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Earthquake swarms can act as indicators of fluid activity and aseismic transients at depth. As a young and 
active collisional mountain belt with frequent earthquakes, Taiwan is a natural laboratory for studying 
the physical mechanisms controlling the characteristics of swarm activity in this complex tectonic 
environment. Where the earthquake swarms tend to occur and how they reflect the aseismic deformation 
in this young orogen? In this study, we propose a composite swarm detection method that relies on 
the correlation of mainshock density rates derived from three distinct declustering algorithms. Using 
earthquakes in Taiwan from 1990–2019 with magnitudes greater than or equal to three and at depths 
less than 50 km, 153 swarm sequences were identified as characterized by an event number greater than 
ten, a time span of less than fifteen days, and a maximum magnitude of 5.79. The swarm sequences 
were found to be active at locations with a high seismicity rate (> 0.2 yr−1 km−2) but not an anomalous 
b-value, suggesting that the environment with a high rate of earthquake occurrence is linked with the 
mechanism for swarm generation. They were found to largely overlap with the repeating earthquakes, 
as approximately 86% of the 1857 repeating events in Taiwan are closely located to swarm events. Such 
overlap is found to be largest in the southern Longitudinal Valley where a creeping fault is located and 
where a low coupling ratio was inferred. Consequently, it is proposed that the active collision boundary 
experiencing a high creep rate and the areas experiencing episodic aseismic slip are capable of producing 
active swarm sequences in Taiwan.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

In contrast to mainshock aftershock sequences, earthquake 
swarms are groups of clustered earthquakes that have neither dis-
tinguishable mainshocks nor a decay in occurrence rate following 
a power law (e.g., Hill, 1977). They can be empirically defined 
by an increase in seismicity rate without a clear triggering main-
shock. The occurrence of seismic swarms is often interpreted as 
a response to aseismic slip (e.g., Lohman and McGuire, 2007; 
Saffer and Tobin, 2011), change in fluid pressure (e.g., Bourouis 
and Bernard, 2007; Cappa et al., 2019), or magmatic activity (e.g., 
Hainzl, 2005; Vidale et al., 2006).

Non-volcanic earthquake swarms have been documented in 
a variety of tectonic settings including subduction margins (e.g., 
Holtkamp and Brudzinski, 2011; Nishikawa and Ide, 2017), trans-
form faults (Lohman and McGuire, 2007), and hydrothermal ar-
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eas (e.g., Ellsworth, 2013; Heinicke et al., 2009). Using worldwide 
earthquake swarms in subduction zones, Holtkamp and Brudzin-
ski (2014) found that earthquake swarms are associated with low 
coupling area or fluid activity. Nishikawa and Ide (2017) further 
demonstrated a correlation between swarm location and plate cur-
vature. These investigators considered swarm activities to be a 
result of abundant fluid due to hydration of the incoming plate 
or increased fractures due to slab bending. In volcanic environ-
ments and geothermal areas, the swarms could be driven by over-
pressured reservoirs, CO2 degassing, magmatic intrusions, and ele-
vated fluid pressure (e.g., Fischer and Horálek, 2003; Shelly et al., 
2015). Aseismic slip transients on the fault have also been found as 
a primary mechanism for earthquake swarms on transform plate 
boundaries (e.g., Roland and McGuire, 2009; Vidale and Shearer, 
2006). The presence of earthquake swarms therefore acts as an in-
dicator of fluid activity and aseismic transients at depth. Where 
the earthquake swarms tend to occur and what are the driving 
processes are of great importance for earthquake hazard mitiga-
tion.
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Fig. 1. (a) Simplified geological map of Taiwan. Tectonic units from west to east of Taiwan are the Coastal Plain (CP), the Western Foothills (WF), the Hsuehshan Range (HR), 
the Central Range (CER) and Coastal Range (COR). Separating COR from CER, the Longitudinal Valley fault (LVF) acts as one of the most active structure in Taiwan. (b) Spatial 
distribution of Mc of Taiwan using the earthquake catalog of 1990–2019 from Central Weather Bureau with local magnitude ranging from −0.03 to 7.3. (c) The histogram of 
the inland earthquakes Mc. (d) The temporal variation of Mc.
2. Tectonic background of Taiwan

The island of Taiwan is located in a complex plate boundary 
zone where the subduction and collision between the Eurasian and 
Philippine Sea plates have been taking place (e.g., Suppe, 1984). In 
the east, the Philippine Sea plate has subducted obliquely north-
westward with the Eurasian plate. In the southwest, the South 
China Sea of the Eurasian plate has subducted westward under-
neath the Philippine Sea plate. The collision of the two plates 
generates Taiwan’s orogeny, leading to five morphotectonic units 
trended NNE including the western Coastal Plain, the Western 
Foothills, the Hsuehshan Range, the Central Range, and Coastal 
Range from west to east (Fig. 1a). To the offshore, as the propa-
gation from Ryukyu subduction zone to Taiwan orogen continues, 
an active rift system was formed in Okinawa Trough along with 
multiple-stage, complex volcanisms in northern Taiwan (e.g., Teng 
et al., 2000). The most significant manifestation of a volcanic zone 
is the Tatun Volcano Group (TVG), an extinct volcano that erupted 
20 Ka and 6000 years ago (e.g., Belousov et al., 2010).

Most of the active faults are located near the boundaries among 
the above mentioned morphotectonic units. One of the most active 
faults, the Longitudinal Valley fault (LVF) that separates the Cen-
tral Range from the Costal Range, is a 150-long reverse structure 
with fast horizontal velocity of 3–4 cm/yr (Hsu et al., 2003; Yu 
et al., 1997). Aseismic deformation has also been found to be ac-
tive along this fault in eastern Taiwan (Chen et al., 2009; Lee, 2003; 
Thomas et al., 2014) and the fold-and-thrust belt of southwestern 
Taiwan (Huang et al., 2016; Tsukahara and Takada, 2018). The Tai-
wan orogen is one of the youngest in the world (Byrne and Liu, 
2002; Suppe, 1980), while orogen-wide fluid flow is indicated by 
widespread Mesozoic quartz veins, high heat flow, and hot springs 
(Upton et al., 2011). Where the earthquake swarms tend to occur 
and how they reflect the aseismic deformation in this young oro-
gen remain unknown. In this study, we present a new composite 
clustering method for obtaining the optimum correlation between 
2

three clustering algorithms. The spatial and temporal characteris-
tics of the swarm activities are also investigated to explore their 
generation mechanisms in Taiwan.

3. Data and methods

The earthquakes in the area contained between latitudes of 
21.5◦ and 25.5◦ and longitudes of 119.5◦ and 122.5◦ were an-
alyzed using the earthquake catalog from the Taiwan Central 
Weather Bureau Seismic Network (CWBSN) during the period Jan-
uary 1990 to April 2019. Earthquakes were selected with focal 
depths shallower than 50 km which is comparable to the aver-
age Moho depth in Taiwan (e.g., Wang et al., 2010) to ensure 
that crustal earthquakes were used in this study. The spatial and 
temporal distribution of the magnitude of completeness (Mc) in 
Fig. 1b–d reveals that the most inland areas are characterized by 
values smaller than 3.0. The calculation of time dependent Mc is 
approached by the maximum likelihood method with a moving 
window of 1000 events with 20% overlap. The computed Mc values 
are all below 3.0 except for the time of the 1999 Chi-Chi earth-
quake as a result of large magnitude aftershocks that occurred 
shortly after the mainshock. The Mc = 3.0 is thus adopted in this 
study. The total number of 40172 M ≥ 3 earthquakes were used 
for the following analysis.

Based on the spatiotemporal distance between earthquakes, 
earthquakes may be either grouped into clustered seismicity (i.e., 
aftershocks) or defined as background seismicity. There exist var-
ious declustering methods to extract background seismicity from 
original earthquake catalog. Earthquake swarms, as groups of clus-
tered earthquakes without distinguishable mainshocks nor a decay 
following Omori’s law, can be further defined by “anomalies in 
background seismicity”. The purpose of this study is to obtain a 
swarm catalog that can be consistently obtained using different 
declustering algorithms. Three different methods are listed in sup-
plementary material for the modified Space–time Epidemic-Type 
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Aftershock Sequence model proposed by Marsan et al. (2013) as 
ETAS (Text S1), the nearest-neighbor method developed by Zaliapin 
and Ben-Zion (2013) as NN13 (Text S2), and the interaction-zone 
that links earthquakes located closely in space and time by Reasen-
berg (1985) as Re85 (Text S3).

Consequently, the ETAS and NN13 results in similar number 
of declustered mainshocks (12734 and 15092, respectively), while 
Re85 produces larger number of mainshocks (22128). Unlike ETAS 
and NN13, in Re85 the merging step between clusters (when they 
share the same events) is skipped, leading to a great number of 
small and separate clusters. As addressed in Texts S1–S3, the num-
ber of background events (mainshocks) is controlled by the choice 
of different parameters: α, p, c, γ , l, and T for ETAS; d f and b for 
NN13; Q, P, τ for Re85. In this study, excluding the well-recognized 
aftershocks is the key judgment for the above parameters. The ob-
jective of this current work is not to test the sensitivity of various 
parameters on individual declustering method that can achieve the 
best collection of background events. Instead, we attempt to sum 
the background events produced by different methods, and look 
for a single cutoff threshold on the change of background earth-
quake rate (will be introduced in Sessions 4 and 5). As a result, 
the uncertainties introduced by the arbitrary choices of model pa-
rameters in individual method can be largely smoothed out.

4. Characterization of the declustered background seismicity

To evaluate whether an earthquake cluster is a potential swarm 
sequence instead of a mainshock aftershock sequence, it is hy-
pothesized that an earthquake swarm sequence is characterized 
by high seismicity density without the occurrence of a significant 
mainshock. If earthquake clusters are more swarm-like (instead of 
aftershock-like), more background events are expected when us-
ing Re85 or NN13, while for the ETAS model, higher background 
seismicity rates are expected instead. The background earthquake 
counts (

∑
ωi ) and density rate (μ0) were computed using the 

equation below to make the three declustered catalogs compara-
ble:

μ0(x, y, t) =
∑

i

ωie
−√

(x−xi)
2+(y−yi)

2/le−|t−ti |/T × 1

2π l2αi
, (1)

where l denotes a spatial smoothing parameter, T indicates the 
temporal smoothing parameter, ti represents the occurrence time 
of an earthquake in the catalog, and αi is a scaling parameter (for 
detailed description please see Equation S4). The value of ωi in 
Re85 and NN13 was chosen as 1 for background events and 0 
for non-background events. With the modification of earthquake 
counts by ωi , the background rate of μ0 can be determined by the 
three methods. Here, μ0 is expected to be smaller for mainshock-
aftershock sequences and higher for swarm-like sequences.

In Fig. 2, the temporal distribution of the declustered back-
ground seismicity is represented by 

∑
ωi (total event counts) for 

individual declustering algorithm. From a visual inspection, all the 
declustering methods successfully removed aftershocks with vari-
ous counts of events at different time. However, Re85 appears to 
be under-declustering as indicated by the higher slope comparing 
with the two other methods. This is likely due to our decision of 
skipping the merging step in Re85, so that a greater number of 
small, separate clusters are included in the end.

The resulting μ0(t) values for ETAS, Re85, and NN13 are shown 
in Figs. 3a, 3b, and c, respectively. Note that μ0(t) is μ0(x, y, t)
integrated in space. The slow decay of the number of background 
earthquakes can be explained by the overestimation of probabil-
ity due to the smaller number of events in the early period of the 
dataset. Here μ0 appears to be smaller at the time of M ≥ 6.5
events (vertical dashed lines in Fig. 3) except for the 1999 Chi-Chi 
3
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Fig. 2. Time series of background seismicity (ω0) with alternative declustering algo-
rithm and cumulative earthquake numbers of raw data. Dashed vertical lines donate 
the occurrence time of M ≥ 6.5 event. Black line indicates the raw data. Blue, red, 
and yellow lines indicate the declustered background seismicity using ETAS, Re85, 
and NN13, respectively.

Fig. 3. Time series of declustered background density rate from (a) ETAS (μ0ETAS), 
(b) Re85 (μ0Re85) and (c) NN13 (μ0NN13). (d) Time series of stacked density rate 
(μ0stack = 3

√
μ0ETAS × μ0Re85 × μ0NN13). Vertical dash lines donate the occurrence 

time of M ≥ 6.5 events.
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Fig. 4. (a) Map view of number of earthquakes in each node. Only nodes with more than fifty earthquakes (∼ 101.7) were used in the computation. (b) Time series of μ0 in 
an example node. Black and red circle represents μ0stack and the two-year smoothing μ0average, respectively. (c) The estimated δ (as the rate of change in μ0) for the same 
example node.
earthquake. The temporal characteristics of μ0 vary slightly be-
tween the declustering methods. The aim was to search for clusters 
(potential swarms) in the background event catalog that are con-
sistently detected by all three methods.

5. Detection of potential earthquake swarms

To confirm that anomalies in μ0 in the catalog were consis-
tently identified by the three methods, the estimated μ0 time se-
ries in Fig. 3 were stacked as μ0stack = 3

√
μ0ETAS × μ0Re85 × μ0NN13. 

The geometric mean was used for limiting the influence of higher 
μ0 in Re85, especially during the Chi-Chi aftershock period. Given 
that μ0 is heterogeneously distributed in the study area, local 
changes in μ0 were thus investigated. For this purpose, the area 
was divided into small nodes of 0.1 degree by 0.1 degree (each cir-
cle in Fig. 4a represent a node); only earthquakes occurring within 
10 km of each node were used in the analysis, and only nodes 
with more than fifty earthquakes were used in the computation 
(N ≥ Nmin and Nmin = 50). Note that 94% of earthquakes can be 
included by Nmin = 50, as shown by the green and red circles 
in Fig. 4a. For each node, the rate of change in μ0stack was es-
timated from δ(t) = {(μ0stack(t) − μ0average(t))/μ0average(t)} × 100, 
where μ0average(t) is the moving-averaged μ0(x, y, t) at the con-
sidered location (x, y), the average μ0average being computed over 
a 2 year window centered on time t . Fig. 4b shows an example of 
the transition from μ0 to δ(t) at a single node that is composed 
of 873 earthquakes. In this node, each earthquake corresponds to 
a measure of μ0stack (open black circles in Fig. 4b), while the 
μ0stack from earthquakes within two years are also computed as 
the average μ0average (open red circles). The derived δ(t) is shown 
in Fig. 4c; each positive δ at time t indicates an acceleration of 
background seismicity, which is expected to be a potential swarm 
4

sequence. A selection criterion on the minimum δ is therefore 
needed, to identify the acceleration of the background seismicity.

To obtain an objective criterion for selecting δ, a sensitivity test 
was performed on δ for the number of clusters. We applied a set 
of δ thresholds ranging from 0 to 60 at intervals of five for the test 
(Fig. 5). For example, when the minimum δ is equal to 10, earth-
quakes with a δ greater than ten were collected for each node. 
Further grouping of the total 941 nodes is later conducted based 
on the closeness of events in different nodes. For the grouping 
purpose, earthquakes that are separated by less than 15 days and 
30 km (the choice of these parameters is consistent with those of 
Text S1) were considered to belong to the same cluster. As shown 
by Fig. 5a, the resulting number of clusters is found to decrease 
smoothly with increasing threshold on δ. To discriminate between 
swarm-like and aftershock-like clusters, it is hypothesized that the 
latter type tends to have greater magnitudes. Thus, in Fig. 5b, the 
number of clusters with a maximum magnitude greater than 6 
is plotted against δ threshold. An abrupt drop in the number of 
M ≥ 6 clusters occurs after δ = 15 and stays at a low level above 
δ = 25. When the δ threshold increases from δ = 25 to 30, 35, 40, 
45, and 50, the corresponding number of clusters decreases from 
159 to 125, 102, 78, and 61. To retain more swarm-like clusters 
while excluding most of the aftershock-like clusters, the optimal δ
was chosen as 25. In individual node where the δ criterion is ap-
plied, the mean δ (−4.33 to 0.52) and median δ (−10.38 to 2.2) 
reflects the background level, whereas the standard deviation cen-
tered around 10 reflects the variation of δ measurements. Here 74% 
of nodes have the mean δ of smaller than zero, while only 2% of 
nodes have positive δ.

With the criterion of δ = 25, a total of 153 clusters were se-
lected, where the six M ≥ 6 clusters were manually removed. The 
excluded M ≥ 6 clusters reveal short normalized mainshock time 
(the occurrence time of the mainshock relative to the total dura-
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Fig. 5. (a) Number of identified clusters using different minimum μ0. (b) Number of identified clusters with maximum magnitude ≥ 6 corresponding to minimum μ0.

Fig. 6. (a) The spatial correlation between the 153 swarm sequences and M ≥ 3 background seismicity rate. Open circles represent the mean location of swarm sequence. 
(b) Histograms of seismicity rate in nodes with at least 2 swarm sequences (gray bars) and seismicity rate in nodes without swarm sequence (white bar).
tion of a given cluster), as shown in Fig. S3. In this final swarm cat-
alog composed of 153 clusters, the occurrence time of the largest 
magnitude event in a sequence was further examined. The dura-
tion of the swarm clusters ranges from 3.25 to 163 days and the 
number of events in each sequence ranges from 10 to 259. The du-
ration of the swarm sequence appears to slightly increase with the 
number of events in a sequence, suggesting that the occurrence 
rate may be constant. The largest event in each sequence has mag-
nitude ranging from 3.4 to 5.8 (Fig. S4a). These mainshocks did not 
occur near the beginning of a sequence, only ∼ 7% of the main-
shocks occurred within the first 10% of the sequence duration (i.e., 
15 events for normalized time < 0.1 in Fig. S4b).
5

6. Spatiotemporal characteristics of the earthquake swarms in 
Taiwan

The spatial distribution of the resulting 153 swarm sequences 
(4726 events) is shown in Fig. 6a (open circles). Most of the se-
quences occurred along the northeastern coastline and offshore of 
Taiwan (Area A), the southern Longitudinal Valley (Area B), the 
southern Central Range and surrounding southern Western Foothill 
(Area C), and central Taiwan (Area D). From a visual compari-
son with the background seismicity rate, the swarm sequences are 
found to mainly occur in areas with higher seismicity rates.
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Fig. 7. (a–b) Relative time of swarm occurrences with respect to M ≥ 6 events with varying spatial distance. Here the 4726 swarm events and 59 M ≥ 6 events (284439 event 
pairs in total) are computed for relative time (time of swarm event minus time of M ≥ 6 events) as (a) dt – and (b) dt+. The lines with cool colors indicate random behavior 
determined by 50 sets of synthetic catalogs for M ≥ 6 events. The increment in distance of 2 km is chosen to be larger than the location uncertainty of 0.37 km and 0.47 km 
in horizontal and vertical components, respectively (Wu et al., 2008).
To further understand what controls the location of swarm se-
quences, the size distribution of background earthquakes in each 
0.1 degree × 0.1 degree node was investigated (the distribution of 
nodes is shown in Fig. 4). The frequency-magnitude distribution 
of earthquakes is expressed by the Gutenberg–Richter relation-
ship log N = a − bM (Gutenberg and Richter, 1956), where N is 
the cumulative number of earthquakes with a magnitude larger 
than M . The a-value represents the earthquake productivity in a 
given area. Higher a-values indicate larger numbers of M ≥ Mc
earthquakes, where Mc is the magnitude of completeness of the 
local earthquake catalog. The b-value differentiates the areas dom-
inated by larger earthquakes from those with dominated by mi-
croearthquakes. On the creeping faults in the Parkfield region and 
in Taiwan, the b-values range from 0.9 to 1.1 and the a-values from 
2.8 to 3.8 (Kawamura and Chen, 2017). By asking at least 50 earth-
quakes in each node, the a- and b-values are computed. Here the 
average location was calculated to represent the location for each 
swarm sequence. In nodes where no swarm sequences were found, 
there exists a wide range of a- and b-values as a = 3.52–5.82, 
b = 0.47–1.33, and seismicity rate = 0.02–0.20 yr−1 km−2. Note 
the mean standard deviation of individual fit in Gutenberg–Richter 
analysis are 0.72 for a-value and 0.0.6 for b-value. In nodes with 
more than two swarm sequences, the a-values are generally higher 
than 4.5, the b-values are slightly lower than the global aver-
age of 1, while the averaged seismicity rate remains higher than 
0.1 yr−1 km−2. The mean a-value and seismicity rate tends to in-
crease with increasing number of clusters in a node (Fig. S5). As 
shown in Fig. 6b, the nodes characterized by seismicity rate >

0.2 yr−1 km−2 tend to host more swarm events than non-swarm 
events. This may imply that the majority of swarm sequences oc-
curs at locations with high seismicity levels (reflected by seismic-
ity rate and a-value), yet not necessarily demonstrating a specific 
event size.

The causal relationship between 4726 swarm events and 59 
M ≥ 6 earthquakes was also explored. To quantify the spatiotempo-
6

ral association between swarm activity and M ≥ 6 earthquakes, the 
time difference between fifty-nine M ≥ 6 earthquakes and 4726 
swarm events was computed as (1) dt−, when a swarm earth-
quake occurred prior to an M ≥ 6 earthquake, and (2) dt+, when 
a swarm earthquake occurred subsequent to an M ≥ 6 earthquake. 
Within a given distance range, how many swarm events have a 
dt− and dt+ less than 10 days, 30 days, 90 days, and 90–120 
days are indicated by the percentage in Fig. 7a. For dt+ < 90 days, 
a greater percentage of swarms occurred within a short distance 
(less than 10 km) from M ≥ 6 earthquakes (up to 50%); this is 
greater than the percentage for events located at greater distances 
(≥ 10 km, up to 25%), as shown in Fig. 7a. For distances greater 
than 60 km, the percentage remains mostly below 10% with in-
creasing distance. Such a trend is not observed for the longer time 
window of 90 < |dt + | < 120 days, indicating that a short-term 
triggering of swarm events from M ≥ 6 earthquakes may exist. 
When compared with the dt+ curves, the short-term dt− popula-
tion in Fig. 7b does not show a significant difference with distance, 
while the percentage remains low (< 15%).

To confirm that the observed short-term dt+ (a few months) 
population indicates a triggering effect, the observed distribution 
was compared with dt values for randomly generated earthquake 
occurrence times. Here fifty sets of synthetic catalogs for 59 M ≥ 6
events (2950 events in total) were generated by adding random 
noise into the occurrence time of each M ≥ 6 earthquake. The nor-
mally distributed random noise was chosen in a range of 365 days 
to a precision of four decimal places. The dt values from 2950 
M ≥ 6 events and 4726 swarm events lead to the features shown 
by the cool colored lines in Fig. 7. The synthetic result in a slightly 
greater percentage (19%) at a distance less than 10 km and rapidly 
decrease to below 10% beyond 10 km for the random dt+ pop-
ulation, while the percentage remains similar over different dt+
windows. The random behavior of the dt+ population appears to 
vary significantly from the real population, especially in the near-
field, such distinction is not seen for the dt− population. This 
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Fig. 8. The association of M ≥ 6 aftershocks and earthquake swarms in time and space. Earthquakes located within 30 km of M ≥ 6 mainshocks and are indicated by open 
circles, while earthquake swarms showing short-term triggering (responsible for the peak in Fig. 7a at < 10 km) are denoted by filled circle, color coded by the occurrence 
time.
confirms that instead of precursory type of swarm, a much higher 
percentage of swarm events tend to occur following the M ≥ 6
events when the separation distance is shorter than 10 km. The 
bump identified in Fig. 7a reveals that short-term triggering may 
occur in a distance of 10 km from the M6 mainshock.

The M ≥ 6 swarm earthquake pairs that are responsible for the 
short-term triggering revealed in the bump in Fig. 7a is further an-
alyzed. As shown in Fig. 8, the swarms (filled circles) are located 
within the M6 aftershock zones (open circles). Some cases reveal 
clear time separation between aftershock and swarm (Cases 2, 3, 
6, 7), indicating that the swarm is distinguishable from aftershock 
in time series and that the triggering may be taking place. How-
ever, in some cases (Cases 1, 4, 5) the swarms have similar form 
with aftershock in time series, suggesting the possibility of in-
cluding aftershock in the swarm catalog even based on a rather 
conservative approach used here (i.e., consistency between three 
different declustering methods). It is also possible that the swarms 
were triggered by M ≥ 6 events in the near field (within a few 
of rupture dimension). In our judgment, Case 4 is likely a badly 
declustered sequence that should be excluded in our final catalog. 
The spatiotemporal evolution of short-term triggering cases is also 
examined. Comparing with the first event in a sequence, we found 
that the migration front is difficult to identify due to the small 
number of events in a sequence (Fig. S6). A better characterization 
of swarm migration can be obtained when a more complete swarm 
catalog becomes available in the future (e.g., magnitude smaller 
than 3).

7. Possible physical origin of earthquake swarms in Taiwan

7.1. Comparison with repeating earthquakes

The widely-accepted mechanisms for earthquake swarms are 
the high fluid pressure that weakens the strength of the fault (e.g., 
7

Holtkamp and Brudzinski, 2011; Lohman and McGuire, 2007; Vi-
dale and Shearer, 2006) and the aseismic slip promoted by fault 
rock frictional properties and heterogeneity (e.g., Ikari et al., 2013; 
Wang and Bilek, 2014). Repeating earthquakes are regarded as in-
dicators of aseismic slip at depth (Nadeau and McEvilly, 2004; 
Uchida et al., 2003), and are commonly used to detect fault creep 
and the locations where the creep and locked areas of the faults 
about each other (e.g., Chen and Lapusta, 2009). Thus, a compari-
son with the location of repeating events may provide insights into 
the generation mechanism of swarm activity in Taiwan. Comparing 
with the short-lasting swarm sequences (≤ 163 days), repeating 
earthquake sequences in Taiwan are characterized by years-long 
lifetime. Chen et al. (2020) identified 431 M ≥ 2 repeating earth-
quake sequences (2359 events) in Taiwan during the study period 
of 2000–2011. These repeating events met the following criteria: 
(1) cross-correlation coefficient over 30-s seismogram greater than 
0.9 at more than three stations (2) differential S-P time smaller 
than 0.02 s for M ≥ 2.5 events and smaller than 0.01 s for M < 2.5
events (3) time span between the first and last event in a sequence 
longer than 3 years. Fig. 9a shows the relative location of M ≥ 2 re-
peating earthquakes from Chen et al. (2020) and the M ≥ 3 swarm 
events identified in this study. The repeating events (gray circles) 
appear to be highly concentrated in eastern Taiwan, especially in 
the southern segment of the Longitudinal Valley Fault (gray cir-
cles in Area B of Fig. 9a) and the northern segment of the Central 
Range Fault (gray circles in Area A). Alternatively, the swarm activ-
ity (black circles) mainly takes place in the northern Longitudinal 
Valley and offshore extension (Area A), southern Longitudinal Val-
ley (Area B), and southern Central Range (Area C). It should be 
noted that Areas A and B represent an active collisional boundary 
experiencing a high creep rate, whereas Area C coincides with an 
area with tectonic tremors at greater depth and Area D represents 
the intersection of the fold-and-thrust belt on the western foothill 
(Shuangtung Fault and Shuilikeng Fault) where the seismicity was 
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Fig. 9. (a) The distribution of heat flow pattern by Chi and Reed (2008) merged with spatial distribution of the 153 swarm sequences (black circles) and M ≥ 2 repeating 
earthquakes (gray circles) identified by Chen et al. (2020). (b) Spatial distribution of the original repeating earthquakes (gray circles) and the selected swarm events that 
occurred with 5 km radius from the repeaters (black circles). (c) Cross section of a–a’ showing all repeating earthquakes and swarm events in area B. (d) Cross section of 
b–b’ merged with the estimated coupling ratio by Thomas et al. (2014).
triggered after the 1999 Chi-Chi event (e.g., Chen et al., 2018). 
Area C in the southern Central Range is believed to be undergo-
ing prograde metamorphism, which releases fluids and produces 
episodic failures in the tremor zone as fluid pressures increase 
(Chuang et al., 2014; Chen et al., 2018; Peng et al., 2019).

Here we pay special attention to how much the repeating and 
swarm events are correlated in space. As shown in Fig. 9a, these 
two seismic phenomena reveal limited overlap. The best spatial 
correlation seems to be in the southern Longitudinal Valley where 
the creeping Chihshang Fault is located (Area B). To the north of 
the Longitudinal Valley (Area A), the repeating events (gray circles) 
tend to occur further west underneath the eastern flank of the 
Central Range, whereas most of the swarm events (black circles) 
are located along the coastline and further offshore. As revealed 
by black (swarm) and gray (repeating events) circles in Fig. 9b, 
approximately 86% of the repeating events are closely located to 
swarm events, as 1611 out of 1857 repeating events occurred 
within 5 km of the swarm activity. In Area B, 62% swarm events 
8

are located within a distance of 5 km from the repeaters. In Ar-
eas A, C, and D, the percentages are 21%, 46%, and 50%. Comparing 
with other swarm-rich areas, the creeping area (Area B) is found 
to have the repeaters and swarms better correlated. In the across-
fault cross-section a–a’ (Fig. 9c), the distribution of both repeaters 
and swarms follows an east-dipping fault geometry. In the along-
strike cross-section b–b’ (Fig. 9d), the both phenomena are highly 
overlapped and coinciding with the low coupling ratio proposed 
by Thomas et al. (2014). As aseismic fault creep is well recog-
nized on the Chihshang fault (Chen et al., 2008; Mu et al., 2011; 
Thomas et al., 2014), such closeness suggests that the aseismic 
slip is also conducive for swarm activity. However, there remains 
14% the repeating events located more than 5 km apart from the 
swarm events (Fig. 9a). This implies that other mechanisms are 
also needed to explain the different location for the two seismic 
phenomena.

In fact, the sequence of repeating earthquakes in Taiwan is 
characterized the lifetime of 3.1–11.8 yr, whereas the sequence of 
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Fig. 10. Cumulative seismic moment as a function of duration in swarm sequence identified in this study (black dots), superimposed on the fast (pink region) and slow 
(yellow region) earthquake scaling. The swarm data from Peng and Gomberg (2010) is shown by blue diamonds, while the swarms in circum-Pacific subduction zones 
(Holtkamp and Brudzinski, 2011) are circled by blue area. Note that the duration of earthquake swarms is determined by the span between the first and the last events in a 
sequence, while the cumulative seismic moment is the total seismic moment of events in a sequence. (For interpretation of the colors in the figure, the reader is referred to 
the web version of this article.)
swarm events lasts much shorter as 3–164 days. What is the dif-
ference in their physical origins in terms of duration? Unlike the 
mechanism for repeating earthquakes that requires a mature fault 
system to host long-term tectonic stress accumulation and provide 
persistent and efficient stress reloading, the short-lasted swarm 
sequences only require transient aseismic slip and elevated fluid 
pressure to facilitate the triggering of nearby events. Ground wa-
ter recharge by rainfall, pore pressure variation by anthropogenic 
extraction, and slow slip events from greater depths could act as 
drivers for the short-term aseismic slip. If the magnitude of the 
aseismic slip is insufficient, the crust may need to be in a crit-
ical state for initiation of earthquakes. To explore the dominant 
mechanisms for active swarms, further study on the spatiotempo-
ral characteristics of swarm and repeating earthquake activities is 
needed. Reliable location of swarm sequences for example, allows 
us to identify spatial migration patterns and to explore the trig-
gering mechanisms. The comparison with the integrated data (e.g., 
geodetic, metrological, and hydrological observations) can be also 
expected in the future.

7.2. The spatial association with geothermal anomaly

Using geothermal wells, Chi and Reed (2008) established that 
the heat flow in mountainous regions tends to be high (80 to 
250 mW/m2) as a result of rapid uplift and exhumation of the 
mantle rocks. From visual inspection (Fig. 9a), we found no clear 
evidence for an increased number of swarms coinciding with sub-
surface thermal anomalies characterized by high heat flow. As 
9

the significant non-double-couple components can be produced by 
migration of magmatic and/or hydrothermal fluids (e.g., Frohlich, 
1994), we also collected the non-double couple from the catalog 
of moment tensor solutions in https://tecws1.earth .sinica .edu .tw /
AutoBATS/ for the CLVD statistics (689 swarm events with magni-
tude range of 3.0 to 5.7). We found that the CLVD components are 
below 30, not as large as an indicator for a common source as-
sociated with fluid transportation. Thus, the role of deep fluid in 
the generation of swarm activities may require further comparison 
with island-wide geophysical evidences such as Vp/Vs structure, 
magnetotelluric result, and fluid-driven migration of earthquake 
activities.

7.3. The source property of earthquake swarm

The relation between seismic moments and the duration has 
been viewed as a window into physical mechanisms of swarms. 
To look into the source scaling of swarms in Taiwan, we also plot 
the relation of the moment (

∑
M0) vs duration (D) as black dots 

in Fig. 10. The duration of earthquake swarm appears to be in-
dependent of seismic moment, as the goodness of fit in 

∑
M0-D 

relation leads to a slope of 0.1 (log D = 0.1 log(
∑

M0) + 5). Un-
like the greater magnitude swarms established by Holtkamp and 
Brudzinski (2011) that fits well with slow slip scaling and in-
ferred as being driven by slow slip process in subduction zones, 
this study provides the data in different magnitude range. Com-
paring with the slow and fast earthquakes scaling originally pro-
posed by (Ide et al., 2007) in Fig. 10, our swarm data is scattered 

https://tecws1.earth.sinica.edu.tw/AutoBATS/
https://tecws1.earth.sinica.edu.tw/AutoBATS/
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around the slow earthquake scaling (yellow area) showing inde-
pendence of duration on seismic moment. Such trend is consistent 
with the swarm data from Peng and Gomberg (2010) (blue dia-
monds in Fig. 10) and Passarelli et al. (2018) that is also supported 
by low stress drop and slow rupture velocity. The aseismic stress 
release during the swarm sequences is thus proposed to explain 
the above-mentioned phenomena. The low normal stress and in-
trusion of high pore pressure fluids could be responsible for low-
ering the threshold stress for rupture (Passarelli et al., 2018). If 
the swarm events are driven by slow slip process, then the narrow 
range of duration from swarm data in Taiwan may require an ad-
ditional process for the seismic activities to vanish. It is possible 
that the slow slip area allowing the swarm events to grow is re-
strict no matter how big and how many the swarm events are (in a 
sequence). We suspect that the moment-duration relation for dur-
ing swarm process is region-dependent and is likely controlled by 
the rheological heterogeneity on a fault. It is crucial to study the 
spatiotemporal evolution of swarm activity and refine aseismic de-
formation using additional geophysical and/or geodetic constraints, 
to better capture the proportion of aseismic to seismic moments 
during the swarm earthquake process.

7.4. Possibility of dynamic triggering

We also explored the influence of dynamic triggering on 
swarm sequences by calculating the time difference with the 
3430 M ≥ 6 earthquakes that are located at least 100 km apart 
(100–19409 km), aiming at investigating the immediate dynamic 
stress triggering by surface waves. Out of the three M ≥ 6 earth-
quakes that occurred within one hour of the swam sequence, only 
one occurred 5 minutes prior to the swarm events. This M6.7 event 
occurred at Solomon Islands on April 22 of 1996. The waveforms 
of this M6.7 event recorded the stations in Taiwan are shown in 
Fig. S7, as the first event in a swarm sequence denoted by vertical 
line. We found that the first event in the 1997 swarm sequence 
is the one closest to the M6.7 earthquake in Solomon, while the 
second event occurred a few days later. The first swarm event 
however, occurred before the surface wave train, which is un-
likely to be facilitated by the dynamic stresses from the teleseismic 
event. Consequently, we found no evidence of dynamic triggering 
on swarm sequences in Taiwan.

8. Conclusion

Using 1990 to 2019 earthquake catalog in Taiwan, we demon-
strate a new composite clustering method that seeks for the con-
sistency between three independent declustering algorithms. In-
stead of dealing with the sensitivity of various parameters on the 
production of declustered catalog that are sometimes arbitrary, this 
study attempts to rely on the stacked background earthquake den-
sity rates (μ0stack) from three individual methods, ETAS, NN13, 
and Re85 as μ0stack = 3

√
μ0ETAS × μ0Re85 × μ0NN13. The threshold 

on the abrupt change of the summed earthquake rate in the time 
series is proposed, to identify the significant acceleration of the 
background seismicity that are visible in three different methods. 
When sensitivity test is performed, the swarm-like sequences can 
be discriminated from the aftershock-type clusters (i.e., character-
ized by large mainshock magnitude) by an optimal value of earth-
quake rate change. Using this rate-change threshold, the resulting 
swarm catalog of 153 sequences (4726 events) is obtained by ex-
cluding six sequences with mainshock magnitude greater than 6. 
We found that at a distance of 30 km, the triggering of swarm 
activity by M ≥ 6 events is more possible compared with the pre-
cursory type of swarm. The short-term triggering of swarms is 
more evident within 90 days and 10 km from M ≥ 6 events.
10
The resulting swarm events appear to coincide with higher seis-
micity rate area with high a-value of greater than 4.5 and seismic-
ity density rate of greater than 0.20 yr−1 km−2. They are highly 
concentrated along the northeastern coastline and offshore of Tai-
wan, the southern Longitudinal Valley, southern Central Range, and 
central Taiwan. Comparing with the 2000–2011 repeating earth-
quake catalog in Taiwan, we found that 1611 out of 1857 repeating 
events (86%) occurred within 5 km of the swarm activity. Particu-
larly on the creeping Chihshang fault, these two seismic phenom-
ena are highly overlapped and coinciding with the low coupling 
ratio, which suggests that aseismic fault creep is likely the com-
mon mechanism. The different physical origins could exist, to ex-
plain the remaining events that are not closely located with swarm 
events in Taiwan. Considering the distinct duration for these two 
phenomena (< 0.5 yr for swarm events vs. > 3 yr for repeating 
events), we propose that the overlapped areas are mainly creeping 
faults that allow a mature fault to host long-term tectonic stress 
accumulation with continuous stress reloading. The area where 
only swarms are observed may experience episodic, short-term 
aseismic slip due to the elevated fluid pressure or external stress 
changes that allows the triggering of close-by earthquakes.

As the relation between seismic moments and duration may 
provide insight into physical mechanisms of swarms, we also ex-
plored the source scaling of swarm activity in Taiwan. We found 
that the duration of earthquake swarms appears to be indepen-
dent of seismic moment. Such moment-duration relationship is in 
a better agreement with the one proposed for slow slip events. 
We argue that the physical environment hosting a single swarm 
sequence may be restricted. It is possible that the slow slip area 
allowing the swarm events to grow remain constant over event 
number and size.
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