of these differences are within 3 km, and there is no
difference present that would be large enough to negate the shallow Moho anomaly.
The profile just south of the anomaly that marks the recovery of the Moho to deeper
depths is generated by a shallow event (2.4 km). Making the Moho shallower along
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this profile would require a much shallower event depth, which is highly unlikely
given the already shallow depth. We can systematically evaluate the dependence
of our Moho depth estimates on source depth by inverting for Moho depths shifted
according to the estimated depth uncertainty illustrated in figure 5.S10 (-1 km to
+3 km). The resultant changes in Moho depth are minor and are plotted in Figures
5.S8 and 5.S9. Finally, although we interpret the weak phase in Figure 5.8b to be
the diffracted phase, this peak could also be a correlogram artifact or the true PmP
phase, with the strong peak corresponding to the depth phase (sPmP). If true, the
third possibility would only extend the expected region of shallow depths slightly
south, at which point there are several profiles with a variety of source depths which
all suggest a roughly uniform Moho depth that is consistent with previous results

for the region.

5.6 Materials and Methods

Earthquake Selection and Quality Control

For the recording period between August 2021 and August 2023, the DAS array
recorded several hundred M2.5+ earthquakes that we identify using the Southern
California Seismic Network catalog. Earthquakes of these magnitudes are suffi-
ciently large to exhibit a consistently observable P-phase at regional distances in
DAS data, which generally have higher noise than broadband data, and thus we
consider only these earthquakes this study. Of these earthquakes, we consider all
events that have at least one source-to-receiver epicentral distance between 70 km
and 250 km. The lower bound is selected to ensure that each event analyzed could
show observable PmP (i.e., arrives before the S-wave) over a substantial segment of
the fiber and thus may be identified with spatial coherence. This lower bound also
increases the likelihood that some observations will be made at postcritical distances
and thus more easily identifiable. The upper bound is an estimate of the source-to-
receiver distance at which the signal-to-noise ratio of the earthquake wavefield is too
low to identify the phases of interest in this study. After this initial quality control,
there are 440 candidate earthquakes distributed throughout Southern California with
likely high-quality wavefields and potentially estimable P-phase onsets with which
we may analyze the Moho reflected phase.

We apply a straightforward and semi-automated framework for obtaining P-to-PmP
differential times via autocorrelation. We first select a window for each of the
candidate earthquakes starting 30 seconds before and ending 90 seconds after the

cataloged origin time and make travel-time picks on these events using PhaseNet
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DAS (W. Zhu et al., 2023). We then visually evaluate these picks, keeping only first

arrival picks that we can confidently attribute to the first arriving P-phase. Of the
initial set of events, 229 events had visually identifiable P-phase onsets and some
preserved first arrival picks. We then compute the expected first arrivals for each
event using the Hadley-Kanamori (HK) 1D model (Hadley and Kanamori, 1977)
and the software TauP (Crotwell et al., 1999) and correct the absolute times of
these computed arrivals using the preserved pick times. This workflow provides us
with calibrated approximate onset times for every channel for each event. Once we
have these onset times, we select a time window for each record that is 4 seconds
before and 8 seconds after the approximate onset time. We then spectrally whiten
the signal and filter the signal between 0.2 and 5 Hz, a filter band that balances
maintaining as much of the earthquake spectra as possible while reducing high and
low frequency noise. We then select a 1 second window around the approximate first
arrival (0.3 seconds before and 0.7 seconds after) and correlate this time window
with the full-time window. This is distinct from other autocorrelation workflows
that simply autocorrelate the full-time window (Delph et al., 2019). We make this
choice because the first arrivals in these data are often very low amplitude and
using this narrow window scales the contribution of the first arriving P-phase to
make the P-PmP correlation peak identifiable. We then visually inspect each of
the autocorrelated wavefields, using P-PmP relative arrival time computed using
the HK model as a reference. We manually select spatial windows that encompass
high-amplitude, spatially coherent correlation peaks that maintain a reasonable
moveout for PmP at the respective source-to-receiver distances. From this manual
selection we obtain large spatial windows of PmP observations for 72 events. For
each of these spatial windows, we pick P-PmP differential times by selecting the
local maxima corresponding the PmP onset in the autocorrelation profiles. These
local maxima are selected using a visually identified time window within which the
P-PmP autocorrelation peak is observed. Additionally, by visually evaluating the
change in differential time with source-to-receiver distance, we determine for each
observation whether PmP is trailing Pg or Pn. A decrease in the differential time
with duration corresponds to PmP trailing Pg, and the opposite is the case for PmP
trailing Pn. Using this workflow, we select over 200,000 accurate and precise P-PmP
differential times shown in Figure 5.4.
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Inverting for Upper Mantle Velocity and Crustal Thickness Variability

In this study, we fix the crustal velocity according to an ensemble of profiles from
the Community Velocity Model (Lee et al., 2014). These profiles are drawn from
the source, bounce-point, and channel locations used in this study. We reduce these
models for comparability and simplicity by depth-averaging the upper (0-5.5 km),
middle (5.5-16 km), and lower (16 km-Moho) crustal velocities to generate 3-layer
models and take a representative model as our fixed crustal model. We then perform
a grid-search for a representative crustal thickness and upper mantle velocity for
our entire dataset. We bootstrap by randomly sampling which events we use in the
inversion to estimate the error. For each P-PmP differential time observation, we
compute an expected differential time using TauP for a set of Moho depth and upper
mantle velocity pairs, and we determine the pair that minimizes the misfit to all our
observations. We find that the optimal pair is a Moho depth of 31.5 km and an upper
mantle velocity of 8.1 km/s. We then use our fixed crustal and optimal upper mantle
velocities and invert for crustal thickness along each of our bounce-point profiles.
For each source-receiver pair, we compute expected P-PmP differential times for
a suite of Moho depths and determine which Moho depths minimize the misfit to
the data for 100 sample segments (1 km) along the fiber; this segment length is
selected to improve the stability of the inversion and is shorter than the minimum
wavelength in our data. The loss is evaluated as the L2 Norm. Additionally, since
we have observations of whether our PmP phase trails a Pg or Pn first arrival, we
penalize any mismatch between our observed first arrival and the modeled first
arrivals. To accomplish this, we multiply the loss by n/(m+¢€) where n is the number
of observations within a segment, m is the number of observations for which the
observed and the expected first arrivals match, and € is a small number incorporated
to prevent singularities. Once we have a best fitting solution, we compute the
expected bounce point locations using the source location, velocity model, and best

fitting Moho depth to determine the location of the Moho depth measurement.

Performing Synthetic Tests

To generate the synthetic results shown in Figure 5.6, we use the software Salvus
(Afanasiev et al., 2019), which uses the spectral element method to simulate wave-
field propagation. We parameterize the velocity model using our 1D model derived
from a sampling of the CVM and our inverted upper mantle velocity for the region,
and we set the Moho depth to be 30 km. We smooth the a priori defined layer

boundaries within our 1D model to minimize artifact reflections in the synthetics.
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We parameterize our model as a 60 km segment of strainmeters at the surface of our
model and emplace an isotropic source with an impulsive source time function at 10
km depth and 55 km lateral distance from the first station. The step we impose in the
Moho is 5 km high and has a 20 km plateau with 5 km linear ramps on either side
of the step. The high velocity zone imposed in the lower crust is a 7.5% velocity
increase with 20 km width. The low velocity zone imposed in the middle crust is a
9% velocity reduction with 20 km width. These velocity anomalies have smoothed
edges imposed using a Gaussian filter with a standard deviation of 250 m. The ex-
pected arrival times of P and PmP are computed using TauP (Crotwell et al., 1999)
and the 1D model used to parameterize the synthetic with an unmodified Moho
structure. The plotted synthetic autocorrelations are produced using the processing
describe above, and we use the computed P times as our first arrival times for the

autocorrelation.
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Figure 5.S1: 1D crustal model and average upper mantle velocity inversion. Left:
Ensemble of crustal models drawn from the Community Velocity Model. Light
blue lines are each a profile included in the ensemble. Black dotted line is the rep-
resentative model used throughout this study. Right: Global Moho depth and upper
mantle velocity loss distribution described in the main text. Red and blue indicate
higher and lower loss, respectively. Yellow star indicates best fitting solution.
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Figure 5.S2: Histogram of differences between nearby Moho depth estimates made
in this study and those of Yan and Clayton (2007). Different colors correspond
to different maximum distances between measurement points used as prerequisites
for inclusion in the histogram. Measurements from Yan and Clayton (2007) are
included only once using the nearest measurement from this study.
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Figure 5.S3: Synthetic wavefield generated using the same parameters as the flat
Moho model in Figure 5.6, but with an extended measuring array.
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Black dotted lines encompass 1.5 wavelengths.
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Figure 5.S5: Phase-P differential times for a diversity of source depth, Moho depth,
and source-to-receiver distance combinations.
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Figure 5.56: Example of an SmS observation made using one of the earthquakes in
this study. Earthquake location is indicated with a diamond marker in Figure 5.1.
Vertical green lines mark the bounds over which PmP is observable.
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Figure 5.S7: Comparison of several parameters with the proportion of station-
channel pairs for which PmP was observable in this study.
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Figure 5.S9: Distribution of differences between Moho depth values determined
using the perturbations shown in Figure S8 and those of the preferred model shown
in Figure 5.5.
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Figure 5.S10: Distribution of depths for the SCSN catalog and the Hauksson et al.
(2012) waveform cross-correlation relocation catalog for events used in the study
and the distribution of depth differences between catalogs.
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Chapter 6

COMPUTING EARTHQUAKE SECOND MOMENTS IN A
BAYESIAN FRAMEWORK

Atterholt, J. and Ross, Z. E. (2022). Bayesian framework for inversion of second-
order stress glut moments: application to the 2019 Ridgecrest Sequence main-
shock. Journal of Geophysical Research: Solid Earth 127. por: 10 . 1029 /
20213JB023780. €2021JB023780.

Abstract

We present a fully Bayesian inverse scheme to determine second moments of the
stress glut using teleseismic earthquake seismograms. The second moments form
a low-dimensional, physically-motivated representation of the rupture process that
captures its spatial extent, source duration, and directivity effects. We determine
an ensemble of second moment solutions by employing Hamiltonian Monte Carlo
and automatic differentiation to efficiently approximate the posterior. This method
explicitly constrains the parameter space to be symmetric positive definite, ensuring
the derived source properties have physically meaningful values. The framework
accounts for the autocorrelation structure of the errors and incorporates hyperpriors
on the uncertainty. We validate this methodology using a synthetic test and subse-
quently apply it to the 2019 M,,7.1 Ridgecrest earthquake using teleseismic data.
The distributions of second moments determined for this event provide probabilistic
descriptions of low-dimensional rupture characteristics that are generally consistent
with results from previous studies. The success of this case study suggests that
probabilistic and comparable finite source properties may be discerned for large

global events regardless of the quality and coverage of local instrumentation.

6.1 Introduction

Earthquakes are known to exhibit complex rupture processes that vary strongly in
space and time. A better understanding of the factors controlling earthquake behav-
ior consequently requires constraining the finite source properties of earthquakes.
Today, high dimensional estimates (~ 1000 parameters) of finite source properties
are routinely computed for significant earthquakes (e.g., Wald and Heaton, 1992;
Ammon, 2005; Moreno et al., 2010; Ide et al., 2011; Ross, Idini, et al., 2019).
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These estimates usually involve the inversion for slip on a predefined fault plane
using some combination of seismic, geodetic, and tsunami data with kinematic con-
straints placed on the rupture propagation (Hartzell and Heaton, 1983; Du et al.,
1992; Saito et al., 2011). These solutions, termed finite-fault slip distributions,
provide a detailed image of time-dependent slip behavior during an earthquake
rupture. However, these inversions require often arbitrary parameterization of the
source geometry, have a general lack of sensitivity to rupture velocity, and need
substantial regularization due to the non-uniqueness of the inverse problem (e.g.,
Lay, 2018; Wang et al., 2020). This nonuniqueness presents challenges to objec-
tively comparing finite source properties between events, and thus limits our ability
to discern patterns in earthquake behavior that could inform a deeper understanding

of earthquake phenomenology.

The limitations of routinely computed estimates of finite source properties motivates
the development of alternative estimates that overcome these limitations. One
potential alternative is the second moment formulation (Backus and Mulcahy, 1976a;
Backus and Mulcahy, 1976b), in which higher-order mathematical moments of the
stress glut, a source representational quantity, are used to describe basic properties
of the rupture process in space and time. Higher-order stress glut moments have
been successfully computed in the past (Bukchin, 1995; McGuire et al., 2000;
McGuire et al., 2001; McGuire et al., 2002; McGuire, 2004; Chen, 2005; Meng
et al., 2020), but this methodology has received little attention compared to slip
inversions. The second-moment formulation yields low-dimensional, physically-
motivated estimates of the spatial extent, directivity, and duration of earthquake
ruptures. It requires no prior knowledge of the rupture velocity, and makes only
mild assumptions about the source geometry. Being free of gridding and associated
discretization issues that complicate slip inversions, the second moment formulation
can more objectively facilitate comparisons between events, helping to find common
patterns, albeit at a lower resolution. Illuminating these patterns may help address
outstanding questions in earthquake science relating to how fault zones may facilitate

or impede earthquake ruptures.

In this study, we use the well-studied 2019 M,,7.1 Ridgecrest earthquake as a vehicle
to demonstrate our methodology (e.g., Ross, Idini, etal., 2019; Barnhart et al., 2019).
The wealth of high quality geodetic data and dense seismic instrumentation have
been incorporated into numerous finite-fault slip distribution models (Ross, Idini,
et al., 2019; Barnhart et al., 2019; Liu et al., 2019; Xu et al., 2020; Goldberg et al.,
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2020; Wang et al., 2020; Jin and Fialko, 2020; Yue et al., 2021). Additionally,

rapid field response studies have provided high resolution characterizations of the
surface fault rupture and displacement (Ponti et al., 2020; DuRoss et al., 2020).
Further, other source estimation techniques such as subevent inversion (Jia, Wang,
etal., 2020) and multi-array backprojection (Xie et al., 2021) have yielded additional

constraints on the time-dependence of moment release during the mainshock.

Our contributions in this paper are as follows. We develop a Bayesian inverse
scheme for second moments using teleseismic data. We employ Hamiltonian Monte
Carlo sampling and automatic differentiation to efficiently sample from the posterior
distribution. In doing so, we apply a set of transformations that ensure positive def-
initeness of the second moments. We demonstrate the efficacy of our methodology
by applying the inversion scheme to the Ridgecrest mainshock. We show that our
methodology is useful for determining probabilistic and comparable descriptions of

low-dimensional rupture parameters with few a priori assumptions.

6.2 Preliminaries

Because an earthquake is constituted by a localized zone of inelastic deformation,
we can represent the source region as a localized departure from elasticity. These
departures can be quantified using the so-called stress glut, I', the tensor field
computed by applying an idealized Hooke’s law to the inelastic component of strain
in a system (Backus and Mulcahy, 1976a; Backus and Mulcahy, 1976b). The
stress glut is nonzero only within the source region. The stress glut is a complete
representation of a seismic source in space and time that can be used to reproduce
displacements everywhere on Earth for an arbitrary source (Dahlen and Tromp,
1998). Given the typically sparse distribution of seismic observations, solving for
the full stress glut is an ill-posed problem. We can simplify the stress glut by

assuming the source geometry is constant in space and time:

T (£,7) = M f(£,7) (6.1)

where M is the normalized mean seismic moment tensor and f is the scalar function
defined at the position € and time 7. This approximation reduces the solution from a
tensor field to a scalar field and is most valid for seismic sources with stable source

mechanisms.

We can further reduce the dimensionality of the stress glut by first recognizing
that any scalar function in a bounded interval may be uniquely determined by its

collection of polynomial moments. Because f captures a static displacement, f is
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nonzero for infinite time and thus occupies an unbounded interval, but f vanishes
to zero at the cessation of rupture and is thus captured within a bounded interval.
Hence, considering that the stress glut prescribes displacements due to an arbitrary
seismic source, we can represent seismic displacements as the superposition of
the spatiotemporal moments of the rate function f. We represent the spatial and
temporal components of these moments separately, with spatial order m and temporal
order n. At low frequencies, we can truncate this infinite series such that we only
include terms with moments of order m + n < 2. We can then explicitly define the

measured displacements for a station i at low frequencies as:

. R d +00
ui(r,1) = f(O’O)(EC,TC)szd—& / Gij(£5,7¢,r,1)d1
d d

A1) fpec ey c _c
- ) M __Gl ) ) ’t
fo (& TY) Jldfx & J (&°,7°,r,1)

12000 pe oy d d d /+°° .
~ ’ ¢ € M. l.. c’ c’ 9
+2fxy (f , T ) jld-fx d-fy df[ . G](f T,r t)dl

1. ~ d d
= £4(0,2) gc M — — G (E€. 1€ 2
+2f (f aT) ]ldfldtGU({: » T ,I‘,[) (6.2)

where G is a Green’s tensor prescribing the path effects from a source with the
centroid location ¢ and centroid time 7¢ to an arbitrary station with the location
r at time 7, and £ (&, 7°) is the moment of the scalar rate function f(£,7) of
spatial order m and temporal order n taken about the source centroid in space and
time (Bukchin, 1995). Equation 6.2 is only valid at low-enough frequencies, and
the determination of "low-enough" depends on the spatiotemporal dimensions of

the source.

Several of the moments are of routine use in seismology, while the rest are worked
with sparingly. The moment of order m + n = 0 is the scalar moment of the source.
The moments of order m + n = 1 correspond to the spatial (m = 1) and temporal
(n = 1) centroids of the source. Perhaps unfamiliar are the moments of order
m +n = 2; these moments describe low-dimensional finite properties of earthquake
sources. In particular, f0(£¢,7°) is the spatial covariance of the stress glut,
FD (&€, 1) is the spatiotemporal covariance of the stress glut, and f(©2) (&€, 7€)
is the temporal variance of the stress glut. These so-called second moments yield
low-dimensional, physically-motivated approximations of the source volume, source

directivity, and source duration respectively (Backus, 1977).



111

To understand the physical significance of these second moments, we emphasize
that the spatial second moments and the temporal second moments are covariances
and variances respectively. From these quantities we can thus obtain the standard
deviation of the stress-glut distribution, and the standard deviation is a measure of
the width of the distribution. We can then define characteristic dimensions of the
source using standard deviations of the stress glut derived from the second moments
(Backus, 1977, Silver and Jordan, 1983). These characteristic dimensions may be

defined using a metric of +1 standard deviation from the centroid:

r¥(8) = AT - [fCO (g, 1)/ fOO (g, 70)] -,

(€ = 24 fOD(ge,70)/ fOO (g, 79), (63)

where r¢(i1) is the extent of the characteristic volume from the centroid in the
direction of arbitrary unit vector fi and #¢ is the characteristic duration of the source.
We will also define a characteristic length of the source, L€, as 2 - r(n), where n
is the principal eigenvector of f(>9) (£¢, 7¢). Using the mixed second moments and
the characteristic dimensions described in equation 6.3, we can get estimates of the
velocity of the rupture:

vo=fODE ) fOVE ),

V= LJtC (6.4)

where vy is the average instantaneous velocity of the centroid of the rupture and v*
is an upper bound on the average velocity of the rupture. The quantities described
in equations 3 and 4 thus yield physically interpretable values with which we can
evaluate and compare stress glut second moment solutions and contextualize these

solutions in the broader source characterization literature.

6.3 Methods
Data and Preprocessing
In this study we work with both real and synthetic seismic waveform data. The real

data are vertical component seismic data from 48 Global Seismographic Network



35.7°

35.5° 1

,;-a:i/\

; e
-118.0° -117.7° —117 B —117.2° -117.0°

Figure 6.1: Geographic setting and data coverage. Left: Geographic setting of the
2019 Ridgecrest Sequence. Focal mechanism is the gCMT solution for the sequence
mainshock. Yellow star indicates the gCMT solution centroid position. Green and
red lines indicate USGS mapped quaternary faults (USGS and CGS, 2022) and
faults that were activated during the Ridgecrest Earthquake sequence (Ross, Idini,
et al.,, 2019). The strike, dip, and rake of the true nodal plane as given by the
gCMT solution are 321°, 81°, and 180°, respectively. Map coloring is reflective of
elevation. Right: Global distribution of stations from which waveforms were used
in this study.

(GSN) stations (Figure 6.1). We selected these stations both by the source-to-
receiver distance and by evaluating how well the waveforms were approximated by
point source synthetics computed using the gCMT solution. The seismograms used
in the inversion are 700 second windows about the surface wave packet that we
manually selected from 7200 second windows that start at the gCMT centroid time
for the Ridgecrest mainshock. In this study, we only use the vertical component
of the seismograms and only include R1 arrivals. The addition of other phases
like body waves and G1 arrivals, as well as R2 and G2 arrivals, would further
constrain the posterior distribution, but we reserve the inclusion of these additional
phases for future studies. Using additional phases presents some challenges. For
example, including body waves, which are of higher velocity than surface waves,
requires computing higher frequency Green’s functions; including the G1 phase,
which has a different sensitivity than the R1 phase (Bozdag and Trampert, 2008),

may require better accounting for shallower structure when attempting to match our
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Green’s functions to observations. We down-sample the waveform data to a 0.05 Hz
sampling rate, which reduces the correlation between samples and minimizes the
computational demands of the inversion. As part of the construction of the forward
propagation matrix, we computed the Green’s tensor using the gCMT moment
tensor and centroid location, which we perturbed to compute the requisite spatial

derivatives numerically.

To compute the Green’s tensor, we use the 3D Earth model S362ANI + M (Moulik
and Ekstrom, 2014) and the full waveform modeling software Salvus (Afanasiev et
al., 2019), which employs the spectral element method to simulate wave propagation.
After computing this Green’s tensor, we initially keep these waveforms at a high
frequency (4 Hz) to improve numerical stability when approximating integrals and
derivatives. We take the necessary temporal and spatial derivatives and integrals
of this Green’s tensor numerically using a centered finite difference approximation.
For the spatial derivatives, we tested numerous finite difference offsets from the
spatial centroid using synthetic tests, which are described subsequently. Given
these tests, we prefer a perturbation distance of 150 m because this distance is both
small enough to yield a reasonable approximation of the spatial derivative and large
enough to be numerically stable. We consider both the results from a synthetic
test, which we describe subsequently, and finite-fault slip distribution solutions with
geodetic constraints for the Ridgecrest earthquake when evaluating our choice of
perturbation distance. The construction of the forward propagation matrix, which
we describe subsequently, requires both the gCMT moment tensor and the Green’s

tensor derivatives and integrals.

A particularly important step in the preprocessing of these waveforms is selecting
which frequency band to use in the inversion. There are two key issues that need to
be balanced when making this determination. Firstly, equation 6.2 is a low frequency
approximation; at higher frequencies, moments of order m + n > 2 become more
significant. This means that the frequency band needs to be low enough such that
we exclude moments of order m + n > 2, or else the inversion will be biased by
these higher-order terms. Secondly, moments of order m +n =0and m +n = 1 are
used. The values used for these lower-order terms are robust, but are subject to error.
Thus, we need to ensure that the contributions from moments of order m +n = 2 are
large enough such that they exceed the magnitude of error of the lower order terms,
otherwise the inversion will be dominated by this error. In short, the frequency

band should be high enough such that the contribution of the second moments
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markedly exceeds the error on the solutions for the zeroth and first moments, and
be low enough such that the contribution of the third moments is reasonably small.
A good metric by which to make this selection is to use the observation that the
contribution of moments of order m + n is approximately proportional to (D /P)™*"
(assuming (D/P) < 1) where D is the source duration and P is the period (Backus,
1977). Looking at the distribution of scalar moment estimations for the Ridgecrest
mainshock obtained using teleseismic data (GCMT, 2019; USGS, 2019; Liu et al.,
2019), we likely approach the order of the error on the zeroth moment when the
contribution of the second moments exceeds 5% of the zeroth moment. To obtain
a period band where the second moments are significant compared to the error on
the lower-order terms and the contribution of the higher-order terms are always
small compared to the second moments, we select a period band that obeys both
(D/P)?> > 0.05 and (D/P)? < 0.05. Taking 25 s as an approximate source duration
for the Ridgecrest mainshock, this yields a period band of 70-110 s. Since source
durations are routinely estimated for global events (e.g., Vallée and Douet, 2016),

this method of frequency-band selection is applicable to most other global events.

We only use stations in the distance range 10 — 90°, with the exception of a few
stations with exceptional fits at distances just above 90° (see Figure 6.1), to minimize
the bias imposed by the integrated effect of Earth model error. We then align the
Green’s tensor and observed displacements of the remaining stations via cross
correlation and select a 700 s window that encompasses the surface wave packets
at each station. The time shifts, which are intended to correct for time errors due
to variable Earth model inaccuracy, are performed at a frequency band at which
the third moments are small. There is thus assumed to be minimal skewness in
the source time function, and we then expect the cross-correlation to account for
the Earth-model effected timing error without misaligning the centroid time. We
apply a Hamming taper to the surface wave packet to minimize the contributions of
signal at the start and end of the time window. These time windows constitute the
time-segments of the Green’s tensor and data. Because the contribution of moments
of order m +n = 2 should still be relatively small in the selected frequency band, the
synthetic waveforms produced using a point source approximation should be similar
to the observed waveforms. We thus perform an additional manual quality control
of the remaining stations, and we remove stations that show a poor match between
the data and the point source waveforms. Both the waveforms that were kept and
the waveforms that were thrown out in the course of this quality control are shown

in Figure 6.S1.
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Before applying this methodology to real data, we will show a test of the outlined
inversion procedure using a synthetic source. For this test, we prescribe a 55x15
km rectangular fault with a strike and dip corresponding to the nodal plane of the
gCMT solution associated with the true rupture surface. We then define a grid of
point sources, each with the gCMT source mechanism and equal fraction of the
¢CMT moment, along this prescribed fault such that the spatial release of moment
can be approximated as uniform distributions of moment release along the strike
and dip of the fault. We delay the activation of these point sources according to a
prescribed rupture velocity of 2.5 km/s along strike, resulting in an event duration of
22 s, such that the moment release with time can also be approximated as a uniform
distribution. Using the fact that the width of a uniform distribution is equal to 2V3c,
where o is the standard deviation of the Gaussian approximation of that uniform
distribution, we can determine the true second moment solution for this synthetic

source.

Inversion
Equation 6.2 describes the forward model for a second moment tensor source. While
it appears unruly, many of the terms that constitute it are easily accessible. For a
given source, we can observe u;(r, ¢) using seismic instrumentation; we can solve
for G, M, and (£¢, 7¢) using routine techniques; and we can compute the necessary
derivatives and integrals using numerical methods. Thus, in equation 6.2, only the
moments of the scalar function f are unknown. We can then pose equation 6.2 as a
linear inverse problem:

d=Fp (6.5)

where d is a vector of measured displacements, F is a forward propagation matrix
of spatial and temporal integrals and derivatives of G, the columns of which are
weighted by the components of M, and p is a vector of parameters which constitute

the lower-order moments of the stress glut.

Numerous Bayesian methods for source parameter inversion have been proposed for
problems such as focal mechanism estimation (Wéber, 2006; Walsh et al., 2009; Lee
etal., 2011; Duputel et al., 2014) and finite-fault slip distribution estimation (Monelli
et al., 2009; Minson et al., 2013). Bayesian inference has been growing increasingly
popular because it provides an ensemble of solutions that are informed by both data
and prior distributions determined by physical constraints or ground truth. The

Bayesian formulation described here allows for the computation of an ensemble of
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second moment solutions, with each providing a low dimensional estimate of the

source process.
The posterior distribution for this problem can be written as follows (e.g., Tarantola,
2005),

p(p,old) « p(dlo, p) p(o) p(p), (6.6)

where o is a hyperparameter. For the likelihood term, p(d|o, p), we use a multi-

variate normal distribution,

1
p(djo,p) « eX]D(—E(d—F]@))TE_1 (d - Fp)). (6.7)

1
N5
Since the observations are time-series data, errors in the forward model will be
subject to temporal autocorrelation. We can account for this correlation structure
through the data covariance matrix, X, as outlined in (Duputel et al., 2014). If d;
and d; are measured displacements that are on the same trace and are recorded by

the same station:

% =0 -exp(=l|i — jlot/At), (6.8)

where o is the hyperparameter included in equations 6 and 7, ¢t is the sampling
rate, and At is the period of the shortest period information included in the time-
series. This prescribes a block diagonal matrix where the blocks have the same
length as the time windows taken from each station. This correlation structure
accounts for temporal correlation in the errors, but not any spatial correlation. In
this paper we assume that the observations are spatially distributed sparsely enough

that spatially-correlated errors are negligible.

We use uninformed priors in this case study, but note that informed priors can easily
be incorporated (Gelman et al., 2010). That is, with the physical interpretation of
the second moment properties that we will describe shortly, priors on the spatial
extent, directivity, and duration may be imposed given observational ground truth.
For example, if the true nodal plane of an earthquake is known, Gaussian priors
may be placed on the spatial second moment parameters to restrict the principal

eigenvector of the spatial covariance matrix to abut the true nodal plane.

The total number of parameters in this inverse problem is 11, and we approximate
p(p, o|d) using Markov Chain Monte Carlo (MCMC) sampling to obtain an ensem-
ble of solutions. We do not solve for the zeroth or first order moments, and instead
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use the gCMT solution as our moment tensor and centroid location. Future work
will focus on jointly solving for the lower order moments together with the second
moments. As the parameter space is too large for efficient inference with standard
Metropolis-Hastings type samplers, we instead sample from the posterior distribu-
tion using Hamiltonian Monte Carlo (HMC) sampling (Neal, 2010), which is an
instance of the Metropolis-Hastings algorithm that can efficiently sample large pa-
rameter spaces using principles from Hamiltonian dynamics. This is accomplished
in part by incorporating gradient information into the sampling process; however,
it requires a means to also compute gradients efficiently. Here, we accomplish this

through the use of reverse-mode automatic differentiation (Innes, 2019).

For each Markov chain in the inversion, we draw 5000 samples from the posterior
distributions after drawing 5000 burn-in samples. The momentum distribution has
a diagonal mass matrix and the samples are updated using an ordinary leapfrog
integrator (Neal, 2010). To evaluate convergence, we run at least 3 chains of the
inversion and compute the Gelman-Rubin diagnostic using the computed set of
chains (Gelman and Rubin, 1992). That is, we compare the variability within chains
to the variability between chains to determine if the chains all converge to the same

target distributions.

Additionally, as described in prior work on this subject (Bukchin, 1995; McGuire
et al., 2001), the second moments of the stress glut are covariances, and therefore
only a subset of the parameter space produces valid solutions. Specifically, the

second moments are symmetric positive definite,

BEARGRI N AGRS

X = FAD (ge 7T F02) (ge 7o) = (6.9)

Physically, this is equivalent to saying that the spatial extent and duration of the
source are both non-negative. Typically, when performing a constrained Bayesian
inversion, the easiest course of action is to sample under an unconstrained parameter
space and subsequently transform those parameters into the necessarily constrained
parameter space (Gelman et al., 2010). To this end, we note that, by the Cholesky
Factorization Theorem, every symmetric positive-definite matrix can be decom-
posed into the product of some lower triangular matrix with a positive diagonal and
the transpose of that same lower triangular matrix. This means that given X, there

exists a lower triangular matrix L. with positive diagonal components such that:
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X =LL". (6.10)

Thus, we can sample freely from the unconstrained off-diagonal components of L
and from the natural logarithm of the diagonal components of L. Then, to evaluate
our sample against our data, we can simply build L. using our sample components
and then construct X using equation 6.10. From X we can extract a valid p with
which we evaluate the likelihood of our sample. A keen observer may notice that
while X need only be symmetric positive semi-definite, the Cholesky factorization
forces X to be positive definite. In practice, this distinction is inconsequential,
as a positive semi-definite X suggests that at least one dimension of the source is

identically zero, which will never be true in reality.

6.4 Results

We first perform our inversion on the synthetic test described in the Methods section.
In the interest of evaluating the resolvability of parameters for the Ridgecrest main-
shock, we invert for these second moments using the same distribution of stations
and the same windowing procedure that we use for the real event. For this test, we
also use the mean o from the to-be-described inversion of real data so we can test this
inversion in the presence of realistic error. The marginal probability distributions
for each parameter and the joint probability distributions for each pair of parameters
are shown in Figure 6.2. These plots show that most of the parameters are either
uncorrelated or weakly correlated with each other. Some terms, however, present
noteworthy correlations with each other. These terms include closely related spatial
terms, such as the E-E and E-N terms of the spatial covariance matrix and the N-N
and E-N terms of the spatial covariance matrix. Notable correlations are also found
between the spatial and temporal components, namely, the diagonal components of
the spatial covariance matrix with the temporal variance. These plots also show that
almost all the components of the expected second moment covariance matrix fall
well within the ensemble of solutions, with the exception of a slight underestimate of
the magnitude of the east and north components of the mixed second moment. This
discrepancy may be due to the imperfect assumption of uniform moment release

with time for this test due to the discretization of the source.

We can further test the fidelity of our inversion results by computing synthetic
waveforms using equation 6.2 and evaluating the fit to the observed waveforms

generated for this synthetic example. The waveforms for an ensemble of second
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Figure 6.2: Marginal and joint probability density plots for the 10 independent
parameters inverted for the synthetic test in this study. Off-diagonal plots are 2-
dimensional histogram plots representing the joint probability distribution for each
pair of independent parameters. On-diagonal plots are kernel density estimate plots
for the marginal distributions of the adjacent joint probability distributions. Black
dotted lines indicated the anticipated solution for each parameter in the inversion.

moment solutions from a single chain for the synthetic test are shown for a subset
of stations with a large diversity of azimuths and distances in Figure 6.3. The
waveform fits match the synthetic observations very well, particularly when the full
ensemble of solutions is considered. As is shown in this figure, the inclusion of the
inverted-for second moments of the stress glut perturb the point-source waveforms
to fit the synthetic observations, thus successfully accounting for the finiteness of

the source.
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Figure 6.3: Waveform fits for a large subset of the windowed waveforms for the
synthetic test conducted in this study. Waveforms are labeled according to the GSN
station at which they were generated. Black waveforms are synthetic observations.
Gray waveforms are generated using a single solution from the ensemble of solutions
from our inversion. Waveforms from each solution in the ensemble are plotted. Red
waveforms are generated using the mean solution of the ensemble of solutions from
our inversion. Blue waveforms are generated using only the gCMT solution and
exclude any consideration of the second moments of the stress glut.

In order to represent the second moment solutions for the synthetic test in a more
physically interpretable way, we convert the ensembles of second moments into
ensembles of L€, t¢, |vg|, and v¥; the anticipated values for these parameters are
31.8 km, 12.7 s, 2.5 km/s and 2.5 km/s, respectively. Additionally, because the
directions associated with L¢ and |vg| are important, we consider the strike (6)
and plunge (¢) associated with these quantities as well; the anticipated values for
these parameters are 321° and 0° for rupture strike and plunge and 141° and 0° for
directivity strike and plunge. We plot the ensembles of these quantities in Figure
6.4. We find that the ensembles of these converted parameters are largely normally
distributed, and the values associated with the anticipated solution for the synthetic
test all fall within these ensembles. In particular, we find that, within two standard

deviations, the characteristic length for this test is 27.7 + 4.8 km with strike and



121

plunge of 317.5 + 13.5° and —0.1 + 9.9°, respectively. The characteristic duration
of this test is 11.4 + 1.1 s. The instantaneous centroid velocity of this test has
magnitude 2.1 + 0.5 km/s with strike and plunge of 138.2 + 6.8° and 0.0 + 3.6°,
respectively. Finally, the average velocity upper bound for this test is 2.4 + 0.6 km/s.
These plots additionally make clear how well constrained certain parameters may be
given waveform data in the presence of error. Notably, the width of the distribution
on the instantaneous centroid velocity in Figure 6.4E suggests that this directivity is

the least constrained of these parameters.
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Figure 6.4: Physically motivated representations of the ensembles of second moment
solutions for the synthetic test. A. characteristic length (L¢), B. characteristic length
strike (9L°), C. characteristic length plunge (¢%), D. characteristic duration (¢¢), E.
instantaneous centroid velocity magnitude (|vg|), F. instantaneous centroid velocity
strike (8'?), G. instantaneous centroid velocity plunge (¢*?), H. average velocity
upper bound (v*). Histogram shows density of realizations in the ensemble. Red
vertical line shows the mean realization. Blue line shows the anticipated realization.

Now, we invert for the second moments of the 2019 Ridgecrest mainshock using the
real data. The distributions of the 10 independent parameters of the second moments
for a single chain of the inversion using the real data are shown in Figure 6.5. We
run the inversion for a set of chains, shown in Figure 6.S2, and compute the Gelman-
Rubin diagnostic (Gelman and Rubin, 1992) using these chains. The Gelman-Rubin
values are far less than 1.1, suggesting that the chains have converged to the target
posterior distributions for the second moments. The joint probability distributions
for each pair of parameters are shown in Figure 6.5. As with the synthetic test, these

joint distributions show that the inverted parameters are mostly uncorrelated with
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each other. Some of the marginal distributions of the second moments are skewed
due to the positive-definite constraint placed on the inversion. The distribution for
the hyperparameter o is shown in Figure 6.S3. We can also evaluate the waveform
fits for the inversion using real data. A representative subset of these waveform fits
is shown in Figure 7.2. The computed waveforms for the ensemble of solutions

inverted for under this framework fit the observed waveforms reasonably well.

Spatial (E,E)

Spatial (E,N)

Spatial (E,Z)

Spatial (N,N)

Spatial (N,Z)

Spatial (Z,Z)

.H
W Mixed (E)
:§ zn n

Mixed (N)

S
.
Ll

m7/s2

Mixed (Z)

n

Temporal

50 00 30 60 70
103
m?/s?

“

Figure 6.5: Marginal and joint probability density plots for the 10 independent
parameters inverted for in this study. Off-diagonal plots are 2-dimensional histogram
plots representing the joint probability distribution for each pair of independent
parameters. On-diagonal plots are kernel density estimate plots for the marginal
distributions of the adjacent joint probability distributions.

Using these ensembles of second moments, we can summarize the physical param-

eters of the Ridgecrest mainshock. We show these distributions in Figure 6.7. As
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Figure 6.6: Waveform fits for a subset of the windowed waveforms used in this
study. Waveforms are labeled according to the GSN station at which they were
recorded. Black waveforms are observations. Gray waveforms are generated using
a single solution from the ensemble of solutions from our inversion. Waveforms
from each solution in the ensemble are plotted. Red waveforms are generated using
the mean solution of the ensemble of solutions from our inversion. Blue waveforms
are generated using only the gCMT solution and exclude any consideration of the
second moments of the stress glut.

with the synthetic test, most of these ensembles are normally distributed, with the
exception of ¢~°, which is bimodal, which reflects some nonlinearity in the mapping
between the raw second moments and the derived parameters. We find that, within
two standard deviations, the characteristic length of the rupture is 35.2+6.0 km with
strike and plunge of 324.1 + 10.0° and 0.1 + 8.1°, respectively. The characteristic
duration of the rupture is 15.3 + 0.8 s. The instantaneous centroid velocity of the
Ridgecrest mainshock has a magnitude of 1.3 + 0.3 km/s with strike and plunge of
133.3+8.3° and —2.2 +4.1°, respectively. Finally, the average velocity upper bound
is 2.3+0.5 km/s. Additionally, some finite-fault slip distributions are easily available
through the SRCMOD database (Mai and Thingbaijam, 2014). For comparison with
our solution, we can compute the centered spatial second moments of the stress-glut

for these finite-fault slip distributions. We plot the resultant characteristic values
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from these finite-fault slip distributions in Figure 6.7. These characteristic values
fall well within the ensemble of characteristic values computed using this inversion
procedure. We summarize the results for the spatial and mixed second moments by
plotting projections of ellipsoids defined using r“(fi) from equation 6.3, which yield
descriptions of the volume in which most of the moment of the source was released,
and v for a subset of 500 solutions from our ensemble of second moment solutions

for this source in Figure 6.8.
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Figure 6.7: Physically motivated representations of the ensembles of second moment
solutions for the 2019 Ridgecrest mainshock. A. characteristic length (L¢), B. char-
acteristic length strike (§-), C. characteristic length plunge (¢~*), D. characteristic
duration (¢°), E. instantaneous centroid velocity magnitude (|vg|), F. instantaneous
centroid velocity strike (6%?), G. instantaneous centroid velocity plunge (¢?), H.
average velocity upper bound (v*). Histogram shows density of realizations in the
ensemble. Red vertical line shows the mean realization. Green, purple, and yellow
vertical lines correspond to the fault-slip distribution results from prior studies, sim-
plified into spatial second moments, from Ross, Idini, et al. (2019), Xu et al. (2020),
and Jin and Fialko (2020), respectively.

6.5 Discussion

When evaluating the solutions described in Figures 6.4, 6.7, and 6.8 and when
contextualizing these solutions with previous results, it is important to keep in
mind that these quantities are derived parameters from the variance of the stress
glut distribution. This is distinct from other types of source parameterizations,
such as finite-fault slip distributions, which attempt to solve for an approximation

of the full stress glut distribution. Thus, the solutions presented in this study,
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Figure 6.8: Summary figure of the map-view spatial and directivity features of the
2019 Ridgecrest mainshock as derived from the second moment inversion. Left:
Map-view projections of a 500-solution subset of the ensemble of second spatial
moment ellipsoids solved for in this study. Ellipsoids are defined using r.(fi) in
equation 6.3, and the largest principal semi-axis is L.. Right: Map-view projections
of a 500-solution subset of the ensemble of vy, as defined in equation 6.4, solved
for in this study. Black lines represent the surface-rupture faults mapped after the
Ridgecrest mainshock. Yellow star marks the location of the gCMT centroid of the
Ridgecrest mainshock. Transparent blue lines represent a single solution from the
ensemble of second moment solutions. Solid blue lines represent the mean solution
from the ensemble second moment solutions. Green, purple, and yellow vertical
lines correspond to the fault-slip distribution results from prior studies, simplified
into spatial second moments, from Ross, Idini, et al. (2019), Xu et al. (2020), and
Jin and Fialko (2020), respectively.

while physically meaningful, ought to be considered as a separate category of
rupture parameterization that should be compared to other rupture parameterizations
cautiously. With this in mind, we can begin to assess whether the solutions given
in this study yield a reasonable low-dimensional story of the Ridgecrest mainshock

rupture.

In general, the ensemble of solutions for the Ridgecrest mainshock is well constrained
and largely agrees with what is already known about the event. As is shown in Figure
6.8, the largest principal axis of the ellipsoid representation is well-aligned with the
faults that are known to have ruptured during the mainshock. As is made clear in
Figures 6.7 and 6.8, the characteristic length of this rupture is in close agreement
with other estimates of the rupture extent for this event. Also shown in Figure 6.8,
the directivity vectors are aligned with these faults and suggest a rupture scenario in

which the instantaneous centroid propagates from the NW to the SE. This unilateral
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behavior is in agreement with other estimates of the directivity of the event. The
characteristic durations for this event, which suggest the period of time in which the
majority of the moment, but importantly not all of the moment, was released, is also

in agreement with other estimates of duration for this earthquake.

The joint probability distributions shown in Figures 6.2 and 6.5 suggest that most
of the independent parameters of the second moments of the stress glut are weakly
correlated. In general, this weak correlation suggests that a perturbation in one
parameter will likely have little effect on the values of other parameters. Perhaps
most interesting are the weak correlations between the spatial second moments and
the temporal second moments. These suggest the intuitive conclusion that changing
the amount of time available for rupture changes the volume through which a rupture

of fixed velocity can propagate.

The low dimensional second moment estimate of the 2019 Ridgecrest mainshock
illustrates the unique potential of this methodology for producing probabilistic esti-
mates of finite source properties with few a priori assumptions on the fault geometry
and rupture dynamics. The only requirement is a centroid moment tensor solution,
which fits nicely into this framework, as the zeroth and first moments represent the
scalar moment and centroid position of the earthquake, respectively. In fact, the
centroid moment tensor solution may be solved concurrently with the second mo-
ment solution (McGuire et al., 2000), but this introduces nonlinearity and significant
additional computational/numerical complexity, which we reserve for future stud-
ies. The only constraint required in the inversion is that the source be non-negative
in extent, which does not exclude any possible source scenarios. However, it is
indeed easy to impose additional constraints on the second moments through the
use of informed priors on the inversion parameters. Such informed priors should
be imposed with the understanding that the second moments describe a covariance
matrix of a 4-dimensional stress glut distribution. That is, informed priors are not
necessarily being placed on the possible source dimensions, but instead are being

placed on the possible covariances of the source distribution.

The 2019 Ridgecrest mainshock is a well-studied event, and many of the features
of the rupture that are illuminated by this inversion were already known. However,
this study serves as an illustration of some key strengths of this technique. Firstly,
this methodology provides an estimate of the full posterior distribution of these
solutions. So, claims regarding rupture finiteness can be made in the context of

the full range of possible solutions given the uncertainty in the problem. Having a
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posterior distribution thus allows us to apply some degree of confidence to specific
claims about an earthquake rupture. Consequently, with this methodology, we can
make probabilistically supported assessments of the significance of similarities and
differences between solutions for different events. Another benefit of this approach
is that, given a prescribed correlation structure in the data, the data covariance matrix
is solved for as a hyperparameter in the inversion. This means that the uncertainty of
the posterior is reflective of data uncertainty that is solved for dynamically according

to the structure of the data and the model.

Additionally, this methodology requires few of the a priori assumptions that present
challenges and inaccuracies in other source finiteness estimation techniques, like
finite-fault slip distributions. For example, this inversion technique does not re-
quire any prior characterization of the fault surface. Although the fault surface for
Ridgecrest is well-approximated, for many global events, like offshore earthquakes,
determining a fault surface is challenging, and so this methodology presents a sub-
stantial advantage for these events. Indeed, this methodology does not even require
that all of the slip take place on a surface, but instead allows for moment release
in a volume. This is apparent in Figure 6.8, where the spatial second moment is
represented as an ellipsoid with a finite width orthogonal to the major axis of the
ellipsoid. Indeed, with this methodology, scientifically interesting properties like
the fault-normal width of rupture can be probabilistically constrained and compared
between events. This width parameter for the Ridgecrest event can be quantified
by assuming a fault plane derived from the direction of the principal eigenvector
and the dip of the true nodal plane of the gCMT focal mechanism. Then, we can
compute a maximum off-fault distance as the maximum distance of the spatial co-
variance ellipsoid computed using equation 6.3 from this fault plane. The ensembles
of maximum off-fault distances for the solutions shown in Figures 6.4 and 6.7 are
shown in Figure 6.S4. Indeed, Figure 6.S4 shows that, for this event, the off-fault
distance for the Ridgecrest rupture is not distinct from the off-fault distance of the
synthetic test, for which the true width is zero. However, for an event of larger
width, or an event with a lower inferred error (e.g., a larger event with signficant
second moments at lower frequencies), this parameter may significantly exceed zero,

suggesting moment release in a volume.

Another strength of this methodology is implicit in the fact that we employed this
methodology using only GSN teleseismic data. Although the Ridgecrest earthquake

occurred in an exceptionally well-instrumented area, for many global events teleseis-
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mic data is the only available information for characterizing the coseismic rupture.
Thus for numerous events, given this limitation in data availability, robust infor-
mation concerning rupture finiteness is scarce. This methodology then serves as a
potentially pivotal tool in discerning probabilistic characterizations of earthquakes
globally. Relatedly, large global events occur infrequently, and thus historic events
are a crucial component in our understanding of large earthquakes. The continuity
of teleseismic data collection by the GSN for over two decades thus allows for this

methodology to be readily applied to a large number of previous global earthquakes.

6.6 Conclusions

In this study, we develop a Bayesian framework for computing second moments
of the stress glut of earthquakes using teleseismic data. This framework incor-
porates a positive-definite constraint under Cholesky decomposition and employs
Hamiltonian Monte Carlo sampling to efficiently probe the parameter space. This
methodology provides robust estimates of uncertainty by sampling the posterior
distribution of solutions with dynamic error computation and accounting for the
temporal correlation structure in the waveform data. These second moments of the
stress glut provide a low-dimensional, physically-motivated representation of source
volume, directivity, and duration that requires few a priori assumptions and is repeat-
able and comparable between events. We verify this methodology using a synthetic
test and apply this framework to the 2019 Ridgecrest Sequence mainshock. We show
that our solutions for this event yield event parameters that largely agree with what
is known about this event and includes an estimate of the full posterior distribution.
Our solution also illustrates some key strengths of this rupture-parameterization,
namely the independence of this solution from a prescribed fault surface and the

reliance of this inversion on only teleseismic data.
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Figure 6.S1: Traces of stations submitted to manual quality control in this study.
Station plots with black outlines indicate stations that were kept. Station plots with
red outlines indicate stations that were not kept



130

le—8  Spatial (E,E) e-8 Spatial (N,E) e Spatial (E,Z) e—g8 Spatial (N,N) e-g Spatial (N,Z)
125 12 4 10
25 s 3
1.00 1.00 3 ’
g 0.6 2
5075 X
z 075 R
©0.50] 0.50 0.4
1 1
0.25 0.25 0.2
0.00 1 2 0.00 -2 -1 T2 o 2 4 0077 2 3 0535 0o 25 50 75
m? 1e8 m? 1le8 m? 1e7 m? 1e8 m? 1e7
le-g Spatial (Z,Z2) e—5 Directivity (E) e—5 Directivity (N) e—4 Directivity (Z) e-1 Temporal
8 15
25 . 1.25
6 1.
_.;2'0 o 00
g 15 4 4 0.75,
S1.0] 05 0.50
2 2
0.5 0.25
0000 o5 1o 15 0 4 3 o 6 4 00755 00 o5 1o 15 O s 3 7
m? le8 ms le4 ms led4 ms led s? lel

Figure 6.S2: Kernel density estimate plots for multiple chains describing the dis-
tributions of independent components of the second moments of the stress glut for
the 2019 Ridgecrest sequence mainshock. Different colors (blue, red, and green)
represent different chains of the inversion.
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Figure 6.S4: Posterior distribution of the maximum off-fault distance derived using
the ensemble of spatial covariance matrices and assuming a vertically dipping fault
plane. Left plot is the ensemble for the synthetic test. Right plot is the ensemble for
the test using observations. Red vertical lines delineate the mean of the ensemble.
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Chapter 7

COMPARING SECOND MOMENTS OF LARGE STRIKE-SLIP
EARTHQUAKES

Atterholt, J. and Ross, Z. E. (2023). Finite source properties of large strike-slip earth-
quakes. Geophysical Journal International 236. por: 10.1093/gji/ggad459.
Pp. 889-903.

Abstract

Earthquake ruptures are complex physical processes that may vary with the struc-
ture and tectonics of the region in which they occur. Characterizing the factors
controlling this variability would provide fundamental constraints on the physics of
earthquakes and faults. We investigate this by determining finite source properties
from second moments of the stress glut for a global dataset of large strike-slip earth-
quakes. Our approach uses a Bayesian inverse formulation with teleseismic body
and surface waves, which yields a low-dimensional probabilistic description of rup-
ture properties including the spatial deviation, directivity, and temporal deviation of
the source. This technique is useful for comparing events because it makes only mi-
nor geometric constraints, avoids bias due to rupture velocity parameterization, and
yields a full ensemble of possible solutions given the uncertainties of the data. We
apply this framework to all great strike-slip earthquakes of the past three decades,
and we use the resultant second moments to compare source quantities like directiv-
ity ratio, rectilinearity, average moment density, and vertical deviation. We find that
most strike-slip earthquakes have a large component of unilateral directivity, and
many of these earthquakes show a mixture of unilateral and bilateral behavior. We
notice that oceanic intraplate earthquakes usually rupture a much larger width of the
seismogenic zone than other strike-slip earthquakes, suggesting these earthquakes
may often breach the expected thermal boundary for oceanic ruptures. We also
use these second moments to resolve nodal plane ambiguity for the large oceanic
intraplate earthquakes and find that the rupture orientation is usually unaligned with

encompassing fossil fracture zones.
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7.1 Introduction

Large earthquakes involve complex ruptures that can vary strongly between events.
The characteristics of these ruptures may be controlled by the structural and tectonic
characteristics of the fault zone, and understanding patterns in these ruptures may
improve our understanding of the interplay between source phenomenology and the
rupture zone. In particular, large strike-slip earthquakes are known to show con-
siderable variability in rupture properties between events (e.g., Hayes, 2017; Yin
et al., 2021; Bao et al., 2022). Systematically characterizing this variability has the
potential to yield insights into the underlying controls on the rupture process. These
insights are of societal and scientific interest because these earthquakes present sig-
nificant global hazard and provide unique windows into the structure and rheology of
the lithosphere. Several faults known to host large strike-slip earthquakes are in close
proximity to dense population centers. There is also wide speculation that the prop-
agation behavior and rupture dimensions are dictated by the structural (Ben-Zion
and Andrews, 1998; Wesnousky, 2008) and rheological properties (Abercrombie
and Ekstrom, 2001; Boettcher et al., 2007) of the host fault zone. Intraplate oceanic
earthquakes are particularly enigmatic, because the explanation for the weakening
of the oceanic lithosphere that accommodates these events remains elusive (Lay,
2019).

A general quantity for describing the space-time kinematics of earthquake ruptures
is the so-called stress glut (Backus and Mulcahy, 1976a), which quantifies the break-
down of linear elasticity in space and time (Dahlen and Tromp, 1998). Finite-fault
slip distributions, which approximate the stress glut as discretized slip on a prede-
fined fault plane, are routinely computed for large events (Mai and Thingbaijam,
2014). These solutions provide a high dimensional view of fault ruptures but in
practice are challenging to compare between events due to pervasive nonuniqueness
in the inverse problem, a priori fault plane parameterization, poor rupture velocity
sensitivity, and regularization. An alternative technique for characterizing earth-
quake source properties is the second-moment formulation (Backus and Mulcahy,
1976a; Backus and Mulcahy, 1976b). Instead of approximating the stress glut as a
superposition of assigned subevents, this approach involves solving for the second
order polynomial moments of the stress glut, yielding a source covariance matrix
that approximates the spatiotemporal extent of the source. This technique has been
successfully applied in the past (Bukchin, 1995; McGuire et al., 2000; McGuire
et al., 2001; McGuire et al., 2002; Clévédé et al., 2004; Chen, 2005; Meng et al.,

2020), but has received far less attention than slip inversions. This low-dimensional
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Figure 7.1: Centroid locations and centroid depths of the earthquakes used in this
study. White lines are fossil fracture zone locations from Seton et al. (2014) and
Wessel et al. (2015). Green lines are plate boundaries from Bird (2003).

framework makes only minor assumptions about rupture geometries and has the
advantages of not requiring an explicitly paramaterized rupture velocity and avoid-
ing the discretization challenges that arise when performing slip inversions. The
low dimensionality of the solution also facilitates computation of these moments
with a Bayesian approach (Atterholt and Ross, 2022), which can provide uncertainty
estimates crucial for comparing the source processes of different earthquakes.

Our contributions to this study are as follows. We compute second moments for
all of the M,, > 7.5 strike-slip earthquakes of the past three decades using a
Bayesian inference approach. We use this catalog to establish baselines for the
range of values observed globally and compare values between events, subgroups,
and other tectonic features. From these analyses we conclude that (i) large strike-slip
earthquakes almost always show unilateral or a comparable amount of unilateral and
bilateral directivity behavior, (ii) that large intraplate oceanic earthquakes usually
rupture over a much wider depth range, and (iii) that oceanic intraplate strike-slip

earthquakes are not systematically aligned with fossil fracture zones.
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7.2 Preliminaries

The stress glut is a tensor field representing the expected stress due to the application
of Hooke’s law to inelastic strain in a body (Backus and Mulcahy, 1976a; Backus
and Mulcahy, 1976b). The stress glut is a useful source characterization quantity,
because the stress glut is identically zero outside the source region and can be used
to compute displacements anywhere on Earth resulting from an arbitrary source
(Dahlen and Tromp, 1998). The dimensionality of the stress glut can be significantly

reduced by assuming the source mechanism does not change throughout the rupture:

L (£,7) = Mij f(£,7). (7.1)

Here, I is the stress glut, M is the normalized mean seismic moment tensor, and
f is a scalar function of position & and time 7. The second moment formulation is
defined by taking the second central moment of the scalar stress glut rate function
(f) with terms for the spatial and temporal components. The equation for these

moments is given by:

FE€ 7)) = / / FET)E — )" (v — °)dedr, (72)

where & and 7 are position and time, £ and 7¢ are the centroid position and
centroid time, which are the first moments of the distribution, and m and » are the
spatial order and temporal order of the moment. The central moments of order
m +n = 2 correspond to the covariance of the source. Specifically, f(&¢, 7¢)?9 is
the spatial covariance, f(£¢,7¢)(%?) is the temporal variance, and f(£¢, 7)1 is the
spatiotemporal covariance. The distribution f is defined by the superposition of its
polynomial moments, and at low-enough frequencies, the contribution of moments
of order three or greater may be approximated as zero. Under this approximation,

the second moments can be linearly related to displacement:

d=Fp (7.3)

where d is a vector of the difference between the measured displacements and
the theoretical Green’s functions, F is a forward propagation matrix of spatial and
temporal integrals and derivatives of the Green’s tensor weighted by the components
of the moment tensor M, and p is a vector that contains the independent parameters

of the second order stress-glut moments.
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Since the standard deviation of a distribution gives a low-dimensional estimate of the
width of a distribution, these second moments, which are the covariance of the stress-
glut, can be used to compute low-dimensional measures of the volume, duration, and
directivity of a source distribution. In particular, we define dimensional quantities
of the source that describe the shape of the stress-glut distribution about the centroid.

These are:

() = AT - [fCO (e, 70)/ f00) (g€, 7¢)] -,
(© = 20D (g, 79) ][00 (g, 79),
vo = fOD @&, )/ FOP €, 7). (74)

Here, r¢(fi) is the distance from the centroid in the direction of a unit vector 7 that
defines a spatial deviation ellipsoid in which most of the moment was released. The
characteristic spatial deviation of the source is given by L¢ = 2r¢(n), where n is
the principal eigenvector of (>0 ¢¢ is the characteristic temporal deviation that
captures a time interval in which most of the moment was released. vy is the average
instantaneous velocity of the rupture centroid. These quantities together provide
a physically interpretable, low-dimensional estimate of a rupture’s spatiotemporal
behavior (Backus, 1977; Silver and Jordan, 1983).

From the aforementioned quantities, we can compute ensembles of parameters that
may further illuminate potential differences between ruptures. In particular, we
inspect four derived parameters in this study: rectilinearity (R), directivity ratio
(@), average moment density (1), and vertical deviation (Z). Rectilinearity is a
measure of the degree of elongation along an axis and has been used in seismology
to evaluate particle motion (Vidale, 1986; Jurkevics, 1988). We instead use this
measure to evaluate the elongation of ruptures along the principal axis, and define

it so the values are bounded between O (spherical source) and 1 (linear source):

~ 22+ A3)
A )

R=1
(7.5)
The variables 41, 1,, and A3 are the eigenvalues of the spatial second moment, in

order of largest to smallest, and yield estimates of the dimensions of the source

along its principal axes. The directivity ratio provides an estimate of the degree of
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directivity of a rupture by comparing the average centroid velocity to the maximum
possible average centroid velocity, and has been used in the second moment literature

previously (McGuire et al., 2002):

vl
(L)
(7.6)

The average moment density comes from the moment tensor density formulation
(Aki and Richards, 2002) and compares the scalar moment, My, to the volume of

the ellipsoid representation of the spatial second moments:

_ My
m = 34—
(2)°3m1 4243

(7.7)

As is apparent, the equation for 7 is very similar to analytic solutions for the stress
drop on planar sources e.g. Eshelby, 1957 and has units of stress. Finally, we define

a measure of the vertical extent of the source:

Z =2y.r(y). (7.8)

Here, y is the unit vector pointing in the direction with the maximum vertical
component. Each of these quantities yield estimates of the source dimensions that
have historically been difficult to obtain. In this framework, we can systematically
solve for full posterior distributions on these parameters and consequently perform

error-informed comparisons.

Because we will subsequently apply this inversion framework to large strike-slip
earthquakes, an important point about the assumption of a constant source mecha-
nism should be made here. Several large strike-slip earthquakes, such as the 2012
Wharton Basin and the 2018 Gulf of Alaska Earthquakes, have been shown to rup-
ture multiple conjugate, near-orthogonal faults. This presents no problem in our
framework because the faults are nearly orthogonal and have opposite senses of slip,
making the source mechanism approximately constant between faults. There is no
assumption that the rupture be constrained to a single fault. The orthogonality of the
faults in these ruptures is likely not a coincidence, and may be systematic for large
fault zones (Thatcher and Hill, 1991; Scholz and Choi, 2022); thus we may expect
that for other ruptures of this type, the assumption of a constant source mechanism

is also reasonable. This assumption is less valid for faults with significant curvature
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Figure 7.2: Examples of waveform fits for the 1999 M,,7.61 Izmit earthquake. The
waveforms in the top grouping are fits to the SH phase. The waveforms in the bottom
grouping are fits to the R1 phase. Each waveform panel includes corresponding
station name and back-azmith. The black and blue lines correspond to the observed
waveforms and the point source theoretical Green’s functions at each respective
station. The red and gray lines correspond to the waveform fit of the mean solution
and the distribution of fits for the ensemble of solutions, respectively. Waveforms are
filtered between 7.5 and 12.3 mHz according to the described bandpass framework.

(Shimizu et al., 2020), ruptures in which the slip direction changes significantly, or
ruptures of multiple faults that are highly non-parallel and non-orthogonal. Though
this assumption is a limitation of this methodology, this methodology is strength-
ened by avoiding constraints of slip to a user-defined fault plane that is typically

necessary for fault slip distributions.
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7.3 Methods

Data and Preprocessing

We use the Global Centroid Moment Tensor (gCMT) catalog to select large strike-
slip earthquakes of the past three decades (Ekstrom et al., 2012). To find these
events, we search the gCMT catalog for events with M,, > 7.5 and with nodal
axis plunges greater than 45°. We then manually evaluate these events to ensure
that each event shows predominantly strike-slip behavior, resulting in the set of
events shown in Figure 7.1 and Table 7.1. We choose events of this magnitude
because the frequency to which the waveforms for these events need to be fit to
resolve stress-glut second moments is inversely related to the duration of the event.
Consequently, larger events with correspondingly larger durations may be fit with
theoretical Green’s functions at lower frequencies. We directly fit the displacement
waveforms from Global Seismographic Network (GSN) stations for data consistency
between events. The waveforms used in these inversions are SH and R1 waveforms
selected using travel times from the Preliminary Reference Earth Model (PREM)
(Dziewonski and Anderson, 1981) specific to the selected frequency bands in this
study. The inclusion of the P waveforms would further constrain the posterior
distributions, but we decide not to include these because this would require the
computation of theoretical Green’s functions at much higher frequencies. We select
200-second windows around the SH waveforms and 700-second windows around
the R1 waveforms. Waveforms at distances less than 30 degrees are excluded to
avoid the convolution of the SH waves with the R1 waves, because at short distances
these phases have not diverged enough to select SH windows with no R1 waveforms
present. An example set of waveforms for the 1999 Izmit earthquake are shown
in Figure 7.2. We compute the Green’s tensors using the gCMT moment tensor
solutions (Ekstrom et al., 2012). We use the spectral element method software
Salvus (Afanasiev et al., 2019) in combination with the 3D Earth model S362ANI+M
(Moulik and Ekstrom, 2014) to compute the Green’s tensors. The derivatives of
the Green’s functions needed for the forward propagation matrices are computed
using a centered finite difference approximation. For the spatial finite difference,
we compute the wavefield for a grid of source locations centered on the centroid

solution.

As in Atterholt and Ross (2022), we select the frequency bands used in these in-
versions using duration estimates for each event. In particular, we consider the
observation that the contribution of moments of order m + n is approximately pro-
portional to (D/P)™*" (where (D/P) < 1), where D and P are the event duration
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Table 7.1: Global strike-slip earthquakes considered in this study. The hypocenter
locations and magnitudes are drawn from the gCMT catalog (Ekstrom et al., 2012).
Categories of earthquakes are continental (C), oceanic interplate (E), and oceanic

intraplate (A).
Name Date Longitude Latitude Depth (km) M, Category
Tibet 1997-11-11 86.96 35.33 16.4 7.53 C
Balleny Is. 1998-03-25  148.64 -62.99 28.8 8.14 A
Ceram Sea 1998-11-29 125.0 -2.03 16.4 7.75 A
Izmit 1999-10-17 29.97 41.01 17.0 7.61 C
Sulawesi 2000-05-04  123.59 -1.29 18.6 7.57 A
Whar. Basin (1) 2000-06-18 97.17 -13.47 15.0 7.92 A
Kunlun 2001-11-14 92.91 35.8 15.0 7.81 C
Irian Jaya 2002-10-10 134.3 -1.79 15.0 7.58 A
Denali 2002-11-03  -144.89 63.23 15.0 7.88 C
Carlsberg Rdg.  2003-07-15 69.47 -1.42 15.0 7.57 E
Macquarie Is. 2004-12-23  161.25 -49.91 27.5 8.11 A
Whar. Basin (2) 2012-04-11 92.82 2.35 45.6 8.6 A
Whar. Basin (3) 2012-04-11 92.31 0.90 54.7 8.28 A
S.E. of Alaska 2013-01-05  -134.97 55.69 13.8 7.56 E
Solomon Is. 2014-04-12 162.24 -11.35 27.3 7.66 E
Whar. Basin (4) 2016-03-02 94.22 -4.75 37.2 7.82 A
Komandorski Is.  2017-07-17 169.78 54.13 23.2 7.79 E
Honduras 2018-01-10  -83.86 17.56 16.5 7.55 E
Gulf of Alaska  2018-01-23  -149.12 56.22 33.6 7.96 A
Palu 2018-09-28  119.86 -0.72 12.0 7.60 C
Papua N.G. 2019-05-14  152.52 -4.03 22.1 7.60 C
Canary Is. 2020-01-28  -79.55 19.33 239 7.72 E
S. of Alaska 2020-10-19  -159.7 54.48 374 7.62 A
Turkey-Syria (1) 2023-02-06 37.47 37.56 14.9 7.83 C
Turkey-Syria (2) 2023-02-06 37.22 38.11 12.0 7.78 C

and period of the signal respectively (Backus, 1977). We select a frequency band
such that (D/P)?> > 0.05 and (D/P)> < 0.05 in order to balance maximizing the
second moments relative to the zeroth and first moments while minimizing the con-
tribution of moments of order three and greater. For an estimate of duration, we
use the empirical relationship used for the gCMT catalog (Ekstrom et al., 2012).
These frequency bands are given in Table 7.S1. We subsequently show that this
relationship provides a fairly reasonable estimate for the source duration for these
events. With the aforementioned inequality and duration estimates, we can compute
a frequency band for filtering the data, and we filter the waveforms using a But-
terworth filter. Once filtered, we visually inspect the fit of the theoretical Green’s

functions to the data for quality control.
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Inversion

For the second moment inversion, we follow the procedure outlined in Atterholt and
Ross (2022), and we summarize the method here. In essence, our objective is to use
the relationship described in equation 7.3 to invert for a model vector of stress glut
moments that better fits displacement waveforms by accounting for the finiteness
of the source. An example of the waveform fits for the 1999 Izmit, 2002 Denali,
and 2018 Palu earthquakes using the subsequently-described inversion are shown in
Figures 7.2, S1, and S2, respectively. The azimuthal distributions for these earth-
quakes, which are representative of the azimuthal distributions for the earthquakes
used in this study, are shown in Figure 7.S3. We solve this inverse problem using
a Bayesian formulation that produces an ensemble of potential solutions given the
uncertainty of the inverse problem, outlined in detail by Atterholt and Ross (2022).
The posterior distribution for this problem can be written using the relationship:

p(p,old) « p(d|o,p) p(o) p(p), (7.9)

where o is a parameter that is updated every sample and quantifies the uncertainty
by estimating the inability of the model to fit the data (Gelman et al., 2010). p(p)
is the prior distribution on the model parameters; in this study we use uninformed

priors. We compute the likelihood using a multivariate normal distribution:

1
p(dlo,p) o ——exp(~(d ~Fp)" X' (d - Fp)) (7.10)

1
VIZ|
Where ¥ is a block diagonal covariance matrix that incorporates the temporal
correlation structure, which is a function of the parameter o and the minimum
period of the bandpass filter. A limitation of this methodology is that the parameter

o accounts for random, but not systematic, errors in the Green’s functions.

Prior studies on stress-glut second moment inversions (Bukchin, 1995; McGuire
et al., 2001) have applied the constraint that since second moments constitute a
covariance matrix, only the solutions that ensure the second moments are positive

definite are valid, or:

_[£e0@ T 00

X= f(l,l)(é_-c’TC)T f(o’z)(fc,rc) = (7.11)
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To ensure our samples of the posterior are positive definite, we take advantage of
the Cholesky Factorization Theorem, which states that every symmetric, positive
definite matrix can be represented as the product of a lower triangular matrix and its
transpose. For X, there thus exists a matrix L such that X = LL”. We thus sample
over L and construct X from L. when computing the likelihood of the sample. This
framework allows for the inclusion of prior distributions on the source model; for
example, it would be possible to impose a prior on the azimuth of the principal
eigenvector or the size of the characteristic values using information from previous
source characterizations or empirical scaling relationships. In this study, we use
uninformed priors to maximize the independence of this catalog of solutions from
other source studies. We probe the solution manifold using Hamiltonian Monte Carlo
(HMC) sampling (Neal, 2010), an instance of Metropolis Hastings sampling that
uses an analog from Hamiltonian Dynamics. We choose HMC sampling because
our parameter space is large, and HMC sampling applies gradient information to
sample large parameter spaces efficiently. To take these gradients, we use reverse-
mode automatic differentiation (Innes, 2019). In total, we take 10,000 samples,
and in each subsequent representation of solution ensembles, we show the final
500 unique samples. In Atterholt and Ross (2022), we demonstrated that this
parameterization was appropriate to conservatively achieve convergence for this
type of inverse problem using the Gelman-Rubin diagnostic (Gelman and Rubin,
1992). The computational time for this inversion varied according to the number of
waveforms used, but in general was executed for each event within between 2 to 10

hours on a single CPU core.

7.4 Results and Discussion

Patterns in rupture behavior

Using the definitions in Equations 7.4-7.8, we compute ensembles of quantities that
capture low dimensional rupture characteristics. We summarize these ensembles in
Table 7.2 and show the full posterior of these quantities in Figures 7.S4, 7.S5, and
7.S6. In Figure 7.3 we plot the ensembles of temporal deviations, which show good
agreement with the empirical magnitude-duration relationship used to determine the
frequency bands used in this study. The initial duration estimates control the quality
of the solution by reducing biases from the error of the moments of order m +n < 1
and from the contributions of the moments of order m + n > 3, but this does not

suggest a causal relationship between the initial duration estimates and the second
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temporal moments. These moments thus show that this empirical relationship is a

reasonable model for these data.
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Figure 7.3: Summary of characteristic values. Left: Twice the characteristic tem-
poral deviation (+20 of moment rate function) for each event plotted against event
moment magnitude. Black dotted line is the empirical magnitude-duration relation-
ship used in (Ekstrom et al., 2012). Center: Characteristic spatial deviation plotted
against centroid propagation length. Black dotted lines separate bilateral, mixed,
and unilateral categories described in the text. Right: Twice the characteristic spa-
tial deviation plotted against event moment magnitude; several scaling relationships
from prior studies are plotted as dotted lines (Wells and Coppersmith, 1994; Mai
and Beroza, 2000; Blaser et al., 2010; Thingbaijam et al., 2017; Scholz, 1982;
Romanowicz, 1992). Green, red, and purple correspond to continental strike-slip,
oceanic interplate, and oceanic intraplate, respectively.

Also shown in Figure 7.3 is a comparison between the characteristic spatial deviation
of the rupture, L., and the propagation length of the rupture centroid ||vg|| - 7. The
ratio between these two quantities reflects the degree of directivity of the rupture
(McGuire et al., 2002). We separate these quantities into 3 categories of our
design: bilateral (||vol| - /L. < %), mixed (% < ||voll - t/L¢ < %), and unilateral
(|vol| - t¢/L¢s = %). As is made clear in Figure 7.3, almost no ruptures fall in
the bilateral category, suggesting that the vast majority of these ruptures have a
large component of unilateral directivity, which is consistent with previous results
(McGuire et al., 2002; Ross et al., 2020). But, while many of these ruptures
fall in the unilateral category, suggesting these ruptures favor unilateral directivity
over bilateral directivity, many of the ruptures also fall in the mixed category.
Mixed directivity in ruptures may point to a more complicated rupture process and
are difficult to achieve by chance. McGuire et al. (2002) computed the expected
distribution of directivity ratios given a 1-dimensional predefined fault with uniform
slip and hypocenter location and found that the distribution is heavily skewed towards

unilateral ruptures. We reproduce this distribution and compare it to our observed
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distribution of directivity ratios. For this comparison, we choose the median as
the test statistic, because the median is a good estimate of the central tendency of
skewed distributions. We create a distribution of possible median values for our
observed distribution by computing them for random ensemble member draws from
the source directivity distributions and comparing these values to the distribution
of medians from random draws of the same size from the simulated distribution.
This workflow is summarized in Figure 7.S7. We find that the vast majority of
the ensemble draws from our observed distribution are unlikely to be drawn from
the simulated distribution, suggesting the difference between these distributions is
significant. This would suggest that the simple hypothesis that ruptures start at
random positions on a predefined fault with uniform slip cannot explain our data.
In reality, fault ruptures are more complex than this simple model, and a number
of factors contributing to this complexity may explain the difference between these
distributions. For example, ruptures may preferentially start near high strength
regions (Mai et al., 2005; Melgar and Hayes, 2019) which may be biased towards
the center of ruptures (e.g., Manighetti et al., 2005) and thus bias ruptures towards
bilateral behavior. With additional observations and tests against simulations of
more complicated ruptures, this type of data may supplement arguments for specific

rupture behaviors that prefer bilateral propagation.

Finally, in Figure 7.3, we plot twice the characteristic spatial deviation of the rup-
ture against magnitude to observe the scaling relationship present in this catalog.
Additionally, we plot best-fitting solutions for L model (Scholz, 1982) and W model
(Romanowicz, 1992) scaling relationships and empirical scaling relationships from
previous studies that use independent slip distribution catalogs (Wells and Copper-
smith, 1994; Mai and Beroza, 2000; Blaser et al., 2010; Thingbaijam et al., 2017).
We find the trend of our L. values, in general, matches the trends of the scaling rela-
tionships, but there is not sufficient coverage along the magnitude axis to determine
with which scaling relationship this catalog is best aligned. However, among the
intraplate oceanic events, which have more diverse observations with magnitude, the
trend between M,, and L. appears to deviate from these of the scaling relationships;

the significance of this is described subsequently.

We compute ensembles for the quantities described in Equations 7.5-7.8 for all the
events considered in this study and plot the kernel density estimates of the underlying
probability distributions of these ensembles in Figure 7.4. Almost all rectilinearity

values for these events are well-above 0.5, suggesting that most of these ruptures are
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elongated along a single dimension. Large strike-slip earthquakes are large-enough
to be constrained by the width of the seismogenic zone, and thus elongation of the
spatial deviation ellipsoid in the strike-parallel direction is expected. The directivity
ratio, also represented in Figure 7.3 and discussed in the previous section, yields
a wide distribution that is biased towards values closer to one. Average moment
densities for these events vary by over two orders of magnitude (1-100 MPa) with a
median value near 10 MPa. The distributions of these values should be interpreted
carefully, as the average moment density estimates are computed using the smallest
eigenvalue, A3, of the spatial covariance matrix; this value is poorly constrained by
our data. We expect A3 to be small for most ruptures, but since the data do not
constrain A3 well, the posterior distributions of 43 can be very broad above zero, and
thus skew the distributions of source volume upward. This issue may be addressed
by assigning a well-justified prior distribution on the size of A3, but we leave this for
future work. The distribution of vertical deviations is mostly below 20 km with a
noteworthy tail extending up to 40 km. The ensembles of these parameters for each

event are shown in Figures 7.S4, 7.S5, and 7.S6 and are summarized in Table 7.2.

We separate these events into 3 categories: continental strike-slip, oceanic in-
terplate, and oceanic intraplate. For oceanic events, we make classifications by
cross-referencing the event locations with the plate boundary types outlined in Bird
(2003). This classification is not always simple. For example, the 2003 Carlsberg
Ridge event ruptured close to the active spreading center and is expected to be
aligned with the spreading-associated transform faults in the vicinity (Antolik et al.,
2006), but it has an opposite sense of slip as expected for these faults. We nonethe-
less classified this event as interplate because of it’s proximity to the plate boundary
assuming the true nodal plane is that aligned with the nearby active transform faults.
Classifying this event as intraplate does not change the conclusions of this study.
We classify all continental strike-slip events together to ensure that there are enough
events in the group to evaluate potential systematic behavior. These classifications
are given in Table 7.1. The rectilinearity and directivity of these events are too
variable within groups to make statements regarding differences between groups,
but these ensembles demonstrate the potential of this second-moment framework
to objectively obtain quantities that potentially illuminate rupture features that have
historically been difficult to obtain independently of the necessary assumptions asso-
ciated with fault slip distributions. Some differences in average moment densities are
evident in these distributions; namely, the ensembles of average moment densities

for oceanic interplate earthquakes create a distribution that is much narrower than
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Figure 7.4: Derived source quantities described in the text. Top row: Distributions
of all event ensembles for each quantity. Second row from the top: Distributions
of all ensembles within individual tectonic groups for each quantity. Green, red,
and purple correspond to continental strike-slip, oceanic interplate, and oceanic
intraplate, respectively. Bottom three rows: ensemble distributions for individual
events within each tectonic category for each quantity. The relative heights of
a few distributions of directivity ratios for individual sources were reduced for
visualization purposes.

that of other strike-slip earthquakes, because the other types of events include the
contributions of several earthquakes with ensembles of exceptionally high average

moment density values.

The depth-dependence of slip distributions has historically been difficult to constrain
because surface observations typically have poor sensitivity to variability with depth
(e.g., Duputel et al., 2014). As is shown in Figure 7.4, the uncertainty of the vertical
deviation parameter in this study is quite high. However, because we estimate the full

posterior of our solutions, we have a good estimate of the uncertainty present in these
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solutions. We can thus make error-informed conclusions while accounting for the
high uncertainty inherent to resolving parameters related to the source distribution
with depth. The distributions of vertical deviations of these events suggest a clear
difference between oceanic intraplate earthquakes and other strike-slip earthquakes.
The oceanic intraplate earthquakes exhibit much wider ruptures than other strike-
slip earthquakes; this has been suspected before, particularly for Wharton Basin
events (Aderhold and Abercrombie, 2016). The observations in this study provide
some evidence for this difference globally. Mindful that the vertical deviation
measure only accounts for =10 of the source distribution’s vertical width, it is
reasonable to expect that the source distribution extends over an even larger width
than the estimated vertical deviation of the rupture. Given that these intraplate
oceanic earthquakes generally rupture colder lithosphere, some difference in vertical
deviation between rupture types is to be expected. For earthquakes that ruptured
oceanic crust with measured age, we can account for the expected thermal differences
by comparing the age of the oceanic crust encompassing the centroid, taken from
Seton et al. (2020), to the expected thermal profile of a half space cooling model
with an ambient mantle temperature of 1350° and thermal diffusivity of 10°m?/s as
in Aderhold and Abercrombie (2016). Noting that the vertical extents are estimates
of the variance of the stress glut from the centroid, we can estimate the depth extent
of these earthquakes by summing the centroid depth with quantities proportional to

the vertical deviation of the source.

We plot these distributions of depth extent assuming the depth extents given by the
conservative estimates of £€°(z) + %Z and £¢(z) + ‘/TEZ in Figure 7.5. The £°(z) + %Z
values assume slip only occurred within a single standard deviation of the source
distribution below the source centroid, and the £¢(z) + %Z values would yield the
exact depth extents for source distributions with uniform slip. We note here that
there may be some inaccuracies in the Green’s functions due to the crustal model
when generating sources in oceanic crust. These inaccuracies would increase the
modeled excitation of the surface waves (Abercrombie and Ekstrom, 2003) which
we would expect to increase the radial spatial gradients incorporated in Equation 7.3.
This bias would serve to decrease the estimated depth extent of the earthquakes, and
thus would not change subsequent conclusions of this study. Additionally, because
the Wharton Basin (3) event was an aftershock that occurred only two hours after the
Wharton Basin (2) event, the Wharton Basin (3) event waveforms show long-period
noise that is likely causing the high uncertainty for that event in Figure 7.8, this

solution should thus be considered in that context. An estimate of how well resolved
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the vertical extent values are can be made by comparing the ratio of 1, /43. Since A3
is expectedly small, larger values of 13 may be interpreted as an approximate noise
level. These ratios are plotted in Figure 7.S8. In general, while some ensemble
members for some sources are lower, these ratios greatly exceed 2; however, these
values are not purely estimates of the signal-to-noise ratio, as physical characteristics

of the source can contribute to elevated A3 values.

As is apparent in Figure 7.5, for interplate events these values generally fall above
the 800° isotherm and for intraplate events these values generally fall below the 800°
isotherm. While there is some variability in estimates of the limiting temperature
for slip on oceanic transform faults (e.g, Wiens and Stein, 1983; Abercrombie and
Ekstrom, 2001), the estimates of depth extent of the slip for oceanic intraplate
earthquakes frequently exceed even the highest expected slip-limiting temperatures.
These observations are supported by the L. values, which are better constrained,
for the intraplate oceanic ruptures shown in Figure 7.3. These values shows that
the intraplate events, L., when plotted against magnitude, follow a trend that is
distinct from expected scaling relationships for strike-slip earthquakes which are
expectedly restricted by their widths. These results motivate the consideration of
a mechanism for coseismic slip below the brittle-ductile transition zone for large
intraplate earthquakes. One potential mechanism for such a large amount of moment
released below the brittle-ductile transition zone, proposed as an explanation for the
slip in 2012 Wharton Basin Earthquake, is a large component of deep viscous
failure, rather than frictional failure, resulting from a runaway feedback system due
to heating of the shear zone (Kelemen and Hirth, 2007; McGuire and Beroza, 2012).
This mechanism, however, would only account for moment released between 600°
and 800°. Another potential explanation is that diffuse deformation zones in the
interior of oceanic lithosphere may be hydrated at depth, altering the rheological

profile of the fault (Bishop et al., 2023) and thus allowing for deeper rupture.

Orientations of ruptures and crustal fabric

For large strike-slip earthquakes that occur on plate boundaries or in continental
crust, the fault associated with the majority of slip is typically well resolved or
easy to infer from the focal mechanism, and in most cases, the processing involved
in computing a fault slip distribution helps discern the true nodal plane (Hayes,
2017). However, for intraplate oceanic earthquakes, the true fault plane is often
not easily resolved (e.g., Nettles et al., 1999; Abercrombie et al., 2003; Robinson,
2011; Meng et al., 2012; Lay et al., 2018). The determination of the primary
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Table 7.2: Ensembles of parameters defined in Equations 7.4-7.8 summarized for
the events in this study. For each parameter, the median value and a credible interval
(5™ to 95™ percentile) are given.

Name L. (km) ||vol| (km/s) . (s) R o Logio(m) (MPa) Z (km)
Tibet 51.1 4.39 10.55 0.6 0.91 0.58 7.72
(454-57.9)  (3.54-5.51) (9.5-11.6) (0.5-0.7) (0.79-0.98) (0.3-1.1) (3.5-13.7)
Balleny Is 94.4 2.55 36.86 0.7 0.99 1.25 15.94
. (90.4-98.9)  (2.43:2.69) (35.9-37.6) (0.7-0.8) (0.98-1.0) (1.0-1.7) (12.0:21.8)
445 1.96 17.13 0.6 0.76 1.21 21.16
Ceram Sea (39.6-48.9)  (1.73-2.19) (16.2-18.0) (0.6-0.7) (0.66-0.86) (1.0-1.6) (16.9-27.2)
Izmit 66.7 0.95 22.31 0.8 0.32 1.0 16.65
(63.0-70.4)  (0.81-1.1) (21.8-22.8) (0.8-0.9) (0.27-0.37) (0.7-1.3) (8.2-22.7)
Sulawesi 77.9 2.42 15.34 0.9 0.48 1.12 6.32
(75.4-81.9)  (1.84-322) (14.3-16.3) (0.8-0.9) (0.37-0.59) (0.8-1.7) (3.1-11.7)
. 85.8 1.68 27.37 0.8 0.54 0.98 15.23
Whar. Basin (1) g0G.:015)  (1.41-2.0) (26.5-28.3) (0.7-0.9) (0.45-0.64) 0.7-1.4) (9.0-24.1)
Kunlun 105.6 3.79 27.74 0.9 0.99 0.89 15.18
(102.1-109.0) (3.61-3.97) (27.0-28.5) (0.8-0.9) (0.99-1.0) (0.6-1.4) (6.7-24.3)
Trian Jaya 63.5 225 15.71 0.6 0.56 0.47 17.74
(56.0-72.2)  (1.89-2.73) (14.7-16.7) (0.6-0.7) (0.46-0.69) (0.2-0.9) (12.9222.6)
Denali 95.7 3.73 2551 09 099 1.26 8.42
(91.9-100.1)  (3.49-3.97) (24.7-26.2) (0.8-0.9) (0.98-1.0) (1.0-1.8) (5.6-14.5)
84.3 3.31 19.84 0.7 0.78 0.31 10.23
Carlsberg Rdg.  (733%504)  (3.063.6) (19.1-20.6) (0.6:0.7) (0.71-0.85) ©.1°0.7)  (7.4-137)
. 53.1 1.55 27.76 0.6 0.82 1.45 22.32
Macquarie Is. 46.1-59.7)  (1.39-1.75) (27.0-28.7) (0.5-0.7) (0.7-0.94) (1.2-1.9) (15.0-29.5)
. 91.8 2.6 34.6 0.8 0.98 1.85 32.73
Whar. Basin (2) 55080y  (2.392.84) (32.8-36.5) (0.7-0.8) (0.95-1.0) (1.6-2.2) (26.2-39.0)
. 97.4 2.58 31.29 0.7 0.83 1.07 32.07
Whar. Basin (3)  998°/09.2) (2.13:3.06) (28.0:34.1) (0.6-0.8) (0.67-0.94) 07-1.6) (174475
SE. Alaska 82.2 3.22 15.59 0.6 0.61 0.38 495
B (78.8-86.4)  (2.96-3.55) (14.9-16.1) (0.6-0.6) (0.57-0.65) (0.1:0.8) (2.6:9.2)
43.8 1.48 16.53 0.5 0.55 0.73 15.34
Solomon Is. (41.7-47.5)  (1.21-1.75) (15.8-17.2) (0.4-0.7) (0.45-0.66) (0.6-1.0) (12.8-17.8)
. 73.7 4.08 11.3 0.6 0.63 0.83 21.5
Whar. Basin (4) 753831y (337-5.01) (10.0-12.8) (0.6:0.7) (0.52-0.75) 05-12)  (17.1-36.5)
82.7 1.66 29.65 0.7 0.59 0.84 5.13
Komandorsky Is. 4067560y (1.57-1.75) (29.3-30.0) (0.7-0.7) (0.56-0.63) 0.6-1.2) (2.8-9.1)
83.7 1.89 14.18 0.9 0.32 0.84 9.1
Honduras (75.4-90.2) (1.47-2.42) (13.2-15.2) (0.8-0.9) (0.26-0.4) (0.5-1.3) (5.8-14.7)
54.8 3.07 16.76 0.8 0.94 1.86 16.92
Gulf of Alaska 516’584y (2.77-3.42) (15.7-17.8) (0.8-0.9) (0.88-0.98) (1.6-2.3) (13.6-20.5)
Palu 98.7 3.61 16.39 0.7 0.6 0.34 10.63
(96.0-101.6)  (3.21-4.01) (15.7-17.0) (0.7-0.8) (0.55-0.65) (0.2-0.6) (8.1-14.2)
31.5 1.75 12.62 0.6 0.7 1.09 12.12
Papua N.G. (26.5-38.5)  (1.3-225) (11.5-13.6) (0.3-0.7) (0.51-0.88) (0.8-1.5) (6.5-19.9)
Canary Ts 84.8 3.78 20.05 0.8 0.9 0.86 8.38
. (80.8-89.6)  (3.48-4.1)  (19.4-20.7) (0.8-0.9) (0.84-0.94) 0.6-1.2) (5.5-13.6)
43.1 3.0 11.73 0.5 0.82 0.56 23.61
S. of Alaska (40.4-463)  (2.61-3.45) (10.8-12.7) (0.4-0.6) (0.75-0.88) 0.4°0.7) (19.5:27.3)

~ 88.0 2.89 11.14 09 0.38 1.46 16.65
Turkey-Syria (1) (842/921)  (0.93:6.56) (7.0-15.2) (0.9-0.9) (0.13-0.63) (1120)  (12.7-20.5)
~ 40.0 1.17 1096 08 0.32 1.77 17.47
Turkey-Syria (2)  (365436)  (0.65-1.69) (9.8-12.1) (0.7-0.9) (0.18-0.46) (1422)  (13421.0)
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Figure 7.5: Depth extent of earthquakes plotted against lithospheric age. Isotherms
generated using a half-space cooling model with an ambient mantle temperature
of 1350°. Gray points are the gCMT centroid depths. Green violin plots are
distributions of depth extents estimated by £¢(z) + %Z . Yellow violin plots are depth

extents estimated by £°(z) + %Z . Left and right figures includes all interplate
and intraplate events included in this study for which oceanic lithosphere age was
obtainable respectively. Lithospheric age is obtained from Seton et al. (2020).

fault plane for these earthquakes (if one exists) is an important problem, because
the enigmatic rupture of these very large events may broaden our understanding
of the strength of the oceanic lithosphere and the nature of these earthquakes. A
frequent assumption is that these events rupture fossil fracture zones, crustal fabric
imparted by ocean spreading. However, some detailed studies of several events
suggest rupture plane strikes that disagree with those of nearby fracture zones or
rupture several nearly-orthogonal fault planes (Nettles et al., 1999; Meng et al.,
2012; Lay et al., 2018), making the fracture zone hypothesis an unlikely universal
explanation for weakening of the oceanic lithosphere. Fault slip distributions are
often used to resolve nodal plane ambiguity by comparing the data fitting between
different fault plane parameterizations (Hayes, 2017), and this too has been used
to suggest that oceanic intraplate ruptures are often unaligned with fossil fracture
zones in Wharton Basin, for example (Aderhold and Abercrombie, 2016). However,
resolving fault plane ambiguity this way requires initial assumptions about the fault
geometry and rupture process and ultimately a subjective, albeit data-informed,
decision about the true fault plane. Backprojection of the energy radiated from
the source has been used to successfully image the rupture surfaces of earthquakes
(e.g., Ishii et al., 2005; Meng et al., 2012; Ruppert et al., 2018), but estimation of
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uncertainty with this method is difficult, and the quality of backprojection recovery
is heavily dependent on the array used for backprojection’s density of coverage and
distribution of azimuths and distances (Kiser and Ishii, 2017). The second moment
formulation can be used to supplement these prior studies by providing an objective

and probabilistic assessment of the orientation of the rupture.

The second moment formulation can be used to resolve the nodal plane ambiguity
of a point source moment tensor solution. Since we expect the slip variance to be
maximized along the rupture plane, the principal eigenvector of the spatial second
moment should be approximately aligned with the strike of the true nodal plane. We
can verify this by comparing the strike of the principal eigenvectors of the ensembles
of second spatial moments with true nodal plane of earthquakes for which this can
be easily inferred. For all continental strike-slip earthquakes and interplate oceanic
events, we can be reasonably confident of the true nodal plane in the presence of
an observed surface rupture or nearby plate boundary information. For each of
these events, we plot (Fig. 7.6) the difference in angle between the strike of the
inferred nodal plane and the strike of the principal eigenvectors for the corresponding
ensemble of spatial second moments. The median and vast majority of the angular
differences of each ensemble are less than 45°, suggesting that this methodology is
an effective tool for approximating the strike of the true rupture plane. We avoid
interpreting the strike of the principal eigenvectors at a more granular level, because,
as 1s apparent in Figure 6, some misalignment of the principal eigenvector and the
true nodal plane is common. The threshold of 45° used to determine alignment is

large enough to exceed potential errors in the principal eigenvector strike.

Intraplate oceanic ruptures have been observed to rupture multiple, near-orthogonal
faults throughout the course of the rupture (Meng et al., 2012; Lay et al., 2018;
Yamashita et al., 2021). As stated earlier, for these ruptures, the source mechanism
remains approximately constant because the rupturing faults are nearly orthogonal,
and thus the geometric assumption of this methodology remains valid. The stress
glut covariance will track the distribution of moment release throughout the course
of the rupture, and so for multi-fault ruptures the principal eigenvector may be
unaligned with the rupture planes. For an intraplate oceanic earthquake, if this results
in the principal eigenvector being unaligned with fossil fracture zones, we consider
this a valid example of weakening resulting in a rupture that cannot be explained
solely by fossil fracture zones, because such a rupture necessarily propagates on

multiple faults, some of which will be oriented at high angle to local fossil fractures.
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Figure 7.6: Evaluating source orientation against faults and crustal fabric. Left:
Comparison of principal eigenvector strike ensembles with true nodal plane strikes
for all continental strike-slip and interplate oceanic earthquakes. Right: Compar-
ison of principal eigenvector strike ensembles with fracture zone strike estimation
described in the main text for intraplate oceanic earthquakes near mapped fossil
fracture zones. For both plots, black dotted lines correspond to differences of 45°.
Green, red, and purple correspond to continental strike-slip, oceanic interplate, and
oceanic intraplate, respectively.

We apply this technique to the intraplate oceanic earthquakes that are situated
near mapped fracture zones. We estimate the fracture zone strike in the area by
considering the strikes of the fracture zones within 2° the event centroid. We
compute fracture strikes using the shapefiles provided by Seton et al. (2014) and
Wessel et al. (2015). For each event, we take the angular difference between the
entire ensemble of principal eigenvectors and every potential fracture strike to create
a distribution of potential angular differences. We plot these distributions in Figure
7.6. We find that only 3 of the 7 distributions have any members within 45° of
the fracture zone strike, suggesting that, more often than not, these ruptures are
unaligned with the surrounding ocean fabric. Indeed, this methodology cannot
decisively say whether or not the ruptures with principal eigenvectors that fall
within 45° of the fracture zone strike actually ruptured the fracture zone, but the
large disagreement between principal eigenvector strike and fracture zone strike for
the other ruptures suggest that it is very unlikely that fossil fracture zones dictated

the primary rupture plane. This motivates new explanations for weakening in the
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interior of the oceanic lithosphere that could host these large events, such as the
explanation that diffuse deformation away from the plate boundary may induce

faulting independent of preexisting ocean fabric.

Comparisons with previous studies

Many of the events included here are well-studied, and we thus devote considerable
space to evaluating our solutions in the context of prior literature. In Figure 7.7
we show projections of the ensembles of spatial deviation ellipsoids for a subset
of the events used in this study. These deviation ellipsoids are defined such that
the axes are the principal components of the second spatial moments scaled by the
standard deviation along that component. This is equivalent to finding an ellipsoid
that captures a single standard deviation of the source distribution in all directions.
We selected these events for display here because there exist readily available fault
slip distributions that were constrained using high-quality geodetic observations
and thus have a data constraint that is independent from seismic observations (Mai
and Thingbaijam, 2014; Socquet et al., 2019). We plot the ellipsoid representation
and expected vertical extent for a larger subset of events against all the events with
available peer-reviewed fault slip distributions in the SRCMOD database in Figures
7.S9 and 7.S10. We compute the expected spatial deviation ellipsoids for these
fault slip distributions and compare them to our solutions to assess the strengths and
shortcomings of our inversion. In general, there is good agreement between our
solutions and that of the fault slip distributions in terms of the rupture azimuths, the
ruptures’ vertical deviations, and, factoring in the subsequently discussed uncertain-
ties, the overall spatial deviations of these ruptures. Notably, this agreement holds
for the 2012 Wharton Basin earthquake for which, despite high variability between
slip distributions, a large component of approximately east-west moment release is
resolved in each study. All of these comparisons are made more difficult by the
intrinsic variability between slip models due to the use of different datasets, inver-
sion techniques, fault parameterization, and assumptions about the rupture process.
For example, in the case of the 1999 Izmit Earthquake, the difference between the
largest and smallest characteristic spatial deviations of the models included in this
study is over 70%. Given these factors, the solutions presented in this study provide
a valuable contribution, as this methodology avoids the a priori parameterizations
and assumptions present in slip distributions, and is applied uniformly to all of these

earthquakes.
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Figure 7.7: Map view (top row) and vertical plane (bottom row) projections of
median (dark blue) and individual ensemble members (light blue) of spatial second
moment ellipsoids for several events considered in this study. Other colored ellipsoid
projections come from geodetically-constrained fault slip distributions reduced to the
second moment form. Orange, green, red, purple, pink, and olive colored ellipsoids
correspond to solutions from Cakir et al. (2003), Delouis (2002), Reilinger et al.
(2000), Asano (2005), and Socquet et al. (2019), respectively.

One key difference between our results and those of the fault slip distributions is
that our ellipsoids are much wider in the fault normal direction than those computed
from the slip distributions; this is in fact expected behavior. This difference is a
consequence of the fact that the fault slip distributions parameterize slip on pla-
nar/curved surfaces rather than 3D volumes, resulting in spatial deviation ellipsoids
that are artificially much narrower than they would be if the inversions were solved
without this constraint. We also note that for the 1998 Ceram Sea Earthquake,
the strike of our characteristic ellipsoid is at high angle to the solution from Hayes
(2017). Selection of the true nodal plane for this event which, as reported in Hayes
(2017), was an intraplate earthquake in a poorly instrumented area with localized
slip near a single asperity, is difficult. Our methodology does not require us to define
a rupture plane a priori, and instead characterizes a moment distribution directly

from the waveforms. We expect this moment distribution to be aligned with the true
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nodal plane. As we discussed previously, this methodology is particularly useful for

resolving nodal plane ambiguity for such challenging cases.

Another important difference is that for the events that are expected to have the
greatest spatial length, our inversion resolves characteristic spatial deviations that are
sometimes lower than those of the fault slip distributions. There are several potential
reasons for these discrepancies, including spatial smoothing due to regularization
of the fault slip distributions and imaged slip artifacts due to inaccuracies in the a
priori assumptions of the inverse model (Graves and Wald, 2001; Gombert et al.,
2018; Ragon, Sladen, and Simons, 2019; Ortega-Culaciati et al., 2021). Both
of these factors would contribute to increases in the dimensions of spatial second
moments computed from slip distributions because they can artificially increase the
spread of inferred slipping regions. These factors are likely compounded for large
ruptures because the a priori fault surface dimensions of the slip model are set to
be conservatively large to ensure the incorporation of the entire rupture process,
and thus extend inversion artifacts farther from the centroid. This is acceptable for
a qualitative description of the rupture process; however, this slip can significantly
bias the spatial second moments of these slip distributions. For example, in the
case of the 1998 Balleny Islands Earthquake, the authors note that deep slip in this
model is poorly-resolved and potentially overestimated (Antolik et al., 2000). We
thus excise a segment of deep slip to the west of the centroid of their slip model,
which greatly reduces the size of the spatial ellipsoid to be much closer to our
second moment solution. We can systematically alleviate this issue by removing
slip patches with less than 10% of the peak slip, a very conservative estimate of
the amplitude of poorly constrained slip in these models, from each of these slip
distributions prior to computing their second moments. We plot these corrected
second moment ellipsoids and vertical deviations in Figures 7.S11 and 7.S12. This
accounts for a large amount of the characteristic spatial deviation discrepancy for

some of these events, particularly the Denali and Balleny Islands Earthquakes.

Another potential issue with some of these slip distributions is that, if they are
performed using only geodetic data with sparse temporal resolution, such as Inter-
ferometric Synthetic Aperture Radar (InSAR), they will include postseismic slip
into their solutions and resolve coseismic slip with high uncertainty (Weston et al.,
2012; Twardzik et al., 2019; Ragon, Sladen, Bletery, et al., 2019). This is potentially
the explanation for a large discrepancy between our solution for the 2001 Kunlun

Earthquake and that of Lasserre et al. (2005), who perform their inversion using co-
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seismic InSAR data that incorporate between 1 and 6 months of postseismic slip. For
example, there is a large amount of slip along the Taiyang Lake Fault that is resolved
using data far from the fault with a large temporal window between frames (3.7 years
before the earthquake and 6 months after the earthquake). Excising the slip from
this fault segment almost completely removes the difference in second moments
between their solution and our solution. We are not suggesting that there was no slip
on the Taiyang Lake Fault during this earthquake, as other slip distributions suggest
a low-amplitude subevent to the west (e.g., Antolik et al., 2004), but this comparison
illustrates the high degree of sensitivity these second moments computed from slip
distributions have to poorly constrained and potentially overestimated slip far from

the centroid.

There are also many slip models not included in this direct comparison. While we
cannot discuss all of them here, we note several key differences between these stress
glut variances and finite fault slip distributions that are important in contextualizing
these results. The stress glut covariance only yields an estimate of a parameter that
summarizes the distribution of slip, and does not estimate the full slip on the fault.
For example, although several hundred kilometers of the Bering Fracture Zone are
expected to have ruptured during the Komandorsky Islands earthquake (Lay et al.,
2017), the slip distribution suggests highly concentrated moment release along a
much shorter segment of the fault. This type of distribution would yield a source
spatial variance that is much smaller than the full length of slip on the rupturing fault.
The temporal deviations should be interpreted similarly. Additionally, the average
centroid velocity describes the integrated velocity behavior of the entire rupture,
and thus should not be confused with instantaneous rupture speed. For example, a
rupture that experienced supershear propagation could have a much lower average
centroid velocity if the rupture had a bilateral component or if the rupture was slower

before or after the supershear period.

Finally, solutions for the Tibet, Balleny Islands, Ceram Sea, and Izmit earthquakes
were computed with stress glut second moment inversion frameworks in prior studies
(McGuire et al., 2000; McGuire et al., 2002; Clévédé et al., 2004). The characteristic
quantities from these studies are shown in Table 7.S2. In general, while these
solutions agree for many parameters, there are several differences between these sets
of solutions. The Izmit Earthquake is the most useful earthquake for comparison,
because second moments were computed for this event in three different frameworks,

and this event is the best documented of the overlapping events. In short, the spatial
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deviations are largely consistent between studies, McGuire et al. (2002) reports a
much narrower temporal deviation than Clévédé et al. (2004) and this study, and
this study reports a much lower average centroid velocity than McGuire et al. (2002)
and Clévédé et al. (2004). For this event, the longer temporal deviation estimates
and the expectation of near-bilateral directivity reported in this study are consistent
with studies that investigated the time-dependent slip of this earthquake (Yagi and
Kikuchi, 2000; Delouis, 2002; Bouchon, 2002; X. Li, 2002), so we believe our
framework yields the preferred solution for this event. Again, for the other events,
there are many commonalities but several differences between solutions. These
differences may arise from the differences in priors and parameterizations between
studies. For instance, McGuire et al. (2000) and McGuire et al. (2002) allow
the lower order moments to vary, constrain the radial component of the spatial
covariance, use a fixed frequency band for all events, and use a different Earth
model and distinct phases. We choose to fix the lower moments and allow the
second moments to vary freely, because we consider the centroid moment tensor
solutions for these large events to be very well-constrained relative to our knowledge
of the finite properties of these events. Our selection of the frequency band and
Earth model are meant to improve the isolation of the contribution of the second

moments of these ruptures.

7.5 Conclusions

By computing ensembles of stress glut second moments for all large strike-slip
earthquakes of the past few decades, we illuminated several patterns in these rup-
tures that suggest predominant behaviors and variability with tectonic environment.
Our results show that large strike-slip ruptures usually have a large component of
unilateral behavior, with many ruptures exhibiting evidence for complicated rupture
propagation sequences. We also observed that intraplate oceanic events have wider
ruptures than other large strike-slip earthquakes, potentially illustrating a system-
atic behavior of rupturing below the expected brittle-ductile transition zone depth.
Finally, we show that by resolving the approximate rupture plane strike of major
oceanic intraplate earthquakes, most of the earthquakes show no alignment with the
fossil fracture zones in the area. This suggests that the assumption that large oceanic

intraplate earthquakes reactivate fossil fracture zones is usually incorrect.
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Table 7.S1: Frequency bands used for the second moment inversion for each event.

Name Date M,, Frequency Band (mHz)
Tibet 1997-11-11 7.53 8.1-13.4
Balleny Is. 1998-03-25 8.14 4.0-6.6
Ceram Sea 1998-11-29 7.75 6.3-10.4
Izmit 1999-10-17 7.61 7.5-12.3
Sulawesi 2000-05-04 7.57 7.8-12.8
Whar. Basin (1) 2000-06-18 7.92 5.2-8.6
Kunlun 2001-11-14 7.81 5.9-9.7
Irian Jaya 2002-10-10 7.58 7.7-12.7
Denali 2002-11-03 7.88 5.4-9.0
Carlsberg Rdg.  2003-07-15 7.57 7.8-12.8
Macquarie Is. 2004-12-23 8.11 4.2-6.9
Whar. Basin (2) 2012-04-11 8.6 2.4-3.9
Whar. Basin (3) 2012-04-11 8.28 3.5-5.7
S.E. of Alaska 2013-01-05 7.56 7.9-13.0
Solomon Is. 2014-04-12 7.66 7.0-11.6
Whar. Basin (4) 2016-03-02 7.82 5.9-9.7
Komandorski Is. 2017-07-17 7.79 6.1-10.0
Honduras 2018-01-10 7.55 8.0-13.1
Gulf of Alaska  2018-01-23 7.96 5.0-8.2
Palu 2018-09-28 7.60 7.5-12.4
Papua N.G. 2019-05-14 7.60 7.5-12.4
Canary Is. 2020-01-28 7.72 6.5-10.8
S. of Alaska 2020-10-19 7.62 7.4-12.2
Turkey-Syria (1) 2023-02-06 7.83 5.8-9.5
Turkey-Syria (2) 2023-02-06 7.78 6.2-10.1

Table 7.S2: Summary of second moment parameter results from prior studies.

Name L. (km) ||vo|| (km/s) t.(s) Study

Tibet 44 + 5 43+0.2 10 £ 1 McGuire et al. (2002)
Balleny Is. 178 + 14 3.6+0.1 48 £ 1 McGuire et al. (2002)
Ceram Sea 76.5+5 3.7+0.6 6+ 1 McGuire et al. (2002)
Izmit 64.0 39+0.3 15.0 Clévédé et al. (2004)
Izmit 52+7 63+14 7+1 McGuire et al. (2002)
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Figure 7.S1: Examples of waveform fits for the 2002 M,,7.88 Denali earthquake.
The waveforms in the top grouping are fits to the SH phase. The waveforms in the
bottom grouping are fits to the R1 phase. The black and blue lines correspond to
the observed waveforms and the point source theoretical Green’s functions at each
respective station. The red and gray lines correspond to the waveform fit of the
mean solution and the distribution of fits for the ensemble of solutions respectively.
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Figure 7.S2: Examples of waveform fits for the 2018 M,,7.60 Palu earthquake. The
waveforms in the top grouping are fits to the SH phase. The waveforms in the
bottom grouping are fits to the R1 phase. The black and blue lines correspond to
the observed waveforms and the point source theoretical Green’s functions at each
respective station. The red and gray lines correspond to the waveform fit of the
mean solution and the distribution of fits for the ensemble of solutions, respectively.
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Figure 7.S3: Station distribution for the three events plotted in Figure 3 of the
main text in an azimuthal equidistant projection. Orange triangles represent Global
Seismographic Network Stations and focal mechanisms are produced using the
gCMT solution (Ekstrom et al., 2012).
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Figure 7.54: Ensembles of parameters defined in equations 4 and 5 of the main text
for the oceanic interplate earthquakes considered in this study.
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Figure 7.S5: Ensembles of parameters defined in equations 4 and 5 of the main text
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Figure 7.56: Ensembles of parameters defined in equations 4 and 5 of the main text
for the oceanic intraplate earthquakes considered in this study.
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Figure 7.S9: Map-view comparison of deviation ellipsoids between the second
moment solutions produced in this study and those computed from peer-reviewed
fault slip distributions in the SRCMOD database (Mai and Thingbaijam, 2014).
Additional solutions for Palu earthquake from Socquet et al. (2019) and Hayes
(2012), which is not peer reviewed but includes multiple faults, are included as well.
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Figure 7.510: Comparisons of vertical deviations between the second moment
solutions produced in this study and those computed from peer-reviewed fault slip
distributions in the SRCMOD database (Mai and Thingbaijam, 2014). Additional
solutions for Palu earthquake from Socquet et al. (2019) and Hayes (2012), which
is not peer reviewed but includes multiple faults, are included as well.
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Figure 7.S11: The same plots as shown in Figure 7.S7, but produced with all slip
patches with slip < 10% of the peak slip removed.
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Chapter 8

MEASURING FAULT ORIENTATION EVOLUTION USING
SEISMICITY

Atterholt, J. and Ross, Z. E. (In Prep). The evolution of fault orientation in the 2019
Ridgecrest Earthquake Sequence with a new long-term catalog of seismicity and
moment tensors.

Abstract

Throughout an earthquake sequence, perturbations to the stress field may lead to
changes in the distribution of active fault orientations. Resolving such changes
for narrow spatiotemporal windows requires high-quality seismicity catalogs and
objective techniques to measure fault orientations. We investigate the evolution of
fault orientations throughout the 2019 Ridgecrest earthquake sequence using a new
seismicity catalog that captures the sequence over several years. We generate this
catalog using a state-of-the-art workflow for event detection, absolute and relative
relocation, and moment tensor inversion. With this catalog, we measure high reso-
lution, time-dependent changes in the orientations of active faults using a technique
from spatial statistics that quantifies anisotropic features in point processes. We
evaluate the results alongside those of more standard techniques based on focal
mechanisms. Near the centroid of the mainshock, we observe a substantial shift in
the distribution of fault orientations, whereas to the south of the mainshock centroid,
we observe only a moderate transient change in the distribution of fault orientations.
Compared with results derived from focal mechanisms alone, our findings suggest
a smaller background differential stress and a distinct response of the stress state to

postseismic deformation.

8.1 Introduction

Earthquakes are expressions of inelastic strain driven by stress. Stress is relieved
and redistributed by earthquakes. If a rupture is large and the stress drop is a
substantial proportion of the differential stress, the orientation of the stress field in the
volume surrounding the fault before and after the earthquake may differ measurably
(Hardebeck and Hauksson, 2001; Michael, 1987; Yin and Rogers, 1995; Zoback

and Beroza, 1993). These so-called stress rotations have been observed for many
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earthquakes and are typically resolved by measuring changes in focal mechanisms
(see Hardebeck and Okada (2018) for review). Earthquakes exhibit nonuniform slip
and postseismic behavior (e.g., Ozawa et al., 2012; Perfettini and Avouac, 2007; Yue
et al., 2021). By extension, the corresponding perturbation to the stress field in the
volume around the rupture is expectedly varied. Thus, imaging perturbations to the
stress field around rupture zones with increasing granularity is valuable, because
this provides an observational constraint on how heterogeneous slip redistributes
stress and influences what faults become active in the volume around the rupture
zone (Yoshida et al., 2015) and how postseismic processes variably reload faults
(Hardebeck, 2012; Zhao et al., 1997).

In July of 2019, the Ridgecrest earthquake sequence initiated in the Eastern Cali-
fornia Shear Zone. This sequence included a large, left-lateral Mw 6.4 foreshock
and an orthogonal, right-lateral Mw 7.1 mainshock (Ross et al., 2019). Both earth-
quakes exhibited heterogeneous slip and postseismic deformation (e.g., Jin and
Fialko, 2020; Pollitz et al., 2022) and so may have variably affected the stress state.
These earthquakes occurred in a well-instrumented area and were accompanied by
numerous smaller foreshocks and aftershocks. The aftershock sequence lasted for
over 3 years. The abundance of seismicity in this sequence provides an opportunity
to measure the evolution of active fault orientations with high spatial and temporal
resolution. A noteworthy feature of this earthquake is the abundant conjugate fault-
ing that is clearly visible in the surface ruptures and patterns of seismicity (Shelly,
2020). This conjugate faulting allows for the estimation of the average dihedral
angle and coefficient of friction of the rock (Fialko, 2021) and demonstrates the

potential difficulty of describing faulting using focal mechanisms alone.

The Ridgecrest sequence is exceptionally well-studied, and it is an ideal place to
evaluate emergent methodologies because there are many baseline studies with
which to contextualize new types of observations. Some studies have estimated
the change in active fault orientations due to the Ridgecrest earthquake using fo-
cal mechanism-based techniques. Sheng and Meng (2020) performed a spatially
compartmentalized stress inversion before and after the mainshock using a focal
mechanism catalog and found a small clockwise rotation in a region surrounding the
Mw 6.4 foreshock centroid. These authors also report a heterogeneous postseismic
stress field in the centroid zone and infer a near complete stress release in that area.
Using summations of focal mechanisms, Cheng et al. (2023) resolve a counterclock-

wise rotation of focal mechanisms immediately after the mainshock in the vicinity
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of the centroid, suggesting a localized change in the stress state. One way we build
on these studies is by applying these standard techniques to a new, long-term and
dense relocated seismicity and moment tensor catalog. This increases the temporal
resolution, the precision, and the duration over which we can evaluate the evolution

of the stress state.

Focal mechanisms are often used to invert for rotations of the stress field (Gephart
and Forsyth, 1984; Michael, 1984). The physical basis for this approach is that
focal mechanisms define rupture planes that are partially a function of the stress
orientation. However, using these inversions to infer stress at finer scales presents
several challenges. These inversions require high focal mechanism diversity to infer
the true stress orientation (Hardebeck and Hauksson, 2001). This is increasingly
difficult to achieve over narrower spatiotemporal windows, especially when the true
nodal planes are not known, or the focal mechanism uncertainty is high. Addi-
tionally, these inversions assume homogeneous stress in the volume encompassing
the included focal mechanisms, an assumption that may break down near large
earthquakes (Townend, 2004). This means that the zonation of the rupture volume,
which is usually arbitrary, may have a substantial influence on the resolved stress
state (Smith and Heaton, 2011; Townend and Zoback, 2001). Relatedly, other fac-
tors such as crustal anisotropy affect the orientations of active faults (Nevitt et al.,
2023; Segall and Pollard, 1983). This means certain populations of faults may
not necessarily be representative of the stress orientation. This may serve to bias

resultant stress orientation estimates if such populations are included in the volume.

In some circumstances, earthquake hypocenters can be used to measure geometrical
attributes of faults (e.g., Fialko, 2021; Plesch et al., 2007). Techniques from sta-
tistical point process theory have recently been demonstrated capable of measuring
various geometrical properties of seismicity catalogs, such as the distribution of
fault orientations in a volume (Ross et al., 2022; Ross, 2024). Seismicity derived
measurements may provide complementary constraints on active fault orientations
at fine spatiotemporal scales, with possible additional benefits such as the ability
to uniquely define fault planes and measure distinct modes of fault orientations.
Methods based on seismicity may avoid issues pertaining to nodal plane ambiguity
and biases arising from reducing all observations in a volume to a single quantity.
We further build on previous studies by applying a new technique for estimating

fault evolution throughout a seismic sequence using hypocenter locations. The
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results from this hypocenter technique provide new and exciting insights into the

progression of the state of stress throughout the sequence.

The contributions of this study are as follows. 1. We present a long-term, high-
precision seismicity catalog of the Ridgecrest earthquake sequence that spans several
years and captures the full aftershock sequence. We also compute thousands of
moment tensor solutions in a Bayesian framework using first-break amplitudes
and polarities. 2. We objectively evaluate the progression of fault orientation
throughout the sequence in narrow spatial and temporal windows using a measure
from point process theory. We additionally compute estimates of fault orientations
using the focal mechanism catalog for comparison. Each of these techniques suggest
a localized change in the dominant faulting regime around the centroid of the
mainshock and the largest foreshock. We show, however, that the hypocenter-
based measurement resolves a larger change in orientation than the focal mechanism
results and a distinct postseismic response. We thus present new constraints on the
background differential stress and new insights into how postseismic deformation

relates to the recovery of stress following a large earthquake.

8.2 Constructing a Seismicity and Moment Tensor Catalog

We generate a seismicity catalog for the Ridgecrest earthquake sequence using a
comprehensive workflow. The process of building a catalog from scratch begins by
scanning the continuous seismic data for probable P and S wave arrivals. We do
this using Phase Neural Operator (PhaseNO) (Sun et al., 2023), a new algorithm
that incorporates Fourier and graph neural operators to consider both temporal and
spatial patterns in continuous data to more effectively mine seismic data for phase
arrivals. We apply this to continuous waveform data from a multi-network array
of 66 3-component broadband seismometers (SCEDC, 2013; University of Nevada,
1971; USGS, 1980) that spans the period from April 2019 to May of 2023. These
stations were selected by searching for all available broadband stations within a
conservatively wide spatial window (200x200 km) centered on the approximate
mainshock hypocenter. Both vertical and horizontal (N) components were used
during the earthquake detection step. The station distribution used for this catalog is
shown in Figure 8.S1. Seismograms were high-pass filtered above 1 Hz. The neural
network graphs, which encoded spatial relationships between stations when making
picks, included 18 stations. We associate resultant picks to seismic events using
Gaussian Mixture Model Association (GaMMA) (Zhu et al., 2022), which casts

association as an unsupervised clustering problem that clusters arrivals according
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to relative arrival time and amplitude decay. For this catalog, we enforce that there
need be at least 15 picks for an earthquake to be associated and we set the maximum
phase time error to be 2 s. The GaMMA algorithm requires dividing the dataset
into temporal sub-windows; we set this window length to 10 s. This association step
yields 326,345 events.

We subsequently compute absolute event locations using hypocenter inversion with
Stein variational inference (HypoSVI) (Smith, Ross, et al., 2021). This combines
a physics informed neural network used to solve the Eikonal equation (EikoNet)
(Smith, Azizzadenesheli, et al., 2021) with Stein variational inference, a technique
that instantiates a set of particles that march towards an approximation of the dis-
tribution of potential hypocenter locations. We use a smoothed version of the
Hadley-Kanamori model (Hadley and Kanamori, 1977) for Southern California as
the velocity model and use source-specific station term corrections to improve rela-
tive locations and partially account for 3D structure (Richards-Dinger and Shearer,
2000). We perform these corrections using 8 iterations to approach stable site terms
and earthquake locations. To quantify the uncertainty of these locations, we es-
timate the 90th percentile of the maximum horizontal and vertical uncertainty for
the nonrelocated events that are ultimately preserved in the final catalog. Using the
posterior distributions computed with HypoSVI, we find that 90% of these events
have horizontal uncertainties less than 700 m and vertical uncertainties less than
1 km. We perform relative relocation using differential arrival times computed by
cross-correlating nearby event waveforms and subsequently performing relocation
using GrowClust (Trugman and Shearer, 2017). GrowClust uses a flexible cluster
criterion and minimizes differential travel-time differences using the L.1 norm. We
enforce a minimum cross-correlation coefficient of 0.65 and that each event pair
has at least 6 differential time observations. Only events that were relocated are
preserved, leaving 214,467 events. The resultant seismicity catalog is shown in

Figure 8.1a.

We calculate moment tensors for the catalog using P-wave amplitudes following
the methodology of Wilding and Ross (2024). In this technique, automated mea-
surements of signed P-wave amplitudes are extracted from vertical-component dis-
placement waveforms by integrating the area underneath the first swing of the P
arrival. We solve for moment tensors in a Bayesian framework to determine the
full range of uncertainty of our solutions. Applying this measurement algorithm,

we retrieve 226,615 P amplitude measurements for 45,684 events. We set a mini-
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Figure 8.1: Plot of the seismicity (A) and focal mechanisms (B) resolved during
the catalog creation step in this study. The regionalization used to measure faulting
evolution over narrower spatial windows is shown in A. Also shown are the locations
of the Mw 6.4 foreshock and Mw 7.1 mainshock centroid locations as the smaller
and larger black star, respectively.

mum threshold of 15 measured amplitudes to invert for a moment tensor and obtain
7,645 events that meet this criterion. We correct for unmodeled 3D structure by
iteratively calculating source-specific station correction terms for each event using
the amplitude residuals of neighboring events within 10 km. For each solution, we
estimate uncertainties in strike, dip, and rake by measuring the standard deviations
of the posterior distributions (Fig. S2). We impose a strict criterion of having strike,
dip, and rake uncertainties below 7.5 degrees and discard events with uncertainties
above this threshold, preserving 4,892 moment tensor solutions. We find that these
well-constrained solutions are predominantly double couple (e.g., Fig. S2), justi-
fying our subsequent assumption of double-couple faulting. These remaining focal

mechanism solutions are plotted in Figure 8.1b.

A map-view representation of the catalog produced in this study is shown in Figure
8.1. As resolved in previous studies (Shelly, 2020), there is abundant horsetail
faulting in the northwest and pervasive conjugate faulting in the region around
the Mw6.4 foreshock. An important advantage of the catalog produced in this

study over other high-resolution seismicity catalogs for this sequence (Ross, Idini,
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et al., 2019; Shelly, 2020) is its temporal extent (Figure 8.S3). In this region, the

seismicity rate is elevated above the rate for the months preceding the mainshock
for over 3 years. Over the course of the catalog, we record over 150,000 events in
the immediate vicinity of the mainshock. For the period during which the catalogs
overlap, we record nearly 3 times the number of relocated events as reported in
the Hauksson et al. (2012) catalog. But the catalogs we generate in this study still
only provide a snapshot of the seismicity during the earthquake sequence and the
months immediately preceding and following it. To obtain a reference for the state of
stress from seismicity over the decades prior to the earthquake sequence, we use the
updated relocated seismicity catalog from Hauksson et al. (2012) and the updated
focal mechanism catalog produced with the methods of Yang et al. (2012). These
catalogs have solutions for the region dating back to 1981 and are shown in Figure
8.54. For the focal mechanism catalog, we only use the highest quality solutions
(quality A).

We use these catalogs and three complementary methods (described subsequently)
to evaluate the evolution of active fault orientations throughout the sequence. We
apply these methods within several spatial windows presumed to capture distinct
behavioral regimes. These windows are intentionally narrow to minimize the possi-
ble effect of spatial variability in seismicity within a window mapping into temporal
variability, but large enough to include sufficient seismicity and focal mechanism
diversity to infer the fault orientation evolution. This zonation is shown in Figure
8.1. The NW zone captures the abundant horsetail faulting in the sequence. The
centroid zone is, by contrast, structurally simpler and encompasses the region of
maximum mainshock slip. The foreshock zone encompasses almost the entire fore-
shock sequence, allowing us to test for transient stress behavior between the large
foreshock and mainshock. The SE zone captures the subparallel faulting near the
Garlock Fault.

8.3 Computing Fault Orientations with Focal Mechanisms

To establish a baseline with which to evaluate the results of the hypocenter derived
measurements, we evaluate the evolution of fault orientation using two standard
techniques that employ focal mechanisms. The large number and high quality of
the moment tensors produced in our catalog allow for us to apply these methods at
high temporal resolution within our defined regions. The first of these metrics is
normalized potency tensor summation (NPTS) (Bailey et al., 2009; Kostrov, 1976).

For this method, we assume a double couple mechanism for each moment tensor
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solution, normalize the components by a value proportional to the seismic moment,
and sum the corresponding tensor components for all source mechanisms within a

spatiotemporal window,

N
Sij = Zﬁg‘). (8.1)
k

where P is the kth normalized potency tensor. Normalizing the tensors removes
magnitude-dependent weighting and thus allows for a summed tensor that is more
representative of the diversity of faulting in the window. We consider the orientation
of the vector defining the middle of the dilatational quadrant of the focal mechanism
(P-axis) of the summed tensor as a measure of the relative orientation of active
faults.

For a double-couple potency tensor, the intermediate eigenvalue, A, is zero. For a
sum of double-couple potency tensors with dissimilar rupture orientations, 1, may
be nonzero and corresponds to a nonzero compensated linear vector dipole (CLVD)
component. This quantity can be a useful measure of the heterogeneity of slip in a

window, and can be represented as,

. (8.2)

V6 A,
rcrLvp = 7

This value is by design bounded between -0.5 and 0.5 and quantifies potency tensor

scatter.

We apply this methodology to the updated Yang et al. (2012) catalog to define
a long term reference, and separately within narrow spatiotemporal windows for
our moment tensor catalog. For the events in our catalog, we select the temporal
sampling such that each time window includes 150 focal mechanisms. We include
some important time windows before the mainshock, during the foreshock sequence,
and towards the end of the aftershock sequence that may have fewer than 150 focal
mechanisms but have what we deem a sufficiently large set to recover a representative
average (more than 50 focal mechanisms). We estimate error by bootstrapping the
potency tensors included in the summation. The evolution of the P-axis and r¢cryp
resolved from these summations for each zone are shown in Figures 8.2 and 8.3,

respectively, and we additionally report these values in Table 8.S1.
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Figure 8.2: Direct comparison plot showing time evolution of faulting between
methods applied in this study. The progression of the dip direction (black) measured
using the peaks of the K.,; plots is compared to the horizontal trend of o (blue)
and the P-axis (red) by transforming the y-axis bounds using the measured dihedral
angle. The direction of deviation in the dip from 90 degrees is chosen according
to whether the dip is towards the corresponding dip direction (+) or away from
the corresponding dip direction (-). In the foreshock zone, the pre-mainshock bin
has two windows, one prior to the Mw6.4 foreshock (labelled P) and one between
the Mw6.4 foreshock and the Mw7.1 mainshock (labelled F). K., values of the
aftershock sequence in the NW zone are plotted as light gray to highlight that these
values do not show a stable progression of the primary fault orientation mode with
time.

We next summarize the results of these figures for each spatial window. (i) SE
Zone. In this region, closest to the Garlock fault, the P-axis orientation remains
effectively unchanged with time and is scattered around O-degree azimuth. This
region unfortunately has too few focal mechanisms available to compute a reference
NPTS estimate prior to the mainshock, so we cannot establish whether a stress
rotation occurred here. (ii) Foreshock Zone. Here, there is no significant change
in P-axis strike following the Mw 6.4 foreshock; however, following the mainshock,
there is a transient 10-degree clockwise rotation in the P-axis strike that lasts one
week. In the following time window, the P-axis strike recovers to the initial O-degree

azimuth and does not change significantly for the rest of the sequence. This behavior
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could suggest a rotation of the stress state due to the mainshock, and arecovery of the
initial stress state due to very early postseismic deformation. (iii) Mainshock Zone.
The P-axis strike prior to the mainshock is approximately 10 degrees and rotates
counterclockwise to 0-degree azimuth. In the postseismic period, for a window that
begins approximately one month after the mainshock, the P-axis strike is rotated
another 10 degrees counterclockwise. This behavior would suggest a rotation of
the stress state due to the mainshock and a further rotation due to postseismic
deformation. (iv) NW Zone. does not show a significant change in P-axis strike,

which is approximately 15 degrees, throughout the earthquake sequence.

In nearly all spatiotemporal windows, the P-axis plunge has a much larger uncertainty
than the P-axis strike but is close to zero. The only exception is the centroid zone
in the pre-mainshock period, which has a steeper plunge (31-51 degrees). Although
zonation varies, when comparable, our results are largely consistent with focal
mechanism results from previous studies. The large change in active fault orientation
across the mainshock in the centroid zone is consistent with a rotation for a similar
region in Cheng et al. (2023) and an inferred complete stress release from Sheng
and Meng (2020) in a similar region from heterogeneous faulting behavior. The
change in orientation immediately after the mainshock in the foreshock zone agrees
with a clockwise rotation resolved in a similar region in Sheng and Meng (2020).
Because the catalog in Sheng and Meng (2020) is abbreviated in time, this study

does not resolve the subsequent recovery.

As shown in Figure 8.3, rcryp values for all spatiotemporal windows are negative.
Negative rcryp, combined with a P-axis orientation with a low plunge, suggest a
strike-slip dominated regime with a mix of normal faulting. This is in agreement
with studies that evaluate the distribution of focal mechanisms for this sequence by
faulting type (e.g., Hardebeck, 2020; Wang and Zhan, 2020). However, making
more detailed observations of the evolution of rcryp with time is difficult. In the
SE and Foreshock zones, rcpyp is relatively stable over time, showing that the
composition is not changing. However, in the centroid and NW zones, there is
an increase in rcryp following the mainshock. This would suggest a reduction
in the amount of normal faulting or an increase in the amount of reverse faulting
in these zones following the mainshock. The latter explanation would support the
suggestion made by (Sheng and Meng, 2020) of increased heterogeneity of faulting
in this region and a nearly complete stress release. However, this observation could

also be an artifact of computing pre- and post-mainshock rcpyp values with different
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Figure 8.3: rcpyp values and corresponding focal mechanism diagrams for the
normalized summed potency tensor solutions for the spatial and temporal windows
used in this study. The dotted line marks where rcpyp is equal to zero. In the
foreshock zone, the pre-mainshock bin has two windows, one prior to the M6.4
foreshock (labelled P) and one between the M6.4 foreshock and the M7.1 mainshock
(labelled F).

catalogs. This could map into an apparent change in faulting heterogeneity across
the mainshock due to different uncertainties between catalogs. As shown in Figure
8.S7, when computing rcryp using the Yang et al. (2012) catalog prior to and

following the mainshock, these changes in rcryp largely disappear.

The second technique we employ is the Spatial and Temporal Stress Inversion
(SATSI) algorithm to invert for the stress orientation and stress ratio (R) within
spatiotemporal windows using focal mechanism solutions (Hardebeck and Michael,
2006; Martinez-Garzon et al., 2014). The stress ratio is defined as,
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where o, 0, and o3 are the three principal stresses. This technique is routinely
applied when quantifying stress evolution and we include it to contextualize the
results of this study in the broader literature. This algorithm allows for the use
of a damping term; to ensure comparability between methods used in this study,
we set this term to zero. Nodal plane ambiguity is addressed by randomly picking
one of the two nodal planes for each focal mechanism solution. The resultant error
on each tensor is estimated via bootstrapping, with alternative fault selection for
each bootstrapped sample. We choose the same sets of focal mechanisms for this

inversion as used in the NPTS for comparability.

Hardebeck and Hauksson (2001) show that substantial focal mechanism diversity is
necessary to recover the stress orientation using a stress inversion. They show that
for a set of focal mechanisms with nodal plane ambiguity and 10-degree errors, if the
mean RMS angular difference of the set of focal mechanism is at least 40 degrees,
then an unbiased recovery of the stress orientation is possible. In our case, this
focal mechanism diversity varies by region. These values are given in Table 8.S2.
The RMS angular difference is at or above 40 degrees for the centroid zone, but in
other regions lower values are common (generally, 25-40 degrees). Slightly lower
values are acceptable in our case because the expected nodal plane uncertainty in
our moment tensor catalog is usually much lower than 10 degrees. But even in the
absence of error, low angular diversity will still generate biasing away from the true
stress orientation and must be accounted for when interpreting these results. This
is emblematic of the challenge involved when attempting to measure changes in the
stress state at relatively granular scales near ruptures. Stress inversions also assume
that each cell has a homogeneous stress field. The validity of this assumption can be
evaluated by computing the average misfit between the predicted tangential traction
and the observed slip direction () (Michael, 1991). For a moderately varying stress
field, the stress inversion will generally recover the average stress if 5 < 45°. Values
larger than this show too much variability to reliably recover the average stress. The
3 values for each inversion performed in this study fall below 45° and are shown in
Table 8.S2.

We apply the SATSI inversion to the same sets of focal mechanisms to which we
applied NPTS. We plot the evolution of the o trend and plunge on the same plot
as the P-axis strike and plunge determined with NPTS in Figure 8.4. These values
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are also given in Table 8.S2. There are no significant differences between the o
and P-axes orientations, as for each spatiotemporal window, the bootstrapped error
bounds of these axes always overlap. Generally, the P-axis and o orientation should
not be coincident, because aligning these two axes would suggest a dihedral angle
of 90 degrees. However, the observed close alignment of these two quantities in our
results is perhaps not surprising; it has been observed that near faults, in the absence
of sufficient diversity, as is commonly found near recent ruptures, the resolved o
axis converges to be coincident with the P-axis (Townend, 2004). We additionally
report the stress ratio values in Table 8.S2, which generally fall between 0.1 and 0.5,

but there is too much uncertainty to identify clear trends across the sequence.

8.4 Measuring Seismicity Anisotropy with Cylindrical K-Functions

We have evaluated fault orientations using some standard focal mechanism-based
techniques to establish a baseline for what may be learned with only a focal mech-
anism catalog. We now apply an emergent technique that uses only hypocenter
locations to learn new things about the evolution of fault orientation throughout
the sequence. Hypocenter distributions are well known to exhibit linear and pla-
nar features in space (Rubin et al., 1999; Waldhauser and Ellsworth, 2000). Such
geometrical features can be described quantitatively with a statistical framework
called anisotropic point processes (e.g., Mgller and Toftaker, 2014; Nasirzadeh et
al., 2021). That is, we can characterize seismicity as a collection of points that
are driven by a stochastic process and have directional inhomogeneity. We can
then apply a tool developed to characterize anisotropic point processes to seismicity
catalogs to understand their fundamental characteristics. The high density of events
in the seismicity catalog produced in this study allows for the estimation of this

anisotropy at high temporal resolution.

We evaluate the predominant modes of anisotropy in the seismicity catalogs using
a measure of spatial correlation called the Cylindrical K-function. The K-function
is a cumulative function that measures the average number of points around each
point within a sphere of variable radius (Ripley, 1976). That is, for each point in a
volume, a K-function counts the number of neighboring points. To detect anisotropic
spatial patterns, a variant of the K-function, called the Cylindrical K-function, was
proposed that instead uses neighborhoods of cylindrical shape (Mgller et al., 2016).
The motivation for using a cylinder is that the function may be evaluated at many

orientations of the cylinder to measure anisotropy of seismicity. We care about the
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anisotropy of seismicity because the direction of anisotropy is expectedly coincident

with the orientation of active faults.

For a unit vector n = [cosesind, sinpcosd, cosf], defining the orientation of a
cylinder centered at the position of a point x;, C,(x;), with radius r and height 2t,

the cylindrical K-function is defined as,

1 m m
Keyi(r,t,0,¢) = = 3" > 1{x; € Cu(x) ey, (8:4)

L=
where m is the number of points in the volume, 7y is a normalization factor, and e;;
is a translation-based edge correction factor. In words, we parameterize a cylinder
with a size and orientation and center it around each point in a volume. We then

count the number of points that fall within the cylinder.

Ross (2024) showed that K.y; could detect the orientations (strike and dip) of planar
fabrics in fault zones in southern California, even if the fault zone was distributed
over kilometers. Here we also use this method to quantify the distribution of fault
orientations present in the Ridgecrest region. We compute K., for many orientations
defined by 6 and ¢. For a scale defined by r and t (1.0 and 0.1 in this study), the
predominant fault strike and dip modes may be inferred from the 6 and ¢ values that

maximize Ky;.

The error is estimated by bootstrapping over the contributing events and computing
the fault normal vector with the largest value of K, for each bootstrapped sample.
We compute K., for a full sweep of strikes and dips over several time intervals
within each spatial window defined over our seismicity catalogs. The seismicity
rate is not the same within each zone, and we set the temporal resolution to be
dependent on the seismicity rate. So, different zones have different numbers of
temporal samples. We find that 5,000 hypocenters allow for reliable recovery of
clear modes in K.,;. We thus compute K,; over disjoint time intervals that include
5,000 events, again with some exceptions made for constrained time intervals such
as before the mainshock, during the foreshock sequence, and near the end of the

aftershock sequence.

We compute cylindrical K-functions using the seismicity catalog produced in this
study for the four spatial windows, alongside that of the entire region (Figure 8.4).
These diagrams show clear modes in the distribution of fault orientations for these

regions. For example, in the full catalog, there are two modes that correspond to
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Foreshock Zone

Full Catalog

NW Zone

Figure 8.4: K., values for sweeps of dip direction (¢) and dip (6) for the time-
integrated seismicity for the regions defined in and the catalog produced in this
study. The azimuth and the distance from the center define the dip direction and
dip, respectively. Locations of the crosses in the full catalog plot correspond to the
picked modes of anisotropy used to define the dihedral angle used for comparison
in this study.

planar fabric in the seismicity that dip 80 degrees to the northeast and southeast.
This fabric corresponds to the alignment of seismicity on faults in the dataset and
captures the strikes and dips of the active faults. The K.,; plots quantify what is
qualitatively observable from visual inspection of the seismicity in Figure 8.1; there
are clear and distinct lineations in the seismicity corresponding to conjugate faults
striking to the northwest and northeast. Once quantified, we can objectively evaluate
how the distributions of active fault orientations as defined by seismicity relate to

each other and vary with space and time.

The K.y plot for the SE zone also shows conjugate fault orientations with one
orientation dipping approximately 85 degrees to the northeast and another dipping
80 degrees to the southeast. The foreshock zone is dominated by a single mode of

fault orientations dipping nearly 90 degrees to either the northwest or southeast, as
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the dip direction is nonunique for a vertically dipping fault. The centroid zone shows
a clear mode dipping 80 degrees to the southwest. Finally, the NW zone shows a
smeared mode that suggests a dip of 60 degrees in directions ranging from due east
to the southeast. This smearing of the mode suggests the overprinting of planar

fabrics in the seismicity with a diversity of strikes and no predominant azimuth.

The conjugate faulting observed in the K.y; plots for the full catalog and the catalog
in the SE region allow for the computation of a dihedral angle between fault modes.
The dihedral angle between conjugate faults is an important control on the coefficient
of friction of the faulting rock. Measurements of the full catalog suggest a dihedral
angle of 62.5 degrees, whereas the conjugate faulting in the SE zone suggests a
larger dihedral angle of 77 degrees. These angles are consistent with the results of
Fialko (2021), and assuming these active faults are young fractures, suggest average

coeflicients of friction either slightly or well below 0.6.

The distributions of fault orientations measured over narrow temporal windows are
shown in Figure 8.5. These plots show a detailed view of how the modes of fault
orientations evolve with time. Note that the pre-mainshock K.,; values are computed
using the Hauksson et al. (2012) catalog events prior to the initiation of the Ridgecrest
sequence. In the SE zone, we see that the conjugate modes are not contemporaneous;
at first the northwest dipping mode is predominant, followed by the southeast dipping
mode, and ultimately the northwest dipping mode again becomes predominant.
However, as illustrated in Movie 8.S1, this behavior notably results from spatial
inhomogeneity in the active sections of the SE zone. As shown in seismicity
plot in Figure 8.1, the SE zone has a region with northeast striking seismicity
and another region with southwest striking seismicity. Active sequences in these
portions of the zone will produce time intervals with distinct predominant modes.
This spatial inhomogeneity is difficult to distinguish with only focal mechanisms

and demonstrates some of the value added from K.,,.

The progression of K.y, in the foreshock zone in Figure 8.5 shows that a single
mode of seismicity is predominant throughout the aftershock sequence. However,
the foreshock sequence shows two modes of similar amplitude that are subparallel.
These modes are too close to be conjugate modes, and their contemporaneous
activation may be the result from a diversity of fault orientations being favorable
in the stress regime, but with another controlling factor, such as crustal anisotropy,
dictating that these two narrow, subparallel modes are dominant. The centroid zone

in Figure 8.5 shows the southwest dipping mode is dominant throughout the entire
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Figure 8.5: K.y plots, like those defined in Figure 8.2, for narrower temporal
windows within each region. Pre-mainshock plots were made using hypocenter
locations from the Hauksson et al. (2012) catalog. The time ranges correspond
to the time of the first and last earthquake used for each K.y, in years after the
mainshock. The azimuth and the distance from the center define the dip direction
and dip, respectively. White dotted lines denote dip values defined in Figure 8.4.

sequence in this region. The progression of the NW zone in Figure 8.5 shows that
the smeared mode in Figure 8.4 is the result of a highly complicated superposition

of modes that strongly vary temporally.
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We can furthermore track the evolution of the mode with the highest amplitude with
time (Figure 8.2). In the SE zone, which lacked sufficient seismicity to establish
a pre-mainshock value, the dip direction of the predominant mode persists around
55 degrees and does not show significant changes in the postseismic period. The
foreshock zone shows substantial changes; there is no discernible change imme-
diately following the Mw 6.4 foreshock, but there is a large clockwise movement
( 10 degrees) of the dominant mode following the mainshock that recovers over the
following year. This would suggest a sharp perturbation of the stress state due to the
mainshock slip, but a reloading of the stress on the fault due to postseismic deforma-
tion. The centroid zone exhibits a sharp counterclockwise movement ( 20 degrees)
of the predominant mode following the mainshock, and there is little change in the
distribution of fault orientations in this zone in the postseismic period. This would
suggest a large rotation of the stress orientation due to the rupture and a low contri-
bution of postseismic deformation to the stress state in the years following the event.
The northwest zone exhibits highly heterogeneous faulting behavior, with abundant
high angle and low angle faults and diverse strikes. This heterogeneity highlights
a limitation of this methodology for tracking the evolution of fault orientation dis-
tributions. The cylindrical K-function produces a result with higher dimensionality
than those of the focal mechanism techniques. This is powerful because modes of
active fault fabric may be uniquely identified and tracked, but it also means that
there need to be persistent predominant modes of faulting in the data. Techniques
that sum or invert for a single representative orientation, such as focal mechanism
techniques described in this study, are better suited for regions where these modes

do not exist.

8.5 Comparison of Results and Discussion

Here we attempt to more systematically compare the results between the various
methods used in this study. Direct comparisons of these quantities are complicated
by the fact that the methods are not measuring identical information. The cylindrical
K-function provides orientations of small-scale planar fabric in seismicity. For a
strike-slip stress regime, reactivation is favored for faults at a particular angle to the
principal stress axis that is controlled by the coefficient of friction (Fialko, 2021;
Sibson, 1985). For the case where the fault orientations are indeed a direct reflection
of the stress state, the principal stress axis can be obtained from the sum of the
fault strike angle and half the dihedral angle. As shown previously, the pervasive

conjugate faulting in the Ridgecrest sequence allows us to measure the average
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dihedral angle of the conjugate faults by computing the angle between the two
dominant faulting modes in the cylindrical K-function. Note that this comparison
of fault orientations with stress orientations through time requires the assumption
of a constant dihedral angle. This is a reasonable assumption for this case, as we are
mostly concerned with seismicity clusters of small events on a diversity of faults,
rather than faults that may be subject to weakening from continued displacement
(Collettini et al., 2019) or faults that are transiently weakened during a large slip
event (e.g., Thomasetal., 2014). We thus use the measured dihedral angle to directly
compare the dip direction estimates to those of the stress axis orientation made using
focal mechanisms. We use the measured dihedral angle between conjugate modes
for the full catalog to make this comparison in the foreshock zone, centroid zone,
and NW zone, and we use the dihedral angle measured between conjugate modes

from only the SE zone to make the comparison in the SE zone.

Based on the aforementioned assumptions we can compare the results from the
cylindrical K-functions to those from the focal mechanism-based techniques. Here
we focus on the different axes in Figure 8.2, which are directly comparable. The
bounds for the dip direction axes are the same as the bounds used for the focal mech-
anism results, however they are translated according to the dihedral angle. There is
some agreement in trends between the K.,; results and the focal mechanism results.
In the SE zone, the absolute values from all methods are in close agreement and
no methods resolve a significant change in stress orientation during the postseismic
period. In the foreshock zone, all methods agree on the stress orientation during the
period before the Ridgecrest sequence and during the foreshock sequence. All meth-
ods also resolve a clockwise rotation in the stress orientation immediately following
the mainshock and there is some recovery postseismically. In the centroid zone, all
methods again agree on the pre-mainshock stress orientation and resolve a rotation,
albeit with different amplitudes, following the mainshock. The pre-mainshock stress
orientation values also agree for all methods in the NW zone. For all regions, for
values included in Figure 8.2, fault dips from the K,; results are very high angle,
which agrees with the near 0-degree P-axis and o plunges from the focal mecha-
nism methods. In general, the uncertainties in the P-axis and o plunges are much
higher than those of the trends.

While there are many similarities between the results of these methods, there are key
differences that speak to the potential strengths of using K.,; to augment standard

techniques. In the foreshock zone, the orientations of active faults following the
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initial change due to the mainshock are markedly different between methods. In
particular, the K., distributions suggest a larger change (in degrees) following the
mainshock, which gradually recovers to pre-mainshock values over the course of
approximately one year. This behavior contrasts sharply with the results from the
focal mechanism methods, which suggest that the initial change in the average fault
orientation was immediately erased little over a week following the mainshock. In
the centroid zone, the amplitude of the initial change in measured fault orientation is
much larger when measured using K, than when measured using the focal mecha-
nism methods. The K., orientation does not change significantly in the postseismic
period, and the orientations measured using the focal mechanisms eventually match
the amplitude of the change immediately following the mainshock measured by

Ky1, postseismically.

We first address the question: what do these different results mean? In the foreshock
zone, the cylindrical K-function estimates suggest changes in the fault orientations
recover within a year and the focal mechanism estimates suggest changes in orien-
tation that recover in approximately one week. Some studies suggest recovery of
the stress orientation is related to reloading due to postseismic deformation (e.g.,
Hardebeck, 2012; Wilding and Ross, 2022). For this earthquake, afterslip is expect-
edly the dominant contributor to postseismic deformation immediately following the
mainshock, but later becomes negligible relative to viscoelastic relaxation (Pollitz
et al., 2022). The dominant mechanism of reloading may then depend on which
measure of fault orientation evolution we expect more reliably captures the state of
stress. The duration of the recovery observed from the K., result would suggest that
both afterslip and viscoelastic relaxation could contribute to reloading, while the
duration of recovery observed from the focal mechanism results would suggest that
the primary mechanism is afterslip. Further, estimates of postseismic deformation
for this earthquake are generally largest within the centroid zone (He et al., 2022;
Pollitz et al., 2022; Wang et al., 2020; Yue et al., 2021). However, the cylindrical
K-functions show little to no recovery in the centroid zone, and instead the recovery
is confined to the south. The focal mechanism results show an accentuation of
the change in orientation in the centroid zone during the postseismic period. Thus
the K.y, results only show a postseismic response that is remote from the zone
with the most postseismic deformation, whereas the focal mechanism results show
a postseismic response that is collocated with the zone of maximum postseismic

deformation.
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The amplitude of the change in strike of the fault orientation for the K., results is
also larger than estimates from the focal mechanism results in both the foreshock
zone and the centroid zone. Assuming these changes are reliable measures of
the rotation in the stress orientation, the differences in the change in orientation
across the mainshock map into different estimates of the ratio between the stress
drop and the absolute differential stress. As shown in Figure 8.6, relating the pre-
mainshock stress to the stress rotation after Hardebeck and Hauksson (2001) and
assuming fault orientations (Milliner and Donnellan, 2020), we find that from the
measurements in the foreshock zone and the centroid zone made using the hypocenter
measurements, which yield a much tighter constraint on this value, suggest the ratio
between stress drop and maximum shear stress is likely between 0.6 and 0.9 in the
foreshock zone and between 0.8 and 0.9 in centroid zone. The expected errors for
the focal mechanism methods are much larger, ranging between 0.2 and 1.0 for the
foreshock zone and 0.6 and 1.0 for the centroid zone. The uncertainties for the
focal mechanisms are too large to say these values are significantly different from
those of the K.,; results. However, the distribution of bootstrapped samples from
the focal mechanism solutions are shifted towards smaller values that those of the
Ky solutions. This is particularly true when considering the o orientations from
the stress inversion, which expectedly approximate the stress orientation prior to the
mainshock better than the P-axis from NPTS. In this sense, it is probabilistically
favored that these ratios are larger for the K.y, results. This is important, because
larger ratios for the same zone and slip would suggest lower values of background pre-
mainshock shear stress. Thus, the K., results may suggest that absolute differential

stress could be overestimated by focal mechanism measurements.

We next address the question: which of these measurements is correct? The short
answer is that these methods are likely all correct but measure different things.
However, the K.y, measurement technique offers several advantages over the focal
mechanism methods. One major objective of this study is to introduce and demon-
strate a method for investigating the temporal change in seismicity that avoids several
of the biases that are inherent to focal mechanism-based techniques. The K., re-
sults are most sensitive to the dominant mode of fault orientation, while the focal
mechanism techniques are most sensitive to the average. If fault orientations in the
volume are not randomly distributed around the primary mode, but rather biased
in one direction or another, the focal mechanisms may yield fault behavior that is
distinct. For example, consider the toy case of a regime with two modes of faulting,

one that is approximately aligned with the foreshock mode resolved in this study,
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Figure 8.6: Comparison of difference between pre-mainshock stress axis and main-
shock fault strike (6) and the stress rotation (A8) computed using the methods and
assumptions necessary for transformation to stress used in this study. Gray contours
correspond to different ratios between the stress drop and the deviatoric stress from
the relationship defined by Hardebeck and Hauksson (2001). Purple and brown
dashed boxes correspond to values drawn from the centroid and foreshock regions,
respectively.

and the other rotated 30 degrees counterclockwise. As illustrated by the measured
subparallel faulting during the foreshock sequence, this scenario is plausible for
the foreshock zone. If we generate focal mechanisms that sample both modes of
faulting, the NPTS of these focal mechanisms produces an average focal mechanism
that is somewhere between the primary mode of faulting and the secondary mode,
depending on the proportion of focal mechanisms that sample each fault orientation
mode. This example is illustrated in Figure 8.7. This example uses NPTS for
simplicity; however, the correlation between NPTS and the stress inversion results
shown in this study suggest that the stress inversion results may be sensitive to the
same effect. It is plausible that some of the differences between the K., results and

focal mechanism-based results is the product of this biasing.

Also note that even when the proportion of perfectly aligned focal mechanisms is

100%, there is still an offset between the true o direction and the P-axis; this is
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Figure 8.7: Synthetic test for possible biases in P-axis strike due to assumptions of
fault alignment. Figure shows deviation of P-axis strike from the true maximum
horizontal stress direction for variable proportion of misaligned faults (from the
o axis). Focal mechanisms correspond to the source mechanism aligned with
the stress field (labelled MF), misaligned from the stress field by a 30 degree
counterclockwise rotation (labelled OF), and source mechanism aligned with the
stress field but rupturing a conjugate fault (labelled CF). The x-axis refers to the
relative proportion of MF and OF (with 1.0 being entirely MF sources). Different
lines correspond to different proportions of the summed mechanisms that are of the
CF class. The vertical black dotted line indicates the point at which there is an
equal mix between OF and MF sources. The horizontal black line marks the point
at which there is no difference between the P-axis strike and the true principal stress
axis. The gray rectangle indicates the range possible differences between the P-axis
strike and the dip direction in the foreshock zone at a point where the two values
diverge substantially ( 0.05 years after the mainshock).

because the P-axis is only coincident with the maximum stress when the dihedral
angle is 90 degrees. Relatedly, in this test, a higher proportion of rupturing conjugate
faults that are aligned with the stress field brings the P-axis in closer alignment with
the true stress regime. As shown in Figure 8.2, immediately after the mainshock,
the K.,; and NPTS results are nearly in agreement, both in terms of absolute value

and change relative to the preceding time interval. The time window following
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the mainshock in this region also corresponds to the time at which the conjugate
mode is most prominent in the K.\, plot in Figure 8.4. This temporary increase in
faulting along the conjugate mode during this time interval may in part explain the
transient agreement between these two methods. In Figure 8.7, we also plot a range
of possible differences, given uncertainty, between the dip direction and the P-axis
strike that are observed when these two values diverge during the postseismic period
in the foreshock zone. As shown in Figure 8.7, these differences can be reasonably
explained by these described biases of the NPTS P-axis.

As evidenced by this comparison, the methods described in this study are comple-
mentary. Indeed, the K, results in the northwest zone make clear that cylindrical
K-functions will not always be able to stably resolve a clear progression of fault
orientations through time, particularly in regimes without clearly dominant fault
orientation modes. In contrast, the focal mechanism methods resolve a clear and
stable orientation for the northwest zone. However, the cylindrical K-functions pro-
vide measurements of fault orientations that are easily interpretable and have higher
dimensionality. This allows for uniquely identifying and tracking specific modes
of fault orientations, which is impossible when only using the focal mechanism
techniques described and applied in this study. That we can identify these modes
means that arbitrary regionalization of the catalog will not hide phenomena that may
otherwise be negated or obscured in an average. That these modes are identifiable
also means that the effect of nodal plane ambiguity, and the associated biases from
increasing or decreasing the relative proportion of conjugate fault ruptures, is vastly
reduced. The minimization of these biases allows us to obtain a more accurate

representation of how the distribution of active faults is changing.

In this paper we primarily discuss differences in the trend of the stress orientation
among the different methodologies, because the plunge values usually have high
uncertainties and are scattered near zero. However, there is one exception; the P-
axis and o1 plunges for the pre-mainshock focal mechanism results in the centroid
zone are steep. This would suggest some amount of non-strike-slip faulting is
biasing the focal mechanism results. Interestingly, no lower-angle dipping modes
are observable in the cylindrical K-functions; suggesting the seismicity does not
support the existence of abundant normal faulting. One explanation for this could
be that these high plunges are artifacts of inaccurate focal mechanisms in the pre-
mainshock catalog in this region. This explanation is supported by the fact that

in the centroid zone, for the aftershock sequence, the rcpyp values from our focal
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mechanism catalog (Figure 8.3) are much less negative than those of the Yang et al.
(2013) catalog for the overlapping time period (Figure 8.S6). Recalling that negative
rcryp in this case suggests added non-strike-slip faulting, this would suggest that
the Yang et al. (2013) catalog produces apparent source mechanism diversity, at
least in the centroid zone, that is not supported by our high precision moment tensor

catalog.

Relatedly, some assumptions are made regarding the catalogs that need to be dis-
cussed. The first is that the differences observed across the mainshock are due to
physical effects rather than a change of catalogs. The Hauksson et al. (2012) and
Yang et al. (2012) catalogs extend beyond the mainshock, and we can perform these
same analyses using only these catalogs to see if these results, which are lower
precision and duration, are consistent with the results found using multiple catalogs.
We plot these results in Figure 8.S5 and find that the results are indeed consistent.
These also illustrate the value added by building a new seismicity and moment
tensor catalog. The added event density and moment tensor precision allow us to
investigate the stress with vastly improved precision and confidence. Additionally,
the pre-mainshock date range used in this catalog is very long (1981-2019). We use
an extensive time window to ensure there is enough measured seismicity to stably
measure K.,;. Of particular concern is the centroid zone, which exhibited elevated
seismicity during a 1995 earthquake sequence (Hauksson et al., 1995). If this se-
quence is not representative of the pre-mainshock stress, then our results will be
biased. To address this problem, we also compute the pre-mainshock values using
only seismicity from 2000 onwards. We find that the results, though noisier than the
results obtained using all the data, produce similar pre-mainshock stress orientation
estimates using both the hypocenter location and focal mechanism estimates (Figure
8.57). This still requires the assumption that the stress is approximately constant
between the year 2000 and the mainshock but suggests a reasonably stable stress

regime in the decades before the mainshock.

8.6 Conclusions

We present a new, state-of-the-art seismicity and moment tensor catalog that cap-
tures the entire 2019 Ridgecrest earthquake sequence. We use these catalogs to
infer faulting evolution over narrow spatiotemporal windows using complementary
techniques that measure faulting with hypocenter locations and focal mechanisms.
We find that measuring faulting using hypocenter locations can yield unique in-

sights into transient phenomena caused by earthquakes. All techniques in this study
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resolve a change of fault orientations near the maximum slip of the mainshock,
but the hypocenter technique resolves a much larger rotation near the centroid and
uniquely resolves a large and persistent rotation to the south of the centroid that
recovered over the following year. These hypocenter-based observations provide
key constraints on the absolute differential stress in the crust and insights into how
postseismic deformation is related to reloading. The results in this study highlight
several advantages for using seismicity distributions to measure fault orientations
in addition to focal mechanisms. This study has important implications both for
how we measure changes in fault activation and by extension the evolution of stress

during an earthquake sequence.
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Table 8.S1: Certain parameters and results from the normalized potency tensor
summation for the spatiotemporal windows for the spatiotemporal windows of focal
mechanisms described in this study.

# of focal Median P-axis Median P-axis Median
Zone Time Index mech Strike (°) Plunge (°) rCLVD
' [5th-95th pct.] [5th-95th pct.] [5th-95th pct.]
SE 1 150 44122-6.5] -5.5[-8.2--3.1] -0.04 [-0.07 - -0.0]
2 150 5.3[2.8-7.5] -6.9[-10.0--4.1] -0.06 [-0.09 - -0.03]
3 150 3.6 [0.9 - 6.0] -11.9[-15.6--8.4] -0.09 [-0.11 - -0.06]
4 150 -2.8[-5.6-0.1] -16.4 [-22.0--12.3] -0.12[-0.16 - -0.09]
Foreshock Pre-Sequence 96 3.2[1.0-54] -0.5[-3.5-2.7] -0.02 [-0.08 - 0.03]
Foreshocks 120 1.8 [-1.2-5.1] -8.4[-12.3--47] -0.05[-0.08 --0.01]
1 150 10.3[7.9 - 13.2] -1.3[-5.5-2.5] -0.08 [-0.12 - -0.03]
2 150 3.5[-0.7-17.5] -6.5 [-13.1-1.1] -0.11 [-0.18 - -0.04]
3 150 0.1[-3.1-3.5] -4.2[-99-1.2] -0.12 [-0.17 - -0.06]
4 150 2.2[-0.8-54] -3.8[-8.8-0.7] -0.07 [-0.14 - -0.01]
5 150 -1.2[-4.9-2.7] -12.0[-19.3--4.8] -0.14[-0.19 - -0.08]
6 150 -1.5[-4.9-2.1] -11.4[-19.9--2.8] -0.22[-0.28 - -0.16]
7 94 -34[-8.0-1.9] -14.8 [-22.6 --6.2]  -0.14 [-0.2 - -0.07]
Centroid Pre-Sequence 733 149 [13.1 - 17.0] 43.6 [37.3-51.6] -0.35[-0.38 --0.33]
1 150 1.8 [-3.4-7.0] -5.8 [-14.0-4.1] -0.19 [-0.29 - -0.1]
2 150 -12.4[-17.1 - -8.3] -4.5[-14.0 - 6.0] -0.22 [-0.3 - -0.14]
3 68 -11.8[-17.0--6.6] -9.3[-19.8--0.7] -0.16[-0.25--0.06]
NW Pre-Sequence 446 13.3[11.5-15.0] 10.3 [5.7 - 14.9] -0.26 [-0.29 - -0.23]
1 150 13.2[11.4-15.1] 17.4114.6 -20.11  -0.04 [-0.06 - -0.02]
2 150 14.0[11.9 - 15.9] 14.8 [11.4-18.3] -0.08 [-0.1 - -0.05]
3 150 13.2[11.4-15.1] 148 [10.4-18.5] -0.08 [-0.11 - -0.06]
4 150 13.3[11.4-15.2] 11.0[7.8 - 14.1] -0.07 [-0.1 - -0.05]
5 150 14.3[12.3 - 16.0] 9.2[5.4-13.0] -0.08 [-0.11 - -0.06]
6 150 15.5[13.7-17.2] 9.2[5.8-12.3] -0.09 [-0.11 - -0.06]
7 150 13.3[11.1-15.5] 152 [11.5-19.1] -0.13 [-0.17 - -0.1]
8 150 15.9[13.9-17.9] 83[4.6-11.7] -0.06 [-0.09 - -0.03]
9 150 149 [12.8 - 16.6] 15.5[10.2-20.8] -0.14[-0.17 - -0.11]
10 150 14.5[12.8 - 16.5] 14.4[109-18.0] -0.11 [-0.15 - -0.08]
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Table 8.S2: Certain parameters and results for the SATSI inversion for the spa-

tiotemporal windows of focal mechanisms described in this study.

# of focal Median o Median o RMS Average Stress Ratio
Zone Time Index mech Strike (°) Plunge (°) Angular N_Iisﬁt R
: [Sth - 95th pct.] [Sth - 95th pct.] Difference B©) [5th-95th pct.]
SE 1 150 4.0[0.9 -7.3] -3.9[-7.4--0.6] 26.5 15.6 [0.29-0.57]
2 150 1.6 [-1.6-5.0] -6.8 [-15.1 - -1.6] 27.3 153 [0.14-0.42]
3 150 2.0[-2.1-5.9] -13.2[-21.7 - -7.7] 28.8 16.5 [0.16-0.33]
4 150 -3.3[-7.1-1.0] -18.3[-28.4 - -10.2] 32.5 18.2 [0.14-0.32]
Foreshock Pre-Sequence 96 5.0[-3.1-13.8] 6.6 [-19.5 - 55.4] 26.0 18.7 [0.1-0.59]
Foreshocks 120 23[-1.4-6.1] -9.4[-164--3.2] 29.6 19.5 [0.2-0.43]
1 150 10.5[7.5-13.7] -5.6 [-11.1--0.7] 32.5 21.9 [0.27-0.45]
2 150 3.1[04-5.8] -6.7 [-13.3 - -1.3] 36.7 27.1 [0.28-0.438]
3 150 -0.2 [-3.6 - 3.2] -43[-11.4-2.2] 344 24.3 [0.23-0.43]
4 150 4.5[1.1-17.5] -59[-11.3--1.3] 36.3 24.9 [0.3-0.51]
5 150 1.4[-2.0-4.8] -6.0 [-12.7 - 0.8] 37.8 30.3 [0.26-0.46]
6 150 -0.5[-4.0 - 3.5] -4.3[-14.4-5.3] 39.6 29.6 [0.18-0.36]
7 94 -0.3[-4.6 -4.4] -8.9[-17.6 - -0.3] 36.7 28.6 [0.21-0.48]
Centroid Pre-Sequence 733 11.2[7.2-16.7] 52.0 [33.1-71.4] 45.8 17.1 [0.05-0.2]
1 150 0.1 [-4.3-5.3] -2.4[-17.3-11.9] 44.0 39.2 [0.13-0.41]
2 150 -15.0 [-18.9 - -10.1] 1.2[-11.5-10.5] 449 34.5 [0.14-0.35]
3 68 -12.3 [-18.1 - -6.9] -6.7 [-21.1 - 6.4] 39.6 25.7 [0.12-0.42]
NW Pre-Sequence 446 9.8 [5.0-12.8] -17.4[-49.2 - 14.1] 41.6 13.6 [0.03-0.16]
1 150 11.9[9.7 - 14.5] 16.8 [12.9 - 20.8] 22.6 11.3 [0.26-0.4]
2 150 12.9110.7 - 15.3] 12.4[8.0-17.7] 26.1 12.0 [0.23-0.39]
3 150 13.5[10.6 - 16.4] 10.1[3.2-17.2] 28.3 17.1 [0.2-0.34]
4 150 11.2[8.0 - 14.4] 4.1[-2.0-9.6] 26.6 14.5 [0.2-0.35]
5 150 14.6 [12.4 - 17.0] 2.6 [-4.9 - 8.8] 27.5 14.9 [0.18-0.35]
6 150 13.3[10.8 - 15.7] 10.9[1.9 - 21.7] 26.6 11.9 [0.1-0.25]
7 150 10.3[8.0 - 12.8] 17.2[10.8 - 25.4] 31.3 13.3 [0.14-0.28]
8 150 19.0 [15.5-22.1] 6.2[1.1-11.7] 28.6 17.4 [0.23-0.4]
9 150 15.6[12.9 - 18.2] 13.8 [4.4 - 25.6] 32.8 15.2 [0.13-0.28]
10 150 13.210.4 - 16.2] 12.1[6.3-19.9] 31.1 14.0 [0.15-0.3]
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Figure 8.S1: The station distribution used for catalog creation in this study. Colors

indicate the network code of the corresponding station.
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Figure 8.S2: Evaluation of moment tensor uncertainties and non-double-couple
components. Left column: an example extraction of strike, dip, and rake uncer-
tainties from the posterior distribution of a single moment tensor. The posterior
is shown in blue and the fitted Gaussian distribution is shown in orange. Middle
column: distribution of strike, dip, and rake uncertainties for all 7,645 moment
tensor solutions. We use a maximum threshold of 7.5° to identify well-constrained
solutions. Right column: 2D histogram on the lune plot showing the results of
moment tensor decompositions for all 4,892 well-constrained solutions.
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the catalogs from Hauksson et al. (2012) and Yang et al. (2012) for both the pre-
mainshock and the post-mainshock windows.
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Chapter 9

CONCLUSIONS

In this thesis I have shown several examples of how fiber-optic seismology may be
used to develop our understanding of fault zone structure. Chapter 2 showed that
the seismic wavefield in DAS data has a diversity of phases that encode information
on sources and structure and may be isolated from other signals and noise. Chapter
3 showed that DAS arrays are valuable tools for discovering unmapped faults and
describing small faults. Chapter 4 showed that the combination of spatial density
and long deployment times afforded by DAS allows for detailed descriptions of
major faults like the Garlock Fault. Chapter 5 showed that a particular secondary
phase can be used to investigate crustal thickness; combined with the high spatial

sampling of DAS, this allows us to learn about Moho topography at low wavelengths.

I also show that second moments are valuable tools for finding patterns both in the
distribution of earthquake slip and the spatial distribution of earthquake hypocen-
ters. Chapter 6 showed that earthquake second moments, which form a low order
representation of the source distribution, can be computed in a Bayesian framework.
Chapter 7 applied this framework to many large earthquakes and showed that this low
order representation can be used to establish certain properties of strike-slip earth-
quakes with measures of confidence. Chapter 8 showed that systematic changes in
the distribution of hypocenter with time, observed using a second moment measure,

can inform changes in the stress state.

Some challenges for using DAS for fault zone studies are that DAS channels are
single component and the amplitude information for dark fibers is poorly understood
because the fiber-ground coupling is unknown (Lindsey et al., 2020). The former
problem means that techniques that require polarization information for either phase
identification or processing are more challenging with DAS. This is a challenge for
identifying fault zone head waves and fault zone trapped waves, because the po-
larity of these phases often distinguishes them from other phases (e.g., McGuire
and Ben-Zion, 2005; Fohrmann et al., 2004). This also presents a challenge for
receiver function deconvolution (Zhu and Kanamori, 2000); which is important
for resolving the velocity structure and lateral discontinuities across fault zones at
depth (Jiang et al., 2021; Allam et al., 2017). This issue can be ameliorated with
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collocated 3-component seismometers (Yu et al., 2019; Muir and Zhan, 2021b),
but jointly processing 3-component seismometer data with DAS channels requires
assumptions that increasingly break down the further the DAS channel is from the
seismometer. Creative solutions towards identifying fault zone waves and recov-
ering useful information from teleseismic observations with DAS arrays is thus an
important avenue for future research. The latter problem, that the trustworthiness of
amplitude information for DAS channels is unknown for dark fibers, presents chal-
lenges for tying the amplitude variability along DAS arrays to structural variability in
fault zones and associated site response heterogeneity (e.g., Song and Yang, 2022).
Work towards understanding whether or how much we may tie variability in the
amplitude information recorded by dark fiber arrays to ground motion variability

may prove highly valuable.

The results presented here suggest a suite of opportunities for using DAS for fault
zone research. That DAS arrays may be used to identify unmapped fault zones
and characterize their dimensions means that the dense fiber infrastructure may
be used to systematically identify and map faults both to better understand their
locations in urban areas and near critical infrastructure and to better characterize
and understand fault connectivity. The results shown at the Garlock Fault suggest
that fibers crossing major faults can be useful tools towards understanding major
fault structure in detail. Major faults are often crossed by one or more fibers, and
new fibers are continuously being deployed. This means that the techniques used
here to investigate the Garlock Fault are readily transferable to other major faults.
This offers an opportunity to systematically evaluate how parameters of major faults
correspond to lithology and slip history. As shown through the use of PmP to image
the Moho, DAS-measured earthquake wavefields contain secondary phases in the
body wave coda that provide valuable constraints on material interfaces. PmP is not
the only identifiable secondary phase, and there are likely phases that can be used
to constrain sharp boundaries in the crust such as basin interfaces, crustal layering,
and faults. These secondary phases thus present exciting opportunities for crustal

imaging.

Our understanding of sources benefits from using a variety of descriptors with com-
plementary sensitivities. The second moment framework for source inversion offers
a solution that requires minimal a priori assumptions about the fault geometry and
rupture velocity and provides a physically motivated low dimensional description

of the source that is easy to directly compare between events. In this thesis, I only



204

computed these solutions for strike-slip earthquakes, but there is no impediment
for computing these solutions for other large events, such as thrust earthquakes,
that are more numerous. A more complete catalog of second moments for global
events may yield additional fascinating insights into the relationship between struc-
ture, tectonics, and earthquake sources. In general, developing a more complete
perspective for more events is ideal, as this has the effect of moderating the biases
due to assumptions of individual methods. The second moment solution is a useful
complement to other source characterization methods such as slip distribution in-
version (Ji, 2002), subevent inversion (Jia, Shen, et al., 2020), and backprojection
(Ishii et al., 2005) in developing a fuller picture of earthquake sources. To this end,
future work could also entail developing an automated framework for computing
these second moments regularly for large earthquakes. Accomplishing this presents
some challenges. Firstly, the accuracy of these solutions is heavily dependent on the
quality of the Green’s functions. For synthetic Green’s functions, this is dependent
on the accuracy of the Earth model and dictates the magnitude threshold above
which computing reasonably accurate second moments is feasible. Additionally, as
discussed in Chapter 6, quality control of the waveforms is a substantial challenge,
and developments towards automating quality control for this problem are necessary

before computations become routine.

In general, finding patterns within and between high-dimensional processes or
datasets often requires a reduction in dimensionality using the right measures to
isolate essential features. This requires decisions about what is essential given the
problem at hand. The source second moment solutions presented in this thesis
reduce the source to its spatiotemporal covariance. The cylindrical K-functions
reduce a distribution of seismicity to the strike and dip of its anisotropy. As stated
previously, DAS arrays make more low wavelength imaging studies of major fault
zones possible. For comparability, these images will need to be reduced to their
essential components. In this way, the first and second half of this thesis are related.
Future work on the subject of the first half may draw inspiration from the second
half. New patterns determined from the essential components drawn from the mo-
ments described in this thesis are made more meaningful when a more complete
understanding of the structural, geologic, and tectonic settings for these earthquake
sources are available. And so future work on the second half of the thesis may draw

inspiration from the first half.
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