
1. Introduction
Earthquakes on separate faults can trigger and interact with each other (Freed, 2005; Hill & Prejean, 2015). 
Earthquakes triggered on receiver faults are often caused by the static and/or dynamic stress perturbations 
(Gomberg et al., 2001; Hill et al., 1993; King et al., 1994). The static triggering effects are most significant 
within a few fault lengths, while dynamic triggering can cause seismic events up to thousands of kilom-
eters away (Harris, 1998; Velasco et al., 2008). Dynamic triggering due to passing seismic waves has been 
observed at various fault systems from near-field to far-field with stress perturbations ranging from ∼1 MPa 
to ∼0.1 kPa (e.g., Gomberg & Johnson, 2005; Kilb, 2003; van Der Elst & Brodsky, 2010). The large range of 
dynamic stress perturbations that can trigger earthquakes challenges our general understanding of earth-
quake failure initiation processes, particularly when triggering stresses are small. Understanding the role of 
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triggered earthquakes are thought to be caused either directly by dynamic stress changes due to the 
passing seismic waves, or indirectly by other nonlinear processes that are initiated by the passing waves. 
Distinguishing these physical mechanisms is difficult because of the general lack of high-resolution 
earthquake catalogs and robust means to quantitatively evaluate triggering responses, particularly, 
delayed responses. Here we use the high-resolution Quake Template Matching catalog in Southern 
California to systematically evaluate teleseismic dynamic triggering patterns in the San Jacinto Fault 
Zone and the Salton Sea Geothermal Field from 2008 to 2017. We develop a new statistical approach 
to identify triggered cases, finding that approximately 1 out of every 5 global Mw ≥ 6 earthquakes 
dynamically trigger microearthquakes in Southern California. The triggering responses include both 
instantaneous and delayed triggering, showing a highly heterogeneous pattern and indicating possible 
evolving triggering thresholds. We do not observe a clear peak ground velocity triggering threshold that 
can differentiate triggering earthquakes from nontriggering events, but there are subtle differences in 
the frequency content of the ground motion that may differentiate the earthquakes. In contrast to the 
depth distribution of background seismicity, the identified triggered earthquakes tend to concentrate at 
the edges of the seismogenic zones. Although instantaneously triggered earthquakes are likely a result of 
dynamic Coulomb stress changes, the cases of delayed-dynamic triggering are best explained by nonlinear 
triggering processes, including cyclic material fatigue, accelerated transient creep, and stochastic frictional 
heterogeneities.

Plain Language Summary Earthquake-to-earthquake interaction and triggering are 
frequently observed at various fault systems. For example, large earthquakes can cause aftershocks in the 
near-field region by permanently altering the stress field, which is termed static earthquake triggering. 
Seismic waves from earthquakes can also trigger events on faults up to thousands of kilometers away. 
Such triggering processes are called dynamic triggering. At such great separation distances, the stress 
perturbation of dynamic triggering is commonly small, which is perplexing from a physical perspective. 
With a high-resolution earthquake catalog in Southern California, our study shows that local earthquakes 
are frequently triggered by remote earthquakes. The majority of these local earthquakes are triggered with 
a delayed response, sometimes occurring hours after the seismic wave passage. Our results suggest that 
seismic waves cause temporary disturbances in the underlying physical responses within the subsurface, 
with triggering thresholds that can change in both space and time.
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dynamic strain (stress) perturbations in earthquake triggering, including the initiation of possible second-
ary mechanisms caused by the transient dynamic strain fields, provides insight on earthquake nucleation 
and rupture physics that may ultimately impact seismic hazard mitigation (e.g., Harris et al., 2002; Kilb 
et al., 2000; Stein, 1999).

Dynamic triggering has been shown to influence the occurrence of earthquakes, aseismic slow earthquakes, 
tectonic tremors, landslides, and icequakes (Aiken et al., 2013; Gomberg et al., 1997; Gonzalez-Huizar 
et al., 2012; H. P. Johnson et al., 2017; Obara, 2002; Peng et al., 2014; Tymofyeyeva et al., 2019; Wallace 
et al., 2017). Triggered shallow crustal earthquakes occur at a variety of fault systems, including subduc-
tion zones, continental plate boundaries, and geothermal fields (Brodsky et al., 2003; Fan & Shearer, 2016; 
Kaven, 2020; Nissen et al., 2016; Velasco et al., 2008; Yun et al., 2019). For example, the 2012 Mw 8.6 Indian 
Ocean earthquake dynamically triggered earthquakes on a global scale (Pollitz et al., 2012). Observation-
ally, dynamic triggering is a causal relationship inferred from correlations between the passing seismic 
waves and the occurrence of slip activities. The most compelling examples show the instantaneous occur-
rence of triggered earthquakes during the passing surface waves (Peng et al., 2009; Prejean et al., 2004; 
Velasco et  al.,  2008). In addition, delayed triggering has also been reported with an apparent onset of 
a local seismicity increase minutes to days after the passing seismic waves (Alfaro-Diaz et  al.,  2020; 
Brodsky, 2006; Fan & Shearer, 2016; Peña Castro et al., 2019; Peng et al., 2011; Shelly et al., 2011; van der 
Elst et al., 2013). In general, the observation of pervasively triggered earthquakes suggests that dynamic 
triggering may be a common process in causing earthquakes (Velasco et al., 2008), but the physical mech-
anisms controlling dynamic triggering processes remain poorly understood, particularly with cases of 
delayed triggering.

Southern California is a great natural laboratory to investigate earthquake dynamic triggering processes 
with high-quality earthquake catalogs and dense seismic and geodetic instrumentation. In addition to 
the main transform boundary delineated by the San Andreas fault, a complex network of faults accom-
modates a significant portion of the total plate motion. Consequently, seismicity rates in the region are 
high: 1.81 million earthquakes were detected from 2008 to 2017 (Ross et al., 2019). The most active fault 
zone within the larger plate boundary system is the San Jacinto Fault Zone (SJFZ) (Figure 1) (Plesch 
et  al.,  2007). Within the Salton Trough, active earthquake sequences at the Salton Sea Geothermal 
Field (SSGF) often occur in swarm-like clusters that sometimes show clear migration patterns (Chen & 
Shearer, 2011). Seismicity in this region generally shows characteristics deviating from typical tecton-
ic earthquakes and reflecting possible imprints of local production and injection of geothermal fluids 
(e.g., Brodsky & Lajoie, 2013; Cheng & Chen, 2018; Crandall-Bear et al., 2018; Llenos & Michael, 2016; 
Zhang et al., 2017). Dynamically triggered seismicity has been reported in the region at both tectonically 
active faults (SJFZ) and faults within the SSGF area (e.g., Gomberg et al., 2001; Meng & Peng, 2014). 
The complex fault system, energetic seismicity, robust evidence of dynamic triggering, and dense instru-
mentation offer an opportunity to comprehensively examine earthquake dynamic triggering processes 
in the region.

Here, we evaluate the earthquake dynamic triggering processes in Southern California by first develop-
ing a new statistical approach to associate dynamically triggered local seismicity with teleseismic earth-
quakes. We then compute the peak ground velocities (PGV) and self-normalized velocity spectra to compare 
the triggering responses of different mainshocks at different fault segments; we use peak dynamic strain 
(PDS) from a cluster of borehole strainmeters in the Anza region to corroborate PGV for the SJFZ. Of the 
global Mw ≥ 6 earthquakes that we tested from 2008 to 2017, over 20% of them dynamically triggered mi-
croearthquakes in Southern California. Some of the microearthquakes were triggered instantaneously, but 
the majority of them were triggered with a short delay. The triggering response varies by fault segments, 
but statistically the responses of faults in SSGF are similar to the faults in SJFZ. We find that neither PGV 
nor PDS can clearly differentiate triggering earthquakes from nontriggering events. However, the seismic 
waves of some triggering earthquakes are more enriched in low-frequency ground motion. We also ob-
serve that distant earthquakes from back-azimuthal directions of 60°–90° and 180°–210° are more likely to 
trigger earthquakes in Southern California. Furthermore, dynamically triggered earthquakes have depth 
distributions that deviate from the distributions of background seismicity by concentrating at the edges of 
the seismogenic zones. These observations suggest that linear dynamic triggering mechanisms are likely of 
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secondary importance and the nonlinear mechanisms appear to dominate dynamic triggering processes in 
SJFZ and SSGF.

2. Datasets
2.1. Locally Triggered Earthquakes

We use the Quake Template Matching (QTM) catalog of Southern California seismicity (Ross et al., 2019) 
to investigate dynamic triggering in the San Jacinto Fault Zone (SJFZ) and Salton Sea Geothermal Field 
(SSGF). The QTM catalog is an automated product and is obtained with a template matching technique, 
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Figure 1. Faults in Southern California and seismicity rate in the San Jacinto Fault Zone (SJFZ) and the Salton Sea Geothermal Field (SSGF). The 
earthquakes are from the Quake Template Matching (QTM) catalog (Ross et al., 2019). We divide the San Jacinto Fault Zone into three along strike 
rectangular segments (SJFZ-I, II, and III) and investigate seismicity within 20 km of the Salton Sea Geothermal Field (SSGF). The gray and green triangles 
are the broadband seismic stations and strainmeters. The gray dots in the upper right insert are the globally distributed candidate triggering earthquakes 
(Mw ≥ 6.0), and the color dots are distant earthquakes that have dynamically triggered microearthquakes in the SJFZ and/or the SSGF regions (Figure S1, 
Table S1). The lower left insert shows the distance distribution of the triggering and “twin” nontriggering earthquakes. The closest earthquake is 190 km 
away from the study regions.
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using templates from earthquakes that were reported in the Southern California Seismic Network (SCSN) 
catalog from 2000 to 2017 (Ross et al., 2019). The QTM catalog includes 1.81 million earthquakes from 2008 
to 2017, containing 10 times more earthquakes than the original SCSN catalog, and the QTM catalog has an 
apparent magnitude of completeness as 0.3 (Ross et al., 2019). In this study, we use the 9.5dev version of the 
QTM catalog, which has a minimum detection threshold of 9.5 times the median absolute deviation (Ross 
et al., 2019). We only analyze earthquakes of M ≥ 0.3 to assure the robustness of the identified dynamic 
triggering cases. We focus on the SJFZ and SSGF regions to understand spatial variations of the dynamic 
triggering processes. The comparison between the two regions may also shed light on differing triggering 
responses of natural faults and the ones in geothermal fields. Following Meng and Peng (2014), we divide 
the SJFZ into three rectangular segments along strike, SJFZ-I, SJFZ-II, and SJFZ-III with lengths of 30, 60, 
and 30 km, respectively; their widths are all 40 km centered across the fault. We also investigate seismicity 
within 20 km of the Salton Sea Geothermal Field (Figure 1). In total, there are ∼156 thousand microearth-
quakes in the regions of interest.

2.2. Triggering Sources

We consider all Mw ≥ 6.0 earthquakes in the Global Centroid Moment Tensor Project (GCMT) catalog as 
potential triggering mainshocks (Ekström et al., 2012). In total, there are 1,313 candidate triggering earth-
quakes from 2008 to 2017. The 2010 Mw 7.2 El-Mayor Cucapah earthquake occurred within ∼300 km of 
the SJFZ and SSGF regions, which may have modulated seismicity rates in these areas, both dynamically 
and statically (Meng & Peng, 2014). To isolate the dynamic triggering responses of the seismicity in the 
regions, we do not consider candidate teleseismic earthquakes within 2 weeks after the 2010 El-Mayor 
Cucapah earthquake. Imposing this restriction leaves 1,306 candidate triggering earthquakes for detailed 
investigations.

2.3. Broadband Ground Motions

To characterize the local ground motions due to the teleseismic waves, we evaluate both the peak ground 
velocity and the velocity spectra. We download three-component velocity records of these earthquakes for 
all broadband stations within the SJFZ and SSGF regions from the Data Management Center (DMC) of 
the Incorporated Research Institutions for Seismology (IRIS). We download 2-h records starting 30 min 
before the theoretical P-wave arrivals of the candidate triggering earthquakes. The P-wave arrival times 
are calculated with the Preliminary Determination of Epicenters Bulletin location and the IASP91 velocity 
model with respect to a reference location in SJFZ (116.593°W, 33.537°N) (Kennett & Engdahl, 1991). After 
obtaining the data, we first remove the instrument responses and apply a data quality control procedure 
to remove noisy records. We bandpass filter the records from 0.01 to 0.05  Hz (20–100  s periods) with a 
fourth-order Butterworth filter and discard records with signal-to-noise ratios (SNR) less than five for these 
filtered records. We define the SNR as the root-mean-square (RMS) amplitude ratio of time windows 30 min 
before and 30 min after the theoretical P-wave arrivals. We then measure the peak ground velocity with the 
filtered records as detailed in Section 3.2. We also compute velocity spectra with unfiltered three-compo-
nent velocity seismograms (Section 3.2). In total, we investigate records from 28 stations within the SJFZ 
and SSGF regions (Figure 1).

2.4. Dynamic Strains

We use dynamic strain records from the Anza borehole strainmeters to corroborate the PGV measurements. 
Dynamic strains from triggering earthquakes are rarely directly measured but mostly inferred from ground 
velocities assuming a planar wavefield, where strain and velocity are proportional through a phase velocity. 
The Anza section of the SJFZ is a unique study region because multiple strainmeters are either colocated 
or in very close proximity to some of the same broadband seismometers discussed above (Barbour & Ag-
new, 2012) (Figure 1). We follow a similar procedure in assembling the strain records as with the velocity 
data except that there is no instrument response to remove with data from these strainmeters: they have 
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linear sensitivity from static strain through the seismic band. Here the strain data have a sampling rate of 
20 Hz.

3. Methods
3.1. Identifying Seismicity Rate Changes

3.1.1. Previous Methods and Their Limitations

The premise of earthquake dynamic triggering is that a measurable change in seismicity rate can be asso-
ciated with the passing seismic waves. Thus, the key to identifying triggering cases is a robust characteriza-
tion of seismicity rate changes. A few statistical approaches developed over the years seek to quantify the 
changes of seismicity rate by requiring that their statistic exceeds some threshold value(s) to be classified as 
a significant rate change (Aiken et al., 2018; Habermann, 1987; Matthews & Reasenberg, 1988; Pankow & 
Kilb, 2020). The β-statistic is the most widely used statistic to identify dynamic triggering cases (Delbridge 
et al., 2017; Marsan & Nalbant, 2005):

 


Λ
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where Na is the number of earthquakes during the time period of interest (δta), and Λ is the expected num-

ber of events, which is computed from 



Λ a
b

b

tN
t

 with Nb as the number of events during a reference 

time period δtb. The β-statistic measures the difference between the observed number of earthquakes Na 
in δta and the expected number Λ, a background rate, relative to the expected variability in numbers of 
earthquakes in that time period. In the context of dynamic triggering, Na typically refers to the number of 
earthquakes in a period after the posited triggering event, and Nb is the number of earthquakes in the period 
preceding the triggering earthquake. Often, Nb is a small value due to the short time window length, which 
can cause biases in the β-statistic estimations. Accordingly, β is positive when there is an increase in seis-
micity rate comparing to background levels, and it is negative when there is a decrease; β ≥ 2.0 is typically 
considered an indicator of a seismicity increase at the 95% significance level (Marsan & Wyss, 2011).

Despite its popularity, using the β-statistic to identify dynamic triggering cases comes with a few limita-
tions (Marsan & Nalbant, 2005; Pankow & Kilb, 2020). The statistic might not be robust when evaluating 
short time windows, so there can be a wide range of β for both triggering and nontriggering cases, with 
β-thresholds often larger than 2 (Cattania et al., 2017; Prejean & Hill, 2018). Perhaps, the β ≥ 2.0 threshold is 
most critically challenged when only a small number of earthquakes are reported during the time window 
of interest (Marsan & Nalbant, 2005). This is because the threshold is valid assuming a large number of 
earthquakes, for which the Poisson distribution of earthquakes tends to a Gaussian law. Further, even when 
a catalog includes a large number of earthquakes, the Poisson distribution of earthquakes characterizes 
random processes while the dynamically triggering cases are clearly correlated phenomena. For such cases, 
the distribution of the β-statistic might be skewed from a Gaussian distribution making the commonly used 
metric β ≥ 2.0 inadequate to capture the significance of a seismicity increase. To mitigate this limitation, 
methods measuring the probability of triggering (P), or alternative statistics like the Z-statistic and γ-statis-
tic, have been proposed to improve the robustness of triggering detection (Aiken et al., 2018; Aron & Hard-
ebeck, 2009; Marsan, 2003; Marsan & Nalbant, 2005). Nonetheless, they rely on assumptions of probability 
density function (PDF) that are difficult to validate when the physical mechanism of dynamic triggering are 
poorly understood.

3.1.2. A New Approach: Distributions of the β-Statistic

Here, we propose a method that is free from PDF assumptions and estimate probability distributions of the 
β-statistic by resampling the QTM catalog. The β-statistic of a time window after a teleseismic earthquake 
must exceed a probability threshold (e.g., 95% significance) when local earthquakes are considered dynam-
ically triggered. The probability threshold is obtained from the estimated distribution (denoted by distribu-
tion- a ) (Figure 2). More specifically, our procedure is detailed as follows:
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I  Compute β0, the β-statistic of interest. Following Equation 1, we compute the β-statistic of a time win-
dow (δta) after a posited triggering earthquake in a given region as β0 with the expected event number 
as Λ. The event number is Na for the time window δta and the background event number is Nb for the 
time window δtb. The reference time period δtb is 60 days , including 30 days before and 30 days after 
the P-wave arrival of a candidate triggering earthquake. The 60-day long δtb time window provides a 
meaningful stable reference seismicity rate and including seismicity both before and after a candidate 
triggering earthquake poses a more strict requirement for claiming the elevated seismicity significant. 
We also compute βb of an equal length time window immediately preceding δta with the same Λ, which 
defines the seismicity rate change prior to the time window of interest

II  Construct distribution- a  to evaluate the significance of β0. We randomly resample (10,000 times) the 
seismicity in a δta window (e.g., 2 h) within δtb. The starting time of the δta window tends to a continu-
ous uniform distribution with the time range of δtb as the support. With the sampled seismicity and the 
same expected seismicity (Λ), we obtain a set of 10,000 β-statistics. With the collection of β-statistics, we 
model the associated PDF with a kernel probability distribution, which sets the significance threshold of 
identifying a dynamic triggering case

III  Construct distribution-Λ to evaluate the background seismicity. We randomly resample Nb (10,000 times) 
during time window δtb (60 days) within half a year of the mainshock P-wave arrival. The starting time of 
the δtb window tends to a continuous uniform distribution with the support as the time range of 183 days 
before and after the posited triggering earthquake (total sampling time range of 366 days). With the same 
β0 and the set of 10,000 Nb, we then calculate a new collection of β-statistics, which is used to model the 
PDF of the distribution-Λ

IV  Evaluate triggering thresholds. Finally, we assign a coverage probability (α ∈ [0, 1]) and test for thresh-
old exceedances based on the estimated distribution- a  and distribution-Λ. If β0 ≥ βα,     Λ

0 1 , and 
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Figure 2. The 2012 Mw 7.8 Haida Gwaii earthquake and the dynamic triggering responses in the SJFZ-I region during the 2-, 12-, 24-, and 72-h time windows. 
(a), location and the focal mechanism of the 2012 Haida Gwaii earthquake. The green triangle shows the study region. (b–d), cumulative seismicity. The 
P-wave arrival time is denoted at time 0, showing as the red line. (e–h), β-statistic distributions. Distribution- a  (red histogram and red curve) is obtained from 
randomly sampling 10,000 times of the seismicity in a δta window (e.g., 2 hours) with uniformly distributed random starting time of the δta within 30 days 
before and after the P-wave arrival of the mainshock. Distribution-Λ (gray histogram and black curve) is obtained from randomly sampling 10,000 times of 
the seismicity in 60 days (δtb) with uniformly distributed random starting time within half a year of the mainshock P-wave arrival (183 days before and after). 
In each panel, the black dashed line indicates the β0 value, and the red dashed line shows the triggering threshold β95%. The identified triggering windows are 
outlined in red box panels (g and h). In such cases, distribution- a  and distribution-Λ are clearly distinct from each other.
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β0 ≥ βb, we consider the candidate earthquake dynamically triggered seismicity during time window δta 
in the given region. We use the conventional α = 0.95 (95%) confidence interval as a threshold value, 
denoted by β95%. The  Λ

5% is thus the 5% confidence interval of the distribution-Λ. This threshold ( Λ
5%) can 

help to rule out the possibility that the identified significance was due to an abnormally low background 
seismicity rate. In other words, exceeding the  Λ

5% threshold indicates that the background seismicity is 
typical or higher at a 95% confidence interval. The βb offers a reference for seismicity rate change, which 
can help to exclude possible false identifications due to ongoing local seismic swarms rather than the 
passing seismic waves. If the seismicity rate has been significant before the seismic wave arrivals, the 
observed seismicity increase after the wave passage may not be solely due to the hypothesized dynamic 
triggering. We consider such cases as insignificant in this study. A more strict threshold (e.g., α = 0.99) 
may also be desirable to rule out false positive detections

To illustrate the procedure, we take the 2012 Mw 7.8 Haida Gwaii earthquake as an example (Figures 2 and 
3). To understand the seismicity rate change in region SJFZ-I that occurred two hours 2h after the passage 
of the seismic waves of the mainshock, we define the null hypothesis and an alternative hypothesis: (null) 
seismicity rates did not change during those two hours, and (alternative) the 2012 Haida Gwaii earthquake 
dynamically triggered local earthquakes in SJFZ-I during those two hours. Following our procedure, we 
first compute the β-statistic of interest of the time window, β0 = −0.8. With the distribution- a  and the 
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Figure 3. The β-statistic distributions in the SJFZ-II (a), III (b), and the SSGF (c) regions after the 2012 Mw 7.8 Haida Gwaii earthquake. The legends are similar 
to those in Figure 2. The rows show results of different regions, SJFZ-II (a), III (b), and the SSGF (c), and the columns show results of different time windows 
(2-, 12-, 24-, and 72-hours).
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distribution-Λ, we obtain β95% = 3.3,   Λ
5% 3.2, and βb = −0.8. Thus the results cannot reject the null hy-

pothesis (Figure 2e). In other words, with the detected seismicity, we have no evidence of dynamic trigger-
ing of earthquakes with M ≥ 0.3 in SJFZ-I from this mainshock during these 2 h, and, if delayed triggering 
did occur, it must have been at least 2 h after the seismic wave passage. As we mentioned, using the 95% 
confidence interval as a threshold value (β0 ≥ β95%) is merely a subjective convention; it can and sometimes 
should be higher significance levels (Pankow & Kilb, 2020).

In this study, we consider changes in seismicity rate within 2 h of the passing seismic waves as instanta-
neous triggering (δta = 2 h), and changes seen in any other time windows are considered as delayed trig-
gering (δta = 6, 12, or 24 h). If an earthquake caused both instantaneous and delayed triggering, we term 
the process as extended triggering, for which the dynamic triggering response was not only immediate but 
also continued after the passage of the mainshock seismic waves. The four window lengths are subjective 
choices and elevated seismicity duration can last for days for seismic swarms. It is more difficult to establish 
a causal connection between the passing waves and the change of seismicity for longer time windows based 
on our current physical understandings. Specifically, we do not investigate delayed triggering processes 
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Figure 4. The 2012 Mw 6.0 Santa Cruz Islands earthquake (September 5, 2012) and the instantaneous dynamic triggering response in SJFZ-I. (a), location and 
the focal mechanism of the 2012 Santa Cruz Islands earthquake. (b), bandpass filtered seismogram of station KNW in Anza, California; the origin time (0) is the 
P-wave arrival time. (c–f), β-statistic distributions of the SJFZ-I region for four time windows. (g–j), β-statistic distributions of the other three fault systems for 
the 2 h time window. The legends are similar to those in Figure 2.
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beyond 24 h, but instead focus on the seismicity rate change during 6-, 12-, and 24-h time windows after 
the P-wave arrivals (Figures 2–4). This is because for long term delayed-dynamic triggering processes, it is 
often difficult to make a definitive case that the triggering was solely due to the transient dynamic wavefield 
(e.g., Brodsky, 2006; Lohman & McGuire, 2007; van der Elst et al., 2013). However, our method can be im-
plemented to assess long term seismicity rate changes as well (Figures 2 and 3).

One important aspect of this method is how we represent the resampled statistics. The kernel probability 
distribution is a nonparametric representation of the probability density function of a random variable, 
which offers great flexibility and avoids assuming the distribution of the data (Bowman & Azzalini, 1997; 
Silverman, 1986). For example, a standard normal distribution PDF is a commonly used kernel. In this case, 
the kernel density estimator of the β-statistic is

   
  

   
 

 11 i
i

n
n

f K
nh h

 (2)

where n is the sampling number, h is a smoothing parameter (bandwidth), and  





1 2
21
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x
K x e  is the 

kernel. Effectively, the bandwidth h is a scaled standard deviation in this case. The bandwidth is a free 
parameter and can strongly influence the results. In theory, one would like to pick a small h→0 to capture 
the detailed data structure. However, noisy data can lead to biased distribution with a small h (Bowman & 
Azzalini, 1997). Here, we use h = 1.5 to smooth all the estimated distributions such that the β95% threshold 
is conservatively large to robustly identify the dynamically triggered cases (Figures 2–4).

In summary, we use the distributions of the β-statistic to evaluate the significance of an elevated seismicity 
rate in a given region. This approach is data-driven and does not assume a probability density function of 
the β-statistic or the seismicity (e.g., we do not assume a Poisson distribution of the seismicity). This allows 
our method to accommodate the possibility of a temporally evolving background seismicity rate. More sig-
nificantly, our method offers a rigorous and coherent framework to identify cases of both instantaneous 
(Figure 4) and delayed triggering (Figures 2 and 3).

When multiple triggering earthquakes are temporally close to each other, for example, separation time 
was shorter than the time window used to evaluate triggering, we consider that the identified dynamically 
triggered seismicity was due to both or all of the triggering events that occurred during the time window. 
We report the events as triggering earthquakes, but do not differentiate the triggering contributions of each 
earthquake separately.

3.2. Peak Ground Velocity and Normalized Velocity Spectra

We measure the peak ground velocity of the identified triggering earthquakes from broadband seismic sta-
tions that are located in the SJFZ and SSGF regions (Figures 1 and 5–7). The SJFZ-I region is the best-in-
strumented segment and there are no available broadband seismic stations in the SJFZ-III region (Figure 1). 
After the preprocessing procedure (Section 2.3), we first compute envelope functions of the 2-h three-com-
ponent velocity seismograms that are filtered at 0.01–0.05 Hz and obtain an average envelope function for 
each station by computing the geometric mean of the three-component seismogram-envelopes. We then 
measure the maximum values of the geometric mean of the average envelopes for the fault segments respec-
tively (Figure 5). Using the geometric mean can effectively suppress potential biases due to instrumental 
malfunctions. To test the hypothesis of a PGV triggering threshold, we also evaluate the PGV values of 
“twin” nontriggering earthquakes that are adjacent to the triggering earthquakes (Figure 5). We defined 
“twin” nontriggering earthquakes to be within 200 km and 0.25 moment magnitude (Mw) range of the trig-
gering earthquakes during the same time period (2008–2017). The triggering and the “twin” nontriggering 
earthquakes share similar wave propagation paths, and any deviations in the measured PGV values at a giv-
en site may reflect differences in the source attributes. On average, the triggering and “twin” nontriggering 
earthquakes are 10,000 km away from the testing sites with the closest event 190 km away from Anza. We 
further compare these measured values with ground motions that are estimated from an empirical ground 
motion regression (Peña Castro et al., 2019; van Der Elst & Brodsky, 2010; Velasco et al., 2004):
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where A20 is the 20 s period surface wave amplitude in microns, which is obtained from

  s 20M log 1.66 logΔ 2.0A (4)

here, Ms is approximated with Mw (Hanks & Kanamori, 1979), and Δ is the epicentral distance (degrees) 
between the earthquake and a reference location in SJFZ (116.593°W, 33.537°N) (Figures 1 and 5).

Furthermore, we investigate the velocity spectra of the triggering and the “twin” nontriggering earthquakes 
(Figure 8). We compute the velocity spectra with unfiltered 1-h three-component seismograms after the 
P-wave arrivals and we also compute the noise spectra with records half an hour before the P-wave arrivals. 
The velocity spectra can help to identify possible triggering signatures in the frequency-dependent ground 
motions (Brodsky & Prejean, 2005; Guilhem et al., 2010; Kane et al., 2007). The spectra are computed with a 
multitaper power spectral estimation method (e.g., Barbour & Parker, 2014; Prieto et al., 2007) with discrete 
prolate spheroidal tapers and a time-bandwidth product of 6 to balance the spectral resolution. For each 
event, three-component velocity spectra of all stations are computed independently. After self-normaliza-
tion, these spectra are averaged to obtain a geometric mean spectrum of the event. These event spectra are 
further geometrically averaged to isolate possible influences of the frequency content. For example, spectra 
of the triggering and the “twin” earthquakes are compared in Figure 8, and the velocity spectra of events 
that result instantaneous and/or delayed-dynamic triggering are compared for the regions that had suffi-
cient instrumentation as well (Figure 8).
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Figure 5. Peak ground velocity or peak dynamic stress σpd in SJFZ-I (a,d), II (b,e), and SSGF (c,f) from the triggering and nontriggering “twin” earthquakes. 
The PGVs are measured from three-component seismograms (a  –  c). The peak dynamic stress is inferred from the measured PGV value following 

  pd
GPGV
c

 with G as 32 GPa and c as 3.5 km/s (Peña Castro et al., 2019). The top row shows the measured PGV values for the triggering earthquakes 

(color dots) and the “twin” nontriggering earthquakes (gray dots) and the estimated PGV curves as functions of epicentral distance (Equation 3). The bottom 
row shows the distributions of the measured-estimated PGV ratios of the three regions (d–f).
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3.3. Comparisons With Observed Dynamic Strain

As a further check on results from the ground velocity measurements, we measure the peak dynamic 
strain (PDS) values from borehole strainmeters located in the SJFZ-I and II regions (Figure 1). There are 
no borehole strainmeters in either the SJFZ-III or SSGF regions. From more than 2 decades of continuous 
strain records at the Piñon Flat Observatory and Durmid Hill, Agnew and Wyatt (2014) obtained a gen-
eral description of peak strains as a function of moment magnitude and epicentral distance (here Δ is in 
kilometer):

  logPDS 0.95 1.65logΔ 11.8wM (5)

This distance-dependent strain scaling relationship shares similarities with the surface wave amplitude-dis-
tance relationship of Equation 4 (Agnew & Wyatt, 2014). It shows that strain and velocity in the direction of 
propagation are theoretically proportional for a perfectly polarized plane wave (e.g., the radial extension and 
radial velocity). In this study, we directly measure PDS values of both the triggering earthquakes and the 
“twin” nontriggering earthquakes and compare the observations with the empirically estimated PDS values 
computed from Equation 5 (Figure 9).
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Figure 7. Measured peak ground velocity and the triggered total moment.

Figure 6. Measured peak ground velocity distributions of the triggering earthquakes. (a), SJFZ-I. (b), SJFZ-II. (c), SSGF.
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4. Results
We find evidence of frequent dynamic triggering of microearthquakes in Southern California from glob-
ally distributed Mw ≥ 6 earthquakes (Figure 10). On average, more than 1 out of every 5 Mw ≥ 6 earth-
quakes from 2008 to 2017 (274 triggering earthquakes) have caused significant increases in seismicity on 
at least one of the fault segments (SJFZ-I to III and SSFZ) during one of the four time windows (2, 6, 12, 
and 24 h). There is no clear correlation between the earthquake magnitude and the triggering rate. The 
results show that moderate magnitude earthquakes have similar potentials to dynamically trigger mi-
croearthquakes in Southern California, and local earthquake triggerbility should not be evaluated solely 
based on the posited earthquake magnitude. Earthquakes with Mw ≥ 8 occur too infrequently to obtain a 
reliable triggering rate.

We observe that earthquakes from back-azimuthal directions of 60°–90° and 180°–210° are more likely 
to trigger earthquakes in Southern California (Figure 10). Because of the uneven global earthquake dis-
tribution, we evaluate the triggering earthquake percentage instead of the number of triggering earth-
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Figure 8. Geometrically averaged normalized velocity spectra in SJFZ-I (a,c) and II (b,d) of the triggering and nontriggering earthquakes. The shaded patches 
show the range of the spectra values (within one standard deviation). The top row shows the mean spectra of the triggering and nontriggering earthquakes 
(a,b). The bottom row shows the spectra of the instantaneous-, extended-, and delayed-dynamic triggering cases. Numbers of the triggering earthquakes are 
shown in the parentheses (c,d).
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quakes from different directions. We divide the back azimuth into 30° azimuthal bins and the triggering 
percentage is computed as the ratio between numbers of the triggering earthquake and the candidate 
earthquake in each bin. For each fault segment, the triggering rate is below 10% for earthquakes with 
different magnitudes or at different directions. This shows that one triggering earthquake rarely triggers 
seismicity at multiple fault segments, and the triggering response is independent for the fault segments.

We observe a range of dynamic triggering responses in the SJFZ and SSGF regions (Figures 2–4, Tables 1 
and 2). For example, although no earthquakes were instantaneously triggered by the 2012 Mw 7.8 Hai-
da Gwaii earthquake in either the entire SJFZ or SSGF regions (Figures 2 and 3), the SJFZ-I and SSGF 
regions show evidence of delayed triggering in the 24-h window following the passage of seismic waves 
(Figures 2 and 3). In contrast, there is no strong evidence indicating dynamical triggering in SJFZ-II or 
SSGF-III during that time window or in shorter time windows (Figure 3). Interestingly, seismicity rates 
are significantly elevated in the 72-h period following the Haida Gwaii earthquake in all four regions. For 
the SSGF section, the β-statistic of the 3-day time window is 32.1, nearly three times that of anywhere in 
the SFJZ, which suggests an energetic delayed triggering process (Table 1). Another example of varying 
response is the 2012 Mw 6.0 Santa Cruz Islands earthquake (September 5, 2012), which instantaneously 
triggered earthquakes in SJFZ-I, but did not cause any clear increase of seismicity in the other three 
regions (Figure 4). These observations show spatial and temporal variations of the dynamic triggering 
responses at the four fault subsystems.

The susceptibility to dynamic triggering also varies, with the total number of triggering earthquakes be-
ing different for each fault segment (Figures 11 and 12) . The SSGF region appears to be most susceptible 
to dynamic triggering with a total triggering rate of 7.7% (100 triggering earthquakes, Figure 12d) com-
pareing to 4.9% (64 earthquakes) at SJFZ-II. The distribution of triggering window lengths varies from 
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Figure 9. Peak dynamic strains (PDS) for the SJFZ I and II regions. (a), Event-to-strainmeter data coverage by moment magnitude and epicentral distance 
(km); darker colors represent higher density of data coverage. Contours are log-PDS according to the scaling relationships in Agnew and Wyatt (2014); the 
stations we used are shown in Figure 1. (b), Same figure as (a) but with circles showing source-receiver pairs where the event is a triggering event. (c), The 
distributions of the log-ratio of observed-to-estimated PDS (e.g., the contours in (a)). There are two distributions plotted on the same density scale, one for 
triggering events and the other for “twin” nontriggering events. On average the ratios for triggering events are marginally higher than for nontriggering events, 
but the results of a Student’s t-test for the given degrees of freedom (df) indicate that this mean difference is insignificant. We also note the heavier upper tail of 
the PDS ratios associated with no triggering.
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fault to fault as well, showing different temporal evolution processes 
of the triggered seismicity. Intriguingly, the delayed-dynamic triggering 
cases (6 ≤ δta ≤ 24 h) are the most commonly observed modes at all four 
fault segments, while the near-instantaneously (δta = 2 h) dynamically 
triggered seismicity is observed for less than 25% of the triggering cases 
(Figure 12). The triggering variability is also reflected in the triggered 
earthquake number, which fluctuates on a case-by-case basis, and the 
minimum triggered numbers of earthquakes are 2, 3, 5, and 6 for the 2-, 
6-, 12-, and 24-h time windows (Figure 11).

In addition to the diverse triggering responses, the triggered frequency 
(recurrence time) at each fault differs as well (Figure 12). Here, we take 
the intertriggering earthquake separation time as an approximate to in-
fer how frequently does dynamic triggering occur at each subregion. 
We model the probability distribution of the intertriggering earthquake 
separation time with the generalized extreme value (GEV) distribution 
to understand the triggered frequency characteristics of each fault seg-
ment (Fan & Shearer,  2017; McFadden,  1978). The fitted GEV distri-
butions are data-driven and can help to identify the smallest or largest 
values of a random variable with the PDF (ρ(x)) as:

 (6)

where x is the separation time as the support for the GEV distribution, 

t(x) = e−(x−μ)/σ when κ = 0, or     
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t x  when κ≠0, and μ, 

σ, and κ are the location, scale, and shape parameters (Figure 12). In fit-
ting the GEV to triggered frequency in the SJFZ-I and the SJFZ-III fault segments, we find that dynamically 
triggered events are most likely seen every ∼73 days, whereas the frequencies of the SJFZ-II and the SSGF 
regions likely exceed 100 days (Figure 12). For all the candidate earthquakes, the peak occurrence frequency 
is less than one day.

Peak ground velocity is a commonly explored triggering threshold for 
earthquake dynamic triggering processes (e.g., Gonzalez-Huizar & Ve-
lasco, 2011; Peña Castro et al., 2019; van Der Elst & Brodsky, 2010). PGV 
generally associates with the transient peak dynamic stress (or strain) 
due to the passing seismic waves, assuming they are strongly polarized. 
Intuitively, dynamic triggering can be explained as a result of frictional 
failure because of a transient stress perturbation (Hill, 2008; Kilb, 2003). 
There were no broadband seismic stations in the SJFZ III area, there-
fore we only investigate PGV values in the SJFZ-I, II, and the SSGF are-
as. The observed PGV values of the triggering and “twin” nontriggering 
earthquakes cluster together, and we do not observe a clear difference in 
the PGV amplitudes between the two groups (Figures 5a–5c). To further 
investigate similarities and differences between triggering and “twin” 
nontriggering earthquakes, we normalize the measurements with em-
pirical estimations obtained from Equation 3. We observe that the PGV 
ratio patterns of the triggering and “twin” nontriggering earthquakes 
are statistically indistinguishable (Figures 5d–5f), suggesting no appar-
ent systematic differences among these earthquakes. However, we find 
the measured PGVs are systematically lower than the estimated ones 
(Figures  5d–5f). This is likely because we geometrically averaged the 
envelopes from records within each fault segment. Furthermore, local 
site effects and source radiation patterns can strongly influence the PGV 
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β-statistic SJFZ-I SJFZ-II SJFZ-III SSGF

β0 (2-h) −0.8 −1.0 −0.5 −0.9

β95% (2-h) 3.3 3.6 3.3 3.3

 Λ
5% (2-h) −3.2 −3.7 −2.9 −3.5

β0 (6-h) 2.5 −1.2 −0.9 −1.5

β95% (6-h) 3.6 3.7 3.3 3.9

 Λ
5% (6-h) 0.1 −4.3 −3.3 −4.3

β0 (12-h) 2.5 −2.1 0.2 −2.2

β95% (12-h) 3.6 3.8 3.6 4.3

 Λ
5% (12-h) 0.0 −5.5 −1.9 −5.1

β0 (24-h) 5.1 −0.6 3.6 7.9

β95% (24-h) 3.8 4.0 3.8 3.7

 Λ
5% (24-h) 2.2 −5.8 1.6 0.4

β0 (72-h) 8.8 6.7 11.0 32.1

β95% (72-h) 4.7 5.0 5.4 19.0

 Λ
5% (72-h) 4.3 −5.4 8.9 11.9

Table 1 
β-statistics of the 2012 Mw 7.8 Haida Gwaii Earthquake

β-statistic SJFZ-I SJFZ-II SJFZ-III SSGF

β0 (2-h) 4.1 1.0 −0.5 −0.9

β95% (2-h) 3.2 3.7 3.4 5.8

 Λ
5% (2-h) 1.2 −1.7 −2.9 −2.6

β0 (6-h) 1.6 1.1 0.3 −2.0

β95% (6-h) 3.2 3.8 3.7 10.7

 Λ
5% (6-h) −1.1 −1.8 −2.1 −3.3

β0 (12-h) 1.7 0.8 −0.4 −2.5

β95% (12-h) 3.2 4.0 4.2 17.3

 Λ
5% (12-h) −1.2 −2.4 −2.8 −3.5

β0 (24-h) 1.4 1.1 −0.6 −4.1

β95% (24-h) 3.2 4.2 5.1 22.0

 Λ
5% (24-h) −1.5 −2.7 −2.9 −5.0

Table 2 
β-statistics of the 2012 Mw 6.0 Santa Cruz Island Earthquake (September 
5, 2012)
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measurements and our current set of observations are insufficient to isolate the origins of the deviation 
between the measurements and the empirical estimations (Figure 5).

The absolute PGV values of the triggering earthquakes span five orders of magnitude from 0.1 to 
104  μm/s with 1–10  μm/s as the most probable range for the study regions (Figure  6). To further ex-
plore the PGV impacts on the triggering response, we examine the relationship between the PGV val-
ues and the triggered moment of local earthquakes (Figure  7). We consider all the microearthquakes 
during the triggering time windows in a given subregion as triggered earthquakes. Assuming the local  
magnitudes equal to the moment magnitudes, we calculate the triggered total moment as the sum of the 
triggered earthquake moments. We find that the strength of the response (triggered total moment) does not 
seem to correlate with the peak ground velocity and the triggered total moment mostly ranges from 1010 to 
1014 N⋅M, corresponding to an earthquake magnitude from 0.6 to 3.3 (Figure 7).

The peak dynamic strain (PDS) results (Figure 9) are in agreement with the PGV results for the SJFZ-I and II 
sections. The magnitude-distance distribution of the triggering events reflects the data coverage (Figure 9b), 
and there is no statistically significant difference in mean ratios of the observed and estimated PDS values 
between the triggering and nontriggering events (Figure 9c). Furthermore, we confirmed that there are no 
systematic trends in the PDS ratios as a function of either moment magnitude or event-to-station distance.

The amplitude of low-frequency ground motion (e.g., at 20 s periods and longer) has been proposed as a key 
attribute for nucleating earthquakes via dynamic triggering (Brodsky & Prejean, 2005; Guilhem et al., 2010). 
In this study, on average, there are relatively minor differences in the normalized velocity spectra between 
triggering and nontriggering events (Figures 8a and 8b). However, at both the SJFZ-I and SJFZ-II regions, 
the relative low-frequency ground motions of instantaneous-, delayed-, and extended-triggering processes 
diverge from each other, showing different velocity spectra. The divergence is particularly clear for ground 
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Figure 10. Dynamic triggering percentages in the SJFZ and SSGF regions. (a), Triggering number of events with 0.5 magnitude (Mw) bins. (b), Triggering 
percentage with 0.5 magnitude (Mw) bins. (a) and (b) share the same legends. (c–f), Triggering percentage of earthquakes in 30° azimuthal bins. The gray line 
shows the azimuthal distribution of the candidate earthquakes. The black line shows the total triggering percentage for the SJFZ and SSGF regions. The colored 
lines show triggering percentages of each subregion.



Journal of Geophysical Research: Solid Earth

motions in SJFZ-I, although the pattern is not consistent between SJFZ-I and SJFZ-II (Figures 8c and 8d). 
There are no records in SJFZ-III or not enough records in SSGF for a similar spectral analysis.

5. Discussion
5.1. Triggering by Intermediate and Deep Earthquakes

Crustal as well as intermediate and deep earthquakes are susceptible to dynamic triggering (Fan et al., 2019; 
Freed, 2005; Myers et al., 1995; Tibi et al., 2003), but the triggering processes of earthquakes at different 
depths are often evaluated separately. Examples of this include shallow seismicity dynamically triggered by 
crustal earthquakes and remote triggering of intermediate and deep earthquakes due to events at similar 
depths (Cai & Wiens, 2016; Luo & Wiens, 2020; Hill & Prejean, 2015). In particular, cases of intermedi-
ate and deep earthquakes dynamically triggering crustal seismicity are rarely reported, and the absence 
of such cases is not considered unusual because of the low surface-wave amplitudes associated with these 
earthquakes.

Our observations show that intermediate and deep earthquakes commonly dynamically trigger earthquakes 
in the SJFZ and SSGF regions, and the overall triggering responses of these earthquakes are statistically 
comparable to those of shallow earthquakes (Figures 2, 10, and 13). Of the 1,306 candidate triggering earth-
quakes tested in this study, 250 events are intermediate and deep earthquakes (Mw ≥ 6.0, depth ≥ 100 km). 
Of these 250 events, we find that 47 of them dynamically triggered seismicity in the SJFZ or SSGF regions 
during the study period, including 8 Mw ≥ 7.0 triggering earthquakes (e.g., Figure 13); this represents an 
average triggering rate of ∼19%. Some notable examples include the 2008 Mw 7.3 Sea of Okhotsk earth-
quake (depth 502.3 km), the 2011 Mw 7.0 Vanuatu Islands earthquake (depth 151.6 km), and the 2015 Peru 
deep earthquake doublet (Mw 7.5 and Mw 7.6 at depth of 610.7 km, occurred within 10 min of each other) 
(Figure  13). These observations suggest that dynamic triggering responses in Southern California likely 
correlate with attributes of the local ground motions, rather than specific source properties of the triggering 
earthquakes.

5.2. Remote Dynamic Triggering Rates

During the study period, we observe ∼1 out of 5 Mw ≥ 6.0 earthquakes dynamically triggered microearth-
quakes in at least one of the four tested areas of Southern California. This rate is comparable to the ∼30% 
triggering rate of large aftershocks (M ≥ 5) due to the near-to-intermediate field dynamic triggering of M7 
earthquakes (Fan & Shearer, 2016). However, our observed triggering rates, including the triggering rate 
of Mw ≥ 7.0 (25%), are considerably lower than the triggering rate reported in Velasco et al. (2008) (75%), 
which found that 12 out of 15 M ≥ 7.0 earthquakes have caused near instantaneously dynamically triggered 
earthquakes. The ubiquitous phenomenon of dynamic triggering in Velasco et al. (2008) was observed from 
investigating 500 globally distributed stations, while our observation was drawn from seismicity rate chang-
es in Southern California. Presumably, in the Velasco et al. (2008) study, multiple critically stressed fault 
systems may have been dynamically triggered by the passing waves but may not have been simultaneously 
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Figure 11. Dynamic triggering responses (number of earthquakes) of different time windows (2-, 6-, 12-, 24-h). The red histogram shows the triggered 
earthquake numbers (Na), which were used for β0 calculations. The blue histogram shows the earthquake numbers in the preceding time windows, which were 
used for βb calculations. For the 2- (a), 6- (b), 12- (c), and 24-h (d) windows, the Na values range from 2–34, 3–89, 5–140, and 6–1,220, respectively.
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triggered, which out-of-phase responses may lead to a larger overall triggering rate. The reported ubiquitous 
triggering pattern in Velasco et al. (2008) does not exclude a relatively low triggering rate on an individual 
fault system. For example, we also observe that the four regions individually have lower triggering rates 
comparing to the overall average triggering rate when considering all four sections at once (Figure 10). 
These observations show that the dynamic triggering responses vary spatiotemporally, and that small scale 
fault structures or stress states may be the predominant factors modulating the triggering responses, which 
respond in turn to a wide range of seismic wavefield amplitudes (van Der Elst & Brodsky, 2010). If this holds 
true, the absence of remote triggering cases in regions without anthropogenic stress perturbations (e.g., van 
der Elst et al., 2013) would indicate that local structures and stress regimes may be prohibitive of dynamic 
triggering (e.g., Harrington & Brodsky, 2006).

Intriguingly, our observed triggering rate (over 20%) is significantly larger than the triggering rate document-
ed in Pankow and Kilb (2020), which also examined the possible triggering cases in Anza, California (SJFZ-I). 
They found that remote dynamic triggering is rare (<2%) by examining 500 triggering earthquakes and four  
33-year-long earthquake catalogs in the Western US. One possible explanation for the higher triggering rate in  
this study is the magnitude of completeness (Mc) of the QTM catalog. The nominal Mc of the QTM catalog is 
0.3, which is almost one magnitude smaller than the Mc of the catalogs analyzed in Pankow and Kilb (2020). 
For example, our statistical procedure would suggest that the 2012 Haida Gwaii earthquake did not dynami-
cally trigger microearthquakes in Southern California within 24 h of its occurrence, when only using earth-
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Figure 12. Dynamic triggering characteristics of the SJFZ (a-c) and SSGF (d) regions. The columns show results of different regions. The top row shows 
the intertriggering earthquake separation time distributions, the fitted generalized extreme value (GEV) distributions are shown as the black dash curves. 
The shape parameter (κ), scale parameter (σ), and location parameter (μ) are 10−0.7290/101.0833/105.8908, 10−0.7652/100.9904/106.1202, 10−0.7334/101.2059/105.7792, and 
10−0.8910/101.1651/105.8452 for the SJFZ-I , II, III, and SSGF regions, respectively. The middle row shows the triggering earthquake number distributions with 
respect to the four time windows (2-, 6-, 12-, 24-h). The bottom row shows the triggering mode distributions (instantaneous-, extended-, and delayed-dynamic 
triggering).
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quakes with M ≥ 1.3 for a similar analysis (Figure 14). Within three days (72 h), only the SSGF region shows 
a statistically significant seismicity elevation (Figure 14). This also implies that we may have missed some 
dynamically triggered earthquakes with magnitudes smaller than 0.3. In addition, different procedures used 
to identify statistically significant triggering may also lead to discrepancies, including background seismic-
ity rate choices and fault area segmentations (Marsan & Nalbant, 2005). Future studies implementing the 
same procedures to comparatively investigate the triggering cases may help to understand this apparent 
inconsistency.

5.3. Spatiotemporally Evolving Triggering Threshold (β95%)

As noted by previous studies, using β0 ≥ 2.0 as a threshold to identify dynamic triggering is insufficient to 
robustly characterize a significant increase in seismicity: the β-threshold varies with different triggering 
earthquakes or with different receiver faults (e.g., Marsan & Nalbant, 2005; Cattania et al., 2017; Prejean 
& Hill, 2018; Pankow & Kilb, 2020). We find no evidence to the contrary; there is a similar pattern of clear 
spatial and temporal variations of the triggering threshold, β95% (Figure 15). Spatially, the triggering thresh-
old (β95%) shows different features at each fault system even though the SJFZ segments are adjacent to each 
other. In general, the β95% is greater than 2.0 with extreme cases as large as ∼23 for the SSGF region. The 
spatial differences likely associate with variable rates of background seismic activity between the regions, 
which likely reflect the local stress state and material strengths. For example, the larger β95% of the SSGF re-
gion may be due to frequent energetic earthquake swarms, which may have been influenced by geothermal 
production activities (e.g., Cheng & Chen, 2018; Crandall-Bear et al., 2018).

For the same fault segment, we observe a range of β95%, reflective of the temporal evolution of local seis-
micity. For example, in SSGF, there is a wide range of β95%, while the β95% range is relatively small in SJFZ-
III. Similarly, the β0 has a large range of values indicating diverse triggering responses (Figure 15). These 
distinct triggering responses suggest that the local fault systems evolve differently and, possibly, multiple 
physical mechanisms modulate triggering processes.

5.4. Possible Physical Processes of Earthquake Dynamic Triggering

Multiple physical mechanisms have been proposed to explain earthquake dynamic triggering (Brodsky & 
Prejean, 2005; Freed, 2005; Hill & Prejean, 2015). The mechanisms can roughly be categorized as linear 
and nonlinear triggering processes. The linear triggering model, for example, Coulomb failure, directly 
correlates with the peak dynamic strain and explains dynamic triggering as a frictional failure due to tran-
sient stress perturbations incrementally exceeding the cohesive strength of the fault (Gonzalez-Huizar & 
Velasco, 2011; Hill, 2008; Kilb, 2003). Such linear models suggest that the triggered seismicity results from a 
“clock-advance” effect: faults are critically stressed and ready to rupture, and the dynamic stress increment 
from the seismic waves simply advances the cycle of regular earthquakes. This mechanism can intuitively 
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Figure 13. Dynamic triggering cases in SJFZ and SSGF caused by three example intermediate and deep Mw ≥ 7.0 earthquakes. (a), Locations and the focal 
mechanisms of the example intermediate and deep earthquakes. (b), Dynamic triggering response at the SSGF region due to the 2011 Mw 7.0 Vanuatu Islands 
intermediate depth earthquake. (c), Dynamic triggering response at the SJFZ-III region due to the 2008 Mw 7.3 Sea of Okhotsk deep focus earthquake. (d) 
Dynamic triggering response at the SJFZ-II region due to the 2015 Mw 7.5 and Mw 7.6 Peru deep earthquake doublet.
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explain the instantaneously dynamically triggered earthquakes during the passage of the seismic waves, 
and it also suggests that there should be a peak dynamic stress (strain) threshold for a given region. How-
ever, the model cannot fully explain the delayed triggering processes, and a robust PGV (or peak dynamic 
stress) triggering threshold remains elusive (Freed, 2005; Prejean & Hill, 2015). Such a model would also 
suggest a scaling relationship between triggering earthquake magnitude and distance, which is less appar-
ent than what numerous studies have found.

Nonlinear triggering models are inherently more complex in comparison to linear triggering models and 
so can encompass a variety of physical processes (Freed,  2005; Hill & Prejean,  2015). For example, the 
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Figure 14. The β-statistic distributions in the SJFZ (a–c) and the SSGF (d) regions after the 2012 Mw 7.8 Haida Gwaii earthquake for local seismicity with 
M ≥ 1.3. The legends are similar to those in Figure 2 and Figure 3. The rows represent different regions and the columns represent different time windows.
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transient strain perturbation may alter the friction leading to an unstable sliding, effectively, triggering an 
earthquake (Parsons, 2005). Such processes correlate more strongly with wavefield features, including the 
frequency content of the passing seismic waves and the duration of intense ground motions, more than 
the peak dynamic strain (Brodsky & Prejean, 2005; Guilhem et al., 2010; Parsons & Velasco, 2009; Pollitz 
et al., 2012). Other complex nonlinear models may involve multiple physical processes, including stress cor-
rosion, material fatigue, fault gouge modulus reduction, permeability enhancement (pore pressure redistri-
bution), and fluid transportation (Atkinson, 1984; Barbour, 2015; Beeler et al., 2000; Beeler & Lockner, 2003; 
Ferdowsi et al., 2015; Gomberg et al., 2001; P. A. Johnson & Jia, 2005; Kanamori & Brodsky, 2004; Manga 
& Brodsky, 2006). The nonlinear physical processes can better explain the commonly observed delayed-dy-
namic triggering and may also explain some or all of the instantaneously dynamically triggered events 
(Freed, 2005; Hill & Prejean, 2015).

5.4.1. Instantaneous Triggering

We observe a range of dynamic triggering responses in SJFZ and SSGF, including instantaneous, extended, 
and delayed triggering (Figure 12). Overall, these observations can be better explained by the nonlinear 
triggering models. However, we first examine the instantaneously triggered events that could be explained 
by simple dynamic Coulomb stress changes. For example, microearthquakes were instantaneously dynami-
cally triggered by the 2012 Mw 6.0 Santa Cruz Islands earthquake in SJFZ-I, with a clear change in seismicity 
that decays rapidly back to background levels (Figure  4). Such a short, transient elevation of seismicity 
agrees well with the simple linear failure model. However, we find no simple PGV threshold to explain all 55 
cases (Figure 5). This observation could suggest that local PGV does not directly correlate with earthquake 
dynamic triggering. Alternatively, the lack of a clear PGV threshold may be due to a strong spatial variability 
of PGV triggering thresholds, which might reflect variations in material strength within the fault system.

We find that the PGV values of the triggering earthquakes span five orders of magnitudes in SJFZ-I (Fig-
ure 6). Furthermore, the PGV values and wavefields of the “twin” earthquakes are statistically indistinguish-
able from those of the triggering earthquakes, which further erodes support for triggering being controlled 
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Figure 15. Top row: distributions of the triggering threshold (β95%) and the seismicity rate change (β0) of the triggering cases for SJFZ-I (a), II (b), III (c), and 
SSGF (d). The horizontal lines show the ranges of the triggering threshold (black line) and the seismicity rate change (pink lines). Bottom row: scatter plot of 
the triggering threshold (β95%) and the seismicity rate change (β0) of the four regions.
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by dynamic Coulomb failure. However, this apparent lack of triggering from the “twin” earthquakes might 
be due to out-of-phase seismic cycles of local microearthquake in SJFZ and SSGF. If the triggering earth-
quake happens to occur at the end of local microearthquake cycles, then the dynamic stress changes may be 
sufficient to promote an increase in seismicity (Gomberg et al., 1997; Perfettini et al., 2003). The existence of 
the “twin” nontriggering earthquakes partially supports the microearthquake cycle hypothesis. The lack of 
a PGV triggering threshold could also be due to insufficient in-situ observations, which may be inadequate 
to faithfully capture the PGV at the triggered earthquake locations (e.g., C. W. Johnson et al., 2020)

For the SJFZ and SSGF, the instantaneously triggered seismicity can be explained by nonlinear trigger-
ing models. Fault strength or frictional properties can be temporarily reduced due to processes initiat-
ed by the passing seismic waves, which can lead to either instantaneous or delayed triggering (Savage 
& Marone,  2008; P. A. Johnson et  al.,  2008; P. A. Johnson & Jia,  2005). Depending on the local fault 
states, including the stress states, material strength, and frictional properties, both instantaneous and 
delayed-dynamic triggering cases may be modulated by the same physical processes. The nonlinear trig-
gering models are also favored because of the diverse triggering PGV values at the same fault system 
(Figure 5). These nonlinear models do not directly correlate with the peak dynamic strains, therefore a 
large range of PGV values can produce the observed dynamic triggering cases by these nonlinear models 
(Prejean & Hill, 2018).

Intriguingly, there are systematic variations in the spectra of ground motions between the instantaneous, 
extended, and delayed triggering waveforms (Figures 8c and 8d). Such frequency content variation of lo-
cal ground motions may promote nonlinear triggering processes. Previous studies have documented that 
long-period seismic waves (≥30 s) are more effective at triggering local seismicity, and frequency-dependent 
triggering patterns may indicate a porous medium response that initiates fluid flow (e.g., Brodsky & Pre-
jean, 2005; Guilhem et al., 2010; Kane et al., 2007). We observe a clear distinction in the velocity spectra of 
instantaneously triggering earthquakes in SJFZ-I: relatively strong low-frequency ground motions occurred 
compared to those that had caused extended or delayed triggering (Figure  8c). We do not see the same 
pattern in SJFZ-II, although it is unclear whether this discrepancy is due to uneven station coverage in the 
region (Figures 8b and 8d). There were no stations in the SJFZ-III region, and the station coverage in SSGF 
is insufficient to make such a comparison.

5.4.2. Delayed Triggering

Perhaps, the most interesting observation is the more frequent occurrence of delayed-dynamic triggering 
(up to 24 h) compared to instantaneous triggering at all four fault systems (Figure 12). Most of the dynam-
ically triggered earthquakes in SJFZ and SSGF occurred after the passage of the seismic waves, but for dif-
ferent length windows following the triggering event. These delayed-dynamic triggering responses cannot 
be directly explained by the dynamic Coulomb stress and may have been caused by either multiple different 
complex nonlinear physical processes occurring simultaneously or the same nonlinear process that evolves 
on multiple time scales. For example, the 2012 Mw 7.8 Haida Gwaii earthquake caused delayed-dynamic 
triggering at all fault segments within three days (Figures 2 and 3). However, the triggering responses were 
not coincident in time, suggesting multiple nonlinear processes may occur simultaneously (e.g., Rivera & 
Kanamori, 2002). Considering the small spatial footprint of the SJFZ and SSGF, such observations under-
line that the heterogenous responses are likely controlled by strong spatial heterogeneity of the stress field 
and/or material properties.

Our results show that it is challenging to characterize the triggering response uniformly: the observed trig-
gering cases occur for a large range of background seismicity rates and incident seismic wave amplitudes in 
the SJFZ and SSGF regions (Figures 5 and 15). We also do not observe clear triggering-response differences 
between natural faults (SJFZ) and geothermal reservoirs (SSGF), which suggests that dynamic triggering 
likely occurs in many fault environments such that geothermal fields are not necessarily more susceptible to 
dynamic triggering than natural faults. We are unable to determine whether the dominant triggering mech-
anisms differ from fault to fault. However, the clear spatiotemporal evolutions of the triggering threshold 
(β95%) and the triggered seismicity response (β0) require the controlling physical mechanisms be time- and 
space-dependent, with the occurrence of previous earthquakes and slip histories possibly affecting the fault 
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zone material damage degrees and stress conditions. This means the transient dynamic triggering responses 
may need to be evaluated within a larger and longer perspective.

5.5. Azimuthal Distributions of the Triggering Earthquakes

The clear higher triggering percentage of earthquakes from back-azimuthal directions of 60°–90° and 
180°–210° suggests a preferential triggering pattern (Figure 10). This suggests that incoming wave orien-
tation might be a controlling factor in dynamic triggering of the subregions (Alfaro-Diaz et al., 2020). The 
azimuthal preferential triggering is likely due to a combination of local fault geometry, stress field orienta-
tion, and particle motions of the fault zone materials (Alfaro-Diaz et al., 2020; Gonzalez-Huizar & Velas-
co, 2011). For example, local SHmax stress is roughly oriented toward NNE at the SJFZ areas and earth-
quakes from the 60°–90° direction are approximately perpendicular to the direction of the local SHmax 
stress field (Yang & Hauksson,  2013; Heidbach et  al.,  2016, 2018), which surface waves could promote 
dynamic triggering by increasing shearing on the faults (e.g., Alfaro-Diaz et al., 2020; Gonzalez-Huizar & 
Velasco, 2011). Microearthquakes in the SSGF area are preferably triggered by earthquakes from the 180°–
210° direction, parallel to the local SHmax direction (Yang & Hauksson, 2013). These preferential directions 
might be also due to effects of unclamping faults and effectively reducing friction from the transient waves, 
which would promote fault slip as well (Gonzalez-Huizar & Velasco, 2011). However, local scale SHmax is 
highly heterogenous, and such heterogeneities would match a wide range of orientations of the incoming 
surface waves (Abolfathian et al., 2020; Li et al., 2015; Yang & Hauksson, 2013). Consequentially, earth-
quakes from all directions can cause dynamic triggering in Southern California (Figure 10). For example, 
at the SJFZ-I and SJFZ-III segments, the triggering percentage is roughly comparable at different directions 
(Figure 10). Overall, our observations show that remote earthquakes are more likely to trigger microearth-
quakes when local SHmax (or SHmin) and fault structures are favorably aligned.

5.6. Depth Distributions of Triggered Microearthquakes

We observe that the depth distribution of triggered earthquakes differs from that of the background seis-
micity, even though their magnitude-frequency pattens are similar (Figures 16 and 17). To investigate this 
further, the triggered earthquakes for the three triggering responses (instantaneous, extended, and delayed) 
are grouped separately for each region, and then compared to the distributions of all events from 2008 to 
2017 within a given region, for example, SJFZ-I (Figure 17a). The depth distributions are modeled with 
kernel probability distributions with a smoothing parameter as h = 1, which effectively averages the events 
with a 1 km depth bin (Figure 17). To understand the variability of the depth distribution, we performed 
bootstrap resampling on the earthquakes from both the triggered earthquakes and the background seismic-
ity (Figure S2). The triggered earthquake depth distributions are generally different from the distributions 
of the background earthquakes at all four regions (Figure 17). For example, at SJFZ-I, the instantaneously 
triggered earthquakes cluster at the base of the seismogenic zone, while the earthquakes triggered after 
some delay time concentrate at shallower depth (Figure 17a). The triggered earthquake depth distribution 
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Figure 16. Magnitude-frequency distributions of the triggered earthquake and the background seismicity of the four regions: (a), SJFZ-I, (b), SJFZ-II, (c), SJFZ-
III, and (d) SSGF. The yellow patch (M 0.5 to 2.1) shows the magnitude range that is used to estimate the b-value (Aki, 1965).
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of SJFZ-I—including all three modes of triggering—shows a concentration of shallow seismicity, which 
differs from the background seismicity (Figure 17a4).

Depth distributions also differ from region to region. For the SJFZ-III area, the triggered earthquake depth 
distribution is similar to the background seismicity, although the instantaneously triggered earthquakes 
tend to occur near the deeper edge of the seismogenic zone, sharing similarities with the distribution of 
SJFZ-I. At the SSGF, triggered earthquakes consistently concentrate near the shallow edge of the seismo-
genic zone except the instantaneously triggered earthquake cluster at both edges (Figure 17d). Presumably, 
the shallow portion of a fault has lower confining stresses, and the triggering thresholds may have scaled 
with the depth for a given fault (Figure 17).

On the deeper part of the faults, these depth distributions suggest a possible correlation with triggered, 
transient aseismic creep events that have been measured with seismic and geodetic data (Inbal et al., 2017; 
Lohman & McGuire, 2007; Tymofyeyeva & Fialko, 2018; Wdowinski, 2009). Transient creeping events can 
cause an instantaneous or delayed-dynamic triggering of earthquakes or tremor (e.g., Inbal et al.,  2017; 
Shelly et al., 2011), and such creep events might also temporarily alter the effective loading rates, reduc-
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Figure 17. Triggered earthquake depth distributions (red histogram and red curve) and the background seismicity depth distributions (white histogram and 
black curve) of SJFZ-I (a), II (b), III (c), and SSGF (d). The rows show different regions and the columns show diferent triggering modes.
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ing the earthquake nucleation size significantly (Guérin-Marthe et al., 2019; McLaskey, 2019). The com-
bined effects of reduced nucleation sizes and increased stressing rates from the aseismic events would be 
effective at promoting microearthquake triggering. Earthquake nucleation length also inversely scales with 
the initial stress, suggesting an even smaller nucleation size for deep earthquakes during a creeping event  
(Guérin-Marthe et  al.,  2019; Latour et  al.,  2013; McLaskey,  2019). With a smaller nucleation size, these 
earthquakes would be preferentially triggered if the fracture surface energy scales with the nucleation 
length (Ide & Aochi, 2005).

Stochastic frictional heterogeneities can also cause microearthquakes preferably triggered at seismogenic 
zone edges (Lapusta & Rice, 2003; Jiang & Fialko, 2016; Wei et al., 2013). Such frictional heterogeneities 
often correlate with creep events, which may have contributed collectively at dynamically triggering earth-
quakes in SJFZ and SSGF. There may be a single, pervasive triggering process that influences the triggering 
response of these fault segments, but we cannot yet rule out the possibility that multiple nonlinear process-
es are responsible for the variations in the observed response (Figure 17). The similar magnitude-frequency 
distributions suggest that once an earthquake is triggered, the following seismicity sequence would tend 
to the Gutenberg-Richter law and the sequence development likely follows an ETAS-type evolution model 
(Helmstetter & Sornette, 2002; Ogata, 1999).

6. Conclusions
We develop a new statistical approach to identify earthquake dynamic triggering by evaluating seismicity 
rate change distributions. This method is data-driven and does not assume seismicity occurrence distribu-
tions. By applying the approach to the Quake Template Matching catalog in Southern California from 2008 
to 2017, we find the following major points:

1.  The commonly used β0 ≥ 2.0 threshold is insufficient to robustly identify dynamic triggering cases: the 
β triggering threshold has a wide range of values, shows strong spatial variations, and evolves through 
time

2.  Over 20% of global Mw ≥ 6 earthquakes, at all depths, triggered microearthquakes in the San Jacinto Fault 
Zone and the Salton Sea Geothermal Field

3.  Distant earthquakes from back-azimuthal directions of 60°–90° and 180°–210° are more likely to trigger 
earthquakes in Southern California

4.  Both instantaneous and delayed-dynamic triggering are seen in these regions; the majority of cases are 
delayed-dynamic triggering

5.  The observed peak ground velocity is not an effective discriminant between triggering earthquakes and 
nontriggering events. However, the ground motions from earthquakes that caused instantaneous trig-
gering in SJFZ-I are enriched in low-frequency energy compared to those associated with extended or 
delayed triggering

6.  There are significant spatial and temporal variations in triggering response, and differences between the 
depth distributions of triggered and background seismicity

These observations suggest highly heterogeneous local stress states and material strength and also suggest 
triggering mechanisms are not invariant but rather a continuously evolving processes. They also suggest 
that while linear dynamic triggering mechanisms may have contributed to the observed instantaneous trig-
gering, nonlinear physical processes may dominate the triggering processes. For example, dynamic strains 
may trigger aseismic creep processes and/or alter frictional strength, which eventually trigger the local 
earthquakes. This interpretation is supported by the observation that the triggered events concentrate at the 
edges of the seismogenic zones, especially at shallow depths.

Data Availability Statement
The earthquake catalogs used in this study are from the Global Centroid Moment Tensor project (Ekström 
et al., 2012) and the Southern California Earthquake Data Center (QTM catalog) (Ross et al., 2019). The 
seismic data were provided by Data Management Center (DMC) of the Incorporated Research Institutions 
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for Seismology (IRIS). The facilities of IRIS Data Services, and specifically the IRIS Data Management 
Center, were used for access to waveforms, related metadata, and/or derived products used in this study. 
IRIS Data Services are funded through the Seismological Facilities for the Advancement of Geoscience 
and EarthScope (SAGE) Proposal of the National Science Foundation (NSF) under Cooperative Agreement 
EAR-1261681. Network of the Americas (NOTA) strain data were also obtained from the IRIS DMC; this 
material is based on services provided by the GAGE Facility, operated by UNAVCO, Inc., with support from 
the NSF and the National Aeronautics and Space Administration (NASA) under NSF Cooperative Agree-
ment EAR-1724794. The triggering earthquakes and their associated “twin” earthquakes are listed in the 
Supporting Information.
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