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We conduct a systematic survey of remote triggering of earthquakes in north China following the 2008 Mw 7.9
Wenchuan earthquake. We identify triggered earthquakes as impulsive seismic energies with clear P and S
arrivals on 5 Hz high-pass-filtered three-component velocity seismograms during and immediately after the
passage of teleseismic waves. We find clearly triggered seismic activity near the Babaoshan and HuangzhuangGaoliying faults southwest of Beijing, and near the aftershock zone of the 1976 Mw 7.6 Tangshan earthquake.
While several earthquakes occur during and immediately after the teleseismic waves in the aftershock zone
of the 1975 Mw 7.0 Haicheng earthquake, the change of seismicity is not significant enough to establish the
direct triggering relationship. Our results suggest that intraplate regions with active faults associated with major
earthquakes during historic or recent times are susceptible to remote triggering. We note that this does not always
guarantee the triggering to occur, indicating that other conditions are needed. Since none of these regions is
associated with any active geothermal or volcanic activity, we infer that dynamic triggering could be ubiquitous
and occur in a wide range of tectonic environments.
Key words: Dynamic triggering, the 2008 Wenchuan earthquake, earthquake interaction.

1.

Introduction

It is well known that earthquakes interact with each
other. For example, large shallow earthquakes are typically
followed by increased seismic activity in nearby regions,
known as “aftershocks” (e.g., Utsu et al., 1995). However, only recently seismologists started to realize that large
earthquakes could also cause a significant increase of seismic activity in regions that are several hundreds to thousands of kms away (e.g., Hill et al., 1993; Brodsky et al.,
2000; Gomberg et al., 2001; Hough and Kanamori, 2002;
Kilb et al., 2002; Hough et al., 2003; Gomberg et al., 2004;
Prejean et al., 2004; Freed, 2005; Hill and Prejean, 2007;
Velasco et al., 2008). Because static stresses resulting from
fault displacements fall off more rapidly and become negligible beyond several hundred kms (e.g., Freed, 2005), the
elevated seismicity at large distances is generally considered as “remotely triggered” by the dynamic stresses during the passage of seismic waves generated by large earthquakes. Since the immediate cause of these triggered events
is apparent and relatively easy to quantify, systematic analysis of remote triggering offers a unique opportunity for better understanding the underlying mechanism of earthquake
interaction and physics of earthquake occurrence.
So far most of the remotely triggered earthquakes are
identified near active plate boundary faults with abundant
background seismicity (e.g., Hill et al., 1993; Gomberg et
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al., 2001; Prejean et al., 2004). Only a few studies have
found remotely triggered earthquakes in relatively stable intraplate regions (e.g., Hough et al., 2003; Gomberg et al.,
2004). Recently, Velasco et al. (2008) conducted a systematic global survey of microearthquakes triggered by many
large earthquakes. They found that earthquake triggering is
a ubiquitous phenomenon that is independent of the tectonic
environment of the main earthquake or the triggered event.
Their study motivated us to search for further evidence of
remote triggering in intraplate regions to better understand
the necessary conditions that favor dynamic triggering.
The 2008/05/12 Mw 7.9 Wenchuan earthquake offers a
unique opportunity to conduct such study. This earthquake
occurred in Eastern Sichuan, China, and ruptured predominately northeastwards for ∼250 km along the Longmenshan
fold-and-thrust belt that bounds the Tibetan plateau and the
Sichuan basin (Burchfiel et al., 2008). The main event and
its rigorous aftershock sequences were recorded by many
permanent and temporary seismic stations deployed by the
China Earthquake Administration (CEA).
We focus in this study on triggered seismic activity
around the Beijing metropolitan area and the southern portion of the Liaoning Province in north China (Fig. 1) for
the following reasons. First, this region is covered by dense
regional seismic network. The Beijing metropolitan digital Seismic Network (BSN) provides coverage around Beijing and nearby areas (Chen et al., 2006). Currently, this
network consists of 107 broadband, borehole and surface
short-period stations. Second, this region is in the rupture propagation direction of the Wenchuan earthquake, and
hence has a great potential for generating triggered seismic
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Fig. 1. A map showing the study area in north China. The open triangles
mark the locations of stations that recorded the 05/12/2008 Mw 7.9 statistic is defined by
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Wenchuan earthquake, and the black triangles mark the nearest and
nearby stations that recorded the triggered earthquakes. The gray star
marks the location of an ML = 1.3 earthquake north of Tangshan
occurred during the surface waves of the Wenchuan earthquake. The
gray lines denote active fault traces. The focal mechanism solutions
of the 1975 Mw 7.0 Haicheng earthquake, the 1975 Mw 7.6 Tangshan
earthquake and its two large aftershocks are plotted. The small gray
dots mark the background seismicity from 01/01/2001 to 11/30/2008.
The inset shows map of China. The large star marks the epicenter of the
Mw 7.9 Wenchuan earthquake. The box corresponds to the study area
and the dashed line shows the ray path.

activity due to rupture directivity effect (e.g., Gomberg et
al., 2001, 2004). Finally, this area has been highly seismic
active in 1960s and 1970s with 5 M>7 earthquakes, including the 1975 Mw 7.0 Haicheng and 1976 Mw 7.6 Tangshan
earthquakes. These large earthquakes are followed by protracted aftershock activity that is currently visible. This allows us to compare the triggering potentials with varying
background seismicity rate.

2.

Analysis Procedure

We download continuous seismic data recorded by stations in the BSN and nearby regional seismic network
6 hour before and after the origin time of the Wenchuan
mainshock (2008/05/12 06:28:01.57). We scan through all
the records, and remove those bad traces with no seismic
data or severely clipped during the surface waves of the
Wenchuan earthquake. After the selection process, we obtain a total of 61 stations for further analysis.
Next, we visually identify earthquakes as impulsive seismic energies with clear P and S arrivals on 5 Hz high-passfiltered three-component velocity seismograms, and compare events in the 6-hour time windows before and after the
mainshock origin times. We also checked nearby stations
to ensure that the identified earthquake signals are recorded
by at least two stations. Since it is not practical to accurately determine the hypocentral locations of most events
recorded at a few nearby stations, we estimate the approximate distance to the nearest station based on the travel time
differences of P and S waves. We require that the S–P
times of the identified events to be less than 15 s, roughly
corresponding to a propagating distance of 120 km. Because this distance is much smaller than the distance to the
epicenter of the Wenchuan earthquake, we use the location
of the nearest station as a proxy for the location of identified
earthquake.

β(n a , n b ; ta , tb ) =

n a − E(n a )
Var(n a )

(1)

where n b and n a is the number of earthquakes observed before and after the mainshock, tb and ta is the time duration
before and after the mainshock, respectively. For a Poisson
process, E(n a ) = Var(n a ) = n b (ta /tb ) (Hill and Prejean,
2007). Results with |β| > 2 (approximately two standard
deviations) are generally considered to be statistically significant (Reasenberg and Simpson, 1992; Hill and Prejean,
2007).
Finally, we manually pick earthquakes on the high-passfiltered seismograms 6 hour before and 1 hour after the
Wenchuan P arrival and compute the corresponding β
statistic. The analysis procedure is similar to that used
in Peng et al. (2007) to identify early aftershocks, and is
briefly described here. First, we take the envelope function of the 5 Hz high-pass-filtered seismogram, smooth it
by the half width of 50 point, and stack the resulting threecomponent envelopes to obtain the envelope function for
each station. Next, we identify an event by searching for
clear double peaks in the envelope that correspond to the
P and S arrivals. We also compute the median value of
the envelope function with duration of 1 hour before the
Wenchuan P arrival, and use 9 times the median absolute
deviation (MAD) as an amplitude threshold. Only events
with amplitude larger than such threshold are used to compute the β statistic. The threshold is chosen to ensure that
we only include events with large enough amplitudes so that
they are unlikely to be caused by random fluctuations in the
background noise.
Overall, we find three regions that show potential earthquake activity associated with the Wenchuan earthquake.
We briefly describe the characteristic of the earthquake activity in each region below, followed by a summary of observations and discussions. We find no clear evidence of
earthquake activity during the 1-hour time window at other
sites we examine.

3.

Triggered Seismicity around Beijing

Beijing is situated near the juncture of the YinshanYanshan Mountain and North China Plain fault block (Deng
et al., 2003). The North China Plain is a region of
Mesozoic-Cenozoic rift basins and uplift structures that
are crosscut by NNE- and NWW-oriented conjugate fault
zones (Liu et al., 2007). Many large earthquakes have
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Fig. 2. (a) Seismicity within 30 days and 120 km of station NKY near
Beijing. The solid line shows the cumulative number of events, and
the solid circles mark the 4 events occurred during the passage of the
surface waves. The horizontal dashed line marks the magnitude threshold of 1.5. The corresponding β statistic with m ≥ 1.5 is 0.35. (b)
The high-pass-filtered envelope functions at station NKY (solid line)
and nearby station DHC (gray line; shifted up by 1.25 in log10 amplitude) within 1 hour of the P wave arrival of the Wenchuan earthquake
(vertical dashed line). The horizontal gray and black dashed line marks
the median and 9 times the median absolute deviation (MAD), which is
used a threshold to pick seismic events. The open and solid circles mark
the hand-picked events before and after the P arrival. The corresponding β statistic computed events within 6 hour and 1 hour before the P
arrival 2.6 and 1.4, respectively. (c) The top three traces: the broadband
three component (transverse, radial and vertical) seismograms recorded
at station NKY. The middle three traces: 5 Hz high-pass-filtered seismograms showing small local earthquakes during the passage of surface waves. The corresponding local magnitudes of these events are
also marked. The bottom two traces: zoom-in plots of the vertical seismograms showing the P and S waves of the two triggered earthquakes
recorded at station NKY and a nearby station DHC with a distance of
22.4 km.

occurred near Beijing, including the 1679 M ∼ 8 SanhePinggu earthquake and the 1976 Mw 7.6 Tangshan earthquake. The relocated seismicity (Li et al., 2007) is generally associated with pre-existing faults imaged by wideangle and deep seismic reflection profile. Figure 2 shows
a comparison of the broadband and high-pass-filtered seismograms at station NKY about 35 km SW of Beijing. The
Love waves generated by the Wenchuan mainshock arrived
at ∼390 s (with a nominal phase velocity of 4.3 km/s),
and the Rayleigh waves arrived at ∼430 s (with a nominal phase velocity of 3.5 km/s). After the 5 Hz high-pass
filtering process, we identify at least 4 earthquakes during
the passage of the large-amplitude surface waves. The first
event occurred at around 385 s during the first cycle of the
Love waves, and the rest three events occurred during the
Rayleigh waves. The P and S waves are clearly shown
in the three-component seismograms at station NKY, and

Fig. 3. (a) Seismicity within 30 days and 120 km of station CHL near
the aftershock zone of the 1976 Mw 7.6 Tangshan earthquake. (b) The
high-pass-filtered envelope functions at station CHL (solid line) and
nearby station FTZ (gray line; shifted down by 2.2 in log10 amplitude)
within 1 hour of the P wave arrival of the Wenchuan earthquake (vertical dashed line). (c) Raw and high-pass-filtered seismograms showing
the teleseismic waves of the Wenchuan earthquake and locally generated seismic events, respectively. Other symbols and notations are the
same as in Fig. 2.

could also be identified in the nearby station DHC. Due
to lack of additional recordings, we were unable to actually locate these events. However, the S–P times are in
the range of 1.1–1.7 s, roughly corresponding to propagation distance of 9–14 km, suggesting that these events must
occur very close to station NKY. Finally, we estimate the
local magnitude ML of these events to be in the range of
1.7–2.5, based on the peak amplitude averaged over the two
horizontal components and the S–P times. The magnitude
computed here is likely a lower bound because of the 5 Hz
high-pass-filtering. No magnitude correction is made in this
study.
It is worth noting that none of these events were listed in
the regional earthquake catalog. In addition, the seismicity
rate from the catalog within 30 days of the Wenchuan earthquake does not show significant changes, with the β value
of 0.35. However, the β value for the events picked from
the 1-hour high-pass-filtered envelope function before and
after the Wenchuan P arrival is 1.4. Since the β value depends on the duration of the time window, we also compute
the β statistic using events identified from high-pass-filtered
envelope functions with 6 hours before and 1 hour after the
Wenchuan P arrival. The resulting β value is 2.6. Although
these values are around 2, we still consider them as statistically significant, mainly because of the following reasons.
First, the 4 events occurred during the arrivals of the largeamplitude surface waves, and the first event appears to be
coincident with the arrival of the long-period Love waves,
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suggesting a possible correlation between the surface waves
and the locally generated seismic events. Secondly, a direct examination of the high-pass-filtered envelope reveals
that while there are a few small events that are above the
threshold within 1 hour before the Wenchuan P arrival and
after the passage of the surface waves, none of them has
comparable amplitudes as those occurred during the surface
waves of the Wenchuan event. Hence, we conclude that the
4 events are indeed triggered by the large-amplitude surface
waves.

4.

Triggered Seismicity around Tangshan

In 1976, the Mw 7.6 Tangshan earthquake occurred directly underneath the city of Tangshan, resulting in one of
the most destructive events in term of the loss of life in human history. The mainshock ruptured a NE trending rightlateral strike-slip fault, which is clearly outlined by its aftershock sequence (Shedlock et al., 1987) that is currently
active (Fig. 1). We find possible triggered activity at stations
north of Tangshan (Fig. 3). The seismic activity was initiated about 100 s after the passage of the large surface waves
and continued for 2–3 hours. The largest seismic event occurred around 705 s after the origin time of the mainshock,
and is clearly observed at nearby stations FTZ, BAD, CHL,
TLK and KUC. Based on the hand-picked P arrival times
and a 1D velocity model (Li et al., 2007), we locate this
earthquake to be at 118.13◦ E, 39.50◦ N with a horizontal error of 3.1 km. The hypocentral depth is 7.0±2.8 km. This
places the triggered earthquake near the southern segment
of the Tangshan aftershock zone. The corresponding ML for
this event is 1.3. Another two small earthquakes occurred
around 680 s and 1200 s after the mainshock. We were unable to locate these events due to relatively small number of
observations. Again, none of these events are listed in the
regional earthquake catalog, and the β value from events
within 30 days of the Wenchuan earthquake is only −0.48.
In comparison, the β value from the high-pass-filtered envelope functions at station CHL is 4 with 1-hour time window
before and after the Wenchuan P arrival. The β value drops
to 1.8 within 6-hour time window before the Wenchuan P
arrival. A direct examination of high-pass-filtered envelope
reveals that although there are some fluctuations in the envelope amplitude before the mainshock, most of them are
not associated with earthquakes because we were unable to
identify clear P and S arrivals, and they are not coherent at
nearby stations. In addition, none of them has comparable
amplitudes as the M 1.3 event occurred immediately after
the passage of the surface waves. Hence, we also consider
the triggering effect near the Tangshan aftershock zone as
statistically significant.

5.

Triggered Seismicity around Haicheng

Fig. 4. (a) Seismicity within 30 days and 120 km of station YKO near
the aftershock zone of the 1975 Mw 7.0 Haicheng earthquake. (b) The
high-pass-filtered envelope functions at station YKO (solid line) and
nearby station GAX (gray line; shifted up by 0.5 in log10 amplitude)
within 1 hour of the P wave arrival of the Wenchuan earthquake. (c)
Raw and high-pass-filtered seismograms showing the teleseismic waves
of the Wenchuan earthquake and locally generated seismic events, respectively. Other symbols and notations are the same as in Fig. 2.

to the near instantaneous triggering of seismic activity during the surface waves at other stations (Figs. 2 and 3), we
identify an event occurred at ∼300 s during the passage of
the P wave of the Wenchuan earthquake. This event is relatively small and was not recorded by the nearby station
GAX. No clear seismic activity is shown during the large
surface waves between 450 and 900 s. There are several
seismic events showing up at around 1200–1400 s immediately after the passage of surface waves. Some of them are
large enough to be recorded by the nearby station GAX.
The β value from earthquakes within 30 days of the
Wenchuan earthquake is 2.94, which is larger than the previous two cases, and is considered as significant (Reasenberg and Simpson, 1992; Hill and Prejean, 2007). However,
the β value from the 1-hour high-pass-filtered seismograms
is only −1.1. If we increase the analyzed pre-mainshock
time window to 6 hours, the β value is still negative. This
is mainly because there are quite significant high-frequency
energies before the mainshock, some of them have comparable and even larger amplitudes than those we identified
during the P and immediately after the surface waves. Because of this, we were unable to establish a direct triggering
relationship between the observed seismic activity near the
Haicheng aftershock zone and the Wenchuan earthquake.

The Mw 7.0 1975 Haicheng earthquake is well known
because it is considered to be the only major earthquake
ever to be officially predicted (Wang et al., 2006). This
earthquake ruptured a northwest-trending left-lateral strikeslip fault, which is also evident from the current seismicity
around this region (Fig. 1). Similar to what has been observed around the Tangshan aftershock zone, we also identi- 6. Summary and Discussions
fied potential earthquake activity around the Haicheng area
Our study provides additional clear evidence of dynamic
during the Wenchuan earthquake (Fig. 4). In comparison triggering within intraplate regions. Overall, we have iden-
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tified three places in north China with clearly seismic activity during and immediately after the passage of teleseismic
waves of the 2008 Mw 7.9 Wenchuan earthquake. In the first
two cases near Beijing and within the Tangshan aftershock
zone, we have confirmed that the triggering effect is statistically significant by computing the β statistic from earthquakes identified from high-pass-filtered seismograms. In
the last case near the Haicheng aftershock zone, the seismic activity before the mainshock was relatively high, and
we did not observe clear increase of seismicity during and
immediately after the Wenchuan earthquake. Hence, the
observed seismic events near Haicheng during the P wave
and immediately after the surface waves probably occurred
by random chance, rather than triggered by the Wenchuan
earthquake.
Our study region is in the northern part of the North
China Plain, which is an active basin formed under a pullapart condition and crosscut by many conjugate faults in the
NNE and NWW directions (Deng et al., 2003). This is consistent with the focal mechanism solutions of moderate and
large earthquakes in this region (Fig. 1). Hence, our study
area can be best categorized as an intraplate transtensional
tectonic regime. While the GPS measurements of crustal
movement in north China is on the order of a few mm/yr
or less (Wang et al., 2001), elevated seismic activity during
1960s and 1970s with several large damaging earthquakes
(including the 1975 Haicheng and 1976 Tangshan earthquakes) suggests that this region is seismically active. Our
results are generally consistent with previous observations
that remote triggering of microearthquakes is mostly observed at tectonically active extensional and transtensional
regimes, although this picture could be partially biased by
the uneven sampling in different tectonic regimes (e.g., Hill
and Prejean, 2007).
Hough et al. (2003) conducted a survey of remote triggering in stable eastern US after the 1811–1812 New Madrid
earthquake sequences, and the 1886 Charleston earthquake,
and found that remotely triggered earthquakes tends to occur at sites known to be seismically active during historic
times. Their results, together with our observation in the
aftershock zone of the 1976 Tangshan earthquake, suggest
that regions with elevated background seismicity rates (such
as the aftershock zones of previous large earthquakes) are
more susceptible to dynamic triggering, most likely because
these areas contain nucleation points more frequently closer
to failure (e.g., Hill et al., 1993; Hough et al., 2003; Hill
and Prejean, 2007; Savage and Marone, 2008). However,
we did not find clear triggering effects within the aftershock
zone of the 1975 Haicheng earthquake, suggesting that high
background seismicity would help, but is not the only condition for triggering to occur.
In all three cases, the most clear triggering effect is observed at stations NKY and DHC about 35 km SW of Beijing. This region defines a distinct lateral variation of lithospheric thickness that coincides with the major boundary
between the Taihang Mountain to the west and the Bohai
Bay Basin to the east (Chen et al., 2008). Several major
parallel faults, such as the Babaoshan and HuangzhuangGaoliying faults, cut across this region. Both stations are
very close to these active faults. This region is also seismically active in historic times, with several M 6–7 earth-
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quakes occurred in the 17–18th century (e.g., a M∼6.0
event on 1658/02/03 and a M∼6.5 on 1730/09/30). However, currently this region is seismically quiet, with on average 23 M>1 events each year since 2000. Although we
were unable to locate the 4 events occurred during the largeamplitude surface waves, the short S–P times (less than
2 s) observed at station NKY suggest that these triggered
earthquakes probably occurred directly on or very close
to these parallel faults. Based on the network of leveling,
gravity and geomagnetic observations, several studies have
suggested that the Babaoshan fault is creeping (at least in
the near surface), while the Huangzhuang-Gaoliying fault
is currently locked (e.g., Che et al., 1997). At this stage, the
relationship between the triggered activity and fault behaviors are still not clear. If the triggered earthquake is associated with the locked Huangzhuang-Gaoliying fault, our observation may suggest that this region is critically stressed
and close to fail in future seismic events (e.g., Zoback and
Zoback, 2002; Hough et al., 2003).
Many physical models have been proposed to explain
how relatively small-amplitude seismic waves can triggered earthquakes at teleseismic distances (Hill and Prejean, 2007; and references therein). We are unable to identify or favor any physical model over others in this study,
due to the relatively small number and short duration of observations. We note that our study area is not associated any
geothermal or volcanic activities, suggesting that the triggering mechanism does not require conditions that is unique
to these areas (e.g., movement of magmas). This is consistent with the recent results by Gomberg et al. (2004) and
Velasco et al. (2008), suggesting that dynamic triggering is
a ubiquitous phenomenon and can occur in a wide range
of tectonic environments. However, we observed only a
few triggered earthquakes during and immediately after the
passage of teleseismic waves, as compared with swarm-like
character of triggered events in geothermal and volcanic regions (e.g., Hill et al., 1993; Prejean et al., 2004). Hence, if
the triggering mechanisms and necessary conditions were
similar in all these regions, the conditions would be more
abundant in geothermal and volcanic regions. Possible candidates include elevated fluid pressures, intensive faults and
fractures, elevated background seismicity, or a combination
of them.
If we assume plane wave propagation for teleseismic
waves, the peak dynamic stress σd is proportional to G u̇/vs
(Jaeger and Cook, 1979), where G is the shear modulus,
u̇ is the peak ground velocity, and vs is the phase velocity. The peak ground velocity measured from the instrument
corrected vertical seismograms in this region is 1–2 cm/s.
Using a nominal G value of 30 GPa, and vs = 3.5 km/s
for the Rayleigh waves, we estimate the dynamic stress to
be 0.085–0.17 MPa. This is within the range of the dynamic stresses (roughly 0.01 to 0.3 MPa) obtained from
previous studies of remote triggering of microearthquakes
(e.g., Gomberg et al., 2004; Prejean et al., 2004).
It is interesting to note that none of the identified events
are listed in the earthquake catalog compiled by the regional seismic network around the study region, and there
is no clear change in seismicity rate within 30 days before
and after the Wenchuan earthquake. Hence, based on catalog information alone, one would conclude that no earth-
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quakes are triggered by the Wenchuan earthquake in this region. Similar patterns are observed in California and Pacific
Northwest after the 2002 Mw 7.8 Denali Fault earthquake
(Gomberg et al., 2004; Prejean et al., 2004), suggesting the
importance of analyzing continuous seismic recordings for
studying remotely triggered earthquakes.
In light of recent discovery of triggered non-volcanic
tremor along the subduction zones in southwest Japan (e.g.,
Miyazawa and Mori, 2006) and Pacific northwest (Rubinstein et al., 2007), and along the San Andreas fault system
in California (Gomberg et al., 2008; Peng et al., 2008), we
also examined all the data in our study region for possible evidence of triggered tremor. While we saw some elevated tremor-like signals during and immediately after the
passage of teleseismic waves, the signals were not coherent
among nearby stations and sometimes existed before the P
waves of the Wenchuan earthquake. So far we have not find
any clear evidence of triggered tremor in this region. We
are also in the process of conducting a global survey of triggered earthquakes and non-volcanic tremor associated with
the Wenchuan earthquake (Jiang et al., 2008), and the results will be reported elsewhere.
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