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Abstract Accurate earthquake location is of fundamental importance for understanding seismogenic
processes, revealing the Earth's interior structure, and mitigating seismic hazard. However, precisely
determining the depth of an earthquake is often challenging due to the severe trade‐off between focal depth and
origin time, especially in the absence of nearby seismic stations. To address this challenge, we have developed
an integrative procedure for reliably and efficiently identifying the sP depth phase in local and regional seismic
records. After picking the traveltimes of first‐arriving P, S waves and sP depth phases, we sequentially refine
earthquake hypocenter (longitude, latitude and depth) and origin time within a Bayesian inversion framework.
The efficacy of the proposed depth phase identification procedure and earthquake location method is validated
through the analysis of small‐to‐moderate aftershocks that occurred within 2 months of the 2019 Mw 7.1
Ridgecrest earthquake. Our study shows that including depth phases can significantly reduce location
uncertainty in depth by a factor of five. Moreover, the results achieved by jointly using first arrivals and depth
phases are less dependent on the background velocity model, enabling more accurate location estimates for
86.6% of the examined earthquakes. In regions northwest of the mainshock nucleation area, the base of the
seismogenic zone is located generally below 10 km, likely sandwiching a much shallower brittle‐to‐ductile
transition zone (<4 km) beneath the Coso geothermal site. This locally abrupt change in rock rheology may
modulate the rupture propagation of large earthquakes.

Plain Language Summary Accurate earthquake hypocenter (longitude, latitude, and depth) and
origin time are of fundamental importance in geoscience studies. However, it is often difficult to precisely
constrain the earthquake depth due to the trade‐off between focal depth and origin time. To overcome this
challenge, we have developed a systematic procedure for identifying the sP depth phase in local and regional
seismic records. Such source‐side surface reflections (e.g., sP) are very sensitive to the earthquake depth, and by
jointly using the depth phase as well as first‐arriving P and S waves, we can precisely constrain both earthquake
hypocenter and origin time. Because the earthquake location is conducted within a Bayesian inversion
framework, it is natural to assess the location uncertainty. Using the new phase identification procedure and
earthquake location method, we have located 277 aftershocks with magnitude from 2.0 to 5.0 of the 2019Mw 7.1
Ridgecrest earthquake more accurately. Except for the Coso geothermal site, we find a thick seismogenic zone
in regions northwest of the mainshock nucleation area, which is 0.6–9.8 km deeper than previous estimates,
indicating a potential risk for future earthquakes with magnitude larger than 5.5.

1. Introduction
Accurate determination of earthquake hypocenters is vital for identifying the seismicity pattern within a region
and delineating the fault geometry at depth (e.g., Ross et al., 2019). It serves as the basis for understanding the
seismogenic processes (e.g., Hauksson & Meier, 2019) and is instrumental in assessing future earthquake risk
potential (e.g., earthquake shaking potential for California, Branum et al., 2008). Reliably determining earthquake
hypocenters is also a prerequisite for various other studies, including obtaining point‐source focal mechanisms (e.
g., Zhu & Helmberger, 1996), inferring kinematic finite‐fault rupture processes (e.g., Ji et al., 2003), conducting
passive‐source seismic tomographic inversion (e.g.., Rawlinson et al., 2010), as well as discriminating under-
ground explosions from natural earthquakes (e.g., Bowers & Selby, 2009; Koper et al., 2024). There are various
earthquake location refinement packages available, such as HypoDD (Waldhauser & Ellsworth, 2000), Growclust
(Trugman & Shearer, 2017), and NonLinLoc (Lomax et al., 2000). Each package has its pros and cons when
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locating earthquakes and revealing seismicity patterns according to a recent synthetic controlled experiment (Yu
et al., 2025). However, challenges persist in accurately estimating earthquake location uncertainty, along with
often large ambiguities in determining the focal depth (Figure 1).

Uncertainty in earthquake location stems from two main sources: random errors associated with phase picking
and systematic errors introduced by either overly simplified velocity models or uneven seismic station coverage.
In regions with well‐defined three‐dimensional (3D) velocity models, such as Southern California, realistic
models are routinely adopted to mitigate systematic errors (e.g., Hauksson et al., 2012). In areas lacking accurate
3D velocity models, correction strategies like static station terms and source‐specific station terms (e.g., Richards‐

Figure 1. Phase traveltime sensitivity in locating the spatial coordinates of an earthquake. (a) Phase ray path in a 1D smoothed
model. The white star with black edge denotes the earthquake, and the black inverted triangles represent the seismic stations.
The solid blue curve denotes the P‐wave ray, the dashed red curve denotes the S‐wave ray, and the dashed/solid lime curve
shows the upward S‐leg/P‐leg of the sP‐wave ray. (b) The color‐coded region with probability density function (PDF) is
equivalent to the stacked equal traveltime (ET) surface of P waves from multiple observations, which is used as the
quantitative measure to represent the phase traveltime sensitivity to the quake source. Note seismic stations are only installed
on one side of the earthquake. (c, d) The same as (b) but for S and sP phases. (e) The color‐coded region with PDF is the
stacked S‐P equal differential arrival time (EDT) surface from multiple observations. (f) The same as (e) but for the sP‐P
EDT surface. Here, following Zhou (1994), the ET/EDT surface from one observation can be defined as the collection of
spatial points where the predicted phase arrivals/phase arrival differences approximate the observations within the tolerable
uncertainty, thus any point on the ET/EDT surface could be the event hypocenter.
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Dinger & Shearer, 2000) are employed to reduce biases. Typically, the background velocity model is assumed to
be known and fixed during the earthquake location processes (Lomax et al., 2009). Uneven seismic station
coverage usually results in elongated error ellipses for earthquake epicenters (Lomax et al., 2009), while this bias
can be alleviated to some extent by adopting geographic weighting schemes (e.g., Ruan et al., 2019). Random
picking errors contribute to location uncertainty by acting as weighting factors in forming the objective function
(Lomax et al., 2009). However, determining picking errors in a relatively objective way is still under exploration
(e.g., Armstrong et al., 2023; Peterson et al., 2021).

The large uncertainty in determining earthquake depth arises from the incomplete observations. Because in most
cases we do not have instrument directly below the source, there is trade‐off between earthquake origin time and
focal depth when interpreting the first arrivals. Such challenge becomes more pronounced when only distant
seismic stations are available (e.g., Figure S1 in Supporting Information S1; stations located more than 1.4 times
of the earthquake depth, Gomberg et al., 1990). Although designing the objective function in terms of differential
arrival times can eliminate the earthquake origin time from the inversion process (e.g., Tong et al., 2024;
Zhou, 1994), the commonly used first‐arriving P and S waves are typically picked at stations several times farther
from the earthquake epicenter than the focal depth, providing limited constraint on the depth (Figure S2 in
Supporting Information S1). To deal with this challenge, one approach is to deploy temporary seismic stations
directly above the source region following a large earthquake (e.g., Cochran et al., 2020; White et al., 2021).
However, this solution is expensive and feasible only in limited regions. Another strategy is to use depth‐sensitive
signals in seismic records, such as the amplitude spectra of short‐to‐intermediate period surface waves or depth
phases such as pP and sP waves, which undergo surface reflection or mode conversion usually on the source side
(e.g., Stein & Wiens, 1986; Tsai & Aki, 1970). Over the past few decades, significant efforts have been made to
utilize depth phases for refining earthquake locations (e.g., Craig, 2019; He et al., 2019; Ma, 2010; Umino
et al., 1995; Yu et al., 2019; Yuan et al., 2020). Currently, the routine identification of depth phases in teleseismic
records has become feasible for refining earthquake locations, as seen in global catalogs like ISC‐EHB catalog
(usually for magnitudes larger than 4.5, Weston et al., 2018) and NEIC catalog (with magnitude larger than 5.5,
Yeck et al., 2025). At local and regional distances, depth phase identification primarily relies on waveform
modeling for earthquakes with magnitude greater than 2.5, where the associated focal mechanism is either
estimated simultaneously or predetermined (e.g., He et al., 2019; Ma, 2010; Yu et al., 2019). Notably, Yuan
et al. (2020) proposed a depth‐scanning algorithm that employs phase‐shifted first‐P wavelets as templates to
match likely depth‐related seismic phases within a local 1D velocity model. Though the depth‐scanning algorithm
is typically efficient and provides accurate depth estimates, it may encounter challenges or introduce biases when
strong horizontal heterogeneities exist in the actual velocity model.

In this study, we developed a systematic approach that leverages the distinctive sensitivities of the first‐arriving P,
S and depth phases to accurately and precisely locate earthquakes. Without the need for a predetermined focal
mechanism, we first introduce a method that combines the advantages of polarization filtering (e.g., Vidale, 1986)
and signal deconvolution (e.g., Woodgold, 1999) to reliably and efficiently identify sP depth phases in local and
regional seismic records, which are prominent due to the mode conversion at the free surface (e.g., Aki &
Richards, 2002). Then, the earthquake hypocenter and origin time are sequentially constrained by jointly using
first arrivals and depth phases within a Bayesian framework. Structural heterogeneities are accounted for by
obtaining phase traveltimes through solving the eikonal equation within a realistic 3D background velocity
model. We validate the novel approach for depth phase identification and the earthquake location scheme in the
Ridgecrest area of California. Using the characterization of the seismogenic zone as an example, we emphasize
that accurately determining earthquake depths is crucial for understanding the local seismogenic processes.

2. Data
In the Ridgecrest region of California, we analyze three‐component waveforms of 697 aftershocks that occurred
between 1 August and 30 September 2019, following theMw 7.1 mainshock on July 6th (Figure S3 in Supporting
Information S1). Aftershocks with magnitudes greater than 2.0 are chosen from the standard Southern California
Seismic Network (SCSN) catalog (Hutton et al., 2010). Event waveforms are downloaded from the Caltech/
USGS Southern California Seismic Network (SCSN; doi: 10.7914/SN/CI) and its collaborative partner networks
including 7Q (doi: 10.7914/SN/7Q_2019), GS (doi: 10.7914/SN/GS), NN (doi: 10.7914/SN/NN), and PB (Plate
Boundary Observatory Borehole Seismic Network), stored at the Southern California Earthquake Data Center
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(SCEDC, 2013). Additionally, we obtain phase arrival times from the SCEDC (2013) and use these expert‐
reviewed P and S arrivals for later signal processing.

3. Method
3.1. Preparing Arrival Times of First‐Arriving P and S Waves

To obtain first‐arriving P and S wave arrival times in a consistent way and expand the data volume as much as
possible, we use the Akaike Information Criterion (AIC, e.g., Fang et al., 2022) to determine phase onsets and
assess the associated picking uncertainties. First, we select high‐quality waveforms. For records lacking labeled
phase arrivals from the SCEDC, we calculate the theoretical first‐arriving P and S arrival times at each seismic
station using the SCSN catalog location and the standard 1D velocity model for Southern California (Hadley &
Kanamori, 1977; hereafter referred to as the HK model). Based on these expert‐reviewed or theoretically
calculated phase arrival times, we compute the P‐wave signal‐to‐noise ratio on each vertical component. The
noise level is estimated from 2.0 to 0.5 s before the first‐P arrival, while the signal is assessed from 0.5 s before to
1.0 s after the first‐P arrival. Event waveforms with a P‐wave SNR greater than 5.0 are selected and retained.

Next, we employ the AIC phase picker to enhance the precision of the P‐wave phase onset on each vertical
component for the selected high‐quality waveforms. The picking process is conducted automatically within a
fixed time window from 1 s before to 1 s after the referenced P‐wave onset which is either from the data center or
theoretical calculation. When the automated phase picker fails to accurately identify the phase onset, manual
tuning of the time window is performed. Then, we assess the phase picking uncertainty in a similar way as the
practice of Peterson et al. (2021). In detail, the automated phase picking process is repeated multiple times
(default 200 times) in a series of time windows to assess the phase picking uncertainty. Centered on the refined
first‐P arrival time tP, the time window is defined as [tP − Δt, tP + Δt], where Δt (in seconds) follows a uniform
distribution, Δt ∼ U(0.25,0.75). The mean of these 200 phase picks is used to update the first P‐wave onset, and
the associated standard deviation is employed to estimate the associated picking error (Figure S4a in Supporting
Information S1). For waveforms with updated P‐wave onset times, we refine the S‐wave arrival times using the
same procedure, but applied to the combined horizontal component following the practices of Fang et al. (2022),

that is,
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
E2 + N2

√
, where E and N refer to the east and north channels, respectively (Figure S3b in Supporting

Information S1). After discarding outlier phase picks (i.e., those beyond five standard deviations) and closely
spaced P and S arrivals (i.e., ts − tP < 0.5 s), we retain a total of 6,085 first‐arriving P‐wave picks and 6,072 first‐
arriving S‐wave picks from 320 aftershocks, an average increase of 48% compared to those available at SCEDC
(Text S1 and Figure S5 in Supporting Information S1).

3.2. Preparing the Database of sP Depth Phase

Previous studies have summarized several diagnostic characteristics for identifying sP waves at local and regional
distances (e.g., Ma, 2010; Umino et al., 1995):

1. sP waves are typically observed on vertical component seismograms;
2. sP waves approach seismic stations in a similar direction as that of direct P waves;
3. sP waves propagate with an apparent velocity slower than direct P waves but faster than direct S waves;
4. sP waves have a predominant period slightly longer than that of direct P waves and comparable to that of direct
S waves;

5. The amplitudes of sP waves are about 50%–200% of those of the direct P waves;
6. The arrival time lag between sP and first‐arriving P waves from the same earthquake (e.g., phase pairs of sPg‐
Pg and sPn‐Pn) is nearly constant across seismic stations.

Based on these characteristics, we have designed five quantitative metrics for the reliable phase identification of
sP waves:

1. The dominant energy of an sP wave is expected to be concentrated in the vertical–radial (Z‐R) plane. Thus, the
sP‐wave amplitude in the Z‐R plane (AZ − R

sP ) should be larger than its amplitude on the tangential component
(T), that is, AZ − R

sP /AT
sP > 1.0;
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2. sP waves must be sufficiently strong to stand out from the background noise. So, on the vertical component, we
require that the amplitude AZ

sP of every potential sP wave is at least half of that of the corresponding first‐P
wave, that is, AZ

sP/A
Z
P > 0.5;

3. sP waves are expected to have polarization similar to the first‐P waves, with a comparable incidence angle (θ)
in the Z‐R plane, that is,

⃒
⃒θZ − R
sP − θZ − R

P
⃒
⃒< 20°;

4. sP and first P waves should exhibit an identical degree of polarization (DOP) in the Z‐R plane, specifically,
⃒
⃒DOPZ − R

sP − DOPZ − R
P

⃒
⃒< 0.1. Note that the DOP is defined as DOPZ − R = (λ1 − λ2)2/(λ1 + λ2)2, where

λi(i = 1,2) represents the eigenvalues (λ1 ≥ λ2) of the principal components of the particle motion, as pro-
posed by Samson and Olson (1980);

5. sP waves are expected to have a dominant frequency f Z,peak comparable to that of the first P waves on the
vertical component, that is,

⃒
⃒
⃒ f Z,peaksP − f Z,peakP

⃒
⃒
⃒< 2.0 Hz.

These quantitative metrics are applied to highlight likely depth phase signals while muting others through a time‐
domain polarization filter. Note that the designed metrics 1) and 4) represent the same property that energy in the
sP phase is expected to be polarized into the Z‐R plane but from two different aspects. The aim of including such
reductant metrics is to mutually validate the sP wave property in a noisy real world. Metric 3) applies for distant
records where the epicentral distance is larger than the event focal depth. We conduct the filtering process in this
way: Given a velocity model and a predetermined epicenter, all candidate depth phase signals for a single event
are then transformed to the depth domain and stacked. The resulting stacked depth profile reveals the most
probable focal depth. This preferred focal depth, together with the fixed epicenter, is used to predict the arrival of
the sP depth phase at each station within the velocity model. Phase picking and uncertainty estimation are
subsequently performed using the same procedure applied to the first‐arriving P and S waves. The complete
process for depth phase identification, phase picking, and data quality control in constructing the sP database is
summarized in Figure 2. Two synthetic experiments with fixed observational azimuth or epicenter distance are
presented in the supplementary material (Figures S6 and S7 in Supporting Information S1) to provide an overview
of the effectiveness of the designed algorithm in identifying depth phases in local seismic records. We now turn to
the technical details of applying the algorithm to real seismic data.

3.2.1. Time‐Domain Polarization Filtering for sP Depth Phase Detection

To develop an efficient approach for depth phase identification, we first design a time‐domain polarization filter
to simplify waveforms based on the aforementioned five quantitative metrics. This filter has similar features as
classical polarization filters (e.g., Sollberger et al., 2023; Vidale, 1986) but incorporates a broader range of at-
tributes to more accurately isolate target signals. Specifically, we treat every sampling point on the waveform as
the onset of a potential sP phase and compute the instantaneous AZ − R

sP /AT
sP ratio within a sliding time window

[ti − 0.05, ti + 0.45]. Here, ti (in seconds) refers to the phase onset of the i‐th potential sP wave, and the window
shifts forward by two sampling points (0.02 s) each time to balance the computational cost and the accuracy of
phase onset identification (the red curve in Figure 3b). To ensure continuous amplitude measurements along the
time axis, we integrate the windowed absolute signal and treat it as the phase amplitude. For instance, in the Z‐R
plane, we define the amplitude of a potential sP wave as

AZ− R
sP =∫

ti+0.45

ti − 0.05

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Z(t)2 + R(t)2
√

dt, (1)

where Z(t) and R(t) represent the vertical and radial components, respectively. In the tangential direction, we
define the amplitude of a potential sP wave as

AT
sP =∫

ti+0.45

ti− 0.05
|T(t)|dt, (2)

where T(t) represents the tangential‐component waveform. Within the same time window, we also compute four
other instantaneous attributes of the potential sP wave, including the AZ

sP/A
Z
P ratio (the blue curve in Figure 3b)

and f Z,peaksP (Figure 3d) which are measured in a similar integral manner. The signal polarization attributes, such as
θZ − R
sP (the red curve in Figure 3c) and DOPZ − R

sP (the blue curve in Figure 3c), are directly measured in the Z‐R
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plane. Once all these instantaneous attributes are computed, the vertical‐component waveform within the
time window [ti − 0.05, ti + 0.45] is either retained if all the five quantitative metrics meet the predefined
criteria (e.g., above or near the dashed lines in Figures 3b–3d) or muted to zero otherwise. Additionally, portions
outside the time window [ti − 0.05, ti + 0.45] are muted to zero. The resultant waveform is denoted as Zi(t).
Repeating this procedure for every time window, a filtered signal is obtained (Z f (t) in Figure 3e) by averaging all
the windowed waveforms

Z f (t) =
1
N
∑

N
i=1Zi(t), (3)

where N represents the total number of time windows considered. This filtering process greatly simplifies the
original waveforms, facilitating subsequent depth phase identification. To further enhance waveforms stacking
across different stations in subsequent analyses, we deconvolve the first‐P wave (captured 0.05 s before and 0.45 s
after the phase onset) from the filtered signals to increase the SNR of target phase arrivals, following the pro-
cedure described by Crag (2019). The resulting signal (Zd(t) in Figure 3e) is then transformed to its associated
envelope (Ze(t) in Figure 4b) for removing variations in phase polarity.

3.2.2. Stacking Candidate sP Phases in the Depth Domain

After aligning Ze(t) to the onset of the first‐P arrival, each subsequent time sample represents a potential sP‐P
differential arrival time. For each differential arrival time, along with a background velocity model and an

Figure 2. Flowchart of preparing the depth phase sP waves.
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event epicenter (e.g., the catalog epicenter), we can estimate the corresponding focal depth. In this study, we
choose the 3D community velocity model CVM‐S4.26 (Lee et al., 2014) as the background velocity model. To
minimize potential biases introduced by catalog locations, we have updated all event epicenters using the newly
picked first‐P arrival times and S‐P differential arrival times in the CVM‐S4.26 model. Assuming a discrete set of
possible focal depths {depj} within a range from the free surface to slightly beyond the typical maximum seis-
mogenic depth (approximately 20 km for the Ridgecrest region, California; Nazareth & Hauksson, 2004), we
predict the associated sP‐P differential arrival times {t jsP − P}. Here the first‐P arrival times are calculated by
numerically solving the eikonal equation using the fast‐marching method, while the sP‐wave arrival times are
obtained by solving the eikonal equation twice using a multi‐stage fast‐marching method (Rawlinson & Sam-
bridge, 2005; White et al., 2020). Since the sP‐P differential arrival time generally monotonically increases with
focal depth, the transformation of the filtered envelope waveform Ze(t) from the sP‐P time domain to the 1D focal

Figure 3. An example of using the multiple instantaneous attributes to filter the raw event waveform. (a) The 3‐component
event waveforms were recorded at station PB.B916 from an earthquake of M2.8 occurring on 2019‐09‐29T12:08:19.570Z.
The earthquake situates at a depth of 8.95 km, and the source‐receiver distance is 58.9 km. The waveform segment under the
blue band denotes the windowed first‐P wave. (b) The instantaneous amplitude ratio of the potential sP waves in the Z‐R
plane over itself on the tangential component (red curve), and the instantaneous amplitude ratio of the sP waves over the first
P on the vertical component (blue curve). The dashed lines denote the threshold used to filter the raw waveform. (c) The
instantaneous incidence angle of the potential sP waves in the Z‐R plane (red curve) where the positive values mean the
particle moves along the radial direction, whereas the negative values mean the particle moves against the radial direction.
The instantaneous degree of polarization of the potential sP waves in the Z‐R plane is shown as blue curve. The dashed lines
denote the instantaneous polarization attributes of the first‐P wave. (d) The instantaneous peak frequency of the potential sP
waves on the vertical component. The dashed line denotes the instantaneous peak frequency of the first‐P wave. (e) The
original event waveform Z(t) shown as red curve is compared to its filtered signal Z f (t) (dashed blue curve), and to the
deconvolved signal Zd(t) (dotted lime curve).
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depth domain can be easily established to obtain Ẑe
(dep). We conduct this transformation at each station. For a

given event, the resulting signals across all stations { Ẑe
k(dep)} are averaged to obtain a stacked depth profile:

Ze
(dep) =

1
M
∑

M
k=1 Ẑ

e
k(dep), (4)

where M is the total number of seismic stations used (the red curve shown in Figure 4a).

To more effectively highlight the depths at which the transformed signals are constructively stacked, we compute
the peaks of Ze

(dep) (the purple stem plot in Figure 4a). The height of each peak is defined using topographic
prominence, a measure commonly used in mountaineering to describe the height of a peak relative to its sur-
roundings (e.g., Kirmse & de Ferranti, 2017). To further enhance the confidence in depth phase identification, we
also calculate the root‐mean‐square (root mean square (RMS)) of the residuals between the picked and predicted
traveltimes of P waves, S waves, and S‐P differential arrival times, as a function of focal depth (Figure 4a, Figures
S8a and S9a in Supporting Information S1). For example, we compute the RMS of first‐arriving S‐wave trac-
veltime residuals across all available stations (tallres(dep), the solid blue curve in Figure 4a) using the CVM‐S4.26
model. The event epicenter used in these calculations is the same as that used for the time‐to‐depth transformation.
By examining whether and how the peaks in Ze

(dep) coincide with the troughs in the tallres(dep) curve, we
determine the most likely focal depth of the event. In particular, we first find the trough of the tallres(dep) curve, with

dep∗ ≔ argmin
dep

tallres(dep), (5)

Figure 4. An example of depth phase identification. The event waveforms are from an earthquake of M2.8 occurred on 2019‐
09‐29T12:08:19.570Z, and the earthquake is at 8.95 km depth according to the Southern California Seismic Network catalog.
(a) The solid red curve denotes the stacked sP wave Ze

(dep) in focal depth domain, and the purple stem plot shows its
corresponding peaks. The solid blue curve shows the root mean square values of traveltime residuals versus focal depth for all
available S waves. When there is one dominant peak in Ze

(dep) within the depth range at which the traveltime residuals do not
differ by more than 10% from its trough (blue shading zone), and the peak height in Ze

(dep) is the global maximum, we label the
sP waves for this event as quality A and regard that peak position as the preferred focal depth. (b) The black, red and cyan curves
represent the original event waveform Z(t) (vertical component), filtered waveform Z f (t), and deconvolved signal envelope
Ze(t), respectively. Note the signals have been normalized and aligned to the first P onset. At the beginning of each signal, we
also present the source‐receiver distance (dist) and station name. The vertical gray bar indicates the referenced sP onset, which is
calculated using the preferred focal depth determined in (a). Within 0.5 s from the referenced sP onset (the gray‐shading zone),
we pick the final used sP onset as denoted by the vertical lime bar. For station PB.B917, no good sP wave is retained after data
cleaning.
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Then, we define a focal depth interval [dep1,dep2] that likely encloses the true focal depth,

dep1,2 ≔ argmin
dep

(
⃒
⃒tallres(dep) − 1.1 · t

all
res (dep

∗)
⃒
⃒), (6)

We identify the largest peak in Ze
(dep) within [dep1, dep2], and assigns its location as the preferred focal depth

for the event. In practice, according to how many peaks in Ze
(dep) exist within [dep1, dep2] and whether the

largest peak in this segment is the global maximum, we group the sP waves associated with the examined event
into different quality levels (see more details in Text S2 and Figures S8–S13 of Supporting Information S1). To
assess the influence of individual stations on the stacked depth profile, we performed jackknife tests (Text S2 and
Figure S14 in Supporting Information S1). The results indicate that all station records contribute to the preferred
depth estimate, although none is indispensable.

3.2.3. sP Phase Picking and Uncertainty Estimation

Once the preferred focal depth is determined,we use it to predict the sP arrival time (t∗sP) at each station in theCVM‐
S4.26 model. We then inspect each vertical‐component waveform Z(t) for prominent signals around the predicted
phase arrival. A signal is considered prominent if, within the time window [t∗sP − 0.5, t∗sP + 0.5], its maximum
absolute amplitude is at least half that of the first P‐wave and at least 1.5 times as large as the average amplitude

within the samewindow, computed as∫t∗sP + 0.5
t∗sP − 0.5

|Z(t)|dt. If such a prominent signal is detected, we use the AIC phase
picker, as used previously for detecting first‐arriving P and S phases, to determine the sP onset and estimate its
picking error. The only difference is the choice of time window: the picker is applied once within
[t∗sP − 0.5, t∗sP + 0.5] to refine the sP arrival time tsP. However, if the phase picker fails to accurately pick the sP
onset, manual tuning of the time window is allowed. For assessing the uncertainty of phase picking, the time
window is set as [tsP − Δt, tsP + Δt], where Δt (in seconds) follows a uniform distribution, Δt ∼ U(0.02,0.12)
by default. Examples of the picked phase data and the associatedwaveform for a chosen event is shown in Figure 5.

3.2.4. Construction and Quality Control of the sP‐Wave Database

In total, 1,107 depth phases have been identified from the seismic records of the examined events. To construct a
high‐quality sP database, we perform two rounds of data cleaning to ensure the picked sP arrivals exhibit
consistent waveforms and typical depth‐phase characteristics (see details of how we conduct the data cleaning in
Text S3, Figures S15 and S16 of Supporting Information S1). In the first step, 47 sP picks do not pass the
consistent waveform test thus are removed from our sP database. At the second filtering stage, we further remove
an additional 238 sP picks after checking the five sP phase metrics. Following the two rounds of data cleaning, we
retain 822 high‐quality sP arrivals from 277 aftershocks in the Ridgecrest region, California, accounting for
86.6% of the analyzed events (Figure S3 in Supporting Information S1). On average, there are 3 sP‐wave picks per
earthquake (Figure 6). The retained sP waves exhibit high consistency in shape (Figure S16d in Supporting
Information S1), and the accuracy of phase picking is high, as evidenced by the close agreement between sP‐P
differential arrival times obtained from the AIC phase picker and those measured from phase envelope peaks
(Figures S17a and S17b in Supporting Information S1). In the following section, we focus on these 277 after-
shocks to relocate their hypocenters and origin times using both first arrivals and sP depth phases.

3.3. Bayesian Inversion for Locating Earthquakes

Given thewell‐known trade‐off between earthquake origin time and focal depth (Gomberg et al., 1990), we address
this challenge by adopting a three‐step inversion strategy within a Bayesian framework to determine the four‐
dimensional earthquake location (longitude, latitude, depth, origin). Here, we briefly introduce the procedures
for each stage; detailed techniques are provided in Appendix A. In the first step, we utilize the first‐P arrival times,
which typically have better azimuthal coverage than other observations (e.g., first‐arriving S or later phases), to
infer the earthquake hypocenter (mainly the epicenter). During this step, the origin time is fixed to the standard
catalog value, and each P‐wave arrival time is weighted according to its picking uncertainty. At the same time, we
reduce the influence of uneven station distribution via a geometrical correction following Ruan et al. (2019). In the
second step, we modify the earthquake hypocenter posterior to be homogeneous along the depth direction
(Figures 7a–7c) and use it as the prior distribution. Then, we update the earthquake hypocenter by using both S‐P
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and sP‐P differential arrival times. Importantly, the inferred earthquake location is independent of the origin time
(Figures 7d–7i) due to the use of differential arrival times. The involvement of sPwaves further reduces the location
uncertainty along the depth direction (Figures 7f–7i). In the third and final step, we use the maximum likelihood
hypocenter to predict the first‐P traveltimes and refine the origin time by fitting the observed first‐P arrivals
(Figure 7j).

4. Results
Through the analysis of two months of aftershock records of the Mw 7.1 mainshock on 6 July 2019, in the
Ridgecrest region, California, we have successfully identified 822 sP‐wave picks from 277 earthquakes

Figure 5. An example of the picked phase data and the associated waveforms. (a) Map view of event and station distribution.
Blue dots show the background seismicity with magnitude larger than 2.0 from the Southern California Seismic Network
(SCSN) catalog between 5 June and 30 September 2019. We present the picked sP waves from a group of earthquakes
(magenta open stars) in (b) that are recorded by station PB.B916 (lime open square) within the azimuth range between 343
and 357°. Besides, we also display the picked P and S waves from a M2.8 earthquake which occurred on 2019‐09‐
29T12:08:19.570Z with its epicenter denoted by the orange open star. Recording stations are represented by black open
squares. Magenta dashed line outlines the Coso geothermal field following Monastero et al. (2005). Two filled red stars
represent the foreshock and mainshock of the Ridgecrest earthquake sequence, with the focal mechanism from the SCSN
focal mechanism catalog. (b) The present vertical‐component velocity waveforms have been bandpass filtered between 1 and
8 Hz. We align waveforms to first P (blue line) and sort them according to the updated focal depth. The picked sP waves are
marked by the lime bars, and the red‐filled curves show the deconvolved signal envelopes (Ze(t) ), where a larger amplitude
of Ze(t) suggests a higher likelihood of the existence of sP waves. (c) The picked first‐P (blue bars) and sP (lime bars) waves
from a M2.8 earthquake are marked on the vertical‐component waveforms. Both the picked phase onset (vertical bar) and the
associated one‐standard‐deviation interval of picking uncertainty (horizontal bar) are displayed. The recording seismic stations
(stnm) are denoted above each waveform. (d) The picked S waves (red bars) from the M2.8 earthquake are marked on the
horizontal‐component (

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
E2 + N2

√
) waveforms. The recording epicentral distance (dist) and azimuth (az) are present above

each waveform.
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Figure 6. The obtained phase data in the Ridgecrest region, California. (a) Map view of the distribution of analyzed
earthquakes (magenta stars) and the recording seismic stations (black open squares). Blue dots show the background
seismicity. Red dashed line outlines the Coso geothermal site. (b) Traveltimes of first P (blue dots), S (red dots), and sP (lime
squares) waves versus the epicentral distances. (c) A Wadati diagram showing the S‐P (red dots) and sP‐P (lime squares)
arrival times versus first‐P traveltimes. (d) The number of picked first P (blue open circle), S (red open circle) and sP (lime
open square) phase data for each earthquake. (e) The statistic distribution of the picked phase data.

Figure 7. Three‐step procedure to refine the earthquake hypocenter and its origin time. (a, b) The posterior probability density function (PDF) of earthquake hypocenter
using only the first‐P traveltimes in map and vertical profile views. Here, the phase traveltimes are numerically calculated within a 3D velocity model, and a Gaussian
noise with 0.5‐s mean and 0.1‐s standard deviation is added to form the synthetic observations. The blue squares denote the seismic stations which provide first‐P
traveltimes. The star and circle represent the true and located earthquake hypocenter, respectively. (c) The modified earthquake hypocenter PDF which is homogeneous
along the depth direction. (d, e) Are the same as (a, b) but for the posterior PDF of earthquake hypocenter using only the S‐P differential arrival times. The open red
squares denote the seismic stations which provide S‐wave traveltimes. (f, g) Are the same as (a, b) but for the posterior PDF of earthquake hypocenter using only the sP‐
P differential arrival times. The open lime squares denote the seismic stations which provide sP traveltimes. (h, i) Are the same as (a, b) but for the posterior PDF of
earthquake hypocenter using first‐P traveltimes, and the S‐P, sP‐P differential arrival times together. (j) The posterior PDF of earthquake origin time shift by fitting first‐
P traveltimes. The red line denotes the true origin time shift (the mean of the added Gaussian noise).
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(Figures 6a–6c). For these earthquakes, we have collected 5,350 first‐arriving P‐wave picks, and 5,338 first‐
arriving S‐wave picks. On average, there are 19 P‐wave picks, 19 S‐wave picks, and 3 sP‐wave picks per
earthquake (Figure 6d). For first arrivals, the average azimuthal data coverage gap is 78.7° (Figure S16b in
Supporting Information S1), and the nearest observation is, on average, 9.6 km away from the target event (Figure
S18c in Supporting Information S1). The Wadati diagram of S‐P and sP‐P differential arrival times versus first P
traveltimes shows a linear correlation (Figure 6c), underscoring the robustness of our phase data.

Now, we apply the newly developed earthquake location algorithm to the prepared phase data to refine the hy-
pocenters and origin times of those 277 aftershocks, using first P arrival times, S‐P and sP‐P differential arrival
times in the 3D CVM‐S4.26 model. Results show that our refined earthquake epicenters closely align with the
standard SCSN catalog with an average difference of 1.7 km (Figure S19a in Supporting Information S1), yet the
earthquake depths exhibit a general increase of 3.8 km (Figure 8b, Figure S19b in Supporting Information S1),
and the origin times tend to be 0.41 s earlier on average (Figures 8c, Figure S19c in Supporting Information S1). It
is important to note that these generally deeper focal depths persist regardless of the type of phase data utilized
(Figure S20 in Supporting Information S1). Additionally, the generally deeper earthquake foci than the SCSN
catalog remain consistent across various existing catalogs, such as the relocated double‐difference catalog by
Hauksson et al. (2012) (Figures 8b and 8f), the relocated absolute earthquake catalog with station corrections by
Lomax (2020), the local earthquake catalog constructed using a temporarily installed dense seismic array by

Figure 8. The comparison between our refined earthquake locations and other available earthquake catalogs in the Ridgecrest region. (a) The depth color‐coded dots
show the background seismicity. The open squares denote the utilized seismic stations when carrying out earthquake location in this study. The bold black arrow line
trending NW‐SE shows the position of vertical profile, in accordance with the Paxton Ranch fault zone (Thompson Jobe et al., 2020). Two black dashed lines, situated
10 km from the vertical profile, delineate the region within which earthquakes are projected onto the profile. (b) The differences of earthquake depths between the
relocated results and the Southern California Seismic Network (SCSN) catalog. The relocated catalogs include our relocated results which are determined using first‐P
traveltimes, S‐P and sP‐P differential arrival times within either the CVM‐S4.26 model (in blue), the HK model (in cyan), the CVM‐H15.1.1 model (in green), or the
phase3D model (in olive), the double‐difference relocated catalog by Hauksson et al. (2012) (in orange), and the local catalog by White et al. (2021) (in red). (c) Is the
same as (b) but for earthquake origin time shift. (d) Shows the background seismicity (gray dots), SCSN catalog (black open circles) and our relocated result (colored
open circles) in vertical profile, where the present events are located no more than 10 km from the profile. The location uncertainty (vertical bar) of our result is obtained
by projecting the location probability density function with normalized probability >0.95 onto the vertical profile. (e) Is the same as (c) but for the earthquake location
results obtained in the HK model. (f) Is the same as (c) but for the earthquake location results obtained in the CVM‐H15.1.1 model. (g) Is the same as (c) but for the
earthquake location results obtained in the phase3D model. (h) The double‐difference relocated catalog by Hauksson et al. (2012) with location uncertainties shown as
vertical bars. (i) The local catalog by White et al. (2021).
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White et al. (2021) (Figures 8b and 8g), and the moment tensor catalog built with 3D Green's Functions by Wang
and Zhan (2020). These catalogs span varied time periods of the 2019 Ridgecrest earthquake sequence; thus, our
relocated deeper foci should not be a temporary phenomenon after the Mw 7.1 mainshock caused by either a
transient higher strain rate in the lower crust (Ben‐Zion & Lyakhovsky, 2006; Cheng & Ben‐Zion, 2020) or the
temporal velocity reduction which mainly occurred in the fault zone at shallow depths (Lu & Ben‐Zion, 2022).
Next, we discuss factors that may bias event depth during earthquake location and highlight the importance of
accurate earthquake location depth in analyzing the local seismogenic processes.

5. Discussion
5.1. Factors Affecting Earthquake Depth Accuracy

In general, factors such as the azimuthal coverage of seismic stations, epicentral distances of seismic stations, phase
picking uncertainties, and errors in the velocity model influence the accuracy of earthquake locations (e.
g., Gomberg et al., 1990; Havskov et al., 2012). For our collected phase data, such as first arrivals, the average
azimuthal gap is 78.7° (Figure 8b), and the average distance from the target event to the nearest observation is
9.6 km (Figure S18c in Supporting Information S1). This observational configuration provides solid foundation for
the accurate earthquake localization.As for phase picking uncertainties, they have been carefully assessed using the
AIC phase picker and incorporated into the location process within a Bayesian framework. Next, we evaluate the
performances of earthquake location using various phase data combinations. To examine andmitigate the influence
of velocity model errors on location accuracy, we conduct this evaluation across different velocity models.

In the Ridgecrest region, aftershocks located with first‐P arrivals in the 3D CVM‐S4.26 model show epicenters
highly consistent with the SCSN catalog, with an average difference of 1.7 km. However, the computed focal
depths are generally 4.4 km deeper, and the origin times are 0.37 s earlier on average (Figures S19a–S19c in
Supporting Information S1). Interestingly, the relocated events tend to form a horizontal streak at around 9.0 km
depth, with a standard deviation of 1.0 km (Figure S20a in Supporting Information S1). This streak pattern is
likely an artifact resulting from a strong trade‐off between event depth and origin time, and more details about the
justification can be found in Text S5 and Figure S21 of Supporting Information S1.

Incorporating S‐wave phase data, specifically S‐P differential arrival times, into the earthquake location process
reduces the horizontal streak artifact, resulting in an average source focus at 9.9 km depth with a standard de-
viation of 1.9 km (Figures S19b and S20c in Supporting Information S1). However, using S‐P differential arrival
times alone increases location uncertainties, particularly in the depth direction (Figure S20c in Supporting In-
formation S1). By further including depth phase data, the relocated earthquake foci in the CVM‐S4.26 model are
more evenly distributed in the vertical direction, ranging from 3.0 to 15.0 km with a standard deviation of 2.8 km
(Figures 8b–8d, Figures S19b, and S20e in Supporting Information S1). Additionally, the uncertainties in focal
depth have been significantly reduced by more than a factor of five (Figure S20 in Supporting Information S1).

Locating earthquakes in other velocity models, such as the HK model, another 3D community velocity model,
CVM‐H15.1.1 (Shaw et al., 2015), and a 3D velocity model determined using phase arrival times (Fang
et al., 2022; hereafter referred to as the phase3D model), could lead to different event foci, especially in terms of
event depths (Figure S19 in Supporting Information S1). Specifically, when locating aftershocks with first‐P
arrivals, the event epicenters are quite stable, averaging no more than 1.7 km from the SCSN catalog across
different velocity models like the CVM‐S4.26, HK, and phase3D. The CVM‐H15.1.1 model yields slightly
farther epicenters, averaging about 2.1 km. The consistency of these horizontal location results indicates that the
regular station coverage in the Ridgecrest region is effective to accurately locate earthquake epicenters. However,
the situation is quite different for the focal depth determination. For instance, the obtained event foci in the HK
model aligns closely with those from the SCSN catalog as expected. It presents an average 0.6‐km difference in
focal depth and a 0.10‐s difference in origin time (Figures S19d–S19f in Supporting Information S1). While the
determined depths in 3D velocity models like CVM‐S4.26, CVM‐H15.1.1, and phase3D are at least 2.6 km
deeper on average. When locating aftershocks using S‐P differential arrival times, the determined event foci
across the four velocity models are more than 5.3 km deeper and origin times are at least 0.16 s earlier on average
compared to the SCSN catalog. Notably, several events with relatively poor data coverage are biased toward
either the surface or rather deep depths (Figure S20c in Supporting Information S1). When jointly using first
arrivals and depth phases, we obtain more stable location results with the determined earthquake depths mostly
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comparable within 3 km (97.8%) across the four velocity models. The less dependence on velocity model in-
dicates the improved accuracy in focal depth estimation with the inclusion of depth phases.

5.2. Deep Seismicity to the Northwest of Mainshock Epicenter

In this work, over 89% of the relocated earthquakes are found to be deeper than their reported locations in the
SCSN catalog (Figure 8b). A detailed comparison of our relocated earthquake hypocenters with the double‐
difference catalog by Hauksson et al. (2012) and the local catalog constructed using a temporarily installed
dense seismic array by White et al. (2021) shows that they all display the same trend of deeper earthquake foci
compared to the SCSN catalog (Figures 8b and 8d–8i). However, discrepancies in earthquake depths are also
evident. For example, along the NW‐SE fault trace beneath the Paxton Ranch fault zone (Thompson Jobe
et al., 2020), our relocated earthquake depths are on average 4.0 km deeper near the 45 km segment and 3.1 km
deeper near the 70 km segment than those in both the double‐difference catalog by Hauksson et al. (2012) and the
local catalog by White et al. (2021). While in the 90 km segment near the mainshock epicenter, our determined
earthquake depths fall averagely in between the estimates by the two catalogs. Generally, our location result
aligns better with the local catalog by White et al. (2021) in the mainshock epicenter area, where most rapid‐
response seismic stations were installed (e.g., Cochran et al., 2020; White et al., 2021).

To justify the reliability of our relocated greater event depths 10 km farther northwest of the mainshock region, we
investigate the S‐P phase traveltime fitting and the stacking prominence of sPwaves using previous catalog foci and
our relocated greater foci. Here we present the key points, and more details can be found in Text S6 in Supporting
Information S1. Between the 40 and 50 km segment along the NW‐SE fault trace, rare post‐quake seismic stations
were installed (e.g., Cochran et al., 2020;White et al., 2021). Our relocated greater event foci can best fit both the S‐
P phase arrivals at close stations (whose distance away from the event is less than 1‐times our relocated depth), and
the S‐P phase arrivals across all available stations (Figures S22a and S22b in Supporting Information S1). The
detailed phase traveltime fitting of one representative earthquake in theCVM‐S4.26model (Figure 9) further shows

Figure 9. Verification of the deep event focus located to the northwest of the Coso geothermal site. (a) Map view of the test event which occurred on 2019‐08‐
13T23:30:01.780000Z with a magnitude of 2.8 (orange open star) and the distribution of phase picking stations (squares). Blue, red open and lime open squares denote
the seismic stations which provide first‐P, S and sP traveltimes, respectively. Gray dots show the background seismicity. (b) The determined event foci in the vertical
profile. Black bold circle shows the Southern California Seismic Network focus, whereas the orange circle denotes the double‐difference relocated event focus by
Hauksson et al. (2012), with its depth uncertainty displayed. Red circle presents the relocated event focus by White et al. (2021). The blue, cyan, olive and lime circles
represent our relocated event foci within the CVM‐S4.26 model via first‐P arrival times, S‐P differential arrival times, the joint use of first‐P arrivals and sP‐P
differential times, and the joint use of first‐P arrivals as well as S‐P & sP‐P differential arrival times. The location uncertainty is obtained by projecting the location
probability density function with normalized probability >0.95 onto the vertical profile. (c) Shows the first‐P traveltime residuals between the predicted and observed
phase data versus epicentral distances. The three‐standard‐deviation interval of phase picking is also displayed as vertical bar. Here the predicted phase data are obtained
in the CVM‐S4.26 model using three different earthquake depths, where the color code aligns with the result shown in (b). (d) Is the same as (c) but for the S‐P
differential arrival time residuals. (e) Is the same as (c) but for the sP‐P differential arrival time residuals.
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that our relocated greater focus best fit the arrivals of first P and sP waves. Meanwhile, the waveform stacking
prominence is only significant near the sP arrivals using our relocated foci (Figures S22c and S22d in Supporting
Information S1). The scenario is the same between the 90 and 110 km segment near the mainshock epicenter area
(Figures S22i–S22l in Supporting Information S1), where most seismic stations were installed rapidly after the
mainshock (e.g., Cochran et al., 2020;White et al., 2021). These demonstrate that our relocated greater depths to the
northwest of the Coso geothermal site and near the mainshock epicenter area are reliable.

Between the 60 and 75 km segment along the NW‐SE fault trace, there are some seismic stations installed rapidly
after the mainshock (e.g., Cochran et al., 2020; White et al., 2021). Our relocated greater event foci can well or
better fit the S‐P phase arrivals across all available stations (Figures S22f, S23d, S23h, S23l, and S23p in Sup-
porting Information S1), while we also observe that shallower event foci can better fit the S‐P phase arrivals at
close stations (Figures S22e, S23c, S23g, S23k, and S23o in Supporting Information S1). Such contradictory
inference on the earthquake depth between close stations and all available stations is different from the cases in
other segments along the NW‐SE profile (Figures S22a, S22b, S22i, and S22j in Supporting Information S1).
Given the accurate phase picking (Figure S5 in Supporting Information S1) and constructive sP waveform
stacking using our greater relocated event foci (Figures S22g and S22h in Supporting Information S1),
we speculate that some unmapped localized structures could exist in the rupture termination area of the mainshock
(e.g., Yeh & Olsen, 2023; Zhou et al., 2022), which would bias the phase traveltimes at close stations. If close
station observations were strongly affected by localized velocity heterogeneities, then any inference from close
observations on the source properties using a regional velocity model would need to be double‐checked.

5.3. Implications for Behaviors of Large Earthquakes

Accurate determination of small earthquake hypocenters allows for a reliable estimation of the depth range of the
seismogenic zone within the crust, thus providing valuable insights into the behaviors of large earthquakes. For
instance, in the Ridgecrest region, a significant shallow slip deficit during the 2019 earthquake sequence has been
observed, reaching up to 20% according to data‐assimilated dynamic modeling (Taufiqurrahman et al., 2023), or
even exceeding 60% based on a kinematic inversion using multiple data sets (Qiu et al., 2020). Our relocated
results using first arrivals and depth phases show few aftershocks occurred above 3 km depth beneath the
northwest‐trending Paxton Ranch fault zone, reinforcing a lack of shallow aftershocks noted in previous studies
(Hauksson & Jones, 2020; Lomax, 2020). Given the good spatial correlation between the aseismic shallow crust
and the low velocity zone imaged by an ambient noise tomography model with densely deployed nodes (Zhou
et al., 2022), we propose that the aseismic region of the uppermost crust above 3 km depth represents a weak fault
damage zone, and is responsible for the observed shallow slip deficit during the 2019 Ridgecrest earthquake
sequence (Roten et al., 2017).

The lower limit of the seismogenic zone is usually inferred based on the depth distribution of local seismicity.
Here, we define the lower limit of a seismogenic zone as the depth above which 95% of crustal earthquakes have
occurred, following previous studies (e.g., Nazareth & Hauksson, 2004; Zuza & Cao, 2020), and refer to it as the
D95 depth. The uncertainty of a D95 estimate is characterized by the RMS of the depth differences between D95
and the earthquakes below it. To account for location errors stemming from velocity model uncertainties, we
introduce a composite D95 depth, calculated as the average of D95 estimates obtained from four different velocity
models. Its upper bound corresponds to the shallowest D95, while the lower bound reflects the deepest D95
estimate. TheMw 6.4 foreshock nucleated at a depth of 10.5 km according to the SCSN catalog, or even deeper at
12 km depth as reported by Lomax (2020). This depth is intriguing as it already surpasses the lower limit of the
local seismogenic zone, as defined by the SCSN catalog. Notably, the foreshock nucleation depth aligns closely
with the base of our determined seismogenic zone at around 12.8 km depth (Figures 10b and 10d). This is
consistent with the fact that large earthquakes (M > 5.5) often nucleate near the base of the seismogenic zone,
where the distortion strain energy is thought to be most highly concentrated (Das & Scholz, 1983; Huc
et al., 1998; Sibson, 1982). In contrast, the Mw 7.1 mainshock nucleated unexpectedly at a shallower depth of
8.0 km according to the SCSN catalog, or even shallower at around 4 km depth as reported by Lomax (2020).
Regardless, the rupture initiated at a depth obviously above the base of our determined seismogenic zone (around
14.5 km at depth, Figure 10d) is uncommon. The presence of heterogeneities, such as the local over‐pressurized
conditions, could have facilitated the nucleation of the Mw 7.1 mainshock at such a shallow depth and promoted
the subsequent rupture propagation throughout the entire seismogenic zone (Das & Scholz, 1983; Taufiqurrah-
man et al., 2023; Tong et al., 2021).
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In two segments along the NW–SE profile at approximate distances of 45 and 70 km, the base of our determined
seismogenic zone is unprecedentedly about 7.1 and 2.9 km deeper, respectively, than that inferred from existing
catalogs (Figure 10d). For strike‐slip faults, a thicker seismogenic zone has a higher potential for generating large
magnitude events (e.g., Weng & Yang, 2017), implying that the potential for large earthquakes greater than M5.5
in these sections should not be overlooked. In fact, within just 1 hour after theMw 7.1 mainshock, two earthquakes
with magnitudes greater than 5.4 occurred approximately 20 km away to the northwest. Their hypocenters are
located shallower than 7.5 km, whereas their centroid depths exceed 13.5 km according to the ANSS Compre-
hensive Earthquake Catalog (ComCat, US Geological Survey, 2017). This surpasses the local D95 depth based on
existing catalogs but remains above the lower bound of our composite D95 depth (Figure 10d). To the northwest
of the Coso geothermal site, near the distance of 49 km along the NW‐SE profile, a M5.2 earthquake occurred in
2001 with a very shallow hypocenter at around 1.9 km, whereas its centroid depth is estimated at 8.0 km
exceeding the local D95 depths from existing catalogs. Although we cannot constrain the D95 depth in that area
due to the temporally weak seismicity (Text S7 and Figure S24 in Supporting Information S1), our nearest D95

Figure 10. 2D seismogenic zone structure beneath the Paxton Ranch fault zone in the Ridgecrest region. (a) The lower limit of seismogenic zone (D95). Gray dots show
the background seismicity, and they are used to calculate the Southern California Seismic Network (SCSN) D95 values. Magenta stars denote the event focus with
magnitude larger than 5.0 since 1980 according to the ANSS Comprehensive Earthquake Catalog. (b) Is the same as (a) but using our relocated results using first arrivals
and depth phases within four different velocity models to calculate a composite D95 depth. (c) Along the profile, the second invariant strain rate with three‐standard‐
deviation interval (blue curve) is derived from the SCEC community geodetic model (Sandwell et al., 2016). The middle crust (15 km depth) temperature with three‐
standard‐deviation interval (red curve) is extracted from the SCEC community temperature model (Shinevar et al., 2018). (d) D95 depths inferred from the SCSN
catalog (in black), the double‐difference catalog (in orange, Hauksson et al., 2012), and the local catalog by (in red, White et al., 2021). The composite D95 depths
inferred from our relocated results using both first arrivals and depth phases across four different velocity models are shown in lime. Magenta stars denote the earthquake
hypocenters with magnitude greater than 5.0 since 1980, while the bold stars represent the centroid‐moment centers according to the ANSS ComCat.
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depth estimate is 14.3 km. This unprecedented deep D95 estimate is consistent with the local high strain rate
observed by Sandwell et al. (2016) and relatively low temperature in the middle crust reported by Shinevar
et al. (2018) (Zuza & Cao, 2020, Figure 10c). Following the trend of shallower D95 depths to the southeast, the
D95 depth just northwest of the Coso geothermal site is likely to remain above 10.0 km (Figure 10d). According to
the long‐term near‐site catalog, the Coso geothermal site is reported to have a locally rather shallow brittle‐to‐
ductile transition zone above 4.0 km depth (Monastero et al., 2005). The abrupt change of local D95 depths
across the geothermal site may act as a rheological barrier (Im et al., 2021), potentially modulating the rupture
propagation of large earthquakes.

6. Conclusions
In this study, we designed an integrative procedure to identify the depth phase sP on local and regional seismic
records. Subsequently, we updated earthquake locations within a Bayesian inversion framework. Our case study
in the Ridgecrest region of California highlights that the standard SCSN catalog tends to locate earthquakes at
shallower depths. This discrepancy arises from the reliance on first‐P arrival times for locating earthquakes,
which often suffers the severe trade‐off between event depth and origin time. This issue is exacerbated when
horizontal velocity heterogeneities are not adequately considered during the location process (Hutton et al., 2010).
Our results show earthquake foci at depths comparable to the existing relocated catalogs beneath the mainshock
area, where dense seismic node arrays were rapidly instrumented after the mainshock. While aside from the Coso
geothermal site, our findings reveal a generally deeper brittle‐to‐ductile zone to the northwest of the mainshock
nucleation region. Focal depth discrepancies across different earthquake catalogs, particularly in regions lacking
dense local station coverage, highlight the need for improved earthquake location methodologies in future studies.
In such cases, local depth phases could play a key role in reducing uncertainty in focal depth estimates.

In this work, we address velocity model uncertainty by carrying out earthquake location in four different velocity
models. However, the effect of velocity model uncertainty is not included in any single posterior probability
density function (PDF). Future work should explore methods to incorporate velocity model uncertainty into a
unified posterior PDF, potentially through stochastic location sampling across differesnt velocity models (e.
g., Myers et al., 2007). Continued efforts should also aim to build a comprehensive earthquake catalog refined
using depth phase data, both in the Ridgecrest region and across California. Such a catalog would enable the
investigation of spatiotemporal variations in the seismogenic zone, for example, transient variations in D95
depths as observed beneath the Coso geothermal site after the 2019Mw 7.1 earthquake (Figure S24 in Supporting
Information S1). Furthermore, a local sP waveform database could be leveraged to develop data‐driven AI tools
(Münchmeyer et al., 2024) in the future.

Appendix A: Bayesian Inversion for Locating Earthquakes
In earthquake location, our objective is to constrain m = (x, τ) which comprises three spatial coordinates rep-
resenting the hypocenter (longitude, latitude, depth denoted as x = (θ,ϕ, z)), and an origin time τ, based on the
observed data d. The data may include traveltimes of first‐arriving P or/and S waves, as well as depth phase (sP),
and is related to the model parameters through a theoretical relationship Θ(d,m). In this study, Θ(d,m) strictly
follows the eikonal equation (e.g., Rawlinson & Sambridge, 2005) and can be expressed in a symbolic form as
d = g(m). Under the Bayesian inversion framework, our goal is to update our knowledge about earthquake
hypocenter and origin time from the prior distribution ρ(m) to the posterior distribution σ(m) by incorporating the
information gained from the observations d (Sambridge & Mosegaard, 2002):

σ(m) = kρ(m) L(m), (A1)

where k is a normalization constant, and L(m) is the likelihood. Following Sambridge and Mosegaard (2002), a
typical likelihood function can be expressed as:

L(m) = e− S(m), (A2)

where the misfit S(m) can be written in a general expression (Tarantola, 2005):
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S(m) =
1
p
(∑

i

(diobs − gi(m))p

(Ci)
p ), (A3)

Here the variable i ∈ [1,2,3,⋯,N] denotes the i‐th traveltime of the total N observations, and Ci refers to the
uncertainty of the i‐th observation diobs. Note that here we neglect the uncertainty related to the model's prediction
compared to the original formula given by Tarantola (2005). In Equation A3, the uncertainty term related to
observations in the denominator serves as a weighting parameter: a smaller uncertainty results in a greater weight,
and vice versa. In light of this fact, we use specifically designed weighting parameters in this study.

As there is usually a strong trade‐off between earthquake origin time and focal depth (Gomberg et al., 1990), we
adopt a three‐step inversion strategy to determine the four‐dimensional earthquake location m = (x,τ). First, we
utilize the first‐P traveltimes, which typically have better azimuthal coverage than other observations (e.g., first S
or later phases), to infer the earthquake hypocenter x (mainly the epicenter). In this step, we assume a prior
uniform distribution ρ1 (x,τ0) = constant for the hypocenter, where the origin time is fixed as τ0 from the
standard catalog. And we apply a composite weighting scheme to the first‐P traveltimes, which consists of two
parts:

ωi
comp = 1/max( t

i
std, tdelta)⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟

picking uncertainty

· 1/∑je
− (

Δij
Δref
)
2

⏟̅̅̅̅⏞⏞̅̅̅̅⏟
station geometry

, (A4)

The first part addresses picking uncertainty. tistd represents the picking error of the i‐th observation, which is
replaced by tdelta, the seismogram's sampling interval, if tistd < tdelta. The general effect of the first part is to
emphasize the picks with smaller picking uncertainties while reducing the influence of potential outliers in the
misfit function. The second part relates to the station geometry, where Δij refers to the inter‐station distance
between the i‐th and j‐th stations, and Δref is a reference distance used to balance the ratio of maximum to
minimumweights. It serves as a declustering operator, ensuring equal contributions from all azimuths and helping
produce an unbiased earthquake epicenter (Ruan et al., 2019). In our study, we fix Δref at 50 km for local and

regional observations. We use a normalized weighting coefficient
̅̅̅
N

√
· ωi

comp

∑
N

j=1
ωj
comp

as the uncertainty term (1/Ci)
p in

Equation A3, yielding the posterior probability density function (PDF) of the earthquake hypocenter x in the first
step:

σ1 (x; τ0) = k1ρ1 (x, τ0) e

− 12

⎛

⎜
⎜
⎜
⎝
∑
N

i=1

⎛

⎜
⎜
⎜
⎝

̅̅
N

√
· ωicomp(diP − g

i(x;τ0))
2

∑
N

j=1
ω j
comp

⎞

⎟
⎟
⎟
⎠

⎞

⎟
⎟
⎟
⎠

, (A5)

where the misfit between the model's prediction and observation is measured using the L2 norm. N refers to the
total number of the first P traveltimes used in forming the misfit function, and

̅̅̅̅
N

√
is included in the numerator of

the normalized weighting coefficient to compensate for the information loss (see further discussion in Text S4 and
Figure S25 of Supporting Information S1). The constant k1 is introduced to ensure that σ1 (x; τ0) is a valid PDF.
The same applies to the constants m1, k2 and k3, which are introduced later. At this step, the approximate
earthquake hypocenter x is determined:

(θ∗,ϕ∗, z∗) = argmax
θ,ϕ,z

σ1 (θ,ϕ, z; τ0), (A6)

Since first P waves are typically the most abundant observations with good azimuthal coverage, the estimated
earthquake epicenter (θ∗,ϕ∗) is generally more reliable compared to the focal depth z∗, which often suffers a
serious trade‐off between the earthquake depth and origin time.

In the second step, we modify the earthquake hypocenter PDF σ1 (x; τ0) to make it homogeneous along the depth
direction (Figures 7a–7c), and use the modified version as the prior distribution for the earthquake hypocenter:
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ρ2 (θ,ϕ, z; τ0) = m1σ1 (θ,ϕ, z∗; τ0), (A7)

We form the posterior PDF for the earthquake hypocenter x at the second step by involving the S‐P and sP‐P
differential arrival times:

σ2 (x; τ0) = k2ρ2 (x; τ0) e

−

⎛

⎜
⎜
⎜
⎝
1
2 ∑
NS− P

i=1

⎛

⎜
⎜
⎜
⎝

̅̅̅̅̅̅̅
NS− P

√
· ωicomp(diS− P − g

i(x;τ0))
2

∑
NS− P
j=1

ω j
comp

⎞

⎟
⎟
⎟
⎠
+12∑

NsP− P
l=1

⎛

⎜
⎜
⎜
⎝

̅̅̅̅̅̅̅̅
NsP− P

√
· ω l
comp(d lsP− P − g

l(x;τ0))
2

∑
NsP− P
j=1

ω j
comp

⎞

⎟
⎟
⎟
⎠

⎞

⎟
⎟
⎟
⎠

, (A8)

where NS − P represents the number of S‐P differential arrival times used, and NsP − P denotes the number of sP‐P
differential arrival times. Importantly, the inferred earthquake location is independent of the origin time
(Figures 7d–7i) due to the use of differential arrival times. The involvement of depth phase sP waves further
reduces the location uncertainty along the depth direction (Figures 7f–7i).

In the third and last step, we use the maximum likelihood estimate of the earthquake hypocenter

x̂ = argmax
x

σ2 (x; τ0), (A9)

to predict the first‐P traveltimes, refining the earthquake origin time τ by fitting those observations (Figure 7j):

σ3 (τ; x̂) = k3ρ3 (x,τ0) e

− 12

⎛

⎜
⎜
⎜
⎝
∑
N

i=1

⎛

⎜
⎜
⎜
⎝

̅̅
N

√
· ωistd(d

i
P − g

i (τ; x̂))
2

∑
N

j=1
ω j
std

⎞

⎟
⎟
⎟
⎠

⎞

⎟
⎟
⎟
⎠

, (A10)

Note that we assume a prior uniform distribution ρ3 (x, τ0) = constant for the origin time and use only the picking
uncertainty‐related weighting scheme ωi

std (the first part of Equation A4). From the perspective of dealing with
error terms, we argue that the obtained posterior PDFs offer a more comprehensive characterization of the
earthquake hypocenter and its origin time. This is because we have accounted for both the systematic errors
arising from the overly simplified background velocity model (we use a 3D background velocity model), uneven
station distribution (we apply a geographic weighting scheme), and the random errors related to the phase picking
(we use a picking uncertainty‐related weighting scheme). From these posterior PDFs, we can derive various types
of information regarding the model parameters, including mean values, median values, maximum likelihood
estimates, and uncertainty bars (Tarantola, 2005).

To provide a more concise assessment, following the methodology of Lomax et al. (2009), we will also employ
seven quality indicators to evaluate the reliability and precision of the earthquake location results (Figures S18
and S26 in Supporting Information S1). These indicators include the picking error‐weighted RMS of traveltime
residuals (rms), the largest angle between the epicenter and two azimuthally adjacent seismic stations (gap), the
distance from the epicenter to the nearest seismic station (Δ0), the number of observations used in the location
(N), and the half‐lengths of the three principal axes of a 90% confidence error ellipsoid approximating the
posterior PDF of the earthquake hypocenter (I1ell ≥ I2ell≥I3ell). We utilize principal component analysis to determine
these three principal axes and subsequently update their half‐lengths while maintaining a fixed ratio of their
eigenvalues until the accumulated probability within the ellipsoid approaches 0.9.

To improve the efficiency of earthquake location using the above three‐step procedure, we precompute traveltime
fields for the first‐arriving P, S waves, and depth phase sP waves by numerically solving the eikonal equation,
applying the source‐receiver reciprocity theorem. These traveltime fields are stored for reuse in subsequent
calculations. This approach ensures that the computational cost of forward traveltime modeling is proportional to
the number of seismic stations, independent of the number of potential earthquakes. This is particularly effective
in regions with stable seismic networks.
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Network (NN, https://doi.org/10.7914/SN/NN; University of Nevada, Reno, 1971), and Plate Boundary Obser-
vatoryBorehole SeismicNetwork (PB, available at https://www.fdsn.org/networks/detail/PB/). The data are stored
at the SouthernCalifornia EarthquakeDataCenter (SCEDC, https://doi.org/10.7909/C3WD3xH1; SCEDC, 2013).
Catalog location of the analyzed earthquakes between 1 August and 30 September 2019, as well as the event
hypocenters and magnitudes for the background seismicity between 5 June and 30 September 2019 are obtained
from the Caltech/USGS southern California earthquake catalog (Hutton et al., 2010). Focal mechanisms of the
M6.4 foreshock and M7.1 mainshock, as well as available seismic phase data (first‐arriving P, S traveltimes) are
retrieved from the SCEDC (2013). The centroid depths of the earthquakes with magnitude greater than 5.0 since
1980 are extracted from the ANSS Comprehensive Earthquake Catalog (ComCat, https://doi.org/10.5066/
F7MS3QZH; US Geological Survey, 2017). The utilized first P, S and sP phase data, and the refined earthquake
hypocenters and origins in this study can be accessed at (https://doi.org/10.21979/N9/BHCBP6; Tong, 2024).
Figures are made with Matplotlib (Hunter, 2007) and PyGMT (Tian et al., 2025). ObsPy (Beyreuther et al., 2010)
and Scipy (Virtanen et al., 2020) are used when downloading and processing seismic data.
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