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ABSTRACT

On October 20, 2009, a series of felt earthquakes with local magnitudes ranging from 2.8 - 3.2 occurred in the Tatun
volcanic area off the northern tip of Taiwan. Although there was no damage caused by those earthquakes, many residents in
the Taipei metropolitan area, particularly for people who live near the Yangminshan National Park, felt strong ground shak-
ing. In order to know what the possible mechanisms were that generated those earthquakes, we carefully examined seismic
data recorded by a dense seismic array in the Tatun volcanic area. During the period between October 18 and 22, 2009 we
detected at least 202 micro-earthquakes. Most of the earthquakes were relocated using the double-difference method and were
clustered in the shallow crust beneath the Dayoukeng area, which is the strongest fumarole in the Tatun volcanic area. Among
these earthquakes, 72 focal mechanisms were determined by polarizing the first P-wave motion. Most earthquakes belonged
to normal faulting. An extremely high b-value of 2.17 was obtained from those earthquakes. Based on the seismic variations
in both the temporary and spatial distribution as well as an extremely high b-value, we conclude that the earthquake sequence
on October 20, 2009 was a typically seismic swarm associated with possible active volcanism in the Tatun volcanic area.
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1. INTRODUCTION

A series of unusual felt earthquakes occurred in the Ta-
tun volcanic area of the northern tip of Taiwan on October
20, 2009. This was the first detection of a large number of
micro-earthquakes by a dense seismic array in this area. This
occurrence provided good opportunity to study the tectonic
activity beneath the Tatun volcanic area. Although those
earthquakes were not very large (M, = 2.8 to 3.2) compared
with significant seismicity in other parts of Taiwan where a
convergent plate boundary is located (Lin 2002), most of the
residents in the Taipei metropolitan area felt strong ground
motion due to short epicenter distances as well as extremely
shallow hypocenters. The residents in the Tatun volcanic area
felt particularly strong shaking. In addition to 4 felt earth-
quakes, more than one hundred micro-earthquakes were de-
tected by the Central Weather Bureau in the same area in the
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following 24 hours. Although there was no damage caused
by those earthquakes, it is important to determine the pos-
sible casual mechanisms associated with those earthquakes,
either volcanic activity or any active faults. The results will
improve the understanding of generally geological character-
istics in the Tatun volcanic area and provide valuable infor-
mation to mitigate possible geological impact in the future.
Based on the general surface geology (Chen and Wu
1971; Ho 1988; Wang and Chen 1990; Lin et al. 2007),
it is obvious that two possible mechanisms for generating
those felt earthquakes might be directly considered in the
Tatun volcanic area. The first is directly related to potential
volcanism in the Tatun volcanic area. The second is related
to an active fault, the Shanchiao fault (Fig. 1). Those felt
earthquakes were located just in the Tatun volcanic area
consisting of more than 20 volcanoes (Chen and Wu 1971;
Wang and Chen 1990). Some recent studies suggest that the
volcanoes in the Tatun volcanic area might be considered
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“dormant active volcanoes” (Song et al. 2000; Chen and Lin
2002; Yang et al. 2003; Konstantinou et al. 2007). The geo-
chemical analyses from volcanic gas show the Helium iso-
tope ratio of He® and He* ranges from 4.0 - 6.7 (Yang et al.
1999), strongly indicating that some mantle material might
still be ascending into the shallow crust or surface. Second-
ly, numerous shallow micro-earthquakes as well as volcanic
earthquakes have been detected by the dense seismic array
in the Tatun volcanic area (Lin et al. 2005a, b; Konstantinou
et al. 2007). Thirdly, some crust deformation has been re-
peatedly detected from a precise leveling survey at the par-
ticular area near the Dayoukeng fumarole in the past several
years (Murase et al. 2014). Finally, the most recent volcanic
ash dating result in the Tatun volcanic area shows the last
eruption might be around 6000 years ago (Belousov et al.
2010). The felt earthquakes are therefore likely associated
with active volcanism in the Tatun volcanic area.

There is also an active fault, the Shanchiao fault, cross-
ing the Tatun volcanic area (Lin et al. 2007). This fault
strikes along a NE-SW direction, from the town of Chinshan
to the town of Kuando and then crosses the Tansui River to
the Wuku and Shinchun areas (Fig. 1). This is a normal fault
dipping southeastward about 62 degrees. It has been reac-
tive roughly along the Chinshan fault, which is a non-active
fault reported by the Central Geological Survey (Lin et al.
2007). The total length of this fault is about 60 km. Based
on drilling core samples (Huang et al. 2007), this fault has a
10-m offset and experienced at least 3 ruptures over the last
14000 years. The last rupture was about 8400 - 8600 years
ago. The slip rate of the fault is about 1.8 m per one thousand
years. Given the close distance between the Tatun volcanoes
and Shanchiao fault, it has been difficult to find evidence to
distinguish whether active volcanoes or the fault is driving
seismic activity in this area.
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In order to explore future volcanic activity it is neces-
sary to study newly detected earthquakes and their physics.
In this study we carefully examined the seismic data recorded
by a dense seismic array in the Tatun volcanic area. In to-
tal, 4 felt earthquakes and 184 micro-earthquakes were relo-
cated using the double-difference method (Waldhauser and
Ellsworth 2000). The focal mechanisms of 72 earthquakes
were determined from the first-motion polarizations of the
P-waves. To evaluate the seismic characteristics of this
earthquake sequence, we also calculated the seismic b-value
from the frequency-magnitude relationship. Finally, the pos-
sible driving mechanisms of those earthquakes are discussed
according to the temporal and spatial distribution of those
earthquakes and their focal mechanisms.

2. BACKGROUND SEISMICITY

Based on the earthquake catalog provided by the Cen-
tral Weather Bureau, some clustered earthquakes have been
reported in the shallow crust in the Tatun volcanic area since
1973 (Fig. 2a). Many of these earthquakes were scattered
southeast of the Shanchiao fault. Most of them were unfelt
because the seismic magnitudes were small (M, < 3.0), ex-
cept for some significant earthquake swarms (Fig. 2a). A
seismic swarm is commonly defined as a group of earth-
quakes (1) that occur in a limited space and time, (2) have
no mainshock of sufficient magnitude, and (3) do not follow
well the general Omori’s law characteristics. We selected
those seismic swarms (Fig. 2a) based on the following crite-
ria: (1) earthquakes were occurring within 1 day and spatial
distances less than 5 km and (2) the magnitude differences
were less than 1. Those seismic swarms, non-aftershock ac-
tivity, could be largely associated with magmatic intrusion
(e.g., Hill 1977), or few aseismic deformation along faults
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Fig. 1. (a) Locations of 4 felt earthquakes (stars) which occurred on October 20, 2009; and (b) a dense seismic network (squares) and 4 felt earthquakes
(stars). The Shanchiao fault is shown by a solid line in both figures. The dotted line is the Tansui river.
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Fig. 2. Seismic activity in the Tatun volcanic area. (a) Background seismicity (pluses) and some significant seismic swarms (triangles, diamonds,
circles and stars) reported by the CWBSN since 1973 and shown at Table 1. (b) Micro-earthquakes detected by the dense seismic stations (squares)
between 2008 - 2010. The dashed boxes mark Dayouken and Chihhinshan areas with clustered earthquakes. The solid line in shows the fault trace

of the Shanchiao Fault in both figures.

(e.g., Hudnut et al. 1989).

During the period between 1973 and 2007 at least 7
seismic sequences with magnitudes greater than 2.5 oc-
curred in the shallow crust (Table 1). Prior to this October
20, 2009 earthquake sequence, 6 other seismic sequences
took place with larger earthquakes whose magnitudes were
comparable to each other. The 6 seismic sequences that oc-
curred before 2009 were very similar to the typical seismic
swarms that occur in volcanic or geothermal areas around
the world. However, it is very difficult to investigate in de-
tail further characteristics for the 7 seismic sequences be-
cause there were only very limited seismic stations in the
Tatun volcanic area before 2003. Smaller earthquakes and
detailed seismic features were largely unobserved by the
regional seismic network [such as the Central Weather Bu-
reau Seismic Network (CWBSN), and Taiwan Telemetered
Seismic Network (TTSN) before 2003].

To improve seismic monitoring in the Tatun volcanic
area, a dense seismic array (Lin et al. 2005a) was deployed
in 2003. As of 2013 this seismic array is composed of 18
seismic stations within a small area of about 100 km?. Each
of the seismic stations is equipped with a three-component
broadband seismometer (Guralp CMG-6TD). The seismic
data are recorded at 100 samples per second. Thus, seismic
signals at frequencies of several tens of Hz to the 40 sec
period can be recorded at each seismic station.

In all, more than 3000 micro-earthquakes have been de-
tected in the Tatun volcanic area since 2003. Most of them
were clustered around two particular areas, Chihsinshan and
Dayouken, at depths of around 2 - 5 km (Fig. 2b). Most of
those micro-earthquakes were tectonic earthquakes which

have a double-couple source and thus both P- and S-waves
can be clearly identified (Lin et al. 2005a). A few of the
micro-earthquakes belonged to typical volcanic earthquakes
whose recorded waveforms look like Tornillos, monochro-
matic frequency or even long period (Lin et al. 2005a, b;
Konstantinou et al. 2007). Each of those seismic observations
suggests that volcanic activity in this area is still strong.

3. PRELIMINARY SEISMICITY

The seismic swarm that occurred on October 20, 2009
was well recorded by the dense seismic network with 18
stations in the Tatun volcanic area. In addition to the 4 felt
earthquakes, 202 micro-earthquakes were detected between
October 18 and 22. Based on the 1-D model (Lin and Yeh
1989) we located all of the earthquakes using the HYPO71
computer program (Lee and Lahr 1975). The local mag-
nitudes (M;) of those earthquakes ranged from 1.9 - 3.2
(Fig. 3). This earthquake sequence might be a typical seis-
mic swarm because some of the small earthquakes oc-
curred before the 4 felt earthquakes (M, from 2.9 - 3.2).
It is clear that 10 earthquakes occurred on October 19 and
22 earthquakes occurred just before the 4 felt earthquakes
on October 20. In addition, the difference in the earthquake
magnitudes between the felt earthquakes and other smaller
earthquakes were not significant.

Most of the earthquakes were clustered in the Dayouken
area with their focal depths less than 10 km (Fig. 4). All of
the 4 felt earthquakes were located at depths around 3 km.
The depth profile striking along the NW-SE direction shows
that most of the earthquakes were located at the hanging wall



628 Pu et al.

of the Shanchiao fault, if we assume that the fault plane dip most of the earthquakes were located around several kilome-
angle is 62 degrees at the upper crust based on the fault trace ters SE to the fault plane in the horizontal distance. For exam-
at the surface (Lin et al. 2007). Although there were a few ple, the 4 felt earthquakes were located about 2 or 3 km away
earthquakes located roughly along the expected fault plane, from the fault plane in the horizontal direction. Moreover,

Table 1. Shallow seismic swarms (depth < 10 km) in the Tatun volcanic area (121.5° - 121.65°E, 25.1° - 25.25°N)
since 1973 (CWB).

Date Time (UTC) Latitude Longitude Depth M, No. (symbol) of Swarm
1975/08/18 22:35 121.5963 25.19917 6.20 2.86 1(V¥)
1975/08/19 15:59 121.5587 25.16517 2.63 3.35 1 (V)
1975/08/19 16:40 121.6095 25.23483 0.81 3.00 1(V¥)
1975/08/19 17:06 121.584 25.22467 0.06 2.84 1(V¥)
1988/06/11 00:31 121.5695 25.16733 3.66 3.14 2(A)
1988/06/11 00:43 121.5647 25.16983 1.62 3.14 2(A)
1988/07/03 05:20 121.568 25.15767 5.31 5.06 3(A)
1988/07/03 06:03 121.5625 25.189 5.15 3.31 3(A)
1994/01/18 05:36 121.5712 25.16017 9.25 271 4(0)
1994/01/18 21:42 121.5128 25.20767 532 2.83 4(0)
1997/06/24 16:37 121.5798 25.11967 8.55 3.70 5(®)
1997/06/25 15:30 121.5743 25.121 8.59 2.75 5(®)
1999/01/13 12:53 121.5593 25.162 1.31 2.60 6(0)
1999/01/13 13:03 121.5583 25.16333 7.73 2.56 6(0)
2004/02/24 00:24 121.6128 25.16933 8.28 2.66 7(®)
2004/02/24 11:22 121.6168 25.16567 6.75 2.90 7(®)
2007/04/25 05:47 121.5863 25.18283 7.20 3.13 (felt) 8 (¥)
2007/04/25 05:52 121.5815 25.19017 9.29 2.50 8 (V%)
2007/04/25 12:25 121.5847 25.17117 353 275 8 (%)
2009/10/20 05:40 121.5958 25.17117 6.67 3.19 (felt) 9 (%)
2009/10/20 05:54 121.5983 25.1745 7.14 2.84 (felt) 9 (%)
2009/10/20 05:55 121.5918 25.17433 745 3.10 (felt) 9 (%)
2009/10/20 06:03 121.6025 25.16583 7.04 2.74 9 (%)
2009/10/20 06:32 121.5853 25.175 6.65 3.02 (felt) 9 (%)
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Fig. 3. Plot of seismic magnitude (M,) of the earthquake sequence with time of occurrences from October 18 - 22, 2009.
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Fig. 4. The preliminary seismicity of the felt earthquakes (stars) and micro-earthquakes (crosses) located by HYPO71. The surface trace of the
Shanchiao fault and locations of both seismic stations and Chihsinshan are shown in the map by the solid line, squares and triangle (upper right
panel), respectively. The seismic projections along both the NW-SE and NE-SW directions are shown in the lower panels. The dotted line in the
NW-SE profile marks the expected fault plane based on the projection of the fault trace on the surface.

the depth profile striking along the NE-SW direction shows
the seismicity was only clustered at a narrow section within
a few kilometers in width, not a plane. This roughly indicates
that the seismicity of most earthquakes may not follow the
expected fault plane.

4. RELOCATED SEISMICITY

We employed the double difference method to improve
earthquake location accuracy (Waldhauser and Ellsworth
2000) to relocate 188 earthquakes that occurred over the Oc-
tober 18 - 22, 2009 period. This relocation method has been
successfully applied at other areas for accurate earthquake
location (e.g., Fukuyama et al. 2003; Schaff and Waldhauser
2005). We selected an appropriate velocity model (Table 2),
which is the same as that used in locating earthquakes us-
ing the HYPO71 (Lee and Lahr 1975). In all, 202 neigh-
bor earthquakes were sorted using this method to relocate
their hypocenters. There were 16183 sets of differential
times recorded between seismic stations. Because most P-
and S-waves are impulsive (i.e., Fig 5), the arrival times of
those earthquakes at each station were clearly read from the
seismograms without further applying the cross-correlation
technique. One hundred eighty-eight earthquakes were suc-

cessfully relocated. The total RMS (root-mean-square) dif-
ference between the observed and theoretical arrival times
was reduced from 0.12 - 0.02 sec and the earthquake location
accuracy was significantly better than that from the prelimi-
nary earthquake locations. The estimated uncertainty is less
than a few hundred meters.

The relocation results (Fig. 6) show the seismicity was
significantly different from the preliminary seismicity us-
ing HYPO71 (Fig. 4). The relocated seismicity using the
double-difference method was more clustered than that
from the preliminary seismicity. This result is quite reason-
able because the earthquake accuracy relocated using the
double-difference method can significantly improve the lo-
cation among a group of earthquakes. Second, it is interest-
ing to see that the relocated seismicity was clearly clustered
within a pipe-like zone and dipping toward the SE direction.
Although a similar pattern can be seen from the prelimi-
nary seismicity, the relocated seismicity shows significant
clustering seismicity for later interpretation. Third, it is dif-
ficult to see that any earthquake was located around the ex-
pected fault plane. This is dramatically different from the
preliminary seismicity located by HYPO71, which shows a
few earthquakes clustered around the expected fault plane
(Fig. 4). Fourth, most of the earthquakes were clustered in
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the seismic zone, which dips toward the SE and is roughly
parallel to the expected fault plane with a horizontal offset
of about 2 - 3 km. Compared to the preliminary locations the
relocated earthquakes were not only more clustered and the
offset between the seismicity and the expected fault plane
was also clearer. In short, the seismic swarm that occurred
in the period between October 18 and 22 might not be as-
sociated with the Shanchiao fault, but volcanic activity at
the Dayouken area.

5.FOCAL MECHANISM

Because most earthquakes are located within a seismic
network, seismic station coverage is well-suited for deter-
mining the focal mechanism by polarizing the first P-waves.
We further selected earthquakes based on the following two
criteria to obtain reliable focal mechanisms. The selected
earthquakes were located within the seismic array as well

as having focal depths that were less than 10 km. The fo-
cal depth of each selected earthquake was determined using
recording from more than 7 stations. In all, 72 focal mecha-
nisms were determined among 188 earthquakes occurring
from October 18 - 22 (Appendix A).

The results show that most of these earthquakes had
normal-faulting mechanisms (Fig. 7). Fifty earthquakes had
normal faulting among the 72 focal mechanisms. Most of
the larger earthquakes exhibited normal faulting mechanism.
In particular, the 4 felt earthquakes clearly belonged to a
typical normal-faulting mechanism. In addition to normal-
faulting mechanisms, thrust-faulting and strike-slip-faulting
mechanisms were also determined in the seismic swarms
that occurred in October 2009. The numbers for thrust-
faulting and strike-slip-faulting are 18 and 4, respectively.
Sixty-nine percent of these events revealed normal faulting
mechanism, indicating that the maximum stress was close to
the vertical direction.

Table 2. One-dimensional velocity model for the Tatun Mt. area (Lin and Yeh 1989).

Depth (km) Velocity model of P-wave (km sec!)  Velocity model of S-wave (km sec™)
Above surface - 1.0 3.79 2.13
10-20 4.07 2.29
20-30 4.55 2.56
30-50 5.12 2.88
50-70 5.39 3.03
70-90 5.98 3.36
90-17.0 6.10 343
17.0 - 36.0 6.70 3.76
Under 36.0 7.80 4.38
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Fig. 5. An example of 3-component seismograms showing impulsive P- and S-waves.
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Fig. 7. The focal mechanisms of the felt earthquakes (red stars) and their associated micro-earthquakes (crosses) in the Tatun volcanic area from
October 18 - 22, 2009. The red, green, and blue beach balls indicate the reverse, strike-slip, and normal mechanisms, respectively. The red solid
line shows the trace of the Shanchiao Fault.
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6. SEISMIC b-VALUE

In order to distinguish whether this seismic swarm is
associated with volcanic activity or active fault, we exam-
ined the seismic b-value of 188 earthquakes from October
18 - 22 in 2009. It is well known in seismological science
that the seismic b-value is the slope of the frequency-magni-
tude relationship (Gutenberg and Richter 1944) for a given
population of earthquakes:

Log(N) = a - bM (1

where N is the cumulative number of earthquakes with mag-
nitudes larger than M, and @ and b are constants. In most
tectonic areas the b-value averages about 1.0 (Frohlich and
Davis 1993). In contrast, volcanic areas are often character-
ized by b-values greater than 1.0 with values as high as 3.0
(McNutt 2005).

Figure 8 shows the plot of Log(N) vs. magnitude. We
selected only the earthquakes with magnitudes between
2.2 - 3.1 to calculate the seismic b-value from October
18 - 22 in 2009. A typical least-square regression was em-
ployed to calculate the b-value with a very reliable result.
It clearly shows an extremely high b-value of 2.17 from
this seismic swarm; significantly greater than those in the
Taiwan area (Wang 1994). Thus, the observation of an ex-
tremely high b-value of 2.17 in this study strongly indicates
that the seismic swarm was more like the seismic character-
istics in volcanic or geothermal areas than in fault zones.

7. RESULTS AND DISCUSSION

It is interesting to know whether the normal faulting
earthquakes in the Tatun volcanic area have magma move-
ment origin or result from the Shanchiao fault. It is well
known that normal faulting mechanisms are very often ob-

tained in volcanic or geothermal areas. Thus, 69% of the
normal faulting events in the 4 days observation in the Ta-
tun area might directly reflect volcanic activity. However,
those normal faulting earthquakes in the Tatun area might
also be explained by the Shanchiao fault, which is an active
normal fault according to the Central Geological Survey
report (Lin et al. 2007). Therefore, it is difficult to justify
that the seismic swarm that occurred in October 2009 was
associated with either volcanic activity or the Shanchiao ac-
tive fault based on focal mechanisms alone. In other words,
some other observations must be considered to determine
possible mechanism that generated those earthquakes from
October 18 - 22, 2009.

Another important information from the earthquake
spatial distribution in the Tatun volcanic area shows that the
seismic swarm might not be associated with the Shanchiao
fault, but Tatun volcanic activity. First of all, the earthquakes
were only clustered within a more pipe-like seismic zone
than a plane (Fig. 6). In fact, the pipe-like seismic zone has
been observed at some typically active volcanoes, such as
the Sakurajima volcano in Kyusu, Japan (e.g., Nishi 1978,
1980; Yokoyama 1986). Second, there was a distinguished
offset between the seismic zone and the expected fault plane
in the shallow crust (Fig. 6). The possibility that this seismic
swarm is associated with other blind faults cannot be totally
ruled out. The clustered earthquakes were located just be-
neath the Dayouken area, which is the strongest fumarole
in the Tatun volcanic area. This strongly suggests that this
seismic swarm is associated with volcanic activity.

The temporary earthquake sequence distribution indi-
cates that they were more like the seismic swarms common
to volcanic areas than micro-earthquakes in a fault zone.
There was no significant difference in earthquake magni-
tudes from October 18 - 22,2009 (Fig. 3). Some earthquakes
occurred before and after the 4 felt earthquakes on October
20 (Fig. 4). Although a few of the seismic swarms might
have also taken place in some faults with aseismic slips, this
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Fig. 8. Plot of Log(N) vs. magnitude (M, ) from the seismic swarm from October 18 - 22 in 2009, where N is the number of earthquakes.
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is a seismic swarm that typically occurs in volcanic or geo-
thermal areas (Kim et al. 2005; Lin et al. 2005a, b; Konstan-
tinou et al. 2007). On the other hand, the micro-earthquakes
in the fault zone are often triggered by the main-shock and
the number of triggered aftershocks then decays signifi-
cantly over time (Lin 2004). However, the seismic events
detected on October 20 did not show any significant decay
through time (Fig. 3). Thus, the earthquake temporal distri-
bution observation is not consistent with the typical seismic
characteristics in the fault zone.

An extremely high b-value of 2.17 from this seismic
swarm strongly suggests that the seismic swarm was more
like the seismic characteristics in volcanic or geothermal
areas than in fault zones or general tectonic regions in the
world. It is well-known that the b-value obtained in the fault
zone or general tectonic area is around 1.0. High b-values
have often been reported in many volcanic or geothermal
areas. The earthquake sequence that occurred on October
20, 2009 might be associated more with possible volcanism
than active fault in the Tatun volcanic area. This result is
consistent with previous studies (Kim et al. 2005; Lin et al.
2005a, b; Konstantinou et al. 2007) that suggested most of
the seismic activity in the Tatun volcanic area is probably
associated with hydrothermal/magmatic activities.

8. CONCLUSION

A series of felt earthquakes occurred at the Tatun vol-
canic area off the northern tip of Taiwan on October 20,
2009. Careful examination of the seismic data recorded by
a dense seismic array in the Tatun volcanic area shows that
those earthquakes were clustered in the shallow crust be-
neath the Dayoukeng area, where the strongest fumarole in
the Tatun volcanic area is located. Determination of 72 fo-
cal mechanisms among those earthquakes shows that most
of the focal mechanisms belong to normal faulting, which
can result from either Tatun volcanic activity or the Shan-
chiao fault. Based on further seismic variations in both tem-
porary and spatial distributions as well as an extremely high
b-value of 2.17, we strongly suggest that the earthquake
sequence that occurred on October 20, 2009 was a typical
seismic swarm associated with volcanism in the Tatun vol-
canic area. Therefore, potential seismic threats associated
with volcanic activity in the Tatun area cannot be totally
excluded in the future.
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APPENDIX A

Fig. Al. Fault plane solutions determined from the P-wave polarities
recorded in the Tatun volcanic area over October 18 - 22, 2009. The first
motions of both up (+) and down (-) are plotted in each fault plane solu-
tion. The numbers on the top and upper-right corner of each fault plane
solution show the occurrence time and the focal depth, respectively.
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