© 00O ~NO Ol WN PP

NNNNNNNRRRRERRRBRRRRE
O URWNRPOOOMNOUNAWNLERO

Azimuthal Variation in the Spectra of the 2019 Ridgecrest Earthquake Clusters and its
Application to Understanding Fault Zone Structure

J. C. Neo?, Y. Huang?, D. Yao?

tUniversity of Michigan, Ann Arbor
2China University of Geosciences, Wuhan

Corresponding author: Jing Ci Neo (neoj@umich.edu)

Key Points:

e Dynamic rupture simulations show that fault damage zones can amplify high-frequency
waves close to fault strike direction.

e 93% of the M 1.5-3 Ridgecrest clusters record more energy at 15-25 Hz for stations close
to fault strike.

e We find that site effects cannot explain the azimuthal variation in the spectra of the
Ridgecrest earthquakes.
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Abstract

We first show through dynamic rupture models that FDZs can amplify high-frequency waves along
directions close to fault strike and the amplified frequency band may be used to estimate the width
and velocity contrast of the FDZ. Then, we identify this high-frequency amplification in the spectra
of M1.5-3 earthquakes from the 2019 Ridgecrest earthquake sequence. We cluster the
earthquakes by location and waveform similarity, and stack their velocity spectra to average
source effects. We find that for 93% of the clusters, stations close to fault strike record more high-
frequency energy at 15-25 Hz, close to the characteristic frequency of fault zone reflections. The
results are consistent across clusters with average depths of 2.0-9.7km and average magnitudes
of M1.6-2.7. Additionally, we analyze the relative site effects of the stations and find that they
cannot explain the azimuthal variation in the spectra.

Plain Language Summary

Fault damage zones (FDZs) can influence how often large earthquakes occur and how
devastating they can be. To estimate the properties of FDZs, researchers typically model waves
that are trapped inside the FDZ. However, this method requires dense arrays located directly over
the fault. Additionally, the depth of FDZs is still not well understood. Hence, we explore the
possibility of inferring the characteristics of fault zones using seismic stations located at a
distance. We analyze the frequency content of waves from M1.5-3 earthquakes in Ridgecrest,
California. We find that stations located in the direction along the fault record more high-frequency
energy than the other stations. Our simulations of the earthquakes show that the FDZ may have
amplified the high-frequency energy through multiple reflections of the waves. The amplified
frequency band could help us estimate the FDZ structure and wave velocities. Additionally, we
find that the site effects (differences in shaking due to the site properties) cannot explain the
azimuthal variation in the high frequency energy of earthquakes.

1. Introduction

Characterizing the structure of fault damage zones (FDZs) is important for the understanding of
earthquake source physics and the evaluation of seismic hazard (Ben-Zion & Sammis, 2003;
Rowe et al., 2013). The maturity of FDZs can influence the stress drop, ground motions, rupture
extent, amount of slip, hypocenter locations, and recurrence intervals of earthquakes (e.g.,
Manighetti et al., 2007; Radiguet et al., 2009; Cappa et al., 2014; Perrin et al 2016; Abdelmeguid
et al., 2019; Thakur et al 2020; Thakur & Huang 2021; Guo et al., 2022). Reflected and refracted
waves within the FDZs also play an important role in modulating the rupture speed, slip rate, and
rise time of large earthquakes (e.g., Harris & Day, 1997; Huang & Ampuero, 2011; Huang et al.,
2014; Pelties et al., 2015; Weng et al., 2016). Thus, improving knowledge of the spatial extent of
FDZs and their temporal evolution is a critical step to account for the effects of FDZs more
accurately in models of earthquake rupture and cycles.
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To characterize FDZ structure, current techniques usually utilize near-fault arrays to obtain a
cross-sectional view at an array location. For example, the waveform modeling of fault zone
trapped waves has been widely utilized to image the width and the shear wave velocity reduction
of the FDZ (e.g., Lewis & Ben-Zion 2010; Li et al., 2014; Qiu et al., 2021), whereas fault zone
head waves offer precise information on the velocity contrast across the fault interface at depth
(e.g., McGuire & Ben-Zion, 2005; Zhao & Peng, 2008; Allam et al., 2014; Yang et al., 2015; Zheng
et al., 2022). Waveform modeling of the reflection of body waves in FDZs has also been used to
derive fault zone structure in high resolution (Li et al., 2007; Yang and Zhu 2010). More recently,
high-quality data from dense, large-aperture across-fault arrays have made it possible to constrain
fault zone structure using a variety of techniques, including passive and active sources (e.g.,
Hillers & Campillo, 2018; Modret et al., 2019; Wang et al., 2019; Yang et al 2020; Jiang et al 2021;
Atterholt et al 2022; Share et al., 2022; She et al 2022; Song and Yang 2022; Zhou et al., 2022;
Zhang et al 2023). However, it is still challenging to determine the depth of FDZs and the results
may vary depending on the technique used (Yang, 2015; Zhang et al 2023). In addition, the dense
seismic arrays required by current methods are only available in certain fault zones.

Huang et al (2016) showed that FDZs can act as waveguides, reflecting and amplifying high-
frequency waves along directions close to fault strike. Unlike trapped waves which appear only
when the seismic stations are close to the FDZ, these P-waves are reflected in the fault damage
zones before propagating outside the damage zone. Thus, these P-wave reflections can be
recorded by stations at different distances. Huang et al (2016) conducted kinematic simulations
and investigated M2.1-3.1 earthquakes from the 2003 Big Bear earthquake sequence. They
observed secondary peaks in the velocity spectra of an earthquake cluster which matched
kinematic simulations of the reflected high-frequency waves. The secondary peaks were
observed by stacking P-wave velocity spectra of earthquakes with highly similar waveforms, and
the associated frequency band of the peaks may be used to estimate the width and velocity
contrast of the FDZ. This method uses seismic stations located at a distance from the FDZ and
may be able to image FDZs along its width and depth. However, the impact of fault zone
amplification is difficult to separate from the rupture directivity effect. Studies typically attribute
azimuthal variations in earthquake waveforms and spectra to the rupture directivity effect, even
for relatively small earthquakes (e.g., Rubin & Gillard, 2000; Kane et al., 2013; Fan & McGuire,
2018; Lui & Huang, 2019; Pennington et al., 2023).

In this study, we hypothesize that the effect of fault zone amplification can be isolated by studying
smaller earthquakes, i.e., M1.5-3 events. First, we compare the effects of fault zone amplification
versus rupture directivity using dynamic rupture simulations. We find that for 120—200 m long
ruptures and FDZ widths of ~300—-400 m, fault zone amplification causes a secondary peak at
15-25 Hz in the normalized velocity spectra for stations close to fault strike, while rupture
directivity does not. Earthquakes with shorter rupture lengths would lead to more focused high-
frequency spectral peaks. Then, we conduct a large-scale study of M1.5-3 earthquakes to identify
the high-frequency peak associated with fault zone waves in their stacked velocity spectra. We
use stations at hypocentral distances of 0.1-1 deg in the 2019 Ridgecrest earthquake region. We
cluster the Ridgecrest earthquakes by their locations and waveform similarity, calculate the
velocity spectra from a 1 s window around the P arrival, and stack the spectra to average the
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source effects of individual earthquakes. We observe that the stations located in the direction
along the fault record more high-frequency energy than the other stations. We also investigate
the depth and magnitude dependency of the increase in high-frequency energy for different
clusters. In addition, we compute the relative site effects of the stations. We find that the stations
that primarily occur in Z1 do not have larger site amplification values than those in Z2, and that
site effect cannot explain the azimuthal variation in the high frequency energy of the Ridgecrest
earthquakes.

2. Dynamic rupture simulations

To understand how fault zone structure and rupture directivity affect P wave propagation for small
earthquakes, we simulate mode Il dynamic rupture on a 1-D fault embedded in a FDZ with 40%
velocity reduction that is 2km long and 400m wide. We describe the other simulation parameters
in the supplementary material. The resulting rupture length is 120—-200m in our simulations, which
equals the rupture lengths of M ~2.1-2.5 earthquakes assuming a circular crack model with a
stress drop of 3MPa. We set stations for every 3.75 degrees at 15km away from the hypocenter,
far enough to separate P and S waves. We calculate the P wave velocity spectra using a 1s
window starting immediately before the first P arrival (Figure 1). The spectra show amplified high-
frequency energy for stations that span ~20° from fault strike (hereafter denoted as zone 1, Z1),
but not for stations outside zone 1 (e.g., stations that span ~30° from fault strike, hereafter denoted
as zone 2, Z2). The model configuration is shown in Figure S1. We attribute this difference in
velocity spectra to the P wave reflections in FDZs recorded by Z1 stations. The frequency bands
associated with fault zone waves are affected by the widths and velocity contrasts of FDZs, with
larger widths and smaller velocity contrasts leading to lower frequency bands (Figure S2).

Though Huang et al., (2016) observed a similar result using kinematic models with point sources,
the dynamic rupture simulations further illustrate the effects of finite rupture lengths. Shorter
earthquake rupture leads to a more focused high-frequency spectral peak between 15-22Hz
(Figure 1A), whereas high-frequency energy radiated by longer rupture is more spread out
between 15-30Hz (Figure 1B), which manifests the interplay between rupture propagation and
fault zone waves. Such high-frequency spectral peaks, however, are not observed for rupture with
similar lengths in a homogeneous medium (Figure 1C). Though for homogenous rupture with
lengths less than 200m, velocity spectra for Z1 stations may have larger amplitudes than Z2
stations due to rupture directivity (Figure S3), their normalized spectra are lower than those for
Z2 stations within 15-22Hz. Further inspection of homogenous rupture simulations shows that
extra high-frequency energy associated with rupture directivity is observed at frequencies higher
than 35 Hz for 150m long rupture and 22Hz for 200m long rupture in the normalized velocity
spectra (Figure 1D).
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Figure 1. Normalized P wave velocity spectra for Z1 (red) and Z2 (blue) stations for (A and B) 120 m and
150 m long rupture inside a fault damaged zone, (C and D) 150 m and 200 m long rupture in a homogeneous
medium. The gray region denotes the approximate frequency range of extra high-frequency P-wave energy
recorded by Z1 stations.

3. Seismic Data Analysis

To obtain the earthquake clusters, we use earthquake locations recorded in the updated 1981-
2022 SCEDC waveform relocated catalog (Hauksson et al., 2012). There are a total of 14,219
M1.5-3 earthquakes in the region spanning 35.5 to 36.0N and -117.8 to -117.3E for the period of
1 Jan 2019 — 4 Aug 2022. We use small earthquakes as the FDZ widths should be larger than
rupture lengths to observe the extra high frequency energy caused by fault zone waves, and small
earthquakes are less likely to exhibit rupture directivity (Kane et al 2013). We cluster the
earthquakes by epicentral distances, where all earthquakes in each cluster are within 500 m of
all other events in the cluster (example in Figure S4A). We select clusters with at least 15 events
and download waveform data for the 4,431 events with IRIS Fetchdata (see Data Availability).
We use velocity seismograms from broadband stations and geophones (DPZ, EHZ, HHZ) located
at 0.1-1deg, excluding the A and B array stations of the 3J network as their spectra differ
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significantly across each array. We remove the instrument response for DPZ stations, because
unlike other stations, their response is not flat for our frequency band of interest (1-30Hz).

We pick the P-wave arrivals using the STA/LTA method and cut a 1s time window before and
after the first P-wave arrival to calculate signal-to-noise ratios (SNRs), keeping the events with
SNR > 2. We also apply automatic gain control to the waveforms and align the waveforms using
multi-channel cross-correlation. We then calculate the cross-correlation coefficients (cc) of all
event pairs in each cluster for a frequency band of 2-8 Hz and keep the events with cc > 0.7 with
at least 7 other events in the cluster. We select clusters with a minimum of 7 events recorded by
at least 3 stations. Finally, we calculate the P-wave velocity spectra for each station usinga 1 s
time window, and stack and smooth the spectra. Details of these steps including the filters and
time windows are outlined in Table S1.

Based on our simulation results, we define the zone that spans 20° from fault strike as Z1, and
the rest as Z2, using the strike of the 2019 M, 7.1 Ridgecrest mainshock, 318°. Using variable
strikes derived from focal mechanisms of individual events has a minimal effect on our results
(details in Section 4.1). As shown by the results of a cluster in Figure 2, there can be some
variation in the spectra of each event. For example, one of the events in the example cluster has
much lower amounts of high-frequency energy than the others (Figure 2B-G, waveforms in Figure
S4B-G), which may be due to wave attenuation and site effects. We will discuss this in Section
5.1.
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Figure 2: (A) Map of the stations for one example cluster. The red star indicates the location of the cluster
while black triangles represent the stations. The inset map shows the stack of the spectra from each zone.
The normalized P-wave velocity spectra of the events in the example cluster are plotted for Z1 (B-C) and
Z2 (D-G) stations.

To quantify the increase in high-frequency energy for Z1 stations, we select a low-frequency (LF)
band of 5-15Hz and a high-frequency (HF) band of 15-25Hz, which is close to the frequency
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band of extra high-frequency in dynamic rupture simulations. We also test different frequency
bands, and the results are detailed in Section 4.1. To interpret our results, we define two
“amplification ratios”, r_stn and r_clus. r_stn is the amplification ratio for each station in a cluster
and is defined as the ratio of the average HF to LF stacked spectral amplitudes. r_clus represents
the amplification ratio for the cluster and is calculated using the ratio of the average r_stn values
of Z1to Z2. r_clus > 1 means that the clusters have larger average HF/LF ratios in Z1 compared
to Z2. Our simulations suggest that there should be minimal amplification from the fault zone if
the cluster is located outside of or beneath the FDZ. Hence, we would expect clusters within the
FDZ to have r_clus values > 1 and other clusters to be ~1.

4. Results

We obtain 140 clusters, and Figure 3A shows the number of events and stations for each cluster.
Approximately 54% of the clusters are recorded by 3—4 stations, 30% by 5-6 stations, and 16%
by more than 6 stations. The average depths of the clusters range from 2.0-9.7km, and the
average magnitudes of the clusters range from 1.6—-2.4, except one cluster with an average
magnitude of 2.7. Most of the clusters are located close to the mainshock fault trace, with two
clusters further away on the foreshock fault trace.

4.1 Higher Ratios in Z1 for Most Clusters

As shown by the r_clus values of the 140 clusters (Figure 3B), 93% of the clusters have r_clus
values higher than 1. This means that the clusters have larger average HF/LF ratios in Z1
compared to Z2. Unexpectedly, the two clusters near the orthogonal foreshock fault trace have
r_clus values higher than 1. However, detailed analysis of the Ridgecrest aftershocks has
revealed multiscale orthogonal faults throughout the region (Ross et al., 2019). These clusters
could be located on a fault plane with the same orientation as the mainshock fault plane, or at the
intersection of multiple fault planes.

To verify our results, we conduct a range of parameter tests to further understand the dependency
of our results on frequency band, fault strikes, and station zone widths. We test LF bands of 3—
10 Hz and 3-15 Hz as well as HF bands of 10-25 Hz and 10-20 Hz. The results are similar for
each combination, where at least 84% of the r_clus values are higher than 1. Next, we determine
the average strike of each cluster based on the focal mechanisms from Cheng et al. (2021) if
more than half of the strikes fall within a 20° range. Using this method, we evaluate the average
strike of 86 of the clusters and assume a fixed strike of 318° for the rest. We find that 103 clusters
out of 115 (89.6%) have r_clus values higher than 1. The tests suggest that our results are robust
to the frequency bands and fault strike. To evaluate the suitability of our station zone widths, we
plot the r_stn values for all clusters superimposed on each other with each cluster centered at the
origin (Figure S5). The azimuthal trend shown in Figure S5 suggests that defining Z1 to be 20
degrees captures most of the higher r_stn values in Z1. It is also clear from Figure S5 that the
complexities of a fault damage zone and high frequency energy cannot be fully captured by the
simplistic way that we are defining the zones. Nevertheless, our method is able to provide a
meaningful starting point for further exploration and analysis.
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Figure 3: (A) The map displays all event clusters, with colors indicating the number of events and size
reflecting the number of stations. A histogram in the inset illustrates the distribution of the number of stations
recording each cluster. (B) Plot of r_clus values for each cluster, as indicated by the color of the circles.
The Ridgecrest main fault trace is depicted by gray lines. The A-A’ line has a strike of 318°.

4.2 Trends in Depth and Magnitude

To investigate any potential change in fault zone properties with depth, we plot the r_clus values
with average depth of the cluster in Figure 4B. The r_clus values increase slightly with the average
depth of the clusters. This trend may be caused by higher attenuation near the surface (Frankel
& Wennerberg, 1989; Abercrombie, 1997), making the fault zone amplification effect less
pronounced. However, the trend is relatively small and may not be significant. We also examine
the variation of r_clus values with magnitude (Figure 4C), and find that the ratios do not vary with
the average magnitude of the clusters.
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Figure 4: Amplification ratios as a function of depths and magnitudes of the clusters. (A) The clusters are
projected along the A-A’ line in Figure 1 and plotted along strike and depth. They are colored by their
amplification ratios. (B) Plot of the amplification ratios of the clusters against average depths of the clusters.

The black line shows the least-squares fit. (C) Plot of the amplification ratios of the clusters against average
magnitudes of the clusters.

In summary, we observe an azimuthal variation in the stacked velocity spectra of earthquakes
along the Ridgecrest fault traces. We interpret it as due to the amplification of seismic waves
propagating in FDZs surrounding the fault strands that each cluster is located on. Our results
suggest there are multiple FDZs present throughout the region that can extend up to depths of
~10km (Figure 4A) along most of the main fault trace.

5. Discussion
5.1 Investigation of site effects

The site effect at each station could affect our results as the stations are located over different
rock types and some are over fault damage zones. For example, sedimentary layers have been
shown to amplify ground motions at different frequencies (e.g., Li et al 2023). Furthermore, we
use stations from different networks, including borehole stations and geophone arrays
(summarized in Table S2). Borehole stations could record more high frequency signals than
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stations located near the surface, although the geophones used in this study have been shown
to be comparable to borehole stations (Catchings et al., 2020).

Rock type is often categorized using Vs30 (Boore et al., 1993; Rusydi et al., 2018), where larger
Vs30 values correspond to harder rock and less amplification of high-frequency ground motions.
Therefore, we investigate the correlation of Vs30 (Thompson, 2018) and instrument type on our
results (Figure S6A in the Supplementary). We interpolate to obtain the Vs30 values at the
location of each station. We average the r_stn values for each station across all clusters and plot
them against Vs30 (Figure S6B). There is no trend in the average r_stn values with Vs30, and a
slight decreasing trend for station distance from fault trace (Figure S6C) which is likely due to the
attenuation with distance. High-frequency attenuation would affect our results if the Z1 stations
are located closer than the Z2 stations. However, our Z1 stations have a larger average station
distance (43.4km) compared to the Z2 stations (36.0km). We also plot the average r_stn values
for each network (Figure S6D), and they display a similar range of values.

To account for site effect and station response, we calculate the “relative site effects” of the
stations using the spectral ratio method (Song and Yang 2022), with details in Text S2. We use 5
regional events (Table S3), each recorded by a subset of the stations, to compute the r_stn values
from those events for 46 out of 55 of the stations used in our study (Figure S7). We invert for the
relative site effects (r_site) using the following equations (M is number of stations):

r_diffi; = r_stn; — r_stn; (1)
1 -1 0 0 .. 0 O r_site, r diffi,
1 0 -1 0 .. 0 0], [|rsite]| _| rdiffis @
0 0 o 0 .. 1 -1 r_sitey r_dif fu—1m

We find that the r_site values do not have any trend with geographical location or azimuth (Figure
S8). The 3J, 7Q and GS networks have similar values, likely because their stations overlap
geographically (Figure S9). The CI network has the largest spread in r_site values, likely because
its stations are located the furthest apart. The borehole network (PB) has consistently average-
to-lower r_site values. Crucially, the r_site values are similar for stations primarily in Z1 and those
that are mostly in Z2 (Figure S9). However, it is still possible that the four Z1 stations with higher
ratios are dominating the results. Hence, we reanalyze the clusters without these stations (Figure
S10), and find that most clusters do not include them.

5.2 Is the azimuthal variation caused by fault zone amplification, or rupture directivity?
As shown by the dynamic rupture simulations, we can distinguish between fault zone amplification
and rupture directivity using the normalized velocity spectra of small earthquakes. Moreover,

corner frequencies of M < 2 earthquakes are likely larger than ~20 Hz for the 2019 Ridgecrest
sequence (Trugman, 2020). Thus, the impact of rupture directivity is likely to be minimal for the

10
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HF band we use (15-25Hz), especially for the clusters with smaller average magnitudes. In
addition, if the rupture directivity effect is present in our results, we would expect to see increasing
r_clus with magnitude, depending on the frequency band. The consistency of our results across
different magnitudes suggests that the impact of rupture directivity is minimal.

On the other hand, the stacked spectra of Z1 stations appears to contain more high-frequency
energy for Z1 stations to the Southeast (SE) than to the Northwest (NW). By averaging the r_stn
values of the Z1 stations on each end of the fault, we find that 18 out of 20 clusters have higher
average r_stn values to the SE than to NW. This seems to suggest that a large majority of our
events exhibit SE rupture directivity. However, this observation is biased by the insufficient station
coverage to the NW (only 3 stations). Further examination reveals that the lower r_stn values to
the NW are largely due to one station (PB) B916 on the northern edge of the zone. The other two
NW stations, (3J) R11 and (7Q) RCWO07, have consistently higher r_stn values than average.
Therefore, the apparent rupture directivity is likely due to limited station coverage to the NW.

5.3 Comparison with Ridgecrest FDZ imaging studies

The Ridgecrest FDZ has been imaged with a variety of techniques. Qiu et al. (2021) imaged the
Ridgecrest FDZ using P-wave delay time, S-wave amplification, and fault zone trapped waves
recorded by the dense B arrays from the RAMP deployment located directly over the fault trace.
They found several 1-2 km wide low-velocity zones beneath each array, and 0.5-1.5 km wide
more intensely damaged inner cores. Zhou et al. (2021) applied ambient noise tomography to the
region and their results show a heterogenous, flower shaped FDZ up to 5 km wide and ~5 km in
depth, with average velocity reduction of 40%. Rodriguez Padilla et al. (2022) analyzed data from
aftershocks, strain maps, post-earthquake lidar data, and rupture maps. Based on the fracture
density distribution of the FDZ, they predict a decrease in shear modulus by ~40% in sediment
immediately adjacent to the fault, and a decrease by ~20% in bedrock, which declines to <1% at
100m away from the fault. In our study, we observed wave amplification at 15-25 Hz. Assuming
a P-wave velocity of 6 km/s in the host rock and a velocity reduction of 40%, this implies that the
FDZ has a width of ~144-240 m, which is similar to the more intensely damaged inner cores found
by Qiu et al. (2021) and the FDZ width observed by Rodriguez Padilla et al. (2022).

6. Conclusion

Through analyzing the azimuthal variation in the stacked P-wave velocity spectra of the M1.5-3
Ridgecrest aftershocks, we investigate a possible source of high-frequency energy that has not
been well understood. We observe that for 93% of our clusters, stations close to the fault strike
record more high-frequency energy around 15-25 Hz compared to the other stations. This
observation remains consistent across varying magnitudes, suggesting minimal influence from
rupture directivity. As demonstrated by our dynamic rupture simulations, the associated frequency
band is close to the characteristic frequency of fault zone reflections. We also calculate the relative
site effects for most of our stations, and find that they cannot explain the azimuthal variation in
the Ridgecrest earthquake spectra. We propose that the azimuthal variation is due to fault zone
amplification, and the Ridgecrest FDZ could extend to a depth of 10km along most of the main

11
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fault trace. Our method presents a new way to study fault zone structure at depth, with broad
applicability to other regions instrumented by broadband seismometers.
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