
1. Introduction
Models of compressional wavespeed Vp, shear wavespeed Vs, and Vp/Vs ratio, which is closely related to Poisson's 
ratio, are of great importance for many studies of seismotectonic processes, earthquake dynamics, hazard assessment 
and more. In the past several decades, considerable effort has been directed toward deriving such models in Southern 
California (SoCal) with multiple data sets and techniques. These include waveform inversions of earthquake data 
(Tape et al., 2009, 2010), waveform inversions of earthquake data and empirical Green's functions estimated using 
ambient-noise cross correlation (Lee et al., 2014), joint inversion of body-wave travel times and surface-wave disper-
sion measurements (Fang et al., 2016, 2019), joint inversion of surface-wave dispersion measurements, H/V ratio 
measurements and receiver functions (Berg et al., 2018, 2021), and various additional inversions using body waves and  
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Plain Language Summary Motion along the tectonic plate boundary between the Pacific and North 
American plates is deforming the Earth's crust in Southern California and causing ongoing seismicity including 
numerous micro earthquakes not felt by humans. These earthquakes alter the physical properties of the crustal 
rocks that host them. In this study, we compile observations from over 0.3 million earthquakes in Southern 
California to construct new 3D models of the elastic properties of the crust, and to improve earthquake 
locations. The results show significant lateral and depth variations of seismic wavespeed consistent overall 
with previous studies. Earthquakes deeper than 15 km tend to concentrate in regions with low values of the 
elastic parameter Poisson's ratio. The models show that earthquakes in the Eastern California Shear Zone—a 
broad zone of distributed crustal deformation east of the main plate boundary—occur at unusually shallow 
depths, possibly as a result of weakened crust between 10 and 15 km depth. This zone of weak crust may also 
be partially responsible for the networks of closely spaced, perpendicular faults found in the area. A section 
in the central part of the San Jacinto fault with very few earthquakes may be a favorable site for a future large 
earthquake.
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noise correlation data (Allam & Ben-Zion, 2012; Barak et al., 2015; Lin et al., 2007; Qiu et al., 2019; Tong, 2021; 
Zigone et al., 2015). The tomographic results of Tape et al. (2010) combined with basin structures based on industry 
data form the community velocity model CVMH15.1 (Shaw et al., 2015) of the Southern California Earthquake 
Center (SCEC). Another SCEC community velocity model CVMS4.26 is based on the waveform tomography 
results of Lee et al. (2014). Additional refinements of regional models for SoCal are described in Wang et al. (2018). 
A recent validation study comparing the performance of the CVMH15.1, CVMS4.26, and Berg et al. (2018) Vp and 
Vs models shows that they have variable performance for different phases, frequency ranges, and crustal sections 
(Lu & Ben-Zion, 2022). In addition, none of the existing regional models is likely to provide reliable Vp/Vs ratios, 
because they derive Vp and Vs models using data with different sensitivity to Vp and Vs, along with different a 
priori information, approximations, and regularizations of the inverse problem.

In the present study, we derive new, self-consistent Vp, Vs, and Vp/Vs regional models for SoCal, using a 
large amount of earthquake travel time data and a recent methodology that reduces the number of assumptions 
involved in obtaining tomographic images. We recompile P- and S-wave first arrivals from the SCEC Data 
Center (SCEDC; Southern California Earthquake Center, 2013), and augment these data with additional S-wave 
arrival times obtained using an automated picker. We then employ a recently developed method that uses flex-
ible parameterization based on Poisson Voronoi cells and is capable of handling very large data sets with fewer 
subjective regularizations (Fang et  al.,  2020). We improve the original method by adaptively increasing cell 
density in regions with higher data coverage, thus increasing the spatial resolution where data allow. In addition, 
we estimate model uncertainty due to data error using a bootstrapping-like technique, which is implicit in our 
tomographic method.

In the following sections, we first introduce the data used in the tomographic study, followed by a brief descrip-
tion of the inversion technique using the Poisson Voronoi cells. We then present various features of the obtained 
results, with an emphasis on the Vp/Vs model, which is likely better constrained than previous models, and 
relocated seismicity using the obtained wavespeed models. We perform a comparative validation of the models 
using waveform simulation and calculate model uncertainties. The obtained models are shown to outperform 
other regional models in a large portion of SoCal in terms of fitting short-period body and surface waves. Consid-
ering the relations between the seismicity and the wavespeed models, we observe that the depth distribution of 
earthquakes is anti-correlated with the depth-averaged Vp/Vs ratio. Most seismicity deeper than 15 km is found 
to occur in regions with Vp/Vs ratio <1.75, which might correspond to deeper brittle to ductile transition and 
higher overall seismic potential.

2. Data and Methods
2.1. Catalog Data Used in the Inversion

We download seismic P- and S-wave phase arrival data for events between 1 January 2000 and 31 December 
2019 from the SCEC Data Center. We currently exclude arrivals with epicentral distance larger than 120 km 
to mitigate the multi-pathing effect of Pg/Sg and Pn/Sn phases. The data set initially comprises 7,254,222 and 
4,232,529 analyst-reviewed P- and S-wave arrivals, respectively, which are associated with 345,216 earthquakes 
(Figure 1a). We discard arrivals with residual greater than 2 s compared to synthetic arrival times computed using 
the Modified Hadley-Kanamori 1D velocity model (HK1D, Hauksson & Shearer, 2005), and we subsequently 
discard events associated with fewer than 10 arrivals with acceptable residuals. The quantity of P-wave arrivals 
exceeds that of S-wave arrivals by 3,021,693, because determining S-wave onsets is often difficult due to inter-
ference with the coda of the preceding P waves.

To increase the number of S-wave picks, which are essential for resolving robust Vp/Vs ratio models (Kennett 
et al., 1998; Fang et al., 2019), we implement an automated picking algorithm (Figure 2) based on the Akaike 
Information Criterion (AIC; Akaike, 1974) implemented via Equation 1

𝑖𝑖
∗ = arg min

𝑖𝑖

(𝑖𝑖 log (var (𝑠𝑠 [0 ∶ 𝑖𝑖])) + (𝑛𝑛 − 𝑖𝑖) log (var (𝑠𝑠 [𝑖𝑖 ∶ 𝑛𝑛]))) (1)

in which s is a length-n seismogram, i is a sample index, and s[a : b] indicates the series of samples from s with 
indices greater than or equal to a and less than b. Our methodology follows previous work by, for example, Simon 
et al. (2020), and we refer readers to their paper for a more comprehensive analysis of AIC-based phase picking.
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First, we download event-segmented waveforms for each event from SCEC Data Center using their Seismogram 
Transfer Program. Then, we (a) extract a 3 s window of three-component (3C) data, centered on the predicted 
arrival time computed using PyKonal (White et  al.,  2020) and the HK1D model, (b) bandpass filter wave-
forms between 1 and 20 Hz, (c) compute the AIC (e.g., Simon et al., 2020; White et al., 2021) for extracted, 
filtered waveforms (Equation 1), (d) register the time of the global minimum of the AIC for each component as 
a candidate S arrival, (e) compute the signal-to-noise ratio (SNR) for each candidate arrival using a 2 s window 
centered on the arrival, and (f) select the candidate arrival for each event-station pair from the component with 
the highest SNR as the automated S pick. We further discard automated picks with SNR less than 5, and, when 
both manual and automated picks are available for a given event, we discard the automated pick. In the final 

Figure 1. (a) Station (blue triangles) distribution in the study region. Gray lines indicate the fault traces. The red box shows 
the regions in Figure 4. SAF, San Andreas fault; SJF, San Jacinto fault; EF: Elsinore fault; ST, Salton Trough; LAB, Los 
Angeles Basin; VB, Vantori Basin; ECSZ, East California Shear Zone; GV, Great Valley; SN, Sierra Nevada; CR, Coso 
Range. (b) Histograms of P and S arrivals from the year 2000–2020 in the SCEDC augmented by automatic picking of S 
arrivals.

Figure 2. Illustration of the Akaike Information Criterion (AIC) method used to augment the S-wave data set. The upper 
panel shows normalized, horizontal-component waveforms (HHE) for station AZ.BZN. The translucent gray area indicates 
the three-second window centered on the predicted arrival time (vertical, red, dashed line) that is used for picking. The lower 
panel indicates three-second window of data indicated in the upper panel with the arrival time (solid, vertical, blue line) 
estimated using the AIC (solid, red curve). The translucent gray area indicates the two-second window that used to compute 
the SNR.
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analysis, we augment the analyst-reviewed data set with 2,941,667 automated S picks to obtain a data set with 
7,174,196 S-wave picks, which is comparable to the number of P-wave picks (Figure 1b). The automated picks 
for events that also have analyst picks have RMS residual (difference between automated and analyst picks) of 
0.1 s (Figure S1a in Supporting Information S1) and the Wadati diagram of S-P times versus P traveltimes with S 
arrival times from automatic picking and P arrival times from SCEC Data Center shows linear correlation (Figure 
S1b in Supporting Information S1), indicating again the robustness of our automatic picking. Additionally, we 
manually review a small subset (on the order of a few hundred) of the complementary, automated S-wave picks 
to verify their quality.

The final data set has comparable raypath coverage for P- and S-waves, which is critical for constraining the Vp/
Vs model. This in turn helps to constrain, in concert with the Vp and Vs models, crustal lithology, porosity and 
fluid saturation, partial melting, and rock damage in fault zones.

2.2. Traveltime Tomography Based on Poisson-Voronoi Cell Projections

In this subsection, we briefly introduce key ideas behind the formulation of the tomographic problem based on 
Poisson-Voronoi cell subspace projections (see Fang et al., 2020, for a comprehensive treatment). We discuss in 
greater detail changes that we make in this study to the original algorithm to improve data selection and adap-
tively refine model resolution where possible.

The main benefit of the traveltime tomography method introduced by Fang et al. (2020) and applied in this study 
is that it stabilizes the inverse problem without explicit, subjective regularizations, such as damping and smooth-
ing. Instead, the inverse problem is stabilized by averaging the solutions to multiple smaller subproblems, each 
with low dimensionality (i.e., relatively few unknowns to be solved for). Individual subproblems are constructed 
by projecting the high-dimensional model space into a lower-dimensional subspace randomly generated using 
Voronoi cells. Because only a subset of data is needed to constrain these low-dimensional subspace models, each 
one can be constrained using a different random subset of the data. The low-dimensional models can be projected 
back into the original high-dimensional model space and averaged to obtain a stable, final model. In addition 
to stabilizing the inverse problem by averaging solutions to multiple random realizations of low-dimensional 
subproblems, input data can be effectively homogenized (i.e., the distribution of raypaths) by weighted sampling 
with appropriately defined weights and model variance (i.e., sensitivity to data sampling) can be derived from 
the distribution of solutions.

The randomized subspace projections in Fang et al. (2020) were computationally inefficient (in terms of RAM and 
CPU use) because they were computed using matrix multiplication, which has 𝐴𝐴 

(

𝑛𝑛
3
)

 computational complexity 
when performed naively for two n × n matrices, although can be improved when the matrices are sparse. In this 
study, we optimize the subspace projections by directly projecting each raypath into its subspace representation 
(i.e., path length through each Voronoi cell), following the approach of Sambridge and Guđmundsson (1998). 
Raypaths are computed using PyKonal (White et al., 2020). Optimizing the algorithm in this way is essential for 
analyzing a data set of the size considered in this study.

To mitigate the effect of spatially clustered events, which are ubiquitous in virtually all seismically active 
regions, including southern California (e.g., Zaliapin & Ben-Zion, 2013, 2021), and may dominate the inversion 
process, Fang et al. (2020) proposed weighted random data sampling to homogenize the event distribution for 
each subproblem. The probability of events used in the inversion is proportional to the number of events in a 
certain block. This, however, leads to some events which are not within event clusters being sampled many times 
while leaving others unsampled. Here, we propose a hierarchical sampling strategy comprising three weighting 
schemes, which are used sequentially to resolve structural features at various scales starting with the largest scale 
features.

The first weighting scheme, intended to constrain large-scale features, draws samples proportional to weights 
𝐴𝐴 𝐴𝐴𝑖𝑖 ≡ 𝑃𝑃

−1 (𝜃𝜃𝑖𝑖, 𝜙𝜙𝑖𝑖, 𝑧𝑧𝑖𝑖, 𝜓𝜓𝑖𝑖,Δ𝑖𝑖) , where θi, ϕi, and zi are the latitude, longitude, and depth of the event associated with 
the i th ray, ψi and Δi are the event-to-station azimuth and distance, respectively, and 𝐴𝐴 𝐴𝐴 (⋅) is a 5-D kernel density 
estimate of the probability of randomly sampling a ray with those parameters. The kernel 𝐴𝐴 𝐴𝐴 (⋅) is estimated as in 
White et al. (2021). For this weighting scheme 𝐴𝐴 𝐴𝐴𝑖𝑖 → 0 as𝑃𝑃 (⋅) → ∞ and, thus, dramatically reduces the number 
of samples drawn from highly clustered events. This maximizes the homogeneity of raypath coverage, helping to 
resolve large-scale features.
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In subsequent iterations, samples are drawn proportional to weights 𝐴𝐴 𝐴𝐴𝑖𝑖 ≡ 𝑒𝑒
−𝑃𝑃(𝜃𝜃𝑖𝑖,𝜙𝜙𝑖𝑖,𝑧𝑧𝑖𝑖,𝜓𝜓𝑖𝑖,Δ𝑖𝑖) . This weighting scheme 

is bounded and thus allows greater sampling of clustered events, which helps to resolve intermediate-scale struc-
tures. Similar to White et al. (2021), after each wavespeed update, we relocate each event individually with a 
non-linear relocation algorithm based on Differential Evolution (Storn & Price, 1997). In the final iterations, 
samples are drawn with uniform probability. Event clusters dominate the inversion at this stage and help to 
resolve fine-scale features as the data permit (see Figure S2 in Supporting Information S1 for an example of ray 
distribution for a certain realization at different stages.).

In addition, we adaptively refine the distribution of the (latitude and longitude coordinates of) Voronoi cell centers 
such that the cell density mirrors the station density (Figure 3), similar to the refinement implemented by White 
et al. (2021). In contradistinction to the refinement in White et al. (2021), we distribute the depth coordinates of 
Voronoi cell centers uniformly. By combining hierarchical sampling and local refinement of Voronoi cells, we 
mitigate the effects of event and station clusters to obtain a model which has multi-scale features resolved by the 
heterogeneous data distribution.

We obtain the relocated seismicity which consists of 344,650 events and final wavespeed models after six itera-
tions; the standard deviation of residual drops from 0.23 to 0.20 s and 0.39 to 0.34 s for P- and S-wave arrivals, 
respectively (Figure S3 in Supporting Information S1).

3. Results
We discretize our model using a grid interval of about 3.0 km in horizontal directions and 1.0 km in vertical 
direction. The PyKonal software for the hybrid fast marching method (White et al., 2020) is used to calculate 
the traveltimes and raypaths between different event and stations pairs. We choose 1,000 events based on the 
probability density function of the event distribution for each realization, and 100 realizations for each iteration, 
which is sufficient to ensure stability and sufficient data sampling (Fang et al., 2020). We take the depth-averaged 
1D version of the CVMS4.26 as our initial model because it has been shown to fit observed data better (Xiong 
et al., 2021). After each model update, we also relocate the events using PyKonal and Differential Evolution 
(Storn & Price, 1997), which is a non-linear, stochastic, global-search algorithm.

3.1. Relocated Seismicity

Large-scale spatial seismicity patterns of relocated events are generally similar to the initial event locations from 
the standard catalog, and improvements can be seen at finer scales (Figure 4) and regions with sparse station 
coverage usually show large variations (Figure S4 in Supporting Information S1). For example, south of the 
Salton Trough (ST), seismicity becomes more clustered along fault traces (Figures 4b and 4c) after relocation, 
although not as sharp as in Hauksson et al. (2012) where differential traveltimes are used for double-difference 
relocation and events not belonging to clusters are removed (Figure 4a). The locations near the Cerro Prieto 
fault (CPF) fault are especially clear with clustered seismicity after relocation (Figures 4b and 4c). The relocated 
catalog also exhibits a trend of deepening seismicity from the SE tip of ST to the SE end of the Imperial fault 

Figure 3. Schematic demonstration of adaptive cell refinement: (a) Stations (inverted, blue triangles) and kernel density 
estimate for station distribution (background color), (b) uniformly distributed Voronoi cells, and (c) adaptively distributed 
Voronoi cells with centers sampled from kernel density estimate in (a).
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(IF) fault, which might be related to the ongoing rifting process in this region (Han et al., 2016). In addition, the 
cross-cutting seismicity pattern near the SE tip of the ST exhibits an L shape after relocation. The depth distri-
bution of all events after relocation becomes smoother with most events in the range of 3–15 km (Figures 4d, 4e 
and 4f). The gradual tapering of seismicity with depth is consistent with the observed spatial variations of the 
Moho depth (Ozakin & Ben-Zion, 2015; Zhu & Kanamori, 2000) and heat flow (Blackwell & Richards, 2004) 
in the area.

3.2. 3D Wavespeed Models

The obtained wavespeed models are generally consistent with previous imaging results in SoCal, with signif-
icant low-wavespeed anomalies along the southern San Andreas fault related to damage zones in both Vp and 
Vs models at shallow depth above 5 km (Figure 5). Prominent basins, such as the Los Angeles basin, Ventura 
Basin, and the ST are associated with sedimentary geology and, therefore, low-wavespeed anomalies and high 
Vp/Vs ratio, in agreement with high H/V measurements (Muir & Tsai, 2017). Large wavespeed contrasts can 
be seen across faults, such as the NE part of San Jacinto fault (SJF) and the western segment of the Garlock  
fault. High-wavespeed anomalies at shallow depth are mostly associated with igneous rocks, which are primar-
ily located in the Peninsular and Sierra Nevada mountain ranges. The amplitude of heterogeneities becomes 
smaller in the middle crust (at about 10 km depth). However, there is a clear contrast across the Peninsular Range 
Compositional Boundary (PRCB; Langenheim et al., 2004) with high Vp and Vs anomalies to the west corresponding 
to oceanic mafic rocks and low wavespeed felsic rocks to the east. The Peninsular Range Compositional Boundary 
(PRCB) is not clearly shown on the Vp/Vs ratio model, consistent with the evidence that there is little correlation  

Figure 4. Comparison of events distribution in a small region to the south of Salton Trough (the location is indicated in Figure 1a) among (a) the Hauksson 
et al. (2012) catalog, (b) initial catalog from SCEDC, and (c) after relocation and (d–f) their corresponding depth distribution. IF, Imperial fault; CPF, Cerro Prieto 
fault; EMC, 2010 El Mayor-Cucapah rupture.
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Figure 5. Horizontal slices of (a–c) Vp, (d–f) Vs, and (g–i) Vp/Vs ratio in the upper crust at 2 km, in the middle crust at 10 km, and in the lower crust at 20 km depth. 
The thick gray lines show the Peninsular Range Compositional Boundary (Langenheim et al., 2004). Magenta lines in (i) and (h) represent cross sections shown in 
Figures 6 and 7. Regions with sparse data coverage have been masked out.
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between felsic and mafic rock compositions and Poisson's ratio (Christensen, 1996). The regions around ST show 
high Vp and Vp/Vs ratios, but insignificant Vs anomalies. In the lower crust (about 20 km depth), the contrast 
across the PRCB is still clearly visible in the Vp model and is weakly visible in the Vs model; this is consistent 
with gravity and magnetic modeling (Langenheim et al., 2004). The region to the southwest of ST shows a very 
high Vp and Vp/Vs ratio, likely indicative of upwelling mantle material associated with rifting. This anomalous 
Vp/Vs ratio could also be seen in Share et al. (2021) but with a different interpretation of crustal weak zone given 
their relatively low Vp values. A belt of a NW-trending, low-velocity material in the Vp model correlates with the 
locations of declustered seismicity, indicating the ongoing rifting in Baja California may control the deformation 
along the East California Shear Zone (ECSZ) (Plattner et al., 2010) and might delineate the future location of 
the plate boundary (Ben-Zion & Zaliapin, 2019; Thatcher et al., 2016). The Vp/Vs model, although subjected 
to larger uncertainty (more on this in the discussion), generally shows elevated values (1.75–2.0) in the upper 
and lower crust and low to intermediate values (1.6–1.75) in the middle crust. This might be related to the depth 
dependence of brittle rock damage (fracture density), among other factors such as lithology, fracture density, 
water content, and partial melting. Owing to the incorporation of data from the intense seismicity of the 2019 
Ridgecrest, CA, earthquake sequence, the resolution of our model in the Ridgecrest, CA, region is significantly 
greater than that of previous regional models. For example, the Vp and Vs at 2 km depth are similar to a local 
tomography model of White et al. (2021) for the Ridgecrest area and is more consistent with local geological 
features with high wavespeeds correlated with granodiorite surrounding low wavespeed alluvium, which is not 
clearly shown in other regional models (Figure S5 in Supporting Information S1).

An along-strike variation of Vp and Vs in the San Jacinto fault zone (SJFZ), with elevated Vp and Vs in the lower 
crust (depth >15 km) near the SE end, might be associated with mantle upwelling (Figure 6). The Anza and Trifur-
cation regions exhibit relatively low Vp of about 6.0 km/s and Vs of 3.6 km/s from 10 to 20 km depth in the middle 
to the lower crust. The low Vp, Vs, and high Vp/Vs ratio above 5 km correspond well with sedimentary material in 
the SW part of this cross section. Similar to Fang et al. (2019) and Lin and Shearer (2009), we also find that most 
of  the seismicity is associated with normal to low Vp/Vs ratio, which Lin and Shearer (2009) suggested is evidence 
of water-filled cracks. Seismicity near the SJF clusters strongly, primarily in the Hot Springs and Trifurcation 
regions as in the local tomography study of Allam et al. (2014), and gradually shallows toward the SE, correlating 
with increasing Vp/Vs ratio beneath 15 km. The Vp and Vs contrasts across the SJF and Elsinore fault (EF) near 
the Hot Springs area are consistent with overall higher wavespeeds to the SW below 5 km. The wavespeed contrast 
across the EF flips polarity above 5 km, with lower wavespeeds to the SW which is associated with sedimentary 
materials in the Los Angeles basin. The Vp and Vs contrasts persist to the SE over a greater distance for EF than SJF. 
The San Andreas fault (SAF) does not exhibit strong cross-fault velocity contrasts, although analysis of fault zone 
head waves indicates a sharp wavespeed contrast along the southern SAF, with a reversal in the sense of wavespeed 
contrast across the SAF around San Gorgonio Pass (Share & Ben-Zion, 2016). A flower-shaped anomoly around the 
SAF with low Vp, Vs, and high Vp/Vs anomaly (Figures 6c, 6f and 6i) indicates a damage zone.

In the East California Shear Zone (ECSZ) and the Ridgecrest region, the structure becomes simpler with smaller 
lateral variation compared to the plate boundary region (Figure 7); however, there seems to be a low Vs layer 
between 10 and 15 km, which is not clearly shown in the Vp model, except in the Ridgecrest area. This low Vs 
layer, which is likely weak with reduced viscosity, may contribute to viscoelastic flow and could explain both 
horizontal and near-vertical displacement after the 1992 Landers earthquake, the extensional features observed in 
the Basin and Range province (Deng et al., 1998), relatively small fault spacing (Yang et al., 2020), and near-or-
thogonal strike-slip faulting in the ECSZ (Liang et al., 2021). Interestingly, most seismicity in these regions is 
above 10 km depth, directly above the low Vs layer. Unlike in other regions where most seismicity is associated 
with normal to low Vp/Vs ratio, in the Ridgecrest region, a significant amount of seismicity is distributed in 
regions with large (>1.75) Vp/Vs ratios (Figure 7).

3.3. Model Validation

Tomographic models provide valuable information for many topics when the derived results are accompanied by 
uncertainty estimates and are effectively validated. However, little attention has been given to effective and effi-
cient techniques for doing so. The widely used checkerboard resolution tests, where an input model with a check-
erboard pattern is used to generate synthetic traveltimes which are subsequently inverted using the same forward 
solver, can be misleading and reveal little about the true model resolution (Lévěque et al., 1993; Rawlinson &  
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Spakman, 2016). Further, such synthetic tests do not account for observational errors in the data, which usually 
follow a non-Gaussian distribution. Considering these intrinsic drawbacks of checkerboard tests, we consider 
three alternative methods for validating the robustness of our models: (a) We inspect model uncertainty, which 
we obtain directly from our Poisson-Voronoi cells based tomography. (b) We compare the goodness of fit between 
observed waveforms and synthetic waveforms generated using our models with those generated using other avail-
able models. And (c) we test the robustness of model features against different starting models.

Estimates of model uncertainty arise naturally from our inversion method because we iteratively realize the 
inverse subproblem using randomly sampled subsets of redundant observations and randomized model param-
eterizations (Fang et al., 2020). Because the Vp/Vs model is derived by directly dividing Vp model parameters 
by Vs, we estimate uncertainty for the Vp/Vs model parameters using the same equation as White et al. (2021) 
(their Equation 4):

𝜎𝜎𝑃𝑃∕𝑆𝑆 =

√

(

𝜕𝜕

𝜕𝜕𝜕𝜕𝑃𝑃

𝜕𝜕𝑃𝑃

𝜕𝜕𝑆𝑆

)2

𝜎𝜎
2
𝑃𝑃
+

(

𝜕𝜕

𝜕𝜕𝜕𝜕𝑆𝑆

𝜕𝜕𝑃𝑃

𝜕𝜕𝑆𝑆

)2

𝜎𝜎
2
𝑆𝑆
. (2)

Model uncertainty estimates for both Vp and Vs (Figure S6 in Supporting Information S1) show low uncertainty 
in regions with dense data coverage, for example, at intermediate depths (around 10 km), but increases slightly 
at shallower and deeper depths. The uncertainty associated with the Vp/Vs model is relatively large compared to 
that of Vp and Vs models, which is expected for propagating error from the Vp and Vs models.

Figure 6. Cross sections of (a–c) Vp, (d–f) Vs, and (g–i) Vp/Vs ration in the plate boundary regions. The positions are shown in Figure 5i. Black dots in (g–i) 
indicate earthquakes within 10 km from the profiles. The red star in (g) represents the approximate location of the 1918 M6.8 earthquake (Townley, 1918), the 
shaded rectangular shows the potential rupture area for a future, large earthquake, see texts for more details. AZ, Anza; HS, Hot spring; TR, Trifurcation; The vertical 
exaggeration is about 1.8.
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We further validate our models and three other regional models for southern California—(a) CVM-S4.26 (Lee 
et al., 2014), (b) CVM-H15.1 (Shaw et al., 2015), and (c) the model from Berg et al. (2018) with full waveform 
simulations following the workflow proposed by Lu and Ben-Zion (2022). For each set of examined models, we 
simulated waveforms (with period ≥ 2 s) for 48 virtual seismic noise sources and 44 earthquake events using 
3D viscoelastic simulations. The synthetic waveforms are compared with observations of noise cross-correla-
tion and earthquake datasets (Figure S7 in Supporting Information S1). The goodness of fit is quantified, at 
different period bands, for different seismic phases, by measuring the distance-weighted travel time delays and 
normalized zero-lag cross-correlations between synthetics and observations. The two types of measurements are 
regionalized to evaluate the spatial variation of model quality in terms of travel time difference and waveform 
similarity. A detailed description of this model validation procedure is beyond the scope of the current discussion 
and is comprehensively reported in Lu and Ben-Zion (2022). Here, we focus on the comparison of regionalized 
model quality among the four examined models. Figure 8 shows the model exhibiting the best regional model 
performance regarding P and Rayleigh waves in multiple period bands. We find that our model outperforms the 
other regional models for both P and Rayleigh waves at short periods of less than 5 s, which we expect because 
our models are derived from a large number of high-frequency body-wave observations. The goodness of fit, 
however, degrades for periods longer than about 7 s for Rayleigh waves, indicating less constraint than the other 
tested models in the deep crust. We speculate that incorporating long-period surface wave dispersion data, such 
as those used in Berg et al. (2018), and short-period H/V data (Muir & Tsai, 2017), or merging models from 
different studies could further improve the data fitting.

Finally, we test the dependence of our final models on the initial models by comparing results obtained from 
different initial models, including the SCEC HK1D (Hauksson, 2000) and an average, 1D model extracted from 
Berg et al. (2018) (Figure S8 in Supporting Information S1), and we find that general features of the relocated 
event distributions (Figure S9 in Supporting Information S1) and wavespeed models (Figure S10 in Supporting 

Figure 7. Same as Figure 6 but for cross sections in the ECSZ and the Ridgecrest region. Positions of the cross sections are shown in Figure 5h.
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Information S1) are qualitatively similar. The independence of the model features that we interpret below on the 
initial model supports the robustness of our model interpretations.

4. Discussion and Conclusions
We recompile 20 years of P- and S-wave arrival-time data for southern California comprising over 0.3 million 
event locations and high quality analysts-reviewed phase arrival picks (about 7.4 million and 4.2 million P- and 
S-wave arrivals, respectively) from the SCEDC, which we augment with more than 2.9 million additional S-wave 
arrivals from an automated picking algorithm. Using these data and a parsimonious Poisson-Voronoi cell tomog-
raphy method, we derive new Vp, Vs, and Vp/Vs ratio models and iteratively update the models and relocate the 
SoCal earthquake catalog using the updated models and a fully 3D, non-linear, global optimization algorithm. 
We validate our new models using multiple techniques, including comparisons between synthetic and observed 
waveforms from events not used for the tomographic inversion. Observed tomographic features correlate strongly 
with the surface geology, as shown in Section 3. This holds not only for the Vp and Vs models but also for the 
Vp/Vs ratios, despite having larger uncertainties than the individual Vp and Vs models. The derived wavespeed 
models and relocated seismicity help to clarify several aspects of fault mechanics and regional tectonics, which 
we discuss below.

Large values in our Vp/Vs ratio model correlate with major basins in southern California better than both the 
CVM-S4.26 and CVM-H15.1 community models (Figure S11 in Supporting Information S1). The correlations 
between Vp and Vs models and geology in southern California have been extensively discussed elsewhere. We 
therefore primarily focus below on the Vp/Vs ratios, which imposes stronger constraints on crustal properties, 
such as lithology, crack density, and fluid content than Vp and Vs models do alone, and the relocated seismicity. 
We inspect the overall relations between the Vp/Vs ratios and spatial seismicity patterns by focusing on general 
features and robust statistics, such as average 1D depth profiles. Although care must be taken when interpreting 
absolute Vp/Vs values, the relative values are less prone to errors, and the preceding comparisons of patterns 
supports the interpretation that follows.

First, we examine the association between the depth distribution of seismicity and Vp/Vs ratios in different 
tectonic units of southern California (e.g., Ben-Zion & Zaliapin, 2020; Eymold & Jordan, 2019). We observe 

Figure 8. Model validation comparison among the B2018 model (Berg et al., 2018) (blue), the community model CVMH-15.1 (Shaw et al., 2015) (light blue), 
the CVMS-4.26 (Lee et al., 2014) (light brown), and models from this study (red) using waveform simulation. Different colors in each panel show the best regional 
performance based on criteria of travel time delays (top row) and waveform similarity (bottom row). Mad (dt/dist) refers to the mean absolute deviation value of the 
distance-weighted travel time delay measurements; Mean (cc coef) indicates the mean value of the normalized zero-lag cross-correlation measurements; P and R stand 
for P-waves and Rayleigh waves, respectively.
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relatively few shallow events (above 3 km depth), most of which are associated with a relatively high Vp/Vs ratio 
(Figure 9). The Ridgecrest, CA, region manifests low Vp/Vs and increased seismicity in the shallow crust. Most 
events in southern California occur between 3 and 15 km depth with intermediate to low Vp/Vs ratio, except in 
the ST, where depth-averaged Vp/Vs is elevated throughout the seismogenic crust. There are, however, fewer 
events there compared to other seismically active regions. Unlike shallow events, which are associated with Vp/
Vs ratios >1.77, most events occur in regions with low to intermediate Vp/Vs values. The seismicity in ECSZ 
and Ridgecrest is mostly above 10 km, which may indicate decreased brittle-to-ductile transition depth in these 
regions, as also suggested by the low Vs layers observed in Figure 7.

The depth-averaged Vp/Vs ratio in southern California decreases with increasing depth from about 1.8 at the 
surface to a minimum of 1.74 at 10  km depth. Below 10  km, it gradually increases to about 1.77 at 20  km 
depth (Figure 10a). The high Vp/Vs values at shallow depths are consistent with intensive rock damage around 
fault zones and basins associated with unconsolidated materials and fluids. Low Vp/Vs ratio at round 10 km 
may be related with diminished rock damage, dry rocks, or fluids-filled cracks with large aspect ratio (Lin & 
Shearer,  2009; Shearer,  1988). This 1D Vp/Vs profile correlates negatively with the expected rock strength 
profile in the top 10 km, at which depth Vp/Vs reaches a minimum. The seismic event intensity correlates nega-
tively with the average Vp/Vs profile over the entire depth range, but peaks at a shallower depth (around 5 km). 
This probably implies that additional properties and processes beyond rock strength, as indicated by the depth 
averaged Vp/Vs ratio, influence earthquake nucleation, such as decreasing fault zone width with depth (e.g., 
Hillers et al., 2006) and stress/strength heterogeneities (e.g., Ben-Zion, 2008). Most deep seismicity (i.e., below 
15 km) is located in regions of Vp/Vs ratio lower than 1.75 (Figure 10b), and occurs predominantly around the 
Ridgecrest, CA, area, the Big Bend region, and along the SJF. The intensity of deep seismic activity decreases 
dramatically at the SE end of the SJF where the Vp/Vs ratio increases. A similar pattern manifests in the EF where  

Figure 9. Analysis of the seismicity and Vp/Vs ratio in different regions. (a) Event distribution in the Ridgecrest (yellow), East California Shear Zone (blue), Salton 
Trough (red), Transverse Range region (magenta), and the San Jacinto and Elsinore fault region (green). (b–f) The depth distribution of seismicity and their associated 
Vp/Vs ratio in different regions. The red dots indicate the mean Vp/Vs and the vertical bars are the standard deviations.
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deep seismicity coincides with relatively low Vp/Vs ratio. The correlation between deep seismicity and Vp/
Vs ratios may reflect spatial variability of the brittle-to-ductile transition depth, which is important for various 
aspects of crustal deformation and seismic hazard.

Tight, fault-normal, spatial clustering of events observed in the relocated catalog helps constrain subsurface fault-
zone geometry, and, tight, spatial clustering of events in cross sections parallel to the primary trend of fault zone 
(Figures 6 and 7) might indicate hierarchical cross-cutting faults, which are common in complex fault regions. 
Prominent examples of such cross-cutting features include the 1987 Superstition Hills earthquake sequence 
(Hudnut et al., 1989) and the 2019 Ridgecrest earthquake sequence (Ross et al., 2019).

Seismicity at the base of the seismogenic zone in the core SJFZ is spatiotemporally diffuse, which likely 
reflects the transition between brittlely deforming crust above and ductilely deforming crust below (e.g., White 
et al., 2019). A large, aseismic region, with a lateral extent of about 70 km, NW of the Hot Springs Area in the 
SJFZ (Figure 6g), hosted a M6.8 earthquake in 1918 (Townley, 1918). Assuming that the SJF accommodates half 
of the plate motion (about 20 mm/year) (Fialko, 2006), and that the fault is fully locked over a depth of 10 km, we 
estimate a slip deficit of about 2 m over this 70 km fault segment. Using these values to estimate the cumulative 
seismic potency (rupture area times slip) since 1918, and converting the potency to magnitude using the quadratic 
scaling relation of Ben-Zion and Zhu (2002), suggest that this fault segment has enough stored strain energy to 
produce another M6.8 or larger earthquake.

The derived wavespeed models can be further improved by incorporating long-period surface wave dispersion 
data (e.g., Berg et al., 2018) and short-period H/V data (e.g., Muir & Tsai, 2017). Alternatively, different models 
could be merged using validation tests as in Figure 8 to weight each model based on its performance. It is also 
worth noting that, although we did not use differential arrival time measurements, the relocated catalog exhibits 
tighter spatial clustering near major faults, as is commonly seen in catalogs derived using double-difference 
relocation techniques (e.g., Hauksson & Shearer, 2005; Lin et al., 2007; Trugman & Shearer, 2017). Because 
the individual event location algorithm using an improved 3D model provides more accurate absolute locations, 
we speculate that combining our relocated events with a relative relocation technique would further improve the 
event locations and thus better characterize subsurface fault-zone geometry. Such improvements to the wavespeed 
models and locations may be the subject of follow up studies.

Figure 10. (a) Depth distribution of all events and the average Vp/Vs ratio at each depth (red dots). (b) Distribution of deep seismicity (purple dots) with depths larger 
than 15 km with the background of Vp/Vs ratio at 17 km depth.
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Data Availability Statement
The initial catalog, P- and S-wave arrival times, and raw data used for automatic picking for the CI networks and 
can be accessed through Southern California Earthquake Data Center. The fault traces were downloaded from the 
SCEC Community Fault Model (https://www.scec.org/research/cfm, last accessed 1 June 2021). The wavespeed 
models and relocated seismicity can be downloaded from https://data.mendeley.com/datasets/4rdhjsc54p. The 
PyVoroTomo code used in this work can be obtained at https://github.com/HongjianFang/PyVoroTomo or https://
doi.org/10.5281/zenodo.6015701 (Fang, 2022). All figures were created using GMT plotting software (Wessel 
et al., 2019).
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