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This paper presents the first whole Taiwan-scale spatial variation of the seismogenic zone using a high-quality
crustal seismicity catalog. The seismicity onset and cutoff depths (i.e., seismogenic depths) are determined by
the earthquake depth–moment distribution and used to define the upper and lower boundaries of the
seismogenic zone, respectively. Togetherwith the published fault geometries and fault area–momentmagnitude
relations, the depth difference in the onset and cutoff depths (i.e., seismogenic thickness) is used as the fault
width to determine the moment magnitudes of potential earthquakes for the major seismogenic faults. Results
show that the largest (Mw7.9–8.0) potential earthquakemay occur along the Changhua fault in western Taiwan,
where the seismic risk is relatively high and seismic hazard mitigation should be a matter of urgent concern. In
addition, the first-motion focal mechanism catalog is used to examine the relation between the seismogenic
depths and earthquake source parameters. For crustal earthquakes (≤50 km), the shallowest onset and cutoff
depths are observed for normal and strike-slip events, respectively. This observation is different from the predic-
tion of the conventional continental-rheology model, which states that thrust events have the shallowest cutoff
depth. Thus, a more sophisticated rheology model is necessary to explain our observed dependence of the
seismogenic depths on faulting types. Meanwhile, for intermediate to large crustal (Mw ≥ 4; depth ≤ 50 km)
earthquakes, thrust events tend to occur at the bottom region of the seismogenic zone, but normal and strike-
slip events distribute at a large depth range.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Taiwan is located in an oblique convergent zone at a plate boundary,
where the Philippine Sea Plate subducts northward beneath the Ryukyu
Arc, while the Eurasia Plate subducts eastward beneath the Luzon Arc. A
relative plate convergence at a rate of approximately 8 cm/yr along an
azimuth of N50°W (e.g., DeMets et al., 2010; Yu et al., 1997) generates
numerous earthquakes and complex geological features in Taiwan
(Fig. 1). Here, we only briefly introduce the regional geology of Taiwan;
amore detailed description has been presented in Ho (1986). As shown
in Fig. 1, the geological structures of Taiwan generally trend NNE–SSW,
and the prominent geological provinces fromwest to east are as follows
(Ho, 1986): (1) the Coastal Plain, the present-day foreland basin; (2)
the Western Foothills, comprising accreted and deformed sediments
in the foreland basin; (3) the Hsuehshan Range, comprising a thick se-
quence of Eocene and Oligocene sedimentary rocks; (4) the Backbone
Range, composed of Miocene to Eocene slates; (5) the Eastern Central
Range, the pre-Tertiary basement of the continental margin; (6) the
Longitudinal Valley, the suture between the Eurasia and Philippine Sea
plates; and (7) the Coastal Range, the compressed Luzon Arc and its
forearc. Two small volcanic islands of Lutao and Lanyu in the southeast-
ern offshore are remnant Neogence island arc. In addition, two promi-
nent tectonic structures, the Peikang High (PH) and the Lukang
Magnetization High (LMH), are located in western Taiwan. The former
presents the shallow pre-Creataceous Chinese continental basement
(Lin andWatts, 2002), and the latter could be viewed as a zone of rela-
tively rigid crust (Hsu et al., 2008). These tectonic structures have been
suggested to dominate earthquake occurrence and stress distribution in
western Taiwan (Hsu et al., 2008; Hu et al., 1997; Lin, 2001; Wu et al.,
2010).

During the last century, Taiwan has experienced serious damage
from several destructive earthquakes inland and offshore (e.g., Ma and
Liang, 2008; Shin and Teng, 2001; Wang, 1998) (Fig. 1), indicating
that the unique tectonic setting of Taiwan is capable of accumulating a
large amount of elastic strain that produces large earthquakes. Thus, it
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Fig. 1. Tectonic setting (inset) and major geologic units of the Taiwan region. CP: Coastal
Plain; WF: West Foothill; HR: Hsueshan Range; BR: Backbone Range; ECR: East Coastal
Range; LV: Longitudinal Valley; CR: Costal Range; HB: Hoping Basin; NB: Nanao Basin;
RT: Ryukyu Trench; RTST: Ryukyu Taiwan Stress Transition; LMH: Lukang
Magnetization High; PH: Peigan High. Open stars are disastrous earthquakes mentioned
in the context. 1: the 1848 M7.1 Changhua earthquake; 2: the 1999 Mw7.6 Chi-Chi
earthquake; 3: the 1694 M7 Taipei earthquake; 4: the 2006 M7 Pingtung earthquake
(first event); 5: the 2006 M7 Pingtung earthquake (second event); 6: the May 1986
Ms6.3 Hualien earthquake; 7: the November 1986 Ms7.8 Hualien earthquake; 8: the
2002Mw7.0 Hualien earthquake.
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is critical to specifically assess the seismic hazard for the whole Taiwan
region. For a successful seismic hazard assessment, the fundamental
step is to determine potential moment magnitudes (Mw) of future
large earthquakes on distinctive seismogenic structures.

Themomentmagnitude of an earthquake is proportional to the rup-
ture area, which is the product of the rupture length and width (depth
extent), of a brittle fault (Hanks and Kanamori, 1979; Kanamori and
Anderson, 1975). Hence, it is critical to accurately determine the lengths
andwidths of seismogenic faults for the determination ofmomentmag-
nitudes. However, the fault width is more difficult to define than the
fault length, and only a few segments of active faults in Taiwan have
been delineated by the reflection method (e.g., Wang et al., 2001;
Wang et al., 2003; Wang et al., 2004; Wang et al., 2002). Due to a lack
of a complete and reliable database of fault width for the active faults
in Taiwan, previous studies have estimated the maximum magnitudes
of future earthquake events (e.g., Cheng, 2002; Cheng et al., 2010;
Shyu et al., 2005a) and the probability of seismic hazard (e.g., Cheng,
2002; Cheng et al., 2010; Lee, 2004) by assuming a constant rupture
width (mostly 15 km) and a rupture length constrained from
geologically mapped active faults. To achieve a more accurate seismic
hazard model, a more realistic estimation of the rupture width with lat-
eral variations is required, which will in turn improve the estimation of
moment magnitudes of potential earthquakes on any particular fault or
seismic source.

In addition, a profusion of observations and simulations have sug-
gested that buried-rupture earthquakes generate stronger near-fault
ground motion than surface-rupturing earthquakes (e.g., Dalguer et
al., 2008; Kagawa et al., 2004; Somerville, 2003). These studies have
led to the adoption of a depth-dependence rupture model in next-gen-
eration ground-motion predictions (Power et al., 2008). It is widely ac-
cepted that the inclusion of the depth-to-top rupture extent in a strong
motion simulation is crucial for seismic hazardmitigation. Unfortunate-
ly, the spatial distribution of the top edge of rupture faulting in the Tai-
wan region has not been delineated.

The seismogenic zone is generally defined as the earth's layer where
earthquakes occur at depths, and the thickness of the seismogenic zone
(seismogenic thickness, ST) is defined as the depth interval between the
upper and lower boundaries of the seismogenic zone. These boundaries
are reasonably assumed as proxies for the top and bottom edges of fault
ruptures, respectively. The lower boundary of the seismogenic zone,
abovewhich a large percentage of earthquakes occur, is termed the seis-
micity “cutoff depth” (SCD) (Sibson, 1982). Similarly, the upper bound-
ary of the seismogenic zone, where earthquakes begin to occur, is
termed the seismicity “onset depth” (SOD). For the sake of conciseness,
hereafter both SCD and SOD are referred to as the seismogenic depths.
Furthermore, the seismogenic depths and the ST are termed as the
seismogenic parameters.

A large number of studies have analyzed the earthquake depth-fre-
quency distributions to determine the SCD in California and Japan
(e.g., Bonner et al., 2003; Doser and Kanamori, 1986; Ito, 1990;
Magistrale, 2002; Omuralieva et al., 2012; Sibson, 1982; Tanaka and
Ishikawa, 2002; Williams, 1996). In Taiwan, Wang et al. (1994) and
Ma and Song (2004) used the earthquake depth-frequency distribution
to determine the SCD. Nevertheless, their study areas are limited and
the resolution in their results may not be well constrained because of
a relatively large uncertainty in the hypocenters from the seismicity cat-
alogs they used. Wang et al. (1994) also suggested that earthquake
faulting type is the second dominator in controlling seismicity depth
in the Taiwan region. However, such a conclusion was drawn on the
basis of investigation of limited regions with fewer data and less quan-
titative analysis for focal mechanism solutions. In addition, although a
number of studies have reported that moderate to large earthquakes
tend to occur near the bottom of the seismogenic zone (e.g., Das and
Scholz, 1983; Ito, 1990; Sibson, 1982; Sibson, 1984; Yang et al., 2012),
this relation is still unclear for Taiwan.

In this study, we first use an updated relocation seismicity catalog to
determine the spatial distributions of the seismogenic parameters for
the whole Taiwan region. Then, the high-resolution ST is used to deter-
mine the most likely magnitude of future events for major seismogenic
faults in Taiwan and evaluate associated seismic potentials with recent-
ly published results. Finally, we explore relations between the
seismogenic depths and source parameters of intermediate to large
crustal earthquakes. Our results not only provide critical parameters
for the seismic hazard evaluation but also shed new light on
seismogenic behaviors of crustal earthquakes.

2. Data and analysis

2.1. Relocated seismicity catalog

An accurate and complete earthquake dataset will guarantee deter-
mination of reliable spatial distribution of the seismogenic zone from
background seismicity. In our analysis, we use a well-relocated seismic-
ity catalog containing data between 1990 and 2015, which is obtained
by applying a 3D ray-tracing method (Um and Thurber, 1987) with



Fig. 2. (a) Spatial variation of theMoho depths derived from teleseismic receiver function
analysis. Thewhite circles are the locations of the broadband stations used to compute the
Moho depths. Note that the station KMNB located at 24.46°N and 118.39°E is not shown
here but used to constrain the Moho geometry. Three hypocenter projections (A–A′, B–B
′ and C–C′) are shown in (b), (c) and (d), respectively, to reveal the relations between
the Moho geometry and relocated hypocenters. Background seismicity and crustal
earthquakes within ±5 km of each profile are represented by gray dots and red crosses.
Dotted blue lines delineate the Moho depth. The A–A′ and C–C′ profiles correspond to
the central and southern cross-island high ways, and the B–B′ profile is the southern
limit of exhumation of the Hsueshan Range along the Choushui river.
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the station correction terms (Wu et al., 2003) and a 3D velocity model
(Wu et al., 2009a) to a comprehensive travel-time dataset from the Tai-
wan Central Weather Bureau Seismic Network (CWBSN), Taiwan
StrongMotion Instrumentation Program (TSMIP), JapanMeteorological
Agency (JMA), and eleven one-week ocean bottom seismometers (Wu
et al., 2009a; Wu et al., 2009b). This 3D relocated seismicity catalog
not only minimizes the uncertainties from 3D structures but also repre-
sents a significant improvement over the general CWBSN catalog, which
is located using a 1D velocity model (Chen and Shin, 1998), and other
previous relocated catalogs that cover limited areas (e.g., Kim et al.,
2005; Ma et al., 1996; Rau and Wu, 1995). Moreover, by using the
same 3D velocity model and the earthquake location algorithm, ten ex-
plosion sites were relocated to examine earthquake location uncertain-
ty. The relocation results show that the average location error in depth is
3.8 km (Wu et al., 2013), which is smaller than the grid space (5.0 km)
used for the analysis in this study. This demonstrates that the used ve-
locity model and relocation method can provide a reliable relocated
seismicity catalog that can be used for subsequent analysis.

To further reduce uncertainties in the determination of the
seismogenic depths, the poorly located events must be eliminated
from the 3D relocated seismicity catalog. A conservative way is to use
the most rigorous criteria to select events; however, this reduces the
amount of available data, which decreases spatial resolution and in-
creases uncertainties owing to small sample sizes. Maximizing data
availability is essential when the aim is to determine seismogenic
depths based on statistic inferences. Therefore, to maximize available
high-quality data, we remove the events that have a vertical location
uncertainty greater than the focal depth, a zero value for either vertical
or horizontal location uncertainty, and an average value of vertical and
horizontal location uncertainties exceeding 10 km (Gourley et al.,
2007).

2.2. Crustal seismicity

On the basis of the filtered 3D relocated seismicity catalog, we select
the crustal earthquakes that are constrained by the recently determined
Moho geometry of Taiwan from teleseismic receiver function analysis
(Wang et al., 2010a). In practice, we first adopt the Moho depths deter-
mined from the clearMoho P-to-S conversions for 27 permanent three-
component broadband stations thatwerewidely installed in the Taiwan
region (Wang et al., 2010a). Subsequently, we interpolate the discrete
locations with the Moho depths to construct a Moho model with 1-km
resolution for the entire study area using minimum curvature splines
(Wessel and Smith, 1998) (Fig. 2a). We adopt a value of 5 km into con-
sidering the uncertainties of the Moho depth and the earthquake focal
depth, and the events located above theMoho discontinuity are consid-
ered as crustal earthquakes. In this case, the earthquakes related to the
subducted slab at larger depths are expected to be eliminated, but the
interplate earthquakes offshore of eastern and southwestern Taiwan
may still dominate the determination of seismogenic depths. Three rep-
resentative profiles across Taiwan show no significant correlation be-
tween the distributions of the Moho depth and the hypocenters (Fig.
2b, c, and d), indicating that the determination of seismogenic depths
is independent of the Moho model. A total of 431,067 relocated earth-
quakes are available in this crustal earthquake catalog (Fig. 3a), and
the average horizontal and vertical location uncertaintieswith one stan-
dard deviation (1σ) are 0.3 ± 0.3 and 0.3 ± 0.4 km, respectively.

2.3. Completeness of crustal seismicity catalog

According to the empirical relations between the earthquakemagni-
tude and fault dimensions (e.g., Wells and Coppersmith, 1994), a Mw6
earthquake may correspond to a fault length of about 10 km. To appro-
priately represent the fault geometry of intermediate and large (Mw ≥ 6)
earthquakes, we divide our study area into 0.05°-spacing grid nodes and
include all events within a 0.05° × 0.05° rectangle centered at the node.
The number of earthquakes belonging to each grid node is shown in Fig.
3a;most grid nodes have N100 events which is empirically sufficient for
further statistics analysis.

To obtain robust results with statistical significance, the dataset
must be complete, consistent, and homogeneous prior to determining
seismogenic depths (Woessner and Wiemer, 2005). We calculate the
minimum completeness magnitude (Mc) of the crustal earthquake cat-
alog for each grid node with at least 30 events.Mc is defined as the low-
est magnitude above which all earthquakes are reliably recorded by a
seismic network (Rydelek and Sacks, 1989). The value of Mc may
change with time and space (e.g., Hutton et al., 2010; Woessner and
Wiemer, 2005), but the potential temporal variation is ignored.

We calculate Mc using the maximum curvature method, in which
the point of maximum curvature is defined as Mc by computing the
value of the first derivative of the frequency–magnitude curve
(Wiemer and Wyss, 2000). Moreover, a bootstrap method is applied
to calculate the mean value and its 1σ uncertainty of Mc for each grid
node (e.g., Schorlemmer et al., 2003; Woessner and Wiemer, 2005).
The mean estimate considers the uncertainties of the magnitude deter-
mination process, which can effectively eliminate the effect of the out-
liers (Woessner and Wiemer, 2005). In practice, we draw all events
(at least 30 earthquakes) in each grid node, and allow any event to be
selected more than once. This procedure is repeated 2000 times for
the whole dataset and 1000 times for every grid node. The mean value
and its 1σ uncertainty of Mc for the whole dataset are 2.10 and 0.01;
these values for each grid node are shown in Fig. 3b and c, respectively.
The Mc in offshore areas is generally larger than that in the mid-south-
ern region, which is related to the seismic station coverage and reflects
the seismicity-detected capability of seismic networks. On the basis of
the distribution ofMc, we establish a complete and homogeneous seis-
micity catalog for the subsequent analysis.



Fig. 3. (a) The number of crustal earthquakes at each grid cell. (b) Spatial variation in the magnitude of completeness (Mc) with errors using the bootstrap method shown in (c).
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2.4. Determination of seismogenic depths and thickness

As described in Section 1, for crustal earthquakes, the SCD has been
widely determined by the earthquake depth-frequency distribution, but
the SOD has been paid little attention. In contrast, for the subduction
zones, the updip and downdip limits of the interplate seismogenic
zone were generally delineated by the distribution of interplate thrust
earthquakes (e.g., Kao, 1998; Kao and Chen, 1991; Kao et al., 1998;
Pacheco et al., 1993; Seno, 2005), seismicity/aftershocks distribution
(e.g., Hippchen and Hyndman, 2008; Newman et al., 2002; Tilmann et
al., 2010), extent of large earthquake coseismic slip (e.g., Chlieh et al.,
2007; Oleskevich et al., 1999), and interseismic locked regions (e.g.,
Hashimoto et al., 2009; Schwartz and DeShon, 2007). A more recent
study used the global earthquake catalogs to determine 5% and 95% of
the interplate earthquake depth-frequency distribution along the
interplate seismogenic zone and to define its updip and downdip limits
for all subduction zones (Heuret et al., 2011). In this study, we follow an
approach similar to that of Heuret et al. (2011) to use thewidely accept-
ed concept of presenting the seismogenic zone by earthquakes with
depth in order to determine the SOD and SCD. However, we use the
earthquake depth-moment accumulation with the different selected
percentage values based on the following two concerns.

First, it is well known that the number of earthquakes exponentially
emphasizes small earthquakes whose seismic moments are orders of
magnitude less than those of large to moderate-sized events (Chen et
al., 2012; Nazareth and Hauksson, 2004). It is practically unavoidable
to include sub-crustal earthquakes in our crustal seismicity catalog.
Thus, using the number of earthquakes to determine the seismogenic
depths may introduce bias into the estimate of the seismogenic param-
eters. On the other hand, the seismicmoment is not only physically clear
but also directly linked to seismic strain release (Chen et al., 2012; Chen
andMolnar, 1977; Kostrov, 1974). Therefore, we prefer to use the earth-
quake depth-moment accumulation instead of earthquake depth-fre-
quency distribution for the determination of seismogenic depths. To
compute the seismic moment release, the seismic moment (M0,
dyne·cm) is converted from the local magnitude (ML) through the rela-
tion log(M0)=1.27ML+17.23, proposed by Chen et al. (2007).We dis-
regard the uncertainty in the magnitude conversion because a large
number of earthquakes are used in the conversion.

The second concern in the determination of seismogenic depths is
how much percentage value of the earthquake depth-moment release
distribution shall be used to determine seismogenic depths. In the liter-
ature, the percentage value of the earthquake depth-frequency distribu-
tion used to determine the SCD has been determined somewhat
arbitrarily. For example, the value of the maximum percentage for the
determination of the SCD has ranged from 90% (Miller and Furlong,
1988; Omuralieva et al., 2012; Richards-Dinger and Shearer, 2000;
Tanaka et al., 2004), to 95% (Ma and Song, 2004; Magistrale, 2002;
Smith-Konter et al., 2011; Williams, 1996), to 99% (Bonner et al.,
2003; Uski et al., 2012). To our best knowledge, no conclusive method
is available to determine the optimal maximum percentage value of
earthquake depth-frequency distribution or earthquake depth-moment
accumulation for estimating seismogenic depths. Therefore, we take the
depths of 1% (D1), 5% (D5), and 10% (D10) as well as 90% (D90), 95%
(D95), and 99% (D99) from the moment release-depth-integrated
beam as the upper (SOD) and lower (SCD) boundaries of the
seismogenic zone, respectively. The ST is then determined by the depths
from 1% to 99% (D1–99), from 5% to 95% (D5–95), and from 10% to 90%
(D10–90) of the cumulative moment release with depths. The spatial
variation of the seismogenic parameters under the above definition is
non-uniform. In addition, we use 1000 bootstrap resamples to obtain
themeanvalues and 1σ uncertainties of the SOD, SCD, and ST for the en-
tire data and for each grid node. To make our presentation clearer and
more concise, only the results of D10, D90, and D10–90 are discussed
in the following sections and other results with different thresholds
are displayed in Supplement Figs. S1–S3.

In addition, we determine the spatial distributions of D10, D90, and
D10–90 by the earthquake depth-frequency relation (Fig. S4), and com-
pare themwith that from the earthquake depth-moment accumulation
(Fig. S5). Even though the differences in seismogenic parameters esti-
mated from the two methods are minor (≤0.1 km on average), we still
favor the results inferred from the earthquake depth-moment accumu-
lation relation because of its physical meaning and insensitivity to the
number of earthquakes considered.

3. Spatial variation of the seismogenic zone

3.1. Spatial variation of the upper boundary of the seismogenic zone

The distribution of the SOD (D10) underneath the Taiwan region is
at a depth of 1.1–32.0 km, and its mean value with the 1σ uncertainty
is 6.7 ± 4.6 km (Fig. 4). As far as we know, a global survey of the SOD
for crustal earthquakes is not available. For a regional scale, Ito (1999)
reported that the SOD in southwest Japan is in the range 0.5–8 km,
which agrees with the mean values (3.2–6.7 km) of our SOD (D1, D5,
and D10) estimates. In contrast, several global studies have estimated
the updip limit of the interplate seismogenic zone. For example, an ear-
lier study of seismic coupling along the subduction seismogenic zones



Fig. 4. Spatial variations of the seismogenic parameters (a, c and e) and their 1σ errors (b, d and f) for D10, D90 and D10–90, respectively. The numbers indicate the average values of 1σ
errors. Symbol and layout are same to Fig. 1 except for: Brown lines define thewestern boundary of the Ryukyu-Taiwan stress transition (RTST); red circles in (a) and (c)mark a spot that
has the deep onset and cutoff depths; in (c) and (e), red dashed lines delineate the NW–SE trending belt-like distributions of the deep cutoff depth and thick seismogenic thickness in
central Taiwan; red dot-dashed lines outline a narrow zone with the deep cutoff depth and seismogenic thickness along the strike of the HR in northern Taiwan, and solid circles in
northeastern Taiwan denote locations where have thick crust that has been revealed by tomographic images and receiver function analysis.
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proposed an updip limit at 10 km depth for all subduction zones
(Pacheco et al., 1993). More recently, Heuret et al. (2011) determined
that the global average updip limit of the subduction seismogenic
zones is 11 ± 4 km, which is close to our estimate (6.7 ± 4.6 km) of
D10 within the 1σ uncertainty.

As illustrated in Fig. S1, the spatial distributions of the absolute
values of SOD are different among D1, D5, and D10, but their relative
spatial variations are robust. For instance, the SOD is remarkably deep
in southwestern Taiwan and offshore eastern Taiwan. The regions
with the intermediate onset depth are observed in the most parts of
the Coastal Plain, the Western Foothills on the west, and the Coastal
Range on the east. On other hand, the large-scale belt-like distribution
with a NE–SW trend of the shallow SOD is clearly observed in central
Taiwan, including most parts of the Hsuehshan Range, Backbone
Range, and Eastern Central Range, which is roughly parallel to the strike
of the geological structures of Taiwan. The SOD is also shallow in the
Lutao-Lanyu region and in the southernmost part of the Okinawa
Trough, where both these areas are known for hydrothermal activities.

Overall, the distribution pattern of the SOD in the island of the Tai-
wan is similar to the surface geological observations that the Taiwan
mountain belt apparently separates rocks into discrete blocks of com-
mon age and grade by faults, and the age and metamorphic grade
generally increase fromwest to east (Ho, 1986). Meanwhile, the spatial
variation of the SOD is similar to the observation in Japan that the seis-
micity onset depth is generally shallow in mountainous areas and par-
ticularly shallow in volcanic regions (Ito, 1999).

3.2. Spatial variation of the lower boundary of the seismogenic zone

Themean value of the SCDwith the 1σ uncertainty is 21.4 ± 6.3 km
for D90. By considering the 1σ uncertainty, the lower bound of the de-
termined cutoff depth forD90 is 15.0 km,which is consistentwith a typ-
ical value (15.0 km) of the seismicity cutoff depth for a vertical strike-
slip fault (Shaw, 2013) and the average value (15.0 km) for south Cali-
fornia (Nazareth and Hauksson, 2004). Wang et al. (1994) concluded
that the depth of the peak in the earthquake number-focal depth rela-
tion is in the range of 4 to 8 km and suggested that 6 km is the mean
depth of friction rupture and quasi-plastic deformation transition for
the sub-regions in the island of Taiwan. In literature, the seismicity cut-
off depth (i.e., seismic-aseismic transition) is interpreted either as the
brittle-ductile transition (Sibson, 1986) or the unstable-stable sliding
transition (Tse and Rice, 1986; Scholz, 1998) in the crust. It is reasonable
to link the depth (6 km) of friction rupture and quasi-plastic deforma-
tion transition to the seismicity cutoff depth. However, the lower



86 W.-N. Wu et al. / Tectonophysics 708 (2017) 81–95
bound of the SCD (15.0 km) is significantly larger than the mean transi-
tion depth (6 km) of the rheology between the frictional rupture and
quasi-plastic deformation previously estimated by Wang et al. (1994).
This discrepancy may be due to the face that Wang et al. (1994) elimi-
nated the relatively deep earthquakes in offshore and southwestern Tai-
wan, and particularly they used the depth of the peak in the seismicity
rate to define the transition depth between the frictional rupture and
quasi-plastic deformation. Because the seismicity we used was
relocated by a high-resolution velocity model and the number of events
is several times larger than that in previous studies, we propose that
15.0 km is a reasonable and conservative estimation for the seismic–
aseismic transition in Taiwan on average.

The determined depth range forD90 (8.8–39.8 km) agreeswell with
that (5–40 km) determined by the 90% earthquake depth-frequency
distribution in Japan (Omuralieva et al., 2012). However, unlike in
Japan, where the variation trend of the SCD follows that of the SOD
(Ito, 1999), in Taiwan, the spatial variation of the SCD is rather compli-
cated. In detail, as shown in Fig. 4, the SCD remains rather deep in the
offshore accretionary wedge off southwestern Taiwan and in the Hop-
ing Basin offshore eastern Taiwan, which mimics the variation pattern
of the SOD. The SCD is deep in mid-central Taiwan, where the SOD is
shallow. Moreover, the belt-like distribution of the relatively deep SCD
in central Taiwan (outlined by the dashed line in Fig. 4c) is mostly in a
NW–SE trend and is sub-perpendicular to the strike of the major geo-
logical units of Taiwan. A narrow belt-like distribution of the deep SCD
is observed in northern Taiwan (indicated by the dot-dashed line in
Fig. 4c); its trend is parallel to the strike of the Hsuehshan Range. How-
ever, unlike the case of central Taiwan where a great number of grid
nodes have deep SCDs, only a few grid nodes with relatively deep
SCDs are observed in the limited portion of the Hsuehshan Range.
These observations indicate that the correlation between the distribu-
tion of the SCD and the geological provinces is minor. This is probably
because either the tectonostratigraphic provinces may not well repre-
sent the material properties at depths or the crustal composition may
play a minor role in dominating the SCD.

In addition, a recent reviewof the rheology of the lithosphere studies
proposed that the seismogenic layer thickness is 15–20 km on average
(Burov, 2010), which is slightly less than the mean values (21–28 km)
we determined for SCD (D90, D95, and D99). Note that the seismogenic
layer thickness in the global compilation was determined by the focal
depth distribution of intraplate earthquakes, which is different from
ours, as we use earthquake depth-moment release accumulation.
3.3. Spatial variation of the seismogenic thickness

The ST beneath the Taiwan region is at a thickness of 3.8–33.6 km
and the average thickness with the 1σ uncertainty is 14.8 ± 5.4 km
for D10–90. Fig. 4 exhibits that the first-order variation pattern of the
ST is relatively thick in mid-central Taiwan, and offshore eastern and
southeastern Taiwan. This pattern does not follow a general trend of
the geological provinces of Taiwan and is more similar to the SCD rather
than the SOD.

In Fig. 6, we observe that the ST is large under the central portion of
Taiwan (indicated by the dashed line in Fig. 4e), which coincides with
the presence of a thick crust N50 kmas revealed by tomographic images
and receiver function analyses (e.g. Huang et al., 2014; Kuo-Chen et al.,
2012a, 2012b;Wang et al., 2010a).Moreover, the ST is relatively large in
the area between latitudes 23.5°N and 24.5°N and along the longitude
121.5°E (denoted by the dashed line in Fig. 4e), where the Moho
depth is relatively deep. This region is located at the southernmost ex-
tent of the continental Moho under the southern Ryukyu Arc and the
sub-vertical boundary between the Eurasia and Philippine Sea plates
beneath the Taiwan orogeny (Lallemand et al., 2013). These observa-
tions suggest that the relatively large ST beneathmid-central and north-
eastern Taiwan may relate to the collision between the Philippine Sea
and Eurasia plates and subduction of the Philippine Sea plate,
respectively.

3.4. Anomalous deep seismogenic depths

It is worth mentioning that there exist two areas with anomalous
deep earthquakes and, as a result, deep seismogenic depths. One is at
the central part of Taiwan at 23.7°N and 121.0°E (indicated by a circle
in Fig. 4). Many events with focal depths N35 km exist in this area.
These anomalous deep earthquakes have been observed, and using a
mechanical model, have been attributed to the collocation of an east-
ward displacement of the Eurasian mantle at 24°N with a colder
subducted crust of the south (Lin andRoecker, 1993). However, the pro-
posed mechanical model neglects the effect of temperature on earth-
quake nucleation (Wang, 1998). By considering a present-day
geothermal gradient of 30 °C/km in central Taiwan, as determined by
Kuo-Chen et al. (2012a, 2012b), these earthquakes are considered to
be deep (N35 km); as a result, the temperature at focal depths may be
higher than at the upper limit where continental earthquakes were
thought to occur (~350 °C) (Devlin et al., 2012; McKenzie et al., 2005).
Consequently, the causes of the intermediate-depth earthquakes be-
neath the central part of Taiwan and the deep seismogenic depths
need further investigation.

The other area where anomalous deep earthquakes and deep
seismogenic depths exist is the offshore accretionary wedge of south-
western Taiwan. Several early studies have indicated that earthquakes
occurred commonly in the mantle of the oceanic lithosphere but rarely
in continental mantle (e.g., Craig et al., 2014; Craig and Heyburn, 2015;
Wiens and Stein, 1983). However, in the offshore accretionarywedge of
southwestern Taiwan, which has the nature of the Eurasia continental
lithosphere intrinsically, earthquakes frequently occurred mostly locat-
ed within the upper mantle comprising the largely aseismic accretion-
ary wedge. These anomalous mantle earthquakes have been attributed
to the elevated pore pressure or the stress related to the bending and
unbending of the subducted slabs (Cheng et al., 2012; Liao et al., 2008;
Lin et al., 2009; Wu et al., 2009b).

4. Determination of the maximum magnitude for potential
earthquakes

4.1. Procedure to determine the moment magnitude

Given the fault geometry of a seismogenic fault, we can determine
the most likely moment magnitude (Mw) of a potential earthquake
using the widely used empirical relations of the moment magnitude
and rupture area (A) with respect to faulting types (Wells and
Coppersmith, 1994):

Mw = 3.98 + 1.02 logA, for strike-slip faults,
Mw = 3.93 + 1.02 logA, for normal faults, and,
Mw = 4.33 + 0.90 logA, for reverse faults.
As is known, however, it is difficult to accurately determine the rup-

ture area because a seismogenic fault may have a complex 3D structure.
Such a difficulty leads us to use a simplified rectangular sourcemodel to
calculate the rupture area of the known seismogenic fault. The rupture
area A is defined as the product of the along-strike length (L) and the
down-dipwidth (W) of a fault; that is,A= L×W. To determine the rup-
ture area, we directly adopt the fault length L, faulting types, and the av-
erage fault-dip angle δ of 20 major seismogenic faults from Shyu et al.
(2005a) (Fig. 5 and Table 1), and the fault width is determined by our
estimated ST.

Several approaches have been proposed to determine the fault
width (See Fujiwara et al., 2009; Wells and Coppersmith, 1994). The
most widely adopted approach is to use the depth distribution of after-
shocks for visually determining the fault width (Wells and
Coppersmith, 1994). However, this common way is highly subjective
and often appears arbitrary. Meanwhile, previous studies have assumed



Fig. 5. (a) The locations of the major seismogenic faults (red lines) and the grid nodes
(green crosses) used to determine the seismogenic depths. Numbers show moment
magnitudes estimated by the optimal seismogenic thickness for D1–99 (b), D5–95 (c)
and D10–90 (d).

Table 1
Fault parameters and our estimated moment magnitudes of potential events for 20major seism
momentmagnitude (Mw) determinedby the optimumvalue of the seismogenic thickness forD
magnitude that are determinedby taking the 1σ uncertainty of the seismogenic thickness into ac
al. (2005a, 2005b). The moment magnitude estimated by Shyu et al. (2005a, 2005b) (Mw_shy

Domain Fault name Fault
type

Dip
angle

T

D

M

Taipei Domain Shanchiao fault, extend to Chinshan NF 60 6
Hsinchu Domain Northern fault on the Taoyuan-Hukou Tableland RF 30 6

Hukou fault RF 30 7
All Hsinchu-Hsincheng system RF 45 6

Miaoli Domain Shihtan fault RF 75 6
Main detachment, only in Miaoli Domain RF 30 7

Taichung
Domain

Chelungpu fault RF 15 7
Changhua fault RF 10 8

Chiayi Domain Main detachment RF 15 7
Kaoping Domain Deformation front RF 30 7

Chaochu fault connecting the offshore fault
offshore fault

RF 75 7

Ilan Domain Northern Illan fault system NF 60 7
Southern Illan fault system NF 60 7

Ryukyu Domain Major right-lateral accommodation structure SS 90 7
Ryukyu trench RF 30 7

Hualien Domain Longitudinal fault, Hualien Domain only SS 60 7
Taitung Domain Central Range fault, total RF 45 7

Longitudinal fault, Taitung Domain only RF 60 7
Lutao-Lanyu
Domain

Huatung Ridge fault RF 30 7
West Lutao fault RF 45 6
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that the rupture of the seismogenic fault extends to the surface, but the
possibility that only a segment of the seismogenic fault ruptured to the
surface could not be excluded. We also realize that current seismicity
does not extend close to the surface, but this does not imply that the
fault cannot break to the surface in the future. However, for most large
earthquakes during past decades in Taiwan only very few ruptures ex-
tended to the surface. Therefore, for the short-term seismic hazard as-
sessment, we prefer to use the ST (D1–99, D5–95, and D10–90) rather
than the SCD (D90,D95, andD99) to approximate the faultwidth by tak-
ing the local upper boundary of the seismogenic zone as the top depth of
the rupture extent.

For the computation of the moment magnitude in practice, we first
extrapolate the ST over a 0.05°-resolution grid using theminimum cur-
vature spline interpolator with a tension of 0.5 of the Generic Mapping
Tools (Wessel and Smith, 1998) to cover some fault traces that are be-
yond the active seismogenic zone (Fig. 5). Then, the determined ST
(H) and the average fault-dip angle (δ) from Shyu et al. (2005a) are
used to derive the fault width W (W = H/sinδ). The inclusion of the
along-strike variable fault-dip angle of the seismogenic fault would pro-
vide a more accurate constraint in the rupture area; however, such a
dataset is not available for the Taiwan region at present. We thus use
the average fault-dip angle instead. Finally, we determine the moment
magnitude of a potential event through the empirical relation when
the fault rupture area is obtained.

4.2. Limitations and uncertainties in determination of moment magnitude

Our approach cannot be applied to blind or buried faults whose ex-
istencewas previously unknown. In our calculation, themapped surface
trace of the fault length is further allowed to be slightly discontinuous
with small scale at the surface but can be considered as continuous at
depth, as the active fault is not interrupted by a large-scale structural
complexity. Meanwhile, many factors may inevitably be introduced
into the determination of moment magnitude. For example, the fault
traces may be incorrectly mapped on the surface, field data may be in-
correctly digitized, and the fault-dip angle could be incorrectly assigned
a value or faults could have a more complex shape.
ogenic faults. NF is normal fault, RF is reverse fault and SS is strike-slip fault. Mw_O is the
1–99,D5–95 andD10–90. Mw_L andMw_Uare the lower and upper bounds of themoment
count. The fault type and fault dip of themajor faults (Mw_shyu) are adopted fromShyu et
u) is listed for a comparison.

hickness & moment magnitude (Mw) Mw_shyu

1–99 D5–95 D10–90

w_O Mw_L Mw_U Mw_O Mw_L Mw_U Mw_O Mw_L Mw_U

.91 6.86 6.96 6.78 6.70 6.85 6.65 6.57 6.72 6.9

.86 6.78 6.93 6.75 6.62 6.85 6.61 6.49 6.70 6.4

.09 7.02 7.15 6.99 6.86 7.08 6.84 6.71 6.94 6.9

.95 6.91 6.99 6.85 6.77 6.91 6.71 6.61 6.79 6.8

.68 6.62 6.72 6.53 6.48 6.57 6.44 6.41 6.47 6.1

.2 7.6 7.7 7.1 7.2 7.8 7.09 6.99 7.7 7.3

.82 7.78 7.86 7.69 7.65 7.73 7.59 7.55 7.63 7.6

.04 8.00 8.08 7.95 7.89 8.00 7.85 7.79 7.90 7.7

.64 7.57 7.70 7.46 7.37 7.53 7.33 7.26 7.39 7.5

.86 7.78 7.94 7.69 7.50 7.82 7.50 7.29 7.63 N7.7

.48 7.44 7.52 7.35 7.29 7.39 7.23 7.18 7.28 7.3

.33 7.30 7.36 7.20 7.14 7.25 7.04 6.98 7.1 7.2

.01 6.99 7.02 6.84 6.81 6.86 6.65 6.62 6.68 6.6

.36 7.35 7.37 7.24 7.23 7.24 7.15 7.14 7.16 6.9

.78 7.75 7.80 7.71 7.67 7.75 7.64 7.59 7.68 8.0

.38 7.37 7.39 7.31 7.30 7.32 7.22 7.20 7.23 7.2

.37 7.36 7.38 7.29 7.27 7.31 7.19 7.17 7.22 7.2

.37 7.35 7.38 7.29 7.26 7.31 7.20 7.17 7.2 7.2

.82 7.80 7.83 7.77 7.73 7.80 7.70 7.65 7.73 7.6

.93 6.90 6.95 6.86 6.82 6.89 6.80 6.76 6.83 7.0
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It is widely accepted that the width of the rupture area is limited by
the finite thickness of the seismogenic zone. Nevertheless, theoretical
studies have shown that coseismic slip may extend below the base of
the seismogenic zone (Hillers and Wesnousky, 2008; Shaw, 2013;
Shaw and Wesnousky, 2008). On the other hand, Rolandone et al.
(2004) and Taira et al. (2008) have used temporal changes in depth dis-
tribution of aftershocks to reveal a deepening SCD following the 1992
M7.3 Landers earthquake and the 2004 M6 Parkfield earthquake.
Under the premise that the above-mentioned coseismic SCD deepening
commonly occurs for large earthquakes, the fault width determined by
spatial distributions of the coseismic slip or aftershocks would be larger
than those determined by our estimated ST. Note that the fault widths
determined by different datasets or methods have different physical
meanings. For example, the fault width determined using the coseismic
slip model may present the source area with the coseismic moment re-
lease (Lay and Kanamori, 1980; Yamanaka and Kikuchi, 2004; Yen and
Ma, 2011). Many researchers have reported that aftershocks occur
mostly in the regions of low coseismic slip where shear stress is in-
creased (Woessner et al., 2006), and thus, the fault width derived
from aftershock distribution can be viewed as the area with high
shear stress. The determination of the fault width in our method is
based on the background earthquake depth-moment release distribu-
tion, and the determined fault area can be considered as the area
where the interseismic elastic strain has been accumulated in the crust.

There are someuncertainties in the precise relationship between the
ST and fault width and possible ambiguity of deep coseismic slip below
the seismogenic zone (Shaw, 2013). To accommodate the coseismic
deepening of aftershocks for large earthquakes, Shaw (2013) proposed
to convert the cutoff depth (D) to the fault width by multiplying a con-
stant parameter ξ (W = ξD/sinδ), where ξ ≥ 1. However, due to lack of
knowledge on determination of the parameter ξ, we do not consider the
influence of coseismic deepening of aftershocks and our determined
moment magnitude could be considered a conservative estimation.

The method we used to determine the rupture extent and moment
magnitudes of potential earthquakes is limited in terms of the number
of assumptions, particularly that the seismogenic zone is determined
by the distribution of seismicity, and the time span of our seismicity cat-
alog is much shorter than the recurrence intervals of large earthquakes.
Whether the short seismic record can be used to represent the long-
term seismic behavior of a fault is debatable. Thus, our intention is not
to demonstrate the robustness of our method in determining magni-
tudes of potential large earthquakes, but to provide an alternative data-
base for scenario earthquake simulation and evaluate strong motions
for seismic hazard assessment. This is particularly critical for areas
that are not studied sufficiently and related data are either sparse or un-
available. Moreover, tsunami earthquakes are considered a special class
of earthquakes that almost exclusively rupture to the surface; these are
not our focus at present.

5. Earthquake potential of the major seismogenic faults

The maximum magnitude of a potential earthquake estimated by
D1–99, D5–95, and D10–90 ranges from Mw6.4 to 8.0 (Fig. 5 and Table
1). For a given seismogenic fault, the difference in determined moment
magnitudes by D1–D99, D5–95, and D10–90 is generally within 0.3,
which completely reflects the influence of the estimated ST. It is notice-
able that the determined magnitude of the Chelungpu fault for a poten-
tial rupture estimated by D10–90 isMw7.6, which is consistent with the
momentmagnitude of the Chi-Chi earthquake that is determined by the
global centroid-moment tensor inversion (Dziewonski et al., 1981).We
appreciate that the Chi-Chi earthquake aftershocks may dominate the
determination of the seismogenic depths in central and western Tai-
wan. The depth ranges and mean values (in parenthesis) of the local
upper (D10) and lower (D90) boundaries of the seismogenic zone
along the Chelungpu fault trace are 5.6–11.1 km (8.1 km) and 15.8–
27.7 km (22.8 km), respectively. This result is inconsistent with the
observation that the Chi-Chi earthquake rupture of the Chelungpu
fault extends from a depth of approximately 15 km to the ground sur-
face (Kao and Chen, 2000). However, our determined ST (D10–90)
along the Chelungpu fault trace ranges 7.0–20.7 km and its mean
value is 14.7 km, in accordance with the depth distribution (~15 km)
of the Chi-Chi earthquake main rupture and aftershocks (Chang et al.,
2007; Kao and Chen, 2000). In other words, the average ST along the
Chelungpu fault trace is comparable to the rupture depth extent of the
Chi-Chi earthquake. If D90 (16.8–24.0 km) along the Chelungpu fault
is used to present the fault width, the moment magnitude of the Chi-
Chi earthquake would be overestimated. Thus, the ST (D10–90) seems
to be a more reasonable approximation of the fault width than the
SCD (D90). We understand that more case studies are necessary to val-
idate our approach, but the Chi-Chi earthquake is the only event well-
studied using seismic data recorded by modern digital seismographs
in the past decades. In the following sections, we will show that our es-
timated magnitudes of most large earthquakes are consistent with re-
sults of previous studies. This leads us to believe that our method is
reasonable in determining the moment magnitude of a potential earth-
quake. Moreover, the moment magnitude estimated by D10–90 could
be viewed as a conservative estimation.
5.1. Western Taiwan

In our calculation, the largest earthquake (Mw7.9–8.0) may occur in
western Taiwan along the Changhua fault (Fig. 5 and Table 1). Themag-
nitude determined by our method is in good agreement with the esti-
mates in previous studies (e.g. Cheng et al., 2007; Shyu et al., 2005a);
however, it is significantly larger than themagnitude (M7.1) of the Feb-
ruary 12, 1848 earthquake, which may relate to the Changhua fault
(Tsai, 1985).

An earlier study of the time-dependent probabilistic seismic hazard
analysis (PSHA) suggested that the occurrence of the 1999 Chi-Chi
earthquake may increase the potential of seismic hazard caused by the
Changhua fault rupture (Lee, 2004). Furthermore, Mouyen et al.
(2010) showed a significant Coulomb stress increase in the southern
part of the Changhua fault by taking into account the interseismic defor-
mation and coseismic stress change caused by major earthquakes over
the past three centuries. Note that the recurrence interval of the
Chuanghua fault was estimated in the range between 153 and
226 years (Lee, 2004). After a quiescence of about 169 years for the
Chuanghua fault, along with the above-mentioned studies, we propose
that the seismic hazard potential in western Taiwan is relatively high
and seismic hazard mitigation should be a matter of urgent concern.

Under the Taiwan tectonic framework, blind faults are expected to
widely distribute in western Taiwan (Wu and Rau, 1998). However,
due to the unknown fault geometry of blind faults, we cannot determine
the most likely moment magnitudes for blind faults by our approach.
Regarding the highly risky potential caused by blind faults, geophysical
surveys and drillings should be conducted for blind fault recognition for
the Taiwan region, particularly in the western part of Taiwan.

Moreover, asmentioned in Section 1, the PH and LMHmay be linked
to the occurrence of earthquakes and the spatial variation of the tectonic
stress in western Taiwan. We thus examine if the PH and LMH are cor-
related with the spatial distribution of seismogenic depths. As shown in
Fig. 4, only the limited portions of the PH and LMH have the resolution
of the seismogenic depths. In both the PH and LMH, the SOD is mostly
intermediate and few sub-areas have a relatively deep SOD. In other
words, there is no difference in the variation patterns of the SOD be-
tween the PH and the LMH. On the other hand, the SCD in the LMH is
deeper than that in the PH, and the relatively deep SCD is located on
the northeastern corner of the LMH. The variation pattern of the ST in
the PH and LMH is similar to that of the SCD (Fig. 4). These observations
indicate that the LMH is capable of generating earthquakes at relatively
deep depths. Therefore, the inclusion of blind faults and the LMH in
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scenario earthquake simulations would lead us to better establishing
the more complete and reliable seismic hazard models.

5.2. Taipei metropolitan area

The Taipei Metropolitan Area is the political, economic, and cultural
center of Taiwan. Much attention should be paid to seismic hazard eval-
uation in this area (Kanamori et al., 2012; Wang et al., 2010b; Wang,
2008;Wang et al., 2011). Two faults, the Chinshan and Shanchiao faults,
may relate to the M7 earthquake that occurred in the Taipei region in
1694 (Wang et al., 2010b). On the basis of the numerical modeling re-
sult, Wang et al. (2010b) proposed that the rupture of the Shanchiao
fault most likely triggers the Chinshan fault to fail. Accordingly, a con-
servative seismic hazard assessment for the Taipei Metropolitan Area
is to assume the Chinshan and Shanchiao faults rupture simultaneously.
Under this scenario, themaximummagnitude of a potential earthquake
that occurs in the Shanchiao and Chinshan fault system is Mw6.7–6.9
(Fig. 5 and Table 1), which is consistent with the magnitude (Mw6.9)
determined by Shyu et al. (2005a) and Cheng (2002). On the other
hand, Huang et al. (2007) used stratigraphic data of boreholes to
argue that the maximum-size earthquake might mainly occur along
the Shanchiao fault and the moment magnitude would be in the range
M6.9–7.1. Obviously, Huang et al. (2007) provided a different scenario
for the seismic hazard assessment in the Taipei Metropolitan Area.
Our intent is not to resolve whether the Chinshan fault will rupture
but to demonstrate that the Taipei basin is capable of generating a
large earthquake (M ≥ 6). Our estimated moment magnitude (Mw6.7)
for the Shanchiao and Chinshan fault system can be considered as a con-
servative estimation and could be a basis for a future integral scenario
study by taking into account factors such as basin amplification, topog-
raphy, earthquake location, and fault orientation (e.g., Lee et al., 2008a;
Lee et al., 2008b; Miksat et al., 2008).

5.3. Southernmost Ryukyu subduction zone

In addition to the earthquakes that occurred in the Taipei area, east-
ern offshore earthquakes such as the Hualien offshore earthquakes of
May 20 and November 14, 1986 (Chen and Wang, 1988) and March
31, 2002 (Chen, 2003) (Fig. 1) caused serious damage to Taipei city.
Therefore, the evaluation of the seismic potential in the southern
Ryukyu subduction zone is also a crucial issue (Hsu et al., 2013; Hsu et
al., 2012; Kao, 1998).

Earthquakes at the southernmost Ryukyu zone occur on the accre-
tionary prism, interplate interface, and splay faults (Theunissen et al.,
2012). To exclusively separate the effects of different fault systems on
the occurrence of earthquakes is difficult. We thus follow Shyu et al.
(2005a) and take the subduction interface as the predominate structure
in this area for the seismic hazard assessment.

Kao (1998) used the interplate earthquakes to illustrate that the
updip and downdip limits of the interplate seismogenic zone in the
southernmost Ryukyu subduction zone locate at 10 km and 35 km, re-
spectively. Based on the geometric configuration of the subducted slab
interface, Kao (1998) further determined that the most likely magni-
tude of a future event in the southernmost Ryukyu subduction zone is
Mw7.6–7.7, which is close to our estimation (Mw7.7–7.8) (Fig. 5 and
Table 1) but slightly smaller than that (Mw8.0) of Shyu et al. (2005a).
Furthermore, Hsu et al. (2012) inverted the interseismic GPS data
along theHualien-Taitung coast and proposed that anMw7.5–8.7 earth-
quake may occur in this region.

Wu et al. (2010) used the orientation of the compressional stress
axis to identify a triangular area between the southernmost Ryukyu
subduction zone and Taiwan, which is referred as the Ryukyu–Taiwan
Stress Transition (RTST). The western boundary of the RTST coincides
with the border that separates the post-collision and waning-collision
domains in northern Taiwan; it is particularly close to the surface traces
of the tear fault proposed by previous studies (Wu et al., 2010). We
expect that the RTST may alter the seismogenic depths. However, no
significant correlations between the western boundary of the RTST
and the seismogenic parameters are observed (Fig. 4). Thus, the RTST
generally have minor influence in the seismogenic depths.

5.4. Offshore southwestern Taiwan

Offshore southwestern Taiwan (21.5°N–23°N), the incipient arc-
content collision zone between the Luzon volcanic arc and the Eurasia
Plate, is considered a region with high seismic and tsunami risk (Lin et
al., 2009). However, in this region, the geometry of the subduction
seismogenic zone cannot be well revealed by either earthquake focal
mechanisms (e.g., Kao et al., 2000) or seismic reflection studies (e.g.,
Eakin et al., 2014; Lester et al., 2014; Lester et al., 2013; McIntosh et
al., 2005) for seismic hazard assessment. Fortunately, our proposed
method provides an alternative to determine seismogenic depths and
to evaluate seismic potential. The estimated magnitude of a future
event along the deformation front in the offshore southwestern Taiwan
isMw7.5–7.9, which is consistent with the lower bound (M N 7.7) of the
estimation by Shyu et al. (2005a, 2005b) (Fig. 5 and Table 1).

In addition, on the basis of the maximum-likelihood Gutenberg–
Richter relation with an assumption of Gaussian probability distribu-
tion, Chen et al. (2008) suggested that the probability of anM7.0 earth-
quake to occur in this area within the next 50 years is 20% after the
December 26, 2006 Pingtung doublet earthquakes. This result implies
that the seismic risk is low at present or in the immediate future. How-
ever, in this area large anticlinal ridges and thrust faults have been ob-
served (Shyu et al., 2005a; Shyu et al., 2005b). Furthermore, a number
of splay faults exist in the upper-slope wedge (Lin et al., 2009; Lin et
al., 2013; Zhu et al., 2013) and a series of blind thrusts is developing in
the lower-slope wedge (Lin et al., 2008). The stability and extension of
the splay faults and developing blind thrusts are one of the major con-
cerns for the occurrence of potential large earthquakes (e.g. Hsu et al.,
2013) and should be investigated in detail for seismic hazardmitigation.

5.5. Longitudinal Valley

The PSHA study indicated that apart from theWestern Foothills, the
Longitudinal Valley is a region with high seismic risk (Cheng et al.,
2007). Our results show that the rupture by the Longitudinal Valley
fault in either the Hualien region or the Taitung region, or the total Cen-
tral Range fault may produce a Mw7.2–7.4 event (Fig. 5 and Table 1),
which is slightly larger than the magnitude (Mw7.2) estimated by
Shyu et al. (2005a).

Geodetic evidence and geologic observations have shown that the
Longitudinal Valley fault is creeping in south and locked in north (e.g.
Angelier et al., 1997; Lee et al., 2003; Lee et al., 2001; Yu and Kuo,
2001; Yu and Liu, 1989). A recent numerical modeling based on geodet-
ic and geologic data further revealed that the southern segment of the
Longitudinal Valley fault is creeping at a rate of 5–28 mm/yr down to
a depth of 15–20 km, while the northern segment is locked from the
surface to a depth of 20 km (Huang et al., 2010). It has been intuitively
expected that the creeping section of the Longitudinal Valley fault has
low potential for large earthquakes based on the assumption that the
large portion of the accumulated seismic strain has been released
aseismically. This assumption seems to be validated through the obser-
vation that no large earthquakes and obvious surface rupture have been
observed along the southernmost part of the Longitudinal Valley fault
(Chuang et al., 2012). On the other hand, the locked segment of the Lon-
gitudinal Valley fault has been assumed to be increasing earthquake risk
because compressional stress is enhancing.

A more recent numerical simulation of earthquake nucleation pro-
posed that the creeping segment of the faultsmay rupture under appro-
priate conditions (Noda and Lapusta, 2013). Furthermore, the creeping
section of the Longitudinal Valley fault is able to generate coseismic rup-
ture, which is supported by the spatial distributions of moderate
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earthquakes and the associated aftershocks as well as the coseismic slip
(e.g., Ching et al., 2007; Hu et al., 2007; Kuo-Chen et al., 2004; Kuo-Chen
et al., 2007; Thomas et al., 2014; Wu et al., 2006a; Wu et al., 2006b).
Consequently, the possibility that a large earthquake occurs in the
southern segment of the Longitudinal Valley fault cannot be ruled out.

At present, it remains unknown how fault slip behaviors affect the
occurrence of earthquakes, which complicates the determination of
the most likely moment magnitude of a potential earthquake that oc-
curs in this region on the basis of the background seismicity alone. Ac-
cordingly, the seismic hazard assessment in the Longitudinal Valley
fault is a delicate issue and shall be examined in detail in the future.

In addition, Smith-Konter et al. (2011) showed that the fault locking
depth derived from geodetic models agrees with the SCD, although the
geodetic locking depth represents the effective thickness of the fault
zone of the interseismic strain accumulation, but the SCD illustrates a
transition depth from the seismic faulting to aseismic slip. A comparison
between the SCD determined by us and the fault locking depth estimat-
ed by Huang et al. (2010) along the Longitudinal Valley fault shows that
the SCD is generally deeper than the geodetic locking depth within 5–
10 km. In detail, the southern segment of the Longitudinal Valley fault
is creeping at a rate of 5–28 mm/yr down to a depth of 15–20 km,
where the SCD is in the range 17–24 km with a mean value of 19 km,
while the northern segment is locked from the surface to a depth of
20 km, where the SCD is in the range 21–27 km with a mean value of
23 km. It is difficult to determine whether the SCD or the geodetic
locking depth is more appropriate for seismic hazard assessment.
Thus, both geodetic locking depth and SCD shall be considered in the
earthquake hazard model to provide simulation of different scenario
earthquakes.

6. Relation between seismogenic parameters and earthquake source
parameters

6.1. Dependence of seismogenic parameters on earthquake faulting types

On the basis of a conventionalmulti-layer continental crust rheology
model, the transition depth of the brittle to ductile deformation (i.e., the
SCD) for different fault types would be the deepest for normal faulting,
shallowest for thrusting faulting, and intermediate for strike-slip
faulting (Sibson, 1974; Sibson, 1982; Sibson, 1984). Because under the
same conditions, the thrust fault must act against gravity and requires
larger shear stress to overcome fault strength (Doglioni et al., 2011),
Fig. 6. Distribution of shallow (depth ≤ 50 km) earthquakes with d
the SCD for thrust faulting events is shallowest. Moreover, Wang et al.
(1994) concluded that seismicity depth in Taiwan is dominated by the
earthquake faulting types. Taking advantage of the abundant first-mo-
tion focal mechanism solutions (e.g. Wu et al., 2008), we perform a
more general analysis by examining the relation between the earth-
quake faulting types and the seismogenic depths in detail.

To this end,we categorize shallow events (depth ≤ 50 km)with first-
motion focal mechanisms between 1990 and 2015 based on the plunge
of the tensional axis (pt) and plunge of the null axis (pb), as described
by Triep and Sykes (1997) andReasenberg (1999): thrust (pt N 45), nor-
mal (pt b 45 and pb b 45), and strike-slip (pb N 45). To further reduce
the effect of the uncertainty of focal mechanism solutions on statistical
results, only the high-quality events, i.e., a quality value N1 (Wu et al.,
2008), are used. In total, 3249 events with Mw ≥ 1 are used in this
study. Among them, 1338 (41%) events are thrust-faulting type, 725
(22%) events are normal-faulting type, and 1186 (37%) events are
strike-slip faulting-type (Fig. 6).

By using 2000 bootstrap resamples, we determine the mean value
and the 1σ uncertainty of the seismogenic parameters for all the select-
ed events with or without considering the faulting types. Fig. 7 shows
that the seismogenic parameters are dependent on faulting types. In de-
tail, within the 1σ uncertainty, the SOD is shallowest for normal faulting
events, deepest for thrust events, and intermediate for strike-slip events
for D10. On the other hand, the SCD is the shallowest for strike-slip
events, deepest for thrust events, and intermediate for normal faulting
events for D90. The variation pattern of the ST (D10–90) generally fol-
lows that of the SCD. These results are also confirmed by other depth
ranges of the seismogenic parameters (Fig. S6). The dependence of the
SCD on faulting types is different from the prediction of the convention-
al rheology model (Sibson, 1974; Sibson, 1982; Sibson, 1984). This dis-
crepancy can be attributed to the fact that our observations include the
lateral variations related to the seismogenic characteristics of oceanic
(Philippine Sea Plate) and continental (Eurasia Plate) lithospheres,
whereas the conventional rheology model is based on the assumption
of the continental crust composition. Therefore, to explain our observa-
tion in detail, a more sophisticated crustal rheology model must be re-
parameterized with geological temporal and spatial scales for Taiwan.

Our results demonstrate that the SCD is the shallowest for strike-slip
events, intermediate for normal events and deepest for thrust events.
This pattern is consistent with the conclusion frommany global and re-
gional studies that strike-slip earthquakes have higher stress drop and
apparent stress than normal and thrust earthquakes (e.g. Allmann and
ifferent fault types. (a) thrust; (b) normal (c) and strike-slip.



Fig. 7. Themean values of the seismogenic parameterswith respect to faulting types including, thrust (TF), normal (NF) and strike-slip (SS) shallow (≤50 km) earthquakes. Themeans and
1σ uncertainties are shown in different symbols and bars, respectively.
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Shearer, 2007, 2009; Choy and Boatwright, 1995; Prieto et al., 2004;Wu
et al., 2013); however, there is nowidely accepted explanation for these
observations at present (Allmann and Shearer, 2009). To find an appro-
priate model to interpret the dependences of the seismogenic parame-
ters on the earthquake faulting types is beyond the scope of this study.

6.2. Relation between moderate–large earthquake focal depth and
seismogenic depth

The determination of the moment magnitude using the ST in this
study implicitly assumes that the rupture can initiate at any depthwith-
in the seismogenic zone and extend through the whole seismogenic
zone. However, many previous studies have argued that moderate to
large earthquakes tend to occur near the bottom of the seismogenic
zone (e.g., Das and Scholz, 1983; Ito, 1990; Sibson, 1982; Sibson, 1984;
Yang et al., 2012). To understand if the above-mentioned observation
also exists for Taiwan, we first retrieve moderate to large (Mw ≥ 4)
events from the first-motion focal mechanism catalog compiled in Sec-
tion 6.1. In total, there are 762 events with moment magnitude (Mw)
ranging from 4.0 to 7.6. Among them, there are 395 (52%) events with
thrust faulting, 140 (18%) events with normal faulting, and 227 (30%)
events with strike-slip faulting. Fig. 6 shows that the selected events
are widely distributed around the seismogenic areas of Taiwan rather
than in a specific area. Therefore, these events well sample the common
characteristics of the focal depth and seismogenic depth for the
seismogenic structures in Taiwan. We then determine the linear cross-
correlation coefficients (Pearson's coefficient, R) between the focal
depth and the seismogenic depth for all the events (Press et al., 1992),
and use 1000 bootstrap resamples to estimate the mean value and 1σ
uncertainty. Here the seismogenic depth is determined by using the
value of the maximum percentage of the earthquake depth–moment
distribution from 5% to 95% with an increase of 5% (1% and 99% are
also included). We define that the top portion of the seismogenic zone
is the area of D1–D35, the middle portion is D35–D70, and the bottom
portion is D70–D99. The finite source dimension of large earthquakes
and the possibility of coseismic-slip penetrating below the bottom of
the seismogenic zone (e.g. Hillers and Wesnousky, 2008; Shaw, 2013;
Shaw and Wesnousky, 2008) are neglected because we are interested
in the relation between the earthquake nucleation depth and the
seismogenic depth.

Fig. 8a shows that regardless of the faulting types, the focal depth has
the strongest correlation coefficient of Rwith the seismogenic depth of
D80, and it is statistically associated with the seismogenic depth from
D75 to D90 within 1σ uncertainty. In this case, it seems be reasonable
to suggest that intermediate to large crustal earthquakes may tend to
occur at the bottom portion of the seismogenic zone. By further taking
the faulting types into account, the focal depth has the strongest
correlation with D80 for strike-slip events, D85 for thrust events, and
D65 for normal events (Fig. 8b, c, and d). Within the 1σ uncertainty,
the focal depth is significantly correlated with the seismogenic depth
from D75 to D90 for thrust events and from D50 to D90 for strike-slip,
and from D35 to D85 for normal events. Hence, no statistical evidence
is obtained to support that the relation between the seismogenic
depth and focal depth is dependent on the faulting types. Furthermore,
strike-slip and normal events may occur at the middle to bottom of the
seismogenic zone. We also repeat the above-mentioned procedures to
determine the relations between the focal depth and seismogenic
depth for larger events (Mw ≥ 5) and obtain slightly different results,
but with large uncertainty bounds.

7. Conclusions

We have illustrated the spatial distribution of the seismogenic pa-
rameters for the whole of Taiwan in unprecedented resolution. In gen-
eral, the spatial distribution of seismicity in the Taiwan region can be
explained largely by the convergence between the Eurasia and
Philippine Sea plates, but the seismogenic depths reveal a more com-
plex pattern. For the first-order variation pattern, the relative shallow
SOD follows the general structural trend of the Taiwan mountain belt,
and the SCD is relatively deep in the central portion of Taiwan.

Our results provide the potential updip and downdip limits for the
earthquake rupture and the estimation of moment magnitudes for
seismogenic faults. The largest potential earthquakewould be produced
by the Changhua fault in western Taiwan. The blind-thrust faults could
cause serious damage and are expected to distribute inmuch ofwestern
Taiwan. Therefore, a more detailed blind fault recognition using geo-
physical surveys and drilling are urgently needed tomake effectivemit-
igation plans for seismic hazard in western Taiwan.

We have found that for crustal earthquakes, normal events have the
shallowest SOD, but strike-slip events have the shallowest SCD. Such a
dependence of the seismogenic depths on faulting types cannot be
interpreted by the traditional continental rheology model and needs
to be studied in detail in future.We also have observed that for interme-
diate to large crustal earthquakes the relations between the focal depth
and the seismogenic depth have no statistical correlation with the
faulting types. Regardless of the faulting types, earthquakes tend to
occur at the bottomportion of the seismogenic zone,which is consistent
with previous observations in California and Japan. With respect to the
faulting types, thrust events tend to occur at the bottom portion of the
seismogenic zone, but strike-slip and normal events are distributed at
a large depth range of the seismogenic zone.

In addition to determining the maximum moment magnitudes of
potential earthquakes, the spatial distribution of the seismogenic
depths (i.e., the upper and lower boundaries of the seismogenic zone)



Fig. 8. The correlations between the seismogenic depths and the earthquake focal depths of shallow (≤50 km; ≥Mw4.0) earthquakes with and without taking into account faulting types.
The means and 1σ uncertainties are shown in circles and bars, respectively. The star marks the mostly correlated relation between the seismogenic depth and the focal depth, and the
relations within 1σ uncertainties are presented by solid circles.
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can be used to examine the effect of the non-planer geometry for blind
faults on strong groundmotion.Moreover, our results can further pose a
constraint on the determination of the locking depth of a fault, which is
required to model the deformation on the fault system. Since our find-
ings are helpful to improve seismic hazard models, our approach is
worth applying to other regions. However, our approach relies heavily
on the quality and quantity of the earthquake catalog; in fact, the South-
ern California and Japan would be the best candidates for application
and calibration of our approach.

Finally, note that the factors that govern the spatial distribution of
seismogenic depths in Taiwan remain controversial. Therefore, our fu-
ture step is to examine the relations between seismogenic depth and a
variety of available geophysical observations.
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