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One of the most active intraplate volcanoes in East Asia, Changbaishan volcano
experienced unrest from July 2002 to July 2005. On 2002/06/28, the M 7.2 Wangqing
deep-focus earthquake occurred ∼290 km northeast of Changbaishan volcano. While
some studies have suggested a possible triggering relationship, the physical mechanism of
such distant interaction is still not well understood. Using a template matching technique,
which cross-correlates waveform of known events with continuous data, we perform
systematic detection of microseismic events recorded by station CBS near Changbaishan
volcano from July 1999 to July 2007. The detected earthquakes can be further categorized
into three different types: volcano-tectonic (VT) events, long-period (LP) events and
harmonic-spectra (HS) events. We detect 3763 VT events between July 2002 and July
2007. The intense VT earthquake swarm during the period from July 2002 to July 2005,
along with recurring LPs and HSs and other geodetic/geochemical evidence, suggest
magma movement during unrest. Compared with the hand-picked catalogue, the
catalogue obtained by template matching technique reveals a delayed-triggering
relationship between Wangqing deep-focus earthquake and unrest. The small
magnitudes of the VT events and the limited numbers of LP and HS events suggest
that the Wangqing mainshock likely triggered bubble excitation in the mid-crust magma
system, resulting in overpressure and a small magma injection into the shallow magma
chamber at a depth of ∼5 km, leading to the 3-years unrest.
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earthquake

INTRODUCTION

It is well known that large earthquakes are capable of triggering small tomoderate-size earthquakes at
long distances, especially in geothermal or volcanic regions (Hill and Prejean, 2015). A few studies
have also documented significant increase of volcanic eruptions within a few days of large distant
earthquakes (Linde and Sacks, 1998; Manga and Brodsky, 2006;Walter and Amelung, 2007; Sawi and
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Manga, 2018). At distance of more than a few hundred
kilometers, static stress changes become negligible (King et al.,
1994; King and Deves, 2015). Hence, mechanisms such as magma
overpressure due to permanent volumetric expansions, or
unclamping of dikes are not relevant (Walter and Amelung,
2007). Possible shaking related mechanisms due to dynamic
seismic waves include gas bubble nucleation and growth in
magma (Crews and Cooper, 2014), changes in permeability
(Manga et al., 2018), or sloshing of a bubbly magma reservoir
(Namiki et al., 2016). However, the physical mechanism involved
in such remote interaction is still in debate. In addition, most
remote earthquake-triggered eruptions occur along major plate
boundaries and are associated with shallow subduction-zone
earthquakes (e.g., Hill et al., 2002; Lara et al., 2004; Walter
and Amelung, 2006, 2007; Sawi and Manga, 2018; Farías and
Basualto, 2020). It is not clear whether deep-focus earthquakes
are capable of triggering unrest and eruptions.

Most of the microseismicity around active volcanoes belongs
to VT-type, which is likely caused by shear slip on a fault near a
volcano, and produces clear P and S waves with sharp onset. In
addition, there are some other types of seismic events associated
with volcanoes. For example, long-period (LP) events exhibit
emergent P waves, but no clear S waves, with dominant
frequencies of 0.5–5 Hz (Chouet, 1996; McNutt, 2002). A
harmonic-spectra (HS) event is another special type of fluid-
related seismic event. Whose spectral signature is strikingly
harmonic (Hough et al., 2000; Milluzzo et al., 2010). Both LP
and HS events are associated with either magma or magma-
derived fluid-controlled sources (Chouet, 1996; Hough et al.,
2000; McNutt, 2002).

Changbaishan volcano (also known as Paektu/Baekdu in
Korea) is one of the most active intraplate volcanoes in East
Asia (Liu et al., 1998; Zhang et al., 2018) (Figure 1A). Its summit
caldera is called Tianchi (Chinese for “Heaven Lake”), which

situates at the border between China and North Korea.
Continuous seismic monitoring of Changbaishan volcano has
been in operation since the establishment of Changbaishan
Volcano Observatory (CHVO) in July 1999. Volcanic unrest
during the period from July 2002 to July 2005 has been
reported by previous studies, which was accompanied by
earthquake swarms, surface inflation, uplift of the cone, and
geochemical anomalies in the gas emissions (Wu et al., 2005;
Liu et al., 2011a; Liu et al., 2011b; Xu et al., 2012; Wei et al., 2013).
Based on inversion of ground deformation measurements, this
unrest is interpreted as resulting from a shallow intrusion of
basaltic magma centered at 2–6 km beneath the volcano’s
summit. During this “active period,” thousands of volcano-
tectonic (VT) earthquakes were recorded. Most of them were
small-magnitude events, and the largest event occurred in
December 2004 had a local magnitude ML of 4.4.

On June 28, 2002, anMw 7.2 deep-focus earthquake occurred
at a depth of 566 km approximately below the city of Wangqiang,
which is about 290 km northeast of Changbaishan volcano
(Figure 1A). This is the largest deep-focus earthquake
occurred within 500 km (horizontal distance) of the volcano
since 2000. A few previous studies have argued that the 2002
Wangqing earthquake may have triggered the volcanic unrest,
which started in early July of 2002 (Lv et al., 2007; Liu et al., 2017).
However, the available earthquake catalogue in this region did
not show any clear increase of seismicity between the 2002
Wangqing earthquake and the onset of the volcanic unrest.
Hence, the triggering relationship is still not clear.

Wu et al. (2005) deployed 15 temporary seismic stations to
study volcanic seismic activities in Changbaishan volcano during
the summer months from 2002 to 2007. They identified
thousands of VT events with dominant frequency of 5–15 Hz,
as well as 38 volcanic HS events with several harmonic frequency
peaks. However, they failed to identify any clear LP events or

FIGURE 1 | (A) Map showing the location of Changbaishan volcano in East Asia. The red star marks the location of the 2002 M 7.2 Wangqing earthquake. Blue
stars mark other deep-focus earthquakes in this region. The blue triangles indicate the JEA catalogue stations, and the red box marks the location of the enlarged plot in
(B). (B) Distribution of seismic stations and different types of seismic events during the volcanic unrest period. The red triangles mark stations used to build the CHVO
catalogue, the black triangles indicate stations for the Wu catalogue, the black dots indicate VT events, and the green dots indicate HS events.
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volcanic tremor signals during their observations (Wu et al., 2005;
Ming et al., 2007).

In this study, we obtain a complete and accurate VT catalogue
based on a template matching technique (Shelly et al., 2007; Peng
and Zhao, 2009; Zhang and Wen, 2015). We attempt to address
two important issues that are crucial for understanding the
physical processes involved in the 2002–2005 Changbaishan
volcanic unrest. The first issue is related to the possible
triggering relationship between the 2002 Wangqing deep-focus
earthquake and the unrest. The second is whether any LP signals
(either LP events or volcanic tremors) occurred within thousands
of VT earthquakes during the 2002–2005 volcanic unrest period,
which are typically used to infer magma or fluid movement
(Chouet, 1996; McNutt, 2002).

BACKGROUND

Changbaishan volcano has been widely recognized as an active
volcano of global significance due to its Millennium eruption
(VEI ≈ 7) in 946 CE (Xu et al., 2012; Oppenheimer et al., 2017;
Hakozaki et al., 2018; Zhang et al., 2018). Seismic tomography
(e.g., Zhao et al., 2009) has revealed that Changbaishan volcano is
located above a big mantle wedge (BMW) defined by the
subducting Pacific plate that is horizontally stagnant in the
mantle transition zone (MTZ) and the overriding Eurasian
plate. The BMW is thus widely considered as the first-order
geodynamic feature responsible for origin of Changbaishan
volcano (Kuritani et al., 2011; Zhao and Tian, 2013; Zhang
et al., 2018). Recently, Tang et al. (2014) also performed
seismic tomography in this region with dense temporary
seismic network, and imaged a possible gap in the subducted
slab that may be responsible for producing the decompression
melting material that feeds Changbaishan and other active
volcanoes in this region (e.g., Wudalianchi and Jingbohu
volcanoes).

The magma plumbing system of Changbaishan volcano
remains less understood at present. However, geophysical
inversions indicate that there are at least three layers of
magma reservoirs beneath Changbaishan volcano. The
lowermost one is approximately located at Moho/lower crustal
depths (∼30–40 km; Ri et al., 2016; Kim et al., 2017). The
intermediate one is within mid-crustal depths (∼15–25 km;
Tang et al., 2001), and the depths of the uppermost one is
constrained to be within 10 km below the surface (Tang et al.,
2001; Iacovino et al., 2016; Hammond et al., 2020). Geodetic
inversions of inflation during the 2002–2005 unrest revealed a
possible shallow magma chamber at the depth range of ∼5 km
(Xu et al., 2012).

Lv et al. (2007) studied the relationship between
Changbaishan volcanic earthquakes and intermediate-depth
(60–300 km) and deep-focus (>300 km depth) earthquakes
(including the 2002 Wangqing earthquake) that occurred
along the subduction zone of the western Pacific Plate. Based
on a comparison between the occurrence times of deep
subduction-zone earthquakes and the VT earthquake rates,
they suggested that earthquake swarms around Changbaishan

volcanomight be triggered by intermediate-depth and deep-focus
subduction earthquakes (Lv et al., 2007). Based on historic
documents in China and Korea, Li et al. (2012) showed that a
magnitude greater than 8 deep-focus earthquake occurred in the
“Hunchun-Wangqing deep-focus seismic zone” on October 6,
1597, and likely triggered numerous lake seiches in East China
and a small-medium scale explosive eruption at Mt. Wangtian’e
volcano (about 30 km away from Changbaishan volcano). These
studies suggest a possible triggering relationship between deep
earthquakes and volcanic eruptions in our study region.

Liu et al. (2017) investigated the triggering relationship
between microearthquakes around Changbaishan volcano and
five nuclear explosions in North Korea, as well as large shallow
earthquakes at remote distances. They did not find any clear
changes in microseismicity during the nuclear explosions with
the maximum equivalent magnitude of 6.3. This is consistent
with a recent numerical simulation indicating that a nuclear
explosion of equivalent magnitude 7 is needed to produce
dynamic stresses high enough to trigger eruptions of
Changbaishan volcano (Hong et al., 2016). However, Liu et al.
(2017) did identify a few large distant earthquakes (e.g., the
2004 Mw 9.2 Sumatra, the 2008 Mw 7.9 Wenchuan, and the
2011 Mw 9.1 Tohoku-Oki earthquakes) that triggered
microearthquakes during their large-amplitude surface waves.
These studies suggest that Changbaishan volcano may be
sensitive to external stress perturbations due to seismic waves
from shallow distant earthquakes.

DATA AND METHODOLOGY

During the volcanic unrest period of Changbaishan volcano
(2002–2005), there were six seismic stations operated by
CHVO (Figure 1B). Among these, station CBS was deployed
on stable bedrock in an observation tunnel 3 km from Tianchi
caldera and recorded continuously, while the other five seismic
stations were deployed in the volcanic area. Due to harsh weather
and other environmental conditions, these five stations only work
intermittently during summer (June–October) every year, and
the quality of their data is not as high as that from station CBS. To
ensure the consistency of results for the entire time period, we use
the catalogue produced by the single station CBS as a proxy of
seismic activities of Changbaishan volcano.

In this study, we use the Match and Locate (M&L) method
(Zhang and Wen, 2015) for earthquake detection. Similar to the
standard matched-filter technique (e.g., Peng and Zhao, 2009),
the M&L method first detects small events through continuous
waveforms from stacked cross-correlation traces between
template waveforms and potential events in the continuous
waveforms over multiple stations and components. It then
identifies the best-fitting locations of newly detected events by
performing a grid search with differential travel times. In this
study, we use three-component waveforms from the single station
CBS, instead of multiple stations. Therefore, we do not perform
any grid search for the newly detected event, but take the location
of best-matching template event as that of newly detected events
To improve the signal-to-noise ratio (SNR) of local seismic
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signals, we apply a bandpass filter of 2–8 Hz to both the template
and continuous waveforms. We use a 25-s-long window starting
5 s before the hand-picked S arrival as template waveform. To
confirm positive detections, we use two thresholds: a mean
correlation coefficient (CC) value >0.78 and an SNR of the
stacked cross-correlograms >2.0, following Zhang and Wen
(2015). We test a large number of combinations of CC and
SNR thresholds during the search process, and determine the
optimum threshold of CC >0.78 and SNR >2.0 for this work. We
choose a relatively high CC value because we have only one
station recording with three components, which is subject to a
higher false-detection rate than it would be the case for multiple
stations. Once the mean CC and SNR values of a potential event
exceed the pre-defined thresholds, we consider this as a positive
detection (Figure 2).

From July 1999 to July 2007, there are 3,427 seismic events in
the CHVO manually picked catalogue (Supplementary Table
S1). We visually examine waveforms of all events, and manually
remove 1661 listed in the CHVO catalogue as possible false
detections. These false detections are mainly of two types:
interference signals and explosion-type signals from nearby
industry activities (Supplementary Figure S1). To ensure the
operational efficiency of the M&L program and to guarantee that

all the remaining 1766 events can be recovered by the procedure,
we first select 50 events with clear P and S waves and highly
accurate locations as initial templates and scan through the time
windows that include the remaining 1766 events. Any time an
event is not detected by theM&L procedure, wemanually stop the
scanning and add this event to the templates, after which we
restart the procedure. In this way, all of the 1766 remaining events
can be detected by the new catalogue. In the end, the number of
template events grows to 536 (Supplementary Table S2).

The locations of the 536 template events used in this study are
obtained from three different catalogues. The first is the catalogue
provided by the temporary seismic network (Wu et al., 2005),
which only works during summer every year from 2002 to 2007.
A total of 15 seismic stations close to Tianchi caldera, with a
station spacing of 5 km provides reasonable station coverage.
Here, we term this the Wu Catalogue. The second catalogue is
that provided by the regional seismic network operated by the
Jilin Earthquake Agency (the JEA catalogue), which consists of 10
regional seismic stations with an average distance of 100 km
around Tianchi caldera. The third catalogue is that provided by
the CHVO, which has been manually picked with continuous
waveforms of the single station CBS (CHVO catalogue,
Supplementary Table S1). The events are subsequently
located if they are recorded by more than three stations in the
CHVO. Among these three catalogues, the location accuracy of
the Wu catalogue is the highest, and that of the CHVO catalogue
is the lowest. Thus, if one event has been listed in two or three
catalogues, we use the location listed in the catalogue with highest
accuracy. For any new event detected by the M&L technique with
the single station CBS, we simply assign the location of the
template event with the highest mean CC value. As the
combined template catalogue may not include all possible
events with different locations or mechanisms, our final
automatically detected catalogue is likely not complete,
although it is more complete than any of manually picked
catalogues.

To confirm the existence of potential triggering, we compare
the seismicity changes before and after a specific event with the
β-statistic value (Matthews and Reasenberg, 1988). A β-statistic
value greater than 1.96 is generally considered as a statistically
significant seismic increase with 95% confidence level (Gomberg
et al., 2001; Hill and Prejean, 2007; Aron and Hardebeck, 2009;
Peng and Gomberg, 2010; Liu et al., 2017). We use the following
expression given by Aron and Hardebeck (2009):

β � Na − N(Ta/T)�������������������
N(Ta/T)(1 − (Ta/T))

√ , (1)

where Ta is the length of triggering window, T is entire time
period, and Na and N are the numbers of earthquakes in the
triggering window and the entire time period, respectively. We
compute the β-statistic values with both the newly detected
catalogue and the manually picked catalogue provided by the
CHVO around the 2002 Wangqing and other deep-focus
earthquakes. As expected, the β-statistic value depends on the
length of triggering window. In this study, we use a relatively
short triggering time window of 5 days to compute the β-statistic

FIGURE 2 | (A) Mean correlation coefficients between the template
seismograms and the continuous waveforms in (C). The red dashed line
indicates the mean CC threshold (0.78) for detection, the black line the mean
CC value, and the red point the mean CC value of a positive detection.
(B) Histogram of the mean CC in (A). (C) Template seismograms (blue traces)
and continuous waveforms (gray traces). The red dashed line indicates the
origin time of a positive detection and the template earthquake. The channel
name and CC value are given on the left- and right-hand sides of each trace,
respectively.
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value in order to identify short-term variation of seismicity due to
the occurrence of remote earthquakes. On the other hand, a
longer time window (e.g., 15 or 30 days) can be used to compute
the β-statistic value for long-term variation of seismicity.

RESULTS

Using 536 templates, we detect 3,763 events through waveforms of
station CBS from July 1999 to July 2007 (Figure 3B and
Supplementary Table S3). The automatically detected catalogue
not only includes 1776 events after visual inspection of the manually
picked catalogue, but also includes 1987 newly detected events.
Intensive seismicity started on July 5, 2002, and lasted for about three
years. After the volcanic unrest (Figure 3A), the seismicity of
Changbaishan volcano dropped slowly, and resumed to the
background level around 2008. In order to provide a
comprehensive view of the seismicity of Changbaishan volcano
from 1999 to 2018, we use the joint earthquake catalogue, which
include events produced by automatic detection from July 1999 to
July 2007 and those listed in the CHVO catalogue after August 2007.

Seismicity Changes Following the 2002
Wangqing Deep Earthquake
As mentioned before, on June 28, 2002 at 17:19:25 UTC, an Mw
7.2 earthquake at a depth of 566 km struck the city of Wangqing,
which is about 290 km from Tianchi caldera (Figure 1A). The
Wangqing mainshock was recorded well by five stations in the
CHVO (Supplementary Figure S2). Before the Wangqing
mainshock, the CHVO catalogue includes some false
identifications, which have been removed by visual inspection
(Supplementary Figure S3). After the mainshock, the
automatically detected catalogue includes some newly detected
events that were not listed in the CHVO catalogue (Figure 4 and

Supplementary Figure S3). On July 5, 2002, seven days after the
mainshock, the number of VT events increased significantly,
marking the onset of the volcanic unrest (Figure 4).

Using a 10-days time window before and after the Wangqing
mainshock, the β-statistic values at July 5, 2002 for the newly
detected and CHVO catalogues (βAutomatic and βManually picked)
are calculated as 5.1 and 1.0, respectively (Figure 5), suggesting a
possible triggering relationship. We note that βAutomatic is larger
than βManually picked, mainly because several false detections in
the manually picked catalogue were removed and additional
events following the Wangqing mainshock were included
during the detection process.

Seismicity Changes Following Other
Deep-Focus Earthquakes
During the study time period from 2000 to 2019, 67 deep-focus
earthquakes (depth >300 km, magnitude >4) occurred within
1000 km around Tianchi caldera (Supplementary Table S4), as
listed in the International Seismological Center (ISC) catalog. We
measure the peak ground velocity (PGV) of each earthquake on the
vertical component of station CBS after removing the instrument
response and applying a low-passfilter of 5 Hz to avoid contamination
by high-frequency local noise. The PGV of theWangqing earthquake
is 1.2 cm/s (Supplementary Table S4 and Figure 6), which is several
times larger than that of other deep-focus earthquakes. Assuming a
shear rigidity μ of 30 GPa, and a phase velocityVph of 3.0 km/s, we can
convert the PGV of the Wangqing earthquake (1.2 cm/s) into the
dynamic stress σd 120 kPa with the following equation:

σd � (PGV)(μ)
Vph

(2)

This is just an approximation since these values would likely be
different at depth. But it provides a rough back-to-the-envelope

FIGURE 3 | (A)Monthly rates of seismicity listed in the joint catalogue (red bars) from 1999 to 2018 around Changbaishan volcano. The joint catalogue is produced
by merging two catalogues. The first is the automatically detected catalogue from Jul. 1999 to Jul. 2007 in this study, and the second one is manually picked catalogue
from Aug. 2007 to Dec. 2018. The light blue shaded area indicates the time period of volcanic unrest. The blue curve represents the cumulative number of events. (B)
Template events (red circles) and detected events (black circles) listed in the automatically detected catalogue.
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FIGURE 4 | (A) Seismicity within 15 days before and after the 2002M 7.2 Wangqing earthquake. The crosses mark events listed in the newly detected catalogue,
the blue curve shows the cumulative number of earthquakes, and the vertical blue lines indicate the time window plotted in (B) and (C). (B,C) Envelope functions of the
high-pass filtered 5 Hz waveform during and after the 2002M 7.2 Wangqing earthquake. The newly detected earthquakes are marked as blue crosses. (D,E) Zoom-in
plots of the areas between the blue dashed lines in (B) and (C). (F,G) Spectrograms of (D) and (E).

FIGURE 5 | (A) β-statistic values of automatically detected (red curve) and manually picked (blue curve) catalogues. (B) Changbaishan volcanic earthquake
activities before and after the 2002 Wangqing deep-focus earthquake. The purple arrow marks the onset of volcanic unrest (i.e., July 5, 2002).
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estimation of the associated dynamic stress. Figure 6 also
includes the PGVs of large distant earthquakes analyzed by
Liu et al. (2017). The PGV of the Wangqing mainshock is
slightly larger than those of large distant earthquakes that
triggered microseismicity during their large-amplitude surface
waves (e.g., the 2004M 9.3 Sumatra, 2008M 7.9 Wenchuan, and
2011 M 9.1 Tohoku-Oki earthquakes).

As mentioned before, VT earthquakes in Changbaishan
volcano might be related to deep-focus earthquakes occurring
in nearby regions (Lv et al., 2007). To check the relationship
between other deep-focus events and local earthquakes, we plot
the daily earthquake numbers and all deep-focus earthquakes
with magnitude greater than 4 within 1000 km (Figure 7). In
addition, we compute a running-window β-statistic time series
(with T � 10 days, and a sliding window step of 1 day, Ta � 5 days)

to help identify the triggering relationship. As expected, the
β-statistic time series reflects the seismicity rate change quite
well, with each peak in the β-value corresponding to a local
earthquake swarm. In particular, the β-value on July 5, 2002 seven
days after the June 28, 2002 Wangqing deep-focus earthquake, is
as high as 5.1, setting the highest record since 1999.We argue that
such a significant increase in seismicity suggests that the
Wangqing earthquake might have triggered Changbaishan
volcanic activity with a delayed response of seven days.

Out of the 22 selected deep-focus earthquakes with magnitude
greater thanM 6 that occurred within nine years (1999–2007), 12
(54.5%) were followed by increased seismicity (defined as
β-statistic values >2 with T � 10 days and centering around
the deep-focus earthquakes) (Figure 7). Using the same method,
we analyze the triggering relationship between deep-focus

FIGURE 6 | PGV and dynamic stress of deep-focus earthquakes and large distant earthquakes. Red circles represent deep-focus earthquakes within 500 km.
Black circles represent large distant earthquakes beyond 1000 km. Three large distant earthquakes (2004 M 9.3 Sumatra, 2008 M 7.9 Wenchuan, and 2011 M
9.1 Tohoku-Oki earthquakes) that dynamically triggered micro-seismicity in Changbaishan volcano are marked by red triangles (Liu et al., 2017).

FIGURE 7 | Daily earthquake numbers, β-statistic value from the detected catalog, and occurrence time of deep-focus earthquakes. The x-axis represents the
date, the left y-axis the number of earthquakes per day, and the right y-axis the value of the β-statistic. The red bars indicate the number of earthquakes. The purple and
green bars indicate deep-focus earthquakes greater than M 6 within 1000 km and earthquakes greater than M 4 within 500 km from Changbaishan volcano,
respectively. The blue curves represent time series of the β-statistic, which has been computed with Ta � 5 days and a sliding window step of 20 days.
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earthquakes and Changbaishan seismic activities during
2008–2019 with the manually picked CHVO catalog
(Supplementary Figure S4). Out of 26 selected deep-focus
earthquakes during this time period, 16 (61.5%) were followed
by increased seismicity. Our observations are generally consistent
with previous studies, suggesting a moderate triggering
relationship between deep-focus events and local seismicity at
CBS (Lv et al., 2007; Liu et al., 2017).

Since July 1999, 67 (Supplementary Table S4) deep-focus
earthquakes within 500 km (horizontal distance) occurred in this
region; some are associated with increased seismicity in
Changbaishan volcano, others are not. However, it is worth
noting that the 2002 Wangqing mainshock is the largest deep-
focus earthquakes occurred in this region in the past few decades.
We also checked the local catalogue and waveforms at station
CBS during other large deep-focus earthquakes at remote
distances (e.g., 2013 M 8.3 Okhotsk Sea earthquake), and did
not find any clear triggering evidence. Hence, it appears that only
large deep-focus earthquakes occurring nearby (within 500 km in
horizontal distance) are followed by unrest in this region.

Comparison Between Triggering by
Deep-Focus Earthquakes and by Large
Distant Earthquakes
In this section we compare the amplitude spectra of those distant
shallow earthquakes that triggered seismicity in Changbaishan
and deep-focus earthquakes with magnitude greater than 6 to
identify potential differences in triggering behaviors between
them (Figure 8). As expected, the amplitude spectra of deep
earthquakes and those of large distant earthquakes show clearly
different characteristics. For large distant earthquakes, the peaks

appear in the low-frequency range (0.02–0.08 Hz, or 12.5–50 s),
whereas for deep-focus ones, the peaks appear in the high-
frequency range (0.4–2 Hz). Particularly for the 2002
Wangqing deep-focus earthquake, the high-frequency part
(e.g., ∼1 Hz) of the amplitude spectrum is at least one order
higher than those of large distant earthquakes.

Although the Wangqing mainshock and three large distant
earthquakes (2004 M 9.3 Sumatra, 2008 M 7.9 Wenchuan, and
2011 M 9.1 Tohoku-Oki earthquakes) triggered seismicity in
Changbaishan volcano, the triggering seismic phases and the
triggered seismicity are likely different. Large distant earthquakes
dynamically trigger microseismicity through their large-
amplitude surface wave trains, but are not followed by
subsequent changes in seismic behaviors in Changbaishan
volcano (Liu et al., 2017). In comparison, deep-focus
earthquakes likely trigger microseismicity through their high-
frequency body waves. We do not observe any instantaneous
triggering during the Wangqing mainshock, but a time delay of
7 days is observed before the onset of the 2002–2005 earthquake
swarm. Comparing with the spectrum of the Wangqing
mainshock, the 2017 mb � 6.0 underground nuclear explosion
(UNE) in North Korea has a slightly longer period of around
0.5 Hz, likely due to its surface waves (Supplementary Figure
S5). But at higher frequency range of 1 Hz, the Wangqing
earthquake spectrum is larger. The corresponding dynamic
stress for the 2017 UNE is ∼63 kPa, smaller than the 120 kPa
for the Wangqing earthquake.

Long-Period and Harmonic-Spectra Events
We re-examine those HS events (Figure 9) identified and located
by Ming et al. (2007) and use the clear HS events as templates to
scan the continuous waveforms recorded by the single station
CBS to detect more potential HSs. In contrast to previous
observations (Ming et al., 2007), waveforms of HS events
recorded at station CBS span the entire volcanic unrest period,
resulting in a total of 125 HSs from 1999 to 2007. The most
common feature of these HSs is that they all have several (>2)
clear harmonic peaks in their spectral plots (Figures 9A,B).

By visually inspecting the waveforms originated by CHVO
catalogue, we find that some waveforms show distinct low-
frequency characteristics. We attribute these events with a
dominant frequency of 2–3 Hz to LPs and put them into the
templates. Eventually, 20 LPs have been detected in this study.
Some of the representative LPs are shown in Figures 9C,D.

DISCUSSION

Large earthquakes are capable of producing dynamic, static, and
quasi-static stress changes (Freed and Andrew, 2005). Static stress
change decays rapidly with distance, and becomes negligible
beyond a few fault lengths (King et al., 1994; King and Deves,
2015). Given the large depth and horizontal distance between the
Wangqing mainshock epicenter and Changbaishan volcano, the
static stress change from theWangqing mainshock does not seem
the primary connecting agent. There are several physical models
that connect the dynamic stresses disturbances from distant

FIGURE 8 | Amplitude spectra for the Wangqing earthquake and other
deep-focus earthquakes and shallow distant earthquakes. Dashed curves
correspond to shallow distant earthquakes, and solid lines to deep-focus
earthquakes and the largest UNEs in North Korea. The linear-like spectra
at high-frequency ranges (>1 Hz) for some events are due to small gap in the
continuous waveform, resulting in some high-frequency artefact.
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earthquakes with magma overpressure, thus triggering volcanic
unrest/eruption and local seismicity. Most of them involve bubble
excitation in idealized magmatic conditions but the physical
processes are different. The rectified diffusion model involves
volatiles in saturated fluids that are pumped into bubbles by
dilatational phase of seismic waves from distant earthquakes
(Sturtevant et al., 1996; Brodsky et al., 1998). In the advective
overpressure model, bubbles are shaken from walls of the magma
chamber (i.e., Pyle and Pyle, 1995; Hill and Prejean, 2015). In the
sloshing model, the oscillatory motions of fluids in the magma
chamber cause foam collapse and hence affect the presence and
stability of bubbles (Namiki et al., 2016). Hill and Prejean (2015)
also summarized a few additional models on bubble excitations
by dynamic waves. In all these models, the ascending bubbles
increase pressure in the shallow magma body and can cause
volcanic unrest or eruption.

Brodsky and Prejean (2005) demonstrated that long-period
(>30 s) waves generated by large distant earthquakes are more
effective at triggering seismicity in Long Valley Caldera,
California, and they proposed that fluid flow could play an
important role as a low-pass filter and respond to long-period
wave triggering. This is consistent with the recent observation of
long-period surface waves triggering microseismicity in
Changbaishan volcano (Liu et al., 2017). However, the
triggering of the 2002–2005 volcanic unrest by the M 7.2
Wangqing deep-focus earthquake is quite different, both in

terms of the triggering wave (relatively high-frequency body
wave in the range of 0.4–2 Hz), and the triggered seismicity
(delayed for 7 days and lasted for about 3 years). While we do
not have additional evidence to distinguish between various
models of bubble excitation due to dynamic shaking, our
observations seem to suggest that this process is likely
promoted by seismic waves in the relatively high-frequency
range of 0.4 to 2 Hz, rather than at longer period. If we use
the apparent lack of triggering due to the nearby UNE (Liu et al.,
2017) as an additional constraint, then we could argue that the
frequency range around 1 Hz is mostly relevant (see Figure 8).

Based on these arguments, we come up with the following
scenario (Figure 10) to explain the apparent triggering between
deep-focus earthquakes and volcanic unrest, as well as of different
types of volcanic events. High-frequency body waves of the
Wangqing deep-focus earthquake likely triggered some bubble
growth and overpressure in the magma systems due to one of the
aforementioned physical mechanisms. While it is not clear in
which magma system had bubble growth, giving the apparent 7-
days delay between the Wangqing mainshock and onset of
volcanic unrest, we argue that it is likely that bubbles grew in
the mid-crust magma system, resulting in overpressure and a
small magma injection into the shallow magma chamber at a
depth of ∼5 km (Figure 10B). This process readjusted the local
stress state and triggered a delayed increase in VT seismicity at
the top of the magma body (Figures 10B,C). The persistent

FIGURE 9 | Some representative HS and LP events recorded by station CBS. All of these waveforms have been normalized before plotting. (A,B) Original
waveforms and normalized spectral functions of vertical components, respectively, of HS events. (C,D) Original waveforms and normalized spectral functions of vertical
components, respectively, of LP events. The numbers above the waveforms indicate the time of origin of the events.
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appearance of VT events and the sporadic appearance of LP and
HS events suggest transient and repetitive processes, respectively.
The LP and HS events can be interpreted as resonances of the
cracks filled by fluids above the magma system (Figures 10B,C).
As mentioned before, the magmatic movement is supported by
the independent observation of increasing volcanic gas emissions
and ground deformations during the volcanic unrest period (Xu
et al., 2012). However, because we did not have enough high-
quality continuous recordings to relocate all the seismicity, we
cannot provide additional evidence for magmatic or fluid
movements such as spatio-temporal migration of aseismic slip
and seismic swarms (e.g., Shelly et al., 2016).

Hong et al. (2016) suggested that a hypothetical UNE in
North Korea (about 130 km from Changbaishan volcano) with
magnitude M � 7.0 can generate ∼67 kPa dynamic stress change

on the volcano surface and ∼120 kPa in the magma chamber at
depth, which are enough to disturb magma chambers and
trigger volcanic eruptions. The dynamic stress of Wangqing
earthquake is in the range of the hypothetical M 7 North Korea
underground nuclear explosion. In addition, while the spectra of
the 2017 mb � 6.0 UNE and the 2002 Wangqing mainshock do
not completely overlap (Figure 8), it is expected that the
spectrum of a hypothetical M � 7.0 UNE would be above
that of the Wangqing mainshock at almost all frequency
ranges. Hence, if other characteristics of the triggering waves
(e.g., incident angles, back-azimuths, etc) do not play any
important roles, we could argue that a magnitude 7 event
(either nuclear explosion or deep-focus earthquake) nearby is
capable of triggering an unrest or eruption at Changbaishan
volcano.

FIGURE 10 | (A) A conceptual model showingmagmamigration from a deep source to a shallow reservoir of Changbaishan volcano in response to dynamic stress
perturbations related to theWangqing deep-focus earthquake in the stagnant Pacific Plate beneath NE Asia. An upwelling plume derived from the mantle transition zone
is shown as the magma origin of Changbaishan volcano based on studies of seismic tomography (Zhao et al., 2009) and basalt geochemistry (Zhang et al., 2018). The
410, 520, and 660 km discontinuities are from Tian et al. (2016). (B) Hypothetical magmatic and hydrothermal processes corresponding to the 2002–2005 unrest
of Changbaishan volcano. Injection of deep-sourced magmas into the shallowmagma chamber led to anomalous magma stirring and degassing, which pressurized the
shallow magma chamber and facilitated intrusion of gas-enriched magmas through cracks above the magma body. Hydrothermal fluid migration was influenced by
crack intrusion of magmas. (C) A cross-sectional view of the study region along AB in Figure 1B. The green circles indicate HS events, and the purple circles with
different scales indicate VT events with different magnitudes.
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CONCLUSION

In this study, we performed a systematic detection of seismic
events around Changbaishan volcano to better understand the
triggering relationship between the 2002 M 7.2 Wangqing deep-
focus earthquake and the 2002–2005 unrest. We found clear
evidence of LP events during the volcanic unrest process, and
identified additional HS events. Thus, we identified three types of
volcanic earthquakes (VT, LP and HS) during the unrest of
Changbaishan volcano. The limited magnitudes of the VTs
and small numbers of HSs and LPs suggest a small-scale
magmatic process, likely indicating no major eruptive hazard
in the foreseeable future.

With the new catalogue obtained by this study, we investigated
the relationship between the 2002 Wangqing deep-focus
earthquake and seismicity in Changbaishan volcano. The
β-statistic value which has been calculated with a 5-days
window at 7 days after the mainshock is as large as 5.1,
suggesting a clear increase of seismicity at Changbaishan
volcano. The onset of the seismic swarm and unrest on
Changbaishan might have been dynamically triggered by the
Wangqing earthquake with a delayed response of seven days. This
apparent time delay between the deep-focus earthquake and the
onset of swarm activity in Changbaishan volcano likely reflects
the slow magmatic movements, which were accompanied by the
3-years earthquake swarm and volcanic unrest.
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